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1. Introduction

Boron elemental and isotopic determination via the
BF diatomic molecule using high-resolution
continuum source graphite furnace molecular
absorption spectrometry

Maite Aramendia, & André L. M. de Souza, © Flavio V. Nakadi @
and Martin Resano (& *

Boron trace determination in biological materials is needed in different fields of application. Direct B
determination by means of Graphite Furnace Atomic Absorption Spectrometry (SS-GFAAS) has been
used in the past for this purpose, offering good detection limits hardly achievable by other techniques.
However, such methods require the use of high atomization temperatures combined with large
integration times to promote B atomization, which dramatically reduces the lifetime of the instrument's
graphite parts. In this work, a new perspective for B determination by means of Graphite Furnace
Molecular Absorption Spectrometry (GFMAS) is proposed. B was detected as the diatomic molecule BF
(boron monofluoride), deploying a gas phase reaction with CHsF as fluorinating agent. Based on this
strategy, a method for the direct determination of B in two biological certified reference materials (NIST
SRM 1570a spinach leaves and NIST SRM 1573a tomato leaves) has been developed, providing similar
detection capabilities to the GFAAS method (LOD of 0.24 ng) but requiring much milder furnace
conditions. Moreover, the appearance of memory effects, very common in GFAAS methods, is also
avoided with this method. Straightforward calibration with aqueous standard solutions was also found to
be possible. To this end, a mixture of W (permanent), citric acid, and Ca as chemical modifiers was found
to be essential for obtaining a reproducible and sufficiently sensitive signal for boron solutions,
comparable to the signals obtained for the solid samples. With this method, accurate results were
obtained for the direct analysis of both certified reference materials, provided that spectral interferences
from the PO molecule were properly corrected. Precision values in the range of 15% RSD, as typically
reported for direct solid sampling GFAAS, were found. Finally, and as an additional advantage of the
GFMAS method, a large isotopic shift in the absorbance of the °BF and BF molecules can be
accurately monitored at a secondary transition for the BF molecule. This offers novel analytical
possibilities for the method, which are also explored in this study. In this regard, control of the B
concentration was found to be critical for obtaining accurate and precise isotope ratios for this element.

key role that this element plays on plant growing and develop-
ment.® There are also other applications, yet to be fully exploi-

Boron and boron compounds are extremely valuable in present-
day societies, with many applications in different fields. Just to
name a few examples, boron is used as a thermalizing agent in
nuclear reactor materials® or as a dopant in silicon wafers in the
semiconductor industry.> Boron compounds, on the other
hand, are used for producing alloy fuels for propellants,’
ceramic structures such as borosilicate glass,* dentistry mate-
rials,” and synthetic herbicides and fertilizers, considering the
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ted, such as the Boron Neutron Capture Therapy (BNCT),”
proposed for cancer treatment, where tumors are selectively
destroyed by irradiation with slow neutrons after '°B adminis-
tration to diseased tissues, or the production of boron-based
semiconductors® as an alternative to silicon-based materials.
As a natural consequence of the above, analytical methods
that are capable to perform B elemental and isotopic determi-
nations at different concentration levels and in all sorts of
samples for different purposes (e.g., industrial production
control, food safety, BCNT-therapy administration, etc.) are
needed. Among the existing analytical methods for B determi-
nation, reviewed elsewere,”'” Inductively Coupled Plasma-Mass
Spectrometry (ICP-MS) methods seem to be the most
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advantageous, providing the best limits of detection (LODs),
and offering both elemental and isotopic information even at
trace levels. However, when the target sample is solid, regard-
less of the analytical technique used, sample decomposition
before analysis still remains a challenge for this element,
worsening the LODs achievable. In fact, boron and its
compounds are ubiquitous in nature, and some are rather
volatile too, and hence, sample preparation is subjected to
elevated risks of contamination and/or losses."

One interesting way to address this issue is the use of direct
methods of analysis, overcoming the necessity of sample
pretreatment. In this regard, methods based on the use of the
graphite furnace (i.e. Solid Sampling Electrothermal
Vaporization-ICP-MS,  SS-ETV-ICP-MS, and SS-Graphite
Furnace-Atomic Absorption Spectrometry, SS-GFAAS), have
proven useful in the past for B trace determination in biological
solid samples.”" The use of ETV-ICP-MS, on the one hand,
provides both elemental and isotopic information with low
LODs. Unfortunately, and although it presents excellent
analytical features,™ the use of this technique is at present very
limited due to the lack of ETV instruments commercially
available.

GF-Atomic Absorption methods, on the other hand, even
though less sensitive in general terms, are still an interesting
alternative to MS methods with lower running costs and
renewed possibilities since the introduction of High-Resolution
Continuum Source (HR CS) instruments.*>’®* Among other
features, these include the possibility to determine non-metals
and to obtain isotopic information through the formation of
transient molecules in the graphite furnace (most often
diatomic) and the measurement of their absorption (HR CS
GFMAS)."*® This possibility could be exploited for B elemental
and isotopic determinations, as a means to overcome the
disadvantages related to GF-AAS methods for this element. And
such disadvantages are not minor.

In fact, and as reviewed elsewhere,*® boron behavior in the
graphite furnace is complicated when the goal is to promote the
formation of B atoms and the measurement of their absorption.
On the one hand, B easily forms volatile oxides that can be lost
during the pyrolysis steps even at relatively low temperatures
(600-900 °C) and are difficult to atomize at the temperatures of
the GF, leading to low sensitivity and inaccuracies.’ On the
other hand, B tends to form very refractory carbides, which
makes necessary the use of high temperatures and long times
for the atomization step. This fact reduces dramatically the
lifetime of the graphite consumables, and still results in broad
signals with a long tailing and important memory effects.>** To
address these issues, a cocktail of chemical modifiers has been
proposed in the literature with a double goal: (i) reducing the
partial pressure of oxygen in the graphite furnace, thus
hampering formation of boron oxides, and (ii) minimizing the
formation of boron carbides. Still, sensitivity for B in GFAAS
methods is poor (typical characteristic masses in the 0.2-0.3 ng
range®) and the use of very harsh temperature programs is
compulsory, resulting in premature degradation of the graphite
parts. Additionally, the use of fluorinating agents for cleaning in
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between measurements seems mandatory for reducing memory
effects, which also increases the total analysis time.”>*

This paper explores an alternative and potentially more
advantageous method for B determination by means of HR CS
GFMAS, based, precisely, in the mechanism of action of such
fluorinating reagents typically added for cleaning purposes: the
high tendency of B to form volatile fluoride species. This idea
was previously exploited for B determination in ETV-ICP-MS,*
although with a critical difference, as only vaporization is
needed in the ETV while ionization is carried out in the ICP-MS.
For the HR CS GFMAS case, in contrast, the molecule formed
must be stable for a certain amount of time in the graphite
furnace such that its absorption can be monitored, which, as
will be shown in this work, is not straightforward.

