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The molar mass M and isotopic composition of a silicon material highly enriched in 28Si were measured for
the first time using high ohmic (10%® Q) resistors in the feedback loop of amplifiers connected to the Faraday
detectors of a multicollector-inductively coupled plasma mass spectrometer (MC-ICP-MS). In the context
of the realization and dissemination of the Sl units kilogram and mole via the X-ray crystal density (XRCD)
method, it is of high importance to maintain and improve the state-of-the art technique to determine M
with the lowest possible associated uncertainty. The applications and influences of 10 Q and 10%° Q
resistors for ion detection were compared using the crystal Si28-33Prl1 exhibiting a large range (=102
of the ratio *°Si/?°Si. The low abundance of °Si hampers the measurement and thus enlarges the
uncertainty. The use of 10 Q resistors enables a fourfold dilution of the initial Si sample stock solutions
from w,(Si) = 4536 pg g~ down to 1134 pg g~* preserving the MS equipment (ion lenses, slits etc.). A

lower limit of w,(Si) = 1134 ug g~ for ion currents | = 3.4 fA (corresponding to U = 0.34 mV: gain
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Accepted 1st May 2024 corrected for R = 10 Q) for ~Si™ was determined still maintaining the ability to yield u,e(M) = 4 x 107°.
This will also enable the use of smaller sample sizes, which will considerably reduce costs and time and

DOI: 10.1039/d4ja00066h thus improve this method strongly. Tau correction for 10*° Q resistors was studied showing no significant
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1 Introduction

The measurement of small ion beams (=5 mV using 10'" Q
resistors) for the determination of isotope ratios in combination
with multicollector mass spectrometers (thermal ionisation
mass spectrometers (TIMS) and inductively coupled plasma
mass spectrometers (ICP-MS)) entered a new era with the
introduction and successful application of high ohmic resistors
in the feedback loop of Faraday cups used in static
measurements.”™ The amplifiers equipped with high ohmic
resistors - usually with R = 10" Q - enable measurements of
extremely small ion beams (=5 mV corresponding to 3 x 10°
counts per second (s~ ")), often detected via secondary electron
multipliers (SEM). A number of benefits of using 10 Q resis-
tors (instead of common 10" Q resistors) exist: it is not neces-
sary to use Faraday cups and SEMs in combination, avoiding the
inherent problem of cross-calibration of both detector types and
thus an increase in measurement uncertainty and experimental
efforts. Basically, using a 10™® Q resistor in contrast to a 10" Q
resistor leads to a hundredfold gain while the signal to noise
ratio merely decreases by a factor of ten, directly influencing the
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influence in case of the continuous beam experiments.

precision of the measurement, depending on the ion counting
statistics and the Johnson-Nyquist noise."

In the case of the 10" Q resistors of amplifiers used with
Faraday cups, dead-time correction and dark noise determina-
tion as in the case of an SEM are not necessary, especially when
non-transient signals are measured. If respective small
amounts of analytes (low concentration or mass fraction)
should be detected, they are now accessible and can be
measured, or on the other hand, it is possible to dilute samples
further, providing a longer use of stock solutions and/or diluted
aliquots. Also, some diluted aggressive matrices are less
destructive toward the MS, e.g. the cones and electrostatic lens
assemblies are preserved as in the current study.

Several applications of high ohmic resistors using TIMS or
MC-ICP-MS have been published in the recent past.”™* In the
latest generation of the applied MC-ICP-MS (Neptune XT™,
Thermo Fisher Scientific GmbH, Bremen, Germany), the gain
calibration of the 10" Q amplifiers can be performed based on
an implemented routine in the operating software. The first
application of liquid sample measurements using the 10"* Q
technology within an MC-ICP-MS was reported by Pfeifer et al.,
who described the determination of Ta isotope ratios yielding
an improved uncertainty, previously limited by the low abun-
dance of '®°Ta.® A recent example for the applicability of the
10" Q technology in case of very limited and low concentration

This journal is © The Royal Society of Chemistry 2024
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sample amounts in bio-medical cerebrospinal fluid was
demonstrated by Vanhaecke and coworkers.™

In this work, we report the determination of the molar mass
and isotopic composition of silicon highly enriched in *Si
using 10" Q and 10" Q amplifiers for the first time. Both
performances and results were compared with respect to the
associated uncertainties. The silicon sample material (crystal
Si28-33Pr11) was characterized previously using a standard MC-
ICP-MS routine.”® Silicon highly enriched in *Si (x(*%si) >
0.9999 mol mol ") was used as the material of choice for the
silicon spheres applied in the context of the X-ray crystal density
(XRCD) method which is the underlying primary method for the
realization and dissemination of the SI base units the mole and
the kilogram."® A key parameter for the characterization of the
respective silicon spheres is the molar mass M of this very
material, which was determined with a relative associated
uncertainty u,(M) < 5 x 10~°. This small uncertainty is only
accessible if M is determined via the so-called Virtual-Element
Isotope Dilution Mass Spectrometry (VE-IDMS) method,
described in detail elsewhere."** Briefly, only the isotope ratios
(in a first step: intensity ratios) *°Si/>Si are determined using an
MC-ICP-MS. This successful approach has been validated and
reported by several national metrology institutes (NMlIs) in the
past.22725

Since the silicon crystals are extremely enriched in *%Si, it is
an experimental challenge to determine the isotope ratios
305i/*%si. The silicon isotope ratios are =10° (*Si/*°si) and
~10” (*®si/*°si) in this study. To symbolise this problem, Fig. 1
shows the (simulated) signal intensities (in V) of the respective
Si isotopes as a function of the silicon mass fraction.

