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X-ray photoelectron spectra have been recorded
for 60 solid tin compounds. A Sn 3ds;, binding
energy rmange of 3.1 eV was found. A qualitative
analysis of the results proved that ESCA is not suited
to determine either the degree of oxidation or the
coordination number of tin. A quantitative analysis
with the cheleq method suggests that besides the
partial charge on tin also the potential at the site of
the tin atom is important.

Introduction

This work is part of a broad ESCA investigation
concerning the study of electron binding energy
shifts, which may be of interest to organometallic
chemists [1, 2]. The ESCA spectra are studied of 60
tin compounds, which were selected so that the tin
atom was present in different oxidation states and
with different coordination numbers.

Experimental

A great number of the compounds studied was
available in the laboratory and some others were
prepared by well known methods [3]. Depending
on the nature of the compound, the purity was
checked by infrared spectroscopy, mass spectro-
scopy or nun.r. The ESCA spectra were obtained with
a Hewlett-Packard 5950 A spectrometer. Sample
preparation, charging compensation and the calibra-
tion with a gold dot (Au 4f,,, = 84.0 eV) were done
as previously described [2]. The F.W.HM. obtained
for the Sn 3ds;, photoline was 1.5 to 1.7 eV. The
spin—orbit splitting Sn 3dj3;,_s;; was equal to 8.4 eV
and independent of the environment of tin.

Results and Discussion

In Table I are presented the Sn 3ds,, binding
energies obtained in this work together with some
values taken from the literature,

*Author to whom correspondence should be addressed.

Comparing the binding energies obtained by dif-
ferent investigators, serious differences in absolute
values are noted depending on the instrument used,
the method of sample preparation and the calibration
techniques. Nevertheless the observed binding energy
shifts are comparable.

From Table I we observe that the binding energy
of the Sn 3ds;; electrons in all the compounds
studied is increased with reference to tin metal (B.E.
= 484 4 eV). Ph,Sn(7) is the compound with the
lowest binding energy (B.E. = 483.5 eV), and SnCl,*
2pyridine(35), the compound with the highest
binding energy (B.E. = 487.5 eV). This yields a
binding energy chemical shift range for tin of 3.1 V.
This small energy range is probably due to a solid-
state effect, since S.C. Avanzino and W. L. Jolly [9]
found an energy range of 4.35 eV from measurements
on the gas phase.

The Sn 3ds;; B.E. in SnCl,(2) is larger than in
Ph3SnClI(10) but lower than in SnCl,-2DMSO (42).
From the differences in formal oxidation number of
tin we expect the B.E. in Sn0,(6) to be larger than in
SnO(5). The reverse sequence is found: the BE. in
SnO is 0.2 eV greater than in SnO;. The same trend is
found by W. E. Morgan and J. R. Van Wazer [5],
while the results of P. A. Grutsch et al. [4] are in
agreement with the theoretical expectation but with
a difference of only 0.1 eV. In any case the differ-
ences found for these two compounds are small,
suggesting that in these two compounds the tin
atoms have a quasi identical electronic density. More
generally speaking these observations suggest that
the ESCA method does not allow to distinguish
between different oxidation numbers of tin.

The compounds listed in Table I comprise also
different coordination numbers for the tin atom.
X-ray diffraction data show that in (CH;)3SnF [10]
(17) and Ph3SnO,SPh [11] (28) tin has five
coordination, while in (CH3),SnF; [12] (18) and
Ph,Sn(0, SPh); [11] (27) six coordination occurs.
From these ESCA data it seems that the increased
coordination may be responsible for the increasing
B.E. If, however, only the number of electronegative
substituents is considered in the monomeric molec-
ular supposedly four-coordinate systems, then the
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TABLE L Sn 3ds,, Binding Energies (V).
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TABLE . {continued)

