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a b s t r a c t

Analysis of EI mass spectra of R4Sn organotins series (R = Me, Et, Pr, iso-Pr, Bu, iso-Bu) performed in this
work by means of alternative chemometric procedure BCA (band composition analysis) based on isotope
profiles, confirmed the presence of almost all ions identified earlier in these spectra using other methods,
like standard interpretation procedure or tandem mass spectrometry. BCA successfully determined ions
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in both simple and complex band of the spectra, which are often complicated by the effect of signal
overlapping or presence of signals having incorrect intensities. Some interesting fragmentation trends
for organotins having n- or iso- structure of R substituents were disclosed.

© 2009 Elsevier B.V. All rights reserved.
hemometrics
etraalkyltins

. Introduction

Numerous chemometric methods and procedures in low-
esolution electron ionization mass spectrometry (EI-MS) used for
outine identification of compounds by library searching [1] or
nterpretation of mass spectra of unknowns [2,3] work well for EI

ass spectra of typical organic compounds (i.e., containing such
lements as C, H, O, N, S). Unfortunately, they appeared to be inef-
ective in case of mass spectra of organometallics, which contain

ulti-isotopic metals, such as Sn, Pt, and Mo. A very modest rep-
esentation of such spectra in popular databases (e.g., among ca.
00,000 spectra collected in NIST [4] only about 3000 belong to
rganometallics) practically does not allow for successful identifi-
ation of organometallics by means of library search. Moreover, EI
f such compounds produces numerous fragmentation ions which
ive extremely complex spectra. They indicate broad isotope pat-
erns (bands) from ions containing multi-isotopic metals, which
re often additionally complicated by signal overlapping [5] of two
r more neighboring bands of ions having similar masses. For all

hose reasons identification of ions in organometallic mass spectra
nd their consequent interpretation are known to be tedious and
ime-consuming tasks.

∗ Corresponding author. Tel.: +48 52 3749051; fax: +48 52 3749005.
E-mail address: jacek@utp.edu.pl (J.A. Szymura).
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Chemometric methods using isotope patterns and computer
assistance seem to be a very promising way to analyze mass spectra,
since such patterns are information-rich and practically indepen-
dent of spectrometer type and ionization technique. There are
several papers in which isotope patterns were applied for elemental
analysis of typical organic compounds [6,7]. Rockwood et al. [8,9]
elaborated a couple of algorithms to calculate isotopic distribu-
tions potentially useful for elucidation of fragmentation pathways,
elemental composition, and chemical structure of high molecular
weight compounds.

In the case of organometallic mass spectra, isotope patterns have
been applied by various authors mainly to solve particular prob-
lems encountered during their interpretation. Meija and Caruso
[10] described an isotope pattern reconstruction (IPR) algorithm
helpful in deconvolution of isobaric interferences in ICP-MS spec-
tra of Se organometallic compounds. Bhat [11] published program
generating isotope profiles for interpretation of novel multinuclear
cluster carbonyls and aryls containing metal atoms such as Fe, Ru,
Os, W, Mo, Te, and Se. In his paper however, only the results for
one particular compound, i.e., Fe2Os3Te2(CO)17, are shown. Moraes
et al. [12] and Gorączko and Szymura [13] presented the origi-
nal chemometric methods for the identification and subsequent
elimination of interferences from (M-nH) dehydrogenation ions in

low-resolution spectra of selected organometallic compounds con-
taining Hg, Pb, Ge, Se, Zn and Cd multi-isotopic metals. Recently
Szymura and Lamkiewicz [14] elaborated a chemometric proce-
dure called band composition analysis (BCA) for the deconvolution
of mass spectra of organometallics, which is based on isotope pro-

http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
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dx.doi.org/10.1016/j.ijms.2009.11.003
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subjected to changes. Finally, the best fit, ˛ = 99.38% (Fig. 2c) was
reached for the EtSn+ and EtSnH2

+ pair of ions, after the intensities
of 145 and 151 m/z signals were increased from 2.70% to 21.90%
and from 7.84% to 79.60%, respectively. Such results of modeling
prove that these two signals present in the B3 band of experimen-
J.A. Szymura et al. / International Journ

les. Generally, all authors cited above tested their methods on a
ew randomly chosen compounds rather than on their series indi-
ating common structural features. The latter type of studies can
e helpful in developing computer-assisted procedures for auto-
atic elucidation of chemical structures of unknown compounds

3], especially organometallics or identification of substructures
rom given experimental mass spectra [1].

