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Abstract

High-resolution continuous source graphite furnace molecular absorption
spectrometry (HR CS GFMAS) can provide isotopic information under certain
conditions, thus broadening its field of application. However, up to date, only
elements with two major stable isotopes have been monitored via this technique.
In this work, the possibilities of HR CS GFMAS to determine isotope ratios of
elements with more than two stable isotopes are evaluated for the first time. For
this purpose, Sr was chosen as the analyte and SrF as the target species, so four
different signals corresponding to the four stable Sr isotopes (88Sr, 87Sr, 8Sr and
84Sr) should be distinguished. Nevertheless, due to the number of strontium
isotopes, the shape of the peaks, and the resolution that the instrument exhibits
in the spectral window, isotopic signals overlap, thus leading to potentially biased
results. To circumvent this issue, a deconvolution protocol, consisting of

measuring and correcting for the contribution of each isotope on the signal of the
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rest, was developed. These contributions were calculated as the signal ratio

between the absorbance of the monoisotopic profile at the wavelengths where

oNOYTULT D WN =

the maxima of other isotopes are expected, and at its own maximum. Therefore,
10 the interference can be simply subtracted from the net signal registered for the
interfered isotope. The performance of this method was demonstrated for both
15 naturally abundant and isotope-enriched Sr standards, paving the way for future
17 applications in this field. Analysis of real sample (tap water) spiked with a 84Sr

solution is also demonstrated.
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1. Introduction

Isotopic analysis consists of the measurement of the relative abundances
(i.e., the ratio of the abundance of a particular isotope to the total element) or
isotope ratios (i.e., the quotient between the concentration of two isotopes) of the
different isotopes of an element in a given sample. These abundances are a priori
constant in nature, but they can be altered by both natural and anthropogenic
phenomena.! Therefore, isotopic analysis shows applications in very diverse
areas such as forensic analysis,? geographical tracing,® dating applications,*
tracer experiments,® migration studies,® etc. Generally, these analyses are
carried out with dedicated instruments based on mass spectrometry (MS), which

stand out for their high sensitivity and selectivity."

In particular, the application of inductively coupled plasma mass
spectrometry (ICP-MS) to this field needs to be highlighted, as this technique
enables getting access to isotopic information for a large number of elements at
trace and ultra-trace levels, thus offering very relevant data for all the scientific
fields previously discussed,” but also when only elemental information is aimed
at, either in real samples® or for the certification of reference materials,® via
isotope dilution. When high-precision isotopic information is required (e.g., for
monitoring isotopic variations involving non-radiogenic nuclides), the use multi

collector ICP-MS devices is typically needed.®

Given the multiple applications of isotope measurements, efforts have
been devoted to find ways to get access to such type of information using other
existing, less sophisticated techniques, based on optical spectrometry. The so-
called laser ablation molecular isotopic spectrometry (LAMIS), albeit not very

sensitive, is a perfect example of this,'" enabling direct sample analysis. The use

3
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of absorption spectrometry can also potentially lead to the development of fast
and simple methodologies, and it is potentially more sensitive than other optical

approaches.2

The theoretical principle enabling isotopic analysis in absorption/emission
techniques is based on the isotopic shift, i.e., the wavelength displacement that
the signal of two isotopes of the same element display in the spectrum as a
consequence of the slight variations in their energy levels. These shifts may a
priori enable the evaluation of the signal of each isotope separately. However,
they are expected to be minimal, so the use of high-resolution spectrometers is
often necessary. Even then, the energy differences observed for atomic
transitions of different isotopes are normally so small that the number of practical
applications based on atomic spectrometry is limited to isotope ratios of light
atoms, such as boron' or lithium,'4' or else of heavy ones that show a

difference of various mass units.6.17

Alternatively, the use of molecular spectra opens new possibilities in this field, as
demonstrated via LAMIS.'® Molecules, unlike atoms, possess vibrational and
rotational levels, which are much more affected by the mass nuclei than electronic

levels, which are mainly governed by Coulombic forces."

Nowadays, high-resolution continuum source spectrometers offer unmatched
capabilities for measuring absorption in comparison with traditional line sources.
In particular, they offer potential to monitor molecular spectra (normally
originating from diatomic molecules in gas phase) with resolution down to almost
1 pm (depending on the wavelengths), possibilities for correcting for spectral
interferences, and low detection limits, providing a graphite furnace that is used

as vaporizer.’®22 As a consequence, this technique, so-called high-resolution

4



oNOYTULT D WN =

Journal of Analytical Atomic Spectrometry

continuous source graphite furnace molecular absorption spectrometry (HR CS

GFMAS), has begun to be evaluated for isotopic analysis.

The first two works investigating this aspect were published by our research
group and reported on the separate monitoring of AI3Cl and AI¥’Cl signals,'2 and
those of Ca’®Br and Ca®'Br,23 respectively. Later, isotopic analysis of B, as °BH
and ""BH was also demonstrated by Abad et al.?* Finally, the quantification of
40Ca and #4Ca, using “°CaF and #4CaF, has been recently reported as well.?% In

all these cases, only two isotopes were monitored or ratioed.

