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A novel method of isotope amount ratio measurements using state-of-the-art techniques of a double
focusing sector field mass spectrometer combined with isotope dilution mass spectrometry (IDMS) has
been applied connecting analytical chemistry with metrology in chemistry aiming at the determination
of the Avogadro constant (N, ). The molar mass M(“Si28”) and the corresponding isotopic composition
of an artificial silicon crystal material highly enriched in the 28Si isotope has been measured for the first
time using a combination of a modified IDMS- and a multicollector-ICP-mass spectrometer (MC-ICP-

: technique. A value M(“Si28") = 27. g/mol has been determined. This corresponds to
ﬁggf;‘f;s MS) tech A value M(“Si28") = 27.97697027(23) g/mol has been d d. Th d
Silicon a relative uncertainty u =8.2 x 1072 (k=1). From this silicon crystal material two 1kg spheres were
MC-ICP-MS manufactured which are used by the International Avogadro Coordination (IAC) in order to reassess (Na)

with an associated relative measurement uncertainty u(Na) <1 x 10-8, The experiment presented here
is the advancement and completion of parts 1 and 2 of this series of papers, describing the theoretical and
general experimental applicability of the novel method. The current work summarizes the experimental
findings aiming at the determination of the molar mass of the “Si28” material with the lowest uncertainty
possible so far. The experimental prerequisites and bottlenecks for examining this highly enriched silicon
material as well as experimental proofs for the verification of the presented results are described in
detail. The experimental results are supplemented by an uncertainty budget according to the Guide to
the Expression of Uncertainty in Measurement (GUM).

Isotope dilution mass spectrometry
Measurement uncertainty
Avogadro constant
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1. Introduction

The current paper bridges a gap between novel state-of-the-art
mass spectrometric methods in analytical chemistry and metrology
using magnetic sector field mass spectrometry—in particular high
resolution inductively coupled plasma mass spectrometry. It shows
that the use of a high resolution multicollector-ICP-MS instrument
reduces the measurement uncertainty compared to experiments
using gas phase mass spectrometers [1]. The respective advan-
tages such as simultaneous isotope amount ratio measurement
and quasi-simultaneous blank quantification as well as exact cali-
bration during the measurement are presented. In the context of

Abbreviations: IDMS, isotope dilution mass spectrometry; IAC, International
Avogadro Coordination; VE, virtual element; GUM, Guide to the Expression of Uncer-
tainty in Measurement; MC-ICP-MS, multicollector inductively coupled plasma
mass spectrometer; “Si28”, silicon material highly enriched with respect to 28Si;
“Si29”, silicon material highly enriched with respect to 2%Si; “Si30”, silicon material
highly enriched with respect to 3°Si; XRCDMM, X-ray crystal density molar mass.
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the redefinition of the SI unit kilogram, the more exact knowl-
edge and thus new determination of fundamental constants like the
Avogadro constant N4y with further reduced measurement uncer-
tainty is a main prerequisite. Besides the Watt balance experiments,
the International Avogadro Coordination (IAC) conducts a parallel
route for the determination of Ny with the intention to achieve
uel(Na) <1 x 10~8. The general principle of this project is based
on the hypothetical counting of atoms in an almost perfect crys-
tal sphere made of 1kg of silicon. This is called the “XRCDMM”
method [2-6]. In the past the limiting uncertainty was described
by the molar mass of natural silicon [5]. Intense work to overcome
this problem led to a sub-project of the IAC devoted to the manu-
facturing of an ultra-pure silicon single crystal with an enrichment
in 28Si higher than 99.99%. In the following, this material is denoted
briefly as “Si28”. Using this material, the molar mass has to be
determined with arelative uncertainty of atleast u(M) <1 x 10-8,
sufficient for the reassessment of Ny on the same level of uncer-
tainty: uge(Na) <1 x 10-8. For this reason the measurement of the
molar mass of “Si28” is a great challenge and one of the key exper-
iments for the measurement of Na. At this stage of the project, two
silicon spheres (AV028-S5 and AV028-S8) cut from the original
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float-zone ingot, artificially highly enriched with the 23Si isotope
(x(28Si)>0.9999 mol/mol) are the objects under investigation by
the IAC.

The aim of the current work is to determine the isotopic abun-
dances, and thus the molar mass of the “Si28” material, with a
relative uncertainty of 1 (M(“Si28”)) <1 x 10~8. This was done

M(Si) =

M(?8si)

The molar mass of the “Si28” sample is
30

M(Si) = Z[xx(fsn x M(iSi)] (1)

i=28

(2)

as described in parts 1 and 2 of this series by the combination of
several advantageous techniques, like the simultaneous mass spec-
trometric detection of ion currents and thus isotope amount ratios
(static mode) with reduced uncertainty (MC-ICP-MS) [7,8]. Another
main benefit of the applied technique is the ability for the correction
of the contamination with (mainly natural) silicon by measuring the
blank (solvent plus instrumental background) during the experi-
ment. It is crucial to avoid a contamination of “Si28” with natural
silicon during the entire experiment. For this reason the transfer
of the crystal into the liquid sample is done quantitatively in one
single step by using aqueous NaOH avoiding cumulative contam-
inations. The determination of the molar mass is completed by
applying a modified IDMS technique—which is described in part
1 [7]. It makes use of a so-called virtual element (VE)—consisting of
the minor abundant silicon isotopes 29Si and 39Sj in their matrix,
namely the sum of all three Si isotopes (28Si, 29Si, 30Si). Moreover, a
new analytical and non-iterative determination of calibration fac-
tors (K) for the correction of isotope amount ratios was applied
[9]. In order to obtain an estimation of the homogeneity of the
“Si28” crystal with respect to the isotopic composition, several sam-
ples were measured along the axis of the original ingot which was
divided into parts numbered from 1 to 11. The two spheres used for
volume, surface, density and mass determinations originate from
parts 5 and 8. Molar mass experiments were performed using crys-
tal samples of these areas, as well as from parts 4 and 9. Verification
experiments concerning the correctness of the mass spectrometric
measurements, like the investigation of molecular interferences,
dependence of total silicon and matrix concentration, influence of
signal tailing, and drift of the mass scale, were performed to under-
line the reliability of the results. Finally, the results of this work have
broader applications for other isotope systems (e. g. magnesium).

