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Introduction 

 

In Analytical Chemistry the use of derivatization reactions is widespread and 

extremely useful. The reasons to perform a derivatization are several and usually are 

related to the instrumental set-up available, e.g. in gas chromatography a 

derivatization is successful when increases the volatility of the analyte, decreasing its 

polarity [1]. In general a derivatization should entail better chromatographic 

separation and increase the detection power. 

This thesis relies on the study of derivatization reactions able to convert a non-

volatile analyte – usually an ion in aqueous solution – in a volatile derivative. This 

approach, called chemical vapor generation, gives the possibility to separate the 

analyte from its matrix under the form of a gas, limiting interference problem, 

contamination, and increasing the limits of detection [2]. Historically the first 

analytical application of chemical vapor generation dates back to 1836 when James 

Marsh [3] published “Account of a method of separating small quantities of arsenic 

from substances with which it may be mixed”. Marsh test, used since the 19
th

 century 

in forensic science to detect arsenic poisoning, entails the conversion of As2O3 to the 

volatile AsH3 by reduction with zinc in acidic media. In a similar fashion, a wide set 

of strategies to perform vapor generation have been explored in the 20
th

 century, i.e., 

hydride generation, alkylation, halide generation, generation of metal-carbonyls, and 

cold vapor generation [4‒5]. This arsenal of reactions represents an important tool for 

analytical chemists, allowing widespread applications for the determination and 

speciation of metals, metalloids, and organometallic compounds.  

The focus of this thesis is the study of fundamental aspects and new analytical 

applications of chemical vapor generation. In the first part (Part 1) of this PhD thesis 

are presented new analytical applications of triethyloxonium derivatization in 

analytical chemistry. The second (Part 2) deals with a series of fundamental 
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(theoretical) studies upon the generation of volatile arsanes by aqueous phase reaction 

of simple inorganic and methylated arsenic species with NaBH4. 

 

Part 1 - Chemical vapor generation with trialkyloxonium salts: state-of-the-art 

 

The use of Et3O
+
[BF4]

−
 as analytical reagent was first implemented during my 

graduation program [6] and published in 2009 [7] in Analytical Chemistry. 

Triethyloxonium derivatization allows the determination of iodide, bromide, chloride, 

nitrite, nitrate, cyanide, thiocyanate, and sulfide by headspace GC/MS [7]. This 

methodology is a valid opponent to the classical ion chromatography, because it 

assures better analytical performance (resolution, sensitivity, and specificity) for the 

determination of anions that can be converted in stable ethyl-derivatives.  

This first paper has inspired further developments, in particular in 2010 has been 

published an application of the triethyloxonium method for the determination of 

iodine in a iodine-starch matrix [8], and in 2011 for the quantitation of iodine in intact 

granular starches [9]. 

Despite few applications of Meewein’s salt in analytical chemistry, these reagents are 

known since 1937 [10] and have been used extensively in organic chemistry for 

performing difficult alkylation [11].  

In the present thesis is intended to explore the application of the triethyloxonium to 

the derivatization of nitrite, nitrate and fluoride.  

 

Part 2 – Mechanism of generation of volatile hydrides: state-of-the-art 

 

The second part of the thesis deals with the mechanisms of hydride generation. 

Chemical generation of volatile hydrides by reduction of aqueous samples with 

tetrahydridoborate [2] and other borane complexes like amine boranes [12] is a 

powerful approach which is typically coupled with atomic spectroscopy and mass 
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spectrometry. Hydride generation is employed for the determination and speciation of 

trace and ultratrace of Ge, Sn, Pb, As, Sb, Bi, Se, Te, Hg, Cd and also some noble and 

transition metals. Along the last 40 years [13‒14] a huge amount of literature has 

been published on this topic, however, only limited efforts have been dedicated to 

clarify the mechanistic aspects which rule the derivatization itself. Thus, analytical 

chemical vapor generation is still dominated by erroneous concepts which, during the 

year, have been consolidated in the analytical community. An example of such 

misconception is the hypothesis of the “nascent hydrogen” which was proposed by 

Robbins and Caruso in 1979 [15] to explain the mechanism of hydrogen transfer from 

the borano complex to the element forming the hydride. This hypothesis postulated 

the formation of atomic hydrogen as a result of the acidic hydrolysis of [BH4]
−
 

according to the following reaction: 

 

 [BH4]
−
 + H

+
 + 3H2O → H3BO3 + 8H 

 

The resulting atomic hydrogen is then able to reduce the analyte (E
m+

 ) to the volatile 

hydride: 

 

E
m+

 + (m+n) H → EHn + mH
+
 

 

This hypothesis, already criticized by Laborda in 2002 [16], was definitely dismissed 

after D’Ulivo’s results which greatly contribute to the understanding of this system 

[17−21]. Indeed the mechanism of hydride generation operated by reduction with 

borane complexes was proved to be a concerted transfer of hydrogen from the borane 

complex to the analyte. 

 

The key processes of chemical hydride generation can be summarized in 4 major 

points [22‒23]: 
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1. Mechanism of hydrolysis of [BH4]
−
 in aqueous media. 

2. Mechanism of generation of volatile hydrides and other volatile species in 

aqueous media. 

3. Mechanism of liquid phase interferences arising from foreign chemical 

species. 

4. Mechanisms of action of additives. 

 

In this thesis the attention has been focused on the effects which can generate a 

perturbation on the ideal “analytical” mechanism of generation of the volatile 

hydride.  

In particular the concentration of the analyte and the presence of trace amount of 

noble metals – Au(III), Pt(II), Pd(II), and Rh(III) – are responsible for the formation of 

unwanted by-products (which mainly arise by competing condensation reactions) and 

for a strong perturbation in the mechanism of hydrogen transfer from [BH4]
−
 to the 

analytical substrate. 

 

Most of the scientific contributions of this thesis are published on scientific journals 

and the relevant papers are included in the Annex. Therefore, in this manuscript, I 

avoided to report technical details on the experiments performed, with the aim to give 

more strength to the critical discussion of the results obtained. 
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of procedures and the development of methods for the analysis of nutrients in 

seawater. 
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Part 1 

Ethylation with Et3O
+
 salts in Analytical Chemistry 

 

 

 
 

Triethyloxonium tetrachloroferrate - Et3O
+
[FeCl4]

−
 

 synthesized in this work 

 

 

Trialkyloxonium salts had been discovered by H. Meerwein in 1937 [10]. Although 

the applications of these reagents have been explored in organic chemistry over the 

20
th

 century [11, 24], their application in analytical chemistry for the determination of 

inorganic anions is a recent introduction [7]. Reactivity of trialkyloxonium salts in 

aqueous media can be described as follow: 

 

X
−
 + R3O

+
 → RX + R2O  (derivatization reaction) 

R3O
+
 + H2O → R2O + ROH + H

+
  (hydrolysis)   

where X
−
 is an anion (such as Br

−
, NO3

−
 or I

−
), whereas R is an alkylic group 

(such as Me or Et) 

  

These two reactions are competitive and depending on the alkyl group chosen, the 

time of hydrolysis changes. For example trimethyloxonium hydrolyzes much faster 

than triethyloxonium, while triphenyloxonium is rather stable in aqueous media and 
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long times and severe conditions are required for its reaction with nucleophiles [11]. 

For the analytical applications explored so far, triethyloxonium gives an optimum 

compromise between the rate of hydrolysis and the alkylation of the analyte. The 

hydrolysis of triethyloxonium generates an equivalent amount of protons, which 

means that the sample solution becomes increasingly acidic during the reaction. 

Under acidic conditions some of the anions generated by weak acids (nitrite, fluoride, 

cyanide, sulfide, etc) can undergo protonation (HF, HCN, H2S) and escape from the 

solution. Furthermore, their anionic forms are more activated toward Et3O
+
 

derivatization with respect to the protonated forms. Adjustment of pH could be 

problematic as the buffer can react with Et3O
+
. Buffering with ammonia is preferred 

over NaOH, because at pH = 10 the hydrolysis of the reagent is still acceptable slow, 

while at superior level of alkalinity the hydrolysis of Et3O
+
 becomes too fast. 

In this first part two major applications of Et3O
+
 derivatization are reported. In 

paragraph 1.1 is presented a new method for the simultaneous determination of nitrite 

and nitrate, while in paragraph 1.2 is discussed a novel methodology for the 

determination of fluoride. In both case the use of ammonia to buffer the sample at pH 

= 10 assured an ideal environment for the derivatization. 
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1.1  

Papers attached: Annex I and IV 

Determination of nitrite and nitrate by GC/MS 

 

 

 

 
 

Reproduced in part from Anal. Chem. 2012, 84, 2592‒2596 

Copyright 2012 American Chemical Society 

 

 

Introduction. The determination of nitrite and nitrate in samples of different origin is 

important in environmental and biological sciences [25]. Moorcroft et al. [25] 

reviewed strategies for detection of these analytes, discussing advantages and 

limitations of the various methodologies. Jobgen et al. [26] focused their analysis on 

the determination of nitrite and nitrate in biological samples using high-pressure 

liquid chromatography (HPLC), whereas Helmke et al. [27] discussed the application 

of gas chromatography/mass spectrometry (GC/MS). In general, methods which 

entail the use of molecular spectroscopy or electrochemical detection have limited 

sensitivity and selectivity and suffer from matrix effects. Furthermore, there are more 

methods for the direct detection of nitrite than nitrate, and in many analytical 

protocols the determination of nitrate is achieved following a critical reduction to 

nitrite, usually by cadmium [28]. Nitrite and nitrate are nonvolatile anions, and their 

determination by GC/MS can be achieved by derivatization in order to generate 

volatile species, for example, nitration of aromatic compounds has been used for this 
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purpose [27]. This approach, however, does not work for nitrite and requires the use 

of strongly acidic conditions which may be critical if any nitrite is present because of 

its possible conversion to nitrate [29‒30]. Another GC/MS technique entails 

alkylation with pentafluorobenzyl bromide (F5BzBr) to convert nitrite and nitrate to 

F5Bz−NO2 and F5Bz−ONO2, respectively [31]. The pentafluorobenzyl derivatives are 

suitable for negative chemical ionization (CI−) GC/MS, but they are not employed for 

static headspace analysis at room temperature due to their low volatility. Despite the 

achievement of low detection limits (subfmol, absolute) and the possibility of 

simultaneous determination of both analytes, this derivatization method employs  

organic solvents (acetone and toluene) and the subsequent injection of the organic 

extract which may contain some component of sample matrix and the un-reacted 

F5BzBr. Here is reported a new GC/MS method for the simultaneous determination of 

nitrite and nitrate after triethyloxonium derivatization [32‒33].  

 

Discussion and conclusion. Triethyloxonium tetrafluoroborate can convert nitrite 

and nitrate to their ethyl esters through an O-alkylation on both analytes: 

 

 NO2
−
(aq) + Et3O

+
(aq) → EtONO(g) + Et2O 

NO3
−
(aq) + Et3O

+
(aq) → EtONO2(g) + Et2O 

 

These derivatives are volatile and can be sampled by direct headspace or by solid 

phase micro-extraction (SPME) and detected by GC/MS using both electron impact 

(EI) or chemical ionization (CI). For analytical application CI‒ shows the best 

sensitivity, allowing detection limit of γ(NO2
−
)DL = 150 ng/L and γ(NO3

−
)DL = 600 

ng/L. The estimation of the detection limit is based on the signal-to-noise ratio 

calculated from the standard deviation of the baseline (i.e., detection limit is the 

concentration which produce a signal-to-noise ratio of 3). These limits of detection 

are competitive or better respect to the reported limits of detection for routine 
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methods (using spectrophotometry or electrochemical detection) [25] and are 

comparable with those reported by Tzikas [31] for the GC/MS determination of nitrite 

and nitrate after F5BzBr derivatization ((NO2
−
)DL = 160 ng/L and γ(NO3

−
)DL = 2 

µg/L). 

The CI− mass spectrum of EtONO and EtONO2 are shown in Fig. 1.1. The validation 

of this method was done measuring these two analytes in a certified seawater 

(MOOS-2) and obtaining results in excellent agreement with the certified property 

values of the material.  

For the determination of nitrite and nitrate it is important to ensure alkaline conditions 

during the course of the derivatization. The pretreatment of the sample with aqueous 

ammonia entails an ideal buffering at pH =10 which prevent the unwanted conversion 

of nitrite to nitrate, which can occur in acidic media, and stop oxygen scrambling 

between the analytes and the solvents, those making possible 
18

O labeling for isotope 

dilution experiments. In this alkaline environment, significant oxidation of nitrite to 

nitrate can occur only at high concentrations of nitrite. A standard solution of 100 

mg/L of nitrite undergoes a 0.07% conversion to nitrate (no conversion was detected 

below this mass fraction). 

Quantitation entails the use of isotopically enriched standards (N
18

O2
−
 and 

15
NO3

−
), 

which also permits monitoring of potential conversion from nitrite to nitrate during 

the analysis. The proposed method, based on exact-matching double spike isotope 

dilution calibration [34‒35], is simple, sensitive, analyte specific, and does not 

require organic solvents. Furthermore, this method achieves a transparent traceability 

and is promising for application to a wide variety of samples.  
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Figure 1.1 CI− mass spectra (a) nitrite ethyl ester: CH2=CH
16

O
−
 (m/z = 43 Da), CH3CH2

16
O

−
 (m/z = 45 

Da), and CH3CH2
16

O
−
∙H2O (m/z = 63 Da). (b) Nitrate ethyl ester: CH2=CH16O

−
 (m/z = 43 Da), 

14
NO2

−
 

(m/z = 46 Da). (c) (
18

O)nitrite ethyl ester: CH2=CH
16

O
−
 (m/z = 43 Da), CH3CH2

16
O

−
 and CH2=CH

18
O

−
 (m/z 

= 45 Da), CH3CH2
18

O
−
 (m/z = 47 Da), CH3CH2

16
O

−
∙H2O (m/z = 63 Da), and CH3CH2

18
O

−
∙H2O (m/z = 65 

Da). (d) (
15

N)nitrate ethyl ester: CH3CH2
16

O
−
 (m/z = 43 Da) and 

15
NO2

−
 (m/z = 47 Da). 

 

Analysis of MOOS-2 CRM. Fig. 1.2 shows the CI− GC/MS chromatogram obtained 

for the analysis of nitrite and nitrate in seawater (MOOS-2 CRM). The 

chromatographic conditions chosen give and extremely clean chromatography, 

despite a void of about 10 minutes between the elution of the two analytes. This 

aspect of the chromatography can be readily improved by choosing a shorter column 

or modifying the oven program.  

 



 

21 

 

 
 

Figure 1.2 CI− GC/MS chromatogram (SIM 

mode) of MOOS-2 CRM with c(NO2
−
) = 3.4 

μM and c(NO3
−
) = 22 μM. Nitrite ion in the 

form of CH3CH2ONO elutes at 7.95 min 

(m/z = 45 Da); and nitrate ion in the form 

of CH3CH2ONO2 elutes at 16.07 min (m/z = 

46 Da). 

 

Results for 14 independent measurements of MOOS-2 are reported in Table 1.1 and 

achieved by the use of the following equation: 

 

0 2 N 1 E
A A

2 E 1 N

R R R R

R R R R

− −

= ⋅ ⋅

− −

c c  

 

Where cA is the concentration of the analyte in the sample, cA
0
 is the concentration of 

the reference analyte (primary standard); R1 and R2 are the isotope amount ratios (m/z 

45/47 for nitrite and 46/47 for nitrate) arising from the spiked blend of the sample 

(MOOS-2) and of the spiked blend of the reference, respectively; RN and RE are the 

isotope amount ratios for the sample and the enriched spike, respectively. The isotope 

patterns of the analyte and the primary standard are identical. Note that there is no 

need for mass bias correction since all four isotope amount ratios R1, R2, RE, and RN 

in the above equation can be substituted with the corresponding measured isotope 
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ratios r1, r2, rE, and rN. The above equation is equivalent to that reported in 1994 by 

Henrion [34]. Formally, the concentration of the analyte is written as a function of the 

concentration of a primary standard and measured isotope amount ratios. In order to 

minimize the instrumental measurement biases, both the sample and the reference 

were spiked with the same amount of enriched analyte in order to obtain matching 

amount ratios R1 = R2 = 1.  

 

To realize this, the concentration of the primary standard has to be the same as that of 

the analyte in the sample. When R1 = R2 = 1, the equation reduces to cA = cA
0
, which 

permits significant reduction in the systematic errors arising from the measurements. 

In addition, prior knowledge of the isotope patterns of the spike and analyte is not 

necessary. Table 1.1 summarizes results for the measurements on MOOS-2 obtained 

by exact matching. The concentration of nitrite and nitrate found, c(NO2
−
) = 3.37 ± 

0.08 µM and c(NO3
−
) = 22.0 ± 0.2 µM, are in good agreement with the certified 

property values, c(NO2
−
) = 3.31 ± 0.18 µM and c(NO2

−
) + c(NO3

−
) = 24.9 ± 1.0 µM, 

and exhibit good precision for both nitrite and nitrate.  
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Table 1.1 Exact matching isotope dilution determination of nitrite and nitrate in 

MOOS-2
a
. 

Nitrite Nitrate 

r1 r2 
c

0
A 

/µM 

cA, MOOS-2 

/µM 
r1 r2 

c
0

A 

/µM 

cA, MOOS-2 

/µM 

0.9356 

0.9371 3.32 

3.31 1.030 

1.007 21.6 

22.1 

0.9543 3.48 1.028 22.1 

0.9325 3.28 1.035 22.3 

0.9477 3.42 1.025 22.0 

0.9255 3.22 1.022 22.0 

1.086 

1.064 3.32 

3.48 1.003 

0.9993 21.6 

21.7 

1.073 3.38 1.022 22.1 

1.068 3.35 1.029 22.3 

1.086 3.48 1.017 22.0 

1.066 3.34 1.016 22.0 

0.9565 

0.9596 3.43 

3.41 1.021 

1.027 22.0 

21.9 

0.9415 3.29 1.021 21.9 

0.9450 3.32 1.025 22.0 

0.9606 3.44 1.028 22.0 

  Mean 3.37   Mean 22.0 

  u 0.08   u 0.2 

  ur 2.5 %   ur 0.7 % 

a
Certified property values: c(NO2

–
) = 3.31 ± 0.18 µM and c(NO2

–
) + c(NO3

–
)  = 24.9 ± 1.0 µM. 
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Determination of fluoride by GC/MS: a novel methodology

 

 

Reproduced from 

Copyright 

 

 

Introduction. A large number of municipalities in North America voluntarily 

supplement their drinking water with fluoride as it prevents tooth decay owing to its 

cariostatic activity. At high concentration it is toxic and 

the potential risk of over-exposure, leading to fluorosis

the efficacy of fluoridation notwithstanding, accurate monitoring of fluoride is of 

importance in countries where water fluoridation is pr

of fluoride at higher concentration, a guideline value of 1.5 mg/L was recommended 

by the World Health Organization as a level at which dental fluorosis should be 

minimal. Considering also that levels of fluoride can vary 

waters, reaching 30 mg/L in some regions of India 

water and food products is important.

The state of the art of fluoride determination was revised by Campbell 

Fluorine, like boron, does not enter into chemical reactions that are selective enough 

to permit its direct determination in the presence of elements with which it is 
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1.2 

Paper attached: Annex VI  

Determination of fluoride by GC/MS: a novel methodology

 
 

Reproduced from Anal. Chem. 2012, DOI: 10.1021/ac302303r 

Copyright 2012 American Chemical Society 

 

A large number of municipalities in North America voluntarily 

supplement their drinking water with fluoride as it prevents tooth decay owing to its 

At high concentration it is toxic and it must be balanced against 

exposure, leading to fluorosis [36‒39]. Ensuing debates over 

the efficacy of fluoridation notwithstanding, accurate monitoring of fluoride is of 

importance in countries where water fluoridation is practiced. Due to the toxic effects 

of fluoride at higher concentration, a guideline value of 1.5 mg/L was recommended 

by the World Health Organization as a level at which dental fluorosis should be 

minimal. Considering also that levels of fluoride can vary significantly in natural 

waters, reaching 30 mg/L in some regions of India [40], the monitoring of fluoride in 

water and food products is important.  

The state of the art of fluoride determination was revised by Campbell 

Fluorine, like boron, does not enter into chemical reactions that are selective enough 

to permit its direct determination in the presence of elements with which it is 

Determination of fluoride by GC/MS: a novel methodology 

 

A large number of municipalities in North America voluntarily 

supplement their drinking water with fluoride as it prevents tooth decay owing to its 

must be balanced against 

Ensuing debates over 

the efficacy of fluoridation notwithstanding, accurate monitoring of fluoride is of 

Due to the toxic effects 

of fluoride at higher concentration, a guideline value of 1.5 mg/L was recommended 

by the World Health Organization as a level at which dental fluorosis should be 

significantly in natural 

, the monitoring of fluoride in 

The state of the art of fluoride determination was revised by Campbell [41] in 1987. 

Fluorine, like boron, does not enter into chemical reactions that are selective enough 

to permit its direct determination in the presence of elements with which it is 
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commonly associated [42]. Consequently, the major part of spectrophotometry or 

fluorescence methods are based on indirect determination [43‒44]. 

A significant advance in the determination of fluoride was the development of the 

fluoride ion-sensitive electrode in 1966 [45]. Although ion-selective electrodes are 

convenient tools, they respond to the activity of fluoride ions, not concentration, and 

are affected by the hydroxide ions present. Consequently, they have to be used as 

end-point indicators in titrimetry when results traceable to g/L are required [45]. 

Mass spectrometry effectively addresses both the problem of measurement specificity 

and traceablity. 

Derivatization of fluoride ions has traditionally been performed using silicon-based 

chemistry, such as the Me3SiF [46‒47] or Ph3SiF [48]. The volatile fluorosilanes can 

be determined by gas chromatography following either liquid extraction with organic 

solvents or solid-phase microextraction from the headspace, achieving a detection 

limit of 6 µg/L in the latter case with Me3SiF. Although the silicon-based chemistry 

produces volatile fluoro-compounds, the Si–F bond is not stable in aqueous solutions, 

especially at high pH. Consequently, Kage et al. [49] proposed alkylation of fluoride 

with pentafluorobenzylbromide (F5BzBr), yielding volatile F5BzF which can be 

determined by GC/MS in biological fluids. Although the stability of the obtained 

derivative is achieved, this derivatization chemistry suffers poor sensitivity (γ(F
−
)DL = 

0.5 mg/L). 

Tertiary oxonium salts have recently been applied for the derivatization of inorganic 

anions, including chloride, bromide, iodide, cyanide, thiocyanate, sulfide, nitrite and 

nitrate [7]. Commercially available Et3O
+
[BF4]

−
 is not suitable for determination of 

fluoride, because tetrafluoroborate slowly hydrolyzes releasing fluoride ions. To 

overcome this drawback, the method proposed here employs triethyloxonium 

tetrachloroferrate(III). The resulting stable fluoroethane can be subjected to gas 

chromatography and detected with mass spectrometry. This method has unique 

advantages over the existing methods. Despite smaller throughput compared to 
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classical electrochemical determination, this novel ethyl-derivatization chemistry 

coupled with GC/MS gives better selectivity and specificity allowing the 

determination of fluoride free of spectral interferences. With respect to other GC/MS 

approaches, this method offers comparable (or better) sensitivity, but is considerably 

safer then silylation or alkylation with F5BzBr because Et3O
+
[FeCl4]

−
 is a water 

soluble salt which undergoes complete hydrolysis in few hours and not a volatile 

liquid such as Me3SiCl. Moreover, another important quality of the triethyloxonium 

derivatization over all the existing methods for the determination of fluoride is the 

ability of the former to deal with interference. All quantification methods for fluoride 

suffer severe matrix effects, especially for the presence of Al(III) and Fe(III). Here is 

demonstrated that large amount of those cations able to complex fluoride ions are not 

critical for the triethyloxonium derivatization and the negative effects can be 

accounted by using the method of the standard additions. 

 

Et3O
+
[FeCl4]

−
 Derivatization. Unlike triethyloxonium tetrachloroferrate(III), which 

was selected in this work for determination of fluoride, the two commercially 

available oxonium salts, Et3O
+
[BF4]

−
 and Et3O

+
[SbCl6]

−
, are unsuitable analytical 

reagents for conversion of fluoride to fluoroethane, 

 

Et3O
+
(aq) + F

−
(aq) → EtF(g) + Et2O, 

 

because Et3O
+
[BF4]

−
 releases fluoride ions during hydrolysis of the tetrafluoroborate 

[50]: 

 

[BF4]
−
 + H2O → [BF3OH]

−
 + HF  

 

whereas Et3O
+
[SbCl6]

−
 is not water soluble. Ethylation of fluoride with Et3O

+
[FeCl4]

–
 

requires alkaline medium (pH = 10) because acid environment releases Fe(III) which 
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binds with fluoride ions. In addition, the alkalinity of the sample results in the 

precipitation of endogenous metal ions, removing them as potential interferences in 

the determination of fluoride. Moreover, alkaline conditions avoid the conversion of 

fluoride into gaseous hydrofluoric acid and this is indeed an advantage compared to 

the acidic silylation method, where potential analyte losses in the form of gaseous HF 

can occur. The ethylation reaction stops after the complete hydrolysis of Et3O
+
. 

Granik et al. [51] reported that complete hydrolysis of Et3O
+
 occurs in 80 min. From 

our previous research [7]
 

and from similar experiment repeated here for 

Et3O
+
[FeCl4]

−
, we found that complete hydrolysis and equilibration of the headspace 

is complete in 3 h. After this time, the headspace can be sampled for analysis by 

GC/MS. Fluoroethane is a stable compound and was detected in the headspace even 

three days after the derivatization. The chemical yield for derivatization, achieved 

using the experimental conditions described herein, was 8%. 

