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l. Preface

The Mossbauer effect, discovered by R. L. Mosshauer in 1957 (413)
began to be widely applied to chemical problems after it was shown in
1960 that 5"Fe exhibited this phenomenon (369). In the last ten years,
Mossbauer spectroscopy has become a powerful and versatile probe in
many areas of chemistry. The great fraction of Mossbauer research has
been carried out using *"Fe and ''"Sn. However, over thirty other
isotopes exhibit the effect (£/1) and chemically interesting information
has been obtained on compounds of Ni, Kr, Ru, Sb, Te, I, Xe, W, Ir, Au,
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Np, and many of the rare earths, although the use of several of the above
isotopes presents considerable experimental difficulties and incon-
venience.

Despite the great growth of Méssbauer research in inorganic chemis-
try in the last ten years and the number of books (14, 110, 247, 270, 274,
412, 536, 559) and reviews (175, 198,235,277,297, 324,437,516, 577), the
technique has largely remained in the hands of the specialists. It is our
intention in this chapter to review critically recent Mossbauer studies
which illustrate the use of this technique first, in rather simple finger-
print applications, and second, in the determination of the structure and
bonding in inorganic compounds. Hopefully, this will hasten the advance
of Mossbauer spectroscopy as a routine method in inorganic chemistry
departments and industry.

We severely limit the scope of this chapter by neglecting not only the
basic physics of the experiment and how it arises (247), but also ex-
perimental details (110). We will also just discuss the use of two Mdss-
bauer parameters, the isomer or center shift and quadrupole splitting,
and neglect magnetic splitting and magnetic effects. Useful bonding
information can be obtained from magnetic splittings (357), but the
overwhelming majority of inorganic compounds do not show magnetic
splitting at temperatures of 77°K (liquid N,) and above.

In a chapter of this scope it is neither feasible nor desirable to attempt
to give a comprehensive account of every pertinent paper or to include
a catalog of all Mdssbauer data. Rather we have tried to present a
critical account of the major areas in which Mdssbauer spectroscopy has
been applied recently to the problems of structure and bonding for all
isotopes except the rare earths and actinides and to include enough data
for the reader to judge the scope and limitations of this spectroscopy.
Annual surveys of the Mdssbauer literature are available in the excellent
series of articles by Greenwood (298). For !'°Sn Méssbauer spectroscopy,
two very recent compilations of data have been published (437, 577).

Il. Introduction

A. THE M0OSSBAUER EFFrCT

Mossbauer spectroscopy can be likened to ultraviolet spectroscopy.
Both techniques employ a source of radiation, an absorber and a detector.
In Mossbauer spectroscopy, we consider transitions between nuclear
energy levels with the emission and absorption of y rays; whereas, in
ultraviolet spectroscopy, we consider the transitions between electronic
energy levels with the emission and absorption of ultraviolet radiation.
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To observe resonance, a range of source photon energies is scanned: in
ultraviolet by the use of a prism or grating, and in Mgssbauer by em-
ploying the Déppler effect. The energy of the y ray (£,) is varied by the
well-known Déppler formula

4E = (v/c)E,

where AE = change in energy of y photon, v = velocity of source relative
to absorber, and ¢ = velocity of light. As in ultraviolet, absorption is
plotted versus the energy of source photon (usually in velocity units for
Maéssbauer). Different compounds of one isotope give different spectra,
i.e., the nuclear energy levels are sensitive to the extranuclear environ-
ment. These differences in spectra can be attributed to the hyperfine
interactions—the interactions between the nuclear charge distribution
and the extranuclear electric and magnetic fields. These hyperfine
interactions give rise to the isomer shift (I.S.), the quadrupole splitting
(Q.S.), and the magnetic Zeeman splitting. As mentioned previously,
we will be concerned with the first two parameters.

B. IsOMER AND CENTER SHIFT

The isomer shift results from the electrostatic interaction between
the charge distribution of the nucleus and those electrons which have a
finite probability of being found in the region of the nucleus. The above
interaction results in a slight shift of both ground and excited nuclear
energy levels in a compound relative to those in the free atom. The shifts
will be different in source and absorber and a Déppler velocity will have
to be supplied to the source or absorber to observe resonance, i.e., for
resonance

‘B, + (vjc) °E, = °EF

Y?
where ‘E, and °E, are the source and absorber transition energies,
respectively.

However, a similar shift in energy levels can arise from the second-
order Déppler (S.0.D.) shift which arises from the thermal motion of the
Mossbauer atoms (319, 360). The observed center or chemical shift
(C.8.) is a resultant of both the isomer shift and S.0.D. shift; although
the latter is usually much smaller than the isomer shift and is usually
neglected. The center shift (C.S.) will be used in this chapter, although
other terms such as chemical or chemical isomer shift are also commonly
used.

The isomer shift can be computed classically by considering the effect
of the overlap of s electron density with the nuclear charge density.
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First-order perturbation theory (75, 247) gives the isomer shift & as:

5= K28 w(0)), - 170009 (1)
where [¥(0),),2 and [W(0),),? are the total s electron densities at the
absorber and source atoms, respectively, K is a constant for a given
isotope, and 8R = Ry — Ry, where R, and Ry are the radius of the
excited and ground nuclear states, respectively. The isomer shift depends
on a nuclear factor R/R and an extranuclear factor—the s electron
densities. For some isotopes such as 3"Fe, 8R is negative and, thus, if

[¥F(0),1.% < [WP(0),)s% then a positive shift is observed. For other isotopes,

TaBLE I

s ErLecTrRON DENSITIES AT THE IrON NUCLEUS FOR
DirrERENT d CONFIGURATIONS?

Electron density at
iron nucleus

d Electron configuration (atomic units)
ds 11,878.6
d? 11,879.1
dsé 11,879.5
do 11,881.3
d4 11,885.2
d3 11,892.0

¢ From Refs. (160, 555).

such as 11%8n, 8 R is positive and, thus, if [¥(0),],% > [P(0),), a positive
shift is observed. For a given source, e.g., 5’Co in Pd, an increase in 1.8.
is observed when the s electron density in absorbers decreases.

Although changes in isomer shift are due to variations in ¢ electron
density, differences in isomer shifts are observed on addition or removal
of p or d electrons which do not themselves interact with the nuclear
charge density. Hartree—Fock calculations for different d* configurations
by Watson (Table I) (160, 555) show that a decrease in the number of Fe
3d electrons causes a marked increase in the 3s electron density at the
nucleus. This trend arises indirectly via the 3s electrons which spend a
fraction of their time further from the nucleus than the 3d electrons,
causing the 3s electrons to expand, and thus reduce the s electron
density at the nucleus. On this basis, one would expect that a d® ion
(Fe2*) would have a larger isomer shift than a d® ion (Fe3t).
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In a molecule, the picture becomes more complex because the s, p,
and d electron densities will be modified by covalent bonding (553).
For example, in *"Fe, the two important bonding interactions, ¢ bonding
and = back-bonding, contribute both to a 4s population and a change in
the d-orbital population from the free ion value. Isomer shifts have
been calculated for a variety of 3d and 4s configurations for 57Fe, but
for a variety of reasons, these calculations are not entirely satisfactory
(216). For our purposes, it is usually extremely useful just to obtain
relative changes in valency orbital populations from relative isomer
shifts, keeping in mind that an increase in 4s density decreases the isomer
shift, whereas an increase in 3d density increases the isomer shift.

For 119S8n, the sign of 8 R/ R was in dispute for some time. However,
this is now known to be positive (481), and the isomer shift will thus
increase with an increase in § electron density, but decrease with an
increase in p electron density. Lees and Flinn have derived an equation
for the isomer shift relative to Mg,Sn as a function of the number of 5s
and 5p electrons (designated n, and n,, respectively) (381):

I.S.=-2.36 + 3.01n, — 0.20n,> — 0.17n,n, (2)

Similar equations have been derived for other isotopes (498, 510). These
equations indicate that the isomer shift should be much more sensitive
to the s electron density than the p electron density, and could be used in
conjunction with Q.S. data to obtain both n, and n,. It would be expected
that covalent tin (5s 5p%) would have a more positive shift than “ionic”
Sn!Y compounds, which can, for convenience, be classified as having the
electronic configuration 44'?, and that the isomer shift in Sn compounds
will vary with the covalent character of its bonds.

C. QUADRUPOLE SPLITTING

If the nucleus is not spherical, as assumed above, and I > 1, the
interaction of noncubic extranuclear electric fields with the nuclear
charge density results in a splitting of the nuclear energy levels. For
example, for 5Fe and '19Sn, the 7 = 2 level splits into two, while the
I = } level remains degenerate (Fig. 1). A characteristic two-line spec-
trum is obtained (Fig. 1) from the two allowed transitions. The separation
of the peaks is the quadrupole splitting (Q.S.), and the centroid of the two
peaks relative to the source is the center shift. For noninteger nuclear
spins the quadrupole interaction results in I + § levels, but for integer
spins, it is possible to obtain 21 + 1 levels, and the degeneracy is com-
pletely removed. If I is large for ground and excited states, then complex
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spectra can be observed, and it becomes more difficult to obtain the
hyperfine parameters (252, 345, 568).

The magnitude of the quadrupole splitting is proportional to the
electric field gradient (EFG) tensor which interacts with the quadrupole
moment of the nucleus. While the isomer shift measures the s electron
density at the nucleus, the EFG tensor measures the distortion from
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Fic. 1. (a). Nuclear energy levels, the isomer shift, and quadrupole splitting for
I;r = 4, Iex = §. (b) Resultant Méssbauer spectrum.

cubic symmetry of the electron distribution and ligands about the
Mossbauer atom.

The EFG tensor has nine components which arise in the following way
(136). The electric field at the Mdssbauer nucleus is the negative gradient
of the potential V and the EFG is the gradient of the electric field E.

VXX VXY VXZ
EFG=VE=—|Vy Vo Vi (3)
. VZX VZY VZZ
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where
oV
4 [ / —_ .
I XX axg ) Xy axay, ete.
If we assume that the EFG is set up by point charges, e, the contribution
of one point charge to each component of the EFG tensor is given by the

expressions in Table II (136). The polar coordinates are defined in the

TasrLE IT

ComMPONENTS OF ELECTRIC FIELD GRADIENT TENSOR FOR
A PoinT CHARGE oF 1 ProTONIC CHARGE €

Components Coordinates

Vxx = er—3(3sin2 fcos? ¢ — 1)

Vyy = er~3(3sin2 fsin2¢ — 1)

Vi =er—3(3cos2f — 1)

Vxy = Vyx = er~3(3sin? fsin ¢ cos ¢)
Vxz = Vazx = er~3(3sin @ cos f cos )
Vyz = Vay = er=3(3 sin @ cos fsin ¢)

normal fashion. The above tensor can be reduced to diagonal form if the
coordinate axes are properly chosen so that the EFG can be completely
specified by the three components Vg, Vyy, and V,5.* However, even
these three are not independent, since

Vex + Vyy 4+ Vgz=10 (4)

There are, then, only two independent parameters and these are normally
chosen to be V5 and 5, where y = (Vxx — Vyy)/V3z;. The EFG axes are
chosen so that |V;,| > |Vyy| > |Vxx|, thus constraining » to have
values between 0 and 1. Many of the properties of the EFG tensor can be
deduced from the symmetry properties of the crystal. For example, if a
molecule has a fourfold axis of symmetry (as in trans-MA,B,) (where M
is a Mossbauer isotope), then this axis is chosen to be the Z direction of
the EFG tensor. A rotation of 90° about the Z axis produces no change
in the EFG tensor, and it follows that Vggx = Vyy and n= 0. However,
in some cases of interest (e.g. cis-MA,B,), the Z EFG axes do not
coincide with the highest symmetry axes of the molecule. The proper

* The initial axes will be distinguished from the principal EFG axes in this
article by using small letters x, y, z, and Vi, Vyy, Vza, etc., for the former, but
X, Y, Z and Vxx, Vyy, Vzz for the latter.
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choice of EF( axes is illustrated later in this article for many cases of
interest (Table IV).
For the I = 2 case (*’Fe and '1°Sn), the Q.S. can be expressed as:

4 = Q8. = 3e*qQ(L +7%/3)!2 (5)

where @ is the quadrupole moment of the nucleus, eq = Vzz = — the Z
component of the EFG, and e = protonic charge =4.80 x 1071 e.s.u.
Either q or Vg is normally referred to as the field gradient. It should be
kept in mind that the signs of ¢ and the Z component of the EFG are
different.

Ideally, we would like to obtain three pieces of information from a
measurement of the quadrupole splitting: the magnitude of ¢ and 7,
and the sign of ¢. It should be noted that like §R/R, @ can be either
positive or negative, and thus g and the Q.S. may not have the same sign.
If the +2 state is at high energy (as in Fig. 1), the sign of the Q.S. is
positive. For Méssbauer nuclei such as 5"Fe and ''%Sn, a two-line spec-
trum is obtained, and the Q.S. easily measured. By the nature of Eq.
(5), it is obvious that both ¢ and % cannot be calculated from a measure-
ment of the Q.S. Also, the sign of the Q.S. cannot generally be determined
from a powder spectrum since the +2 and 4} lines are of very similar
intensity and cannot be distinguished. Techniques for measuring the
sign of @ (and ¢) and estimating » for *”Fe and ''°Sn will be discussed
later in this section.

For convenience, assume that n = 0 and express g as*:

g=(1—-yo)qu+ (1 — B)gwa  (35I) (6)

where (2) R and y, are the Sternheimer antishielding factors, (b)
Qiat, the contribution from the external ligand charges Z;, is given by

Qo= Y, 2308 G 1) (1)

i i’
and (c) g4, the valence contribution from the valence electrons equals

— Z {3 cos?, — 1> (8)

valence
electrons

Table IIT gives the contribution to g, from p and d electrons. The
Sternheimer factors take into account the effect of g, or gy, on the inner

* The maximum value of (1 + 72/3)1/2 = 1.15 so that a large n makes little
difference to the magnitude of the Q.S.
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nonvalence electrons and result in magnifying any contribution to ¢ from
the valence electrons or lattice, without changing the sign.

Both gy, and gy, terms can, in principle, be calculated using Eqs.
(7) and (8) if the crystal structure and the valence orbital populations
are known. However, it is usually difficult to assign charges to different
atoms in the structure (17) and valence orbital populations are usually
not known and are difficult to calculate. In addition, the value of @
is often not accurately known for most isotopes making it difficult to
compare calculated and observed splittings.

TABLE 111
VALUES OF Vy;/e(=g) FOR p and d ELECTRONS
Wavefunction Vazle Wavefunction Vazle
Px +8r %5 dza —Hr 3,
Py +3 s dxa — 3,
Pz —2r %y dxy +5(r g
dxz —%<7'_3>d
dyz —Er8),

Because of these (and other) difficulties, more semiempirical methods
such as the additivity model are used to rationalize Q.S. values, but
before discussing the additivity model, it seems appropriate to examine
features of the field gradient more closely.

If the electron and ligand charge distributions have cubic symmetry,
both g, and gy, respectively, will be zero. For example, the ¢,,, contri-
bution from p electrons can be written using Eq. (8) and Table I1I:

Gyal = Kp[—sz + %(Npl + pr)]* (9)

where K, = +4(r~*), and N = orbital populations. It is evident from
Eq. (9) that if the three p orbitals are equally populated, then g, = 0.
If N,, > §(N,, + N,,), then gy, is negative; if N, < }(N,, + N,,), ¢va
will then be positive. A concentration of negative charge along the Z
EFG axis gives a negative ¢. Similarly for d electrons

Gva = Ko[~Ngs + Ny o + Ny, — $(Ng,, + Ny,,)] (10)

* This is the result of the Townes—Dailey treatment for quadrupole splittings.
For a discussion of the assumptions and approximations see Lucken (391).
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where K;= +8r~%);. If the component orbitals of the t,, and/or
the g levels have equal populations, then g, = 0.

Similarly for gy, it can easily be shown using Eq. (7) that an octa-
hedral or tetrahedral array of charges of equal magnitude gives
gt = 0. Compressing the axial ligands in the octahedral case gives a
negative q,,; compressing the equatorial ligands gives a positive gia.
Again a concentration of negative charge along the Z EFG axis gives a
negative q.

It is convenient now to divide ¢, into two contributions:

9va1 = qoF. T 9u0. (11)

where ¢y is the valence contribution considering a crystal field model
with no overlap of ligand and metal orbitals, and gy, is the valence
contribution considering bonding between metal and ligands.

The g¢p term is dominant in transition metal ions such as Fe?* high
spin or Fe3* low spin in which the ¢,; and/or ¢; levels are not fully or half
populated. In many other cases of interest, I and Te compounds, Sn!V,
Fe!! low spin, Rull, and Ir', the Q.S. can be attributed to gy o, (and
possibly ¢). To illustrate the value of the above separation, consider
Fe!! low spin, where the major part of the Q.S. is due to ¢y g, and Fe!!
high spin, where the major part of the Q.S. is due to g¢y.. For Fell low
spin (tsg®) (44), if there is no covalent bonding, N4 = }(N,, + N,,.)
and ¢¢r = 0. Consider a hypothetical species trans-[FeA,;B,]>*, where
A and B are neutral ligands, and suppose that any Q.S. is due to the
differences in = back-bonding capacity of A and B. If A is a better =
acceptor than B, then more electron density will be withdrawn along the
Z axes than along the X or Y axes and N4, > (N4, + Ny,) and
gmo. 18 positive; if A is a poorer 7 acceptor than B, then
Ny, <3 (Ng.+ Ng,) and gy o, is negative. The quadrupole splittings
for many other isotopes can also be rationalized by considering the
electron imbalance about the Mossbauer isotope given by Egs. (9) and
(10).

Quadrupole splittings which arise from a gy o term normally vary
little with temperature. Any small variation with temperature is due
to small changes in bond lengths.

In contrast to the above situation, the fourth electron in the #,,
level in Fe?* high spin (t5,*,?) normally gives rise to a large q¢ 5, term
which is more temperature dependent (351). If the Fe?* is surrounded by
a perfect octahedron of point charges, then the degeneracy of the ¢,
levels is not removed, and the extra electron spends an equal time in all
three of the ¢,; orbitals and gy, = 0, because N, = 4(N,,, + Ng,,) = 1.33.
However, this system is inherently subject to a Jahn-Teller distortion
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which removes the degeneracy of the t,, and e, levels. If the axial ligands
are compressed slightly, then the sixth electron preferentially occupies
the d,, orbital and a large positive q¢yp results. This field gradient is
normally very temperature dependent because the splitting of the
tog levels is usually of the order of k7. Thus, the dy, and d, orbitals are
Boltzmann populated, and this Boltzmann population decreases on
lowering the temperature. For the axial compression, ¢gy can be
expressed as

| — e—4s/kT ] 12)

— #/,—3
Qo = 3r >[W

where 4, is the energy separation between d,, and (d,,, dy,), and % is
Boltzmann’s constant. Thus, the maximum value of g¢y due to one d
electron (#(r~%») is decreased owing to thermal population; and as 7
decreases, g . increases (e~4*/*T decreases).

Spin-orbit coupling decreases the Q.S. from the above value (351).
The gy o, and g, terms are usually much smaller than ggp, but both
usually decrease the observed quadrupole splitting from that expected
just from the g¢ p term.

A similar type of treatment is applicable to Felll (281, 283) low spin.
In other cases of interest, such as Fe® (4?), and Fe™! (d°), it is usually not
possible to separate contributions from ¢y o and ¢¢p. Quadrupole
splittings for a large number of compounds in the above valency states
have remained largely unexplained since detailed molecular orbital
calculations are needed.

From the above discussion, it is apparent that more bonding infor-
mation can be obtained on ions having symmetric ground states (Fel!
and Sn'V), since the major part of the Q.S. is due to gy o and ‘“‘complica-
tions” from g¢cp do not enter the picture. However, information of
considerable structural and bonding interest can still be obtained for
ions such as Fe?* high spin, and these will be discussed in later sections.

The Sign of the Quadrupole Splitting

As we have discussed previously, it is often desirable to determine
the sign of the Q.S. and ¢, but for *’Fe and ''%Sn it is not possible by
taking the usual powder spectrum to obtain the sign of the Q.S. and ¢.
For *"Fe, @ is positive, whereas for ''®Sn, @ is negative. Thus, a measured
positive Q.S. would correspond to a positive ¢ for *"Fe, but a negative
g for 11%8n.

There are two methods which are normally used to obtain the sign
of ¢. The first involves obtaining spectra of a sample with all crystallites
oriented in one known way relative to the direction of the gamma beam
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(8, 121); the second involves measuring the spectrum of a polycrystalline
sample at 4°K in a large magnetie field (132, 136). Because of the diffi-
culties in obtaining single crystals in a known orientation, the second
method is usually the most useful and will be briefly described here.

On application of a large magnetic field to a powdered sample, the
degeneracy of the nuclear levels is completely removed. The EFG axes
take all orientations with respect to the magnetic field, and a large
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Fic. 2. Effect of a magnetic field on an 57Fe powder spectrum-—the Mdsshauer
spectrumn of ferrocene at 4.2°Kinan applied longitudinal magnetic field of 40 kgauss
(132). The doublet lies to positive velocities and V,, and ¢ are positive.

number of superimposed spectra are observed. For y = 0 or a small value,
the two-line zero field spectrum splits into a doublet and a triplet (Fig. 2),
with the doublet being due to the +}— +2 and —}— —2 transitions.
For 5"Fe, then, if the doublet lies to positive velocity, the sign of both
Q.8. and ¢ is positive. If  approaches 1, the spectrum goes from the
doublet-triplet structure to a symmetric triplet-triplet structure.
Using detailed computation, an estimate of 5 can be made (136). Orien-
tation of the crystallites or an anisotropic f factor can markedly alter
the spectrum and lead to difficulties in detailed interpretation, especially
for small quadrupole splittings (<0.50 mm/sec), but the sign can still
usually be obtained.

For 1'°Sn, a doublet—quartet structure is observed (265, 438) in an
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applied magnetic field, and the sign of the Q.S. is positive (¢ negative)
if the doublet is at positive velocities.

D. THE ADDITIVITY MODEL FOR QUADRUPOLE SPLITTINGS

The interpretation of the quadrupole splittings of Sn!V, Fell low
spin, and Fe ™ compounds has been greatly facilitated by application
of the additivity model {for example, see Refs. (36, 44, 122, 406, 440, 442)]
and it should prove to be useful for Fel'! high spin, Ir'!!, Rull, W°, WVI,
and a number of other MGssbauer atoms. In this model, use is made of the
basic premise that the quadrupole splitting can be regarded to a first
approximation as the sum of independent contributions, one for each
ligand bound to the metal atom. The additivity model is expected to
apply for compounds of transition metal ions whose ¢,, and /or e, subshells
are filled or half-filled, e.g., Fel® (£,,%) or Ir™(¢,°%), or for compounds of
main group ions whose s and p shells are empty [e.g., Sn'V(4d!%) or
TeV1(4d'%)] in the free ion.

In the above cases, ¢¢y =0, and quadrupole splittings will be
purely a function of the nature and distribution of the ligand bonds.
For other compounds (e.g., Fell high spin, Fe!!l low spin, Fe®), the
gcp, term obscures the dependence of the quadrupole splitting on the
nature of the M-L bonds. In other cases (Sn!' compounds), the inherent
asymmetric occupation of the valence orbitals (Sn'! = 5s27% 5p7) obscures
the dependence of the Q.S. on the M-L bond types.

In this section, we will explore the consequences of additivity and
attempt to relate the various formulations of the additivity model. The
agreement between theory and experiment will be assessed later using
the extensive Q.S. data for Sn!'V and Fe!! low-spin compounds. The use
of the additivity treatment in predicting structures of compounds and
bonding properties of ligands will be discussed.

1. Point Charge Formalism

The simplest formulation of an additive EFG is the point charge
model, in which each ligand is assigned a charge, the magnitude of which
represents the contribution of that ligand to the EFG. Since the EFG is
expressed in terms of separate contributions, g, and gy,; (Section II,C).
these two contributions are usually represented by separate charges.

Thus, for a compound containing # ligands bound to a metal atom,
M(A,B,C, ... N), the nine components of the EFG tensor, V,, written
in terms of the axes defined in Table I1, are given by the equations:

Vix =€ > [L](3sin% 8 cos® ¢y, — 1) (13.1)
L
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Vyg=e % [L](3sin®fysin¢y, — 1) (13.2)
Va=e > [L](3cos?by, — 1) (13.3)
T
Vig = Vyx =€ 2 3[L]sin?6y sin ¢1, cos y, (13.4)
T
Vie= Vix =e 2 3[L]sin fy, cos 8y, cos ¢y, (13.5)
T
Voo=Vyy=e % 3[L]sin 8}, cos 8 sin ¢y, (13.6)
where
C(1—-R) C,(1-
[L] — 1( 5 )+ L( . ’Y) (14)
n L

In Egs. (13.1)—(13.6) C, and Cy, are the equivalent charges at dis-
tances r and 7y, representing the valence and lattice contributions of
the generic ligand L, respectively. The angles 6;, and ¢y, together with
reand ry, form the spherical polar coordinates of the charges €} and Cy,
relative to the Z axis of the EFG tensor. The summation is made over all
ligands.

Expressions for the relative values of V; and % expected for various
idealized structural types may be derived in terms of the parameters
[L]. The axes are chosen so as to diagonalize the EFG tensor and preserve
the ordering convention | V;;| > | Vyy| > | Vxx|. Expressions obtained
for common structural types are summarized in Table IV.

A more elegant treatment of the point charge model has been
described by Clark (119), who calculated the contribution of a ligand
(L), to the total EFG tensor assuming that the Z axis is directed along
the metal-ligand bond. If the bond has cylindrical symmetry, a “C_,
bond,” it may be represented by a point, and the contribution to the
EFG at the nucleus is given by the tensor

—4q1 0 0
0 —fg. O (15)
0 0 qu

This tensor is the partial field gradient (p.f.g.);. of ligand L. The para-
meter gy, in point charge formalism is equal to

1
7'13 TL3 ( 6)

and, hence, comparing Eqs. (13.3), (14), and (16), the Z component of
(p.f.g.)1, = 2[L]e. The total EFG tensor of a molecule may be calculated
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by placing each ligand, in turn, on the Z axis, writing down its (p.f.g.)y,
and then rotating the tensor, (p.f.g.)., to its true position. The contri-
butions from each ligand are then summed. For example, the EFG
tensors calculated for octahedral trans- and cis- MA,B, species are

—(g8 — q4) 0 0
0 —(q8 — q4) 0 (17.1)
0 0 2(g — 4a)
and
3(qs —qa) 0 0
0 Maw—gq1) O (17.2)
0 0 —(gB — 44)

respectively, which give the same 2 :—1 ratio found in Table IV.
The expressions in Table IV allow the relative quadrupole splittings
for various structural types to be compared using the expression:

4 =3eV35,Q(1 + n?[3)12 (18)

In any such comparison, we tacitly assume that the [L] of a ligand is a
constant in all compounds of a given valence state, e.g., Sn'V. This, of
course, would not be expected to hold exactly, but the expressions in
Table IV are found to give a good semiquantitative guide to relative
quadrupole splittings. As discussed later in this section, it is more
convenient and accurate to assign separate [L] values to a ligand for
different coordination numbers.

2. Molecular Orbital Approaches

Although the point charge model may be anticipated to be a reason-
ably accurate guide to lattice effects, it is obviously rather a crude and
unrealistic approximation to the asymmetries of metal-ligand bonding
interactions. Attempts have been made, therefore, to gain a clear
understanding of additive electron field gradients arising from bonding
interactions.

Bancroft et al. (44), in considering the quadrupole splittings of
low-spin Fe!! six-coordinate compounds, have described a model based
on a suggestion by McClure (393) for the interpretation of electronic
spectra. In this treatment, instead of representing the valence contri-
bution of a ligand to the EFG as a point charge, the effect of the ligand
upon the populations of the iron atomic orbitals is considered. Thus,
o donation will populate the 4s, 4p, 3d,., and 3dy._y. orbitals, while
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TABLE IV

PoiNT CHARGE MoDEL EXPRESSIONS FOR THE COMPONENTS OF THE EFG TENSOR
FOR SOME COMMON STRUCTURES?

Code No.? Strueture Components of EFGe
1 Z Vez=Vxx=Vyy=0
i
M---X
RN
Bg B
2 b/ Vzz = {2[A] — 2[Bl}e
A Vyy = {—[B] +{Al}e
1\]1 X Vxx ={—-[B] +[Alle
N n=90
B B B
3¢ z Vzz = {2[A] - 2[B]}e
A Vyy ={2[B] — 2[A]}e
| Vxx=0
M =1
VAR Y
AR B
4¢ z Vzz = {2[A] — $([B] + 2[C])} e
‘I\ Vyy = {-[A] = [B] + 2[Cl}e
Vax = {—[A] + §[B] — §[C]}e
8 Vir = Vax = Y; (~2[B] + 2[C]) e
Viy = Vyx=Vyz =Vzy=0
7#0
4= §e? QUEP? 1 202172
P =[A] +[B] - 2[C]
Q =[A] —[B]
Sign = sign of P
50 z Ve = {2[A] — #([B] + [C] +[D])} e
A Vyy ={-[A]-[B] +[C] +[Dl}e
l Vax = {—{A] + §{B] — ¥(C] + [D])}e
AN V2
Dp © Vyz=Vay = {ﬁ([C] - [D])}e

Viz=Vax = {ii (—=2[B] +[C] + [D])} e

2
Viy = Vyx = {75([01 - [B])} €
n#0
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TABLE IV—continued

Code No.b Structure Components of EFGe
6r Z Vzz = {4[B]tba — 3[B]tve} ¢
B Vyy = (3[B]tve — 2[B]ivs) ¢
B | Vxx = {3{B]'e — 2[B]*s) ¢
BB X 50
B
Th X Vzz = {2[A]tbe — 2[B]tba — }[B]tbe} e
B Vyy = (—[Altve — 2[Bios + §[BToe e
B Vxx = {~[A]"¢ + 4[B]"s — 2(B]"e}e
B~ I —AZ n#0
B
8" z Vaz = {2[A]* — 3[B]ive + 2[B]bs) ¢
B Vyy = {~[A]t28 + §[B]ie - [B]toaj e
B Vxx = {~[A]® + §[B]wwe — [B]ivae
B/ITI—B X n=0
A
gr VA Vzz = {—2[A]tbe — [B]tbe + 4[B]tbs}e
B Vyy = {(§{A]e — [B]tbe — 2(B]tbs) ¢
A Vxx = (—}{A]e + 2[B]tbe — 2(B]s}e
A~ ITI_B X g0
B
10”2 Z Vzz = {4[A]tba — 3[B]tbe} ¢
s Vyy = (~2[AJ%s 1 J[B]ibe) e
B Vxx = {~2[A]"® + §{B]ve) e
M—B X -
B l n=0
A
11 7 v Vzz=Vxx=Vyy=0
i
B | _B
B/T\B
B X
12 Z Vzz = {4[A] — 4[B]}e
A Y Vyy ={2[B] - 2[A]}e
Bl B Vxx ={2[B] - 2[A]}e
\M/
A X

continued
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TABLE IV—continued

PoinT CHARGE MODEL EXPRESSIONS FOR THE COMPONENTS OF THE EFG TENSOR

FOR SOME COMMON STRUCTURES®

Code No.b Structure Components of EFGe
13 Z Vzz ={2[B] — 2[A]} e
B Vyy ={[A] —[Bl}e
Bl _A Vix={[A] - [B]}e
B/ITI\A n=20
B
14 z Vzz = {2[A] —2[B]}e
A Vyy={[B] —[A]}e
B\L|1/B Vxx ={[B] -[Al}e
B~ | >B n=0
B
15 z Vzz = {2[A] + 2[C] — 4[B]} e
A Vyy ={2[B] —[A] —[C]}e
B-_| B Vxx ={2[B] —[A] —[Cl}e
B/Lli\B =0
C
16 z Vzz ={2[A] —[B] —[Cl}e
A Vxx ={-[B]+2[C] —[Al}e
c_| _B Vyy = {2[B] —[C] —[A]}e
P n#0
B7 | B
B
17 Z Vzz ={2[A] +[C] — 3[B]}e
A Vxx = {3[B] - 2[C] — [A]}e
Bl ¢ Vyy ={[C] - [Al}e
B'/L|{\B n#£0
C
18 Z Vzz = {2[A] - 2[C]}e
A Vyy ={[C] —[Al}le
c. | _B Vxx ={[C] - [Al}e
C/n{l\B 7=0
B
19 z Vzz = {2[A] — 2[C]} e
A Vxx ={4[C] — 3[B] —[Al}e
e~} B Vyy = {3[B] - 2[C] —[Al}e
B” | "¢ n#0
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TABLE IV—continued
Code No.b Structure Components of EFGe
20 Z Vzz = (4[A] — 2[B] — 2[C]} e
A Y Vyy ={[C] +[B] - 2[A]}e
B\Ll{/c. Vxx = {[C] +[B]—2[Al}e
B~ | ~c n=0
A X
21 Z Vzz = (4[A] — 2[B] — 2[C]}e
A v Vxx = (4[B] - 2[C] - 2[A]}e
B o Py = 4IC] - 2B] — 2(Al)e
A X
22 Z Vzz ={[B] +[C] — 2[A]}e
B v Vxx ={[C] +[A] - 2[Bl}e
A l_B Vyy ={[B]+[A] - 2[Cl}e
A/Lli\C n#0
c X
23 Z Vazz=Vyy=Vxx=0
“I“ Y
A ! B
M
A7 B
B X
24 Z sz = {3[A] - 3[B]} e
A v Vxx ={3[B] — 3[A]}e
Bl _a Vyy =0
B~ L|{ ~B n=1
A X

¢ These expressions are taken from Refs. (29, 39, 44, 55, 122, 234, 440, 442).

® When referring to a structure in the text, the code number will be prefixed
by table number.

¢ The choice of axes is indicated on the diagram of the structure or in a footnote.
In all cases, except 4 and 5 this choice of axes serves to diagonalize the EFG tensor.
The ordering of the axes to preserve the convention |Vzz| > |Vyy| > |Vxx| will
depend on the [L] values. Thus, the final choice of axes may not be the same as
given here, i.e., Vzz may become Vxx or Vyy, ete.

2 The X axes coincide with the Oz symmetry axis, and the Y and Z axes lie in
the symmetry planes.

¢ The Y axis is perpendicular to the symmetry plane, while the X and Z axes
lie in the plane. The orientation of the X and Z axes depends on the relative
magnitudes of [A], [B], and [C], and the tensor must be diagonalized separately
for each case considered.

7 This expression gives the magnitude of the quadrupole splitting and is
obtained from the symmetrized parameters of Clark (120).

¢ The EFG tensor must be diagonalized for each example considered.

h The superscripts tbe and tba refer to trigonal-bipyramidal equatorial and
trigonal-bipyramidal axial bonds, respectively.
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7 bonding will reduce the populations of the d,y, dy,, and d, orbitals.
The effect of a particular ligand, L, on the iron atomic orbital populations
will depend on (a) the o-donating (o) and #-withdrawing (=) capacities
of the ligands and (b) the relative involvement of the atomic orbitals in
the Fe-L bond which for ¢ bonding is proportional to the squares of the
coefficients of the hybrid orbitals:

hro=1/V6s+1/V2p,+1/V3d, (19.1)
has=1/V8s+ 1/V2p—1/V12dy + b dya_pn (19.2)
hso=1/V6s+1/V2p, — 1/V12dy — 3 da_yn (19.3)

The = orbitals (dyy, dy,, dx,) have equal 7-bonding power in the three
principal directions of the EFG tensor which lie along the M-L bonds.

TABLE V

RELATIVE CHARGE DENSITIES IN p AND d ORBITALS OF THE S1Xx OCTAHEDRAL @
Boxping HyBRIDs®

Ligand Dx Py Dz dxi—ys dzs
Lz 0 0 3 0 %
Lz 0 0 3 0 3}
Lx 3 0 0 3 i
Lx 3 0 0 } —llz-
Ly 0 3 0 } '1'1‘5
Ly 0 3 0 } 315

@ From Ref. (44).

The normalized relative amounts of charge density in a given bonding
direction are summarized in Table V. We neglect the 4p contributions,
since the dependence of V,, upon <r~%> will result in a much smaller
contribution to the EFG from 4p orbitals.

The relative populations of the 3d orbitals may be computed as oy,
or 7;, multiplied by the appropriate coefficient in Table V. For example,
a ligand, L, on the Z axis will increase the population of the 3d,s orbital
by an amount proportional to }oy and decrease the population of the
dy, and d, orbitals by an amount proportional to =y,. As an illustration
of the method, Table VI contains the relative changes in effective
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population of each 3d orbital from £,,® configuration for trans- and cis-
FeA,B, species. Substitution into Eq. (10) gives the expressions

thnsa[—z('”B +7a) + (%UB - %UA)]* (20'1)
Geisx[+mp — Ty — %UB + %UA] (20.2)
TABLE VI

RELATIVE CHANGES IN ORBITAL POPULATIONS FOR trans- AND ¢is-MAoB4

Ligand Px Py Pz dxa_y2 zs

trans-MA B 4@

Lz 0 0 oA 0 toa

Lz 0 0 toa 0 ioa

Lx ion 0 0 }os #son
Lyx ios 0 0 }om T%O‘B
Ly 0 o 0 }om j]'gO'B
Ly 0 }os 0 108 508
Total B oB gA oB %4oa+ ton

cis-MA,By

Ly 0 0 ion 0 tar

Lz 0 0 iop 0 1oB

Lx toa 0 0 ioa troa
Lx iom 0 0 }oB Y508
Ly 0 io‘A 0 %O‘A j]'a‘?O‘A
LY 0 ‘}U'B 0 %UB —llfoB
Total  i(oa +on) 4(ca+ on) oB $(oa + oB) doa+dom

o From Ref (44). See Table IV, species 12 and 13 for the correct assignment of
axes.

and a similar treatment for FeAB; gives
gad[—mp + 7a ~ fon + }04] (20.3)

Clearly Egs. (20.1)-(20.3), give the same qirans: Gois* ¢4 p, ratios calculated
from the point charge model (Table IV) and lend confidence to the
application of the simple additivity relationship in Table IV to the
quadrupole splitting of low-spin Fe!' compounds.

* In the original equations in Bancroft et al. (44), the above o1, values were
multiplied by four. This constant does not affect the relative values.
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For Sn!V species, the situation is more complex as the range of
structures to be considered spans four-, five-, and six-coordinate com-
pounds. A simple but general molecular orbital theory for an additive
EFG has been described and applied to Sn!¥ compounds (122). The model
is closely related to the ideas used in the interpretation of NQR spectro-
scopy (391) and to the model of Bancroft ef al. (44) described above. In
the first instance only ¢ bonding will be considered as #-bonding effects
are not thought to make an important contribution to the EFG of
Sn!Y compounds (see Section IV, A,la).

For the general closed shell molecule with n ligands M(A,B, ... N),
the total wavefunction of the va’ :nce electrons can be written

P AR L A U A A0 (21)

where ¥,, ¥,,... ¥, are n valence molecular orbitals containing 2n
valence electrons. The symbol | ) denotes a Slater determinant and
a,B denote mg = +4, —} respectively.

The components V,, of the EFG tensor at M are given by the diagonal
matrix elements of the EFG tensor operator acting upon ¥ and may be
written in terms of one-electron matrix elements.
27V
el

Vn= (q]al glﬁl e glnﬁ q’lﬁl gllﬁ e g’nﬁ)

N
=23 (1- R)(¥, |73 ¥0) (22)

where ¥, = —er~5(3x,x, — r%8,,).
In Eq. (22), > denotes the summation over all electrons, e is
el

the protonic charge, and R; is the appropriate Sternheimer factor,
x,x, =, y, z and 8,, = Kronecker delta (i.e., 85y = 0; 8,5 = 1).

The molecular orbital may be transformed into a set of localized
orbitalse; (L= A, B, . .. N), chosen so that each «y, is, so far as possible,
localized in the region of the M-L axis. The Slater determinant [Eq. (21)]
and V,, remain unchanged by such a unimodular transformation and,
hence,

2
L=A

N
=2 V(L) (23)
L=A

I

N
Vra 2 (l - RL)(“L|VM|“L)

If the orbital oy, is to a large extent localized in the M—L bond axis,
V,s (L) will depend mainly on the properties of the ligand, L. In this case
the total EFG is simply the tensor sum of approximately independent
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contributions and these localized orbitals provide a natural framework
for a discussion of additive electric field gradients. If the tensor V(L)
is written in terms of the local axes (i.e., axes referring to the M-L
bond) with Z directed along the M~L bond, then V , (L) form the elements
of the “partial field gradient’ due to L, (p.f.g.);,, encountered earlier in
Clark’s treatment of the point charge model.

It is also convenient if the localized orbitals are equivalent orbitals.
The members of a set of equivalent orbitals can be permuted among
themselves by the operations of the point group or one of its subgroups.
The set of localized orbitals «;, may span one or more sets of equivalent
orbitals. In the first case, the orbitals are unique and it follows from the
definition of equivalent orbitals that different members of the same set of
equivalent orbitals give rise to the same (p.f.9.)L.

As a further approximation the localized orbitals may be considered
as a linear combination of a metal orbital 2, and a ligand orbital X;..

aL:Cth+CZXL (24)

The orbitals «;, Ay, and X;, may all be taken as real, so that ¢, and c,
are also real. The metal orbital is an appropriate equivalent orbital
formed from the metal atomic orbitals and is called a ‘“‘hybrid orbital.”
The matrix element in Eq. (23) may be written

(o | ¥ Gslor) = €1 (Rp] ¥ 5l i) + 2c165(Ry| Y 6l X1) + €22 (XL ¥ ol X1)  (25)

The first and third terms of Eq. (25) may be identified with the valence
and lattice contributions to the EFG represented in the point charge
model by the equivalent charges €, and C;, [Eq. (14)], respectively.
As V,, depends on {r~%) (vide infra), the three terms will fall off roughly
as 1:1071:107% Hence, only a small contribution from the lattice is
expected (although this may be inflated by an order of magnitude due to
Sternheimer effects) and the second and third terms of Eq. (25) may be
neglected. In this case, using the local axes (X, Y, and Z) and taking the
Z axis along the M-L bond

Vaz(L) = 2(1 — By)(hy | zglhr)ei® = 2[L]e (26)
The above expression is sufficient for a C'_y (119) bond, but for a bond
without axial symmetry

ne = (hol? xx — ¥ yyl|hL)
(kLY pulhL)

where X and Y are chosen so as to diagonalize V(L).

(27)
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For tin(IV) compounds the structures of interest are tetrahedral,
octahedral, and trigonal-bipyramidal. For tetrahedral and octahedral
systems, the appropriate metal hybrids &y, (5sp® and 5sp3d?, respectively)
span a single equivalent set, whereas the trigonal-bipyramidal hybrids
span two sets (apical and equatorial) as the 53 and 5d,, may participate
in both apical and equatorial bonds. In Table VII are given typical

TABLE VII

CALCULATION OF PARTIAL FIELD GRADIENTS IN IMPORTANT STRUCTURAL TYPESE.:d

Tetrahedral

tet .&3 + %pz
[L]tet = — T%<T_S>P optet

Octahedral

1 1 1
hZOCt = 7‘6‘8 + —dzl

ICLEARYE

[Ljoet = (~&<r-3>p — A — 3‘\//25 <r-3>m) orot

Trigonal-bipyramidal
Apical

1 1 1
hz ‘ba—\/—2cosﬂs +\/2pz+ \/é_sinedz,

1
[L]tba = (—}(r*’)p —1sin2 ¢354 — ~\/—gsin 0 cos 0<r‘3>ad) AL

Equatorial

1 V2
hytte = —-sinfls + —= py + _cosﬂd.— cos 0 dxs_ys
=3 V3 P T gy ldn —heosfduy

[L]tbe = ( 23>y + gy cos2 6r=—3>g — \/,cos #sin 6r- 3>sd) tpe

| 156 cos? {r-3y4 — 21 V5 cosfsin 0(r—3>gq
28(r=8%p — 5c082 8{r—3%4 + 75 cos O sin 0{r=8>sq

nLtbe =

8 tet = tetrahedral, oct = octahedral, tha = trigonal-bipyramidal-apical, the =
trigonal-bipyramidal-equatorial.
b From Ref. (121).
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hybrids for each structural type; the nonequivalence of the trigonal-
bipyramidal hybrids is accommodated by use of the parameter 8 (0 <
< 27) to describe the distribution of s and d,. character between apical
and equatorial hybrids.

Also in Table VII are given the partial field gradient parameters,
[L][N.B., the Z component of (p.f.g.); = 2[L]e], obtained by substitution
of the expressions h, into Eqs. (26) and (27). The radial averages {r=*),,
(rm3y,,and (r~3>,; are equal to the appropriate radial integrals, corrected
for Sternheimer effects, for example,

= (1= Ba) [ pu1)r*)palryr®dr (28)
0

where p,(r) and py(r) are the radial parts of the 5s and 54 wave functions.
The empirical parameter o}'Per<riPt jg proportional to 2¢c,%. Assuming
that Sternheimer effects are constant, calculations of the integrals
(rm3y,, (r7%,, and (r~%),, for the valence orbitals of tin (using Herman
Skillman wave functions) indicate that the ratios (r=*),,: <r~*>, and
(r7854:{r3>, are of order of magnitude 10~3 and 1072, respectively (122).
Thus, terms in {r~%>,, and {(r~*>; can be neglected. The [L] values in
Table VII then reduce to

[L]tet = —3-(r%, otet (29.1)
[L]oct — —%(T_3>p o}’f“ (29.2)
[LJbe = —3(r 3 gl (29.3)
[L1"e =~y ol (g0 =0) (29.4)

Equations (29.1)-(29.4), together with the properties of equivalent
orbitals, lead to some important conclusions. First, the equivalence of
the octahedral and tetrahedral hybrid orbitals means that the additivity
model should provide a good rationalization of the relative quadrupole
splittings found for compounds restricted to one of these coordination
numbers. In these cases, the relative quadrupole splittings can be
compared using the equations in Table IV and Eq. (18), where the
appropriate [L] value is defined in Iiq. (29). However, it is clear from
Eqgs. (29.1)-(29.4) that different values must be used for [L]°°* and [L]*®*
and, hence, quadrupole splittings for four- and six-coordinate compounds
cannot be directly compared. Equations (29.1)-(29.4) imply that the
ratio [L]°Y/[L]t" is equal to 0.67 (a7</ot®). If, as might be expected,
(09t {ot®t) does not differ greatly from unity, [L]°¢* should be approxi-
mately 70% of [L]'*. This ratio is close to that found experimentally.
For five-coordinate compounds, the equations in Table IV may be used,
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but separate [L]*"* and [L]'**® values must be employed; this is often
neglected in a simple point charge approach (442).

From Egs. (29.1)-(29.4) it is clear that tabulation of quantities
proportional to [L]*urerseriet for g set of ligands is equivalent to tabulation
of corresponding o§'Per¢iPt values. But it is also evident from Egs.
(29.1)—(29.4) and Table IV, that a constant quantity may be added to or
subtracted from of'PerriPt without altering the magnitudes of the
calculated quadrupole splittings. For example, consider a tetrahedral
R4SnX species. Substitution of expressions for [R]*** and [X]'** into the
appropriate additivity expressions in Table IV gives

Vg = K3y, (ol — oY e (30)

Vyz depends on the difference of oi* — o' and it is, therefore, not
possible to determine absolute [L]*recriPt values direct from quadrupole
splitting data. The best that can be done for tetrahedral and octahedral
compounds is to evaluate parameters related to

[L]tet _ [X]tet and [L]oct . [X]oct (31)
where X is some standard ligand. For five-coordinate compounds one
may evaluate parameters related only to

[L]tba _ [X]tba and [L]tbe _ %[X]tba (32_1)
or, alternatively,

[L]* — 3[X]**  and  [L]te —[X]®e (32.2)

The above five-coordinate conditions are perhaps more meaningful if
written in terms of oy, in which cases the quantities which may be
evaluated are related to

=3, (of* —o%*)  and KT, (o] — 0R?) (33.1)

or, alternatively,
D, (o —oR%)  and T, (o1° — o%®) (33.2)
It is perhaps appropriate to point out the relationship of this treat-
ment to that of Bancroft ef al. (44). For low-spin Fe! compounds, the
equivalent orbitals for the ¢ bonds are the d%sp® hybrids formed from

the 3d,, 3dy._ys, 4s, and 4p iron atomic orbitals. Neglecting contributions
from 4p orbitals or cross-terms

(LI = oy ot (34)



MOSSBAUER SPECTRA OF INORGANIC COMPOUNDS 85

where [LL]° is related to the parameter oy, of Bancroft (#4) by therelation-
ship
[L]? = —4ay, (35)

In order to consider 7 bonding in low-spin Fe!! using this model, it
is necessary to form 12 localized = orbitals (2 per M-L axis). Symmetry
considerations, however, show that for the case of low-spin Fe!l octa-
hedrally coordinated by ligands with empty = orbitals, it is not possible
to write a general set of localized orbitals. Although this result does not
preclude additivity of = contributions in special cases, it does suggest
that there is no theoretical justification for writing a 7-bonding con-
tribution to the total EFG as a partial field gradient parameter (),
which is completely independent of the other ligands. In other words,
some deviations from strict additivity might be expected for the
m-bonding contribution to the EFG of low-spin Fel! compounds.

The calculations so far described in this section have referred to
regular geometries, whereas in practice, distortions from a regular
geometry will be anticipated. Attempts have been made to calculate
the effect of distortions using a point charge model (29, 64, 288, 402).
In this case, changes in V,, arising from changes in the orientation of
the M-L axis are calculated assuming that [L] values remain constant.
This method yields equations for V,; which differ in the relative mag-
nitudes of the coefficients of [L.]. For example, for a tetrahedral MA,B
molecule distorted as in Fig. 3, but preserving C,, symmetry,

Vg = {2[B]*** — 3(1 — 3 cos®x)[A]*"} e (36)

where « is defined in Fig. 3. Similar results are obtained for MA,B,
systems.

The application of the point charge model to distorted systems does
not seem realistic as the expression for a given bond orbital «;, will be
expected to change with orientation of the bond. The equivalence of the
orbitals will, therefore, be lost and constant [L.] values can no longer be
assigned.

The molecular orbital model of Clark et al. [122] has been extended
to consider distortions of SnA;B (Fig. 3) and SnA,B, (Fig. 3) species.
The distortion of SnA B preserves 'y, symmetry, whereas that of SnA,B,
preserves (', symmetry, and the angles « and 8 are related by the equa-
tions

forSnA;B:2.19>a > in cos B = 4(3cos?x — 1) (37.1)

forSnA;Bs:im > a > in cos?B =1 — cot’« (37.2)
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Fic. 3. Distortions of the SnA3B and SnA3By compounds from tetrahedral
symmetry (122). See Eqgs. (37.1) and (37.2).

The calculated values of 4 are
fOI‘ SnA3B: Al(d) =f1(oz)A1te° (381)
fOI‘ SnA2B2: Az(d) =f2(a)|42tet] Sgn {Q} (38.2)

where f1(x) and fy(«) are functions of angle «, plotted in Figs. 4a and 4b.
For SnA;B,, n is also a function of « and it is plotted as a broken line in
Fig. 4b.

gEqua,tionrs (38.1) and (38.2) show that in contrast to the point charge
model, 4 remains proportional to [B]*** —[A]*', Thus, for [L] values
calculated from observed quadrupole splittings on the basis of an
idealized geometry, the values obtained will be apparent values equal
to | f(a)| times the value for exact tetrahedral geometry. The true partial
field gradient parameters will be different from these apparent values.
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Fic. 4. f(a) [Egs. (38.1) and (38.2)] plotted for distorted SnA3B and SnAzB,
structures (122). (a) fi(«) for SnA3B species versus a. (b) fa(«) for SnA2B; species
versus a. 7 is also a function of «, and it is plotted as broken line.
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The compounds in Table VIII provide a test for this treatment as
structural and Mossbauer information are available. Further, the values
for« and B satisfy the appropriate Eq. (37) almost exactly. The ratios of
Q.S. (ii): Q.S. (i) and Q.S. (iii) : Q.S. (i) calculated directly from observed
quadrupole splittings are 0.77 and 0.68. If the quadrupole splittings
are corrected to “‘tetrahedral values,” the ratios become 1.67 and 1.23,
respectively. However, the predicted ratio is 0.87 (assuming [Cl]*** =
[Brl*®t), which is in much closer agreement with the uncorrected value.

TABLE VIII

M68SBAUER QUADRUPOLE SPLITTING AND STRUCTURAL DATA FOR SOME TETRA-
HEDRAL CoMPOUNDS SHOWING DISTORTIONS FROM IDEALIZED GEOMETRY

Ae
Code Compound® ab B Ref. (mm/sec) Ref.