2. Principle of the molar mass determination

The basic interrelations of the novel theoretical principle and
derivation for the determination of the molar mass are described
in detail in [7]. The core idea of the novel method makes use of a
modified IDMS technique. To guide the reader, only a brief overview
is given here. Generally, the application of IDMS guarantees most
precise results in determining mass fractions w of analytes in their
matrix [10-16]. However, the modified IDMS technique applied in
this work concentrates on the determination of the mass fraction
Wimp of the VE (2°Si and 39Si), which consists of the less abundant
isotopes in the sample matrix (28Si, 29Si, and 3°Sj). The determina-
tion of the isotope amount ratio (Rx) and the mass fraction Wiy, of
the VE will mainly lead to the molar mass M(“Si28"). A prerequi-
site is the knowledge of the molar masses of the isotopes M(28Si),
M(29Si), and M(30Si). These are given in the current IUPAC refer-
ence tables [17]. It must be noted that these values were revised in
[18], but are not yet used in metrology in chemistry as reference
values. The new data give the same numerical results in M(“Si28"),
but with slightly smaller associated measurement uncertainties.
For the sake of a conservative uncertainty budget, the molar mass
data of 28Si, 295i, and 30Si were, therefore, taken from [17].

1+ (myx/my)(M(28Si)(1 + Rx) — M(29Si) — ReM(39Si))/(Ry 28 M(?8Si) + M(29Si) + RyM(39Si))((Ry — Rux)/(Rpx — Rx))

with the amount-of-substance fractions xx(28Si), xx(2°Si), and
xx(30Si). In order to avoid numerical deviations in the last dig-
its due to rounding errors, a comprehensive expression has been
derived for the molar mass as a function of the measured isotope
amount ratios R and masses m, avoiding the implementation of
intermediate results. These formulae (Eqs. (2) and (18), respec-
tively) and their derivations are given in Appendix A. The quantities
are defined in [7]. The novel concept using a modified IDMS tech-
nique [7] has recently been independently checked and validated
by INRIM (Istituto Nazionale di Ricerca Metrologica; Italy) [19]. Iso-
tope amount ratio analyses by ICP-MS are affected by instrumental
mass discrimination/bias [20-22]. Thus, a correction of the mea-
sured isotope amount ratios by calibration factors K is obligatory
[7]. In this context, a new analytical method for the direct and exact
measurement and calculation of these calibration factors has been
developed [9], which was applied also in this study. Fig. 1 (top)
displays the principle of the K factor evaluation, whereas Fig. 1 (bot-
tom) shows the relations between the isotope amount ratios and
masses which have to be measured, the K factors, and finally the
derived molar mass M. Quantities were described in detail in [7] and
[8].

3. Experiment

The experimental details of the mass spectrometric determi-
nation of the isotopic abundances of “Si28” are described mainly
in detail in [8]. Here, only a brief description is given. Additional
important and differing experimental details in the case of studying
“Si28” are presented in more detail.

3.1. Instrumentation

Isotope amount ratio measurements were conducted using a
Thermo Finnigan Neptune MC-ICP-MS [23,24]. The main instru-
mental parameters are listed in Table 1 of [8]. The Faraday cup L3
was not used (moved aside) during the measurement of “Si28”.
A standard high performance nickel skimmer cone was used. The
mean sensitivities were: (1.0+£0.1) V/(g/g) for 28Si (MR, natu-
ral silicon) and (0.5+0.1) V/(g/g) for 28Si (HR, natural silicon).
The resolutions applied were: 6000 (MR, K-factor measurement)
and 8000 (HR, “Si28” measurement). In order to determine the
molar mass of “Si28”, it is important to avoid any contamina-
tion with silicon. Otherwise, the isotope ratio R(3°Si/29Si) of the
original sample will be strongly biased. Therefore, special equip-
ment, like a custom-made sapphire torch with a boron nitride
shield (AHF analysentechnik AG, Germany), was used instead of
a quartz torch. Also, the spray chamber as well as the tubings
were made of PFA/PTFE material, almost Si-free and inert. The
aerosols were generated using a PFA 50 type nebulizer (Elemental
Scientific Inc., 50 pLmin~! flow rate). An experimental run con-
sisted of the measurement of the “Si28” samples and respective
IDMS blends included in a first sequence (A) followed by the sec-
ond sequence (B), where the calibration factors were measured
using natural silicon. This separation is necessary, because when
measuring the “Si28” material (w(Si) = 4000 p.g/g), the high silicon
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Fig. 1. Top: preparation of the IDMS blend bx and blends b1 and b2, which are used for the determination of the calibration factors K. Altogether, ten isotope amount
ratios R as well as six masses m are necessary to calculate the molar mass according to Eq. (1). Bottom: relation between isotope amount ratios R and masses m for K factor
determination, modified IDMS and the resulting amount-of-substance and molar mass determination.

concentration and the extreme enrichment in 28Si might damage
the Faraday cup L3. For this reason, in sequence (A) only the cups
C (29si) and H3 (39Si) were used and the L3 cup (28Si) was moved
aside, so the 28Si* beam cannot hit the detector. After sequence
(A), the cup configuration was changed (for using all three: L3,
C, and H3) for the measurement of the calibration factors using
natural silicon (WASO17). Sequence (A) was executed in the high
resolution mode (M/AM=8000), whereas sequence (B) was per-
formed in medium resolution mode (M/AM=6000) in order to
benefit from higher transmission. However, sequences (A) and (B)
were treated as a “single run”, because the plasma was kept run-
ning between (A) and (B) and most experimental parameters were
identical in order to be allowed to apply the calibration factors mea-
sured in (B) to (A). Verification experiments - described later —
were performed to assure this precondition. In Section 3.3, more
details about the sequences and data aquisiton parameters were
provided.