The aim of the present work is to proceed one step further and evaluate,
for the first time, the possibilities of the technique to determine isotope ratios in
cases when more than two sufficiently abundant and stable isotopes are present.
For this purpose, Sris an ideal target, as it exhibits four stable isotopes of different
abundance in nature: 0.8258 88Sr, 0.0700 8’Sr, 0.0986 26Sr, and 0.0056 84Sr
(values given as mol fractions).26 Moreover, 8Sr is of special interest given its
radiogenic nature, i.e., its generation by the radioactive decay of 8’Rb nuclei
through the emission of B- particles,! that enables many applications such as
dating,?” provenance studies of food and other samples,’ or migratory studies,??
among others. The rest of isotopes have also been monitored and have found
applications in archaeology,?® geochemistry,3® environmental sciences,3' and

chemostratigraphy,32 to mention a few.

The best conditions for the formation of SrF in the graphite furnace will be
discussed. Moreover, suitable strategies for the accurate monitoring of the

different Sr isotopes, based on deconvolution, will be introduced.
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2. Experimental
2.1. Reagents, standards, and samples

Reagents of analytical purity grade were used for all experiments.
Deionized water (18 MQ cm) obtained from a Milli-Q water system (Millipore,
France) was used throughout the work. A 1000 mg L' Sr stock standard (Merck,
Germany) was used to prepare natural isotope composition strontium solutions.
For Sr isotope measurements, 8Sr, 8’Sr (both from Cortecnet, France), 86Sr
(SPEX CertiPrep, USA) and 84Sr (Neonest AB, Sweden) enriched carbonates (as
the solid) were used. The atomic composition (in %) of each Sr carbonate is
presented in Table 1. As fluorinating agents, a 1% v/v methyl fluoride-argon
mixture (Ar/CHzF, Nippon Gases, Spain), 99% sodium fluoride (Panreac, Spain)
and 99.9% ammonium bifluoride (Sigma Aldrich, USA) were used. Finally, a 2%

v/v hydrogen-argon mixture (Ar/H,, Nippon Gases) was selected as purge gas.

For the tracer experiment described in section 3.5., tap water collected in
our laboratory was used as real sample and spiked with the 84Sr solution

mentioned above.

2.2. Instrumentation

Measurements were performed with a ContrAA 800G high-resolution
continuum source atomic absorption spectrometer (Analytik Jena AG, Germany),
using transversally-heated graphite tube atomizers that incorporate a platform
(Analytik Jena AG). Regarding sample introduction, an autosampler ASGF

(Analytik Jena AG) was deployed for automatic pipetting.

For validation purposes, a NEXION 300X ICP mass spectrometer (Perkin

Elmer, USA) was deployed, using the following parameters: nebulizer Ar flow 1.1
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L min-', auxiliary Ar flow 1.2 L min-', plasma Ar flow 15 L min-', and ICP
radiofrequency power 1450 W. Samples were analyzed with a dwell time of 50
ms, monitoring 8Sr for the determination of total Sr, while for the tracer

experiment 84Sr and 8Sr were measured.

2.3. Measurement protocol for isotopic analysis

Unless otherwise noted, solutions were analyzed in quintuplicate, using
the temperature program shown in Table 2. Strontium monofluoride (SrF) was
the molecule monitored, via its X?Z* - A1 (0,1) vibronic transition,33 which
rendered seven evenly spaced double-headed bands within the spectral window
(629.817 nm — 630.718 nm), as shown in Figure 1. However, this study has
focused on the most sensitive band only, which was found to show its maximum
at 630.341 nm for 8SrF. As it 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.
The IBC-m mode for background correction was selected, and the signal smooth

setting was set to weak (default software option).

3. Results and discussion
3.1. Choice of molecule-forming conditions for Sr isotope analysis

First, the fundamentals of the approach intended need to be reminded.
The basic strategy here consists in forming a diatomic molecule containing the
analyte, as in this way more transitions but, above all, a much larger isotopic shift
in comparison with those observed for atomic lines will be obtained. This shift
responds to the theoretical equation proposed by Herzberg,3* given below, so it

can be calculated a priori for different molecules:
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Where Av is the theoretical isotopic shift in cm, v is the vibrational

quantum number, w, is the harmonic frequency, x, and y, are the first and second

anharmonic constants, and p stands for (#/u))"/?, 1 and 4! being the reduced
mass of the molecule with the lighter and heavier isotope, respectively.
Apostrophes distinguish between the two electronic levels involved in the
transition: one single apostrophe for the upper level and two for the lower one.
The number of terms is theoretically infinite, but as discussed by Nakadi et al.,

using only three suffices for good agreement with the experimental shifts.?