Promotion and measurement of the absorption of a boron
fluoride molecular species would potentially have the advantage
of softening the temperature program needed for analysis and
reducing memory effects, thus circumventing the need for
additional cleaning steps. Moreover, and as an additional
advantage, the possibility to perform isotopic determinations
would be also enhanced. In fact, it is well known that isotopic
shifts in molecular spectra are much broader than for atomic
ones, which is well documented for diatomic transient mole-
cules.” In the case of boron, for instance, and due to the relative
wide mass differences of the two isotopes, small isotope effects
have been observed in the atomic spectra (e.g. 2.5 pm
displacement at the 208.9 nm maximum).>* These displace-
ments are, however, difficult to monitor, leading to poor accu-
racy and precision values for the isotope ratio measurements.
Such isotopic displacements have been used, for instance, for
monitoring the isotope composition of alloyed steel reference
materials by HR CS Flame AAS and were useful for identifying
1°B enriched scrap, for which less rigorous requirements have to
be met in terms of precision and accuracy.”* In contrast,
isotopic displacements can reach tens to hundreds of pic-
ometers when monitoring diatomic molecules, depending on
the transition monitored, such that measurement is much
easier with the resolution available for HR CS GFAAS instru-
ments. This idea, first applied to determine Cl isotope ratios by
formation and measurement of the molecular absorption of the
AICI molecule,* has already been tested for boron isotopes by
formation of the BH molecule.”” However, and in spite of the
good precision and accuracy values obtained with this method,
the minimum B concentration needed for the method to be
applied is 1 ¢ L™" on clean boric acid solutions, while inter-
mediate cleaning steps are still needed for addressing memory
effects. There is, hence, room for improvement also in this
regard.

It is the goal of this work to develop a new analytical method
for trace boron elemental and isotopic determinations in solid
samples, based on the formation of the BF molecule and the
monitoring of its absorption by HR CS GFMAS. Such method
should allow for a more efficient analysis than methods based
on boron atomic absorption spectrometry, reducing costs and
total analysis time, and providing additional isotopic informa-
tion. For proofing the concept, two botanical reference mate-
rials were targeted, considering the pivotal role that B has on
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plant growth and development. All features of the method, such
as the formation of the molecule, calibration and overcoming of
matrix effects, or evaluation of the possibilities for isotopic
analysis, have been systematically considered and will be dis-
cussed in this paper.

2. Experimental
2.1. Instrumentation

All absorption measurements were carried out using a HR CS
atomic absorption spectrometer ContrAA 800 G (Analytik Jena
AG, Germany). This instrument is equipped with a transversally
heated graphite tube atomizer and both automated solid
sampling and liquid sampling accessories (Analytik Jena AG).
Pyrolytic graphite tubes and platforms were used throughout
the study.

Moreover, an inductively coupled plasma mass spectrometer
NexION 300X (PerkinElmer, USA) was used to determine the
boron isotopic composition of the standards that were sub-
jected to analysis by HR CS GFMAS. The ICP-MS parameters
used for this purpose were: 15 L min~' plasma Ar gas flow,
1.1 L min~" nebulizer Ar gas flow, 1.2 L min~ ' auxiliary Ar gas
flow and 1450 W RF power. The nuclides monitored were '°B"*
and "'B* and the dwell time for each nuclide was 50 ms.

2.2. Reagents and materials

All reagents used in the work were of analytical purity grade.
Deionized water (18 MQ cm) obtained from a Milli-Q water
system (Millipore, France) was used for dilutions throughout
the work. A 1000 mg L' B elemental standard (boric acid in
water, Merck, Germany) was used as stock solution to prepare
natural isotope composition boron solutions. For B isotope
measurements, two isotopic reference standard solutions (boric
acid in water) enriched in '°B and ''B, respectively, were ob-
tained from Inorganic Ventures (USA). The concentration of the
standards was approximately 10 mg L™ (10.157 + 0.080 mg L™"
for the one enriched in '°B, and 10.516 + 0.083 mg L~ for the
one enriched in ''B) and their isotopic composition was 0.9954
'°B mole fraction and 0.9990 "'B mole fraction, respectively. A
boron isotopic standard of 0.97 ''B/*°B theoretical ratio was
prepared by mixing appropriate amounts of these isotopic
standards.

For preparation of the chemical modifiers tested,
1000 mg L' mono elemental standard solutions of Ca (as
nitrate) and W (as ammonium tungstate (VI)) were obtained
from Merck. A 15 g L™" citric acid solution was prepared by
dissolving the solid reagent (Merck) in deionized water.

For acquisition of the model spectra for correction of the
spectral interference from the PO molecule, a 1000 mg L™*
mono elemental P standard solution (H;PO, in water) was
purchased from Merck.

As fluorinating agents, two options were tested and are
compared in the work. The first option consisted of the addition
of NH,F-HF in aqueous solution. A 10% m/m solution was
prepared by diluting the solid in deionized water (99.9%
ammonium bifluoride, Sigma Aldrich, USA). As a second
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option, a 1% v/v methyl fluoride-argon mixture (Nippon Gases,
Spain), which will be denoted as Ar/CH3;F throughout the
manuscript, was added in gas phase during the graphite
furnace program (described in Section 2.3).

Two biological standard reference materials (SRMs) were
analyzed for optimization of the analytical method and accuracy
verification: spinach leaves 1570a and tomato leaves 1573a,
both from the National Institute of Standards and Technology
(NIST, USA).

2.3. Measurement protocol for elemental and isotopic
determinations

Boron and boron isotopes were determined through formation
of the BF molecule and monitorization of its absorbance. In
particular, two vibronic transitions within the X'3 — Al
electronic transition were monitored for this molecule,* and
each one of them was used either for the elemental determi-
nation of B or for the determination of B isotopes.

