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1. Introduction

Tributyltin (TBT) compounds were first used in the 1960s as an
antifouling agent in marine paints. Environmentaly harmful effect
of trisubstituted organotins was discovered in the end of the 1970s
and TBT compounds have been included on the European Economic

Community Priority Pollutants List, but ogranotins are still in use
all over the world in different applications [1–4]. In an organotin
compound, one or more organic substituent like methyl, ethyl or
butyl is attached to tin atom with a covalent bond. Organotins like
tributyltin chloride which are trisubstituted R3SnX (R = for exam-
ple butyl, X = halogen) have usually higher toxicity than mono- or
disubstituted organotin compounds. The anion X has minor influ-
ence on the toxicity of trisubstituted organotins, if the X itself is
not toxic [1,5,6]. In synthesis of organotin chlorides the first step is
to manufacture R3SnCl, R2SnCl2 or RSnCl3 from which various Sn
derivatives can simply be produced. TBTCl itself is widely used in
antifouling paints, agrochemicals and other applications [1]. Phys-
ical properties of water and sediments as well as natural external
action were found to define the life-time of the organotins in the
systems [7]. The primary natural external action on the system is
sunlight, which photolysis of TBTs in natural water was reported to
be fairly slow (t1/2 > 89 days) [8].

In order to evaluate the environmental distribution and fate of
organotin compounds in marine environment (in particular water,
sediment and sea animals), various analytical methods have been
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loride (TBTCl) vapour has been studied experimentally by means of time-
he photon energy range of 9–25 eV of synchrotron radiation, at 21.22 eV of
ron beam excitation. Branching ratios of the tributyltin chloride fragments
n radiation have been presented first time. Calculations based on density
arried out for TBTCl and the ionization energies obtained were used to
ys creating the observed ions.
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used. These include atomic absorption and emission spectroscopies
and electron ionization mass spectroscopies [9–13]. All these meth-
ods are based on an interaction between the compound and the
photons or electrons. Dissociation created by interaction has an
effect to the results obtained, making the data produced hardly
comparable.

In present work we study how radiation by photons and elec-
trons influences the dissociation of TBTCl molecule to smaller, less
toxic fragments. Clean TBTCl was selected to be the topic of our

study as it is typically used as reference reagent for environmental
studies. The dissociation was induced by a tuneable monochro-
matic synchrotron light from MAX-I at the energy range of 9–25 eV.
In addition, TBTCl molecules were irradiated by photons from a HeI
lamp (with photon energy 21.22 eV) and by electrons with energy
of 500 eV. Depending on the energy of the radiation used, ioniza-
tion/excitation of an electron from a bonding orbital may take place,
resulting in breaking the bond. The different ions created as a prod-
uct of the exposion of TBTCl were detected by a time-of-flight (TOF)
mass spectrometer which separates the masses and charges of the
ions on the basis of the flight times. The fragmentation of the TBTCl
molecule detected strongly depends on the energy of the radiation
as will be shown below. To understand the results they were com-
pared with calculations carried out using the DFT approach which
predict the ionization energies of different orbitals.

2. Experiment

The experiments with synchrotron radiation were carried out
at the bending magnet beam line 52 at the 550 MeV MAX-I storage
ring at Lund, Sweden. The radiation is dispersed by a 1 m nor-
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mal incidence monochromator [14]. The energy calibration of the
monochromator was performed using an intense and sharp CO2
absorption peak at 16.48 eV [15]. A LiF filter was used in the energy
range below 11 eV in order to remove the higher order energies from
diffraction grating. A GaAs photodiode located behind the interac-
tion region was used to normalize the ion yield spectra to the flux
of the monochromatized light. The spectra were corrected also for
the quantum efficiency of the photodiode [16].

At home laboratory in Oulu the experiments were carried out
with two excitation methods, 500 eV electrons and HeI photons.
500 eV electron beam with 40 �A current was produced by SPECS
electron gun EQ 22/35. HeI excitation (21.22 eV) was produced by
SPECS UVS 300 UV lamp.

