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Summary

As an alternative to classical tetrahydroborate ([BH4]"), chemical vapour generation (CVG) can
also be attained using alkylation-based derivatization chemistries. In paragraphs 4.2 and 4.3, two
classes of alkylating reagents are presented: the tetraalkylborates ([BR4] ") and the trialkyloxonium
(R30") salts. The first have been applied for metal speciation, whereas the latter have found
applications for headspace GC-MS analysis of several inorganic anions. Properties and reactivity
of these two chemicals are presented under typical analytical conditions, i.e. conversion of trace
amount of analyte with a large excess of reagent in an aqueous medium. We also report possible
interferences, side reactions and ways to tackle them. Most notably, these alkylation chemistries
allow the separation of the derivative from the matrix providing for clean sample introduction and
very competitive detection limits. In most applications, potential matrix effects and other
perturbation of the analytical signal have been addressed by the use of isotope dilution quantitation.
Finally, paragraph 4.4 is a brief discussion about Grignard reagents used in metal speciation. Such
applications of Grignard chemistry typically require injection of a solvent extract in a GC system,
therefore they cannot be properly classified as CVG techniques. However, Grignard chemistry
applied to metal speciation is closely related to the tetraalkylborates and we retained useful to

mention it in this chapter.

Keywords: Tetraaklylborates, trialkyloxonium salts, Grignard reagents, metal speciation,

inorganic anions, headspace analysis
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4.1 Introduction

Alkylation reactions are widely employed in analytical chemistry for derivatization. For example,
in the gas chromatography world, alkylation is used to convert polar compounds (like carboxylic
acids) into volatile and thermally stable derivatives (like carboxylate esters). Common alkylating
reagents include alkyl halides, dialkylsulfates, diazoalkanes, and pentafluorobenzyl bromide; a
large number of papers can be found on their general use in analytical chemistry [1-4].

Within CVG techniques, there are two main classes of alkylating reagents that have found
application: the tetraalkylborates ([BR4]") and the trialkyloxonium (R30") salts. As shown in Fig.
4.1, to some extent these reagents can be considered equal and opposite. The [BR4]™ anion is a
formal carboanion (R") donor and has found applications for metal speciation, primarily for Hg,
Sn, and Pb analysis. Conversely, R30" is a formal carbocation (R") donor and it has been used for
the determination of several inorganic anions such as NO>, NOs;~, Br, ClI", SCN", and SeCN".
Although both reagents show disposition to hydrolysis, the kinetics is favorable for their use in a
buffered aqueous medium; since most relevant samples for metal speciation and inorganic anions
are water based, the possibility of using these chemicals directly in water offers great procedural
advantages. From a health and safety perspective, we must remark that alkylation reagents are
toxic and potential carcinogens, therefore the analyst must avoid any exposure.

In classical CVG with [BH4] ", most derivatives have a boiling point well below 0 °C; in these
cases there is no doubt that chemical vapour generation properly describes the technique. When
replacing [BH4]™ with an alkylating agent, the boundaries of CVG become blurred: many alkyl-
derivatives have boiling points well above 50 °C and are significantly less volatile with respect to
metal hydrides. Table 4.1 summarizes the properties of major alkylation systems used for CVG.
Although some derivatives could be extracted into solvents, the use of headspace analysis remains
advantageous in providing matrix separation and cleaner chromatography. Particularly for those
applications requiring low detection limits (such as Hg and Sn speciation), the use of pre-
concentration techniques — such as SPME, purge and trap, and in-tube extraction (ITEX) — has
favoured the shift of the A(l) 2 A(g) equilibrium toward the gas phase, a necessary step for
derivatives with higher boiling points.

On a final note, we would like to emphasize that within the applications discussed in this chapter,

the use of isotope dilution quantitation [5-7] is paramount. In fact, conversion yield can be
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hampered by matrix effects and the efficiency of the headspace transfer/sampling can depend on
anumber of parameters, including temperature, degradation of the SPME/ITEX phase and so forth.
Such effects can be described as analyte losses during sample preparation but are well accounted
for when using an isotopically enriched form of the analyte as internal standard. For certain

applications, isotope dilution is essential for high-precision quantitation.
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Figure 4.1 Comparison between Et;0* and [BR4]™ reagents. The [BR4] is a formal carbanion (R™)
donor, reacting with non-volatile cations to create neutral volatile derivatives. On the other hand,
Et;O" is a formal carbocation (R*) donor reacting with non-volatile anions to yield neutral volatile
derivatives. The volatility of the derivative is influenced by the nature of R for both regents, most
CVG applications use R = ethyl.