2.3.1. Protocol for B elemental determination and analysis
of the solid samples. For B elemental determinations, the
transition X'S — A'IT (0,0) was used. This transition provides
an intense band within the spectral window 195.57-195.61 nm
(see Fig. 1A). It represents the convoluted signal responding to
both '°BF and "'BF (no isotopic information available). In this
case, the integrated absorbance recorded at A = 195.589 nm
(3 detection pixels summed) was used for the elemental deter-
mination of B in the solid samples, as it provides the most
sensitive conditions. The IBC-m mode for background correc-
tion was selected for measurement, and the signal smooth
setting was set to weak (AspectCS software default).

Solid samples were directly analyzed by HR CS GFMAS
without any prior preparation step. The solid sampling device
used allows for automatic weighing and transport of the
samples, once deposited on the graphite platform, to the
furnace. The empty platform (previously modified with 250 pg
of tungsten as permanent modifier, see Section 3.2 for more
details), was first transported to the built-in balance with a pair
of tweezers for taring. Next, an appropriate amount of sample
was loaded on the platform and weighed. The corresponding
amount of liquid modifier (10 pL of a 15 mg L™ " citric acid
solution and 10 pL of a 1 g L' Ca solution) was added after-
wards. Finally, the platform was transferred into the graphite
furnace and subsequently subjected to the temperature
program. All these operations were fully controlled from the
instrument software, except for the deposition of the sample
and modifiers on the platform, which was carried out manually.
The operating conditions are summarized in Table 1.

The calibration was performed using 10 pL of a B aqueous
solution of the appropriate concentration, added with a micro-
pipette onto the sampling platform instead of the solid sample.
Five points plus the blank were used to build a calibration curve
between 5 and 25 ng B. Each point of the calibration curve was
measured in quintuplicate.

Seven replicate measurements were carried out for each solid
sample analysis. For analysis of NIST 1570a spinach leaves, the
TAP correction method, was used for obtaining accurate results
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Fig. 1 Wavelength- and time-resolved spectra for the two different BF transitions deployed in the work. Spectra were obtained with aqueous
standard solutions and deploying the temperature program presented on Table 1 (chemical modifiers: citric acid 150 pg, Ca 10 ug, Wpermanent 250
1g). (A) Spectrum for the X'= — A (0,0) transition generated using 10 ng of B elemental standard of natural isotopic composition. The central
pixel was adjusted at 195.589 nm (detection pixel). (B) Spectrum for the X'=-AI (1,0) transition, showing two separated peaks for °BF and 'BF.
Spectrum generated using two isotopic B standards (approximately 50 ng of each boron isotope). The central pixel was set at 201.08 nm; *'BF
maximum peak is found at 200.993 nm, and °BF maximum at 201.160 nm.

Table1 Instrumental parameters used to monitor BF by HR CS GFMAS. The conditions used for both the direct analysis of the solid samples and
the determination of B isotope ratios in aqueous solutions are separately included in the table and indicated when needed

Electronic transition

X'S-AI

Wavelengths

Number of detection pixels summed per line

Pixels for baseline setting (isotope ratio determination only)
Chemical modifiers in aqueous solution

Permanent modifier

Aqueous sample volume (isotope ratio determination)
Solid sample mass (total B determination)
Measurement time

Measurement delay

Spectral interferences correction

195.589 nm (total BF)

200.993 nm (*'BF)

201.160 nm ('°BF)

3 in area (total B determination)

1 in height (*'BF/'°BF isotope ratio determination)
32 and 89 (*'BF); 149 and 174 (*°BF)
Citric acid: 10 pL, 15 g L™"

Ca: 10 pL, 1000 mg L ™"

W: 250 pL, 1000 mg L™*

10 puL

0.2-0.4 mg

8.5

4.5s

TAP (NIST 1570a)

None (NIST 1573a)

Temperature program

Gas flow (L min™")

Step Temperature (°C) Ramp (°C s 1) Hold (s) Ar Ar/CH,F
Drying 80 6 20 2.0 0
Drying 110 5 40 2.0 0
Pyrolysis 850 300 20 2.0 0

Gas adaptation 850 0 10 0 0.5
Vaporization 2500 1800 7 0 0
Cleaning 2700 3000 5 2.0 0

in accordance to the NIST certificate. This method, described
elsewere,” is based on the fact that the time-absorbance profile
(TAP) of any species, measured under the same instrumental
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conditions using a GF as the atomizer, should be the same at
every wavelength. Therefore, using a TAP normalized spectrum
of the interfering species should be sufficient to subtract it from
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the normalized absorbance of the atomic line, leaving only the
analytical signal of the analyte. For the calculation of the wet
content, the approach recommended by NIST was used. An
amount (approximately 0.2 g) of every sample was weighed and
dried in a desiccator at room temperature (22 °C) for 120 h and
the loss of water was quantified by differential weighing (0.09%
for 1570a spinach leaves and 0.07% for 1573a tomato leaves
moisture contents, respectively). The moisture content was
taken into account for the final calculation of the HR CS GFMAS
results, which were reported on a dry-mass basis.

2.3.2. Protocol for determination of B isotopes. For the
determination of B isotopes, the X'S — A'II (1,0) transition was
used. This transition provides two bands within the
spectral window 200.95-201.20 nm (see Fig. 1B). The band at
A = 200.993 nm was used for monitoring ''BF while that at
A =201.160 nm, was used for monitoring '°BF. In this case, and
as is common in methods developed for isotope analysis with
HR CS GFMAS,* signals were evaluated in terms of peak height,
considering only one pixel (that of the maximum), unless
otherwise indicated. To improve precision and accuracy for the
isotope ratio measurements, the baseline was manually set in
this case by selecting four pixels (two at each side of the corre-
sponding BF transitions). Isotope ratios were calculated as the
ratio of the absorbance signals monitored for each band after
blank correction. In this case, only aqueous standard solutions
were measured.

3. Results and discussion
3.1. Target molecule formation and wavelength selection

As discussed in the introduction, the goal of the work was to
explore the formation of a volatile boron fluoride molecule that
could soften the temperature program needed for boron
determination in the graphite furnace, while also enabling the
measurement of boron isotope ratios. For this purpose, and as
in most HR CS GFMAS works, the formation of a diatomic
molecule (BF in the current case) was targeted. During element
atomization processes at high temperatures (such as those
occurring in a graphite furnace), atomic recombination
processes occur that result in the formation of diatomic tran-
sient molecules. Many spectral characteristics of such mole-
cules, including isotopic effects, are well documented in the
literature,***® which can serve as a starting point for program
optimization. According to the data available, we selected the
X'S — A'I (0,0) vibronic transition at 195.74 nm?®® for opti-
mizing the formation method for the BF molecule, which, at
least in theory, should be the most sensitive transition available
and measurable with our spectrometer.

