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Photodecomposition of trimethyltin halides: a theoretical study
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Abstract

The photodecomposition of (CH;);Snl, representative of the main group metal complexes (CH;);SnX (X = Cl, I, Br) leading
to the homolytic cleavage of the Sn—X bond in different media (hexane, ethanol, hexanol, porous Vycor glass) under UV
irradiation, has been investigated through CASSCF/MS-CASPT?2 calculations of the low-lying excited states and associated
potential energy curves. The lowest allowed a'A’—a'A” and a'A’—b'A’ transitions calculated at 42210 and 42920 cm !,
respectively correspond to 5p(I) » o, | excitations. They contribute to the absorption observed in the experimental spectrum
around 235 nm (42550 cm~'). A strong absorption calculated at 55610 cm~!' (a'A’—c'A’) and corresponding to the
Gs, g — OX, | excitation has been assigned to the intense band observed below 200 nm (50 000 cm ~!). The potential energy curves
associated with the a'A” and b'A’ states are dissociative with respect to the Sn-I bond elongation leading exclusively to the
radicals primary products [(CH,;);Sn" + °T] in an adiabatic scheme. In contrast the upper c'A’ state is quasi-bound with respect to
the Sn-I bond elongation with a minimum around 4.7 A generated by a weak avoided crossing between this state and the a'A’
electronic ground state. The upper state correlates to the ionic primary products [(CH;);Sn* + 17]. The theoretical spectrum
simulated by wavepacket propagations on the low-lying non-adiabatically coupled singlet excited states reflects the main features
of the experimental one. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction homolytic cleavage of the Sn—I bond. This primary

process occurs either in non-polar solvents where the
system is a four-coordinate tetrahedral complex or in
polar media such as ethanol, hexanol or adsorbed onto
porous Vycor glass, where the complex exists as a
five-coordinate solvent adduct or adsorbate. The ab-
mpon ding author. Tel: +33-390241302; fax: -+ 33- sorp.tion spectra shqw little change as a functign of the
390241589 media and the experimental data point to the ligand-to-

E-mail address: daniel@quantix.u-strasbg.fr (C. Daniel). metal-charge-transfer (LMCT) character of the pho-

In a recent experimental study [1,2] of the photode-
composition of main group metal complexes it was
shown that 254 nm excitation of (CH,),Snl leads to the
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toactive state. This electronic excited state is less polar-
ized than the electronic ground state and is thought to
lead to the radicals formation because of this more
uniform charge distribution. The quantum yield @ of
the homolytic splitting of the Sn—I bond is wavelength
dependent with values varying between 0.32 (4., = 254
nm) and less than 10~ with A, =350 nm.

In order to establish the correlation between the
photoactive state and the nature of the primary prod-
ucts, a theoretical study has been undertaken on the
basis of highly correlated quantum chemical calcula-
tions. The aim of the present contribution is to deter-
mine the low-lying transitions to the singlet states and
the corresponding oscillator strengths as well as the
one-dimensional associated potential energy curves
(PEC) calculated as a function of the [¢, = Sn—I] coor-
dinate. The complete-active-space SCF (CASSCF) [3]
wavefunctions are used as zero-order references in a
subsequent 2nd order perturbative treatment of the
dynamical correlation effects through the multi-state
complete-active-space PT2 (MS-CASPT2) method [4].
The calculations have been performed with the MOLCAS
5.0 Quantum Chemistry software [5].

exc

2. Computational details

Ab initio calculations have been performed for a
nearly T, structure (Fig. 1) under the C, symmetry
constraint with the following bond lengths and angles
optimized at the DFT level of theory using the B3LYP
functional with GAUSSIAN 98 [6] for the a'A’ electronic
ground state:

N
!

/
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Fig. 1. Td structure of (CH;);Snl.
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Sn-1=2.824 A (2.729 A at the MS-CASPT2 level)
Sn-C =2.161 A
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The photodissociation of the Sn—I bond has been
followed under the C, symmetry constraint without any
relaxation of the other degrees of freedom (Scheme 1).

