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Abstract

The determination of organotin compounds in water using gas chromatography–tandem mass spectrometry (GC–MS–
MS) is described. Several organotin derivatives were synthesized by the reaction of organotin chlorides with Grignard
reagents such as methyl-, propyl- and pentylmagnesium halides. After the optimization of the GC–MS–MS conditions,
several derivatizations with the Grignard reagents were compared by evaluating the molar responses and volatilities of the
derivatives and derivatization yields. As a result, the derivatizing reagent of choice is pentylmagnesium bromide. Calibration
curves for the mono-, di- and tributyltins and mono-, di- and triphenyltins with pentylmagnesium bromide were linear in the
range of 0.5–100 pg of Sn. The instrumental detection limits of six organotins ranged from 0.20 to 0.35 pg of Sn. The
recovery tests from water samples (500 ml) were performed by using sodium diethyldithiocarbamate (DDTC) as a
complexing reagent. Except for monophenyltin, the absolute recoveries of organotins from pure water at 200 ng of Sn/ l were
satisfactory. The recoveries calibrated by surrogate compounds (perdeuterated organotin chlorides) ranged from 71 to 109%.
The method detection limits ranged from 0.26 to 0.84 pg of Sn (500-ml sample). This method was applied to the recovery of
organotins from river water and seawater. The calibrated recoveries were between 90 and 122%.  2002 Elsevier Science
B.V. All rights reserved.
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1 . Introduction TPT brought about the contamination of seawater
through leaching of the organotins from the antifoul-

In the 1960s, tributyltin (TBT) and triphenyltin ing paints leading to the unexpected effects on
(TPT) had begun to be used as a biocide in antifoul- nontarget marine organisms. At present, it is well-
ing paints. Since then, the growing use of TBT and known that TBT and TPT are one of the endocrine

disruptors (EDs) and have an influence on marine
organisms even at the ng/ l level [1]. TBT and TPT
were found to undergo degradation accompanied by
the loss of the organic groups to inorganic tin in the*Corresponding author. Tel.: 181-6-6879-8977; fax: 181-6-
environment [2,3]. Furthermore, the high levels of6879-8978.
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(MBT) and dibutyltin (DBT), were found in marine SPME–GC–MS–MS was reported by Dunemann
mammals [4]. and coworkers [27]. They used NaBEt as the4

The most commonly used techniques for the derivatizing reagent. With the conventional GC–MS,
determination of organotin compounds are gas chro- several derivatizing reagents have been examined
matography (GC) and liquid chromatography (LC) [9,28–30], however, with MS–MS, it has not yet
coupled with selective detection [5–8]. In spite of been accomplished. We expected the more sensitive
the requirement of derivatization, GC is an attractive and selective determination of organotin compounds
method for the analysis of organotin compounds due by using GC–MS–MS.
to its high separation ability. After derivatizations Here, we report a method for the determination of
with NaBH , RMgX, and NaBEt , the derivatized six organotin compounds including three butyltins4 4

organotins were generally detected by selective and three phenyltins using GC–MS–MS. Several
techniques such as mass spectrometry (MS) [9–13], derivatizations of the organotins were examined to
flame photometry [14–17], atomic absorption spec- make their sensitivities high. We also discuss the
trometry [18], atomic emission spectrometry [19], preparation of standard organotin solutions to avoid
and inductively coupled plasma-mass spectrometry their adsorption onto the bottle surface. We used
[20–25]. Among them, GC–MS has been generally perdeuterated organotin chlorides as the surrogate
used due to its low detection limit, high selectivity compounds for an accurate analysis [10,31].
and wide use. To detect the organotins at a ng/ l level
in water, the concentration of a large-volume sample
has been performed with liquid–liquid and solid- 2 . Experimental
phase extractions. Recently, the solid-phase microex-
traction (SPME) [11,15–17,25–27], large volume 2 .1. Materials
injection (LVI) of the sample into a GC [10,22], and
the purge and trap method [13] have been also Monobutyltin (MBT) trichloride and diphenyltin
reported. (DPT) dichloride were purchased from Aldrich

Tandem mass spectrometry (MS–MS), which has (Milwaukee, WI, USA), monophenyltin (MPT) tri-
rapidly become popular since the appearance of ion chloride and triphenyltin (TPT) chloride from Strem
trap instruments, is one of the most selective and Chemicals (Bischeim, France), dibutyltin (DBT)
sensitive analytical methods. Recently, the determi- dichloride from TCI (Tokyo, Japan), tributyltin
nation of three butyltins in human body fluids using (TBT) chloride from Wako (Osaka, Japan), and the