Moreover, the extremely small signal intensities of >°Si and
especially *°Si are accompanied by a ratio of x(*>°Si)/x(*°Si) =
100 mol mol " in this crystal. The measurement of this ratio
using a conventional 10'" Q amplifier thus requires extremely
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Fig. 1 Simulated intensities (in V, using 10 Q amplifiers) of the three
stable Si isotopes as a function of the mass fraction w of Si in the
measurement solution. Prior to this study the typical mass fraction of Si
was in the range of 4500 ug g~* corresponding to U(?°Si) = 50 mV and
URYSi) = 0.5 mV in case of the crystal Si28-33Pr11.
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high mass fractions of sample x and blend bx solutions of w,(Si)
= 4000 pg g ' and wy,(Si) = 1500 ug g~ to be able to achieve
a reasonable *°Si signal intensity. It is evident that these mass
fractions are usually too high for MC-ICP-MS operations (clog-
ging, surface deposition, contamination...). In this study we
concentrated on several aspects: first, comparison of the molar
mass and isotopic composition and their associated uncer-
tainties as a function of the resistor connected to the amplifier.
Does the use of high-ohmic (10" Q) resistors influence/improve
the uncertainty or at least experimental issues like noise and
scattering? Second, the use of highly sensitive 10" Q amplifiers
for the 2°si and *°Si isotope detection opens up the possibility of
using more diluted sample aliquots. We prepared Si sample and
blend solutions by diluting the initial stock solutions of wy =
4500 pug g ' and wp, = 1600 pg ¢ in order to investigate the
quality of the respective isotope ratios. A reasonable lower limit
was determined for w, = 1100 pg g’l. Also, the influence of the
blank was investigated. Measurement uncertainties were
determined according to the rules of the “Guide to the Expres-
sion of Uncertainty in Measurement” (GUM).>¢

2. Experimental
2.1 Primary method for molar mass determination

Molar mass determinations were performed by the application
of the VE-IDMS principle, described in detail elsewere."*" For
a better understanding, only a brief description is given. In
order to yield an uncertainty associated with M which is smaller
than 10~%, relatively, only silicon material extremely enriched in
?83i (almost 100%, x(**Si) > 0.9999 mol mol ') is an option. In
this context, also the amount-of-substance fractions x of the
“impurities” >°Si and *°Si which are present in very minor traces
were determined. Due to the production of this silicon crystal
material using gas centrifuges for the enrichment of *Si in the
initial SiF, gas, not only the absolute fraction of x(*°Si) and
x(*°si) is different from crystal to crystal. Also important to
know is the fact that the ratio of >°Si and *°Si may vary over
several orders of magnitude in different crystals. In this study
the crystal Si28-33Pr11 was reexamined.* The larger this ratio,
the more difficult is its measurement and the larger the
uncertainty associated with the isotope ratio R and the molar
mass M. Thus, using the conventional 10'" Q technique, very
high Si sample concentrations (mass fractions w, > 4000 ug g~ ')
have been necessary in the past. A possible technical solution
for this problem is the application of high ohmic resistors (10
Q) as presented in this study. Using the VE-IDMS principle, the
measurement of the intensity ratios *°Si/**Si and *°si/**Si is
avoided, because they are several orders of magnitude away
from unity. Practically, the VE-IDMS therefore treats the two
isotopes 2°Si and *°Si as a “virtual element” (VE) in the matrix of
an extreme excess of **Si. Only the isotope ratios *°Si/**Si (with
the index 2) were determined: in the sample (x) of the highly
enriched silicon material as well as in the respective blend (bx).
The latter was prepared from the sample x and a spike material
y (Si highly enriched in 3°Si). The respective measured intensity
ratios (rx, and ruy,) yield sufficiently small uncertainties.
Atomic masses of the Si isotopes were taken from the
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literature.”” To overcome the inherent problem of mass bias
(mass fractionation) when determining isotope ratios, the
measured intensity ratios were corrected using calibration
factors K. These were determined experimentally based on
binary gravimetric mixtures of silicon parent materials having
each a high enrichment in the respective isotope.”® It was
necessary to determine only K factors used to correct the
395i/2°si ratios (K). This was done by the measurement of the
respective isotope ratio r,,, of natural silicon (w) which was
properly characterized with a known “true” isotope ratio Ry, ,.**

2.2 Materials and reagents

The samples used in this study were taken from the silicon
crystal material Si28-33Pr11, reported in a previous paper.'
Thus, the measurements with the 10** Q resistors were used for
validation purposes complemented by the new results using the
10" Q resistors. The general procedure for sample preparation
and experimental routines is briefly outlined.

