Chemucal Physics 103 (1986) 85-91
North-Holland, Amsterdam

85

THE VACUUM ULTRAVIOLET SPECTRUM OF STANNANE
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The vacuum UV spectrum of SnH, has been recorded up to 110 nm (12 26 eV) This spectrum has been interpreted by ab
mt1o calculations (SCF + CI), using a relatinistic pseudopotential to describe the core electrons of the tin atom The spectrum
consists of a broad band composed of three maxima (at 8 73, 9 53 and 11 33 eV) The transitions below 9 50 eV have been
attributed to transitions to diffuse Rydberg states (6s and 6p) The other bands are due essentially to valence transitions

1. Introduction

There 1s an obvious interest in stannanes both
as hydrocarbon analogues and because of their
unique organometalhic chemistry Organostannane
compounds have recently been implicated in cer-
tain environmental problems [1] In particular, the
biological methylation of inorganic tin in sea water
and the subsequent reaction of the first formed
organostanmc compounds are not well under-
stood Certain photochemical reactions have been
proposed as a mode of reaction of these stannanes
These hypotheses are difficult to justify, however,
while the UV spectra of these compounds are
unknown

In fact, there 1s little experimental or theoretical
data on tin derivatives, particularly on their elec-
tronic structure or excited states Orly the photo-
electron spectra of stannane [2] and some of its
denvatives have been recorded [3], only the elec-
tronic spectrum of SnCl, (recorded in 1972 by
Iverson and Russel [4]) and those of certain stan-
nane polymers (recorded up to 170 nm) are known
(]

Theoretical aspects have been covered 1n a
number of papers, the fundamental states of stan-
nanes [6], radical 10ns [7,8] and most recently the
chemical reactivity of organostannic compounds
(9]

An experimental and theoretical study of the

electronic spectrum of SnH, 1s described 1n this
paper The vacuum UV spectrum of this com-
pound has been recorded to a wavelength of 110
nm The ab imtio calculation of this spectrum has
been carried out using a relativistic pseudopoten-
tial to describe the tin core electrons

2. Experiment
2 1 VUV spectrometer

The spectrum of SnH, was recorded using a
laboratory-made vacuum UV spectrometer of
moderate resolution [10] The radiation source 1s a
windowless spark (BRV source [11]) which has the
advantage of producing high-energy flashes con-
taming wavelengths down to = 50 nm The maimn
drawback with this type of source, the non-repro-
ducibility of flashes, has been overcome mn two
ways A beam splitter which separates the sample
and the reference 1s used and as the machine 1s
entirely run by computer, we are able to use
recording algonthms combining filtration and ac-
cumulation 1n real time

The monochromator 1s equipped with a holo-
graphic grating on a toric support

The 10 cm path-length cell 1s equipped with
Iithium fluoride windows Radiation flux 1s mea-
sured by a combination of two photomultipliers
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(reference and sample) associated with two sodium
salicylate coated windows

The tin hydride was obtamned by reduction of
SnCl, by LiAIH, The reaction was carried out
under vacuum 1n ether using the method described
by Finholt et al [12] After several vacuum distilla-
tions, the purnty of the SnH, was checked by IR
analysis [13]

The vacuum UV spectrum was recorded at am-
bient temperature and an average pressure of 10
mTorr

2 2 The spectrum

The spectrum obtamed (fig 1) shows no nota-

eV

ble absorption until =775 eV (160 nm) The first
band, centered at 8 86 eV (140 nm) 1s relatively
intense (e = 17 2 X 10%)

This band 1s comparable to the 125 nm band in
the spectrum of methane [14] which has an inten-
sity of the same order of magmtude (/=0 36)
However, 1t 1s far more intense than the first band
m the spectrum of silane, at 795 eV (158 nm),
recorded by Alexander et al [15] which has been
attributed to a forbidden transition

