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Brief Ahstract

Based on their behavior as stable cations in ssline solutions, direct

trace speciation of a broad range of organotins, representing current

industrial or eavironmental interests, was performed by combination of an
tin-specific graphite furnace atomic absorption detector with HPLC employing
reverse bonded-phase strong cations exchange columns. Column and system

performance and detection limits (5-30 ng ss tin) vary predictably with 4
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SPECIATION OF TRACL UI- AND TRIORGANOTINS IN WATER
BY ION EXCHANGE HPLC-GEAN™ . .

K. L. Jewett® gnd F, E. Brinckran
Chemical and Biodegradation Processes Group

National Bureau of Standards
Washington, D.C. 20236

| ADSTRACT

A broad range of organotins representing current industrial and environ-
' mental interests have heen speciated in trace quantities by a combinaticn of
sn element-aspecific graphite furnace atomic absorption detector coupled wilh

HPLC employing commercial bonded-phase strong cation exchange (SCX) cclumns.

l Optimization of SCX column pavameters was characterized in terms of ef{ficiency

p
e
a5
i
&

a=nd
and resolution, to provide examples for separation of organotins, R“Sn‘“ " ‘,

by class (n = 2,3), functionality (R = acyt, alkyl, slicyciic), ant ac 2-0-
metric isomers (R = n-Butyl vs i-butyl; benzyl vs &-tolyl). This permitted a

novel spplication of moleculsr substituent paramcters available frem literature

b optimal chromatographic conditions or for identifying unkncwn R gioups were

e C

‘@ shown. B6CX column performance veries for individual organotin analytes, as do
i

-3

j% HPLC-GFAA system detection limits (95 percent confideace limit) in the range

' in 8 linear relationship to the free energy term In k°. MNeans for predacting
i
!
i $-30 ng (a8 Sn). Applicalions of the method to current problems imvelving
)

direct speciation of organotins in field samples from marine antifouiant

' .
) leschates are described. o 1
]

KEY WORDS: Biocides, Complexation, Diorganotin Compounds, Elcment-Specific
Detection, Graphite Furnace Atumic A ror;t!sn, High-Pressure Liguid Chrine
tography, Ion Exchange, Leaching, Nsnogram Sensitivity, Organotin Caticns,
Speciation, Trierganotin Compounds.
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SPECIATION OF TRACE DI- AND TRIORGANOTINS IN WATER
BY 10N EXCHANGE HPLC-GFAA*

K. L. Jevett®* and F. E. Brinckman
Chemical and Biodegradstion Processes Group
National Bureau of Standards
Washiogteon, D.C. 20234

INTRODUCT10K

Organotin cospounds sre achieving world-wide prominsnce in many

industeial and agricultural spplications of environmental importance. The

genéral class of triorganotins are favored as selective biocides (1), notably es

-a;lne antifoulants, pesticides, or wood presecvatives because of their

demonstrated effectiveness and potential for moleculsr tailoring (2,3). Meny

studies shov that both the number and kind of organic groups, R, covalently

bound to tin in the organotin species RnSn(‘-n)’, affect the toxicity

displayed tovards various biota (3,4). Moreover, for a given R group,

triorganotin mojeties are considersbly more toxic than the corresponding

diorganotin functions to most organisms. This fact is of special sigaificance

since the latter class nov enjoys commercisl success a9 catalysts and stabil-

izers in plastics for bulk snd specislty purposes, including food contsin-

)
ers (3). Consequently, as s result of expanding use and diversity fa

i n

molecular fores of di~ snd triorganotin materiasls, the need for rspid,

reliable and geaersl methods capable of trace specistion for a broad range of R

is both of these classes is appareant.

e .

EPresented in pact at the 178th National Meeting of the Americen
Chemical Society, Washington, D.C., September 9-14, 1979.
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Divect methoda for isolation snd characterization of trace orgsnotins in
environmentsl media are not available., Current methods rely upon digestion or
extraction, combined with various chemic:! means for derivation by coenlex
formation or by formstion of neutral covalent spectes. Host procedures
seek to form volatile, hydrophobic organotin analytes representative of the
original tin-contsining substrate. Thie provides a means for concurrent
preconcentration from the sampled medium, typically an squeous solution. ;
Consequently, slthough little work i; reported on the direct solution deriv-
stization and environmental speciation methods, notably by TLC (6,7),
considerable effort has been devoted to spplications of GC or evaporation
separation schemes employing tin-specific detectors for quantification of such
volatile organotin derivatives. Exhaustive hydridation (8-10), methyla-
tion (11,12), and bromination (13) are among procedures used to volatilize and
separate individual organotins. These species are subsequently carried into
flame photometric detectors selective for Sni (9,12), or into electron
capture (8), conductivity (13); atomic sbsorption (10,14), or mass spectrom-
eter (11) detectors,

An essential feature common to all of the foregoing analytical approaches
stems from the recognition that most organotins, except the neutral tetra~
organotine, are highly solvated by environmental medis such as saline fluids.
This occurs to an extent primarily dictated by the degree of substitution, n,
(4-n)¢

snd kind of orgsnic groups {n the RnSn species. Moreover, for those

orgenotin species not strongly complexed by natural ligands present in
environmental wmedis, the organotin cntloﬁc behave as classic solvated n;;;l
ions when 8 = 1-3 (15,16). For such stable ocrganotin cations, equilibria of

fuadsmental significance to ion exchange or fon-pair chromatography occur:
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R sa(4 0 o e s (40N Eq.
(n=1-3, ®=0-2, x = 1-3)

Quantitative detersination of the distribution of such neutral or charged
organotin solvates in aqueous solutions is now limited to those few cases
where stability constants are messured, e.g., R = methyl or ethyl snd L =
scetate, chloride or hydroxide. Convenient computer programs sre readily
available for rapid computation of such complex equilibris (16) as additionsl
dats appear.
la continuation of our studies on biogenesis of methyltins (17) and assoc-

iated aquatic organotin chemistry (16), we sought to develop the best direct

eeaas for solution specistion applicable to these compounds as well as to

the broadest range of R groups characteristic of anthropogenic organotins (2,3,5).

A useful wethod in this work also must provide mesns for direct speciation
of di- and triorganotin mixtures at trace concentrations, since ample evidence
exists that these sre related by enviconmental degradation pathways (16,18).
The recent advances in ion chromatography vhich rely upon tandem columns
of both anion and cation ion exchange yrop;rtleo (19) or & single column of
hybrid properties (20) offer sttractive possibilities for non-selective conduc-
tivity detectors. Such detectors sre, howvever, bissed by concentrstion
variations needed for efficient {on elution. Intreduction (21) of s graphite
furnace atomic absorption (GFAA) detector, sutomatically coupled to s NPLC
employing conventionsl ion exchange columns, permits both the requisite degree

of element selectivity end sensitivity while completely eliminating background

sigosl fluctuations csused by flov control snd gradient elution. Thus, successful

speciation of trace aquatic orgencarsenicsls in our leboratory and else~
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where (22,23), using various anion exchange columns with the HPLC-GFAA method,
suggested that the simple cation exchange chemistry implied by Eduntion 1
could be adapted to the direct organotin separation problem. Utilizing a

commercially available reverse bonded-phase SCX column, we have demenstrated

-uae of HPLC-GFAA to provide reliable and extensive prospects for direct

speciation of both trace di- and triorganotin species in vater, broadly

representstive of current industrisl sad environmentsl interest.

EXPERIMENTAL

Chemicals and Materials

Organotine were obtained from commercisl sources and used without fucrther
purification; sll inorganic salte were analytical grade. Stock solutions of
orgsnotins, nominally st 1,000 ppm (pg/mbL as tin), were prepared with spectro-
grade methanol. These were diluted to appropriate vorking concentraticns
(o.i ~ 2 ppm) with deionized water (18 Ml-cm resistivity) or methanol on o
daily basis prior to chromatographic runs. Eluent solutions sere prepared by
first dizsolving the required quaatity of (buffer) salt(s) into deionized
water, thea adding sufficient methanol to yield the desired vater-methanol
tatio on a volupe basis.

For those cases vhere specistion of geometric isomers or organoting vas
involved, the individual R groups (viz., n-butyl and t-butyl or G-Iolyl‘:nd
benzyl) were suthenticated by detsiled interpretation of "c and ljc!-lﬁi
FT-NMR epectrs. Appropriste RISn or RJSn compounds, as received, vere dissolved
fnte methanol (20 sm 0.D. tnbéu) and run, tridbutyltin onide (TBTO) being run

as o neat liquid. Spectra vere acquired on a Briiker Model CPX-200 Spectrometcr

-
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operating at $50.) Mz, Five to 1,000 transients were collected depending upon
the individual relaxation properties of each organotin cowmpound. Positive

structural identifications vere made from relstive signsl intensities, ‘3c

l9Sn-¢:onpled peaks. No carbon-

cheaical shifts, and sultiplicities of lH- and !
containing impurities wvere seen at the one perceat level in the organotins,
except for (!-butyl)zsnﬂz vhich contained about five percent unknown aliphatic
component. The NMR data obtsined agreed closely with litersture assignments,

vhere available (24), for the same or closely similsr compounds.

