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The Application of Mdssbauer Spectroscopy to the Study of Tin-
containing Catalysts

E.N.Yurchenko

The principal problems arising in the study of tin-containing homogeneous and heterogeneous catalysts by Méssbauer
spectroscopy are reviewed. The information provided by the parameters of the method, among which special attention has
been devoted to the probability of the resonance absorption of y-quanta by the specimen and its temperature variation, is
analysed. The principal results obtained in the study of the structure and properties of various tin-containing catalysts are
surveyed.
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Their review covers an even

greater number of examples of the study of tin-containing

catalysts, but these are mainly tin(IV) compounds. In a
later review® dealing with the application of M3ssbauer
speciroscopy to catalysis, no information whatever is
included about tin-containing catalysts. Finally, the

widely used as homogeneous catalysts. Platinum metal compilations of communications on Mossbauer spectroscopy,

complexes, both those in which the ligands are tin halide
species alone and complexes containing PR;, P(OR); and
CO molecules in addition to Cl and SnCl;, exhibit catalytic
properties in the hydrogenation reactions of various mono-
olefins and polyolefins as well as unsaturated organic acids,
in their isomerisation,
Most detailed information on this question has been published
by Matvienko.! On the other hand, industrial catalytic
processes are mainly carried out on deposited Pt—Sn inter-
metallic compounds, which are used in I’eforming2 and
dehydrogenation® processes.

The unique possibilities of the Mossbauer method for
securing information about the structure and properties of
tin-containing compounds have been known for a long time."
However, its application to the study of such catalysts has

regularly published in the journal Analytical Chemistry (R)
(see, for example, Stevens et al.?) are concerned with all
the aspects of the application of the method and do not
analyse the characteristics of its application to the study
of particular types of systems, including catalysts.

in olefin carboxylation processes, etc. This position can be partly accounted for by the fact that

the number of studies on tin-containing catalysts by the
Mossbauer method has indeed been small. For example, the
first investigation of the industrial tin-containing catalysts
deposited on y-Al,0; appeared in 1975.2° The authors®®
showed that the surface of the carrier contains a whole set
of tin (IV), tin{II), and zerovalent tin compounds, although
the main problem is their detailed identification. Studies of
this kind have been partly discussed in a recently published
review,! but the methodological aspect of the problem of the

been inadequately dealt with in review articles. One of the determination of the number of individual components of the

first reviews in which questions concerning the application of
Mossbauer spectroscopy to catalysis were discussed dealt

largely with iron compounds® and concentrated mainly on two dealt with.

possible aspects of the application of the Mossbauer effect:
(1) the derivation of information about the electronic states
of the atoms in catalysts and about the relation with their

catalyst, their composition, and their state on the basis of
the complex overall MGssbauer spectrum remained inadequately

The experience gained in the application of physical
methods to catalysis, accumulated at the Institute of
Catalysis of the Siberian Division of the USSR Academy of

activity and selectivity; (2) the detection of intermediate Sciences, has shown that a fairly profound understanding of
The only study considered by the reaction mechanism and of the action of the active centre

complexes in catalysis.
Gol'danskii and Suzdalev® was that of Skalkina et al.®, who
found that the relation between the rate of the oxidative
ammonolysis of propene and quadrupole splitting A (for a
constant chemical shift §) has an extremum for SnO, and its
solid solutions in Sb;0,, MoO;, and Fe;Os,.

The most complete review, in the sense of coverage of
problems involving catalysis, is that of Dumesic and Topsoe,
who discuss in detail the information contained in the param-
eters of the Mossbauer spectra, the characteristic features
of the application of the method to the study of the structure
of the catalyst surface, the adsorption of various molecules on
such a surface, and the reactivity of molecules containing i neous and heterogeneous catalysts.

has been achieved in those cases where it was possible to
obtain reliable information about its composition, structure,
or the type of compound or phase constituting this centre.
One must note that none of the reviews published hitherto
has considered the outcome of the application of the
Mossbauer effect to the study of tin-containing homogeneous
7 catalysts. Here too it is necessary to obtain in the first
place information about their composition and structure.
In view of the foregoing, in the present review we shall
consider primarily the structural aspect of the application of
the Mossbauer method to the study of tin-containing homoge-



Russian Chemical Reviews, 55 (3), 1986

11, METHODOLOGICAL PROBLEMS IN THE STUDY OF
CATALYSTS BY THE MOSSBAUER METHOD

In this Seetion, no attempt is made to describe all the
methodological problems of the application of the Mossbauer
effect in chemistry; like the theory of the method, they
have been described in detail elsewhere.'2'® Here we
shall deal only with those of their aspects which are most
important for the investigation of catalysts.

1. Homogeneous Systems

As mentioned above, the homogeneous catalysts usually
consist of SnCly-containing platinum metal complexes as well
as clusters of the same metals incorporating SnCl;, SnCl,,
and SnCl groups and Sn atoms,!:'7>18

It has been shown'’~2° that the line form in the Mossbauer
spectra of complex compounds frequently differs from the
ideally symmetrical doublet; this can be caused by the
non-equivalence of the positions (and hence the electronic
structures) of the SnCl; ligands in the coordination sphere
of the platinum metal or, which happens more frequently, by
the presence in its coordination sphere of tin-containing
ligands of different composition. The latter is typical for
clusters.'”?%:21  In this case the determination of the param-
eters of the Mossbauer signal of each kind of tin-containing
groups makes it necessary to resolve the overall spectrum
into individual doublets with a Lorentzian line form. Fig.1
(Yurchenko“) presents the Mossbauer spectrum of the
[Pd;SngCly]* cluster obtained in the form of the tetra-
phenylphosphonium salt; the spectrum was interpreted on
a BESM-6 computer, The line form of each quadrupole
doublet was described by the expression

e Tnat/2
21 [(E— Eo— 4)*+ (Tyay/2)?

Pnﬂt/2‘
(E— Eq + A2+ (Tyae/2)?

W, (E) = + ] (1)

where E is the energy of the emission of y-quanta, E, the
energy of the resonance transition, and I'j4¢ the natural line
width.

Later it was found that it was more rational to carry out an
analogous resolution procedure with the aid of an SK-2 curve
synthesiser,® which makes it possible to isolate simultaneously
up to seven components of the spectrum. The area under
the envelope of each doublet is related to the number of
absorbing atoms n by the familiar expression®*?*%17

Sy = %Fna‘lo'(,%fﬂf' > (2)
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in which kf can be determined by the black absorber method,
which has been described for tin.?? Yurchenko'® adopted
fy7 = 0,22 for the SnCl, ligand, 0.3 for SnCl, and 0.4 for Sn
in the Pd;Sn alloy.?® Taking into account these values of f'
for Sn in [Pd3SngClye]*™, it is found that the ratio of the
areas of the two doublets in Fig.1 corresponds to the ratio
of the numbers of tin atoms in the ligands of the cluster,
which is 3:1;%% this constitutes one of the arguments in
support of the representation of the composition of the
cluster by [Pd3(SnCls)e(SnCl),]* .22

The study of the state of catalysts under the conditions of
the catalytic process (in situ) is particularly valuable. For
homogeneous systems, this requires the measurement of the
Mossbauer effect for solutions, which, by virtue of the nature
of the effect itself, becomes possible only when the latter
are frozen. In those cases where the concentration of the
catalytically active forms of the complex or intermediate
states is high, freezing of the solutions has a conserving
effect on these forms and makes it possible to identify them
from the Mossbauer spectra. However, studies available
hitherto on the Mdssbauer spectroscopy of frozen solutions
have been associated .mainly with the analysis of complex
formation processes.?*~%7 In their methodological aspect,
such studies require the availability of cells of appropriate
design, which would not break on cooling the solution to
the temperature of the liquid nitrogen and would retain
their hermetic seal.

The use of Mossbauer parameters such as § and A for the
identification of the types of complexes predominating in
solution required the accumulation of information about the
characteristics of the Mossbauer effect for compounds of tin
in various oxidation states and with different structure of its
immediate environment. For tin(II) complexes, such a study
has been carried out’® and the relation between the observed
changes in the MOssbauer parameters and the characteristics
of the structure of the complex as a whole and of the tin(II)-
containing ligands in it has been elucidated by simultaneous
investigation of the crystals of the complexes by the X-ray
diffraction and Mossbauer spectroscopic methods. Fig.2
presents examples of the Mossbauer spectra of various tin
compounds; evidently, the values of §, A, the width of the
components I', and the form of the spectra are sensitive not
only to changes in the oxidation state of tin but also to the
characteristics of the structure of the tin-containing com-
pounds.!” Thus the formation of a coordinate bond by the
SnCl, group alters & from 3.64—3.00 mm s~ ! and A from
0.90~1.73 mm s~ ! for the SnCl; ion?® to 1.50—1.95 mm s~!