(i [cpFe(CO)z]eSnCly  47.0 64.3 426) +2.38 (64, 288, 331)

)

) [epFe(CO)2]SnClz 119.2 98.3  (296) +1.81 (29, 64, 288, 331)
(ii)  [cpFe(CO)plSnBrs 117.7  100.2  (407)  1.60 (64)
)
)

1n

(iv MesSnMn(CO)s 111.6 107.3 (80) 0.75 (29, 431, 569)

(v) [Mn(CO)s]sSnCl  101.0 116.5 (543) 1.55 (364)

a cp = w-Cyclopentadienyl.
b Average of nominally equal angles; see Fig. 3 for definition.
¢ An average of the data has been taken.

Similarly a value of $e*[Q[ ([Me]*** — [C1]***) may be calculated from (iv)
and (v) (Table VIII), to be equal to —1.13 mm/sec if no corrections for
distortions are made or —1.02 mm/sec if corrections are applied. The
uncorrected value is close to the value of —1.37 mm/sec obtained in
Section IV,A,1,b.

The overall conclusions therefore are that small distortions from
regular geometry are best ignored when applying the additivity model.
One possible explanation is that whereas the quadrupole splitting weights
the portion of the bond close to the metal nucleus, bond angle data
weights the portion roughly midway between.

Finally, it should be noted that additive electric field gradients are,
in fact, manifestations of underlying special symmetry features, which
have been elegantly elucidated by Clark (119).
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1. Fingerprint Uses

Any spectroscopic parameter such as the center shift and quadrupole
splitting which is sensitive to the electronic or molecular structure of a
compound is capable of providing the chemist with two general types of
information: the characterization of the type of atom or molecule by
comparison of the spectroscopic parameter with those of known species
(the so-called fingerprint technique), and the elucidation of bonding and
structure. The first of these will be reviewed quite briefly in this section,
while perhaps the more important application—structure and bonding—
will be discussed in some detail in Section IV.

The fingerprint application is very useful in the following ways: to
indicate the purity of a compound ; to characterize the oxidation state of,
and the coordination environment about the Mossbauer atom; to
detect inequivalent Mossbauer atoms in compounds or minerals, and to
estimate the amount of each Mossbauer atom present; and to identify
the compounds or species in a complex mixture.

Unlike many other spectroscopic experiments, the line shapes in
Mossbauer spectra are normally very well-behaved Lorentzians making
the spectra amenable to detailed computer processing. Thus, if the peak
or peaks are slightly asymmetric, or if there is a slight shoulder on one of
them, one can usually be confident that there is a Mossbauer atom present
which is causing this asymmetry or shoulder.

A. OXIDATION STATES AND INEQUIVALENT MOSSBAUER ATOMS

Méssbauer spectra are often very useful to characterize the oxidation
state of the Méssbauer atom, especially in chemically difficult situations.
The very different C.S. values for some of the different oxidation states
of iron indicate that these should be diagnostic (Table IX). Any gross
deviation of this parameter from the expected value might indicate

TABLE IX

CeENTER SHIFTS (C.S.) For HiGH-SPIN TRON COMPOUNDS
RELATIVE TO NITROPRUSSIDES.?

Oxidation state +1 +2 +3 +4 +6
Center shift ~+2.2 ~+1.4 ~+0.7 ~+0.2 ~—0.6

e From Ref. (297).
b Data in mm/sec at room temperature.
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undesirable reactions. An excellent example concerns the Mossbauer
spectra of high-spin Fe!! chelates of salicylaldoxime, salicylaldehyde,
and others. The first and subsequent reported spectra of these com-
pounds gave C.S. (~0.60 mm/sec) and small Q.S. values characteristic
of Fe! compounds (236, 376, 532), but these parameters were still
attributed to the expected Fe!! species with a large degree of 7 back-
bonding. However, recent work (177) conclusively shows that the above
compounds are, in fact, oxidation products of Fe!! compounds, which
give normal Fe!! C.S. of about 1.4 and 2.5 mm/sec, respectively. Prep-
aration of the Fe!! compounds must be carried out in a vacuum system.

TABLE X

CENTER SHIFTS OF Sn!l AND SniIV CoMPOUNDS

Compound CS8.e Ref.

1. «-Tin +2.10

+2.95

0
3. sn +3.13 (50)
o

L
c ©
\(I)/
5
&
=2

4. (\Sn +3.08 (50)
0/

5. (CsHjz)2Sn +8.73 (317)

8. (PhsSn)y, +1.42 (280)

7. (BusSn), +1.55 (280)

8. [(CsHs)2Snl, +0.72 (317)

¢ Data in mm/sec, relative to SnQ3 or BaSnOj.

Mossbauer spectra are very useful here, because the Fel! and Fell!
compounds cannot be readily distinguished by magnetic measurements
or chemical analyses.

For a number of other Mésshauer isotopes, 8R/R [Eq. (1)] is large
enough so that different oxidation states give measurably different
center shifts. For example, the difference in center shift for the +3 and
+5 oxidation states of 12!Sb is over 10 mm/sec (62, 496, 522), and this
large difference has been used to estimate the amount of Sb'! and SbY
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in nonstoichiometric oxides and sulfides of antimony, such as Sb,0, and
Sh,S, (62, 71, 522). Similarly, for !'%Sn Mossbauer, Sn!' compounds
invariably give higher C.S. values than a-tin, whereas Sn!V compounds
give lower C.S. values than «-tin. For example, in Table X, compounds
2-5 are clearly Sn!! species (50, 317), while compounds 6, 7, and 8 are
Sn!V species with polymeric structures.

For 12°] (90, 310, 445), 1%71 (205, 361, 452), 1*°Xe (451, 453, 454), and
125Te (219, 266, 361, 545) the C.S. is usually sensitive enough to deter-
mine oxidation states in chemically difficult situations {for a summary
of results, see Shenoy and Ruby (510)]. Similarly, **’Au (49, 108, 222),
193]y (495, 552), 3"Np (458), **Ru (128, 130, 362, 470, 471), and '*'Eu
(197, 272), to name a few, often give diagnostic C.S. values. The above
isotopes, partly because of sensitivity of the C.S., are among the most
widely studied species at the present time.

However, there are a number of situations where Mossbauer cannot
distinguish between oxidation states readily. For low-spin iron com-
pounds containing strong 7-acceptor groups such as CO, the C.S. values
have a fairly small range for oxidation states from +2 to —2 (110). Thus,
K, ;Fe™(CN)s and K Fe!'(CN)y have remarkably similar center shifts
(76, 238, 239). Similarly, in a study of Ir compounds (562) the center
shift values for IrCl(CO)[P(Ce¢H;)5], and X YIrCl{CO)[P(CeH )35, where

\W
// \\
’ \
4 \
I’ \\
. A/ _o \ 0
A
(e)

(c) (d}

F1c. 5. Possible structures for Feg(CO)12 (218).
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X,Y =Cl, H, Br, etc., were remarkably similar despite the formal Ir
oxidation states of +1 and +3, respectively.

The Mdossbauer effect has been widely used for compounds containing
two or more Mossbauer atoms to determine whether they are equivalent.
This information is usually very useful for structural predictions. The
first and most notable contribution in this area is given by the Mossbauer
spectrum of Fe3(CO);, (218). Until a definitive crystal structure was
published recently (557), several different structures were proposed
on the basis of incomplete X-ray work and infrared data. These struc-
tures were based either on a triangle of Fe atoms or a linear array of
Fe atoms (Fig. 5). The Mossbauer spectrum of Feg(CO),, (Fig. 6) clearly

ABSORPTION

| 1 1 i
-05 o] 1.0 2.0
VELOCITY {(mm /sec)

F1a. 6. Mossbauer spectrum of Feg(CO);2 (293).

indicates that there are two distinguishable (to Mdssbauer) iron atoms
present, with the outer peaks due to one type of iron atom (Fe,) and a
narrow doublet due to Feg. From the areas, it is apparent that Fe, :Fey
~2:1. Linear structures of the type shown in Fig. 5¢,d would be con-
sistent with this spectrum, but the spectrum of the Fe4(CO), ;H™ anion,
which is very similar to that of Fe;(CO),, (Table XI), rules out a linear
structure. If there are any bridging carbonyls in a linear structure, it is
not possible to replace any CO group by H and leave two iron atoms
equivalent. The above evidence strongly suggests that Fe;(CO),;, has
an unsymmetrical triangular structure, with one iron atom coordinated
to the same atoms in both Fe3{(CO),, and the hydride, since the para-
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meters for iron atom A in both the parent molecule and the anion are
very similar., One structure which is consistent with this evidence is
given in Fig. 5e. The H™ substitutes for a bridging carbonyl, leaving
atoms A equivalent, but the C.S. is decreased somewhat from that
in Fey(CO),5. The very similar parameters for Fey in both structures are
consistent with the identical nearest neighbors for Fey in both structures.
There are other unsymmetrical triangular structures which would fit the
above evidence, but the recent X-ray structure (557) confirms that
Fe;(CO),; has the structure shown in Fig. 5e.

TABLE XI
M0OssBAUER PARAMETERS FOR Feg(CO)12 aND NaFe3(CO)11H
AT 298°K«=
Compound Fe atom C.8.b Q.8.
Fe3(CO)p2 A +0.34 1.05
B +0.32 <0.20
Na[Fe3(CO)11H] A +0.26 1.32
B +0.28 <0.20

¢ Relative to nitroprusside (mm/sec).
b From Ref. (218).

There are a number of other examples, where the observation of more
than the expected number of lines for cne Mdssbauer atom has been very
useful in structural elucidation: e.g., I,Cl,Br, (445), and a host of poly-
nuclear iron compounds (223, 224, 295, 370) to name a few. However,
it should be emphasized that if a polynuclear compound gives rise to
apparently one set of absorptions, this negative evidence cannot be taken
as proof of equivalence. For example, the crystal structure of
[(m-CsH)oFey(CO);1,DPPA (102) shows that the two iron atoms are
inequivalent with a DPPA molecule (Ph,PC=CPPh,) linking two
Fey(CO)y(m-CsHg)o units. One iron atom is bound to a CzgH;, a ter-
minal CO, and two bridging CO, whereas the other is bound to a C;H;
and the two bridging CO, but a terminal P on the DPPA. However, the
Mossbauer spectrum (102, 104) shows only one narrow doublet with line
widths of 0.24 and 0.26 mm/sec, which might suggest that the two irons
are equivalent. Similarly, a previous Mossbauer prediction of the
equivalence of iron atoms in CgH,;Fe,(CO)q (206) has recently been
shown incorrect by an X-ray study (143). For many such spectra, de-
tailed computation becomes important for detecting any line broadening
or asymmetry which could be due to an overlap of Lorentzians.
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B. DrcomrosiTioN REACTIONS

Mossbauer spectroscopy has been particularly valuable in several
studies for following reactions in the solid state. The information from
Méssbauer spectra can often not be obtained by other techniques, but it
is usually important to use Mossbauer in conjunction with other tech-
niques.

The classic example in this area of research is the elucidation of the
complex decomposition scheme of Srg[Fe!'(C,0,),],. 2H,0 using mainly
C.S. values as a guide to the oxidation state of iron (Table IX) and
weight losses from thermal analyses (253). Table XII shows that the
C.S. varies from the initial value of 0.65 mm/sec (Fel!!), to 1.44 mm/sec
(Fell) after heating to 200°C, to 0.60 mm/sec (Fe'll) at 400°C, to 0.27
(Fe'¥) and 0.82 mm/sec (Fe''!) at temperatures of 700°C and above.
A mechanism which is consistent with these oxidation states of iron and
the weight loss data is:

100°-176°
Sr3[Felll(Ca04)3]a-2H 0 —m8m—> Sr3[Felll(Cg04)s]2 + 2H30

176°-850°
Sr3[Fe!(C304)3ls ——— Sra[Fegl1(C204)s5] + 2COq

800°—-4560°
Srg[Fegl(Ca04)s] ———>  38SrCOj3:Fel'0g + 5CO + 2COg

500°-860°
38rC03-Fey03 ————»  SrC03-28rFelV0y g + 0.6CO + 1.4C0,

700°—1000°
SrCO3:28rFe!V023 —————  Sr3Fes'0g(+...)

In a similar fashion, using Méssbauer to distinguish between the
oxidation states of iron, the thermal decomposition of KjFe!'-
(Cy04)5.3H,0 (31) and Fe(C,0,).2H,0 (314) have been followed. The
FeSO,+KCN reaction has also been studied using Méssbauer (308).

The effect of external radiation on compounds containing M6ss-
bauer atoms has been recently studied. The radiation-induced de-
composition of K Fe(C,0,);.3H,0 proceeds stoichiometrically to either
K,Fe'(C,0,),(H,0), (30) or KgFe,''(C,0,)s in vacuum and air,
respectively. Other studies (309, 560) indicate that Fe!l! is formed in
Fe!! compounds during irradiation. In Fe(acac)s (32), the large line
width is reduced substantially on irradiation, and this has been attribu-
ted to a relaxation mechanism.
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TABLE XII

Room TEMPERATURE MOSSBAUER PARAMETERS FOR THE
THERMAL DECOMPOSITION OF Sra{Fe(C204)3]2- 2Ho00

Temperature
of heating
(°C) C.8.b Q.S. Assignment
25 +0.65 0.44 SI‘a[FeIII(Cgo4)3]2 -2H20
200 +1.44 2.3 SraFesll(C204)5
400  +0.60  0.70 -
600 +0.44 0.74 SrCOs Fe,lli0q

700 +0.27 ~0 SrCO3-28rFelVOq.5(A)
+0.82 ~0 Sl‘aFezHIOG(B)
1000 +0.23 ~0 (A)
+0.75 ~0 (B)

¢ Relative to nitroprusside (mm/sec).
b From Ref. (253).

C. THE ErrecT oF TEMPERATURE AND PRESSURE ON THE ELECTRONIC
STRUCTURE OF IRON COMPOUNDS

Méossbauer spectroscopy has been used to study a number of very
interesting changes in the electronic state of the iron atom in Fe! and
Fel compounds at low temperatures and high pressures. A large
number of Mossbauer and magnetic studies of high spin-low spin
equilibria in Fel! and Fe'! compounds have been undertaken (73,
145, 195, 287, 356, 373-375, 482). For example, in the series of Fell
bisphenanthroline complexes, Fe(phen),X,, if X = Cl~, Br—, I, or other
ligands low in the spectrochemical series, high-spin compounds are
obtained having, first, the large C.S. and Q.S. (Table XIII) characteristic
of Fe!! high-spin compounds and, second, large magnetic moments (i =
5.0-5.3 B.M.) slightly higher than those expected for four unpaired
electrons. In contrast, if X is CN~ or NO,~, then low-spin compounds
are obtained with the small C.S. and Q.S. characteristics of Fell low-
spin compounds (Table XIII) and the very small magnetic moments
expected for no unpaired electrons. For intermediate ligands such as
NCS or NCSe (374, 375), the high- and low-spin configurations are of
very similar energy and in the thermally accessible range. Thus,
Fe(phen)y(NCS), is high spin at room temperature, but low spin at
liquid N, temperatures. Using Mossbauer spectra, magnetic suscepti-
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bilities, and other spectral techniques, Konig and Madeja (375) have
presented evidence that for Fe(phen),mal. TH,0 and Fe(phen),¥,.4H,0,
Fe is surprisingly in the intermediate 8 = 1 state.

Other, more subtle changes in the ligand environment lead to a similar
high spin-low spin equilibria. In a study of octahedral Fe' chelates
based on the hydrotris(l-pyrazolyl)borate ligand, Jesson et al. (356)
have shown that the H,H- and CH4,CH 3-substituted complexes are low
spin and high spin, respectively, over the temperature range 295 to

TABLE XIII

M0OssBAUER PARAMETERS FOR Fe(phen)sXs AND RELATED COMPOUNDS®

Temperature
Compound (°K) C.8.2 Q.S. Type of spin

Fe(phen)o(NOs)2 293 0.53 0.38 Low
Fe(phen)oCla 293 1.21 3.00 High
Fe(phen)s(NCS)a 293 1.23 2.67 High

77 0.62 0.34 Low
Fe(phen)(NCSe)s 293 1.28 2.62  High

77 0.60 0.18 Low
Fe(phen)omal - TH0O 293 0.59 0.18 .

it 0.52 0.1 8} Intermediate
Fe(phen)sFa- 4H,0 293 0.58 0.21 .

7 0.55 0.1 6} Intermediate

¢ Relative to nitroprusside (mm/sec).
b From Refs. (374, 375).

4°K, whereas the CH 3, H-substituted complex is high spin at 295°K, but
reverts to low spin near 150°. Goodgame and Machado (287) have shown
that Fe(pyim)4(Cl0,), forms two geometrical isomers, one low spin and
the other giving high spin-low spin equilibria over the temperature
range studied.

In many of these studies, the energy separation between the 7', and
14, states has been determined, although recent evidence (373) suggests
that this energy separation is strongly temperature dependent.

Drickamer and co-workers (48, 107, 196, 230, 250, 251, 385, 386, 435)
have done a great deal of interesting work on the effect of high pressure
on a wide variety of iron-containing chemicals, and these studies again
indicate the great diagnostic use of Mdssbauer for detecting different
types of iron atoms. Many of these studies indicate that Fe!!! reduces to



MOSSBAUER SPECTRA OF INORGANIC COMPOUNDS 97

Fe!l with increasing pressure. The phenomenon is reversible with some
hysteresis. Typical spectra of Fe(acac); are shown in Fig. 7 (107)
indicating that the initial Fe'l! species is reduced partially to Fe!'
on application of large pressures. On releasing the pressure, the Fel!
peaks disappear. The Fe''l to Fe' reduction involves an electron
transfer from a nonbonding ligand level to an antibonding 3d level on the
iron. The 3d orbitals spread with increasing pressure, lowering their
energy relative to the ligand levels, thus permitting the thermal transfer
of an electron from ligand to metal.
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Fig. 7. Mossbauer spectra of Fe(acac)s (107). Note the Fell peaks after pressure
is applied, and the return to a pure Felll spectrum after release of pressure.

Similarly, Fe!V in SrFeO,.g4 is reduced reversibly to Fe''l, whereas

the Fe¥! in BaFeO,_, is reduced irreversibly to FelV with perhaps some
Felll (435), presumably again by ligand to metal charge transfer.

These studies should be of the greatest importance in understanding
not only the electronic structure of iron compounds, but also the
mechanism of reduction of iron in the earth’s interior.

D. SiTE POPULATIONS IN SILICATE MINERALS

Mossbauer spectroscopy has been applied as a fingerprint technique
to a wide range of iron-containing minerals, and a great deal of useful
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information has been obtained. The most significant and important
studies center around the determination of Fe2* site populations and
Fe3*/Fe?* ratios in silicate minerals (20, 21, 23-26, 40, 181, 200, 221, 264,
311, 343, 474, 503, 549, 550 and references]. Most silicate minerals such
as orthopyroxenes [(FeMg),Si,04] have two or more cation sites into
which Fe?* and Mg?* can enter (172). In orthopyroxenes, there are two
such sites; the distorted M2 site, and the more regularly octahedral
M1 site. X-Ray diffraction measurements (263) first showed that Fe2*
orders in the M2 position, i.e., it prefers the M2 position over the M1

-04F
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L 1 - - | Il J

VELOCITY (mm/sec)

Fic. 8. Méssbauer spectrum of an orthopyroxene of approximate composition
(Fel % Mgo.43)S1206 at 80°K (549). The outer two peaks are due to Fe2+ in MI,
while the inner two peaks are due to Fe? +tin M2,

position. Thus, in an orthopyroxene of composition (Feq.; Mgg.5)2S8i30%,
about 85% of the Fe®* enters the M2 position. Since the amount of
ordering should be temperature dependent, the determination of site
populations has become of great interest not only for determining crystal
chemical relationships, but also as a potential geothermometer.
Méossbauer spectroscopy offers a convenient, rapid, and accurate
method for obtaining Fe?* site populations, since structurally different
Fe?+ ions (such as Fe?* in M2 and M1 above) often give distinctive
spectra (Fig. 8). The area (A) under a peak is proportional to the amount
(n) of Fe?* in each site, i.e., Ays/Ay; = na/n;. The first quantitative
results reported in 1966 for orthopyroxenes, anthophyllites, and cum-
mingtonites (23, 40) have led to the determination of site populations in
a large range of iron-containing minerals such as pyroxenes (25, 311,
503, 549, 550), biotites (343), and other amphiboles (24). Although there
are difficulties in obtaining accurate site populations for some minerals
(21), the excellent agreement between Mossbauer and X-ray results
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(Table XIV) suggests that accurate values can be obtained for most
minerals,

In addition to Fe®* ratios, Fe3*/Fe?* ratios in minerals can easily
be obtained (24, 181), and these are, in general, in good agreement with
the corresponding ratios from chemical analysis (Table XV). Wet
chemical methods for obtaining these ratios are often inaccurate, and the
nondestructive Mossbauer method should become a standard method
for determining this ratio.

Virgo and Hafner (311, 549, 550) and Saxena and Ghose (503) have
obtained Fe2* site populations for a large number of natural and syn-

TABLE XIV

COMPARISON OF X-RAY AND MOSSBAUER SITE POPULATIONS IN SILICATE MINERALS

Total Fe2+  Fe2+ site populations (per formula unit)
per formula

Mineral unit Moéssbauer Ref. X.ray Ref.
Orthopyroxene 1.06 M2 =0.87 M2 = 0.90
(550) (263)
M1 =0.19 M1 =0.15
Glaucophane 0.61 M3 =0.28 M3 =0.29
(24) (436)
M1 =10.33 M1 = 0.32
Grunerite 6.13 M4 =1.96 M4 =1.97
(26) (228)
M123s = 4.17 M123 =4.13
Anthophyllites 1.61 M4 =1.39 —
(40)
M123 = 0.22 —
1.47 — M4 = 1.30
(229)
— M123 = 0.17
Cummingtonites 2.48 M4 =1.65 —
(26)
M123 = 0.83 —
4 =1.50
2.50 — {M (231)
M123 =1.29
M4 =1.74
— { (262)
M123 = 0.58

# M123 refers to Fe?+ per formula unit in M1 + M2 + M3.
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thetic pyroxenes and determined both preliminary thermodynamic and
kinetic data for the exchange reaction:

Mg(M1) + Fe2+ (M2) 2 Fe2+(M1) + Mg(M2)

A number of papers have appeared recently which discuss the kin-
etics and thermodynamics of the above type of exchange reaction (305,
414, 503, 538 and references). These papers and the experimental papers
mentioned above indicate the great potential of site population deter-
minations for determining the highest temperature of formation of
orthopyroxenes and kinetics of cooling, although the low activation
energies for forward and reverse reactions may make such determina-
tions very difficult.

TABLE XV

COoMPARISON OF MOSSBAUER AND CHEMICAL ANALYSES
VALUES FOR % Fe3+/ToraL IRON®

% Fe3+/(Fez+ + Fes+)

Mineral Mossbauer Chemical analyses
Howieite 24 20
Deerite 37 37
Crocidolite 41 41
Glaucophane 28 32
Crossite 37 40

a From Refs. (24, 27).

E. PrEPARATION OF NOVEL COMPOUNDS

It is apparent from the previous discussion that the vast majority
of Méssbauer spectra have been taken with a constant standard single-
line source with the absorber as the compound under study. However,
anumber of interesting papers have appeared in which a standard single-
line absorber has been used with the source compound being of interest.
Because the source is radioactive, extensive rearrangement of the elec-
trons and bond breaking may occur on the Mdssbauer time scale (the
half-life of the excited state). As a result, the observed Mdssbauer
spectrum may not reflect the initial electronic and/or ligand environment
about the Mdssbauer atom. The differences in spectra can be very useful
to the radiochemist in investigating the effect of the radioactive process
[for example, see (225, 248, 249, 272, 352, 358, 398, 541}], but we are
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concerned here with the situations where the spectrum does reflect the
initial electronic and ligand environment on the Mossbauer lifetime.

The classic studies in this area have been undertaken by the Perlows
(450, 451, 453, 454), who have produced a number of 129Xe compounds
by the 8 decay of iodine compounds prepared with 12°1. For example, the
spectra of XeCl, (451), XeCl, (453), and XeBr, (454) were obtained after
the decay of KICl,, KICl,, and KIBr,, respectively, using a standard
Xe absorber such as a xenon clathrate. These compounds have to be
stable for longer than the lifetime of the nuclear excited state (~10° sec)
in order to be “observed.”

Somewhat similar experiments have been undertaken using *3Kr
Mossbauer (322, 444, 497). Using 33Se0, as a source (338e —>%?Kr) and a
krypton clathrate HQ-Kr as absorber, evidence has been presented
(322) for the existence of a bona fide Kr-O bond. However, using
K®BrO, as source (444) (**Br—%3Kr), no evidence was found for the
existence of a KrQj; species, in contrast to the production of XeO, from
KIQj; and its observation by Mossbauer (450).

Some source work (495) using 1°30s compounds as sources and single-
line '*3Ir absorbers have also provided interesting results. The 73-keV
excited nuclear energy level of *3Ir is populated in the B decay of
1930g. As in the 12°I—12%Xe transition, the majority of the Os atoms
should end up in a valence state which is higher by unity than the parent
Os atom. The spectra of 0s0,, K,0s0,-2H,0, and Os(CyH;), sources
appear to be characteristic of IrO*, IrQ,~, and Ir(C;H;),t, respectively,
and provide valuable information on unknown and highly unstable
iridium species.

In other forms of radioactive decay, more substantial electronic
rearrangement takes place. For example, 3'Co captures an orbital
electron to give 3"Fe. Co!''(d®) should yield Fe'l(d%) if the resulting
Anuger process does not disturb the molecular structure. In most cases,
a mixture of charge states are obtained (225, 248, 249, 352, 541), and in
other cases, the absorptions are not characteristic of Fe!! or Felll
species and very broad lines are observed. Yet, for interesting Co com-
pounds such as vitamin B;, and Co!'phthalocyanine (422, 423), the
spectra are characteristic of Fell with apparently very little, if any,
fragmentation. The potential uses and advantages of such emission
spectra have been discussed (423).

F. FrRoZEN SOLUTION STUDIES

The Mossbauer effect cannot be observed in a liquid, but Méssbauer
spectra of glasses and smectic liquid crystals have been observed. Thus,
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it is possible to obtain valuable information on the structure of a molecule
in solution, or the structure of the solvent, by taking a spectrum of a
glass at, for example, 80°K. There are, however, several difficulties which
should be emphasized. First, one is often not sure whether a true glass
has been obtained, or whether the solid has crystallized. Microcrystalline
domains are very difficult to detect. Second, it is sometimes possible that
the solvent may coordinate to the Mossbauer atom in unexpected
situations. For example, Sn often coordinates to solvent molecules
which are normally very ‘“weak’ ligands. In other cases, M&ssbauer
spectra are used to study solvent coordination. Mossbauer spectra
of five-coordinate bis(N,N-diethyldithiocarbamato)iron(III) chloride
[Fe(dtc),Cl] and related compounds show a large Q.S. of about 2.7 mm/
sec in the solid state, but a Q.S. value of about 0.8 mm/sec in solvents
such as dimethylformamide (178). By contrast the six-coordinate
Fe(dte); compound gives a small Q.8. of about 0.6 mm/sec both in
solution and solid. These results, and other spectroscopic evidence,
strongly indicate that the coordination about the Fe!™! changes from
five in the solid to six in solution.

Solution Mossbauer spectra of Sn compounds of the type R’SnR,
(R = C,H;, CgHjy; R’ = 4-thiopyridone, thiophenol) have also been very
helpful in determining the coordination number about the Sn atom—
both in solid and solution (424).

In an interesting Mossbauer study of the pH dependence of the
species in an aqueous solution of NH, Fe!l! EDTA (15), the Mossbauer
spectrum changes markedly from pH 6.8 to 3.9. By comparison with
solid spectra, the species at pH 6.8 and 3.9 have been assigned to
[Fe'"™(EDTA(OH)]*~ and Fe!"(EDTA)", respectively.

In other studies, the use of frozen solution spectra has not provided
as much useful information. In a study of [#-C;HFe(CO),18nCly and
related compounds (331), reasonably conclusive evidence was not
obtained as to whether the short Fe-Sn bond was due to intermolecular
stacking forces or the specific nature of the chemical bonds. In another
area, Fey(CO),, supposedly has a different structure in solution than in
the solid (461), but recent attempts to observe a different spectrum in
solution than in the solid have not met with success (38).

A number of workers have studied the temperature dependence of
the recoil free fraction of Fe®* doped water (100, 180, 425, 447) and
methanol (515). Here the Fe®* ions are used as a probe to study the
change in frozen solvent properties over a range of temperature. In all
cases, the f value drops off sharply, and sometimes approaches zero at a
point variously ascribed to a cubic-hexagonal phase change in ice (180,
425), a two-phase model, with the ferrous ions associated with a glassy
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or amorphous variety of ice (47), and a transition from a rigid glass to a
supercooled state (515). Recent results (100) on Fe?* ions in the cubic
phase of ice indicate that the Fe®" ions are unaffected by this phase and
that the Fe?* ions are associated with the glassy fraction of the absorber.

V. Bonding and Structure
A. Sn'Y CompounDs

1. Quadrupole Splittings

Until very recently, two major problems have hindered any system-
atic interpretation of Sn!V quadrupole splittings. First, there has been
considerable debate as to the origin of the EFG, i.e., whether =-bonding
asymmetries, o-bonding asymmetries, or qy,, effects are predominantly
responsible for the observed quadrupole splittings. Second, the influence
of changing coordination number on the magnitude of the quadrupole
splitting was not known, mainly because sufficient structural data was
not available. The effect of structure on guadrupole splittings is of
particular interest, as many compounds with a four-coordinate stoichio-
metry do, in fact, possess associated structures in the solid state, in-
volving five- and six-coordinate tin atoms. In this section we shall first
deal with the origins of the quadrupole splittings of tin(IV) compounds
and then consider in detail the correlation between quadrupole splitting
and structure. In the first part of the discussion, it will be necessary to
make some structural assumptions, which will be justified later.

In the following discussion we will employ the general symbols R
and X to denote an organic group or an electron-withdrawing ligand,
respectively. This convention will also be used in Section IV, A, 2.

a. oor = Bonding? Early 1'°Sn Mossbauer work (5, 6,8, 9, 84, 138, 279)
revealed large quadrupole splittings (in the range 2-4 mm/sec) for a
wide variety of substituted organotin compounds of the type R,SnX,_,
(n=1-3) with X =F, Cl, Br, I, O, and S. It was suggested (6, 138) that
the EFG’s in these compounds were produced by differences in the
polarities of the tin-ligand o bonds, which could give rise to both a gy,
and a ¢, contribution to the EFG [Egs. (7) and (9)]. Later work revealed
that the compounds (Ph4Sn), (269), (PhySn),M (M = Sn, Ge, Pb) (269),
PhgSnX (X =H, Li) (9), R,SnH,_, (n = 1-3, R = Me, Bu, Ph) (9, 334),
and Me;SnNa (141) showed no resolvable quadrupole splitting. If the
difference in electronegativity between the donor atoms of the ligands
(4'P) is used as a criterion of differences in bond polarity (138, 269), then
from Table XVI it is clear that 4¥ values for compounds which show
quadrupole splitting are in the same range as those for which single-line
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spectra are observed (269). From this observation it was suggested (269)
that EFG’s produced by inequalities in the tin-ligand o bonds were too
small to result in resolvable quadrupole splitting and that some other
factor was responsible for the observed quadrupole splittings for
organotin halides and chalcogenides.

Gibb and Greenwood noted (269) that quadrupole splitting seemed to
be confined to those organotin compounds in which the X ligand con-
tained nonbonding lone-pair electrons. This observation led to the

TABLE XVI

ELECTRONEGATIVITY DIFFERENCES, 4 ¥, BETWEEN CARBON
AND OTHER ELEMENTS%

No quadrupole splitting Quadrupole splitting

Element 4¥e Element A¥L?
H —-0.30 F +1.60
Li —1.53 Cl +0.33
Ge —0.48 Br +0.24
Sn —0.78 I ~0.29
Pb —0.956 0 +1.00

S —0.06
N +0.57

2 Allred Rochow values from F. A. Cotton and G.
Wilkinson, ‘“Advanced Inorganic Chemistry,” 2nd ed.,
p. 103. Wiley (Interscience), New York, 1966.

b AYL = P — Pe.

suggestion that these lone-pair electrons formed dative p,—d, (269)
OT p,—>P, (334) bonds with the empty 5d and 6p orbitals of the tin atom
and that this asymmetric introduction of 7-electron density was respon-
sible for the observed quadrupole splittings. A similar explanation was
proposed to account for the quadrupole splitting trends of a range of
six-coordinate tin species (300). The data available for these compounds
at that time are summarized in Table XVII, and it can be seen that
although organotin complexes show large quadrupole splittings, in the
absence of a tin—carbon bond, no quadrupole splittings could be observed,
even when there is a noncubic arrangement of the ligands. It was pro-
posed (300) that for compounds in which all six atoms directly bonded
to the Sn atom have filled nonbonding shells available for 7 bonding,
the o-bonding asymmetries are insufficient to give quadrupole splitting.
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However, for organotin derivatives, the lack of = bonding in the Sn-R
bond results in a large degree of m-electron asymmetry and, hence, in
large quadrupole splitting.

Parish and Platt (440) have presented data for a series of substituted
four-coordinate organotin compounds of the type Rs;SnX (in which
R=Me or Ph and X = C¢F;, C4Cl;, C=CPh, CH=CH,, and CCI=CCl,) for
which the observed quadrupole splitting trends are incompatible with

TABLE XVII

SELECTION OF EARLY MOSSBAUER DATA FOR Six-COORDINATE SnIV CoMPLEXESS

Code No.? Compound C.8.c¢ Q.S8.c Iee Refs.
1 SnClgbipy 0.42 — 1.31 (300)
2 SnBrebipy 0.66 — 1.17 (300)
3 Snlbipy 0.95 — 1.42 (300)
4 SnClg(en)e 0.50 — — (278)
5 SnBry({en)s 0.43 — — (278)
6  SnClypy): 0.00 — — (278)
7 SnCls(oxH)s 0.45 — 1.22 (300)
8 SnCl,[(NH3)2CS]2 0.95 — — (278)
9 SnBry[(NH2)2CS] 0.80 — — (278)
10 SnClg(ox)e 0.30 — 1.50 (300)
11 SnCly(acac)s 0.25 — 1.15 (300)
12 MesSn(ox)s 0.85 1.93  1.05 1.21  (300)
13 MeoSn(H20),0H 1.37 3.90 1.31, 1.50 (300)

@ More data for similar compounds may be found in Refs. (300) and (278)

b Code number will be preceded by table number in text.

¢ Data in mm/sec at liquid N2 temperature.

4 Relative to SnOg, values from Ref. (278) converted assuming the center
shift of Sn = 2.70.

¢ Full width at half height ; data taken with SnOg source.

the 7-bonding theory of quadrupole splitting, but which are fully con-
sistent with a o-bonding interpretation. Sams ef al. (114, 115, 150) have
reported further data for halogen-substituted organotin phenyl, vinyl,
and acetylene derivatives which confirm and further clarify the depen-
dence of quadrupole splitting on a-bond polarities. Data for these types
of compounds are collected in Table X VIII.

The ecompounds Me;SnC,F,,,, (n = 1-3) (Table XVIII, compounds
5~7) contain no lone-pair electrons suitable for = bonding and, hence, the
only type of = interaction which is possible is hyperconjugation. In
contrast, the polarity of the tin-fluorocarbon bond is expected to be
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TABLE XVIII

M6ssBAUER DATA FOR SOME TETRAHEDRAL ORGANOTIN (IV) COMPOUNDS

Code No.s Compound C.8.e.2 Q8. Ref.
1 MeySn 1.31 —  (816)
2 Et3SnCH X ¢ 1.29-1.43 —  (368)
3 MesSnCH X4 1.32-1.38 —  (368)
4 Me3SnCHF2 1.28 0.94 (150)
5 MesSnCF3 1.31 1.48 (150, 440)
6 MesSnCFqCFs 1.30 1.83 (150)
7 MesSnCF(CFg)2 1.32 1.89 (150)
8 MegSnCH(CF3)s 1.30 1.587 (150)
9 MesSnCH=CH; 1.30 — 9
10 Me3SnCCl=CCl2 1.31 1.24 (440)
11 MesSnCF=CF3 1.30 141 (150)
12 Ph3SnCH=CH. 1.28 —  (440)
13 PhSn(CH=CHz)s 1.25 —  (440)
14 MegSnC=C-CHMe; 1.15 1.06 (494)
15 Me3SnC=CPh 1.22 1.29 (65, 440, 494)
186 MesSnC=C-C=CEt 1.20 1.80 (494)
17 Me3sSnC=CCF3 1.25 1.77  (150)
18 Mes8n(C=CCF3)2 1.19 1.86 (150)
19 Et3SnC=CH 1.44 1.42 (456, 494)
20 Et38SnC=CMe 1.37 1.22 (456, 494)
21 Et38SnC=CEt 1.35 1.05 (456, 494)
22 Et3SnC=C-CHMeq 1.36 1.09  (494)
CH—CHs,
23 EtsSnC=C | \ / 1.38 1.25 (494)
CH;
24 Et38SnC=CPh 1.38 1.48 (456, 494)
25 Et38nC=CC1 1.39 1.76 (456, 494)
26 Et38nC=CBr 1.40 L70 (494)
27 Et38nC=C-P(O)(OEt)s 1.42 2.40 (456, 494)
28 Et38nC=C-SnEts 1.38 1.18 (494)
29 Pr3SnC=CH 1.42 1.37 (494)
30 PrySn(C=CPr); 1.27 1.60 (494)
31 BusSnC=CH 1.40 1.42 (456, 494)
32 BuSn(C=CPh); 0.81 1.72  (440)
33 MesSnPh 1.21 — (9, 141)
34 MeSnPhg 1.19 —  (367)
35 1-R3Sn-CgHy- X-4¢ 1.16-1.43 0-0.48 (115, 141, 554)
36 1-Me3Sn+CgHy4- R-zf 1.18-1.24 —  (115)
37 1,2-(Me3Sn)2Cg¢Phy 1.25 —  (115)
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TABLE XVIII—continued

Code No.2 Compound C.S.ep Q.S.2 Ref.

38 1-MegSn-CgH4-1-2 1.18 —  (115)

39 1-Me3Sn - CgPhy-1-2 1.21 0.74 (115)

40 1-Me3Sn-CgHy - CF3-2 1.21 0.66 (115)

41 1-n-BugSnCgHy4 - CF3-2 1.37 0.77 (115)

42 Me3SnCeCls 1.32 1.09 (440)

43 1-Me3SnCeCly- H-2 1.24 0.83 (115)

44 1,2-(Me3Sn}2CeCly 1.25 0.78 (115)

45  1,4-(Me3Sn)sCeCly 1.26 1.10 (115)

46 Me3sSnCgFs 1.27 1.31  (440)

47 1,2-(Me3Sn)2CeF 4 1.26 0.85 (115)

48 1,4-(Me3Sn)sCeF4 1.20 1.20 (115)

49 1-Me3Sn-CeF4-H-4 1.24 1.08 (I115)

50  Me2Sn(CeFs)s 1.25 1.561 (115, 440, 528)
51 1-Me2Sn(CeF5- Br-2), 1.25 1.41 (115)

52 MeSn(CeF's)s 1.19 1.14 (528)

53 1-Ph3Sn-CgHy- X-49 1.30 —  (368)

54 1.PhgSn-Ce¢H4-Me-2 1.30 —  (368)

55 Ph3sSnCeCls 1.27 0.84 (440)

56 PhSn(CeCls)2 1.43 1.14 (140, 440)
57 PhSn(CgCls)s 1.11 0.80 (140)

58 PhaSnCeF'5 1.28 0.99 (138, 440, 528)
59 PhySn(CgF's)2 1.22 1.11  (528)

60 PhSn(CeF'5)3 1.16 0.92 (528)

61 (4-Me-CgH 4)28Sn(CeFs)2 1.22 1.18 (528)

62 (4-Me-CgH 4)Sn(CeF'5)a 1.18 1.02 (528)

63 MegSnCsHs 1.05 1.20 (317)

64 Me3SnCHCgH5[Cr(CO)s] 1.67 0.59 (460)

65  Meg(Ph)SnPh[Cr(CO)s] 1.74 0.64 (460)

66 (4-MegSn)2CgH 4Cr(CO)3 1.69 0.72 (460)

67 Me3SnPhCr(CO)s 1.67 0.72 (460)

68 Me3sSnPhMo(CO)3 1.43 0.84 (460)

69 Me2Sn[CeH5Cr(CO)3a)2 1.76 0.89 (460)

¢ Code number will be preceded by table number in text. Data given in mm/sec
at liquid nitrogen temperature ; when appropriate an unweighted average has been

taken.

b Relative to SnQj, assuming an identical shift for BaSnQOj3, and a shift of

2.1 mm/sec for a-tin.
¢ Range of data for X = Cl, OMe, NMeg, CN, or pyridine.
4 Range of data for X = F, Cl, OMe, NMe3, or pyridine.
¢ Range of data for R = Me or Et, X = F, Cl, OMe, NMeg, ¢-Bu, Me.
fR =Me, Ph, z =2, 3.
7 X = Me, Cl, Br.
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much greater than the tin-methyl bond. For example, the Taft o*
constants (535) of substituents (X), which give a measure of the polarities
of the C-X bonds, should provide a reasonable guide to the relative
polarities of the Sn—X bonds. The Taft o* constants of CFy (2.58) and
Me (0.00) indicate considerable inequalities in the polarities of the tin
o bonds in Me;SnCF;. The compounds Me,;SnCH,F, Me;SnCHF,, and
Me,SnCF; show (150) a trend toward increasing quadrupole splitting
with successive fluorine substitution as expected from a o-bonding
interpretation. Further, the order of quadrupole splittings Me;SnCF-
(CFyg) > MesSnC,Fy > MesSnCF; parallels the effective electronega-
tivities of the fluorocarbon groups (150) as calculated from NMR data
(151), although it is surprising that the compound Me;SnCH(CF;), has
such a large quadrupole splitting.

Of the compounds Me,SnPh,_, (n =1, 3; Table XVIII, compounds
33and 34) R, Sn(CH=CH,),_,(n=1, 8; Table XVIII, compounds 9, 12, 13)
and R,Sn(C=C-R’),_, (n=1-3; Table XVIII, compounds 14-16, 19—
24, etc.), only the acetylene derivatives show quadrupole splitting even
though phenyl, vinyl, and acetylene groups have pr electrons suitable for
7 bonding. The evidence for the existence of 7 bonding in these systems
is not conclusive (18), and there is certainly no indication that tin-
alkynyl bonds have a greater m-bond order than tin—phenyl or tin—
vinyl bonds. However, it is generally recognized that sp hybridized
carbon atoms are considerably more electron-withdrawing than sp?
hybridized carbon atoms as shown, for example, by the Taft o* constants
of 1.35 for a C=CR group compared with 0.36 and 0.6 for vinyl and
phenyl groups, respectively. These data strongly indicate that the
quadrupole splitting in the alkynyl derivatives is produced by the
polarity of the tin—alkynyl bond. Similarly, the acidic cyclopentadienyl
group produces a small quadrupole splitting in MegSnCzH; (Table
XVIII, compound 63).

The substitution of fluorine or chlorine atoms into the phenyl or
vinyl group produces quadrupole splitting. It would be anticipated that
the electron-withdrawing fluorine and chlorine atoms would increase
the electron-withdrawing power of the phenyl or vinyl group and, thus,
increase the polarity of the tin—phenyl and tin—vinyl bond. This expecta-
tion is confirmed by dipole moment data (346), which show that for the
compounds MeySn-CgH,-p-X (X =F, Cl, Br), the Me;Sn group is
electron-releasing with respect to the ring. These data, therefore, provide
further strong evidence for a o-orbital imbalance interpretation of
quadrupole splitting which is also supported by the observation (114,
115, 440) that the quadrupole splittings of chlorocarbon compounds are
invariably lower than those of their fluorocarbon analogs; for example,
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compare the pairs of compounds in Table XVIII: 42 and 46, 44 and 47.
45 and 48, 55 and 58, 56 and 59, 57 and 60, 10 and 11. A suggestion (528)
that the quadrupole splittings of fluorocarbon derivatives may arise
from =-bonding effects is not consistent with NMR evidence (342) which
shows no donation of = electrons to the tin atom in Me,SnC,F;. It is also
interesting that the coordination of a Cr(CO); or Mo(CO)4 group to the
phenyl ring of the species Me;SnCH ,Ph, Me,SnPh,, (1,4-Me,Sn),C¢H,, or
Me,SnPh (Table X VIII, compounds 64-67) results in a small quadrupole
splitting, probably owing to the increased polarity of the tin—phenyl
bond (460).

In the series of acetylene derivatives R;SnC=C-X (Table XVIII,
compounds 14-26 and 28-31), the largest quadrupole splittings are
found for those compounds in which X is an electron-withdrawing
halogen atom or CFy group. The series of triethyltin derivatives (Table
XVIII, compounds 19-26 and 28) also show (494) good correlations with
dipole moment and the inductive, o*, (576) and inductive plus meso-
meric, a,, (576) constants of the X group.

The data discussed above are clearly fully consistent with a
o-bonding interpretation of quadrupole splitting, but provide no indica-
tion of wm-bonding effects. It was, therefore, suggested (440) that the
quadrupole splittings of tin(IV) compounds in general arise from a
g-orbital imbalance owing to inequalities in bond polarities. A similar
conclusion was reached by Drago et al. (338).

In attempting to make a general assessment of the dependence of
quadrupole splitting on the nature of the tin-ligand bonds, it is important
to realize that the major variations of quadrupole splitting which are
observed arise from structural rather than bonding changes (vide infra)
(Table XIX). Variations in quadrupole splittings which can be attribu-
ted to differences in bond character will only be revealed in the
quadrupole splittings of isostructural series, such as the tetrahedral
compounds discussed above. For example, it has been shown (vide infra)
that triethyl- and trimethyltin halides are probably isostructural with
associated five-coordinate structures, whereas the triphenyl- and
trineophyltin halides (with the exception of PhySnF) have monomeric
structures with tetrahedral coordination of the tin atom. Data for these
compounds are contained in Table XX. Although the four- and five-
coordinate species have very different quadrupole splittings due to the
structural differences, both series of compounds show a small variation
of quadrupole splitting with bond polarity as illustrated by the straight-
line relationship between quadrupole splitting and Taft o* (400, 440).
Further, the lowering of the quadrupole splittings of the triphenyl
compared with the trineophyl derivatives is consistent with the greater
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polarity of the tin-phenyl bond. For other series of five- or six-coordinate
compounds, quadrupole splitting changes are small. For example in the
series of five-coordinate compounds in Table XXXVI, variations are
difficult to interpret in terms of bond polarities. In cases when significant
variations are observed, for example, the five-coordinate carboxylate
species MegSn0O,CR’ (R’ = CH,X, CX;, X =F, Cl, Br, I) (170, 459)
and the six-coordinate complexes Ph,SnX,bipy (465) and Bu,SnX,-
phen (X = Cl, Br, I) (417), the trends are usually those expected from a
a-bonding interpretation.

TABLE XIX

RAXGES OF QUADRUPOLE SPLITTINGS FOR COMPOUNDS WITH
DI1FFERING STRUCTURES®

Range of quadrupole
Structural type splitting?
Tetrahedral R, SnX 4, (n = 1-3) 0.00-2.31
Octahedral RSnX; 1.92
Octahedral cis-RoSnX4 1.63-2.34
Trigonal-bipyramidal RaSnX, (X axial) 2.76-3.86
Octahedral trans-RoSnX4 3.37-4.32

& Summary of data considered in Refs. (234) and (440), in
which papers full details of data with references are given.
b Data given in mm/sec at liquid nitrogen temperature.

From the above discussion, it is clear that although there is much
positive evidence that quadrupole splittings are produced by o-bonding
inequalities, there is little or no evidence for a significant contribution
from 7-bonding effects. This is not unexpected as, from the dependence
of g,y on (r~3» (Section II,D), asymmetries in the population of the
5d orbitals will make a much smaller contribution to ¢,,, than an equiva-
lent asymmetry in the 5p electron density (122, 141). Calculations of the
relative {(r~®> values of 5p and 5d orbitals show that the ratio (r—2>,,;:
(r~%>5, is of the order 0.01, and this has been confirmed by comparison
of the relative quadrupole splittings of octahedral and tetrahedral
compounds (vide infra). Hence, even if a significant degree of = bonding
is present in the tin-ligand bonds, this will be expected to have a minimal
effect on the quadrupole splitting.

It is now worthwhile to reexamine the data which led to the postula-
tion of m-bonding effects, i.e., the lack of quadrupole splitting in the



TABLE XX

MOsSSBAUER DATA FOR TRIALKYL- AND TRIPHENYLTIN HALIDES®

R3SnF R3SnCl R3SnBr R3Snl M[R3SnCls) M[R3SnBrs)]

R cSbe Q8P CSbhc Q8> CSbc QSP CS8bec Q8> C8bec Q8P C8be QS0

Me 1.26¢  3.82¢  1.42¢  3.44¢  1.45¢ 3.40¢ 1.49¢ 3.10¢  1.334k 3280k 14350  3.450}
Et 1.48¢  3.94¢  1.60¢ 3.70¢  1.61¢  3.29¢  1.56¢  3.05¢  1.50Lm 3.44hm —
n-Pr 1.46/ 4.0l  1.627 3.66f 1.66f 3.52/ 1597  2.90f — — — —
n-Bu 1.3¢/  3.73/ 1467 348/ 1447 3290 1437  2.63f — — — —
i-Bu 1.477 3.827 1.617 3.36/ 1.60f 3.20/ 163/  2.737 — — — —
Neoh 1.33¢  2.79¢  1.39¢  2.65¢ 1.42¢ 2659 1.41¢  2.40¢ — _ — —
Ph 1.22¢  3.585  1.34%  2.54¢  1.29¢  2.50f  1.20¢  2.15¢ 1.32L% 3.00b® 1.290  2.88¢

1.230  2.870

¢ Data have been selected from references reporting full series of compounds. Other data for these and related compounds

may be found in Ref. (516).

b Data in mm/sec at liquid nitrogen temperature assuming a shift of 2.1 mm/sec for «-tin.

¢ Relative to SnOs.

4 An average of data from Refs. (141), 258).
¢ An average of data from Refs. (176, 258, 442).
7 An average of data from Refs. (176, 258).
¢ Reference (336).

» Neo = Meg(Ph)CCH2.

t An average of data from Refs. (258, 442).
I M = (Et4N)*.

k An average of data from Refs. (440, £42).
! Reference (442).

mM = (PhsCCHzPh)"’.

5 M = (MegN)+.

° Reference (207). M = (PhsPC19Hz;1)*.

SANAOJINOD DINVHYONI 40 VHLOUEIS 4ANVHSSON
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compounds (Ph4Sn),, (PhgSn)M (M = Sn, Ge, Pb), PhySnX (X = H, Li),
R,SnH,_, (»n =1-3, R = Me, Bu, Ph), MesSnNa, SnX,Y,, and SnX,Y,.
The original observation (278, 300) of zero quadrupole splittings for all
SnX,Y, and SnX,Y, species, in which X is a halogen atom and Y is an
electronegative donor ligand, has been superseded by more recent data.
Quadrupole splittings have been reported for many SnX,Y, compounds
in which both X and Y have m-donor electrons (see data in Table
XXXVII) and it has also been observed that some compounds in which
the Y group has no suitable = electrons [e.g. SnCl,-en (£57) and SnCl,-
[Ph,P-(CH,),-PPh,] (103)] give only small or zero quadrupole splitting.
The differences in the bond polarity for organotin hydrides are not
expected to be large, as illustrated by the Taft o* constants of Me(0.00)
and H(0.49) and molecular orbital calculations for Me,SnH (299); the
lack of quadrupole splitting for the compounds is, therefore, not un-
expected. Similarly, large variations in bond polarity could not be
expected for the Sn-M(M = C, Si, Ge, Sn, Pb) bonds and recent work (65)
has shown some evidence of unresolved quadrupole splitting in the species
RsSn-MR; (R = Me or Ph, M = C, Si, Ge, or Sn), which is at a maximum
for M = Sn. Finally it is difficult to evaluate the significance of the
reported data for PhgSnLi and Me;SnNa, as these compounds do not
exist in the solid state (558), and Goldanskii (57) has shown that frozen
solution spectra vary markedly with solvent.

b. Influence of Coordination Number and Structural Determination.
Tin(IV) compounds are found with a wide variety of structures including
four-, five-, and six-coordinate tin atoms. Many compounds with a
nominally tetrahedral stoichiometry have associated solid state struc-
tures involving five- or six-coordinate tin atoms. For example, X-ray
diffraction studies of Me;SnX [X = F (122), CN (506), OH (366), or NCS
(243)] show polymeric structures with five-coordination of the tin atom,
whereas Me,SnF, (507) has a polymeric structure with trans-octahedral
coordination of the tin atom. The quadrupole splitting observed in the
Mossbauer spectra of tin(IV) compounds provide a very powerful means
of studying these structural variations.