Credit: No credit necessary.

4.2 CVG with tetraalkylborates

4.2.1 Historical background

The earliest reference to synthesis of alkylborates dates to the 1930s [8]. However, it wasn’t until
1960 when Honeycutt and Riddle reported alkyl group transfer from R3B compounds to mercury
and lead with suitable alkylation yield [9]. They specified that the alkylation takes place in a
stepwise manner and suggested that all three alkyl groups might partake in the reaction. Looking
for improved alkylation efficiency, Honeycutt and Riddle synthesised several tetraalkylborates
([BR4]") and reported on their physical and chemical properties [10]. Soon after, in-depth
analytical studies of [BR4]™ synthesis and reactivity paved the way for novel alkylation reactions
which now dominate metal speciation protocols [11, 12]. The first application of lead speciation
using [BEts]” [12] was followed by speciation of mercury [13-15], tin [16-19], determination of

cadmium [20, 21], and publications on volatilization of thallium [22], germanium, and selenium
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[16]. Because [BR4] ™ alkylation could be performed in aqueous solutions, it provided a convenient
alternative to Grignard alkylation, eliminating several sample preparation steps, thus reducing the

risk of analyte loss and sample contamination.

4.2.2 Reaction products and applications

Alkylation can replace hydride generation whenever the hydride-derivative (EH,) presents
unsuitable stability for analytical applications. In fact, for heavy elements, the E-C bond is more
stable than the E-H bond. Alkylation is especially useful for Pb and Hg, whose hydrides are very
unstable; the stability scale for lead and mercury hydrides can be summarized as follow: R3PbH >
R2PbH> > PbHa4, and RHgH >> HgHo, the latter being highly unstable and decomposing to Hg’
even at low temperatures (see also Chapter 2).

Therefore, [BR4]™ reagents are often used for speciation analysis of Pb [23-25], Hg [26-29], and
Sn [30-32] in a large variety of matrices and, to a lesser extent, for the determination of Cd [20,
21], Se (Se'/Se¥! speciation) [33], and Bi [34]. When reacted with [BEt4]", both Se'¥ and Se"!
compounds give Et;Se as the volatile derivative, whereas only Se'¥ reacts with [BH4]™ to yield
H>Se [35].

The complexity of sample preparation depends on the sample matrix but generally consists of
sample solubilisation, i.e. analyte extraction, pH adjustment and derivatization. Formation of
volatile derivatives allows for the headspace sampling which could be used for direct analysis or
pre-concentrated. Alternatively, if the analysis cannot be performed immediately, alkylated
analytes can be extracted into a small volume of organic solvent and stored for later analysis. Either
the headspace or organic extract are analysed by gas chromatography which can be coupled to
various detectors.

Since [BR4] reagents are not analyte specific, they are frequently used in multi-elemental
speciation studies: several metal(loid) species can be alkylated, preconcentrated and quantified
simultaneously. In such instances, an optimum pH condition for individual analytes has to be
identified and particular attention paid to impurities in the reagents, which may introduce bias.
Additionally, the significant differences in the polarity and volatility of individual alkylation
products can add complexity to optimization of preconcentration and headspace sampling
conditions. Nonetheless, several recent studies reported successful simultaneous quantitation of

Pb and Sn in urine [36], Hg and Sn in biological tissues [37, 38] and sediments [39], Hg, Pb and
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Sn in waters [40-42] biological tissues [43] and sediments [44], Hg and Pb in river waters [45]. In
most cases, Hg and Sn speciation is performed by combining a headspace pre-concentration
technique with GC-ICP MS detection. For example, in Fig. 4.2 sub-ng/kg detection of Hg and Sn
species is achieved. Such analytical capability can be reproduced even when working with difficult

matrices such as bitumen extracts, as illustrated in Fig. 4.3.
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Figure 4.2 Speciation of mercury (MeHg* and Hg?*) and tin (nBuSn®*", nBu,Sn?*, and nBusSn*)
using propylation with NaBPr4. ITEX GC-ICP MS of a 5 ng/kg aqueous standard.
Credit: Adapted from Ref. [46] with permission from The Royal Society of Chemistry.