Figure 1. The Mossbauer spectrum of the (Ph,P),[Pd;SngCl],, cluster (in terms of the arbitrary

units of the graph plotter.
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and 1.60—2.10 mm s~ respectively.??7%® If all the SnCl;

ligands in the coordination sphere of the complex have
equivalent positions and geometries, as, for example, in
[PdCla(SnCh)]z" (Fig. 2, curve 3), then under these
conditions a symmetrical doublet is observed with lines of
equal and minimum width. If the ligands in the coordination
sphere of the complex occupy non-equivalent positions, for
example, the axial and equatorial SnCl; groups in
[Pt(SnCl;y)s]®, and therefore have different values of §
and A, then the overall spectrum can be asymmetric and
can have broader lines (Fig. 2, curve 4). Finally, the
presence of tin(1I)-containing ligands in the complex which
are non-equivalent as regards composition and structure
imparts a strongly asymmetric contour to the overall
spectrum resulting from the doublets due to each ligand
(Fig.2, curve 5).
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Figure 2. Mossbauer spectra: 1) SnCly(anh.); 2) SnCl,.

2H,0; 3) (PhyP),[PdCl,(SnCly)];
5) Csy[Rh(SnyF,5)(SnF,(H,0),],. 2H,0;

4) (EtyN);3[Pt(SnCl3)s];
6) SnO,; 7) PtSn.

The non-equivalence of the SnCl; ligands as regards
their positions in the coordination sphere of the complex
affects the form of the spectrum to a greater extent than
the differences between the geometries of each of them.
This has been demonstrated by an investigation®® of the
crystal structure and spectra of [Me,N1,[OsC1(SnCl;3);].
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All ten crystallographically independent SnCls ligands in
the unit cell of the crystal of this compound have apprecia-
bly different SnCl bond lengths and Cl-Sn—Cl angles.
Nevertheless, the Mossbauer spectrum of the powdered
complex consists of a symmetrical doublet;*? the above
differences in the geometry of the SnCl; groups induce
only a broadening of the line widths to 0.85 mm s %,

Thus the results of a number of studies®®~3¢ helped to
discover how much structural information is contained in the
Mossbauer characteristics of tin(II) compounds, such as the
form and width of the components of the recorded spectrum
and the values of § and A for its individual components.
Dynamic parameters, particularly f', have not been used to
characterise the structural features of tin-containing catalysts.

The quantity f' is defined by the expression

. [ ot
f:exp(ﬁ——{z—), 3)
where <x?> is the mean square shift of the emitting nucleus
at the crystal lattice site in the direction of the stream of
y-quanta. % = A/2m, and A = 0.52 & for 1°Sn. One might
expect that the characteristics of the structure of tin-
containing compounds will be reflected in the value of <x?>Sn
for the latter and hence in the value of f'.

The parameter f' is, in principle, related to the macro-
scopic properties of the entire crystal containing the
Mdssbauer atom.'3** The value of f' in the range 1 <f'20
depends on whether there exist in the given crystal possi-
bilities for the consumption of part of the energy of the
yY-quanta, which is equal to the recoil energy of the
Mossbauer nucleus. Such energy dissipation channels are
provided by the excitation of the phonon spectrum and of
the individual vibrations of the crystal in the optical
branches.®”>*® In simplest cases of one- or two-atom
lattices, the Debye model of the solid is used for the
description of f', % according to which we have in the tem-
perature range above 77 K

6ELT
. - , 4
f exp( pree ) (4)
where = is the characteristic Debye temperature for the
crystal, Ep the recoil energy, and k2 = RAuwy,.."*"** It has
been suggested that, when the Mossbauer nucleus in the
solid forms part of the composition of the molecule or ion
having characteristic vibration frequencies w;, Einstein's
model of the solid be employed, according to which
" E ho;
= Tlexp/ — =& coth — ) . (5)
P T 2kT

\

It has also been suggested*® that f' for molecular crystals
be expressed as the product fjf{,., where f, characterises
the component of the probability of the absorption of a
y-quantum which depends solely on the intramolecular
vibrations of the M&ssbauer atom, while fl'r characterises

the part which depends on the vibrations in the solid of the
entire molecule containing the given atom. Eqn.(3) is then
valid for fl’a and f;’r separately, <x2>ir is a result of the

shift of the Mossbauer atom as a consequence of inter-
molecular vibrations, and <x2>ia is the result of the shift
due to intramolecular vibrations. A number of compounds,
for example organotin(IV) compounds, have high frequencies
(300-400 cm™* and above) and, in conformity with Eqn. (4)
or (5), fily + 1. Debye's model of the solid state is usually
employed to describe fj,. and the following relation is
analysed: .
dinf _ 3Ek

ar Meﬂ.czhzw‘l'

(6)

where Mg¢r is the mass of the entire molecule and wj its



Russian Chemical Reviews, 55 (3), 1986

vibration frequency (the lowest lattice vibration frequency is
adopted as wj). In combination with the determination of
w; from Raman spectra, this approach has been used in a
whole series of studies, for example, for the determination
of the molecular weights of tin-containing compounds.*! ™3

It follows from Egns.(4)—(6) that the higher the effective
mass of the vibrating molecule and the lower the vibrational
frequency of the Mossbauer atom, the closer is f' to unity
and the weaker the dependence of f' on T.

However, the above approach proved to be unsuitable
for a whole series of systems. For example, in biological
objects containing the *’Fe label a marked dependence of f'
on T (over a limited temperature range) and of the absolute
value of f' on the water content in the protein has been
observed.*®"’

It is also noteworthy that, in an early study*® of the
Mossbauer effect in amorphous tin halide compounds, it was
observed that the absorption of y-quanta without recoil does
not require the presence of a crystal structure as such. It
is only necessary that an effective mechanism hindering the
consumption of the energy of the y-quanta in the form of the
recoil energy in different kinds of low-frequency rotational
and vibrational movements of the groups containing the
Mossbauer atom should operate.

In terms of the structural aspects of the use of Mossbauer
spectroscopy in which we are interested, it was extremely
important to elucidate to what extent the parameter f' itself
and its dependence on T are determined by the internal
structure of the tin-containing molecule and why this is so.
In order to solve such a problem, it is essential to have
information about the crystal structures of various tin(II)
halide complexes of transition metals. Such data have
been obtained in a number of studies.!®%:*°7%% They show
that all tin-containing halide complexes without exception
are constructed according to the principle of molecular
crystals, i.e. the interaction energies of the atoms within
the complex anion and within the cation (short interatomic
contact) greatly exceed the energy of interaction between
them (long interatomic contact). The structure of the
(Sn—F)-containing anion is such that four Sn atoms are
linked via bridging F atoms. In the chlorine complexes tin
is present in the form of the SnCl; ligand, but the geometry
of the latter within the anion and within the unit cell and
also in different compounds can vary significantly.

A study®”® of f’ and of its dependence on T for the
number of (Sn—F)-, (Sn—Cl)-, and (Sn—Br)-containing
complexes has shown that the maximum values of f' and its
weakest temperature dependence (f}, = 0.5, f5,/fiss = 1.6),t
close to that obtained for platinum—tin and nickel—tin
alloys, are observed for the fluorides. For the SnCl;-
containing complexes, the values of f' are lower and their
dependence on T is more marked (fy, = 0.2, fy/fiss = 4—5).
For the SnBrjs-containing analogues with the same cations,
the values of f;7 are somewhat greater (0.3), but the depen-
dence of f' on T is steeper (f7,/f1s3 = 6). In a series of
compounds of the same SnCl;-containing complex anion, the
increase of density from 1.8~2.2 g cm™° to 3.3 g em™® on
replacement of the bulky organic cation by Cs* entails an
increase of f'77 to 0.4 and a weakening of its temperature
dependence (f5,/f1s3 = 3); however, in this case too f' is
smaller and its dependence on T is stronger than for the
fluorides. For frozen fluoride solutions, the values of f'
are also higher than for the chlorides. This demonstrates
that the measured féff for the crystalline complexes

+The subscripts f' correspond to the temperatures of the
measurement (K).
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investigated depend both on the internal properties of
their tin-containing anions and on the characteristics of
the interionic interaction in the crystal as a whole, i.e. both
on fi’a and on fi’r

The components of the effective mean-square vibration
amplitude of the tin atom in the crystal lattices of such
(<x2>eff) have been analysed:®*

o .
(X2)ogr = (x); coth 7 +(x2),, coth ~T1 . N
where %y = hwi(]')lzk, wi .the frequency of the lowest-
frequenc;l vibration of the Mossbauer atom within the
molecule, and w; the frequency of its vibration together
with the molecule. This equation was first used to analyse
the dynamics of the behaviour of the tin atom on the silica
gel surface. >

The observed®® <x?>eff—T relations are illustrated in
Fig.3; Table 1 presents the parameters and the temperature
ranges in which these relations were fitted by Eqn. (7). The
effective frequencies of the vibrations of the *'*Sn atoms
within the anion and of the associated vibrations have been
calculated from the <x?> obtained. The frequencies vj, are
reasonably consistent with the vibrations of species having
masses greater than 1000 a.m.u. and weakly linked to one
another. They have similar values for all solid halides
except complex 2. This is consistent with the crystal-
lographic data, according to which the distances between
the atoms in compound 1 are R(Sn - Cs*) > 4.5 R and
R(F - Cs*) > 3 & and differ little from the distances
between the atoms of the SnCl; and (CH;),N groups in
compound 3.*°7%%  The effective intermolecular vibration
frequencies decrease in the sequence F > Cl > Br, remaining
higher in absolute magnitude than the observed low-
frequency components of the spectrum.