3.2. Materials and reagents

A Millipore water purification system (ELIX 5 UV, Milli-Q Ele-
ment A10, Millipore Corporation, USA) was used to provide the
ultrapure water used in this study (o >18 Qcm). It is worth to
note that all bottles and vials or other equipment (all made of PFA)
which came in contact with the samples or solutions had been care-
fully cleaned beforehand via several steps [8]. Silicon “Si28” sample
crystals were slices of approximately 380-420 mg each, cut from
the surrounding offcut material of the “Si28” spheres of the origi-
nal float-zone (FZ) ingot. Samples mainly from parts 5 and 8 were
investigated. The original location of each sample can be traced
back and homogeneity studies are still under way. For the IDMS
blend a spike material—a silicon single crystal highly enriched in
30si (“Si30”) was used. This has been prepared like the other two
materials (natural silicon, namely WASO17 and “Si29”) from slices
of approximately 50-70 mg each, cut from the respective float-
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zone crystal. The chemical purity of the crystals has been tested by
infrared spectroscopy and the chemicals used were of the highest
purity commercially available [8]. Sample and solution prepara-
tion was performed gravimetrically (air buoyancy correction). After
cleaning and etching, the silicon samples were initially weighed by
the PTB mass laboratory. The weighed sample crystals were then
dissolved in aqueous sodium hydroxide (Merck Suprapur 99.99%,
w(NaOH) = 0.17 g/g) in order to yield stock solutions according to

Si+40H™ — Si0;” +2H, (3)

In the case of the “Si28” material, the stock solutions have concen-
trations in the range of w(Si) = 4000 pg/g in an aqueous matrix
containing w(NaOH) = 0.001 g/g. These solutions were directly
used for the measurement in the MC-ICP-MS. About half of the
respective “Si28” stock solution was used to prepare the IDMS
blend together with “Si30” solutions (w(Si) = 1 pg/g; w(NaOH) =
0.001g/g) and aqueous NaOH (w(NaOH) = 0.001g/g). The sili-
con material solutions (natural silicon, namely WASO17, “Si29”
and “Si30”) were prepared as desribed in [8] (final concentra-
tions: w(Si) =4 pg/g in w(NaOH) = 0.0001 g/g). Blank solutions
for the bracketing measurements had the following concentra-
tions: w(NaOH) = 0.001 g/g in the case of the “Si28” measurements
(sequence (A)) and w(NaOH) = 0.0001 g/g in the case of the calibra-
tion factor determination (sequence (B)).

3.3. Mass spectrometry

One experimental run was divided into sequence (A) for the
measurement of the “Si28” samples and respective IDMS blends
using a static cup configuration with C and H3 only, and sequence
(B) for the determination of the calibration factors (using natural
silicon, “Si29”, and “Si30”) with all three Faraday cups in use. Prior
to each sequence, the instrument was tuned and mass scans were
performed in order to obtain best parameters for isotope amount
ratio measurements and to check for possible molecular interfer-
ences as is described in [8]. All relevant mass interferences were
resolved at least by using the high resolution mode. A typical mass
scan of the “Si28” material (2°Si range) in the high resolution mode
(M/AM=8000) is shown in Fig. 2a. The 29Si* signal in the “28Si”
material is represented by a first rather small plateau followed by
the interferences 28Si'H*, 12C160'H*, and 14N, 1H". In contrast, the
scan of the blank solution (aqueous NaOH, w(NaOH) = 0.001 g/g)
in that mass region displays only the interferences 12C16Q!H?*,
and “N,'H* in a significant amount. Fig. 2b displays a scan of
the “Si28” material in the range of 3°Si under equal conditions as
shown in Fig. 2a. The spectrum is dominated by the very intense
14N160* signal. However, an enlargement (as displayed in the inset)
clearly shows the 39Si* signal before the onset of the large inter-
ference. The blank solution (aqueous NaOH, w(NaOH) = 0.001 g/g)
was scanned under the same conditions. The use of the Neptune
MC-ICP-MS benefits from the ability to switch between three dif-
ferent fixed resolutions [23,24]. In the case of natural silicon used to
determine the calibration factors, hydride formation (28Si'H* and
29SilH*) could not be observed. For this reason, the experiments of
sequence (B) using natural silicon were performed in the medium
resolution mode in order to benefit from the higher transmission.
In the case of the measurements of “Si28” (sequence (A)), how-
ever, extreme care must be taken in order to separate the 29Si*
and 30Si* signal from their corresponding hydrides 28Si'H* and
29SilH*. This material generates significant hydride interferences
due to the extreme enrichment in 28Si. Therefore, the “Si28” isotope
amount ratio measurements were performed in the high resolu-
tion mode which enables a proper separation of the silicon signal
from the hydrides. A more detailed discussion is presented below.
The plasma was in operation during the entire run of sequences
(A) and (B). In between (A) and (B), the cup configuration was
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Fig. 2. (a) High resolution (HR) mass scan (M/AM=8000) of “Si28” (w(Si)=
4000 pg/g; w(NaOH) = 0.001 g/g) using the Neptune’s central Faraday cup in the
range of 29Si. Note the small plateau of 29Si* followed by the interferences (dotted
curly brackets) of 28Si'H*, 2C'60'H*, and '#N, 'H*. The “Si28” spectrum is compared
to the blank solution (aqueous NaOH, w(NaOH) = 0.001 g/g). (b) HR mass scan under
the same conditions as in (a) in the range of 3°Si. The spectrum is dominated by the
large *N'60* interference signal. The enlarged inset shows the plateau of 3°Si*,