The solid single crystal samples (m = 500 mg each) were
cleaned and etched prior to digestion with the purpose to
remove any contaminations.** All bottles and vials (made of
PFA: perfluoroalkoxy alkane) were treated by applying a special
protocol.** Digestion of the etched and weighed samples was
performed by dissolution in aqueous tetramethylammonium
hydroxide (TMAH) at 60 °C in an ultrasonic bath using TMAH (w
=025¢ gfl, Alfa Aesar, Thermo Fisher GmbH, Kandel, Ger-
many) of electronic grade purity (99.9999%). The stock

Table 1 Operation conditions of the Neptune XT™ MC-ICP-MS
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solutions were prepared by dilution using purified water
(18 MQ cm resistivity; water purification system: Merck Milli-
pore™). The mass fractions of the solvent TMAH of all solutions
(samples, blank) were w(TMAH) = 0.000 6 g g~ '. The range of
the isotopic abundance between >*Si and *°Si is extremely large
and covers 7 orders of magnitude in this crystal; therefore, for
the usual measurement (with 10" Q resistors, and as in
previous measurements) it was necessary to start with very high
mass fractions w, o(Si) = 4536 ug g ' and Wy, o(Si) = 1507 pg g+
(in case of subsample V.2.3). The blend bx denotes the blend
consisting of the sample x and spike material y. For the K factor
determination material w with w,,(Si) = 4 pg g ' was used. In
order to investigate the possibility of diluting the initial stock
solution and blend, the starting mass fractions were diluted w,/
(ug g '): 4536 — 2268 — 1134 — 567 — 284; Wy, /(ug g 1): 1507
— 754 — 377 — 188 — 94. Due to the contamination with
omnipresent Si of natural isotopic composition and to correct
for carry-over effects, the blank signals (measured prior to the
sample or blend) were subtracted from the respective signals.

2.3 Mass spectrometry and data evaluation

The isotope ratio measurements of the enriched silicon samples
were performed with a high resolution multicollector-
inductively coupled plasma mass spectrometer (MC-ICP-MS)
Neptune™ XT (Thermo Fisher Scientific GmbH, Bremen, Ger-
many)."*'** Generally, the samples were measured as similar as
in a previous study, where 10'" Q resistors connected to

Vacuum generation
Sample introduction

Scroll pump, turbo pumps, jet pump (almost oil-free)
50 uL min~' PFA nebulizer

Cyclonic and Scott chamber (PEEK/PFA)
Sapphire torch and injector, sapphire bonnet, Ni X-skimmer and Ni sampler

Gas flow rates (argon 5.0)
Machine settings

Cooling: 16 L min~
Pseudo high resolution HR (M/AM = 8000)

1 1 1

, auxiliary: 0.8 L min™ ", sample: 1.0 L min™~

Plasma power P(RF) = 1180 W

Autosampler
Sequence settings

CETAC ASX 110 FR
Rinse time: 120 s

Take-up time: 60 s, measured samples/sequence: x, bx, w (4 times each)

Blank measurement

Table 2 Parameters used with the different resistor setups

Prior to each sample

10" Q amplifier

10" Q amplifier

w, range (approx.)/(ug g7 ) 4500-4700

4500-4700, 2300, 1100, 550, 280

Faraday detectors

Amplifier no.

Gain

Tau constant/s
Operation mode
Rotating amplifiers
Integration time/s

Idle time/s

Number of integrations
Number of cycles/block
Number of blocks

C: 2si*, H3: *°si*

285i*: detectors moved out of the beam
C:2,H3:8

Both: 10°

Ampl. 2: 0.11; ampl. 8: 0.10
Static

Applied/not applied

4.194

3.000

1

3

6

1542 | J Anal. At. Spectrom., 2024, 39, 1540-1550

C: 2°si*, H3: *°si*

28gi*: detectors moved out of the beam
C: 9, H3: 10

Both: 107>

Ampl. 9: 0.61; ampl. 10: 0.53
Static

Not applied

8.389

10.00

1

3

6
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amplifiers (in a rotating mode) were used.” In Table 1, the
typical operation conditions and in Table 2 the respective
amplifier settings are shown. Since isotope ratios of silicon
artificially highly enriched in **Si and simultaneously depleted
in 2°Si and *°Si were determined, a sample introduction system
manufactured from PFA/PEEK and an ICP torch with sapphire
parts and a sapphire injector were used. Additionally, contam-
inations of the procedural blank introduced by the solvent were
corrected for by subtracting the blank signals measured prior to
the sample from the latter. This, however, might cause some
trouble by blank overcorrection when the concentration of the
analyte in the sample decreases. In case of the 10" Q amplifier
configuration (see Table 2), the total measurement duration
(one sequence) was approximately 2.5 hours (blank - sample
(four times); blank - blend (four times); blank - nat.-Si (four
times). Generally, a short sequence is preferable when
measuring enriched silicon in high resolution to avoid potential
mass-drift effects.”®

The total measurement time increases to 3.5 hours when
using the 10"* Q amplifiers. In the latter case, the high ohmic
resistors cause a slower response time of the amplifiers (so that
a longer integration time (8.4 s) and idle time (10 s) are neces-
sary).” In case of the 10'® Q amplifier configuration, the software-
based gain calibration takes three hours.