The last part of the spectrum shows an intense
band with a peak at 964 eV (129 nm) This band
1s asymmetric towards longer wavelengths The
final broad band shows a maximum at = 10 04 eV
(124 nm)
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v 104 (em™)

Fig 1 VUV spectrum of SnH, (

) experimental spectrum, (

) deconvolution of the spectrum
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3. Theoretical calculations
31 Methods

All calculations were undertaken using a relativ-
istic pseudopotential to describe the tin core elec-
trons [16] This type of pseudopotential gave us
good results 1n the study of the SnH; 1on [8] and
n the nterpretation of the photoelectron spectrum
of SnH, Ab nitio calculations on valence elec-
trons were carried out, using a 4s4p basis set
contracted to double { (2s,2p) [16] This basis was
completed by adding d orbitals on the tin atom
(¢{=02) and two p-orbitals on each hydrogen
atom ({=07,02)

In order to take mto account the diffuse states
obtained 1n the vacoum UV spectrum, we have
included a series of Rydberg s and p orbitals on
the central atom The exponent of these atomic
orbitals was optimized using the energy of the first
Rydberg state of SnH,, which was calculated, to

Energy (a.u.)
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First excited state
- 5.33 1
- 5.34
- 5.65 4
- S.66 -
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Fig 2 Vanation of second-order Meller—Plesset energy of
ground state and first excited state of SnH, with the { of the
Rydberg orbital

the second order, by Meller-Plesset perturbation
The results, presented in fig 2, show that the value
of the transition between the ground and first
excited state 1s relatively sensitive to the gaussian
coefficients used The optimum value {= 0021
thus obtained has been used in the remaining
calculations

The ground state energy and that of the first
four excited states have been evaluated by config-
uration interaction, combining variation and per-
turbation

Imtially, a multiconfigurational reference sub-
space (S,) was constructed on the SCF wavefunc-
tion of the ground state This subspace comprising
150 mono-, di- and tn-excited determinants of the
ground state, was constructed using the CIPSI
algorithm [17] This allows mcorporation of all
quasi-degenerate determunants m S, with the ex-
cited states studied

In a second stage, the correlation energy of S,
was evaluated to the second order by the
Moller—Plesset perturbation method In the course
of this calculation, the 5000 most important de-
terminants in the wavefunction were selected (sub-
space M) In order to evaluate the correlation
energy as accurately as possible, we have used a
method of successive diagonalisations of more and
more important parts of the subspace M An ex-
trapolation, similar to that proposed by Buenker et
al [18], allows the most accurate evaluation possi-
ble (combiming vanational and perturbational re-
sults) of the second-order correlation energy To
estimate the total correlation energy and the in-
fluence of tetra-excited determinants of S,, we
have evaluated the influence of the unlinked clus-
ters, as proposed by Davidson [19]

3 2 Results

The principal results on the first four excited
states of SnH, are shown 1n table 1 It can be
noted that the transition energies are not noticea-
bly dependent on the degree of approximation
used to evaluate the correlation energy We can
simply note that taking the correlation energy of
the unhnked clusters into account brings the first
two transitions considerably closer together

Transition moments were calculated from mul-
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Table 1
Calculated transitions of SnH 4

State Nature® AE® AEY AEY @9 P
V) (V) (eV)

S T,»AY 845 856 838 0897 0495

S, T,-T} 98 939 917 0406 0111

S5 T,—» Ay 1056 1055 1027 1458 1604

S, T,-»T, 1182 1201 118 1239 1335

* Most important determinant in the multiconfigurational de-
velopment

Y Transiion calculated by Moller—Plesset \perturbation
(491000 determunants)

9 Transition calculated by partial diagonahsation of the previ-
ous space and extrapolation

9 Same as c) with the contribution due to the unhnked cluster
taken 1nto account

9 Transition moments

O Oscillator strength

ticonfigurational density matrices obtained irom
S, perturbed 1n the first order by the Meller—Ples-
set method Mulliken population analysis was un-
dertaken on density matrices