The first attempt to correlate quadrupole splitting with structure
was made by Herber ef al. (336), who noted that R;SnX and R,SnX,
compounds which probably have associated structures (e.g., Me,SnF,,
Mey;SnOH, MeySn-imidazole) appeared to give larger quadrupole
splitting than other R;SnX and R,SnX, species. A parameter p (defined
as the quadrupole splitting divided by the center shift relative to SnO,)
was introduced, and it was postulated that R;SnX and R,SnX, com-
pounds for which p was greater than 2.1 had associated structures.

Later the additivity model, using a point charge formalism, was used
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TABLE XXI

QUADRUPOLE SPLITTING DATA FOR SOME ORGANOTIN HALIDES
AND HALIDE ANIONS

Compound Vzz/e Q.S.(obs.)?> Ref. Q.S.(cal.)b.c
Ka[R2SnF4]é 4R]oct — 4[Foct 4.280  (442) 4.16
Ma[R2SnClg¢ 4[R]oct — 4[Cl]oet 4.21c  (234,442) 3.6
Csg[MegSnBra] 4[R]oct — 4[Brjoct 4.22  (442) 3.64
(pyH)o[PhaSnClg)?  4[Phloct — 4[Cl]oct 3.80  (234) 3.32
M.[RSnCls}/ 2[R]oet — 2[Cloct 190/ f 1.88
(pyH)2[PhSnCls] 2[Ph]oet — 9[Cl]oct 1.02 (234 1.66
(RgSnF),¢ 4[F]tba — 3[R]tbe 3.88¢ g h
(R3SnCl),9 4[Cl]ta — 3[R te 3.570 g h
(R3SnBr), ¢ 4[Br]tba — 3[R]tbe 3.35¢ g h
(R3Snl)y0 4]I]tbs — 3[R ]tbe 3.080 g h
NeosSnF/ 2[FJtet — 2[R ]tet 2.9  (336) 2.08
NeosSnCl 2[Cl]tet — 2[R]tet 2.65  (336) 1.88
NeosSnBr 2[Brtet — 2[R]tet 2.65  (336) 1.82
NeoaSnl 2[T]tet — 2[R]tet 2.40  (336) 1.68
Ph3SnCl 2[CI]tet — 2[Ph]tet 2.544 i 1.66
PhsSnBr 2[Brtet — 2[Ph]tet 2.50¢ i 1.60
PhsSnl g[I]tet — 2[Ph]tet 2.15¢ i 1.46

@ Taken from Table IV.

% Data given in mm/sec.

¢ Calculated using the point charge parameters from Ref. (£42).

4 Average of R = Me, Et.

¢ Average of R = Me, Eit, M = Cs and R = Me, M = pyH.

I Average of R = Et, M = Me4N (442) and R = Bu, M = Et4N (171).
7 Average of R = Me, Et; data taken from Table XX.

k Data used in calculation of point charge parameters.

t Data taken from Table XX.

J PyH = pyridinium, Neo = MesCPhCHo.

to assess the expected variation of quadrupole splitting with structure
(234, 440). From Table X XI it can be seen that the relative quadrupole
splittings calculated for organotin compounds fall into two main groups.
Compounds . with tetrahedral R,SnX,_, (n=1-3) and octahedral
RSnX; and cis-R,SnX, structures should all have comparable quadru-
pole splittings, whereas compounds with trans-R,SnX, and trigonal-
bipyramidal Ry;SnX, (X axial) coordination should have quadrupole
splittings which are roughly twice as large. The data available at the
time (Table XIX) for compounds whose structures are reasonably well
established appeared to be in general agreement with this conclusion
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as noted by Fitzsimmons et al. (234) for octahedral compounds and by
Parish and Platt (440) for a more general range of compounds.

One important conclusion from these original additivity model
calculations concerns the effect of intermolecular association on quadru-
pole splitting. Thus, the formation of associated structures for tri- and
dialkyltin species involving trigonal-pyramidal R;SnX, (X axial) and
octahedral trans-R,SnX, coordination of the tin atom, respectively,
should result in a significant increase in quadrupole splitting compared
with the unassociated forms. As center shifts of tri- and dialkyltin
species generally fall into a rather narrow range, this increase in quadru-
pole splitting forms the basis of the correlation of p with structure. In
contrast, an associated six-coordinate RSnX, structure for a mono-
alkyltin compound would be expected to show approximately the same
quadrupole splitting as a monomeric tetrahedral species.

Although the data in Table XIX show that, at least in a general way,
the additivity model provides a realistic description of quadrupole
splitting trends, it has recently been shown (122) (see Section II,D)
that strict adherence to the simple additivity model would not be
expected for compounds with differing coordination numbers. However,
before more detailed consideration can be given to the degree of precision
with which the additivity model allows a prediction of quadrupole
splitting values, it is necessary to describe some structural conclusions
for trialkyltin halides, which have been reached with the aid of Moss-
bauer data.

Organotin fluorides are generally involatile insoluble solids in keeping
with polymeric structures, observed crystallographically for Me;SnF
(118) and Me,SnF; (607). In contrast, other organotin halides are low-
melting solids or liquids and the observation (51, 123, 428) of two
Sn-C stretching frequencies in both solid and solution has often been
taken as evidence for monomeric tetrahedral structures. However, IR
evidence is not unambiguous in that changes in the Sn—X stretching
frequency for MesSnX (X = Cl, Br) in the solid melt and carbon di-
sulfide solution indicate some degree of intermolecular association
(379). By the same criterion, the triphenyltin halides Ph;SnX (X = Cl,
Br, I) do not seem to be associated (378). Mossbauer data for some
trialkyl- and triaryltin halides and some halide complexes are sum-
marized in Table XX. Infrared data suggests that the complexes have
trigonal-bipyramidal R4SnX, structures (442).

The quadrupole splitting observed for Me SnF is large as expected
from the trigonal-bipyramidal coordination of the tin atom. The
quadrupole splittings of other trimethyltin halides are also large and
show a regular decrease in quadrupole splitting with increasing size of
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the halogen atom. Further, there is a close similarity in the quadrupole
splittings of MegSnX (X = Cl, Br) and the corresponding halide anions
(Me;SnX,]™ (X = Cl, Br). As monomeric tetrahedral structures would
be anticipated to give much lower quadrupole splittings, the data
provide strong evidence that, like MesSnF, the compounds Me,;SnX
(X = Cl, Br, I) are strongly associated with five-coordinate tin atoms
(442). This has been confirmed in the case of MeySnCl, by an X-ray
diffraction study (164). Quadrupole splittings for trialkyltin halides
R¢SnX (R = Et, n-Pr,%-Bu,i-Bu; X = F, Cl, Br, I) are similar to those of
their trimethyltin analogs indicative of similar polymeric structures.
There is, however, a trend (128) to lower quadrupole splitting for R 3SnBr
and RgSnl species as the size of the alkyl group is increased from Et to
i-Bu. This may be reflection of a weakening of the intermolecular
association due to steric hindrance of the alkyl group.

The quadrupole splitting of triphenyltin fluoride is slightly lower
than that of trimethyltin fluoride, consistent with a fully associated
polymeric structure (442). The lowering of quadrupole splitting is
probably due to the greater polarity of the tin—phenyl bond as illustrated
by the relative quadrupole splittings of the anions [RgSnCl,]~ (R = Me,
Ph). In contrast, the quadrupole splittings of the triphenyltin halides
PhSnX (X = C}, Br, I) are considerably lower than those of the fluoride
and also less than that of the [PhsSnCl,]™ ion, indicating a reduction in
the degree of intermolecular association (442). The trineophyltin halides
also show much lower quadrupole splittings than the trimethyltin
halides. In order to assign structures unambiguously to the compounds
Ph,SnX (X = Cl, Br, I) and Neo;SnX (X = F, Cl, Br, I) it is necessary to
compare the quadrupole splittings with that of a known tetrahedral
organotin halide.

The crystal structure (I31) of the compound Ph,Sn(I)-[CH,.],-
Sn(I)Ph, shows a slightly distorted tetrahedral environment of the tin
atoms with no close intermolecular Sn-I distances, and this compound
can be regarded as a model tetrahedral compound. The quadrupole
splitting of 2.37 mm/sec (400) observed for Ph,Sn(I)-[CH,], Sn(I)Ph,
is closely similar to those found for NeosSnI and PhySnI, and the relative
quadrupole splittings of the three compounds are consistent with the
differing number of tin—phenyl bonds. This observation, together with
the good correlation observed between quadrupole splitting and Taft o*
constant of the halogen atom, strongly suggests that the compounds
R.,SnX (R=Neo, X=F, Cl, Br, I; R=Ph, X=Cl, Br, I) are iso-
structural with tetrahedral coordination of the tin atom. The lack of
intermolecular association is probably due to the steric hindrance of
the bulky neophyl and phenyl groups.
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Ensling et al. (207) have recently suggested that the large difference
in quadrupole splitting between PhySnX (X = Cl, Br) and the four-
coordinate species PhgSn(S;CNEt,) [4 =1.85 mm/sec (207)] argues
against a monomeric structure for the triphenyltin halides. However,
this difference in quadrupole splitting is more probably due to the
difference in bond polarity between the tin-halide and tin-sulfur bonds,
as illustrated by the large difference in quadrupole splitting between the
trans-octahedral species [Me,SnX 12~ [X = Cl, Br, 4 =ca. 4.1-4.2 mm/
sec (Table XXIV)] and Me,Sn (S;CNEty), (4 = 3.14 mm/sec) (Table
XXIV). Indeed the relative quadrupole splittings of PhySnX (X = Cl,
Br) and PhySn(S,CNEt) are in excellent agreement with the additivity
model calculations (see Table XXIII), and a recent crystal structure
determination of triphenyltin chloride has shown monomeric tetrahedral
coordination of the tin atom (70).

The assignment of structures to the trialkyl- and triphenyltin halides
makes possible & more rigorous investigation of the additivity descrip-
tion of quadrupole splitting. The compounds contained in Table XXI
form a series of four-, five-, and six-coordinate tin species with closely
similar ligands, and the appropriate additivity expressions for Vg,
written in terms of the LUrerscrirt parameters defined in Egs. (29.1)-(29.4)
are also included in Table XXT.

In the point charge formulation of the additivity model (440, 442),
it is assumed that the parameters [L]°c, [L]***, [L]***, and [L]® are
identical. On this basis a series of partial quadrupole splitting parameters
(p.q.8.)L, where (p.q.s.);, = $¢2|@|[L], has been calculated (442).* The
quadrupole splittings of the anions [SnCl;]~ (4 in the range 0.46-0.77 mm/
sec (316, 442)) were used to obtain a value of (p.q.8.)¢;, while (p.q.8.)g
was calculated from the quadrupole splittings of the five-coordinate
(RgSnCly),, and [R3SnCl,]~ (R = Me, Et) species. Values of (p.q.s.)y, for
other ligands were obtained in & similar manner. Calculated quadrupole
splittings obtained using these (p.q.8.);, values are included in Table XXIT.
Clearly, although the overall trends of the quadrupole splitting patterns
are reproduced, detailed numerical agreement is not obtained.

In Section 11, D, it was shown using a simple molecular orbital model
(122), that it is not a good approximation to describe octahedral, tetra-
hedral, trigonal-bipyramidal axial, and trigonal-bipyramidal equatorial
bonds with the same [L] values. It is probably the inadequacy of this
approximation which gives rise to the discrepancies between the
observed and calculated quadrupole splittings in Table X XT.

A more realistic application of the additivity model involves the

* In Parish and Platt (442), the (p.q.s.). of a ligand L is given the symbol [L].
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calculation of separate partial quadrupole splitting parameters for each
type of bond. Calculations of partial quadrupole splitting for octahedral
and tetrahedral compounds have been described and these will be
discussed below. Some discussion of the quadrupole splittings of five-
coordinate compounds will also be given.

Before describing the derivation of (p.q.s.)?® and (p.q.s.)!*t values,
it is necessary to pay some attention to the signs of the quadrupole
splittings. Using the additivity model, assuming a dominance of the
valence contribution to the EFG, the sign of V,; expected for
any particular structure may be predicted. For example, consider a
trans-R,SnX, compound. Substitution of [R]°®* and [L]°®* into the
appropriate equation in Table IV yields the expression

Vg = {4[R]° — 4[X]° e (39)

Clearly, if X is more electron-withdrawing than R, then of* > o9,

—[R]°®* > —[X]°®* and, hence, V5 is negative. In pictorial terms, the
greater electron-withdrawing power of the X ligand produces a de-
ficiency of negative charge in the XY plane and, hence, a negative value
of V5. It is probable that the sign of the quadrupole moment for 11°Sn is
negative (see Section IV, E) and, hence, the sign of 1e%¢Q (}eQ V,,) for a
trans-R,SnX , species is expected to be positive. In a similar manner,
positive values of e%q@Q are predicted for RSnX, and RSnX, species,
while ¢is-R,SnX,, R;SnX, (X axial), and R3SnX compounds would be
expected to have negative signs (439).

The sign of }e?q@) may be determined by application of an external
magnetic field, and the analysis of this type of spectra has been dis-
cussed by Gibb (265). The signs which have been reported (64, 217, 232,
288-291, 402, 439) are summarized in Table XXII. With the exception
of cis-R,SnX species, which will be discussed in detail later, all the signs
are in agreement with those expected from the additivity model, as
noted by Parish and Johnson (439) for a general range of structures and
by other groups (217, 232, 288, 290, 291) for more limited data. Good-
man and Greenwood (290) have suggested that the negative sign ob-
served for Ph;SnClindicates a polymeric five-coordinate structure rather
than a monomeric tetrahedral configuration (400). In contrast, additivity
calculations do not predict a change of sign of }e%qQ for R;SnX and
R;gSnX, (X axial) species, and this is confirmed by the experimental
data in Table X XTI and the recent crystal structure (70).

The positive signs of $e*9Q) observed (288) for the compounds [-
cpFe(CO),],SnX, (X = Cl, NCS) are interesting as an idealized SnA,B,
system would be expected to have y = 1. However, 7 is very sensitive to
small distortions (122) and the crystal structure of [7-cpFe(CO),],SnCl,
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TABLE XXII

S16N 3e2¢@ OBSERVED FOR SoME TIN(IV) CoMPOUNDS

Compound Q.S. = §e29Q% Ref.

trans-ReSnX,

MezSan +4.65 b
MeaSnClg(pyo)e +4.10 (232)
Cs2[Me2SnCly] +4.28 (439)
Kz[MeaSnFy) +4.12 (439)
BusSn maleate +3.74 (439)
MezSnMoQ, +4.20¢ (289)
MesoSn(acac)e +3.93¢ (217)
n-PraSnClp 28-pict +3.99 (291)
n-ProSnCly 4-pice +3.42 (291)
cis-RaSnXy
MezaSn(oxin)g +2.06 (439)
PhoSn(oxin)s +1.87 (439)
PhoSn(SeCNEt2)e +1.72 (439)
PhoSn(NCS)ephen +2.36 (439)
PhSnCly(morph)sf +1.92 (291)
n-PraSnClg(morph)sf +2.41 (291)
RSnX;
n-PrSnCls(pip)2¢ +1.99 (291)
(MegN)a[EtSnCls] +1.94 (439)
R;;SnX
MesSnCeF 5 —1.39 (439)
Ph3sSnCgeF'5 —-0.97 (439)
Ph3SnCl —2.51% (290)
PhsSn(I): (CHsz)4-(I)SnPhy —2.37¢ (400)
BusSn(m-cp)Fe(CO)e —0.59 (288)
RaSnng
[Mn(CO)5]MeSnCls +2.56 (288)
(m-ep)Fe(CO)28nCly +2.35 (288)
(m-cp)Fe(CO)2Sn(NCS)a +2.57 (288)
RS8SnXyf
Mn(CO)sSnCls +1.58 (288)
(7-cp)Fe(CO)2SnCly +1.77, 1.82 (288, 364)
RaSnX(X axial)¥
(MeyN)[MesSnClg) -3.31 (439)
{(PhaPCHPh)[EtaSnCls] -3.49 (439)

(Me4N)[Ph3SnCls] ~3.02 (439)
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TABLE XXII—continued

Compound Q.S. = }e29Q® Ref.

RsSnX (X axial)* (continued)

(EtsSnCN), -3.17 (439)
(Me3SnNCS8),, —-3.77% (290)
MesSnOH —-2.91! (290)
PhsSnF —-3.62 (290)
Ph3SnCl - pip# —2.95 (291)
Ph3SnCl- 2B-pice —2.97 (291)
RsSnX3(R equatorial)®
Et4N[MesSnBra) +3.39 (439)
Me2SnCly +3.4¢ (289)
BusSnO +2.13 (439)
Me2SnO +2.09m (290)

2 Data given in mm/sec.

b References (217, 290); magnitude of Q.S. from Ref. (327).

¢ Original data in Ref. (289); reinterpretation as described in Refs. (217, 438).
4 Magnitude of Q.S. taken from Ref. (323).

¢ B-pic = S-picoline.

/ morph = Morpholine.

¢ pip = Piperidine.

kB Magnitude of Q.S. taken from Ref. (439).

t Magnitude of Q.S. taken from Ref. (4100).

7 Definition of R extended to include Mn(CO);5 and 7-cpFe(CO)2.
¥ Trigonal-bipyramidal structure.

i Magnitude of Q.S. taken from Ref. (141).

m Magnitude of Q.S. taken from Ref. (440).

(426) shows a distorted tetrahedral coordination with an enlarged Fe—
Sn—Fe angle and reduced X-Sn-X angle. Both the point charge (288)
and molecular orbital (122) treatments of this type of distortion predict
a positive sign for }e%qQ.

The crystal structure of Me,Sn(ox), (505) shows a distorted cis-
R,SnX, configuration and the magnitudes of the quadrupole splittings
of this compound and the species Ph,Sn(ox}),, Ph,Sn(S,CNEt),,
Ph,Sn(NCS);phen, Ph,SnCl,-4morph and N-PrySnCl,-2morph are
those expected for cis-octahedral structures (vide infra). It is rather
surprising therefore that the predicted negative values of }e%0@Q) are not
observed. The origins of this inconsistency probably lie in de iations of
the structure from a regular geometry (291, 439). For example, Parish
and Johnson (439) have calculated, using the point charge model, the
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contribution of one pair of ligands to the EFG as a function of L-Sn-L
bond angle (x) (Fig. 9). Only when « lies between 70.5° and 109.5° does
V 2z lie perpendicular to the L-Sn-L plane. For other values of a, Vg
lies in the L-Sn-L plane and, hence, has opposite sign to that expected
for a regular cis geometry with « =90°. The positive sign of }e%¢Q
observed for cis compounds may, therefore, be associated with an en-
largement of the R—Sn-R angle as observed for Me,Sn(ox}),, in which the
Me-Sn-Me angle is 111°. Such distortions probably have only a marginal
effect on the magnitude of the quadrupole splitting (439). The positive
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F1a. 9. Relative magnitude of the electric field gradient for an L-Sn-L system
as a function of the bond angle («). The principal component (Vzz) coincides with
V11 for 0° < & < 70.5°, with V33 for 70.5° < o < 109.5°, and with Vas for 109.5° <
a < 180° (439).

signs observed for Me,SnCl, and (Et,N)(Me,SnBr;) are also consistent
(439) with distorted structures as observed for Me,SnCl, (167) and
suggested for (Et,N)(Me,SnBrg) (442).

The information used in determining partial quadrupole splittings is
collected in Table XXIII for tetrahedral compounds and Table XXIV
for octahedral species. The first twenty-four compounds in Table X XIIT
and the first thirty-six compounds in Table XXIV have been used to
derive partial quadrupole splitting values, while the remaining com-
pounds serve as cross-checks. Most of the information is considered in
Clark et al. (122), although several additions have been made.

The structures of the compounds used in calculating partial quadru-
pole splitting values are reasonably well established. Crystal structures
of a wide range of tin-transition metal species have been reported [see
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references contained in Goodman et al. (288)] and all are tetrahedral,
although severe distortions are sometimes found. Structural assignments
for the triphenyl- and trineophyltin halides have been discussed above,
and a tetrahedral structure of NeogSn0O,CMe has been deduced by
Herber et al. (336) and Ford and Sams (241). Crystal structures of
Me,SnCl,L; [L = dimethyl sulfoxide (353) and pyridine N-oxide (69))
show trans-octahedral structures and the large quadrupole splittings
found for the compounds in Table XXIV (compounds 1-14 and 16-35)
also indicate trans structures as noted by the authors referred to in
Table XXIV. Poller et al. (463) have assigned structures on the basis of
quadrupole splitting data, to a range of Sn(S;R),L, species (where S;R
is 1,2-ethane dithiol, 1,3-propane dithiol, or 1,2-propane dithiol, and L
is a nitrogen or oxygen donor) and the ethane dithiol species are included
as representative examples. The sign of 4¢%¢@Q has been included in Tables
XXIII and XXIV when available. In some other cases a sign has been
assigned by consideration of structural type, and these are given in
parentheses.

A survey of the compounds in Tables XXIIT and XXI1V reveals'that
phenyl, alkyl, and halogen are relatively more common than most others.
Further, it is found that the differences between different alkyl ligands
are not significant in relation to the overall accuracy of the additivity
model. All alkyl ligands may, therefore, be assigned a single octahedral
or tetrahedral partial quadrupole splitting value. By the same criterion,
F, (], or Br may also be assigned a single parameter, and we arbitrarily
assign (p.q.s.)x = 0.* In view of these observations it was decided to
concentrate (122) on careful determinations of (p.q.s.)i'-(p.q.s.)%",
(p-q-8.)8(p.q.8.)%", and (p.q.8.)%'~(p.q.8.)§* where X =F, Cl, Br
and (p.q.s.)y, is the partial quadrupole splitting- for ligand L. Values of
these parameters were calculated by taking unweighted averages of
statistically independent estimates from several different sets of com-
pounds, using the appropriate additivity expressions from Table IV.
The calculations are summarized in Table XXV.

For the remaining ligands the partial quadrupole splitting values
were obtained by the rather more subjective procedure of calculating
values from data on compounds believed to be relatively close to idealized
geometry. The values obtained are summarized in Table XXVI. For
trans-R,SnCl,L, systems, in which L is monodentate, the calculated
values are independent of the arrangement of the Cl and L ligands as
(p.q.8.)(p.q.8.)2s is small in all cases. For the bidentate ligands pic

* It should be emphasized that we do not consider this to be an accurate value;

(p.q.8.)x almost certainly is not zero. Relative p.q.s. values and calculated Q.S.
values are independent of what we choose as a reference value.
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TABLE XXIII

OBSERVED AND CALCULATED QUADRUPOLE SPLITTINGS
FOR SOME TETRAHEDRAL COMPOUNDS

Quadrupole splitting®
Code No.2 Compound? Ref. Obs. Cale.

1 NeosSnF (336) (—)2.79 —

2 NeogSnCl (336) (—)2.65 —

3 NeozSnBr (336) (-)2.65 —

4 NeogSnl (336) (—)2.40 —

5 Neo3Sn(02C - Me) (336) (—)2.45 —

6 MegSnCgF's (439, 440) -1.36 —_

7 MeaSnCaCk (440) (—)1.09 —_

8 MegSnCFg (150, 440) (—)1.48 —

9 MegSn(o-CFs-CeHy) (115) (—)0.66 —
10 (p-F-CgHy)3SnI (336) (—)1.91 —
11 Ph3SnCo(CO), (364) (—)1.00 —
12 ClgSnMn(CO); (29, 288, 364, 431, +1.59 —

569)
13 CISn[Re(CO)5]s (364) (—)1.60 —
14 Ph3SnCl (258, 290, 442) ~-2.54 —
15 PhsSnBr (258, 442) (-)2.50 —
16 MeSn(CeF5)3 (528) (+)1.14 —
17 PhgSnCeF5 (439, 440, 528) —0.95 —
18 [epFe(CO)g]8nCl; (29, 64, 288, 331) +1.81 —
19 (CgF5)aSnCl (138) (—)1.55 —
20 (CgF5)aSnBr (138) (—)1.60 —
21 ClgSnRh(PPhgs)s (227) +1.73 —
22 Cl38SnIr(CsgHiz)a (227) (+)1.64 —
23 [epFe(CO)2]Sn(NCS)3 (64) (+)2.24 —
24 [cpFe(CO)2]Sn(HCOz)3 (64) (+)1.45 —
25 Ph3Snl (258, 442) 2.15 —-2.18
26 PhoSnI{CH?2)4SnIPh, 400, 402) —2.37 —2.26
27 MesSn(CeF'5)2 (114, 440, 528) 1.51 1.55¢
28 Ph3SnCeCls (440) 0.84  —0.86
29 Ph3Sn(CeCls)s (140, 440) 1.14 0.99¢
30 PhSn(CeCls)s (140) 0.80 +0.86
31 PhySn(CeFs)2 (528) 1.11 1.294
32 PhSn(CeFs)s (528) 0.92 +1.12
33 (4-MePh)Sn(CeFs)3 (528) 1.02 +1.12¢
34 (4-MePh)oSn(CgF's)e (5628) 1.18 1.294,¢
35 (m-CF3-CgHy4)3SnBr (336) 1.94 —2.08/
36 (PhCH,)38nCl (367) 2.80 —2.74¢
37 PhSn[Co(CO)4]s (226) 1.28 +1.00
38 PhySn[Co(CO)4la (226, 364) 1.29 1.15¢
39 Br3sSnMn(CO)s (364, 431, 569) 1.54 +1.60
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TABLE XXIII—continued

Quadrupole splitting®
Code No.s Compound? Ref. Obs. Cale.
40 BrSn[Re(CO)s)a (364) 1.60 —1.60
41 CISn[Mn(CO)sls (364) 1.55 -1.60
42 Me3SnMn(CO)s (29, 431, 569) 0.75 -1.14
43 MeoSn[Mn(COj}s]e (569) 0.92 1.324
44 MeSn[Mn(CO)sla (569) 0.95 +1.14
45 MeoClSnMn(CO)s (29, 431) 2.63 —2.59*
46 MeCleSnMn(CO)s (234, 288, 431) +2.59 +2.67%
47 Me2BrSnMn(CO)s (431) 2.54 —2.59
48 MeBraSnMn(CO)s (431) 2.51 +2.67
49 PhoClSnMn(CO)s (364, 431) 2.55 —2.38
50 PhCleSnMn(CO)s (431) 2.36 +2.50
51 PheBrSnMn(CO)s (431) 2.28 —2.38
52 PhBra:SnMn(CO)s (431) 2.63 +2.50
53 PhClSn[epFe(CO)q] (29) 2.54 —2.38%
54 PhClaSn[cpFe(CO)s] (29) 2.84 +2.57h
55 PhoSn[Mn(CO)5][Co(CO)4]  (364) 1.15 -1.11
56 PhaSnCl[Co(CO)4] (364) 2.22 -2.38
57 CISn[Mn(CO)s][cpFe(CO)z2)2 (275) 2.02 -1.76
58 [cpFe(CO)2]28SnCly (64, 288, 331) +2.38 2.10¢
59 [cpFe(CO)2]2SnBry (64) 2.42 2.10¢
60 [cpFe(CO)2]2SnI, (64) 2.25 1.71¢
61 [epFe(CO)2]2Sn(NCS), (64, 288) +2.56 2.59¢
62 [epFe(CO)2]eSn(HCOz)e (64) 2.19 1.69¢
63 [epFe(CO)2]SnBrs (64) 1.60 +1.82
64 [cpFe(CO)2]Snls (64) 1.50 +1.48
65 [epFe(CO)2]Sn(02CMe)3 (64) 1.87 +1.52
66 [epFe(CO)2]2Sn(02CMe)s (64) 2.60 1.75¢
67 [Re(CO)5)[Mn(CO)sISnCly  (364) 2.48 1.85¢
68 PhaSn(S-CS:NEts) {207) 1.85 —1.86¢

2 Code number will be preceded by table number in text.

b Neo = 2-methyl-2-phenylpropyl, ep = w-cyclopentadienyl.

¢ Data given in mm/sec. Observed values are unweighted averages ; all measure-
ments at liquid nitrogen or below.

2 Denotes n = 1.

¢ Calculated using (p.q.s.)kt.

/ Assuming (p.q.s. )o—CF r = (P.q.8. )m—GF.Ph

¢ Assuming (p.q.8.)§" = (p-q.5.)Fucn,

k Values obtained in Ref. (29); compound 45, 4 = —2.28; compound 46,
4 = 42.42; compound 53, 4 =-2.06; compound 54, 4 =+2.30 (2.79 with
distortion).

i Calculated assuming (p.q.s.)%: (p.q.s.){** is 1 :0.75 for the ligand S2CNMes.
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TABLE XXIV
OBSERVED AND CALCULATED QUADRUPOLE SPLITTINGS FOR SOME OCTAHEDRAL
CoMPOUNDS
Quadrupole splitting®
Code No.e Compound? Ref. Obs. Cale.

1 Ks[MegSnF4) (439, 442) +4.12 —

la  Ki[EtoSnF4] (442) (+)4.44 —

2 Csg[MeaSnCly] (439, 442) +4.30 —

3 (pyH)2[Me2SnCly] (234) (+)4.32 —

4 (MesN)2[EtoSnCly) (442) (+)3.99 —

5 Cs2[MesSnBry) (442) (+)4.22 —

6 (pyH)2[PhaSnCly] (442) (+)3.80 —

7 BusSnClgphen (417) (+)4.07 —

8 MesSnClzphen (323) (+)4.03 —

9 Me2SnClzbipy (323) (+)4.09 —
10 BusSnClzbipy (417) (+)3.83 —
11 BusSnlzphen (417) (+)3.75 —

12 MeaSnClz(dmso)s (168, 464) (+)4.13 —
13 MesSnCla(pyO)2 (168, 232) +4.03 —
14 MeaSnCle(py)a (10, 141) (+)3.92 —
15 (edt)2Snphen (210, 463) (+)1.03 —
16 (MesN) o[ (CH2=CH)2SnCly] (400) (+)3.84 —
17 BusSn(NCS)zphen (418) (+)4.18 —
18 EtsSnCladipyam (465) (+)3.78 —
19 (MesN)2[EtSnCls] (439, 442) +1.94 —
20 (Et4N)o[BuSnCls] (168, 171) (+)1.86 —
21 BusSn(2-Spy0)s (455) (+)3.20 —
22 BusSn(pic)z (421) (+)4.35 —
23 n-PreSnCle2pip (291) (+)4.10 —
24 n-PraSnCla28-pic (291) +3.99 —
25 BusSn(trop)s (420) (+)3.68 —
26 BusSn(koj)e (420) (+)3.60 —
27 BusSnCly(BugPO)s (416) (+)4.13 —
28 Bu2SnClz(Ph3AsO), (416) (+)4.04 —
29 BuZSnClz(Ph:;PO)z (416) (+)4. 11 —_
30 Me2Sn(S2:CNEts)s (416) (+)3.14 —
31 MeoSn(S2CNPhg)e (233) (+)3.20 —
32 BugSn(S2CNPhg)2 (233) (+)3.21 —
33 MezSn[SzCN(CHz)ﬂz (233) (+)2.85 —
34 BuaSn[S:CN(CHgz)4le (233) (+)3.06 —
35 BusSn[S:CN(CH2Ph)z]e (233) (+)3.38 —
36 BusSnBrgphen (417) 3.94 +4.04m
37 BusSnBrsbipy (417) 3.95 +3.96m
38 BugSn(NCS)sbipy (418) 4.04 +4.10m

39 PhySn(NCS)sphen (418, 439) 1+2.35  —2.264
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TABLE XXIV—continued

Quadrupole splittinge

Code No.2 Compound? Ref. Obs. Calc.
40 PhySn(NCS)sbipy (418) 2.13 See text
41 Ph3SnClybipy (418, 465) 3.45 +3.64¢
42 PhoSnClyphen (418) 3.37 +3.72¢
43 MeoSnFs (168, 217, 327) +4.38 +4.12f
44 PhoSnCla(py)e (465) 3.39 +3.60¢
45  PhySnClydipyam (465) 3.58  +3.46¢
46 PhySnCly(dmso)s (465) 3.54  +3.82¢
47 Ph2SnCly48-pic (291) +3.42 +4-3.66¢
48 PheSnCladpip (291) 3.49 +3.78¢
49 PhySnBrabipy (465) 3.52 +3.64¢
50 PhySnBra(py)e (465) 3.49 +3.60¢
51 PhySnlsbipy (465) 3.35 +3.36¢
52 PhySnClydipyam (465) 3.58  +3.46¢
53 PheSnBradipyam (465) 3.45 +3.46¢
54 EtsSnBredipyam (465) 3.64 +3.78¢
55 (edt)eSn(py)z (210, 463) 1.85 —1.84¢7
56 (edt)2Snbipy (336) 1.17 +0.96
57 PheSn(2-SpyO)s (455) 1.45 —1.44h
58 BuSnCl(2-SpyO)2 (415) 1.72 +1.87%
59 PhSnCl(2-SpyO)s (415) 1.52 +1.71¢
60 BuSnlsbipy (417) 3.82 +-3.68m
61 PhsSn(pic)s (421) 1.94 —-2.02h
62 (pyH)2{PhSnCls] (234) 1.92 +1.90
63 (CH2=CH)2SnCla(dmso)s  (420) 3.80 +3.86¢
64 (CH2=CH)2SnCla(py)2 (420) 3.63 +3.6474
65  (CHa=CH)sSnCly(pyO)z  (420) 3.74  +3.82/
66 (CH2=CH)2SnClsphen (420) 3.71 +3.767
67 (CH2=CH)2SnClgbipy (420) 3.73 +3.687
68  (CHo=CH)2Sn(pic)e (420) 4.02  +4.08/
69 PhySn(trop)s (420) 1.88 —-1.68%
70 (CH2=CH )2Sn(trop)s (420) 1.92 —-1.70%
71 (CH2=CH)z8n(NCS)» (420) 4.28 +4.124
72 (CH2=CH)2Sn(NCS)s(py)e (420) 3.81 +3.784
73 (CH2=CH)2Sn(NCS)2(pyO)s (420) 3.88 +3.88¢
74 (CHo=CH)2Sn(NCS)sphen (420) 2.62 +2.28¢
75 (CHo=CH)2Sn(NCS)sbipy (420) 2.27 See text
76 (Et4N)2[(CH2=CH)2Sn(NCS),] (420) 3.94 +4.127
77 (Et4N)z[BuaSn(NCS)4] (420) 4.35  44.40m
78 (Et4N)2[PhaSn(NCS)4) (420) 3.82 +4.08¢
79 (CH2=CH)28n(2-SpyQ)s (420) 1.76 —1.46%
80 PhySn(koj)s (420) 1.98 —1.842
81 (CHo=CH)2Sn(SaCNEts)s (420) 2.67 +2.847
82 PheSnCly(BugPO)s (416) 3.81 +3.80¢

continued
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TABLE XXIV—continued
OBSERVED AND CALCULATED QUADRUPOLE SPLITTINGS FOR SOME OCTAHEDRAL

CoMPOUNDS
Quadrupole splitting®
Code No.s Compound? Ref. Obs. Cale.
83 PhySn[S2CNPhg]a (233) 1.69 —1.44¢
84 Ph3Sn[S:CNEtz]s (233) 1.76 —1.40b
85 Ph,ySn[S:CN(CH2Ph)z]2 (233) 1.66 —1.52%
86 PhoSn[S:CN(CHz)4)2 (233) 1.88 —1.32%

2 Code number will be preceded by table number in text.

b phen = 1,10-Phenanthroline; bipy = 2,2’-bipyridyl; dmso = dimethyl-sulf-
oxide; pyO = pyridine oxide; py = pyridine; edtH = ethanedithiol; dipyam = di-
(2-pyridylamine); 2-HSpyO = 2-pyridinethiol 1-oxide; picH = picolinic acid;
pip = piperidine; 8-pic = §-picoline; Htrop = tropolone; koj = kojate anion.

¢ When appropriate an unweighted average has been taken, mm/sec at liquid
N3 or below. Bracketed signs are assumed.

@ ci8-Phy, trans-(NCS)z.

¢ trans-Pha.

I trans-Meg.

7 trans-pya.

h ci&-th.

! See text.

1 trans-(CHp=CH)s.

k ¢cis-(CHo=CH).

! ¢c18-(CH2=CH), trans-(NCS)s.

m trans-Bus.

and SpyO, in which the donor atoms are different, it is assumed that, at
least in this semiempirical treatment, one (p.q.s.)}** value will suffice to
represent the average effect of the ligands.

It should be noted that the partial quadrupole splittings are quoted
in units of magnitude of quadrupole splitting; in other words, the
tabulated quantities are }e2|@|([L]—[X]). Thus, when using these
values to calculate quadrupole splittings, the negative sign of the
quadrupole moment of '*8n must be included. It is also important to
note that the partial quadrupole splittings have only a relative sig-
nificance and no importance should be placed on the absolute magnitudes.

In the remainder of the section, we will use the term (p.q.s.); to

describe the partial quadrupole splitting of a ligand L with the implica-
tion that

(p.g.s.) = $*|Q|([L] - [X])) (X =F,ClorBr) (40)

Calculated quadrupole splittings are compared with experimental
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TABLE XXV

CALCULATION OF PARTIAL QUADRUPOLE SPLITTING DIFFERENCES FOrR KEY
Licanps (122)

Parameter® Estimator Estimate?  Mean valued
[R]tet — [X]tet +3QS(1)b —1.40 —1.37 £ 0.06
+4QS(2)° —-1.33
+3QS(3)0 —-1.32
+3[QS(6) + QS(19) —1.45
+3[—QS(16) + QS(20)) ~1.37
[Phltet — [X]tet  11QS(14)b ~1.27 ~1.26 + 0.01
+3QS(15)b ~1.25
+32Q8(17) + QS(19) + QS(20) —1.26
[R]eet — [X]oet  —3QS8(1)c -1.03 —~1.03 + 0.06
~1QS(1a)e —1.11
—10Q8(2) ~1.08
—}QS(3) ~1.08
—1Q8(4)° ~1.00
—}QS(5) ~1.05
—108(19)c -0.97
~3Q8(20)° —0.93

e R =alkyl; X = F, Cl, or Br.

b Code numbers refer to Table X XIII.

¢ Code numbers refer to Table XXIV.

¢ Quantity tabulated is $¢2|Q] ([L] — [X]) (X = F, Cl, or Br) in units of mm/sec,
i.e., (p.q.8.)L.

valuesin Tables XX IITand XXIV. Once again the additivity expressions
contained in Table IV have been employed. Calculations for compounds
45, 46, 53, and 54 in Table XXIII were first reported by Bancroft et al.
(29) using different (p.q.s.);, values, and these calculations are included
as a footnote to Table X XIII.

The additivity approximation is expected to be satisfactory only if
terms arising from nonadditivity or distortions contribute no more than
10-20% of the total EFG. It is suggested, therefore (122), that a dis-
crepancy between observed and calculated quadrupole splittings should
be considered exceptional if it exceeds approximately 0.4 mm/sec. The
vast majority of cross-checks in Tables XXIIT and X X1V lie well within
this limit, lending greater confidence to the additivity description of
quadrupole splittings. It is also interesting to note that the largest dis-
crepancies are observed for compounds of type X,SnM, (M = transition
metal, X = electronegative ligand), and in each case the predicted
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quadrupole splitting is too low. These discrepancies probably arise from
deviations from a regular geometry (29, 64, 288). For example, the crystal
structure (426) of [cpFe(CO);]1,8nCl,; shows a very distorted tetrahedral
structure with an Fe—Sn—Fe bond angle of 128.6°. Both the point charge

TABLE XXVI

VALUES OF PARTIAL QUADRUPOLE SPLITTING PARAMETERS (122)

Tetrahedral structures Octahedral structures
Ligand® Data used®?  Valuer Ligand® Data used? Valuef
Alkyl Table XXV  -1.37 Alkyl Table XXV -1.03
Ph Table XXV —-1.26 Ph 6 —-0.95
1 4 -017 I 11 -0.14
NCS 23 +0.21 NCS 17 +0.07
MeCOq 5 —0.15  }(phen) 7,8 —-0.04
CeF5 6 —0.70  }(bipy) 9,10 -0.08
CgCls 7 —0.83 dmso 12 +0.01
CF3; 8 —-0.63 pyO 13 -0.057
0-CF3-CgH4 9 —1.04 py 14 —-0.10
p-F-CgH4 10 —-1.12  }(edt) 15 —0.56
Co(CO)4 11 -0.76 CH=CH 16 —0.96
Mn(CO)s 12 —0.807  }(dipyam) 18 -0.17
Re(CO)s 13 —0.80  }(pic) 22 +0.06
cpFe(CO)q 18 —0.91  }(2-SpyO) 21 -0.23
HCO 24 —0.18 pip 23 -0.01
Rh(PPhs)s 21 —0.87  B-pic 24 -0.07
Ir(CgHjs)e 22 —0.82  }(trop) 25 -0.11
$(koj) 26 —-0.13
BugPO 27 0
PhsPO 29 0
Ph3gAsO 28 -0.04
}(82CNEts) 30 —0.26
$(S2CNPhy) 31, 32 —0.23
3[S2CN(CHz)4] 33, 34 -0.29
3[S2CH(CH2Ph)s] 35 —-0.19

2 See Tables XXIIT and XXIV for abbreviations.

b Code numbers refer to Table XXIII.

¢ Quantity tabulated is (p.q.s.)}** = }e2|Q|q([L]tet — [X]tet), where X = F, Cl,
or Br.

4 Code numbers refer to Table XXTIV.

¢ Quantity tabulated is (p.q.s.)5* = 4e2g|Q|([L]oct —[X]oet), where X =F, Cl,
or Br.

f Values differ slightly from Ref. (122), owing to the inclusion of additional
data.



MOSSBAUER SPECTRA OF INORGANIC COMPOUNDS 129

(64, 288) and molecular orbital (122) treatments of this type of distortion
predict an increase in quadrupole splitting. Bancroft et al. (29) have also
improved the agreement between observed and calculated quadrupole
splittings of PhCl:Sn [epFe(CO),] (Table XXIII, compound 54) by
consideration of distortions.

For octahedral compounds which have more than one geometric
isomer, the calculated splitting listed is that which gives the best
agreement. The structures predicted in this manner are indicated in the
footnotes to Table XXIV. For trans-R,SnX,L, species (L. is a mono-
dentate ligand), the calculated values vary very little with the arrange-
ment of the X and L ligands and the values given in the table are for a
cis arrangement of L, and X,. In most cases the structural assignments
are those put forward in the references cited in Table XXIV. For
example, Curran et al. (417, 418, 420, 421, 455) have assigned structures
with trans-alkyl, phenyl, or vinyl groups in the following species in
Table XXIV, compounds 36-38, 60, 63-68, 71-73, 76-78, and 81. They
assigned structures with cis-phenyl or vinyl groups to these species in
Table XXIV, compounds 39, 40, 57, 61, 69, 79, and 80. In many cases,
the above assignments were confirmed by dipole moment data. Similarly,
the structures assigned to compounds 55 and 56 are those of Poller et al.
(463), while the structures of compounds 47 and 48, Table XXIV were
first deduced by Goodman et al. (291). Fitzsimmons et al. (233) have
argued that the species in Table XXIV, compounds 83-86 have cis-
phenyl groups.

In some cases, the calculations allow a more detailed appraisal of the
structure. For example, the calculated quadrupole splittings of RSnCl
(2-Spy0), (R = Ph, Bu) for Cl cis to R (Table XXIV, compounds 58 and
59) are much closer to the observed values than those obtained for Cl
trans to R (~1.14 mm/sec, R = Bu and —0.98 mm/sec, R =Ph). A
structure with Cl cis to R is also indicated by dipole moment data (415).
Similarly, Poller et al. (465) have suggested that the relatively low
quadrupole splittings of the compounds Ph,SnX,L, (X = Cl, Br, or I;
L = py, bipy, dipyam, or tripyam) indicate deviations from a regular
geometry, whereas the calculations in Table XXIV show that the
lowering is more probably duse to the polarity of the tin—phenyl bond.

The additivity model does not always resolve structural ambiguities.
For example, Mullins and Curran (418) deduced from dipole moment data
that, at least in solution, the NCS groups in Ph,Sn(NCS),L, (L = bipy
or phen) are trans to each other. For Ph,Sn(NCS),phen (4 =2.34
mm/sec) the calculated quadrupole splittings for a cis-Pho—trans-(NCS),
isomer (Table XXIV, compound 39) (—2.26 mm/sec) is in much closer
numerical agreement with the experimental value than that calculated
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for the cis-cis isomer (—1.94 mm/sec), confirming the assignment of
Mullins and Curran (418). In contrast, the calculated quadrupole
splittings for the cis-trans and cis-cis isomers of Ph,Sn(NCS);bipy
(Table XX1IV, compound 40) are —2.34 and —1.89 mm/sec. A similar
situation is encountered for the species (CH,=CH ),Sn(NCS),L [L = phen
(Table XXIV, compound 74); L = bipy (Table XXIV, compound 75)],
in which cases the calculated quadrupole splittings indicate a cis-
(CHy=CH),~trans-(NCS), structure for L = phen, whereas the observed
value for L = bipy falls between the calculated values for cis-(CH ,=CH ),—
cis-(NCS), (4 =1.91 mm/sec) and cis-(CH,=CH),~trans-(NCS), (4=
2.36 mm/sec).

A further example is provided by the complexes of type RSnClgL,
(168, 415), data for which are summarized in Table XXVII, together
with the calculated quadrupole splitting values for the various structural
isomers. In most cases it is not possible to assign structures confidently
in view of the lack of variation in the calculated quadrupole splittings
and the relatively poor agreement between observed and calculated
values. However, the results for 2L=phen or bipy (Table XXVII,
compounds 6-13) do show an indication that a structure with all cis-X
groups is the most probable, although such a structure is at variance
with dipole moment data (415).

The (p.q.s.)y, values listed in Table XX VI, may be used to check the
prediction made in Section II,D, that [L]°** should be approximately
70% of [L]***. From Egs. (29.1)-(29.4),

(P985 — (P.asIE* _, (o — %) _ o
tet tet gtet — et - T[ ]
(p.q.8.)1™" — (p.q-8.)% oX

oL
Values of r[L] for L = alkyl, phenyl, iodine, and NCS are 0.75 + 0.06,
0.75 £ 0.07, 0.82 4 0.51, and 0.33 + 0.33, respectively, where the errors
quoted are standard deviations calculated on the basis that an effective
standard deviation of 0.067 mm/sec can be assigned to all parameters
listed in Table XXVI. These values of r[L] support the prediction,
although 7[NCS] seems rather low.

From Egs. (29.1)-(29.4), the (p.q.s.);, values may be written in the
form

(p.q.8.)F" = §d ot (41)
(p.q.8.)8" = 34,09 (42)

where 4, is the quadrupole splitting due to one 5p, electron. As both
ot and a‘ff‘, in the limit of the additivity approximation, are equal

to 2¢,’[Eq. (25)], (p.q.s.). values should be a reflection of the relative
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TABLE XXVII

131

OBSERVED AND CALCULATED QUADRUPOLE SPLITTINGS FOR COMPOUNDS

or Type RSnX3L,

Quadrupole splitting

Code No.a Compound® Ref. Obs. Calc.?  Calc.c Calc.?
1 BuSnCls(py)2 (168) 1.86 +2.17 +1.86 +1.89
2 BuSnCl3(PhgPO,). e 2.34 4206 +2.06 +2.06
3 PhSnCl3(PhsPO), (416) 2.01 +1.90 +1.90 +1.90
4  BuSnCly(PhsAsO)s  (416) 1.81  +2.10 +1.98  +2.00
5  BuSnCls(dmso); (168) 1.73  +2.05 +2.08 +2.08
6 BuSnClgphen (168, 415) 1.64  +2.10  +1.98 —
7 BuSnClsbipy (168, 415) 1.64 +2.14 +1.90 —
8 PhSnClgphen (415) 1.48  +1.94 +1.82 —
9 PhSnClsbipy (415) 1.50 +1.98 +1.74 —

10  BuSn(NCS)sphen (415) 1.80 42.32 +1.98 —
11 BuSn(NCS)abipy (415) .75 +2.37  +1.90 —
12 PhSn(NC8)sphen (415) 1.56 +2.16 +1.82 —
13 PhSn(NC8)sbipy (415) 1.55 +2.21 +1.74 —
14 n-PrSnClz(piperidine)s (291) +1.99 42,07 +42.04 4+2.04
15 n-PrSnCls(8-picoline)s (291) 1.87 +2.13 +1.92  +1.94
16 PhSnCly(piperidine)z (291) .70  +1.91 +1.88 +1.88
17 PhS8nCls(B-picoline)  (291) 140 +1.97 +1.76 +1.78

@ Code number is preceded by table number in text, py = pyridine; dmso =

dimethy! sulfoxide; bipy = 2,2"-bipyridyl; phen = 1,10-phenanthroline.

b

R
X
L
R
L
L
R
L
X
X

¢ Average of Refs. (168, 416).
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populations of the tin-ligand bonds. Williams and Kocher (566) have
recently reported a method of calculating orbital populations for
tetrahedral compounds using Méssbauer data and it is of interest to
compare these calculations with the (p.q.s.) values.

In their original paper, Williams and Kocher (§66) derived a value
of 4, = +5.8 mm/sec by consideration of Br NQR and *'*Sn Méssbauer
data for the compound Et ;SnBr. However, in view of the probable
trigonal-bipyramidal structure of this compound (442), this value of 4,

TABLE XXVIII

CaLcurATED ORBITAL PoPULATIONS FOR SnlV
TETRAHEDRAL COMPOUNDS®

Compound arb ax? ax(NQR)®
NeosSnFd.e 1.128 0.263 —
NeozSnClé.e 1.127 0.306 —
Neo3zSnBré.e 1.131 0.311 —
Neo3zSnléd.e 1.111 0.366 —_—
Ph3SnCl/ 1.107 0.313 0.307
Ph3SnBrf 1.110 0.341 0.365
PhsSnlf 1.065 0.367 0.447

¢ From Ref. (401).

b Orbital populations derived from Mossbauer data,
4o = 4.3 mm/sec.

¢ Orbital populations derived from halogen NQR data
(566).

d Neo = CH3-CH(Ph) CH3—CH,.

¢ Mdossbauer data from Ref. (336).

f Mossbauer data from Ref. (442).

is probably inflated (401). An alternative value of 4, = 4.3 mm/sec has
been reported (401) based on ''Sn Massbauer and Cl NQR data for
PhgSnCl. Calculated orbital populations (401) for NeosSnX (X =T,
Cl, Br, or I) and PhSnX (X = Cl, Br, or I) are given in Table XX VIII.
Recently Williams and Kocher (567) have amended their equations and,
using a value of 4, = 5.5 mm/sec, obtained a second set of orbital popu-
lations for such compounds as PhySnX and Ph,Sn. It is interesting to
note that from William’s and Kocher’s data, with 4, = 4.3, values of
(p-q.8.)K" — (p.q.8.)¥"' = —1.35 mm/sec and (p.q.s.)8~(p.q.8.)%" = —1.26
mm/sec can be calculated and these differences are in excellent
agreement with those in Table XX VI obtained directly from Q.S. data.
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Perhaps the most interesting (p.q.s.), values are those found for the
transition metal groups w-cpFe(CO), (—0.91 mm/sec), Rh(PPhy),
(—0.87 mm/sec), Ir(CgH ,), (—0.82 mm/sec), Re(CO); (—0.80 mm/sec),
Mn(CO)s (—0.80 mm/sec), and Co(CO), (—0.76 mm/sec). These values
indicate that these groups are poorer ¢ donors than alkyl or phenyl.
In semigquantitative terms, nsing 4,= 4.3 mm/sec, o¥* — olf* values
for these compounds are in the approximate range 0.29-0.37 and have the
relative ordering Co(CO),>Mn(CO),; =Re(CO)s>Ir(CgH ), >Rh(PPhy),
> m-cpFe(CO),. These conclusions are supported by the quadrupole
splitting observed for Me,;SnMn(CO); (4 = 0.62-0.82 mm/sec) (29, 431,
569) and MegSn[m-cpFe(CO),] (4 = 0.46 mm/sec) (149) compared with
the absence of or small quadrupole splittings in their triphenyltiu
analogs (29, 149, 431), and by the negative sign observed for }e*¢Q
of the compound BuSn{mcpFe(CO),] (288). In many ways these (p.q.8.)L
values are rather surprising as Fenton and Zuckerman (226) and Onaka
et al. (431) have shown that NMR, X-ray diffraction, and center shift
data (see Section IV,A,2) all indicate that these transition metal groups
are all better o donors than alkyl or phenyl. In this context the quadru-
pole splitting trends found for the compounds R SN[7-cpFe(CO)L]
(R = Me, Ph; L = Ph,P, PhyAs, PhySh, Ph,CF,;P, Ph,AsCF;, PhyPMe,
PhPMe,, or Ph,AsCF,) reported by Sams et al. (149) are of interest.
Thus, the triphenyltin species all have small quadrupole splittings
(4 in the range 0.44-0.78 mm/sec), while the trimethyltin analogs show
single-line spectra or, in the case of L = PhyP, a very small quadrupole
splitting. Although these data strongly suggest that the groups
m-cpFe(CO)L, in contrast to w-cpFe(CO),, are better o donors than
methyl or phenyl, this is not reflected in the magnitude of the quadru-
pole splitting of ClySn[7-cpFe(CO)PPhg], which is closely similar to that
of Cl;Sn[m-cpFe(CO),].