 

Figures of merit and applications. The determination of fluoride was undertaken on 

various liquid matrices, including rainwater, tap water, seawater, urine, beer, and soft 

drinks. In this work, a standard additions calibration approach was chosen for 

quantitation whereby the fluoroethane peak (m/z = 47 Da signal) was integrated and 

regressed against the amount of fluoride added. The mass concentration of fluoride in 

the sample was calculated from the linear regression plots. Headspace sampling and 

injection into GC/MS was performed manually; no internal standards were used to 

correct for variations that may occur during these operations. This methodology was 

validated using a simulated rainwater certified reference material sample (ERM
®

-

CA408) yielding good agreement with the certified property value, as summarized in 

Table 1.2. Other matrices were then examined, including the City of Ottawa tap 

water, seawater (MOOS-2 NRC reference material), urine (from a healthy volunteer), 

beer, and two commercial soft drinks. Results are summarized in Table 1.3 and are 

based on the mean values of three independent measurements derived from four point 
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standard additions curves (in addition to the unspiked sample). For each 

measurement, the relation between the amount of fluoride added and the integrated 

signal was always linear and characterized by a coefficient of determination R
2
 > 

0.99. The concentration of fluoride determined in Ottawa drinking water, γ(F
−
) = 

0.717 ± 0.063 mg/L, is in agreement with the target level of 0.70 mg/L recommended 

by Health Canada and adopted by the City of Ottawa [52]. With the exception of the 

two soft drinks that do not show the iron hydroxide precipitate, all samples show 

three phases after the derivatization with Et3O
+
[FeCl4]

−
: (1) a precipitate which 

contains Fe(OH)3 and part of the matrix, (2) an aqueous phase wherein the fluoride is 

converted to fluoroethane, and (3) the upper gas phase from which the fluoroethane is 

sampled. Derivatization allows separation of the analyte from the matrix in vapor 

phase and enables the realization of extremely clean chromatograms. Fig. 1.3 shows 

the results from a urine sample; even with such a complex matrix, there are no 

interferences co-eluting with the analytical peaks.  

 

 

 
 

Figure 1.3 Analytical peaks for fluoroethane (at m/z = 47 

Da) derived from a sample of incrementally spiked urine 

and the resulting standard additions calibration plot.  

 

The instrumental limit of detection obtained by processing calibration solutions is 

γ(F
−
)DL = 3.2 µg/L. This value is based on the signal-to-noise ratio calculated from 

the standard deviation of the baseline in proximity to the analyte peak (i.e. detection 
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limit is the concentration which produces a signal-to-noise-ratio of three). Standard 

solutions of γ(F
−
) = 123 µg/L and 531 µg/L give a signal-to-noise ratios of 115 and 

492, respectively. 

 

Table 1.2 Determination of fluoride in a 

simulated rainwater ERM®-CA408.
a
 

run γ(F
−
)/(mg/L) 

1 0.186 ± 0.034 

2 0.196 ± 0.020 

3 0.195 ± 0.017 

4 0.199 ± 0.011 

mean 0.194 ± 0.012 

ur 6.5% 

a 
Certified property value: γ(F

−
) = 0.194 ± 0.008 

mg/L. 

Table 1.3 Determination of fluoride in 

various matrices 

Matrix γ(F
−
)/(mg/L) 

soft drink A 0.225 ± 0.019 

soft drink B 0.213 ± 0.022 

Beer 0.379 ± 0.038 

Urine 0.594 ± 0.073 

tap water 0.717 ± 0.063 

Seawater 1.39 ± 0.09 

Reported value is the mean of three 

independent determinations.  

 

Interferences. Table 1.4 summarizes the interference arising from the presence of 10 

mmol/L (240-650 mg/L) of several cations added to standard solutions containing 50 

µmol/L of fluoride. This condition of large excess of interference, 200-fold higher 

than the analyte itself, was chosen in order to show the capacity of the methodology 

to keep under control the interference of metal cations, which frequently present a 

common interference for this kind of determination. When the sample is pretreated 

with NH4OH and derivatized with Et3O
+
[FeCl4]

−
, signal suppression is observed in 

the presence of Mg(II), Ca(II), Fe(III), and Al(III). The latter exhibits the most severe 

interference and contributes to a decrease in the analytical signal of an order of 

magnitude as a consequence of its complexation capacity with fluoride. Negligible 

effects were evident with Zn(II), and Cu(II). The alkaline condition which arises after 

the pretreatment of the sample with aqueous NH4OH, results in precipitation of most 

of these metal cations as hydroxides, allowing their separation from the solution and 

reducing their ability to complex fluoride. Al(III) hydroxide is redissolved in alkaline 
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condition because as the formation of the complex Al(OH)4
−
, and this could be at the 

origin of the severe interference effect of Al(III) on EtF formation. In this vein, the 

presence of Al(OH)4
−
 could accelerate the hydrolysis of the triethyloxonium or 

interact with the analyte in a reaction of ligand exchange such as: 

 

Al(OH)4
−
 + F

−
 → AlF(OH)3

−
 + OH

−
 

 

becoming a competitor with the derivatization itself. 

 

 

Table 1.4 Interference effect arising from the 

presence of 10 mM metal ion in c(F
–
) = 0.05 

mM/L standard solution. 

Interference S/S0
(a)

 

None 1.00 ± 0.07 

Al(III) 0.11 ± 0.09 

Fe(III) 0.62 ± 0.07 

Ca(II) 0.83 ± 0.03 

Mg(II) 0.32 ± 0.02 

Zn(II) 0.97 ± 0.06 

Cu(II) 1.01 ± 0.06 

(a)
 S/S0 is the ratio between the analytical signal of the 

fluoride (S) in the presence of interference to that 

generated without interference (S0). Three independent 

measurements were performed. 

 

Conclusion. Triethyloxonium tetrachloroferrate(III) was successfully employed in 

this study for derivatization of fluoride ion into the stable and volatile fluoroethane. 

This allows its facile determination by GC/MS in matrixes of varying complexity. 

The method is analyte-specific, does not require the use of organic solvents, utilizes a 

water-solubleand solid derivatizing reagent, and offers low µg/L detection limits. 

Further improvement of the analytical figures of merit appears possible by employing 
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an automated purge-and-trap system for sampling which will quantitatively transfer 

the fluoroethane generated. In addition, bromide and iodide ions can be employed as 

ideal internal standards since they undergoes the same derivatization chemistry as 

fluoride. To this end, a standard addition approach with an endogenous internal 

standard [53], such as bromide, will greatly improve the method proposed here, 

providing better precision and ensuing traceability. 
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Experimental 

 

Triethyloxonium tetrachloroferrate(III). Et3O
+
[FeCl4]

−
 was synthesized according to the procedure 

of Meerwein et al. [54]: 

 

2Et2O·FeCl3 + C2H3(O)CH2Cl → [Et3O]
+
[FeCl4]

−
 + FeCl2[(OCH(CH2Cl)CH2OEt]. 

 

For this purpose, 0.2 mol (32.4 g) anhydrous FeCl3 was dissolved in 150 mL of dry diethyl ether and 

the formed solution was evacuated and filled with argon three times using a Schlenk line while keeping 

argon flowing during the reaction, and then 0.1 mol (9.25 g) 2-(chloromethyl)oxirane was added drop-

wise using a syringe under magnetic stirring. The addition of 2-(chloromethyl)oxirane was controlled 

to keep the ether under constant boiling. After the addition, the resultant mixture was stirred for 5 min 

and then cooled to 0 °C using an ice/water bath and held at this temperature for 2 h with gentle 

magnetic stirring. The formed crystal was filtered on a Büchner funnel to recover the brown product, 

which was subsequently washed with dry ether twice; 23.2 g of Et3O
+
[FeCl4]

−
 was obtained (77% 

yield), enough to perform all the experiments described herein. 

Although the triethyloxonium tetrachloroferrate(III) is soluble in water, it slowly undergoes hydrolysis. 

Aqueous solutions of this salt should therefore be prepared shortly before use. In this work, the 

Et3O
+
[FeCl4]

−
 solutions were prepared by dissolving 0.4 g Et3O

+
[FeCl4]

−
 in 16 mL of MilliQ water.  

 

Sample preparation. A 2 mL volume of aqueous sample was introduced without pretreatment into 

five different vials; four of which were then spiked with 0.2 mL of different fluoride standard solutions 

whereas 0.2 mL of MilliQ water was added to the remaining vial. Quantitation of fluoride was based 

on the method of standard additions and the concentration of the standard was chosen so to observe a 

maximum of four-fold increase of the analytical signal compared to the un-spiked sample. The samples 

were spiked with a 50 µL volume of w(NH3) = 0.2 g/g ammonia solution, and then with a 1 mL 

volume of Et3O
+
[FeCl4]

−
 solution prepared as described above (the alkalinity of the sample entails the 

precipitation of Fe(OH)3). After the addition of all reagents, the vials were quickly sealed with a screw-

cap containing a PTFE/silicone septum and kept at room temperature for 3 h before sampling the 

headspace with a gas-tight syringe. Triethyloxonium converts F
−
 into fluoroethane which is gaseous at 

ambient temperature (tvap = –37 °C). Therefore, in order to avoid analyte loss, it is important that 

unpunctured septa be used for sealing. 

 

GC/MS analysis. A Hewlett-Packard 6890 gas chromatograph equipped with a Hewlett-Packard 5973 

mass selective detector was operated at constant flow (0.9 mL He/min) . Pulsed split (5:1) injection 

mode was chosen, with a pulsed pressure of 172 kPa for 1 min and the inlet temperature was set at 100 

°C. After the first isotherm at 30 °C (held for 7 min) the oven was heated at 20 °C/min to 200 °C. The 

transfer line temperature was 230 °C. The generated fluoroethane was manually sampled with a gas-
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tight syringe from the vial headspace and a 250 µL volume injected into the GC/MS. To attain a clean 

chromatogram, a 60 m DB-624 column (6% cyanopropyl-phenyl 94% dimethyl polysiloxane) was 

chosen. Fluoroethane eluted at 5 min under the 30 °C isotherm. In addition, to improve the 

chromatographic performance, a narrow inlet liner designed for SPME and having an internal diameter 

of 0.75 mm was used.  

The mass spectrometer was operated in electron impact mode (70 eV) using standard settings (ion 

source temperature 250 °C; quadrupole temperature 150 °C). The intensity of the molecular ion in the 

electron impact mass spectrum of fluoroethane (Fig. 1.4) is low (10% of the base peak) and the most 

abundant fluorine-containing ions are CH2CH2–F
+
 (100%, m/z = 47 Da) and CH2–F

+
 (20%, m/z = 33 

Da). Therefore, detection of fluoroethane was done by selected ion monitoring (SIM) using signals at 

m/z = 33 and 47 Da with 100 ms dwell time for each. The area of the peak extracted at m/z = 47 Da 

was used for quantitation purposes whereas the fragment ion at m/z = 33 Da was acquired for quality 

control. 

 

 

Figure 1.4 Electron impact mass spectrum of 

fluoroethane. 
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Part 2 

Chemical generation of volatile hydrides: New mechanistic evidence 

 

 

 
 

Predicted binomial distribution of chemical generated  

diarsane isotopologues - As2HnD4-n 

 

 

Chemical generation of volatile species of metallic or organometallic compounds by 

reactions with aqueous NaBR4 (R = H, alkyl or phenyl group) or XBH3 (X = NH3, 

NR3, CN
−
) coupled with atomic or molecular spectroscopy or with mass spectrometry 

is among the most powerful analytical tools for trace element determination and 

speciation [55]. Despite the popularity of hydride generation by reaction with aqueous 

NaBH4, the mechanism which rules this chemistry has received poor attention since 

few years ago [22]. Most of the more relevant mechanistic aspects of hydride 

generation has been collected using stable hydrides such as arsane and methyl arsanes 

and can be summarized as follows [22]: 



 

36 

 

1. The volatile hydrides is formed by direct transfer of hydrogen from boron to 

the analyte. 

2. The volatile hydride is formed step-wise, i.e. all the hydrogens in the final 

hydride come from different borane molecules. 

3. The hydride transfer takes place through the formation of analyte-borane 

complex intermediates. 

The mechanism is valid when the analyte is very dilute (< 10
-5

 mol/L), and [BH4]
−
 is 

in strong excess (> 0.1 mol/L). Therefore this mechanism can be called analytical.  

In the course of the present work, it has been found that there are different conditions 

which entail a strong perturbation of this analytical mechanism. For example the 

presence of noble metals such as Au(III) and Pd(II) alters the mechanism of hydrogen 

transfer, while when the concentration of analyte increase, a gamut of condensation 

by-products is observed. 
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2.1  

Papers attached: Annex II and V 

Mechanistic interference of noble metals 

 

 
 

Reproduced in part from  

Spectrochim. Acta Part B 2011, 66, 740‒747 

Copyright 2011 Elsevier B.V.  

 

 

Introduction. Transition metals, and in particular noble metals, can produce severe 

interference in the generation of volatile arsane and other volatile hydrides by 

reaction with aqueous NaBH4 [56‒57]. The colloids which are formed by reduction of 

these transition metals can: 

1. adsorb the already formed hydride. 

2. decompose [BH4]
−
.  

In both of these cases, the interference is seen as a process which contributes to 

decrease the amount of hydride reaching the detector. However, since the ‘70s it is 

clear that transition elements such as Co(II), Ni(II) [58] and Rh(III) [59] can modify 
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the reducing power of tetrahydroborate, allowing reduction of functional groups like 

nitriles, amides, and olefins, which cannot be reduced by [BH4]
−
 alone [60‒61]. 

In this study the effect of several transition and noble metals on the mechanism of 

arsane generation by [BH4]
−
 was investigated. Batch and continuous flow hydride 

generation systems coupled with atomic absorption spectrometry and GC/MS were 

employed to measure the effect of Au(III), Pd(II), Pt(II), Rh(III), Ni(II) and Cu(II) (0.5–

20 mg/L) on reaction yield and isotopic composition of arsane. 

The results obtained herein show a perturbation in the mechanism of hydrogen 

transfer from the borano complex to the analytical substrate ‒ i.e. a mechanistic 

interference.  

 

Discussion and conclusion. In the absence of foreign species, the mechanism of 

arsane generation is due to the direct stepwise transfer of hydrogen from borane to 

arsenic. Using a mixed solution of [BH4]
−
 and [BD4]

−
 the isotopic composition of the 

generated arsane isotopologues is binomial: 

( )
( )

3-

3

AsH D D D

3!
1

! 3 !

−
= ⋅ ⋅ −

−n n

nn
x x x
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For a given value of xD corresponds one and only one set of x(AsHnD3-n). This set 

describes the distribution of arsane isotopologues and cannot be achieved with other 

values of xD. 

The presence of Au(III), Pd(II) Pt(II), and Rh(III) induces a significant perturbation in 

the binomial mechanism of hydride generation, promoting the incorporation of a large 

amount of hydrogen derived from the solvent into the final arsane. Moreover, the 

experimental distribution of arsane isotopologues ‒ x(AsHnD3-n) ‒ generated in 

presence or in absence of these interferences changes significantly. An example is 

reported in Fig. 2.1 for Pt(II). 
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Figure 2.1 Arsane isotopologues generated by 

reaction of 1 mg/L As(III) with 0.2 M [BD4]
−
 in 

presence of 20 mg/L of Pt(II) (grey bars) and the 

corresponding binomial distribution calculated at 

the same level of deuterium incorporation (xD = 

0.63, white bars) 

 

This perturbation of the binomial incorporation of hydrogen into the final hydride  

takes place at concentrations of metals which hardly affect the generation efficiency 

of the arsane and can likely be addressed to the action of intermediate species formed 

in the early stage of the reaction. The mechanistic interference reported here cannot 

be explained by H/D exchange of the borane complex before its reaction with the 

arsenite because in this case it would affect only the total amount fraction of 

deuterium incorporated, not the relative distribution of arsane isotopoloques.  

A possible interpretation of this result can be achieved by considering the reductive 

process as the sum of two competing events: the reduction by [BH4]
−
 which is 

binomial, and the reduction by a hydride-borane-metal intermediate, present in the 

early stage of the reaction, and able to exchange hydrogen with the solvent. The 

postulation of the existence of a “new” reducing agent, with different reductive power 

respect to [BH4]
−
 alone is also supported by observation reported in the organic 

chemistry literature, as note earlier. This evidence reveals the existence of a new type 

of interference in chemical generation of volatile hydrides - a mechanistic 

interference - in addition to the already known yield interferences. Unfortunately, it 

was not possible to study how the mechanistic interference of these metal ions 
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propagates from arsane to di- and triarsane generated via the condensation cascades 

under non-analytical conditions (paragraph 2.2).  
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2.2 

Paper attached: annex III 

Condensation cascade and methyl transfer in arsane generation 

 

 

 
 

Reproduced in part from  

Anal. Bioanal. Chem. 2012, 402, 921‒933 

Copyright 2011 Springer-Verlag 

 

 

Discussion and conclusion. Under analytical conditions a large excess of aqueous 

[BH4]
− converts As(III), As(V), MeAsO(OH)2, or Me2AsO(OH) to unique volatile 

arsanes (AsH3, MeAsH2 and Me2AsH). In all of these cases it has been verified, by 

using deuterium labeled reagents, that the mechanism of formation is the same, i.e. 

direct stepwise transfer of hydrogen from boron to arsenic: 

 

Me2AsO(OH) → Me2AsOH → Me2AsH 

 MeAsO(OH)2 → MeAs(OH)2 → MeAsH(OH) → MeAsH2 

 AsO(OH)3 → As(OH)3 → AsH(OH)2 → AsH2(OH) → AsH3 

 As(OH)3 → AsH(OH)2 → AsH2(OH) → AsH3 

 



 

where all compounds in bold have been identified.

When elevated concentration

by NaBH4 in aqueous media

quantitative determination 

the major part of the arsenic 

and As(V), and more than 98%  for both 

precipitate was visible, but a white gas 

(Fig. 2.2).  

 

 

Figure 2.2 Visual change occurring during the reduction of As(

Me2AsO(OH) (D-F) with NaBH

similar). Images are taken approx. 1 s, 1 min, and 1 h after mixing the reagents, 

respectively. Experimental conditions: 1.4 mL of As solution (10 mM As in 0.1 M 

HCl) is reduced by 0.2 mL 0.2 M NaBH

 

In spite of the small amount 

conditions, their GC/MS 

reactions partaking in the liquid phase. 

For inorganic As(III) and As(

(H2AsAsH2) and triarsane (H

formation is reported in 

generated during the reduction of methyl 

species were detected, but 

product was Me3As, and not the expected Me
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compounds in bold have been identified. 

hen elevated concentrations of As(III), MeAsO(OH)2 or Me2AsO(OH) 

in aqueous media, the formation of byproducts is visible, 

quantitative determination was possible to concluded that ‒ under these

the major part of the arsenic remains in condensed phase (65% for inorganic As

, and more than 98%  for both methyl arsenates). For Me

, but a white gas was generated upon the addition of NaBH

Visual change occurring during the reduction of As(III) (A

F) with NaBH4 (color changes for As(III), As(V), and MeAsO(OH)

similar). Images are taken approx. 1 s, 1 min, and 1 h after mixing the reagents, 

respectively. Experimental conditions: 1.4 mL of As solution (10 mM As in 0.1 M 

HCl) is reduced by 0.2 mL 0.2 M NaBH4 in 0.1 M NaOH 

In spite of the small amount fraction of volatile species that are formed under these 

GC/MS identification gave interesting information about the 

in the liquid phase.  

) and As(V) , the only observed volatile byproducts are diarsane 

) and triarsane (H2AsAsHAsH2). A dedicated investigation on 

formation is reported in paragraph 2.2.1. A gamut of volatile compounds was 

during the reduction of methyl arsenate. For Me2AsO(OH) only dimeric 

ected, but in non-analytical condition the most abundant volatile 

and not the expected Me2AsH. 

AsO(OH) are reacted 

ation of byproducts is visible, Fig. 2.2. From 

these conditions ‒ 

65% for inorganic As(III) 

. For Me2AsO(OH), no 

generated upon the addition of NaBH4 

 

) (A-C) and 

), and MeAsO(OH)2 are 

similar). Images are taken approx. 1 s, 1 min, and 1 h after mixing the reagents, 

respectively. Experimental conditions: 1.4 mL of As solution (10 mM As in 0.1 M 

of volatile species that are formed under these 

ve interesting information about the 

observed volatile byproducts are diarsane 

A dedicated investigation on their 

A gamut of volatile compounds was 

AsO(OH) only dimeric 

abundant volatile 
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From all the observations collected (Annex III) it was concluded that the formation of 

these unwanted byproducts is due to the reaction between the intermediates formed 

during the reduction and the final hydride, i.e. condensation and methyl transfer 

reactions. 

The condensations take place among arsenic species containing As-OH and As-H 

moieties. This leads to formation of AsAs chain by elimination of water. the 

following reaction explains the formation of diarsanes: 

 

Me2AsOH + Me2AsH → Me2AsAsMe2 + H2O 

 MeAsH(OH) + MeAsH2 → MeHAsAsHMe + H2O 

 AsH2(OH) + AsH3 → H2AsAsH2 + H2O 

 

where the species in bold where identified. Formation of triarsanes can be explained 

in a similar fashion. In general, when in solution are present at the same time elevate 

concentration of arsenates and arsanes (As‒OH and H‒As), the condensation reaction 

may proceed in cascade, bringing to the formation of linear or branched polymers: 

 

 2nH‒(AsX)‒OH → H‒(XAs‒AsX)n‒OH + 2(n − 1)H2O 

 

or cyclic As species, 

 

 H‒(AsX)n‒OH → (XAs)n + H2O 

which remain in the solid phase. 

This condensation pathways found an interesting confirmation also when the 

reduction of As(III) was performed in presence of Sb(III). In this case it was possible 

to identify by GC/MS the mixed dimer H2AsSbH2: 

 

 H2AsOH + HSbH2 → H2AsSbH2 + H2O and/or 
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 H2SbOH + HAsH2 → H2SbAsH2 + H2O 

 

The reactivity of dimethyl arsenates can only be explained partially by this 

mechanism. The condensation reactions stop with the formation of Me2AsAsMe2 

which does not undergo further condensations. However, the formation of Me3As 

when non-analytical amounts of Me2AsO(OH) are reduced by [BH4]
−, cannot be 

explained by condensation reactions. The formation of trimethylarsane is due to 

reaction of methyl transfer taking place among the intermediates (such as Me2As-

AsMe2, and Me2AsOH) and dimethy arsane. The presence of a methylating agent in 

this reaction system is also confirmed by the formation of MeSbH2 during the 

simultaneous reduction of Me2AsO(OH) and Sb(III) under non-analytical conditions. 

 

The addition of cysteine (RSH) supressed the formation of unwanted byproducts. The 

action of this masking agent was rather effective for Me2AsO(OH), where the 

formation of Me3As was completely eliminated. It is well known that thiols reduce 

arsenic compounds to thiolates such as As(SR)3, MeAs(SR)2, and Me2As(SR) 

[62‒65], which are quantitatively converted by NaBH4 into the corresponding 

hydrides [66‒67]. Consequently, intermediate hydroxyarsanes are not formed and the 

condensation reaction cannot take place.  
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2.2.1 

Paper attached: annex V 

Formation of As2HnD4-n and As3HnD5-n 

 

 

 
 

Reproduced in part from  

J. Am. Soc. Mass Spectrom. 2012, 25, 2178-2186 
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Introduction. Mass spectra of arsenic hydride isotopologues show significant overlap 

(e.g., AsD+ and AsH2
+, etc.). Moreover, it is not feasible to synthesize pure partially 

deuterated isotopologues or separate them by conventional gas chromatography. 

Nevertheless, the determination of the amount fraction of each isotopologue in a 

mixture can be achieved mathematically [68‒70].  

A statistical model was employed to calculate the mass spectrum of each 

isotopologue As2HnD4-n and As3HnD5-n (Table 2.1 and 2.2). From this reconstructed 

spectra it is possible to determine the quantity of the various isotopologues from their 

mixtures. This is achieved using the relationship: 

 

=Y FA

 



 

46 

 

where Y is the mass spectrum (vector) of the mixture of isotopologues, F is the matrix 

reporting the mass spectra of the pure isotopologues (Tables 2.1 and 2.2) and A is the 

vector reporting the mole fraction of each component in the mixture. 

Using this method it was possible to delineate the mechanism of formation of 

diarsane and triarsane in the As(III)/[BH4]
− system. 

 
Table 2.1 Reconstructed mass spectra of As2HnD4-n isotopologues  

(m/z)/Da As2H4
(a)

 As2H3D
(b)

 As2H2D2
(b)

 As2HD3
(b)

 As2D4
(a)

 

150 0.478 ± 0.003 0.449 ± 0.022 0.431 ± 0.029 0.423 ± 0.023 0.425 ± 0.003 

151 0.146 ± 0.002 0.109 ± 0.025 0.072 ± 0.029 0.036 ± 0.020 0.000 

152 0.158 ± 0.002 0.121 ± 0.037 0.101 ± 0.037 0.100 ± 0.027 0.120 ± 0.003 

153 0.003 ± 0.001 0.096 ± 0.022 0.125 ± 0.018 0.094 ± 0.018 0.000 

154 0.215 ± 0.003 0.003 ± 0.001 0.039 ± 0.015 0.106 ± 0.026 0.208 ± 0.002 

155 0.000 0.222 ± 0.003 0.003 ± 0.002 0.003 ± 0.001 0.000 

156 0.000 0.000 0.229 ± 0.003 0.002 ± 0.001 0.004 ± 0.001 

157 0.000 0.000 0.000 0.236 ± 0.004 0.000 

158 0.000 0.000 0.000 0.000 0.243 ± 0.004 

(a)
 Experimental mass spectrum. Each experimental set of data represents the mean of three 

independent determinations. Standard deviation of the results is reported in parentheses. 