Table 1. Parameters obtained by fitting Eqgn.(7) to the
curves in Fig.3.%°

18, .2 18,,2
Complex* 7. K 10 u; i ‘ 1T ex i @y, K ain K| vy, o™ 1 vip, !
cin cim
! 77—300 0.04 0.27 20 100 350 4.7
2 T7—160 0.07 01 10 100 200 12.7
3 77140 0.08 0.25 8 120 175 5.0
4 77—140 0.10 0.15 10 120 140) 5.6
5 77—140 0.05 0.55 25 100 280 2.3

*The numbers of the complexes/correspond to the numbers
of the curves in Fig.3.

The calculation,®® based on the measured force constants
of the SnX3 anions®’ and the complex [PdACl3(SnCly)]?%” 50
as well as the available information about the geometry of the
complexes,*®%%4%% pade it possible to discover a series of
important characteristic features of the compounds con-
sidered. Firstly, the number of low-frequency (up to
100 em™1) normal vibration modes increases in the sequence F,
Cl, Br: 55 cm™! for the F-derivatives, 61, 66, 75, and
82 cm™ ! for the Cl-derivatives, and 44, 52, 73, 85, 90,
97 em™! for the Br-derivatives. Secondly, in the presence
of bridging F atoms, as in the fragment

F
SnZ \SnF,),
FJ n\M/ 20 .I)
the calculated <x2>, corresponding to a frequency of 55 cm™!

is 11.6 x 1072° cm?, while without a bridging atom, as in the
fragment, F3Sn—M—SnF3, it amounts to 30.6 x 1072° em? at a

’
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frequency of 74 em~}, Thirdly, the tin atom undergoes the
greatest shift in stretching vibrations [v(SnX) whose
observed frequencies decrease in the same sequence of
atoms X (524 em™! for F, 316 ecm™? for Cl, and 225 cm™? for
Br). The calculated values of fi, at T = 0, expressed as
the product of the f{, for each of the frequencies quoted
above, proved to be 0. 64 for the fluorides, 0.58 for the
chlorides, and 0. 46 for the bromides.

Table 2 presents the values of fl’a and fI'r as well as their
temperature variations obtained by Eqns. (3) and (7) and
taken from Yurchenko et al.55 Comparison of the values of
fiy at T = 0 with those of the ffa listed above shows that
the analysis of the vibrations of the metal-tin halide
complexes made it possible to estimate correctly their
characteristic values of <x2>ja (T = 0) and the corre-
sponding ffa.

The analysis suggested“ that all the low-frequency
vibrational modes, including v(SnX), contribute effectively
to the mechanism of the changes in fl¢r in the series of
tin(II) halide-containing complexes of transition metals,
the increase of the number of such modes from X = F to
X = Br and the decrease of v(SnX) in the same series
having the greatest importance. The data of Yurchenko
et al."® have shown that the values of f' characteristic of
the SnXj ligands occur in the range 77—140 K; they differ
little in the series of metals and can be used to analyse the
type of tin-containing halide complexes obtained. Table 2
also shows that at T = 0 the overall value of féﬁ- is
approximately equally determined by the presence of zero-
point vibrations of the tin atom in the anion and associated
vibrations of the anion. An increase of temperature,
within the limits where Eqn. (7) fitted to the relations shown
in Fig.3 holds, leads to a greater intensification of the
internal vibrations of the tin atom, so that along these

10'8(x?), cm?

J

r_.

L | 1 1 |
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sections the temperature dependence of f' is determined
mainly by the internal properties of the anions. The
characteristics of the packing and of the interionic inter-
action have a greater influence at higher temperatures.

Table 2. Temperature dependence of the parameters fi'a
and fi,, for the complexes.
nK fia

(Me;N),[OsCl(SnCly);]

fit

1 ila { 1 i’r

Cs,[RhSn,F,5(SnF, - 2H,0),]

0 0,94 0.67 0 0.89 0.69
77 0.79 0.63 77 0.32 0.67
140 0.66 0.52 140 0.13 0.59
300 0.42 0.29

Csa[ Pt(SnCly)s] (Me;N),[OsBr(SnBrs)s]

0 0.90 0.86 0 0.86 0.80
77 0,45 | 0.84 77 0.32 0.79
140 0.26 0.78 140 0.13 0.73

It was noted above that the establishment of the depen-
dence of the rate and selectivity of a catalytic reaction on
the electronic structure of the catalyst atoms was already
identified in an earlier review® as one of the most important
aspects of the application of the Mossbauer effect in
catalysis. Unfortunately, so far the study of Skalkina et
al.® is perhaps the only one where such an attempt was made
in relation to a heterogeneous catalytic process. We are
unaware of any studies on these lines in relation to homoge-
neous catalysis. The reason is primarily that, despite the
extensive literature describing the catalytic reactions in the
presence of SnCls;-containing complexes,»*® not even the

Jd ! | | 1 1

70 99

110 130 150 170 190 210 230 250 270 290 J10

T, K

Figu.re 3. Temperature dependence of the effective mean square amplitudes of the shifts of the
11931 atoms in tin halide catalysts: 1) Cs4{Rh(Sn,Fy5) [SnF,(H,0),],}.4H,0; 2) Cs;[Pt(SnCl)s];
3) (MeyN),[0sCI(SnCly)s]; 4) (MeyN)4[OsBr(SnBr;)s]l; 5) [RuSnsF,4]* solution in 3 M HF
(0.015 M); 6) [PA(SnCls)s]1%” solution in 3 M HCI (0.032 M).
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composition of the complex functioning as the true catalyst
has been elucidated in any of the studies except those in
Refs.1, 18, 58. At the same time, other causes limiting the
extensive possibilities for the determination of the electronic
structure of the tin atoms in tin-containing homogeneous
complexes provided by the analysis of Mossbauer spectro-
scopic parameters such as § and A have also been noted,'®
The first parameter is related to the spherical symmetry of
the electron density distribution around the nucleus of the
tin atom:*

8=CELA bl (8)

where C is a constant characterising the Mossbauer nucleus,
Ar the difference between the radii of the nuclei in the
ground and excited states, r the radius of the nucleus in
the ground state, and A |yns|? the difference between the
electron densities generated by the ns electrons on the
nuclei of the absorber and the source of y-quanta.

Since the change in the population of the valence 5s
atomic orbitals (AO) of tin makes the main contribution to
A N’ns {2, the reason for the interest in the direct estimation
of the latter from 6 and conversely is fairly obvious.!31*
However, two difficulties arose in the determination of the
above quantities: the lack of an exact value of Ar/r and
the fairly considerable scatter in the estimates of the
shielding influence of the 5s, 5p, and 5d electrons on the
5s electron of the tin atom.!® The necessity to determine
the exact value of Ar/r has been discussed in detail. 1*
However, hitherto there exists no unanimous view concerning
the estimation of Ar/r, which has been well illustrated in
the paper by Vertes et al.’®, where values of Ar/r ranging
from 0.73 x 10™* to 2.05 x 10™* are presented even on the
basis of the very latest data.