An additivity model treatment of five-coordinate compounds is
rather more complicated than that for tetrahedral or octahedral com-
pounds. A literal point charge model interpretation of the relative
quadrupole splittings of [R,SnCl;_,] (n = 0-3) ions has been reported
(442), and this type of treatment has been extended to other systems
(152, 207). In the point charge model, differences between equatorial
and axial bonds were ignored and the quadrupole splittings of the
[SnCl;]~ ions were taken as an absolute value of (p.q.s.)q. It is probable
that both these assumptions are incorrect.

An SnAj system will have an axially symmetric EFG with principal
component :

Vg = (4[A]* — 3[A]")e (43)
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substitution for [A]**® and [A]**¢ from Eqs. (29.1)-(29.4) yields

Vg = $r~*),e (o¥° — oif®) (44)
and the corresponding quadrupole splitting is given by
= $6QV 55 = Ay (o® — o) (45)

From Eq. (45), if axial and equatorial bonds are identical in [SnCl;]~,
ie., otf® = o* then zero quadrupole splitting is expected. The small
quadrupole splittings which are observed show that of® does not equal
oy, Further, from Eq. (45), it can be seen that the quadrupole splittings
of [SnCl;]~ ions give a measure of (p.q.s.)8* — 3(p.q.s.)&%° and not the
absolute value of (p.q.s.)c;. Indeed, as explained in Section II,D, it is
not possible to calculate absolute (p.q.s.);, values direct from quadrupole
splitting data (122).

At this stage, it does not seem worthwhile to pursue the detailed
caleulations of five-coordinate additivity parameters for two reasons.
First, although the quadrupole splittings of [SnCl;]~ ions can be used to
calculate a value of (p.q.s.)i8* — 2(p.q.8.)44¢, the sign of le%qQ for these
species has not yet been reported. Second, as most five-coordinate tin
compounds, for which both Méssbauer and structural data are available,
are of type Rs;SnX, (X axial), calculation of additivity parameters
would amount merely to a parameterization of the data. The best course
of action, at present, seems to be to use quadrupole splitting data for
five-coordinate compounds in a purely empirical manner.

The relationship of the quadrupole splittings of five-coordinate
R;SuX, (X axial) species to those of tetrahedral R,SnX eompounds is of
interest in the study of intermolecular association. From Eqs. (29.1)-
(29.4),

2
A(RSSIIX = -—%-<T_3> Let %ft) €2Q

A(Rasnx 5<T—3> “m ti{je) ezQ

and, hence,
4(R3SnX) _3 (o%" — of")
A(RsSnX,)  © (o — ol)

It may be anticipated, therefore, that for a compound of stoichio-
metry RgSnX, the formation of an associated structure would result in a
quadrupole splitting approximately 1.33 times that expected for a
monomeric tetrahedral structure. The quadrupole splittings observed
for the five-coordinate species Me;SnX (X = F, Cl, Br, or I) and the four

(46)
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coordinate species Neos;SnX (X = F, Cl, Br, or I) show an average ratio
of 1.28, in good agreement with the predicted value.

¢. Organometallic Compounds and Halogen Complexes. The variation
of quadrupole splitting with structure discussed in the preceding section
makes !!°Sn Moéssbauer spectroscopy a very powerful means of studying
the structures of organotin compounds. In particular, it has greatly
helped in the study of intermolecular association.

One of the best examples of this approach is provided by the tri-
alkyltin carboxylates, data for which are summarized in Table XXIX.
Infrared evidence (355) strongly suggests that the compounds
R;Sn0,CMe (R = Me, Et, Bu) have polymeric structures with trigonal-
bipyramidal R;8SnX, (X axial) coordination of the tin atom. The quad-
rupole splittings observed for these compounds are high (Table XXIX,
compounds 2, 12, 14) as expected for RySnX, (X axial) species (440).
In contrast, monomeric tetrahedral structures would be expected to
result in much smaller quadrupole splittings (440). Using these con-
siderations Sams ef al. (240, 241, 459) have assigned polymeric
five-coordinate structures to the following species in Table XX1X, com-
pounds 3-5, 7, 9-11, and 23-30, and monomeric four-coordinate struc-
tures to Table XXIX, compounds 31-33. In a similar manner Debye
et al. (170) have assigned polymeric structures to compounds 6, 8, and
17-22 in Table XXIX, and this assignment may be extended to the
remaining compounds in Table XXIX. In some cases, infrared evidence
provides further confirmation of the assignments in that the OCO bands
are shifted further from the normal ester frequencies in the five-coordin-
ate compounds as compared with the four-coordinate species (240, 241,
459).

The most probable reason for the lack of association in the species
31-33 in Table XXIX are steric effects. Sams ef al. (240, 241) have
suggested that the major factor in producing monomeric structures is the
presence of bulky groups bonded to the«-carbon atom of the carboxylate
group. However, the steric effects of the phenyl groups are also import-
ant (400), as evidenced by the associated structures found for
R;Sn0,CCMe=CH,, (R = Et, Bu). Tricyclohexyltin acetate provides an
interesting example as the crystal structure () shows essentially mono-
meric coordination with an intermolecular Sn—O distance of 3.84 A.
The observed quadrupole splitting [4 = 3.27 mm/sec (400)], however, is
between the values expected for tetrahedral and five-coordinate struc-
tures. At present, no obvious explanation of this anomaly is apparent,
although intramolecular interaction with the carbonyl oxygen is possible,
as this Sn—O distance is only 2.95 A.



TABLE XXIX

MOSSBAUER PARAMETERS FOR SOME CompounDs oF TyrE RgSnQ.CR!1

Code No.2 R! C.8.b.c Q.8 Ref.
R = Me
1 H 1.31 3.58 (170, 323, 516)
2 Me 1.34 3.53 (240, 323, 336, 516)
3 CH,I 1.37 3.83 (459)
4 CH:Br 1.34 3.90 (459)
5  CHCl 1.41 3.89 (459)
6 CH.F 1.37 3.86 (170)
7 CHCl, 1.37 4.08 (459)
8 CHF: 1.40 4.02 (459)
9 CBrj 1.43 4.13 (459)
10 CClg 1.44 4.156 (459)
11 CF;3 1.40 4.20 (170, 459)
R=Et
12 Me 1.49 3.35 (84, 367)
13 C(Me)=CH, 1.35 3.00 (83)
R =Bu
14 Me 1.40 3.61 (170, 240, 323, 367)
15 C(Me)=CHj, 1.45 3.70 (8)
16 (CH3);:Me 1.40 3.62 (516)
17 CH,Cl 1.40 3.94 (170)
18 CHClg 1.47 4.00 (170)
19 CClg 1.57 3.96 (170)
20 CHyF 1.42 3.96 (170)
21 CHF; 1.59 3.92 (170)
22 CF3 1.62 4.04 (170)
R =Ph
23 H 1.37 3.58 (240)
24 Me 1.24 3.30 (240, 323, 464)
25 (CH3);Med 1.24-1.33 3.31-3.46 (240, 464)
26 (CHj3),CHMese  1.25-1.27 3.21-3.39 (84, 240, 367)
27 (CH,);CH=CH-
(CHs),-Me 1.27 3.38 (240)
28 CH.;CHMeEt 1.29 3.39 (241)
29 CHMePr 1.26 3.34 (241)
30 CH=CH. 1.28 3.41 (241)
31 CMe=CH, 1.15 2.18 (84, 240, 367)
32 CHEtBu 1.21 2.26 (241)
33 CMejy 1.22 2.35 (240, 464)
34 CH,Cl 1.30 3.46 (464)
35 CHCl,, 1.35 3.72 (516)

@ Code number will be preceded by table number in text.

> Units are mm/sec at liquid nitrogen temperature; when appropriate an
unweighted average has been taken.

¢ Relative to SnQs, assuming center shift of BaSnQj is zero.

2 Range of dataforn =1, 2, 4, 6, 7, 8, 10, 14, or 186.

¢ Range of data forn = 0, 1, 2.
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The quadrupole splitting and center shift patterns observed for the
halogeno-substituted trimethyl- and tributyltin carboxylates are of
interest. Poder and Sams (459) could detect little variation in center
shift for the compounds 2-5, 7, and 9-11 in Table XXIX, whereas the
quadrupole splitting increases uniformly with increasing Taft o* of the
substituent and decreasing pK, of the acid. These data were interpreted
in terms of a progressive weakening and, hence, lengthening of the inter-
molecular Sn—O bond with increasing inductive power of the halogen
substituent. Infrared data (459) are also in agreement with this interpre-
tation, as increasing quadrupole splitting is reflected in a shift of the
carbonyl and carboxyl bands to higher and lower frequency, respect-
ively. Substantially similar quadrupole splitting trends were found by
Debye et al. (170) for the compounds 6, 8, 9, and 22 in Table XXIX,
although there is a marked saturation effect in the variation of quadru-
pole splitting with halogen substitution for the tributyltin species.

Debye et al. (170) also observed a regular increase in center shift with
inductive power of the halogen group, which was attributed to shielding
effects. Both Debye et al. (170) and Poder and Sams (459) use the
Juegych, coupling constants observed in NMR spectra of the tri-
methyltin derivatives in discussing their Mossbauer data. Poder and
Sams (459) take the data as evidence for a constant electron density in
the tin-methyl bonds, while Debye et al. (170) find an increase in
Jregncn, With both center shift and quadrupole splitting. It should,
however, be remembered that as NMR measurements are made on dilute
solutions, the correlation with Méssbauer results obtained on the solid
compounds may be rather tenuous.

Méssbauer data for compounds of type R;SnX (X =NCS, NCO,
N;, CN, OH, and ON=Cg¢H,;) are collected in Table XXX. All the
compounds of type RySnX (X = OH, CN, NCS) show relatively large
quadrupole splittings allowing the assignment (258) of polymeric
five-coordinate structures as found crystallographically for Me;SnCN
(506), MegsSnOH (366), and MegSnNCS (243). Cheng and Herber (112)
have shown that both quadrupole splitting data and the temperature
dependence of the recoil free fraction (see Section IV, A,2) of MeysSnN;
are consistent with an associated structure and similar structures seem
probable for the higher alkyl analogs. The relatively small quadrupole
splittings found for (PhCH,);SnNCO and Ph;SnNCO argue against any
appreciable degree of association (383). However, some form of inter-
molecular interaction seems probable for the species R3;SnNCO
(R =Me, Et, Pr, and Bu), confirmed in the case of MegSnNCO by the
temperature dependence of the recoil free fraction. Harrison and
Zuckerman (318) have demonstrated that the quadrupole splittings of



TABLE XXX

MoOssBAUER DaTa For SomME R3SnX SpPeECIES*

X = CN NCS OH N; NCO ON = CeHjo
R C.8§ QS. Ref. C.S§ Q.S. Ref. C.5.§ Q.S. Ref. C.S.§ Q.S. Ref. C.8§ Q.. Ref. C.5.§ Q.S. Ref.
Me 1.35 310 a 140 —3.77 b 1.1 286 ¢ 1.34 345 d 136 331 e 143% 2.961 f
Et 1.37 —3.11 g 157 380 h 135 300 h 1.24 304 i 146 329 e 158 196 f
n-Pr - - —_ - - 1.21 296 i 148 333 e 142 203 f
n-Bu 137 327 h 160 369 h 146 321 h 1.26 317 i 136 319 e 148 1.76 f
n-Ph - — 1.35 350 h 123 273 j 140 319 k& 130 247 e 1.38 144 f
Cyclo-CeHy;  —  — 1.68 3582 I 140 299 I —  — - — S —
PhCH, - = - - —_ - = 1510 285 e — @ —

Neo - - 1.13- 1.08 &k 133 248 k — — S —

* When appropriate data is an average of the references quoted. Data in mm/sec at liquid nitrogen temperature.
§ Relative to SnO; assuming that the center shifts of SnOy and BaSnOj are identical.
I X=ON=CMey, C.S. = 1.40 mm/sec, Q.S. = 2.93 mm/sec.
Key to references:
%(258, 367, 625) (258, 290) (141, 258, 290, 516) (131, 336) (383) 7(318) 9(258, 367, 439) H(258) ¥(131) #(258, 279, 336, 525)
k(336) 1(400).
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TABLE XXXI

Mo6ssBAUER Data FoR CoMPOUNDS OF TyPE (R3Sn)2 X0y

Compound Temp.(°K) C.S.a:b Q.S.e Ref.
(Me3Sn)2S04 80 1.37 4.06 (242)
295 No effect
(Me3Sn)2Se0y4 80 1.39 4.09 (242)
295 1.33 4.14
(Me3Sn)2CrO4 80 1.36 3.77 (242)
295 1.35 3.73
(BusSn)2S804 80 1.56 4.01 (520)
295 No effect
MesSnNO3 80 1.44 4.14 (141)

¢ Data given in mm/sec.
b Relative to SnO3z, assuming a shift of 2.1 mm/sec for a-tin.

R;SnON=CyH,, (R = Me, Et, Pr, Bu, and Ph) and MegSnON=CMe,,
together with infrared and mass spectra, indicate that only the tri-
methyltin derivatives are appreciably polymeric.

Data for compounds of type (Rg8n), X0, (X =8, Se, Cr) are given in
Table XXXI. Ford et al. (242) have shown that both M&ssbauer and
infrared data for (MesSn), X0, (X =S, Se, and Cr) are consistent with a
polymeric structure as illustrated in Fig. 10b. The structure of
(BuySn),;S0,, however, has been the subject of some controversy.
Stapfer et al. (326, 335, 520y have suggested a monomeric structure
(Fig. 10a) based on consideration of frozen solution data, IR spectra,
and the temperature dependence of the recoil free fraction (326), whereas
Garrod ef al. (257) have pointed out that the similarity of the spectra of
(Me,Sn);S0, and (BuzSn),SO, argues against a change in structure.

(a) (b)
Fig. 10. Two possible structures for [R38n]2804 compounds (257).
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It is also interesting to note that adducts formed between (Me3Sn),(X0,)
and water, methanol, dimethylformamide, or pyridine show only slight
changes compared with the parent compound (242).

In Table XXXII are collected the Mdssbauer parameters for the
compounds R,SnX, (X =F, Cl, Br, I, NCS, N;, or NCO), while in
Table XXXIIT are given data for dialkyltin dicarboxylates and related
species. The high quadrupole splittings observed for the compounds
R.SnF, (R = Me, Et, Pr, Bu, Ph, Oct), R;Sn(NCS),; (R =Me, Et, Bu,
Ph), Me,SnX0, (X =8, Se, Mo, W), Bu,SnSO,, Me,Sn(NOs),,
Me,Sn(acac),, and Me,SnS0;X (X = F, Cl, CFy, Me, Et) indicate (167,
234, 242, 258, 300, 418, 572) polymeric structures with trans-octahedral
coordination of the tin atom as found crystallographically for Me,SnF,
(507) and MeySn(NCS), (116, 244). The crystal structure of Me,Sn(NCS),
does, in fact, show a considerable distortion with a Me—Sn—-Me angle of
148.9°, and this may be reflected in the quadrupole splittings of the
R,Sn(NCS), (R = Me, Et, Bu) species, which are considerably lower than
the calculated value for a trans-R,Sn(NCS), species (4 = 4.40 mm/sec).
Ford et al. (242, 572) have shown that infrared data support the quadru-
pole splittings in indicating trans-octahedral structures for Me,SnX0,
(X =8, Se) and Me,Sn(80,X), (X =TF, Cl, CF,, Me, Et). It is also inter-
esting to note that, unlike (MegSn),X0, (X =S, Se, Cr), adduct
formation of pyridine, dimethyl sulfoxide or dimethylformamide with
Me,SnX0, (X =8, Se) produces a marked lowering of quadrupole
splitting (242). The low quadrupole splitting observed for Me,Sn WO, is
rather curious, and 182W Mossbauer shows a marked asymmetry around
the tungsten atom in this compound (254).

Using the rather crude assumption that the (p.q.s.)°®® value for half
of a Dbidentate carboxylate group is approximately 75% of
(p.q.8.)8%ye, an estimate of ca. 3.7 mm/sec can be obtained for the
quadrupole splittings expected for a trans-octahedral structure for the
dialkyltin dicarboxylates. Such structures could arise from either inter-
or intramolecular bidentate coordination of the carboxylate groups. The
data for the dialkyltin dicarboxylates in Table XX XIIT are in reasonable
agreement with this prediction, although the quadrupole splittings for
the dimethyltin species appear to be rather high.

The quadrupole splittings of the dialkyltin dihalides R,SnX,
(X =Cl, Br, I) fall between the values calculated for monomeric tetra-
hedral structures (X =Cl, Br, 4 =3.16 mm/sec; X =1, 4 = 2.77 mm/
sec) and associated trans-octahedral structures (X =Cl, Br, 4 =4.12
mm/sec; X =1, 4=3.56 mm/sec), consistent with highly distorted
octahedral structure as observed for Me,SnCl, (167). In contrast, the
quadrupole splittings of Ph,SnX, (X = Cl, Br, I) are those expected for



TABLE XXXII

MoOssBAUER DaTa ForR SoME RySnX s SPECIES®:?

X - F* Clt Br I NCS NCO§ N3
R C.8.c Q.S. Ref. C.8.¢ Q.8. Ref. C.8.¢ Q.S. Ref. C.8.¢ Q.S. Ref. C.8.c Q.8. Ref. C.8.c Q.8. Ref. C.8.c Q.8. Ref-
Me 1.33 +4.38 1.56 +3.55 e 1.60 3.36 f — — — 148 387 g 129 284 h 1.06 261 =
Et 1.42 4.27 1.64 364 k£ 170 3.27 I 1.7 3.09 m 156 3.96 g — —  — 123 294 <
n-Pr 1.45 4.36 1.70 3.60 n — —_ = — —_ = — _ = — — — 115 274 1
n-Bu 1.42 4.07 162 340 p 165 328 ¢ 180 265 r 156 390 s 131 315 - 129 299 ¢
Ph 1.28 3.43 1.38 2.82 ¢ 143 254 I 1.5.1 238 I 1.45 396 u — —_ - = — —
*R = Oct 1R = CH»=CH §R = -Bu
1.45 4.31 145 334 1 1.45 351 h
R = Cyclo-CsH1, R =Ph-CH,
1.68 344 ¢ 112 221 &

@ Where appropriate an average of the data has been taken.

b Data given in mm/sec at liquid nitrogen temperature.

¢ Relative to SnO2 assuming center shifts of SnO» and BaSnQg are identical.

Key to references :

2(167, 217, 290, 327) ¢(138, 141, 167, 171, 289, 336, 367, 442, 528) f(442, 528) 9(258) ™(383) #(112) I(167) *(167, 442) Y(442) ™(81, 442)
m(84) °(6, 167, 367) ?(6,84,167,516) 4(6,7,367,516) 7(6,367) 5(258,418,516) (84,141,167, 171, 338, 418, 442, 531) *(418) v(336, 400)
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TABLE XXXIII

MossBAUER DaTA FOR SOME FURTHER R2SnXs SPECIES

Compound C.8.a.b Q.S.e Ref.
MesSn(acac)e 1.18 3.93 (323)
MeeSn(02CH)» 1.30 4.60 (323, 531)
MegSn(02CPH)e 1.40 3.96 (323)
MesSn(02CCsH4N)2 1.28 4.43 (323)
MesSnCeO4H 0 1.556 4.85 (651)
MeoSnSOy 1.61 5.00 (242)
MesSnSe04 1.52 4.82 (242)
MesSnMoOy 1.42 4.10 (56561)
MeoSnWO04 1.39 3.53 (851)

MesSn (NO3)2 1.62 4.13 (516)
Me,ySn(SO3F)s 1.82 5.54 (572)

MesSn (SO3CF3)s 1.79 5.51 (572)

MeoSn (SO3Cl)e 1.75 5.20 (572)

MesSn (SOzMe)s 1.52 5.05 (872)
MesSn(S03Et)y 1.52 4.91 (572)
BusSn[02C(CHj),Me]o¢ 1.34-1.49c  3.23-3.70¢ (4, 279, 380)
BuzSn[02C(CH2),CH 0114 1.30-1.60¢  2.89-3.65¢ (5, 367, 380)
BusSn(02CHCly)e 1.54 3.73 (367)
BusSn(02CCl3)e 1.58 3.93 (5,7, 367)
BusSn(02CMe=CHo)s 1.43 3.70 5, 9)
BusSn maleate 1.44 3.58 (5, 367,400)
BusSn(0sCPh), 1.60 3.50 (323, 367)
Bu:SnS0O, 1.66 4.78 (6, 367)
PhySn(acac)s 0.74 2.14 (234)

¢ Data given in mmy/sec at liquid nitrogen temperature.
b Relative to SnOg assuming that the center shifts of SnOz and BaSnOj; are
identical.

¢ Range of data observed forn =0, 1, 3, 5, 6, 8, 10, or 16,
4 Range of data observed forn = 0, 3, 5, or 13; when appropriate an average of
the data has been taken.

tetrahedral structures (400).* Using a similar criterion, Herber et al.
(112, 383) have assigned tetrahedral structures to the compounds
R,SnX, (X =N;, R=Me, Et, Pr, or Bu; X =NCO, R =Me, Bu,
t-Bu, or PhCH,).

In Table XXXIV are given quadrupole splitting data for some
organotin trihalides and BuSn(SCN),, together with calculated quadru-
pole splittings for monomeric and associated structures. These data are

* A very recent crystal structure of PheSnCl, (296) confirms the tetrahedral
structure.



MOSSBAUER SPECTRA OF INORGANIC COMPOUNDS 143

clearly consistent with some degree of association, although the quadru-
pole splitting of BuSn(SCN), appears rather anomalous.

The organotin oxinates (Table XXXV) form an interesting series of
compounds. The quadrupole splittings of all dialkyltin dioxinates fall
in a very narrow range, while, as expected, that of diphenyltin dioxinate
is rather lower, indicative (10, 234, 418, 462) of common cis-octahedral
structures as found crystallographically for Me,Sn(ox), (505). From the

TABLE XXXIV

OBSERVED AND CALCULATED QUADRUPOLE SPLITTINGS
FOR SOME RSnXj3 SPECIES

Quadrupole splitting®

Calculated? Calculated?

Compound Obs. Ref. octahedral tetrahedral
MeSnBr; 1.91 (528) +2.06 +2.74
EtSnCls 1.97 (442) +2.06 +2.74
EtSnBr; 1.85 (442) +2.06 +2.74
(CH2=CH)SnCl3 1.86 (442) +1.92 +2.56
BuSn(Cls 1.88 c +2.06 4+2.74
PhSnCl; 1.79 d +1.90 +2.52
PhSnBr; 1.62 (442) +1.90 +2.52
BuSn(NCS); 1.46 (258) +2.20 +3.16

¢ Data given in mm/sec at liquid nitrogen temperature.
b Using (p.q.s.);, values from Table XXVI, assuming (p.q.s.)gg'x.m =0.75

(P-Q~5~)ée1§,-=cn~

¢ Average of Refs. (168, 171, 415).
2 Average of Refs. (84, 275, 415, 442, 528).

magnitude of the quadrupole splittings of R,Sn(ox), species, it is
apparent that fox has a similar (p.q.s.)°** value to that of CI.
Monomeric five-coordinate structures seem probable for the species
R,Sn(ox)X (Table XXV, compounds 4-10) as the observed quadrupole
splittings are midway between the values expected for associated
structures with either cis or trans R groups (418, 462). Unfortunately,
the additivity description of the quadrupole splittings for the five-
coordinate compounds is not sufficiently advanced to speculate on the
geometric isomerism of these species or of the compound Ph,Sn(ox).
Mullins and Curran (£18) have concluded from dipole moment data
that the most probable structure for Ph,Sn(ox)NCS is one with a phenyl
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group and nitrogen atom in the axial position. These authors (418) also
find some evidence for association in BuySn{ox)NCS, but this does not
seem to be reflected in the quadrupole splitting.

Six-coordinate structures have been assigned (415, 462) to the
species RSn(ox),X (Table XXXV, compounds 11-14), although the

TABLE XXXV

M6ssBAUER DATA FOR SOME ORGANOTIN OXINATES

Code No.#  Compound? C.8.c.d Q.8.c Ref.
1 Ph3Sn(ox) 1.07 1.75 (462)
2 RaSn(ox)e¢ 0.77-1.13 1.81-2.21 (10, 141, 234, 300, 323,
367, 418, 439, 462)
3 PhoSn(ox)s 0.73 1.65 (10, 234, 323, 418, 439,
462)
4 R28Sn(ox)Cl/ 1.26-1.56 2.78-3.36 (462)
5 Et28n(ox)Br 1.39 3.08 (462)
(] EteSn(ox)I 1.43 2.85 (462)
7 Et2Sn(ox)NCS 1.31 3.07 (462)
8 BuySn(ox)NCS 1.33 3.25 (418)
9 PhySn(ox)Cl 1.10 2.40 (418, 462)
10 PhySn(ox)NCS 0.98 2.48 (418)
11 BuSn(ox)2Cl 0.82 1.68 (168, 415, 462)
12 BuSn(ox)eNCS8 0.76 1.73 (415)
13 Ph8n(ox)zCl 0.67 1.48 (415, 462)
14 PhSn(ox)2NCS 0.58 1.57 (415)
)

15 BuSn(ox)s 0.69 1.76 (168, 462)

@ Code number will be preceded by table number in text.

b ox = 8-hydroxyquinoline anion.

¢ Data given in mm/sec at liquid nitrogen temperature; when appropriate an
average has heen taken.

@ Relative to SnOg, assuming identical center shift for SnQz and BaSnO3.

¢ Range of data for R = Me, Et, Pr, Bu, ¢-Bu, or Oct.

7 Range of data for R = Me, Et, Pr, Bu, or Oct.

quadrupole splittings are rather lower than expected. This seems to be a
general phenomenon of six-coordinate monoalkyl- or monophenyltin
compounds as shown by the data in Table XXVII. For the compound
BuSn(ox); a seven-coordinate structure seems the most probable (168,
462).

Mdssbauer data for a wide range of organotin oxygen and sulfur
derivatives of general type RgSnXR’, (R,SnX),, and R,Sn(XR’),
(X =0, S) have been reported. Most of the compounds give quadrupole
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splittings in the general range 1-3 mm/sec and convenient tabulations
of the data are available in Refs. (167, 577). At the present time, the
relationship between quadrupole splitting and structure, and especially
the degree of association, for these species has not been fully elucidated
(167). As mentioned in Section II,E, Goldanskii and his co-workers
(424) have exploited frozen solution data to study intermolecular
association in the species of type RsSn-S-R’ and Et4Sn-0-CsH, - X-p,
while Davies et al. (169) have concluded that compounds of the type
XBu,SnOSnBu,X [X = F, Cl, Br, NCS, OSiMe;, 0,CMe, OCgH,-X'-4
(X' = H, Me, OMe, Cl)], which show quadrupole splittings in the range
2.74-3.36 mm/sec, have a ladder-type dimeric structure with five-
coordinate tin atoms (169). Ford et al.(240) from correlation of MGssbauer,
IR, and chromatographic studies of compounds Ph(OCOR’)O [R’ =
(CH,)sCH=CH,, (CH,),sMe] have assigned trimeric structures, whereas
for the analogous compounds with R’ = CMeg, CClg, and CF;, Poller
et al. (464) prefer a polymeric structure.

Organotin nitrogen derivatives of type (R Sn);_,NR, (n=0-2)
show relatively small quadrupole splittings (4 in the range 0-1.84 mm/
sec), in keeping with tetrahedral coordination (159). It is interesting
that there is a trend to decreasing quadrupole splitting as n varies from
2->0. In contrast, trialkyl and triphenyl derivatives of the bidentate
ligands imadazole, 1,2,4-triazole, benzimidazole, and 1,2,3-benzitriazole
show large splittings (4 in the range 2.59-3.18 mm/sec (336, 440)],
consistent with five-coordinate associated structures (336).

Data for a series of five-coordinate complexes of type RgSnXL are
summarized in Table XX XVI. As expected, the coordination of a further
ligand to Me;SnCl produces relatively little variation in quadrupole
splitting reflecting the common five-coordinate structure. In contrast,
the coordination of a ligand to Ph;SnX (X = Cl, Br) givesrise to a marked
increase in quadrupole splitting, probably arising mainly from a change
in structure from tetrahedral to trigonal-bipyramidal (556).

Mossbauer data for a great many halide complexes have been
reported and a selection of the available data is given in Table XXX VII.
The majority of the center shifts show a decrease compared with SnX,
(10, 103, 457, 574) and show some variation with the nature of the donor
atom (103, 457). For example, phosphine derivatives tend to give the
most negative shifts, and Carty et al. (103) have interpreted this trend in
terms of a concentration of 5s density in the Sn—P bonds. A more detailed
discussion of center shifts is given in Section IV, A, 2.

The small or zero quadrupole splittings observed are expected in
view of the very similar (p.q.s.)°* values of ligands such as dmso,
Ph,;X0 (X = As, P), BugPO, py and }(bipy) to those of the halogens
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(Table XXVT). Yeats et al. (§74) have suggested that the observation of
quadrupole splittings for SnX L, species in which L is an oxygen donor
reflects a weaker donor interaction for the L —Sn as opposed to the X —Sn
bond. This suggestion is supported by the following observations.

(1) For ligands of type R,SO, R,SO,, and RgPO, the shift of M-O
(M =S8, P) stretching frequency on complexation, which gives some
guide to the strength of the donor bond, tends to be largest for compounds
which give single-line spectra.

TABLE XXXVI

M6ssBAUER DATA FOrR SOME FIVE-COORDINATE COMPLEXES?

Compound? C.8.cd Q.S.c Ref.
MezSnCl 1.39 3.30 e
(Et4N)Me3SnCl, 1.33 3.28 f
MeaSnClpy 1.43 3.44 e
Me3SnCIPhsPO 1.45 3.49 (338)
MegSnCIMeCONMeg 1.50 3.69 (338)
MesSnCl{CsH4{NOMe-4) 1.44 3.45 (338)
MesSnCIHMPA 1.44 3.52 (338)
Ph3SnCl 1.356 2.49 g
(Me4N)[Ph3SnClz) 1.32 3.00 (442)
(PhsPC10Hz;)[PhsSnClg] 1.23 2.87 (207)
Ph3SnCIR,S0 1.26-1.30 3.08-3.25 h
Ph3SnCl{RO);PO 1.30-1.31 3.07-3.18 1
Ph3SnCIPhPO 1.29 3.19 J
Ph3SnClPhzAsO 1.29 3.09 (656)
Ph3SnClpyO 1.30 3.03 (556)
Ph3SnCl(MeNCHO) 1.31 2.84 (556)
PhaSnBr 1.32 2.48 g
(PhgPC10H3;)[Ph3SnBrz] 1.29 2.87 (207)
Ph3SnBrpyO 1.28 3.03 (207)
PhsSnBrPhyPO 1.29 3.20 (207)
Ph3SnBrMezSO 1.31 3.22 (207)

2 Only a selection of the available data is given; note that PhsSnCl and
Ph3SnBr are four-coordinate.

b® HMPA = hexamethylphosphoramide, pyO = pyridine N-oxide.

¢ Data given in mmy/sec at liquid nitrogen temperature.

4 relative to SnO3, assuming zero shift for BaSnOg.

¢ Average of data quoted in Ref. (516).

f Average of data from Refs. (171, 442).

¢ Average of data from Refs. (207, 516).

% Range of data for R = Me, Pr, Bu, $(CHz)4 (207, 556).

! Range of data for R = Me, Et, Ph (556).

i Average of data from Refs. (207, 556).
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{(2) Larger quadrupole splittings are observed for derivatives of the
weaker acceptor SnBr, (457).

(3) The Sn-0 bond distances in SnCl, - 2POCl, [2.30 and 2.25 A (77)],
which shows a quadrupole splitting of 1.12 mm/sec (574), are larger than
those of SnCl,-2MeSO [2.17 and 2.10 A (315)] or SnCl,-28e0Cl, [2.12 A
(337)] for which no quadrupole splittings are observed.

(4) Most complexes with nitrogen donor ligands, which are thought
to be better donors than analogous oxygen derivatives, do not give
quadrupole splittings. Of particular interest in this context are the
complexes of the bidentate ligand pyrazine. Thus, the 1:2 derivative,
SnCl,-2pyz does not show quadrupole splitting, whereas the 1:1
derivatives, SnX, -pyz (X =Cl, Br, I} (Table XXXVTI, compounds
65-67), which probably have bridging pyz groups and, hence, a weaker
interaction, show quadrupole splitting which increase in the order
Cl > Br > I (286). Similar quadrupole splittings are observed for RCN
adducts (Table XXXVII, compounds 25, 26) in which the sp hybrid-
ization of the nitrogen atom will also be expected to result in a weaker
interaction.

Yeats et al. (574) also note that the trend of quadrupole splitting for
the species SnCl,-R,SO (Table XXXVII, compounds 1-4) suggest that
steric effects may be important.

In contrast to oxygen and nitrogen donor adducts, the data for
phosphine and arsine complexes indicate that the quadrupole splittings
arise from an increased donor interaction in the Sn—P as compared with
the Sn—Cl bond. Thus, Cunningham et al. (152) and Carty et al. (103) have

TABLE XXXVII

MossBAUER PARAMETERS FOR SOME HALIDE COMPLEXES OF SnlVe

Code No. Compound? C.8.cd Q.8.c Ref.
SnCl,- 2L
(L)

1 MeoSO 0.38 — e
2 Et2:80 0.36 Small  (574)
3 n-PraS0 0.38 0.59 (574)
4 n-BupSO 0.37 0.67 (574)
5 (Me20)280 0.34 — (574)
6 $HR280z)/ - 0.38-0.51 0.83-1.57 (574)
7 Ph,CCl3-,POs 0.27-0.51 0.50-1.61 e
8 n-BuzPO 0.24 — (574)
9 Cla(PhO)3-,POH 0.34-0.42 0.71-1.13 (574)

10 Ph3As0 0.44 0.70 (674)

continued
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TABLE XXXVII—continued

MGssBAUER PARAMETERS FOR SoME HaLiDE COMPLEXES OF SnlvVe

Code No.2 Compound? C.8.c Ref.
11 pyO 0.42 — (574)
12 ClaSeO 0.37 — (574)
13 (Me2N)3PO 0.31 0.70 (457)
14 (MegN)2CO 0.35 0.75 (457)
15  }[MeO(CHg)s0Me] 0.51 0.80 (457)
16 oxH 0.45 — )
17 SalH 0.43 1.10 (10)
18 ROH! 0.33-0.43 0.50-0.70 (349)
19 (MesN)2CS 0.70 — (457)
20 3[MeS(CH3)aSMe] 0.70 — (457)
21 4(bipy) 0.45 — k
22 Py 0.51 — (457)
23 3(en) 0.61 — (457)
24 NMeg 0.59 — (152)
25 MeCN 0.41 0.81 (152, 349)
26 PhCN 0.41 0.77 (152)
27 F-,Cl-, Br—, I 0.29-0.78 — l
28 PhsP 0.77 — (103,152)
29 RPh,Pm 0.63-0.81 0.45-0.58 (103, 152)
30 RoPhPr 0.85-0.88 0.97-1.04 (103, 152)
31 RsPe 0.85-0.89 0.95-1.15 (103,152, 457)
32 $(PhyP-CHs- PPhy) 0.69 — (152)
33 3[PhoP(CH3)sPPh,] 0.72 — (103)
34 AsPh; 0.81 — (152)
35 AsEtg 0.87 0.80 (152)
SnBry-2L
(L)
36 MesSO 0.66 — (457)
37 (Me2N)2CO 0.70 — (457)
38 (MeoN);PO 0.56 0.76 (457)
39 Ph3PO 0.63 0.61 (457)
40 $[MeO(CH 3)sOMe]} 0.81 — (457)
41 oxH 0.65 — (10)
42  SalH 0.73 1.22 (10)
43 C4HsS 0.99 — (457)
44 (MesN)2CS 0.94 — (457)
45 MeS(CH3)2zSMe 0.97 — (457)
46 NH.CS 0.80 —_ (278)
47 }(bipy) 0.70 — k
48 Py 0.74 — (457)
49 NMeg 0.90 — (152)
50 F-,Cl-, Br-, I- 0.53-1.01 _ l
61 PhyP 0.63 0.66 (457)
52 n-BugP 1.03 1.01 (152)
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Code No. Compound? C.8.c.d Q.8.c Ref
53 AsPhy 1.06 — (152)
54 AsEtg 1.02 0.83 (152)
SnI4 2L
(L)
55 oxH 0.91 — (10)
56 (bipy) 0.95 — (300)
57 NMe; 1.30 — (152)
58 Cl-, Br-, I- 0.98-1.60 — l
59  Sn(SpyO)zXeP 0.32-0.90  0.60-0.82 (455)
60 PeSnX ¢ 0.03-0.45 0 -1.13 (433, 530)
61 Sn(porph)X,” (—)0.06-0.24 r (433)
62 Sn(ox)eXs® 0.30-0.61 — 8
63 Sn(Sal)e Xt 0.23-0.41 — ¢
64 SnCly(pyz)a 0.43 — (286)
65 SnClspyz 0.38 0.60 (286)
66  SnBrapyz 0.85 0.92 (286)
67 Snlspyz 1.48 0.96 (286)

& Only a selection of data is given. Further data may be found in the references
quoted in Table XXX VIII and in Ref. (§77). In text code number will be preceded
by table number.

b oxH =8 oxyquinoline; SalH = salicylaldehyde; en = MezN-(CHg)sNMes;
bipy = 2,2’-bipyridyl; py = pyridine; HSpyO = 2-pyridinethiol-1-oxide; Pc =

phthalocyanine; pyz = pyrazine.
¢ Data given in mm/sec.

¢ Relative to SnOgy, assuming center shift of BaSnOj is zero and Pd(Sn) is
1.52 mm/sec.
¢ Average of data from Refs. (467, §74).
f Range of data for R = Me, Et, n-Pr, n-Bu, Ph, and }(CHg)s.

¢ Range of data forn = 0, 1, 3.
A Range of data forn =0, 1, 2.

¢t Average of data from Refs. (10, 300).

7 Range of data for R = Me, Et, n-Pr, ¢-Pr.
k Average of data from Refs. (300, 457).

! Range of data from Table XXXVIII.

m Range of data for R = Me, Et, MeO.

# Range of data for R = Et, Me.

° Range of data for R = Et, n-Pr, n-Bu.
? Range of data for X = F, Cl, Br, I.

¢ Range of data for X = F, Cl, Br, I, OH.
r X =F, Cl, OH; porph = tetra(4-X’-C¢H4)porphine (X’ = MeOH, Me, Cl, H);

only X = OH, X’ = Cl show a quadrupole splitting (0.76 mm/sec).

¢ Range of data for X = Cl, Br, I from Table XXXVIII.
t Range of data for X = Cl, Br, I from Table XXXVIII.
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noted that while the complexes SnCl,:2LPhg (L = As, P) do not show
quadrupole splittings, the substitution of alkyl for phenyl, which will
increase the donor ability of the LR group, gives rise to quadrupole
splitting. The overall quadrupole splitting trends are consistent with the
order of donor ability of the ligands RgP ~ RjAs > PhyP ~ PhgAs
> N(sp?) ~ N(sp?) ~ Cl > N(sp).

The quadrupole splittings observed for the species Sn(Spy0).X,
(455) are of interest as from (p.q.s.){* values, these may be attributed
to the greater donor power of SpyO as opposed to halogen. The PeSnX,
derivatives (433) form the only series of sp2 nitrogen donors to give
quadrupole splittings and it is curious that analogous tetraarylporphin
derivatives [with the exception of dihydroxytetra(p-tolyl)porphinotin-
(IV)] give single-line spectra (433).

Very little correlation between quadrupole splitting and ligand
geometry has been found for the halide complexes. One example is
provided by species SnCl,(Ph,P(CH,),PPh,) (n=1,2), for which the
lack of quadrupole splitting may be associated with cis geometry, as
opposed to SnCl,-2PRPh, species, which are probably trans and which
give quadrupole splittings in the range 0.45-0.58 mm/sec (103, 152).
However, the quadrupole splittings of the species Sn(Spy0),X, (X =F,
Cl, Br) fall between the values calculated for trans (ca. 0.92 mm/sec) and
cis (ca. 0.46 mm/sec) geometries. Clausen and Good (127) have attributed
the large line-width found for the species SnX F, (X = Cl, Br) (I" = 1.09,
1.43 mm/sec) compared with the other halide anions (I"= 0.94-1.19
mm /sec) to trans structures, whereas Yeats ef al. (574) have isolated two
forms of SnCl,-2(n—Pr,S0,) with quadrupole splittings approximating
to a 2 :1 ratio as expected for a cis-trans pair.

2. Center Shifts

The center shifts of tin(IV) compounds are smaller than those of
gray tin, reflecting the transition from the 5sp® configuration of gray tin
to the 4d'° configuration anticipated for a “‘perfect’”’ Sn** ion. Increasing
polarity of the tin-ligand bonds would be expected to result in a decrease
in center shift with a limiting value corresponding to that of a perfect
Sn** jon.

Some evidence for such trends has been found for compounds in
which all the tin-ligand bonds are reasonably polar; a selection of data
for these types of compounds is given in Table XXXVIII. The center
shifts of the series of halide anions (Table XXXVIII, compounds 9-20)
correlate (127, 168, 330) well with the average electronegativity of the
ligands, and similar correlations have been found (273) for the tetra-
halides [excluding SnF, which has a different structure (374) to the other
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halides]. These trends are illustrated in Fig. 11. The center shifts of these
compounds have also been correlated with S.C.F.M.O. calculations (299).

Further evidence of a general trend to lower center shifts with
decreasing size of the halogen atom is provided by the series PeSnX,
(Table XXXVIII, compounds 23-26) (433); Sn(Spy0).X, (compounds
28-31) (455); SnX,-20xH (compounds 38-40) (10); Sn(sal);X, (com-
pounds 41-43) (10); Sn(ox),X; (compounds 35-37) (10); SnX, -2NR,
(R = Me or Et) (compounds 49-52) (152), and (SnCl, - pyz), (compounds
53-55) (286), while there is also a gradual decrease in center shift as
chlorine is replaced by ligand in the series SnClg?~, SnCl; (20xH),

C.S. (mm/sec)

Fic. 11. Center shift versus average electronegativity (441). Data from (330)
(points 1-9), Pauling scale, 2.2 assumed for methyl group (14-20). Data from (127)
(points 1-10), Mulliken scale, 8.3 assumed for methyl group (points 14-20).
Key: (1) Snlg2™, (2) SnBrals?™, (3) SnClI%, (4) SnBrgls2~, (5) SnBrg2”, (6)
SnCl4als27, (7) SnClaBrg2™, (8) SnCl3Bra2~, (9) SnCle2™, (10) SnFa2—, (11) Snly,
(12) SnBry, (13) SnCly, (14) Me3SnI, (15) Me3gSnBr, (16) MesSnCl, (17) MesSnF,
(18) MeaSnBrs2—, (19) Me2SnCls2™, (20) MeaSnF42~.
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SnClyox-oxH, and SnCl,0x, (10). These types of correlations have been
used by Herber et al. (112, 383) to assign Mulliken group electronega-
tivities to Ny~ [8.54 (112)] and NCO™~ [9.68 (383)]. Unexpectedly, the
compounds SnOX, (Table XX XVIII, compounds 56-58) show a gradual
decrease in center shift with increasing size of the halogen atom (113),
and this trend has been explained in terms of the probable bonding (113).

Correlations have also been found between center shift and coordina-
tion number (10, 103, 316, 440, 457, 513, 574). Thus, the series SnCl,,
[SnCl;]~, and [SnClg)?~ show a decrease in center shift, and a further de-
crease is found for the seven-coordinate compounds (SnX(pic)g (X = Cl,
Br) (Table XXXVIII, compounds 60, 81) (421) and the eight-coordinate
species Sn(ox), and Pc,Sn (Table XXXVIII, compounds 48, 59) (10,
421). Tt is, in fact, a general observation, exemplified by the data in Table
XXXVIII, that coordination of donor ligands to SnCl, results in a
decrease in center shift.

The effect of coordination number on center shift has been attributed
(440) to a lengthening of the tin-ligand bonds with increasing coordina-
tion number, as illustrated by the bond lengths of SnCl, (2.32 A),
SnCl;~ (2.37 A), and SnCl,%~ (2.42 A) (79, 111). An alternative explana-
tion (513) is that the participation of 5d orbitals in the bonding produces
a greater shielding of the 5s electrons. Both effects are, in fact, comple-
mentary, as increased d orbital participation will produce bond length-
ening owing to the larger radial functions.

The dependence of center shift on coordination number for these
types of compounds has enabled structural assignments to be made. For
example, Ali et al. (10) have used the similarity of the center shifts of
SnCljox (Table XXX VIII, compound 44), SnCl,0x, (compound 35), and
SnClox-oxH (compound 45) to assign a polymeric structure to SnCl 0x.
In a similar manner, the center shifts of the pairs of compounds SnCloxg,
Snox, (Table XXXVIII, compounds 47, 48) and SnCl,-oxH, SnCl,-
20xH (Table XXXVIII, compounds 46, 47) indicate polymeric structures
for SnCloxg and SnCl,-oxH containing eight- and six-coordinate tin
atoms, respectively (10). These assignments have been confirmed (10)
by the observation of room temperature Mdssbauer effects for SnClgox,
SnCloxg, and SnCl, -oxH.

Attempts have been made to estimate the center shift of a “perfect”
Sn*t jon. Some authors have suggested that the [SnFg}?>~ ion, which gives
the lowest observed center shift, is essentially ionic and that the center
shifts of these compounds may be taken as representative of that of an
Sn*t ion (381). An alternative approach has been suggested by Goldan-
skii et al., who compared the relative center shifts of the tin tetrahalides
with estimates of the ionic characters of the tin-halogen bonds from
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electro-negativity, NQR, and dielectric permativity data (273, 276).
Extrapolation to 100% ionic character yielded a center shift of 2.9 mm/
sec relative to SnQO, for the Sn** ion. This value is much lower than the
center shift of [SnFg)?~ ions and, if correct, indicates that the [SnFq]%~
ion has a substantial degree of covalent character. Such a conclusion is
supported by S.C.F.M.O. calculations (299), which show a significant 5s
and 5p population for [SnFg]2~. It is also interesting that the calculated
center shifts of Sn** (—5.0 mm/sec) and Sn?* (5.6 mm/sec; see Section
IV,E) ions from gray tin, which correspond to a loss and a gain of 5s
electrons, respectively, are remarkably similar in magnitude.

The straightforward correlation of center shift with bond polarity
and coordination number does not extend to organotin compounds.
From the trends outlined above, it might be anticipated that the sub-
stitution of an electronegative ligand, X, into R,Sn would produce a
reduction in center shift, which is proportional to the electron-with-
drawing ability of X. Further, it would be expected that an increase in
coordination number would result in a further lowering of center shift
and that for isostructural compounds the center shift would increase
with the number of Sn—-R bonds and vary with the nature of the ligands.
An appraisal of the available center shift data reveals that many of these
expected trends are absent.

Let us first consider the variation of center shift with bond polarity.
The center shift data for the tetrahedral RySnX species in Table XVIII,
the tetrahedral halides Neo,SnX (X = F, Cl, Br, I) and Ph,SnX (X = Cl,
Br, I) in Table XX, and the tetrahedral acetates PhySnO,CR’ (R’ =
CMe=CH,, CHEtBu, CMe;) in Table XXIX show a remarkable con-
sistency and give no evidence of trend to decreasing center shift with
increasing bond polarity (114, 115, 440). On the other hand, some
evidence for such a trend may be found for five- and six-coordinate
compounds as illustrated by the series of compounds Et,Sn(ox)X
(X = Cl, Br, I}, Ph,SnX,phen (X = Cl Br, I), and R,SnX,bipy (R = Bu,
Ph, X =Cl, Br, I) (Table XXXIX), which show a decrease in center
shift with decreasing halogen size (417, 462, 465). Similarly, linear
relationships have been found (Fig. 11) between center shift and Mulliken
electronegativity of the X ligand for the series MesSnX (X = F, Cl, Br, I,
OH) (383) and [Me,SnX,]*" (X = Cl, Br, I) (441). However, these types
of correlations are not general for five- and six-coordinate compounds
as illustrated by the trimethyl- and triethyltin haloacetates (Table
XXIX).

The effects of varying the number of R groups are also rather un-
expected ; for example, consider the series of compounds in Table X1..
The expected increase in center shift with alkyl or aryl substitution is
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Some CENTER SHIFT DATA FOR Sn!V CoMPOUNDS

TABLE XXXVIII

Code No.2 Compound? C.8.c Ref.
1 SnFy -0.25 (139)
2 SnCly 0.85 (139)
3 SnBry 1.14 (139)
4 Snly 1.45 (139)
5 SnS, 1.20 (139)
6 SnO03 0.00 (139)
7 SnCls~ 0.47-0.634 d
8 SnBrs— 0.93-0.99¢ (316)
9 SnFg2- (—)0.26—(—)0.501 f

10 SnCl4F 22— 0.29¢ (127)
11 SnClg2- 0.48-0.52¢ g

12 SnCl4Bry2- 0.62-0.67% h

13 SnCl4l 02— 0.53-0.78/ J

14 SnBrsFg2- 0.53¢ (127)
15 SnBr4Cls2- 0.65-0.77/ i

16 SnBrg2- 0.84-0.90% k

17 SnBryls2- 0.89-1.017 P

18 SnI, Cle2- 0.98-1.17/ j

19 SnIyBra?2- 1.09-1.35J j

20 Snlg2- 1.23-1.60¢ 1

21 Sn(NCO)g2~ (—)0.05—(—)0.10™ (383)
22 Sn(Na)s2~ 0.487 (112)
23 PceSnF2 0.03¢ (433)
24 PeSnCly 0.28¢ (433)
26 PcSnBre 0.340 (433)
26 PeSnls 0.45¢ (433)
27 PcSn(OH)p 0.09° (433)
28 Sn(SpyO0)2F2 0.32 (455)
29 Sn(Spy0):Cly 0.59 (455)
30 Sn(Spy0)sBrs 0.69 (455)
31 Sn(Spy0).l. 0.90 (455)
32 Sn(pie)2Cle 0.31 (421)
33 Sn(pic)eBrs 0.44 (421)
34 Sn(pic)ala 0.64 (421)
35 Sn(ox)2Cle 0.30, 0.32 (10, 300)
36 Sn(ox)eBrg 0.44 (10)
37 Sn(ox)21s 0.61 (10)
38 SnCly(oxH)g 0.45 (10, 300)
39 SnBry{oxH)g 0.65 (10)
40 Snly(oxH)e 0.91 (19)
41 Sn(sal)sClg 0.23 (10)
42 Sn(sal)2Brg 0.28 (10)
43 Sn(sal)2ls 0.41 (10)
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TABLE XXXVIII—continued

Code No.2 Compound? C.8.c Ref.
44 Sn(ox)Cls 0.34 (10)
45 Sn(ox)ClsoxH 0.37 (10)
46 SnClyoxH 0.42, 0.43 (10, 300)
47 Sn(ox)sCl 0.11 (10)
48 Sn(ox)4 0.03 (10)
49 SnF4(NEts)2 —0.22 (152)
50 SnCl4(NMes)e 0.59 (152)
51 SnBry(NMejs)s 0.90 (152)
52 SnI4(NMegs)s 1.30 (152)
53 (SnClypyz)y 0.38 (286)
54 (SnBrapyz)s 0.85 (286)
55 (Snlspyz)n 1.48 (286)
56 SnOCl, 0.25 (113)
57 SnOBr; 0.22 (113)
58 SnOI, 0.16 (113)
59 PcoSn 0.11 (433)
60 Sn(pic)3Cls 0.15 (421)
61 Sn(pic)sBrs 0.18 (421)

@ In the text, the code number will be preceded by the table number.

b oxH = 8-hydroxyquinoline; Pc = phthalocyanine; HSpyO = 2-pyridinethiol
1-oxide; picH = picolinic acid; salH = salicylaldehyde.

¢ Data given in mm/sec relative to SnOg, assuming identical center shifts for
SnO2 and BaSnOj3; only a selection of the available data has been included.