Chromatographic Instrumentation snd Operating Parameters

Expeciments vere performed with a commercial dual-piston solvent pump
automatically coupled to an element-specific detector provided by s graphite
tufnace atomic absorption spectrophotometer (GFAA). The complete HPLC-GFAA
system wvith auto-sampling interface and digital readout peripherals has been
reported in detail (21). For the present studies, ve employed an Altex (Becksan
Instruments, Inc., Berkeley, California) MHodel 100 pump coupled through s
Perkin-Elmer (Norwalk, Connecticut) AS-1 Auto-Sampler interfaced with their
Model 460 spectrometer fitted with the HGA-2200 graphite furnace. Working
solutions of individual or mixed organotin compounds were injected conventionally
via & Rheodyne (Berkeley, Californis) Model 7120 high-pressure valve in 50-

200 pl quantities. Typically, runs were performed under tsocratic conditions
and programmed flow vas performed by sn Altex (Beckman) Model 420 microprocessor
controller.

Since the GFAA detector is insensitive to variations i{n eluent composi-
tion (16,21-23), ve inserted an Altex Model 153 ultra-violet. detector (254 mm)
between the HPLC pump snd the AA unit in order to continuously provide neces-
sary information conceroing psssage of solvent fronts after injectioa (t.) end

equilibration status of columns.
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At least 50-60 mL of each new eluent was passed through the Whatran
(Clifton, New Jersey) Partisil-10 SCX analytical columns (10 Lm particie
gize, 4.6 sm 1.D. x 25 cm) prior to chrumstographic runs. This c€frys:d
sufficient equilibration to achieve a stable base line in the L\ detector
operating at its highest (0.005 AU full scale) sensitivity. Use of
recormended (25) guard column and silica pre-column gave more consistent

results.

Two standsrdized operating conditions for the GFAA detector were alrjte!:

A B
Furnsce thermal program: dry 80° for 10s 100° for iGs
char 100° for 10s  500° for 10s

atomize 3000° for is 3000° for Is
2500° for 68  2500° for 6s

Furnace purge gas: argon 200 L. min~!

stopped-(lov mode

‘Microprocessor: auto-zero hackground mnde

integration pertod = Rs

Auto-Sampler: Pipetting iuterval = 50s
Sample volume = 20 pl
Spectrophotometer settings: Analytical wovelength 224.0 um

S1it width 0.7 om

Dz continuum lamp on
-
Normally, furnace program A was employed. In cases uhere large qufﬁtn-
ties of smoke were produced hy pyrolysis of highly carbonaceaus bulfers 1i.e.,
citrate), program B proved more reliahle snd yielded greater sensitivaty.
Graphite tubes were coated with pyrolytic carbon as provided by the manufactu:er

(Perkin Elwmer).




Orion Model 701 and 701A pH meters, employing a combination microprobe
electrode, were used to obtain IH’] data both for stock eluent solutions and

for eluents delivered from the HPLC system.

Data Processing

The GFAA detector operates in a periodic fashion to ssmple the laminar

HPLC column eluent at pre-selected intervals of about 45-60 s. Consequently we

generated element-specific concentration date for tin content in a histogramic
format. A Shimadzu (Columbia, Marylsnd) Model C-R1A integrator-printer pro-
vided programmable coaversion of hiltogrannic data to peak areas by summing
GFAA peak outputs to give chromatograpﬁic peak sreas. We have previously
shova (21,22) that HPLC peak sreas can be reliably generated either by digital
planimetry of the "peak” derived from joining the tops of the GFAA "multiplet”
or by summing the heights of the individual pesks forming the CFAA multiplet,

to reliably give equivalent chromatographic pesk areas.

RESULTS AND DISCUSSION

Column Properties and Mechanism of Ocganotin Separstion

Introduction of commercial microparticulate silica gels as substrates for
unifors and high density incorporation of substituted organosiloxanes offers
cearly unlieited applications for high performance liquid chromatography. Not
only do such chemically bonded column packings resist a wide range of pH in
electrolytes, but their demonstrated repid equilibration rates allow flexible
elution programming et high ionic strengths without impairing column perfor-

mance by swelling or frreversible changes in sctive sites on the stetionsry
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For an ideal reverse honded-phase (RBP) strong cation exchanger, exeapli-
fied by the Partisil SCX siloxane-bonded bhenzenesulphonic acid functirn, ve
can regard the individual organotin jon as a classical cation. The comparable
relation between the basic (anionic) species, a major complexing ion (or
buffer) forming the supportling electrolyte, and active RBP anionic exchange
sites has been treated fully in principle by Horvith et al. (20). A variant
of that spproach appears suvited to qualitatively assessing organotin species

and column properties found in the present work:

K K

0 °
+ - S 2 - *
R:’Sn + L t'-_RJS"L —— L L 4 R.’S“
A /
/
ko kl kZ
/ 5 y %2 .
+ * — — (=) .
RJSn + L — RJSnL<_—__ L + RBSn
503 *
SCHENME 1
—_— o«

L

The simplest example conceptuslized in Scheme 1 involves a monoscid R,Sn‘
and » singly cherged anfon L~ interac’izg mutually or competitively si'% the

substrate.




Principal stability constants for R,Sn’ or its ion pair RJSnL in the
mobile phase and at different kinds of active sites on the stationary phase
are respectively represented by Ko or Kl. and, snalogously for the electrolyte
(buffer) ligand L™, by Kz. Corresponding capacity (retardation) factors (k')
contributing to or diminishing the sppacent efficiency of the column,

defined (27) by,

k' = tn'lto. vhere tn' = (tlt - to) .

are denoted by ko' kl and hz, respectively. The principal homogeneous equi-
librium constant Ko for the mobile organotin eluate is exsctly lpgcified by
Equation 1, barcing influences of competing neutral ligands (such as methanol
in the solvent). Thus K° presumes either an "inert" neutral or en ion-pair produc‘
‘is formed (16). Where Ko and ko can be expected to dominate the ion exchange
column elution process, snd this is not generally certsin, the relative order
and exteat of reteation tR' for a mixture of organotin cations could be infer-
red from independently available or estimated stability constants with a given
ligand L.

Organotin salts typically reported ss "insoluble" in water (v 0.1-
100 ppm) (11,18), are considerably more (102) scluble in lower alcohols.
Therefore, under the experimental constraints conceqhently imposed by opti-
wmizing their solubility in methanol-water mobile phases, in concert with
improved column efficiences or capacities and necessary ionic strengths to
achieve reasonable separation times and sensitivities, the individual effecte
of pH or ligand L~ selectivity vere not messured. Nonetheless, it will be
seen that these factors slso variably affect ko. k‘ or *2 to some extent.
Overall, the seversl Partisil-10 SCX columas used in the vork, slthough from
.dlllerent lots, displayed qualitstively similar retention properties with

their sominal quantitative variances (RSD) all im the renges tabulated.

- —
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In Figure 1 are shown representative dual chromatograms of an aquecus
sample containing both triphenyl- and tri-n-butyltin chlorides ih equimyior
concentrations. These compounds arc re;:esentative of the distinctive flifter-
ences between organotins in commercial use. The conventional U\ detector
trace illustrates the presence of the phenyl chromophore active at 254 nm,
and, correspondingly, the absence of any active chromophore for the btutyltin
species. This last fact is common for all non-sromatic derivatives of orzano-
tins, thereby giving impetus to general metal-specific HPLC detectioa schemes
for trace slkylmetals or alkylmetalloids (21). Also to be noted is the con-
siderably greater sensitivity svailable with the GFAA detector (operating at
about 1/50 full sensitivity) as compared with the UV detector operating at
maximum sensitivity,

Similar chromatograms were gencrated for 8 series of tri-an-butyltin
compounds bearing different anionic groups in order to test the validity of
Equation ] with the SCX column and its relevance to Scheme 1. Fertinent duta
ore summarized in Table I where it is seen that the small variance (FSD =
3.3-percent) in k' for such a wvide range of tributyltin derivatives indicates
essentially the same retention properties. Clearly, the BuJSn eluate species
scts as & normal cation, in accord with Equation 1, in the sense that the
original aature .f its labile gegenion is unimportant to the miin separaticn
mechanism on the SCX column. Also included in Table 1 are capacity factors
for three neutral, covalent butyltin derivatives, TRTO, tributylstannane, .and
tetrabutyltin. The last two both display markedly reduced retention on.ihe
ion exchange column, as anticipated for non-ionic wmolecules bearing no f;tsnd
labilized by squeous medium. Nonetheless, their measurable k° values (~ 0.5)
imply that either slight partition or RBP edsorptiosn occurs, further implying

that the appareat SCX column capacity ratios involve some additive combin-




stions of ko plus kl or kz. Possibly for some l,Sn’ salts, especially strong
complexation by L~ (large Ko) sccompanied by large kl would also simulete such
non-ionic exchange behavior (21).