The results obtained on the four first excited
states and on the ground state are presented in
table 2 Populations have been regrouped 1n order
to distinguish valence orbitals from d orbitals and
diffuse Rydberg orbitals

4. Discussion

Stannane of T; symmetry has eight valence
electrons occupying an a, orbital and a triply
degenerate t, orbital Only transitions from the
ground state to the excited T, states will be active
in the absorption spectrum This means that all

Table 2
Mulliken population analysis of the five first singlet states of
SnH,

State Population on Sn Total
total R R d population on H
s P

ground 3145 0022 0029 0076 1214

Sy 3656 0807 0118 0062 1086
S; 3783 0120 1000 0065 1054
S, 3196 0199 0000 0079 1213
S, 3301 0108 0028 0094 1174

triply degenerate excited states are susceptible to a
Jahn-Teller distortion Only orbital transitions of
the following type are possible a; —t,, t, = t,,
t,—>a; or t, —e, this latter transition involves
excitation to d orbitals The experimentally mea-
sured spectrum 1s a series of at least three bands
with maxima at 8 86, 9 64 and 10 04 eV

In order to facilitate the analysis of the spec-
trum and 1ts comparison with theoretical results,
we have carried out a deconvolution which apart
from a certain arbitrary character, given the poor
separation of the bands, allows us to evaluate,
approximately, the oscillator strength The results
thus obtained are presented in table 3

4 1 First region of the spectrum

The first broad absorption observed 1s, in fact,
a muxture of several bands superimposed on each
other, an intense band centered at 8 74 eV with an
oscillator strength of 0221 and probably two
weaker bands at lower energy This absorption
causes the strong asymmetry of the first band
towards higher wavelengths

Theoretical calculations show that, 1n this re-
gion, the only transition, calculated at 8 38 eV
with an oscillator strength of 0495, 1s of type
t, > a,; We have also been able to show that no
forbidden transitions would occur at longer wave-
length It 1s worth noting that a very weak band 1s
observed towards longer wavelength in the optical
spectrum of methane (at 8 80 eV) [14] and of SiH
(at 7 95 eV) [15] No satisfactory interpretation has
been put forward to explain the presence of these
bands (singlet—triplet transition, forbidden valence
transition,  [20]) In the electronic impact spec-
trum of CH, this band 1s no longer visible [21]

In the case of SnH, we can give a simple
explanation for the strong low-energy deformation
of this first band In fact, 1t corresponds to a
transition to a T, state with a strong Rydberg s
component This 1s indicated by examination of
the Mulliken populations of the state concerned
(table 2) A charge of 0 807 electron can be taken
from the 6s orbital, this 1s accompanied by a
strong reduction 1n the hydnde character of SnH,,
the charge on each hydrogen atom drops to 0 128
electron
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Table 3
Experimental VUV spectrum of SnH 4

_ a)

Vrnax € max Deconvolution
3 -1 3 —1..—1
(10°cm™%) (10° fmol” "cm ™) S oscllator
10%em™! strength
first band 71 50 (8 86) 172 64 05 (7 94) 0168
67 30 (8 34) 0112
7049 (8 74) 0221
second band 77 80 (9 64) 209 76 10 (9 43) 0687
78 09 (9 68) 0074
third band 8210 (10 04) 178 8184 (1014) 0081
8525 (10 56) 0443
8900 (11 03) 134 8995 (11 15) 0132

2 The values m parentheses are given 1n unts of eV

This assignment 1s consistent with that pro-
posed by Robin [20] for interpretation of the first
imntense bands of the methane (at 969 eV) and
silane (at 8 99 eV) spectra The strong intensity
(for a Rydberg transition) of this band can also be
noted 1n the spectrum of methane with an oscilla-
tor strength from 0 26 to 0 36 [14]