4 Range of values for the cations Et N+ (442), PhyC+ (316), Pha(4-Me—-CgH,4)C+
(316), Ph(4-Me——CsH4)2C+ (316), and (4-Me—CsH4)3C+ (316).

¢ Range of values for the cations PhyC+t (316), Pha(4-Me-CgH4)C+ (316),
Ph(4-Me—-CgH4)Ct (316).

I Range of values for the cations Li+t (534), K+ (127, 168, 278, 534), Rbt (534),
Cu?t (§34), Sr2+ (534), Be2t (534), and Cs* (137, 278).

¢ Range of values for the cations K+ (316, 330), NH,+ (316), MeyN+ (316, 330),
EtyN+ (127, 168), MeNHga* (300, 457), tropenylium (316), Ph(4-Me—CgH,4)2C+
(316), and (4-Me—CgH4)3C* (316).

" Range of data for the cations MesN+ (330), and EtyN+ (127, 168).

i Cation = Et4N+.

J Range of data for the cations MeyN+ (330), and Et,N+ (127, 168).

k¥ Range of data for the cations Et,N+ (127, 168, 457), MesN+ (316, 330), K+
(330), NH4* (300),tropenylium(316), Ph(4-Me-CgH4)2C+(316), and(4-Me—CgH 4)3Ct
(316).

! Range of data for the cations Et,N*t (127, 168, 330), Me,N+t (300, 330), and
K+ (330).

m Values for the cations MesN+* and Et4N+, respectively.

7 Cation is MegN+.

o For an alternative set of data, see Ref. (530).

7 Range of data for the cations MeyN+ (330), Et4N+ (127,168), and NH,+ (330).
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SoME CENTER SHIFT DATA FOR FIVE- AND S1X-COORDINATE

TABLE XXXIX

SnlV CoMPOUNDS

Compound® C.S8.p Ref.
BusSnClyphen 1.59 (417)
BusSnBrgphen 1.63 (417)
BugSnIzphen 1.69 (417)
BuzSnClsbipy 1.56 (417)
BusSnBrebipy 1.62 (417)
BuaSnIzbipy 1.70 (417)
PhySnClebipy 1.26,1.22 (418, 465)
PheSnBrabipy 1.33 (465)
PhySnlsbipy 1.41 (465)
Et28n(ox)Cl 1.34 (462)
EtzSn(ox)Br 1.39 (462)
EtaSn(ox)IL 1.43 (462)
K2[MesSnFy) 1.38 (442)
[Me2SnClg]2- 1.59¢, 1.634 (234, 442)
CSz[MezsnBI\;] 1.76 (442)

¢ phen = 1,10-Phenanthroline; bipy = 2,2’-bipyridyl;
ox = 8-oxyquinoline.

b Data given in mm/sec assuming identical center shifts
for Sn0O3 and BaSnOj; data from Refs. (417), 418) have
been converted assuming a center shift of 1.52 for Pd(Sn).

¢ Cation is pyridinium.
4 Cation is Cs*.

TABLE XL

CENTER SHIFT? AS A FUNCTION OF THE NUMBER OF Sn—R Boxbps

n=

Compound 0 1 2 3 4
EtaSnCl3=, 0.52b 1.100 1.64? — —
EtaSnCly_, 0.59° 1.180 1.54% 1.50% —
MesSn(CeF's)a—n 1.04¢ 1.19¢ 1.25¢ 1.274 1.21¢
PhaSn(CeF's5)s~n 1.04¢ 1.16¢ 1.22¢ 1.25¢ 1.22¢

2 Data given in mm/sec relative to SnO; at liquid nitrogen temperature.

> Ref. (442).
¢ Ref. (528).
4 Ref. (440).
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observed in early stages of the series, i.e., [SnClg]>~ < [EtSnCl4]%~
< [Et48SnCl,)*; [SnCl;]~ < [EtSnCl,]™ < [Et,SnCl;]~, and  Sn(CeFj),
< RSn(CgF;)3 < RySn(CeFs), (R = Me, Ph). Further substitution may
arrest the decrease [R,Sn(C¢Fs)y_,(n =2, 3, 4; R = Me, Ph)] or even
reverse it [EtSnXj3_, (»n =2, 3)]. There is also strong evidence that
octahedral cis-R,SnX, species have lower center shifts than octahedral
trans-R,SnX, compounds (421, 441). Thus, Table XLI contains center
shifts for pairs of R,SnX, compounds with similar X ligands but with

TABLE XLI

CENTER SHIFT DATA FOR SOME COMPOUNDS OF TYPE cis- AND trans-R,SnX 4

CodeNo.# Compound (cis)¢ C.8.% Ref. Compound (trans) C.8.b Ref.
1 PhySn{S:CNPhy)e 1.19  (233) R2Sn(S2CNPhg)s¢ 1.54-1.72 (233)
2  PhsSn(S:CNEts)s 1.17  (233) Me2Sn(S2CNEtz)2 1.57 (233)
3  PhoSn[S:CN(CHz)sle 1.17 (233) Ra2Sn{S;CN(CH3)4]e¢ 1.53-1.59 (233)
4  PhaSn(S;CNCH:Ph); 1.08 (233) BusSn(S2CNCH:Ph), 1.69 (233)
5 BuzSn{ox)s 0.92 (421) BuzSn(pic)z 1.45 (421)
6  PhaSn(acae)s 0.74 (234) MesSn(acac)s 1.18 (323)
7  PhaSn(NCS)sbipy 0.82 (418) BuyaSn(NCS)zbipy 1.43 (418)
8  Ph2Sn(NCS)zphen 0.81 (418) BuzSn(NCS)zphen 1.42 (418)
9  PhsSnClz-4morph 0.94 (291) PhySnCl;-4pip 1.33 (291)
10 n-PrSnClz: 2morph 0.98 (291) n-PraSnCly-2pip 1.63 (291)

@ In the text code number will be preceded by table number.

> Data given in mm/sec relative to SnOg at liquid nitrogen temperature, assuming
identical center shifts for SnO; and BaSnOg. Data from Ref. (418) have been converted
assuming & center shift of 1.52 for Pd(8n).

¢ bipy = 2,2’-Bipyridyl; oxH = 8-hydroxyquinoline; acac = acetylacetonate; phen =
1,10-phenanthroline; picH = picolinic acid; pip = piperidine; morph = morpholine.

4 Range of values for R = Me, Bu.

cis and trans arrangement of the R groups. Clearly, there is a marked
trend to lower shifts for the cis species. For the pairs of compounds 1-4
and 6-8 in Table X LI, some of the difference may be due to the differing
polarities of the tin—phenyl and tin-alkyl bonds, but this effect is not
large enough to account for the whole of the change.

Unlike the complexes in Table XX XVIII, organotin compounds do
not seem to show a dependence of center shift on coordination number,
except perhaps for the small differences in center shift between the
species [EtSnCl,]~ and [EtSnCl;])%*~ and the low center shifts found for
the seven-coordinate compound BuSn(ox), (168, 462). Thus, for example,
the data in Tables XX and XXIX show that the center shifts of tri-
alkyltin halides and carboxylates with associated five-coordinate
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structures are very similar to those for analogous monomeric tetra-
hedral species. Similarly, the coordination of an extra ligand to PhySnCl
to form a five-coordinate complex, PhySnClX, produces no significant
change in center shift either for X = Cl~ (207, 442) or an oxygen donor
such as R,;SO[R = Me, Et, Bu, }(CH,),] or R;PO (R = MeO, EtO, PhO)
(207, 556) (Table XXXVI). Six coordinate trans-R,SnX , species have
some of the highest center shifts, as exemplified by the data for the
[Me,SnX,]%" ions (Table XXXIX), despite the high coordination num-
ber and the presence of four Sn—X bonds.

At present, no complete interpretation of the center shifts found for
organotin compounds has appeared. Two explanations have been pro-
posed to account for the constant center shifts of tetrahedral RgSnX
species. Chivers and Sams (114, 115) have suggested that the substitution
of an electronegative ligand causes a rehybridization of the bonding
orbitals of the tin atom, which results in an asymmetric distribution of
5p electrons (and, hence an EFG), a reduction in s character of the Sn—-X
bond, but no net loss of charge. Although the distortions of bond angles
observed (131) for the compound PhySn(I)-(CH,),: (I)SnPh, indicate
some degree of rehybridization, halogen NQR data provide strong
evidence (566) for loss of charge from the tin orbital of the Sn—X bond.
Alternatively, it was suggested (441) that an electronegative substituent
removes charge from the valence shell, but that the resultant residual
positive charge provides a deshielding and contraction of the 5s orbitals,
i.e., an increase in the effective nuclear charge. Such an effect would
compensate for the loss of 5s electron density to the ligand. Any re-
hybridization which does occur can then be seen as a complementary
effect which increases the s character of the R-Sn bond and, hence,
accentuates the deshielding effect. Similar explanations (459) have been
proposed to account for the relative insensitivity of the center shifts of
five- and six-coordinate compounds.

1t has been argued (421, 441) that the difference in the center shifts
of cis- and trans-R,SnX, isomers reflects a variation in the 5s character
of the Sn-R bonds, and this suggestion is supported by the higher
Jusgn-cn, NMR coupling constant observed for Me,Sn(pic), [Jussn-cH, =
77.6 Hz (395)] compared with Me,Sn(ox), [Jusgn_cH, = 71.2 Hz (395)]
and by simple molecular orbital considerations (441). In fact, there may
be a general correlation between the stereochemistry of Sn—R bonds and
center shifts (441). Gassenheimer and Herber (258) have proposed an
electron delocalization effect (i.e., deshielding) associated with a change
in hybridization to explain the high center shifts of five-coordinate
species relative to four-coordinate compounds.

In summary, it is evident from the above discussion that the factors
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controlling the center shifts of organotin compounds are poorly under-
stood. In contrast, complexes without Sn—R bonds seem to conform
reasonably accurately to an interpretation based on bond polarity
charges and it may, in fact, be possible to calculate partial center shift
values for these species in an analogous manner to low-spin Fel! (44).

The center shifts of tin—transition metal species are of interest, and
some of the available data are summarized in Table XLII. These data
show a consistent general trend to increased center shift with increasing
number of Sn—M bonds (64, 226,275, 431, 569), as illustrated, for example,
by the series Me,_,Sn[cpFe(COy),], (n = 0-2, 4) (Table XLII, compounds
1, 3, 20, 40), Ph,_,Sn[cpFe(CO),], (n = 0-4) (Table XLII, compounds
2, 5, 22, 32, 40), Me,_,Sn[Mn(CO);], (» = 0-3) (Table XLII, compounds
1, 6, 28, 35), Cl,_,Sn[cpFe(CO),], (n = 0-2, 4) (Table XLII, compounds
40, 42, 48, 62), and Br,_,Sn[cpFe(CO),], (n=0-2, 4) (Table XLII,
compounds 40, 43, 50, 63). This trend has been interpreted (64, 226, 431,
569) in terms of an increased 5s character of the Sn—M bond as opposed
to alkyl-, phenyl-, or halide—tin bonds. Support for this interpretation
is derived from proton NMR data for Me,SnM,_, {n = 1-4) species which
show a decrease in Juug,_cq, (226, 431) and, hence, in 5s character of the
Me-Sn bond with decreasing n. Further, X-ray diffraction data reveal
a tendency for larger than tetrahedral M-Sn—-M bond angles and smaller
than tetrahedral C—Sn—C and X-Sn-X bond angles, and also for rela-
tively short Sn—-M and long Sn—C and Sn—-X bond lengths [(288) and
references quoted therein]. All these trends are those expected for a
high 5s character in the Sn—M bond.

The series of compounds R4_, X ,SnMn(CO); (R =Me, Ph; X =Cl,
Br; n=0-3) (Table XLII) show an increase in center shift as R is
replaced by X (431). This suggests (431) that Mn(CO); is a stronger
electron donor than methyl, phenyl, or halogen and the more halogen
atoms that are attached to the tin atom, the more o electrons are
transferred from manganese to tin. Support for this interpretation is
provided by proton and **Mn NMR data, which show a decrease both in
Jusgn_cy and in the **Mn chemical shift with increasing center shift
(431).

Although the center shift data discussed above provide convincing
evidence that the metal moieties are better o donors than alkyl or phenyl
groups, such a conclusion is at variance with quadrupole splitting data,
which indicates that the metal moieties are poorer ¢ donors than phenyl
or alkyl (Section IV, A b). At present, the most satisfactory explanation
for this apparent discrepancy involves a difference in degree of utiliza-
tion of the 5s and 5p orbitals (437). The quadrupole splitting measures
the p donor capacity, whereas the center shift is most sensitive to the s
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TABLE XLII

SoME CENTER SHIFT DATA FOR TIN-TRANSITION METAL SPECIES

Code No.2 Compound C8.2 Ref.

1 MesSn 1.31 (516)
2 Ph4Sn 1.22 (516)
3 MegSncpFe(CO)s¢ 1.38 (65, 149)
4 BuSncpFe(CO)» 1.47 (288)
5 Ph3SnepFe(CO)2 1.44 (149, 275,324, 331)
6 MesSnMn(CO)s 1.40 (431, 569)
7 Ph3SnMn(CO)s 1.46 (364, 431, 569)
8 Ph3SnCo(CO)4 1.50 (364)
9 PhsSnRe(CO)s 1.45 (364)

10 Ph3SnRe(CO)4PPhg 1.50 (364)

11 Me3SncpCr(CO); 1.41 (65)

12 MesSnepMo(CO)s 1.43 (65)

13 Me3SncpW(CO)3 1.36 (65)

14 MesSnIrHCl(CO)(PPhs)s 1.84 (65)

15 Me3SnIrDCI{CO)(PPhs)s 1.84 (65)

16 Ph3SnIrHCl(CO)(PPhs)s 1.42 (65)

17 Ph3SnIrHCI(CO)(PPhsMe)s 1.46 (65)

18 R3SncpFe(CO)L4 1.39-1.560 (149)

19 R3SncpFelge 1.47-1.71 (149)

20 MeaSn[cpFe(CO)s]2 1.68 (324)

21 EtsSn[epFe(CO)2]2 1.74 (324)

22 PhySn[cpFe(CO)z2]2 1.74 (278)

23 Ph2Sn[Co(CO)4]2 1.68 (364)

24 PhySnfMn(C0O)5]Co(CO)4 1.65 (364)

25 PhySn[Re(CO)s]2 1.70 (364)

26 MeaSn[Mn(CO)s]2 1.68 (569)

27 MeoClSnMn(CO)s 1.54 (431)

28 MeBrSnMn(CO)s 1.54 (431)

29 PhCISnMn(CO)s 1.60 (364, 431)

30 PhyBrSnMn(CO)s 1.59 (431)

31 PhCISnCo(CO)4 1.56 (364)

32 PhSn[cpFe(CO)2]3 2.00 (275)

33 PhSn[Co(CO)4]s 1.54 (226)

34 PhSn[Re(CO)5]3 1.76 (364)

35 MeSn[Mn(CO)s]s 1.83 (569)

36 MeCleSnMn(CO)s 1.67 (288, 431)

37 MeBreSnMn(CO)s 1.69 (431)

38 PhClaSnMn(CO)s 1.68 (431)

39 PhBreSnMn(CO)s 1.80 (431)

40 SnfepFe(CO)2l4 2.14 (275)

41 Sn[Co(CO)4ls 1.96 (227)

42 SnCl, 0.85 {139)

43 SuBry 1.14 (139)

44  Snl, 1.45 (139)

45 (NH4)[8nCl3] 3.711 (64)
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TABLE XLII—continued

Code No.2 Compound C.8.b Ref.
46  (NH4)[SnBrs) 379 (64)
47  (NH,)[Snlg) 4.03 (64)
48 ClaSncpFe(CO), 1.70 (64, 149, 275, 331)
49 ClaSncpFe(CO)PPhjy 1.88 (149)
50 Br3SncpFe(CO): 1.75 (64)
51 I3SncpFe(CO)s 1.88 (64)
52 ClsSnMn(CO)s 1.66 (288, 364, 431, 569)
53 BraSnMn(CO)s 1.79 (364, 431, 569)
54 ClsSnRh(PPhj); 1.78 (227)
55 ClsSnIr(CsHs)e 1.80 (227)
56  [(Cl3Sn)zRuCly]2- 194 f
57 [(Cl3Sn)ePtCly]2- 175 fg
58  [(ClaSn)sPt]3- 1.65 &
59 [(Cl3Sn)2Pt3(CsH12)3sMeNOg] 1.50 (227)
60 [(Cl3Sn)ePdCl3}2~(MesN+)2 1.52 (46)
61 [(ClgSn)sRhaCla]4~(MeaN+),y 1.90 (227)
62 ClaSn[cpFe(CO)2]s 1.99 (64, 275, 288, 324,
331)
63 Bra2Sn[epFe(CO)2]2 1.99 (64)
64 I:8n[epFe(CO)z])2 2.00 (64)
65 Cl2Sn[Mn(CO)s)epMo(CO)3 1.98 (364)
66 ClaSn[Mn(CO)5)Re(CO)s 1.96 (364)
67 CISn[Mn(CO)s]s 1.92 (275, 364)
68 CISn[Re(CO)5]s 1.82 (275)
69 BrSn{Re(CO)5]3 1.82 (364)
70 CI8Sn[Mn(CO)s][epFe(CO)2]2 2.10 (275)
71 (NCS)2Sn[cpFe(CO)z]a 1.85 (64, 288)
72 (HCOg2)2Sn[cpFe(CO)sal2 1.61 (64)
73 (MeC()g)gSn[CPFe(COz)]z 1.63 (64)
74 (NCS)3SncpFe(CO)a 1.65 (64)
75  (HCOs3)3SncpFe(CO)s 1.09 (64)
76 (MeCOj3)3SncpFe(CO)z 1.17 (64)
77 Me4Sn3Fe4(CO)16 2.20, 1.45 (169)
78 BusSnFe(CO)gSnBug 1.70 (169)

@ Code number will be preceded by Table number in text.

b Data given in mm/sec relative to SnOgz at liquid nitrogen temperature,
assuming that center shift of BaSnOg3 is zero and that of a-tin is 2.10 mm/sec.
When appropriate, data are an unweighted average.

¢ cp = m-Cyclopentadienyl.

4 Range of data for R =Me or Ph, L = PhsM (M = P, As, Sb), PhyPCFj,

——
thPMe, PhPMez, fgfos [Pth . C=C(PPh2)(CF2)2éF2], thABCFa, or (06H50)3P.

¢ Range of data for R = Me, L = SbPhs, 4PhsP(CH2)sPPhe; R =Ph, L =
PhoPMe, PhPMes.

f Cation = Me4N+ (46, 227).

¢ Cation = Et4,N+, § = 1.56 mm/sec (227).

B Average of cations = MesN+ (46) and Et N+ (227).
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donor capacity. As indicated by the crystal structure data, bonds to the
metal moiety involve considerably more 5s character than 5p character
relative to an alkyl or phenyl or halide group. If the bonds between Sn
and the alkyl, phenyl, and halide groups involve mainly 5p electrons on
Sn in these compounds, a strong donor such as alkyl would then
increase the 5p electron density and decrease [¥(0),]% and the center
shift relative to a halide as is observed (28). Onaka et al. (431) suggest
m-bonding effects may be important, but this seems unlikely. Thus,
7 bonding will have only a secondary effect on quadrupole splitting due to
the large 5d radial function. Further, as noted by Fenton and Zuckerman
(227), m donation would be expected to give a decrease in center shift
(from shielding effects); and from the data in Table XLII, it is evident
that if #-bonding effects are present at all, they are not the dominant
factor in the center shift trends.

Fenton and Zuckerman (226) have concluded that as the center shift
for SnCl; transition metal derivatives (Table XLII, compounds 48-61)
are smaller than that of x-tin (C.S. = 2.1 mm/sec), they should be regarded
as derivatives of Sn!Y. However, Bird et al. (65) have argued that this
more properly indicates the valence state rather than the formal oxidation
state of the tin atom. Thus, when SnCl;™ acts as a ligand, the involve-
ment of the lone pair in bonding means that the tin atom cannot be
regarded as bivalent. It is probable that the concepts of formal oxidation
state have little meaning in these systems.

Finally, perhaps one of the most elegant experiments recently
reported is the correlation found by Barber and Swift (47) between
center shift and the 4d binding energy of tin (as measured by high-energy
photoelectron spectroscopy) for the series Y,Sn(ox), (Y = Et, Ph, Cl,
Br, or I). This correlation is illustrated in Fig. 12, and indicates the
potential of combining these two techniques.

3. Temperature Dependence of the Mésshauer Effect and the Goldanskii—

Karyagin Effect

In early studies of 11°Sn Mossbauer spectra, it was realized that
certain compounds give rise to a room temperature Mdssbauer effect,
while such an effect is absent from other species. It was suggested (323,
531) that the observation of a room temperature effect can be taken as
evidence for a polymeric structure. This has been confirmed by Stockler
and Sano (§29), who have demonstrated that both the Debye tempera-
ture and characteristic temperatures are higher for polymeric materials
than monomeric species. Stockler ef al. (531) have also concluded that
the recoil free fraction (f) has no simple dependence on; (a) the nearest
neighbor atom mass, (b) the nearest neighbor ligand mass, (¢) the
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molecular weight, (d) the coordination number, (¢) the macro properties
of the material, or (f) its center shift and quadrupole splitting.

Further studies on the correlation between a room temperature
Méssbauer effect and molecular structure have been reported by Poller
et al. (464). These authors measured the ratio (R) of the room tem-
perature effect to that at liquid nitrogen for a series of organotin com-
pounds and the R values obtained are summarized in Table XLIII. For
compounds 1-11 in Table XLIII, which are believed to have polymeric
structure, finite B values were observed ; whereas the compounds 17-26,

2 I
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Fic. 12. The 4d binding energies of tin, E,(EV) against Méssbauer center
shifts for compounds 1-7. (1) Eta8n(0X)s; (2) PhaSn(0X)s; (3) SnBrys:20xH;
(4) SnIz(0X)2; (5) SnBra(0X)sa; (8) SnClae(0X)s; and (7) SnOq (47).

which are probably monomeric, and compound 16, which is thought to
be trimeric, did not give a significant R value. The compound 12 in
Table XLIII is of particular interest as the observed R value is in con-
flict with infrared evidence (467), which suggests a monomeric five-
coordinate structure.

The work of Poller et al. (464) and Stockler et al. (529, 531) strongly
suggests that the observation of a room temperature Méssbauer effect
may be taken as firm evidence for a polymeric structure, and this cri-
terion has been exploited by, for example, Ford ef al. (242, 572, 5673)
in assigning polymeric structures to the species (MegSn), X0, (X = Se,
Cr), Me,SnXO04 (X =8, Se), Me,Sn(80;X) (X =F, Cl, CF,, Me, Et),
Sn(SO4F),, and SnCl,(SO3F),. It should, however, be emphasized that
the absence of a room temperature effect for a compound in no
way allows the elimination of an associated structure. For example,
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there are excellent reasons to assign associated structures to the com-
pounds (MegSn),S0, (206), BusSn0,CMe (240), and MezSnNCO (383),
none of which shows a detectable room temperature Mossbauer effect.
Another example is provided by the compounds (464) PhSn(OCOCX,)0O

TABLE XLIII

R VALUES FOR SOME ORGANOTIN COMPOUNDSS

Code No.? Compound¢ Re Ref.
1 MesSnL-Hy0 0.035 (468)
2 BusSnL-Hy0 0.044  (468)
3 Ph3SnL-H,0 0.045  (468)
4 BupSnClz- 4,4’-bipy 0.057  (466)
5 PhySnCla- 4,4’-bipy 0.040  (466)
6 PhySnCly- pyrazine 0.035  (466)
7 PhySnCly-¢-DTDO 0.159  (467)
8  Ph3SnO,CMe 0.078  (240)
) Ph3Sn0,CEt 0.110  (240)

10 Ph3Sn0,C: CHMe, 0.080  (241)
11 Ph3Sn0,C- CH,Cl 0.183  (464)
12 PhySnClz:¢-DTDO 0.091  (467)
13 PhSn[04C - CMes]O 0.385  (464)
14  PhSn[0:C:CCl3]O 0.057  (464)
15 PhSn[0,C - CF3]0 0 (464)
18 Oct2SnL 0 (468)
17 MesSn(ox)s 0 (462, 505)
18 BusSn(ox)s 0 (462)
19 Oct28n(ox)z 0 (462)
20  PhySn(ox)s 0 (462)
21 BuzSnClg - 2(4-phepy) 0 (466)
22 PhySnCly- 2,2"-bipy 0 (465)
23 PhySnCl, - 2DTO 0 (467)
24 Ph3SnCls- 2Me2S0O 0 (464)
25 MezSnCly- 2Me2S0 0 (353)
26  Ph3Sn0sC-CMey 0 (240)

@ Data from (464), in which reference will be found values of center shift and
quadrupole splitting.

b In text code number will be preceded by table number,

¢ See toxt for definition.

¢ References are to structural studies.

¢ LH, = Bis(8-hydroxy-5-quinolyl)methane; oxH = 8-hydroxyquinoline; 4,4’-
bipy = 4,4’-bipyridine; 4-phepy = 4-phenylpyridine; 2,2’-bipy = 2,2’-bipyridine;
t-DTDO = trans-1,4-dithiane 1,4-dioxide; ¢-DTDO = cis-1,4-dithiane 1,4-dioxide;
DTO = 1,4-dithiane 1-oxide.
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(X = H, Cl and F). All three of these compounds are very high melting
solids (m.p. > 360°) indicative of polymeric structures, but the R factor
falls dramatically from R = H to R = Cl and isequal to zero when R = F
Studies of the variation of the magnitude of the Mossbauer effect over
a wide range of temperatures have been reported by Stockler and Sano
(526) for the compounds MesSnCl-py, MegSnF, Ph,SnF, and
Me Sn0,CH. As might be anticipated, the Mossbauer effect varied much
more markedly with temperature for the monomeric compound
Me,SnClpy (348) than for the polymeric species MegSnF and (C4H ;) 3SnF,
while the compound MezSnO,CH showed a temperature dependence
between the two extremes. This type of study has been extended by
Herber (326) to the compounds (BugSn),SO,, BuzSnO,CH,, BuSnF,
and Bu,SnF,. In these cases the ratios of the temperature dependence
of the Mossbauer effect (as measured by the area under the resonance
curve) are (BuySn),S0,: BuySn0,CMe: BuySnF: Bu,SnF, =1:0.918:
0.576 :0.302. These ratios clearly indicate that the tributyl- and dibutyl-
tin fluorides have stronger polymeric lattices than either Buz;SnO,CMe
or (BugSn),SO,, and Herber (326) has taken these data as further
evidence in favor of a monomeric structure for (BuySn),SO,. However,
infrared (355) and Mossbauer (240) evidence clearly show the presence
of intermolecular association in the compound BugSnO,CMe, and the
similarity of the temperature dependence of the Mossbauer effect in
Bu;Sn0,CMe and (BuySn),SO, makes it difficult to eliminate the
possibility of association in (BugSn),SO,. Herber ef al. (112, 383) have
also used the temperature dependence of the Mossbauer effect to assign
polymeric structures to the compounds MezSnN; and Me,SnNCO.
Another phenomenon, which is of interest in studying polymeric
materials, is the Goldanskii-Karyagin effect (365). This effect, which
arises from a lattice dynamic anisotropy in the recoil free fraction, is
manifested in an asymmetry in the intensities of the components of a
quadrupole doublet. The presence of this effect was detected by Stockler
and Sano (527) for the polymeric materials (MegSnF), and (Mey,SnOH),,
whereas it was found (527) to be absent for the monomeric species
Ph,SnCl. However, the absence of a significant effect in MesSnO,CH
demonstrates that polymeric structure is not a sufficient criterion to pro-
duce a significant Goldanskii—-Karyagin effect (626). Stockler and Sano
(526, 5627) and Herber et al. (326-329) have exploited the temperature
dependence of this effect in the study of lattice dynamics for the species
Me,SnOH (527), Me,SnF (328, 527), PhySnF (526), BusSnF (326),
Bu,SnF, (326), Me,SnF, (327), and MegSnCN (329, 525), and Herber
(326) has noted its absence in the Méssbauer spectrum of (BugSn),SO,.
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B. Fe!! Low-SpIN COMPOUNDS

" In the absence of 7 bonding, an octahedral low-spin Fell compound

can be represented by the simple molecular orbital picture illustrated in
Fig. 13. The metal 3d electrons form a f,,° configuration, while ligand
donation from appropriate ¢ orbitals populates the molecular orbitals
formed by overlap with the iron 3d,, 3dys_ys, 4s, and 4p orbitals. In
hybridization terms, the o bonding can be represented by overlap
between d2sp® hybrids of the iron atom with the o orbitals of the ligands.
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F1c. 13. Molecular orbital diagram for an octahedral MX ¢ molecule considering
only o bonding.

In many cases the ligands also have empty antibonding =* orbitals,
which have suitable symmetry for overlap with the ;,° electrons of the
metal atom. Such overlap results in a donation of charge from the metal
to the ligand.

As the ¢,,° shell has cubic symmetry and is diamagnetic, any
variations in center shift and quadrupole splitting found for octahedral
compounds must arise from variations in the nature of the ligands, and
Mossbauer spectroscopy has proved a very powerful means of studying
the variations of metal-ligand interactions in low-spin Fe!! systems.
This is in contrast to many other oxidation states of iron (vide infra) for
which the asymmetry of the free ion electrons obscures the dependence
of the C.8. and Q.S. on ligand properties.
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1. Quadrupole Splitting

As for Sn!'V compounds, the quadrupole splittings for Fe!! low-spin
compounds are due to ¢, and/or ¢, ., and the quadrupole splitting will
be sensitive to changes in both the nature and geometric distribution of
the ligands. In Section II,D, it was shown that for contributions to the
EFG arising from o-bonding asymmetry, the additivity model should
provide a realistic guide to the variation of quadrupole splitting with
structure. However, for contributions from z-bonding asymmetries,
some deviation from additivity might be anticipated. Table XLIV lists
a wide range of quadrupole splittings for low-spin Fe!! compounds.
We will first discuss the relationship between quadrupole splitting and
structure, derive empirical partial quadrupole splittings, and comment
on the nature of the metal-ligand bonds, particularly the Fe-N, bond as
deduced from p.q.s. values,

a. Derivation of p.q.s. Values and Structural Determination. Berrett
and Fitzsimmons (45) first showed that a frans-FeA,B, isomer has twice
the Q.S. of the corresponding cis-FeA,B, isomer. They studied com-
pounds of the type trans- and cis-Fe(CN);(CNR), and [Fe(CN)}(CNR);*]-
Cl0, (R = Et, Me, CH,Ph) (Table XLIV, compounds 12, 39, 40) and
used the point charge model to show that the observed magnitudes
correspond reasonably well to the predicted 2:1:1 ratio. Bancroft
et al. (44) extended the additivity model to a wide range of compounds
and calculated empirical p.q.s. values for a wide range of ligands
(p.q.s. = §e?@Q[L] and Table IV). To calculate p.q.s. values it was
necessary to assign structures to key compounds. For example, the
exact 2: 1 ratio for the isomers of FeCl,(ArNC), (Table XLIV, compounds
1, 30) and Fe(SnClg),(ArNC), (Table XLIV, compounds 3, 32) allows
the immediate assignment of structures to these four compounds, and
the similarity of the quadrupole splittings of FeX,(depe), (X = CI, Br, I)
and FeCly(dmpe), (Table XLIV, compounds 2, 4-6) to that of trans-
FeCl,(ArNC), suggests trans-octahedral structures for these compounds.
Although the quadrupole splitting of FeCl,(depb), (Table XLIV, com-
pound 7) is too low to make an unambiguous assignment of structure,
Chatt and Hayter (109) have used NMR and dipole moment data to
agsign trans structures to FeHCl(depe),, FeHI(depe),, FeCl,(depe),, and
FeCl,(depb), in solution, and it is a reasonable assumption that these
compounds have trans structures in the solid state. All the quadrupole
splittings of the pseudohalides FeY .(depe), (Y = NCO, NCS, Nj) com-
pounds (Table XLIV, compounds 9-11) are rather smaller, but it appears
likely that they are also trans like the other bisdiphosphine complexes.
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TABLE XLIV

QUADRUPOLE SPLITTINGS FOR Fell Low-SPIN COMPOUNDS2

Quadrupole splitting®
Code No.b Compound? Obs. Cale. Ref.

1 trans-FeClg(ArNC)4 +1.55 — (34, 44)

2 trans-FeClg(depe)s +1.29 — (34, 44)

3 trans-Fe(SnCls)2(ArNC), (+)1.05 — (34, 44)

4 trans-FeClg(dmpe)s (+)1.51 — (34, 44)

5 trans-FeBra(depe)s (+)1.37 — (34, 44)

6 trans-Fel(depe)s (+)1.33 — (34, 44)

7 trans-FeCla(depb)s (+)1.13 — (34, 44)

8 trans-FeHgs(depb)sa (—)1.84 — (34, 44)

9 trans-Fe(NCO)q(depe)s (+)0.49 — (34, 44)
10 trans-Fe(NCS)z(depe)sa (+)0.53 — (34, 44)
11 trans-Fe(N3)a(depe)a (+)0.98 — (34, 44)
12 trans-Fe(EtNC)4(CN)2 —0.60 — (34, §5)
13 Nag[Fe(CN)s;NO]-2H0 +1.73 — (34, 161, 238)
14 Nag[Fe(CN)sNH3]-H0 +0.67 — (34, 44, 76, 238)
15 Kj[Fe(CN)sH20]- TH20 +0.80 — (34, 142)
16 Nas[Fe(CN)5803]- 9H0 (+)0.76 — (142, 238)
17 (Na,K)4[Fe(CN);NO2] (+)0.85 — (76, 142, 238)
18 Fe(CNH)4(CN)2 ~0.0 —  (312)

19 Fe(CNH)4(CNBF3)2 ~0.0 —  (312)

20  Nag[Fe(CN)sP(CsHs)s] (+)0.62 —  (239)

21 Nag[Fe(CN)sAs(CgHs)s] (+)0.92 —  (239)

22 Nag[Fe(CN)sSb(CeHs)s] (+)0.94 —  (239)

23 cis-Fe(CO)4Cly (—)0.25 —  (39)

24 K3PcFe(CN)s (+)0.56 —  (156)

25¢  PcFe(py)a +2.04 — (156, 347)

26 PcFe(Im), (+)1.77 — (156, 347)

27 PcFe(but), (+)1.94 —  (156)

28 PcFe(pip)2 (+)2.21 —  (156)

29 Fe(niox)a(NHjz)a (+)1.75 — (156, 347)
(n = large)

30 cis-FeCla(ArNC)4 —0.78 —0.78 (34, 44)

31 [FeCl{ArNC)5]C104 0.73 +0.78 (44)

32 cis-Fe(SnClg)z(ArNC)4 0.50 -0.52 (44)

33 ¢t8-FeCl(SnCl3)(ArNC), 0.61 —0.65 (44)

34 [Fe(SnCls)}(ArNC);5]Cl04 0.32 +0.52 (44)

35 trans-FeHCl(depe)s <0.12 —-0.20 (44)

36 trans-FeHI(depe)s <0.19 —-0.18 (44)

37 trans-FeClSnClg(depe)s 1.28 +1.02 (44)

38 trans-FeBrz(depb)a 1.22 +1.20 (4¢)

39 cta-Fo(CN)2(EtNC)4 0.29 +0.30 (55)

40 [Fe(CN)(EtNC)5]C104 0.17 -0.30 (55)
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TABLE XLIV—continued

Quadrupole splitting®
Code No.b Compound? Obs. Calc. Ref.

41 Fe(niox)z2(Im)s 1.38 +1.64 (156)
42 Fe(niox)2(py)z 1.9 +1.92 (156)
43 Fe(niox)z(but)s 1.83  +1.84 (156)
44 KaFe(niox)s(CN)s 0.80 +0.44 (156)
45 KFe(niox)sIm:CN 0.93 +1.04 (156)
46 Fe(niox)2Im-CO 0.77 +1.86 (156)
47 [FeH(ArNC)(depe)s]tBPhy~ ~1.14 —0.98 (34, 37)
48 [FeH(CO)(depe)2]tBPhy~ (=)1.00  —-0.46 (37, 39)
49 cis-FeH(CO)4 0.556 +1.22 (39, 44)
50 [FeH(P(OMe)3)(depe)2]"BPhy~  (—)0.90 — (37

51 [FeH(P(OPh)s)(depe)2]*BPhy~  (—)0.72 — (37

52 [FeH(PhCN)(depe)z]*BPhy~ (—)0.58 — (37

53 [FeH(MeCN)(depe)2]*BPhy~ (—)0.46 — (37

54 [FeH(N3)(depe)s]*BPhs~ (—)0.33 — (37

55 Fe(DMG)2- 2py 1.84 — (3, 236)
56 Fe(DMG),- 2B-pic 1.62 — (3, 236)
57 Fe(DMG)s- 2a-pic 0.7 — (3, 236)
58 Fo(DMG)s-22,4-1ut 0.5 — (3, 236)
59 [Fe(DTOHj;)2]Cl 0.66 — (1, 236)
60 [Fe(DTOH).] 2.02 — (1, 236)
61 [Fe(DTOCHj)2] 0.88 — (1, 236)
62 Fe(NCS8)a(gp) 0.86 —  (237)
63 Fe(CN)z(qp) 1.29 —  (237)

¢ Data given in mm/sec at room temperature. Many ‘“‘octahedral” complexes
such as K4Fe(CN)g, Fe(phen)3(ClO4)s and others usually have zero or very small
splittings. They are not given here. See Refs. (135, 195, 209, 215, 397, 404)

b Code Number will be preceded by table number in the text.

¢ Signs without brackets have been determined (see Table XLV), those with
brackets have not been determined, but deduced in the references by analogy with
the compounds of known sign. Calculated values use the p.q.s. values in Table
XLVI. Many of these are reported for the first time.

4 ArNC = p-Methoxyphenylisocyanide; depe = 1,2-bis(diethylphosphino)-
ethane; dmpe = 1,2-bis{(dimethylphosphino)ethane; depb = o-phenylenebis-
diethylphosphine; Pe = phthalocyanine; py = pyridine; Im = imidazole; but =
n-butylamine; pip = piperidine; niox = 1,2-cyclohexanedione dioxime; DMG =
dimethylglyoxime; 28-pic = 28-picoline; 2a-pic = 2a-picoline; 22,4-lut = 22,4-
lutidine; DTOHg = diacetylthiosemicarbozoneoxime; DTOCH3; = O-methyldi-
acetylthiosemicarbazoneoxime ; qp = tris-(O-diphenylphosphinophenyl)phos-
phine.

¢ Similar quadrupole splittings are given for other PcFeXy compounds (347).
(X = B-picoline, y-picoline, or a-picoline.
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As the original calculations of p.q.s. values were undertaken before
any measurement of the signs of the Q.S., it was necessary to make
assumptions for certain key compounds. For example, consider the
compounds trans-FeX,B, (X =Cl, Br, I; L = RNC, depe/,, etc.). It is
a reasonable assumption, supported by center shift data (vide infra) and
general chemistry, that halide ligands carry a higher negative charge
and are poorer ¢ donor and = acceptors than the neutral B ligands. It
would therefore be expected (Section I,C) that the ¢y,, and =-bonding
inequalities would give negative contributions to the Q.S., whereas the
o bonding inequalities would give a positive contribution to the Q.S.
Clearly, both the sign and the magnitude of these Q.S. values depends
on the relative importance of these contributions. Originally, Bancroft
et al. (44) assumed that the gy, contribution was most important after
calculating the g, contribution to the Q.S. from a trans-FeCl, linkage
to be —1.2 mm/sec, in reasonable agreement with the Q.S. values for
most of the trans-FeCl,B, compounds. The reference p.q.s. value for
Cl~ was thus taken as —0.30 mm/sec, the signs of trans-FeX,B, com-
pounds taken as negative, and p.q.s. values for other ligands derived.
Predicted values were compared with observed, and good agreement
obtained in most cases (Table XLIV, compounds 30-40) demonstrating
that the additivity model provides a reasonable guide to variations of
the Q.S. with structure. The predicted values calculated originally (44)
are identical with those calculated in Table XTIV,

Measurement of the signs of the Q.S. of a number of Fel! low-spin
compounds using the magnetic field technique (36) showed that the
wrong signs had been assumed. For example, Fig. 14 illustrates the
spectra of cis- and trans-FeCly(ArNC), in an applied magnetic field. These
spectra indicate that the trans and cis isomers have positive and negative
Q.8S. values, respectively. These measurements provide an elegant con-
firmation of the opposite signs of the trans and cis isomers predicted by
the additivity model, but show that the initially assumed signs of the
Q.S. were incorrect.

Other signs have been measured (Table XLV), and have been in-
valuable in calculating p.q.s. values for a wide variety of ligands using
the first twenty-nine compounds in Table XLIV. Using these p.q.s.
values (Table XLVI), the quadrupole splitting values for compounds
30-49 have been calculated. In deriving the p.q.s. values, it was assumed
that all the trans-FeX,B, compounds have positive quadrupole split-
tings. Some of the signs of other compounds (such as compounds 20-22
in Table XLIV) were deduced by analogy with similar compounds to
give reasonable p.q.s. values for such ligands as P(C¢H;);. In addition,
when some doubt exists about the sign of the quadrupole splitting, the
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ambiguity can be eliminated by comparing quadrupole splittings for
similar compounds. For example, the sign of the quadrupole splitting in
trans-Fe(SnClg),(ArNC), is not known, and p.q.s. values of SnCl;~ of
—0.43 and —0.95 mm/sec can be calculated from this compound assuming
a positive and negative sign, respectively. However, the calculated
quadrupole splitting for the compound trans-FeClSnCly(depe), (observed
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Fi6. 14. Méssbauer spectra of (a) trans-FeCly(p-MeO:CgH4-NC)y at 4°K in a |

longitudinal magnetic field of 36kG; (b) cis-FeClg(p-MeO-CgH4-NC), at 4°K in a
longitudinal field of 28 kGauss (36).

1.28 mm/sec) is +1.02 mm/sec with (p.q.8.)gpc,- =—0.43, and —0.02 mm/
sec with (p.q.8.)snc,.- =—0.95 mm/sec, clearly indicating a positive
sign for the Q.S. of trans-Fe(SnCl;),(ArNC),. Similarly, the positive sign
of trans-FeCly(depe),, and the very small Q.S. for trans-FeHCl(depe),
allows the assignment of a negative sign to the Q.S. of trans-FeH ,(depb)..
This sign is confirmed by the measured negative sign observed for
trans-[FeH(ArNC)(depe),]*BPh,” (Table XLV), and the predicted Q.S.
for the above compound is in good agreement with the observed value
(Table XLIV, compound 47). The measured negative sign for trans-
[FeH(ArNC)(depe),]"BPh,~ makes it highly probable that all the other
trans-[FeHL(depe),]t species [L = CO, Mez;CNC, P(OMe);, P(OPh)s,,



172 G. M. BANCROFT AND R. H. PLATT

TABLE XLV

Siexs oF THE EFG rFor Fel! Low-SPiN COMPLEXES

Compound
No. Compound Q.8. Ref.

1 PcFe(Py)2 +1.96 (157)
2 Fell(niox)g(im)g 1.30 (7 = large) (157)
3 Fell(niox)a(NHg)s 1.72 (n = large) (157)
4 trans-[FeH(ArNC)(depe)st1BPhy~ -1.14 (34)
5 trans-FeCla(ArNC)4 +1.55 (34, 36)
6 ¢is-FeCla(ArNC)4 —0.83 (34, 36)
7 trans-FeCla(depe)a +1.29 (34)
8 trans-Fe(CN)o(EtNC)s —-0.80 (34)
9 Nay[Fe(CN)sNHj]-H20 +0.67 (34)

10 K;3[{Fe(CN)sHa0]- TH20O +0.80 (34)

11 Nag[Fe(CN);NO]:2H0 +1.78 (34, 161)

N,, PhCN, and MeCN] (Table XLLIV, compounds 48, 50-54) also have
negative signs.

It is apparent from the general agreement between predicted and
observed Q.S. values in Table XLIV that the additivity model holds
rather well. We take satisfactory agreement to mean that predicted and
observed values are within +0.2 mm/sec. These p.q.s. values should now
be extremely useful for rationalizing Q.S. values for other Fe!! compounds
containing these ligands in different combinations (vide infra; the
carbonyl compounds), as well as rationalizing signs and magnitudes
of Q.8. values in Co™!, Ru', and Ir'! compounds (vide infra).

However, there are at least three types of compounds where the
agreement between predicted and observed values might be expected to
be unsatisfactory. First, for cationic or anionic compounds, a gy, contri-
bution from the anion or cation, respectively, or a significant lowering
or raising of the Fe d orbitals relative to the ligand orbitals might lead
to discrepancies. The agreement for such cationic compounds as
trans-[FeH(ArNC)(depe),;|BPh,, [Fe(CN)(EtNC);]C10,, and [Fe(SnCl,)-
(ArNCQ);]C10, is generally not as good as that for most of the analogous
neutral compounds (Table XL.IV, compounds 30-40).

Second, satisfactory agreement for such compounds as Fe'(niox),L,
(Table XLIV, compounds 41-46) is not always observed, but this might
be due to large distortions from regular symmetry. The large values of 4
for these compounds (I57) are consistent with this interpretation.
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TABLE XLVI

PARTIAL QUADRUPOLE SPLITTINGS FOR Fell LicaNDs¢

173

NO+ = +0.02 NCO- = 0.50
Br-=-0.28 NHj = -0.51
I-=-0.29 PPhy = —0.53
Cl- = -0.30 im = —0.54
SbPhg = —0.37 depb/s = —0.58
AsPhj = —0.38 depe/s = —0.62
N3-=-0.38 dmpe/z = —0.67
NOz~ = -0.41 RNC = —0.69
SnCly~ = —0.43 CNH = —~0.8
pip = —0.43 CNBF3 = —~0.8
CO = —0.43 CN-=-0.84
Hzo = —0.44 niOX/z =—0.95
8032_ = —0.46 Pc/4 = —0.98
py = —0.47 H™ = -1.04
NCS- = —0.49

but = —0.49

@ These are derived from compounds 1-28 in Table
XLYV. Data given in mm/sec. Some of these values are given
in Ref. (34) ; the others are newly calculated values.

Chelating ligands, in general, would be expected to give more variable
p.q.8. values owing to steric effects. One interesting anomaly to the
additivity model predictions concerns the compounds cis- and trans-
Fe(phen),(CN), and K,Fe(phen)(CN),. The existence of the two isomers
is based on infrared evidence (I35, 504). Preliminary Mdéssbauer data
show that all the Q.S. values are positive with values of ~0.6 mm/sec
(35). Sinece the nitrogens in K,Fe(phen)(CN), must certainly be cis-,
the predicted Q.S. ratios for the species trans-Fe(phen),(CN),, cis-
Fe(phen),(CN),, and K,Fe(phen)(CN), is 2: — 1:1. Clearly these pre-
predicted ratios are incompatible with the near equality in the sign and
magnitude of the observed quadrupole splittings. Even if it is assumed
that the cis and trans isomers of Fe(phen),(CN), are, in fact, the same
compound, it is still difficult to explain the data. Thus, if Fe(phen),-
(CN), is cis, the magnitude of the quadrupole splitting is as expected, but
the sign is anomalous, while a trans structure gives a correct prediction
of sign, but an anomalous magnitude. Analogous bipyridyl complexes
(76) show similar quadrupole splittings, although measurements of the
signs are not available. At present no clear explanation of these data is
apparent, although one possible cause might be distortions from a
regular geometry owing to the steric properties of the phenanthroline.
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A similar explanation has been used to rationalize the anomalous signs
for Sn!V complexes (439).

Finally, for strong w-accepting groups such as CO or NOt, we might
expect considerable variations in p.q.s. values, leading to marked
discrepancies between predicted and observed values (Table XLIV,
compounds 46, 48, 49). For example, taking the sign of the Q.S. of ¢is-
Fe(CO),X, compounds (X = Cl, Br, I) to be negative, the p.q.s. for CO
is —0.43 mm/sec. Using this value to predict the Q.S. for trans-[FeH(CO)-
(depe),]*BPh,~ (compound 48), we obtain —0.46 mm/sec which is not
in satisfactory agreement with the observed value. This compound
perhaps represents one of the most extreme cases, since the very low CO

TABLE XLVII

Q.8. VALUES FOR CARBONYL COMPOUNDS AT 80°K¢®

Compound No. Compound Q.8.
1 cis-Fe(CO)al2 0.31
2 ci8-Fe(CO)4Brg 0.31
3 cts-Fe(CO)4Cla 0.25
4 Fe(CO)3la(PPhoEt) 0.43
5 Fe(CO)ola(PPhoMe)a 0.39
6 Fe(CO)gBl‘g(PPthe)g 0.56
7 Fe(CO)ZClg(PPthe)z 0.60

@ From Ref. (39). Data given in mm/sec.

stretching frequency (45) indicates that the bonding properties (and,
thus, the p.q.s. value) of CO have changed markedly. To examine the
effect of a strong m-accepting ligand such as CO, the spectra of such
compounds as Fe(CO);X,P and Fe(CO),X,P, (X=Cl, Br, I; P=
PPh,Me, PPh,Et, P(OPh);, etc.) are now being recorded (39). The latter
compounds have five possible geometric isomers, some of which are
extremely difficult to distinguish by other spectroscopic methods, and
the p.q.s. treatment could be extremely useful. Results for a few com-
pounds are given in Table XLVII and the components of the EFG are
given in terms of p.f.g. values in Table IV. The two phosphine ligands
give identical values within experimental error. The structure of
Fe(CO)31,(PPh,Et) is taken as in Table I'V (structure 18), and a p.q.s.
for PPh,Et is calculated to be —0.51 mm/sec. Then the predicted Q.S.
values for structures 20 and 22 (Table IV} (both possible from CO IR)
for the iodide derivative (compound 5, Table XLVII) are —0.60 and
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—0.39 mm/sec, respectively. The Q.S. for compound 5 suggests then that
it has the all cis structure, while the Q.S. for compounds 6 and 7 suggest
that they have the frans-PPh,Me structure. However, the solution
NMR data for all three compounds suggests {rans-P configurations, and
the Q.8. for the two compounds are not different enough to be conclusive
about structural assignments, especially because we would expect the
p-g.s. of CO to vary somewhat. The few results given above certainly
indicate the potential power of the additivity model in predicting such
structures once we can be more confident about variations in p.q.s.
values for such ligands as CO.

b. Bonding Properties of Ligands. As we have mentioned previously,
three possible factors may contribute to the quadrupole splitting in
Fe!! compounds; inequalities in o or 7 bonding (¢ (.) and inequalities
in ligand charge (¢y,,). The gy, term will be expected to make a significant
contribution only for relatively ionic ligands such as the halogens. The
measured positive signs for the compounds trans-FeCl,(ArNC), (36)
and trans-FeCly(depe), (34) clearly show that the ¢, contribution is not
the dominant contribution to the EFG, and indicate that o-bonding
inequalities are more important than =-bonding inequalities. A domin-
ance of the o-bonding contribution may also be assumed for the species
FeX,B, [X =Cl, Br, I, B =depe/,, dmpe/,, depb/, (34)], Fe(niox),L,
(L = py, im, NH,, but, CN) (156), and PcFeL, (L. = im, but, pip, CN)
(156). However, the strong w-accepting characteristics of NO* and CO,
for example, are obviously important in determining the positive Q.S.
of Na,Fe(CN);NO - 2H,0, the probably positive Q.S. of Fe(niox),im - CO,
and the large differences in Q.S. between corresponding Fe(CO),X,
and Fe(ArNC), X, (X =Cl, Br, I) compounds (e.g., Table XLIV, com-
pounds 23, 30). For example, the much smaller Q.S. of the CO com-
pounds can be attributed to the better m-acceptor properties of CO
relative to ArNC (vide infra). In addition, the fairly small differences in
Q.S. between trans-FeCl,B, compounds (B = ArNC, depe, dmpe, etc.)
could be due to the differences in 7-accepting ability of the neutral lig-
ands. Similarly, a w-bonding interpretation has been suggested to explain
the Q.S. variation in PcFeL, (L = py, im, etc.) species (347). However,
as mentioned above, it seems more likely that o-bonding inequalities
play the dominant role in determining the Q.S. in these latter compounds.

The above discussion can be considered more quantitatively by
considering the p.q.s. values. It is apparent from Section II,C that the
p-q.8. values will become more negative as ¢,,, and oy, for a ligand in-
creases, but as 7, decreases (44), i.e.,

P-q-8. & [~y + (7, — or)] (47)
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Thus, considering the p.q.s. values in Table XLVI, it is apparent that
H-, the best o donor, gives the most negative p.q.s., whereas NO™, the
best 7 acceptor gives the most positive p.q.s. value. Comparing other
neutral ligands such as ArNC, CO, and phosphines, the p.q.s. values
indicate that = — o, increases in the order ArNC < phosphines < CO.
Thus, CO, a good = acceptor, gives a low p.q.s. value for a neutral
ligand. Combined with center shift data (vide infra), which gives a
measure of o, + 7, we can qualitatively separate the oy, and =, contri-
butions for a wide range of ligands.