MeHg* and Hg?*
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Figure 4.3 Speciation of mercury (MeHg* and Hg?") in an aqueous-extracted bitumen sample.
The analytes were derivatized with NaBPrs and measured by GC-ICP MS using ITEX pre-
concentration. Small quantities of EtHgPr were found due to impurities in the derivatization

reagent.
Credit: Adapted with permission from Ref. [47]. American Chemical Society, 2018.
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4.2.3 Properties and reactivity of tetraalkylborates

Tetraalkylborates are formed by addition of an alkyl (R) or aryl (Ar) group to an organoborane
(BR3), leading to the formation of [BR4] . The polarization of the carbon-boron bond, B¥—C?",
favors the transfer of a carbanion to a metal(loid) center [48]. This represents an analogy with the
behavior of aqueous boranes, where the polarization of the boron-hydrogen bond B*~H®", favors
the hydride transfer to the metal(loid). In spite of the large number of applications to speciation
analysis of selected classes of metals and semimetals (Hg, Pb, Sn, Cd, Se), dedicated studies on
the mechanism involved in CVG by [BR4] ™ are not well explored, as in the case of CVG by aqueous
boranes (see Chapter 2).

A general reaction scheme is shown in Eq. 4.1, where [BR4]™ donates a carbanion to a metal or

metalloid cation:

RuM@™" + (4-1)[BR4]” — RuR'4-nM + (4—1)BR'3
M = metal/loid center

n=0,1,2,3

m=0,1,2,3

(4.1)

An exception to Eq. 4.1 is given by inorganic Pb?" which forms PbEt, an unstable derivative that
dismutates into PbEts and Pb° [12].

The most commonly used [BR4]™ are sodium tetraecthylborate (NaBEts) and sodium tetra(n-
propyl)borate (NaBPrs). However, other reagents such as NBusBBu4 [49, 50] and NaBPh4 [29, 51]
have been used for analytical purposes. [BR4]™ salts are hygroscopic and air sensitive; a 20%
solution of [BR4] ™ in tetrahydrofuran maintained its derivatization efficiency over 4 weeks when
stored at 4 °C in the dark [52]. NaBPr4 prepared in water showed sufficient stability at 35 °C for
16 h [11], however its stability can be prolonged by storage at sub-zero temperature. Similarly,
NaBEts in 2% KOH at —18 °C maintained its stability over 18 months [53].

The alkylation reactions are obtained in buffered acidic solutions; the exact experimental
conditions in terms of buffer molarity and pH are specific for individual [BR4]™ and metal(loid)

species [44, 47, 54]. Nonetheless, a pH < 2 causes rapid decomposition of [BR4] [11, 44].
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4.2.3.1 Interferences

Similarly to hydride generation, alkylation reactions are complex and suffer from several
interferences or other unwanted effects. In the first place, the derivatization yield may vary among
various metal(loid) species. Secondly, the alkylation may be affected by matrix components (see
Chapter 2). Major interferences can be caused by heterogeneous phase components such as
particles or by other inorganic compounds such as transition and noble metals. In comparison with
CVG by aqueous [BH4], little is reported on the effects of concomitant species in CVG by aqueous
[BR4] . The interferences of hydride forming elements (Cu'l, Ni', Co", Fe!, Ag!, Au'™) and high
chloride content has been investigated for the ethylation (NaBEts) of Bi'' [34], Cd" [20-22], Se'Y
and Se"! [33], Pb" [55], and Hg' [53, 56]. In general, interferences from foreign elements which
are observed with CVG by [BR4]™ appear to be less severe than those observed with [BH4]"
derivatization.

Some interferences are easier to control than others. Sedimentation or filtration are efficient for
removal of particles and sample dilution can reduce matrix interferences. Nonetheless, if the
analyte concentration is already at trace levels, sample dilution may not be suitable. In such case,
an increased amount of the reagent has been suggested to compensate for its degradation by matrix
components [52]. However, in saline samples such as seawater, it was reported that the efficiency
of MeHg" alkylation by NaBEt, starts to decrease above 7.5 mg/L NaBEts at pH 4.0-4.1 [53]. This
effect was not observed in high purity waters wherein the efficiency remained constant over the

range of 0.5-15 mg/L NaBEt, [57, 58].

4.2.3.2 Side reactions and trans-alkylation

When the alkylation reaction takes place in an acidic medium, [BR4] is rapidly hydrolysed,
generating several by-products [44]. For example, trialkylboroxin (R3B303), a six-angle ringed
alkyl borane, was one of the by-products identified after derivatization with [BR4]™ [59, 60]. It has
very high reactivity towards the bonded phase in GC columns, impacting their efficiency and
lifetime. The synthesis of trialkylboroxin suggests that the alkylation reaction is accompanied by
a rather complex set of alkyl cleavage and rearrangement side reactions.