An interesting subject for such studies is tin organic compounds,
ince their mass spectra indicate extremely broad and distinctive
sotope patterns from 10 natural tin isotopes, as well as particularly
ntensive effects of signal overlapping. An extensive investigation
f EI mass spectra of various organotins performed by Gielen et al.
15–18] by means of standard interpretation procedure (SIP) [19]
ed to the identification of fragment ions and determination of frag-

entation pathways for those compounds. In case of mass spectra
f R4Sn derivatives (R = Me, Et, Pr, Bu, Ph), besides R3Sn+, R2SnH+,
SnH2

+ and SnH+ ions formed in main fragmentation pathways, the
vidence of R2Sn+, RSn+, SnH3

+ and Sn+ ions originated from alter-
ative fragmentations has also been reported [15,17]. The presence
f all those ions in mass spectra of R4Sn derivatives has recently
een confirmed by Lawson and Ostah [20,21] and Meija et al. [22],
ho used techniques of tandem mass spectrometry and isotope
ilution GC/ICP-MS, respectively.

Organotin compounds containing C–Sn covalent bonds are
emarkably various in their biological, chemical and physical
roperties [23,24]. Among them tetraorganotins are generally
ery stable non-toxic compounds that do not have any large-
cale commercial use, however, they can be metabolized to toxic
riorganotins. R4Sn are also important intermediates in the pro-
uction of less alkylated derivatives, that have a significant impact

n the environmental as widely used biocides, anti-fouling paints,
VC stabilizers and catalysts [23]. Since analysis of organotins in the
nvironment demands very selective, sensitive instrumental tech-
iques and MS is particularly well suited to it, so any improvements
r new approaches simplifying interpretation of their mass spectra
re highly desirable for practical reasons.

The main goal of this study was to identify ions in mass spec-
ra of R4Sn organotins series (R = Me, Et, Pr, iso-Pr, Bu, iso-Bu) by

eans of an alternative chemometric approach based on a recently
ublished novel procedure called band composition analysis (BCA)
14]. It uses isotope patterns for deconvolution of mass spectra
ontaining complex bands (i.e., arising from more than one ion),
hich are typical features in mass spectra of organotins. Through-

ut this paper the terms “pattern” and “band” are sometimes used
nterchangeably.

. Mass spectra

The subject of the present study was low-resolution EI mass
pectra of R4Sn organotins (R = Me, Et, n-Pr, iso-Pr, n-Bu, iso-Bu)
aken from NIST Library [4]. For comparison purposes the spectrum
f n-tetrabutyltin recorded by the authors in AMD-402 mass spec-
rometer via the direct insertion probe for a sample (93% purity)

anufactured by Sigma–Aldrich (Poland) was also included in this
tudy and labeled as n-Bu4SnE.

. Chemometric procedure used for identification of ions

For identification of ions in all spectra in this work, the latest
ersion (v.2.2.) of BCA chemometric method [14] has been applied.

t generates theoretical multi-isotopic bands T of ions using natural
sotopic abundances [25]. Then method combines them to obtain
model band M, which is finally compared with the experimental
and E. All of these operations realized with computer assistance
an be performed for bands containing main signal which intensity
ass Spectrometry 289 (2010) 162–166 163

exceeds 5%. Such modeling yields three parameters characterizing
the experimental band: theoretical variance (s2

theor) which esti-
mates fit between the bands E and T, factor (˛, in percentages)
which estimates matching between the bands E and M and con-
tribution (x) of a given ion from theoretical band in experimental
band.

If s2
theor < 20, the experimental band originates from a single ion

and is called simple. In cases where s2
theor > 20, it arises from two

or more ions whose signals overlap and is then deemed a com-
plex. For ˛ > 90% the fit may be considered meaning the proposed
theoretical ions are responsible for the appearance of the complex
band in the mass spectrum studied. For ˛ < 90% a whole model-
ing procedure is repeated using different sets of theoretical ions.
If still ˛ < 90% and s2

theor > 20, the differences of signal intensities
E–M must be analyzed individually to determine the reasons for all
observed discrepancies.

4. Exemplary ion identification in mass spectrum of Et4Sn

Mass spectrum of tetraethyltin [4] was chosen as an example
for a detailed presentation of how BCA works during ion identifi-
cation. This spectrum (Fig. 1) can be divided into six bands: B1–B5,
originating from fragment ions, and B0, assigned to the molecu-
lar ion Et4Sn+. Both B0 and B4 were not considered in the analysis
owing to the very low intensity (<5%) of their signals. According to
the criterion that s2

theor < 20, B1 (at m/z 199–213) and B2 (at m/z
171–184) are simple bands arising from Et3Sn+ and Et2SnH+ single
ions, respectively.

