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Due to the varying toxicity the species of s increasing. The USA accounted for more than
organotins in their widespread applications, it 40% of the world demand for organotins in 1993.
is important for analytical methods to address  The projected growth in world demand is approxi-
their speciation. Traditional methods call forthe  mately 14 000 t per year, from 1993 to 2005. By the
hydrolysis and subsequent derivatization of the year 2005, the total world demand for organotin
organotins before analysis. These methods can stabilizers is projected to be around 222 066 tn
be time-consuming, derivatization can be in- the past 30 years, organotin compounds have
complete and high levels of background inter- developed into important industrial commodities.
ference produce difficulties in identification and  The largest markets for organotin stabilizers exist
quantification. The use is described of a non- with rigid PVC, which is used for pipes, cables,
derivatization and non-hydrolysis micro-liquid windows, weather boarding and roofing in the
chromatography—electrospray/ion trap mass construction industry, and in bottles and packaging
spectrometry for separation and detection of materials in the food, beverage and household
the organotins. Copyright © 1999 John Wiley &  goods sectors. Therefore, tin probably has more
Sons, Ltd. organometallic applications than any other metal.
Organotins can elicit a wide range of endocrine
and nervous-system effects, depending on the
nature and number of alkyl groups bonded to the
tin atom? The organotins show a variety of adverse
health effects in many species, including imposex
in molluscs, neural degeneration in fetal rat_cell
cultures and induction of diabetes in hamsfers.
Contamination by, and the fate of, organotin
INTRODUCTION compounds in aquatic systems have been reported
and linked with effects at different levels of
Organotins have widespread applications as fungibiological organization. Butyl- and phenyl-tin
cides, antifouling coatings for porous surfaces,compounds, particularly tri-substituted species,
herbicides, insecticides and as generic biocldes.are known to be very toxic to marine organisms at
Their release into the environment from thesevery low concentrationd Tributyltin (TBT) and its
sources is likely to be in the cationic forms of breakdown products, found at ppb (f levels in
dibutyltin (plastic stabilizers), triphenyltin (insecti- marine mammal tissues, are speculated to have led
cides) and tributyltin (biocides). As health and to the deaths of dolphins by suppressing their
safety measures have become increasingly stringemnmune s(}/stems, making them more vulnerable to
they have mandated a reduction, or restriction, ofdiseas€:'®Fent and Stegeman indicated important
the use of heavy metals, and tin-based stabilizerbiochemical effects of butyltins in fish and
have replaced lead-and cadmium-based materialsuggested that exposure to butyltins may alter both
Therefore, the potential for exposure to organotinscytochrome P450-dependent metabolism and the
* Correspondence to: Tammy L. Jones-Lepp, US Environmentallnduclqon response o Othe-r environmental -pO”-u_
Protection Agency, National Research Laboratory—Environmentaltants' Th.e sus_pected origin of the organotins in
Sciences Division, PO Box 93478, Las Vegas, NV 93478-3478,th€ aquatic environment is mostly from the use of
USA marine antifouling paints (containing tributyltin). It
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Figure 1 Masschromatogramsf tri-, di- andmono-butyltin.

has also been shown that leaching and normal
weatheringof PVC productscontributedibutyltin,
andits decompositiorproducts,to the aquaticand
terrestrialecosystem$? It is importantthat meth-
ods for the analysis of organotins distinguish
amongspecief varying toxicity.

Traditional methodsof detectionof organotins
call for the hydrolysisand subsequentierivatiza-
tion of the organotins before analysis. These
methodsinclude gas chromatographywith flame
photometricdetectionandhigh-performancédiquid
chromatography—hydite generation—inductively
coupled plasma atomic emission spectrometry
(HPLC-ICPAES) % Othermethodscall for the
complexing of the organotinsbefore analysisby
HPLC-ICP mass spectrometry (MS).® Recent
sample preparation improvements call for the
dissolution, extraction and derivatization in a

Copyright© 1999JohnWiley & Sons,Ltd.