In several studies it has been reported that alkylation of Hg?" yields a number of alkylated by-
products [60-62]. Both [BEt4] and [BPrs] reagents seem to promote complex transalkylation

reactions involving the analytes, the derivatives, the alkylboranes (and the corresponding
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hydrolysis by-products) and other organometals potentially present in the reaction medium.
Transalkylation reactions associated with [BEt4]” and [BPr4] are usually complex and may result
in a larger number of by-products [60]. The individual variables controlling the degree of
transalkylation have been the subject of numerous studies; however, agreement has not been
reached, mainly due to the poor reproducibility of artifact formation. Some studies suggested that
competitive alkylations can arise due to the presence of alkyl donors in the sample matrix,
including the acetate buffer [63]. Furthermore, it has been reported that unwanted transalkylations
can occur when organometals are present in the sample matrix [64, 65]. However, Huang [60]
showed that changes in experimental conditions, such as a change in buffering agent and
introduction of Et3;Sn', induce very little variation in the yield of Hg by-products, whose
concentration increased linearly with increase of Hg?'. Hence, it was concluded that
transalkylations can also be induced by side reactions involving alkyl borates. Other studies
suggested that transalkylation may be driven by impurities found in [BR4]™ and on-column
conversion [61, 66].

Transalkylation reactions at a rate above 2% can have a significant impact on Hg speciation in
soil, sediments or natural waters. In fact, in these samples, the concentration of alkylated Hg
species is generally below 1% with respect to Hg?'. Similar issues have been reported for
speciation of Sn. Since these transalkylation reactions can induce significant quantitation bias,
several approaches, such as double [67, 68] and triple [69] spike isotope dilution, have been

proposed to account for potential issues.
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Table 4.1 Examples of alkylation reactions used in CVG applications

Analyte Reagent Derivative b.p.? Matrix LODs Ref.
NaBEta, EtoHg, ° 0.04-0.4
2+
Hg NaBPrs PraHg > 159 °C natural waters | o' [41, 46, 70]
R NaBEta, MeHgEt, 293 °C ) [41, 46, 71-
MeHg NaBPr4 MeHgPr <159 °C natural waters 0.2-80 pg/L 73]
R NaBEta, nBusSnEt, o a [41, 46, 72,
nBusSn NaBPrs nBusSNPr >178.5°C natural waters 11-80 pg/L 74, 75]
NaBEt4 nBusSnEt; 20-200
2+ ) ’ o a
nBu2Sn NaBPrs nBusSNPrs. >178.5°C natural waters og/L [41, 46, 76]
NaBEt4 nBusSnEts 20-250
3+ ) ’ o a
nBuSn NaBPrs nBusSnPrs, >178.5°C natural waters og/L [41, 77]
R 0.01-0.4
MesPb NaBPr4 MesPbPr, Note @ natural waters ng/L [41, 78]
Et:Pb*  NaBPrs EtPbPr  Note @ natural waters 251'0'2 [41, 78]
o b 0.02-1
Cd NaBEt4 EtCd n/a natural waters [20, 22]
ng/mL
Se!V NaBEts Et2Se 108 °C natural waters 8 ng/L [33]
. . 107 °C .
3+ b
Bi NaBEt4 EtsBi (79 mmHg) urine 1.6 ng/mL [34]
F- EtsOFeCls EtF -38 °C natural waters 3.2 yg/L [79]
cr- Et:OBFs  EtC| 15.8 °C crude oil 0.03-0.2 g0 g1]
mg/kg
Br- EtsOBF4 EtBr 38.4 °C natural waters 0.25 ng/g [6]
I- EtsOBF4 Etl 72.3°C standards 1.2 ug/L [82]
_ EtONO, 17 °C, seawater, 0.15 ng/mL,
NO: EOBFs  EiNo, 114.5°C meat 0.05uglg 8384
_ o seawater, 0.6 ng/mL,
NOs3 Et:OBF4 EtONO:2 87.3°C meat 1.0 uglg [83, 84]
_ R . . : 0.3-0.6
SCN Et:OBF4 EtSCN 146.1 °C biological fluids nglg [85, 86]

@ b.p. = boiling point of the alkyl-derivative. If not otherwise specified, data were obtained from

the NIST webbook on 2021-05-26 (https://webbook.nist.gov/); b.p.(Et2Hg) = 159 °C,

b.p.(Me2Hg) = 93 °C [87]; b.p.(EtsBi) = 107 °C at 79 mmHg [88]; b.p.(Et>Se) = 108 °C [89];
b.p.(EtsPb) = 183 °C; b.p.(EtaSn) = 178.5 °C, b.p.(PrsSn) = 222-225 °C [90].
b Although Et,Cd and Et;Bi are assumed to be the cadmium and bismuth ethyl-derivatives, they
have not been identified so far.
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4.3 CVG with Trialkyloxonium salts