3. Results and discussion

3.1 Statistical comparison of 10" Q and 10" Q amplifiers:
isotope ratio measurements

The isotope ratios R, = x(>°Si)/x(*°Si) in the sample N.2.1 (w =
4710 pg g~ 1) and Ry, = x(*°Si)/x(>*Si) in the blend bx are shown
for the individual sequences and the respective amplifier
settings (10'* Q, with amplifier rotation; 10'* Q, no amplifier
rotation; 10" Q, no amplifier rotation) in Fig. 2. The respective
raw data and calculations are given in the ESI 11 where the
calculations can be retraced. In case of Ry, the data are consis-
tent for k = 2 showing a larger scattering especially in case of the
10" Q setup with rotating amplifiers. Error bars denote the
standard uncertainties (k = 1) without scattering contributions.
For comparison of the R = 10" Q and the R = 10" Q setups at
a first glance, the two setups without rotating amplifiers are
more suitable. Contrary to expectations, the relative combined
uncertainties associated with Ry and Ry, are twice as large in
case of the R = 10" Q setups than in case of the R = 10'" Q
setups. Generally, i, | is smaller in case of R, compared to R,
by a factor of at least 50 due to the numerical value of Ry, which
is much closer to unity.

In the high concentration range of the sample (w, = 4000-
5000 ug g~ ), the application of 10** Q resistors will not improve
the uncertainties in R.

However, in case of the enriched Si material, the main
intention is the determination of the molar mass M and its
associated uncertainty. Therefore, the impact of the different
resistors on this quantity is of main interest and will be dis-
cussed in the following.

Fig. 3 shows the molar mass distribution of measurements
of the subsample N.2.1 (w = 4710 pg g~ '). The measurements

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Isotope ratios Ry (a) in the sample N.2.1 (w = 4710 pg g~ and
Rpx (b) in the blend for the individual sequences using three different
amplifier settings. Cups C and H3: 10! Q resistors (with and without
rotating amplifiers), 10'° Q resistors (without rotating amplifiers). Error
bars denote associated standard uncertainties (k = 1). Red solid lines:
average Ry, Rpx. Red dashed lines: upper and lower average of u(R) with
k =1 including data scattering contribution.

were performed in the same way as reported previously using
the 10'" Q amplifier setting with rotating virtual amplifiers.*®
Using the 10" Q resistors and rotating virtual amplifiers (Fig. 3
left), an average value M = 27.976949950(54) g mol " was ob-
tained with %, = 1.9 x 107° (the last digits denote the
combined uncertainty u, associated with M, k = 1).

This value is 4.2 x 1077 g mol " below the value reported
previously due to a long-term TMAH-leaching and new type
sapphire-torch removing natural silicon even more efficiently.*
The respective measurement results without rotating amplifiers
(Fig. 3 centre) yield M = 27.976 949 839(50) g mol " with u¢ =
1.8 x 10"

This series was measured as a proof of data consistency
when applying/not applying the virtual amplifier concept

J. Anal. At. Spectrom., 2024, 39, 1540-1550 | 1543
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27.9769504

102 Q
not rotating

10" Q
not rotating

10" Q i
rotating H

27.9769502

27.9769500

M/ (g/mol)

27.9769498

27.9769496

sequence

Fig.3 (Left) Molar masses measured in sample N.2.1 (w = 4710 pg g %)
with 10 Q resistors (cups C and H3) with virtual amplifier rotation.
Error bars denote associated uncertainties (k = 1). Red solid line:
average molar mass. Red dashed lines: upper and lower average of
u(M) with k = 1. (Centre) Same as left using 10 Q resistors (cups C and
H3) without virtual amplifier rotation. (Right) Same as centre using 10
Q resistors (cups C and H3).

developed by Thermo Fisher Scientific™, which was introduced
for the reduction of biases due to the gain calibration.