(b)
 Statistical model. Each set of data represents the mean of 5×10

7
 simulations. Standard deviation of 

the results is reported.  

 

Discussion and conclusion. Reduction of arsenite with boranes is a concerted 

multistep reaction wherein all −OH groups from the As-substrate are replaced by −H 

groups originating from different borane molecules: 

 

As(OH)3 + 3[BX3H]− → AsH3 + 3[BX3OH]− (X = H, OH), 

 

As shown previously (paragraph 2.2), under non analytical condition the reduction of 

inorganic As(III) and As(V) by aqueous [BH4]
− brings to the formation of 

condensation byproducts such as diarsane and triarsane.  
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Table 2.2 Reconstructed mass spectra of As3HnD5-n isotopologues 

(m/z)/Da As3H5
(a)

 As3H4D
(b)

 As3H3D2
(b)

 As3H2D3
(b)

 As3HD4
(b)

 As3D5
(a)

 

225 0.360 ± 0.008 0.333 ± 0.017 0.310 ± 0.025 0.288 ± 0.024 0.269 ± 0.016 0.250 ± 0.006 

226 0.327 ± 0.009 0.250 ± 0.024 0.183 ± 0.029 0.120 ± 0.025 0.060 ± 0.015 0.000 

227 0.002 ± 0.002 0.078 ± 0.019 0.144 ± 0.027 0.206 ± 0.028 0.267 ± 0.021 0.330 ± 0.014 

228 0.062 ± 0.004 0.028 ± 0.009 0.011 ± 0.005 0.004 ± 0.002 0.002 ± 0.001 0.000 

229 0.000 ± 0.000 0.043 ± 0.008 0.040 ± 0.008 0.022 ± 0.008 0.007 ± 0.003 0.009 ± 0.003 

230 0.250 ± 0.003 0.002 ± 0.001 0.022 ± 0.008 0.040 ± 0.008 0.037 ± 0.006 0.000 

231 0.000 0.269 ± 0.005 0.003 ± 0.001 0.009 ± 0.004 0.027 ± 0.009 0.061 ± 0.009 

232 0.000 0.000 0.288 ± 0.006 0.003 ± 0.001 0.003 ± 0.001 0.000 

233 0.000 0.000 0.000 0.307 ± 0.008 0.002 ± 0.001 0.005 ± 0.001 

234 0.000 0.000 0.000 0.000 0.326 ± 0.011 0.000 

235 0.000 0.000 0.000 0.000 0.000 0.345 ± 0.015 

(a)
 Experimental mass spectrum. Each experimental set of data represents the mean of three 

independent determinations. Standard deviation of the results is reported in parentheses. 

(b)
 Statistical model. Each set of data represents the mean of 8×10

7
 simulations. Standard deviation of 

the results is reported. 

 

The incorporation of hydrogen into the final hydride can be monitored using 

tetrahydroborate enriched in deuterium via plots of the amount fraction of each 

isotopologue generated versus the amount fraction of deuterium in the 

tetrahydroborate reductant. The amount fraction of deuterium in the NaBH4 and 

NaBD4 mixtures was obtained gravimetrically and the mass spectra of the resultant 

di- and triarsanes were deconvoluted to obtain the mole fraction of each isotopologue 

generated. Results are shown in Figs. 2.3 and 2.4.  
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Figure 2.3 Amount fraction of diarsane 

isotopologues, x(As2HnD4-n), generated using 

mixtures of NaBH4 and NaBD4. The continuous 

lines portray the theoretical trend based on a 

multistep direct hydrogen transfer from 

tetrahydroborate to the As-substrate 

 

Figure 2.4 Amount fraction of triarsane 

isotopologues, x(As3HnD5-n), generated using 

mixtures of NaBH4 and NaBD4. The continuous 

lines portray the theoretical trend based on a 

concerted multistep hydrogen transfer from 

tetrahydroborate to the As-substrate 

 

 

 
 

Scheme 2.1 Formation of di- and triarsanes in a concerted 

reduction and condensation cascade (R = H or OH). 

 

 

It is evident that the incorporation of protium and deuterium in di- and triarsanes 

closely follows the binomial distribution, i.e., 
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as illustrated by the continuous line in Figs. 2.3 and 2.4.The trends observed in the 

composition of diarsane and triarsane follow the hypothesis of a concerted multistep 

formation of arsane in a fashion already demonstrated for AsH3 [22], and they further 

validate the proposed condensation cascade mechanism (paragraph 2.2). Therefore, 

the formation of di- and triarsanes can be described as a combination of two 

independent events: condensation of two hydroxoarsanes and their reduction by 

borohydrides via the concerted transfer of hydrogen to the arsenic substrate, as 

summarized in Scheme 2.1. 
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Conclusions 

 

Results reported in this Ph.D. thesis contribute to an enhancement of the general 

knowledge of chemical vapor generation in Analytical Chemistry. Improvements 

have been achieved both for analytical applications and in comprehension of 

fundamental aspects concerning the mechanism of hydride generation by borane 

complexes. 

 

Novel analytical methods have been developed for the determination of fluoride, 

nitrite and nitrate at ultra trace levels by gas chromatography-mass spectrometry. 

These analytes were converted with triethyloxonium salts (Et3O
+[FeCl4]

− for fluoride, 

and Et3O
+[BF4]

− for nitrite and nitrate) to their corresponding volatile ethyl-

derivatives (EtF, EtONO and EtONO2) prior to quantitation. These new approaches 

present several remarkable features which make the methodology very attractive, 

especially when high accuracy and precision are required. The triethyloxonium 

derivatization allows the determination of nitrite, nitrate and fluoride free from 

spectral interference, entails the possibility of using isotope dilution techniques (for 

nitrite an nitrate) and is suitable for the certification of reference materials. 

 

In the field of chemical generation of volatile hydrides by aqueous phase reaction 

with boranes, new evidence has been collected based on a study of arsane (arising 

from inorganic As(III) and As(V) derivatization) and methylarsane (arising from 

mono- and dimethyl As(V) acids derivatization) as model compounds. It has been 

found that the recently reported reaction mechanism based on the stepwise, direct 

transfer of hydrogen from boron to arsenic is valid only in pure aqueous solutions, 

and under analytical conditions (arsenic at trace level and very high borane to arsenic 

mass ratio).  
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In particular, the presence of trace levels of noble metal ions, Au(III), Pd(II), Pt(II) and 

Rh(III), interferes with the mechanism of hydrogen transfer from boron to arsenic. 

Experiments with deuterium labeled reagents demonstrate that a large fraction of the 

hydrogen coming from the solvent can be incorporated into arsane in the presence of 

noble metal ions, which indicates that the noble metal is able to perturb the ideal 

analytical mechanism, playing a role in the reaction leading to the formation of the 

final volatile hydrides. This type of interference takes place at metal ion concentration 

levels of which do not significantly affect the generation yield of arsane, and it 

represents a new type of interference which is different from the classical analytical 

interference. 

 

The use of non-analytical conditions (high arsenic concentration, lower borane- to- 

arsenic ratio, non-optimized pH conditions) gives rise to both volatile and non-

volatile arsenic containing byproducts, the formation of which cannot be explained by 

the ideal analytical mechanism alone. According to the analytical mechanism, the 

stepwise formation of intermediate hydrides results in the unique final product. Under 

non-analytical conditions, reactions amongst intermediate hydrides, or intermediate 

hydrides and final products (condensation reaction) is competitive with the hydrogen 

transfer reaction, and yields polymeric species. In the case of methylated arsenic 

compounds, a methyl transfer reaction is also detected, which represents a further 

perturbation of the analytical mechanisms. The experimental evidence provides for a 

more general model for the mechanism of formation of volatile hydrides which is 

valid both under analytical and non-analytical conditions.  
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a b s t  r  a c  t

Triethyloxonium  tetrafluoroborate derivatization  combined with  direct  headspace  (HS)  or  SPMEgas

chromatography–mass  spectrometry  (GC–MS)  is proposed  here for the simultaneous  determination  of

nitrite  and nitrate in  seawater at  micromolar  level after  conversion to  their corresponding  volatile ethyl

esters (EtONO  and EtONO2).  Isotopically  enriched nitrite  [15N] and nitrate  [15N]  are  employed as  internal

standards  and for quantification  purposes.  HSGC–MS provided  instrumental  detection  limits  of  0.07  mM

NO2
− and  2  mM NO3

−. Validation of  the  methodology was  achieved by  determination  of nitrite  and nitrate

in  MOOS1 (Seawater  Certified  Reference Material  for Nutrients,  NRC Canada),  yielding results  in  excel

lent  agreement  with  certified  values.  All  critical aspects connected with  the  potential  interconversion

between nitrite  and nitrate  (less  than  10%) were  evaluated and corrected for  by the use  of  the  isotopically

enriched  internal  standard.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Nitrite and nitrate are  ubiquitous and the availability of ana

lytical methods for their simultaneous determination at trace and

ultratrace levels in complex matrices is important for understand

ing aspects of environmental and biological processes. They reflect

the final states of a variety of Ncompounds in many metabolic

pathways occurring in living systems [1,2].  Issues related to their

speciation in body fluids are  explored in order to understand the

role of NO as a regulatory molecule in  the vascular system,  in the

brain, and in the immune system [3]. Direct determination of NO

gas is a challenge for Analytical Chemistry and the  use  of  nitrite and

nitrate as NO metabolic products are exploitable for this purpose.

Environmental contamination by nitrite and nitrate can occur

through industrial and domestic combustion and from agricultural

sources; their monitoring has gained increasing importance [1].

The state of the art of  their analytical determination has been

reviewed by Moorcroft [1] and Jobgen [4] who focused  their atten

tion on liquidphase molecular spectroscopy (determination by

UV–vis and chemiluminescence) and electrochemical detection.

Both techniques are often used in combination with chromato

graphic separation or capillary electrophoresis in order to perform

∗ Corresponding author. Tel.: +39 340 84 28735.

Email addresses: e.pagliano@sns.it, e.pagliano@libero.it (E.  Pagliano).

online detection which suffers, in general, from  limited selectivity

and sensitivity, especially due to high matrix effects. One additional

drawback is related to the derivatization step: many reactions have

been  proposed to convert nitrite to a  suitable molecule for detection

whereas little attention has been given to the less reactive nitrate,

which can be only determined following a critical reduction. This

separation step  suffers matrix effects  when real samples are  pro

cessed, especially proteinaceous materials. Tsikas [5] presented an

overview of  currently available assays for  nitrate and nitrite based

on the Griess reaction.

The use of GC–MS in  this field has  also been proposed and

recently reviewed by Helmke [3].  GC–MS strategies for  the analy

sis of  these two anions include nitration using aromatic compounds

and alkylation with pentafluorobenzyl bromide (PFBBr). The first

approach is applicable only for the direct determination of nitrate

ion as nitrite does not react under  the specified conditions; for its

detection a critical  oxidation step  is required. The latter approach

is able to achieve simultaneous determination of both anions [6].  In

any case, derivatization of  nitrate  ion by PFBBr requires demanding

reaction conditions such as elevated temperature and high PFB

Br  concentration [3]. Tsikas [7]  published the first  method for  the

determination of  nitrite by GC–MS which was  free of derivatization,

but it  has not been used for  the determination of nitrate.

Recently, analytical application of triethyloxonium tetrafluo

roborate salt (TEOT) has been  proposed by the authors for  the

chemical vapor generation (CVG) of  Cl−,  Br−,  I−,  CN−,  SCN−, S2−,

00399140/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.

doi:10.1016/j.talanta.2011.07.098
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NO3
−, NO2

− [8].  Trialkyloxonium “Meerwein” reagents [9,10] have

proven capable of aqueous phase alkylation of several inorganic

substrates, allowing their separation from the reaction matrix as

volatile or semivolatile reaction products of defined chemical com

position [8].  The TEOT method has been validated by  determination

of bromide in BCR612 reference material and has been applied to

the determination of iodine and iodate [8].

TEOT converts nitrite and nitrate to their corresponding ethyl

esters through an Oalkylation reaction. These molecules present

suitable volatility and stability to be determined by GC–MS.

In this work we propose, for the first time, application of  a CVG

GC–MS methodology for the simultaneous determination of nitrite

and nitrate at micromolar level. The procedure is simple and the

use of isotopically enriched internal standards confers ruggedness

to the method. Validation has been achieved by analysis of  a  “Sea

water Certified Reference Material for Nutrients”, MOOS1. Results

reported here demonstrate the analytical potentialities and useful

ness of aqueous phase alkylation with TEOT for the determination

of anionic species by CVG.

2. Experimental

2.1. Reagents and materials

Aqueous solutions of isotopically enriched nitrite and nitrate

were prepared by dissolution of sodium nitrite (15N,  98%+) and

potassium nitrate (15N, 99%), respectively (Cambridge Isotope

Laboratories, Inc.) in ultrapure water in order to  obtain final con

centrations of 200 mg/L 15NO3
− and 20  mg/L 15NO2

−.  An alkylating

solution of TEOT (triethyloxonium tetrafluoroborate) was  prepared

by  dissolving the reagent (Fluka: TEOT >97%) in ultrapure water;

the quantity of solid salt required to ensure 40 mg of reactant

in 100 mL solution. Aqueous oxonium salts are unstable, so the

solution is prepared just prior to sample derivatization. Work

ing solutions of nitrite and nitrate were prepared by dilution of

Fluka concentrates (Fluka: nitrate, certified anion  standard solution

1001 mg/L ± 2 mg/L; nitrite standard for IC 1000 mg/L  ± 4  mg/L)

with ultrapure water. All  standard solutions were stored at 4 ◦C.

2.2. GC–MS methods

GC–MS experiments were performed using an Agilent GC 6850

equipped with an Agilent 5975 C MS  detector. For the HSGC–MS

procedure, manual sample injection was employed using a 250  mL

sample volume. The oven  program consisted of the following:

isothermal (10 min) at 30 ◦C, 5 ◦C/min to 100 ◦C maintained for

4 min, 25 ◦C/min to 240 ◦C maintained for 10 min. Inlet setup: inlet

mode is pulsed split with split ratio 8:1, pulsed pressure 200 kPa

and temperature 150 ◦C. A model J&W 1221364E DB624 column

(6% Cyanopropylphenyl 94% dimethyl polysiloxane) was used in

constant flow mode at 0.7 mL  He/min. Mass spectrometry detec

tion (70 eV electron impact, transfer line 260 ◦C, ion source 250 ◦C)

was performed in SIM mode monitoring m/z 30–31–60–61 (dwell

time 100 ms  for each m/z) for nitrous acid ethyl ester and m/z

46–47–76–77 for nitric acid ethyl ester (same dwell time).

For the SPMEGC–MS procedure, a 57310U df  65 mm poly

dimethylsiloxane/divinylbenzene (PDMS/DVB) Supelco SPME fiber

assembly was used. The fiber was exposed to the headspace of the

vial for 10 min  at  ambient temperature whereas the desorption

process required 1.5 min  in the GC inlet. The oven program con

sisted of: isothermal (10  min) at 30 ◦C, 10 ◦C/min to 80 ◦C, 25 ◦C/min

to 200 ◦C maintained for 10 min. Inlet setup: inlet mode is pulsed

split with split ratio 5:1,  pulsed pressure 180 kPa and temperature

170 ◦C. A model J&W 1221364E DB624 column (6% Cyanopropyl

phenyl 94% dimethyl polysiloxane) was operated in  constant flow

mode at 1 mL He/min. Mass spectrometry detection (70 eV elec

tron impact, transfer line 260 ◦C, ion source 250 ◦C) was performed

in SIM mode monitoring m/z  30–31–60–61 (dwell time 100 ms  for

each m/z) for nitrous acid ethyl ester and m/z 46–47–76–77 for

nitric acid ethyl ester (same dwell time).

2.3. Sample preparation

A  2  mL  sample was introduced without any pretreatment into

a 4 mL vial and isotope enriched spike (100 mL) added. After seal

ing, 100  mL aqueous TEOT was injected through the septum. GC–MS

analysis was  performed after 3  h reaction time at  23 ◦C; the HS pro

cedure required the injection of  250  mL  of headspace; SPME entails

the exposure of  the fiber in the headspace for 10 min.

3. Results and discussion

3.1. Identification

Nitrite and nitrate  are converted to their corresponding ethyl

esters by TEOT. TEOT is a  strong alkylating agent which is able to

perform alkylation in  aqueous solution and to  react  with anions in

neutral substrates. In the present case, Oalkylation of the substrate

occurs with the formation of nitrous and nitric ethyl ester:

O

N

O

O

N

O

O

No  volatile products arising from  Nalkylation of nitrite and

nitrate have been observed. Nitrite  and nitrate ethyl  esters are

suitable for GC–MS analysis and their corresponding EI mass spec

tra are reported in Figs. 1–2.  In the case  of the nitrite  ethyl ester

(Fig. 1), we note the absence of a molecular ion and the fragmenta

tion produced [CH2NO2]+ ion (m/z 60) which corresponds to  the

loss of 15 amu  (methyl loss) and the ion [NO]+ (m/z  30) which

corresponds to loss of 45 amu (ethoxy loss). For the nitrate ethyl

ester (Fig. 2), the interpretation of  the mass spectrum is simi

lar to the nitrite ethyl ester, and the EI spectrum is  the same as

reported in  the NIST05 library. Unfortunately, there  is no possibil

ity of making a  similar comparison for the nitrite ethyl ester. Mass

spectra reported in  our previous work [8] were obtained using a

Varian 3400CX GC  equipped with a 1077 split–splitless injector

directly interfaced to a Saturn3 ion trap  mass spectrometer (Var

ian). Mass spectra presented here are  obtained with a different

apparatus and tune  setting. As a consequence, some small  differ

ences in  relative  intensities of the fragment ions can be  noted.

With the actual settings of the MS,  the mass spectra are  of bet

ter quality with a view to  analytical determination of  nitrite and

nitrate.

3.2. Quantification method and interconversion of nitrite and

nitrate

With the proposed method, the problem arising from the poten

tial chemical interconversion of nitrite and nitrate during the

derivatization step has been evaluated. It has been  proven that no

detectable conversion of  nitrate to nitrite arises whereas the con

version of nitrite to nitrate is observed and  occurs to the extent of

about 10% at the 0.2 mM  NO2
− concentration level. This problem

likely originates with the presence of dissolved atmospheric oxy

gen [11,12] and the strong acidic conditions that arise from the acid

hydrolysis of TEOT. This interfering effect can  be corrected for by

the use of the isotopically enriched internal standard.

The following equations describe the methodology used for the

elaboration of the data. The algorithm proposed is  similar to that
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Fig. 1. Nitrous acid  ethyl ester, CH3CH2ONO. (a) Full scan mass spectra (m/z 30–100) of the  standard of  natural origin. (b)  Full scan mass spectra (m/z 15–100) of the 15N

enriched standard. (c)  SIM mass spectra (m/z 30–31 and 60–61) of the  standard of natural origin. (d) SIM mass  spectra (m/z 30–31 and 60–61) of  the 15N  enriched standard.

Fig. 2. Nitric acid ethyl ester, CH3CH2ONO2 .  (a) Full scan  mass spectra (m/z 30–100) of  the  standard of  natural origin.  (b)  Full  scan mass spectra (m/z 15–100) of  the 15N

enriched  standard. (c) SIM mass spectra (m/z 46–47 and 76–77) of the standard of natural origin. (d) SIM mass  spectra (m/z 46–47 and 76–77) of  the 15N enriched standard.
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use for classical isotope dilution methodology, but here some con

siderations have been given to correct for the problem of  conversion

of NO2
− to NO3

− and the instrumental mass bias which results in

isotope ratios different from their values expected from the natural

and enriched abundances of 14N and 15N.

Defining Nx and Ny as the signals (m/z 30 and 31) measured

from 10 mg/l NO2
− standard of  natural origin and Ex and Ey as the

signals (m/z 30 and 31) measured from 10 mg/l NO2
− isotopically

enriched species, it is possible to define the following parameters

(xAN, xAE, yAN, yAE):







































xAN =
Nx

Nx + Ny

xAE =
Ex

Ex + Ey

yAN =
Ny

Nx + Ny

yAE =
Ey

Ex + Ey

(1)

If the MS  signals are not affected by  mass bias, the above defi

nitions of xAN, xAE, yAN, yAE will be simply the relative abundances

of 14N and 15N in the natural and enriched samples.

Defining X1 and Y1 as the signals (m/z 30 and 31) measured from

the blend of the sample spiked with isotopically enriched standard

and N1 and E1 as the fraction of analyte from natural and enriched

origin in this blend, we can write:

{

X1 = xAN · N1 + xAE · E1

Y1 = yAN · N1 + yAE ·  E1
(2)

The concentration of  the analyte CA in the sample is related to

the concentration of enriched standard CE and is given by:

CA = CE ·
N1

E1
(3)

An approximate value for CA should be  obtained based on the

value of CE calculated from the gravimetric preparation of  the

enriched standard. In any case, the best results are  obtained by

measuring the value of CE using the same method in order to take

into consideration the effects which arise from the conversion of

nitrite and from mass bias. In other words, CE becomes an empirical

quantification parameter.

Its value can be calculated by reverse isotope dilution, for which

a second blend prepared from a  standard of  nitrite with a known

concentration C0
A

close to that of the sample CA,  and spiked with

the same amount of enriched standard is processed. If there are

no significant matrix effects, the response of  this second blend and

of the sample must be similar. Additionally, the chemical behavior

and interferences will also be similar.

Defining X2 and Y2 as the signals (m/z 30 and 31) measured from

this standard spiked with isotopically enriched compounds and N2

and E2 as the fraction of  analyte from natural and enriched origin

present, it is possible to write:

{

X2 = xAN · N2 + xAE · E2

Y2 = yAN · N2 + yAE ·  E2
(4)

The concentration of  the standard C0
A

is  accurately known, so  the

concentration of enriched standard CE is given by:

CE = C0
A ·

E2

N2
(5)

The final equation is obtained by substitution of CE from (5) into

(3):

Table 1

Summary of results for determination of  nitrite and nitrate in  MOOS1.

Nitrite (mM) Nitrate (mM)

HSGC–MS SPMEGC–MS HSGC–MS SPMEGC–MS

3.15 3.19 21.7 21.3

3.15 3.42 22.3 23.5

3.20  3.48 22.3 23.8

3.15 3.21 22.4 23.4

3.16 ± 0.03 3.3 ± 0.2 22.2 ± 0.3  23 ±  1

Certified values: nitrite 3.06 ± 0.15 mM;  nitrite and nitrate: 23.7 ± 0.9 mM.

Bold line reports the  mean of four independent measurements performed using

HS and SPME.  The results are  coherent and provide evidence that  the precision

achieved with the HS  method is better than that with SPME. The overall  mean

between these data is  given by: nitrite  3.2 ± 0.1 mM;  nitrate 22.6 ± 0.9  mM; nitrite

and  nitrate: 26 ± 1  mM.

CA = CE ·
N1

E1
= C0

A ·
E2

N2
·

N1

E1

= C0
A ·

yAN ·  X2 − xAN · Y2
yAN ·  X1 − xAN · Y1

·

yAE · X1 − xAE · Y1
yAE · X2 − yAE · Y2

(6)

Defining:










�N =

xAN
yAN

�E =

xAE
yAE

(7)

the formalism of (6)  becomes:

CA = C0
A ·

X2 − �N · Y2

X1 − �N · Y1
·

X1 − �E · Y1

X2 − �E · Y2
(8)

The above discussion is focused on nitrite, but the same is valid

for nitrate (m/z  46 and 47).  Equation (8) presents the final for

mula used for the calculation. This is not a conventional way of

employing an isotopically enriched standard for quantification pur

poses; indeed, equation (8) does not depend on the concentration

of enriched standard or on the relative abundances of 14N/15N

in the sample and in  the internal standard. From this  point of

view, this procedure is quite different from  a rigorous isotope dilu

tion methodology. Here, calibration is achieved through the values

of �N, �E and  X2,  Y2,  which are empirical parameters obtained

from measurements performed in a particular instrumental setting

characteristic of  the experiments. In all measurements, a solu

tion containing 2.17  mM NO2
− and 16.1 mM NO3

− was used in  the

reverse experiment for calibration purposes (X2,  Y2 value).

3.3. Quantification of  nitrite and nitrate in MOOS1

Quantitative data related to analytical content of  nitrite and

nitrate in MOOS1 (Seawater Certified Reference Material for Nutri

ents) are  summarized in Table 1.  The related chromatogram is

presented in Fig. 3. In order to perform quantification, ion extrac

tion at m/z 30–31 and at m/z  46–47 was carried out  for nitrite and

nitrate respectively; peak heights were employed for all calcula

tions. All data reported are  obtained applying equation (8). Other

experiments not reported here, based on the classical internal stan

dard (IS) and on standard additions (SA), provided results in  accord

with those summarized in Table 1.  Furthermore, the  slopes of  both

SA and IS plots were consistent, suggesting that matrix effects were

accounted for  by the use of the enriched standard.

Regarding analytical figures of  merit, instrumental detection

limits (concentration of the analyte that  produces a  peak with a

signaltonoise ratio of 3) with HSGC–MS are 0.07 mM  for NO2
−

and 2 mM  for NO3
− and with SPME are 0.3  mM for NO2

− and 2  mM

for  NO3
−. Analytical performance can be improved by  increasing



E. Pagliano et  al. / Talanta  85 (2011) 2511– 2516 2515

Fig. 3. HSGC–MS chromatogram collected in SIM mode during analysis of MOOS1 sample. Nitrite ion: converted into ethyl ester nitrous acid, retention time  8.61 min,  mass

extracted 30. Nitrate ion: converted into ethyl ester nitric acid, retention time 22.02 min, mass extracted 46. The  peak eluting in front of  ethyl nitrite is  methoxyethane, an

impurity arising from the  triethyloxonium tetrafluoroborate.

