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1.1 PHYSICAL QUANTITIES AND QUANTITY CALCULUS

The value of a physical quantity @ can be expressed as the product of a numerical value {Q} and
a unit [Q)]
Q={Q} Q] (1)

Neither the name of the physical quantity, nor the symbol used to denote it, implies a particular
choice of unit (see footnote !, p. 4).

Physical quantities, numerical values, and units may all be manipulated by the ordinary rules
of algebra. Thus we may write, for example, for the wavelength A\ of one of the yellow sodium lines

A =5.896x 107" m = 589.6 nm (2)

where m is the symbol for the unit of length called the metre (or meter, see Sections 3.2 and 3.3,
p. 86 and 87), nm is the symbol for the nanometre, and the units metre and nanometre are related
by

Ilnm=10"m or nm=10""m (3)

The equivalence of the two expressions for A in Equation (2) follows at once when we treat the
units by the rules of algebra and recognize the identity of 1 nm and 10~? m in Equation (3). The
wavelength may equally well be expressed in the form

A/m = 5.896 x 1077 (4)
or
A/nm = 589.6 (5)

It can be useful to work with variables that are defined by dividing the quantity by a particular
unit. For instance, in tabulating the numerical values of physical quantities or labeling the axes of
graphs, it is particularly convenient to use the quotient of a physical quantity and a unit in such a
form that the values to be tabulated are numerical values, as in Equations (4) and (5).

Ezample

_ _ 2.5 .

In(p/MPa) = a+b/T = g
a+ V(108 K/T)  (6) 2.0 ¢ E
s 15 3
T/K 10* K/T p/MPa In(p/MPa) = 10 1
216.55 4.6179  0.5180 —0.6578 = 05 ¢ 1
273.15  3.6610  3.4853  1.2486 =00 © i
304.19  3.2874  7.3815  1.9990 0.5 ]

—-1.0_"

30 35 40 45 50
103 K/T

Algebraically equivalent forms may be used in place of 10% K/T', such as kK/T or 10% (T/K)~!.
Equations between numerical values depend on the choice of units, whereas equations between
quantities have the advantage of being independent of this choice. Therefore the use of equations
between quantities should generally be preferred.

The method described here for handling physical quantities and their units is known as quantity
calculus [11-13]. Tt is recommended for use throughout science and technology. The use of quantity
calculus does not imply any particular choice of units; indeed one of the advantages of quantity
calculus is that it makes changes between units particularly easy to follow. Further examples of the
use of quantity calculus are given in Section 7.1, p. 131, which is concerned with the problems of
transforming from one set of units to another.



1.2 BASE QUANTITIES AND DERIVED QUANTITIES

By convention physical quantities are organized in a dimensional system built upon seven base
quantities, each of which is regarded as having its own dimension. These base quantities in the
International System of Quantities (ISQ) on which the International System of units (SI) is based,
and the principal symbols used to denote them and their dimensions are as follows:

Base quantity Symbol for quantity  Symbol for dimension
length l L
mass m M
time t T
electric current 1 I
thermodynamic temperature T (C]
amount of substance n N
luminous intensity I J

All other quantities are called derived quantities and are regarded as having dimensions derived
algebraically from the seven base quantities by multiplication and division.

Ezample dimension of energy is equal to dimension of M L% T2
This can be written with the symbol dim for dimension (see footnote !, below)
dim(E) = dim(m - 12 -t72) = M L2 T2

The quantity amount of substance is of special importance to chemists. Amount of substance
is proportional to the number of specified elementary entities of the substance considered. The
proportionality factor is the same for all substances; its reciprocal is the Awvogadro constant (see
Section 2.10, p. 47, Section 3.3, p. 88, and Chapter 5, p. 111). The SI unit of amount of substance
is the mole, defined in Section 3.3, p. 88. The physical quantity “amount of substance” should no
longer be called “number of moles”, just as the physical quantity “mass” should not be called “number
of kilograms”. The name “amount of substance”, sometimes also called “chemical amount”’, may
often be usefully abbreviated to the single word “amount”, particularly in such phrases as “amount
concentration” (see footnote 2, below), and “amount of No”. A possible name for international
usage has been suggested: “enplethy” [10] (from Greek, similar to enthalpy and entropy).

The number and choice of base quantities is pure convention. Other quantities could be
considered to be more fundamental, such as electric charge @ instead of electric current I.

to
Q= [1at (7)
/

However, in the ISQ, electric current is chosen as base quantity and ampere is the SI base unit. In
atomic and molecular physics, the so-called atomic units are useful (see Section 3.9, p. 94).