From equation (1) it follows that those transitions involving a greater
variation between quantum numbers, starting from higher vibrational levels, will
also show larger isotopic shifts. Unfortunately, these transitions are not usually
the most sensitive ones, since, even at the high temperatures reached by
conventional atomizers, the fundamental level is still the most populated one.
Therefore, there is always a trade-off between achieving sufficient sensitivity and

a large enough isotopic shift, such that a suitable balance needs to be found.

Second, when selecting an adequate target molecule, it is of the utmost
importance to achieve simple and sensitive spectra, as not every molecule will
show the same sensitivity and number of transitions. In this sense, strontium
monofluoride (SrF) is proposed as an appropriate candidate for the strontium

isotope determination given its high bonding energy (538.48 kJ mol"),3% which
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guarantees the stability of the molecule at the high temperatures reached inside
the graphite chamber.36-38 Moreover, the use of this molecule minimizes the risk
of suffering from chemical interferences caused by competition of fluorine with
other species that might be present in any sample, as all other Sr diatomic
molecules show lower bonding energies than SrF (426 kJ mol-', corresponding
to SrO, or below).3° Additionally, fluorine is a monoisotopic element, which in turn
leads to simpler molecular spectra, where every shift can actually be attributed to
a particular Sr isotope. This latter factor is especially important in the current
case, since the spectrum is expected to be complex enough already, as Sr
possesses four relatively abundant isotopes in nature. The spectra of the SrF
molecule (X2Z* - A2l (0,1) vibronic transition) in the region of 630 nm is shown

in Figure 1.

Third, different fluorinating agents were tested to promote the formation of
the SrF target molecule. Two different fluorination approaches were evaluated:
(i) NaF and NH4F-HF were added as aqueous solutions together with the Sr
aqueous standard in the graphite furnace; and (ii) an argon-methyl fluoride
mixture (Ar/CH3F) was added in the gas phase during the graphite furnace
temperature program. In fact, it has been described in the literature that the main
mechanism through which SrF is formed in the graphite furnace is via the gas
phase recombination of Sr and F atoms,*° so testing a gas-phase fluorinating
agent was considered worthy. The use of gas phase for addition of the reagent
was also satisfactorily reported by Abad et al. for the formation of BH.2* For these
fluorination tests, 10 pL of a 100 ug L-* Sr solution (1 ng Sr) were introduced into

the graphite furnace.
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As for the temperature program, a conventional program was first tested
for the aqueous fluorinating agents, which were added as 5% (m/m) solutions (10
ML). No SrF signal could be registered for NaF at any combination of
pyrolysis/vaporization temperatures, although this fluorinating agent had been
reported to succeed in generating the calcium monofluoride molecule in the
graphite furnace (CaF).?> On the contrary, addition of NH4F-HF (a fluorinating
agent that performed satisfactorily in previous works)*' succeeded in generating
the SrF molecule. A basic optimization of the pyrolysis and vaporization
temperatures was next carried out. Results when monitoring the most sensitive
transition, which is reported to be found at 651.187 nm,*? are shown in Figure 2.
A somewhat stable signal was obtained for a pyrolysis temperature of up to 1100
°C, so0 800 °C (low enough to prevent any potential analyte losses) was selected
for the further development of the method. As for the vaporization, a plateau was
reached for temperatures over 2300 °C, so 2400 °C was selected to assure the
highest sensitivity and still maximize the lifetime of the graphite components. The
optimized temperature program finally selected is shown in Table S1 in the

Electronic Supplementary Information (ESI).

Next, fluorination in the gas phase was intended by introduction of the
Ar/CH3F gas mixture through the additional gas channel of the instrument during
the gas adaptation and vaporization stages of the temperature program. The
additional gas channel flow was set at 0.5 L min-' as this is the only possible value
allowed by the software. Although the SrF molecule was formed with this
fluorinating agent and a signal could be registered, the sensitivity achieved was
significantly lower than that obtained with aqueous solutions of NHsF-HF. This

fact could be anticipated due to the enhanced diffusion of the SrF molecule
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outside the graphite furnace produced by the relatively high flow rate maintained

during the vaporization stage.

To circumvent this issue, an adapted temperature program was developed
with the idea of loading the graphite furnace with the Ar/CH3F reactive gas mixture
just before the onset of the vaporization step, during which all internal gas flows
were stopped to increase the residence time of the SrF molecule inside the
furnace and, thus, enhance the analytical signal. The adapted temperature
program is shown in Table 2. Please notice that there are some software
limitations in the way in which the program settings can be introduced, so it is
necessary to use terms and conditions that can be accepted by this software. The
exact software settings used to set the temperature program described in Table
2 are provided as ESI (Table S2). With this new temperature program, the
sensitivity achieved with the Ar/CH3F gas mixture improved significantly, to the

point where it was better than that obtained for NH4;F-HF, as shown in Figure 3A.

As a final optimization test, the purge gas was changed from argon to an
Ar/H, gas mixture which, due to a more reducing environment, may facilitate the
formation of the atoms in gas phase.*? In any case, this approach leads to an
additional improvement in sensitivity by approximately a 30%, as shown in Figure

3B.