The experimental setup consists of a vacuum chamber equipped
with the home made Wiley–McLaren time-of-flight mass spec-
trometer [17,18]. The TOF spectrometer consists of the 300 mm free
drift length ion analyzer where ions are detected by multichannel
plate (MCP) detector in the Chevron configuration. Calibration of
TOF apparatus was done with Ar and Xe noble gases. The uncer-
tainty of the time-of-flight experiments comes from variations of
pressure, photon flux and mainly from the MCP and photodiode
efficiency, especially for the low photon energy where background
is high. It gives an estimated experimental error limit of 7% for the
total ion yield. For the partial ion yield of the individual fragments
the relative error is linearly increased and reaches 30% for the minor
fragments below 2% from total ion yield.

During partial ion yield (PIY) experiments the photon energy
was changed from 9 to 25 eV with a step of 0.15 eV and 15 s accu-
mulation time. Branching ratio for each fragment was calculated
from partial ion yield of the fragment divided by the total ion yield.
The liquid sample TBT chloride (96%, Aldrich) was kept in a vac-
uum reservoir at room temperature and delivered to interaction
region in vapour phase by gas line. The pressure in the experimental
chamber was in a range of 10−7 mbar during the measurements.

3. Calculations

Theoretical calculations were performed usingGAMESSsoftware
package [19,20]. The geometry optimization was run assuming a
C3v symmetry with the Sn and the Cl atoms on the principal axis
and using the butane molecule (C4H10) with a missing hydrogen
as starting geometry for the (C4H9) groups. For the geometry opti-
mization and the electronic structure analysis of the molecule a DFT
approach [21] with Slater type STO-3G [22–24] basis set was used.

More specifically, local spin density approximation (LSDA) [25] cal-
culations that combine Slater exchange and VWN correlation, a
method also referred to as SVWN, have been carried out.

4. Results and discussion

The structural formula of the TBTCl molecule is shown in Fig. 1a.
Bond lengths Sn–C and Sn–Cl are 2.08 Å and 2.31 Å, respectively,
according to geometry optimization calculations, and the angles
C–Sn–C and Cl–Sn–C are 114.2◦ and 107.1◦, respectively. The Mul-
liken and Lodwin population analysis revealed a partial negative
charge on the Cl atom (∼ −0.3e) and a partially positive charge (∼
+0.8e) on the Sn atom. Each (C4H9)3 group revealed an overall par-
tial negative charge (∼ −0.16e) with the C atoms being partially
negatively charged and with the carbon atoms directly bounded
to the Sn atom retaining the largest partially negative charge (∼
−0.33e).

Fig. 1b shows the time-of-flight spectra of TBTCl when the
molecule is ionized by photons with energies of 9 eV (a), 9.5 eV (b),
14 eV (c), 20 eV (d) and 25 eV (f) from the synchrotron, by photons
from a HeI lamp (e) and by 500 eV electrons (g). Nine fragments:

Fig. 1. (a) Tributyltin chloride (C4H9)3SnCl molecule. For details, see text. (b) Time-
of-flight spectra of TBTCl excited using synchrotron radiation (SR) with photon
energies of 9, 9.5, 14, 20 and 25 eV, with HeI (21.22 eV) and 500 eV electrons (EI). For
assignment of the fragments 1–9 see Table 1.
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Table 1
Ratios of the TBTCl fragments after ionization by synchrotron radiation (SR), HeI an

Fraction SR (9 eV, %) SR (9.5 eV,%) SR (14 eV, %)

1. C12H27SnCl 77.6 49.3 5.6
2. C12H27Sn 13.1 8.5 6.0
3. C8H18SnCl 9.3 42.2 77.3
4. C8H18Sn – – 1.7
5. C4H9SnCl – – 7.8
6. C4H9Sn – – 1.6
7. SnCl – – –
8. Sn – – –
9. C4H9 – – 0.0