No significant difference in the data sets was observed within
the limits of wuncertainty, because main uncertainty

Table 3 Representative uncertainty budgets of M with different resistors.
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contributions result from intensity ratios obtained from
extremely different isotope abundances of the enriched mate-
rial as will be outlined later. In the right part of Fig. 3 the
respective molar mass results are shown using the 10" Q
resistors connected to cups C and H3. Here, M = 27.976 949
898(55) g mol ™" with . = 2.0 x 10~° was obtained. All three
measurements (10" Q and 10" Q resistors, virtual amplifier
concept applied and not applied) agree within the limits of
uncertainty. The underlying raw data and calculations are given
in the respective Excel™ sheets of the ESI 1.7

Regarding the uncertainty of the molar mass of enriched
silicon, no significant change was observed when using the high
ohmic resistor setting. Table 3 shows representative uncertainty
budgets of sample N.2.1 of a single sequence using: 10" Q
resistors with and without rotating amplifiers as well as 10" Q
resistors without rotating amplifiers. The uncertainty budgets
were calculated using the GUM Workbench Pro™ software
(version 2.4.1 392; Metrodata GmbH, Germany) according to
guidelines of the GUM.>®

The budgets are rather similar and differences can only be
observed in small variations in the measured intensity ratios ry ,
(sample), rpx o (blend of sample x and “Si30” spike y), and r,,,
(natural Si w for K factor determination). From those, no clear
indication can be derived if the high ohmic amplifiers will have
a more positive impact on u(M).

An explanation will be the fact that the molar mass M is
aresult of the complex “Virtual-Element IDMS” principle, which
is only in a minor part dependent on the intensity ratios

I: 10M Q, rotating amplifiers; 11: 101! Q, not applying rotating amplifiers;

11 10** Q, not applying rotating amplifiers. Respective atomic masses were taken from ref. 27

Quantity Unit Best estimate (value) Standard uncertainty Sensitivity coefficient
Index

Amplifier setting X; [xi] X; u(x;) ¢ (%)
I, I, 111 M(*%si) g mol ™! 27.976926534940 540 x 10~ "2 1.0 0.0

Myx g 5.611000 x 10°° 704 x 102 4.2 0.3

my g 0.062474995 569 x 10 ° —370 x 10°° 0.0

M(*°si) g mol ™! 28.976494669090 610 x 10~ "2 23 x 107° 0.0

Ry;3 mol mol ™" 1.5855 0.0222 —80 x 107° 0.1
I M(*°si) g mol ™! 29.9737701360 27.0 x 107° —500 x 107° 0.0
it —560 x 107° 0.0
I —550 x 107 0.0
I Ry, mol mol™* 269.04 5.65 2.0 x 107° 4.3
il 4.6
111 4.4
I Ry mol mol ! 0.66230 1.32 x 10 —35x10°° 75.7
I 81.5
I 76.8
I Tz \A% 0.012470 405 x 10°° 50 x 10°° 14.2
I 0.009800 342 x 10°° 49 x 10°° 10.7
111 0.010400 439 x 10°° 49 x 107° 16.5
I Tbx2 \A% 3.79034 1.90 x 10 —6.3 x10°° 5.00
I 3.80227 1.14 x 1072 —6.2 x 107° 1.9
111 3.82259 1.15 x 1073 —6.2 x 10°° 1.8
1 Twa VIV 0.6982900 90.8 x 10°° 33 x 10°° 0.3
I 0.702370 140 x 10°° 33 x10°° 0.8
I 0.7050200 56.4 x 10°° 33 x107° 0.1
I M g mol * 27.9769499399 53.3 x 10?7
I 27.9769498685 51.5 x 10~°
111 27.9769498590 52.9 x 10~
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(isotope ratios) directly, which are influenced by the kind of
resistor chosen.

The influence of the 10" Q and 10" Q resistors in the case of
highly enriched silicon solutions was analysed statistically by
comparing the measured intensity ratios r = U(*°Si)/U(*°Si) in
the sample solutions x, the blend solution bx, and the calibra-
tion solution w of sample N.2.1 using the initial sample
concentrations (W, = 4710 ug g 5 Wpy = 1510 ug g '3 Wy = 4 pg
g™ "). For each solution, up to six sequences were measured,
each yielding an average intensity ratio with an associated
experimental standard deviation of the mean s according to the
GUM.* For a better comparison, the not-blank corrected ratios
are discussed only. The data sets and evaluation procedures are
given in the respective Excel™ sheets of the ESI 2.7 Fig. 4a-c
show the relative standard deviations of the mean s, of the
intensity ratios r in solutions x, bx, and w, measured with 10"* Q
and 10" Q equipped amplifiers.

In case of the sample solution x (highly enriched Si), the
relative experimental standard deviations r = U(*°Si)/U(*°Si) are
almost equal when using the 10" Q or 10" Q setup with a small
benefit of the 10" Q resistors. A possible reason might be the
intrinsic scattering of the intensity ratios r, (=0.01 V/V) in case
of the sample material with an isotope ratio R, = 0.009 mol
mol ', two orders of magnitude away from unity, even if the
absolute *°Si signal is in the lower mV range. An advantage of
the 10" Q amplifier setup can be observed in the ratios of the
blend bx with R, = 4 mol mol™". Here, the respective course of
the relative experimental standard deviations of the mean s, is
smoother and with an average of 0.0073% lower than in case of
the 10" Q setup (0.0095%) due to the absolute ratio near unity.
In case of the solution w, the impact of the setup (10"* Q or 10"
Q) is very similar, due to the much larger signal intensities
(silicon with almost natural isotopic distribution) and an
intensity ratio r, = 0.7 V/V.