To sum up, the methodology that was found to be optimal for the formation
of SrF in the graphite furnace and for the measurement of its absorbance
consisted of the use of an Ar/CH3F gas mixture as fluorinating agent and an Ar/H,
mixture as purge gas, with a temperature program optimized to maximize the

formation and the residence time of SrF inside the graphite furnace.

11
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3.2. Choice of wavelength for isotope measurements

As previously discussed, there is an inverse relation between the
sensitivity of a transition and the expected isotopic shift, as predicted by equation
(1). As a result, the most sensitive transition, which was monitored for signal
optimizations in the previous section, was found to be not suitable for isotope
analysis purposes. At this wavelength, the shift is too small (Aieoretical = 0.12 pm)
to be measured with the resolution of our instrument (4.4 pm/pixel at 651.2 nm),
and thus, a compounded Sr signal (sum of all four stable isotopes) is recorded.
Consequently, other SrF transitions3343 that, according to equation (1), are
expected to exhibit isotopic shifts that can be observed with the resolution of the
instrument (pm level) were evaluated, searching for a region were the sensitivity
is high enough for quantitative analysis. For this purpose, 0.1 ug of naturally
abundant Sr was measured at the different SrF transitions shown in Table 3,
where each characteristic mass, i.e., the Sr mass that is expected to render an
absorbance of 0.0044 at the maximum of the transition if linear behavior is
assumed, is also displayed. For informative purposes on the selection of the best
suited lines for isotopic analyses, the resolution of the spectrometer at each of

the transitions is also displayed in Table 3.

In short, only four of the tested transitions exhibited enough sensitivity to
render peaks distinguishable from the background. Even though transitions at
630.34 and 641.76 nm show a much larger shift than those at 372.16 and 364.10
nm, in practice, it needs to be reminded that the resolution of the instrument
varies with the wavelength, being lower at higher wavelengths as shown in Table
3 (2.6 pm/pixel at 360 nm and 4.6 pm/pixel at 630 nm). Still, shift differences are

substantial enough to justify discarding the shorter wavelength transitions (e.g.,

12
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9 pixels at 630.34 nm and 6 pixels at 364.10 nm for the 8Sr-8Sr shift, see Table
3). Among, the two remaining transitions, the one at 630.34 nm offers superior

sensitivity and was therefore selected for the further development of the method.

Moreover, in this region a series of seven distinct peaks of variable
sensitivity can be observed within the spectral window. These peaks correspond
to different rotational levels within the same vibronic transition, so they are
expected to exhibit similar isotopic shifts, as the impact of rotational terms on the
isotopic displacement is negligible. Thus, in case of need (e.g., occurrence of
spectral interferences), it is possible to monitor any of them as convenient, but
for this work we will focus on the most sensitive peak, which shows the maximum

at 630.34 nm.

Once the optimal transition has been selected, it is important to emphasize
that, despite trying to maximize both sensitivity and isotopic shift, in a complicated
case such as this one with 4 stable isotopes, and not only 2, the shift may still be
insufficient to achieve fully resolved signals enabling individual isotope
quantification in a straightforward manner. Therefore, depending on both the shift
and the peak profile, signal deconvolutions may be necessary to circumvent the

effect of spectral overlaps.

To portrait the magnitude of such overlaps in this case, isotope-enriched
solutions prepared from their respective standards (see Table 1 for their isotopic
composition) at a concentration of 10 mg L' of total strontium were measured,
leading to the spectra collected in Figure 4A. From these spectra it is possible to
conclude that isotopic peaks for a given transition spread over lower wavelengths,
leading to spectral overlaps that, given the summative nature of absorbance,

would entail isotope misestimations, unless corrected. Therefore, correction

13
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strategies are mandatory to subtract the contribution that each isotope shows on

the signal at the maxima of the rest.

By collecting these spectra, and besides assessing the existence of
spectral overlaps, the exact wavelength position of the maximum signal for the
different isotopes could also be determined and it is shown in Figure 4B. In this
sense, and according to information on Table 1, it can be noticed that all isotopic
standards used in the study contain a significant amount of 88Sr, the most
abundant in nature. Since the 84Sr standard is the less pure of them all, a second
maximum corresponding to 8SrF can also be clearly appreciated in Figure 4B

when this standard was measured.

3.3. Corrections for spectral overlap

For spectral correction, mathematically deconvoluting the measured
spectra into their monoisotopic peaks would be the ideal methodology to
circumvent this kind of issue. Notwithstanding, it is not easy to achieve optimal
results with this approach given the relatively small isotopic shifts observed, the
elevated number of isotopes, and the great contrast between the natural
abundance of 8Sr and the rest of the isotopes, which hinders the obtention of
accurately deconvoluted peaks for the less abundant isotopes. In any case, a
correction method was developed based on subtracting the contribution of every
interfering isotope from the experimental signal measured at the wavelength
where the peak maximum for each isotope appears, using signal ratios calculated

from their monoisotopic peak profiles and according to the following equation:

Si, corrected = Si,exp - Z Rk,iSk,corrected (2)
k

14
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where i refers to the isotope whose signal is to be corrected, and k refers
to every other Sr isotope that interferes with the signal of the isotope i. S; ., is the
experimental raw signal directly measured at the wavelength of the maximum for
isotope i (A, see Figure 5); Ry; is the ratio between the signal obtained for the
isotope k at A; and at the wavelength of the maximum for isotope k (Ax); and,

finally, Sk corrected IS the signal corrected (if needed) at .