Table 1
MS–MS conditions

Segment Retention time Precursor ion Product ion CID voltage
(min) (m /z) (m /z) (V)

1 Bu Sn-d (I.S.) 12.73 318 254 0.754 36

2 TBT-d 13.53 323 253 0.8027

3 TBT 14.03 305 249 0.80
4 DBT-d 14.82 323 253 0.7518

DBT 14.95 319 249 0.75
5 MBT-d 15.77 328 258 0.759

MBT 15.83 319 249 0.75
6 MPT-d 18.33 344 274 0.755

MPT 18.35 339 269 0.75
7 DPT-d 20.00 355 285 0.7510

DPT 20.07 345 275 0.75
8 TPT-d 21.73 366 202 1.315

TPT 21.80 351 197 1.3
9 Ph Sn-d (I.S.) 23.47 366 202 1.34 20
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Grignard reagents from TCI and Aldrich. Sodium (10% ethyl acetate–hexane: R 5 0.05 for TPT-Cl,f

diethyldithiocarbamate trihydrate (DDTC) and 0.60 for pentyl TPT). After the disappearance of
tropolone were obtained from Wako and TCI, respec- TPT-Cl, the excess Grignard reagent was destroyed
tively, deuterated organotin compounds (shown in with 5 ml of 1 M H SO , and then 100 ml of water2 4

Table 1) from Hayashi Pure Chemical Industry was added. The layers were separated, and the
(Osaka, Japan), and the pesticide grade solvent and organic layer was washed with water (100 ml). The
other chemicals from Wako. Water was processed organic layer was dried over Na SO , filtered, and2 4

with a Milli-Q VOC water purification system concentrated. Purification by column chromatog-
(Millipore, Bedford, MA, USA). Silica gel (BW- raphy on silica gel (5% ethyl acetate–hexane) af-
127ZH, 100–270 mesh) was a product of Fuji Silysia forded pentyl TPT in 90% yield (1.90 g). The

1(Aichi, Japan). product was identified by GC–MS and H- and
13C-NMR.

2 .2. Instrumentation and conditions
2 .4. Standard solution of organotins

All analyses were performed with a Finnigan
MAT GCQ (San Jose, CA, USA) ion trap mass Standard stock solutions of individual organotin
spectrometer equipped with a Finnigan GC. The chlorides (1 mg/ml) were prepared in glass sample
column was a DB-5MS (30 m30.25 mm I.D., 0.25 tubes by dissolving the organotin chlorides in ace-
mm d , J&W Scientific, Folsom, CA, USA). The tone and stored at 4 8C. The mixed working solutionsf

carrier gas was high purity helium (99.9999%) with (100 pg/ml, 1 and 10 ng/ml as Sn in acetone) were
a constant linear velocity of 40 cm/s. The GC oven prepared daily from the stock solutions. Surrogate
temperature was programmed as follows: 1 min at solution (1 ng of Sn/ml) was also prepared by
50 8C, to 100 8C at 20 8C/min, to 290 8C at 10 8C/ dissolving perdeuterated organotin chlorides in ace-
min, 5 min at 290 8C (total analysis time, 30 min). tone and stored at 4 8C. Internal standard solution
The ion source, injection and transfer-line tempera- (100 pg of Sn/ml) was prepared by dissolving
tures were set at 200, 270 and 290 8C, respectively. perdeuterated tetrabutyltin-d and tetraphenyltin-d36 20

All injections were in the splitless-mode with the in hexane and stored at 4 8C.
split vent closed for 1 min. The mass spectrometer Concentration and detection limits of organotins
was operated in the electron ionization mode. The given in this paper are expressed as an amount of Sn.
mass range was scanned from 50 to 600 u at 0.5 Organotin chloride and their derivatives are indicated
s / scan for the full scan mode. For MS–MS, the by the same abbreviations.
product ions were monitored by selected reaction
monitoring (SRM). The MS–MS conditions are 2 .5. Grignard reagents
shown in Table 1. Chromatographic run was split
into nine segments. In segments 4–8, the dual MS– To avoid the contamination of organotin com-
MS mode was used for isolation and collision of the pounds [9,22], we prepared Grignard reagent in our
two precursor ions. laboratory.