changed as described. In sequence (A) the solutions of the “Si28”
material (x), and the IDMS blend (bx) (“Si28” plus “Si30”) were sub-
divided into three aliquots. Each of them was transferred into a
separate sample vial of the autosampler. The initial solutions (x)
and (bx) were measured four times. Each sample measurement
was bracketed by two blank measurements using exactly the same
conditions. Fig. 3 schematically shows the arrangement of blank
and sample measurement in sequence (A). The measurement pro-
cedure of sequence (B) using natural silicon for the determination
of the calibration factors was described in [8]. It must be noted
that in the case of a combined measurement of “Si28” and the
calibration factor measurement as in the current work, the nota-
tion was changed in one detail: Here, the materials “Si30”, “Si29”,
and natural silicon are indicated as y, z, and w, in contrast to [8].
Using the Neptune software (version 3.2.0.14), sequence (A) starts
around 11 a.m. after running the Neptune for 2 h to reach stable
working conditions. Sequence (B) then starts around 6 p.m. and
takes approximately additional 6 h. When measuring two differ-
ent samples (e.g. “Si28”-5 and “Si28”-8) in sequence (A) it consists
of 16 sample measurements (“Si28”-5, “Si28”-8 and the respective
IDMS blends bx-5 and bx-8) and at least 18 blank measurements.
A sample (or blank) measurement consists of 60 s take-up time,
the isotope amount ratio determination within the chosen method
and 180 s wash time. The methods used for sequence (A) were the
same as in sequence (B) [8], except for a different cup configuration:
only cups C and H3 were used. All experiments were carried out
using the Virtual Amplifier concept of the Neptune [23]. The param-
eters used and data evaluation performed in sequence (B) were
described in [8]. With this arrangement it was possible to substract
the measured blank isotope signal (containing contaminations of
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Fig. 3. Schematic course of the measurement of “Si28” (x) and the IDMS blend
(bx) in sequence (A) using two different “Si28” crystal materials (e. g. “Si28"-5
and “Si28”-8). The silicon samples were bracketed by blank measurements (NaOH;
w(NaOH) = 0.001 g/g). In each sample and blank the ion voltages (U(?°Si), U(3°Si))
were measured in exactly the same way. The sequence was performed twice in the
forward direction and twice in the reverse direction. The total duration of sequence
(A)is approximately 3-6 h depending on the number (one or two) of different “Si28”
samples.

natural silicon, “Si29”, or “Si30”) from the respective sample signal
which is one of the main advantages of the Neptune MC-ICP-MS.
This blank correction comprised mainly the contamination by the
used blank (aqueous NaOH) itself, the contamination influence of
the vial material, and the memory of mainly the ICP-MS sample
introduction.

3.4. Hydride interferences

When investigating the “Si28” material we observed the for-
mation of an intense 28Si'H* interference signal right after the
occurance of the 29Si* signal (compare Fig. 2a). The hydrides can
be resolved properly in the high resolution mode. The appearance
of the most important 28Si'H* hydride signal was investigated by
an alternative preparation route. An “Si28” sample was dissolved
in aqueous NaOH on the basis of D,0 instead of H;O. For this pur-
pose, D,O (Merck, 99.9%, NMR grade) was used instead of H,O.
A proton/deuterium exchange then opresses the formation of the
hydride signal. This fact is displayed in Fig. 4a. In the deuterated
system only the 29Si* signal could be detected in the beginning
of the spectrum and the 28Si'H* signal was missing. In the H,0
solvated system on the other hand, a clear 28Si'H* hydride sig-
nal appeared which was separated by a molar mass difference of
8.25 x 1073 g/mol from the 29Si* signal. The 30Si* signal was fol-
lowed by a strong and dominating 1#N160* signal as reported in
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Fig. 4. (a) High resolution (HR) mass scan (M/AM =8000) of “Si28” using the Nep-
tune’s central Faraday cup in the range of 29Si. A scan of an “Si28” sample dissolved
in the system NaOH/H, O (dotted curve) is plotted vs. a scan of an “Si28” sample dis-
solved in the system NaOH /D, O (solid line). The spectra show first the small plateau
of 29Si* followed by the interferences. In the case of “Si28” dissolved in NaOH/H;0 a
strong hydride signal 28Si'H* appears and completely disappears in the case using
the NaOH /D, 0 system. (b) HR mass scan under the same conditions as (a) in the
range of 3°Si. The spectra show first the small plateaus of 3°Si* followed by interfer-
ences. In the case of “Si28” dissolved in an NaOH/D, O system, a weak “tail” indicates
the formation of a 28SiD* signal.

[25] and [26]. The problem of signal tailing effects is discussed later.
Fig. 4b shows a comparison of mass scans of “Si28” samples in the
30si range dissolved in the NaOH/H,0 and NaOH/D,0 systems. In
the range of 30Si, a possible 29Si'H* signal could not be detected.
This would have a difference in molar mass of 0.0105 g/mol with
respect to the lighter 39Si*. When analyzing the deuterated system
a 28sSiD* (D =2H) signal might be expected. This has a difference in
molar mass of 0.017 g/mol compared to the 30Si* signal. A small
“tail” right on the onset of the 1#N'60* signal suggests the appear-
ance of such a signal. However, it was of no significance for the
measurements of the isotope amount ratios of this work. The anal-
ysis of the hydride interferences was completed by an investigation
of the plateau width of the very small 29Si* plateau. This was
done according to [24] by measuring the isotope amount ratios
R(39Si/29Si) backwards and forwards from the center of the 29Si*
plateauin steps 0f 0.0005 g/mol. A plateau width of 50 ppm (AM/M)
corresponding to a molar mass range of 0.0015 g/mol was obtained.
Within this range u.;(R(39Si/2Si)) was smaller by 2%, sufficient for
the determination of the molar mass with (M) <1 x 108, The
instrumental drift in molar mass was <0.0005 g/mol/(24 h), allow-
ing a proper measurement of R(39Si/29Si).