This measure of such SCX column performance by covalent Rasn was suggested
by considering non-specific interactions of the organotin analyte with non-
functional comsponents of the ion-active surface, that is, interactions with
the organic linkages bridging the gel giloxo-backbone and the active sulfonato
function. Of course, RBP sulfonato groups do not occupy all the available
hyd;OIy-liloxo sites on the gel, hence some possibility for conventionasl
“pittition" separation of orgaootins also exists, but this may be subject to
steric effects with bulky organotin fons. To s degree, then, the column can
perform as a "normal” hydrocarbon-like RBP packing, similar, for Euanple to s
C2 or dimethylsiloxane bonded phase. For some triorganotin wmonoacids at
le};t. incorporating phenyl, butyl and propyl moieties, molecular or fon-pair
separat{on behavior rather than ion exchange ws:. observed in pure methanol for

hydrocarbon RBP Cz, C' or C.. substrates (21). Further, this continuum of

18
behavior vas recently exploited in the prepacration of a "hybrid” or combina-
tion RPP-ion exchange stationary phase which sstisfactorily separsted both
neutral, non-ionizable organometals from their homologous fonic organometal
forms (28).

With the "true” strong cation exchsnge (SCX) column used in the preseat
vork, partial non-fonic column separation, this being a measure of the relative
magnitudes of ko and kl' could be qualitstively evaluated by varying solvent
properties. More importsnt for our purposes, the clesrcut involvement of »
“free" tributyltin cation separation on the SCX column (Table I) indicsted .
that such evaluation of the variations of mobile phsse composition and fomic

strength could yield optimized conditions for specistion of mixtures of various

cosmercial organotins.

PN
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Table 1

SPECTATION® OF TRIBUTYLTIM CATION AND RFLATED

SPECIES FROM VARIOUS RJSn-X SOURCES

-X , x?
-OAc 3.33 ¢ 0.05
-F 3.46 £ 0.10
-c1 3.36 t 0.04
-Br 3.42 ¢ 0.11
-50, (~Subu,) 3.15 ¢ 0.04
-0-Sabu,® 3.22% 2 0.2
-1 3.31% 1 0.13

0.58% £ 0.10

-Bu 0.45 £ 0.08
=30 20
RSD = 3.30 percent

*Isocratic at 1.00 al min™', 0.06 1§ KHOAc in meth-
snol-water (30:70).

bReplicate runs, mean % sve. dev.
“TBT0, tributyltin oxide.

‘Fre;h snd aged aqueous solutions or methanol solu-
tions containing 1-2 ppm as tin.

®Undissociated Bu,Snl.

‘Hean % std, dev. excluding last tvo k' values.
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Varying mobile phase methanol-vater composition in theory (27,29) can
either increase or decrease retention of R,Sn species on an ion exchange bed
depending upon several factors. The neutral methsnol ligend could permeste
the SCX matrix, theredby serving, by exchange site deactivation, to reduce ko,
and possibly kl or kz. More likely is the prospect that ionizetion of the
eluent R,SnL sccording to Equation 1, or Scheme 1 is repressed (15,16). In
any case, decreasing methanol in the solvent yields a familiar (29) hyperbolic
relationship betveen k' and two very different triorganotins, where R = phenyl
or n-butyl, as illustrated in Figure 2. With pure methanol, where either
organotino should exist predominsntly in an unionized form (16), sbsorption or
pactition separation mechanisms can prevail. A residual column retardation
factor (27) involving kl and kz ronchelia minimum st k' < 2 for tributyl- and
triphenyltin, and even shovs a measurable increase for the more hydrophobic
aryltin (31,32). As the relstive smount of water in the mobile phase in-
Creases, the column sepsration factor, a = k"“/k'. (27), increases from 0.7
to over 2. To a degree, under theng conditions, the dissocistion or hydration
of R’SnL is iofluenced by pH (16), but the small decrease (0.4 unit) in sp-
parent pH (32) over the entire range of water incresse shown in Figure 2,
suggests that this cannot be a major controlling fector. Movre significant
could be the reduced dissociation of electrolyte ﬁH‘OAc in the richer methan-
olic mobile phases with cot;élponding reduction im availeble L~ or true fonic
streagth.

Effects on k' by varistion of ionic strength represent a best test for
the mechanism of retention by an ionic exchsnger (31). If the mechsniem of
reteotion is pure fon exchange, basic chromstographic theory requires thst the
thermodynamically derived term k* should be limearly proportionsl to reciprocel

ionic strength (26,27,31).

M. s g a— = -



Figure ) depicts our evaluation of the relationship between k° and l/u,
again comparing triphenyl and tributyltin cations. A linear relationskip 1s
spproximately obeyed (r = 0.899 to $.995) for all the combinations te-ted over
a fifteen-fold change in spparent ionic strength, with NM4N03 showing nearly
ideal behavior. Two other impocrtant fcatures are noted: first, considerable
electrolyte selectivity or influence on k' for either organotin occurs; second,

positive intercepts result in the plots which confirm {29,32) that residual

non-ionic retention processes still transpire at very high ionic strengths.
Strong negative curvatures in the k' versus 1/p plots for NH OAc and SJXOJ
occur under these conditions, and additional non-linear (log-leg) regressicn
snelyses indicate that the intercepts of the curves for butyl and phenyl
species converge at k' ~ 1.1 £ 0.3 and 1.9 ¢ 0.4, respectively. These resuits

agree satisfactorily with those intercepts predicted by the more regularly

O enmm—— - -

behaved NH‘NO3 curves, and are consistent with the k' measured (0.5 t 0.1} for
! neutral, covalent tri- or tetrabutylstannanes (Table I). Thus a picture is
completed of residual SCX column separstion processes for several kinds of
! unionized triorganotin species, which are dependent upon combinations of ko.

k, or kz, in turn dependent upon solvent composition.

1
’ Qualitstively, tributyl- and triphenyltin ions were found to behave as
regular cations in sppropriste methanol-water mobile phases, and it was sh~vn
that these are undoubtedly separated on the SCX column by an irn exchange
wechanisn in the range of p = 0.02 - 0.005 N for comnonly used 1:1 electro-
lytes. At very low ionic strengths, the selectivity of the thrree ualts.éard
converges with triphenyltin to o common capacity factor k° ~ 5. This ;J;&-s&s
thet NOJ' ond OAc” do not differ significantly in theie stability censtants, K .
with this weakly acidic cation and that exchanger binding by %t o ::;" in

competition with ¢ Sn’(k ) is more important st highee ionic strengths. In
3 ° .
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contrast, more typical behavior (29,32) with tributyltin ion showing increased
selectivity with decreased p was found. The relative magnitude of retention
in the presence of each electrolyte is in the same order for both organotin
cations. The twvo nitrates both conform to the expectation (27) thst the tin
analyte ion retention should increase with weaker electrolyte stationary phase
binding in the order NH" < Na’. The reverssl in this trend for greatest
retention in methanolic NH‘OAc must be reckoned in terms of both a greater
extent of specific complexation of the stronger Buasn’ scid by the bidentate
acetate ligand in the mobile phase (3,15) combined with the lowest pH

(7.58 £ 0.03) range for all the methanolic electrolytes. These factors in

combination favor dissociation (Ko) and ion exchange capacity (ko) sccording to

Scheme 1 over such a large electrolyte concentration gradient.

Chromatographic separations of dibasic R Snz’ species also follow the
2

‘trends observed for RJSn’ cations. On the microparticulete SCX column, use of

singly charged acetste or nitrate salts was ineffective for schieving both
reasonably narrow bandwidths sad k' values sufficiently small for practical-
anslysis of diorganotins or the strongly ascidic triorganotins with swall alkyl
groups. Siace k' is inversely proportionsl to 1/p, regular retention trends
@ight be predicted (27) for these last categories of organotins, if they
exhibited regular ion exchange behavior. In the next section, we consider
these factors, along with prospects for predicting relative k' values for both
RISnz’ snd RJSn’ classes, based upon independently avsilable molecular substi-

tuent properties.

System Performance of NPLC-GFAA With SCX Columns--Predictable Specistion

and Reliable Quantitstion of Aqueocus Organotin Mixtures

Optimal spplication of element-specific detectors to chromatographs

depends on comparable confidence in tbe molecular separation scheme. In
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complex environmeatal samples, non-specific HPLC detectors cannot discern
smong » large number of bands which contains a selected elemrnt.'suth as tin.
hence snalyticsl confidence relies totally upon reproducibility (and, indeesd,
predictability) of tR. VR or k'. Although the tin-containing molecules cau be
confidently identified with the GFAA detector, s truly practical systeo
nonetheless must also provide a high degree of cepeatadbility in order that

both known (suthentic) snd unknown tin-coataining bands can be quantitated

with assurance.

Stability of organotins.

Care was taken from the outset to evaluate both the stability of fresh
end aged stock organotin solutions snd their subsequent stability on the SCX
columns. Our concern was not with the expected redistcidbution of labile
anions on the organotin cations, but rather with any prospects for rvassion of
important covslent Sn-C, Sn-H or Sn-0 bonds which contribute to the distinc-
tlQe chemical snd biological, as well as chromatographic, properties of such
snalytes. 1la Table 1, several additional k' values are reported which resulted
not from the original organotin sampled as received, but from chemical Jeccrmpo-
sition of various sorts incurred by conventional handling.