The estimated experimental error limit is 7% for the total ion yield and error is linea

tributyltin chloride (1, TBTCl, (C4H9)3SnCl), tributyltin (2, TBT,
(C4H9)3Sn), dibutyltin chloride (3, DBTCl, (C4H9)2SnCl), dibutyltin
(4, DBT, (C4H9)2Sn), monobutyltin chloride (5, MBTCl, C4H9SnCl),
monobutyltin (6, MBT, C4H9Sn), tin chloride (7, SnCl), tin (8, Sn)
and butyl (9, C4H9) were detected. The fragments which contain tin
atom have fine structure broadening corresponding to the natural
abundance of the Sn isotopes. The relative amounts of the fragments
obtained at various excitation energies are presented in Table 1.
Previous results obtained using the gas chromatography–electron
ionization–mass spectrometry [13] are in a good agreement with
our experiments taken with electron beam excitation. Results taken
with photon energy of 21.22 eV are the same both in HeI and
synchrotron radiation excited spectra within the experimental
accuracy. During the experiments the energy of the electron gun
was changed to 1000 eV and 1500 eV, but this did not change the
relative amount of fragments more than 0.5% if compared with 500
eV electron beam excitation, which shows saturation in dissociation
of the TBT chloride.

Fig. 2 shows partial ion yields of TBTCl fragment ions at the
photon energy range of 9–25 eV. Below 9 eV the main fragment
ion (more than 90%) is TBTCl+, but at the photon energy range of
10–25 eV the dominating fragment ion (above 50%) is DBTCl+. At
photon energy range of 12–25 eV the DBTCl+ ions dissociate further
to smaller fragments. The Sn+, SnCl+ and butyl+ yields show linear
dependence from the photon energy, and their yields do not reach
saturation at 25 eV. As seen from Table 1, the production of Sn+ and
SnCl+ ions depends strongly on the ionization energy. According to
the calculations, there are several atoms within the 0–25 eV ion-
ization energy (IE) range that are affected by the photoionization
process. Fig. 3 presents the IE diagram for the TBTCl molecule. The
smallest IEs involve molecular orbitals (MO) whose main compo-

nents are the valence orbitals of the C and Sn atoms. At higher IE
the Cl and the Sn atomic orbitals (AO) start to play a bigger role in
the corresponding MO.

In the IE range up to 4.0 eV, the MOs are mainly characterized by
the outermost valence orbitals of atoms, mainly C2p, Sn5p and H1s.
It is unlikely that the ionization of these delocalized orbitals desta-
bilizes the structure of the ionized molecule that indeed is present
as (C4H9)3SnCl+ in the TOF spectrum measured with photon energy
of 9 eV shown in Fig. 1b. At higher photoionization energies, the MO
e and a1 were found at 6.6 eV with strong Cl3p AO character and a1
at 8.8 eV with strong Cl3s AO character. A photoionization of these
orbitals most likely causes a fragmentation of the ionized molecule
as follows:

(C4H9)3SnCl+ → (C4H9)3Sn+ + Cl0

In this process, the more electronegative chlorine atom retains
the valence electron and stays with an overall neutral charge. This
would explain the presence of the (C4H9)3SnCl+ ion and the lack of
Cl+ ion in the TOF spectrum (a) (see Fig. 1b). From the TOF spectra
(b) and (c) the drastic increase of the (C4H9)2SnCl+ signal for 9.5 eV
photon energy and its almost exclusive presence for 14 eV match
ass Spectrometry 273 (2008) 48–52

tron beam (EI)

R (20 eV, %) HeI (21.22 eV, %) SR (25 eV, %) EI (500 eV, %)

4.9 4.7 4.5 4.2
5.0 4.9 5.0 3.2
3.4 61.9 57.9 53.3
2.4 2.5 2.5 2.1
2.2 12.6 11.7 12.1
8.2 8.4 9.5 8.7
1.8 2.3 4.1 8.9
0.5 0.9 2.4 4.6
1.7 1.8 2.4 2.9

creased and reaches 30% for partial yields of the minor fragments below 2%.

