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It is as easy to count atomies 

as to resolve the propositions 

of a lover..

As You Like It

William Shakespeare 1564-1616 



1875

Argentina, Austria-Hungary, Belgium, Brazil, Denmark, France, German 

Empire, Italy, Peru, Portugal, Russia, Spain, Sweden and Norway, 

Switzerland, Ottoman Empire, United States and Venezuela



-May 20 1875, BIPM, CGPM and the CIPM was established, and a three-

dimensional mechanical unit system was setup with the base units metre, 

kilogram, and second.

-1901 Giorgi showed that it is possible to combine the mechanical units of 

this metre–kilogram–second system with the practical electric units to form a 

single coherent four-dimensional system  

-In 1921 Consultative Committee for Electricity (CCE, now CCEM) 

-by the 7th CGPM in 1927. The CCE to proposed, in 1939, the adoption of a 

four-dimensional system based on the metre, kilogram, second, and ampere, 

the MKSA system, a proposal approved by the ClPM in 1946.

-In 1954, the 10th CGPM, the introduction of the ampere, the kelvin and the 

candela as base units

-in 1960, 11th CGPM gave the name International System of Units, with the 

abbreviation SI. 

-in 1970, the 14th CGMP introduced mole as a unit of amount of substance to 

the SI 



1960



John Dalton(1766-1844) 

Dalton publishes first set of atomic 

weights and symbols in 1805
.



John Dalton(1766-1844) 

Dalton publishes first set of atomic 

weights and symbols in 1805.



Much improved atomic weight 

estimates, oxygen = 100  
.

Jöns Jacob Berzelius (1779–1848)



Further improved atomic weight 

estimates 
.

Stanislao Cannizzaro (1826–1910)



Karlsruhe Congress September 

1860

“More precise definition of what is 

meant by the expressions: atom, 

molecule, equivalence, atomicity, 

basicity, and designated 

expressions; investigation as to the 

true equivalent of bodies and their 

formulas; introduction of a 

proportional description and a 

rational nomenclature…”

Birth of IUPAC 

Carl Weltzien (1813–1870)



Periodic table, 1879 

Dmitri Mendeleev (1834 –1907)





August Wilhelm Hofmann (1818-1892)

First use of term “molar” in a 

sense of macroscopic mass 

vis-à-vis microscopic, 

“molecular” mass 

A. W. Hofmann, Introduction to Modern Chemistry,

Experimental and Theoretic, Walton and Maberley: 

London,

1865,



Wilhelm Ostwald (1853-1932)

First use the mole as a noun in a 

sense that mass in grams directly 

reflects the mass of its constituent

atoms molecules

W. Ostwald, Grundlagen der anorganischen Chemie,

Engelmann: Leipzig, 1900.



2011

24th meeting of the General Conference on Weights and Measures

Paris, 17-21 October 2011

On the possible future revision of the International System of Units, the SI

Resolution 1

takes note of the intention of the International Committee for Weights and

Measures to propose a revision of the SI as follows:

the International System of Units […] will be the system of units in which […] the 

Planck constant h is exactly 6.626 06X ×10−34 joule second, […]



current SI



the proposed new-SI



The ‘amount of substance’ in relation to other quantities



vs

The kilogram, kg, is the unit of mass; and it is 

defined by the Planck constant….

The kilogram is the unit of mass; it is equal to the 

mass of the international prototype of the kilogram.



1. The mole is the amount of substance of a system 

which contains as many elementary entities as there 

are atoms in 0.012 kilogram of carbon 12; its symbol 

is 'mol'.

2. When the mole is used, the elementary entities 

must be specified and may be atoms, molecules, 

ions, electrons, other particles, or specified groups 

of such particles.



New wording is needed!! 





The mole, mol, is the unit of amount of substance 

of a specified elementary entity, which may be an 

atom, molecule, ion, electron, any other particle or a 

specified group of such particles; its magnitude is 

set by fixing the numerical value of the Avogadro 

constant to be equal to exactly 6.02214X×1023

when it is expressed in the unit mol−1. 



vs

Project team members:

Roberto Marquardt, Juris Meija, Zoltán Mester, Marcy Towns, Ron 

Weir, Richard Davis and Jürgen Stohner



Roberto Marquardt, Juris Meija, Zoltán Mester, Marcy Towns, Ron Weir, Richard 

Davis and Jürgen Stohner, “A critical review of the proposed definitions of 

fundamental chemical quantities and their impact on chemical communities 

(IUPAC Technical Report)”, Pure Appl. Chem. 89(7), pp. 951-981 (2017), 

https://doi.org/10.1515/pac-2016-0808

The report



the proposed new-SI



kg < 20 g

h or NA < 2 in 108

The goal



the Avogadro constant and the Planck constant
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If me is expressed in daltons, then

CODATA 2010
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Planck constant: the Watt Balance



Planck constant: the Watt Balance

Compares a measurement of electrical and mechanical power.



the Avogadro constant
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Gläser and Borys Rep Prog Phys 2009 (72) 126101



The Avogadro constant

MEASUREMENT

Put a known amount (volume and mass) of a 

hydrocarbon on a water and wait for the slick 

to diffuse to the maximum contiguous area. 

Divide the original volume by that area and to get an 

estimate for the length of the molecule (l) and, thus, 

the volume it occupies (l3).