focusedmicrowave field.*® Another new method
involvesrapid extractionusing solid-phaseextrac-
tion (SPE)disks,with acomplexingagentandthen
separationand detection using micellar electro-
kinetic chromatography{MEKC) with UV detec-
tion.!” The useof complexingagentscan produce
high backgroundnterferenceandmethodshatuse
hydrolysis and derivatization can suffer from
incompletehydrolysisandderivatization therefore
with subsequentlynisleadingresults. Newermeth-
odologieso overcometheuseof derivatizationand
complexationinclude the useof capillary electro-
phoresis(CE) with indirectultraviolet'® anddirect
(UV)*® absorbancdetection)CP MS with micellar
liquid chromatography® HPLC with ion-exchange
chromatographygoupledto ICP MS?! andelectro-
spray—masspectrometrfES—MS)(seeRef??, and
referencescited therein). Although ICP MS is a

Appl. OrganometalChem.13, 881-889(1999)
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Figure 2 Massspectraof (a) triphenyltin; (b) diphenyltin.
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Figure 3 Massspectraof (a) tributyltin; (b) dibutyltin.

Copyright© 1999JohnWiley & Sons,Ltd. Appl. OrganometalChem.13, 881-889(1999)



DETERMINATION OF ORGANOTINS IN WATER

885

100 H

90

80

70

60

50+

% Relative Abundance

40

30

20 241

237
104

0 . Ll

419

417

415

Ll

T T =1 U T T T T T Y T — =
160 180 200 220 240 260 280 300 320 340 360 380 400 420
m/z

Figure 4 Massspectrumof monobutyltin.

very sensitivemass-spectrometrmethod still it is
not totally definitive. The massions producedby
ICP MS arefrom theindividualtin isotopesputare
not indicative of the organicligand(s).The goal of
the work presentedn this paperwasto developa
methodfor extracting,separatinganddetectingthe
organotins from a water matrix, without derivati-
zation or hydrolysis,that would provide rapid (in
lessthan 7 min) and definitive identificationof the
organotingthroughthe useof massassignmenby
electrospray/iortrap massspectrometry) and use
very little solvent (in both the extraction and
separatiormethod).

EXPERIMENTAL

Materials

The organotinstandards96% tributyltin chloride
(TBT), 96% dibutyltin dichloride (DBT), 95%
monobutyltin trichloride (MBT) and 96% diphe-
nyltin (DPT), were obtainedfrom Aldrich (Mil-
waukee,WI, USA). Triphenyltin (TPT) was ob-
tainedfrom ChemServicéWestChesterPA, USA).

Copyright© 1999JohnWiley & Sons,Ltd.

Stock solutions(approx.500ng ul ~*) were pre-
pared in HPLC-grade methanol (Burdick &
Jackson, Muskegon, MI, USA) and stored in
darknessat 4 °C.

Thesolventausedfor boththeextractionsaandthe
mobile phasefor micro-HPLC were HPLC-grade
methanol (Burdick & Jackson,Muskegon, Ml,
USA), glacial aceticacid (J.T. Baker,Phillipsburg,
NJ, USA), deionizedwater (NANOpuré®, Barn-
stead Dubuque]A, USA), andtropolone(Aldrich,
Milwaukee,WI, USA).

Instrumentation and operating
conditions

Extractions

Extractionswere done using a CPI International
(SantaRosa,CA, USA) Accuprep7000” manifold

and either CPI nu-phas® fiber C;g solid-phase
extraction (SPE) disks or 3M Emporé® C,5 SPE
disks (3M Company,Roseville, MN, USA). The

disks were preparedaccordingto the manufac-
turers’ instructions. The spiked waters (the orga-
notins were spiked at approximate7 to 12ppb)

were adjustedto approximatelypH 2.5 with HCI,

Appl. OrganometalChem.13, 881-889(1999)
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Figure 5 Recoveriesfrom water extractions:(a) tributyltin
(threeduplicatesets);(b) dibutyltin (ten duplicatesets).

then allowed to gravity-extractthrough the pre-
pared SPE disks for 30—40min. The organotins
were eluted from the disks with three 10-mi
volumes of 99% methanol/1%acetic acid. The
extractswereevaporatedo 0.5ml.

Analysis

Theextractswereanalyzedor the organotindy p-
liquid chromatography—electrosran trap mass
spectrometry(u-LC—ES/IT MS).

Chromatography
The micro-capillary columns were preparedin-
house.The 160-um i.d. (360um 0.d.) fusedsilica
columns (Polymicro Technologies,Phoenix, AZ,
USA) were packedwith approximatelyl0-12cm
of 5-um ODS-Hypersil(Shandon Astmoor, UK),
asdescribecelsewhereéby Moseleyet al.?®

An isocraticmobile phaseof 80% methanol,14%
Watgghﬁ% aceticacidand0.1%tropolone(w/v) was
used:

Massspectrometry

A FinniganLCQ®, configuredwith anelectrospray
(ES)ion source wasusedto detectthe organotins.
The LCQ® is an ion-trap massspectromete(IT

Copyright© 1999JohnWiley & Sons,Ltd.