3.5. Proof of the 30Si* signal

One major problem during the investigation of the
molar mass of the highly enriched “Si28” material is the
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Fig. 5. High resolution mass scans (M/AM=8000) of blends containing “Si28",
“Si29”, and “Si30” using the Neptune H3 Faraday cup in the range of 3°Si. The num-
bers indicate the respective total silicon mass fractions of the blends. As can be
seen, the signal intensity of the 3°Si* plateau decreased proportional to the respec-
tive mass fraction of silicon. In (a) the higher concentrated blends are shown. Due
to the high mass fractions of silicon, the *N'60* interference merges with the 30Si*
signal and cannot be detected clearly. In (b) this onset of the subsequent #N'60*
interference is clearly apparent. The lowest curve corresponds to the pure “Si28”
sample.

extremely low amount-of-substance fraction of the 3°Si isotope
(x(39Si)~ 1.3 x 10-6 mol/mol). This generates a signal of consid-
erably weak intensity (usually <1 mV). This problem is connected
with the subsequent appearance of the large 14N160* interference
which is a consequence of entrained atmospheric gases. Engstrom
et al. [25] have observed a considerable tailing effect due to this
interference which might influence the 3°Si* signal. The influence
of signal tailing in our work is discussed below. Therefore, we must
ensure that we “really” measure the 30Si* signal and not an arte-
fact. For these investigations we have prepared blends of several
graded concentrations of 3Si. The blends were made by mixing
initially “Si28” (w = 3800 wg/g, w(NaOH) = 0.001g/g), “Si29”
(w =46 pg/g, w(NaOH) = 0.001g/g), and “Si30” (w = 155 pu.g/g,
w(NaOH) = 0.001 g/g). Then, a blend (stock solution) with a total
silicon concentration of w = 1928 ug/g (w(NaOH) = 0.001g/g)
was prepared. This generated an expected isotope amount ratio
R(39Si/29Si) of ~3.7. This stock solution was diluted gradually to
form silicon blends with total silicon mass fractions w = 1500,
1000, 500, 50, 5, and 0.5 pg/g (w(NaOH) = 0.001 g/g). The mea-
sured 30Si* signals gradually decreased proportional to those mass
fractions. Fig. 5a and b displays this gradual decrease of the very
30si* signal which was compared to the respective 39Si* signal
of the “Si28” sample (lowest curve in Fig. 5b). This was a clear
indication and proof of the origin of the 39Si* signal.

Table 1

Total silicon concentrations in different NaOH matrices formed by the blend
described in Section 3.7. The measured R(3°Si/?9Si) are indicated with respective
associated uncertainties.

Dilution  w(Si)/(ng/g)  w(NaOH)/(g/g) ~ RC°SiSD/(VIV)  u(R)[(VIV)
Stock 1928 0.00120 3.6992 0.0025
1 1500 0.00093 3.7016 0.0003
2 1000 0.00048 3.7057 0.0004
3 50 0.00120 3.7106 0.0055
4 5 0.00012 3.7047 0.0199

3.6. Investigation of tailing effects on the 29Si* and 30Si* signals

A tailing of a very intense signal can influence the signal plateau
under investigation by superposition. In the current work, care
must be taken in this regard when studying 22Si and 39Si by isotope
amount ratio measurements. The 29Si* signal could be influenced
by the very intense, but not detected 28Si* signal, while the 30Si*
signal might be influenced by the strong '#N'60* interference as
reported by Engstrom et al. [25] and van den Boorn et al. [26]. In
order to investigate these probabilities, the ion currents were mea-
sured at two positions, 1b1 and Ib2 (Ib denotes the “background”
signal at the lower mass side), on the low mass side of the 29Si* and
the 30Si* signal itself. The mass settings in those runs were: 1b1(29Si)
= 28.950 g/mol, 1b2(29Si) = 28.958 g/mol, C(29Si) = 28.968 g/mol.
This was possible by using a special feature of the Neptune MC-
ICP-MS in the cup configuration setting (usually cups C and H3
were used): an additional “sub” cup configuration (here, Ib1 and
Ib2 can be programmed with respect to C and H3, each). The same
procedure was done for the 30Si* signal (mass settings: 1b1(39Si)
=29.925 g/mol, 1b2(3°Si) = 29.935 g/mol, H3(39Si) = 29.950 g/mol).
All these six masses were measured “quasi” simultaneously in the
static high resolution mode. After this, linear regressions were per-
formed using the pairs 1b1(22Si), 1b2(29Si) and 1b1(3Si), 1b2(30Si).
For each region these regression curves were extrapolated into the
C and H3 mass, respectively. The respective ordinate (signal inten-
sity) at C and H3 should indicate the amount of the tailing signal
which must be corrected for by subtracting it from the original sig-
nal at this very point. For both ranges - 29Si* and 39Si* - we did
not observe this kind of additional tailing signal. Therefore, we can
conclude that tailing in the case of both signals could be neglected
in our measurements.

3.7. Dependence of K factors and isotope amount ratios on total
silicon and matrix concentration

As described in Section 3.3, a total measurement of one sam-
ple was divided into two sequences: (A) for the measurement of
the “Si28” sample and (B) for the measurement of the calibra-
tion factors. As explained, in (A) the total silicon concentration
of the “Si28” samples was w ~ 4000 n.g/g (w(NaOH) = 0.001 g/g),
and in (B) each sample of natural silicon (w), “Si29” (z), “Si30”
(y), and the blends b1 and b2 had silicon concentrations of w =
4 ng/g (w(NaOH) = 0.0001 g/g). We have performed experiments
in order to guarantee that these large differences in silicon and
matrix concentrations did not influence the isotope amount ratios
R(30Si/29Si) and the calibration factors K3q and K»g. For this purpose,
the stock solution described in Section 3.5 with w(Si) = 1928 p.g/g
(w(NaOH) = 0.001 g/g) was diluted with H,O in order to prepare
solutions with decreasing and graded silicon and NaOH concentra-
tions. Table 1 summarizes the mass fractions w of total silicon in
the respective solutions together with the respective NaOH con-
centrations. These solutions cover the range of several orders of
magnitude in concentration of the solutions used in the molar mass
determinations of the “Si28” material as shown in Fig. 6a. No signif-
icant influence from both the silicon concentrations and the NaOH
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Fig. 6. (a) Isotope amount ratios R(3°Si/2°Si) with associated standard uncertainties
of blends made of “Si28”, “Si29”, and “Si30” as a function of the total silicon con-
centration and NaOH concentration. Note that the first (w(Si) = 5 pg/g, w(NaOH) =
0.0001 g/g) and last (w(Si) = 1928 pg/g, w(NaOH) = 0.0012 g/g) data points corre-
spond approximately to the real used concentrations in sequences (A) and (B). (b)
Calibration factors Ko (left scale, filled circles) and K»g (right scale, open squares)
were determined with blend b1 of three different isotope amount ratios R(3°Si/?°Si).
The arrows indicate the mean expanded measurement uncertainties for K3o and Kas.

concentrations can be observed with respect to R(39Si/29Si) and
their associated uncertainties (and indirectly the K factors). This
legitimates the use of concentrations which differ in sequences (A)
and (B).