Allowance for the shielding of the 5s electron by the 5s,
5d, and 5p electrons in the first studies on this question
led to different estimates of its extent.’®®’ Subsequently
numerous expressions relating the measured values of § to
the population of the 5s, 5p, and 5d AO of tin in compounds
were proposed® ~%% but none of them is sufficiently univer-
sal.l® This situation is clearly demonstrated by Table 3,
which lists the values of § for tin species widely used in
catalysis—SnCl, and SnCl;; these values were calculated
using the populations of the 5s (8) and 5p (P) AO
obtained”1%:%* from the three formulae proposed by
Antoncik®® and also from the formulae quoted by Gol'danskii
and Makarov®® and by Flin.®® Evidently, within the frame-
work of any of the approximations for the estimation of S
and P for the same compound, the values of § differ by a
factor of 1.5-3. At the same time the data in Table 3 show
that the parametrisation of the semi-empirical LCAO-MO
method yields differences of the same order of magnitude.
Whereas calculation for SnCl, yields as a rule values of §
which are much too high, within the framework of the same
LCAO-MO approximation those obtained for SnCl3 are too
low. Here one must note that the dependences of § on S, P,
and D have been obtained using different values of Ar/r.
Thus Gol'danskii and Makarov®® adopted 3.3 x 107*, while
Antoncik®® adopted 0.92 x 107*,

Thus neither the parametrisation of the LCAO-MO methods
for tin compounds nor the estimation of the populations of
the 5s, 5p, and 5d AO for the tin atom in such compounds
on the basis of the measured § are possible without refining
and standardising the values of Ar/r and the shielding
parameters. However, within the framework of a narrow
range of compounds, any of the proposed dependences of §
on S, P, and D reproduce satisfactorily the principal
characteristiés of the changes in A|yss|2. Thus the
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populations of the 5s and 5p AO of the tin atom in SnClj
and the complexes obtained in terms of the Mulliken—
Wolfsberg—Helmholtz (MWH) approximation51 yield the
following values of § estimated by the formula quoted by
Herber et al.%®: 3.38 mm s™! for SnCl;, 2.8 mm s™! for
[PtC13(SnCls)12”, and 2.96 mm s™* for [PtCly(SnCly),1%.
These results show that the MWH approximation can reflect
fairly roughly the charge distribution in the complex but
the principal features (the decrease of A |ysg|? for the tin
atom on coordination and its greatest decrease for the
complex with the M: Sn =1:1 ratio) are reproduced
correctly.%!

Table 3. The parameters § obtained in calculations of the
populations of the 5s and 5p AO of the tin atom in terms of
the LCAO-MO approximations.

Method of calculation Br(Sncly Susncl™
f
of S and £ 1"—[53]| 2-‘[5'311 3—[63) | [59) | [60] l'"[“]’ 2—{83] 3—[63]l 591 i [60]
CNDO (Ref.64) 1121 2.2 0,741 1.68 | 1.95 — — — — -
CNDO-CI (Refs.17,18)) 2.05 ) 3.44 | 2,16 | 2.63 | 3,03 | 3.19 | 5.27 | 3 31 | 2.62 1 4.24
MWH (Ref.18) 0.99 2.1 0.82(1.60|1.80 | 2.33|2.18 | 2.40 | 1.92 (2.83

*The parameters § are given relative to Ball%SnOj:
§o(SnCly) = 0.85 mm s7%;%° 8§4(SnCl3) = 3.64 mm s7>.%°
**The numerals 1, 2, and 3 refer to the dependences of § on
S and P taken from Ref, 63 (in sequence).

Note. The numerals in square brackets denote references
(Ed.of Translation).

Direct correlations between § _ and A |ysg|? have been
used in a number of studies and satisfactory results have
been obtained.® ®* ®® They show that, at least in a series
of related compounds, it is possible to interpret the
differences in § as a consequence of the changes in the
population of the 5s AO of the tin atom. This information
is important for the study of the mutual influence of the
ligands in the complex and also for the determination of
the AO involved in the interaction of the homogeneous
catalyst with the molecule being activated and in the change
of the properties of the catalyst under various conditions.

In discussing the possibility of using the Mossbauer
parameters to characterise the features of the electronic
structure of tin halide complexes, it is essential to consider
the problem of the use for this purpose of quadrupole
splitting in a number of investigations. We have

A=322LQ(1+“T’)V' , (9

where eq is the electric field gradient (EFG) at the nucleus
in the direction of the emission of y-quanta (the z axis),
@ the quadrupole moment of the nucleus characterising the
deviation of the distribution of the average charge density
on the nucleus from spherical symmetry and n = (qypx — qyy)/_
13 s .
Az, the asymmetry parameter. The gradient eq is deter-
mined for tin mainly by the population of the 5p, AO. The
expressions for the dependences of the EFG in the direction
of the x, y, and z axes (Qxy, Qyy, and g, respectively) in
terms of the populations of the py, Py, and pz AO have
been published.!®> Thus A can serve as a measure of the
uniformity of the population of the 50y, y, z AO of the tin
atom and is a parameter sensitive to the structure of the
immediate environment of the atom.
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The authors of one of the first studies®® on the Mossbauer
spectra of SnClj-containing complexes explained the increase
of A on passing from salts of the SnCl; anion to complexes
by electron transfer from the metal atom to the m* orbital of
SnCl;, incorporating the 5pyx, y AO of the tin atom with
the simultaneous decrease of the number of electrons in the
5p, AO owing to the formation of a o-bond, which intensifies
the non-equivalence of the populations of the p AO of the
tin atom. Subsequently the chage in A was regarded in
certain studies, for example, those of Antonov and
co-workers,%”»%® as a direct measure of the m-acceptor
properties of the ligand SnX3; (X = Cl or Br), i.e. a
measure of the increase of the population of the 5py, y AO
of the tin atom in the ligand.

The change in the distribution of electron density in the
SnX3 anions on o-donor transfer of the electron pair from
the highest occupied MO has been analysed.!”:!%%* The
data presented show that such transfer does indeed entail
a marked population decrease of the 5p, AO of the tin atom,
which induces the appearance of a negative q,,, which
increases in absolute magnitude from F- to I-derivatives.
According to Yurchenko's estimate,'® this effect leads to the
following increments in A for the SnX, ligand compared with
the SnX3 ion: 0.83 mm s™! for SnF;, 1.43 mm s~! for SnCls,
1.70 mm s~ for SnBr;, and 2 mm s~! for Snl;. The changes
in A in the series of X observed for the SnX;-containing
complexes agree with these estimates, although they are
somewhat lower in absolute magnitude.so’51 This shows
that the A cannot be used to estimate the m-acceptor
properties of the ligands SnX; without taking into account
the contribution to the changes in the population of the
5p 4 AO of the tin atom as a consequence of the o-donor
transfer X3;Sn + M.

The values of § and A for the SnX;-containing complexes
have been published mainly in Refs.1, 18, 19, 29, and
31-36.

The inverse proportionality between § and A can be
usually traced in tin(II) compounds with donor—acceptor
bonds.?® In the case of a purely ionic bond between tin(II)
and its environment (the 5s25p° configuration), we should
have A = 0 and an increase of the population of the 5p
shell should lead to A # 0. According to Shpinel's esti-
mate,!® one unbalanced p electron in the z axis direction
should then give rise to A =3 mm s™%. However, for
coordinated SnXj ligands such a relation between § and A
has not been observed, as for the tin compounds mentioned
above; this serves as yet another piece of evidence
demonstrating the complexity of the redistribution of the
population of the 5px, y, z AO of the tin atom on coordina-
tion of the SnX; groups.

Thus it is at present impossible to predict beforehand
which precise changes in § and A will be undergone by
particular tin(II) compounds and the structural identification
of the latter can be achieved in only one way—by determining
the boundary values and other characteristics of the
Mossbauer parameters by studying compounds of different
types but with known structures established by X-ray
diffraction, which has been partly done in two investiga-
tions.1 718

2. Heterogeneous Systems

Two applications of tin-containing compounds in heteroge-
neous catalysis have now arisen: (1) the immobilisation of
SnCl;-containing transition metal complexes on the surfaces
of carriers;!® (2) the deposition on the surfaces of carriers
of either these complexes or of tin-containing compounds and
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transition metal compounds (usually platinum) separately
with subsequent high-temperature reduction until M—Sn
alloys are formed.? In both cases a series of specific
complications arise in the application of the Mossbauer effect
for the identification of tin compounds on the surfaces of
carriers and for the characterisation of their state.

Thus it has been shown®® that some of the tin compounds
formed on the ZnAl,0, surface are readily oxidised by
oxygen, which requires the preparation of the specimens
and the recording of the spectra under conditions where
access of air can be ruled out. Flat sealed bulbs made of
thin molybdenum glass have proved very useful for this
purpose.”® In preparing such bulbs, one must keep their
flat sides parallel and the distance between them should
ensure an effective thickness of the specimen Cy less than
unity.'® Such cells have been used?®27:54:-72 to record the
Mdssbauer effect in the temperature range 77—300 K.