To illustrate the above concepts, we now discuss the quadrupole
splitting trend in two series of compounds: the [Fe(CN);X"](3-m~
(Table XLIV, compounds 13-17) species and the trans-[FeHL(depe),]*-
BPh,~ compounds (Table XLIV, compounds 48, 50-54). The quadrupole
splittings for the [Fe(CN);X"~]¢3=™~ geries have been the subject of
much discussion (76, 160, 238). The order of center shifts, L = NH,
> H,0 > S0% > NO,” >CN~ > NO™ parallelled the expected m-bonding
ability of the ligands, and the magnitude of the Q.S. values observed
L=NO*>NO, > S0} > H,0 > NH, has also been attributed to the
differing m-acceptor abilities of the above ligands. The sign of the Q.S.
for Na,Fe(CN);NO-2H,0 has been shown to be positive (Table XLV),
as expected if NOT is a better 7 acceptor (and/or weaker o donor) than
CN~, and Oosterhius and Lang (432) have found that the magnitude of
the Q.S. is consistent with the calculated ¢,, orbital populations as ex-
pected by the w-bonding argument. However, for the other compounds,
the above order of C.S. indicated that CN~ is a better = acceptor than the
other ligands, and on a #-bonding argument, a negative Q.S. sign would
be expected. In contrast, positive signs have been observed for
Na;[Fe(CN);NH;3] and K4 Fe(CN);-H,0] (34), indicating.that the
greater o-donor ability of CN~ largely determines the Q.S. The Q.S. data
for this series of compounds strongly indicate that both o and 7 bonding
can be important in determining the magnitude and signs of the Q.S., as
was indicated previously when discussing the variations of p.q.s. values.
Further, although the present results indicate that o-bonding inequali-
ties are usually dominant, it is apparent that the sign of the Q.S. for a
series of compounds should be known before the results are interpreted.
For example, the observed Q.S. values in the series [Fe(CN)sMPhg]3~
(M =P, As, Sb) (Table XLIV, compounds 20-22) (239) may not be a
reflection of the decreasing w-bonding ability PPh, > AsPhg > SbPh,
(239). The Q.8. for all these compounds is most likely positive since the
p-q.8. values for phosphines are probably substantially less negative
than for CN~. A decrease in 7 bonding in the above order would give the
PPh; compound the most positive of the Q.S. values, in opposition to
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the observed values (taking the Q.S. values to be positive). More likely,
the trend in Q.S. could be attributed to a decrease in o-donor ability in
the order PPh; > AsPhy > SbPhj.

The cationic compounds trans-[FeHL(depe),]* BPh,~ (Table XLIV,
compounds 47, 48, 50-54) provide another interesting series from which
the bonding of N, can be compared with a large number of other neutral
ligands. The sign of the Q.8S. for L =p-MeO-CzH, -NC has been
determined to be negative (37), but unfortunately the sign of the Q.S.
for the N, compound could not be determined unambiguously because
of its small magnitude. However, it is reasonable to assume that all signs
are negative since the range of p.q.s. values observed for a large number
of neutral ligands (—0.40 to —0.70) (Table XLVI) gives an expected
range of Q.S. values for any trans-FeHL(depe)," species of —0.40 to
—1.00 mm/sec.

The N, complex has the most positive Q.S. indicating that it is the
best 7 —ay, ligand, although in contrast, the center shift data (vide infra)
indicate that it is one of the poorest oy + m, ligands; = acceptance
relative to o donation is more important in N, than in the other ligands.
As discussed in more detail in the next section, these data suggest that
N, is a moderate 7 acceptor, but a weak o donor.

The compounds Fe(DMG),L, where L is pyridine or a methyl-
substituted pyridine (Table XLIC, compounds 55-58) show variations
in both center shift and quadrupole splitting (3, 236), which have been
discussed in terms of a quantitative molecular orbital description.
Quantitative predictions (11, 12) of the electronic structure of these
compounds have also been reported, and reasonable agreement between
observed and calculated quadrupole splittings obtained. Goldanskii
et al. (1) have considered the relative quadrupole splittings of the species
[Fe(DTOH,),]Cl,, Fe(DTOH),, and Fe(DTOMe),, where DTOH, is
diacetylthiosemicarbazonoxime and DTOH and DTOMe are ionic
derivatives formed by removal of a proton from the oximide (=NOH)
or thiosemicarbazene (=N-NH-CS-NH,) group, respectively. A simple
molecular orbital description (2) was used to rationalize the quadrupole
splittings, but this is of doubtful validity as a dominant contribution
from the diffuse 4p, electrons was assumed.

2. Center Shifts

Variations of both the o- and =-bonding abilities of the ligands will be
expected to affect the center shifts of low-spin Fell compounds (44, 76,
142, 156, 238). An increase in the o-donating power will result in an
increased population of iron d%sp® hybrids and, as the center shift is
more sensitive to 4s augmentation than 3d or 4p augmentation, a net
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decrease in center shift will result. Greater w-acceptor power of the
ligand will produce a greater delocalization of the £,, electrons, with a
consequent reduction in the shielding of the s electrons and this will also
lead to a decrease in center shift.

The first observation (76, 142, 238) of a systematic variation of
center shift was for the ions [Fe(CN);X"~]¢3~#~ (Table XLVIII, com-
pounds 15, 17-20, 56), for which it was observed initially (142)* that the
center shift order NH; > H,0 > SO%~ > NO,~ > CN~ > NO™ inversely
parallels the m-accepting abilities of these ligands. Other indications of a
dependence of center shift on ligand-iron bonds were found (156), for
the compounds Fe(niox),L, and FePcL, (Table XLVIII, compounds
26-32, 66-70), and generally the center shift decreased with increasing
o-donor ability of the ligands. In contrast, ring substituents in the
compound Fe(L)4%* (L = 1, 10-phenanthroline or dipyridyl) have only
a small effect upon the isomer shift (134, 209).

a. Derivation of p.c.s. Values. A comprehensive survey of center
shifts for Fe!! low-spin compounds has been reported by Bancroft ef al.
(44), and much of the data in this paper, as well as other Fe!! center shifts,
are given in Table XLVIII. These values are all relative to nitroprusside.
It was postulated (44) that the observed center shifts could be represen-
ted as an algebraic sum of contributions from each ligand. The contribu-
tion of each ligand to the center shift (C.S.) was termed the partial

center shift (p.c.s.). Relative to nitroprusside, we obtain the equation:
6
CS8. =3 (p.cs) +0.16 (48)

i=1

The use of p.c.s. values involves certain assumptions similar to those
used for the quadrupole splitting additivity model. The center shifts
must not be sensitive to small distortions in geometry, and variations in
center shift must be chiefly dependent on variations in isomer shift,
i.e., the 8.0.D. shift must remain relatively constant (319). There is some
evidence for this last assumption in the observation of an almost constant
temperature dependence of center shift. It is also necessary to assume
that the p.c.s. of a particular ligand is not dependent on the other
ligands, i.e., that p.c.s. values are additive.

Center shifts relative to stainless steel at 295°K were used in the
calculation of p.c.s. values assuming that the p.c.s. value of ArNC is
zero (44); p.c.s. values for thirty-nine ligands (Table XLIX) are derived
(from frans-FeA,B, compounds where possible), and these p.c.s. values
are used to predict the C.S. values for 46 other compounds. Except for

* Examination of the more recent data in Table XL VIII shows that the order
is slightly different.
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ten of these compounds, agreement between predicted and observed
values is excellent (within +0.05 mm/sec), and the data lend credence to
an additivity model for the C.S. However, the significantly smaller C.S.
of cis-FeCl,{ArNC), compared to trans-FeCl,(ArNC),, indicates that the
p.c.s. values of m-acceptor ligands such as ArNC do vary from compound
to compound. The above discrepancy may be attributed to the increased
m-acceptor properties of ArNC when it is trans to a chloride, as opposed
to another ArNC ligand. More serious m-bonding discrepancies will be
noted shortly. Variations in p.c.s. values of o-bonding ligands from
compound to compound seem to be small as illustrated by the good
agreement of the calculated and observed center shifts for trans-FeHCl-
(depe), (Table XLVIII, compound 45).

The availability of p.c.s. data allowed a more careful study of the
relationship between center shift and bonding properties of the ligands
first observed for the Fe(CN);X derivatives (76, 142, 238). As stated
earlier, an increase in both the o- donor and =- acceptor abilities of the
ligands will be expected to produce a decrease in the p.c.s. values. In
agreement with this expectation, the most positive p.c.s. values (I,
Br—, and Cl™) are associated with the most ionic ligands, while H™ (very
strong o donor) and NO* (very strong = acceptor) have the most negative
values. In fact, using the partial ligand field strengths of the ligands (5)
calculated from the optical spectra of Co! compounds (524), a good
general correlation was observed between p.c.s. value and the ranking
of the ligand in the spectrochemical series (44). Although an exact
relationship is not expected, the correlation demonstrates that p.c.s.
values give a good guide to relative & values. For example, the p.c.s.
of H~ provides strong evidence that H™ occupies a position close to CN~

TABLE XLVIII

CENTER SHIFT VALUES FOR Fell Low-SpiN COMPOUNDS%

Center shift
Code No. Compound Obs. Pred. Ref.
1 trans-FeClg(ArNC)4 +0.36 — (44)
2 trans-Fe(SnClg)a(ArNC), +0.24 — (44)
3 trans-FeCla(depe)s +0.59 — (44)
4 trans-FeBrz(depe)s +0.66 — (44)
5 trans-Fela(depe)s +0.65 — (44)
6 trans-FeCla(depb)sa +0.59 — (44)
7 trans-FeHqa(depb)s +0.23 — (44)

continued
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TABLE XLVIII—continued

CeENTER SHIFT VALUES FOR Fell Low-SpiN CoMPOUNDS2

Center shift
Code No. Compound Obs. Pred. Ref.

8 trans-FeCla(dmpe)a +0.54 — (44)
9 ¢i8-Fe(CO)4Cly +0.24 — (39
10 trans-Fe(Ns)z(depe)s +0.56 — (44)
11 trans-Fe(NCO)z(depe)a +0.51 — (44)
12 trans-Fe(NCS)a(depe)s +0.49 — (44
13 (Fe(MeNC)gl(HSO4) +0.14 —  (89)
14 [Fe(EtNC)g](Cl04)2 +0.16 —  (59)
15 K Fe(CN)g +0.21 —  (215)
16 [Fe(PhCHyNC)g](ClO4)2 +0.12 —  (58)
17 Nay[Fe(CN)sNO]- 2H0 0.00 —  (238)
18 Nay[Fe(CN)5;NOg] +0.26 —  (238)
19 Nas[Fe(CN)5S0a] +0.22 —  (238)
20 Na3z[Fe(CN)sH0] +0.31 —  (142)
21 [Fe(bipy)sl(ClO4)e +0.52 —  (215)
22 [Fe(phen)3](ClO4)2 +0.58 —  (215)
23 Nag[Fe(CN};P(CgHs)s) +0.23 —  (239)
24 Naa[Fe(CN)sAs(CeHj)s] +0.29 —  (239)
25 Nas[Fe(CN)sSb(CeHs)sl +0.26 —  (239)
26 Fe(niox)s(NHjs)s +0.46 —  (156)
27 Fe(niox)a(py)a +0.46 — (156}
28 Ka[Fe(noix)a(CN)s] +0.34 —  (156)
29>  PcFe(py)z +0.51 —  (156)
30 Fe(niox)s(im)s +0.49 —  (156)
31 Fe(niox)a(but)s +0.47 —  (156)
32 PcFe(pip)2 +0.51 —  (156)
33 Fe(NCS)z(qp) +0.47 —  (237)
34 [Fe(pyim)s]Xs +0.62 —  (19%)
35 [Fe(tripyam)2](ClO4)2 +0.63 —  (406)
36¢  Fe(phen-derivatives)s(X): +0.62-+0.56 — (134, 209, 236)
370 Fe(DMG)a(py)e +0.39 — (3, 236)
38 Ky[Fe(CNBF3)s] +0.15 —  (312)
39 Feo(CNH)4(CN)a +0.16 —  (312)
40 cis-FeCla(ArNC)y +0.28 +0.36 (44)
41 cte-Fo(SnClg)a(ArNC)y +0.27 +0.24 (44)
42 cis-FeClSnCl3(ArNC), +0.23 +0.30 (44)
43 [FeCl{ArNC)5]ClO4 +0.22 +0.26 (44)
44 [Fe(SnClg)(ArNC)s]Cl04 +0.18 +0.20 (44)
45 trans-FeHCl(depe)2 +0.39 +0.42 (44)
46 trans-FeHI(depe)2 +0.39 +0.45 (44)
47 trans-FeCl(SnClg)(depe)s +0.55 +0.54 (44)
48 trans-FeBra(depb)s +0.61 +0.66 (44)
49 trans-Fe(CN)a(MeNC), +0.16 +0.18 (55)
50 cis-Fe(CN)a(MeNC), +0.16 +0.18 (55)
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Center shift

Code No. Compound Obs. Pred. Ref.
61 trans-Fe(CN)a(EtNC)4 +0.21 +0.18 (55)
52 ¢18-Fe(CN)2(EtNC)4 +0.21 +0.18 (55)
53 [Fe(CN)(EtNC)5]Cl0,4 +0.20 +0.17 (55)
54 trans-Fe(CN)2(PhCH:NC), +0.15 +0.14 (55)
55 [Fe(CN)(PhCH,NC)5]C104 +0.14 +0.12 (55)
56 Nas[Fe(CN)sNH3]JH20 +0.26 +0.28 (238)
57 Fe(phen)s(NOz)s +0.53 +0.54 (372)
58 K;3[CaFe(NO2)s] +0.565 +0.46 (501)
59 [Fe(bipy)2z(NCS)pyINCS +0.61 +0.52 (372)
60 Kj3[Fe(CN)5CO] +0.15 +0.18 (215)
61 Ka[Fe(bipy)(CN)a] +0.32 +0.32 (215)
62 K;[Fe(phen)}{(CN)4] +0.33 +0.34 (215)
63 ¢i8-Fe(bipy)z(CN)s +0.43 +0.42 (215)
64 cis-Fe(phen)s(CN)q +0.42 +0.46 (215)
65 trans-Fe(phen)a(CN)s +0.48 +0.46 (215)
66 K;[PcFe(CN)3] +0.37 +0.38 (156)
67 KFe[(niox)2Im-CN] +0.34 +0.41 (156)
68 Fe(niox)sIm-CO +0.26 +0.37 (156)
69 PcFe(Im)s +0.47 +0.52 (156)
70 PcFe(but)a +0.52 +0.50 (156)
71 Fe(CN)z2(qp) +0.31 +0.36 (237)
72 Fe(CNH)4(CNBF3)s +0.14 +0.16 (312)
73 trans-Fe(CNMe)4(CNBF3)2 +0.18 +0.16 (312)
74 trans-Fe(CNEt)4(CNBF3)2 +0.16 +0.18 (312)
75 [FeH(ArNC)(depe)2]*BPhy- +0.19 +0.32 (45)
76 [FeH(CO)(depe)2}*BPhy +0.12 +0.29 (45)
77 cis-FeHy(CO)4 +0.01 —0.12 (44)
78 [Fe(DTOH?2)2]Cl2 +0.50 — (1, 236)
79 [Fe(DTOH):] +0.30 — (1, 236)
80 [Fe(DTOCH 3)2) +0.53 — (1, 236)
81 [FeHP(OMe)s(depe)a]*BPhy- +0.25 —  (45)
82 [FeHP(OPh)z(depe)2]*BPhy~ +0.26 —  (45)
83 [FeH(PhCN)(depe)s]*BPhy~ +0.33 —  (45)
84 [FeH(MeCN)(depe)z]*BPhy~ +0.35 —  (45)
85 [FeHNg(depe)2]*BPhy~ +0.32 —  (45)

¢ Data given in mm/sec at room temperature relative to sodium nitroprusside.
This table is largely taken from Table 5, Ref. (44). All C.S. values have been con-
verted from stainless steel to nitroprusside.C.8. = 0.16 + Zi(p.c.s.)i.
b C.8. values for analogous compounds with py replaced by other N bases give
very similar C.S. values (3, 236, 347).
¢ Many substituted phenanthroline compounds with different X groups have
been run with very similar results (135, 209, 236).
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in the spectrochemical series, and not a position between H,0 and NH;,
as previously suggested (434, 537). The relationship between p.c.s. and
8 also suggests (44) that there may be a limiting value of C.S. for low-
spin Fel! compounds (~0.5 relative to stainless steel; ~0.7 relative to
nitroprusside), above which there is a transition from low-spin to high-
spin Fe!l,

As with the p.q.s. treatment, there are situations where the p.c.s.
values may vary widely, thus leading to large discrepancies between
observed and predicted values. For strong w-accepting ligands such as

TABLE XLIX

PARTIAL CENTER SHIFT VALUES FOR Fell Low-SPiN COMPOUNDS?

NO+ = -0.20 SnClsg~ = 0.04 py = 0.07
H-=-0.08 gp/a = 0.05 NH;s = 0.07
CO = -0.03 niox/s = 0.04 but = 0.07
PhCH,NC = —0.01 SbPhs = 0.05 AsPhy = 0.08
CNBF;3= 0.00 NO;z~ = 0.05 pip = 0.08
CNH = 0.00 Pc/y = 0.05 pyim/s = 0.08
ArNC = 0.00 dmpe/s = 0.05 tripyam/s = 0.08
MeNC = 0.00 NCS- = 0.05 Im =0.08
EtNC = 0.00 NCO-=0.06 N3~ =0.08
CN-=0.01 depe/z = 0.06 H,0 =0.10
S032-=0.01 depb/z = 0.06 Cl-=0.10
P(CeHjp)s = 0.02 bipy/2 = 0.06 Br-=0.13
DMG/g = 0.03 phen/s = 0.07 I-=0.13

@ Data given in mm/sec. Most of these values are taken from Ref. (44).

CO, it has become apparent that the C.S. values are not additive. For
example, consider [FeHCO(depe),]* (Table XLVIII, compound 786).
Although a trans-CO compound was not available to derive (p.c.s.)qq
initially, the predicted C.S. value using the p.c.s. in Table XLIX is
0.29 mm/sec, while the observed value is 0.12 mm/sec. Similarly, for
compounds such as Fe(CO),X,P, and Fe(CO),X,P (X =Cl, Br, I;
P = PPh,Me, etc.) (39), the C.S. values are not additive. The CO group
tends to “draw off’’ any excess charge on the Fe atom, and this effect,
of course, results in a lowering of the CO stretching frequency.

In anionic compounds, there is also some evidence that the cation has
an effect on the C.S. For example, a series of M,Fe!l(CN), and
M,Fel'(CN);NO (M = H, Li, Na, K, etc.) complexes (255, £04) shows a
systematic trend in C.S. This trend has been attributed to a change in
S.0.D. shift (404), although the changing polarizing power of the cation
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may also be a factor. A small difference in C.S. has also been observed
between K Fe(CN)g+3H,0 and H ,Fe(CN)q (500).

Despite these discrepancies, it appears that for the majority of six-
coordinate Fel low-spin compounds which do not contain strong =
acceptors such as CO or NO*, the p.c.s. treatment should provide a
reasonably accurate guide to C.S. values. For series of compounds such
as the trans-[FeHL(depe),]*BPh,~ series, where some of the L are
m acceptors, it is probably more informative to discuss variations in
C.S. from compound to compound rather than derive p.c.s. for ligands.

b. Bonding Properties from C.S. and Q.S. Data. As discussed pre-
viously, p.c.s. values decrease with increasing ¢ bonding and = back-
bonding, while the p.q.s. values become more positive with increasing
 back-bonding, but more negative with increasing ¢, Thus (44),

p.c.s. = k(op + 7L) (49)
P-q-8. = Qi + () — o) (50)

These two equations provide a very useful method for at least quali-
tatively characterizing both the o-donor and m-acceptor properties of
ligands. As expected from the above equations, H™ and NO*, the best
g-donor and w-acceptor ligands, respectively, give the most negative
p.c.s. values of all ligands (Table XL.IX), but have the most negative and
positive p.q.s. values, respectively (Table XLLVI). Considering some of the
neutral ligands, the p.c.s. values show that o + 7 increases in the order
H,0 < NH; < depe/, ~ depb/, < dmpe/, < ArNC < CO, whereas the
p-q.8. values show that m—o increases in the order RNC < dmpe/, <
depe/, < depb/, < NH; < H,0 ~ CO (Fig. 15). For the first five ligands,
the o-donor properties probably dominate both the p.c.s. and p.q.s.
values, and a correlation of p.c.s. vs. p.q.8. is observed (Fig. 15). However,
RNC and CO (and NO™) lie to the left of the line, because the 7-acceptor
properties are becoming more important in the order RNC < CO < NO™.
In the extreme case where the w-acceptor ability dominates both the
p.c.s. and p.q.s. values, a line of opposite slope to that observed for
the “o-bonding’’ ligands would be observed.

For charged ligands, it is more difficult to evaluate o and = because
of possible ¢y, effects.

Similarly, for the trans-[FeHL(depe),]"BPh,~ series of compounds,
a plot of C.S. vs. Q.S. (Fig. 15) gives a reasonable correlation for all
ligands but CO and N,. The slope of the line indicates that, except for CO
and N, the o-donor properties are dominant in determining both the
C.8. and Q.8. The C.8. data indicate that o + 7 increases in the order:
MeCN < PhCN < N, < P(OPh)3 < P(OMe); < Me,CNC < p-MeO-CgH -
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Fia. 15. Plots of (a) C.8. vs. Q.8. for [FeHL(depe)s] BPhy compounds (de-
noted @); (b) p.q.s., v8. p.q.s8. for a number of neutral ligands (Tables XLIV, XLVI,
XLVIII, and XLIX) (denoted x).

NC < CO, while 7—o (from the Q.S.) increases in the order p-MeO-
CeH, NC < Me,CNC < CO < P(OMe)y < P(OPh); < PhCn < MeCN <N,
The correlation for all ligands but CO and N, again indicates that N, is a
very poor (relatively) o donor and a moderate 7 acceptor, whereas CO
is a good = acceptor and moderately good o donor (37).

C. Rul!! axp Ir'! CompPoUNDS

It would seem likely that the p.c.s. and/or p.q.s. treatments might be
applicable to other analogous ¢,,° systems such as Co'!, Ru'l, and Ir''.
Although Co does not have a Méssbauer nuclide, NQR data on Co'!
compounds can be compared with Mossbauer data for Fe!! low-spin
compounds discussed previously to obtain the sign of the Q.S. for
Co!'T compounds (22). The sign of the Co Q.S. cannot be obtained from
NQR. Using the p.q.s. values derived from Fe!! low-spin compounds,
the expected Q.S. for a Co'!! species such as [Co(NHj3),Cl,]" is given by

e2 Q Q
¢ Zsacoco pe00) (51)

(€2q@)co cpa =
o e2QSd(Fe)QFe
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assuming that the bonding in the analogous Co and Fe compounds is the
same. For example, the expected Q.S. for a low-spin trans-Fe(NH,),Cl,
species is 0.84 mm/sec, and the Q.S. for trans-[Co(NH,),Cl,]* should also
be positive, instead of negative as calculated previously (517). Q.S.
values for Fe compounds should be about one-third that of the Co

TABLE L

M6ssBAUER PARAMETERS FOR Rull CoMPOUNDS AT 4.2°K¢

Code No.? Compound C.8.c Q.S. Ref.
1 Ru(NHjs)Cls —0.82 — (470, 472)
2 [Ru(NHgz)sCH3CN](Cl04)2 —0.71 — (472)
3 [Ru(NH3z)sN3]Cl —0.62 0.20 (472)
4 [Ru(NHj3)sN3]X 2 —0.81 0.26 (470)
5 [Ru(NH3)5802]Cla —0.61 0.30 (472)
6 [Ru(NH3)5CO]Br; —0.54 — (472)
7 [Ru(NH3)sNO]Clz-nH20 -0.18 0.36 (294, 470, 472)
8 [Ru(NHj3)4(802)CI]C1 —0.50 0.56 (470)
9 [Ru(NHj3)4(NO)(OH)]1X ¢ —0.16 0.27 (470)
10 K4[Ru(CN)g] —0.24 — (129, 362)
11 Ky[Ru(CN)sNO]- 2H 0 —0.08 0.42 (129, 294, 470)
12 K4[Ru(CN)5NO;] -0.37 0.28 (129, 470)
13 M;[RuCls(NO))4 —-0.37 0.21 (294, 470)
14 Css[RuBrs(NO)] —0.47 0.08 (294)
15 Rbz[Ru(NCS)5(NO)] —0.30 0.24 (294)

@ Data given in mm/sec. C.S. and Q.S. values quoted are averages of available
data.

 Code number will be preceded by table number in text.

¢ Relative to Ru metal at 4.2°K.

4X =Cl, Brand/or I;M = K, Rb.

compounds (mainly due to Q¢, ~ 0.4 barns, and @, ~ 0.2 barns), and it
should be possible to use the above equation to calculate approximate
e’q@Q values for either Fe or Co compounds, if the e%qQ value for the
corresponding Co or Fe compound is known, or can be predicted from
the p.q.s. values in Table XLVI (22).

For Ru' and Ir™, the bonding characteristics of ligands cannot be
assumed identical in the analogous Ru!!, Ir' and Fe!! compounds,
but it should still be possible to use the relative p.q.s. values in Table
XLVI to predict the signs and relative magnitudes of Q.S. values in
Ru'! and Ir'™ compounds containing the ligands in Table XLVI.
Recent data for Ru'' compounds (Table L) provides an excellent
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framework to discuss the possibilities of this idea. It should be recog-
nized, however, that the Ru!! quadrupole splittings are rather small and
have relatively large errors.

For example, the averaged Q.S. values for K,[Ru(CN);NO]-2H,0
(129,294, 470) and K, [Ru(CN);NO,] (129, 470) are 0.42and 0.28 mm /sec,
respectively, while the corresponding Fe compounds have quadrupole
splittings of +1.72 and 0.85 mm/sec (most likely positive), respectively.
The ratios of the splittings are similar, and it would seem most likely that
the signs of the Ru Q.S. values are positive. From the Fe!l p.q.s. values
for NO*, Br~, Cl~, NCS~, and CN~ (Table XLVI), we would predict that

TABLE LI

Q.S. VALUES FOR
XYIrHICHCO)(PPhs)s COMPOUNDS?

X Y Q.8.b
H H 4.76
H Cl 1.44
Cl Cl 3.10

¢ From Ref. (562).
b Data given in mm/sec.

the signs of the Q.S. in the series [Ru(X)NO]?>~ (X = Br~, Cl-, NCS,
CN~) (Table L, compounds 11, 13-15) are positive, and that the mag-
nitudes would vary in the observed order X = CN~ > NCS~ > ClI” > Br~.
Similarly, with the ammonia derivatives (Table L, compounds 1-9), we
would expect a large positive Q.S. for [Ru(NH;);NO]**, and a very small
positive Q.S. for [Ru{NH,;],CO]%*, because of the very similar p.q.s.
values for NH4 and CO (Table XLVI). In addition, it seems likely that
the sign of the Q.S. in [Ru(NH,);N,]Cl, is positive, since N, should have
a more positive p.q.s. than NHy from the Fe!! low-spin work. This
positive sign would be expected since N is likely a poorer ¢ donor and a
better 7 acceptor than NH,.

Q.S. values reported recently for Ir'!! compounds (Table LI) (562)
should obey the additivity model reasonably well, and from the Fe'!
p.q.s. values (Table XLVI), it would seem possible that the H,H and
CLCl derivatives have negative and positive V,,, respectively, with the
H,Cl derivative probably having a negative V,, (assuming trans X and
Y groups).
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Little systematic C.S. work on series of Ru and Ir compounds has
yet been carried out, but recent interesting Ru Mossbauer studies indi-
cate that the order of C.S. values is similar to that expected from the Fe!l
low-spin work. The C.S. values for the series [Ru(NHj;);X] (Table L,
compounds 1-7) decrease in the order NO* > CO > 80, > N, > CH;CN
> NH;, Although attributed to a decrease in 7-acceptor properties of X
(470, 472, 473), the above order probably reflects a decrease in (o + )
of these ligands. Thus, as concluded from the [Fe!'HL(depe),]*BPh,
series, N is a poorer (o + =) ligand than CO, but slightly better than
nitriles. Combined with the Q.S. data, N, appears to be a better = accep-
tor, but poorer ¢ donor than nitriles. This result is also consistent with
that deduced from the Fe!! low-spin data (37). As with the Fe!! low-spin
compounds, there is a correlation of the C.S. values for the [RuX ;NO]*~
compounds (Table L, compounds 11, 13-15) with the spectrochemical
ranking of the X ligands (294).

D. IopiNE COMPOUNDS

1. General Principles

Maissbauer spectra of iodine compounds may be obtained by utilizing
either the 57.6 keV 1 + —& + transition of 27T or the 27.7 keV & + —
2 1 transition of 2°I. Unfortunately, both isotopes present problems. In
the case of 271, the resolution of the spectra is often poor, and detailed
computer analysis is needed to extract meaningful parameters; although
the resolution of 12°T spectra is excellent, the necessity of synthesizing
all absorbers from active '*°1 presents a formidable experimental
inconvenience. The majority of work published so far deals with 2°1
spectra, although considerable effort has also been given to 127I. For both
isotopes the spins of the ground and excited states allow the determina-
tion of the sign and magnitude of e?g@), as well as n and the center shift.
The values of e?¢@) and 7 are, of course, complimentary to values available
from 271 NQR spectroscopy, but the extra parameters (i.e., the center
shift and the sign of e%¢@) available from Mdssbauer spectra often enable
a more meaningful analysis of the data.

In this section we will discuss the general principles used in the
interpretation of the iodine Mgssbauer spectra and in the following
section we will survey the experimental data.

The quadrupole coupling parameter e%gQ) and 7 are usually analyzed
using the Townes-Dailey theory (163, 540) developed for the inter-
pretation of NQR spectra. The basic assumption of this theory is that
the major contributions of the EFG arise from an aspherical distribution
of the electronic charge of the valence shell. Neglecting contributions
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from 5d electrons and cross-terms, ¢ for an iodine atom is given by Eq.
(9), and %@ is given by:

e’qQ = e*QK, [-N,, + }(N,, + Ny, )] (52)

where ¢ is the quadrupole moment of '2°T and is negative. The term
N,, + $(N,, + N,,)] is often referred to as U, and, hence,

e%qQ = e*QK, U, (53)
The asymmetry parameter is given by the expression

1 =5Np — Ny,)-U, (54)

For an iodine atom with a single I-A bond, e%gQ) may be related to
bonding parameters. Thus, the I-A bond can be described by a molecular
orbital (i) formed by a linear combination of atomic orbitals of I(¢;)
and A(¢,). This molecular orbital may be written

()l' — aqSI + quA
(a® + b2 + 2abS)/2

(55)

where S = [¢; 5 8I". The parameters a and b determine the relative im-
portance of ¢; and ¢, in the molecular orbital and are often expressed
in terms of the ionic character I.

1 —b%a®> a%— b2

I=1-+-b2/a2=a2—+—b2

(56)

Thus, if @ =b =1, the bond is completely covalent, whereas if a = 0,
I =—1 and the bond is completely ionic in the sense ITA~. For b =0,
the bond is ionic in the sense I"A*.

The atomic orbital of ¢; may be written as a linear combination of the
58, bp,, and 5d,. orbitals.

$r=(1—s2—d?) 2 ¢, + sd, + dy,s (57)

while the involvement of 5s electrons in ¢; means that the 5s lone pair
will be contained in an orbital of type

$o=(1— 82, + s, (58)
The population of gbl is given to a first approximation [i.e., neglecting
2abS (292)] by 2a?/(a® + b2) and, hence, N, may be written as

9 2
N a

" =m(l — 82— d?) + 262 (59)
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From the definition of I (Eq. 56),

2a>
and, hence,
N, =1+1+s>—d*—I(s*+d? (61)
The term I(s® + d?) is normally neglected and, hence,
N, =1+1+s*—d* (62)

In the absence of = bonding, N, and N, will be equal to 2, but if
7 bonding removes 7 electrons from the p, and p, orbitals, then

N,=N, =2—= (63)

Substitution from Egs. (62) and (63) into Eq. (52) yields

62

%%:1—1—11—3%(12 (64)
From Eq. (64) the relationship of e2¢@Q to the iodine bonding may be
assessed. Thus, e%¢Q will have a maximum negative value (¢ = +ve)
for an I jon (a* =0, I = —1) and a minimum value for an I~ ion (b% = 0,
I=1). In the case of I, (a®=b2% I=0), V;, will be equal to
K,(1 —s®*+d? and, hence, in the limiting case of pure p bonding
with 7 = 0, e?yQ will be equal to e*QK,. The quantity e’QK, has been
found to be equal to —2293 Mcfsec (354) and this value allows
1 —I —m—s®+d?(U,) to be expressed in number of electrons.

The type of argument outlined above may be extended to more
complex iodine bonding and these situations will be discussed as they
arise.

The center shifts of iodine compounds will depend directly on the
number of 5s electrons and indirectly (via shielding effects) on the
number of 5p electrons. If A, and k, are the magnitudes of the s and p
electron holes in the closed I~ valence shell, then the center shift with
respect to an arbitrary source may be written (310, 452)

C8. = K[-h, + y(hp +h)(2 — k)] + S (65)

where the term %, represents the direct contribution from the loss of 5s
electrons and the second term in the square brackets represents the
increased s density at the nucleus resulting from the change in 4, and &,.
S is the center shift of the source from I~ and the constant K will depend
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on the value of 4R/R. Assuming h, < 1 and, hence, neglecting terms in
k% and kb, Eq. (65) reduces to

CS.=A4h,+ Bh, +C (66)

where 4 = K — 2Ky and B = 2Ky,

For compounds in which the iodine atoms have single or two colinear
bonds, a relationship between center shift and e2gQ may be derived (203).
Thus, neglecting 7 bonding,

hp=6-(Np:+N,,x+pr)=]U,,|=2—N,,' (67)
and as
Np=(1+s—-d*+1) [Eq.(62)]
hy—(1—s+d*—1) (68)
If the effect of d-orbital participation is also neglected, expressions for

h, and h, may be derived from the orbitals ¢; [Eq. (57)] and ¢, [Eq. (58)]
which will have populations of 2a% and 2 electrons, respectively. Thus,

b, =2 — 2a%(1 — s%) — 25% = s%(2a% — 2) + 2 — 2a* (69)
and
hy=2—2a%s% — 2(1 — §%) = (2 — 2a%) (70)
and, hence,
hy -+ hy = 2 — 202 (11)
and

h, 8%(2 —2a%

hy+hy,  (2—2a%)

(72)

The equations derived above allow, at least in principle, the deter-
mination of the parameters k,, h,, s, and I from a combination of quad-
rupole coupling and center shift data and, thus, provide a framework
for the discussion of the iodine Méssbauer spectra.

2. Experimental Data

The majority of the available 2T and '%°1 Méssbauer data are sum-
marized in Table LII. All values of e%¢@) have been expressed relative to
the quadrupole moment of 271, and values of U, have been calculated
assuming e?QK, = —2293 Mc/sec. Also included in Table LII are some
NQR data; in general, the agreement with the Mossbauer results is
excellent, especially as the Mossbauer and NQR measurements are
often taken at different temperatures.

One of the most important tasks in the interpretation of the data in
Table LII is the calibration of the center shifts in terms of k, and A,.
This was first attempted by Hafemeister et al. (310) for '*°I using the
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data for the alkali iodides (Table LII, compounds 1-5). Independent
estimates of A, for these species are available from NMR (6&) and
dynamic quadrupole coupling (408) measurements, and the variations
of h, reflect those of the center shifts. From these data, Hafemeister
et al. (310) concluded that AR/R for '2°1 is 3 x 1075, Pasternak et al.
(443), assuming pure p bonding, took the center shifts of crystalline
I, (Table LII, compound 9) to represent , = 1. Combination of the data
for I, with those of the alkali iodides, gives the equation

C.8.(ZnTe)'?° = 0.136 h, — 0.054 (cm/sec) (73)

More recent measurements (89) of frozen solutions of iodine in hexane,
carbon tetrachloride, and argon (Table LII, compounds 10-12) have
shown increased center shifts compared with crystalline iodine. This
increase in center shift is probably due to intermolecular association in
the solid and, hence, the frozen solution data provide a better guide to
the center shift for 4, = 1. Interpretation of frozen solution data modifies
Eq. (73) to give

C.S.(ZnTe)'2 = 0.15 h, — 0.054 (cm/sec) (7%)

The effect of variations in &, has been assessed (445) by consideration
of the center shifts of the ions 1057, 10,7, and 10Q4% (Table LII, com-
pounds 21-29). The iodine atoms in the ions I0,” and 104°~ have a
formal oxidation of VII and are situated in regular tetrahedral and
octahedral environments. In contrast, 104~ contains an IV atom
situated on top of a pyramid with an O-I-O angle close to 90°. Assuming
pure p bonding in I0;~, Pasternak and Sonnino (445) deduced from
Eq. (73) that k, = 1.54, which can be interpreted in terms of the removal
of 0.51 electrons from the I~ configuration per I-O bond. The value of 4
in Eq. (66) was then deduced from the center shifts of 10,” and 104~
assuming that s*=1} and }, respectively, and that each I-O bond

withdraws 0.51 electrons. A mean value of 4 = —0.82 was obtained and
Eq. (74) may-be extended to give
C.S.(ZnTe)'2° = —0.92h, + 0.15h, — 0.054 (cm /sec) (75)

where the original formula of Pasternak and Sonnino (445) has been
modified as suggested by Bukshpan et al. (89). Equation (75) shows that
the effect on the center shift of removing an s electron is of opposite sign
and six times as large as that of removing a p electron.

The first calibration of the center shift scale for 12’ was by Perlow
and Perlow (452). These authors, assuming pure p bonding in the
interhalogen compounds, used the quadrupole coupling data of HI,
ICl, KICl, H,0, and KICl,-H,O (Table LII, compounds 13, 14, 18, 20)
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TABLE LI

Mossbauer data NQR data

Code No.s Compound? Isotope C8.c e2qQe 7 U »° Ref./  e2qQ2¢ 7 Ref.9

1 Lil 129 —0.382 — — — (310) — — —

2 Nal 129 —0.46~ — — — (310) — — —

127 +0.14¢ — — — 452) — — —

3 KI 129 —0.51» — — — (310) — — —

127 +0.14¢ — — — 452) — — —

4 RbI 129 —0.43h — — — (310) — — —

5 CsI 129  —0.37 — — — 3100 — — —

127 +0.12¢ — — — (452) — — —

6 Agl 129 —0.22% — — — 419y  — — —

7 Cul 129  —0.38% — — — 153  — — —

8  HI(aq.) 127 +0.16¢ — — — 452  — — —
9 I, 127 —0.58¢ —2238¢ 0.12 0.98 (452) 2153k 0.15% (173)

129 +0.838 —2156% 0.16 0.94 (445) — — —

10 I»/hexane 129 +0.98! —2263! — 0.99 (39) — — —

11 I5/CCla 129 +0.91¢ —22731 — 0.99 (89) — — —

12 Is/argon 129 +0.93m  _2931m — 0.97 (89) — — —
13 HI(anhydrous) 127 —0.62%.4 —1640¢ — 0.72 (452) —18317 — (144)
14 IC1 127 —0.62¢ —2868t — 1.25 (4562) 3008¢ 0.020 (371)
129 +1.73% —3131» 0.06 1.36 (445) —3046» 0.03% (871)

15 IBr 129 +1.23h —2892h 0.06 1.26 (445) — — —_
16 ICN 129 +1.197  —26407 — 1.15 (446) —2549% — (105)
17 I.Clg 129 +3.504 +3060% 0.06 —1.33 (445)  3035* 0.08%  (571)
18 KICl4-H,O 127 —1.39¢ +3094¢ — —1.35 (4562) 30597 — (671)

19 ICl4Brsr 129 +3.48 +30402 0.06 —1.33 (445) — — —

+2.82 +2916%  0.06  —1.27  (445)  — — —

261
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20
21
22
23
24
25
26
27

28
29

31
32

34

35
36

37
as
39
40
41
42
43

44

KICl;-H,0
KIO3
NH410;3
Ba(I03)2
N&IO3
NalO3-H20
NazMn(IO;;)s
KIO,;

NalO,
NagHzIOg
GeI4

Sily

SDI4

Cl,

CHI;

CHo:l»
CH3l

IF;

IF,
I_Fq"'ASFﬁ_
CelFy
Iy/benzene
I,-PH
I,-ACr

I, HMTAr

127
129
129
129
127
127
127
129
127
127
127
129
129
129
129
127
129
129
127
127
129
127
129
129
129
129
129
129
129

129

—0.58t¢
+4-1.568
+1.31%
+1.11%
—0.44¢
—0.41¢
—0.55¢
—2.34h
+0.70¢
40.85¢
+1.02¢
40.48!
+0.26!
+0.43!
+0.20¢
—0.35%
+0.53¢
+0.52¢
—0.21¢
—0.14¢
+0.20¢
—0.01¢
+-3.00w
—4.56w
—4.68t
+2.45¢
4-0.76+
+0.93¢
+1.64¢
40.29¢
+1.51¢
+0.28¢

—3189¢

+1030%

+1089%.8
411075
+1080%.5

—1500!
—1335¢
—1364¢
—2102¢
—2160¢
—2029¢
—2065¢
—2060¢
—1920¢
—1739¢
—1775¢
+1073%
—148%
—14147
—2412¢
—2223¢
—2840¢
—1308¢
—2582¢
—1272¢

(452)
(310)
(310)
(310
(361)
(361)
(361)
(310)
(452)
(361)
(361)
(88)
(88)
(92)
(93)
(293)
(93)
(203)
(203)
(203)
(93
(203)
(90)
(90}
(92)
92y
(8%)
(350)
(350)

(350)

1492%.u
1329h%,u
1389%.u
2130%

2056%.v

1897*
1766%

0.09
0.03

continued
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TABLE LII—-continued

Mossbauer data NQR data

Code No.e Compound? Isotope C.8.c eXqQ¢ 7 Up e Ref./ e%Q¢ 7 Ref.¢
45 2(IBr)2.2"-bipy 129 +1.35¢ —2910¢ 0.15 1.27 (570) — — —
48  2(IBr)4,4’-bipy 129 +1.48 _3110¢ — 1.36 (570) — — —
47 IBr-pv 129 +1.61¢ —3224¢ — 1.41 (570) — — —
48 2(IC1)2,2"-bipy 129 +1.90¢ —3424% — 1.49 (570) — — —
48 2(IC1)4,4"-bipy 129 +1.43¢ —3428¢ 1.49 (570) — — —
50 ICl-py 129 +1.74¢ —3310¢ — 1.44 (670) — — —
51 IC1-PMT 129 +1.90¢ —3395¢ — 1.48 (570) — — —
42 Phi 127 —0.27¢ —1840¢ - 0.80 (205) — — —
53  PhICl 127 —0.78¢ +2525¢ 070  —1.10 (205) — — —
54 PHIO 127 -0.73¢ +2345¢ 0.60 -1.02 (205) — — —

55 PhIO, 127 —0.75¢ +1050¢ 0.18 —0.46 (205) 1046= 0.17= (392)

CO—Ol
56 QT 127 —0.83¢ +2585¢ 0.92¢ —1.13 (205) -— — —
Cc0-—0

57  Cslyv 129 +1.40¢ —2500¢ — 1.09 (204) 24778 — (502)
—1460¢ — 0.64 — 14364 0.04 —
—830¢ — 0.36 — 819~ 0.02 —
58 Benz-HIs" 129 +1.33¢ —24860¢ - 1.07 (204) — — —
—1180¢ — 0.51 — — — —
59 Am-HIy" 129 +1.31¢ —2450¢ — 1.07 (204) — — —
—930¢ — 0.41 — — — —
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60 Crls 129 +0.23% 16628 0.35 —0.29 (285) — — —

61  Salg 129 —0.25m — — — (153) — — —
62  Gdls 129 —0.388 — — — (153) — — —
63  Erl 129 —0.29" — — — (153) — — —

¢ Code number will be prefixed by Table number in the text.

b PH = Phenazine; AC = acridine; HMTA = hexamethyltetramine; 2,2’bipy = 2,2’bipyridyl; 4,4’-bipy = 4,4’-bipyridyl;
py = pyridine ; PMT = pentamentylene tetrazole; Benz = benzamide; Am = amylose.

¢ Data given in mm/sec relative to ZnTe.

d Me/sec for 1271 ground state, values quoted relative to 1291 have been converted assuming @(129)/@(127) = 0.701.

¢ Calculated assuming e@Kp = —2292.7 (354).

f Reference to Méssbauer data.

7 Reference to NQR data.

2 At 7T7°K.

t At 4°K.

J Converted from H¢TeOg source by addition of +0.95 mm/sec. This conversion is an average of the data for compounds, which
were measured relative to both sources in Ref. (458).

k At 300°K.

L At 88°K.

m At 22°K.

7 Data for gaseous compound obtained by microwave spectroscopy.

o At 295°K.

? At 100°K.

2 At 298°K.

r Spectrum shows two nonequivalent iodine atoms.

s Converted from mm/sec.

t At 85°K.

% Average of two frequencies.

v Spectrum of CHI;-3Ss.

w At 90°K.

z At 274°K.

¥ Spectrum shows three inequivalent iodine atoms.
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to obtain values of A,. Thus, for the species KICl,-H,0, ICl, and HI,
agsuming no = bonding, Eq. (67) gives

by =|U,| (76)
whereas for KICl,H,0 which is square-planar
h, = |20, (77)

For I,, h, was taken as 1.11 to allow for an 11% admixture of p‘d
character (493) in the bonding. These values of k, gave a good linear
relationship with center shift, from which it was deduced that
B =2Ky =—0.56 mm/sec/h,. Thus,

C.S.(I")'%" = —0.56h, (mm /sec) (78)

Then, taking y=0.1, B=-K + 2Ky =2.2 mm/sec/h,, and Eq. (78)
becomes

C.8.(I")¥%" = 2.2h, — 0.56h, (mm/sec) (79)

From Eq. (79) it will be noted that 4 R|R for 7] is negative and, thus,
has an opposite sign to that for 12°I. Ruby and Shenoy (498) have cal-
culated the ratio of 4R/R(*?"1)]4AR/R(**°T) to be —0.78, while a com-
bination of the results of Pasternak et al. (443) and Perlow and Perlow
(452) yields a ratio of —0.85 (498).

The combination of center shift and quadrupole coupling data for an
iodine molecule provides a good means of determining the degree of
8 hybridization in the iodine bonds. Thus, for linear or square-planar
arrangements of the bonds (neglecting 7= bonding), values of 4, calculated
from U, data [Eqs. (76) and (77), together with Eqs. (74) and (78)]
should give a reasonable prediction of center shift. However, as the
center shift caused by an s-electron hole is six times the shift due to a
p-electron hole, even a small degree of s hybridization will lead to large
inaccuracies in using Eqs. (74) and (78) to calculate center shifts. In
Table LIIT are given calculated center shifts for the %°I spectra of
IBr, I,, ICN, ICl, and I,Cl,, together with the observed values. In all
cases, save ICl, good agreement is obtained confirming pure p bonding
(445, 446). The parameters for ICl may indicate some degree of = bonding,.
However, the extent of the = bonding required (7 = 10%) seems far too
large, and Pasternak and Sonnino (445) have concluded that the value of
U, for ICl is not a good measure of the p-electron density.

Ehrlich and Kaplan (205) have made a detailed study of the bonding
in the species in Table LII, compounds 52-56. The crystal structure (16)
of PhICI,; shows a linear ICl, group at an angle of 85° to the phenyl
plane. The bonding of this compound may be described either by
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dsp® hybridization with two equatorial lone pairs or by a p-bonding
scheme utilizing a three-center two-electron molecular orbital between
the iodine and two chlorine atoms. The former bonding scheme, which
would involve a minimum value of &, = 0.37 (205) is not compatible with
either the center shift or the values of e?¢@ and » found for PhICl, and
must, therefore, be rejected. Assuming, as required for a p-bonding

TABLE LIII

CALCULATED AND OBSERVED CENTER SHIFTS FOR SOME IoDINE COMPOUNDS

Compound® Isotope Obs.C.8.0  hye Cale. C.S. T
IBr 129 +1.23 1.26  +1.35¢ —
IC1 129 +1.73 1.36  +1.504 109
ICN 129 +1.19 1.15  +1.194 —
I,Clg 129 +3.50 2.66  +3.45¢ —
Phl 127 —0.27 0.80  —0.29¢, —0.247 —
PhICl, 127 —0.78 1.91 —0.91¢, —0.80f —
PhIO 127 —0.73 1.78  —0.84¢, —0.73/ —
CO—(|)
’I 127 —0.83 1.98 —0.95¢, —0.83/ —
Cco0—O0
Ph1O, 127 —0.75 2.74 —1.37¢, —1.21/ —
Is/benzene 129 +0.76 1.05 +1.04¢ —
Gel, 129 +0.48 0.65  +0.44d —
Sil, 129 +0.26 0.58  +0.334 —
Snl, 129 +0.43 0.59  +0.35¢ —
2(IBr)2,2’-bipy 129 +1.35 1.27  +1.37¢ 49
2(IBr)4,4’-bipy 129 +1.48 1.36  +1.504 49
IBrpy 129 +1.61 1.41  +1.584 69
2(IC1)2,2’-bipy 129 +1.90 1.49  +1.70¢ 79
2(IC1)4,4’-bipy 129 +1.43 149  +1.702 09
IClpy 129 +1.74 144  +1.624 49
ICIPMT 129 +1.90 1.48  +1.684 10¢

e 2,2’-bipy = 2,2’-Bipyridyl; 4,4’-bipy = 4,4'-Bipyridyl; py = pyridine;
PMT = pentamentylene tetrazole.

b Data from Table LII, mm/sec relative to ZnTe.

¢ hp derived from e2¢@) and Table LII as described in text.

4 Using Eq. (74).

¢ Using Eq. (78), assuming center shift of I~ is +0.16.

I Assuming 2Ky = 0.50 and center shift of I~ is +0.16.

¢ Reference (570).
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scheme, a filled p, orbital perpendicular to the molecular plane, e%qQ
and 7 are given (205) by the expressions

e®qQ (Mc/sec) 2525

5293 x 115 2637 — 2tV + Np)) (80)
3 _
1’: 0.70= 2(Np! va) (81)

2 - $(Np, + Np,)

where the correction term 1.15 has been applied to e2QK,, to allow for a
change in {r~%) resulting from the positive charge on the iodine atom.
Solution of Egs. (80) and (81) yields

N, =200, N, =127, N, =082 (82)

from which it follows that 4, = 1.91. Similar analysis may be applied to
the e?9Q) and 7 values of PhIO, PhIO,, and iodosodilactone assuming a
C-I-0O bond angle of 90° in PhIO and T-shaped 10, groupings in both
PhIO, and iodosodilactone; for iodobenzene U, = h,. Values of &, and
calculated center shifts using Eq. (78) are contained in Table LIII.
In all cases except PhlO,, good agreement with experimental center
shift is obtained confirming pure p bonding. The discrepancy between
the observed and calculated center shifts for PhIO, is probably due to
s hybridization and a value of &, = 0.16 (205) would be sufficient to
account for the observed center shift.

The probability of pure p bonding in Table LII, compounds 52-54
and 56 provides a further means of calibrating the 127I center shift
scale. A plot of C.S. against 4, gives (205) a value of 2Ky = —0.50 mm /sec/
h, compared with —0.56 mm/sec/h, from Eq. (78) and —0.47 mm/sec/h,
from Eq. (73) when converted to 1271 units.

No 7 bonding would be expected in the series CH,1,_, (n = 0-3)
(Table LII, compound 33-36) and, hence, it would be anticipated that
|U,| = h,. The calculated center shifts for the **7I spectra using Eq.
(78) show an increasing deviation from the observed values as n increases,
indicative of an increasing degree of s hybridization from n = 0 to » = 3.
Erhlich and Kaplan (203) have calculated, using Eqgs. (68)-(72), values
of hy, h,, s*, and I for these compounds, and the results are given in
Table LIV. Calculations using both available values of 2Ky (205, 452)
have been made as well as calculations using the 12°I data of Bukshpan
and Sonnino (93). For CI, and CHI,, values of s? from !2°] and 1271
agree with the uncertainty of the calibration constant, but for CH,I a
large discrepancy of experimental origin is observed. The data in Table
LIV also show (as noted above) a trend to increasing ¢* and I as n
increases from 0—3.
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The calculated center shifts, using Eq. (74) assuming U, = h,, for the
species MI, (M =Si, Ge, or Sn) (Table LII, compounds 30-32) are
summarized in Table LIII. For Gel, the agreement with the experimental
value is good, indicating pure p bonding; while for SiI,, the data suggest
a small degree of s hybridization. In the case of Snl,, the calculated
center shift is rather low, perhaps indicating a small degree of = bonding
(91).