with the IE of the MO a1 at 9.5–9.6 eV with strong C2s AO character
and MO e and a1 at 16.8 eV with strong Sn4d AO character. In this
case the fragmentation process following the photoionization can
be described as follow:

(C4H9)3SnCl+ → (C4H9)2SnCl+ + (C4H9)0

The split of the molecule most likely resembles the one
described before for the Cl atom, where in this case it is the (C4H9)
group that retains the valence electron and stays with an overall
neutral charge. This explains also the lack of (C4H9)+ signal in the
spectrum (b) (see also Table 1). For 14 eV photon energy we proba-
bly start to reach the Sn4d orbitals and the fragmentation process
is as follow:

(C4H9)3SnCl+ → (C4H9)2SnCl0 + (C4H9)+

or

(C4H9)3SnCl+ → (C4H9)2SnCl+ + (C4H9)+ + e−

Indeed at these energies a weak signal from the (C4H9)+ is
observed. The second decay includes the possibility that a deep
photoionization triggers a non-radiative decay with the emission
of an Auger electron and with the production of two ionized
molecules.

For higher (24.5–27.3 eV) IE the MO are mainly a1 with strong
Sn4s AO character and e, a1 with strong Sn4p AO character. The
main fragmentation products are still the same as seen from the
measured TOF spectra (d–f), but there is a growing strength of
the (C4H9)2Sn+, (C4H9)SnCl+ and (C4H9)Sn+ signals. This can be a
consequence of several possible decay pathways: at these photon
energies the ionization occurs at deeper orbitals and the fragmenta-
tion process implies a non-radiative decay, but with the production

of several fragments, all except one with an overall neutral charge
undetectable. In order to follow in detail these processes further
work is needed, possibly using coincidence (PIPECO) experiments
that would allow the detection of each product with the emission
of the Auger electron.

Because of the nature of the ionization process using electron
beam, the TOF spectrum shown in Fig. 1b shows almost all the peaks
described above (see also Table 1). Using an electron beam of 500 eV
allowed us to ionize the molecule from even deeper orbitals, mainly
from the MO a1 (99 eV) with strong Cl2s AO character, MO a1 with
strong Sn3s AO character and MO e and a1 with strong Sn3p AO
character and the strength of the SnCl+ and Sn+ signal increase in
the TOF spectrum (g).

In respect to environmental studies, if we take into account that
the energy of the solar light on the Earth is mainly in the energy
range of 0–5 eV [26] the photofragmentation of the TBTCl described
above is unlikely. Present experiments were, however, limited in
the low photon energy region above 9 eV. At lower photon energies
resonant excitation instead of ionization may take place. If such
valence excited states result in the fragmentation of TBTCl, it has
to be investigated separately. Beam line at MAX-III, under commis-
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Fig. 2. Partial ion yields of the TBTCl fragments at the photon energy region of
9–25 eV.

sioning at the moment, would offer excellent possibilities for such
studies.

Our results taken at the photon energy of 9 eV, which are the
closest in the energy to the solar light, give lower TBTCl fragmenta-
tion than the results taken with HeI and electron ionization where
dissociation of TBTCl is very high. On the other hand, most spectro-
scopic tools applied in the analysis of organotin concentrations in
the environment use laboratory sources to create the photoelectric
effect, which may create fragmentation of the TBT molecule as seen
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[

Fig. 3. Ionization energy diagram in the energy range of 0–30 eV for TBTCl molecule.
Notes on right side show corresponding energies for molecular orbitals (with main
atomic orbital character).

above. In conclusion, energy dependence of spectroscopic analyt-
ical methods was demonstrated in detail. In addition, comparison
between experiment and calculations made it possible, for the first
time, to follow the fragmentation dynamics of the TBT compound.
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