Thus, fog tributylstannane (Table 1), two k' values are reported, cne of
which is coincident with a second pesk sssigned to the "free” tribulyitan
cotions. The sppearance of this latter peak vas correlated (r = 0.90 1'p.9°)
with s first-order grovth rate st the expense of the first pcak, drrrni}%l
upon the stannsne’s storsge time in methanolic (t 1/2 ~ 149 min) or in aqueocus
(3 Y 42 min) stock solutions. The decomposition vas not apparently

dependent upon residence tiwe, e.g., flov rate, fn the SCX column. These
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resulls are consistent with and explsined by the kaown protolysis of elkyl-
stannanes in protic media, such ss alcohols or water.

RySall 4 H,0 = RS’ ¢ OH™ + Hy0

k| 2
These protolysis rates sre considerably accelerated in water and in the presence
of carboxylates (33).

Tributyltin oxide, anSn-o-SnBua (TBTO) is a liquid organotin biocide in
viéespread conmercisl use (1-3,5). Known to be moisture-sensitive yet highly
iésoluble in water (11,33), its snalysis and bioasssy sre usually performed
vith solutions prepared by intermediate dissolving in miscible polar organic
solvents, such as methanol and scetone, followed by needed dilution fnto
vater. Our dats for TBTO summarized in Table I, whether for freshly prepared
a;d aged methanolic or aqueous solutions, indicates that only free tributyltia
cation was eluted. Ve confirmed the stsnnoxane molecular structure for our
stock TBTO by comparing its B¢ and l:’clllll FT-NMR spectra as a nest liquid
vith litersture spectra (26,34). Comparison by NMR of TBTO dissolved in
-;lbanol indicated that cleavage of Sp-0-Sn did not occur, confirming thet
bydrolysis (33) occurred during passage through the HPLC-GFAA,

Bu,Sn0SnBu, + H,0 = 2Bu SnOM .

k)
These results are of geaneral significance to workers involved with use of
reactive organometsl biocides unstable in test calibretion solutioms or during
chrosatography, and point to the wtility of a direct speciation method for
critical biocasssys. Similer, repested examination by HPLC-GFAA of both tri-

ond diocganotin sslts in methanolic and squeows solutions (100-1,000 ppm) over

Ch ———— .. —
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atorage periods in glass from five minutes to one year indicated no cheisical
slteration in the specified orgsnotin cations moiety in terms of significaat

deviations in k' (RSD ~ 5 percent).

Scope and Prediction of Separations.

Heretofore, TLC methods provided the only comprehensive, albeit indirect,
means for sepscrating mixtures of both RJSn’ and stnz’ species in a single
snalysis (6,7,35). Using SCX columns discussed in the foregoing section, ve
examined approsches to provide a direct means for speciating mixtures containing
many biocidal triorganotins in single analyses. Figure & depicts one set of
chromatographic conditions that successfully resolve a broad group of RJSn’
species. The relevant parameters are summsrized in Table II.

Qualitatively, the order of elution of RJSn’ in & purely ion exchange
sepacstion should depend upon the availability of the charged cation, ,.e.,
magnitude of Ko in Equation 1. Thus, barring stervic effects by individual R
.r;upl thet inhibit K° or ko (Scheme 1), we would infer that relative eiec-
tronic effects of R in the Rasn’ fon will be primarily responsible far relative
retention on the SCX bed. The elution order seen in Figure % generally cenforas
to the ususl chemical inferences which predict that Rssn' acidity increases in
the order, Bu<Pr<Et<He<¢ (33). Even cyclohexyl (c-Hx) appears to conferm to
this trend, but phenyl behaves snomalously. Ildeally, a quantitative relatico~
ship between k' and selected molecular substituent properties derived fron
wmeasurements physically-independent of chromatography is required to p;}mit
sccurate prediction of elution of known jons, or characterization of unknouns
feom elution phenomena. Further, tiis should be valid for diflcrent cprraters

with the seme or different stationary phases or different mobile phases.




SPECIATION OF TRIORGANOTINS BY HPLC-GFAA ON AN ION EXCHANGE COLN®

Cationb ke Mean Peak Arelc'd Peak Ares/ng sns'¢ N, H-lc't
Physn’  2.98 ¢ 0.03 55,567 ¢ 8,518 761 £ 114 891 £ 143
BujSn’  4.63 % 0.12 61,273 ¢ 12,388 817 ¢ 166 1,361 & 149
PrjSn’  8.77 20.25 51,072 ¢ 2,296 681 ¢+ 31 2,307 t 602
Etyse’  15.20 £ 0.29 29,664 t 14,510 396 £ 192 5,649 £ 556
Me S’ 47.26 ¢ 2.28 43,092 + 3,786% 86+ 8% 5,109 ¢ 86
C-HxJSn’ 6.09 ¢ 0.13 12,599 ¢ 5,526 175 ¢ 74 1,348 ¢ 106

"“hatman 10 p Partisil SCX, 0.03 #f NH OAc in wethanol-water (70:30)

at 1.5 to 2.0 ol win L,

b
jections.
Hean ¢ ave. dev. for replicate runs.

anits of uv-s employing sum of pesk heights method (21).

eGFAA detector program A .

fpased upon approximate plate equation N = 5.564 (tnlwuz)2 @n.

'lnjected ss 500 ag samples.

hIlun as single component, 75 ng as hydroxide in methanol solution

cate runs.

First four cations, 75 ng each as mixed R38n01 solution in methanol 100 pL in-

quadrupli-

I
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Huch sttention has recently been devoted to exploring both the underlying
theoretical and empirical prospects for such dimensionless “retention

indices” (36). Since preliminary rc.ention factcrs obtained for becth RJSn.
and RZSnz’ cations suggested regularities that were not simply related to
those substituent constants often correlated with equilibria of the type
examplified by Equation 1, we examined this important consideration in further
detail. )

The logarithm of the capacity factor, In k', is proportional to the free
energy change sssociated with the chromatographic partitioning process (26,37),
especially Ko as defined in Scheme 1. With this view, we surveyed the linear
proportionality of ln k' for stn’ versus » large number of “quantitative
structure-sctivity relationships” (QSAR) compiled by Hansch and Leo (38). A
similar approsch was successful for linear correlations betveen substituents
on closely related homologous series of organic molecules separated either on
paper chromatography or RBP HPLC (39).

For the relstionship,
In k' = a(QSAR) ¢ constant .

only poor to fair correlations obtain for alkyl R,Sn' witlh those conventicnai
moleculsr substituent constants (38) that emphasize diffuse stereoelcctrenic

forces (molar refraction, r = 0.898); pure inductive effects, (0l 2 =0.413);

specific steric effects, (ES, r = 0.772); oc hydrophobic (partition) rfl:;ts.
(Tur = 0.917). Inspection of Scheme 1 suggests that contributions (rossﬁ%ly

sdditive) of R to the stahilization, or abundance of, charge on RJSn’ or

R Snz’ sre better represented by sn sanalugeus series of ionizatica rer-t{ons

2
widely studied for organophosphonic acids in vater or vater-alcehol selu-

tions (40,41):

- — g
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R O solvent R O
\ 7 e r———————— A Y + R
N4 e . Eq. 2

R No-u R o-

Equation 2 bears many similarities to Equation l; principally because no
change in oxidation state occurs in the dissociation, the integrity of cova-
Jent R-heterocatom bonds is preserved, s unit change of t one electron charge
is involved, and data for a very broad range of alkyl, alicyclic, Pryl. ole-
finic and heteroatos substituents are available. Against this, it should be
recognized that substantial rehybridization of s-p-d orbitals occurs during
aquation sod dissocistion of organotin salts upon solution in polar media (3,
15,16}, and that modes of bonding ioteractions between R and centrsl charged
tin can change. For the organophosphonate, vhere anionic charge is not local-
ized on the central P atom, but rather on the more electronegative oxygen,
this should be less isportant (41). Excellent linesr correlations between pK.

for Equation 2 sre available (38,40) in the form,
= L
PK.'ch’m ’

for all of the R groups examined on organotins in this paper. The new Hammett-
type QSAR o® represents combinations of both inductive (0;) and py or dy
resonance (OR) effects vhich can occur with energetically available p or d

orbitals in R-P or R-5n bonding (3,33). Thus, not only does o’

present a
suitably selective diagnostic for predicting organophosphonate snion formation,
the linearity cited slso holds for the alcoholic solutions of the type required
io organotin ion exchange chromatography.

Figure S (top) indicetes the excelleat fit (r = 0.992) for 23 individusl

k' values obtaiced in NN‘OAc for the five alkyl l,Su’ species listed in Table 1I.
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Clearly, the o’ constants avsilable in literature provide potential gredictors
for chromatographic retention factors in the n-alkyvl (and possibly cxelo
-alkyl) R,Sn series, but equally clear was the failure to fit k' for trighenyi-
tin cation. Presumably, in the aryltin case, a marked change in the 9 and 2
contributions to o’ occurs ducing ionization of the phosphonate relative to
those involved with ionization of Rasn’. For alkyl substituents, either on P
or Sn, inductive effects should predominate during ionization processes, with
similar effects on both elements, and this was borne out experimentally in the
present case.