MS) detectorthatperformsreal-timemassanalyses
of liquid chromatograpiLC) eluentsovera mass-
to-chargeratio rangeof 50—-2000:1.The LCQ was
runin the positiveion mode.TheESneedlevasrun
atapproximately.5to 5.2kV, andthe IT MS was
scannedrom 150 to 430amu (full-scan mode)in
3 uscanswith anion injection of 200ms.

RESULTS AND DISCUSSION

Micro-liquid chromatography

As discussedn the Experimentalection,a micro-
bore (160um i.d. x 10cm packed material) Cyg
column was used for separation.An isocratic
mobile phaseof 80% methanol,14% water, 6%
aceticacid and 0.1% tropolone(w/v), with a flow
rate of 4l min~*, was used. This method was
adaptedn-housefrom anLC methoddevelopedy
Dauchyet al.>*

Theuseof tropoloneasanadditivein the mobile
phasemprovedthe chromatographyndhelpedto
stabilize the predominantions of the organotins
formed during the electrosprayprocess.Without
the useof tropolone,the organotinseither do not
elute at all, or elute in the void volume (no
separatioroccurring),dependinguponthe species.
Also, without the use of tropolone,for dibutyltin
and diphenyltin, an oscillation occurredbetween
the ions being formed during the electrospray
process. For example, during one injection of
dibutyltin, there would be more of the ion at m/z
179[M — 2 Cl — C4Hq + H) "], andthenduringthe
next injection the ion at m/z 293 [M—2
Cl 4+ CH5CO,) "] would predominateThe addition
of tropolonestoppedhis oscillationfrom occurring
andstabilizedthe predominanton of dibutyltin, at
m/z 355 [(M — 2Cl+ C;Hs0,) "], the dibutyltin—
tropolonecomplexion.

Thethreebutyltins were adequatelyseparatean
the column. Monobutyltin elutesfirst, at about1.9
min, followed by dibutyltin at2.1 min andtributyltin
at 3min. By traditional chromatography(e.g. UV/
Vis) thiswould notbeanadequatseparatiorbut, by
using IT MS and the massesas an indicator of
separationadequateesolutionis obtained(Fig. 1).
For the phenyltins, diphenyl tin elutes around
1.2min, followed by triphenyltinat 2.8 min.

Electrospray/ion trap mass
spectrometry

Electrospray ionization is considered a ‘soft’

Appl. OrganometalChem.13, 881-889(1999)
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Figure 6 Recoveriesrom waterextractions(threeduplicate
sets):(a) triphenyltin (b) diphenyltin.

ionization technique.Consequentlyfew ions are
produced, usually the molecularion plus some
adduction from the mobile phasesolutions®>2°In
thediscussiorof themassspectrahatfollows, only
the mostabundanion of the isotopecluster,based
on *?%Sn (tin hastenisotopes)will be mentioned.

Due to their suspectegresencen the environ-
ment from anthropomorphicsources dibutyltin,
tributyltin and triphenyltin were the three main
organotinschosenfor this study. From physical
studiestheseorganotinsare known to cycle and
breakdowninto otherorganotinge.g.tributyltin to
dibutyltin and monobutyltin, and triphenyltin to
diphenyltin)?’ Therefore the otherrelatedorgano-
tins (e.g.monobutyltinanddiphenyltin)wereadded
to this study,sothattheir definitiveidentificationin
environmentabamplesvould be possible.

TheLCQ wasrunin thefull-scan(150-430amu)
positive ionization mode. Although the negative
ionizationmodewastried, it wasnotassensitiveas
the positiveionization modeunderthe experimen-
tal conditionsusedin this study.