3.2 Comparison of 10'" Q and 10" Q amplifiers: influence
of sample mass fraction

However, the application of the high-ohmic resistors should
enable accurate and precise measurements of lower concen-
trated or diluted samples. For this reason, different concentra-
tions of the subsample V.2.3 were measured using original and
diluted aliquots of x and bx (W, = 4536 pg g’l; Whx,0 = 1507 pg
g~ ") keeping w,, constant (compare Section 2.2). Fig. 5 displays
the results of the molar mass determinations comparing the
original measurement from 2020 (ref. 15) (w, = 4536 pg g~ with
10'" Q amplifiers, 6 sequences) with the recent measurements
using the 10" Q amplifier setup. The latter were measured
using the following mass fractions w: 4536 pg g~ * (6 sequences),
2268 ug g~ (6 sequences), and 1134 pg ¢~ (4 sequences due to
the sample running out of stock). The average molar mass of
these very samples was determined as the arithmetic mean of
the two 4536 ug g ' (10" Q and 10" Q) and the 1134 pg g~ *
(10" Q) measurements including the contribution of data
scattering. The solid black line denotes the average value
M(V.2.3) = 27.97695056(14) g mol " (the last two digits repre-
sent the uncertainty associated with M, k = 1). This corresponds
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Fig. 4 (a—c) Comparison of 10 Q and 10*° Q amplifier setups applied
for the determination of signal intensity ratios r = (U(*°Si)/U(°Si)) in the
three solutions x, bx, and w (subsample N.2.1 without dilution). As
a measure of the statistical quality, the relative experimental standard
deviation of the mean s, Of these ratios is plotted vs. the respective
sequence. Single data are given in black squares (10 Q) and blue
triangles (10'° Q). Respective averages are shown via black dashed (10
Q average) and blue dotted lines (10'* Q average).
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Fig. 5 Comparison of molar mass determinations of the sample Si28-
33Pr11V.2.3: 4536 ug g (black squares, 10** Q, 2020 (ref. 15)); 4536 ng
g~ ! (red circles, 10™® Q); 2268 ug g~* (grey triangles, 10%° Q); 1134 ng
g~ (green triangles, 10'° Q). The solid black line denotes the arithmetic
mean of the two 4536 ng g~ and the 1134 ng g~* data sets. The dotted
lines denote the respective upper and lower uncertainty limits
(including data scattering, k = 1).

to a relative uncertainty u.;(M) = 5.1 x 10~°. The data set of the
2268 ug g~ ! measurement (10" Q, greyed out in Fig. 5) was not
used for the calculation of M due to a slight offset resulting from
a tentative contamination with natural silicon during dilution.
The average value of M(V.2.3) agrees with the former value re-
ported in ref. 15 within the limits of uncertainty. The data sets
as well as their compilation are also available in the ESI 3.}

The consistency of these data sets was analysed using the
principle of the degrees-of-equivalence (d;).

d[:M,'—M (1)

with the molar mass M; of the respective sequence and the
arithmetic mean M. The expanded uncertainties U(d;) (k = 2)
associated with d; were determined according to eqn (2):

U(d) =2 x Ji(M) +12(M) =2 x
(2)

Fig. 6 shows the d; and associated uncertainties U(d;)
comparing the four data sets (including the scattering contri-
bution in the respective uncertainty bars).

The data sets can be regarded as consistent if the individual
d; are smaller than their uncertainties. This criterion is fulfilled
for almost all data points except several of the 2268 pg g~ * data.
For consistency, the error bars should encompass the zero line
(red line in Fig. 6). Therefore, the data set of the 2268 pg g~"
measurement was not included in the molar mass evaluation
for the subsample V.2.3.

The influence of the different resistor settings was analysed
by comparing the statistical impact on the relative experimental

1546 | J Anal. At. Spectrom., 2024, 39, 1540-1550

View Article Online

Paper
1.0 H
)
¢ (el L
2
3
4536 ug/lg | 4536 ug/g 2268 uglg
1.0 1134 pgl/g
10" Q 100 Q

Fig. 6 Degrees of equivalence d; of the four data sets of the molar
mass measurements of the subsample Si28-33Pr11V.2.3: 4536 ng g~*
(10 @, grey area); 4536 pg g~ (10%° Q); 2268 ng g1 (10%° Q); and 1134
ng g~ (10" Q). The expanded uncertainties U(d)) associated with d; are
displayed as error bars.

standard deviations of the mean s, of the measured intensity
ratios » = U(*°Si)/U(*°Si) in the sample x, the blend bx, and the
natural Si solution w. In case of the 10" Q amplifier settings,
the additional dependence on the dilution of the sample x
(4536, 2268, and 1134 pg g ') is shown in Fig. 7.

Generally, the s, for r,x and r,, are in a range below 0.030%
which is not significantly dependent on the mass fraction w. In
case of the 10" Q resistors, a decrease of s.(,,) can be observed
by a factor of ten (<0.0050%) compared to the 10" Q resistors.
For rpy, the range is almost constant (0.075%-0.015%) inde-
pendent from the mass fraction. The 2268 ug g~ data set also
shows the statistical quality and ability of this mass fraction
compared to the original 4536 pg g~ solution.