Table 2

Recovery test performed on MOOS1.

Nitrite (mM) Nitrate (mM)

Added Expected Found Rec. (%)  Added Expected Found Rec.  (%)

0 3.06 3.21 105.0 0 20.6 22.2 107.6

0  3.06 3.17 103.5 0 20.6 22.4 108.5

2.72 5.78 5.77 99.8 20.2 40.8 44.8 109.8

2.72 5.78 5.75 99.6 20.2 40.8 43.2 105.7

5.43 8.49 8.09 95.2 40.4 61.0  62.9 103.1

5.43 8.49 8.10 95.3 40.4 61.0  62.1 101.7

10.87 13.93 12.91 92.7 80.8 101.4 106.5  105.1

10.87 13.93 13.27 95.3 80.8 101.4 106.3  104.8

The recovery (Rec., %) has been calculated as  the  ratio of  measured response (found)

and concentration expected (expected). A bias of less than  10% is evident.

the temperature of the HS,  the  amount of  HS injected and time of

exposure of the  SPME fiber to the HS.

From Table 1,  it is evident that there are  no significant differ

ences between the concentrations of  nitrite and nitrate obtained

using HSGC–MS and SPMEGC–MS procedures. The overall mean

of the results for the concentration of nitrite is 3.2 ±  0.1 mM (RSD

4.0%, n = 8) and for  the concentration of  nitrate is 22.6 ± 0.9 mM (RSD

4.0%, n = 8). The sum of nitrite and nitrate can  be calculated to be

26  ± 1  mM (RSD 4.0%, n = 8). These results are in excellent agree

ment with the certified values  for MOOS1, i.e.  3.06 ± 0.15 mM for

nitrite and 23.7 ± 0.9 mM for nitrite and nitrate.

Table 2 reports results for a recovery test performed on MOOS1;

the values obtained confirm not only the accuracy of this analytical

method but that it  is able to correct for the conversion of nitrite

to nitrate. Finally, Table 3 presents recovery data for nitrite from

a mineral water containing no detectable concentration of nitrite.

Four additions at different concentrations of nitrite were performed

spanning more than three orders of magnitude of  concentration.

Despite calculation of X2 and Y2 from equation (8) being based in  all

cases on the reverse experiment performed on  a solution of 2.17 mM

NO2
− and 16.1 mM NO3

−,  no  errors are evident for the recovery of

nitrite and quantification of nitrate was satisfactory: 117 ± 5  mM

(RSD 4.7%, n = 5) against 105 mM as the expected value. All

Table 3

Recovery test  performed on  mineral water.

Nitrite (mM) Nitrate (mM)

Added  Found Rec. (%)  Found

0 n.d. –  121.3

0.22  0.20 92.3  117.5

2.15  2.15 99.8  120.7

21.52 21.06 97.9 116.8

215.21  203.95 94.8  107.7

Calibration in based in all cases  on  reverse calibration performed with a solution of

2.17  mM  NO2
− and 16.1 mM  NO3

− .

instrumental and chemical problems possibly arising with this pro

cedure are well corrected for by  the use  of  the enriched standard

and by the selected method of  quantification, which demonstrates

the ruggedness that the use of  an enriched standard imparts to an

analytical procedure.

4. Conclusion

Aqueous phase alkylation with TEOT has been applied to  the

determination of  nitrite and  nitrate  in a sample of  seawater cer

tified reference material (MOOS1) by CVGGCMS. Nitrite and

nitrate were converted to  their corresponding volatile ethyl esters

and could be simultaneously detected and determined using dif

ferent approaches, including HSGC–MS and SPMEGC–MS. The

two procedures provide similar analytical figures of merit and

direct HS is preferred for analysis when manual injection is per

formed, while SPME should be  selected when the automation

of the procedure is  required.  The results obtained for  MOOS1

using an  isotopically enriched internal standard for quantifica

tion  provided  results in excellent agreement internally and with

the certified values. The  problem of chemical interconversion of

nitrite to  nitrate (less than  10%) is well accounted for  using the

present method. To the best of  our knowledge, this  is the first

CVG method developed for the simultaneous determination of

nitrite and nitrate: CVG offers the advantages of good analytical
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figures of merit while separating the derivatized analytes from the

sample matrix. Moreover, use of enriched isotopes makes avail

able the ultimate primary calibration technique of isotope dilution.

A reverse spike against a primary natural abundance standard

affords traceability, making the method suitable for certification

purposes and promising for application to samples of  different

origin.
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The generation of arsane by reaction of either NaBH4 (THB) or NaBD4 (TDB) in aqueous solution with AsIII

(1 mg L-1) has been studied in the presence of several transition and noble metals at trace levels. A con-

tinuous flow generation system coupled with both atomic absorption spectrometry (AAS) and gas chro-

matography mass spectrometry (GC-MS) were employed to measure the effect of AuIII (0.5 – 20 mg L-1)

on reaction yield and isotopic composition of arsane. In a different set of batch experiments, GC-MS was

employed to measure the effect of AuIII, PdII, PtII, NiII and CuII on the isotopic composition of arsane. AuIII,

PdII and PtII induce a significant perturbation in the mechanism of hydride generation, promoting the in-

corporation of a large amount of hydrogen derived from the solvent into the final arsane. This effect takes

place at metal concentration levels which hardly affect the generation efficiency of arsane and can likely

be addressed by the action of intermediate species formed in the early stage of the reaction between the

metal ion and the TDB-arsenic complex. Nanoparticles and colloids arising from the interaction of the

metal and TDB are able to capture the final arsane but they do not promote H/D exchange on the already

formed arsane. This evidence reveals the existence of a new type of interference in chemical generation of

volatile hydrides - a “mechanistic interference” - in addition to the already known yield interferences.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The chemical generation of volatile species by aqueous phase re-

action of tetrahydridoborate and other borane complexes coupled

with atomic or mass spectrometry is one of the most powerful tech-

niques used for trace element determination and speciation [1,2].

Chemical vapor generation can be considered a consolidated method

for hydride forming elements and increasing attention has recently

addressed the mechanistic aspects [3,4]. In chemical vapor genera-

tion, the presence of transition metals can produce severe interfer-

ence problems [2,5,6] and the mechanisms which are recognized to

play a role are essentially two: (i) adsorption of the already formed

hydrides by finely dispersed reduced metal particles, which are gen-

erated by reaction of the metal ions with THB; (ii) catalytic decompo-

sition of THB by metal ions and/or their reaction products; in both of

these cases, the “interference” is seen as a process which contributes

to a decreased amount of hydride reaching the detector. On the

other hand, the reaction of THB with transition and noble metals

has been usefully employed in many other fields as, for example,

the metal catalyzed hydrolysis of THB for hydrogen production [7]

and the determination of transition and noble metals by chemical

vapor generation at trace levels [1,8]. However, many mechanistic as-

pects of the reaction between THB and transition and noble metals re-

main to be clarified.

In the analytical field, the mechanism of reduction of metal ions

resulting in the formation of volatile metal species is of significant in-

terest. Recently, it has been reported that, in the case of Ag [9] and

possibly also Au[10], these metals are released from the reaction solu-

tion in the form of nanoparticles. The capability of borane complexes

to react with transition metals transforming them from their ionic

form to nanoparticles has earlier been reported and Van Hyning and

Zukoski [11] discussed the mechanism of formation and aggregation

of silver particles by reaction with tetrahydridoborate. However, no

evidence has been presented to date on the possible mechanism in-

volved in the reduction of the metal ion to the zerovalent oxidation

state. The most reasonable hypothesis is that it follows a similar

route to that for formation of the volatile hydrides: direct, stepwise

transfer of hydrogen from borane to analyte following the formation

of an analyte-borane complex. This leads to formation of hydrido-

metal complexes as intermediate reaction products in which the li-

gands of the coordination sphere of the analyte are sequentially

replaced by hydrogen to produce the final product [3].

The interaction between THB and transition metals has received

much attention due to its relevance in the field of hydrogen storage
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where the hydrolysis of THB to produce molecular hydrogen is cata-

lyzed by the presence of transition metal species [12,13]. The metal

catalysts modify the mechanism of hydrolysis, as evident from deu-

terium labeled experiments. Under alkaline conditions, the acid cat-

alyzed hydrolysis of THB in D2O produces almost pure HD (N98%),

whereas significant H/D exchange is observed when this reaction

occurs in the presence of Pd/C and Pt/C [14]. Guella et al. [15] inves-

tigated the mechanism of hydrolysis of tetrahydridoborate in the

presence of Pd/C with deuterium labeled experiments, concluding

that the hydrolysis is caused by the electron-withdrawing and elec-

tron-releasing effect of the palladium atoms on the catalyst surface

via the putative species Pd-BH3
− and Pd-H. Glavee et al. [16] dis-

cussed the reduction of some transition metals in aqueous media

and in diglyme, concluding that in the latter solvent rather stable

M(BH4)2,3 complexes were generated with copper and iron. More-

over, the reduction by tetrahydridoborate in the presence of transi-

tion metals has been employed in organic chemistry to reduce

functional groups such as nitriles, amides and alkenes, which are

inert to THB alone [17,18].

In this work, some simple experiments are reported which indi-

cate that the interaction of THB with AuIII and other noble and transi-

tion metal ions during generation of arsane is more complex than

expected on the basis of earlier presumed mechanisms of interfer-

ence. The presence of these noble metals significantly changes the

chemistry of the system and strongly perturbs the mechanism of gen-

eration of arsane.

2. Experimental

2.1. Chemicals

Solutions of 1 mg L-1 AsIII in 1 M HCl were prepared by dilution

of 1000 mg L-1 As (Fluka, As2O3). Solutions of metal ions were prepared

in 1 M HCl by dilution of a 1000 mg L-1 Merck concentrates (for AuIII,

PdII, NiII and CuII) and 950 mg L-1 PtII (from K2PtCl4, Sigma Aldrich). As

the reducing agent, a 0.25 M solution of NaBH4 (THB) (Sigma Aldrich,

assayN98.5%) was employed in continuous flow experiments coupled

with atomic absorption spectrometry (AAS) for detection and a 0.25 M

solution of NaBD4 (TDB) (Sigma Aldrich NaBD4, 98% D) solution was

employed in continuous flow experiments coupled with GC-MS. A sec-

ond 0.2 M solution of TDBwas preparedwith a reagent of higher isotopic

purity (Cambridge Isotope Laboratories, NaBD4, 99% D) and employed in

batch experiments. All TDB and THB solutions were stabilized in 0.1 M

NaOH and stored at 4 °C. All other chemicals were reagent grade.

2.2. Instrumentation and Apparatus

2.2.1. Continuous flow hydride generation experiments

A schematic representation of the lines employed in continuousflow-

HGexperiments is shown in Fig. 1. Three different chemifold setupswere

required to realize different mixing sequences of reagents. The continu-

ous flow was achieved by a peristaltic pump (Ismatec pump head

MS/CA4-12 fitted on a Masterflex L drive) and all chemicals and

Ar 
AuIII in  

As III in  

AuIII in  

AuIII in  

1 M HCl  THB/TDB   

a

to GLS 

GC-MS
L1 L2 

1 M HCl  
THB/TDB  

Syringe 

PTFE port 
1 M HCl  Ar 

to GLS 

THB/TDB  

AAS 

L1 

From  HG 

b

AsIII in  

AsIII in  

1 M HCl  
GLS 

Waste 

c
1 M HCl  THB/TDB   Ar 

1 M HCl  

to GLS 

L2 L1 

Fig. 1. Schematic of experimental setups used in continuous flow generation of arsane coupled with AAS and GC-MS detection. The volatile products which are formed using the

different mixing sequences (A or B or C) are delivered to a gas–liquid separator (GLS) coupled with the detection system.
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waste sample solutions were propelled by Tygon microtubes of ap-

propriate diameters (i.d. 0.76-1.14 mm). Mixing T-junctions and X-

junctions were purchased from Ismatec (Kel-F, 0.8-mm i.d.) and reac-

tion loops consisted of PTFE tubing.

A Perkin-Elmer model 2380 atomic absorption spectrometer

was employed to evaluate the interference of AuIII on the relative

yield of arsane generation. An electrodeless discharge lamp (EDL Sys-

tem II, Perking-Elmer) was used to detect As at a wavelength of

193.7 nm (spectral bandwidth 0.7 nm). The lamp was operated at the

current level recommended by the manufacturer. The atomizer was a

miniaturized Ar/H2 diffusion flame [19] supported in a quartz tube

(6.5 mm internal diameter).

An Agilent GC 6850 equipped with an Agilent 5975 C MS detector

was employed to evaluate the interference by AuIII on the mechanism

of hydrogen transfer from boron to arsenic. A manual sample injec-

tion of headspace gas (100 μL) was performed. The oven program

consisted of the following: isothermal (6 min) at 25 °C, 25 °C/min to

200 °C maintained for 5 min. Inlet setup: inlet mode is pulsed split

mode with split ratio 10:1, pulsed pressure 220 kPa and temperature

200 °C. A model J&W 122-1364E DB-624 column (6% cyanopropyl-

phenyl 94% dimethyl polysiloxane) was used in constant flow mode

at 0.8 mL He/min. Mass spectrometry detection (70 eV electron im-

pact, transfer line 260 °C, ion source 250 °C) was performed in SCAN

mode (55–350 m/z).

2.2.2. Batch-hydride generation experiments

Batch-HG was used in order to estimate, by GC-MS, the isotopic

composition of arsane which was produced by reaction of AsIII by

TDB in aqueous solution and in the presence of trace amounts of

AuIII, PdII, PtII, NiII and CuII. Screw cap reaction vials fitted with PTFE/

silicone septa (4 mL, borosilicate glass, Pierce Chemical Co.) were

employed. GC-MS conditions were similar to those used for continu-

ous flow-HG (section 2.2.1) with the following exceptions: 0.5 mL

sample was injected in a splitless mode into a 30 m × 0.25 mm i.d.

capillary column (1 μm Valcobond VB-1).

2.3. Procedures

2.3.1. Continuous Flow-Hydride Generation Experiments

Continuous flow-HG experiments were accomplished using the che-

mifold setups shown in Fig. 1. The AsIII concentration was 1 mg L-1 and

the AuIII concentration was varied from 0.5 to 20 mg L-1. Both AsIII and

AuIII were prepared in 1 M HCl. Three different experimental protocols

were investigated, namely Exp-A (Fig. 1a), Exp-B (Fig. 1b) and Exp-C

(Fig. 1c).

Exp-A: AsIII was first mixed with THB (or TDB) in a T-junction

and the hydride generation continued in loop L1 (volume 116

μL). The arsane preformed in L1, together with AsIII and other As

species not fully reacted, merged in an X-junction with additional

THB (or TDB) and AuIII in 1 M HCl. After reaction in loop L2 (volume

500 μL) this solution underwent gas–liquid separation (assisted by

Ar stripping) and the volatile compounds were analyzed by GC-MS

and AAS.

Exp-B: AsIII, AuIII and TDB solutions were mixed simultaneously in

an X-junction. The reaction took place in loop L1 (volume 116 μL),
after which the solution underwent gas–liquid separation (assisted

by Ar stripping) and the volatile compounds were analyzed by GC-

MS and AAS. This experiment most closely resembled that used ana-

lytically and the absorbance signal measured in the absence of inter-

ference - S0 - was taken as the reference signal.

Exp-C: AuIII was first mixed with THB (or TDB) in a T-junction and

the reduction took place in loop L1 (volume 116 μL). The reaction

products from L1 were merged in a T-junction with AsIII. After reac-

tion in loop L2 (volume 500 μL), this solution underwent gas–liquid

separation (assisted by Ar stripping) and the volatile compounds

were analyzed by GC-MS and AAS.

In all experiments, the steady-state signal intensity was employed for

absorbance measurement. The signal generated between 40 and 90 s

after the start of reaction was averaged and taken as the signal intensity.

For GC-MS measurements, the arsane was sampled through the PTFE

port (Fig.1) in the time interval between 40 and 90s after the start of

the reaction.

2.3.2. Batch-HG experiments

Exp-1: A 1 mL solution of 1 mg L-1 AsIII in 1 M HCl was placed in the

reaction vial and spiked with an appropriate amount of metal ion. The

vial was sealed, purged with nitrogen and kept under magnetic stirring.

A 0.5 mL volume of 0.2 M TDB in 0.1 M NaOH was then added. GC-MS

analysis of 0.5 mL of headspace was performed at varying time intervals.

Exp-2: AsD3was generated in a vial by reacting 10 mg L-1 AsIII in 1 M

HClwith TDB in 0.1 MNaOH. In another vial containing themetal ion so-

lution in 1 M HCl, a 0.5 mL volume of 0.2 M TDB was injected (a needle

was inserted in the septum to remove the hydrogen over pressure). The

needle was removed and 2 mL of the headspace containing the AsD3

generated in the first vial were injected. The solution was maintained

under shaking and GC-MS analysis of the headspace was performed at

different times after injection of the TDB solution.

In all these experiments, the concentration of arsane in the head-

space was considered proportional to the integrated area of the

arsane peak (total ion current) obtained by GC-MS analysis.

2.4. Estimation of the amount fraction of AsHnD3-n isotopologues (n=0− 3)

in a gaseous mixture

The separation of the different isotopologues AsHnD3-n (n=0 − 3)

cannot be performed using conventional capillary GC. Moreover, they

cannot be separated in the mass domain since their electron impact

mass spectra substantially overlap. Additionally, there are no experimen-

tal strategies to obtain pure isotopologues, such as AsH2D and AsHD2. In

this work, the relative abundances y(AsHnD3-n) (n=0, 1, 2, 3) generated

experimentally in different conditions,were estimated theoretically using

the method described by Meija et al. [20].

3. Results and discussion

As shown in Fig. 1 and described in the experimental section, the

continuous flow experiments were undertaken in an effort to under-

stand the relevance of the mixing sequence on generation of arsane

by THB (or TDB) in the presence of gold;

Exp-B provides conditions closest to an analytical situation where-

in the analyte and the interference are present at the same time at the

moment reduction by THB (or TDB) occurs.

Exp-A and Exp-C can be viewed as perturbations of Exp-B in that arsane

is reacted with AuIII/THB (or AuIII/TDB) in Exp-A and the preformed Au-

colloid/THB (or Au-colloid/TDB) is reacted with arsane during generation

in Exp-C.

Continuous flow experiments were conducted in order to investigate

the effect of gold on the yield of arsane and on the mechanism of hydro-

gen transfer.

Batch experiment Exp-2 provides information on the role of the

metal colloid on the H/D exchange in pre-formed AsD3, whilst Exp-1

is the batch version of Exp-B wherein analyte and interference are

present together in the system at the moment of reduction by TDB.

3.1. Interference by AuIII during continuous flow-HG: AAS experiments

The most important results generated by the continuous flow-HG ex-

periments are presented in Fig. 2. Fig. 2a reports an interference plot

obtained using THB. The magnitude of the interference is relatively low

(signal depressionb10%) for both Exp-A and Exp-B. An interesting effect

is observed with Exp-C. In the absence of gold, the signal is lower than

that obtained during Exp-A and Exp-B. This is in agreement with
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previously reported evidence [21] wherein arsane is generated with re-

duced efficiency when AsIII is reacted with hydridoboron intermediates

(formed in L1, Fig. 1c). By increasing the gold concentration, the signal

obtained in Exp-C reached its maximum at 20 mg L-1, which is close to

the response obtained in Exp-A and Exp-B. The result of Exp-C (Fig. 2a)

suggests that, under these conditions, gold is able to improve the HG effi-

ciency by playing an active role in the hydrogen transfer from the borane

complex to the substrate. We propose that THB-AuIII intermediates are

more efficient for HG than the hydridoboron species formed without

the metal. However, considering that AuIII and its reaction products can

also exert an interference effect on the yield of arsane, it is concluded

that both positive and negative effects are present at the same time in

the experiments reported in Fig. 2a. Coincidentally, at 20 mg L-1 AuIII,

the two opposing effects result in a similar generation efficiency of arsane

for the experiments reported in Fig. 2a.

An additional interesting observation is the effect of AuIII on the

shape of the absorbance-time signals: Exp-A and Exp-B are not per-

turbed by the presence of gold in the range 0–20 mg L-1 AuIII. On

the other hand, the shapes of the signals obtained in Exp-C are

strongly affected by the presence of AuIII. In this case, the signals

lose their typical steady-state profiles and tend to decrease with

time. Moreover, strong memory effects derived from the action of

the metal are evident from the pronounced tailing of the signals

and from the signal enhancement which remains even in the ab-

sence of AuIII. This peculiar positive memory interference effect is

not easy to explain but the possibility cannot be ruled out that

some gold compounds retained in the HG system continue to

exert an enhancement effect on the efficiency of arsane generation

(Fig. 2a, Exp-C). Accumulation of gold compounds in the HG appara-

tus was evident from the light blue color of deposits adhering to the

inner wall of the PTFE tubing. After the generation of the arsane in

the presence of gold (2–20 mg L-1 AuIII), the baseline noise level

of the blank (1 M HCl and 0.25 M THB, without Au, Exp-C, Fig.1)

remained higher than the original level measured before experi-

ments. If 1 M HCl is replaced by 20 mg L-1 AuIII in 1 M HCl, a tran-

sient peak is observed due to arsane generation and the baseline

is restored in less than 3 minutes. These qualitative observations in-

dicate the different reactivity of the reducing species which are

formed by hydrolysis of THB in the presence and in the absence of

AuIII. These reducing species are more effective than those generat-

ed by hydrolysis of THB in 1 M HCl and this is in agreement with the

evidence presented in Fig. 2a, Exp-C.

From this set of experiments, it is clear that the role played by

gold during generation of arsane is not only associated with the suppres-

sion of generation efficiency, but also by strong interactionwith the THB-

AsIII system, rendering positive effects on HG under select conditions.

3.2. Interference by AuIII during continuous flow-HG: deuterium labeled

experiments

The experiments summarized in Fig. 2a were repeated using TDB and

the isotopic composition of the arsanes generated in the presence of AuIII

was determined; results are reported in Fig. 2b for Exp-A and Exp-B. The

presence of AuIII in the reaction system produces a remarkable decrease

in the amount fraction of deuteriumwhich is incorporated into the gener-

ated arsane, even at the lowest concentration of gold (As/Au mole ratio

equal to 1.3). The effect is particularly evident with AsD3, which tends

to disappear. Exp-C and Exp-A yield comparable results with y(D)=0.90

and 0.93 at 2 mg L-1 AuIII, respectively. In general, the collected evidence

indicates that gold interferes with the mechanism of hydrogen transfer

from boron to arsenic.

Themost pronounced effect is observedwhen all reagents aremixed

together (Exp-B, Fig. 1b); this indicates that gold plays a role in the early

stages of formation of arsane. Under conditions in which the arsane has

already formed in L1 (Exp-A, Fig.1a) and can interact with those gold

compounds formed during the AuIII-TDB reaction, the H/D exchange is

considerably reduced. The same is evidentwhen the formation of arsane

takes place in the presence of gold compounds which are formed after

prolonged reaction time with TDB in L1 (Exp-C, Fig. 1c).

It is noteworthy that H/D exchange is promoted at gold concentra-

tions which produce either a moderate depletion of the reaction effi-

ciency (signal depressionb10%) or no effect at all.

There is no correlation between the magnitude of the interference

and the magnitude of the H/D exchange, as illustrated by results pre-

sented in Fig. 2, wherein Exp-B produces less pronounced interference

(Fig. 2a) but more pronounced H/D exchange (Fig. 2b).

The results presented in this section indicate that AuIII participates

in the generation of arsane and this occurs during the early stages of

the following reaction sequence:

Au
III
þ THB→intermediates→Au

0
→Au nanoparticlesð Þ→Au colloidsð Þ

ð1Þ

Concerning the nature of the intermediates, formation of transient

species containing Au-H, Au-B-H and B-Au-H bonds [17,22–24] as
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intermediate states through which gold passes during the reduction

from AuIII to Au0 cannot be excluded.

3.3. Interference by AuIII and other metal ions during batch-HG: deuterium

labeled experiments

In addition to AuIII, the effect of other metal ions (PdII, PtII, NiII and

CuII) was tested during batch-HG of arsane.When TDB was added to a

solution containing both AsIII and the metal ion (Exp-1) a remarkable

H/D exchange was produced by AuIII, PdII and PtII, whereas the effects

produced by NiII and CuII were of little relevance. For these three ele-

ments, a more detailed investigation was conducted through Exp-1

and Exp-2 and the results are reported in Fig. 3 for AuIII, PdII, and

PtII, respectively.

The gradual decrease of arsane concentration with time (Fig. 3a, 3c

and 3e) is due to the sequestration of hydride on the surface of the
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(nano)particles formed by the reduction of the metal ions by TDB. How-

ever, the presence of metal particles did not produce further notable

changes in the isotopic composition of arsane during the observed reac-

tion time span, with the exception of gold, for which additional H/D ex-

change is observed within 4 minutes (Fig. 3a). However, most of the

H/D exchange occurs just after the addition of TDB. The interaction of

the metal reaction products with preformed AsD3 (Exp-2) did not pro-

duce significant H/D exchange, as shown in Fig. 3b, 3d and 3f. This con-

firms the observations emerging from continuous flow-HG experiments

and rules out the possibility that AsD3 undergoes H/D exchange in the

presence of metal colloids.

3.4. Effect of metal ions on the mechanism of hydrogen transfer

In the absence of foreign species, the mechanism of arsane gener-

ation is due to the direct stepwise transfer of hydrogen from borane

to arsenic, and takes place with moderate isotopic effects [25].