According to equation (2), the first step is to identify, for every isotope, its
interfering species (i.e., isotopes that have a profile that exhibits a net signal
distinguishable from the background at the wavelength where the maximum
signal for another isotope appears). As observed in Figure 4B, the maximum for
each isotope, indicated with dashed lines, only intersects with the peak profile of
isotopes of higher mass and, thus, 88SrF is practically not interfered by the signal
of other isotopes, so its signal can be directly determined from the raw

measurements.

It should be stressed again that the impossibility to obtain perfectly pure
isotopic standards precludes the obtention of unimodal peaks for each isotope.
Thus, even though 8SrF seems to be overlapped by a shoulder of the 8’SrF
profile, this effect is due to the presence of 8Sr content in the isotope-enriched
salt (8.4%, see Table 1) and not because of a real overlap with the signal
originating from &Sr. Analogously, the 8’Sr and 88Sr content in the 84Sr enriched
standard (2.0% and 18.1%, see Table 1) leads to the registration of secondary
signals at the wavelengths corresponding to the maxima of such isotopes that do
not actually belong to the 84Sr profile. Moreover, it is also observed that 84SrF is
only significantly interfered by 86SrF. In summary, 8SrF is not significantly

interfered by other isotopes; 8’SrF is only interfered by 88SrF; 86SrF is interfered

15
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mostly by 8SrF but also by 8SrF; and 8SrF is only significantly interfered by
86SrF, as the 88SrF and 8SrF signals are shifted very far to the right of the

spectrum.

After identifying the interfering species, the next step is to determine, for
each isotope, the correction ratios of their interferences (R;). The obtention of
such ratios is a priori as simple as registering the spectrum of each isotope and
measuring the quotient between the signal at the wavelengths where the maxima
of interfered isotopes are expected and at its own maximum. However, given the
significant impurities present in most of the isotope-enriched standards (see

Table 1), this strategy is not practicable.

To circumvent this issue, an extrapolation method, described in Figure 5,
was used. With this approach, the correction ratios for the interferences were
measured for the 8Sr enriched standard (Ry ss; see Figure 5A), which stands out
because of its purity (99.9%), to be then extrapolated to the rest of isotopes
(Figure 5B) so they can be used to correct the overlaps as schematized in Figure
5C and in accordance with equation (2). This extrapolation is based on the fact
that the wavelength peak profiles for the monofluoride molecules of all the
strontium isotopes are practically identical, only that they are shifted by a constant
value per mass unit. In fact, roughly the same shifts were measured for the
isotope pairs differing in one unit, 87Sr-88Sr and 86Sr-87Sr (20.1 and 20.7 pm,
respectively), and for those differing in two units, 8Sr-88Sr and 84Sr-86Sr (40.8 and
40.7 pm, respectively). Therefore, the same correction ratios can be used for

isotope pairs differing by the same number of mass units.

This presumption seems reasonable considering that the same transition

is being registered for every isotope, and that the differences in terms of mass
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are minor. Moreover, its validity can be confirmed in Figure 6, where the similarity
in the shape of monoisotopic peaks, when normalized and overlayed, can be
appreciated. In this figure, differences in the shape of the tail can be ascribed to

isotopic impurities, which are especially evident for the 84Sr enriched standard.

Therefore, to determine the experimental correction ratios (R;), 8Sr
monoisotopic standard solutions between 0.24 and 1.2 mM with increments of
0.12 mM were measured, providing a value of 0.391 £ 0.014 for the Rgg g7 and
Rs7z g6 correction ratios, and 0.219 + 0.008 for the Rgggs and Rgsgs ratios
(uncertainty expressed as standard deviation, n = 5). It is noteworthy that no
dependence with concentration was observed for these experimental ratios;
instead, the obtained values were distributed around a mean value as shown in
Figure 7, which entails that the same correction ratios can be used for all the
concentration range tested. Moreover, these ratios were calculated again after a
two-month period and using a different graphite tube and platform, and still no
significant difference was observed (Rggg7 = 0.401 £ 0.008 and Rg7 g5 = 0.223 £

0.009), so the robustness of the correction is proven.

The limit of quantification (LOQ) was calculated with these measurements,
and a value of 0.013 mM was obtained (for a sample volume of 10 pL,
corresponding to 11.4 ng of 88Sr). Similar measurements of the LOQ were
performed for the rest of the isotopes, leading to values of 0.013 mM (11.3 ng),

0.012 mM (11.2 ng) and 0.014 mM (10.9 ng) for &Sr, 8Sr and 84Sr, respectively.