The BF molecule shows a high bond dissociation energy
(732 kJ mol™"),?® so that, once formed, it should be fairly stable
in the graphite furnace, which favors sensitivity for absorption
measurements. Besides, and considering that fluorine is mon-
oisotopic, the potential isotopic shift to be monitored for the BF
molecule should only obey to B isotopes, which is an additional
advantage. However, and as already hinted at in the introduc-
tion, formation of such molecule in the graphite furnace in the

This journal is © The Royal Society of Chemistry 2024
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most conventional way, ie., starting from the dissolved
reagents, is challenging.

In fact, and as has been shown with ETV-ICP-MS measure-
ments,"” B tends to form BF; in the presence of dissolved fluo-
rinating agents (such as NH,F-HF or NaF), a stable but
extremely volatile molecule (boiling point —101 °C),*® which
would be lost well before the BF diatomic molecule could be
formed in the furnace after elemental atomization-
recombination. This is why fluorinating agents in solution
have mostly been used in GF-AAS methods for B determination
as cleaning agents in-between sample runs, in order to cope
with the memory effects caused by the formation of refractory
boron carbides in the furnace.”* It is not surprising then that
our attempts to promote the BF molecule by using fluorinating
agents in solution were unsuccessful. In particular, we tested
ammonium bifluoride solutions because of its relatively high
boiling point (240 °C),* which would result in a lower loss of the
forming reagent during the drying step. For these experiments,
a considerable high amount of B (10 uL of a 1000 mg L™" B
standard solution) was introduced into the graphite furnace to
maximize the probability to obtain an analytical signal. Addi-
tionally, 10 pL of a 10% m/m NH,F-HF solution were pipetted
and placed on the platform together with the B standard. The
graphite furnace was programmed with a low pyrolysis
temperature (150 °C) and a relatively slow heating ramp (300 °C
s~') up to 2700 °C, the maximum temperature achievable by the
instrument. This strategy allowed us to scan a broad range of
vaporization temperatures, although no signal for the BF
molecule could be recorded at any of the temperatures tested.

Next, we tried an alternative formation protocol with a fluo-
rinating agent in the gas phase (a 1% v/v CH;F in Ar mixture)
added before the atomization step. This strategy had provided
good results in a previous work of the group for promoting the
SrF molecule and performing Sr isotope ratio determinations,
although this approach also requires careful optimization.*
Briefly, the protocol for fluorination in the gas phase consists of
filling the graphite tube with the reactive gas (Ar/CH;F in this
case) at the end of the pyrolysis step, then stopping the inner
gas flow in the furnace for reducing the diffusion rate of gases
out of the furnace and subsequently heating the system to
vaporize/atomize the analyte in an atmosphere rich in the
reactive gas, where the target fluoride molecule can be formed.
For the particular case of boron, the presence of the fluorinating
agent in the gas phase during this step should promote B
vaporization from the sampling platform at a lower temperature
than in its absence (probably as a fluoride species), even if very
refractory carbides would have been formed. This has already
been shown in other works for coping with memory effects with
carbide-forming elements in the graphite furnace.”>*"** On the
other hand, the high temperatures at which this vaporization
occurs should permit the rapid atomization of both the analyte
and the forming reagent, that would then be able to recombine
and form the BF molecule.

To test if these assumptions were true, a preliminary
temperature program based on the results shown in ref. 30 was
tested. Again, 10 puL of a 1000 mg L™ B standard solution were
introduced in the graphite furnace, to maximize the probability
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to obtain an analytical signal. After drying, a pyrolysis step at
low temperature (150 °C) was programmed, at the end of which
the graphite furnace was filled with the Ar/CH3;F mixture,
introduced at a rate of 0.5 L min™" for 6 seconds. Next, the flow
was stopped, the temperature was raised to 2700 °C (at a fast
rate of 3000 °C s '), and the absorption in the range of
195.74 nm was monitored to record the X'S — A'Il (0,0)
vibronic transition of BF. With this strategy, an absorption band
with its maximum at 195.5897 nm could be finally observed (see
Fig. 1A). As a result, the protocol for fluorination in the gas
phase was the only considered for all further experiments.

3.2. Optimization of the furnace program for direct B
determination in solid samples. Temperatures and chemical
modifiers

3.2.1. Optimization for B aqueous solutions. As discussed
in the introduction B is a difficult element for graphite furnace
techniques, which was experimentally confirmed. First explor-
atory measurements with the program described in Section 3.1
showed that, in the absence of any other modifier, the
absorption-time profile obtained for the BF molecule presented
a long tailing if temperatures below 2700 °C were used for the
atomization step. This effect is not surprising, as the fluorina-
tion protocol developed does not preclude formation of boron
oxide and/or boron carbide species and its related problems
described in the introduction. To tackle this issue, the use of
chemical modifiers was next considered.

To this end, optimization experiments were conducted with
a much lower amount of B, (10 ng of B) as it was clear from first
experiments that the sensitivity achievable by monitoring the
BF molecule in the 195 nm region was not far from that reported
for the monitoring of the main atomic line for B at 249.8 nm.
Taking into consideration our previous experience with this
element, a mixture of W as permanent modifier and citric acid
in solution was used. The exact mechanism by which this
combination of modifiers acts is unclear (different hypothesis
exist), but it offered the best results for reducing signal tailing
and improving sensitivity in B determination by GFAAS when
compared to other approaches and was then also implemented
in this work.*®

The method optimized in ref. 13 was used with some adap-
tations, which mostly concerned W deposition. Soaking the
graphite parts in a W solution before use has been described as
the most efficient way to deposit this permanent modifier.
However, this approach gave problems for the well-functioning
of the ContrAA 800 G instrument (different error messages were
displayed, as the conductivity of the graphite parts seems to be
affected) and could not be used. Instead, only the graphite
platforms were covered with W before use, following the
protocol described by Lima et al.** This method consists of four
sequential depositions of 50 uL of a 1 g L~ " W solution onto the
graphite platform (250 ug W, in total), followed by a furnace
program with different steps at different temperatures. With
this protocol, no error messages were given by the spectrometer.
A detailed description of this method is included in Table S1 of
the ESL} Additionally, 10 uL of a 15 g L™ " citric acid aqueous
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solution were also added at the beginning of the temperature
program.