Comparison of the pattern of the next experimental band B3
from the analyzed spectrum with that of EtSn+ representing its
main ion reveals substantial differences between the signals occur-
ring in 145–147 and 150–151 m/z regions (Fig. 2a). This points to the
fact that signals of additional ion contribute towards the pattern of
B3 band. The largest positive difference between E and M visible at
150 m/z suggests the presence of EtSnH+. Subsequent modeling of
B3 applying EtSn+ and EtSnH+ ions shows that the obtained value of
fit factor equal to 12.01% (Fig. 2b) does not satisfy the essential BCA
criterion ˛ > 90%. It is worth noting that at 145–148 and 151 m/z the
intensities of E signals are always lower than those of M, and they
do not correspond to the intensities resulting from combination of
Sn, C and H isotopic profiles. To explain the observed discrepancies
a consecutive modeling step was performed with modified set of
ions (EtSn+, EtSnH+ and EtSnH2

+). Also during this modeling, the
intensities of E signals in the positions mentioned above have been
Fig. 1. Mass spectrum of tetraethyltin (C8H20Sn) from NIST database [4] showing
the division on bands B0–B5.
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ig. 2. Sequential steps showing the deconvolution of the B3 experimental com
xperimental E and theoretical T signals for EtSn+ ion. (b) Results of modeling obtai
odeling that applies EtSn+ and EtSnH2

+ as proper set of ions contributing towards
o 79.60% for experimental signals at 145 and 151 m/z, respectively.

al spectrum taken from the database must have incorrect intensity
alues.

The last band of R4Sn spectrum subjected to BCA procedure was
5. Comparison of E and T signal intensities for its main ion SnH+

column a and b in Table 1) reveals substantial differences visible
n 116–120 and 122–125 m/z regions. This evidence together with

high value of s2
theor = 202.05 suggest that B5 is a complex band

riginating from more than only SnH+ ion. In subsequent modeling,
+
n addition of Sn ion results in obtaining the value of ˛ = 96.95%

column c in Table 1), which satisfies the essential BCA criterion
or fitting E and M bands. However, the differences between E and

signals visible in 117–119 m/z (E < M) and 122–125 m/z (E > M)
egions point to the fact that another ion, namely SnH3

+ can also

able 1
esults of ion identification in B5 band of Et4Sn mass spectrum.

m/z a b c d
E T: [SnH+] M: T1 [SnH+] M: T1 [SnH+]

T2 [Sn+] T2 [Sn+]
T3 [SnH3

+]
s2

theor ˛
202.05 96.95% 99.83%

112 1.01 0.00 1.11 1.10
113 3.19 2.98 2.98 2.78
114 1.01 0.00 0.75 0.74
115 2.03 1.99 2.38 2.52
116 17.39 1.04 17.71 17.52
117 49.86 44.58 53.39 50.52
118 49.86 23.57 51.36 49.68
119 82.61 74.35 84.20 83.17
120 63.77 26.37 63.74 63.84
121 100.00 100.00 100.00 100.00
122 8.12 0.00 5.31 7.66
123 21.45 14.21 14.21 22.28
124 7.25 0.00 6.64 6.60
125 19.13 17.77 17.77 17.86
126 0.00 0.00 0.00 0.00
127 1.01 0.00 0.00 1.60
and from Et4Sn mass spectrum performed by means of BCA. (a) Comparison of
assumption that E band originates from EtSn+ and EtSnH+ ions. (c) Results of final

d and introduces correction of the intensities from 2.70% to 21.90% and from 7.84%

contribute towards the formation of B5. In fact, final modeling with
model band M containing SnH+, Sn+ and SnH3

+ ions (column d in
Table 1) leads to a very good agreement between the signals of
experimental and model bands in the whole range (112–127 m/z)
of B5. In consequence, the obtained value of fit factor ˛ = 99.83% is
exceptionally high.

5. Results and discussion

The results of ion identification for all bands in spectra of the
R4Sn series by means of BCA are summarized in Table 2. In case
of molecular ion bands B0 for Me4Sn, Et4Sn and iso-Pr4Sn spectra
such identification was impossible due to very low (<5%) intensi-
ties of their main signals. Other spectra analyzed in this study show
absence of bands from molecular ions, which is consistent with
the literature [15,18]. Generally, B1 and B2 bands indicating simple
character (s2

theor < 20) originate from R3Sn+ and R2SnH+ or R2Sn+

ions, respectively. B3 and B5 being complex bands (s2
theor > 20) con-

sist of signals from two or three ions. In the case of Me, Pr, iso-Pr
and iso-Bu tin derivatives, B4 arises mainly from CH3Sn+. Additional
ions, i.e., CH2Sn+, CHSn+ were found for Me4Sn and CH3SnH2

+ ion
for Pr4Sn. The identification of ions in B4 bands of Et, Bu and BuE tin
compounds cannot be done due to the low intensity (<5%) of their
main signals.