To evaluate the performance of the correction, different proportions of a
100 mg L' natural Sr standard solution and of standard solutions of similar
concentrations but enriched in each of the minor Sr isotopes were introduced into

the graphite furnace. Then, the absorbance ratio between each enriched isotope
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and 8Sr was calculated both before and after the correction. Given the fact that
the sensitivity for the same transition is roughly identical for the different isotopes,
plotting the measured absorbance ratio against the expected isotope ratio should
ideally provide a line with a slope of 1 and an intercept of 0O if interferences were

absent.

The results obtained are shown in Figure 8. A deviation from the expected
results was particularly noticeable when working with the 8Sr-enriched solution
(an additive interference was observed because, in that particular case, the
amount of 8Sr remained fairly constant during the experiment) and with the 86Sr-
enriched solution. However, in all cases the correction led to results in good
agreement with the expected values, for both the slope and the intercept, as

shown in Table 4.

In summary, the signal ratios-based method has been proven to succeed

in the correction of the overlaps for all the three minor strontium isotopes.

3.4. Analysis of standards containing multiple Sr isotopes

Once the method for Sr isotopic analysis was developed, its performance
to simultaneously determine multiple isotope ratios in a single sample was
investigated for 10 uL of strontium standards of natural abundance of 100 and
200 mg L' in total strontium. The reason for selecting these concentrations is that
they result in levels above the limits of quantification for the three major isotopes.
However, the determination of 84Sr at this level is not practicable, since it is under
the limit of quantification, and adding more natural strontium would result in both
the saturation of the 88Sr signal (i.e., not in the linear range) and memory effects

caused by the refractory nature of Sr. To compare the experimentally determined
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isotope ratios with the theoretical abundances, Student’s t-tests were performed,
and the results collected in Table 5. These results confirm that the method
succeeds in determining two different isotope ratios from a single measurement.
Finally, to further prove the potential of the approach to determine multiple
isotopes, monoisotopic standard solutions were diluted and mixed to achieve a
concentration for each standard of 0.5 — 0.7 mM in total Sr so that the four Sr
isotopes could be simultaneously determined. The registered spectrum for 20 pyL
of the new standard is shown in Figure 9, in which a maximum can be clearly
observed for each isotope (in every one of the bands shown), and the results
achieved are collected in Table 6. Student’s t-tests confirmed that all the isotope
ratios are in good agreement with the theoretical values, therefore demonstrating
the capability of HR CS GFMAS to determine more than one isotope ratio from

the same measurement.

3.5. Application of the methodology developed for the determination of 88Sr and

84Sr in a real sample

Obviously, the precision reported (6 — 11%) does not compete with that
provided via dedicated MS techniques and will not suffice to study natural
variations (e.g., in nature, 8Sr/8Sr and 8Sr/8Sr isotope ratios range between
0.084 and 0.087, and 0.118 and 0.121,"7 respectively), but it could be sufficient
for tracer experiments or for enabling the use of isotope dilution for calibration.
On this topic, isotope analysis via HR CS GFMAS is still in its early stages, and
the reason for the imprecision levels are not fully understood. In this particular
case, the deconvolution approach needed to solve the complex spectra may play

a significant role in this regard.
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To further prove the potential of the approach for tracer experiments in
which real samples are enriched in a given strontium isotope, tap water collected
in our laboratory was spiked with the 8Sr enriched standard until a concentration
of about 60 mg L' for the main isotope was reached and, thus, it could be
monitored as tracer. The selection of 84Sr as tracer is due to two main reasons.
First, it is the most resolved isotope, so the impact of spectral interferences from
the matrix on the 8Sr signal will be less significant. Second, it is the scarcest Sr
isotope in nature, so the contribution of naturally present 84Sr in the matrix is

expected to be negligible, regardless of the concentration of natural Sr.

The sample was found to contain a concentration of 0.86 £ 0.02 mg L-" of
total Sr (concentration determined by ICP-MS before 84Sr spiking), which is under
the LOD of the SrF method, so the impact of naturally present strontium on the
signals is negligible, as anticipated. Nevertheless, tap water is a sample
containing many ions, which could translate into matrix effects (e.g., as a
consequence of the competition stablished between calcium and strontium for
their fluorination). Therefore, to evaluate the impact of matrix effects, the
concentration of both 84Sr and #Sr in the spiked sample was determined and
validated by comparing the results achieved with those obtained via ICP-MS, as

shown in Table 7.

These results confirm that no significant matrix effects were found, as the
methodology developed succeeds in the monitoring of 8Sr for tracer studies,
leading to concentration values not significantly different from those achieved by

ICP-MS, using a straightforward calibration with aqueous standards.