2 .3. Synthesis of alkylated organotins 2 .6. Calibration curves

For identification and check of the volatility of the We used perdeuterated organotin chlorides as the
organotin derivatives, methyl, propyl and pentyl surrogate compounds and tetrabutyltin-d and36

derivatives of each organotin were synthesized. The tetraphenyltin-d as the internal standards for an20

representative procedure is as follows: triphenyltin accurate analysis [10,31]. To toluene (1 ml) spiked
chloride (1.93 g TPT-Cl, 5 mmol) was added to with the standard solution of the organotins (5 or 10
hexane (200 ml). Pentylmagnesium bromide was ml) and the surrogate solution (10 ml), pentylmag-
added dropwise to the stirred solution at room nesium bromide was added and the mixture was then
temperature. The reaction was monitored by TLC allowed to stand at 40 8C for 60 min. The excess



962 (2002) 197–206200 S. Tsunoi et al. / J. Chromatogr. A

Grignard reagent was treated with 1 M H SO (5 showed two product ions, m /z5120 and 197, which2 4
1ml). After pure water (50 ml) was added to the correspond to the [precursor–Ph ] and [precursor–3

1mixture, the derivatized organotins were extracted Ph ] , respectively.2

with hexane (10 ml). The hexane solution was
reduced in volume to 0.9 ml and the internal 3 .2. Optimization of derivatizing reagents
standard solution (0.1 ml) was added. One ml of this
solution was then subjected to GC–MS. A screening of the derivatizing reagents was

The organotins were quantified by comparing the performed by evaluating the volatilities and molar
peak areas of the organotins with those of the responses of the derivatives and the derivatization
internal standards (tetrabutyltin-d and tetra- yields. At first, the recoveries of the derivatives in36

phenyltin-d ). the concentration step were examined in which 10 ml20

of the hexane solution containing the synthesized
2 .7. Extraction from water samples alkylated organotins (methylated, propylated and

pentylated organotins) was concentrated to 1 ml
To 500 ml of water sample spiked with deuterated (Table 2). With methylation, DBT and MPT were

organotin (10 ml of acetone solution), sodium di- significantly lost due to their high volatility. Com-
ethyldithiocarbamate (DDTC, 0.2 g) and sodium pared with the other two derivatizations, pentylation
chloride (100 g) were dissolved, and the mixture was showed a slightly better result than propylation.
then extracted with toluene (50 ml). After the phase Recoveries of the six pentylated organotins were
separation, the organic phase collected through a higher than 90%. Under the optimum MS–MS
column of anhydrous sodium sulfate was evaporated conditions, the molar responses of the propylated and
to ca. 1 ml under reduced pressure. Pentylmagnesium pentylated organotins were compared. As can be
bromide was added to the organic phase and then seen in Table 3, the pentylated derivatives were more
allowed to stand at 40 8C for 60 min. The reaction sensitive than the propylated ones except for DPT.
mixture was treated as described above. Next, we examined the derivatization yields of the

propylation and pentylation reactions. The standard
solutions of the organotin chlorides were subjected to

3 . Results and discussion the derivatization reactions. Based on the derivatiza-
tion reactions, pentylation showed a much better

3 .1. MS–MS conditions for pentylated organotins yield than propylation (Table 4). We considered that
the derivatization of choice was pentylation rather

We synthesized the methylated, propylated and than propylation in view of the molar response and
pentylated organotin derivatives and purified them by volatility of the derivatives.
column chromatography on silica gel. Confirmation

1of the alkylated organotins was performed by H- 3 .3. Preparation of organotin chloride standard
13and C-NMR and GC–MS. To program the isola- solutions

tion of the parent ions for every compound, the
overall run time was split into nine segments. For We first prepared the standard solutions (1, 10,
example, the optimum MS–MS conditions for the 100 pg/ml) by dissolving the organotin chlorides in
pentylated organotins are shown in Table 1, and the toluene in a glass sample tube. The toluene solution
MS–MS spectra of pentyl TBT and TPT under the (0.5 or 1 ml) was used to construct the calibration
optimum collision-induced dissociation (CID) con- curves. However, we could detect relatively small
ditions, together with their MS spectra are shown in amounts of MBT and MPT from the 1 and 10 pg/ml
Fig. 1. With TBT, the CID of m /z5305 solutions. It was anticipated that MBT and MPT

1([Bu PeSn] ) showed two product ions, m /z5249 were adsorbed onto the glass surface in toluene due2
1and 235, which correspond to the [precursor–Bu] to their high polarity. A 10-ng/ml standard solution

1and [precursor–Pe] , respectively. On the other (10 ml) was added to toluene (1 ml) and subjected to
1hand, with TPT, the CID of m /z5351 ([Ph Sn] ) the derivatization (Table 5, run 1). We conducted the3
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Fig. 1. MS and MS–MS spectra of pentyl TBT and TPT under optimun conditions.