0.040 : : . ; 07
0.035 - o L o6
0.030 -

A 0.5

X 0.0254 o o

= \ Lo4 S

%, 0,020 S T—— =

£ 10" Q 10" Q F03 2

& 0.015 1

0.2
0.010 -
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A .00,
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Fig.7 Comparison of the relative experimental standard deviations of
the mean of the intensity ratios r in the sample x (subsample V.2.3; red
circles, right y-axis), blend bx (subsample V.2.3, magenta squares, left
y-axis), and natural Si w (blue triangles, left y-axis). In case of 10*° Q
resistors, results are shown for the different mass fractions of the
sample w, = 4536, 2268, and 1134 pg g~ . The grey shaded area refers
to the 10 Q measurements (w, = 4536 pg g 4.
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In case of ry, the respective s, are in a higher range between
0.30% and 0.45% when using the 10" Q resistors, independent
of the mass fraction used. Since the measurement of intensity
(and isotope) ratios ry is affected by larger uncertainties, the use
of 10" Q instead of 10" Q amplifiers will not significantly
improve the statistical quality of the data s;ei(7x)-

Further dilutions of samples with w, = 567 ug ¢ ' and w, =
284 pg g~ could not be measured even when using 10" Q
amplifiers, because the absolute signal intensities of >°Si and
3°Si in the sample solutions were in the same range as in the
blank solution. For this reason, wy, = 1134 pg g ' can be
regarded as an approximate lower limit of the mass fraction for
the measurement of M using the 10"* Q amplifier set up for this
special silicon crystal.

As one main result the application of high ohmic 10" Q
resistors instead of 10'" Q resistors is enabling the measure-
ment of at least fourfold diluted samples (from 4536 pg g "
down to 1134 pg g '). To give an overview of the absolute
intensities (voltages and ion currents), Table 4 lists typical data
generated with sample V.2.3 using the 10" Q and 10" Q setup.
The voltages in case of the 10" Q resistors were gain factor-
corrected to enable a direct comparison with the values ob-
tained with the 10" Q resistors.? It can be observed that the
overall dynamic range of the 10"* Q resistors covers three orders
of magnitude yielding in case of the *°Si* ion an ion current of
a few fA which is still sufficient for molar mass determinations.

The use of high ohmic resistors is directly correlated with
experimental benefits: fast clogging of the sampler and
skimmer cones is avoided due to lower analyte concentrations;
a more stable signal quality is generated, and the mass spec-
trometer can be operated in a less aggressive concentration
regime. The other main outcome when using the 10" Q resis-
tors is the fact, that a strongly reduced sample mass (down to
m(crystal) = 125 mg corresponding to w = 1000 pug g~ ') will be
sufficient in the future for the measurement of the molar mass
and isotopic composition of silicon enriched in **Si: a mass of
approximately 125 mg solid Si will yield 125 g of a solution with
1000 pg g ' (instead of 500 mg Si needed to prepare
a solution of 125 g with w = 4000 pg g~ '). This will save time
and costs for sample preparation and material consumption.
Moreover, a smaller crystal sample (size) might enable a better

w =

Table 4 Comparison of typical absolute signal intensities of
sample V.2.3 (in V, ion currents in fA of the 2°Si* and 3°Si* signals
measured at different mass fractions (dilution steps) using the 10 Q
and 10 Q amplifier setups. In case of the 10'° Q@ measurements, the
voltage data were gain factor-corrected

we(ng g™ RIQ uv 1/EA
4536 29gi* 10"t 0.13542 1354
30gi* 10" 0.00140 13.96
4536 29gi* 10" 0.11326 1133
30gi+ 10" 0.00109 11
2268 29gi* 103 0.04050 405
30gi+ 10" 0.00062 6.2
1134 29gi* 10" 0.02283 228
30gi+ 10" 0.00034 3.4
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Fig. 8 Molar mass distributions of subsample N.2.1 over six

sequences. Open squares: not tau corrected data; red circles: tau
corrected data. No significant difference can be observed.

space resolved sample characterization. This will improve the
insight into the homogeneity of the isotopic composition of the
respective crystals underpinning their ability for the use in the
XRCD method.

3.3 Investigation of mass bias due to signal delay impact -
tau correction

In MC-ICP-MS there are several sources for biased isotope
ratios. The analogue currents, generated in the Faraday cups by
release of charge create a voltage on the respective (high ohmic)
resistor. These voltages are converted to frequencies using
a voltage-to-frequency converter. Thus, even in a multicollector
detection system very short time-offsets of the different detector
outputs are generated due to different signal decays which
depend on the “first-order-tau-constant” of the respective
resistor.'"'22°-2 When using high ohmic resistors (e.g. 10" Q),
this time delay between the incoming signal and detector
response times (detector decay duration) might generate a bias
in isotope ratios - especially in case of transient signals. A test of
a potential influence of the tau correction using the 10" Q
resistors was applied. The tau constants (symbol 1) of each
amplifier - initially generated during machine installation -
were taken from the software-based tau decay constants listed
in the Neptune XT™ software (executive tool).*® For the test
measurements, the N.2.1 subsample (w = 4710 ug g~ ') was
used. The C and H3 cups were operated with 10" Q; six
sequences were measured each.