Still, it is again clear that the precision values reached with both techniques

are not comparable. In this sense, it should be remarked again that the goal of
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this work at this point is not to try to compete with ICP-MS, but to study the
possibilities of HR CS GFMAS for the simultaneous quantification of the four

strontium isotopes.

4. Conclusions

This work explores for the first time the possibilities of HR CS GFMAS for
isotope ratio monitoring of elements with more than two abundant isotopes, using
Sr (through the formation of the SrF molecule) as proof of concept. Results
confirm the potential of the technique, which is able to determine 87Sr/28Sr and
86Sr/88Sr ratios in naturally abundant Sr standards of concentration in total
strontium above 100 mg L', and also the 8Sr/88Sr ratio in spiked solutions. The
major challenge faced during the development of the method was the need to
correct for spectral overlap among the signals of the different isotopes
themselves. In that regard, such predicament was circumvented by calculating
signal ratios to subtract the contribution of the signals originating from heavier
isotopes on those stemming from the lighter ones. Those applications requiring
Sr isotope analysis in natural samples normally demand a precision that is
currently beyond the possibilities of the current method, but it is also
demonstrated that the method could be useful for tracer experiments, as proven
by determining 8Sr and 88Sr in tap water. In any case, further work is needed to

evaluate the main factors affecting the precision and possibilities to improve it.

Concerning the formation of the target molecule, the method was finely
optimised to maximize the sensitivity, concluding that an Ar-CH3F gas mixture is
the best choice among the tested agents, especially in the presence of hydrogen
in the purge gas. Finally, for data processing, only the most sensitive band (A =

630.341 nm) of the spectral window monitored was considered since it minimises
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the quantification limit down to 0.013 mM, when 10 uL of standard are introduced.
Nevertheless, the rest of the bands could be also monitored, if required, to avoid

the potential occurrence of spectral interferences in some matrixes.
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Table 1. Sr isotopic atomic composition (in %) of all the enriched standards used

in this work according to the certificate of analysis from the corresponding

oNOYTULT D WN =

manufacturer.

1 Enriched Sr isotopic atomic composition (%)

12 isotope 84gr 86Q 87Sy 88gy
14 84Sr 75.5 4.4 2.0 18.1
15 86Sr 0.003 95.21 1.15 3.69
16 87Sy < 0.005 0.8 90.8 8.4
18 883r <0.01 0.02 0.08 99.9
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Table 2. Optimized temperature program used to generate and monitor the SrF
molecule with the gas-phase fluorinating agent (Ar/CHsF). The actual parameters
that were introduced in the instrument software for setting this program are

included in Table S2 of the ESI.

Step Temperature IoRam_EJ Hold (s) Gas flow (L min”)
(°C) (°Cs™) Purge (Ar)  Ar/CHsF

Drying 80 6 20 2 0
Drying 90 3 50 2 0
Drying 120 5 10 2 0
Pyrolysis 800 300 10 2 0

Gas adaption 800 0 6 0 0.5
Vaporization 2400 2000 5 0 0
Cleaning 2600 500 4 2 0
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Table 3. Calculated isotopic shifts at different wavelengths for SrF molecule
following equation (1). Characteristic masses experimentally determined for each
wavelength, using the Ar/CHs;F gas mixture as fluorinating agent, are also
indicated, as well as the experimentally observed resolution of the spectrometer

at the transition wavelength.

Wavelength ~ Calculated isotopic shift (bom)  Characteristic ~ Resolution

(nm) 87Gr.88Gr 86Gr.88Gr  84Sr-88Sr mass (ug) (pm pixel")
641.76 21.0 42.4 86.6 0.045 5.0
639.47 20.8 42 1 85.9 <LOD 3.8
630.34 20.3 40.9 83.5 0.031 4.6
628.31 20.1 40.6 83.0 <LOD 4.7
567.00 15.6 315 64.3 <LOD 4.3
372.16 7.3 14.7 29.9 0.22 2.4
364.10 6.9 14.0 28.6 0.14 2.6
345.72 8.0 16.2 33.0 <LOD 2.2
292.96 11.1 22.4 45.8 <LOD 1.8
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Table 4. 95% confidence intervals (n = 5) for the slope and intercept of the
regression lines obtained when plotting the absorbance ratio against the molar

ratio of the different Sr isotopes, as shown in Figure 8.

Before correction After correction
Slope Intercept Slope Intercept
87Sr/88Sr 0.94+0.12 0.02 £ 0.07 0.94+0.12 0.02 £0.07
88Sr/86Sr 0.82+0.16 0.03 £ 0.07 0.97 £ 0.09 0.01 £0.04
84Sr/88Sr 0.94 £ 0.06 0.02+£0.03 0.96 £ 0.05 0.00 £0.03

Isotope ratio
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Table 5. Isotopic ratios determined for different concentrations of naturally
abundant strontium standards. Experimental results are compared with the
values calculated from the theoretical natural abundances'” with a Student’s t-
test, leading to the collected Py values that indicate the probability of data not
being significantly different. Uncertainties are expressed as standard deviation (n

= 3).