When SnCls-containing complexes and other tin(II) com-
pounds, for example SnCl,, are fixed on the carrier, the
Mossbauer parameters change appreciably;2%:2%5%7% there is
a particularly pronounced alteration of f'. Fig. 4 illustrates
the changes in f' for different tin(II) compounds when they
are deposited on y-Al,0,.5%5%7% Since the tin(II) com-
pounds were deposited by impregnating the carrier with
their solutions in organic solvents, after the removal of the
solvent and drying of the specimen, the tin(II) compounds
were present on the specimen surface in the form of mole-
cules linked to specific centres on the carrier.” In this
case the conclusion reached by Yurchenko et al.%® that an
increase of f' (Fig.4) implies a strong chemical interaction
of the SnCl, ligands in the complex or of the SnCl, molecules
with the surface as a consequence of the partial hydrolysis
of the Sn~Cl bond by the acid OH groups,®® i.e.

“ag | Cl
—OH + 87Sn—ML" - —ngn—MLn +-HCl (10)

can be used to explain the changes in f'.

J0 30 110 130 150 470 190 210 230 250 270 290
K

Figure 4. Temperature dependence of f': 1) SnCl,.2H,0;
2) SnCl, on y-Al,04; 3) (Et,N),[PtCl1,(SnCl3),];
4) [PtCl,(SnCl3),1% on the surface of Y-Al,03.

After treating these specimens under the reaction condi-
tions (H, atmosphere, temperature 773 K), a set of tin
compounds are as a rule formed on the surface, giving rise
to very complex overall spectra (Fig.5, curves 1, 2, 5,
and 6). The identification of individual tin compounds on
the catalyst surface requires in such cases the resolution of
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the complex contour of the MGssbauer spectrum into individ-
ual components. In this case the problem is much more
complex than in the analysis of individual Lorentzian
components in the spectra of clusters (cf. Fig.1). Similar
complex spectra are observed when different carriers and
when different methods of preparation of the catalysts are
used ,1%:69-72,75=77

As each of the tin compounds identified can be chemically
bound to the surface or can exist in a finely dispersed
state, where most of the Mossbauer atoms do not interact
with the surface and compounds of this kind do not as a rule
exist in an individual state, some uncertainty arises about
the selection of the parameters (&8, A, and f') of the
individual components of the spectrum. Two approaches
arose in the consideration of the question of the permissible
variation of the Mossbauer parameters of the individual
components. In the first, the values of § and A for the

(4 \

mm s~}
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individual components remain close to those for the individual
substances in the massive state. Clearly such resolution
is closer to the true one the coarser the dispersion of the
test substances and the weaker their interaction with the
surface. If such resolution cannot be carried out, the
parameters can be altered somewhat, for example, A can be
increased, but within the limits of the values encountered for
individual systems. The parameter f' is not then mea-
Sured'10,70"72

The second approach consists in the investigation of
the changes in §, A, and f' when various tin compounds,
whose formation may be expected, interact with the surface,
and in the resolution of the overall spectrum into com-
ponents with parameters corresponding to the interaction
of the individual compounds with the surface. It is then
implied that the compounds do not interact with one another
or that this interaction is not reflected in the Mdssbauer

Figure 5. MOssbauer spectra resolved into individual components on an SK-2 synthesiser:
1) and 1') SnCl, on y-Al,04; 2) SnCl, on y-Al,0; chlorinated beforehand [y-A1,0;(C1)];
3) and 3') specimen 2 reduced in a stream of H, (773 K); 4) overall spectrum of specimen 3

and Pt—Sn alloys; &) and 5') Pt—Sn/vy-Al,03;

6), 6'), and 7) Pt-Sn/vy-Al1;05(Cl);

specimens 5 and 6 were obtained by depositing the complex [PtCl,(SnCl;),1*” and were
reduced in a stream of H,; specimen 7 was obtained after repeated oxidation-reduction
cycles; spectra 1—7 were recorded at 77 K and spectra 1'—6' at 295 K.
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parameters, This approach has been used by Yurchenko
and Kuznetsov’®# and, to a limited extent, without analysis
of the values of f', by Gray and Fahra’® and Berndt et al.”®
However, in this case too it is frequently impossible to
achieve a unique resolution and one must consider all the
alternative interpretations of the spectra. Such data

have been reported.’7¢

A major complication in the selection of the initial values
of §, A, and f' for the resolutions arises from the influence
of the degree of dispersion of the compounds on the param-
eters of the Mossbauer spectra. Analysis of the charac-
teristic features of the Mossbauer spectra of molecular
crystals has shown'®5%7% that the differences between the
electronic structures and the dynamics of the movement of
the tin atom in a complex molecule are determined pre-
dominantly by the molecular structure. Thus the transfer
of a molecule from the crystal to the solution hardly
influences § and A and entails merely a decrease of f',

The physical adsorption of tin-containing molecules on the
carrier surface should therefore not alter § and A either.
The observed?®2%%7% changes in § and A on deposition

of tin compounds on a carrier are in fact associated with the
partial alteration of the chemical composition of the molecule,
illustrated in Scheme 10, i.e. with the partial replacement
of the Cl atom by O in the coordination sphere of tin. One
can also assume that tin(IV) compounds (SnO,, SnCl,, etc.)
and tin(II) compounds (SnCl,, SnCl,.nH,0, SnOHCI, SnO)
have (when their molecular composition is retained) values of
§ and A on the carrier surface close to those characteristic
of the individual compounds.

The changes in § and A owing to the possible chemical
reactions on the surface can be modelled by investigating
the parameters of the spectra of the pure substances
analogous to the products of such reactions. The situation
is more complex as regards the parameters of the phases
with closer packing such as B-tin and Pt-Sn alloys. For
example, the study of the dependence of f' on the degree of
dispersion of B-tin showed that f' for the surface atoms
diminishes markedly.”® Specimens with particle sizes
ranging from 1500 to 200 & have been investigated,’ but,
from the standpoint of catalysis, even the latter are
coarsely dispersed specimens. Information about the
changes in f' when the particle size is varied from 200 to
10 & is essential for catalysis. This problem has not been
studied rigorously; the main difficulty in this instance
involves the preparation of highly dispersed specimens with
a uniform distribution of particles with respect to size.

It follows from general considerations (see, for example,
Suzdalev'®) that the frequency of the phonon spectrum
increases for a very small particle size and this can actually
lead to an increase of f' for the particles. The transition
to clusters (particle size 10—30 2\) should alter not only f'
but also the parameters § and A of the Mdssbauer atom.
Such finely dispersed formations should appear only as a
consequence of an intense interaction with the surface and
there is no reason to regard them as finely dispersed
particles having the properties of the phase present in
the coarsely dispersed state. It is more reasonable to
regard them as new compounds incorporating carrier atoms
in their composition. Such a system (Pt—Sn/SiO,) has been
investigated;”® the size of particles containing only platinum
and tin was 10 +3 A and the Mdssbauer effect due to the tin
atoms was manifested by a doublet with § = 1.43 mm s~ and
A = 2.32 mm s7%.

#The analysis of the Mdssbauer spectra of such systems
is discussed in detail in the paper by V.I.Kuznetsov,
A.S.Belyi, and E.N.Yurchenko, J.Catal (in the Press).
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Thus the final result of the fragmentation of the Pt—Sn
alloy particles on the carrier is the formation of clusters,
in which the platinum atoms interact with the tin bound to
the surface. The parameters § and A of such tin atoms
then assume values approaching § and A for the tin(II)
complexes with transition metals. At least under the
conditions of such dispersion, there is no possibility of a
very large increase in A, unaccompanied by a significant
change in 8§, which has been postulated’’ in the resolution
of the Mossbauer spectrum of the Pt—Sn/Al,0; catalyst.

A finely dispersed phase of the Pt—Sn alloy, whose
parameter § varies within the limits 1.85—2,13 mm s
(8§ = 1.97 mm s™! for the massive alloy) and A varies from
0.3 to 5.26 mm s, has been identified”* on specimens with
different platinum contents. The last value should
correspond to a difference between the populations of the
5ps and 5p - AO of the tin atom of 1.75 electrons. Such a
difference has not been observed even for the SnB,C,H,
structure, where the coordination of the tin atom models
effectively a purely surface disposition on the carrier;%?
it is even more unrealistic for the coordination of the tin
atom to the symmetrically arranged electron-saturated
Pt(0).7°

The differences between the permissible variations in §
and A, which can be identified on the surfaces of com-
pounds, have been one of the causes of the discrepancies in
the descriptions of the state of tin(IV) and tin(II) and of the
types of alloys on the surface of y-Al,0; in the studies of
Bacaud and co-workers,'®77 on the one hand, and Yurchenko
and co-workers,’?7”® on the other. In our view, the initial
resolution of the spectra for fixed values of § and A for the
individual components of the Mossbauer spectrum,
corresponding to individual tin compounds, is method-
ologically correct. When & and A are varied in an
arbitrary manner, the resolution ceases to be in any way
definite. Simultaneously with this procedure, one should
deposit all the necessary individual substances on the
carrier, the specimen should be treated under the same
conditions as the catalyst, and the variation of §, A, and f'
should be investigated, and then the parameters of the
individual components obtained on resolution of the spectra
of the catalyst should be appropriately corrected. It has
been shown®%7® that in many cases information of decisive
importance for the identification of the state of the Mossbauer
atom on the surface is provided by thg analysis of the tem-
perature variation of f'. The ratio f77/f'295 can be used as
the simplest and most convenient parameter of the depen-
dence of f' on T.