Pyrolysis and vaporization curves were first carried out and
are shown in Fig. 2 (red trace). For this experiment, each
temperature point was obtained as the average of 5 consecutive
measurements. First, the vaporization temperature was opti-
mized using a low pyrolysis temperature at which no B losses
should occur (150 °C). Well defined signals with almost no
tailing could be obtained at temperatures as low as 2200 °C,
which represents an important advantage in terms of thermal
preservation for the graphite parts if compared to the program
needed for measuring B atomic absorption, where long atom-
ization steps (20 s) at very high temperatures are mandatory.
This is illustrated in Fig. 3. For BF vaporization, possible from
2200 °C (although Fig. 3B was obtained at 2500 °C), the signal
returned to the baseline in less than 4 seconds, while for B
atomization (Fig. 3A) 15 s-20 s at 2600 °C were needed for the
complete atomization of B. As typically observed for this
element in GFAAS, higher vaporization temperatures also lead
to higher sensitivities for BF, which seems to indicate that B pre-
atomization is needed for the efficient formation of the mole-
cule. For further experiments however, and in order to preserve
the graphite parts from thermal degradation, we selected
2500 °C as a compromise vaporization temperature, which
provided intermediate integrated absorbance values with good
precision (repeatability of 5 consecutive measurements was
typically of about 5% RSD).

As for the pyrolysis temperature, and as seen from Fig. 2,
temperatures up to 900 °C could be used without significant
analyte losses, which is a much lower temperature than that
reported in the literature for the W + citric acid mixture
(2100 °C). This maximum pyrolysis temperature reduction
could be related to the procedure used for W deposition.** In
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Fig. 2 Pyrolysis and vaporization curves for the formation and
monitoring of the BF molecule obtained for aqueous standard solu-
tions with (blue trace) and without (red trace) the addition of 10 ng Ca
as modifier. 10 ng of B were used in all cases. Error bars represent one
standard deviation of five consecutive replicates.
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Fig. 3 Absorbance-time profiles obtained for B aqueous standard
solutions and solid samples under different furnace conditions. (A)
Atomic absorption for a B aqueous standard solution monitored at
249.8 nm (CP + 1) with the method developed in ref. 13 (chemical
modifiers: W-permanent, and citric acid; pyrolysis 1200 °C, atomization
2600 °C). (B) and (C) Absorption profiles for the BF molecule monitored
at 195.5897 nm (CP =+ 1) and vaporized from a B aqueous standard
solution (blue), solid NIST1570a spinach leaves (red) and solid NIST 1573a
tomato leaves (black). Measurement conditions for (B) and (C) are those
presented on Table 1 except for the addition of 10 ng Ca as modifier,
which was only carried out for measurements presented in (C).
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any case, and concerning matrix elimination, a pyrolysis at
800-900 °C should be sufficient for eliminating most organic
components of the matrix, although it might not be enough for
certain inorganic components. Self-evidently, this is something
that should be checked for each particular sample under
investigation.

3.2.2. Direct monitorization of BF from plant tissues. As
indicated in the introduction, direct solid sampling analysis is
very advantageous for B determination at the ug g~ level, due to
the elevated risk for contamination and/or losses as well as the
limited sensitivity achievable with most analytical techniques
for this element. As a result, the development of a direct method
for the determination of traces of B in solid samples based on
the BF molecule was one of our goals in this work. Considering
the key role that B plays on plant growing and development, two
botanical reference materials were targeted for developing the
method and proofing the concept. In particular, NIST SRM
1570a trace elements in spinach leaves and NIST SRM 1573a
tomato leaves, with a certified B content of 37.6 mg kg™ and
33.3 mg kg7, respectively, were selected for further work.

The same operation conditions that were found to be
optimum for B standard solutions in the previous sections were
applied to the direct analysis of the solid samples, introducing
around 0.3 mg of the sample in the graphite platform (corre-
sponding to about 10 ng B). First experiments with NIST SRM
1570a proved that the pyrolysis temperature used (850 °C) was
enough to eliminate the matrix, as no residues were observed at
the end of the program. B interaction with the different modi-
fiers seemed to be also achieved with no further measures, as
promotion of the BF molecule was observed. However, three
important issues were identified.

(i) In the first place, the absorbance-time profile obtained for
the solids was bimodal, with a first peak appearing slightly
delayed if compared to that observed for the aqueous standard
solution (maximum at about 3 s) and a second peak appearing
even later (maximum at about 4.5 s). This is shown in Fig. 3B.

(ii) Next, the sensitivity obtained for BF in the solids was
clearly higher (about 5 times, see Fig. 3B) than that obtained for
the aqueous standard solution. Self-evidently, this would lead to
results biased high for both reference materials if external
calibration with aqueous standard solutions is performed,
which is always the intention for a straightforward procedure.

(iii) Finally, the spectrum obtained for the solid samples
showed additional lines around the BF transition at 195.59 nm,
corresponding to additional molecules and/or atoms coming
from the sample matrices. This is shown in Fig. 4 for the two
solid sample materials. The software interference library of the
instrument suggested PO as potential interference in both
samples, as well as the presence of two secondary atomic lines
for Fe at around 195.6 nm and 196.7 nm, respectively. These
additional lines did not seem to interfere with the main BF
transition for NIST SRM1573a, although for NIST SRM 1570a
a clear interference was observed, as will be commented below.

Therefore, additional measures had to be developed in order
to obtain accurate results for the direct analysis of the solid
samples, particularly regarding the second issue. For this
purpose, the certified composition of the target samples was
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examined, revealing a high Ca content in both of them (1.527%
and 5.05% mass fraction, respectively, according to the corre-
sponding certificates of analysis). Calcium salts (nitrates and/or
chlorides) have been proposed in the literature as chemical
modifiers for B determination with GFAAS.”>** Again, the
mechanism of action for these modifiers is unclear from exist-
ing literature, although it has been suggested that it might be
related to the chemical stabilization of B as refractory borides
and/or borates.”** Thus, it was hypothesized that the natural
presence of Ca in the solid samples could be behind the higher
sensitivity obtained for the solid samples, and addition of Ca as
chemical modifier was next studied.