Major questions yet remain in order to fully apply the potential of such
a widely availsble QSAR as a’ to the other classes of organotins of concern to
chromatographic snalysis. 1In particular, ve sought to more fully correiate R
substituent effects for aryl groups in RJSn and both alkyl and aryl groups in
RZSn species. If possible, s relativnship predicting k° for both R3Sn and
RzSn eluents was desired. Table 1II summarizes measured and predicted capacity
factors for a number of organotin ions featuring steric and electronic differ-
ences presented by isomeric R functions on both stn and RISn classes in
several mobile phases using scetate or citrate electrolytes as exacples of
uni~ and divaleat counter fons. The appropriate correlation data in Table 111
sre also plotted in Figure 5.

Two types.of behavior are observed. The alkyl R,Sn’ homologs dispiay
(Figure 5, upper plot)} excellent positive correlations with oo, even in Jiverse
electrolytes such a8 0.03 M acetate and 0.03 N citrate. The behavior o aryl
substituents (including benzyl) on RSSn’ is more similar to that seen (;:gure S.
lover plots) for either alkyl or aryl substituents on stnz’. e.8., nNcgative
cortelations with c‘. Solvent strength plsys an espected role in that in-

creaged ionic strengths diminish the magnitude of slopes of all of the correi-

g

e e N

Coer e s

[,




£9 ’

Tadle 111
CORRELATION MATRIX FOR SCX CAPACITY FACTORS AN 1‘

e Et  aPr nBy c-Hx ¢ -Meb QCMI - t-bv

o? -0.9¢ -1.100 -1.18 -1.22 -).19 -0.48 -0.60 -0.69 -1.30 -1.§S5

o
l,!n Class :

woeds® 423 150 870 4% 6.10 3.2¢
R ealc® 9.8 108 11 509 662 -

Kods?! 003 279 205 o088 ---- 152

Vet 820 208 189 LW cees e

a,5n Class®:

& obs* .07 o7 N7
& colc* .5 672 1.9
L )
L 2.9 147 8.0
v e’ ‘ 2.60 122
T T 085 129 438
& eale® 0.7 .02 1%
r obs” 9.5¢ 0.6 )21
kel 0.6 LM 2.6
x obs! 0.09 0.6 2.0
b cate! 0.62 092 ¢

*rron (4),42)

DA} separstions run fsocratically fn sethaneli-vater (70:30) at 1.0 te 3.0 ot oinl.
1n 0.03 1 Wi Chc, n = 23, r = 0.992, In &' calc = 0.740% » 12.29.

%in 0.03 # (wr,), citeate, e 11, r @ 0.969, In k' calc = 7.47° ¢ 9.20.

1n 0.06 ® (M), citrate, a = 7, r® -0.929, 1a k' calc = -2.3%° - 121, ¢
fIn 0.92 1 (w1,), citrate, n e 3, £ 8 -0.986, Ia k' calc = -2.2%° - 100,

1n 0.005 W (M,)y citrete, n = 3, 7 ® -0.936, In &* cale ® -7.8%F - 3.92.

"n 0.0075 1 (W,), citrate, nw 3, 7o -0.928, 1 2' cale w -0.2260 - 0.0,

Yin 0.01 B (W), citrate, m e D, ¢ m 0900, 1 1 cole ® -6 04e" - 4. 08

A
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ation curves (Table V), as predicted from In k' ~ 1/p behavior discussed in
the previous section. MNore notable iz the ohservation that, vhen such reduc-
tion occurs, each family of curves characteristic for R and R"Sn maintains
nearly a parallel celationship. This trend is consistent with the previous
ides that s uniform column separation mechanism prevails for each class of
analyte mainly in terms of K and k/ (Scheme 1).

With nearly 200 k' values collected, it was not possible to establish any
useful correlations between RJSn’ and RzSn2. eluates that allov prediction of
retention factors for one class from the experimental dataAcollecled on the
other class. The availsble o. for each R group prohably cannot discriminate
in a simple additive manner the effects on k' as the number of R grcups in tin
veries. Evidence (40) for different values of o’ depending on the number of
given R groups bonded to phosphorus indicates the likelihoo& of this problen.
Nonetheless, Table 11l shows that within the respective classes of eorganotins,
their k' values can be presently predicted from independent litersture values
of a. to better than (RSD) 12 percent for R,Sn serics and eight percent or
25 percent for the alkyl or aryl RzSn series, respectively. These variances
are enpected to diminish with addiéional k' values for new R groups.

An important consideration meriting future study, will be application of
o’ litersture velues to prediction of k' for mixtures of organotins, or as an
index for identifying unknown peaks occurring in well-defined chremategrans
spiked with suthentfic organotins as internal calibration stanldards. Fiaure 6
illustrates this point for isomeric RISn cations bearing cither alkyl o:rcryl
substituents. From Table I1] date, o. values for &4-toly] (4-lle2) and .
benzyl (OCHZ) groups are, respectively, -0.60 and -0.69. Compariscn of k'"k'
in 0.005 M to 0.0l Y citrate concentrations show that separation factars (279,

as= k"_"c./h'.' > 3.2. Since scceptable separstion is achieved with column

efficiencies (N) aveilable fn 0.01 N citrate, we expect that other aryl

- T T AR g e, g
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substituents differing in o’ by more than ¢ 0.1 unit (such as p-CH30C6H‘.
o = -0.39 or p-ClC6H‘, o’ = «0.29) could be separated as well as in the case
depicted io Figure 6. Similarly, for a dislkyltin species which differe

in the geometry of R, the satisfactory separation fector (~ 1.6), slso illus-
trated in Figure 6 for n-Bu sod i-Bu derivatives, cen be predicted to provide
successful speciation of sec-Bu (o’ = -1.36) (41) io s n-Bu or t-Bu mixture
under comparable chromatographic conditions. HNowever, only marginal separation
of sec-butyl from i-Bu is expected, though the order of retention would likely
be discerned.

The case for RSSn’ specistion and identification appears to be better
established vith more R groups and less dsta scatter. From dats ian Table III,
ve deduce that both the retention orde; and resolution could be confidently
inferred to within about ¢ 0.03 unit of o‘ in the more favorable 0.03 M acetste
mobile phase. This implies a separstion factor of ~ 1.3. In fact, this
prospect was tested in a subsequent separation involving 03Sn, gﬂluasn. and
¢-Hx,Sn species, vhere 0® values are respectively -1.22 snd -1.19 for the
'

alkyl substituents. The calculated separation factor @ k' vae

c-lix’" n-Bu

1.30, that observed vas 1.29 ¢t 0.01.

Tbese resuits point to significant challenggu snd opportunities for
chromatographers interested in QSAR separaticn phenomens spplied to predictiog
behavior of organometsls nﬂﬁ organometalloids in ion exchange separstions. Of
special interest in this connection will be predictable speciation of more
complex molecular varistions of commercial organotins newly introduced as

biocides, viz.,

[N
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(62,43) and their environmental residues. Ia such highly braanched R groups eon
organotins, the possibilities for “fractional” or additive applicaticns of ®

QSAR values will likely prove important (38,44).

HPLC-GFAA Repeatability and Organotin Detection Limits

For quantitation of trace organotins by WPLC, not only does the analyst
require precision in reproducing retention times (tn) or k', he is concern~d
with comparshle reliability in estimating peak areas of eluted analytes.

Figure 7 illustrates » set of replicate chromatograms for samples taken from »
solution contsining equimolar concentrations (1 ppa) of di(4-telyl)ltun and
dibenzyltin cations. There compounds were selected because of the nearcly

ideal separation factor (a ~ 3.5) (27) obtained at the moderate SCX column
efficiencies available (N ~ 115, 320) respectively, and because the benzyitin
moiety exhibits an unusually large absorbance vwhich provides LV detecter
sensitivity nearly comparable to that of the GFAA detector. With the benzyltia
peak, it was therefore possible to make direct comparisons betueen the re-
pestability of UV and GFAA pesk sreas. The numerical results are surrirized

ln Table IV. With respect to column retention, both RZS" analytes elute

within (RSD) & five percent of the mean k'; this variance is also characteristic
for vreplicate runs conducted with the RJSn series (Tahles 1 and 1I1). Cn the
other hand, slightly wider varistions occur for replicate determinaticns of
individusl peak aress, but not as large o8 the variation in apparent seositivaty
found in Table 11 for separstion of many peaks with videly different k"’ and X
velues.