Table 2
Recoveries of organotin derivatives during concentration

Organotin derivative Recovery (%)

MBT DBT TBT MPT DPT TPT
aMethylated – 80.5 91.8 81.6 90.0 95.7

Propylated 88.3 88.8 92.4 82.5 94.9 94.8
Pentylated 96.4 91.8 91.6 100 100 101

Conditions: hexane solution (10 ng each/10 ml) was concentrated to 1 ml.
a Not determined.

Table 3
Relative sensitivity of organotin derivatives with MS–MS

Organotin derivative Relative sensitivity (%)

MBT DBT TBT MPT DPT TPT

Propylated 59.3 91.1 80.9 97.8 110 97.5
Pentylated 100 100 100 100 100 100
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Table 4
Relative overall yield

Grignard Relative yield (%)
reagent

MBT DBT TBT MPT DPT TPT

C H MgBr 84.7 82.6 95.4 59.2 86.9 87.73 7

C H MgBr 100 100 100 100 100 1005 11

Conditions: standard solution (100 ng each/10 ml) was derivatized with Grignard reagents (C H MgBr: 2 M in THF (1 ml), C H MgBr:3 7 5 11

1 M in THF (1 ml), in toluene (1 ml).

following experiment to examine the degree of Grignard reagent, the standard solution is generally
adsorption; a 10-ng/ml standard solution was quickly prepared by dissolution in an aprotic solvent to avoid
diluted to 0.1 ng/ml with toluene in a glass tube and its reaction with Grignard reagent. Though the
then 1 ml of the solution was subjected to de- Grignard reagent is consumed by the reaction with
rivatization (run 2). As compared with run 1, low acetone, 20 ml of acetone (0.269 mmol) is sig-
yields of the derivatives in run 2 were observed for nificantly less than the amount of Grignard reagent
all six organotins, especially in MBT and MPT. To used in this study (1 mmol).
suppress the adsorption on the glass wall, several
bottles were examined (Table 5). Silylation of the 3 .4. Qualitative analysis
glass with 1,1,1,3,3,3-hexamethyldisilazane sup-
pressed the adsorption to some extent (run 3). With With pentylmagnesium bromide, the quantitative
the use of PFA (copolymer of tetrafluoroethylene and calibration and detection limits were examined using
perfluoro(alkyl vinyl ether)) bottles, the recoveries of an organotin standard solution prepared in acetone.
three butyltins were apparently low (run 4). LDPE As described above, the standard solution (5 or 10 ml
(low density polyethylene) bottles could almost of acetone) and surrogate solution (10 ml of acetone)
suppress the adsorption (run 5), but were not suitable were transferred to toluene (1 ml), and then
for long-term storage due to the apparent leak of pentylmagnesium bromide was added to the solution.
toluene. Next, we examined polar solvents for prepa- As a result, all six organotins showed good linearity
ration of organotin standard solutions. Then, by having R-values ranging from 0.9941 to 0.9996 in
using acetone, the adsorption of the organotins onto the range of 0.5–100 pg/ml. The detection limits
the bottle surface was completely suppressed even in obtained from the standard deviation at 0.5 pg were
a glass sample tube. For the derivatization with in the range of 0.20–0.35 pg (Table 6).

Table 5
Effect of the bottle material on the adsorption of the organotins

Run Bottle material Standard solution used Amount of Relative yield (%)

organotins

Concentration (ng/ml) Amount (ml) added (ng)

MBT DBT TBT MPT DPT TPT

e1 Glass 10 10 100 100 100 100 100 100 100
d2 Glass 0.1 1000 100 38.7 79.9 74.9 41.9 83.6 91.3

a d3 Silylated glass 0.1 1000 100 66.4 79.9 87.3 81.9 76.0 90.2
b d4 PFA 0.1 1000 100 82.4 81.3 79.3 106 89.3 94.3

c d5 LDPE 0.1 1000 100 91.0 92.2 92.6 93.9 94.0 95.4

a Silylated with 1,1,1,3,3,3-hexamethyldisilazane.
b Copolymer of tetrafluoroethylene and perfluoro(alkyl vinyl ether).
c Low density polyethylene.
d Prepared by diluting standard solution (10 ng/ml) with toluene in the bottle, and then transferred to a reaction flask.
e Added to toluene (1 ml) in the reaction flask.
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Table 6
Quantitative calibration and detection limit

MBT DBT TBT MPT DPT TPT

Correlation coefficient, R 0.9966 0.9966 0.9941 0.9996 0.9984 0.9963
aDetection limit , pg 0.29 0.29 0.35 0.35 0.20 0.21

Concentration range: 0.5–100 pg/ml.
a Calculated as standard deviation3t, where t51.895 from one-sided t-distribution at 95% confidence level (n58, at 0.5 pg).