The Sn and I atoms have been described using the
relativistic ab initio potential model (CG-AIMP) [7]
with the following associated valence basis sets: for the
Sn atom (Z =14.0) a (11s, 10p, 7d) set contracted to
[3s, 3p, 3d], for the I atom (Z=17.0) a (11s, 10p, 7d)
set contracted to [3s, 4p, 3d]. The following atomic
natural orbitals ANO [8] basis sets have been used for
the C and H atoms in the all-electron scheme: for the C
atoms a (10s, 6p, 3d) set contracted to [3s, 2p, 1d] and
for the H atoms a (7s, 3p) set contracted to [2s, 1p].

Ten electrons have been correlated in 10 active or-
bitals in the CASSCEF calculations, including mainly the
Og, ¢ and og, ; bonding orbitals and their antibonding
counterparts 6, - and o, ; with respect to the Sn—C
and Sn-I bonds, respectively together with the 5p (I)
and 5p.(I) of the halide. Other virtual orbitals of mixed
character between the methyl groups and the Sn atom
are included in the CASSCF active space. The elec-
tronic ground state is described by the following elec-
tronic configuration (o, ¢)* (0g,1)* (5p,(1))* (O, )
(5p. (D)%, the first three orbitals belong to the A’ sym-
metry, whereas the last two orbitals have the A” sym-
metry. The 'A’ and 'A” CASSCF wavefunctions
averaged over 10 roots are used as references of the
subsequent CASPT2 perturbational treatment of the
electronic dynamical correlation effects in the multi-
states approach using the level shift corrected perturba-
tion method [9] with a value of 0.2. This method, which
has been used in a number of applications [10], allows
the determination of the transition energies with accu-
racy of around 1000 cm~!' taking into account the
mixing between the different excited states of the same
symmetry.

3. Results and discussion

3.1. Excited states

The transition energies to the low-lying singlet ex-
cited states of (CH;);Snl calculated at the CASSCF/
MS-CASPT2 level at the equilibrium distance
Sn-1=2.729 A (Franck-Condon) are reported in Table
1 together with the corresponding oscillator strengths.
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Table 1

Calculated MS-CASPT?2 transition energies (cm~') to the lowest excited states of (CH;);Snl and associated oscillator strengths

Transition One-electron excitation in the principal configurations Energy Oscillator strength
alA’>a'A” 5p () —> o, 42210 0.005
alA’ > Db'A 5p, (1) - c&, 4 42920 0.012
a'A’>b'A” 5p,(Sn) - o, | 53220 0.039
alA’ > clA Ogn1— Ot 55610 0.812

Two sets of excited states characterize the absorption
spectrum of this molecule, the first one around 42 000
cm ~ ! associated with the a'A’—a'A” and a'A’ - b'A’
transitions corresponding mainly to Sp(I) - o ;| exci-
tations and the second one in the far-UV energy do-
main (around 55000 cm ~! or 180 nm) associated with
the a'A’—c'A’ and a' A’ - b'A” transitions correspond-
ing to og, ;—~od, ; and 5p(Sn) — o, | excitations, re-
spectively. The first two transitions with modest
oscillator strengths ( f'< 0.015) should contribute to the
first band observed in the experimental absorption
spectrum (Fig. 2) around 235 nm, whereas the intense
absorption below 200 nm results from the a'A’—c'A’
transition calculated at 55610 cm ~! with an oscillator
strength of 0.812.

3.2. Absorption spectrum

The theoretical spectrum obtained by Fourier trans-
form of the autocorrelation function deduced from
wavepacket propagations on the singlet potential en-
ergy curves is represented in Fig. 3 and compares rather
well with the experimental spectrum recorded in hexane
(Fig. 2).

Obviously, taking into account the solvent effects in
the simulation would probably modify the shape of the
theoretical spectrum but the environment effects are
beyond the scope of the present study.

3.3. Potential energy curves

The CASSCF/MS-CASPT?2 potential energy curves
calculated for the a'A’ electronic ground state and the
low-lying singlet excited states of (CH;);Snl as a func-
tion of the Sn-I bond elongation, freezing the rest of
the molecule are depicted in Fig. 4.