4.3.1 Historical background

In the 1930s, Meerwein and coworkers synthesized a series of trialkyloxonium salts for the first
time, including trimethyloxonium tetrafluoroborate (Me3O'[BFs]") and triethyloxonium
tetrafluoroborate (Et3O[BF4]") [91, 92]. This class of strong alkylating agents has found notable
applications in organic chemistry, especially for undertaking difficult alkylations requiring mild
experimental conditions. A systematic study of the reactivity of trialkyloxonium salts with organic
functional groups can be found in “Onium ions” by Olah et al. [93] or other published literature
[94, 95]. In organic chemistry, reactions involving trialkyloxonium salts are usually conducted in
organic solvents such as dichloromethane. However, it is important to remark that the use of
organic solvents is not the only option when working with trialkyloxonium salts. For example, in
1986 King et al. [96] published an interesting study concerning the use of Et30[BF4] for aqueous
ethylation of inorganic compounds. The only drawback of using water as the reaction solvent was

identified as being the disposition to hydrolysis of trialkyloxonium salts:

R;0" + H,0 — ROH + R,0 + H* (4.2)

This side reaction results in the degradation of the reagent and needs to be accounted for when
high conversion yields are targeted. Notably, King et al. reported that in the 4 < pH < 9 range, the
hydrolysis of EtsO[BF4]  is pH-independent (half-life 7.4 min at 25 °C) and that the alkylation
follows an Sn1 mechanism (Fig. 4.1) [96]. The possibility of using trialkyloxonium salts in
aqueous media has significant implications for analytical chemistry where most applications are
water based.

In the past ten years, the use of R30" chemistry for qualitative and quantitative applications has
grown significantly, including the determination of organic acids, chemical warfare agents, protein
post-translational modifications, and inorganic anions [97]. Within all these applications, the only
ones that belong to the realm of CVG techniques are those involving the quantitation of inorganic
anions [82]. In several cases, a non-volatile aqueous anion X (aq) can be converted by R30" into

a thermally stable volatile RX(g) molecule which can be sampled from the headspace (Table 4.1).
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4.3.2 Reaction products and applications

CVG applications of trialkyloxonium salts are limited to the analysis of those inorganic anions that
can be converted into stable alkyl derivatives [98]. Commercially available Et;O0[BF4]™ has been
the most used reagent for derivatization of inorganic anions. With respect to Me3;O[BF4], the
Et30"[BF4] is more resistant towards hydrolysis and easier to handle in aqueous solutions. High-
precision methods based on this derivatization include quantitation of nitrite and nitrate in seawater
[99], vegetables [100], and meats [83]; fluoride [79] and bromide [6] in freshwaters, thiocyanate
in saliva [85] and other biological fluids [86], chloride in crude oil [80, 81] and selenocyanate in

wastewaters [101]. The reaction of anions with Et30" can be illustrated as follows:

X" (aq) + nR30"(aq) — R,X(g) + nR,0 “44)
where X" =F~, CI', Br, I, CN", S, NO,, NOs, SCN", SeCN~

For the determination of fluoride, Et;0"[FeCls]” was used instead of Et;O[BF4] . In fact, the
tetrafluoroborate anions can liberate large amounts of fluoride, making its detection impracticable
at trace levels [79].

For all analytes mentioned above, the only one that could not be associated with a CVG technique
is the SeCN: its derivative (EtSeCN) is not sufficiently volatile for static headspace sampling and
needs to be extracted into an organic solvent.

Sample preparations involving aqueous ethylation with Et30" are very simple and fast: typically,
the samples are spiked with an isotopically labeled internal standard following pH adjustment and
reacted with Et30" at room temperature. This single-pot chemistry can be performed directly in a
vial, avoiding consumption of single-use labware for sample clean-up and extraction. In most
applications, the volatile ethyl-derivatives have been sampled from the headspace and analyzed
using a GC-MS platform. The first-order separation of the ethyl-derivatives from the matrix results
in very clean chromatograms, even for challenging samples such as meat extracts and crude oils,
as exemplified in Figs. 4.4 and 4.5. Furthermore, the GC-MS analysis of a gas offers the possibility
for fast chromatography. For example, nitrate in spinach extracts could be detected by GC-MS on
a standard DB-5.625 column (30 m length x 0.250 mm ID x 0.25 um film) within only 2 min of

isothermality at 30 °C. In this regard, high sample throughput and mass spectrometric detection
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are two competitive advantages that headspace GC-MS methods with Et;0" derivatization owns