To this end, 10 pL of a 1 g L™ " Ca solution (10 ug Ca) were
added together with the citric acid solution at the beginning of
the furnace program. Ca addition to the B aqueous standard
solutions resulted in broader peaks for the absorbance-time
profile of the BF transition, also slightly delayed if compared
to the peaks obtained without Ca as shown in Fig. 3C. Most
importantly, the addition of this modifier seemed to correct for
the difference in sensitivity observed for the aqueous standard
solution and the solid samples. Pyrolysis and vaporization
curves for B aqueous standard solutions with the addition of Ca
were constructed next and are also shown in Fig. 2 (blue trace).
As seen from this figure, the addition of Ca did not significantly
change the general trends already observed in the absence of Ca
in terms of the optimum operation temperatures recom-
mended, although it provides roughly a five-fold increase in
sensitivity.

The addition of the Ca modifier also affected the absorbance-
time profile obtained for the solid samples, although the sensi-
tivity was not affected significantly. As shown in Fig. 3C, even
though not exactly coincident, the time profiles obtained for the
standard and the solid samples with the addition of 10 pg Ca are
much more similar, and integrated absorbances are comparable.
As a consequence, the addition of this modifier was imple-
mented in the analytical procedure. The exact mechanism by
which Ca addition produces these effects still needs to be
elucidated. It seems feasible that the Ca naturally present in the
solid samples aids stabilizing boron before atomization, pre-
venting the formation of other species such as oxides and/or
carbides. However, it is clear from our experiments that the Ca
added externally has an additional effect on the mechanism of
BF promotion. There are many potential explanations (e.g.,
fluorine stabilization by Ca leading to a more efficient fluorine
atomization) but, in any case, specific experiments should be
conducted to clarify this issue. This, however, was out of the
scope of this work and such study was not carried out.

To continue with program optimization, the fact that the
absorbance-time profiles obtained for the solids were broader
was easily solved by simply enlarging the duration of the
vaporization step up to 8.5 s, to allow the signal to practically
return to the baseline. This measure would affect the lifetime of
the graphite parts, although to a much lower extent than the
time and temperature needed for measuring B atomic absorp-
tion (15-20 s at 2600 °C).

Finally, the effect of the potential PO interference on the BF
signal obtained for the solid samples was investigated. To
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Fig. 4 Spectrainthe 195.59 nm region obtained for the direct analysis
of the two solid samples analyzed, obtained using the furnace program
presented in Table 1. Peak identification included in the figures was
performed by comparison with model spectra from the literature and
further experimental confirmation with P and Fe standards. (A) Spec-
trum obtained for analysis of 0.222 mg of the NIST SRM 1570a spinach
leaves. (B) Spectrum obtained for analysis of 0.292 mg of the NIST SRM
1573a tomato leaves.

confirm the identity of the PO interference, a model PO spec-
trum was experimentally obtained. To this end, 10 pL of
a10 mg L' P standard solution were introduced in the graphite
furnace and were subjected to the same furnace program used
for BF monitoring (see Table 1), including the addition of the Ca
modifier. Visual comparison of the spectrum obtained for the P
standard with those obtained for the solid samples confirmed
the identity of the PO molecule. As previously indicated and as
shown in Fig. 4 and 5, this PO interference seemed to only
significantly affect the BF transition at 195.59 nm for NIST
1570a (Fig. 4A and 5A), but not that for NIST 1573a (Fig. 4B and
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Fig. 5 Absorbance-time profiles measured for the BF molecule at
195.5897 nm (CP + 1) for the two solid samples analyzed and with
different interference correction methods: original profile (black
trace), TAP correction method (red trace) and LSBC (blue trace).
Integrated absorbances and the corresponding B contents interpo-
lated with each of these methods is indicated in the figure. Measure-
ment conditions are those included in Table 1. (A) Profiles for the
analysis of 0.222 mg of NIST SRM 1570a spinach leaves. (B) Profiles for
the analysis of 0.292 mg of SRM 1573a tomato leaves.

5B), which is consistent with the lower P amount present in the
latter sample according to the corresponding certificates of
analysis (0.518% and 0.216% mass fraction, respectively). Due
to this interference, results biased high were obtained for NIST
1570a if no interference correction was carried out.

To tackle this issue, the Least Squares Background Correction
(LSBC) method implemented in the instrument's software was
first attempted. Application of this method, however, was not
entirely successful. As described in the literature, one of the
possible issues that hampers the successful application of LSBC
is the difference in the absorbance-time profile for the reference
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when compared to that actually obtained for the sample.*” If this
condition is not perfectly fulfilled, the interference correction
might not work for all or some of the transitions recorded, and
this was the case for NIST 1570a spinach leaves. This effect is
shown in Fig. 5A. As seen from this figure, application of the LSBC
method leads to a clear overcorrection of the interference in the
BF transition monitored, therefore leading to results biased low
for this sample with this correction method. To cope with this
issue, the TAP correction algorithm developed in our lab was
applied.”” The correction in this case was better achieved, leading
to quantitative results in accordance with the NIST certificate of
analysis for the 1570a material, as illustrated in Fig. 5A. As already
discussed, the application of these algorithms did not change the
results obtained for NIST 1573a, as the interference was not
significant in this case, which is illustrated in Fig. 5B.

Finally, it is worth mentioning that the two Fe atomic lines
monitored at 195.6 nm and 195.7 nm did not cause any overlap
on the BF transition. The line at 195.6 nm is hardly usable as it
overlaps with the intense OH absorption, which causes a clear
overcorrection in this region of the spectrum (this can be
observed in both Fig. 4A and B: the baseline signal falls below
zero in the area where OH absorbs, which may be better
appreciated when looking at the rear wavelength axes of such
figures). However, the line at 195.7 nm could in principle be
used for Fe and B simultaneous determination, if desired.

3.3. Direct solid sampling analysis for total B determination
and method figures of merit

Analysis of the two reference materials targeted was finally
carried out following the optimized program described in
Section 2.3.1 and summarized in Table 1. A five-point calibra-
tion curve was measured at the beginning of each working
session covering the range between 0 and 25 ng B, although
linearity of the method was checked up to 50 ng. It is important
to indicate at this point that, when higher B contents were
introduced into the graphite tube the signal obtained showed
a longer tailing, so that it did not return to the baseline within
the 8.5 s programmed and linearity was lost. The use of a longer
vaporization time could solve this problem, so that samples
with higher B contents could be directly analyzed. Performing
this study would certainly reduce the lifetime of the graphite
consumables, so that we decided not to carry it out as we
considered it to be out of the scope of the work.