Wynter et al. (570) have reported '2°1 Mossbauer spectra of the
addition complexes of IBr and ICl with nitrogen bases (Table LII,

TABLE LIV

BoNDING PARAMETERS FOR SOME IODOMETHANES®

2Ky = —0.56 mm/sec 2Ky = —0.50 mm/sec
Compound hp hs 2%  I% hg 82% I%  32%?
CI, 0.94 0.004 0.4 6 —0.012 -13 7 0.6
CHI3 0.90 0.034 3.6 6 0.022 2.4 8 1.8
CH.I, 0.84 0.046 5.2 11 0.036 4.1 12 —
CHal 0.77 0.071 8.5 14 0.066 7.9 15 4.4

2 Taken from Ref. (203), see text for definition of parameters.
b Data from Ref. (93), recalculated in Ref. (203).

compounds 45-51). For the IBr complexes the p-orbital imbalance
(U,) increases linearly with the basicity of the amine, suggesting a
linear N-I-Br linkage (570). The center shifts also increase with basicity,
and calculated center shifts using Eq. (74) are in good agreement with
the observed values confirming pure p bonding (Table LIII). A system-
atic relationship between Mossbauer parameters and basicity is not
observed for the ICl derivatives, and there is also substantially worse
agreement between observed and calculated center shifts (Table LIII).
This is not altogether surprising as difficulty has been encountered in
interpreting the Mossbauer data for ICl itself. Wynter et al. (570) have
also calculated the percent 7-bonding character () for the iodine bonds
in these complexes. Thus, deriving U, from e?qQ and k, from Eq. (74),
a value of 7 may be calculated from the relationship

m =%, — U,) (83)
The values of 7 obtained are listed in Table LIII, but in view of the
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uncertainties in the calibration of the center shift, it is doubtful if they
have more than qualitative significance.

An increase in e?¢Q and, hence, U, is observed for an I, solution in
benzene (Table LII, compounds 35-41) as compared with crystalline
iodine or solutions of iodine in inert matrices (Table LII, compounds
9-12) (&89, 445). This is rather surprising as a transfer of electrons from
the benzene ring to the iodine bond would be expected. Further, the
calculated center shift, using Eqgs. (74) and k, = U, (Table LIII) is much
higher than the experimental value and corresponds to A, = ca. 0.03.
Bukshpan et al. (89) have calculated a value of k, = 0.87 by substituting
experimental values of center shift into Eq. (74) and have used this
result to infer the transfer of 0.26 electrons from the ring to the iodine
atoms. This conclusion is, however, of doubtful validity. Thus, use of
Eq. (74) implies that k, = 0 and, hence, A, = U,. This is clearly not the
case for the I,/benzene solution in which A, from Eq. (74) is equal to
0.87, while U, = 1.05.

The Mossbauer spectrum of I,-phenazine (Table LII, compound
42) (350) indicates only one type of iodine atom in agreement with the
crystal structure (544), which shows a straight-chain configuration of
alternating iodine and phenazine molecules resulting in equivalent
N-I bonds. In contrast, I,-acridine and I,-hexamethylenetetramine
(Table LII, compounds 43, 44) show two chemically inequivalent iodine
atoms in the Mdssbauer spectrum (350), indicative of only one N-I
bond per iodine molecule. Ichiba et al. (350) have derived orbital popula-
tions for these complexes assuming pure p bonding.

In agreement with NQR data (502), Erhlich and Kaplan found evi-
dence for three nonequivalent iodine atoms in the Mossbauer spectrum
of CsI3 (Table LII, compounds 35-37). Assuming a linear structure, the
largest value of e2¢Q may be assigned to the terminal iodine atoms. A
sum of U, for all three types of iodine is remarkably close to 2, indicating
pure p bonding. Inequivalent iodine atoms are also indicated in the
species benzamide-HI; (Table LII, compound 58) and amylose-HI,
(Table LII, compound 59), although it was not possible to resolve
separate spectra for the two terminal atoms. These data are in agree-
ment with the structural studies of Robin et al. (475, 492).

The Mossbauer parameters of the fluoride species IF,, IF;, IF,~, and
IFgt (Table LII, compounds 37-40) (90, 92) are of interest because of
the very high oxidation states and coordination numbers. The structures
of IF; (5621) and IF; (521) have been determined by use of X-ray
diffraction and are illustrated in Fig. 16, while a regular octahedral
structure may be inferred for IF¢* (117).

Bukshpan et al. (90, 92) have reported a detailed analysis of the
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Fia. 16. Molecular structures of IFs and IF, (90).

Méssbauer parameters of these species. Thus, assuming that for IF,
N,, =0, it follows that N, + N, = 2U, = 0.13. These populations give
a value of h, = 5.87 and from Eq. (75), b, = 1.56.* The total number of
electrons transferred from the iodine to fluorines is, therefore, 6.43, and
each fluorine atom can be considered to have removed 0.92 electrons. If
it is now assumed that the fluorine atoms also remove 0.92 electrons from
the iodine atom in IF;, the experimental center shift and U, may be used
to derive the parameters b, — 5.08, h, = 0.5, N, = 0.62, N, = N, = 0.3.
These results seem realistic as they indicate a lone pair directed along
the C, axes as would be expected from the stereochemistry (90). The
Moéssbauer spectrum of IF* is a single line, as expected for an octahedral
structure. From the experimental center shift, assuming 4, = 6, h, equals
1.60, which corresponds to a loss of 5.60 electrons to the fluorine atoms,
i.e., 0.93 electrons per fluorine atom. The spectrum of IF4~ shows a
positive value of U, suggesting a similar structure to IF; with one of the
equatorial fluorine atoms replaced by a lone pair. Assuming N,, =0,
hy, =4.76, h, = 0.50 and, hence, 0.88 electrons are removed per I-F
bond (92).

E. Sn'! CompouNnDSs

The crystal structures of many tin(Il) compounds [e.g., SnS (341),
SnF, orthorhombic (188), Na,Sn,F; (394), K,SnCl, (363), SnSe (429),
SnCl, (499), and SnSO, (488)] show a distorted octahedral environment

* In this, and other calculations of h,, the authors (90, 92) have used C.S.
(ZnTe)12% = —0.82h, + 0.15 hy — 0.054 (cm/sec) instead of Eq. (75).
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with three short tin-ligand bonds, resulting in pyramidal coordination of
the tin atom, and three longer tin-ligand distances completing the
octahedron. This situation is often considered (182) in terms of sp®
hybridization in which three orbitals form covalent bonds to the nearest
neighbor atoms and the fourth orbital contains the lone pair and pre-
vents the close approach of the atoms along the direction in which it
points. The pyramidal bond angles would be expected to be reduced by
lone pair-bond pair repulsions and in the limiting case of pure p bonding,
bond angles of ca. 90° are anticipated. It is, however, difficult to deduce
any information about bonding characteristics from the experimental
bond angles owing to both the partial ionic character of the bonding and
the unknown effect of lattice forces (182). The crystal structure of
tetragonal SnO (409) shows a square-pyramidal arrangement of the
oxygen atoms suggesting sp?d,, hybridization resulting in four covalent
bonds and a lone pair perpendicular to the plane.

Asaresult of the 5s% electrons, a “‘perfect”’ Sn2* ion would be expected
to have a much greater center shift than gray «-tin. For Sn'! compounds,
although the involvement of the 5s electrons in bonding will produce a
reduction in center shift compared with an Sn2* jon, the presence of a
lone pair of electrons in an orbital of reasonably high 58 character
should always ensure center shifts in excess of that of gray tin.

Table LV contains a collection of data for Sn!' compounds and, as
anticipated, all center shifts are much larger than that of gray tin.
From these data, attempts have been made to assess the relationship
between bond character and center shift and, hence, obtain an estimate
of the center shift of an Sn%* ion (8g,s+).

Early workers (74, 137) regarded SnCl, as ionic and took the center
shift of this compound as a value of &y,.+. However, as noted by
Donaldson (190), the structure, volatility, and any estimate of the
bonding of SnCl, are inconsistent with an ionic formalism. As a result,
this estimate of 8.+ is probably too low.

An alternative approach by Lees and Flinn (381) uses a plot of
quadrupole splitting against center shift. Most of the compounds
considered lie on one of two straight lines, the gradients of which differ
by a factor of two. It was assumed that the steeper of these two
lines [SnSO,, SnCl,-2H,0, SnC,0,, SnF,, Sn,P;0; Sn(MeCO,),,
Sn(CH,04)s, Sny(PO,)s, and Sng(AsO,),], which shows an approxi-
mately linear increase in quadrupole splitting with decreasing center
shift, refers to compounds in which sp, hybridization is important, while
the other slope (SnBr, and SnS) refers to compounds in which equal
amounts of py and p, character are used in hybridization. Extrapolation
of both lines to zero quadrupole splitting gave a value of 4.76 mm/sec
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for 8g,+:+. Recent work (182, 271), however, has shown that the EFG of
compounds lying on both lines [SnF,, Sny(PO,),, SnCy0,, Sn(0,CMe),,
SnC,0,, SnS, and Sn80,] have the same sign, thus rendering Lees and

Flinn’s interpretation untenable.

A third approach to the problem has been described by Donaldson
and Senior (190). These authors plotted the center shift of the Sn!!
halides and chalcogenides, corrected for shielding effects, against the
percentage sp® character estimated from the electronegatives of Hinze

TABLE LV

MOsSBAUER PARAMETERS FOR SOME TIN COMPOUNDS

Compound C.8a.b.e Q.S.2 Ref.c Ref.4

SnFg(monoclinic) 3.67 +1.73 (74, 137, 189, 190, (271)
381)

SnFs(orthorhombic) 3.30 2.18 (189) —
NaSnFj 3.17 +1.83 (191) (183)
NaSnsF5 3.37 +1.86 (191) (183)
SnClg 4.08 —_ S —
SnCly- 2H,0 3.72 1.15 (137, 381) —
SnBry 3.92 — —
Snlg 4.02 — (182, 190, 303) —_—
SnO(tetragonal) 2.80 +1.48 (74, 137, 190, 381y (271)
SnO(orthorhombic) 2.70 2.20 (74) —
SnS 3.41 +0.89 (74, 137, 190, 381) (271)
SnSe 3.40 0.60 (190) (271)
SnTe 3.33 0.50 (82, 190) —
Sns(P0y4)2 3.18 +1.75 (137, 381) (271)
SngP204 3.35 1.61 (381) —
Sn3zAsOy4 2.97 2.03 (381) —
Sn(0;CMe)s 3.33 +1.72 (184, 381) (183)
SnC204 3.75 +1.46 (137, 381) (271)
SnC4H403 3.11 1.97 (381) -—
Sn(HCOz)2 3.15 +1.56  (184) —
KsSn(Ca04)2-H0 — +1.97 (183) (183)
SnS04 3.99 +1.21 (137,183,187,381) (183)

@ Data given in mm/sec,

b Relative to SnOz assuming center shift of «-tin is 2.1 mm/sec and that of
PdSn is 1.52; data froin Ref. (381) have converted from MgsSn (77°K) using the
value of the center shift SnOy quoted in this reference.

¢ Reference to measurement of C.S., Q.S.

¢ Reference to measurement of sign of }e2qQ.

¢ When appropriate an unweighted average has been taken.

f Only recent data included. Refs. (187, 194, 303, 185).
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and Jaffe (339, 340). A straight-line relationship was obtained for all
compounds save SnO and SnF,, and extrapolation to zero sp® character
yielded a center shift of 7.7 mm/sec for an Sn®* jon. As mentioned
previously (Section IV,A,2), this value is close to that expected from
consideration of the probable center shift of an Sn** ion. Donaldson and
Senior have suggested that the anomalously low center shifts of SnO
and SnF, are due to extra sp mixing arising from crystal field effects.
As such effects are very sensitive to the tin—anion bond length, they are
only expected to be important for the oxide and fluoride.

The origins of the quadrupole splittings found for Sn'' compounds
has been the subject of some discussion. The crystal structure of tetra-
gonal SnO leaves little doubt that the lone-pair electrons are contained
in a dsp® hybrid orbital perpendicular to the plane of the oxygen atoms.
Because of the axial symmetry, the p contribution to the lone pair
will be entirely p, and, thus, a negative value of V,; is anticipated.
Boyle et al. (74) deduced from the asymmetry in the intensities of the
spectrum of an oriented sample that the sign of }e?¢@Q for SnO was
positive, thus allowing a negative sign to be assigned to @ for the excited
state of 11%Sn,

For compounds with pyramidal structures the presence of a lone pair
in an approximately sp3-hybridized orbital would also be expected to
give a positive sign for }e2¢@), and this has been confirmed by application
of a large magnetic field for the compounds SnF, (271), NaSnF, (183),
NaSn,F; (183), SnS (271), Sng(PO,), (271), Sn(0,CMe), (183), SnC,0,
(871), Sn(HCO,), (183), K,Sn(C;0,),-H,0 (183), and SnSO, (183).

An alternative interpretation of the origins of the quadrupole split-
tings in pyramidal Sn'' compounds has been suggested by Donaldson
and Senior (192), who noted that for compounds of known structure
(SnF,, NaSn,F;, SnS, K,SnCl,-H,0, SnSO4, and SnCl,) the largest
quadrupole splittings seem to be found for compounds (SnF,, NaSn,F;)
with the greater degree of asymmetry in the bond lengths. In contrast,
there does not seem to be any correlation between quadrupole splitting
and center shift, which might be expected if quadrupole splitting is
chiefly dependent on lone-pair electrons. From these observations,
Donaldson and Senior suggested that the EFG is produced primarily
from inequalities in the tin-ligand bonds. Using the assumption that the
lone-pair electrons make no contribution to the EFG, these authors
calculated values of the p-orbital imbalance for the compounds SnF,,
NaSn,Fy, SnS, K,SnCl, H,0, SnS0,, and SnCl,, which are a reasonable
reflection of quadrupole splitting trends. However, the calculations
predict opposite signs of }e2¢@) for SnS and SnF, and such a change is not
observed experimentally.
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Although the available evidence seems to favor an interpretation of
quadrupole splitting in terms of a dominant contribution from the lone
pair, the lack of a general relationship between center shift and quad-
rupole splitting is surprising (183). Further, no rationalization of the
relative magnitudes of the quadrupole splittings has been possible. For
example, the point charge model (183) does not account for the widely
different quadrupole splittings of SnSO, and Na,Sn,F;. Clearly it is not
yet possible to gain a complete understanding or the origins of the EFG’s
found for Sn!! compounds.

Mossbauer center shifts of a wide range of Sn!! complexes have been
reported and a selection of the data is given in Table LVI. These com-
pounds show a consistent trend to decreasing center shift compared with
the parent compounds, and this shift has been associated (106, 186-187,
194, 303) with an inerease in sp® character caused by the replacement
of a bridging tin-ligand bond in the parent compound with a terminal
bond in the complex. Another example of this effect (191) is found for
the [Sn,F;]?" ions, which have consistently higher shifts than [SnF,]~
species. Coordination of a second ligand results in a further decrease in
center shift—indicative of further participation of the 5s orbital in
bonding. Two five-coordinate complexes have been reported (SnCl,-
terpyridyl and SnCl,-PMAQ), and these species have lower center shifts
than four-coordinate analogs (194).

The amount by which the center shift is decreased on complex for-
m..Jon can be taken as a guide to the Sn-ligand bond strengths. For
example, the sequence (186, 303) found for the amine complexes with
SnCl,—AN-methylmorpholine > morpholine ~ piperidine ~ piperazine >
pyridine ~ «-picoline > +y-picoline > 1,10-phenanthroline ~ 2,2'-bi-
pyridyl—roughly parallels the basic strength of the ligands as measured
by pK values. Donaldson and Nicholson (185) have used the center shifts
of 1:1 complexes with SnCl, to deduce the order of bond strengths:
triphenylarsine oxide > triphenylphosphine oxide > pyridine > thiourea
> pyridine 1-oxide > diglyme > urea > water.

The complexes in Table LVI and related species (106, 185-187 194,
303) show quadrupole splittings in the range 0-2.25 mm/sec. However,
very little correlation between quadrupole splitting and the nature of the
complexes has been possible. This is probably due to the influence of the
lone-pair electrons, as a result of which the quadrupole splitting is no
longer an additive function of the ligands.

Mossbauer data for the species Sn(O,CR), [R = H, Me, Et, »n-Pr,
t-Pr, 3-Bu, +-Bu, CH,Cl,_, (n=0-2), CH,F,_, (n=0-2), CHy-CHC],
and CICH,-CH,] allow the assignment (184) of polymeric structures
with pyramidally coordinated Sn'! units, and the Mossbauer parameters
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for the ions Sn(O.CR’);” (R'=H, Me, CICH,, and FCH,;) (184) and
[Sn(HPO,)3]*~ (166) are also consistent with pyramidal coordination.
Mossbauer data has also proved useful in the study of the products of
the tin(II)-thiourea—anion system (106) and the decomposition products
of trihydroxystannates (165).

The ternary halides of type SnXF (X = Cl, Br, I) comprise an
interesting series of compounds (193). The Méssbauer spectra show only
one type of tin environment. Structures based on the parent halides are,
therefore, indicated. The center shifts of the SnXF (X =Cl, Br, I)
species (3.64-3.78 mm/sec) are much closer to the value for SnF,
(C.S. = 3.67 mm/sec) than SnCl, (C.S.=4.17 mm/sec), SnBr, (C.S. =
4.03 mm/sec) or Snl, (C.S.=3.95 mm/sec) suggesting a pyramidal
structure with bridging fluorine atoms and terminal X atoms. Similarly,
the center shifts of SnIX (X = Cl, Br) (C.S. = 3.76 mm/sec) are close to
that of Snl,, indicating a structure with bridging iodine atoms. These
types of arguments have been extended to assign structures to the more
complex species Sn,XFg (X = Cl, I), SnyBrCly, SnyBrF;, and Sn,NCSX,
(X=F,Cl, Br, I).

TABLE LVI

SELECTION OF CENTER SHIFT DATA FOR TIN(II) COMPLEXES®

Compound? C.8.e Ref.

SnFq 3.67 (187)
MSnF4¢ 3.03-3.29 (191)
MSnsF's 3.17-3.44 (191)
SnF3-py 3.24 (187)
SnCly 4.08 (185, 187, 194, 303)
(pyH)SnCl3 3.12 (187)
SnCly-py 3.29 (187)
SnClg- 2py 3.12 (187)
SnClg: PhgPO 3.21 (185)
SnCla- 2Ph3PO 3.34 (185)
SnCl;-pyO 3.50 (185)
SnClg- 2pyO 3.30 (185)
SnCly-Ph3AsO 3.00 (185)
SnCly-CO(NHgp)e 3.70 (185)
SnClz'CS(NHz)z 3.41 (106)
SnClg-H,0O 3.87 (185)
28nClg-dg 3.58 (185)
SnClz-ppz 2.92 (186)
SnCly - 2morph 2.91 (186, 303)

SnCl;-Me-morph 2.45 (303)
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TABLE LVI—continued

Compound? C8.c Ref.

SnCl, - 2pip 2.86 (186)
SnCly - bipy 3.53 (194, 303)
SnCly- phen 3.59 (194, 303)
SnClz- 2p-tol 3.47 (194)
SnCl, - 2(y-pic)s 3.40 (303)
8SnCly - 2(a-pic)s 3.27 (303)
SnClz - terp 3.17 (194)
SnCly-PMAQ 3.33 (194)
SnBrj 3.92 (185, 187, 194, 303)
(pyH)SnBr; 3.65 (187)
SnBr;-py 3.45 (187)
SnBr;-2py 3.36 (187)
Sn(NCS). 3.52 (187)
(pyH)Sn(NCS)3 3.28 (187)
Sn(NCS)s- 2py 3.29 (187)
Sn(HCO3)» 3.15 (187)
MSn(HCO3)3¢ 2.90-3.13 (184)
Sn(HCO2)s-py 3.05 (187)
Sn(HCOy)z - 2py 3.04 (187)
SnS0y4 4.00 (187)
SnSO4-py 3.52 (187)

¢ Further data for similar complexes may be found in Refs. (106, 184-187, 194,
303).

b dg = Diglyme; ppz = piperazine; morph = morpholine; Me-morph = N-
methylmorpholine;  p-tol = p-toluidine;  pic = picoline;  terp = terpyridyl;
PMAQ = 8-(2-pyridylmethyleneamine)quinoline.

¢ Data given in mmfsec at liquid nitrogen temperature relative to SnOg,
assuming the center shifts of Pd(8n) and «-tin are +1.52 and +2.10 mm/sec,
respectively ; when appropriate an unweighted average has been taken.

4 Range of data for M = NH4, Na, K, Rb, Cs, Sr, and Ba.

¢ Range of data for M = Rb, Cs, NH,.

Clark et al. (124) have reported the Mossbauer spectra of the ions
SnX, (X =F,Cl, Br,or I) and SnX,Y~ (X, Y = Cl, Br, or I). Although
the SnX;,;~ species do show some correlation between center shift and
ligand electronegativity, a linear relationship is not observed and the
correlation does not extend to the mixed salts. This is in marked contrast
to the octahedral Sn!¥ halide complexes (Section IV, A, 2), and probably
illustrates the ability of the lone pair to mask the effect of the ligands.
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F. OrHER OXIDATION STATES OF IRON

An enormous number of Mossbauer spectra of Fe compounds have
been recorded, and these spectra have been extremely useful in describ-
ing the structure and bonding in many of these compounds. For Fe~!
and Fe'™ high spin, g¢ . = 0, and any quadrupole splitting will be due
to gia andfor gy o [Egs. (6)-(11)]. In contrast, for Fe! high-spin and
Fe'l low-spin compounds, the major part of the Q.S. is due to q¢p.
[Eq. (11)]. The magnitudes of these Q.S. values over a wide range of
temperature have been interpreted with varying degrees of success using
models developed by Ingalls (357) and Golding [281-283]. Bonding
information is usually more difficult to extract for these two species
than for other Mgssbauer compounds containing Fe!' low spin, SnlY,
or Fe ™ for which gcy = 0. For other oxidation states of iron, i.e.,
Fe®, Fe!, and intermediate spin states of Fell and Fe''!, the separation
of ¢ into lattice and valence contributions [Eq. (6}], and the separation
of guu into gy . and gy [Eq. (11)] no longer appears to be useful. Both
qu.o. and g g are of similar magnitudes. As a result, rationalization of
Q.S. values—except on the purely empirical level—has usually not been
possible.

In this section, we will review very briefly what we consider to be
some interesting Mossbauer applications for iron compounds. Enough
recent data is presented to enable the interested reader to find easily most
of the papers in this area. A recent review of magnetic data (479) has
recently been published, and as noted in the Preface, the very interesting
magnetic properties of many of these iron compounds will not be
discussed here. Many iron spectra have also been discussed recently (110).

1. Fe ™ Compounds

Mossbauer spectra of a number of Fe™! (formally) compounds have
been obtained, and a selection of data is given in Table LVII. Fe~!! has
the spherosymmetric electronic configuration d'%, and the partial
quadrupole splitting treatment outlined in Section II should be applic-
able to Fe™! quadrupole splittings. Indeed, Mazak and Collins (402)
wereamong the first to apply a point charge treatment. All the compounds
in Table LVII contain strong w-accepting ligands such as CO or NO*,
and as noted previously for Fe!’ low-spin compounds (Section IV,B),
the partial quadrupole splitting treatment may not be as useful for such
ligands. However, the p.q.s. treatment still should be useful for rational-
izing the signs of the Q.S. values, and their approximate magnitudes.
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The bonding in tetrahedral Fe™™ compounds can be considered to
be a combination of ¢ donation to the sp® Fe hybrids and = acceptance
from the ¢,; 3d orbitals. Because of the smaller (=3 for 4p electrons than
3d electrons, we would expect that ¢ donation in Fe™! compounds
would not affect the Q.S. values as much as in Fe!! low-spin compounds.

Mazak and Collins (406) determined the signs of the Q.S. for
KFe(CO)NO(+ve), Fe(CO)o(NO)y(—ve), and Fe(PhgP),(NO),(—ve). The
first sign is expected from the p.q.s. values for Fe!! low-spin compounds
(Table XLVI). NO* has a much more positive p.q.s. than CO, mainly
due to the very strong 7-acceptor properties of NO*. The magnitude of
the Q.S. for Fe(CO),(NO), is similar to that of KFe(CO)3;NO. 5 should be
1 for this compound (Table IV, compound 3), but the negative Q.S.

TABLE LVII

MO68SBAUER PARAMETERS FOR Fe~11 CoMPOUNDS®

Compound? C.8.c Q.S. Ref.
Hg{Fe(CO)aNO[P(CsHs)3]}2 0.26 1.42 (333)
Hg{Fe(CO)3NO}2 0.26 1.26 (333)

0.28 1.32 (406)
Fe(CO)2(NO)2 0.32 —0.33 (n ~ 0.85) (406)

0.32 0.34 (146)
NaFe(CO)sNO 0.16 0.37 (406)
KFe(CO)sNO 0.18 +0.36 (406)
Fe(PhsP)(CO)(NO)s 0.20 0.55 (406)
Fe(PhgP)2(NO)» 0.35 0.69 (406)

0.33 0.70 (146)
Fe(PhoMeP)s(NO), 0.30 0.60 (146)
Fe[(PhO)3P]2(NO)2 0.29 0.50 (146)
Fe(Ph3As)e(NO)s 0.42 0.59 (146)
Fe(Ph3As)(CO)NO)e 0.34 0.64 (146)
Fe(diphos)(NO)s 0.29 0.54 (146)
Fe(arphos)(NO). 0.36 0.58 (146)
Fe(arphos)(CO)(NO)g 0.28 0.47 (146)
Fe(f4fos)(NO)s 0.35 0.29 (146)
Fe(fafos)(NO)2 0.33 0.29 (146)

¢ Data given in mm/sec at 80°K.
% diphos = Phy P CH3CHgz PPhg; arphos = PhoPCH,CH3AsPhy; fyfos = PhoP

C=C P(Ph)zCFzCFz;fstS = thP (Ij =C P(Ph)z(CFz)z(l}Fg

¢ With respect to sodium nitroprusside; unfortunately, Mazak and Collins
(406) do not give their C.S. standard. To bring their values into line with the others,
it appears as if the values in (406) were quoted relative to Fe metal. 0.26 mm/sec
has been added to these values.
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implies that the C-Fe-C angle is greater than 109°. The substantially
larger and more negative Q.S. for Fe(PhyP),(NO), implies that the
p.q.s. value for PhyP is more negative than that for CO, and that the
P-Fe-P bond angle is greater than 109° These results suggest that the
order of p.q.s. values in tetrahedral Fe™!! compounds is (p.q.s.)yo+ >
(more  positive  than) (p.q.s.)op > (P.Q-8.)Pno)sp > (P-9-8.)phsas ~
(P-9.8.)pheper > (P-9.8.)pn,p- For the ligands NO*, CO, and PhgP, the
above order is the same as that found for these ligands in Fe!! low-spin
compounds (Table XLVI). Since the Q.S. is probably most sensitive to
wm-bonding inequalities, the above order probably reflects a decrease in
w-acceptor properties from NO* to PhyP (£06).

The C.S. values for the compounds in Table LVII become more
positive in the order NOt* < CO < PRy < AsPh;. This order reflects a
decrease in o donor and/or 7 acceptor properties from NO* to AsPhg.

For the compounds containing the chelating ligands such as diphos
(146), the Q.S. values are substantially smaller than for the phosphine—
NO compounds such as Fe(Ph3P),(NO),. These smaller values have been
attributed to distortions (I146), although it is quite possible that the
bonding properties of NO vary appreciably from one compound to
another and give rise to these significant differences and/or that the
bonding properties of diphos are appreciably different than PhyP.

2. Fe'' High-Spin Compounds

Fe™! high spin has the electronic configuration (f5;)%(e;)2. Any
Q.S. is thus due to ¢, or ¢y o, and, in general, Q.S. values should be
small (Table LVIII). The octahedral and tetrahedral species (Table
LVIII, compounds 1, 2, 5-7) should all have small or zero quadrupole
splittings as is observed (41, 125, 201). However, the quite large splitting
for (NEt,)Fe(NCO), (201) shows that considerable distortion from
tetrahedral symmetry is present. Mossbauer spectroscopy appears to
be able to detect such distortions more easily than infrared in this case
(245).

The C.S. values for six-coordinate complexes (Table LVIII, com-
pounds 1, 2) are about 0.20 mm/sec larger than for four-coordinate
complexes containing the same ligand (Table LVIII, compounds 5, 6)
and this difference can be used to distinguish six-coordinate from four-
coordinate species. For example, the very similar C.S. values for
M(acac),FeCl, (M = Si, Ge) (compounds 3 and 4) to those of the FeCl,~
species strongly indicates (41) that the FeCl,~ anion is present in the acac
compounds, and no bridging acac groups are present. Similarly, the C.S.
values in frozen solution for ferric bromide and thiocyanate species
(Table LVIII, compounds 8, 10) allowed the assignment of a tetra-
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hedral structure to the bromide species (HFeBr,), but an octahedral
structure to the thiocyanate species (399). These differences in C.S.
probably reflect the different bond lengths in tetrahedral and octahedral
coordination. For example, rp,_¢; in NaFeCl, and FeCl; are 2.19 (484) and
2.48 A (304), respectively.

Clausen and Good (125, 126) have studied extensively a number of
tetrahedral ferric systems. The Q.S. in the (R,NH,_,)FeX, species (125)
(Table LVIII, compounds 13-23) has been attributed to hydrogen
bonding. The identical solid and solution spectra strongly support this
suggestion and tend to rule out lattice effects. Spectra of [FeCl,_,Br,]”
species (126) show that the C.S. increases from 0.55 mm/sec for FeCl,~
to 0.62 for FeBr,~, but very little, if any, line broadening is observed.
This indicates that the ¢, contributions from Cl~ and Br~ are very
similar.

A combination of Mossbauer and other spectroscopic data has pro-
vided good evidence in EDTA and DTPA complexes (Table LVIII,
compounds 27-31) that the coordination number changes (313, §19).
It was concluded that compounds 27 and 29 contain six-coordinate Fe;
compounds 28 and 30, seven-coordinate Fe; and compound 31, eight-
coordinate iron.

A number of substituted ferric acetylacetonates (Table LVIII,
compounds 39-43) have been prepared, and their Mossbauer spectra
recorded (32, 42, 256, 405). Very broad lines are usually obtained, and
these have been attributed to relaxation effects. Surprisingly, y irradia-
tion (32) narrows the line width for Fe(acac), markedly. The most likely
reason for the small and variable Q.S. in these compounds is 7 acceptance
from the Fe d orbitals to the acac ring.

Several groups have recorded spectra of Fell! compounds containing
the N,N’-ethylenebis(salicylaldiminato)anion (salen) (43, 44, 56, 86, 87,
480, 481). The crystal structure of {Fe(salen)Cl], (261) proves that this
is a dimer; and the magnetic susceptibilities and molecular weights
suggest that [Fe(salen)],0 and related compounds are dimers. However,
the structure of a nitromethane adduct of Fe(salen)Cl (260) showed that
this was monomeric. The magnetic susceptibilities have been fit rather
successfully to a simple binuclear model involving exchange between
8 =2 iron ions in the dimeric species (54, 259, 387). However, for
Fe(salen)Cl-1MeNO, (86), the magnetic and Mdssbauer data strongly
suggest that this is a dimer instead of the monomeric nitromethane
adduct reported earlier (260). For example, no enhancement of the
external magnetic field was observed at low temperatures in large
magnetic fields (86). This appears to be conclusive proof that there is a
spin zero ground state originating from antiferromagnetic coupling
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TABLE LVIII

M0OssSBAUER PARAMETERS FOR Felll HicH-SPIN COMPOUNDS®

Code No. Compound® C.8.c Q.S. Ref.
1 FeClg(anhydrous) +0.76 — (41)
2 [Co(NH3)e][FeClg] +0.75 — (41)
3 Si(acac)sFeCly +0.55 >0 (41)
4 Ge(acac)aFeCly +0.55 >0 (41)
5  (NMey)FeCly +0.55 0.00 (125, 201)
6 (NEt4)FeCly +0.58 0.00 (125, 201)
7 (NEt4)FeBr, +0.62 0.00 (201)
8 HFeBr,¢ +0.61 0.00 (399)
9 (NEt4)Fe(NCO), +0.60 0.86  (201)

10  Fe(SCN)sXg—t +0.76 0.56  (399)
11 FeCl3- TPA +0.54 0.21 (58)
12 FeClg- TPP +0.57 0.23 (58)
13 MeNH;3FeCly +0.54 0 (125)
14 MesNHaFeCly +0.53 0.33  (125)
18 Me3gNHFeCly +0.52 0 (125)
16 BuNH;FeCl,/ +0.55 0.41 (125)
17 BusNHFeCly/ +0.55 0.37 (125)
18 BusNHFeCly/ +0.55 0.28  (125)
19 BusNFeCly/ +0.52 0 (125)
20 BuNH FeBr,¢ +0.61 0.32 (125)
21 BusNHFeBrg¢ +0.61 0.30  (125)
22 BusNHFeBr,¢ +0.62 0.22 (125)
23 BusNFeBry +0.56 0 (125)
24 a-FephenCls +0.68 0.85 (96)
25 B-FephenClg +0.70 0.80 (36)
26 [Fe(phen)sCla]Cl04 +0.65 0.05 (36)
27 HFe(OH,)Y? +0.71 0.42 (519)
28 KFe(OH3)Y - H00 +0.83 0.81 (519)
29 H,;FeDTPA - 2H,0¢! +0.63 0.84 (313)
30 NH HFeDTPA -H,0°¢ +0.62 1.10 (313)
31 KyFeDTPA - 2H,0¢ +0.66 0.99 (313)
32 [Fes(RCOO)a(OH)2]X’-H30!  40.66 0.63 (403)
33 [Fes(RCO0)g](CH3CO0)s +0.63 0.62 (403)
34 Fe(sal)3- 3H20 - +0.79 1.06  (211)
35 Fe(ac)s +0.79 1.08 (211)
36  Fe(ol)s +0.74 0.81 (211)
37 Fe(nic); - Hy0O +0.77 1.06  (211)
as Fe(AcNH); +0.32¢7 0.90  (256)
39 Fe(acac)s +0.78 0.676 (32, 42, 405)
40 Fe(BzAc)3 +0.86 0.33 (42)
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TABLE LVIII-—continued

Code No. Compound? C.S.c Q.8. Ref.
41 Fe(TfAc)s +0.78 0.67 (42)
42 Fe(dbm)s +0.67 0.60 (401)
+0.81 — (42)
43 Fe(tta)s +0.78 0.39  (401)
44 Fe(salen)2O +0.66 0.83 (43, 56, 480)
45 [Fe(salen)Br], +0.74 1.64 (43)
46 [Fe(salen)Cl]g +0.67 1.40 (43, 54, 87, 405)
47 Fe(salen)Cl- 2MeNO; +0.65 1.33 (43, 481)
48 Fe(salen)Cl- 2Y/ +0.70 1.42  (43)
49 Fe(salen)Cl-MeCN +0.63 0.85 (43)
50 Fe(salen)Br- 2Z1 +0.71 1.62  (43)
51 Fe(salen)Br-MeNO, +0.72 1.12 (43)
52 Fe(salen)Br-MeCN +0.74 0.54 (43)
53 Fe(salen)Br-2MeOH +0.76 0.86 (43)
+0.72 1.65
54 Fe(salen)Cl- }MeNO, +0.64 1.40  (86)
55 Fesal-N-(2 hydroxyphenyl)C1¥ +0.65 1.42  (54)
+0.60 0.95
56 Fe[N(SiMes)z]3 +0.43 5.12  (13)

@ Data given in mm/sec at 80°K except where noted.

b acac = acetylacetonate; TPA = triphenylarsine; TPP = triphenylphosphine;
Y = anion of ethylenediaminetetraacetic acid; DTPA = anion of diethylene-
triaminepentaacetic acid; sal = salicylhydroxamate; ac = acetylhydroxamate;
ol = oleylhydroxamate; nic = nicotinylhydroxamate; AcNH = acetoacetanilide;
BzAc = benzoylacetylacetonate; TfAc = trifluoroacetylacetonate; dbm = di-
benzoylmethane; tta = thenocyltrifluoroacetonate; salen = N,N’-ethylenebis-
(salicylaldiminate)anion.

¢ With respect to sodium nitroprusside.

@ In frozen solutions.

¢ In frozen solution ; X = nitrobenzene or H,O.

f These spectra were run in frozen benzene solution with very similar results
(125).

¢ This shift appears to be erroneous.

* After v irradiation this splitting was resolved (32). Other spectra did not
resolve the Q.S.

t At room temperature.

1Y = MeOH, CHCl3 and CsH;sN; Z = CHCl3, CsH;sN, MeNOz. An average of
values is given.

¥ Other similar compounds give very similar four-line spectra.

! R = CHj, CHCl, CHCly, CCl3: an average of the very similar results has been
taken.
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between two iron ions. Apparently, yet another MeNO, adduct was
prepared (43), and Mdssbauer and infrared evidence was consistent with
a monomeric species. Indeed, a very recent communication (478)
shows that rapid crystallization of [Fe(salen)Cl], in MeNQ, or C;H,N
yields products which are almost certainly monomeric. Application of
small magnetic fields results in large internal fields in contrast to the
dimeric compounds [Fe(salen)Cl}; and [Fe(salen)],0 (476). On the basis
of Méssbauer and infrared evidence, monomeric structures were assigned
to compounds 47, 49, 51, and 52 in Table LVIII (43), while from this
evidence, most of the others appear to be dimeric. However, some
compounds (Table LVIII, compounds 53, 55) gave at least two doublets.
These two doublets could be due to a mixture of monomeric and dimeric
species, or two iron atoms in a dimeric unit which are not in identical
environments with respect to the neighboring units in the crystal (54).
It is apparent from the above results that there is a delicate balance
between the monomeric and dimeric species, and much more work needs
to be done to obtain pure products of one form in all cases.

Finally, the very unusual spectrum of Fe[N(SiMe;),]; should be noted.
This compound contains three-coordinate iron [(I3) and references],
Vzzispositive and u = 5.91 B.M. The quadrupole splitting (5.12 mm /sec)
is by far the largest observed for any iron compound to date and the C.S.
is the smallest yet observed for Fe! high-spin compounds. Interesting
magnetic properties have also been observed at low temperatures (13).

3. Fe! High-Spin and Fe'™ Low-Spin Compounds

As noted in Section II of this review, a large g, contribution [speci-
fically gc . in Eq. (11)] becomes dominant when considering Q.S. values
in Fe'l high-spin (t,,* €,?) and Fe! low-spin (f5,°) compounds. Nor-
mally, a large temperature-dependent Q.S. is observed. The ¢¢ . contri-
bution often masks changes in Q.S. owing to differences in covalency of
the iron-ligand bonds, but at least for some Fe!! high-spin compounds,
the Q.S. values appear to be useful for estimating bonding properties
of ligands (19, 320, 321). The theoretical bases for interpreting Fe!!
high-spin and Fe'! low-spin quadrupole splittings are similar, and a
brief outline of the method (351) for Fe™ high-spin compounds will
now be made.

The energy level diagram for Fe!! high spin is given in Fig. 17. The
primary effect of the crystal field is to remove the degeneracy of the d
orbitals. If the sixth d electron exclusively occupied the low-energy
dyy orbital, then ¢, = #(r~*),, which should give rise to a Q.S. of over
4 mm/sec. However, the Q.S. is reduced from this value by (a) thermal
population of the other ¢, levels, (b) spin orbit coupling, (c) covalency
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Fi1a. 17. Energy level diagram for Fe!! high spin (351).

effects, and (d) contributions from ¢,,;. ¢,, can be written as (351)
Qe = (1 — B) 335 F(4y, dg,a"hg, T)e® (84)

where the function F expresses the decrease in ¢, due to thermal popu-
lation and spin-orbit coupling; A, is the spin orbit coupling constant;
and «? is the covalency parameter and takes the values 0.6 to 0.9.
Neglecting spin-orbit coupling, and taking 4, = 4,= 4, then

1 —exp (—4dy/kT)
14 2exp (—4,/kT)

If the orbital doublet is lowest in energy, then

[V - exp(=43/kT)
F(dy, T) = "'[2 +exp (—Aa/kT)] (86)

A similar expression (390) is easily derived for the Boltzmann population
for tetrahedral Fe!! species.

The spin-orbit coupling lifts the fivefold degeneracy of each orbital
state (Fig. 17). This decreases ' by an amount depending on the ratios
4,/x and 4,/A. Ingalls has computed the decrease of F as a function of
these ratios (351). The Q.8S. is also decreased directly and indirectly by
the expansion of the radial part of the 3d wave function on bonding.
The covalency parameter «? takes this into account.

F(d,,T) (85)




216 G. M. BANCROFT AND R. H. PLATT

The lattice contribution for the axial compression and elongation
considered in Eqgs. (85) and (86) is given as (351):

144
%m=ﬁ:(1—)’)3—e§‘<r—g> (87)

The lattice contribution is always of opposite sign to ¢y,, and has often
been neglected. However, for square-planar complexes of Fell, (121) the
lattice contribution can be larger than ¢,,,.

There are several difficulties in applying this method. The Q.S. for
one d electron is still not precisely known, and it is not always obvious
whether the decrease in Q.S. from the large value of 4 mm/sec is due to
covalency, giaiice, OF spin-orbit coupling.

Some Q.S. and C.S. values for Fe!! high-spin compounds are given in
Table LIX, and the crystal field splittings calculated using Ingall’s

TABLE LIX

MossBAUER PARAMETERS FOR Fell HicH-SpiNn COMPOUNDS®

Code No. Compound?® C.S.c Q.S8. Ref.
1 (NMeg)oFeCly 1.26 2.61  (202)
2 (NEtg)FeCly 1.27 2.59 (202, 268)
3 (PQ)FeCly 1.25 2.99  (202)
4 (Cat)Fe(NCSe)q 1.24 2.69  (202)
5  (NMeg)sFe(NCS)s 1.22 2.10  (202)
6  FeLCly 1.08 271 (94)
7¢  FeLBrs 1.08 242  (94)
8¢  FeLl, 1.07 1.83  (94)
9 Fe(quin)zCly 1.23 3.06 (390
10¢  Fe(quin)eCls 1.12 272 (95)
112 Fe(quin)sBrs 1.08 2.71 (95)
12¢  (EtyN)Fe(quin)Cls 1.13 2.08  (95)
13¢  Fe(PhsP0)sCly 1.22 0.80  (95)
142 Fe(PhsPO)sBrs 1.26 2.21  (95)
15¢  Feo(IQ)4Cls 1.29 3.18 (97
16¢  Fe(IQ)4Brs 1.26 2.21  (97)
17¢  Fe(IQ)4ls 1.23 0.40  (97)
18¢  Fe(IQ)4(NCS)s 1.37 1.50  (97)
192 Fo(IQ)4(NCO)s 1.29 247  (96)
20¢  Fe(1Q)4(NCSe)s 1.30 1.41  (96)
212 Fe(y-pic)sCls 1.31 2.98  (97)
224 Fo(y-pic)sBra 1.25 1.28  (97)
23¢  Fe(y-pic)al2 1.19 0.19  (97)
242 Fo(y-pic)s(NCS)q 1.33 1.67  (97)
25¢  Fe(py)aCle 1.30 311 (97, 284)
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TABLE LIX—continued

Code No. Compound? C.8.c Q.S. Ref.
264 Fe(py)s(NCO)y 1.35 2.49 (96, 284)
27¢  Fe(py)a(NCSe)2 1.30 0.71 (96)
28¢  Fe(py)s(NCS)s 1.35 1.54 (97, 220, 284)
294 FeL3(ClOy4)s 1.29 2.37  (94)
30¢  FeLyCl, 1.28 2.23  (94)
31¢  FeLyBrs 1.27 212 (94)
32 FeCly-2AM 1.55 2.80  (58)
33  FeCly-2FA 1.59 3.00  (58)
34  FeClyBM 1.54 2.87  (58)
35 FeCly- AN 1.49 2.18 (58)
36 Fe(phen)s(Na)e 1.20 3.02 (135, 372)
37 Fe(phen)sCly 1.27 3.23 (135, 372, 390)
38 Fe(phen)sls 1.30 2.80  (135)
39 Fe(phen)a(SCN)g 1.28 2.96 (135, 284)
40 Fe(phen),Brg 1.29 3.14 (135, 284, 372)
41  FeCly 4H,0 1.49 3.05  (135)
42 Fe(phen)a(SeCN)q 1.26 2.61 (135)
43 Fe(phon)s(OCN), 1.20 3.15 (284, 372)
44  Fe(phen)s(HCOOQ), 1.21 3.03 (284, 372)
45  Fe(phen)s(CH;C00)q 1.12 3.17  (372)
46 Fe(Htcaz)a(NCS))d 1.25 2.98  (98)

2 Data in mm/sec at 80°K unless otherwise noted.

b PQ = N,N’-Dimethyl-4,4’-dipyridyl; Cat = «,a-(bistriphenylphosphonium)-
p-xylene; L = di-2-pyridylamine; quin = quinoline; IQ = isoquiniline; y-pic = y-
picoline; AM = acetamide; FA = formamide; BM = benzamide; AN = aniline;
Htcaz = thiocarbohydrazide.

¢ Relative to sodium nitroprusside.

2 Room temperature results.

method are given in Table LX along with the ground state orbital. The
Q.8. values are very sensitive to small distortions from tetrahedral or
octahedral symmetry, and the Méssbauer spectra of the FeX?™ species
(X =CI", Br~, NCS—, NCSe™) all indicate small distortions from tetra-
hedral symmetry which had gone undetected (202, 268). As outlined in
the introduction (Section II), a perfect tetrahedral or octahedral species
would give no splitting. Neglecting spin-orbit coupling and ¢, the
Q.S. as a function of 7' for the tetrahedral compounds gave a reasonable
fit for most compounds to Ingalls treatment (202). Many of the crystal
field splittings for the octahedral species were calculated from the Q.S.
at only one temperature, and it has been shown recently (390) that the
Q.S. does not fit the theory well over a large temperature range. The
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more rigorous calculations given by Ingalls for such compounds as
FeSil'y-6H,0, FeSO, - TH,0,and othersgave more acceptable agreement.

Golding et al. (199, 284) have correlated Q.S. and magnetic moments
for Fe(py),X; compounds (X =Cl~, Br~, I-, NCO~, NCS-, etc.). The
quadrupole splitting is very sensitive to small distortions from cubic
symmetry, whereas the average magnetic moment is not sensitive to
small distortions.

TABLE LX

CrySTAL F1ELD SPLITTINGS IN Fell HigH-SPIN COMPOUNDS

43 (cm~1) Ground state

Compound (ordyand 43)  orbital Ref.
PQFeCly 470 d,? (202)
(Cat)Fe(NCSe), 292 d,2 (202)
{(NEt4)2FeCly 135 d,? (202)

185 dg? (268)
(NMe,)oFeCly 125 dz? (202)
(NEt4)oFeBry 96 d,2 (202)
(NMey)oFe(NCS), 101 d,? (202)
Fe(quin)eClg ~600 dxy (390)
Fe(IQ)4Clz 600 dyy (97)
Fe(IQ)4Brs 360 dxy (97)
Fe(1Q)4l: 80 dxy 97)
Fe(y-pic)Clz 520 dxy (97)
Fe(y-pic)4Bra 200 dxy (97)
Fe(y-pic)4la 40 dyxy 97)
Fe(y-pic)s(NCS)s ~500 dxz,dyz (97)
FeSiFg-6H20 760 d,2 (361)
FeSO4- TH,0 480 1300 dyy (351)
Fe(NH4S04)2- 6H0 240 320 dxy (351)
FeCo04:2H0 100 960 dxy (361)
FeSOy 360 1680  dyiy: + 6d,2 (361)
FeFy 1000 2200  dye—y, + 6d,2 (361)

From linear correlations of Q.S. and isomer shift (corrected for S.0.D.
shift) for Fe!' high-spin compounds (19, 320, 321), Hazony et al. have
suggested that the main cause of variation in the Q.S. in a series of
compounds such as FeF,, FeCl,, FeBr,, and Fel, is due to a variation in
«?in Eq. (84). Using the value of «® = 0.60 for FeF, from ESR data (5§39),
they obtained (19) «® = 0.34, 0.39, and 0.42 for the iodide, bromide, and
chloride, respectively, in contrast to the much higher values given
previously. This order parallels the nephelauxetic series. Also, the
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variation in C.S. values shows an excellent correlation with the nephel-
auxetic series, in contrast to the correlation with the spectrochemical
series for Fe!l low-spin (44) and Au compounds (49).

Similarly (321), for [FeClg_, -nH,0]*"*% compounds, plotsof Q.8. and
isomer shift versus n are reasonably linear, and the correlation of Q.S.
with I.8. has been attributed to central field covalency—the expansion
of the radial portion of the 3d wave function due to the reduction of the
metal ion’s effective charge via o and 7 bonding. Hazony et al. have shown
that it should be possible to estimate both o- and m-bonding properties
of ligands from these correlations. They have also recently extended
these ideas to other iron species (320). These papers should be very
important for further interpretation of Fe!l high-spin data.

The degeneracy of the 2T, ground state in Fe!!l low spin is lifted by
the combined effects of spin-orbit coupling and the ligand field. Un-
fortunately, application of Golding’s method (281, 282) for explaining
the temperature dependence of Fe!'' low-spin Q.S. values has not
proven to be very successful [for example, see (480) and (489)]. The most
serious disagreement apparently arises from the neglect of lattice con-
tributions and from inadequate recognition of covalency. Qualitatively,
however, Fe'l low-spin quadrupole splittings should be larger than
Fe!l high-spin and Fe!! low-spin quadrupole splittings, and examina-
tion of Table LXI shows that this is indeed true. The very large splittings
for compounds 8, 22, and 23, however, cannot be reconciled with
Golding’s estimate of a maximum Q.S. of 2.54 mm/sec in Fe!™ low-spin
compounds.

A very small selection of the Fe!™ low-spin data is given in Table
LXI, mainly because the C.S. is remarkably insensitive to variations
in ligand properties within similar series of compounds (e.g., Table LXI,
compounds 1-5, 19-23), and because the Q.S. values have not been readily
rationalized because of the difficulty in estimating the relative magni-
tudes of such contributions as covalency and ¢,;. Recent determinations
of signs of the Q.S. for such compounds as Fe(bipy)s(ClO,); and
Fe(ethylenediamine)4Cl; (477) should enable a more rigorous interpreta-
tion of these Q.S. values. For example, the positive sign of V5 in the
above two compounds indicates an orbital doublet ground state, with
the magnitude of the Q.S. being reduced by covalency.

The magnetic properties of, and the relaxation effects in, these
compounds have perhaps been of much greater interest (145, 432, 487-
489), but they are beyond the scope of this article.

The dithiocarbamate compounds, Fe(RR’NCS,);, are of considerable
interest because the strength of the ligand field is close to the value of
the mean pairing energy of the d electrons. The magnetic susceptibilities
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(485 and references) indicate that compound 15 is pure high spin, while
the others exhibit high spin-low spin equilibria. However, all com-
pounds show a single spectrum at all temperatures. The time of change
from one spin state to another must be less than 1.5 x 1077 sec, and the
C.8. and Q.8. are, therefore, averages which depend on the proportion of
high-spin to low-spin species (246, 485). This thermal admixture makes
it even more difficult to interpret variations in Q.S. The sign of the EFG
in these compounds is negative (485), and the very large C.S. values
result from electron donation from ligand o orbitals into metal d orbitals
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(485).
TABLE LXI
M6ssBAUER PARAMETERS FOR Felll Low-SriN COMPOUNDS®
Code No.? Compound¢ C.8.4 Q.S. Ref.
1 K3Fe(CN)ge +0.14 0.28 (135, 142)
2 Cus[Fe(CN)g]a¢ +0.10 0.48 (142)
3 AgsFe(CN)gt +0.12 0.76 (142)
4 Nag[Fe(CN)sH,01¢ +0.12 1.82 (238)
5 Nag[Fe(CN);NHg]- Ho0e +0.12 1.78 (238)
6 [Fe(phen)al(ClO4)a +0.35 1.87 (135)
+0.31¢ 1.62¢  (56)
7 [Fe(dipy)s](C104)3 +0.32 1.76 (135)
8 [Fe(terpy)2)(Cl04)a +0.32 3.43  (480)
9 Nag[Fe(CN);PPhs]e +0.14 1.04 (239)
10 Nao[Fe(CN)s5AsPhg]e +0.20 1.00 (239)
11 Nayg[Fe(CN);SbhPhg]e +0.26 0.94 (239)
12 [Fe(bipyr)s(CN)2]Cl04¢ +0.24 1.3 (66)
13 Fe(SacSac)s +0.55 1.90 (63)
14 Fe(Sacac)s +0.57 1.47 (145)
15 Fe[(CH3)sNCS;3]3 +0.76 0.42 (485)
16 Fe[(CHj3)aNCS;z]3 +0.71 0.73 (213, 485)
17 Fe[(¢-C4Hp)2NCS2]s +0.73 0.64 (213, 485)
18 (Ph4P)g[Fe{S2Ca(CN)s2}s) +0.66 1.85 (489)
19 (EtaN)s[Fe{SsCoPhs}sla +0.61 2.37 (61)
20 (Et4N)o[Fe{S2C2(CF3)e}ala +0.59 2.50 (61)
21 (Et4N)o[Fe{S2Cs(CN)e}2]2 +0.59 2,76 (61)
22 (Bll4N)2]F6{SzCsH3Me}2]2 +0.60 2.95 (61)
23 (BugN)o[Fe{S2CsCla}2]2 +0.58 3.02 (61)

2 Data given in mm/sec at 80°K unless otherwise noted.

b Code number will be preceded by Table number in text.
¢ SacSac = Dithioacetylacetonate ; Sacac = monothioacetylacetonate.

d Relative to sodium nitroprusside.