with respect to traditional ion chromatography.
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Figure 4.4 Isotope dilution headspace GC-MS/MS (m/z 64—49) for the determination of chloride
in crude oil: CI- + Ets0" — EtCI. (a) Overlaid chromatograms of procedural blank with two CI~
standards prepared at 20 and 100 ug/kg. (b) Chloride in NIST SRM 1634c crude oil (diluted 1:13).
45 mg/kg Cl is reported by NIST as information value (INAA, undiluted sample).
Credit: Reprinted from Ref [80], Crown Copyright 2019, with permission from Elsevier.
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Figure 4.5 Isotope dilution headspace GC-MS for the determination of nitrite and nitrate in meat
extracts: NO2™ and NO3™ + Et;0* — EtNO, and EtONO.. Positive chemical ionization mode for
nitrite (m/z 76) and nitrate (m/z 92). (a) Overlaid chromatograms of procedural blank with two
NO,~ standards prepared at 0.089 and 0.173 ug/g. (b) Overlaid chromatograms of procedural
blank with two NOs;~ standards prepared at 1.18 and 2.63 pg/g. (c¢) Nitrite chromatograms
observed in meat samples. (d) Nitrate chromatograms observed in meat samples.

Credit: Reprinted from Ref. [83], 2019 Her Majesty the Queen in Right of Canada, with permission
from Wiley.
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4.3.3 Properties and reactivity of trialkyloxonium

Most analytical studies involving alkylation with trialkyloxonium salts have been written with the
purpose of describing and promoting novel analytical methods. Therefore, most of the knowledge
in this emerging area was generated from a practical perspective: dedicated studies designed to
understand the reactivity of trialkyloxonium salts under analytical conditions are still missing.
Nevertheless, in many published methods information about R30" hydrolysis, optimal pH, use of
buffers, reagents manipulation, possible interferences, and so forth can be found. In the following

paragraphs, a brief summary of these fundamentals aspects is undertaken.

4.3.3.1 R30" acid hydrolysis and pH adjustment

Although R30" salts can be utilized in aqueous media, the analyst must consider that
trialkyloxonium cations undergo hydrolysis according to Eq. 4.2. Therefore, water competes with
the alkylation and promotes the acidification of the sample. As reported by Granik et al. [94], the
hydrolysis of R30" depends on the nature of the alkyl moiety: for Me3O", Et30" and nPr;0"
tetrafluoroborates, complete degradation is reported after 8, 80, and 120 min, respectively [94]. A
thorough investigation of Et30" hydrolysis was recently proposed by Linthwaite et al. [102] who
reported a rate constant for hydrolysis of 2.23:107 + 1.22 -103 s™! in the pH range 2-9 (t%2 = 6
min, in fair agreement with t’2 =~ 7.4 min reported by King et al. [96]).

To tackle the competition of water, a large reagent-to-analyte molar ratio (103-10%) is generally
used. Even under these conditions, analyte conversions could be partial, as in the case of fluoride
(8% conversion efficiency [79]). Since most determinations using R3O" derivatization are not
detection limit driven, partial conversions can still be suitable for quantitation.

Upon contact with water, the R30" salts release H" which, in certain cases, can be undesirable. For
example, the determination of certain anions, an acid media can promote analyte degradation and

interconversion:

NO; + H — HNO> + % O, —» NO3” + H"
5Br + BrO3™ + 6H" — 3Br» + 3H,0

(4.5)
SeCN™ + H" — Se + HCN
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Eq. 4.5 shows that an acidic medium is undesirable when the R30" method is used for speciation
of nitrite and nitrate, or for analysis of bromide in the presence of bromate, or for the determination
of selenocyanate.

Furthermore, an acidic pH could contribute to protonation of those analytes conjugated with weak

acids:

X +H"— HX
(4.6)
We can postulate that alkylation is more favourable when the analytical substrate is in the form of
an aqueous anion (X") and not as a “deactivated” neutral molecule (HX).
For these reasons, many applications require buffering: organic amines, ammonium hydroxide,
sodium carbonate, and sodium bicarbonate have been used to remove the excess acid. In aqueous

media, trialkyloxonium salts have been used over the 0 <pH < 10 range for analytical applications.