! The symbol [Q] was formerly used for dimension of @, but this symbol is used and preferred for
unit of Q.

2 The Clinical Chemistry Division of [UPAC recommended that “amount-of-substance concentra-
tion” be abbreviated “substance concentration” [14].



1.3 SYMBOLS FOR PHYSICAL QUANTITIES AND UNITS [5.a]

A clear distinction should be drawn between the names and symbols for physical quantities, and
the names and symbols for units. Names and symbols for many quantities are given in Chapter 2,
p. 11; the symbols given there are recommendations. If other symbols are used they should be clearly
defined. Names and symbols for units are given in Chapter 3, p. 83; the symbols for units listed
there are quoted from the Bureau International des Poids et Mesures (BIPM) and are mandatory.

1.3.1 General rules for symbols for quantities

The symbol for a physical quantity should be a single letter (see footnote !, below) of the Latin
or Greek alphabet (see Section 1.6, p. 7). Capital or lower case letters may both be used. The
letter should be printed in italic (sloping) type. When necessary the symbol may be modified by
subscripts and superscripts of specified meaning. Subscripts and superscripts that are themselves
symbols for physical quantities or for numbers should be printed in italic type; other subscripts and
superscripts should be printed in Roman (upright) type.

FExamples Cp for heat capacity at constant pressure
i for partial pressure of the ¢th substance
but Cg for heat capacity of substance B
u? for chemical potential of substance B in phase a
Ex for kinetic energy
Ly for relative permeability
A,H*® for standard reaction enthalpy
Vi for molar volume
A1 for decadic absorbance

The meaning of symbols for physical quantities may be further qualified by the use of one or more
subscripts, or by information contained in parentheses.

Ezamples AS® (HgCly, cr, 25 °C) = —154.3 J K~! mol !
pi = (0G/0Ni)Tp,...nj,...; j#i OF Hi = (GG/ani)T,pm#i

Vectors and matrices may be printed in bold-face italic type, e.g. A,a. Tensors may be printed in
bold-face italic sans serif type, e.g. S, T. Vectors may alternatively be characterized by an arrow,

A, ‘@ and second-rank tensors by a double arrow, §, T.

1.3.2 General rules for symbols for units

Symbols for units should be printed in Roman (upright) type. They should remain unaltered in the
plural, and should not be followed by a full stop except at the end of a sentence.

Ezample r = 10 cm, not cm. or cms.

I An exception is made for certain characteristic numbers or “dimensionless quantities” used in the
study of transport processes for which the internationally agreed symbols consist of two letters (see
Section 2.15.1, p. 82).

Ezample Reynolds number, Re; another example is pH (see Sections 2.13 and 2.13.1 (viii),
p. 70 and 75).

When such symbols appear as factors in a product, they should be separated from other symbols
by a space, multiplication sign, or parentheses.



Symbols for units shall be printed in lower case letters, unless they are derived from a personal
name when they shall begin with a capital letter. An exception is the symbol for the litre which
may be either L or 1, i.e. either capital or lower case (see footnote 2, below).

Ezamples m (metre), s (second), but J (joule), Hz (hertz)

Decimal multiples and submultiples of units may be indicated by the use of prefixes as defined in
Section 3.6, p. 91.

Ezamples nm (nanometre), MHz (megahertz), kV (kilovolt)

1.4 USE OF THE WORDS “EXTENSIVE”, “INTENSIVE”, “SPECIFIC”, AND
“MOLAR”

A quantity that is additive for independent, noninteracting subsystems is called extensive; examples
are mass m, volume V, Gibbs energy G. A quantity that is independent of the extent of the system
is called intensive; examples are temperature T, pressure p, chemical potential (partial molar Gibbs
energy) L.

The adjective specific before the name of an extensive quantity is used to mean divided by
mass. When the symbol for the extensive quantity is a capital letter, the symbol used for the
specific quantity is often the corresponding lower case letter.

FExamples volume, V, and
specific volume, v = V/m = 1/p (where p is mass density);
heat capacity at constant pressure, C), and
specific heat capacity at constant pressure, ¢, = Cp/m

ISO [5.a] and the Clinical Chemistry Division of IUPAC recommend systematic naming of
physical quantities derived by division with mass, volume, area, and length by using the attributes
massic or specific, volumic, areic, and lineic, respectively. In addition the Clinical Chemistry
Division of ITUPAC recommends the use of the attribute entitic for quantities derived by division
with the number of entities [14]. Thus, for example, the specific volume could be called massic
volume and the surface charge density would be areic charge.

