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The International
System of Units is
getting a Makeover

by lan Mills and Roberto Marquardt

etrology, the science of measurement,
M is part of the essential but largely hidden

infrastructure of the modern world. We need
it for high-technology manufacturing, human health
and safety, the protection of the environment, global
climate studies, information transfer and the basic sci-
ence that underpins all these. Highly accurate measure-
ments are no longer the preserve of only the physical
sciences and engineering. The International System of
Units, the S| (Systéme International d’unités), provides
the internationally agreed means by which we make
such measurements.

At a meeting of the General Conference on Weights and
Measures (CGPM) held in Paris on 16 November 2018
a new and revised S| was approved, adapted for the
21st century. This note is to bring these changes to the
attention of readers of Chemistry International. These
changes will be implemented on 20 May 2019, the next
"World Metrology Day” and the day anniversary on
which the Convention of the Metre was first signed in
1875. Of particular interest to chemists are the changes
in the definition of the Sl units kilogram and mole.

In this context the well-known opening sentence of
Jane Austen’s novel Pride and Prejudice may be adapt-
ed to read: “Itis a truth universally acknowledged that
a single man in possession of a good fortune, must be
in want of a good set of units.” In the last four words
of this sentence Jane Austen wrote “must be in want
of a wife,” but we have substituted “in want of a good
set of units.” Perhaps we need both!

The following is a brief summary of the changes
that are being adopted in this new SI.

1. Each of the seven base units of the S| (second,
metre, kilogram, ampere, kelvin, mole, and candela) is
defined by an agreed reference that has to be readily
available and easily realized experimentally by anyone
anywhere at any time with sufficient precision (suffi-
ciently low uncertainty) for our needs. Four of the sev-
en base units, the kilogram, ampere, kelvin and mole,
have revised definitions in the new Sl as described be-
low. The definitions of the second, metre and candela
remain unchanged.

2. All of the new definitions will in future be ex-
pressed in terms of seven ‘defining constants’ which
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are believed to fulfil these requirements and are sum-
marized below. The numerical values of these seven
constants when expressed in Sl units provides the defi-
nition of all Sl units, both base and derived units.

3. The revised definition of the kilogram is chosen
to fix the numerical value of the Planck constant h, that
of the ampere to fix the numerical value of the elemen-
tary charge e, that of the kelvin to fix the numerical
value of the Boltzmann constant k (k;), and that of the
mole to fix the numerical value of the Avogadro con-
stant N, (L), all these numerical values being expressed
in terms of the corresponding Sl unit. The definitions of
the remaining three base units, the second, the metre,
and the candela fix the numerical value of the caesium
hyperfine splitting Av,, the speed of light in vacuum
¢, and the luminous intensity of the specified source /,,
just as they do at present.

4. The values of the seven defining constants listed
in Table 1 below are chosen to be consistent with the
best experimental values at the time of adopting the
new definitions, to preserve continuity.

5. To summarize, the International System of Units,
the Sl, is the system of units in which:

* the unperturbed ground state hyperfine
transition frequency of the caesium 133 atom Av_
is exactly 9192 631770 Hz,

* the speed of light in vacuum c is exactly
299 792 458 m/s,

e the Planck constant h is exactly
6.626 07015 x 1034 J s,

* the elementary charge e is exactly
1.602 176 634 x 10 C,

¢ the Boltzmann constant k is exactly
1.380 649 x 10 J/K,



¢ the Avogadro constant N, is exactly
6.022 140 76 % 10% mol,
e the Iluminous efficacy K, of monochromatic
radiation of frequency 540 x 10" Hz is exactly
683 Im/W.
where the hertz, joule, coulomb, lumen, and watt, with
unit symbols Hz, J, C, Im, and W, respectively, are relat-
ed to the units second, metre, kilogram, ampere, kelvin,
mole, and candela, with unit symbols s, m, kg, A, K, mol,
and cd, respectively, according to Hz = s7, J = m? kg 572,
C=As,Im=cdsr,and W=m?kg s=.

Defining constant Symbol Numerical value Unit
hyperfine transition Avg, 9192631770 Hz
frequency of caesium

speed of light in c 299 792 458 ms’
vacuum

Planck constant h 6.626 07015 %103 Js
elementary charge e 1602176 634 x 10  C
Boltzmann constant k 1.380 649 x 10% JKT
Avogadro constant N, 6.022 140 76 x 10% mol™
luminous efficacy K 683 Im W'

Table 1: The seven defining constants of the Sl,
and the seven corresponding symbols, numerical
values, and units

The numerical values of the seven defining con-
stants have zero uncertainty. They are summarized
in Table 1 on this page. Definitions based on defining
constants are called explicit-constant definitions; they
are based on the fundamental constants of nature, in
contrast to explicit-unit definitions which are based on
particular experimental procedures.

Defining a unit by specifying the numerical val-
ue of a fundamental constant may be understood as
follows. The value of any quantity Q may always be
represented as the product of its numerical value {Q}
and a unit [Q], so that we may write Q = {Q} [Q] (for
example ¢ = 299 792 458 m/s for the speed of light in
vacuum). If the quantity Q is itself a unit that we wish
to define, this may be done either by specifying some
convenient reference (such as the length of the proto-
type metre bar that was used to define the Sl unit of
length prior to 1980) or by specifying the numerical
value {Q} when expressed in terms of the desired SI
unit (such as the numerical value of the speed of light
299 792 458 expressed in the unit m/s used to define
the metre since 1980). It is this second method of using
defining constants that is now being adopted for all
the seven base units of the SI.