4.3.3.2 Manipulating R3O0 salts

In most analytical applications, either Me3O'[BF4]™ or Et3O'[BF4] is used. The first has a very
high disposition to hydrolysis, therefore the solid salt is usually added to the samples with a spatula.
The Et30'[BF4]  survives longer in water, therefore an aqueous solution can be prepared and
quickly used for derivatization. Since this solution is not stable for long periods of time, leftovers
must be disgarded. More stable Et3O'[BF4]” solutions have been prepared in acetonitrile; 1 g
Et30'[BF4]” has been solubilized in 1 mL acetonitrile pre-cooled at —20 °C and used for
derivatization. When stored at —20 °C, the alkylation power of Et30[BF4]" solutions in acetonitrile
was retained for over a month [100]. In the organic literature, it is reported that the interaction
between R30" and R'CN can produce the nitrilium ion [R'CN-R]", an intermediate that can be
converted to other functional groups such as imines, amides, and amines [103, 104]. Dedicated
experiments to evaluate if such organic by-products can be generated when solutions of
Et30O'[BF4] ™ in acetonitrile are kept at —20 °C have not been conducted so far. The Et;0'[BF4]”
solutions (either in water or acetonitrile) can be delivered to the sample using a precision pipet,

ensuring that all samples and standards are treated with the same amount of reagent.
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4.3.3.3 Reaction medium: aqueous or non-aqueous?

The use the R30" salts in aqueous media comes at the cost of reduced alkylation power. If the rate
of alkylation of the analyte is lower than that of water, competition with the solvent reduces the
alkylation yield of the analyte. For example, alkylation of phosphate and sulfate in water has not
yet been obtained, but the reaction between phosphonic/sulfonic acids with Me3O'[BF4]” was
successful in dichloromethane [105, 106]. The use of a non-aqueous solvents could also be
beneficial for those analytes that produce alkyl-derivatives which can undergo aqueous hydrolysis:

this could be the case for alkyl-derivatives of certain oxyanions such as borate [107].

4.3.3.4 Interferences and other effects

CVG applications of trialkyloxonium chemistry are limited to a number of inorganic anions (Eq.
4.4) whose alkyl-derivatives have been detected by headspace GC-MS. The matrix separation
offered by CVG combined with GC separation and MS detection results in very specific methods:
even with very complex matrices, it is rare to find overlapping interferences at the detection stage
(Figs. 4.4 and 4.5). Most of the interference effects that may be encountered using trialkyloxonium
salts are related to chemistry. As noted in section 4.3.3.1, the alkylation of the analyte is in
competition with that of the solvent and of any other potential substrates present in the sample.
For example, for the determination of nitrate in seawater at ug/g levels, the presence of chloride
can reduce the analytical signal up to 60 %. This type of aqueous phase interference results in a
reduced yield of derivatization. As long as the reduction in signal intensity does not critically
impact detection, the effect of incomplete derivatization can be accounted for by isotope dilution
quantitation [5-7].

Finally, another interesting effect that has been encountered with certain analytes is the possible
production of more than one derivative. As shown in Fig. 4.6, Et30" can alkylate nitrite on both
nitrogen and oxygen to yield nitromethane and ethyl nitrite: both derivatives have been used for
quantitation purposes [83, 99]. Likewise, ethylation of thiocyanate can yield both ethyl thiocyanate
and ethyl isothiocyanate with the signal intensity of the second only 7 % of that of the EtSCN [82].
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Et—NO, TR e _ E-NCS

Et—ONO Et Et Et—SCN

Figure 4.6 The triethyloxonium cation is a strong ethylating agent. For analytes that offer multiple
attacking sites, more than one derivative can be produced. In the case of nitrite, both ethyl nitrite
and nitroethane can be used for quantitation [83, 99]. Similarly, thiocyanate can be converted in
both ethyl thiocyanate and ethyl isothiocyanate [82].

Credit: No credit necessary.

4.4 Metal speciation with Grignard reagents

4.4.1 Historical background

Grignard reagents react with almost all functional groups which have an electrophilic center. In
metal analysis, methylmagnesium and n-butylmagnesium bromide were used in the late 1970s for
speciation of Sn [108] and methods for organolead analysis were published soon after [109].
Grignard alkylation has been applied for speciation of Pb in water, sediments and biological
samples [110-112], for speciation of both Sn in water [113-115], and Hg in biological tissue [116]
and gas condensates [117, 118]. The Achilles' heel of Grignard reagents can be found in their
violent reactivity with water: this class of chemicals can only be used in dry, aprotic organic
solvents. Nonetheless, Grignard reagents are still being used for alkylation of metals in organic

matrices, such as petroleum hydrocarbons.

4.4.2 Properties and reactivity of Grignard reagents

Reaction between alkyl halides (RX) and metallic magnesium in diethyl ether or tetrahydrofuran
results in organomagnesium halides (RMgX), compounds commonly known as Grignard reagents.
The chemistry of Grignard reagents is characterised by a polarised Mg®—C® bond yielding an
alkyl moiety having the characteristics of a nucleophilic carbanion, able to react with metals and
metalloids.