¢ At room temperature.



MOSSBAUER SPECTRA OF INORGANIC COMPOUNDS 221

In contrast, Fe(Sacac); did show two resolvable patterns (145),
indicating a longer relaxation time in this compound compared with
that in the dithiocarbamate complexes. The high-spin form of Fe(Sacac)
gave a very similar Q.S. (0.56 mm/sec) to Fe(acac); (Table LVIII),
whereas the low spin isomer gave the very much larger splitting due to the
gvar contribution. Similarly, Fe(SacSac); gave a larger splitting (53)
indicating a more substantial splitting of the ground *7T', state than in
Fe(Sacac);.

A larger number of spectra of dithiolene complexes have been
reported (59, 61, 489), but because of the complications outlined earlier,
even a qualitative description of trends in Q.S. has been hampered.
For (Ph P)3[Fe{S;C,(CN),};], the sign of the Q.S. is —ve (489), and this
has been taken to be a d,, hole well separated by higher states. Applica-
tion of Golding’s theory to the Q.S. values over a wide range of tem-
peratures did not give good agreement. One series of these compounds
(Table LXI, compounds 19-23) shows a very large variation in Q.S., but
no change in C.S. (§9). No adequate explanation for this phenomenon
can be given at the present time.

4. Feo, Fel, and m-cpFe Complexes

An enormous number of Méssbauer spectra of Fe?, Fe™!, and =-cpFe
compounds have been reported. A very small selection of data is given in
Table LXII. Much of the earlier work is reviewed in reference (110).
Generally, variations in C.S. and Q.S. within isostructural and iso-
electronic series of compounds are comparatively small. Variations in
C.S. have been successfully related to qualitative differences in bonding
properties of ligands, and in some cases, useful empirical correlations
have been noted between the Q.S. and coordination number of the iron.
However, the variations in Q.S. for fairly similar groups of compounds
have not proved to be amenable to any consistent qualitative or semi-
quantitative treatment (with the exception of some =-cp complexes
noted later). These difficulties are probably largely due to the large and
variable g, term for Fe® (d%) and Fe~! (d°). The relative energies of the
Fe atomic orbitals and ligand orbitals probably vary greatly in fairly
similar compounds. This situation is in direct contrast to another d®
system of considerable Mossbauer interest, Au''l, whose energy levels
have greater stability, giving rise to large and predictable changes in
Q.S. with variations in ligand (see Section IV,G,1).

Herber, King, and Wertheim (333) first proposed that center shifts
could be expressed as a sum of partial center shifts [Eq. (48)]. They
derived p.c.s. values for a large number of ligands, and calculated C.S.
values for Fe compounds of varying coordination number and formal



|43
[
[

G. M. BANCROFT AND R. H. PLATT

TABLE LXII

57Fe MOssBAUER PARAMETERS FOR Fel, Fo~1, and w-cpFe COMPLEXES?

Code No.? Compound¢ CS. Q8. Ref.
1 Fe(CO)s 0.17 2.57 (134, 224, 333)
2 (Et43N)a[Fea(CO)s] 0.18 2.22 (224)

3 (Et4N)[Fe(CO)4H] 0.09 1.36 (224)
4  Nao{Fe(CO)s} 0.08 <0.18  (224)
0.01¢ ~0¢ (218)

5 Feqa(CO)e 0.39 0.48 (224, 333)
6  Fe3(CO)12 . 0.37 1.13  (224)
2. 0.30 0.13 —
7 (Et4N)[Feq(CO)sH] 0.33 0.50 (224)
8 [Fe(CO)3(PMes)le 0.21 0.69 (267)
9  [Fe(CO)3(SMe)]z 0.30 0.89  (333)
10 [Fe(CO)3(SPh)]a 0.32 1.07 (267)
11 [Fe(CO)3I(PMeg)]a 0.26 0.99 (267)
12 [Fe(CO)a(PMes)]2 0.23 2.58 (267)
13 [Fe(CO)sSC(Me)s]e 0.29 0.93 (333)
14 ¢is-[Fe(CO)ep(PMeg)]2 0.40 1.61 (267)
15 trans-[Fe(CO)cp(PMez)]z 0.42 1.64  (267)
16 cis-[Fe(CO)cp(PPha)]e 0.52 1.65 (332)
17 trans-[Fe(CO)ep(PPhy)]a 0.52 1.66  (332)
18 [Fe(CO)ep(SPh)]s 0.61 1.67 (267)

19 [Fe(CO)ep(SMe)]z 0.56 1.65 (267, 333)
20 Fe(CO)acpl 0.48 1.83 (333)
21 [Fe(CO)zcp]a 0.48 1.89 (333)
22 Fe(CO)zepCl 0.49 1.88 (333)
23 Fe(CO)oecpSnPhs 0.35 1.82 (149)
24  Fe(CO)ep(PPhy)SnPhs 0.46 1.84  (149)
25 Fe(CO)cp(AsPh3)SnPh;y 0.53 1.90 (149)
26 Fe(CO)ep(SbPh3)SnPh;y 0.55 1.90 (149)
27 Fe(CO)ep(PPhsCF3)SnPhgy 0.46 1.83 (149)
28 Fe(CO)ep(PMezPh)SnPhg 0.43 1.71 (149)
29 PPh3Fe(CO)4 0.17 2.54 (133)
30 P(OEt)gFe(CO)4 0.13 2.31 (133)
31  AcNpFe(CO)4 0.24 178  (133)
32 MaAFe(CO)4 0.27 141 (133)
33 [7-AllylFe(CO)4)*BF 4~ 0.32 1.01 (133)
34 JefosFe(CO)s 0.20 2.34 (147)
35  diphosFe(CO)s 0.19 212  (147)
36  ffosFe(CO)4 0.21 2.80  (147)
37 diphosFes(CO)s 0.16 2.47 (147)
38 diarsFes(CO)g 0.19 2.68 (147)

39 (cp)eFe 0.77 2.39 (208, 382,561)

40 cpFe(CsH4)COCH3 0.71 2.27 (5633)
41 cpFe(CsH4)CH; 0.77 2.39  (382)
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TABLE LXII—continued

Code No.b Compound¢ C.8.e Q.8.  Ref.
42 cpFe(CsH4)Cl 0.67 2.42 (5633)
43 [epFe(CsH4)]:.CH+BF 4~ 0.79 2.11 (325)
44 [(cp)2Fe]l*Br- 0.70 ~0.2 (861)
45 [{cp)eFe]tBF,4~ 0.62 0.65 (633)
46 [MeyN121Fe(CaBoH11)2] 0.56 2.80 (60)
47  (Me,N)[Fe(CaBoHy;)z] 0.50 0.64  (60)
48 (cp)Fe(C2BoHyy )/ 0.61 0.53  (325)
49  [BrFe(NO)sls 0.67 1.76  (146)
50  [IFe(NO)sle 0.60 1.68  (146)
51 (CsH11N)Fe(NO)oBr 0.60 1.12 (146)
52 Ph3PFe(NO)sBr 0.50 1.02 (146)
53 Ph3AsFe(NO)eBr 0.52 1.28 (146)
54  PhSbFe(NO)yBr 0.55 1.49  (146)

@ Data given in mm/sec at 80°K unless otherwise noted.
& Code number will be preceded by table number in the text.
¢ AcNp = acenaphthalene; MaA = maleic anhydride;

f |
fofos = PhePC = CP(Ph)a(CF3)sCFy; diphos = PhyPCH;CHPPhy;

diars = PhyAsCHoCH2AsPhe; and ffos = thlPC = CP(Ph)g(CFg)gle.
¢ Relative to sodium nitroprusside.
¢ At room temperature.
f Temperature = 140°K.

valencies. Although the agreement between predicted and observed
values was quite good for a number of compounds, the p.c.s. value for
cp varied markedly, and the Fe!! low-spin work discussed previously
strongly indicates that the C.S. values for compounds containing CO
are not additive. Also, it appears that the coordination number and
valency of the iron should be a constant for a meaningful application
of the p.c.s. treatment.

From a general structural point of view, Greenwood and co-workers
have made several important empirical generalizations (224, 267).
First, five-coordinate Fe® compounds (Table LXII, compounds 1-3, 12)
have much larger quadrupole splittings than four-coordinate compounds
(Table LXII, compound 4) and six-coordinate Fe® compounds (Table
LXII compounds 6, 8, and 9), while seven-coordinate values (Table
LXII, compounds 6 and 7) are also generally small. A lone pair is
considered in compounds 8 and 9 to occupy an effective ligand site and
complete the octahedral coordination of the metal. Greenwood et al. also
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noted that the C.S. value is reduced as the anionic charge on the metal
cluster increases, e.g., for the series Fe,(CO),, Fe,(CO)gH™, and
Fe,(CO)Z~, the C.8. decreases from 0.42 to 0.33 to 0.18 mm/sec. It is also
generally true that the C.S. increases as the coordination number in-
creases. Thus, the C.S. for Na,Fe(CO),, Fe(CO);, and Fe,(CO), are 0.08,
0.17, and 0.39 mm/sec, respectively.

From compounds 8, 9, and 14-19 in Table LXII, it is apparent that
replacement of S by P in a bridging position lowers the C.S. (267). This
is consistent with P being a stronger ¢ donor than S. However, the Q.S.
for compounds 1419 are all somewhat surprisingly within experimental
error.

In the Fe(CO)LcpX (L = CO, PPh;, AsPhjete.; X = Cl7, I, SnPh;™)
compounds, the C.8. has a small and measurable trend, but the Q.S.
values are again remarkably constant. The trend in C.S. values is con-
sistent with an increase in ¢ + = in the order (149) SbPhy < AsPh, <
PPh, ~ PPh,CF3 < PMe,Ph < CO.

Perhaps the largest variations in Q.S. within a series of compounds is
given by compounds 29-33 in Table LXII (133). An increase in C.S. is
paralleled by a large decrease in Q.S. These C.S. observations are con-
sistent with ¢ + = decreasing in the order P(OEt); > PPhy > AcNp >
MaA > 7 allyl, although an adequate explanation for the Q.S. trend has
not yet been proposed.

In compounds 34-38 and other similar complexes (147), the LFe(CO),
derivatives give larger @Q.S. than the corresponding L,Fe(CO); deriva-
tives. In contrast, other similar compounds show the reverse trend
(133, 333). Possible explanations of these trends have been discussed
(147), but the signs of the Q.S. should be determined for a meaningful
rationalization.

Very interesting studies on =-cyclopentadienyl and analogous
carborane species have appeared (Table LXII, compounds 39-48)
(60, 132, 154, 174, 514, 561). The very large splitting in (cp),Fe and its
almost complete collapse in (cp.Fe)* species has been a subject of con-
siderable discussion. The sign of the Q.S. in (cp),Fe has been found to be
positive using both the magnetic field technique (132) and single crystals
(174). Using molecular orbital calculations (154, 514), this large positive
splitting has been attributed mainly to an electron localized in d,.
The removal of this electron on going to [(cp).Fe]* fortuitously collapses
the splitting. The analogous carbollyl complexes (Table LXII, com-
pounds 46-48) give slightly larger splittings than their cyclopentadienyl
counterparts, indicating that the three B atoms in the C,B4 face of the
carborane icosahedron have very similar bonding characteristics to
those of the replaced carbon atoms. The smaller C.S. in the boranes
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indicates greater s electron density at the Fe nucleus in the carboranes
than m-cp compounds. This has been attributed to the stronger =-
acceptor properties of the boranes (60).

Finally, in this section, we mention a few of the Fe~! compounds
whose spectra have been recorded (146). The order of C.S. gives a measure
of (¢ + =) for these ligands; i.e., C;Hy;N < PhySb < PhgAs < PhgP.
Fe™! compounds have larger Q.S. values than their Fe~! analogs be-
cause of the ggy term in Fe™! compounds (146). Rather surprisingly,
Fe~! compounds have a larger C.S. than Fe™!! compounds. This is
probably due to the fact that on going from Fe ™! to Fe~! we have re-
placed strong o + = ligands such as CO by weak o + = ligands such as
Cl and Br (146).

5. Fe Intermediate Spins

A number of interesting papers have appeared which discuss the
Mgssbauer parameters of intermediate spin (S = 1) Fe! compounds and
S =2 Fe''! compounds. A selection of the available data is given in
Table LXIII. Much of the interest in the bis(¥,N-disubstituted dithio-
carbamate)iron(I1I) compounds (Table LXIII, compounds 8-11) has
centered around the interpretation of magnetic and relaxation pheno-
mena of these compounds [(486, 563, 565) and references in (564)]. These
papers have been of considerable interest and importance, but as dis-
cussed at the beginning of this chapter, they are beyond the scope of this
article.

The first six compounds in Table LXIII have magnetic moments at
295°K of about 3.9 B.M., and this has been attributed (372, 375) to two
unpaired electrons with a contribution of ~1.0 B.M. from the second-
order Zeeman effect. The Mossbauer spectra, however, are of very little
use in characterizing the spin state of these compounds. Thus, both the
C.S. and Q.S. are very similar to those of Fe!' low-spin compounds,
although the quadrupole splittings are rather small. The magnetic
data, and other spectral data strongly suggests that these compounds
do have the § = 1 configuration.

FePc has long been of great interest. The magnetic moment of this
complex is much above that expected for two unpaired electrons [see
references in (158)]. Both an § =1 state and a thermal admixture of
S=2 and S =0 states are possible explanations for this unusual
magnetic moment. The complex obeys a Curie-Weiss law and gives an
almost temperature-independent susceptibility (364). The temperature
independence of the Q.S. (155, 179, 410) down to 4°K indicates that there
are no low-lying excited states within about 4 em™" of the ground state
(410). More recently, Dale ef al. (155, 158) have obtained magnetic data
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down to 1.25°K and shown that the susceptibility is virtually inde-
pendent of temperature between 1.25° and 20°K.. Their results are com-
patible with the iron atom having an orbital singlet with a real spin
triplet state. This S = 1 state is split by second-order spin-orbit coupling
into a singlet ground state and a doublet state at 70 cm™!. Mossbauer
spectra in large magnetic fields (155) show that the field gradient is
positive. Most of the very large Q.S. can be attributed to the strong
in-plane covalent bonding (155), and reasonable agreement between
predicted and observed values has been obtained (165, 179), using the
M.O. calculations used by Zerner et al. (575) for Fe!! porphin complexes,
which should be closely analogous to FePc.

The pentacoordinate dithiocarbamate complexes have an orbitally
degenerate spin quartet ground term as indicated by the magnetic

TABLE LXIII

MOsSBAUER PARAMETERS FOR INTERMEDIATE SPIN Fell AND Fel!ll CoMPOUNDS®

Code No.? Compound C.8.t Q.S. Ref.
1 [Fe(phen)s0X]-5H40¢. ¢ +0.58 0.21 (372, 375)
2 (Fe(phen)smal]- TH0 +0.52 0.18 (372, 375)
3 [Fe(phen)sFs)-4H,0 +0.55 0.16 (372, 375)
4 [Fe(dip)eOX]-3H.0¢ +0.52 0.26 (372, 375)
5  [Fe(4,7-dmph).0X]-4H;0% +0.54 0.21 (372, 375)
6 [Fe(4,7-dmph)smal]- TH0 +0.52 0.21 (372, 375)
7  FePed +0.78 2.67 (155,347, 410)
+0.83¢ 2.67¢  (155,179,410)
8  (RyNCSgz)sFeClr ~+0.649 2.64 (212)
2.68/  (564)
9  (RyNCS;y);FeBrs ~40.649 2.82  (212)
2.887  (564)
10 (ReNCSg)gFeln ~+0.649 2.92 (212)
11 (RoNCS3)2FeSCNA ~+0.64¢ 2.66  (212)

¢ Data given in mm/sec at 80°K unless otherwise noted.

b Code number will be preceded by table number in the text.

¢ At room temperature.

¢ phen = Phenanthroline; dip = 2,2’-dipyridyl; 4,7-dmph = 4,7-dimethyl-1,10-
phenanthroline; Pc = phthalocyanine; ox = oxalate; mal = malonate.

¢ At ~4°K.

At 1.2°K.

9 These C.S. values are averages for all R and X values for the compounds
(ReNCSy)pFeX (212).

2 R = CHjg, C3Hj, CgHia, CgHyy, CaHig, ete. [212].

! Values quoted relative to nitroprusside.
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susceptibility, ESR, and Mdéssbauer results [(563, 564) and references].
Most of the compounds are simple paramagnets, although
[(C,H ;). NCS,],FeCl has shown magnetic ordering at low temperatures
(963). The large positive Q.S. values (564) cannot be readily explained
because the ¢,,; contribution to the EFG cannot be calculated. It is likely
(564) that an appreciable g, contribution arises from the ground quartet
term. The variations in Q.S. (Table LXIII, compounds 8-11) could be
due to the variation in ¢, (212, 564).

G. OTHER MOSSBAUER ISOTOPES

In the preceding parts of this chapter we have discussed M&ssbauer
results for 87Fe, 11°Sn, ®°Ru, !°%Ir, 12°T, and %71 compounds. Despite
the fact that there are over thirty isotopes which exhibit this effect, we
restrict the discussion in this final section to four isotopes which have
yielded useful and interesting chemical information: '%7Au, '?!Sb,
125Te, and '?°Xe. Interesting chemical information has also been ob-
tained on many rare earth isotopes [for a review see (427)] and 23"Np
[for a review see (£58)], while other isotopes such as %!Ni (214, 518), and
many heavy isotopes such as '"7Hf, 18!1Ta, 182W, 186Qg, and %3Pt have
not yet yielded useful chemical information [for a review see (270, 512)].
A recent paper on %2W Mossbauer (33) indicates that useful chemical
information should be readily obtained from tungsten compounds.

1. 974y

Mossbauer spectra of '°7Au compounds were first reported by
Roberts (491) and Shirley (§11). Although the natural linewidth of the
77.3 keV (3 —3) resonance is about 50 times that of 3"Fe, the changes in
C.S. and Q.S. are two to three times those observed for *”Fe compounds.
The sign of 6 R/ R has recently been shown to be positive (£90), and the
quadrupole moment of the ground nuclear state has the value +0.586
barns (67). Because of the liquid He temperatures required to obtain
reasonable spectra, and the very short half-life (~18 hr) of the %Pt
precursor, very little quantitative data had been reported until very
recently. Three recent papers (49, 108, 222) demonstrate the considerable
utility of Mdssbauer parameters for discussing structure and bonding in
Au compounds. A selection of data (49, 108, 222) for Au! and Au!™!
compounds is given in Tables LXIV and LXV, respectively.

a. Center Shifts. Au' compounds contain linear L-Au-L’ units in the
first coordination sphere of the gold atom [see references in (49)]. The
electron configuration of Au'! ion is 54!°, and the ligands donate
electrons to the 6s6p Au hybrid orbitals. Since the C.S. is usually more
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TABLE LXIV

M0OssBAUER PARAMETERS FOR SOME RECENTLY MEASURED Au! CoMPOUNDS?2

Code No.? Compound C.8.c Q.8. Ref.

1 AuCl ~—1.4 ~4.6 (49,108, 222)
2 AuBr —1.47 4.23 (222)
3 Aul —1.28 ~4.1 (49, 108,222)
4 AuCN +2.11 8.16 (49, 108,222)
5 As(Ce¢Hjs)4Au(N3)2 +1.43 6.84 (49)
8 KAu(CN); +3.12 10.12 (49)
7 (C10H12)AuCl +0.83 6.04 (49)
8 (C18H3ze)AuCl +0.91 6.41 (49)
9 (C16H32)AuCl +1.03 6.20  (49)

10 MesSAuCl +1.26 6.42  (108)

11 CsHs;NAuCl +1.7 6.4 (108)

12 Ph3AsAuCl +1.92 7.00 (108)

13 Ph3sPAuCl +2.96 7.47 (208)

14 (CeFsPhoP)AuCl +2.93 7.87 (108)

15 PhzPAuNj +3.3 8.4 (108)

16 Ph3PAu(OCOMe) +3.3 7.6 (108)

17 Ph3PAuCN +3.9 10.5 (108)

18 PhzPAuMe +4.93 10.36  (108)

2 At 4.2°K(mm/sec). In many cases, averages of the available recent data (see
references) are given.

b Code number will be preceded by table number in text.

¢ Relative to the source Au/Pt at 4.2°K.

sensitive to the s electron augmentation than p electron augmentation
and 8 R/R is positive, we would expect that an increase in the ¢-donor
characteristics of the two ligands would increase [¥(0),])? and the C.S.
w-accepting ligands would decrease the 5d electron density and also
result in an increase in the C.S. However, m-bonding effects are usually
not considered to be very important in Au compounds.

Au™ compounds are known to be square-planar [see references in
(49)] and the bonding involves dsp® hybrid orbitals on the gold. Assuming
again that the C.S. is most sensitive to 6s orbital augmentation, the C.S.
should again increase with increased ¢-donor characteristics of the
ligands. In addition, it might be expected that Au™ would have larger
C.S. values than Au! because of the smaller d electron density in Au'
compounds and resultant increase in [¥(0),])%. However, the increased
shielding of s electrons from a larger 6p electron density in Au™! com-
pounds would tend to offset the d-electron density effect.
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TABLE LXV

M06ssSBAUER PARAMETERS FOR SOME RECENTLY MEASURED Aulll COMPOUNDSE

Cod e No.? Compound C.S.c Q.S. Ref.
1 AuF; —1.07 2.74  (222)
AuCl3 +0.57 0.75  (222)
+0.83 — (108)
3 AuBrg +0.79 1.27 (222)
+0.48 — (49)
+0.18 1.8 (108)
4 [BrFz]*[AuF4)~ —0.69 1.82 (222)
5 MAuF,¢ +0.03 <1.0 (49, 108)
6 KAul, +0.43 1.28  (49)
7 KAuBry +0.64 1.13 (49, 222)
8 KAuCly- 2H,0 +0.71 ~1.3 (49,108, 222)
9 PhyAsAuCly +1.09 1.88  (108)
10 KAu(SCN)4 +1.63 2.04 (49)
11 As{CgH5)4Au(N3)g +1.66 2.89 (49)
12 Na3zAuOg +2.45 3.02 (49)
13 KAu(CN)e X4 ~+2.7 ~b5.5 (49, 222)
14 KAu(CN), +4.12 6.93 (49, 222)
15 Ph3PAuCls 2.06 3.25  (108)
16 CsHsNAuClg 1.45 — (108)
17 MesSAuCl; 1.26 2.20 (108)
18 p-MeCgH/NCAuCl3 0.75 2.00 (108)

@ At 4.2°K(mm/sec). In many cases, averages of the available recent data (see
references) are given.

b Code number will be preceded by table number in text.

¢ Relative to the source Au/Pt at 4.2°K.

4 M = alkali metal; X = Cl, Br, I.

In agreement with the above considerations, it is apparent from the
data in Tables LXIV and LXV that the C.S. values for both Au! and
Au'" compounds increase as the o-donor characteristics of the ligands
increase. Thus, for Au' halides, azide, and cyanide (Table LXIV,
compounds 1-5) the C.S. becomes more positive in the order ClI™ <
Br~ <I7 < N;7 <CN~. Similarly, in the LAuCl compounds (Table LXIV,
compounds 10-14), the C.S. increases in the order L = Me,S < C;H;N <
PhyAs < PhiP ~ (C4F;)Ph,P. Again, in the PhgP AuX series (Table
LXIV, compounds 15-18), the C.S. increases in the order X = N3~ ~
OCOMe™ <CN~ < Me. The order of these C.S. values agrees with
generally recognized bonding characteristics, and it is apparent that
the C.S. should be useful for placing ligands in a o-bonding order.



230 G. M. BANCROFT AND R. H. PLATT

For the Au'™ compounds, a similar order of C.S. values is found
(Table LXYV) (except for the halides), and the order of center shifts
correlates very well with the spectrochemical ranking of ligands (£9).
A similar correlation has been noted previously in this chapter for Fel!
low-spin compounds (44). Thus, in the AuX,™ series, (Table LXV,
compounds 5-8, 10-12, 14), the C.8. values increase in the order
F-<I-<Br <ClI" < SCN- ~ N3~ < 0% < CN~. For the LAuClg com-
pounds (Table LXV, compounds 15-17), the order of C.8S. is identical to
that of the Au! compounds, i.e., L = Me,S < C;H;N < PhgP, indicating
again that PhgP is the strongest ¢ donor in this series.

It is interesting to note that the C.S. value for KAu(CN),X, (X = Cl,
Br, I) compounds ( ~ +2.7 mm/sec) is close to the arithmetic mean of the
C.S. values for KAuX , compounds (~0.9 mm/sec) and that for KAu(CN),
(~4.1 mm/sec). It is possible then that a partial center shift approach
would be useful for predicting and rationalizing Au™ C.S. data. It is
also noticeable from Tables LXIV and LXV that Au! compounds
generally have more positive C.S. values than their Au! analogs, con-
sistent with considerations outlined above. Thus, the C.S. of KAu(CN), >
KAu(CN), and the C.S. of AuClg > AuCl. However, this generalization
is not always true; for example, C;H;NAuCl; has a smaller C.S. than
C;H;NAuCl. It is often difficult then to distinguish Au! from Au'! on
the basis of C.S. alone (49, 108, 222).

b. Quadrupole Splittings. The quadrupole splittings also show a
large range of values, and they can also be interpreted qualitatively
using the simple bonding considerations outlined in the previous section.
The signs of the quadrupole splittings have not been determined, but they
can be predicted with considerable confidence. For Au! compounds, the
Z EFG axis lies through the bond axes, and ¢ bonding involves donation
of electrons to the 6s and 6p, orbitals. V,; then should be negative, and
since ¢ is +ve, e%g@) for Au' compounds is negative. Since the 6s population
should be proportional to the 6p population, then an increase in o-donor
power of a ligand should increase the magnitude of the Q.S., while also
increasing the C.S. Inspection of Table LXIV shows that an increase
in C.S. is paralleled usually by an increase in Q.S. Indeed, Faltens and
Shirley (222) have fit a Q.S.—C.S. plot for compounds 1-4 and 6 (Table
LXIV) to a straight line with the equation:

C.8. =0.872Q.8. — 0.474(cm[sec) (88)

For Au'l, the situation is slightly more complicated. The Z EFG
axis lies along the 4-fold symmetry axis. The dy._y: hole in a Au®* ion
would then produce a negative e2¢@ since there is a concentration of
electron density (two d,: electrons) along the Z EFG axis. Covalent
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bonding, however, to the 5d,._,:, 6p, and 6p, orbitals produces a positive
contribution to the field gradient, and calculations show (222) that,
except for the most ionic Au''! compounds, the latter contribution should
dominate and give a positive e29Q). Thus, for the more ionic auric fluor-
ides (Table LXV, compounds 1, 4, and 5), the sign of e%¢Q is taken to
be negative, whereas for all the other compounds, the sign of e is
taken as positive (222). Supporting these assignments, a plot of C.S.
versus Q.S. for a number of auric compounds (222) is reasonably linear
with an equation:

C.S. = 0.532 Q.S. + 0.016 (cmsec) (89)

Faltens and Shirley noted that the C.S. and Q.S. taken together could
be used to determine the oxidation state of gold unambiguously.

Like the C.S. values, the Q.S. for KAu(CN),X, compounds (~5.5 mm/
sec) is intermediate between that of the AuX,~ species (~1.5 mm/sec)
and the Au(CN),~ species (~6.9 mm/sec). The Q.S. value for trans-
Au(CN),X,~ compounds would be expected to be considerably larger
than the average value of the two end members because of the large 7
in Au(CN),X,~ (222). It would appear that partial quadrupole splittings
could be derived and used successfully for such compounds.

Faltens and Shirley (222) have attempted to interpret the C.S. and
Q.S. variations more quantitatively with very little success. Fortu-
nately, it seems that even the qualitative interpretation is of considerable
bonding and structural use in these gold compounds.

2. 1218p

A large number of Sb Mdssbauer spectra have been recorded using the
37.2 keV I + —2 + transition. The majority of the data for Sb!! and
SbY stoichiometric compounds containing one oxidation state of Sb are
given in Tables LXVI and LXVII. Spectra of simple compounds can be
obtained at 80°K, but liquid He temperatures are desirable to obtain
good spectra and to extract more meaningful center shifts and quadru-
pole splittings (424). The quadrupole splittings are never well resolved,
and most of the discrepancies in C.S. values are probably due to fitting
one Lorentzian to an asymmetric peak.

The C.8. values are very sensitive both to the oxidation state of Sb,
and the type of ligand. This is due to the very large value of 8 R* [( R*)(p)
(Table LXVIII) for!2! Sb, in comparison with other Méssbauer nuclei
discussed in this chapter. The values in Table LXVIII were obtained
in two ways. In the first method, (498, §10) experimentally determined
C.S. values for tin, antimony, tellurium, iodine, and xenon have been
compared with atomic Hartree-Fock density calculations to give values
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TABLE LXVI

MOG8SBAUER PARAMETERS FOR Sb1ll ComPOUNDS2

Compound C.8.b e2qQ Ref.
SbF; ~14.8 +19.6 (72, 496, 522)
SbClz® —13.8 +12.2 (72, 496, 522)
SbBrj¢ -13.9 +9.4 (72, 522)
SbIse -15.9 — (72, 622)
SbaO3 —11.4 ~18.0 (62,72,496,522)
SbaSs —-14.4 — (62,72, 5622)
SboTes -15.3 —_ (62)
Co(NH3)eSbClg -19.7 — (63)
K3SbClg —-18.2 — (63)
Cs3SbClg ~18.1 — (63)
{(NH,)s8bClg -17.2 — (63)
(NH,4)2SbCls -15.2 — (63)
SbIlinRby[SbIISbVCl, o) -19.6 — (63)
PhsSb —9.69 +17.5  (389)
(p-ClCeH4)3Sb -9.3 — (307)
(p-CH3006H4)3Sb -~9.0 —_— (307)

¢ Data given in mmy/sec with both source and absorber at 80°K except for
PhgSb. This spectrum was recorded with both source and absorber at 4.2°K.

b Center shift values are quoted relative to 1218SnQ4 or Cal218nQj, taking these
compounds to have identical C.8. values. The C.S. of InSb w.r.t. from these
sources is —8.5 + 0.1 mm/sec.

¢ Russian work (377, 513) has yielded substantially more negative values for
the C.S. For example, the C.S. values (377} for SbCl3, SbBr3, and Sblz are —15.5,
—15.85, and —16.5 mm/sec, respectively.

of 8(R%)|(R?) for each nucleus. In the second, the center shifts for
isoelectronic pairs of compounds were compared to obtain ratios of
8(R%[{R%) for adjacent nuclei. Taking the value of p for !*Sn to be
2.4 x 107%, as deduced by a comparison of center shifts with calculated
charge densities (£96), the values of p for the other Mossbauer nuclei
could be determined. It is important to note that p is negative for 12!Sb.
The very large differences in C.S. between Sb!!! compounds (C.S. ranges
from —9 to —19 mm/sec) and SbY compounds (C.S. ranges from —7 to
+4 mm/sec) have been very useful in detecting the existence of Sb™
and SbY in mixed oxides and sulfides of Sb (62, 71, 388), as well as in
complex chlorides such as Rby[Sb,Cl,,] (63). The large range of C.S.
values within one oxidation state (Tables LXVI and LXVII) has been
useful in obtaining structural and bonding information (vide infra).
Because p is negative, an increase in [(0),]? decreases the C.S. SbY, then,
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TABLE LXVII

MOSSBAUER PARAMETERS FOR SbY CoMPOUNDS®

Compound C.S.e e2qQ Ref.
SbF; +2.23 — (72, 522)
SbCls -3.12 —4.4 (72,522

-3.5 —  (13)
SbyOs5 +1.2 —4.3  (72,496,522)
RbSbClg —2.7 — (63)
HSbClg- XH,0 -3.0 — (513)
NaSbFg +1.7 — (496, 513)
KSbFg +3.8 — (496)
NaSb(OH)g +0.5 — (513)
PhsSb —4.6 — (389)
Ph,SbF —4.5 — (389)
PhySbF? —4.56 -7.2  (389)
Ph,SbCl? —5.26 ~-6.0 (389)
Ph,;SbBr? —5.52 —6.8 (389)
PhsSbNOg? —5.49 —6.4  (389)
Ph3SbF b —4.69 —22.0 (389, 523)
Ph3SbCly? —6.02 —-20.6 (389, 523)
Ph3SbBry? —6.32 —19.8 (389, 523)
Ph3Sbls? —6.72 —18.1 (389, 523)
(PhCH3)3SbClg? —5.86 —-23.0 (389)
(CH3)3SbClg? —6.11 —24.0 (389, 523)
(CH3)3SbBra? —6.40 —22.1 (389, 523)
Ph,SbCl0y -5.9 — (389)

¢ Data given in mm/sec with both source and absorber at 80°K unless otherwise
noted.

b Spectra recorded with both source and absorber at 4.2°K.

¢ Center shift values are quoted relative to 1218nQg or Ca 1218n0j3 (1218b),
taking these two compounds to have identical C.S. values. The center shift of
InSb w.r.t. from these sources is —~8.5 + 0.1 mm/sec.

has a more positive C.S. than Sb!™!, In contrast, because '°Sn has a
positive p, Sn'Y has more negative C.S. values than Sn!! (Section III, A).

The quadrupole splittings are never well resolved ; only for the largest
Q.S. values for spectra at 4.2°K (such as the spectra of R;_,SbX,
(R=Ph, Me; X=F-, Cl", Br, I"; n = 0-2) can more than two of the
eight lines be visually resolved. As a result, the quadrupole splittings (if
detectable) normally have large errors. From spectra of the alkyl and aryl
halides, the ratio of quadrupole moments @.y/Q,: has been determined to
be 1.34 4 0.01 (523), but the value of @, is not nearly as well defined.
Ruby et al. (496) concluded from a number of widely varying ¢, values
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and their calculated value (496), that @, = —0.28 + 0.1 barns. It should
be noted here that both ., and @, have negative values. Thus, as for
1198n, an excess charge density along the Z EFG direction gives a
negative ¢, but a positive e%g@.

TABLE LXVIII

VALUES OF p = 8(R2)/(R?) x 104 For VARIOUS NUCLEI®

From comparison of  From density
isoelectronic structures calibration

1188n — 24
1218b —~14.6 -17.0
125Tg 1.9 —
1271 —4.8 -5.6
1207 6.2 6.6
120Xe 0.55 0.66

¢ From Refs. (498, 510).

a. Experimental Data. For Sb™! halides and oxide, a linear relation-
ship has been noted between C.S. values and the difference in Pauling
electronegativity (4X) between Sb and the ligand (72, 522). The least-
squares fit to the data gives:

C.S. = —18.3 + 4.354X (90)

SbF, lies well off this line. A plot of C.8. versus Q.S. for SbI;, SbBr,,
SbCl;, and Sb;0; gives another straight line (72).

C.8. (mm/sec) == —18.0 + 0.011e2gQ (MH,) (91)

These correlations indicate that a ‘“bare” Sb3t ion should have a C.S. of
about —18 mm/sec. As the electronegativity of the ligand increases,
[¥(0),)? decreases, causing the C.S. to become more positive. The C.S.
values for Ph3Sb and related compounds, using the above correlation
Eq. (90), are somewhat anomalous, since the electropositive Ph group
might be expected to increase [¥(0),]*> more than in Sbl,, and give a very
negative C.S. value. In fact, the most positive values for Sb!™! com-
pounds are observed. The structures of SbI; and PhgSb are, however,
not analogous. Sbl; is essentially octahedral (542), whereas Ph,Sb is
trigonal-pyramidal with C—Sb—C bond angles of ~113° (101), implying
that PhySb has o bonds which are essentially sp® hybrids with sufficient
p, electron density in the lone pair to give the large positive Q.S. (389).
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It has also been suggested that there may be some resonance between
Sb and Ph groups (148, 389) which permits some of the s electron density
of the lone pair to be dissipated into the aromatic rings and give the
unexpected C.S. values.

Some of the C.S. values for the SbCI3~ species in Table LXVI are
more negative than the —18 mm/sec suggested (72, 522) as the C.S.
value for a “bare” Sb3* ion from Eqgs. (90) and (91). These very negative
values imply (63) that the 53 pair is not being used greatly in the bonding
to the six chlorides and /or that the value of —18 mm/sec is inaccurate and
that the C.S. value for a bare Sb®* is considerably more negative than this
value.

As for Sb™ compounds, it is apparent from Table LXVII that the
C.S. values for SbY compounds become more positive as the electro-
negativity of the ligands increases. The center shifts for analogous
compounds vary as follows: SbCl; < Sb,0, < SbF;; SbCly~ < SbF,~;
Ph,SbBr < Ph,SbCl < Ph,SbF; and Ph3Snl, < PhySbBr, < PhgSbCl, <
PhsSbF,. Also, the C.S. values for the Ph3SbX, compounds are more
negative than for the Ph,SbX compounds. It should be noted here that
Gukasyan and Shpinel (307) have quoted substantially more negative
values for the C.S. of PhySbF, and PhSbCl, than those given in Table
LXVII. This discrepancy is probably due to fitting one peak to the
asymmetric spectrum. The above trends in C.S. are again consistent with
the increased withdrawal of s electron density as the electronegativity
of the ligand increases.

Considerable structural and bonding information can be obtained for
the Ph,_,SbX, species, and this series of spectra are the most interesting
Sb spectra yet reported (389). The sign and magnitude of the Q.S. values
for the R3SbX; species is expected from the known trigonal-bipyramidal
structure (72, 469, 522) and the signs and magnitudes of the Q.S. for the
isoelectronic Sn compounds (Table XXII). In fact, it should be possible
to use the isoelectronic Sn and Sb compounds along with Eq. (51) to
derive an accurate value of @,¢, /@121, The positive ¢ values observed
(negative e%qQ)) are expected from the excess negative charge lying in
the XY plane due to the strong o-donor properties of the R groups. As
with Sn compounds (Table XX), as the electronegativity of the halide
decreases (from F to I), the e%¢Q) values become more negative. It is also
apparent that the methyl compounds have larger Q.S. values than the
phenyl compounds [Ph;SbCl, = —20.6 mm/sec; (CH,z)sSbhCl, =—24.0
mm/sec] indicating that methyl is a better ¢ donor than phenyl. Once
again, the same trend is noticed in the isoelectronic Sn'V species. Thus,
[MesSnCl,]~ and [PhySnCl,]™ (Table XXII) have Q.S. values of —3.31
and —3.02 mm/sec, respectively, and the p.q.s. value for methyl is
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substantially more negative than phenyl. The C.S. values for the methyl
compounds are slightly more negative than those for the phenyl com-
pounds. Again, this is consistent with Me being a better donor than Ph,
and once again the Sn!Y compounds show the analogous trend (Table
XX).

The Ph,SbX compounds are of some considerable structural interest.
Although recent X-ray structures of Ph,SbOH (52) and Ph,SbOCH,
(609) have shown five-coordinate trigonal-bipyramidal coordination
about Sb, the Ph,Sb group has often been taken as ionic, i.e., Ph,Sb*.
Recent infrared evidence has been shown to be consistent with this cation
being present (396). A tetrahedral species would be expected to give
little or no quadrupole splitting, and little or no variation in C.S. as the
counterion is varied. In contrast, the C.S. varies from —4.56 (Ph,Sb(Cl)
to —5.9 mm/sec (Ph,SbClO,), and the Q.S. values of ~7 mm/sec (except
for Ph,SbCl0O,) approach those expected from a point charge model
taking the Sb-X bond to be identical in character in both R3SbX,; and
R, SbX compounds. Taking structures 8 and 10 in Table IV, and assum-
ing [L]*®=[L]*"*, the ratio of Q.S. for RySbCl,: R,SbCl is expected to
be greater than 2 : 1 in comparison to the ~3 : 1 observed. The quadrupole
splittings strongly indicate that except for Ph,SbClO,, a strong covalent
bond is formed between the Sb and X ligand, and that these compounds
are five-coordinate in the solid state. The narrow single-line spectrum of
Ph,SbClO,, the large absorption, and the negative C.S. all are consistent
with this compound being formulated as Ph,Sb*(ClO,)~ (389). Solution
conductance data indicate that whereas Ph,SbF and Ph,SbCl are
essentially undissociated, Ph,SbNQj; could be a 1:1 electrolyte (389) in
solution.

The Mossbauer spectra of SbF; and SbCly have not been very useful
for structural elucidation (72, 522). For example, two proposed structures
for the low temperature phase of SbCl; are: a dimeric structure with Sb
in six coordination, and an ionic [SbCl,*[SbCl¢]™ structure (430, 508).
The Mossbauer spectrum of SbCl; is consistent with essentially octa-
hedral coordination about Sb. A two-peak fit gave an equally good fit to
the data (72) and the ionic structure cannot be ruled out from this
spectrum,

3. 1257

Several papers have appeared which discuss the Mossbauer spectra
of Te compounds using the 35.48 KeV 2 + —} + transition. The majority
of data for tellurium halide and oxygen complexes are given in Tables
LXIX and LXX. All spectra have been obtained at 80°K, but many
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absorbers have been enriched to obtain reasonable spectra. Because of
the very large line widths (~5.3 mm/sec), the quadrupole splittings are
usually not well resolved. More seriously, however, agreement of C.S.
values among various workers has been extremely poor (Tables LXIX
and LXX), and this has made it extremely difficult to obtain meaningful
chemical bonding information, or for that matter, the sign and magnitude
of 8R/R. For example, as summarized by Gibb et al. (266), Russian work

TABLE LXIX
Mo6sSBAUER PARAMETERS FOR Te HALIDES AND HALIDE
COMPLEXES?
Compound C.8.c Q.8. Ref.
TeF, +0.4 7.0 (546)
+0.4 6.8 (547)
TeCly +1.2 4.0 (361)
+2.7 5.4 (545)
TeBry +1.1 3.8 (361)
+1.6 5.0  (545)
Tel, +1.0 3.0 (547)
+1.8 ~4 (361)
+1.0 6.0 (546)
MoTeClg? +1.95 0.0 (266)
+1.4 0.0 (85, 513)
+1.8 0.0 (545)
+1.70¢2 0.0 (306)
M,TeBrg? +1.74 0.0 (266)
+1.7 0.0 (85, 513)
+2.2 0.0 (545)
+1.564 (306)
MyTelg? +1.59 0.0 (266)
+2.0 0.0 (85, 513)
+1.27¢ (306)
TeFg2-? +0.0 0.0 (613)
+0.97 5.6 (306)
MTeF5® +0.89 5.98 (266)
TeCl, +0.5 6.5 (361)
+1.3 6.5 (545)
TeBrs +0.6 6.3 (645)

¢ Data given in mm/sec at 80°K.

®M = NH,, Rb, Cs, K, NMe,.

¢ Relative to 1251/Cu as source.

2 These values were quoted relative to ZnTe. ZnTe has
a C.8. very close to zero relative to 1251/Cu source (266, 361).
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(85, 513) for the hexahalogen complexes of tellurium, M,TeX4 (X = Cl,
Br, I), showed that the C.S. of these complexes increased in the order
Cl < Br <1, i.e, in the same order for the hexahalogen complexes of
Sn indicating that like Sn, 8 B/ R is positive. However, more recent and
precise work (266, 306) shows that the trend is just the opposite. The
C.S. varies in the order I < Br < Cl. The explanation of this trend will
be examined shortly. However, it has been concluded (266, 306, 361)
that 8 R/R is positive for 12°Te.

Calculations of the quadrupole moment of the excited state of '2°Te
(99, 548) indicate that @ is negative (99) and that its magnitude is about
0.2 barns.

Some information of chemical interest can be obtained from the
results in Tables LXIX and LXX. For example, Te"! has substantially
more negative C.S. values than Te!V, and this difference has been used
by Erickson and Maddock (219) to calculate the amount of TeO, in
a-TeQ;. The lack of quadrupole splittings in the M,TeX, species is
consistent with the known regular octahedral structure of some of the
anions (78, 162, 266). The far-infrared spectra of these anions also indi-
cate octahedral symmetry (301). In contrast, the compounds MTeF,
(M = NH,*, Cs*) have a large quadrupole splitting, consistent with the
square-pyramidal structure deduced from IR and Raman spectroscopy
(302). The agreement between the recently reported parameters for
supposed TeF3~ species (306) and the parameters for the TeF;~ species
(266) strongly suggests that Gukasyan et al. (306) measured spectra of
TeF;~ and not TeFz~ (266).

The trend in C.S. values for the M,TeX, series is of considerable
bonding interest. The structural data described above indicate that the
lone pair in Te is stereochemically inactive and, thus, has a very high s
character. The very positive C.S. values for this species are consistent
with this observation. Also, the trend in C.S. I < Br < Cl (opposite to
that for Sn species) suggests that little s character is involved in the
Te-X bonds. If the bonding mainly involves Te p electrons, then an
electronegative ligand would cause an increase in [¥(0),]? (the lone pair
contracts from deshielding) (266), and the C.S. decreases as is observed
for Xe (454) and iodine (445) compounds having regular 90° and 180°
bond angles.

Any other bonding information is very difficult to extract from
present data because of the large discrepancies in C.S. values between
workers. Erickson and Maddock (219) have suggested that agreement is
improved between workers if TeQ, is used as the C.S. standard. How-
ever, even if all the data are converted to TeO,, large discrepancies are
still observed.
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4. 129X

The Perlows have published several interesting papers on the
Maéssbauer spectra of Xe compounds using the 39.58 keV # + —1 + trans-
ition in 129Xe. Much of the interest in this work has stemmed from the
“production” of novel xenon compounds from their iodine precursors.
This aspect of the work has been outlined in Section III,E of this
chapter. In addition, however, useful bonding information has been

TABLE LXX

Mo0OssBAUER PARAMETERS FOR Te OxveeN COMPOUNDS?

Compound C8.c Q.8. Ref.
Te(OH)g (monoclinic) —-0.98 0 (266)
-1.01 0 (219)
-1.15 0 (361)
—0.8 0 (649)
BaH;TeOg —0.87 0 (266)
Na2H4TeOe —-0.94 0 (219)
NasTeQ4- 2H20 —-0.95 0 (266)
Na2T604 —1.26 0 (219)
MTeO 40 ~—0.9 0 (266)
—-0.9 0 (361, 545)
H:TeOj +1.3 7.1 (645)
NasTeO4 +0.42 6.65 (266)
+0.35 5.94 (219)
+0.22 5.78 (361)
SrTeO3 +0.66 5.97 (266)
TeOq2 +0.91 6.25 (266)
+0.91¢ 6.63 (219)
+0.72 6.54 (361)
+1.3 6.8 (545)
+0.78 7.3 (646)
Tes04 +0.89 6.65 (266)
Tes04- HNO3 +1.7 6.0 (545)
B—T603 +1.01 — (219)
a-TeOg —0.90 0 (219)
-1.07 2.6 (361)
—0.1 0 (645)

a Data given in mmy/sec at 80°K

®M = K, Ca, Sr, Co, Ni.

¢ Relative to 125I/Cu as source.

4 This value and all other C.S. values from Ref. (219) are
taken after fixing this TeOga value at +0.91 mm/sec.
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obtained using the Townes—Dailey Q.S. approach outlined for iodine in
Section IV,D. A summary of most of the xenon work is given by Perlow
449).
( Although some xenon-oxygen compounds have been studied (449),
examination of the data for xenon halides (Table LXXI) will illustrate
the useful bonding information obtainable from xenon Mdssbauer.

For '29Xe, p is positive and comparatively small (Table LXVIII),
giving rise to rather small changes in C.8. with rather large errors (Table

TABLE LXXI

MOSSBAUER PARAMETERS FOR XENON HALIDES?

Electron

$e29Q e2qQ transfer/
Substanee? C.S.e (mm/sec)? (Mc/sec)? Up hp bond
XeFy +0.40 + 0.04 41.04 (+)2620 1.50 3.00 0.75
[XeCly] 1+0.25 + 0.08  25.62 (+)1840  0.94 1.88 0.47
XoFg +0.10 + 0.12 39.00 {(—)2490 1.43 1.43 0.72
[XeClg] +0.17 + 0.08 28.20 (—)1800 1.03 1.03 0.52
[XeBrs] ~0.03 + 0.07  22.2 (—)1415 0.81  0.81 0.41

e From Ref. (454). Data given in mm/sec at 4.2°K.

b Those compounds in brackets were prepared from the corresponding I
compound and used as sources. For example, XeCl4 was prepared from KICl,.

¢ Relative to xenon clathrate at 4.2°K.

2 e2¢) for one p, electron in 129Xe is +1742 Me/sec or +54.6 mm/sec, taking
Ey = 39.58 keV.

LXXI). Anincrease in [¥(0),]? should thus increase the C.S. The quadru-
pole moment of ***Xe has been determined to be @ = —0.41 + 0.06 barns
(448, 449). The e%*qQ value for one Xe 5p, electron is equal to +1740 Me/
sec or +54.6 mm/sec (448). It should be recognized that gq is negative for
one p, electron, but the negative sign of @ gives a positive e2¢Q for an
excess of negative charge along the Z EFG direction.

XeF, is known to be linear, and the linear and square-planar struc-
tures of ICl,~ and ICl,~ are probably preserved in XeCl, and XeCl,
[see references in (453)]. The center shifts and quadrupole splittings are
consistent with pure p bonding, perhaps expected from the 90° and
180° bond angles in linear and square-planar structures (454). On the
assumption of pure p bonding, we would expect that the XeX, com-
pounds would have a more positive C.S. than the XeX, compounds
owing to the lower p-electron density and the resulting higher [¥(0),]?
owing to deshielding in XeX,. This order is found experimentally
(Table LXXI). Also, on the basis of pure p bonding we would expect the
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order of C.S. values to be ¥~ > Cl™ > Br™, and this is generally true,
although the differences are very small and are often within the errors.
This same trend holds for the analogous iodine compounds {(Section
1V, D). Appreciable s character in the bonds would lead to the opposite
trend in C.S. values, i.e., F~ < Cl~ < Br~. More negative C.S. values
for the xenon oxides (453) implies that the Xe-O bonding involves
appreciable s electron density on the xenon atom—as has been concluded
for iodine—oxygen compounds [(445) and Section IV, D].

Since e2¢@ for one p, electron has been determined, Eq. (563) can be
used along with known Q.S. values to derive U,, and these are given in
Table LXXI. The signs of e2¢@Q cannot be determined directly [although
the Goldanskii-Karyagin asymmetry is helpful in assigning the sign of
e2qQ (449)], but it is apparent that the signs of the square-planar and
linear compounds will be the same as those for the isoelectronic and
isostructural iodine species (Table LII). The square-planar tetrahalides
have a positive e2¢gQ (g -=—wve), and the linear dihalides a negative
e2qQ (¢ = +ve). In the square-planar compounds, the bonding involves
the p, and py orbitals and h, = 2U,, while in the dihalides, A, = U,,.
The assumption of pure p bonding can be tested using the C.S. data,
which can be thought of as measuring h, directly [for example, in the
1297 case, see Eq. (73)]. Unfortunately, the xenon C.S. values are not
precisely known, but a plot of 2, (from Q.S.) versus C.S. gives a reason-
able straight line through the origin. The change in center shift per p
electron hole (0.13 mm/sec) was obtained from the slope of this line.

The Mossbauer data suggests, then, that as for the isoelectronic
iodine compounds, the bonding from xenon to the halides involves
mainly xenon p electrons. The p-electron transfer/bond given in the last
column of Table LXXI is consistent with this interpretation. The two
chlorides and the two fluorides display very similar electron transfers
per bond (449).
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