For the tau corrected ion signal I...(¢;) at the time ¢; the
following expression was used:

In(ti1) — In(tic1) <1

Icorr(ti) :Im(ti) + i

tit G
with the measured intensities of the respective isotope I,,(¢;) at
the time ¢;, I,(t+) at the successive time t;,q, I, (t;_1) of the
preceding time ¢;_;) and the tau constant 7.****** The following
tau constants were used for the respective amplifiers: amplifier
9 (cup C): © = 0.6061 s; amplifier 10 (cup H3): © = 0.5266 s
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(compare Table 2). For the calculation of the time intervals, the
exported raw data (absolute time in s) of the respective method
generated by the “Data Evaluation” application of the
NeptuneXT™ software were taken, defined by the selected
integration time (8.39 s). Thus, the basic time interval is 8.39 s.
However, the next two following time intervals are increased
(13.8 s or 14.8 s), followed periodically by the initial time
interval of 8.39 s and so forth. For the corrected ion signal
I.on(t:), the respective time intervals were used. Data evaluation
processes as well as raw data and uncertainties for tau correc-
tion can be found in an Excel™ sheet of the ESI 4.1

After measuring six sequences of the sample N.2.1 and
applying tau correction, an almost identical course of the

3x10°®

2x10°8

_ 1x10% 4

AM [ (g/mol
o

1x10° -

-2x10°8

-3x10°8
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Fig. 9 Influence of t correction applied to isotope ratios for molar
mass results (sample N.2.1). (@) Shows the absolute difference AM =
M,. — M. blue squares of the six sequences. The red dashed area
depicts the area of the average uncertainty associated with M.. (b) Is
a zoom of (a) and shows more clearly the range of the difference
between tau corrected and non-corrected M values of the
sample N.2.1. This range is one order of magnitude smaller than the
uncertainty range given in (a) proving that a possible signal delay on
different Faraday detectors equipped with 10 Q resistors does not
influence/bias the isotope ratios and molar masses of this study
significantly.
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corrected molar masses M, and their associated uncertainties as
in the case of not tau corrected measurements (M,,) was ob-
tained (see Fig. 8).

The absolute differences AM between M,,, and M, are shown
in Fig. 9.

The AM values are located in the lower 10~° g mol " range
(Fig. 9b). For comparison, in Fig. 9a, the area covered with the
average uncertainty associated with M is bracketed by the red
dashed lines. The latter covers a range approximately a factor
twenty larger than AM. Therefore, application of tau correction
in case of the 10" Q resistors does not influence the isotope
ratios as well as the respective molar mass in the current study
in any way. This is mainly based on the use of stable signal
inputs (continuous ion beams) rather than transient signals as
apparent when coupling the MS to a laser ablation or any kind
of chromatography. Therefore, additional tau correction shows
no significant advantages for the current study.

4. Conclusions

The current determination of the molar masses of different
subsamples of the enriched silicon crystal Si28-33Pr11 with
a large ratio 2°Si/*°Si > 100 using amplifier setups with 10"* Q
and 10" Q for the first time has produced several main
outcomes: First, a direct comparison of the same sample with
the original high analyte mass fraction of w > 4500 ug g~ ' using
10" @ and 10" Q amplifiers shows no significant influence on
the uncertainty of the molar mass and of the respective isotope
ratios and measured intensity ratios. This is a consequence of
the dominating mass bias of the isotope ratio R,(*°Si/**Si) in the
sample which is two orders of magnitude different from unity in
case of this crystal. The application and impact of tau correction
in case of using 10" Q amplifiers can be neglected when
operating with stable input signals from continuous ion beams
in contrast to transient signals (e.g. as known from laser abla-
tion). When diluting the original sample solutions (here: from w
=4536 pgg ' down to 1134 ug g '), the use of 10" Q amplifiers
opens the door for the measurement of isotope ratios of
enriched silicon in this concentration range maintaining the
uncertainty associated with M. This study shows that a dilution
of the extremely high mass fractions used in the measurements
of the molar mass of enriched silicon is possible when applying
the high ohmic 10" Q amplifier setups. This will strongly
improve the experiment (reduction of clogging, increase of
beam stability), enabling longer duration of measurements
(sequences) and less stress toward the mass spectrometer. The
main benefit of the use of 10" Q amplifiers is the possibility of
using smaller (factor = 0.25) sample sizes, enabling less sample
preparation time and material costs while keeping the level of
uncertainty and improving the possibility of detecting local
isotopic variations. Also, in the near future silicon crystals even
more depleted in *°Si will be analysed using the 10" Q amplifier
setup.
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