Using a mixed solution of THB and TDB [25] the isotopic composition

of the generated arsane is similar to that reported in Fig.4. From Fig. 4,

it is possible to estimate that a mixed THB+TDB reductant solution of

composition x(TDB) (0 ≤ x ≤ 1) generates a mixture of arsane isoto-

pologues AsH3, AsHD2, AsH2D and AsD3. The distribution of abun-

dances of the arsane isotopologues is described by a set of four amount

fractions y(AsH3), y(AsHD2), y(AsH2D) and y(AsD3) (0 ≤ y ≤ 1).

The cumulative amount fraction of deuterium incorporated into

the generated arsane is y(D) [ where y(D)bx(TDB) because of the

isotopic effect ] and

y Dð Þ ¼ ∑
3

n¼0

3−nð Þ⋅y AsHnD3−nð Þ:

In pure aqueous solution, a given value of y(D) corresponds to

one and only one set of y(AsH3), y(AsHD2), y(AsH2D) and y(AsD3).

This set describing the distribution of abundances of the arsane iso-

topologues cannot be achieved with other values of y(D) and vice

versa; for every y(D) there is a unique set of abundances of the

arsane isotopologues, evident from the abundance distributions

reported in Fig. 4.

The presence of trace amounts of some transition metal ions can

produce dramatic changes in both y(D) and the distribution of abun-

dances of arsane isotopologue. NiII and CuII produced only a minimal

effect on the distribution, whereas AuIII, PtII and PdII result in a dra-

matic perturbation. The results obtained for these noble metals are

compared in Figs. 5 and 6.

In general, the presence of AuIII, PtII and PdII at trace levels results

in the generation of arsanes in which the total deuterium incorporat-

ed decreases from 98% to about 65 – 45%, depending on the metal and

its concentration. This is clearly the consequence of an H/D exchange

processes with the reaction environment which could occur during

different steps of the reaction pathways. Excluding the H/D exchange

on the already formed arsane (section 3.3), one hypothesis could be a

catalytic role of the metal promoting H/D exchange on TDB before the

hydrogen transfer step. This would change the isotopic composition

of the borane complex, reducing the amount fraction of deuterium

in it, and giving reaction conditions similar to those achievable by

the use of a mixed THB+TDB reductant. In this case, from Fig. 4, it

is possible to determine the isotopic composition of arsane produced

for a given fractional amount of total deuterium, y(D), which is

obtained with a reductant of composition x(TDB). In Fig. 5b, it is evi-

dent that the presence of PtII produces arsane with y(D)=0.65 and

that the same level of deuterium incorporation could be obtained in

the absence of the metal by using a mixed THB+TDB with x(TDB)=

0.725. The same is valid for PdII, producing arsane with y(D)=0.55

and that the same level of deuterium incorporation could be obtained

in the absence of the metal by using mixed THB+TDB with x(TDB)=

0.635. However, the distributions of arsane isotopologues for the

same level of y(D) show dramatic differences. In particular, the pres-

ence of PtII and PdII considerably increases the formation of fully hy-

drogenated and deuterated isotopologues, AsH3 and AsD3, thus

inverting the distribution obtained by mixed THB+TDB reductant

for which the prevailing species formed in the absence of these

metal ions are the mixed isotopologues AsH2D and AsHD2. The forma-

tion of only AsH3 and AsD3 species is expected in a mechanism in

which the H or D atoms come from the same borane molecule [25].

The presence of PtII and PdII could promote the formation of bo-

rane-metal intermediates according to same scheme of reaction 1.

In this case, formation of arsane could also take place with a partial

contribution of a reaction pathway in which all the three H or D

atoms come from the same borane-metal intermediate.

The effect of AuIII (Fig. 6c), while strongly influencing the amount

fraction of incorporated deuterium [y(D)=0.46], is less pronounced

on the distribution of arsane isotopologues. However, the increase

of y(AsD3 from 0.09 to 0.21 and the decrease of y(AsH2D) from

0.41 to 0.31 are significant, and indicate that, in this case as well,

the presence of metal changes the abundance distribution of arsane

isotopologues.
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The evidence reported above casts doubt on a mechanism based

on the sole hypothesis that the metal promotes a preliminary H/D ex-

change on the borane complex before the reaction of borane with

AsIII.

These data illustrate that the presence of some metal ions at trace

levels are able to change the mechanism of incorporation of hydrogen

into the final hydride and that their interaction with the borane-ana-

lyte reaction system is much faster than the complex of reactions

leading to the formation of the final arsane in the absence of

these noble metals [25]. This represents a new type of interference

in HG technique, which can be termed a “mechanistic interference”

in order to distinguish it from the already know “reaction yield

interference”.

4. Conclusion

A new type of interference - herein termed “mechanistic interfer-

ence” - has been identified in HG of arsane by aqueous tetahydrido-

borate. It is induced by the presence of some noble metal ions such

as AuIII, PdII and PtII. Concentrations of these metal ions at themicro-

molar level are able to change the mechanism of hydrogen transfer

from the borane complex to arsenic, allowing the incorporation of

a larger amount of hydrogen derived from the solvent to the final

arsane. This mechanistic interference appears independent of the

reaction yield interference, at least for the investigated case of

arsane generation in the presence of AuIII, PdII and PtII. It is remark-

able that the mechanistic interference takes place during the early

stages of the reaction and under conditions in which the As/metal

mole ratio is in the range from 0.5 to 15 and the borane reagent con-

centration is several orders of magnitude higher than both As and

the metal ions. This is a new evidence with respect to the mecha-

nism proposed for hydride generation in the absence of foreign spe-

cies, essentially based on the direct stepwise hydrogen transfer from

the borane complex to the substrate. The mechanistic interference

reported here cannot be explained by H/D exchange of borane before

its reaction with the arsenic substrate and thus clarification of the

mechanism associated with this type of interference requires further

detailed investigations.

More evidence on the effect of AuIII on arsane generation indicates

that the metal can interact with the borane-As reaction system at

concentrations much lower than those producing depletion of reac-

tion yield of arsane. In some cases, the intermediate products which

are formed in the early stages of the AuIII-THB-H3O
+ reaction pose

peculiar reactivity with respect to those formed during the THB-

H3O
+ reaction.

This work sheds new light on the role played bymetal ions during the

chemical vapour generation of volatile hydrides and contributes to the

general knowledge of THB, a classical reducing agent in chemistry and a

molecule actually under investigation by the scientific community for its

potentialities for hydrogen storage.
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Abstract The formation of volatile products during the

reaction of As(III), As(V), MeAsO(OH)2, and Me2AsO(OH)

with aqueous NaBH4 has been investigated, and the

formation of arsanes, diarsanes, and triarsanes has been

detected. The presence of triarsanes is reported here for the

first time. Diarsanes and triarsanes are likely formed in

condensation cascade reactions, whereas trimethylarsane

arises via the transfer of a methyl group. The formation of

volatile by-products is considerably reduced by increasing

the acidity of the medium and the concentration of NaBH4

or by the addition of thiols, such as cysteine. A reaction

scheme is proposed which reconciles the evidence reported

herein and elsewhere in the literature that is valid for both

analytical (trace analysis) and non-analytical reaction

conditions.

Keywords Arsenic .Monomethyarsonic acid .

Dimethylarsinic acid . Tetrahydridoborate . Diarsanes .

Triarsanes

Introduction

Chemical generation of volatile species (CGVS) of metallic

or organometallic compounds by reactions with aqueous

NaBR4 (R=H, alkyl or phenyl group) or XBH3 (X=NH3,

NR3, CN
−) coupled with atomic or molecular spectroscopy

or with mass spectrometry is among the most powerful

analytical tools for trace element determination and

speciation [1–3]. Despite the widespread analytical appli-

cation of volatile hydride formation for the determination of

trace amounts of elements such as arsenic, antimony,

bismuth, germanium, tin, lead, selenium, tellurium, and

mercury, the mechanism by which they are formed has been

debated for many years. In particular, perpetuation of the

notorious two-century-old incorrect hypothesis that free

atomic (nascent) hydrogen is somehow involved in this

reaction needs to be dispelled [4, 5].

Recent studies have shown that the aqueous phase

reaction of NaBH4 with oxoacid species of elements such

as arsenic occurs through a concerted (direct) transfer of

hydrogen atoms from boron to the element, thus forming

the hydride, AsH3 [6]. The generation of EHn-type hydrides

is an n-step process wherein each of the n hydrogen atoms

in the hydride originates from different borane molecules

[7]. In addition, acid hydrolysis of NaBH4 is not necessary

for the formation of hydrides [8, 9]. Analyte–borane

intermediates have also been detected, as in the case of

the reaction of Me2AsO(OH) with aqueous aminoboranes

[7]. Certain aspects of the generation of the volatile

hydrides, however, are not fully understood. An additional

problem that arises from the incomplete understanding of

this reaction is the assumption that the reaction of NaBH4

with aqueous ions of the hydride-forming elements leads to

the formation of a unique volatile hydride. It is well known,
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however, that with the increased concentration of the

analytical substrate, many elements are partially converted

to solid reaction products [10–12]. This diminishes the

yield of volatile hydride and leads to a curvature in

calibration plots at higher concentrations of analyte [11,

12]. At trace levels (sub-milligrams per liter), inorganic As

(III) and As(V), MeAsO(OH)2, and Me2AsO(OH) react with

an excess of aqueous NaBH4, forming AsH3, MeAsH2, and

Me2AsH, respectively [2]. As the concentration of the

analytical substrate increases or the NaBH4-to-analyte

amount ratio decreases, various volatile by-products, such

as diarsanes or Me3As, are formed [7]. This phenomenon is

of great importance to analytical chemists. For example, it

casts doubt on whether diarsane and monomethyl diarsane

are indeed present in the environment, as recently reported

[13], or they only appear as artifacts of the analytical

method, as will be demonstrated here.

This study is devoted to a clarification of the mechanism

of arsane generation from inorganic and methyl arsenates

under analytical and non-analytical conditions. A series of

experiments was performed with deuterium-labeled

reagents using gas chromatography coupled with mass

spectrometry for the identification of the reaction products.

The mass spectra of the hydrides were mathematically

deconvoluted in order to obtain the amount fractions of

isotopologues AsHnD3–n (n=0–3), MeAsHnD2–n (n=0–2),

and Me2AsHnD1–n (n=0–1) and the amount fraction of

deuterium incorporated into the final hydrides [14].

Experimental section

Instrumentation

A Hewlett-Packard 6890 gas chromatograph (GC) operated

in splitless mode and equipped with a Hewlett-Packard

5973 mass selective detector (MS) was fitted with a 30-m

capillary GC column (Valcobond VB-1, 1-μm film thick-

ness, 0.25-mm internal diameter) for the acquisition of the

mass spectra of arsane and methylated arsane isotopo-

logues. The GC was operated under the following con-

ditions: injector temperature, 160 °C; oven temperature

program, 35 °C; hold for 4 min; and heated to 200 °C at

15 °C min−1. The initial transfer line temperature was 150 °

C, heated at 30 °C min−1 to 250 °C. For the separation and

identification of the less volatile arsenic species, a different

GC capillary column was employed (DB-5; 30-m length,

5-μm film thickness, 0.25-mm internal diameter), and it

was operated under the following conditions: injector

temperature, 160 °C; oven temperature program, 35 °C;

hold for 4 min; heated to 200 °C at 15 °C min−1. The initial

transfer line temperature was 150 °C, heated at 30 °C min−1

up to 250 °C. Gas-tight syringes (1 and 5 mL, Hamilton)

were employed for sampling gases from the reaction vial

headspace. Screw cap vials (4 mL) fitted with PTFE/

silicone septa (borosilicate glass, Pierce Chemical Co.)

were used. The carrier gas was He at 1.2 mL min−1. Mass

spectral deconvolution of the results was undertaken.

Chemicals

NaBH4 pellets (Alfa Aesar, Word Hill, MA), NaBD4

powder (isotopic purity, xD=99%; Cambridge Isotope

Laboratories, Cambridge, MA), 37% DCl in D2O (xD=

99.5%; Aldrich), 30% NaOD in D2O (xD=99%; Aldrich),

and D2O (xD=99.9%; Aldrich) were used. Arsenic standard

solutions (2,000 μg As mL–1) were prepared from K3AsO4

(>99.0% purity, Baker’s Analyzed), MeAsO(ONa)2 (99.0%

purity, ChemService, PA, USA), and cacodylic acid,

Me2AsO(OH) (99.3% purity, Sigma Aldrich). A 1 mol

L–1 bromide/0.2 mol L–1 bromate solution was prepared

from analytical grade solid reagents (Carlo Erba).

L-Cysteine solution (γ=10 gL–1) was prepared by dissolv-

ing the solid reagent (Fluka) in 0.1 MHCl. A hydrazine

solution (w=250 mg g–1, NH2NH2⋅H2O; Fluka) was

employed without further dilution. All other chemicals

were reagent grade. Stock solutions of 1 M NaBH4 or

NaBD4, prepared in H2O, were stabilized with 0.5 M

NaOH. A stock solution of 0.2 M NaBD4 was prepared in

D2O and stabilized with 0.1 M NaOD. All NaBH4 or

NaBD4 solutions were stored at 4 °C and were stable for a

week. Working solutions for reactions were prepared by

dilution of the stocks just before use.

Generation of arsanes

For the generation of different volatile arsanes, 1 mL of

HCl solution (0.01–0.20 M) was placed into a 4-mL

reaction vial and spiked with the required amount of the

arsenic standard (5–400 μL of 2,000 μg As mL−1). The vial

was sealed, purged with nitrogen, and kept under magnetic

stirring. An aliquot (0.1–1.0 mL) of 0.2 M NaBH4 (or

NaBD4) in 0.1 M NaOH (or NaOD) was then added with a

syringe. After the addition of the reducing agent, the

headspace of the vial (approx. 0.25 mL) was sampled at

different reaction times (from 5 s to 20 min) and analyzed

by GC-MS.

For H/D exchange experiments, pure hydrogenated or

deuterated arsanes were prepared shortly before their use

from fully hydrogenated or deuterated media following the

above procedure. After reaction, 5 mL of the headspace gas

was sampled and then injected into another vial containing

the exchange solution, H2O or D2O, at the required acidity.

The vial was continuously shaken and the headspace

(approx. 0.25 mL) was periodically sampled over an

interval of 5 min.

922 A. D’Ulivo et al.



Arsenic remaining in the liquid phase

Solutions resulting from the reaction of 10 mM As(III) or

MeAsO(OH)2 or Me2AsO(OH) in 1.4 mL 0.1 M HCl with

0.2 mL 0.2 M NaBH4 in 0.1 M NaOH were analyzed

following the same procedure described above for arsanes.

During the reaction, several changes are observed for the

different arsenic compounds; these are illustrated in Fig. 1.

After 30 min, the headspace of the reaction vial was flushed

with nitrogen in order to remove volatile products. The

solution was analyzed for both the arsenic dissolved in the

liquid phase and for the total arsenic (liquid phase + solid

phase).

For the determination of arsenic dissolved in the liquid

phase, 0.05 mL of the solution was diluted to 100 mL with

0.1 M HCl and 0.1 M cysteine solution. After 30 min, the

solution was analyzed using arsane generation with

detection by atomic absorption spectrometry (HG-AAS)

[15]. For the determination of total arsenic, the solution

containing the precipitate was acidified with 0.8 mL of

12 M HCl, and then bromine was developed in situ by the

addition of 10 μL of a bromide/bromate solution. The

solution was heated at 95 °C for 1 h in a heating block, and

after cooling, the bromine was reduced with 10 μL of

hydrazine solution. The determination of arsenic was

achieved by HG-AAS, following the same procedure

described for dissolved arsenic.

Amount fraction of arsane isotopologues

Separation of the arsane isotopologues AsHnD3–n (n=0–3),

MeAsHnD2–n (n=0–2), and Me2AsHnD1–n (n=0–1) cannot

be accomplished using conventional capillary GC. Their

separation, however, can be accurately performed in the

mass domain since their mass spectra are different. For

dimethylarsane, estimation of the Me2AsH and Me2AsD

amount fractions can be performed from the fragments at

m/z 106 and 107, respectively. Isotopologues of arsane and

monomethyarsane, however, cannot be treated in a similar

manner since the electron impact mass spectra of these

hydrides overlap substantially. Additionally, there are no

experimental strategies for obtaining pure AsH2D, AsHD2,

or MeAsHD. In this case, relative abundances of the arsane

and monomethylarsane isotopologues were estimated using

mathematical deconvolution techniques previously devel-

oped for the quantitation of hydrides EH2 (E=O, Se) [16],

EH3 (E=As, Sb, Bi), and EH4 (E=Ge, Sn) [14]. The

electron impact mass spectra of the pure arsane isotopo-

logues are given below:

AsHnD3–n, m/z=75–81: 0.145, 0.420, 0.105, 0.328,

0.000, 0.000, 0.000 (n=3); 0.139, 0.262, 0.177, 0.079,

0.343, 0.000, 0.000 (n=2); 0.135, 0.086, 0.324, 0.006,

0.103, 0.346, 0.000 (n=1) and 0.136, 0.000, 0.431,

0.000, 0.088, 0.000, 0.345 (n=0) [14]

MeAsHnD2–n, m/z=90–94: 0.481, 0.079, 0.434, 0.006,

0.000 (n=2); 0.434, 0.151, 0.026, 0.389, 0.000 (n=1)

and 0.350, 0.172, 0.068, 0.018, 0.392 (n=0)

Me2AsHnD1–n, m/z=106–107: 1.000, 0.000 (n=1) and

0.000, 1.000 (n=0)

Results and discussion

H/D exchange of hydridic hydrogen in methylarsanes

As reported recently, neither AsH3 nor AsD3 undergoes H/

D exchange when in contact with acidic solutions (pH, or

pD, in the range from 0 to 7) for several minutes [17]. In

contrast, methylarsanes undergo fast H/D exchange in

Fig. 1 Visual change occurring during the reduction of As(III) (a–c)

and Me2AsO(OH) (d–f) with NaBH4 (color change for As(III), As(V),

and MeAsO(OH)2 is similar). Images are taken approx. 1 s, 1 min, and

1 h after mixing the reagents, respectively. Experimental conditions:

1.4 mL of As solution (10 mM As in 0.1 MHCl) is reduced by 0.2 mL

0.2 M NaBH4 in 0.1 M NaOH

Condensation cascades and methyl group transfer reactions 923



acidic media [18]. Both MeAsH2 and MeAsD2 undergo a

rapid H/D exchange in strongly acidic or alkaline con-

ditions; however, no significant H/D exchange is observed

in the interval of pH, or pD, from 6 to 10 for contact times

with the liquid phase of up to 30 s, as evident from Fig. 2.

The generation of MeAsD2 at a final pH 9 results in a 95%

isotopic purity of MeAsD2 with only 4% of MeAsHD and

1% MeAsH2. With the objective of evaluating the mecha-

nism of hydrogen transfer, this was considered a tolerable

level of H/D exchange. Both Me2AsH and Me2AsD undergo

H/D exchange in strongly acidic media (pH, pD=1), yet are

stable at pH, or pD, in the range from 6 to 13, where no

significant exchange (<8%) takes place in the first 5 min.

However, pure Me2AsD could be obtained only in a strongly

basic medium (pH>12), as shown in Fig. 3. In order to

avoid any H/D exchange with the solvent, a final pH 13 was

considered more appropriate, even though dimethylarsane is

generated quite slowly under these conditions.

The identification of the pH regions where the arsanes

are stable against H/D exchange with the media (HCl/H2O)

allowed the development of experimental designs in which

the integrity of the isotopic composition of the generated

volatile arsanes could be maintained. This, in turn, allowed

probing the mechanism of hydride generation.

Mechanism of the hydrogen transfer from borohydride

Arsenic hydride generation experiments with pure NaBD4

or from mixtures of NaBD4 and NaBH4 are useful for

deciphering the origin of the hydrogen and, more impor-

tantly, the nature of the hydrogen transfer from the

borohydride to arsenic. Most notably, it is among the

simplest of means to dismiss the atomic hydrogen hypoth-

esis of arsane generation [7]. Experiments with NaBH4 and

NaBD4 mixtures can also differentiate between the single-

and multistep transfer of hydrogen atoms from borohydride

as these two scenarios result in different patterns of arsane

isotopologues, as evident in Fig. 4.

In the multistep hydrogen transfer, the hydrogen atoms in

the final hydride arise from different borane molecules,

whereas in the case of a single-step hydrogen transfer, all

hydrogen atoms in the final hydride derive from the same

borane molecule. In the reaction of MeAsO(OH)2 with a 1:1

mixture of NaBH4/NaBD4, the single-step hydrogen transfer

would result in two hydrides, MeAsH2 and MeAsD2, both in

equal amounts. In contrast, a two-step hydrogen transfer

would result in a mixture of MeAsH2, MeAsHD, and

MeAsD2 in a ratio of 1:2:1, as coefficients in the Pascal

triangle. Comparison of the experimental and expected

distributions of monomethylarsane isotopologues, shown in

Fig. 4c, d, clearly favors the two-step transfer of hydrogen

from boron to arsenic, analogous to the three-step transfer

observed in the formation of AsH3, SbH3, or BiH3 [7].

Isotope effects

The expected isotopologue distributions were calculated

without considering the H/D isotope effect. Indeed, there is
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Fig. 2 H/D exchange of mono-

methylarsane. Pre-formed

Me2AsD (Me2AsH) was placed

in contact with the exchange

media under various conditions.

The amount fractions of

MeAsHnD(2–n) (n=0, 1, 2)

detected in the headspace at

different acidities are reported. a

MeAsH2 in D2O at different pD

values, 30-s contact time. b

Same as (a), but with a 5-min

contact time. c MeAsD2 in H2O

at different pH values, 30-s

contact time. d Same as (c), but

with a 5-min contact time
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no evidence of a significant isotope effect in the

formation of dimethylarsane (Fig. 4a). In contrast to

this, the isotopologue distributions of arsane (Fig. 4e) and

monomethylarsane (Fig. 4c) are slightly skewed toward a

more favorable incorporation of H over D, even if it

appears of little relevance. Considering that no isotope

effect is observed during the formation of dimethylar-

sane, this skew is likely due to a secondary isotope effect.

This secondary isotope effect is reasonably due to the fact

that the incorporation rate of an incoming H or D is

dependent on the coordination sphere of arsenic, say to

the presence of As–H or As–D bonds which are already

formed in the preceding transfer step. In sum, the kinetic

isotope effect, which has been observed by replacing H

with D in NaBH4, indicates that hydrogen transfer is not

the rate-determining step in the formation of volatile

arsanes.
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a completely hydrogenated media was reduced with 0.2 M NaBD4.

The isotopic composition of dimethylarsane evolved has been

followed against the acidity of the resulting solution. The amount

fraction of Me2AsD is reported at different pH values
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Fig. 4 Experimental (a, c, e)

and predicted (b, d, f) distribu-

tions of arsane and methylated

arsane isotopologues arising

from the reduction of the

corresponding pentavalent arse-

nic compounds. a Dimethylar-

sane. Conditions: 1 mL 60 μM

Me2AsO(OH) in 1 mM HCl was

reduced with 0.5 mL of 0.2 M

(NaBH4 + NaBD4) in 0.1 M

NaOH; all reagents were

prepared in H2O. b Predicted

distribution of dimethylarsane

isotopologues based on the

direct hydrogen transfer from

borohydride to arsenic. c

Monomethylarsane. Conditions:

1 mL of 60 μM MeAsO(OH)2
in 0.1 M HCl was reduced with

0.5 mL of 0.2 M (NaBH4 +

NaBD4) in 0.1 M NaOH; all

reagents were prepared in H2O.

d Predicted distribution of

monomethylarsane isotopo-

logues based on the direct

hydrogen transfer from borohy-

dride to As: two-step hydrogen

transfer. e Arsane. Conditions:

1 mL of 60 μM AsO(OH)3 in

1 M HCl was reduced with

0.5 mL of 0.2 M (NaBH4 +

NaBD4) in 0.1 M NaOH; all

reagents were prepared in H2O.

f Predicted distribution of arsane

isotopologues based on the

direct hydrogen transfer from

borohydride to As: three-step

hydrogen transfer
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Volatile reaction by-products

Under analytical conditions and at ultra-trace levels of

arsenic, hydride generation is commonly assumed to

yield a single volatile product: AsH3 from As(III) and As

(V), MeAsH2 from MeAsO(OH)2, and Me2AsH from

Me2AsO(OH). To test this assumption, various experi-

ments were conducted under analytical and non-analytical

conditions wherein the concentration of the arsenic

substrates was varied in the range from 10−2 to 10 mM

(the typical analytical working range is from 1 nM to

1 μM of arsenic). While at the ultra-trace level the arsenic

compounds are indeed converted to unique volatile

arsanes, as mentioned above, the formation of other

volatile arsanes is evident at a higher analyte concentra-

tion, as summarized in Tables 1 and 2. In certain cases,

these by-products even become the major components of

the headspace.

At arsenic concentrations up to 1 mM, the formation of a

reddish suspended particulate matter is also evident for

inorganic As and MeAsO(OH)2, suggesting that they are

not completely converted into volatile species (Fig. 1c). For

Me2AsO(OH), no particulate matter is formed, but a white

gas is generated upon the addition of NaBH4, and it is

clearly visible in the headspace of the reaction vial

(Fig. 1e). At the highest concentration level of arsenic

(10 mM), quantitative experiments indicate that a large

fraction of arsenic remains in the vial after reaction with

NaBH4. For the inorganic arsenic compounds, about 65%

of the total As remains in the condensed phase (45% in

solution and 20% as solid precipitate). For both MeAsO

(OH)2 and Me2AsO(OH), the amount fraction of the total

As remaining in solution as non-volatile compounds is

>98%, but in the latter, no precipitate is visible. In spite of

the small fraction amount of volatile species that are formed

under these reaction conditions, their identification can give

interesting information about the reactions which took place

in the liquid phase.