The problem fe basicaslly s kinetic one. ¥ith conatant, isorietl:. «iow,
the GFAA detector is » concentration detector vith fixed sensitavity, hence

varistions in flow rete salter its spparent sensitivity, e:g, flov ~ l/sensi-
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Table 1V

REPEATABILITY OF CHROMATOGRAPHIC PARAMETERS FOR SEPARATION®

OF DI(4-TOLYL)~ AND DI(BENZYL)-TIN CATIONS"

Peak Areas {n Acbitrary Units k'
<
(b-tolyl)zsnz’ (benzyl)ZSnz’ . (k-tolyl)ZSnz’ (benzyl)zSn2*
Rua GFA GEAA w _ _
1 13,602 14,132 3.662 0.885 3.191
2 14,884 14,707 3.018 : 0.908 3.086
3 15,546 16,628 3.163 0.862 3.266
4 15,663 17,351 3.240 0.969 3.308 ¢
MEAS 14,923 15,705 3.213 v f w) "o 9;?« ,\'ﬁrs}.m
o 945 1,531 0.283 >k oas oen § 000
RSD, % 6.33 9.75 8.58 , xﬂ L4 2.94 .
Py
*ith 0.007% N diaomonium citrate in water-methsnol 6‘50 3?) v/v), isocratic st
1.00 al win-1. . “ f‘ \ o. 1:‘
l'l!ot.h compounds injected as 100 ng Sa. ’ 3’/_ ":n'.\ f'w

L}
CCorrelation betweea GFAA and UV signals for runs 2*-3 re Q 9“7. far 'hm'l 1-4
r o= -0.406, 4.' t ;-~-,,
. LREMA ‘ .
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tivity (21). More significant is the fact that the GFAA autosampler periodice
ally removes a small segment (usually 20 pL) of the eluent at relatively large
intervals, At, typically every 50 seconds. In consequence, at 4 given flovw
rate of one ml, min-l, for example, omly 100 x (20 pl)/ (5/6 x 1000 ul) =

2.4 percent of total eluent is sampled. Resulting chromategraphic GFAN peak
areas must therefore be rationalized for shape (skewness and half-vidths) and
boundsries (areas and maxima) through interpolation of relatively few peints,
e.g., tv/At ~ 3-15 (vwhere tv is peak width st base). Incautious messurerments
of GFAA chromatograms can lead to errors of ¢ At (21) in tﬁ or t_ (27) (or the
peak width st half-height, '1/2) with consequent RSD of 5-10 percent for

k' = six or three, respectively, or of 9-20 percent for corresponding ¥ = 15
snd 900, respectively. These deviations represent the magnitude of variances
seen in Tables II and 1V, for example. Decreased flowv rates offer the desirel
effects of incressing hoth GFAA sensitivity and improving reseluticn of peag
shapes and boundaries, but these must be consistent with other regyuitewests (27
for optimsl chromatographic separetion.

. For the most precise quantitative work, it is apparent frem Tollle IV that
separations involving only several analytes with favorable separation factors
(o > 1.5) are preferable. For survey studies, necessarily involving seraration
of wany peaks, as in Table 1, peak to peak quantitation requires carefui
calibration og reruns of selected portions of the chromatogram at lover fleov
rates. One other factor is important and peculiar to orginometal chrorategraghy.
The orgsnotins sre especially susceptible to volatilization durang the :f&i
thermal cycle with considecable loss of apparent sensitivity. \ere this’ not
fmportant in going from relatively involatile tributyltin to highly volatile
trimethyltin deposits in the jrayhltq furnsce tube, the variation fn peak aces
per uait mass (uV°s/ng) examples in Table Il would more closely follov tren!s

in k', or better, N.




Because we are interested in speciating snd quantitating present day
commercial organotin biocides, we developed suitable chromatographic conditions
based upon the foregoing discussion of optimal sepsration factors, and repeat-
able peak srea measurements. A typical chromatogram showing such s separation
of triphenyl-, tri-a-butyl- and tri-c-hexyltin cations, sll in widespread
cosmercial use (1-3,8,13), is portrayed in Figure 8. The measurement bars
under each analyte signify the consistent range of GFAA peaks summed for peak
area measurements. Six chromatograms were acquired for the trisd of orgsnotin
st;ndatds at various concentrations between 0.125 - 0.75 ppm, to give the raw
d;ta and linear regressions analyses (with correlation coefficents, r) depicted
in Figure 9. One dats point for the c-hexyl derivative was a gross outlier,
but another chromatogram produced an acceptable value in accord with the
trend. The calibration curves thus produced are linear over nesrly an order
of magnitude and indicate reasonable zero intercepts. The detection limite &
(95 percent confidence level) of 5-26 ng shown reflect both the relstive
slopes (seasitivity) for each organotin species and the r?linbtllty or
scatter in the measured peak areas (14).

Comnents made before about intrinsic differences in apparent sensitivities
GFAA for organometals are appareat in the significantly different slopes
obtained for each species. Since we employ essentially a "{ixned" thermsl
progras for the entire HPLC-GFAA run, no individual eluste is detected under
truly optimized conditions; the situation {s snalogous to, but less troublesome
than, the enormous range of molecular extinction coefficients which dictate
effective sensitivities for varied snalytes fian RPLC-UV (cf. Figure 6). Under
the chromatograpbic conditions selected (relatively high flow rste to reduce
saalysis time), we coaclude that variable but wseful detection limits were

obtaioed for all three of the commercial organotine indicsted in Figure 9, snd
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that, to a large extent, the practicality of this particular speciation methsd |
resulted from their favorahle separation factors: T k'Bu/k'o = l.e7 & 0.0

and 04y = 1.29 £ 0.01.

Applicstions of HPLC-GFAA to Speciation of Organotins in Eavironmental

Haterials

A very interesting and fast-growing application of organotin-containing
materials relies upon introduction of specific R groups t;ilored to yield
selective toxicity and maximum service lifetime through attachment of biccidal
RJSn moieties to organic or inorganic polymer backbones (45,46). The efficacy
and predicted life of such controlled relecase host materials for use as marine
antifouling coatings (1,2) or as moluscicides controlling ;nail-horne
Schistosomiasis disease (47), heretofore have relied upon measu;ing leach
rates and corresponding toxfic effects on organisms by total tin ansivses. e
exsmined s novel marine antifoulant organometal polymer (OMP) develojed by the
U. §. Ravy (45,48). This monclithit polymer resin involver co-polynerizatien ot
methyl methacrylate, tri-g-bulyltin wmethacrylate, and tri-n-propyitia methacry.~
ate in 1:1:1 proportions. Our concern was to assess the compositicn and lrach
rate of relessed organotin biocides during exposure to aquatic sedia. Figure iv
typifies our results with o chromatogram taken directly of the leachate seluticn
at the point i{n time where the rate of release has approached zeroth order
kinetics (49). The aqucous sample, therefore, represcated o telJtnvrlx'
iategrated picture of the overall release chemistry, barring miner abs‘é}tinn
of the orgamotin leachates by glass vessel wvalls or the polymer matrix itself.
Compsred with o coalibration chromatogram, the léjchate sample is seen tc

contain substeatially more propyl them butyltie. This apparently greater
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telease rate for the more acidic Prasn’ is coasistent with greater ease of
wnization, or nucleophilic cleavage by water, of the Sn-0 bonds that fix the
organotin to the polymer backbone as predicted by the above mentioned QSAR

valucs for the respective R groups (Table III), e.g.,

0
- il
)R38n+ + O™ + H-0-C-polymer .

}
RSSn-O-C-polyner + HOH

Ceatrolled release polymer matrices incorporatiog bioactive organometale are
Jjust oow cmorging as means to deliver selective tuxicants or nutrieants to
biological systems (50). The need to speciate the precise form of the relcased
rolecule, recessarily appearing oaly at very low concentrations, and its rate
of release {or reliable bioassay studies will offer important challenges for
HPLC-GFAA, oot only for tin, but for other clements as well,

in another connecticn, ve have developed mesns for speciating the types
and amounts of organotin leachates occurring during shipy;rd operations involviag
rexcval of comxercial marine antifouling paints from ships hulls.» Unlike the
oceanic service environment where only relatively swmall amounts of biocactive
organotins are reieased from the painte, the shipyard procedures involve
phirsical removal of the coating by sandblasting, chipping, scraping snd hesting,
during wkich time, debris is.continuously removed by water sluicing. We
exanined the aqueous leachates from typical sandblasting grits exposed to
distilled/dcionized watcer for two deys with mild sgitation. The supernatant
soluticn vas mot preconcentrated or cheonically altered but was only ultracentri-
fuzed (15 kC) to remove fine particles or detritus prior to injection into the
HPLC-GFAA system. Figure 11 illustrates a typical result vhere we found that
5.8 ppm of dibutyltin and 3.0 ppm of tribulyltin were lcachable from the grit,

8 &2lar ratio of 1.9:1. v
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This is a significant result because of ‘concerns for ultimate disposa) of
toxic Buasn under conditions of occupational exposure, and because it pr?vides
a graphic exunple of the ultimate envirenmeptal fate of the original antifoulant
tributyltin paint matrix following weathering in the ccean and removal on-shore.
Since such organotins are bacteriostats (2-4), this example of direct HPLC-GFAN -
speciation also demonstrates an cffective means for field monitoring of aqueous
effluents before and after biological treatment by sludge or sanitary digestioan/
disposal units supporting such shipyard or related commetcial operations

involving organotin biocides.
ACKNOWLEDGMENTS

We thank Dr. Rolf B. Johannesen for obtaining FT-NMR spectra. We are
indebted to Prof. C. Horvath for permitting us to read a manuscript prior to
publication. Support of this research by the Office of Naval Research is
gratefully acknoledged. We thank the U.S. Naval Ship Research and Development
Center (Annapolis) for samples. Certsin commercial equipment, }nstrumcnts or
materials are identified in this paper in order to specify, adequately, the
experimental conditions and proccdurql. Ia no case does such identification
imply recommendation of or endorsement by the National Bureau of Standards,
nox does it imply that the material or equipmeat identified is necessarily the
best available for the purpose. Contributions of the National Bureau of

.