Excluding interferenceions from the mobile
phasge.g.masse298,294,300,283),thebaseion
for triphenyltin chloride (mol.wt=386Da) is m/z
351:seeFig. 2(a). Thisis attributableto the lossof

Copyright © 1999JohnWiley & Sons,Ltd.

one chlorine atom from triphenyltin chloride,
(M — CI)* (triphenyltin cationis an even-electron
ion). Otherions presentin the spectrumat 62%,
31% and22% (basedon 100%relative abundance
of mass 351), respectively,are m/z 395 (M —
Cl — CgHs + C;H50,) ", the loss of one phenyl
group and one chlorine, and the addition of one
tropolone; m/z 369 (M — Cl + H,0)*", the loss
of onechlorine andthe addition of water;andm/z
383,(M — Cl + CH30H)", thelossof onechlorine
and the addition of methanol. The formation of
theseions can best be viewed as a nucleophilic
attackof the non-bondingelectronsof the oxygen
on the very stabletriphenyltin cation with forma-
tion of a tin—oxygenbond and with the positive
charge residing on the resulting oxonium ion
(oxygenbondedto threegroups,asto tin andthe
two hydrogeratomsfor water,or to ahydrogerand
aCHs; for methanokndalsoin the caseof C;Hs0,).
All of thesespeciesare prevalentin this electro-
sprayionization (ESI) systemandsoa bimolecular
reaction is reasonableThe driving force is the
stability of the tin—oxygenbond, suggestedy the
bond strength in diatomic molecules D °,gg Of
131+ 5kcalmol™* (548+ 21kJmol~%).2 andthe
caseof accommodatiorof the positive chargeon
the oxygenof an oxoniumion.

In spectraaveragedrom beforeandafterthe TPT
chromatograhic peak, the predominantions have
masse98, 294, 300 and 283, and it is therefore
concluded that these ions are backgrand ions
attributale to the componentof the mobile phase.
Someof theseions havebeeninvestigatedby MS/
MS and are attributableto methaml, water, acetic
acid andtropoloneion clusters.It is alsoobserved
that the backgraind ions are not presentin the
spectaof TBT, DBT andMBT (seeFigs 3(a),3(b),
and4). This is dueto the fact that the background
ions were better subtracted (using the LCQ®
software) from the butyltin analyte spectrathan
from thephenyltinspectraOneexplanatiorof thisis
thattheionizationefficiencyis better,moreionsare
in solutionandtheyare morecompktelydissociated
with the butyltins than with the phenyltins. The
butyltins producea strongeranalyteion signalthan
the backgraund ion signal, and thereforeare more
easilg@ extractedfrom the background(using the
LCQ™ softwareprograms)on signal.

The spectrum for diphenyltin dichloride
(mol.wt=344Da) is easily identified, with only
mass 395 present (from DPT) (Fig. 2b). The
presenceof mass 395 is from the loss of two
chlorineatomsandthe additionof the tropolonium
ion, (M — ZCI =+ C7H502)+.

Appl. OrganometalChem.13, 881-889(1999)
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Tributyltin  (mol.wt=326D) presented some
problems during the analyses.Its detection and
subsequentspectra were sensitive to variable
electrospray conditions, such as nitrogen flow,
capillary tube temperatureand the voltage differ-
encebetweenthe tube lensandthe capillary tube.
Under ion sourceconditionsoptimized for tribu-
tyltin, there was only one ion presentin the
tributyltin spectram/z291, dueto the lossof one
chlorine atom, (M — CI)* (Fig. 3a). However, as
ion sourceconditionschangemorebreakdownions
canbe producedsuchasm/z235 from the loss of
one chlorine atom and one butyl group with the
additionof onehydrogen,(M — Cl — C,Hg + H)™;
andm/z179,whichis from thelossof onechlorine
atomandtwo butyl groupsandthe additionof two
hydrogens(M — Cl — 2C,Hg + 2H)". Eventually,
ion sourceconditionscan deteriorateto the point
where tributyltin is no longer detected. The
spectrumof dibutyltin dichloride (mol.wt=304-
Da) has only two ions present (attributable to
dibutyltin); seeFig. 3(b). At m/z355is thebaseion,
from thelossof two chlorineions andthe addition
of one tropolonium ion, (M — 2Cl + C;Hs0,)".
Theotherion presentit 15%is m/z241,from Sn(ll)
plusonetropoloniumion, (Sn(ll) + C;Hs0,)*. The
presenceof Sn(ll) ionsis not unexpectedand was
seenby one of the authorsin previouswork the
ion at m/z?? Also, 413 (Fig. 3b) is a background
ion, attributableto ion clustersformed from the
mobile-phase constituents. The monobutyltin
(mol.wt=282Da) spectrawas relatively simple,
with only two ions presentFig. 4). The basepeak
(100%)wasm/z419,from thelossof threechlorine
atomsand the addition of two tropoloniumions,
[M — 3Cl + 2(C/Hs0,)] ". The otherion presentat
18%wasm/z241,from Sn(ll) plusonetropolonium
ion, (Sn(ll) + C;H50,) ™.