For inorganic arsenic, the only observed volatile

by-products are diarsane (H2As–AsH2) and triarsane

(H2As–AsH–AsH2). A gamut of volatile compounds was

produced during the reduction of methylated arsenic acids

by NaBH4, including dimeric and trimeric arsenic species.

A summary of dimeric and trimeric arsenic species which

have been detected in the headspace is reported in Table 4.

The mass spectra of trimeric species are reported in Figs. 5,

6, 7, 8, and 9.

A rather interesting behavior is exhibited by the reaction

of Me2AsO(OH) with NaBH4/HCl, which, under certain

conditions, can give Me3As as the most abundant volatile

product (Table 2). Experimental evidence indicates that

Me3As is formed simultaneously with the disappearance of

Me2AsH. In general, the formation of volatile by-products

is more pronounced with increased reaction time, As/

Table 1 Volatile arsenic compounds detected during the reaction of inorganic AsIII, AsV, or MeAsO(OH)2 with NaBH4

Compound As/NaBH4

(μmol/μmol)

Conditionsa Time (min) Volatile arsenic speciesb

AsH3 MeAsH2 Me2AsH Me3As Me2AsCl As2H4 H2As2MeH As2(HMe)2

AsO(OH)3 2.7/20 pH 3 0.2 100 – – – – 9.5 – –

2.7/100 pH 9 0.2 100 – – – – – – –

As(OH)3 2.7/20 pH 3 0.2 100 – – – – 1.4 – –

2.7/100 pH 9 0.2 100 – – – – 0.2 – –

MeAsO(OH)2 10.8/8 pH 3–4 0.2 – 100 – – – – – –

30 – 100 – – – – – –

2.7/20 pH 3 0.2 2.1 100 0.2 – 0.1 – 0.1 4.9

20 7.4 100 0.6 0.3 – – – –

1.3/100 pH 9 0.2 1.3 100 0.14 – – – – 0.83

0.2 2.4 100 0.18 – – – – 3.5

2.7/100 pH 9 0.2 0.16 100 0.14 – – – – 0.6

0.2 M Cys 20 0.14 100 0.37 – – – – 0.27

pH 6 0.2 0.17 100 0.14 – – – – 0.35

0.2 M Cys 20 0.21 100 0.35 – – – – –

0.27/100 pH 9 0.2 0.1 100 – – – – – –

0.2 M Cys

aNaBH4 (0.5 mL) added to 1 mL sample solution. Final pH is given
bRelative signals are the integrated area of the TIC peaks. Relative signals <0.1 are not reported
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NaBH4 amount ratio, or acidity. It is interesting to note that

the reaction of Me2AsO(OH) with metallic zinc in HCl

generates the same volatile reaction products as with

NaBH4 (Table 3).

The addition of cysteine (R–SH) supressed the formation

of unwanted by-products (Tables 1 and 2). In particular, it

was rather effective for Me2AsO(OH) where the formation

of Me3As was completely eliminated (Table 2). It is well

known that thiols reduce arsenic compounds to thiolates

such as As(SR)3, MeAs(SR)2, and Me2As(SR) [19–22],

which are quantitatively converted by NaBH4 into the

corresponding hydrides [23, 24]. Consequently, cold vapor

generation by NaBH4 in the presence of thiols presents an

attractive way to estimate the purity of the methylarseno

compounds.

Mechanism of volatile by-product formation: condensation

reactions

The formation of volatile by-products is a result of the

interaction between the reduction intermediates and the

volatile arsanes. For example, pure Me2AsH (prepared

separately from MeAsO(OH)2/NaBH4 in the presence of

cysteine), when injected into a vial containing aqueous

Me2AsO(OH), does not result in the formation of Me3As,

nor diarsanes. According to the evidence collected herein, it

can be assumed that the stepwise formation of arsanes

proceeds through a series of intermediates, as summarized

in reactions 1–4:

Me2AsO OHð Þ !Me2AsOH!Me2AsH ð1Þ

MeAsO OHð Þ2 ! MeAs OHð Þ2 ! MeAsH OHð Þ !MeAsH2 ð2Þ

AsO OHð Þ3 ! As OHð Þ3 ! AsH OHð Þ2 ! AsH2 OHð Þ ! AsH3 ð3Þ

As OHð Þ3 ! AsH OHð Þ2 ! AsH2 OHð Þ ! AsH3 ð4Þ

Here, the reagents and all identified compounds are

shown in bold. In each of the reaction sequences (1–4),

arsenic becomes progressively less reactive toward the

transfer of hydrogen from boron as a result of the

decreasing number of oxygen atoms bound to it. The

intermediates involved in the last hydrogen transfer step

are, therefore, the least reactive toward the hydride attack in

their relevant reaction sequences. Likewise, the reactivity

toward the transfer of hydrogen from NaBH4 is expected to

decrease in the order AsH2(OH)<MeAsH(OH)<Me2AsOH.

Table 2 Volatile arsenic compounds detected during the reaction Me2AsO(OH) with NaBH4

As/NaBH4

(μmol/μmol)

Conditionsa Time

(min)

Volatile arsenic speciesb

AsH3 MeAsH2 Me2AsH Me3As Me3AsO Me2AsOH Me2AsCl As2(O)Me4 As2Me4

0.27/100 pH 3 0.2 – 8.1 100 7.1 – – – – –

20 – 15.1 6.9 100 – – – – –

0.13/100 pH 9 5 0.3 4.32 100 9.0 – – – – –

pH 13 5 – – 100 – – – – – –

2.7/20 pH 3 4 0.1 0.1 1.5 100 – 0.2 2.1 0.13 0.2

20 – – – 100 – – 0.5 – 0.3

0.27/100 pH 9 0.2 – 4 100 2.9 – – – – 0.9

20 26 11 59 100 – – – – –

10.8/8 pH 2 0.2 – 1.3 – 100 0.7 1.1 0.9 5.6 5.0

30 – – – 100 0.2 7.9 1.5 9.4 4.2

pH 4 20 – – – 100 0.2 6.4 1.3 8.5 5.4

20 – – 16 100 0.6 2.2 0.9 9.8 7.0

0.27/100 pH 3 0.2 4 0.3 100 – – – – – –

0.2 M Cys 20 – 0.3 100 0.1 – – – – –

pH 9 0.2 – 0.1 100 – – – – – –

0.2 M Cys 20 – 0.1 100 0.1 – – – – –

0.4/100 pH 9 0.2 – 0.2 100 – – – – – –

0.2 M Cys

aNaBH4 (0.05–0.5 mL) added to 1 mL sample solution. Final pH is given
bRelative signals are the integrated area of the TIC peaks. Relative signals <0.1 are not reported
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This is due to the replacement of the –OH groups by the

methyl groups. The simultaneous presence of the

reaction intermediates and the final hydrides leads to

the formation of diarsanes via condensation reactions:

Me2AsOHþMe2AsH! Me2As&AsMe2 þ H2O ð5Þ

MeAsH OHð Þ þMeAsH2
! MeHAs&AsHMeþ H2O ð6Þ

AsH2 OHð Þ þ AsH3
! H2As&AsH2 þ H2O ð7Þ

The bidirectional reaction 5 is also supported by

Rheingold et al. [25] who reported that tetramethyl diarsane

was formed in a reaction of Me2AsH with Me2AsX (X=Cl,

Br, I, or CN) in benzene:

Me2AsXþMe2AsH! Me2As&AsMe2 þ HX ð8Þ

When aqueous As(III), MeAsO(OH)2, or Me2AsO(OH),

alone or in combination with each other, are treated with

NaBH4, all (six) possible structural isomers of diarsanes

were detected in the headspace, i.e., H2As–AsH2, MeHAs–

AsH2, Me2As–AsH2, MeHAs–AsHMe, Me2As–AsHMe,

and Me2As–AsMe2, including the oxidation product

(Me2As–As(O)Me2) of the latter and some triarsane species

(Table 4). This clearly indicates that a condensation cascade

took place among all possible intermediates which are

Table 3 Volatile arsenic compounds detected during Me2AsO(OH) reaction with metallic Zn powder

Conditionsa Time (min) Volatile arsenic speciesb

AsH3 MeAsH2 Me2AsH Me3As Me2AsOH Me2AsCl As2Me4

1 M HCl 2 – 3.7 100 13.4 2.4 0.6 7.3

25 3.9 3.5 100 38.5 0.1 – 0.4

0.1 M HCl 2 – 1.0 100 0.64 0.1 – 0.6

25 12.5 5.4 76 100 – – 0.3

65 11.4 5.2 51 100 – – –

aMe2AsO(OH) (1.1 μmol) added into 1 mL sample solution reacted by 150 μmol zinc
bRelative signals are the integrated area of the TIC peaks. Relative signals <0.1 are not reported
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formed in the reaction pathways of different arsenic

substrates, including the final hydrides. The interaction

between the proposed reaction intermediates is also

confirmed in experiments where As(III) was reduced in the

presence of Sb(III). In this case, the formation of the dimer

H2As–SbH2 was observed (Fig. 10). The stibodiarsane

could be formed only by the reaction of AsH3 with

SbH2OH or AsH2OH with SbH3.

The formation of diarsanes and triarsanes also provides

an explanation for the formation of precipitates in the case

Table 4 Volatile diarsanes and triarsanes detected in the headspace of reaction vials

As substrate Arsanesa tR (min)a Diarsanes tR (min)b Triarsanes tR (min)b Mass spectra

As(III) AsH3 1.35 H2As–AsH2 2.64 H2As–AsH–AsH2 9.08 Fig. 5

MeAsO(OH)2 MeAsH2 1.43 MeHAs–AsH2 4.45 Me3As3H2 11.60 (broad) Fig. 8

MeHAs–AsHMe 6.60 Me3As3 12.15 Fig. 9

Me2As–AsHMe 7.30

Me2AsO(OH) Me2AsH 1.65 Me2As–AsHMe 7.30

Me3As 1.84 Me4As2O 7.81

Me4As-AsMe2 8.06

MeAsO(OH)2 and As(III) AsH3 1.35 H2As–AsH2 2.64 MeAs3H4 9.40 Fig. 6

Me2AsH 1.65 MeHAs–AsH2 4.45 Me2As3H3 10.60 Fig. 7

Me2As–AsH 5.35

MeHAs–AsHMe 6.60

MeAsO(OH)2 and Me2AsO(OH) AsH3 1.35 Me2As–AsH2 5.35 Me3As3 12.15 Fig. 9

Me2AsH 1.65 Me2As–AsHMe 6.60

Me3As 1.84 Me2As–AsMe2 8.06

In all proofs, an acid solution (0.1 MHCl) containing the aforementioned As compounds (10 mM As content) was reduced by 0.2 MNaBH4 in

0.1 MNaOH. A final pH 3–4 was measured
aThe retention times of some detected mono-arsanes are given for comparison with the retention times of diarsanes and triarsanes. Other detected

monoarsanes are reported in Table 2
bRetention times obtained with DB-5 column. See “Instrumentation” for details
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of As(III), As(V), and MeAsO(OH)2. When mono-arsenic

species contain either only one –H or –OH moiety, the

condensation cascade terminates with the formation of a

dimer (see reactions 5–7). Triarsanes, on the other hand,

can be formed by condensation reactions of the following

type:

H& AsXð Þ2&OHþ H& AsX2ð Þ !

H& AsXð Þ2&AsX2 þ H2O X ¼ Me;Hð Þ

ð9Þ

In cases when the reaction intermediates contain arsenic

bound to hydride and the hydroxo groups (H–AsX–OH,

X=Me, H, or OH), the condensation reaction may proceed

to the formation of linear or branched polymers,

2nH& AsXð Þ&OH! H& XAs&AsXð Þn&OH þ 2 n& 1ð ÞH2O ð10Þ

or cyclic As species,

nH& AsXð Þ&OH! AsXð Þn þ n H2O; ð11Þ

which remain in the solid phase.

The reaction schemes presented above are in agreement

with observations reported elsewhere. Under conditions

typically employed in analytical protocols for trace analy-

sis, the main reaction products are the simple volatile

arsanes (reactions 1–4). Approaching conditions for syn-

thesis reactions, however, the occurrence of condensation

reactions becomes more pronounced, which leads to the

formation of non-volatile arsenic species that remain in the

reaction solution in either soluble or insoluble form. For

example, reddish solid arsenic hydrides, arising from the

chemical reduction of inorganic As(III) in aqueous solution,

are reported by Jolly et al. [26]. In the case of MeAsO

(OH)2, its reduction with H3PO2 resulted in the formation

of linear or cyclic methyl polyarsanes [27, 28]. Under

similar conditions, the reduction of Me2AsO(OH) with

H3PO2 yields the water-soluble Me2As–AsMe2 [27]. The

fully methylated diarsane cannot react further with other

arsenic intermediates from reaction 1 and therefore is the

terminus of the condensation cascade.

Formation of trimethylarsane

The observation that trimethylarsane, and not dimethylar-

sane, is the main volatile product of reduction of Me2AsO

(OH) under non-analytical reaction conditions is puzzling.

It appears, from the results reported in Table 2, that the

formation of Me3As coincides with the disappearence of

Me2AsH. This indicates that Me3As is formed by the

interaction of Me2AsH with an arsenic intermediate capable

of acting as a methylation agent. The presence of such

species was confirmed in the reaction of Me2AsO(OH) and

NaBH4 in the presence of Sb(III). The formation of MeSbH2

was confirmed. The formation of Me3As during the

reduction of Me2AsO(OH) by NaBH4 is likely due to the

known intermediate Me2As–AsMe2. Tetramethyl diarsane

is also able to form Me2AsH from MeAsH2 [29]. As

described above, the formation of diarsanes is supressed

when the NaBH4 reduction is performed in the presence of

thiols. When this is conducted with the Me2AsO(OH)/

NaBH4 reaction, Me3As is not formed (Table 2).

Methyl transfer reactions take place also in the case of

elevated concentrations of MeAsO(OH)2, as is evident from

the results reported in Table 1 (formation of AsH3 and

Me2AsH) and in Table 4 (the formation of MeHAs–AsH2

and MeHAs–AsMe2 cannot be explained only by conden-

sation reactions). The effects produced by methyl transfer

reactions during the reaction of MeAsO(OH)2 with NaBH4/

HCl are much less pronounced than those observed for

Me2AsO(OH), and the main volatile product is still the

expected MeAsH2 (>92%).

Conclusions

The mechanism for the reaction of arsenates—As(OH)3,

AsO(OH)3, MeAsO(OH)2, Me2AsO(OH)—with aqueous

tetrahydroborate(III) has been proposed. It applies to a wide

range of reaction conditions employed both in trace

analysis and synthesis. Under analytical conditions, the

action of NaBH4 on the arsenic substrate promotes their

conversion to the corresponding volatile hydrides AsH3,

MeAsH2, and Me2AsH. This process is the consequence of

the direct stepwise hydrogen transfer from tetrahydroborate

(III) to arsenic. The formation of volatile hydrides passes

through arseno-intermediates wherein the –OH groups are

sequentially replaced by hydrogen atoms. Under non-

analytical (synthesis) conditions, reduction by NaBH4

competes with two other processes: condensation between

As–H and HO–As and the transfer of methyl group. The

first effect arises from the condensation of intermediates

and causes the formation of As–As bonds. Consequently,

volatile diarsanes and triarsanes are formed along with a

reddish precipitate of polymeric arsanes. The transfer of a

methyl group between the reaction products and intermedi-

ates is peculiar to the reduction of Me2AsO(OH) with

NaBH4. Here, the identification of Me3As as the main

volatile reduction product is evidence that transfer of a

methyl group has occurred. The likely alkylating agent

seems to be the condensation cascade product, As2Me4,

which has been detected in the headspace of the reaction

medium.

The detected cross-reactions among intermediates

belonging to different reaction pathways of the different

arsenic compounds and arsenic and antimony compounds

make the proposed reaction model also interesting for the
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interpretation and the comprehension of interference mech-

anisms in CGVS.
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Negative Chemical Ionization GC/MS Determination of Nitrite and
Nitrate in Seawater Using Exact Matching Double Spike Isotope
Dilution and Derivatization with Triethyloxonium Tetrafluoroborate
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ABSTRACT: The alkylation of nitrite and nitrate by
triethyloxonium tetrafluoroborate allows determination of
their ethyl esters by headspace gas chromatography/mass
spectrometry (GC/MS). In the present study, significant
improvement in analytical performance is achieved using
negative chemical ionization providing detection limits of 150
ng/L for NO2

− and 600 ng/L for NO3
−, an order of

magnitude better than those achieved using electron impact
ionization. The derivatization procedure was optimized and
alkaline conditions adopted to minimize conversion of nitrite
to nitrate (determined to be 0.07% at 100 mg/L NO2

−) and to avoid the exchange of oxygen between the analytes and the
solvent (water). Quantitation entails use of isotopically enriched standards (N18O2

− and 15NO3
−), which also permits monitoring

of potential conversion from nitrite to nitrate during the analysis (double spike isotope dilution).

T he determination of nitrite and nitrate in samples of
different origin is a challenge to analytical chemistry, and

it is important from environmental and biological perspectives.1

Moorcroft et al.1 reviewed strategies for detection of these
analytes, discussing advantages and limitations of the various
methodologies. Jobgen et al.2 focused their analysis on the
determination of nitrite and nitrate in biological samples using
high-pressure liquid chromatography (HPLC), whereas
Helmke et al.3 discussed the application of gas chromatog-
raphy/mass spectrometry (GC/MS). In general, methods
which entail the use of molecular spectroscopy or electro-
chemical detection have limited sensitivity and selectivity and
suffer from matrix effects. Furthermore, there are more
methods for the direct detection of nitrite than nitrate, and
in many analytical protocols the determination of nitrate is
achieved following a critical reduction to nitrite, usually by
cadmium.4 Nitrite and nitrate are nonvolatile anions, and their
determination by GC/MS can be achieved by derivatization in
order to generate volatile species, for example, nitration of
aromatic compounds has been used for this purpose.3 This
approach, however, does not work for nitrite and requires the
use of strong acid conditions which may be critical if any nitrite
is present because of its possible conversion to nitrate.5,6

Another technique used with GC/MS entails alkylation with
pentafluorobenzyl bromide (F5BzBr)

7 to convert nitrite and
nitrate to F5Bz−NO2 and F5Bz−ONO2, respectively. The
pentafluorobenzyl derivatives are suitable for negative chemical
ionization (CI−) GC/MS, but they are not employed for static
headspace analysis at room temperature due to their low
volatility. Despite the availability of low detection limits (sub-

fmol, absolute) and the possibility of simultaneous determi-
nation of both analytes, the derivatization method requires
organic solvents (acetone and toluene) and the subsequent
injection of the organic extract which may contain sample
matrix and the unreacted F5BzBr. The use of reverse phase
liquid chromatography coupled with electrospray ionization
mass spectrometry has recently been used for the determi-
nation of nitrite and nitrate in water with detection limits of 1
and 12 μg N L−1 for nitrate and nitrite, respectively.8

Alkylation of anions with triethyloxonium tetrafluoroborate
has been proposed only recently9,10 despite the well-established
chemistry of Et3O

+[BF4
−].11,12 From a practical point of view,

the use of triethyloxonium offers several advantages which
make this analytical technique unique: (i) alkylation can be
performed in an aqueous medium; and (ii) alkylation entails
the chemical vapor generation of simple inorganic anions (Cl−,
Br−, I−, CN−, SCN−, S2−, NO3

−, NO2
−) to their volatile

derivatives, potentially permitting headspace and solid phase
microextraction (SPME) sampling with GC/MS detection. In
general, the application of chemical vapor generation is always
advantageous because it is a separation technique which
eliminates the introduction of sample matrix to the instrument,
thereby minimizing contamination of the device and reducing
background levels.13
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An isotope dilution method based on alkylation by
triethyloxonium for simultaneous determination of nitrite and
nitrate by electron ionization (EI) GC/MS has recently been
discussed by the authors.10 The drawbacks of the previous
procedure are related to poor detection limits and the potential
conversion of nitrite to nitrate during the analysis due to acid
hydrolysis of the reactant. Here, we propose an improved
method which eliminates the above-mentioned drawbacks:
pretreatment of the sample with ammonium hydroxide
maintains an alkaline pH during alkylation, avoiding the
problem of conversion of nitrite to nitrate, and CI− provides
enhanced detection limits for both analytes.

■ EXPERIMENTAL SECTION

Reagents and Materials. Isotopically labeled nitrate
(K15NO3, x(

15N) = 0.99 mol/mol; KN18O3, x(
18O) = 0.75(5)

mol/mol) were obtained from Cambridge Isotope Laboratories
(Cambridge MA). Aqueous solutions of these salts were
prepared by dissolution in ultrapure water. Triethyloxonium
tetrafluoroborate, Et3O

+[BF4
−], (Fluka; w > 0.97 g/g)

alkylating solution was prepared by dissolving x g of the solid
salt in 1.5x g of ultrapure water. Since aqueous triethyloxonium
salts undergo hydrolysis, the solution was prepared prior to
sample derivatization. Et3O

+[BF4
−] must be handled in a fume

hood, prolonged contact with moist air should be avoided, and
unused reagent should be kept in a freezer.
Standard solutions of nitrite and nitrate were prepared by

dissolution/dilution of NaNO2 (Aldrich; w = 0.999 99 g/g) and
Nitrate Anion Standard Solution (SRM 3185, NIST) with
ultrapure water. All solutions were stored at 4 °C temperature.
A NH4OH solution (Tamapure AA-100; w(NH3) = 0.2 g/g)
was employed.
Preparation of KN18O2. The 18O-labeled nitrite was

prepared from a 15 mM aqueous solution of potassium
(18O)nitrate. To reduce nitrate to nitrite, a copper−cadmium
reductor column was used through which 2 mL of nitrate
solution were passed using a peristaltic pump. The effluent was
collected in a vial and stored overnight in the presence of 0.5 g
of Cu−Cd grains. After separation of the metal, the solution
was diluted to 150 mL with NaOH (pH = 10) and used for
isotope dilution experiments (150−200 μM KN18O2, x(

18O) =
0.75(5) mol/mol in aqueous NaOH at pH = 10). The
completeness of the nitrite/nitrate conversion was verified by
GC/MS using the method described herein.
GC/MS Methods. After derivatization to the corresponding

ethyl ester, nitrite and nitrate were separated and detected by
GC/MS using a Hewlett-Packard 6890 gas chromatograph
equipped with a Hewlett-Packard 5973 mass detector. The
operating conditions are summarized in Table 1. A manual
injection of 250 μL of sample vial headspace taken with a
gastight syringe was performed for subsequent quantitation by
CI−. Selected ion monitoring (SIM) mode was employed: m/z
= 45, 47, 63, and 65 Da for Et−ONO and m/z = 46, 47, 48, and
50 Da for Et−ONO2 (100 ms dwell time used for each ion).
Sample Preparation. A 2 mL volume of sample was

introduced without any pretreatment into a 4 mL vial and
spiked with 200 μL of (18O)nitrite and 50 μL of 864 μM
(15N)nitrate. The amount of spike was chosen to provide an
exact (1:1) match to the concentration of these analytes in a
MOOS-2 sample for signals m/z = 45, 47 (nitrite) and m/z =
46, 47 (nitrate). After addition of 50 μL of NH4OH solution
(w(NH3) = 0.2 g/g), the sample was derivatized by adding 100
μL of triethyloxonium tetrafluoroborate solution. The vial was

then sealed with a screw cap PTFE/silicone septum and kept in
the dark at room temperature for at least 30 min. Headspace
analysis was then performed by GC/MS.

■ RESULTS AND DISCUSSION

Chemical Ionization Mass Spectra. Triethyloxonium
tetrafluoroborate can convert nitrite and nitrate to their ethyl
esters through an O-alkylation of both analytes. The character-
ization and the EI mass spectra of these derivatives have been
discussed earlier.10 Both Et−ONO and Et−ONO2 undergo
chemical ionization by methane in positive (CI+) and negative
(CI−) mode. In CI+ mass spectra, the molecular ion appears as
the most intense for both analytes. However, because of poor
sensitivity, the CI− mode was employed.
CI− mass spectra of nitrite and nitrate derivatives are

reported in Figure 1. Ethyl nitrite (Figure 1a) shows ions
CH2CHO− (m/z = 43 Da), CH3−CH2O

− (m/z = 45 Da),
and CH3−CH2O

−·H2O (m/z = 63 Da). The latter is due to the
formation of a H2O-adduct with the CH3−CH2O

− (during the
experiment, the recommended cartridge for moisture retention
in the reagent gas was not used). The mass spectrum of ethyl
(18O)nitrite is reported in Figure 1c, and the notable shifts from
m/z 43 to 45 and from 45 to 47 are the consequence of the
oxygen-18 substitution. Since the CI− mass spectrum of ethyl
nitrite does not show any nitrogen-containing fragments,
nitrogen labeling is not suitable for nitrite. Ethyl nitrate (Figure
1b) shows ions NO2

− (m/z = 46 Da) and CH2CHO− (m/z
= 43 Da). The 15N-labeled compound (Figure 1d) exhibits
15NO2

− (m/z = 47 Da) as the most abundant fragment. For
isotope dilution quantitation purposes, the signal ratios 45/47
and 46/47 were used for nitrite and nitrate, respectively.