The practically pure Rydberg character of the
first excited state of SnH, must cause a certain
similarity to the 10n radical SnH; Examination of
the first observed band in the photoelectron spec-
trum shows a strong splitting caused by the
Jahn-Teller effect (and spin-orbit coupling) nto
three portions separated by 04 eV This splitting,
which 1s less visible m the vacuum UV spectrum,
explains the deformation of the spectrum towards
longer wavelength A deformation of the spectrum
(fig 1) can, in fact, be seen There are three
distinct regions separated by =040 eV

The assignment of this band to a Rydberg s
transition 1s confirmed by evaluation of the corre-
sponding term value which1s =307 eV This1s a
reasonable value for the tin atom, the t, » R,
transition of methane has a value of 392 eV and
of S1H, 341 eV

4 2 The second band
The second band was calculated at 9 17 eV with

an oscillator strength four times weaker than the
previous transition It corresponds to a t, = t,

transiion Examination of the population analysis
of the excited state shows its character to be
essentially Rydberg p The weak intensity of this
band compared to the t, — a; transition (R,) 1s
understandable as 1n a model atom 1t corresponds
to a forbidden transition (A/=0) In the expen-
mental spectrum this band 1s hudden by the con-
siderably more mtense bands which precede and
follow 1t

4 3 Last part of the spectrum

The following spectral bands involve valence
transitions The third band, calculated at 10 27 eV
with an oscillator strength of 160 i1s the most
intense band 1n the experimental spectrum, situated
at 943 eV (f=0687) This band 1s primarily due
to a valence transition t, — a;, however mxed
with this 1s a significant contribution from transi-
tions to diffuse states (0 199 electron in R;) The
polanzation of the Sn—-H bond 1s simular to that
found n the ground state

The fourth transition, calculated at 11 8 eV, can
be attributed to the fourth spectral band It corre-
sponds to an essentially valence transition t, — t,
It 1s worth noting, as for the Rydberg transitions,
the low mtensity of the t, —t, transitions com-
pared to the corresponding t, — a,

It 1s noteworthy that all the transitions calcu-
lated here correspond to an experimental spectrum
limited to 11 26 eV (110 nm) There 1s no sigmifi-



cant d-orbital interaction The total charge on
these orbitals remains essentially the same as i
the ground state

It 15 necessary to comment on the proximity of
calculated and expenimental values While the

calanlatad ctatee carrecsnond to tranations ta dif-
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fuse orbitals (Rydberg states or radical 1ons [8]),
the calculated results obtamed are in excellent
agreement with experimental values, both for the
position and 1ntensity of the bands However, as
soon as the virtual valence orbitals are involved m
excitation, the quality of the theoretical results 1s
reduced (with an error of =1 eV) This can be
partly explamed by the fact that we have used a
pseudopotential to describe the tin core electrons
The interaction of diffuse orbitals with the core of
the atom 1s weak (these orbitals are not very
penetrating), however, when an electron 1s 1n a
much more penetranng virtual valence orbital,
then the core-valence mteraction becomes more
significant and causes the observed shift in the
corresponding transitions

5. Conclusion
The vacuum UV spectrum of SnH, shows a
number of bands between 150 and 110 nm These

have been assioned with the aid of an ab mitio

HAave OLLi Qooipiataa B3 SU 84 L) Qi1 Qv e

calculation The first transitions, observed below
9 5 eV, correspond to transitions to Rydberg levels
These bands are followed (above 9 5 eV) by essen-
tially valence transitions (t, - a, and t, > t,)
The first band of the spectrum, which mvoives
an excited 6s Rydberg state, shows a strong defor-

matinn towarde lana wavelanath Thig 1c camnara.
Mauoll WOWards 10ng waviitiigul 11115 15 {OMipara-

ble to a similar effect observed in the photoelec-
tron spectrum of SnH, The net red shift of the
whole spectrum as compared to the spectra of
S1H, and CH, 1s also noteworthy
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