3.8. Dependence of K factors on isotope amount ratios of blends
b1 and b2

The calibration factor determination was described in detail in
[7,9]. In the case of the “Si28” measurements, Fig. 1a schematically
shows the way how the blends necessary for the experimental K
factor determination were prepared. The isotope amount ratios Ry
and Ry, were chosen as equal as unity as possible. This was accom-
plished by mixing solutions of “Si30” and “Si29” for the b1 blend and
mixing solutions of “Si29” and natural silicon in the case of the b2
blend, respectively. We have investigated a possible influence of the
deviation of the respective isotope amount ratios on the calibration
factors and their associated uncertainty. Blends were prepared for
b1 exemplarily, resulting in R(39Si/2°Si)~ 0.5, 1, and 2 V/V. Fig. 6b
shows the distribution of K3 (left scale) and Kjg (right scale) with
associated expanded uncertainties for three different R(39Si/29Si).
No significant influence of variations of that isotope amount ratio
on K3, K3, and their associated uncertainties has been observed.

3.9. Dependence of K factors on resolution

To be allowed to correct the isotope amount ratios measured in
sequence (A) applying the K factors determined in (B), it is crucial to
ensure that the K factors are independent of the resolution chosen,
since in sequences (A) and (B) different resolutions were used (HR
and MR, respectively). This was experimentally proven by measur-
ing the isotope amount ratios R(3°Si/2?Si) and R(28Si/29Si) in the MR
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Fig. 7. (a) Normalized isotope amount ratios R(3Si/29Si) with associated standard
uncertainties of natural silicon measured in the medium resolution mode (MR) and
high resolution mode (HR) during eight runs. All other parameters were kept con-
stant. The standard deviations of MR are given by dashed lines, those of HR are
indicated by dotted lines. Normalization was done by dividing the repective isotope
amount ratio with the average isotope amount ratio. (b) Same as (a) for R(28Si/29Si).

and HR mode using a natural silicon sample (w(Si) = 4 .g/g). Eight
measurements in total were performed alternately (MR, HR, MR,
HR, etc.). Fig. 7 shows normalized isotope amount ratios with asso-
ciated standard uncertainties. Due to higher ion signal intensities,
the standard uncertainties measured in the MR mode are smaller
compared to those measured in the HR mode. The ranges of the
standard deviations of the MR and HR measurements overlap. This
simple experiment shows that switching between the MR and HR
mode, only, does not significantly influence the K factors.

4. Results and discussion

Molar mass measurements have been performed using crystal
samples of parts 4, 5, 8, and 9 of the “Si28” ingot. Fig. 8 shows the
distribution of the molar mass obtained by measurements of seven
different samples along the crystal axis (the notation indicates the
origin of each sample). The single values (filled circles) are the
arithmetic means of the respective sample measurements. Error
bars display the respective associated combined measurement
uncertainties with a coverage factor of k=1. The bold dashed line
corresponds to the arithmetic mean molar mass of the seven sam-
ples. The respective numerical values and amount-of-substance
fractions x(iSi)) are listed in Table 2. Additionally, the mean val-
ues of the samples from parts 5 and 8 are listed. The final molar
mass and isotopic abundance of the “Si28” crystal is given in the
last row of Table 2 as an average of the measurements from parts 5
and 8. The mean molar mass of the “Si28” silicon crystal material is
M(Si)=27.97697027(23) g/mol with an associated relative uncer-
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Molar mass M and isotopic abundances (amount-of-substance fractions) x(Si) of “Si28” silicon crystal samples (arithmetic mean of each sample)

Molar mass and isotopic composition: “Si28” silicon crystal

i Sample M]/(g/mol) X(28Si)/(mol/mol) X(29Si)/(10~> mol/mol) x(39Si)/(10-6 mol/mol)
1 4.4 27.97697030(28) 0.99995748(24) 4.122(23) 1.30(3)
2 582.1.4 27.97697009(20) 0.99995764(14) 4111(12) 1.25(4)
3 5.83.1.1.3 27.97697039(23) 0.99995738(16) 4.132(14) 1.30(5)
4 5.84.1.1.4 27.97697035(23) 0.99995741(18) 4.132(16) 1.27(4)
5 8.A2.1.4 27.97697006(24) 0.99995768(17) 4.104(14) 1.28(5)
6 8.B4.1.1.3 27.97697047(24) 0.99995733(19) 4.135(17) 1.32(4)
7 9.8 27.97697033(21) 0.99995740(16) 4.134(14) 1.26(4)
8 %Z;M,- 27.97697028(22) 0.99995750(16) 4.123(14) 1.27(4)
9 %Z;Mi 27.97697027(24) 0.99995751(18) 4.119(16) 1.30(4)
%Z?ZSM,- 27.97697027(23) 0.99995750(17) 4.121(15) 1.29(4)

Their respective combined measurement uncertainties u are given in brackets (last digits).

tainty g =8.2 x 1072 for k= 1. The relative standard deviation with
respect to the mean of all measurements is sy =3.5x 1079, All
averaged sample data displayed in Fig. 7 are located inside the
band defining the combined measurement uncertainty with k =
1. Compared with the overall standard deviation s this result
reflects a degree of homogeneity with respect to the molar mass
that underpins the suitability of the “Si28” material to be used for
the determination of N,. Even the two outermost samples from
parts 4 and 9 are covered by the k = 1 interval. The measurement
uncertainty obtained now even comes below the intended limit of
the measurement uncertainty ue = 1 x 10~8 of the molar mass. This
exceeds the requirement of the Avogadro project for the reassess-
ment of N5 with the intention of u.(Na) <1 x 1078 and also the
prediction of the feasibility study of part 1, claiming a possible
uncertainty of the molar mass of u,=1.7 x 10-8 [7].