Copyright© 1999JohnWiley & Sons,Ltd.

Thelimit of detection(LOD) wasdeterminedor
eachof the threebutyltin compoundsThe LOD is
definedas the lowest concentrationof an analyte
thatan analyticalprocesscandetectandis located
at3o (0 standardleviation)abovethegrosshblank
signal?® By regressiomnalysisof thedataobtained
from analyzing each of the three butyltin com-
pounds at four or five different concentrations
(ranging from 750pg to 50ng), using full-scan
mode, the LODs were calculated as follows:
tributyltin 780pg; dlbutyltm 970pg; and mono-
butyltin 1 ng (the R? valueswere 0.99, 0.99, and
0.84,respectively) Theseresultsareapproximately
five times Iess sensitive than those reported by
Dauchyet al.,>* whosedata, however,were given
as nanogramsof tin only. The valuesreportedin
this work arefor the intact organometallicanalyte.

Extraction recoveries

Deionizedwater was spiked between?7 to 10ppb
for dibutyltin and tri- and di-phenyltin, while
tributyltin was spiked at 20ppb. The extraction
recoveriesof tri- and di-butyltin from water are
shown in Fig. 5(a) and (b), respectively. The
averagerecoveryof tributyltin was 86% and that
of dibutyltin was 82%, with relative standard
deviations(%RsDs) of 43% and37%, respectively.
The averagerecovery of triphenyltin and diphe-
nyltin, from water,shownin Fig. 6(a) and(b), was
78% and 56%, respectively,with %RsDs of 21%
and 36%. Overall the %RsDs for the organotin
recoveriesare large. This canbe explainedby the
daily variations exhibited in the electrospray
processandby theunstablenatureof the organotins
under electrosprayconditions (see earlier discus-
sion of spectra).The useof tropoloneto stabilize
the organotins(e.g. dibutyltin and diphenyltin) in
solutioncorrectsfor theinstability of the organotin
ions, but not for the electrosprayprocess.By its
very nature electrosprayis not a very ‘rugged’
technique For example,slight variationsin liquid
pressuremobile-phasdlow rates,sheath-gaflow
rates,voltagechangesbuildup of surfacecontami-
nants on the capillary inlet and cone, and the
ionization potential of the analyte,can all cause
fluctuationsin the flow of ions to the trap and
subsequentlyn the signalfrom the electronmulti-
plier. Figure 7 showsthe daily variancefrom the
electrosprayfrom six dibutyltin standard(25-ng)
injectionsover the courseof 6 h. Due to just one
standardareabeing greater,the %RsD is 68%. If
thatdatapointis removedrom the datasetthenthe
%RsD dropsto 18%. During the daily operationof

Appl. OrganometalChem.13, 881-889(1999)
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the electrospraythesespuriousfluctuationssome-
times occur and were thereforeaveragednto the
data. From our observationof the data some
variationis observedrom the extractionprocess,
but mostif not all of the contributionto the large
%RsDs comesfrom the fluctuationsof the electro-
spray process.This is a reflectionof a short-term
instability problemwith the electrosprayechnique,
and canbe overcomethroughthe useof statistical
analysisand the re-analysisof thosedatathat are
out of statisticalrange.Another methodto mini-
mizethisinstability would bethroughthe choiceof
an internal standardhat would mimic the organo-
tins, andyet not be environmentallyavailable(e.g.
deuteratedrganotins)the fluctuationswould then
be divided out, therebyminimizing the %RsD.

CONCLUSIONS

This new technique, combining SPE discs for
extraction with p-LC-ES/IT MS, for separation
anddetectionof organotinsprovedto beasensitive
method.Althoughtherearestability problemswith
the electrosprayprocess,they can be overcome.
Future experimentswill include improvementsin
theruggednessf thedetectiormethodwith theuse
of internalstandardgo correctfor the electrospray
variations.The new methodhasthe advantageof
low solventusageno interferencerom derivatiza-
tion or hydrolysisby-products,and adequatge.g.
low-ppb) sensitivitynecessaryo detectorganotins
in environmentakamples.
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