In view of the special sensitivity of the parameter f' to the
type of the tin-containing compounds, investigation of the
specimens at least at 77 and 295 K and the maintanence of
the ratios f;-,/f;95 for all the components on resolution of
the spectrum within specific characteristic limits make such
resolutions significantly more rigorous as regards the
identification of the number and types of different tin-
containing formations on the surface. The range of
variation of § and A as well as f;7/f;95 for the tin com-
pounds identified on the y-Al,0; surface has been indicated
by Yurchenko and Kuznetsov’’§ and Yurchenko.'®

The ratios f77/f395 for different tin(I1) and tin(IV) halides,
oxides, and sulphides,®® for massive PtSn and PtSn, 8182
alloys, and for SnX;-containing complexes®® have been
published.

§See the previous footnote concerning the report of
Yurchenko and Kuznetsov.”®
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I1l. THE PROPERTIES OF TIN-CONTAINING CATALYSTS

1. Homogeneous Catalysts

Matvienko! gave a systematic account of most of the studies
published up to 1978 where platinum metal compounds with
the SnCl; ligand have been used as catalysts of the reac-
tions of various organic substances. In the same communica-
tion and also in Yurchenko's thesis,!® it is noted that the
state of the SnCls-containing complexes in the reaction
medium has not been established in any of these catalysts.
Mossbauer spectroscopy has not been used for such purposes.

Later, several communications, also dealing with the
catalytic properties of SnCl;-containing complexes, were
published. It has been reported®® that, in the presence
of the complex Rh(PPhj);.(SnX3) (X = Cl or Br), catalytic
hydrogenation of olefins takes place. The authors concluded
that an unidentified hydride complex exhibits a hydrogenating
activity. It has been found®* that the rhodium(I) complex
[Rh,C1,(SnCl;),]1"* is active in the isomerisation of olefins,
but it has been concluded®’ that the complex should be
regarded as a rhodium(IIl) compound, apparently having
the composition [RhC14(SnCl;),1%3".%5 Antonov et al.®’
investigated SnCls-containing rhodium(III) compounds
ranging from [Rh(SnCl;),Cl,]13 to [Rh(SnCl;)sCl]3" (by the
Mossbauer method), but their state in the presence of
olefins was not characterised. Borunova et al.® examined
the catalytic properties of the complexes [MX(SnX;)s1™~
(M = Pt, Rh, Ir, Ru, or Os, X = Cl or Br) in the hydro-
genation and isomerisation of olefins. The initial compounds
were characterised by Mossbauer spectroscopy mainly in the
study of Yurchenko et al.?? However, in this case the
authors concluded that the complex undergoes a change in
composition in solution and that hydride forms are active,
for example, in isomerisation, but these two were not
identified or investigated by Mossbauer spectroscopy
either. This applies likewise to the complex [Ru(PPh,),.
.(SnCl3)Cl1], in the presence of which catalytic hydrogenation
of olefins takes place.?”

Thus only the initial SnCl3;-containing complexes, forming
the intrinsic catalytically active species under the condi-
tions of the catalysis, have been characterised by the
Mossbauer method in the studies enumerated above.
lack of Mossbauer spectroscopic data for the intrinsic
catalytically active forms precludes the analysis of the
relation between their § and A, on the one hand, and the
catalytic activity of such compounds, on the other. This
situation can be avoided perhaps only in the case of the
chlorocarbonyltin complexes [IrCICO(SnCl3),1% (1),
[RhCICO(SnCl,),1% (1), [PtC1,CO(SnCly)]1~ (IID), and
[IrC1,CO(SnCl;),]1%” (IV), which have been investigated by
a series of physical methods, including Mossbauer spectros-
copy.®* It has been shownl:!® that these complexes are in
fact the catalytically active forms in the homogencous
dehydrogenation of HCOOH. In this connection, one may
note that for the first three complexes in which the transi-
tion metal has the d® configuration, the reaction rate
constants k, &, and A vary in parallel: 3 x 1073 g1,

1.73 mm s !, and 2.15 mm s~! for compound (I), 1.2x

107* 7%, 1.64 mm s, and 1.92 mm s™! for compound (II),
and 1.5x107°s!, 1.58 mm s~ !, and 1.60 mm s~! for com-
pound (II1).} On passing to the iridium(III) compound

with the d® configuration, k diminishes appreciably (4.5 x
107°s71), but 8§ and A for the Sn atom in the SnCl, ligands
in this complex increase (1.83 and 2.08 mm s~! respectively).

Thus the direct relation between the Mossbauer parameters
and the rate constants for catalytic reactions in such systems

The
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can hardly be regarded as adequately universal. Analysis
of the mechanism of the catalytic dehydrogenation of HCOOH,
proposed by Yurchenko and Anikeenko,®® and also valid for
SnCl;-containing complexes,® showed that the properties of
this ligand influence two stages of the process: the
substitution of one SnCl; ligand by HCOO™ and the rate-
limiting stage involving the rupture of the H-C bond. The
role of the intrinsic properties of the ligand in cases where
the central atom of the complex is Ir(1) or Ir(Iil) is indeed
found to be different,!®%®

The first tin-containing zerovalent palladium clusters
which have been obtained and characterised?’ proved to be
catalytically active in the conversion of olefins into the cyclic
esters of polyhydric alcohols (anhydroalditols).! In this
case Mossbauer study of the clusters made it possible to
refine their composition.? It was mentioned above why the
parameters f' were used for this purpose (Fig.1). For
all the palladium clusters, the values of § and A for the
individual Lorentzian components were analysed together
with f'. In particular, it was shown that the observed §
for the second type of tin(II)-containing ligand satisfy the
condition of a linear decrease of the 5s electron density in the
sequence PdSnCl; > Pd,SnCl, > Pd;SnCl > Pd,Sn.# Anions
having the composition [Pd,(SnCl,) »(8nCl3),1%, [Pds(SnCl),.
.(SnCl)61*", and [Pd,(Sn),(SnCl;)g]"* have been identi-
fied .}»?* A communication has been published recently®®
whose authors, repeating Matvienko's study ,! found other
compositions of clusters containing four palladium atoms-
[PA,(SnC1,) ,(SnCl3)s]% and [Pd,(SnCl,),(SnCly),Cl,15".
The communication®® contains no arguments justifying this
difference nor a discussion of the structure of the clusters
obtained. The measured parameters of the Mossbauer
spectra of the above compounds, which differ from the
parameters quoted for clusters by Elizarova et al.?, do
not prove that Antonov et al.?® obtained compounds having
a composition different from those found by Matvienko!
because § and A for familiar palladium(II) complexes, in
particular [Pd(SnCl3)5]3_, obtained by Antonov et al.®® differ
from those found in other studies!?:*%%* by an amount
greatly exceeding the experimental error.

The MGssbauer method occupies a notable place in studies
where questions concerning the formation and stability of
SnClj-containing complexes and the mutual influence of the
ligands in them, which are important for homogeneous
catalysis, are investigated. The formation of such com-
plexes in methanolic and aqueous HCI solution was first
investigated by the Méssbauer method in the H,PtClg. H,0—
SnCl,. 2H,0 system.?* The authors observed the reduction
of platinum(IV) to platinum(II) by bivalent tin, demonstrated
the coordination of the platinum(II) atom to SnCl;, and
attempted to determine the composition and stability of the
complex formed in solution from saturation curves, Later it
was shown?’ that the inflections in the saturation curves for
such systems do not yield reliable information about the
composition of the complexes formed. In the given study
of complex formation in the system comprising K,PtCl, in
0.5 M HCI solution and SnCl,.2H,0, the composition of the
dominant complexes was determined from the characteristic
values of § and A for the individual components after the
resolution of the spectrum into the Lorentzian doublets.