The adjective molar before the name of an extensive quantity generally means divided by
amount of substance. The subscript m on the symbol for the extensive quantity denotes the corre-
sponding molar quantity.

Examples volume, V molar volume, Vi, = V/n (Section 2.10, p. 47)
enthalpy, H  molar enthalpy, Hy, = H/n

If the name enplethy (see Section 1.2, p. 4) is accepted for “amount of substance” one can use
enplethic volume instead of molar volume, for instance. The word “molar” violates the principle
that the name of the quantity should not be mixed with the name of the unit (mole in this case). The
use of enplethic resolves this problem. It is sometimes convenient to divide all extensive quantities by
amount of substance, so that all quantities become intensive; the subscript m may then be omitted
if this convention is stated and there is no risk of ambiguity. (See also the symbols recommended
for partial molar quantities in Section 2.11, p. 57, and in Section 2.11.1 (iii), p. 60.)

There are a few cases where the adjective molar has a different meaning, namely divided by
amount-of-substance concentration.

Ezamples absorption coefficient, a
molar absorption coefficient, ¢ = a/c (see Section 2.7, note 22, p. 37)
conductivity, k
molar conductivity, A = k/c (see Section 2.13, p. 73)

2 However, only the lower case 1is used by ISO and the International Electrotechnical Commission
(IEC).



1.5 PRODUCTS AND QUOTIENTS OF PHYSICAL QUANTITIES AND
UNITS

Products of physical quantities may be written in any of the ways
ab or ab or a-b or axb

and similarly quotients may be written

a/b or % or by writing the product of ¢ and b~! | e.g. ab™?

Ezamples F =ma, p=nRT/V

Not more than one solidus (/) shall be used in the same expression unless parentheses are used to
eliminate ambiguity.

Ezample (a/b)/cor a/(b/c) (in general different), not a/b/c

In evaluating combinations of many factors, multiplication written without a multiplication sign
takes precedence over division in the sense that a/bc is interpreted as a/(bc) and not as (a/b)c;
however, it is necessary to use parentheses to eliminate ambiguity under all circumstances, thus
avoiding expressions of the kind a/bcd etc. Furthermore, a/b+ c is interpreted as (a/b) + ¢ and not
as a/(b+ c¢). Again, the use of parentheses is recommended (required for a/(b+ c)).

Products and quotients of units may be written in a similar way, except that the cross (x) is
not used as a multiplication sign between units. When a product of units is written without any
multiplication sign a space shall be left between the unit symbols.

Ezample IN=1mkgs?=1mkgs 2 =1mkg/s®>, not 1 mkgs 2

1.6 THE USE OF ITALIC AND ROMAN FONTS FOR SYMBOLS IN
SCIENTIFIC PUBLICATIONS

Scientific manuscripts should follow the accepted conventions concerning the use of italic and Roman
fonts for symbols. An italic font is generally used for emphasis in running text, but it has a quite
specific meaning when used for symbols in scientific text and equations. The following summary is
intended to help in the correct use of italic fonts in preparing manuscript material.

1. The general rules concerning the use of italic (sloping) font or Roman (upright) font are pre-
sented in Section 1.3.2, p. 5 and in Section 4.1, p. 103 in relation to mathematical symbols and
operators. These rules are also presented in the International Standards ISO 31 (successively
being replaced by ISO/IEC 80000) [5], ISO 1000 [6], and in the SI Brochure [3].

2. The overall rule is that symbols representing physical quantities or variables are italic, but
symbols representing units, mathematical constants, or labels, are roman. Sometimes there
may seem to be doubt as to whether a symbol represents a quantity or has some other meaning
(such as label): a good rule is that quantities, or variables, may have a range of numerical
values, but labels cannot. Vectors, tensors and matrices are denoted using a bold-face (heavy)
font, but they shall be italic since they are quantities.

Ezamples  The Planck constant h = 6.626 068 96(33)x10734 J s.
The electric field strength E has components E,, Ey,and E..
The mass of my pen is m = 24 g = 0.024 kg.



. The above rule applies equally to all letter symbols from both the Greek and the Latin

alphabet, although some authors resist putting Greek letters into italic.