For chemists, the definition of the mole has an
important conceptual consequence. It is namely

equivalent to stating that “One mole contains exactly
6.022 140 76 x 10% elementary entities,” quite in the
spirit of William Shakespeare in As You Like It: “It is as
easy to count atomies as to resolve the propositions
of a lover.” In addition, the exact and fixed number of
elementary entities defining a mole finally receives the
name that has been used for it for decades without
proper definition: the Avogadro number.

In general, the changes associated with the new
Sl will lead to reduced uncertainties in our knowledge
of most of the fundamental constants of physics and

chemistry in the new SlI.

The changes in the new S| will strengthen the phil-
osophical foundation of our system of units in rela-
tion to our present understanding of theoretical and
quantum physics. However, they will not affect the
daily work in the laboratory in any sizeable manner.

What are the direct consequences of these chang-
es to a chemist working in the laboratory? For exam-
ple, the equation

C,H,0=CH,+CO
has the meaning that one mole of oxirane (C,H,0) de-
composes to yield one mole of methane (CH,)and one
mole of carbon monoxide (CO). The new definition of

constant current SI new S|  constant currentSI new S/
m(K) 0.0 5.0 a 0.068 0.068
h 5.0 0.0 K, 2.5 0.0
e 2.5 0.0 Ry 0.068 0.0
k 170 0.0 M 0.0 0.068
N, 5.0 0.0 & 0.0 0.068
R 170 0.0 Z, 0.0 0.068
F 25 0.0 N,h 014 0.0
o 700 0.0 Jokg 0.0 0.0
m, 5.0 014 Jom?! 5.0 0.0
m, 5.0 0.14 JoHz 50 0.0
m(*C) 50 0.14 JoK 170 0.0
M(?C) 0.0 0.4 JoeV 2.5 0.0

Table 2: Relative standard uncertainties for a selection
of fundamental constants in the current SI and the new
SI, multiplied by 108 (i.e. in parts per hundred million)
Note: in this table the symbols denote the following
constants: R: the molar gas constant; F: the Faraday
constant; o: the Stefan-Boltzmann constant; m_: the
electron mass; m : the unified atomic mass constant;
m(2C): the mass of a carbon 12 atom; M(?C): the molar
mass of carbon 12; a: the fine structure constant; K and
R, the Josephson and von Klitzing constants; u, and g
the magnetic and electric constants; Z,: the impedance
of vacuum; N, h: the molar Planck constant; and U <U,:
the conversion factor between unit a and unit b.
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the mole will not change this meaning. A chemist in the
laboratory will continue to determine the amount of a
chemical entity B, n(B), by weighing the correspond-
ing mass m(B) and setting n(B) = m(B)/M(B), where
M(B) is the molar mass of B. He/she will continue to
state that 44.053 g of oxirane decomposes to yield
16.043 g methane and 28.010 g carbon monoxide. Tru-
ly, the molar mass M(B) = M (B) M, will acquire an un-
certainty component of less than 1 part in 10° due to
the new uncertainty of the molar mass constant M, =
M(2C)/12 (see Table 2; the relative molar mass M(B) of
any atom B is unchanged in the new SI). However, bal-
ances in chemistry laboratories will continue to yield
masses (e.g. in the S| unit kg) with uncertainties that
far exceed the uncertainty of the molar mass of any
given chemical entity by orders of magnitude, so that
the change in the new definition of the mole will never
influence the result of the determinations of amount of
substance in practice. &
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The Seven Base Units of the new Sl are defined as in the table below*
Quantity Sl unit

The second, symbol s, is the Sl unit of time. It is defined by taking the fixed numerical
value of the caesium frequency Av_, the unperturbed ground-state hyperfine tran-
sition frequency of the caesium 133 atom, to be 9192 631 770 when expressed in the
unit Hz, which is equal to s™.

The metre, symbol m, is the Sl unit of length. It is defined by taking the fixed numer-
ical value of the speed of light in vacuum ¢ to be 299 792 458 when expressed in the
unit m s, where the second is defined in terms of the caesium frequency Av_..

The kilogram, symbol kg, is the Sl unit of mass. It is defined by taking the fixed nu-
merical value of the Planck constant h to be 6.626 070 15 x10734 when expressed in
the unit J s, which is equal to kg m? s™', where the metre and the second are defined in
terms of c and Av.

G4 The ampere, symbol A, is the Sl unit of electric current. It is defined by taking the fixed
{I17-118 numerical value of the elementary charge e to be 1.602 176 634 x107° when expressed
in the unit C, which is equal to A s, where the second is defined in terms of Av_.

L) Y GO ETNIT The kelvin, symbol K, is the SI unit of thermodynamic temperature. It is defined by

LG TG taking the fixed numerical value of the Boltzmann constant k to be 1.380 649 x10723
when expressed in the unit J K™, which is equal to kg m? s K™, where the kilogram,
metre and second are defined in terms of h, ¢ and Av,_.

EIL GGG The mole, symbol mol, is the Sl unit of amount of substance. One mole contains
IS EN (W exactly 6.022 140 76 x10% elementary entities. This number is the fixed numerical
value of the Avogadro constant, N,, when expressed in the unit mol” 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.

LG The candela, symbol cd, is the Sl unit of luminous intensity in a given direction. It is
MCLHIWA defined by taking the fixed numerical value of the luminous efficacy of monochro-
matic radiation of frequency 540 x10™ Hz, K_,, to be 683 when expressed in the unit
Im W, which is equal to cd sr W, or cd sr kg™ m™ s3, where the kilogram, metre and
second are defined in terms of h, ¢ and Av,..

*Table reproduced from https:/www.bipm.org/utils/en/pdf/si-revised-brochure/Draft-SI-Brochure-2018.pdf
(accessed 31 Oct 2018). The concept of base units and derived units was used to define the Sl until 2018. These
categories, although not essential in the new SI, are maintained in view of their convenience and widespread use.
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