As noted, Grignard reagents are moisture sensitive and undergo rapid exothermic hydrolysis: their
use is restricted to dry aprotic solvents. Analytes in aqueous solutions have to be extracted into a
suitable organic solvent prior to derivatization, resulting in lengthy sample preparation with

possible contamination and/or analyte losses. However, analytes already present in organic
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solvents can be directly alkylated by addition of a small volume of Grignard reagent (generally in
a 10:1 mole ratio). After a short reaction time, the excess Grignard reagent is hydrolysed by
addition of dilute acid and the alkylated analytes present in the organic phase are determined by
GC coupled to a detector of choice. Although the products of this reaction are not suitable for
CVQG, Grignard alkylation provides a necessary alternative to [BR4] ™ alkylation for samples in non-

aqueous matrices (cf. Chapter 6).

4.4.2.1 Interferences and transalkylation

Ideally, the Grignard reagent should completely convert the species of interest into the desired
derivative(s) without otherwise changing their chemical forms. However, there are several
interferences which have to be carefully considered: i) trans-alkylation during derivatization, i7)
matrix interference and #ii) matrix-induced product decomposition.

Typically, the Grignard reagent is added in excess in order to compensate for competitive
alkylation reactions with matrix components. Additionally, the selection of suitable reaction time
is also critical for controlling unwanted transalkylation reactions. Several studies showed that
reaction times greater than 5 minutes promote substitution of endogenous metal-alkyl groups by
the derivatizing alkyl group. The rate of this conversion for MeoHg and MeHgCl standards was up
to 10 % [119, 120] and increased up to 50 % for PhHgCI [119]. Therefore, to minimise trans-
alkylation, detailed studies of the reaction time for given matrices and analyte concentrations
should be part of method validation.

Matrix interferences are mainly induced by moisture present in the sample. Several protocols
advise working under an inert atmosphere and include extra steps to dry the organic solvent in
which the derivatization takes place [121, 122]. Matrix induced product decomposition can occur
either during the derivatization reaction or on the GC column. Free iodine has been found to
interfere with alkylation of Hg species, causing complete dealkylation after prolonged time [120].
Similar degradation was observed when the reaction was conducted in the presence of Nal and
NaBr; however, de-alkylation was not observed when chloride was introduced into the reaction
mixture. De-alkylation has also been observed on GC columns caused by halides retained from
previous injections. Currently, Grignard reagents are mostly used for alkylation of metals in

organic matrices [123-125], whereas [BR4] ™ is used for all other applications.
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4.5 Future trends and perspectives

Tetraalkylborates are standard derivatizing agents used for metal speciation by headspace GC ICP
MS, particularly for analysis of mercury and tin. A substantive collection of methods for ultra-
trace quantitation can be found in the literature for a wide variety of matrices, including natural
waters, sediments, and biota. Although this research area has produced consolidated analytical
methods, some aspects related to the alkylation chemistry are yet to be fully understood. For
example, trans-alkylation effects are often reported, but the factors that govern this unwanted side-
effect need to be elucidated. Trans-alkylation can alter metal speciation, leading to systematic
errors in quantitation. To date, the most effective way to compensate for trans-alkylation issues
entails the use of sophisticated multi-spike isotope dilution approaches. For future work, it could
be useful to explore whether slight modifications of the reagents — such as partially fluorinated
[BR4]™ — might be beneficial to understand the origin of these reactions. For most applications,
tetraalkylborates have replaced Grignard reagents whose analytical use for metal speciation
remains limited to some non-aqueous samples, typically petroleum hydrocarbons.

The second class of reagents discussed in this chapter is the trialkyloxonium salts, particularly
useful for the CVG of simple inorganic anions. These reagents have been used in both aqueous
and non-aqueous media, under both acidic and alkaline conditions. Since these are non-volatile
salts, they are easy to handle and can tolerate difficult matrices. Considering that only Me3O" and
Et;0" salts are commercially available, it may be of analytical interest to study the properties of
trialkyloxonium salts having longer alkyl chains. Furthermore, the availability of fluorinated R3O"
could be useful for identification work and to enhance detection power for negative chemical
ionization GC-MS. Most analytical applications of this chemistry appeared in the literature within
the last decade, making this field relatively novel. Considering the importance of alkylation
reactions for derivatization and the practical advantages offered by trialkyloxonium, more

developments using this chemistry are expected [97].
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