Two complexes with the Pt:Sn = 1:2 ratioand a 1:5
complex were identified. It was observed that in solution
tin(IV) appears rapidly for low Pt:Sn ratios (1:1-1: 2),
which might have indicated the reduction of platinum(II) to
the zerovalent state with formation of the [Pt;SnyCl,,1*"
state.!

Yurchenko et a investigated analogously the formation
of complexes between RuClZ~ and SnCl, in aqueous 3 M HCI

1.26
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solution. The composition of the complex was also not
determined from the point of inflection in the relation
between the concentration of the tin bound in the complex
and the Sn:Ru ratio in the system, but was found from the
parameters § and A, which were compared with their values
for the individual species [RuCl(SnCl3)s]*". In view of
their identity over the entire range of Sn: Ru ratios, it was
concluded that only this complex is formed under the condi-
tions considered.

The complex formation reaction between IrClg and SnCl,
in aqueous 3 M HCI solution has been investigated by
Antonov et al.®® who obtained the same M&ssbauer param-
eters of the complex [IrCl(SnCl;)s]%" as those discussed
previously®* and this finding, and not the Sn:Ir ratios at
which inflections were observed on the saturation curves,
confirms the validity of the determination of the composition
of this complex in solution.

Thus the saturation curves for the formation of complexes
of SnCl; with a transition metal, plotted from data obtained
by any of the physical methods, do not constitute a reliable
means of determining the composition of the complex and,
when Mossbauer spectroscopy is used for this purpose, it is
essential to compare the parameters of the differentiated
doublets with those of the spectra of the individual com-
pounds. It has been shown®® that the variation of the
nature of the cations in the latter affects to some extent
only the magnitude of A, which makes it possible to compare
6 and A for complex anions in solutions with the corre-
sponding parameters of their salts. In view of the fore-
going, the identification of the complex [IrCl,(SnCl;),]1% by
Antonov et al.®® appears controversial.

The investigation of the state of the SnClj-containing
complexes in solution was subsequently continued.?'»2%:27
Analysis of frozen PACIZ” and SnCl, solutions in methanol and
in aqueous 2.4 M HCI solution, after standing for a long time
in an inert atmosphere, confirmed that the rapid process
involving the formation of palladium(II) complexes with the
SnCl; ligand is accompanied by the reduction of palladium(II)
to zerovalent palladium, which forms, at a specific instant,
clusters whose composition was discussed above.

The complex formation reaction between H,PtClg and SnCl,
in aqueous acetone solution containing HC1 has been
studied?’ and the dynamics of the behaviour of two types
of complexes, namely [PtCl3(SnCl3)1% (A) and [PtCl,.
.(SnCly),1%" (B) was followed. It was found that, apart
from the reduction of platinum(IV) to platinum(II) and the
formation of platinum complexes indicated above, there is a
slow increase of the amount of tin(IV) in the system. After
a time, the complex (B) was converted into the complex (A)
and the platinum in the latter was reduced to the zerovalent
state.! The formation of a platinum(II) chloride complex
with SnCl,. 2H,0 in isopropyl alcohol has been investigated®
by Mdssbauer spectroscopy. Two types of complexes,
namely [Pt(SnCl3);]% and [PtCl,(SnCls),]1>”, were found.
Depending on the HC1 content, they can be interconverted.
The platinum(II) complexes of the first type are stabilised
at high HCI concentrations. After a time, the successive
transformation [Pt(SnCl3)s]1% + [PtCl,(SnCl;),]% + [PtCl,.
.(SnCl3)1%~ + Pt—Sn alloy takes place. The alloy is present
in solution in an ultradispersed state in a mixture with the
last two complexes.

1 Unfortunately, as a result of an error by the
Publishing House, in the issue of the journal React.Kinet.
Catal.Letters containing Refs.26 and 27, Fig.1 from Ref. 26
and Fig. 2 from Ref. 27 were transposed. Readers are
requested to take this fact into account.
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Thus Mossbauer studies of the state of the platinum and
palladium complexes of the SnCl; ligand in various solutions
revealed their important feature—their tendency towards
slow inner-sphere conversion by an oxidation-reduction
reaction into clusters of zerovalent metals or into intermetallic
compounds.

We shall consider briefly the results of the application of
Mossbauer spectroscopy to the study of the mutual influence
of ligands. It has been shown'”®* that a combination of
Mossbauer spectroscopy, NMR, RyPES [Rydberg photoelec-
tron spectroscopy?], and, for carbonyl complexes, infrared
spectroscopy is useful. The overall results of such studies
have shown that the relative o-donor and m-acceptor
capacities of the SnCl; ligand vary markedly as a function
of the nature of the partners in the coordination sphere.
Thus, in complexes of the type PtCl(SnCl;)L, and
Pt(SnCl3),L, with L. = P(OR);, the SnCl; cis-ligand
diminishes competitively with the m-acceptor interaction
M »> P(OR);. When L = PR3, the influence of the SnCl,
cis-ligand consists in a marked weakening of the o-donor
interaction R3;P - M. In compounds of the type
[MC15CO(SnCl13),1%, where M = Rh(III) and Ir(IlI), the
SnCl; ligands have the same influence on CO and the charge
state of M as PR; in MC1,CO(PR3),, but in the complex
[MCICO(SnCl3),]1%" the SnCl; ligand exhibits more
pronounced o-donor and m-acceptor properties than PPh;
in MCICO(PPhj),, such properties being more marked in the
iridium(I) complex than in the rhodium(I) complex.

For this reason, in complexes of various types, the SnCl;
ligand occupies different positions in the series based on
the trans- or cis-influence and, depending on the nature
of the other ligands, the influence itself is manifested
unequally in the sense of the involvement in it of the
o-donor and m-acceptor interactions of M with SnCl;.

As a general characteristic of the mutual influence of ligands

in such complexes, one may mention the tendency of SnCl;

to have the minimum number of trans-partners L with o-donor
and m-acceptor properties [L = PR3, P(OR);, CO, or SnCl,].

cis-SnCl; exerts a dominant influence on the most pronounced
properties of the ligand L (o-donor or m-acceptor).

The influence of the central metal atom M on the state of
the ligand SnCl; in a wide range of compounds cannot be
investigated, since they differ significantly in composition
and structure. For the complexes [MX(SnXa)S]n" and
[M(SnX3)s]™™ (X = Cl or Br), the 5s-electron-accepting
capacities of d° and d® metals decrease in the sequences
Ir(I11) > OS(II) 2 Ru(Il) * and Pt(II) > Pd(II) > Rh(I) *
respectively.

2. Heterogeneous Catalysts

As stated above (Section I), the main type of industrial
heterogeneous catalytic systems comprises Pt—Sn alloys on
various carriers. As mentioned above, apart from the alloys,
the surface of the carriers contains also a whole series of
tin(II) and tin(IV) compounds, each of which can play a
definite role in complex catalytic processes. For example,
in the case of catalysts consisting of a solid solution of SnO,
in MoOj; on the 8i0, surface, the Mossbauer spectroscopic
method demonstrated that the propene oxidation reaction
leads to the formation of an adsorption complex of acroleine
and tin(I1),” which indicates unambiguously the involvement
in the reaction of not only molybdenum(VI) compounds but
also of tin(IV) and tin(II) compounds.

The results of the study of the Pt—Sn catalysts on various
carriers®®”7%7578 ghow that the composition of the compounds
formed in a reductive medium on the surface is determined by
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the composition of the deposited compounds and the proper-
ties of the carrier.

Mossbauer spectroscopic study of the phase composition
of the Pt—Sn/ZnAl,0, catalyst at all stages of its preparation
as a function of the composition of the solution containing
platinum and tin(II) compounds showed that, after deposition
on the surface of the zinc—aluminium spinel, the main bulk
of tin is present as SnO, and in a smaller proportion as
the complex containing Pt—SnCls;; when SnCl, is present in
solution in an excess, tin(Il) is formed on the surface with
§ = 3.25and A = 1.85 mm s, indicating a strong inter-
action with the surface of the tin not bound to platinum.®®7!
In the course of the dehydrogenation of n-butane in a
reductive medium, some of the tin(II) (both bound and not
bound in the complex) forms alloys with platinum. The
alloy composition depends on the Pt: Sn ratio in the complex
predominating in the impregnating solution.*®’* For Pt:Sn
ratios of 1:1 and 1: 2 in the complex, mainly the PtsSn alloy,
which exhibits the highest catalytic activity among all Pt—Sn
alloys and ensures a fairly high stability of the catalyst,
is formed preferentially on ZnAl,0,.%71  The ratio f;7/f;33
for SnO, in such a catalyst is 7.7, which is appreciably
higher than the corresponding parameter for massive SnO,
and can indicate a high degree of dispersion of the particles
on the carrier surface. The Mossbauer parameters of the
alloys are close to those for the massive specimens, which
was explained by the lower degree of dispersion of the
particles of the Pt—Sn alloys compared with the state of
Sn0,.18

Taking into account the values of f' for the individual
components of a similar catalyst, the kinetics of the forma-
tion of specific tin compounds on the surface have been
investigated’® by the Mdssbauer method and a mechanism has

been proposed for the oxidative dehydrogenation of paraffins.