For six bands of analyzed spectra, the obtained values of s2
theor

or ˛ (marked with grey background in Table 2) do not satisfy
the essential BCA criteria due to the presence of incorrect signal
intensities. To identify such troublesome effect a change of signal
intensities appeared to be necessary during modeling. Such opera-
tion was mentioned in this work during exemplary modeling of B3

band from Et4Sn spectrum.

In the present study on mass spectra of R4Sn compounds by
means of chemometric method we were able to identify all ions
found earlier by Gielen’s group [15,18] with two minor excep-
tions, i.e., our results show the lack of Me2SnH+ ion in the
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Table 2
Results of ions identification in bands of low-resolution mass spectra of R4Sn series by means of BCA.

R Band B0 B1 B2 B3 B4 B5
Ion R4Sn+ R3Sn+ R2SnH+ R2Sn+ RSnH2

+ RSn+ CH3SnH2
+ CH3Sn+ CH2Sn+ CHSn+ SnH3

+ SnH+ Sn+

Me x 1.00 1.00 0.00 1.00 0.00 0.79 0.15 0.06 0.00 0.39 0.61
s2

theor – 2.85 5.34 R = CH3 – –
˛ [%] a – – 98.82 99.21

Et x 1.00 1.00 1.00 0.00 0.61 0.39 0.00 1.00 0.00 0.00 0.06 0.67 0.27
s2

theor – 0.13 2.20 – – –
˛ [%] a – – 99.38 a 99.83

n-Pr x – 1.00 1.00 0.00 0.81 0.19 0.11 0.77 0.12 0.00 0.20 0.58 0.22
s2

theor – 0.18 0.27 – – –
˛ [%] – – – 96.01 89.31 99.27

iso-Pr x 1.00 1.00 1.00 0.00 0.67 0.33 0.00 1.00 0.00 0.00 0.00 0.68 0.32
s2

theor – 2.49 3.30 – 17.33 –
˛ [%] a – – 99.41 – 96.32

n-Bu x – 1.00 1.00 0.00 0.82 0.18 0.00 1.00 0.00 0.00 0.25 0.58 0.17
s2

theor – 0.14 0.25 – – –
˛ [%] – – – 99.37 a 99.51

n-BuE x – 1.00 1.00 0.00 0.80 0.20 0.00 1.00 0.00 0.00 0.24 0.58 0.18
s2

theor – 11.96 7.25 – – –
˛ [%] – – – 97.81 a 97.76

iso-Bu x – 1.00 1.00 0.00 0.87 0.13 0.00 1.00 0.00 0.00 0.15 0.62 0.23
s2 – 4.90 1.46 – 12.12 –

G rimen

M
B
g
[

o
t
u
f
t
m
q
i

F
R

theor

˛ [%] – – – 93.36

rey background points at the results obtained for bands containing incorrect expe
a Intensity of main signal < 5%.

e4Sn spectrum and the presence of CH2Sn+ extra ion in band
4 (Table 2) of this spectrum. Results reported here are in very
ood agreement with those obtained recently by Lawson and Ostah
20,21].

Comparison of Bu4SnE and Bu4Sn spectra of the same compound
btained from two various sources (recorded by the authors and
aken from the NIST database, respectively) shows that s2

theor val-
es for simple bands are significantly higher in the case of the

ormer spectrum (Table 2). Such behavior is very likely caused by
he presence of background in this spectrum. It is well known that

ost spectra are subjected to various procedures to improve their
uality (e.g., background elimination), prior to their incorporation

nto popular databases.

ig. 3. Contributions of Sn+ (a) and SnH3
+ (b) ions in B5 band as well as RSn+ (c) and RSnH

having linear (�—n) or branched (�—iso) structure. Symbol © refers to the experiment
– 98.86

tal signals.

It is finally worth noting that observation of the values of
ion contributions (x) in complex bands B5 and B3 of all spec-
tra studied revealed some interesting relationships. For B5, the
contribution of Sn+ ion decreases with the increase of hydrogen
atoms number in organotin molecules (Fig. 3a), whereas in case
of SnH3

+, this tendency is the opposite (Fig. 3b). In Fig. 3a, it
is also visible that the contribution of Sn+ ion in case of organ-
otins having a linear structure of alkyl groups n-R is lower than

that for compounds containing branched alkyl groups iso-R. Such
relationship for SnH3

+ ion is again opposite (Fig. 3b). Analogous
trends are visible for RSn+ and RSnH2

+ pair of ions in B3 complex
band (Fig. 3c and d). All trends mentioned here suggest existence
of the relationship between contribution of ions in experimental

2
+(d) ions in B3 from EI mass spectra of R4Sn organotin series vs. type of alkyl group

al mass spectrum n-Bu4SnE recorded by the authors.
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