3 .5. Extraction from pure water carried out in the presence of tropolone. However,
the recovery with tropolone was significantly low,

A complexing reagent is generally required for the especially for the di- and mono-organotins (data not
extraction of monoorganotins due to their high shown). To improve the recovery, we used sodium
polarity. First, a recovery test from pure water was diethyldithiocarbamate (DDTC) alternatively utilized

Table 7
Recoveries of organotins from pure water

DDTC NaCl Absolute recovery,%
(g) (g)

MBT DBT TBT MPT DPT TPT

0 0 0 0 109 0 0 104
0.2 0 113 113 126 151 129 118
0.2 100 115 110 120 149 127 114

Extraction conditions: pure water, 500 ml; toluene, 50 ml; spiked OTs, 100 ng each.

Table 8
Method detection limits

MBT DBT TBT MPT DPT TPT
a b bDetection limit, ng / l 0.84 0.42 0.55 0.64 0.26 0.60

a Calculated as standard deviation3t, where t51.895 from one-sided t-distribution at 95% confidence level (n58, at 0.5 pg each).
b Calculated as B1standard deviation3t, where B5positive blank and t51.895 from one-sided t-distribution at 95% confidence level

(n58, at 0.5 pg each).

Table 9
Recoveries of organotins from environmental water

MBT DBT TBT MPT DPT TPT
a cRiver water Absolute recovery,% 67.7 94.1 103 90.1 117 105

(RSD, n54) (36) (8.0) (7.9) (44) (10) (7.9)
dCalibrated recovery,% 90.1 106 108 122 94.9 116

(RSD, n54) (16) (10) (2.8) (24) (13) (4.1)
b cSeawater Absolute recovery,% 80.1 96.6 101 85.2 108 100

(RSD, n54) (40) (7.5) (6.5) (29) (11) (8.3)
dCalibrated recovery,% 91.0 99.5 105 88.6 106 103

(RSD, n54) (12) (8.8) (5.2) (16) (9.2) (5.9)

Extraction conditions: pure water, 500 ml; DDTC, 0.2 g; toluene, 50 ml; spiked OTs, 100 ng each.
a Taken from Ina river.
b Taken from Port of Osaka.
c Mean recovery calculated by the peak area ratio to I.S.
d Mean recovery calculated by the peak area ratio to corresponding surrogates (except that MPT was calibrated by MBT-d due to9

instability of MPT-d in the solution, see Refs. [32,33]).5
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Fig. 2. MS and MS–MS chromatograms of six organotins spiked in river water.
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as a complexing reagent [9]. Because it is known prepared in a polar solvent of acetone even for the
Grignard derivatization in order to avoid the ad-that DDTC is decomposed to an amine and CS2

sorption of organotin chloride on the glass wall. Theunder acidic conditions, the extraction was per-
present MS–MS method has several advantages overformed under neutral conditions.
conventional GC–MS. The response in GC–MS isThe results of the recoveries are shown in Table 7.
more susceptible to background level than that inEven in the absence of DDTC, TBT and TPT were
GC–MS–MS. In the case of GC–MS state used inquantitatively recovered. No signals for the other
this study, the limit of detection with MS–MS isfour organotins were observed. The addition of
about two orders of magnitude lower than that withDDTC drastically improved the recoveries of the
MS. Less interferences were observed in the MS–four organotins and the recoveries of all the or-
MS analysis of environmental water sample due toganotins were satisfactory. The addition of NaCl was
its high selectivity. MS–MS using perdeuteratedindispensable for the fast clear-phase separation. The
organotin chlorides as surrogate compounds canmethod detection limits obtained from standard
provide a precise and accurate measurement. Thus,deviation at 0.5 pg (500-ml sample) were in the
the MS–MS analysis was proved to be effective forrange of 0.26–0.84 pg (Table 8).
its application to environmental water samples. How-
ever, further improvement is required for the ex-3 .6. Recovery from environmental water
traction of the monoorganotin compounds from
water samples.The recovery tests from river water and seawater

samples (500 ml) were performed at 200 ng/ l.
Except for MBT and MPT, the absolute recoveries
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