Standards are not subject to copyright.

P C . Coe e e ey

.
; . ; 3 -
W‘VQIA e s i ; LS N P g e T S e L
4
-

t




REFERLNCES

C. J. Evaas and 2. J. Smith, Orzanotin-based antifouling systecas.
J. Gi) CAl. Chep. Assoc. 58: 160-6S8 (1975).

J. J. Zuckerzman, ed. Qrpiaotin Comprunds: New Chemistry aad
Applications, Adv. in Chew. Ser. Ko. 157. Amer. Chem. Soc.,
Vashington, D.C., 1976.

?. Smith and L. Smith. Organctin conpounds and applications.
Chen. Britain 11: 203-12, 226 (1975).

J. 8. Tuayer. Organometallic compounds and living orgnnil;s.

J. Orz:nometal.. Chem. 76: 265-95 (1974).

C. J. tvans. Developments in the organotin industcy. Tin and

fts Lies. 130: 3-6; 10L: 12-15 (1974). Available as Internat. Tin
Res. Inwt. (Lomedon) Publ. 491.

H. akagi, R. Taskehita and Y. Sakagami. Separation.and detection

of inorgarotin and orgunotin compounds Yy thin layer chromato~

geaphy. Juil. Jmst. Publ. Heolth (Japan). 19: 185-92 (1970).

C. J. Raggle, O. L. Szontz and \. P. Graffco. The analysis of

organotins in the enviroumeat. Proc. 4th Iat. Conf. Sens. Fnviron,
Pallut. Auer. Ciiem. Soc., Washington, D.C., 1578, Pp. 761-64.

C. J. Suderquint and D.'G. Crosby. Determination of triphenyltin
bydzexice and its degradation products in water. Aral. Chem.

50: 1435-39 (1978).

R. 5. Braman aud M. A. Tompkins. Scparation and determination

of nanograo amounis of inorganic tin and methyltin compounds in

the environmeat. Anal. Chem. 51: 12-19 (1979).

LRI

Tt Ae T

BRSNS R )

—aL T

—~ ———

- erete e ————— -

~—




ts .

’ 10. V. F. liodge, 5. L. Siedc] and E. D. Goldberg. Determination i
. of tin{1V) and organotin compounds in natural waters, coastal '
sediments and macro aigae by stomic absorption spectronmetry.

Anal. Chem. 51: 1256-59 (1979).
11. H. A. Heionema, T. Burger-Wiersma, G. Versluis-de Haan and
“ E. Ch. Gevers. Determination of trace smounts of butyltin com-

pounds in aqueous systems by gas chromatography/mass spectroretry.

e ————— ————————

Environ. Sci. Technol. 12: 288-93 (1978).

12. D. W. Wright, M. L. Lee and G. M. Booth. Determinatioo of tri-

phenyltin hydroxide derivatives by capillary GC and tin-selective

—aLzTIeIe s

FPD. J. Righ-Resolution Chromatogr. & Chromatogr. Comm. 2: 189-9C
i (1979). ‘ )
!

13. W. 0. Gauer, J. N. Sciber and D, G. Crosby. Determination of

organotin residues from Plictren in fruit crops by gas-liquid
chromatography. J., Agr, Food Chem. 22: 252-54 (1974).

14. G. E. Parris, W. R. Bleir and F. E. Brinckman. Chemical and
physical considecations ino the use of atomic absorption detectors

coupled to with a gas chrodatograph for determination of trace

- e e e———— -

organometallic gases. Anal. Chem. 49: 378-86 (1977).

15. R. S. Tobias. 0-Bonded orzanometallic cations in squeous solutioons

% snd crystals. QOrganomrtal. Chem. Rev. 1: 93-129 (1366).
16. K. L. Jewrtrt, F. E. Brinckman and J. M. Bellama. [afluence of environ-
wentsl parameters on transmethlation between aquated metal ions. In

Organometals and Organometallojds: Occurence and Fate in the Envirennent.

F. E. Brincumaa ond J. M. Bellama, Eds. ACS Sympos. Secr. No. 82.

Aner. Chem. Soc., Washington, D.C., 2578, pp. 158-187.




17.

18.

19.

0.

21.

23.

JJ
F. E. Brinckman. Bio- and eavironmental chemistry oa tin. Jéth
SoJthwester Regional Mty. Amer. Chem. Soc., Corpus Christ, TX,
Noveaher 29--Cec. 1, 1978. Sce. R. Ziagaro. How certain trace

clenents behave. Eaviron. Sci. Teclhnol. 13: 282-87 (1979).

C. J. Soderquist and D. G. Crosby. Degrada:on of triphenyltin .,
hydroxide in water. J. Agr. Food Chem. 28: 111-17 (1980).

d. Small, T. §. Stevens and W. C. Bawsan. Novel ion exchange
chromatographic method using conductimetric detection. Anal.
Cuem. 47: 1801-09 (1975).

h. Harrison. Anion analysis by HPLC. Abstr. Pittsburgh Conf.

Aual. Chem. Appl. Spectr., Cieveland, Obie, March 5-9, 1979,

paper 301,

F. E. Brinckman, W, R. Blair, K. L. Jewett and W. P. Iverson.
Applicaton of a liquid chrumatograpa coupled with a flamcless
itomic sosorption detectur for speciaion of truce organometallic
compounds, J. Chromatoge. Sci. 15: 493-503 (1977).

F. E. Brinckman, K. L. Jewett, W. P. Iverscn, K. J. Irgolic,

K. C. Ehrhart and R. A. Stockton. Graphite furnace atomic
absarption siectrophotometers (GTAA) as autopated alement-
specific detectars for high prssure liquid chromatography

(HPLC): the determinatioa of arsemite, arscnate, methylarsonic
acid, and dimcthylarsiaic acid. J. Chrcmatoge. 191: 31-46 (1980).
E. A. Woolson and N. Aharonson, Speciatioa of arsenical pesticide
residucs and some of their metabolites by high pressure liquid
chroaatozraphy~-graphite furnace stomic absorption spcctrometry.

J. Assoc. Official Anal. Ckem., in press.




b

25.

26.

27.

28.

29,

30.

an.

J2.

36

S. R. Neller and G. W. A. Hilne. The NIH-EPA chemical infornsation

system. Enviren. $ci. Jechrol, 13: 798-803 (1979).

F. M. Rabel. The value of a prezslumn in liquid chromategraply.
Amer. Lab. 12: 81-3 (1980).

C. Uorvath, W. Meclander and A, Nohua. Measurement of sssociation
constants for compleses by reverse-phase high-performance liquid
chromstography. J. Chromatezr. 186: 37i-403 (1979).

L. R. Snyder and J. J. Kirkland. Introduction to Modera Lijuid

Chromatography. 2nd ed. John Wiley & Sons, New York, 1979.
J. €. Liao and C. R. Vogt. Bonded reverse phase ion exchange
columus for the liquid chromatographic separations of ncutral

and {onic organic compounds. J, Chromatogr. Sci. 17: 237-44

(1979).

P. J. Twitchett, A, E. P. Gorvin and A. C. lloffat. High pressure
liquid chromatography of drugs. J. Chromatoge. 120: 359-68.
(1976).

R. Eksteen, J. C. Xraak and P. Linssen. Conditione for rapid separ-
stions of nucleobases and nucleosides by high-pressure anion-
exchange chromatography. J. Chromatogr. 148:

413-27 (1974).

J. it. Xhox and J. Jurand. Applicetion of high-spced liquid
chromatography to the analysis of morphine, heroin,
6~(0-~accty))morphine and methadone. J. Chromatogr. 67: 85-108
(1973).

M. Pasbo, R. A, Robinson aad R. G. Bates. Refcrence buffer solu~
tions for pil measuremeats in 50 percent methanol. J. Azer.

Chem. Soc. 67: 415-18 (1965).




33.

6.

35.

38.

33.

40.

o

W. ?. Neununn. The Orgaric Chemistry of Tin. John Wiley & Sons,

wew Yook, 1970,

T. N. Hitchell. Carbon-i3 MR investigations on organotin
coc;ouads. . Qrgaromatal. Chem. 59: 129-97 (1973).

T. S. Vasundhara and D. B. Parihar. Microdctermination of

orgacotin compounds by TLC and epectrophotometry using

bacmatoxylin as reagent. Fresesnius 2. Anal. Chem. 294: 403

(1979;.

J. K. Bauver. Estimation of high pressure liquid chromatographic
retentica indices. Anal. Chex. 51: 1693-97 (1979).

C. licxvith, V. ifelander and I. Nolpnir. Solvophobic interactions
in ligu:d chromatography »ith non-polar stationary phases. J.