Double Spike Isotope Dilution and Analyte Inter-
conversion. Despite the numerous methods proposed for the
simultaneous determination of nitrite and nitrate, the possibility
of their interconversion is seldom considered.14,15 As discussed
previously,10 during the derivatization with triethyloxonium, no
conversion of nitrate to nitrite occurs even at a high nitrate
concentration; however, oxidation of nitrite occurs (<10%). In
this work, attention has been given to minimize the conversion

Table 1. GC/MS Operating Conditions

Gas Chromatography

column model J&W 122-1364 DB-624

length 60 m

mode constant flow (1 mL He/min)

inlet mode pulsed split

temperature 120 °C

split ratio 8:1

pulsed pressure 172 kPa (25.0 psi) for 0.5 min

oven isotherm 30 °C for 10 min

ramp 20 °C/min to 140 °C

isotherm 140 °C for 1.5 min

run time 17 min

Mass Spectrometry

CI+ CI−

reaction gas CH4 CH4

transfer line temperature 250 °C 250 °C

emission current 237.3 μA 49.4 μA

electron energy 151.5 eV 114.4 eV

ion source temperature 250 °C 150 °C

quadrupole temperature 150 °C 106 °C

EMV 1388 V 2000 V
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of nitrite to nitrate. This conversion is likely a consequence of
the acid hydrolysis of the alkylating agent which promotes the
formation of nitrous acid from the nitrite ion. The reaction of
the nitrous acid with dissolved oxygen results in the production
of nitrate.5,6 In order to avoid this effect, alkylation was
conducted in an alkaline medium (pH = 10) promoted by the
pretreatment of the samples with NH4OH solution. In this
alkaline environment, significant oxidation of nitrite only
occurred at high concentrations of nitrite. At 100 mg/L of
nitrite, only 0.07% of the nitrite ions converted to nitrate and
no conversion was detected below this mass fraction.
Despite these improvements, constant monitoring of

potential interconversion is necessary to ensure a valid
analytical procedure. This could be achieved by the use of
double spiking isotope dilution.16,17 In this case, by spiking the
sample with (18O)nitrite and (15N)nitrate, it is possible to
correct for the conversion from nitrite to nitrate by monitoring
signals at m/z 48 and 50 in the mass spectrum of the ethyl
nitrate. Conversion of N18O2

− into nitrate (with O2) yields
N18O2

16O−, whose CI− spectrum features ions N18O2
− (m/z =

50) and N18O16O− (m/z = 48).

Oxygen Scrambling. When an isotopically enriched
standard is used for quantitation, it is crucial that any
scrambling which can alter the isotope pattern of the enriched
spike be avoided. From evidence reported by Klein et al.18 for
nitrate and from the experimental results obtained herein,
oxygen exchange/scrambling between nitrite, nitrate, and water
may occur. However, no oxygen scrambling occurs in alkaline
or neutral conditions for either nitrite or nitrate. Hence, the
working pH was chosen to be in the alkaline region (pH = 10)
to enable the use of (18O)nitrite for isotope dilution analysis. At
pH = 10, the mass spectrum arising from the (18O)nitrite was
constant during the time of the analysis.

Analysis of MOOS-2 CRM. Figure 2 shows the CI− GC/
MS chromatogram obtained for the analysis of nitrite and
nitrate in seawater (MOOS-2 CRM). An exact-matching
isotope dilution technique was utilized.19 Results for 14
independent measurements of MOOS-2 are reported in
Table 2 and achieved by the use of the following equation:

=

−

−

−

−

c c
R R

R R

R R

R R
A A

0 2 N

2 E

1 E

1 N (1)

Figure 1. Negative chemical ionization mass spectra (a) ethyl nitrite: CH2CH16O− (m/z = 43 Da), CH3−CH2
16O− (m/z = 45 Da), and CH3−

CH2
16O−·H2O (m/z = 63 Da). (b) Ethyl nitrate: CH2CH16O− (m/z = 43 Da), 14NO2

− (m/z = 46 Da). (c) Ethyl (18O)nitrite: CH2CH16O−

(m/z = 43 Da), CH3−CH2
16O− and CH2CH18O− (m/z = 45 Da), CH3−CH2

18O− (m/z = 47 Da), CH3−CH2
16O−·H2O (m/z = 63 Da), and

CH3−CH2
18O−·H2O (m/z = 65 Da). (d) Ethyl (15N)nitrate: CH3CH2

16O− (m/z = 43 Da) and 15NO2
− (m/z = 47 Da).
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where cA is the concentration of the analyte in the sample, cA
0 is

the concentration of the reference analyte (primary standard);
R1 and R2 are the isotope amount ratios (m/z 45/47 for nitrite
and 46/47 for nitrate) arising from the spiked blend of the
sample (MOOS-2) and of the spiked blend of the reference,
respectively; RN and RE are the isotope amount ratios for the
sample and the enriched spike, respectively. The isotope

patterns of the analyte and the primary standard are identical.
Note that there is no need for mass bias correction since all
four isotope amount ratios R1, R2, RE, and RN in eq 1 can be
substituted with the corresponding measured isotope ratios r1,
r2, rE, and rN. The above equation is equivalent to that reported
in 1994 by Henrion.19 Formally, the concentration of the
analyte is written as a function of the concentration of a
primary standard (eq 1) and measured isotope amount ratios.
In order to minimize the instrumental measurement biases,
both the sample and the reference were spiked with the same
amount of enriched analyte in order to obtain matching
amount ratios R1 = R2 = 1. To realize this, the concentration of
the primary standard has to be the same as that of the analyte in
the sample. When R1 = R2 = 1, eq 1 reduces to cA = cA

0 , which
permits significant reduction in the systematic errors arising
from measurements. In addition, prior knowledge of the
isotope patterns of the spike and analyte is not necessary.19

From a practical point of view, an initial estimate of the analyte
concentration in the sample can be obtained by use of an
external calibration method. Subsequently, a primary standard
solution is prepared at the same concentration as the analyte in
the sample. Table 2 summarizes results for the measurements
on MOOS-2 obtained by exact matching. For each measure-
ment, the values of r1 and r2 and the concentration of the
reference cA

0 are presented. The concentration of nitrite and
nitrate found, c(NO2

−) = 3.37 ± 0.08 μM and c(NO3
−) = 22.0

± 0.2 μM, are in good agreement with the certified property
values, c(NO2

−) = 3.31 ± 0.18 μM and c(NO2
−) + c(NO3

−) =
24.9 ± 1.0 μM, and exhibit good precision for both nitrite and
nitrate. Instrumental detection limits obtained from the
standard solutions of the analytes in water are 150 ng/L for
nitrite and 600 ng/L for nitrate. The estimation of the
detection limits is based on the signal-to-noise ratio calculated
from the standard deviation of the baseline (i.e., detection limit
is the concentration which produce a signal-to-noise ratio of 3).

Figure 2. HS CI− GC/MS chromatogram (SIM mode) of MOOS-2
CRM with c(NO2

−) = 3.4 μM and c(NO3
−) = 22 μM. Nitrite ion in

the form of CH3CH2−ONO elutes at 7.95 min (m/z = 45 Da); and
nitrate ion in the form of CH3CH2−ONO2 elutes at 16.07 min (m/z =
46 Da).

Table 2. Exact Matching Isotope Dilution Determination of Nitrite and Nitrate in MOOS-2a

nitrite nitrate

r1 r2 cA
0/μM cA, MOOS‑2/μM r1 r2 cA

0/μM cA, MOOS‑2/μM

0.9356

0.9371 3.32

3.31 1.030

1.007 21.6

22.1

0.9543 3.48 1.028 22.1

0.9325 3.28 1.035 22.3

0.9477 3.42 1.025 22.0

0.9255 3.22 1.022 22.0

1.086

1.064 3.32

3.48 1.003

0.9993 21.6

21.7

1.073 3.38 1.022 22.1

1.068 3.35 1.029 22.3

1.086 3.48 1.017 22.0

1.066 3.34 1.016 22.0

0.9565

0.9596 3.43

3.41 1.021

1.027 22.0

21.9

0.9415 3.29 1.021 21.9

0.9450 3.32 1.025 22.0

0.9606 3.44 1.028 22.0

mean 3.37 mean 22.0

u 0.08 u 0.2

ur 2.5% ur 0.7%
aCertified property values: c(NO2

−) = 3.31 ± 0.18 μM and c(NO2
−) + c(NO3

−) = 24.9 ± 1.0 μM.
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Standard solutions of 10 μg/L NO2
− and 50 μg/L NO3

−

produce signal-to-noise ratios of 211 and 327, respectively.
With the present procedure, only 250 μL of headspace was

used for analysis (vs 2 mL of headspace available). In order to
further enhance the limits of detection, a purge-and-trap
procedure operating above ambient temperature should prove
beneficial.

■ CONCLUSIONS

GC/MS analytical methodology for the determination of nitrite
and nitrate by their derivatization to corresponding ethyl
esters10 has been improved in terms of sensitivity and accuracy.
Pretreatment of the sample with ammonium hydroxide to
ensure alkaline conditions during the alkylation is crucial to
avoid conversion of nitrite to nitrate, and negative chemical
ionization allows detection limits to be improved by at least 1
order of magnitude. The vapor generation methodology
proposed here is based on exact matching isotope dilution
and is suitable for measurement with high precision and
accuracy. This method achieves a transparent traceability and is
promising for application to samples of varying origin.
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Abstract

Recent studies of the formation of arsane in the borohydride/arsenate reaction demonstrate the

occurrence of condensation cascades whereby small quantities of di- and triarsanes are formed.

In this study, the isotopic composition of these di- and triarsanes was examined using deuterium

labelled borohydrides. A statistical model was employed to construct the mass spectra of all

diarsane and triarsane isotopologues (As2HnD4-n and As3HnD5-n) from the mass spectra of

isotopically pure compounds (As2H4, As2D4, As3H5, and As3D5). Subsequent deconvolution of

the experimental mixed spectra shows that incorporation of hydrogen closely follows the

binomial distribution, in accord with arsane formation. The H/D distribution in arsane, diarsane,

and triarsane isotopologues is binomial in the absence of any interference. However, this is

significantly altered by the presence of some transition metals; presented here, for the first time,

are the effects of Rh(III). The presence of Rh(III) in the As(III)/[BD4]
− system entails the

incorporation of hydrogen into the arsanes arising from the solvent, altering the expected

binomial H/D distribution.

Key words: Hydride generation, Statistical modeling, Arsane, diarsane and triarsane, Mechanistic

interference

Introduction

Generation of volatile compounds is regarded as one of

the most robust analytical tools for determination (and

speciation) of trace and ultra-trace levels of numerous

elements [1, 2]. The main advantage of this technique lies

with the possibility of separating the analyte from its matrix

in the form of a vapor, thus allowing for better sensitivity,

detection power, and less interference [2]. Chemical vapor

generation using NaBH4 is a common practice in analytical

chemistry and it finds routine application for the determination

of many elements [3]. Furthermore, other boranes, such as

NaBEt4, and more recently, triethyloxonium tetrafluorobo-

rate, have been successfully applied for speciation of

organometallic compounds [4] and vapor generation of

anionic substrates such as Br−, NO3
−, and NO2

− [5, 6].

Despite widespread analytical application of hydride gener-

ation, attention to mechanistic aspects of this derivatization

reaction has only recently arisen [7–10].

Reaction of inorganic As(III) with NaBH4 occurs via a

concerted multistep process wherein all hydrogen atoms in

AsH3 arise from different [BH4]
− molecules [11]. This

mechanism, however, is strongly altered in the presence of

noble metals such as Au(III), Pd(II), and Pt(II)—their action

on hydride generation cannot be completely explained as
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causing a decrease in the amount of hydride generated (yield

interference) [12]; they play an active role in the transfer of

hydrogen from [BH4]
− to the arsenic (mechanistic interfer-

ence) [13]. Furthermore, another source of complexity in the

formation of arsane arises due to condensation reactions that

occur at high substrate concentration; the formation of

polyarsanes, such as diarsane (As2H4) and triarsane

(As3H5), is due to a reaction of the form [14]:

R1R2 ! As!OHþ H! As! R3R4 !
R1R2 ! As! As! R3R4 þ H2O:

Herein, we investigate the formation of these polyarsanes

generated under non-analytical conditions in the absence and

presence of Rh(III) ions. In particular, this work illustrates

how complex mass spectra can be deconstructed and

interpreted with the aid of simple mathematical models

based on molecular symmetry considerations [15, 16] so as

to infer valuable information about the mechanisms of

arsane condensation.

Experimental

Reagents and Materials

Sodium tetrahydroborate pellets (Alfa Aesar, Ward Hill,

MA, USA) and sodium tetradeuteroborate (Cambridge

Isotope Laboratories, Andover, MA, USA; x(D)00.99)

were employed to prepare stock solutions of 0.2 M

NaBH4 and 0.2 M NaBD4 in 0.1 M NaOH. In order to

vary the deuterium mole fraction in the reducing agent,

different mixtures of the above solutions were also

prepared. Arsane generation was performed in septum-

sealed vials using inorganic As(III) from Oak Ridge

National Laboratory (Oak Ridge, TN, USA). Rhodium

(III) (1000 mg/L in 10 % HCl) was purchased from SCP

Science (Baie D’Urfé, Québec, Canada) and used for the

interference experiments. All other reagents were analyt-

ical grade.

GC/MS Method

A Hewlett-Packard gas chromatograph (Wilmington, DE)

equipped with a Hewlett-Packard 5973 mass spectrometer

was operated in splitless mode and fitted with a DB-5 capillary

column (30 m×0.25 mm i.d. × 5 μm). The GC was operated

under the following conditions: injector temperature: 160 °C;

oven: isothermal at 35 °C for 4 min, 15 °C/min up to 200 °C;

transfer line program: initial temperature 150 °C, 30 °C/min up

to 250 °C; He gas flow of 1.2 mL/min was chosen. MS detector

was working in positive EI at 70 eV (full-scan mode). The

pressure of the source was 2 mPa.

Generation of Arsane and Polyarsanes

For generating arsane and polyarsanes, the following

non-analytical procedure was adopted: 1 mL 800 mg/L

As(III) in 1 M HCl was transferred to a screw capped

vial (4 mL; Pierce Chemical Co., Rockford, IL, USA)

fitted with a PTFE/silicone septum. The vial was closed

and the headspace flushed with nitrogen. Hydride

generation was subsequently performed by injecting

0.2 mL of 0.2 M [BH4]
−/[BD4]

− through the septum.

GC/MS analysis was achieved by sampling a 0.5 mL

volume of the vial headspace.

Interference of Rhodium(III) on Arsane Generation

To test the mechanistic interference of Rh(III) on arsane

generation, the following procedure was adopted: 2 mL of 1

mg/L As(III) in 1 M HCl+20 μL 1000 mg/L Rh(III) in 10 %

HCl were placed into a 4 mL vial. After flushing the

headspace with nitrogen, 0.2 mL of 0.2 M [BD4]
− in 0.1 M

NaOH was injected into the solution using a plastic syringe

fitted with a stainless steel needle to pierce the septum. A

0.4 mL volume of vial headspace was taken for analysis by

GC/MS and the mass spectrum of the generated arsanes was

monitored. The same procedure, omitting the spike of the

interfering metal, was followed for reference purposes.

Four independent replicates of this experiment were

performed in order to assess the difference between the

mass spectrum of the arsanes generated in the presence and

absence of Rh(III).

Health and Safety Considerations

Due to the toxicity of the gaseous arsanes generated, all

experiments should be conducted in a fume hood, and

extreme care should be taken to avoid any exposure to these

substances.

Results and Discussion

Mass spectra of arsenic hydride isotopologues show

significant overlap (e.g., AsD+ and AsH2
+, etc.). More-

over, it is not feasible to synthesize pure partially

deuterated isotopologues or separate them by conven-

tional gas chromatography. Nevertheless, the determina-

tion of the mole fraction of each isotopologue in a

mixture can be achieved mathematically by applying a

statistical mass balance model [15, 16]. Using this

method, it was possible to delineate the mechanism of

formation of diarsane and triarsane in the As(III)/[BH4]
−

system and to discover a strong perturbation to the

mechanism of arsane generation due to the presence of

Rh(III).

Statistical Model for the Mass Spectra
of As2HnD4-n and As3HnD5-n

Statistical reconstruction of partially deuterated hydride has

been reported previously for deuterated homologues of

diborane [17], methane [18], ethane [19], water, selane

E. Pagliano et al.: Modeling Mass Spectra of di- and Triarsanes



[15], arsane, stibane, bismuthane, stannane, and germane

[16]. Here, a model proposed by Meija et al. [16] was used

for this purpose. For the application of this model to diarsane

(H2As−AsH2) and triarsane (H2As−AsH−AsH2) it was

assumed that the arsenic backbone (As−As; As−As−As)

behaves as a virtual super-atom; in this way it is possible

to consider diarsane and triarsane as tetra- and penta-

hydrides (EH4 and EH5). A statistical mass balance

method bases the reconstruction of EHnDm mass spectra

on experimental EHn+m and EDn+m mass spectra. All

possible EHnDm fragmentation pathways can be written

as combinations of events, such as loss of H (kH,i), loss

of D (kD,i), loss of HD (kHD,i), loss of H2 (kH2,i), and

loss of D2 (kD2,i). For each reaction, a probability

coefficient k is assigned (see Figure 1).

The abundance of a particular molecular ion/fragment ion

with composition EHnDm can be written as follows:

I EHnDmð Þ ¼ 1!
X

f! EHnDmð Þ
h i

' fþ EHnDmð Þ ' ð1Þ

where Σ f−(EHnDm) is the sum of all events comprising the

fragmentation of EHnDm:

X

f! ¼ f!H þ f!D þ f!HD þ f!H2
þ f!D2

ð2Þ

P

f! ¼ nC1

nþmC1
kH;i þ mC1

nþmC1
kD;i þ nC1'mC1

nþmC2
kHD;i þ

nC2

nþmC2
kH2;i þ mC2

nþmC2
kD2;i

ð3Þ

Figure 1. Deconstruction of the EHnD5-n mass spectrum. The symbol “E” represents the atom or group of atoms which

constitute the backbone of the hydride. In this case E 0 As3 and the diagram provides an atlas of all fragmentation pathways for

the statistical model for As3HnD5-n: loss of H or D (top); loss of HD (bottom); loss of H2 (left); and loss of D2 (right)
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and f+(EHnDm) is the sum of all events comprising the

formation of EHnDm from other ions. For the molecular ion

f+01 by definition, whereas for the fragment ions with

formula EHnDm the following can be written:

fþ EHnDmð Þ ¼ f!H EHnþ1Dmð Þ ' fþ EHnþ1Dmð Þþ
f!D EHnDmþ1ð Þ ' fþ EHnDmþ1ð Þþ
f!HD EHnþ1Dmþ1ð Þ ' fþ EHnþ1Dmþ1ð Þþ
f!H2

ðEHnþ2DmÞ ' fþðEHnþ2DmÞþ
f!D2

EHnDmþ2ð Þ ' fþ EHnDmþ2ð Þ:

ð4Þ

Therefore, f+(EHnDm) is obtained from all precursor

fragments, EHn+αDm+β. Using the above recursive equa-

tions, it is possible to express the observed abundance of

each fragment ion in terms of the probability coefficients

ki. Figure 1 shows the pictorial representation of all of

these events for compounds EHnDm with n+m≤5. The

numerical values for coefficients ki are obtained from the

mass spectra of the EHn+m and EDn+m compounds. As an

example, from the mass spectrum of EHn+m, one can

write the following:

I EHnþmð Þ ¼ 1! kH;1 ! kH2;1;
I EHnþm!1ð Þ ¼ 1! kH;2 ! kH2;2

% &

' kH;1 ' fþ EHnþmð Þ
' (

;
where fþ EHnþmð Þ ¼ 1;

I EHnþm!2ð Þ ¼ 1! kH;3 ! kH2;3

% &

'

kH;2 ' fþ EHnþm!1ð Þ þ kH2;1 ' fþ EHnþmð Þ
' (

;

where fþ EHnþm!1ð Þ ¼ kH;1 ' fþ EHnþmð Þ;

.

.

.

I Eð Þ ¼ fþ Eð Þ: ð5Þ

From Equation (5) it is possible to obtain coefficients

kHi as a function of the observed ion intensities Ii.

Unfortunately, considering also the equations arising

from EDn+m (for the coefficients kDi), this is always an

undetermined system of 2(n+m) equations in 2(2n+2m−

1) unknown variables. However, one can assign all the

possible combinations in ki ∈ [0; 1] to an arbitrary set

of 2(n + m − 1) values for ki, and then calculate the

remaining reaction probabilities from Equation (5). To

estimate the probability of HD elimination, the following

formula is used [16]:

kHD;i ¼
kH2;i þ kD2;i

2
ð6Þ

The choice of the arithmetic mean to estimate the loss

of HD is conventional, and no difference in the results is

observed if the geometric mean is utilized instead. In

addition, all sets of ki with negative values were

discarded in order to obtain physically meaningful

results. All sets that satisfy the above condition are then

used to reconstruct the mass spectra of the isotopologues.

Mass spectra obtained from the various sets of k present

no substantial differences and the average results of the

constructed mass spectra of As2HnD4-n and As3HnD5-n

isotopologues are given in Tables 1 and 2. As a

consequence of the statistical model, the individual k-

set values do not reflect any physical properties of the

fragmentation. Rather, they represent a mathematical fit

consistent with the input data. However, it is possible to

select only k-sets which satisfy certain physical proper-

ties of the system. For example, one can discard sets

with kH and kD values differing by more than 50 %. This

condition is in agreement with the isotopic effect

observed in the mass spectra of AsH3 and AsD3 and

has previously been used for arsanes [16]. The data

reported in Tables 1 and 2 were calculated by omitting

this condition, which does not alter the resulting mass

spectra of di- and triarsanes. However, larger uncertain-

ties are obtained (corresponding to the “worst-case

scenario”).

Although the statistical model suffers limitations when

applied to small molecules (it fails to predict the mass

spectrum of HOD with great accuracy [15]), it has proven to

be effective for heavier molecules such as selane [15],

arsane, stibane, bismuthane, stannane, and germane [16].

In practice it is difficult to obtain a mass spectrum of

pure EDn+m from NaBD4 in D2O and NaOD or DCl. The

omnipresence of H2O in the ambient air inevitably leads

Table 1. Reconstructed mass spectra of As2HnD4−n isotopologues

(m/z)/Da As2H4
a As2H3D

b As2H2D2
b As2HD3

b As2D4
a

150 0.478±0.003 0.449±0.022 0.431±0.029 0.423±0.023 0.425±0.003
151 0.146±0.002 0.109±0.025 0.072±0.029 0.036±0.020 0.000
152 0.158±0.002 0.121±0.037 0.101±0.037 0.100±0.027 0.120±0.003
153 0.003±0.001 0.096±0.022 0.125±0.018 0.094±0.018 0.000
154 0.215±0.003 0.003±0.001 0.039±0.015 0.106±0.026 0.208±0.002
155 0.000 0.222±0.003 0.003±0.002 0.003±0.001 0.000
156 0.000 0.000 0.229±0.003 0.002±0.001 0.004±0.001
157 0.000 0.000 0.000 0.236±0.004 0.000
158 0.000 0.000 0.000 0.000 0.243±0.004

aExperimental mass spectrum. Each experimental set of data represents the mean of three independent determinations. Uncertainties represent the standard
deviation of replicate measurements.
bStatistical model. Each set of data represents the mean of 5×107 simulations. Uncertainties represent the standard deviation of replicate measurements.
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to a mixture of EDn+m with traces of EHDn+m-1. For

example, a typical mass spectrum of As2D4 is

m z=
I

) *

¼
150 151 152 153 154 155 156 157 158

0:425 0:002 0:119 0:008 0:200 0:000 0:004 0:020 0:223

) *

;

where the presence of signals at odd nominal mass values is

indicative of the presence of protium-containing isotopo-

logues. In the first iteration of the calculations, the spectrum

of As2D4 is taken by simply ignoring the odd-mass signals.

Then, the spectrum of As2HD3 is obtained using the

statistical model. At this point it is feasible to subtract the

obtained spectrum of As2HD3 from the experimental

spectrum of “crude” As2D4 (shown above). This calculation

loop is repeated until all odd-mass signals vanish. After three

iterations this procedure converged to the following mass

spectrum of “pure” As2D4:

m z=
I

) *

¼
150 151 152 153 154 155 156 157 158

0:425 0:000 0:120 0:000 0:208 0:000 0:004 0:000 0:243

) *

;

Figure 2. Mole fraction of diarsane isotopologues, x(As2HnD4-n), generated using mixtures of NaBH4 and NaBD4. The

continuous lines portray the theoretical trend based on a multistep direct hydrogen transfer from tetrahydroborate to the

As-substrate

Table 2. Reconstructed mass spectra of As3HnD5−n isotopologues

(m/z)/Da As3H5
a As3H4D

b As3H3D2
b As3H2D3

b As3HD4
b As3D5

a

225 0.360±0.008 0.333±0.017 0.310±0.025 0.288±0.024 0.269±0.016 0.250±0.006
226 0.327±0.009 0.250±0.024 0.183±0.029 0.120±0.025 0.060±0.015 0.000
227 0.002±0.002 0.078±0.019 0.144±0.027 0.206±0.028 0.267±0.021 0.330±0.014
228 0.062±0.004 0.028±0.009 0.011±0.005 0.004±0.002 0.002±0.001 0.000
229 0.000±0.000 0.043±0.008 0.040±0.008 0.022±0.008 0.007±0.003 0.009±0.003
230 0.250±0.003 0.002±0.001 0.022±0.008 0.040±0.008 0.037±0.006 0.000
231 0.000 0.269±0.005 0.003±0.001 0.009±0.004 0.027±0.009 0.061±0.009
232 0.000 0.000 0.288±0.006 0.003±0.001 0.003±0.001 0.000
233 0.000 0.000 0.000 0.307±0.008 0.002±0.001 0.005±0.001
234 0.000 0.000 0.000 0.000 0.326±0.011 0.000
235 0.000 0.000 0.000 0.000 0.000 0.345±0.015

aExperimental mass spectrum. Each experimental set of data represents the mean of three independent determinations. Uncertainties represent the standard
deviation of replicate measurements.
bStatistical model. Each set of data represents the mean of 8×107 simulations. Uncertainties represent the standard deviation of replicate measurements.
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The mass spectra of all isotopologues of diarsane and

triarsane are shown in Tables 1 and 2. Contributions of

As2H2D2 and As2H3D are omitted in this iteration procedure

due to the extremely low levels of these isotopologues in the

“crude” As2D4.