In the above study data were obtained for the first time
demonstrating the strong interaction of part of the tin(II)
with the carrier surface, leading to the formation of SnAl,O,.

When tin(I1) and platinum(II) compounds with organic
ligands were deposited on the SiO, surface with subsequent
reduction, the formation of SnSiO; was observed by the
Mossbauer method, which can also be regarded as a result of
the insertion of tin(II) in the SiO, lattice with its subsequent
partial reorganisation.”® A detailed study has been made”
of the genesis of the phase composition of the Pt—Sn cata-
lyst on the n-Al,O; carrier. A strong interaction of tin(II)
with the surface was also observed and it was shown that the
deposition of platinum(II) and tin(Il) on the carrier in the
form of an SnCls;-containing platinum complex leads to their
more intense interaction in the catalyst than in the case
where the chlorides PtClZ” and SnCly are deposited sepa-
rately. It was found that the parameter § for the alloys
decreases linearly with increase of their platinum content
and that the activity in dehydrocyclisation is associated
with the modification of the properties of platinum atoms by
tin.

The methodological problems arising in the analysis of the
complex Mossbauer spectra of such catalysts were discussed
above. In this connection the details of the identification
of the types of compounds in the Pt—Sn catalyst deposited
on y-Al,0;, quoted by Bacaud and Bussiere,”” must be
treated critically. However, it is true that, as in catalysts
incorporating other carriers, on the y-Al,0; surface there
are several states of the tin(IV) and tin(II) atoms and
several types of Pt—Sn alloys. This is also confirmed by
the Mssbauer spectra of the Pt—Sn/y-Al,0; systems!® 7’3
resolved into the individual Lorentzian components by the
second method (see above), which are illustrated in Fig.5
(spectrum 5). Two states of tin(IV) [one close to SnO, and
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the other close to SnCl, and giving rise to a singlet (curve 5);
both states interact with the carrier], two states of tin(II)
[SnAl, O, giving rise to a doublet (curve 1) and SnCl, inter-
acting with oxygen on the surface via Scheme (10) and giving
rise to an S;—S, doublet], and a series of Pt—Sn alloys
(Pt3sSn, singlet 4; PtSn, singlet 3; PtSn,, singlet 2) have
been identified on the surface of this catalyst.®

Pt—Sn reforming catalysts, obtained by depositing SnCl;-
containing platinum complexes on y-Al,O3 chlorinated before-
hand [Y-Al1,03(C1)] have been investigated by the Mossbauer
method.'®7%7%  The Mdssbauer spectra were analysed by
Kuznetsov et al.”? using the first resolution procedure and
by Yurchenko'® and Kuznetsov’® using the second procedure
(see above), according to which a preliminary study was made
of the interaction of SnCl, with y-Al,0; and y-Al,0,(Cl)
during the preparation of the catalyst (Fig.5, curves 1-4).
It was shown that prolonged treatment of the catalyst under
conditions close to those during catalysis alters appreciably
the quantitative composition of the tin-containing components
(cf. spectra 6 and 7 in Fig.5) and intensifies the interaction
of part of tin(II) and Al,0;(Cl) with formation of tin(II)
having 6 close to that of anhydrous SnCl, (the singlet shown
dashed in spectrum 7 in Fig.5). More detailed charac-
teristics of the state of tin(II) not bound to platinum on the
surface were obtained by using for this purpose the tempera-
ture dependence of the parameter f','%7% the extent of which
can be deduced by comparing the Mossbauer spectra in Fig.5
at 77 K (spectra 1—7) and 293 K (spectra 1'-7'). Otherwise,
the two methods of analysis of the Mossbauer spectra yielded
similar results not only as regards the identification of the
principal tin containing components of the catalyst (cf. spec-
tra 5 and 6 with Fig.1 in Ref.72) but also as regards their
amounts on the surface.'®’® It has been shown?727? that
the modification of the carrier by introducing CI atoms into
the latter entails a significant change in the state of the
tin(Il) compounds in the catalyst.

The fundamental difference between the carriers based on
v-Al,03 and ZnAl,0, is that the former ensures a more ready
susceptibility of tin(IV) to reduction and stabilises the state
of tin(II) in tin-containing components of the catalyst.'®7?

Thus the composition of the catalyst might have differed
appreciably in different investigations as a consequence of
the differences in the methods used to deposit platinum and
tin, the conditions in the preliminary preparation of the
Al,0; surface, and, mainly, owing to the different nature of
the carrier itself: y-Al,03,'%727%7 n-A1,0,,7® Zn—Al
spinel,®®77° and $i0,;7° they might also have differed
owing to the differences between the procedures used in the
analysis of the complex Mossbauer spectra of such systems
discussed above.

Apart from the Pt—Sn alloys on carriers, which catalyse
processes at high temperatures, the possibilities of the
immobilised SnCls-containing complexes as heterogeneous
catalysts of low-temperature processes have been attracting
increasing attention recently. The first steps on these lines
have already been taken. Thus it has been shown?®® that
[RhClx.(SnCh)z]a‘ fixed on an anion-exchange resin catalyses
the dimerisation of ethylene at 50—70 °C but the states of the
complex on the anion exchanger and after exposure to the
reaction conditions have not been investigated by the
Mossbauer method. It has been shown!® that carbonyltin
halide complexes, which are active in the homogeneous-
catalytic dehydrogenation of HCOOH (see Section II1), can be
immobilised on the y-Al,0; and SiO, carriers without loss of
their catalytic properties. The Mossbauer parameters of the
immobilised complexes indicate the interaction of a proportion
of their SnCl; ligands via Scheme 10 with the surface OH
groups; for example, such interaction of the complex [PtCl,.
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.(SnCl3),1% entails a change of & from 1.64 to 1.52 mm s™*

and of A from 2.11 to 2.2 mm s™; f’ increases and its tem-
perature variation becomes less marked (Fig.4). The
Mossbauer parameters of the carbonyltin chloride complexes
enumerated vary analogously.

IV. CONCLUSION

Extensive information has thus been accumulated about the
Mossbauer effect involving the 11°Sn(1I, O) nuclei in various
tin halide complexes, clusters, and intermetallic compounds.
Tin(IV) compounds, including organotin compounds, have
been studied even more vigorously.'' All these data have
created a basis for a wider-scale employment of the
Mossbauer method in the study of the structure and
properties of various homogeneous and heterogeneous tin-
containing catalysts.

The lack of exact values of f' and of their temperature
variation for many individual compounds and (especially) for
the products of the interaction with the carrier constitutes
a major problem, which has inhibited extensive quantitative
studies of tin-containing catalysts by the Mdssbauer method.
It would be useful to obtain general quantitative relations
between f' and the parameters characterising the degree of
interaction of tin-containing molecules with the carrier
surfaces, particularly the relations for the corresponding
equilibrium constants and force constants of the adsorbent—
adsorbate bonds, using additional information from their
vibrational spectra. Studies of the temperature dependence
of f' at lower temperatures, down to the temperature of
liquid helium, are essential. In general, whereas the
parameters §, A, and I' have been used fairly widely in
the study of the state of tin-containing catalytic systems,
the parameter f' has not as yet become a widely used means
for the investigation of the properties of real catalysts,
However, modern technology and the need to develop precise
methods for the investigation of the state of heterogeneous
M—Sn catalysts will probably correct this situation in the
immediate future.

Finally, the greatest problem in heterogeneous catalysis
is that of the development of methods for the investigation
of the properties of the surfaces of real catalysts. The
Mossbauer effect could, in principle, become a basis for such
a method. However, a recent international conference on
the application of the Mossbauer effect (Alma-Ata, 1983)
demonstrated that so far the different versions of the method
make it possible to investigate a surface layer which is not
less than tens and even hundreds of angstroms thick,
whereas for catalysis one requires information about the
state of the Mossbauer atoms and the depth equivalent to
several monolayers, i.e. up to 10 A, Presumably M&ssbauer
spectroscopy, which is already a unique method for the
investigation of the state and properties of homogeneous
and heterogeneous catalysts containing Mossbauer atoms,
will in future occupy a leading position in the study of such
systems.
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