Carl Sagan’s method
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The Avogadro constant

x-rays

thin films

diffusion

Becker (2003) Metrologia 40: 366
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Avogadro experiment

Avogadro constant establishes the equivalence between the 

kilogram and the atomic unit of mass (dalton).

A near-perfect single crystal sphere is made and its density 

is determined at both, microscopic and macroscopic level.

microscopic density = Ar(Si)/(d/8)3 [Da/m3]

macroscopic density = m/V [g/m3]

The ratio of these two densities is the Avogadro constant.



c.2000s

atomic weight   61.7%

lattice spacing 30.4%

radius 6.0%

…

Atomic weight measurements

Becker (2003) Metrologia 40: 271-287

Appendix C: The uncertainty budget



Amount average mass of an element

r u 28 28 29 29 30 30(Si)A m x m x m x m  

Atomic weight



CODATA 2006
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Amount average mass of an element

r u 28 28 29 29 30 30(Si)A m x m x m x m  

Atomic weight



the Avogadro constant

r

(Si)

(Si) / (Si)

N

m A
NA

220 r(Si) (Si) (Si)m V d Ao o o

ur = 110–8

[3] 99.99999% 28Si  could result in Ar(Si) uAr = 110–12

[2] 99.99% 28Si could result in Ar(Si) uAr = 110–9

[1] 90% 28Si did result in Ar(Si) uAr = 110–61994-2003

2008-2011

2012-?

Isotopic composition measurement demands



the International Avogadro Coordination 

220 r(Si) (Si) (Si)m V d Ao o o

Final report   (Si): IEEE Trans. Instr. Meas. (2005) 54: 854-859

Final report (28Si): Phys. Rev. Lett. (2011) 106, 030801



Manufacturing timeline 

of the 99.99% 28Si monocrystal

SiF4  → 28SiF4

Centrifugal isotope enrichment

Centrotech

St Petersburg (Russia)

28SiF4  → 28SiH4 → 28Si
Institute of Chemistry of High-Purity Substances

Russian Academy of Sciences

Nizhny Novgorod (Russia)

(poly)

Chemical purification

Chemical vapor deposition

28Si → 28Si

Manufacturing completed in 2007 and 

the 5 kg monocrystal is available for analysis since 2008.

Leibniz Institute for Crystal Growth

Berlin (Germany)
(poly)      (mono)

Growth of the monocrystal



Multicollector-ICP-MS vs Isotope ratio MS
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28Si 1000 V
29Si 50 mV
30Si 1 mV

Atomic weight determination: direct approach
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To attain 10–8 relative uncertainty, the 28Si/29Si ratio 
(R ≈ 25 000:1) has to be measured to within 1%.
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Based on AB (              ) and AC (           )

Atomic weight determination 

variable transformation
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Atomic weight determination 
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Atomic weight determination in silicon-28



Uncertainty analysis of the atomic weight

Using the measurement strategy as

outlined above, only two variables

contribute significantly to the atomic

weight uncertainty of the near-pure
28Si:

R30/29 in the material X

R30/29 in the blend  CX

ur = 110–8

ur = 10%  … 5%

ur = 0.5% … 1%



2. Calibration of isotope amount ratios

Measured isotopes ratios deviate from their true

values in MC-ICP-MS. Supersonic expansion of ions

and space-charge effects result in a non-uniform

ion transmission. As a result, isotope amount ratios

of silicon in MC-ICP-MS are biased by 5%. S
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The CODATA 2017 values of h, e, k, and NA for 

the revision of the SI
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[1] Valkiers et al.          Metrologia 2011 (48) S26-S31

[2] Pramann et al.        Metrologia 2011 (48) S20-S25

[2]



Characterization of impurities in high purity materials

Isotope ratio measurements

Impact of the redefinition on chemical metrology



kg < 20 g

h or NA < 2 in 108

The goal has been reached



Roberto Marquardt, Juris Meija, Zoltán Mester, Marcy Towns, Ron Weir, Richard 

Davis and Jürgen Stohner, “Definition of the mole (IUPAC Recommendation 

2017)”, Pure Appl. Chem. 90(1), pp. 175-180 (2018), 

https://doi.org/10.1515/pac-2017-0106

New definition of mole



The mole, symbol mol, is the SI unit of amount of substance. One mole 

contains exactly 6.022 140 76×1023 elementary entities. This number is the 

fixed numerical value of the Avogadro constant, NA, when expressed in mol−1, 

and is called the Avogadro number.

The amount of substance, symbol n, of a system is a measure of the number of 

specified elementary entities. An elementary entity may be an atom, a molecule, 

an ion, an electron, any other particle or specified group of particles.

New definition of mole

The mole is the amount of substance of a system that contains as 

many elementary entities as there are atoms in 0.012 kilogram of 

carbon-12. 



El moI, simbolo moI, es la unidad del Sl de cantidad de sustancia. Un moI 

contiene exactamente 6.022 140 76 x 1023 entidades elementales. Este 

numero es el valor numerico fijo de la constante de Avogadro, N_A, cuando se 

expresa  en mol-1, y se llama numero de Avogadro.

New definition of mole

El mol es la cantidad de sustancia de un sistema que 

contiene tantas entidades elementales como átomos hay en 

0,012 kilogramos de carbono 12; su símbolo es “mol”.





Questions, comments?

zoltan.mester@nrc.ca