Next, analysis of both NIST samples was carried out, intro-
ducing a sample mass in the range 0.2-0.4 mg for each deter-
mination, ensuring measurements within the linearity range.
Samples were analyzed without any previous treatment. Each
sample measurement took about 7 min (considering every-
thing, including sample weighing). Results for these determi-
nations were finally corrected for the moisture content, (see
Section 2.3.1. for details) and are included on Table 2. As seen
from this table, results show a good agreement with the certi-
fied values. Precision in the range of 11-20% RSD was obtained
for these determinations, which is typical for this technique and
should be adequate for control laboratories, especially taking
into account that sample pretreatment is avoided. For
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Table 2 Determination of the B concentration in spinach leaves (NIST
1570a) and tomato leaves (NIST 1573a) using direct solid sampling HR
CS GFMAS and monitoring the BF molecule. For NIST 1570a, the TAP
correction method for PO interferences was needed, while for NIST
1573a, no correction was necessary. Experimental uncertainties are
expressed as 2 s (n = 7). For calculation of the LOD and LOQ, a sample
mass of 0.4 mg was used

Reference SS HR GF MAS
Sample (mg kg™ (mg kg™
NIST 1570a spinach 37.6 £ 1.0 35.6 £ 9.4
leaves Correction method: TAP
NIST 1573a tomato 33.3 £ 0.7 28.5 +£ 6.8
leaves Correction method: None
Limit of detection 0.6 mg kg !
Limit of quantification 1.8 mg kg™

calculation of the limit of detection (LOD) and quantification
(LOQ), also included in Table 2, 10 replicate measurements of
the blank (10 pL of deionized water) were measured following
the same working program described in Table 1. These absolute
LOD and LOQ correspond to a B concentration in the solid
sample of about 0.6 mg kg™' and 1.8 mg kg™ ', respectively
(considering 0.4 mg of sample introduced in the furnace). These
figures of merit can be considered as similar to those previously
published for the measurement of boron atomic absorption,*
even if they are a little bit less competitive. However, the logistic
advantages of this method cannot be disregarded. In the first
place, addition of the fluorinating agent in gas phase as
a forming agent has a clear effect on matrix digestion. This
results in a more straightforward program, without the need for
pre-digesting modifiers, as well as the elimination of memory
effects, which avoids the need for cleaning steps in between
measurements. Both effects simplify the protocol and reduce
the total time required for analysis. Second, the temperature
program required is milder (lower vaporization temperatures
maintained for a shorter period of time), which reflects on
a longer lifetime for the graphite parts. In this sense, it was
estimated that the graphite platform and tube could be used
without problems for the determination of at least 90 solid
samples with this method. Finally, and as will be covered in the
next section, the use of this method opens the possibility to
perform isotopic analyses, so that a wider range of experiments,
potentially providing information of better quality, could be
developed (e.g., tracer experiments).

3.4. Determination of boron isotopes

As previously indicated, one of the potential advantages of
performing molecular absorption measurements (instead of
atomic) is the fact that isotopic information becomes more
accessible. In fact, the wavelength isotopic shifts observed for
the absorption of diatomic molecules generated in the graphite
furnace are expected to be much larger than those observed for
atomic absorption spectra,' to a point where it is possible to
separately detect the absorption of different isotopes for certain
transitions with modern, high-resolution continuum source
spectrometers,>»?>3%3%36
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To explore this possibility, expected isotopic shifts for a given
molecule can be calculated a priori with reasonable accuracy, as
they respond to the theoretical equation proposed by Herzberg
(originally available in page 162 of ref. 23; reproduced and
commented in ref. 25 and on the ESIf) and the constants
needed for calculations are available for many of these mole-
cules. From this theoretical equation, it follows that transitions
starting from higher vibrational levels will also show larger
isotopic shifts. However, these transitions normally offer
a lower sensitivity, since, at the temperatures reached by
graphite atomizers, the fundamental level is still the most
populated one. Therefore, when optimizing the working
conditions for obtaining isotopic information, there is always
a tradeoff between achieving sufficient sensitivity and large
enough isotopic shifts, such that a suitable balance needs to be
found experimentally. Moreover, and depending on the spec-
trum complexity for each transition monitored, the signals for
the different isotopes can be mixed up,*® so that it is important
to perform measurements with (pure) enriched isotopic stan-
dards to verify that the transitions measured respond to
a particular isotope only.

In this case, an exploration of the different transitions
theoretically available for the BF molecule in the region 190-
207 nm (presented in Table S3 from the ESIt) was made using
10 uL of natural boron standards of different concentrations,
and deploying the optimized method described in Section 2.3.2.
Depending on the sensitivity for each transition monitored,
amounts as high as 4 ug B had to be introduced in the furnace to
observe an analytical signal. For confirmation of the theoretical
isotopic shifts (Alcac), two different solutions enriched in one
of the two existing boron stable isotopes were available at
a 10 mg L' concentration. Self-evidently, and considering the
concentration of these standards, confirmation of the potential
isotopic shift was only possible for those transitions with
sufficient sensitivity. In such cases, monitoring of the two
enriched isotopic standards separately was conducted for
confirmation and measurement of the shift. Theoretical and
experimental values for these isotopic shifts are also included in
Table S3.1

As expected, it was impossible to accurately measure the
isotopic shift for the X" =-A'II (0,0) transition at 195.589 nm (the
most sensitive) with our instrumentation. The calculated shift
(AZcale = 8.38 pm) would be reflected in a signal displacement of
only 4-5 pixels (see Fig. 1A), resulting in the two isotopic peaks
overlapped. Out of the other transitions monitored, the only
transition that showed an isotopic shift measurable with the
resolution of our spectrometer (Ald.y. = 173 pm), adequate
sensitivity (roughly 10% of that observed for the main transition
at 195.6 nm) and sufficiently simple spectra as to obtain
a separate signal for each of the B stable isotopes, was the X'3-
A'TI (1,0) transition around 201.08 nm. To be able to monitor
the signals for the two B isotopes in the same spectral window
(covering 266 pm in this region), the spectrometer was centered
at 201.08 nm, as seen in Fig. 1B. With this configuration, the
theoretical (AAcaic = 173 pm) and experimental (AZep, = 167 pm)
shifts agreed reasonably well and the signals for both isotopes
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could be measured simultaneously (*'BF at 200.9931 nm and
'OBF at 201.1602 nm).