Application

The statistical model allows the calculation of the mass

spectra of the isotopologues, as presented in Tables 1 and 2.

The model has been validated by comparing generated

results to the weighted two-band target entropy minimization

model [15, 16] which produced consistent mass spectra of

isotopologues of arsane, stibane, and selane.

From the reconstructed spectra in Tables 1 and 2, it is

possible to determine the quantity of the various isotopo-

logues from their mixtures. This is achieved using the

relationship:

Y ¼ FA; ð7Þ

where Y is the mass spectrum (vector) of the mixture of

isotopologues, F is the matrix reporting the mass spectra of

the pure isotopologues (Tables 1 and 2) and A is the vector

reporting the mole fraction of each component in the

mixture. In this work, Equation (7) was solved for A with

a least squares method using the LINEST function in

Microsoft Excel. Moreover, agreement between the gravi-

metric mole fraction of deuterium in the reducing agent

(NaBH4+NaBD4) and the net mole fraction of deuterium in

the generated isotopologue mixtures as calculated from the

statistical model (R2
90.98) is obtained.

Figure 3. Mole fraction of triarsane isotopologues, x(As3HnD5-n), generated using mixtures of NaBH4 and NaBD4. The

continuous lines portray the theoretical trend based on a concerted multistep hydrogen transfer from tetrahydroborate to the

As-substrate

Figure 4. Pascal triangle used to predict the isotopic

composition of diarsane generated using various mixtures

of NaBH4 and NaBD4
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Mechanism of Formation of Polyarsanes

Reduction of arsenates and methylarsenates with boranes is

a concerted multistep reaction wherein all −OH groups from

the As-substrate are replaced by −H groups originating from

different borane molecules [11]:

As OHð Þ
3
þ 3 BX3H½ )! ! AsH3 þ 3 BX3OH½ )! X ¼ H;OHð Þ:

The incorporation of hydrogen into the final hydride can

be monitored using tetrahydroborate enriched in deuterium

via plots of the mole fraction of each isotopologue generated

versus the mole fraction of deuterium in the tetrahydroborate

reductant [8]. The stoichiometry of the above reaction is

respected only when arsenic compounds are present at trace

levels in an excess of boranes (i.e., under analytical

conditions). When the concentration of arsenic rises above

the millimolar level, however, a complex set of side

reactions takes place [14] with formation of condensation

products:

X2As!OHþ H! AsX2 ! X2As! AsX2 þH2O;

X2As!OHþ H! AsX! AsX2 ! X2As!AsX!AsX2 þ H2O;

X2As! AsX2;X2As! AsX! AsX2 þ BH4½ )! !
As2H4;As3H5 X ¼ H;OHð Þ:

In this work, we have investigated for the first time the

mechanism of incorporation of hydrogen into the di- and

triarsanes arising from these condensation cascades. Exper-

imental conditions are chosen to avoid any unwanted H/D

exchange with the solvent (H2O) [20].The mole fraction of

deuterium in the NaBH4 and NaBD4 mixtures was obtained

Scheme 1. Formation of di- and triarsanes in a concerted

reduction and condensation cascade (R 0 H or OH).

Table 3. Composite mass spectra of arsanes generated in the reaction of As(III) with [BD4]
− in the presence and absence of Rh(III) ions (A) and the

corresponding isotopologue distribution (B)

aEach set of experimental data reflects the mean of four independent determinations. Uncertainties represent the standard deviation of replicate measurements.
bThe experimental isotopologue distribution is compared with the calculated binomial distribution corresponding to the same level of deuterium incorporation,
x(D).
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gravimetrically and the mass spectra of the resultant di- and

triarsanes were deconvoluted to obtain the mole fraction of

each isotopologue. Results are shown in Figures 2 and 3. It

is evident that the incorporation of protium and deuterium in

di- and triarsanes closely follows the binomial distribution,

i.e.,

xAs2HnD4!n
¼

4!

n! 4! nð Þ!
' x4!n

D
' 1! xDð Þn ð8Þ

xAs3HnD5!n
¼

5!

n! 5! nð Þ!
' x5!n

D
' 1! xDð Þn ð9Þ

as illustrated by the continuous line in Figures 2 and 3. The

binomial distribution originates from the multistep hydrogen

transfer, as outlined for diarsane in Figure 4. The trends

observed in the composition of diarsane and triarsane follow

the hypothesis of a concerted multistep formation of arsane

in a fashion already demonstrated for AsH3 [11], and they

further validate the proposed condensation cascade mecha-

nism [14]. Therefore, the formation of di- and triarsanes can

be described as a combination of two independent events:

condensation of two hydroxoarsanes and their reduction by

borohydrides via the concerted transfer of hydrogen to the

arsenic substrate, as summarized in Scheme 1.

Mechanistic Interference from Rhodium(III)

The interaction between transition elements and tetrahydro-

borate is of great importance in chemistry, not just in

analytical chemistry. Tetrahydroborate is of interest due to

its capability to store hydrogen and its hydrolysis is

catalyzed by noble and transition elements [21, 22].

Reaction of transition elements with tetrahydroborate is also

employed in the synthesis of nanoparticles [23, 24] and to

generate volatile derivatives suitable for analytical pur-

poses [10]. Noteworthy is also the possibility of using

transition elements, such as Co(II), Ni(II) [25], and Rh(III)

[26], to modify the reducing power of the tetrahydrobo-

rate. For example, [BH4]
− cannot reduce nitriles, amides,

and olefins, but it can do so in combination with

transition element halides [27, 28]. Recent observations

of the effects of Au(III), Pd(II), and Pt(II) on generation of

arsane [13] confirm a peculiar chemistry in this system,

and in this study we report a similar behaviour with Rh

(III). The first macroscopic observation regarding the

interference of Rh(III) within the As(III)/[BD4]
− system is

the increased incorporation of hydrogen from the solvent

into the arsanes. Indeed, when As(III) is derivatized to

arsane by [BD4]
− in aqueous media, AsD3 is the major

isotopologue formed, 86 %, while trace (G1 %) AsH3 is

observed. The presence of rhodium alters this composi-

tion to 63 % AsD3 and 13 % AsH3.

Although this phenomenon could be interpreted as an H/

D exchange of the arsane catalyzed by the presence of

rhodium, it would be inconsistent with the observation that

the injection of preformed AsD3 into a vial containing Rh

(III)/[BD4]
− does not alter the integrity of AsD3. This

evidence suggests that this H/D exchange occurs during

the generation of arsane.

Therefore, the presence of Rh(III) causes a strong

perturbation to the mechanism of hydrogen transfer from

tetrahydroborate to arsenic, creating a “loss” in the typical

binomial character (Table 3), i.e., the amount of AsH3

(among the other isotopologues) increases significantly in

the presence of Rh(III). A possible interpretation of the

results shown in Table 3 can be achieved by considering the

reductive process as the sum of two competing events: the

reduction by [BD4]
− which is binomial, and the reduction by

a hydride-borane-Rh intermediate, present in the early stages

of the reaction, and able to exchange hydrogen with the

solvent. The postulation of the formation of a “new”

reducing agent, with differing reductive power with respect

to [BD4]
−, is also supported by observations reported in the

organic chemistry literature, as noted earlier.

It was not possible to study how the mechanistic

interference of rhodium ions propagates from arsane to di-

and triarsane generated via the condensation cascades under

non-analytical conditions. This was due to the fact that the

large concentration of As(III) necessary to produce poly-

arsanes creates prohibitive conditions for Rh(III), leading to

significant precipitation and significant reduction in the yield

of the volatile arsanes.
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ABSTRACT: We report a novel derivatization chemistry for
determination of fluoride based on the batch reaction of
fluoride ions with triethyloxonium tetrachloroferrate(III) in a
closed vessel to yield fluoroethane. Gaseous fluoroethane was
readily separated from the matrix, sampled from the
headspace, and determined by gas chromatography/mass
spectrometry. The method was validated using rainwater
certified reference material (IRMM CA408) and subsequently
applied to the determination of fluoride in various matrixes,
including tap water, seawater, and urine. An instrumental limit
of detection of 3.2 μg/L with a linear range up to 50 mg/L was achieved. The proposed derivatization is a one-step reaction,
requires no organic solvents, and is safe, as the derivatizing agent is nonvolatile. Determination of fluoride is affected by common
fluoride-complexing agents, such as Al(III) and Fe(III). The effect of large amounts of these interferences was studied, and the
adverse effect of these ions was eliminated by use of the method of standard additions.

A large number of municipalities in North America
supplement their drinking water with fluoride as it

prevents tooth decay owing to its cariostatic activity. Ensuing
debates over the efficacy of fluoridation notwithstanding,
accurate monitoring of fluoride is of importance in countries
where water fluoridation is practiced.1−4 Because of the toxic
effects of fluoride at higher concentrations, a guideline value of
1.5 mg/L is recommended by the World Health Organization
as a level at which dental fluorosis should be minimal.5

Considering also that elevated levels of fluoride occur in natural
waters over an extensive geographical belt, reaching well above
10 mg/L in some regions of Kenya6 and India,7 the monitoring
of fluoride in water and food products is important from a
toxicological point-of-view.
Fluorine, like boron, does not enter into chemical reactions

that are selective enough to permit its direct determination in
the presence of concomitant elements.8,9 Consequently, no
direct or specific spectrophotometry or fluorescence methods
are available for its quantitation.10−13 A significant advance in
the determination of fluoride was development of the fluoride
ion-selective electrode in 1966.14 Owing to its simplicity, this
has effectively become the method of choice for field and
laboratory settings, providing a detection limit of ∼20 μg/L.15

However, ion-selective electrodes respond to the activity of
fluoride ions, not to their concentration, and are affected by the
presence of hydroxide ions.14

Modern instrumental methods can address the problem of
measurement specificity. Fluorine can be determined by
inductively coupled plasma mass spectrometry (ICPMS),

although poor sensitivity is reported (negative ion mode has
been attempted yielding a detection limit of 110 μg/L16).
Molecular absorption from ions such as GaF has been exploited
for the determination of fluoride using high-resolution
continuum source atomic absorption spectrometry with
reported detection limits close to 1 μg/L.17,18 Similar figures
of merit are reported for electrospray MS.19,20

Derivatization of fluoride ions has traditionally been
performed using silicon-based chemistry in order to convert
F− to Me3SiF

21,22 or Ph3SiF.
23 The resulting volatile

fluorosilanes can be determined by gas chromatography
following either liquid extraction with organic solvents or
solid-phase microextraction from the headspace, achieving a
detection limit of 6 μg/L in the latter case with Me3SiF.

21

However the Si−F bond in these derivatives is not stable in
aqueous solutions, especially at high pH. Consequently, Kage et
al.24 proposed carbon-based alkylation of fluoride with
pentafluorobenzylbromide (F5BzBr), yielding volatile F5BzF
which can be determined by gas chromatography/mass
spectrometry (GC/MS). Although stability of the resultant
derivative is achieved, the method is limited by a poor detection
limit (0.5 mg/L). Carbon-based derivatization of fluoride can
also be achieved using tertiary oxonium salts. Despite their
common use as alkylation agents in organic chemistry,25,26

oxonium salts have only recently been introduced to the field of
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analytical chemistry.27−29 The commercially available triethy-
loxonium tetrafluoroborate permits otherwise difficult alkyla-
tion reactions to be undertaken in aqueous media; in addition,
Et3O

+[BF4]
− has been successfully applied for the derivatiza-

tion of inorganic anions,27 including chloride, bromide, iodide,
cyanide, thiocyanate, sulfide, nitrite, and nitrate.28,29 Generation
of volatile derivatives allows for the separation of the analyte
from the matrix, thereby minimizing spectral interferences and
reducing background levels in the separation and detection
phase of the analysis.30 However, Et3O

+[BF4]
− is not suitable

for determination of fluoride because tetrafluoroborate slowly
hydrolyzes, releasing fluoride ions. To overcome this drawback,
the method proposed here employs triethyloxonium
tetrachloroferrate(III) to convert fluoride to stable fluoroethane
which can be subjected to analysis by GC/MS.

■ EXPERIMENTAL SECTION

Reagents and Materials. Standard solutions of fluoride
were prepared by dissolution of sodium fluoride (Baker; w =
0.999 g/g) in deionized water generated with a Milli-Q system.
Anhydrous diethyl ether (Sigma-Aldrich), anhydrous iron(III)
chloride (Sigma-Aldrich, w ≥ 0.98 g/g), and 2-(chloromethyl)-
oxirane (Fluka, w = 0.99 g/g; also known as (±)-epichlorohy-
drin) were used for the synthesis of triethyloxonium
tetrachloroferrate(III). Triethyloxonium tetrafluoroborate
(F l u k a , w > 0 . 9 7 g / g ) and t r i e t h y l o x on i um
hexachloroantimonate(VI) (Aldrich, w > 0.97 g/g) were also
sourced. An aqueous solution of ammonia (Tamapure AA-100;
w(NH3) = 0.2 g/g) was used for adjustment of the pH of the
sample. Rainwater, certified for fluoride content, was obtained
from the Institute for Reference Materials and Measurements
(CA408; Geel, Belgium). All other reagents were of analytical
grade. Samples of different origin were also selected for testing:
seawater (MOOS-2 certified reference material; NRC Canada),
City of Ottawa drinking water, and urine from a healthy
volunteer.
Safety Considerations. Despite widespread use of

alkylation and silylation reactions for gas chromatography, the
health risks of handling potentially toxic and volatile
compounds, such as diazomethane, chloroformates, or
trimethylsilyl chloride, must be carefully considered.31

Triethyloxonium tetrachloroferrate(III) is a strong ethylating
agent and must be handled in a fume-hood with appropriate
personal protective equipment. However, in comparison to
other reagents used for derivatization, its potential toxicity is
reduced because it is a nonvolatile crystalline salt which
undergoes complete hydrolysis within 3 h.32 Et3O

+[FeCl4]
− is

hygroscopic, but considerably less so than tetrafluoroborate,
and it should be stored in a freezer. In order to avoid excessive
exposure to ambient moisture, the bottle containing the reagent
should be allowed to reach room temperature before opening
and use of contents.
Triethyloxonium Tetrachloroferrate(III). Triethyloxo-

nium tetrachloroferrate(III) was synthesized according to the
procedure of Meerwein et al:33

· +

→ +
+ −

2Et O FeCl C H (O)CH Cl

Et O [FeCl ] FeCl [(OCH(CH Cl)CH OEt]

2 3 2 3 2

3 4 2 2 2

For this purpose, 0.2 mol (32.4 g) of anhydrous FeCl3 was
dissolved in 150 mL of dry diethyl ether. The headspace above
the resultant solution was evacuated and purged with argon
three times using a Schlenk line while keeping argon flowing

during the reaction. During magnetic stirring, 0.1 mol (9.25 g)
of 2-(chloromethyl)oxirane was added dropwise using a
syringe. The addition of 2-(chloromethyl)oxirane was con-
trolled to keep the ether under constant boiling. After this
addition, the resultant mixture was further stirred for 5 min and
then cooled to 0 °C using an ice/water bath and held at this
temperature for 2 h with gentle magnetic stirring. The brown
crystalline product was filtered on a Büchner funnel and
subsequently washed twice with dry ether. A 23.2 g mass of
Et3O

+[FeCl4]
− was obtained (77% yield), enough to perform

all the experiments described herein.
Although the triethyloxonium tetrachloroferrate(III) is

soluble in water, it slowly undergoes hydrolysis. Aqueous
solutions of this salt should therefore be prepared shortly
before use. In this work, the Et3O

+[FeCl4]
− solutions were

prepared by dissolving 0.4 g of Et3O
+[FeCl4]

− in 16 mL of
Milli-Q water.

Sample Preparation. A 2 mL volume of aqueous sample
was introduced without pretreatment into five different vials,
four of which were spiked with 0.2 mL of different fluoride
standard solutions whereas 0.2 mL of Milli-Q water was added
to the remaining vial. Quantitation of fluoride was based on the
method of standard additions, and the concentration of the
standard was chosen so to obtain a maximum 4-fold increase in
the analytical signal compared to the nonspiked sample. The
samples were spiked with a 50 μL volume of ammonia solution
(w(NH3) = 0.2 g/g) and then with a 1 mL volume of the
Et3O

+[FeCl4]
− solution prepared as described above. After the

addition of all reagents, the vials were quickly sealed with a
screw-cap containing a PTFE/silicone septum and kept at room
temperature for 3 h before sampling the headspace with a
gastight syringe. Triethyloxonium converts F− into fluoro-
ethane which is gaseous at ambient temperature (tvap = −37
°C). Therefore, in order to avoid analyte loss, it is important
that unpunctured septa be used for sealing.

GC/MS Analysis. A Hewlett-Packard 6890 gas chromato-
graph equipped with a Hewlett-Packard 5973 mass selective
detector and fitted with a 60 m DB-624 column (6%
cyanopropyl-phenyl 94% dimethyl polysiloxane) was operated
at a constant flow of 0.9 mL He/min. Pulsed split (5:1)
injection mode was chosen, with a pulsed pressure of 172 kPa
for 1 min. The inlet temperature was set to 100 °C. After the
first isotherm at 30 °C (held for 7 min), the oven was heated at
20 °C/min to 200 °C. The transfer line temperature was 230
°C. The generated fluoroethane was manually sampled with a
gastight syringe from the vial headspace and a 250 μL volume
injected into the GC/MS. Fluoroethane eluted at 5 min under
the 30 °C isotherm. In addition, chromatographic performance
was improved with use of a narrow inlet liner (internal diameter
of 0.75 mm) designed for solid phase microextraction (SPME).
The mass spectrometer was operated in electron impact

mode (70 eV) using standard settings (ion source temperature
250 °C; quadrupole temperature 150 °C). The intensity of the
fluoroethane molecular ion shown in Figure 1 is low (10% of
the base peak); the most abundant fluorine-containing ions are
CH2CH2−F

+ (m/z = 47 Da) and CH2−F
+ (m/z = 33 Da).

Therefore, quantitation of fluoroethane was done by selected
ion monitoring (SIM) using the area of the peak extracted at
m/z = 47 Da. The fragment ion at m/z = 33 Da was monitored
for quality control purposes. Both were acquired using a 100 ms
dwell time.
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■ RESULTS AND DISCUSSION

Derivatization. The use of triethyloxonium salts as
derivatizing reagents is a recent introduction to the field of
analyt ical chemistry .27−29 Unlike tr iethyloxonium
tetrachloroferrate(III), which was selected for determination
of fluoride in this work, the two commercially available
oxonium salts, Et3O

+[BF4]
− and Et3O

+[SbCl6]
−, are unsuitable

analytical reagents for conversion of fluoride to fluoroethane,

+ → +
+ −Et O (aq) F (aq) EtF(g) Et O3 2

because Et3O
+[BF4]

− releases fluoride ions during hydrolysis of
the tetrafluoroborate,34 whereas Et3O

+[SbCl6]
− is not water-

soluble. Ethylation of fluoride with Et3O
+[FeCl4]

− was
performed in an alkaline medium (pH = 10) because an acidic
environment releases Fe(III) from the salt which then binds to
the fluoride ions. Additionally, the alkalinity of the sample
causes precipitation of a number of endogenous metal ions,
resulting in the removal of potential interferences in the
determination of fluoride. Moreover, alkaline conditions
prevent the conversion of fluoride to gaseous HF, a significant
advantage compared to an acidic silylation method, wherein
this may occur. The ethylation reaction stops after hydrolysis of
Et3O

+ is complete. Granik et al.25 reported that complete
hydrolysis of Et3O

+ occurs in 80 min. From our previous
research27 and from similar experiments repeated here for
Et3O

+[FeCl4]
−, we found that complete hydrolysis and

equilibration of the headspace is complete in 3 h. After this
time, the headspace can be sampled for analysis by GC/MS.
Fluoroethane is a stable compound and was detected in the
headspace up to 3 days after the derivatization. The chemical
yield for derivatization, achieved using the experimental
conditions described herein, was determined to be 8%. For
this purpose, four fluoride standard solutions were prepared
and subjected to the ethylation procedure. The headspace was
then purged with nitrogen to eliminate the fluoroethane, and
the remaining solutions were analyzed for the residual content
of fluoride.
The purpose of this work was to demonstrate the

performance of Et3O
+[FeCl4]

− for derivatization of fluoride.
However, one must be mindful that, much like Et3O

+[BF4]
−,

triethyloxonium tetrachloroferrate is also able to ethylate other
inorganic anions.27

Figures of Merit and Applications. The determination of
fluoride was undertaken in various liquid matrixes using a
standard additions calibration approach whereby the fluoro-
ethane peak (m/z = 47 Da signal) was integrated and linearly
regressed against the mass of fluoride added. Headspace
sampling and injection into the GC/MS was manually
performed; no internal standards were used to correct for
variations that may occur during these operations. This method
was validated using IRMM CA408 rainwater certified reference
material, yielding good agreement with the certified property
value, as summarized in Table 1. Other matrixes were also

examined, including City of Ottawa drinking water, seawater
reference material (NRC MOOS-2), and urine from a healthy
volunteer. Results are based on the mean values of three
independent measurements derived from four point (in
addition to the unspiked sample) standard additions curves,
and the uncertainties were evaluated according to the ISO/
GUM guidelines. For each measurement, the relation between
the mass of fluoride added and the integrated signal was always
linear and characterized by a coefficient of determination R2 >
0.99. The mass concentration of fluoride determined in City of
Ottawa drinking water, γ(F−) = 0.72 ± 0.06 mg/L, is in
agreement with the target level of 0.70 mg/L recommended by
Health Canada and adopted by the City of Ottawa.35

The results for the other two samples were as follows: γ(F−)
= 0.59 ± 0.07 mg/L in urine and γ(F−) = 1.39 ± 0.09 mg/L in
north Atlantic water (MOOS-2). The fluoride content in
MOOS-2 is also in good agreement with ion selective electrode
measurements of ocean water of similar salinity.36

All samples yield three phases after derivatization with
Et3O

+[FeCl4]
−: (1) a precipitate which contains Fe(OH)3 and

part of the matrix, (2) a homogeneous aqueous phase, and (3)
an upper gas phase (headspace) from which the fluoroethane is
sampled. Derivatization allows separation of the analyte from
the sample into the headspace and enables the realization of
extremely clean chromatograms. Figure 2 shows the results
from a urine sample; even with such a complex matrix, there are
no interferences coeluting with the analytical peak. The
instrumental limit of detection obtained by processing
calibration solutions is γ(F−)DL = 3.2 μg/L with a linear
range up to 50 mg/L. The estimation of γ(F−)DL is based on
the signal-to-noise ratio calculated from the standard deviation
of the baseline in proximity to the analyte peak (i.e., detection
limit is the concentration which produces a signal-to-noise-ratio

Figure 1. Electron impact mass spectrum of fluoroethane.

Table 1. Determination of Fluoride in IRMM CA408
Rainwater Certified Reference Materiala

run γ (F−)/(mg/L)b

1 0.186 ± 0.034

2 0.196 ± 0.020

3 0.195 ± 0.017

4 0.199 ± 0.011

mean 0.194 ± 0.012

ur 6.5%
aCertified property value: γ(F−) = 0.194 ± 0.008 mg/L. bUncertainty
of each standard additions experiment was evaluated according to
ISO/GUM guidelines. All uncertainties are reported here as expanded
uncertainties with coverage factor k = 1.
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of 3). Standard solutions of γ(F−) = 123 μg/L and 531 μg/L
give signal-to-noise ratios of 115 and 492, respectively.
Interferences. Fluoride forms strong complexes with many

metal cations, such as Al(III), and Fe(III). These interferences
are common to any method of determination of fluoride.
Therefore, the method of standard additions should be used to
overcome such matrix effects.36 Interferences arising from the
complexation of fluoride reduce the analytical signal and
deteriorate the performance of analytical methods. Therefore,
the effect of the presence of large amounts of various metal
cations on the analytical response was evaluated. Table 2

summarizes the interference arising from the presence of 10
mM (240−650 mg/L) levels of several cations added to
standard solutions containing 0.05 mM fluoride. The 200-fold
excess of these potential interferences over the analyte was
chosen in order to show the robustness of the proposed
method in coping with the interference of metal cations. Signal
suppression is observed in the presence of Mg(II), Ca(II),
Fe(III), and Al(III). The latter exhibits the most severe
suppression and contributes to a 10-fold decrease in the
analytical signal. Negligible effects were evident with Zn(II) and
Cu(II). The alkaline condition induced by pretreatment of the
sample with ammonia results in precipitation of many metal
cations as hydroxides, thus significantly reducing their ability to
complex fluoride.

■ CONCLUSIONS

Triethyloxonium tetrachloroferrate(III) was successfully em-
ployed for derivatization of fluoride ion in aqueous solutions to
produce stable volatile fluoroethane, which is amenable to
analysis by GC/MS. Although it is a lower throughput

approach compared to ion selective electrode methods, this
novel ethylation chemistry coupled with GC/MS provides
better selectivity and specificity. With respect to other GC/MS
approaches, this method offers a comparable or better detection
limit, and it is considerably safer to use than silylation or
alkylation with F5BzBr because Et3O

+[FeCl4]
− is a water-

soluble salt which undergoes complete hydrolysis in a few
hours. Additionally, it is not a volatile liquid such as Me3SiCl,
and the oxonium alkylation proceeds in aqueous media at room
temperature which adds to the speed and convenience of the
method. Further improvement to the analytical figures of merit
appears possible by employing an internal standard. Bromide
and iodide ions should serve as ideal internal standards since
they undergo the same derivatization chemistry as fluoride.
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