Sn 3d5/2 Sn 3d5 12
1 Sn 484.4° , 50 Cl3SnMo(CO)3cp 487.3 485.2 [8]
2 SnCl; 486.9 485.8 [4] 51 (CH3),C1SnMo(CO)3cp 486.6 484.3 [8]
3 BaSnCl, 487.0
4 Ba(SnCl3), 487.0 52 Ph3SnFe(CO),cp 485.6
5 SnO 487.1 4874 [5] 53 CH3Ph,SnFe(CO),cp 485.7
485.9 [4] 54 (CH3),PhSnFe(CO),cp 485.7
6 SnO, 486.9 486.8 (5] 55 Cl3SnCo(CO)3PPh, 487.1
486.0 [4] 56 Cl3SnCo(CO)3AsPhy 4874
7 Ph3Sn—Ph 485.3 486.5 [5] 57 Cl3SnCo(CO)3SbPhy 4874
485.85 [6]
8 Ph;Sn—-OH 485.8 58 Br3SnCo(CO)4 488.1°
9 Ph3Sn—F 486.4 59 Br2Sn{Co(CO)s}2 487.3°
10 Ph3Sn—Cl 486.5 487.2 [5] 60 BrSn{Co(CO),}5 487.2°
11 Ph3Sn-Br 486.5
12 Ph3Sn—1 486.5 2Calibration versus the Fermi niveau.
PCalibration versus the C1s = 285.0 eV.
13 Ph3Sn—-OSnPh, 485.8
14 Ph3Sn—SSnPh;, 485.5
15 Ph3Sn-GePhg 485.3 increased electronegativity could as well explain the
16 Ph3Sn-SGePh; 486.0 increased binding energies, so that also increased
17 (CHj3)3SnF 486.9 coordination numbers need not explicitly be taken as
18 (CH3);SnF2 487.3 the origin of increased binding energy. This follows
19 (CH3),Sn(NCS), 487.0 clearly from the fact that a single Sn 3d;, signal with
20 {(CH3),CISn};0 486.9 a FWHM. = 1.5 eV was found for the complex
21 {(CH3);CISn};S 486.6 structure of {(CHs),ClSn(terpyridyl)}{(CH;),SnCls}
22 {(CH3),5nS}5 486.9 ey ,
23 (CH3),5nS04 4872 (43), _wh11e it was hoped' to.ﬁnd two sngna.l§ due to
. the differences in coordination between anion and
24 {(CH3)35n},5S04+2H,0 4864 g A A
CH,S  SCH, cation as determined from X-ray diffraction [13].
25 \sn/ 4872 The data for the compounds Ph,Sn and the transi-
CH;S/ \sCH, tion metal compounds 44, 45, 49, 52, 53, 54 yield a
26 Bu,SnO 485.8 B.E. span from 485.3 to 486 with the bulk of data
27 Ph,Sn(0,SPh), 486.4 around 485.6. These compounds could be considered
28 Ph3Sn0O SPh 486.1 as representatives of four coordinate tin. On the other
29 {(C;H5)4N}H(CH3)3Sn(NCS),} 487.8 hand the compounds 32 through 43, comprising five
30 {(C;Hs)qN}2 {(CH3Sn(NCS)s} 487.5 and six-coordinate tin systems, suggest a B.E. range
31 {(CoHs)qN}a{SnBre} 4872 487.2[7) between 486.2 (36) and 487.5 (35). However, here
;g ?;ixnscslﬁ&z:-yzrpyr jg;'g again, it is dangerous to ascribe the increased B.E.
34 CH3SnCls - 2pyr 486.8 only to increased coordination number. In fact in all
35 SnClq e 2pyr 487.5 485.8 [4] these donor-acceptor complexes tin has from two to
four strongly electronegative substituents and the
36 (CH3),SnCl, - Bipyr 486.2 B.E. shift could as well be mainly due to their
37 CH3SnCl3-Bipyr 486.3 influence. An indirect confirmation of this view could
38 SnCl,*Bipyr 486.9 be found in the data of the four-coordinate transi-
39 (CH3)2Snl Bipyr 486.5 tion metal compounds 46, 50, 55, 56,57, 58, 59, 60
40 (CHa),SnCly+ 2DMSO 4872 where the hlghfes.t B.E.s are found. Qemly this is due
41 CH;SnCl3-2DMSO 4869 .to electronegatw.lty effects. In a previous study [18]
42 SnClg2DMSO 487.1 it was shown indeed, that the {Co(CO)s4} group
43 {(CH3),ClISnterpyr}'{(CH3),SnCl3}~ 486.5 Electaonegativity is at least equal to that of the CI
gand.
44 Ph3SnW(CO)3cp 486.0 As a general conclusion it could be stated that
45 (CH3)3SnW(CO)3cp 485.9 coordination effects are definitely dominated by elec-
46 Cl3SnW(CO)3cp 487.2 tronegativity effects.
47 (CH3),C1SnW(CO)3cp 486.3 The binding energy of tin increases with increasing
48 (CH3)Cl25nW(CO)3cp 486.7 number of electronegative ligands. This is definitely
49 PhaSaMo(CO)scp 485.6 the case on homologous substitution, where the bind-

ing energy roughly increases linearly with the number
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Fig. 1. Bond orders and formal charges for Sn(1l) compounds.