Next, experiments for exploring the possibilities for per-
forming isotopic analyses at these wavelengths were conducted.
First, the conditions for signal acquisition were optimized. The
spectra obtained for a series of standard solutions enriched in
"B of increasing concentration showed that the flank of
a secondary line for ''BF partially interfered the signal of '°BF.
However, it was confirmed that this interference occurred at the
flanks of the '°BF peak, but did not affect the '°BF signal at the
central pixel (that of the maximum) at least up to 400 ng B, the
maximum amount that could be measured with the B isotopic
standards available in our lab (two consecutive injections of 20
uL of a 10 mg L' standard solution after addition of the
modifiers). As a consequence, further signal evaluation was
performed using only the central pixel for both transitions.
Besides, and as is normally performed for isotopic measure-
ments by means of GF MAS,***%%%%¢ sjgnal evaluation was per-
formed as the peak height. As the BF transitions for each
isotope evolve from the head to longer wavelengths, the signal
for 'BF at 200.9931 nm was free from interferences. Addition-
ally, and to improve precision for the isotope ratio measure-
ments, the baseline setting was carried out by selecting four
specific pixels, one at each side of the "'BF and '°BF transitions,
respectively, instead of using a dynamic method. In particular,
pixels 32, 89, 149 and 174 were used for correction, while eval-
uation of the "'BF and '°BF signals was carried out at pixels 36
and 160, respectively.

Once the acquisition method was optimized, boron isotope
ratios were determined for two reference solutions of different
isotopic composition and at different boron contents. The goal
of this experiment was to define the typical isotope ratio
precision and accuracy directly achievable with this method,
without any other correction measure. To this end, a first
solution containing about 50% of each boron isotope was
prepared using the two 10 mg L™" enriched isotope standard
solutions available (expected theoretical 'B/'°B ratio of 0.97, as
per the respective certificates of analysis). Additionally, a stan-
dard B solution of natural isotopic composition was also
analyzed. Isotope ratios were simply calculated as the ratio of
the absorbances measured as previously described, after blank
correction. The standard B solution of natural isotopic
composition showed a ''B/'°B ratio of 4.314 + 0.008 (95%
confidence interval, n = 5), which was experimentally obtained
by ICP-MS, where instrumental mass discrimination was cor-
rected for by relying on external calibration using a prepared
1'B/'°B solution 80 : 20.

The results of this experiment are shown in Fig. 6. As seen
from this figure, and as could be expected, the precision for the
isotope ratios improves with increasing total B amounts for
both solutions analyzed. For total B amounts below 100 ng, the
signal to noise ratio is low, due to the relatively low sensitivity
for the transition and the high instrumental noise at this region
of the spectra. This results in RSD% values above 10% for the
isotope ratios in both solutions. Precision improves with
increasing boron contents but only down to values around 3-
4%, which is on the same range as precision obtained for other
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Fig. 6 Experimental **BF/*°BF signal ratios obtained by HR CS GFMAS
for B standard solutions of two different isotopic compositions and at
different total B contents. The expected ratios are represented by the
corresponding dashed lines. Measurement conditions are those indi-
cated in Table 1.

isotope ratios when this technique is used®?** (further
improvement of these precision values might be possible by
means of chemometrical approaches, such as partial least
squares regression, as shown by Abad et al.*).

As for accuracy, results in accordance with the expected
values are obtained for total boron amounts up to 400 ng.
Beyond this value (which could only be measured for the boron
standard of natural composition), *'B/*°B ratios clearly biased
low were obtained. This effect is probably due to the ''BF
interference on the '°BF signal previously described, which will
certainly become more important as the amount of "B
increases. To tackle this issue, mathematical models, as that
developed by Abad et al.,** could be used to compensate for this
interference, thus providing improved accuracy and precision.
Otherwise, total B contents should be strictly controlled if
unbiased results are to be obtained by this method. The method
as such, however, could be useful for performing tracer exper-
iments or isotope dilution calibration while maintaining its
simplicity.

4. Conclusion

This work proposes an alternative to the existing GFAAS
methods for the direct determination of B in biological solid
samples at the ug g * level based on the use of HR CS GF MAS.
The method has been applied to botanical samples, for which
the typical B contents relevant for plant growth and develop-
ment falls within the pg g~ level,® but could be applied to other
biological samples as well. The proposed method relays on the
promotion of the BF molecule through the use of a fluorinating
agent in the gas phase (CH;F-Ar mixture) and represents a much
more efficient protocol in terms of time of analysis, consump-
tion of graphite parts and method simplicity, as well as quality
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of the analytical information achieved, providing both
elemental and isotopic information for this element.

The use of the fluorinating agent for generating the analyt-
ical signal shows several advantages. First, it permits the use of
a much milder temperature program than those used in AAS
methods, which results in longer lifetime for the graphite parts.
Additionally, it enablesan efficient digestion of the solid
samples in the graphite furnace, eliminating the need for
cumbersome and time-consuming pre-digestions, and mini-
mizing the risk of analyte losses or contamination. Last but not
least, memory effects are also absent with this strategy, which
circumvents the use of cleaning steps in-between measure-
ments. Self-evidently, all of these advantages greatly contribute
to the method simplicity, which is complemented by the
possibilities for calibration offered by the method. In this
regard, straightforward calibration with aqueous standard
solutions is possible for obtaining B elemental information
directly from botanical solid samples, provided that the proper
mixture of modifiers (W-permanent, citric acid, and Ca nitrate)
is deployed at the beginning of the measurement protocol.

It needs to be highlighted at this point that the logistic
advantages described are not detrimental to the method
performance. In fact, detection capabilities for the method
developed are similar to those achievable by GFAAS methods,
but with the additional advantage of providing isotopic infor-
mation also. This information is available by measuring an
alternative BF transition, with lower but still acceptable sensi-
tivity. The characteristic mass for BF main transition at
195.6 nm is approx. 0.13 ng, while the characteristic mass for BF
secondary transition at 201.08 nm region is approx. 1.3 ng for
each isotopic line. In this regard, and although precision and
accuracy for the isotopic measurements cannot compete with
those of mass spectrometry methods, the method offers the
possibility to perform new experimental designs previously
unavailable for atomic absorption spectrometry based on the
use of such isotopic information, such as tracer experiments
and/or isotope dilution calibration.
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