. 87Sr/88Sr ratio
Total Sr concentration

Experimental Theoretical Po
100 mg L 0.080 = 0.005 0.085 0.22
200 mg L 0.089 + 0.008 0.085 0.45
. 86Sr/88Sr ratio
Total Sr concentration Experimental Theoretical Py
100 mg L 0.115 + 0.008 0.119 0.47
200 mg L 0.112+0.012 0.119 0.40
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Table 6. Isotopic ratios determined for a solution prepared from the dilution and
mixing of monoisotopic standards. Experimental results are compared with the
theoretical values applying a Student’s t-test, leading to the resulting P, values.

Uncertainties expressed as standard deviation (n = 5).

Isotope ratio Experimental ratio  Theoretical ratio Po
87Sr/88Sr 0.601 £ 0.038 0.642 0.07
86Sr/88Sr 0.659 £ 0.049 0.701 0.09
84Sr/88Sr 0.364 £ 0.028 0.393 0.08
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Table 7. Isotopic concentrations determined for a tap water sample by both HR

CS GFMAS and ICP-MS, after spiking it. Results are compared applying a

oNOYTULT D WN =

Student’s t-test, leading to the resulting Py values. Uncertainties expressed as

10 standard deviation (n = 5)

Experimental concentration (mg L")
HR CS GFMAS ICP-MS Po
17 84Sr 55.65 £ 6.81 57.72 £0.30 0.94
18 883r 13.58 + 1.63 11.71+£0.13 0.06

Isotope

32



oNOYTULT D WN =

Journal of Analytical Atomic Spectrometry

0.10

0.08

0.06

0.04

Absorbance

0.02

Figure 1. SrF spectrum registered for 10 pyL of a 10 mg L' strontium solution of
natural abundance, using the temperature program included in Table 2. The

central pixel of the spectrometer was fixed at 630.27 nm.
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32 Figure 2. Optimization of the pyrolysis and vaporization temperatures to monitor
34 SrF by HR CS GFMAS for 10 uL of a 10 mg L' solution of naturally abundant Sr.
37 A pyrolisis temperature of 800 °C was set for the vaporization study, and a
39 vaporization temperature of 2400 °C for the pyrolisis study. The three central
pixels of the transition at 651.187 nm were summed for quantitation. Error bars

44 represent the standard deviation (n = 3)
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Figure 3. Spectra registered at the vicinity of 651.187 nm for 10 yL of a standard
solution of 100 ug L in naturally abundant strontium for (A) different fluorinating
agents: 10 uL of NH4F-HF 5% m/m (black line) and 0.5 L min-' of Ar/CH3F (red
line) using the temperature program of Table S1, and 0.5 L min-! of Ar/CH;F (blue
line) using the temperature program of Table 2. The presence (green line) and

absence (blue line) of H, in the purge gas flow (B) was also evaluated.

35

Page 36 of 98



Page 37 of 98 Journal of Analytical Atomic Spectrometry

oNOYTULT D WN =
Z

18 0.004 4 |/

20 0.002 |/

9 0.000 . . : ; : . : .
53 629.8 630.0 630.2 630.4 630.6

24 Wavelength (nm)

26 B)

28 | — 88grF

T T T T T 1
43 630.24 630.26 630.28 630.30 630.32 630.34 630.36
44 Wavelength (nm)

49 Figure 4. Stacked spectra obtained for the different Sr enriched isotopic
51 standards (10 pL of a 10 mg L' Sr solution was measured for each standard).
53 The entire spectral window (A) or the most sensitive band (B) is shown. Dashed

lines indicate the wavelength at which the maximum of each isotope is observed.
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Figure 5. Representation of the correction protocol for the spectral overlap. It
consists of the obtention of the signals registered for the profile of 10 yL of an 80
mg L' 8Sr-enriched standard at the wavelengths where the maximum of each
Srisotope is expected (A). From such signals, the correction ratios are calculated
and extrapolated to other isotopes of lesser pure standards (B). Once the ratios
are calculated, the corrected signals for every isotope can finally be determined

from the non-monoisotopic spectra, according to equation (2) (C).
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Figure 6. Normalized and shifted wavelength-resolved absorbance peaks of

36 SrF obtained for each monoisotopic standard at the most sensitive band.
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Figure 7. Evolution of 8Sr/88Sr and 8Sr/8Sr correction ratios observed when

increasing the concentration of 88Sr.
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Figure 8. Correlation between the experimental (as obtained via HR CS GFMAS
by monitoring SrF), corrected, and theoretical values for 8Sr/8Sr (A), 87Sr/88Sr
(B), and 84Sr/88Sr (C) as obtained for a set of solutions prepared by mixing
different amounts of a Sr standard of natural abundance and of isotopically

enriched Sr standards.
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32 Figure 9. Experimental spectrum registered for 20 uL of a standard prepared with
a concentration of 0.12 mM in total strontium for each isotope-enriched standard.

37 The central pixel was placed at 630.27 nm.
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