of substituents on tin, as for example with the
(CH;3)3-,Cl,SnW(CO)scp with n = 0, 1, 2 or 3 and
with the sulfide series: {(CH,),ClSn},S, {(CH;),-
SnS}; and SnS,C,Hs where the tin B.E. increases
with 0.2 eV for each inserted sulfur atom. With
mono substitution however the influence of electro-
negativity is less clear: for the triphenyltin halide
series the B.E. of tin barely changes from F to L.
Nevertheless, the good result obtained in calculat-
ing binding energy shifts with cheleq method [14,
15] for the (CHj3)3—Cl,SnW(CO)scp series [2],
encouraged us to test this method, which is based on
the electronegativity equalization principle, for a
total of 50 tin compounds. Since polymeric forms
such as (SnCl,), and double salts such as BaCl,*
SnCl, are at this stage difficult to treat by a Cheleq
calculation, we had to consider these systems as single
entities corresponding to their respective empirical
formulas. The required bond orders, N, and the
formal charges, F, ie. the charge which the atom
would have if the bonding electrons in each bond were
equally apportioned between the pair of bonded
atoms, are determined from a valence bond model
with the basic rule that the tin atom should obey the
octet rule; as a consequence we did not include d
orbital participation. The tin atom in the di-valent
compounds thus gets a formal charge of —1. The
molecular structures used for some Sn(II) compounds
are represented in Fig. 1. In tetra-valent compounds
the formal charge of Sn is zero with bond orders
equal to 1. For the six coordinated compounds we
considered different resonance structures. The
uncharged form was given a weight of 6 against 1 for

L L L 008
cl a cl l ¢ 0S5 ¢i-025
\Sn/ .8 \Sn — \5n4’5
cu/ \u cn/ o Cl/ \Cl
L L L

mean

weight tactor 6 weight tactor 1 resonance structure

Fig. 2. Model for SnClg«2L (L = pyr of DMSO).
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L) (o014
R 033 CL-0.22 R |°.“ CcL-0.14
N N, B
Ci/ \ Ct R / \Cl
L L

Tig. 3. Structure for the other 6 coordinated Sn compounds.
pounds.

each charged structure. The different resonance struc-
tures for SnCly-2L complexes are given in Fig. 2.
The mean structure for the other six coordinated
compounds are represented in Fig.3. The transition
metals in carbonyl compounds do not follow the
octet rule. For the W carbonyl compounds we used
the same structure as before [2], the models used for
the Fe and Co carbonyls are represented in Fig. 4.
The cheleq method permits to calculate the net
atomic charges for the groundstate or for a transition
state which takes the extra atomic relaxation into
account; they are respectively indicated with the sub-
scripts g or R. In Table II we collected the obtained
atomic charges and potentials for 50 compounds.

/ .
N e
\Co;/
57| e
°|

Fig. 4. Structure for carbonyl compounds.

From a linear regression of these charges with the
experimentall obtained B.E., one can determine the
values for k and 1 in the well known potential model
equation: B.E. = kQ + V +1. In a final regression we
did not include the compounds 3, 4, 31, 32 and 33
since these gave a too large deviation. The following
equations, standard deviation(s) and correlation coef-
ficients(r) are obtained:

B.E.=9.71 Qg + V; +486.65 with r = 0.82 and
s=0.81eV
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B.E.=9.72 Qg + Vg +487.40 with r=0.76 and
s=0.86¢V.

With these values for k and | we determined EB g,
and the deviation Ay = EBggp — EBcg(g), T65p. Ag.
(see Table II). Sometimes the potential model equa-
tion gives better results on omitting the potential
energy term [16]. In this case the following equa-
tions are obtained:

BE.=1.71Qg+486.38 withr=0.48 and s =
0.65 eV.

B.E.= 1.85 Qg +486.76 withr=0.47 and s =
0.66 V.

The standard deviation is slightly improved while
the correlation is worse; from this we may conclude
that the potential energy term (although difficult
to calculate) plays an important role in determining
the B.E. of Sn. Nevertheless the great deviation found
for the ionic compounds 31, 32 and 33 is about equal
to V. In this case one should probably not only
consider the charges within one molecule, but a
whole crystal lattice. The model used for the Ba salts
(compounds 3 and 4) is based on the existence of the
anions SnCl; and SnCl3~, but there exists no
certainty about these structures [17].

From the last column of Table II it is clear that
the relaxation energy, as calculated with cheleq, is
less important especially when studying homologous
series of compounds for which Eg can be considered
as constant.

The potential term permits to explain the small
shift found for the triphenyltin halides, since V is

H. Willemen, D. F. Van De Vondel and G. P. Van Der Kelen

about equal (with reversed sign) to kQ. In general
it follows from Table II that kQ and V are compe-
titive in determining the B.E. of tin.
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