Fig. 9 gives an overview of all 29 single experiments performed
so far with the samples listed above. No systematic tendency con-
cerning the homogeneity of the crystal can be observed. Each data
point (filled circle) was obtained as a combination of the sequences
(A) and (B) measured during one day. The general course of data
distribution suggests a formal statistical behaviour. Table 3 dis-
plays a representative uncertainty budget of a crystal sample of the
“Si28” material according to the Guide to the Expression of Uncer-
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Fig. 8. Molar mass distribution of “Si28” samples (7 samples of different ori-
gin within the float zone ingot). The displayed relative combined uncertainty
U1 =8.2 x 1072 (k=1) was derived from parts 4, 5, 8, and 9. Each data point (filled
circle) is the average of a series of respective molar mass measurements of approx-
imately two weeks. Error bars indicate the respective combined measurement
uncertainty (k=1). Bold dashed line: arithmetic mean value; dotted lines: combined
uncertainty of the mean value.

tainty in Measurement [27]. Three main uncertainty contributions
can be identified: the largest with a contribution of 46% is related
to the isotope amount ratio Ry which is the ratio R(3°Si/2°Si) of
the “Si28” sample itself. This demonstrates that it is sufficient to
measure this isotope amount ratio with a relative uncertainty bet-
ter than approximately 5%. Another large uncertainty contribution
with 20% is produced by the isotope amount ratio Ry, which is
the corresponding ratio 3°Si/29Si in the blend bx prepared from the
“Si28” sample and the spike material (“Si30"). The contribution of
the calibration factor K39 with 7.7% is of minor importance at this
stage. The limit of uncertainty achievable with the applied method
is becoming obvious when regarding the second largest uncertainty
contribution of 23%: the molar mass M(23Si). This value was taken
from [17]. However, as discussed in Section 2, a new value with
reduced uncertainty is available, but it is not used here for the sake
of a more conservative uncertainty budget. Compared to the uncer-
tainty budget of the molar mass of natural silicon [8], the influence
of the uncertainties of the masses and mass fractions is negligible.
The main and predicted result is the reduction of measurement
uncertainty of the molar mass by at least two orders of magnitude
when investigating the “Si28” material instead of natural silicon
(both by means of MC-ICP-MS [8]). What is the intrinsic reason for
this special material-dependent behaviour? The answer is mainly
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Fig. 9. Molar mass distribution of the single measurements of the “Si28” samples
(the exact origin from the float zone crystal is indicated). The displayed relative
combined uncertainty ug =8.2 x 102 (k=1) was derived from parts 4, 5, 8, and 9.
Each data point (filled circle) is obtained by a single measurement (one day) as a
combination of sequences (A) and (B). Error bars indicate the respective combined
measurement uncertainty (k=1). Bold dashed line: arithmetic mean value; dotted
lines: combined uncertainty of the mean value.
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Table 3

Uncertainty budget of the molar mass M of the “Si28” crystal material used for the reassessment of the Avogadro constant (N ).
Quantity X; Unit [X;] Best estimate (value) x; Standard uncertainty u(x;) Sensitivity coefficient ¢; Index
Xx(28Si) mol/mol 0.99995753 1.6x1077
Xx(22Si) mol/mol 4119 x 10> 1.3x1077
xx(30Si) mol/mol 1.28x10°6 6x10°8
M(?8si) g/mol 27.97692649 1.10 x 1077 1.0 23.1
M(?°Si) g/mol 28.97649468 1.10x 1077 4.1x107° 0.0
M(3°Si) g/mol 29.97377018 1.10x 1077 0.0 0.0
Wimp glg 4.40 x 1075 1.6x 1077
wy glg 9.978 x 107 7x10°10
Rx mol/mol 0.03273 1.4x1073 1.1x104 46.3
Ry mol/mol 219.34 4.62 3.1x107° 0.4
Rux mol/mol 1.36630 3.12x 1073 -33x%x107 20.3
Kso 1 0.94991 1.48 x 1073 -430x 107> 7.7
Ry.28 mol/mol 1.021 0.115 —200x 10°° 1.0
Kag 1 1.04378 9.82x 1073 —-200 x 10-° 0.0
Myx g 7.26650 x 106 0.00409 x 106 5.7 1.2
my g 0.12798 1.2x 107> —3.4x10* 0.0
Y [Y] y uc(y) Urei(¥)
M(Si) g/mol 27.97697022 229 x 1077 8.2 x107°

Displayed is a representative budget from a sample originating from part 8 of the crystal. The budget has been calculated using the GUM-Workbench software [28]. The listed
quantities are explained in part 1 [7] and the notation was used according to [29]. The quantity myy in this table denotes the mass of the spike (y) used for the preparation of
the IDMS blend bx. Standard uncertainties are given for k= 1. The unit of the sensitivity coefficients ¢; is [c;] = g/mol/[X;] (not displayed for more clarity). The column “Index”
shows the relative uncertainty contribution (in %) of the respective input quantity X; to the molar mass M(Si) of the highly enriched “Si28” material which is the final output
quantity Y. The blank cells for ¢; and Index result from intermediate results which were no real input quantities for the budget. The isotope amount ratios R were already
corrected with respect to the background and contamination through subtracting the blank values as described above. The combined measurement uncertainty u. is given

for k=1.

connected with the isotopic abundance of 29Si and 39Si in “Si28”.
The amount-of-substance fraction xx(22Si) is aproximately 32 times
larger than xx(39Si). This enables an effective spiking with a mate-
rial highly enriched in 3%Si as “Si30”. The application of the modified
IDMS method to the “Si28” material using the virtual element will
reduce the overall uncertainty in M drastically. In contrast, using
natural silicon xx(29Si) is only 1.5 times larger than xx(3°Si). Apply-
ing IDMS with that arrangement cannot yield a relative uncertainty
in the 108 range.