The b'A’ and a'A” excited states corresponding to
the 5p(I) > o, _; excitations are dissociative with re-
spect to this coordinate leading directly to the radical
primary products [(CH;);Sn® + °I] without any energy
barrier following an adiabatic process. The shape of the
potential energy curves associated with the lowest ab-
sorbing states around 235 nm explains the efficiency
(@ = 0.32) of the Sn—I bond homolysis upon irradiation
at 254 nm. According to preliminary femtosecond dy-
namics simulations based on wavepackets propagations
[11], this process should be completed within 100 fs.

In contrast the upper singlet states c'A’ and b'A” are
quasi-bound with respect to the Sn—I bond elongation.
In particular, the c¢'A’ state corresponding to the
Og,1— 0%, | excitation absorbing strongly around
55000 cm~! (180 nm) leads to the ionic primary prod-
ucts [(CH;);Sn* +17]. Moreover, the a'A’ electronic
ground state and c'A’ excited state potential energy
curves avoid a weak crossing around 4.7 A, the ionic
primary products correlating with the electronic ground
state a' A’ of the reactant (CH;),Snl which has a highly
polarized character.

On the basis of the shape of the potential energy
curves depicted in Fig. 4, one may easily understand
why the ionic species cannot be formed upon irradia-
tion into the low energy domain (below 50 000 cm —1!).
Despite the ionic character of the reactant, one has to
populate the ¢'A’ excited state to induce the Sn—I bond
breaking towards the ionic primary products following
a non-adiabatic process with a dramatic change of
electronic configuration around the avoided crossing at
4.7 A. Preliminary wavepacket simulations on the a'A’
and ¢'A’ coupled potentials in the diabatic scheme [11]
predict a dissociation probability of nearly 1.0 towards
the ionic species I~ 4 (CH;);Sn™ in 200 fs.
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Fig. 2. Experimental absorption spectrum of (CH;);SnX (X =Cl, I,
Br) recorded in hexane [1].
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Fig. 3. Theoretical absorption spectrum of (CH;);Snl in the UV—far-UV region.
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Fig. 4. MS-CASPT2 potential energy curves of (CH;);Snl as a function of the Sn—I bond elongation. A’ symmetry curves in solid line, A”

symmetry curves in dashed line.

4. Conclusion

On the basis of accurate ab initio calculations the
lowest part of the absorption spectrum of the
trimethyltin iodide has been assigned. The theoretical
spectrum which compares rather well with the experi-
mental one exhibits two bands, a shoulder of weak
absorption around 42000 c¢cm~! (238 nm) corre-

sponding mainly to 5p(I)—> o, excitations and an
intense band around 55000 cm~—! (180 nm) corre-
sponding to the og, ;— o, | excitation. A qualitative
mechanism of photodecomposition of the title metal
main group complex is proposed on the basis of the
shape of the potential energy curves associated with
the electronic ground state and low-lying singlet ex-
cited states:
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1. vertical absorption into the lowest band of the
absorption spectrum (around 40 000 cm ~ ') will lead
exclusively to the formation of the radicals primary
products [(CH;);Sn® + °I] along a direct fast disso-
ciative adiabatic process;

2. the formation of the ionic primary products
[(CH;);Sn™ + 1] will result from excitation into the
upper part of the absorption spectrum (around
55000 cm~ ") according to a non-adiabatic mecha-
nism, where the electronic ground state is coupled to
the photoactive c'A’ state.

Preliminary calculations [11] indicate that the triplet
states play a minor role in this mechanism characterized
by fast processes (a few hundreds of fs). This mecha-
nism explains the low efficiency of the Sn-I bond
homolysis with low wavelengths of irradiation (310 and
350 nm). In contrast to the hypothesis based on the
experimental data [1], a qualitative correlation between
the orbital nature of the photoactive state and the
character (ionic or radicals) of the primary products are
difficult to establish. The selective formation of the
primary products is entirely controlled by the shape of
the potential energy curves and not by the more or less
polarized character of the active state. The coupling
between the electronic ground state (highly polarized)
and the c¢'A’ (og, [— o ;) state (less polarized) will
be the driving force of the formation of the ionic
species. The branching ratio and the efficiency of the
primary reactions may probably vary as a function of
the experimental conditions (irradiation wavelength, en-
vironment effects). Study of the (CH;),SnX (X =Cl or
Br) is in progress. Future theoretical work will take into
account the solvent effects and some control of the
primary products distribution will be proposed on the
basis of laser pulse simulations.
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