(rromat:gr. 125: 129-56 (1976).

C. Haascn and A. Leo. Substituent Constants for Correlation

Aralvsis in Chemistey snd Biology. John Wiley & Sons, New York,

1979.

B-K. Chen ard C. Hurvith. Evaluation of substilucat contributions
to chroaatograpaic retcution: cuantitative structure-rctention
relationships. J. Chrematoge. 171: 15-28 (1379).

T. A. Hastryukova and M, 1. Kabachmik. The Application of the
Hlampett equation with the ctonstants cph in the chemistry of

orgarcphospaorus compounds. Russian Chenm. Rev, (Engl. Trans.).

8: 195-811 (1359).
T. A. Mastzyakova and M. 1. Kadbachaik. Correlation constants
in the cheaistry of organophosphorus coxpounds. J. Orz. Chem.

3¢: 120:-05 (1971).

e et e ——— - 8 o e ———— o — - ——




A

e —— —— —— . " ® T % —— ——— — o~ o~ o o e e

42.

43.

44,

45.

46.

47.

48.

—— ——— ———t e e

6-7 (197%).

M. Sano, M. Furukawa, il. Kournai and 1. Tomita. Flareiess atomic

absocrption spectrophotometric deternination of Vendex, an crganic

tin witicide, in apples, oranges and tca leaves. J. Asscc. Off.

Anal. Chem. 62: 764-68 (1979).

J. K. Baker, R. E. Skelton, T. N. Riley and J. R. Bagley. Estima-

tion of high pressure liguid chromatographic rcteation indices of

narcotic snalysis and related drugs. J. Chrcmatogr. Sci. 18:

153-58 (1980).

W. L. Yeager and V. J. Castelli. Mntifouling applications of
various tin-containing ovganomctallic polymers. Organcmetallac
Polywers. C. E. Carraher, J. E. Sheats and C. V. Pittoan, Fds.
Academice Press, New York, 1978, pp. 175-80.

A, P. Gysegem, G, H. Law, G. A, Rivas anéd R. E. Foscanto. Syn-

thesis and characterization of a novel organometallic polynmer

.system for controllcd release antifouling marine coatings.

Abstr. Papers, 176 ACS Nat'l Mig., Miami Beach. Florida, Sep-

tember 10-15, 1978, ORPL 112.

C. J. Evans. Organotins ageinst Bilharzia. Tin and Its Uses,

88: 7-10 (1971).

E. J. Parks, F. E. Brinciunan and W. R. Blair. Applications of a

graphite furnace stomic absorption detector automatically coupied

to a high-performance liquid chromstograph for speciation of
metel-containing macromolecules. J. Chromatopr. 185: 563-72

(1979).

s Ay~ wmems ap

-




&49.

R. B. Scher, Ed. Ccntrolled Release Pesticides. ACS Sympesivm
Series No. 33. Awer. Chea. Soc., Vashiagtea, E.C., 1977.

-umes > erePh cass

cém v mmensan &

-

Bl RN

TR Rt r " REWE ., 0 W PP Dok S SRV L WIWS S Y, s,

B e 7 R




———s > ae e

. m——en &

-

ey

N

T TP R RS

- e WP

¢ A - A gwes,

“wv
FIGURL CAPTIONS

Dusl chrowatograms i)lustrating speciation of a 1:1 solution of triyhenyl-
tin (0350) and tri-a-butyltin (BuJSn) cations (5G0 ng as Sn) are compared
in tin-specific (GFAA, bottom) and coaventional UV (top) modes. Utility
of UV monitoring for solvent fronls and chromophores is cvident as are
relative seasitivities of two detectors. Conditions: Whatman Partisil-10
OAc in methanol-vater (70:30); isocratic flow, 1.0 al min-l:

4

furnace program A.

SCX; 0.01 M N

Effects of varying elueat methanol-water composition on SCX columa capacity
factor k' for triphenyltin and Lributyltin ions are conpared at coustant
ionic strength. Flow rate, 1.0 ul ain-lz 0.03 NH‘OAc; Pk range 7.5¢ to
7.18 (at 50:50 composition). Relutive size of data points indicates 2x
average deviation of replicate chromatograms.

Fffects of varying appareant total iouic sirength u.on SCX columa capacity
factor k' for tributyltin (uppcr plot) and tripbenyltin (lower plot) are
compared in isocratic mobiie phases. Flow rate, 1.00 ml minil; all salts
indicated in wethanol-water (70:30). The respective chromatograms werc
run on solutions containiang 100 ng (as Sn) of each organotin cmploying
GFAA program A, Relative sizes of the data points signify 2x average
deviation of replicate runs,

Couplete scpacation of a series of RJSn* (75 ng cach as tin, ;xccpt

500 ng Me Sn’) in & single chromatogram is demonstcated on tiae SCX coluan.

3
GFAA detector program A was eaployed. This, io coabination with fixed

GFAA sampling rate of efflueat yields
apparent sensitivity decreascs with increasing volatility (decrcasing R

size). Conditions: 4{socratic flow program showa, 1.50-2.00 al nin-‘;
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0.03 M KH Cic in methanol-water (70:130); organotine were injected ss
calorides in metharol, 100 pL sample. Bars showa heleow eacin peak denote
those GFAA peaks summed for eluate peak areas; these and other relevant
chrozatographic paramcters are summarized in Tabie IV.

A linear relationship is skown in plots between the substitucat constant
o° (40,61) for R groups on various organotins szainst the logaritis of
the cbsarved capacity factor k' (sce Table III). Upper plot compares
kJSu series separated in 0.03 M acetate (-0-) or 0.03 M citrate (-9-)
{excluding cyclohexyl) wobile phascs, with the anomalous beliavior appsreat
fur trinkenyltin (<§20 in both media. Lower plots compare separation
boeth of bulyl and aryl RZSn isomer series, 3ll in citrate eluent at

0.06 M (-0-) or 0.12 1 (-9-) (or'butyl specics and ¢.G05 H (--8--),
€.6075 ¥ («<0--) or 0.01 Y1 (—9~) for the aryl isomer species. Relative

vertical sizes of the data poiats signify 2x average deviation of replicate
TLNL .

Compirison of dual UV-GFAA chroratograms of isomeric aryl (upper) sad
butyl} stn {lower) kzsn compounds show nearly baseline separation.

Tno1zh formally a substituted methyltin derivative, the benzyl group
behaves a3z 3 regular avomatic substituent and shows the strongest absor-
bance (at 254 rm) of any aryltin thus far studfied. Conditions: 100 ng
(as Sa) of each analyte; isocratic ia scthanol-water (70:30) at

1.¢0 wi win-l; (top) 0.0075 M (Nu&)z citrate and (bottoas) 0.06 M (Nli‘)2
citrate. ‘

Quadruplicate chromatograas for samples froa an equimolar (1 ppm) solution
of (h-tolyx)ZSn and (benzyl)zSn cations utilizing GFAA and UV detectors
for comparing repeatability. Conditions as for Figure 6, top; numerical

results are surmarized in Table IV.
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8. Representative chromatogram of calibr;;ion solution containing 75 n3 each
of trijhenyltis (6:>), tri-n-butyltin (Bu) and tricyclohesyltia G(:)y
injected as a 200 pL sample. Conditions: 1.00 ml min'l; 0.03 4 XHQUAC
in methanol-vater (70:30) isocratic; GFAA thermal program A. 5olid birs
beneath chromategram represeat range or number of GFAA "peaks” sunred to
generate eluate peak areas.
9. Calibration curves for solutinons of cosmuercial L(iorgaLotihs (R = phcnyl,(C:)
; n-butyl, Bu; and S-hexy1,<:)» speciated by EPLC-GFAA are compared by
linear regression to give excellent correlation cocfficicats (r) and
useful detection limits (6) at ng levels.
' 10. Aqueous leachate from an organotin polymer formulation, OMNP-1, was speciated
' divectiy by HPLC-GFAA after rclease rate of tin reached zeroth order.
| Compared against a calibration-solution (top) containing 200 ng tri-g-butrlt(n
! and 1,200 ng tri-n-propyltin catioits, the apparcat release of propyltin
I Ltoxicant considerably overshadows that of the butyltin Ol componcnt.
| Conditions: 1.00 mL min-‘; 0.06 i i, OAc in methanol-vater (70:30),
isocratic; GFAA program A.

11. Tap water lcachate from a shipyard sandblasting grit uscd to remove

weathered sntifouling paints from ships hulls was directly speciated ty
HPLC-CFAA using 203 |iL injections of sample. After two days contact with
mild agitation, comparison of calibration solutions such as 1llustrated
at top for 100 ng cach of di- and tri-p-butyltia cations, with leachate
sawples (bottom cxample) indicated that about 6 aad 3 ppe, respectively,
of the organotins were released. Conditions: {socratic prepraiiced flew,

0.50 mlL Iiﬂ‘l for 15 min then 1.50 aul -ln.1 for remaindar of run (vertical

dashed line indicates flow change); 0.06 Y (NH‘)2 citrate {6 methanol-

water (70:30); GFAA prograe B.
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