5. Conclusions

This work intended to determine the molar mass of the silicon
crystal material highly enriched in 28Si (“Si28"), completes a series
of investigations, starting with the theoretical derivations and a
feasibility study [7], and applying the new experimental methods
successfully using natural silicon [8]. In the current study, the molar
mass of “Si28” has been measured for the first time applying the
combination of a modified IDMS method and an MC-ICP-MS. One
prominent experimental advantage was the ability to correct the
isotope amount fractions measured using the blank data including
all contributions of contamination. Moreover, the new preparation
technique has proven itself, because of minimizing the strong influ-
ence of contamination with silicon other than the “Si28” material.
The final measurement uncertainty associated with the molar mass
of silicon has been reduced by more than one order of magnitude
when investigating the “Si28” material (using MC-ICP-MS) instead
of natural silicon (using gas mass spectrometry [30]). This was a
major prerequisite in the advancement of the Avogadro project as
has been predicted in [31]. Ending up in the reported measurement
uncertainty of the molar mass of “Si28” it is possible to reassess Ny
with a relative measurement uncertainty . (Na) <3 x 10~8 at the
moment [32]. Further experiments intending to screen the nature
of the “Si28” crystal with respect to the molar mass are under way.
A combination with other sophisticated methods such as Laser-
Ablation-ICP-MS (LA-ICP-MS) or time-of-flight (TOF) methods for

systems with larger molar mass will be a challenge in the near
future, too.
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Appendix A.

Starting from Eqgs. (4)—(8), taken from [7], a more compact and
simplified equation for the direct calculation of the molar mass
M was derived with the intention to render intermediate results
obsolete and this way reducing possible machine errors.

(1 - Wimp )/M(ZSSi)

28¢Q;)
XS0 = VM) 1 (1 + Ry Wiy /(MC9S1) + ReMCO50) “)
X (9Si) = Wimp/(M(°Si) + ReM(Si)) -
* B (1 — Wimp )/M(ZSSi) + (] + Rx)wimp/(M(zgsi) + RxM(BUSi))
X (0Si) = ReWimp/(M(*Si) + ReM(3°Si)) ©
* (T = Wimp)/M(Z3S1) + (1 + R )Wimp/ (M(?S1) + RxM(®9Si))
29¢; 30¢g; Ry — R
Wimp = Wy 2% M(ZQSQ + RxM(BOS}) y — Rpx 7)
My M(29Si) + RyM(30Si) Ryx — Rx
. — M(29Si) + RyM(30Si) @)
Y™ Ry28M(28Si) + M(29Si) + RyM(30Si)
Eqgs. (4)-(6) in (9) yields:
M = x<(28SHM(28Si) + xx(22S1)M(29Si) + xx (3°Si ) M(30Si) (9)
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(M8Si)(1 = Wimp))/(M(*3Si)) + (M(**Si)Wimp)/(M(*Si) + ReM(Si)) + (MCOSi)RxWimp)/(M(*?Si) + ReM(*°Si))

M= (T = Winnp )/ (VMCSS)) + ((1 & R Win)/(M(295T) 1 ReMC0S1)) (10)
1y (VS — Wi, M) + RMCOS) + MCSSOMCSSiWiy + MCSSIMCOSR, Wiy )/ (MCESHM(S1) 4 RMCOSI)
= (T = Wiy XOVICZ9ST) + ReM(395D)) + (1 + R Wi M(250))/ (M(ZSSTY(M(?951) + ReM(3051))) (1)
[M(ZSSi)(M(ZE’Si) + RxM(39S1)) — WimpM(28Si)(M(29Si) + RxM(30Si)) + M(28Si)M(?°Si) Wi, + M(8 Si)M(3OSi)Rxwimp]
= (1= Wi XM(ZS1) + ReM(30S1)) + (1 + Re)Wimp M55 (12)
" M(28Si)(M(29Si) + ReM(30Si)) a3

(1 = Wimp )(M(?9Si) + ReM(30Si)) + WimpM(28Si)(1 + Ry)
M(?8Si)(M(*°Si) + RyM(3°Si))

(14)

M= Wimp(M(28Si)(1 + Rx) — M(?9Si) — RxM(39Si)) + (M(?°Si) + RxM(30Si))

Eq. (8) in (7) results in:

(15)

w M(?9Si) + RyM(39Si) myx M(29Si) + ReM(30Si) Ry — Ry

X — X

MRy 2 M(28Si) + M(29Si) + RyM(30Si) © mx M(29Si) + RyM(39Si) Ryx — Rx
Myx M(?9Si) + RxM(30si) Ry — Ry

Wi — Y% 16

P my Ry 28M(28Si) + M(29Si) + RyM(30Si) Ryx — Rx (16)
Introducing (16) in (14) yields the final equation to describe the
molar mass M merely as function of measured or known values
without the need to calculate intermediate results.

M(28Si)(M(29Si) + RyM(30Si))

(a7)

M= [ (M(3Si)(1 + Ry) — M(*Si) — ReM(OS1))((M(*Si) + ReM(*°S1))/ (Ry28M(*3Si) + M(*%Si) + RyM(*°Si))) x (myx /mi )(Ry — Rox)/(Rox — Rx)) + (M(*%Si) + ReM(*°Si)) |

M(?8si)

M=1z (myx/mx)(M(?Si)(1 + Rx) — M(29Si) — RxM(39Si))/(Ry, 28 M(?8Si) + M(295i) + RyM(39Si)))((Ry — Rpx)/(Rox — Rx))
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