Ezample  When the symbol p is used to denote a physical quantity (such as permeability
or reduced mass) it should be italic, but when it is used as a prefix in a unit
such as microgram, ug, or when it is used as the symbol for the muon, u (see
paragraph 5 below), it should be roman.

. Numbers, and labels, are roman (upright).

Ezamples  The ground and first excited electronic state of the CHg molecule are denoted
...(2a1)%(1b2)?(3a1)  (1b1)!, X 3By, and ...(2a1)%(1b2)?(3a1)?, @ 1A, respec-
tively. The n-electron configuration and symmetry of the benzene molecule in
its ground state are denoted: ...(az)%(e1g)?, X 'Ajg. All these symbols are
labels and are roman.

. Symbols for elements in the periodic system shall be roman. Similarly the symbols used to

represent elementary particles are always roman. (See, however, paragraph 9 below for use of

italic font in chemical-compound names.)

Ezamples H, He, Li, Be, B, C, N, O, F, Ne, ... for atoms; e for the electron, p for the
proton, n for the neutron, u for the muon, a for the alpha particle, etc.

. Symbols for physical quantities are single, or exceptionally two letters of the Latin or Greek

alphabet, but they are frequently supplemented with subscripts, superscripts or information

in parentheses to specify further the quantity. Further symbols used in this way are either

italic or roman depending on what they represent.

Ezamples  H denotes enthalpy, but Hy, denotes molar enthalpy (m is a mnemonic label
for molar, and is therefore roman). C, and Cy denote the heat capacity at
constant pressure p and volume V', respectively (note the roman m but italic p
and V). The chemical potential of argon might be denoted pa, or p(Ar), but
the chemical potential of the ¢th component in a mixture would be denoted
i, where ¢ is italic because it is a variable subscript.

. Symbols for mathematical operators are always roman. This applies to the symbol A for
a difference, § for an infinitesimal variation, d for an infinitesimal difference (in calculus),
and to capital ¥ and II for summation and product signs, respectively. The symbols &
(3.141 592...), e (2.718 281..., base of natural logarithms), i (square root of minus one),
etc. are always roman, as are the symbols for specified functions such as log (lg for logig, In
for loge, or b for logs), exp, sin, cos, tan, erf, div, grad, rot, etc. The particular operators grad
and rot and the corresponding symbols V for grad, Vx for rot, and V- for div are printed
in bold-face to indicate the vector or tensor character following [5.k]. Some of these letters,
e.g. e for elementary charge, are also sometimes used to represent physical quantities; then of
course they shall be italic, to distinguish them from the corresponding mathematical symbol.
FEzramples AH = H(final) — H (initial); (dp/dt) used for the rate of change of pressure;
dx used to denote an infinitesimal variation of x. But for a damped linear
oscillator the amplitude F' as a function of time ¢ might be expressed by the
equation F' = Fpexp(—dt)sin(wt) where ¢ is the decay coefficient (SI unit:
Np/s) and w is the angular frequency (ST unit: rad/s). Note the use of roman
0 for the operator in an infinitesimal variation of x, dx, but italic § for the
decay coefficient in the product dt. Note that the products dt and wt are both
dimensionless, but are described as having the unit neper (Np = 1) and radian
(rad = 1), respectively.



8. The fundamental physical constants are always regarded as quantities subject to measurement
(even though they are not considered to be variables) and they should accordingly always be
italic. Sometimes fundamental physical constants are used as though they were units, but
they are still given italic symbols. An example is the hartree, F}, (see Section 3.9.1, p. 95).
However, the electronvolt, eV, the dalton, Da, or the unified atomic mass unit, u, and the
astronomical unit, ua, have been recognized as units by the Comité International des Poids
et Mesures (CIPM) of the BIPM and they are accordingly given Roman symbols.

Ezxamples  ¢g for the speed of light in vacuum, m, for the electron mass, h for the Planck
constant, Na or L for the Avogadro constant, e for the elementary charge, ag
for the Bohr radius, etc.

The electronvolt 1 eV = e-1 V = 1.602 176 487(40)x 10719 J.

9. Greek letters are used in systematic organic, inorganic, macromolecular, and biochemical
nomenclature. These should be roman (upright), since they are not symbols for physical
quantities. They designate the position of substitution in side chains, ligating-atom attach-
ment and bridging mode in coordination compounds, end groups in structure-based names for
macromolecules, and stereochemistry in carbohydrates and natural products. Letter symbols
for elements are italic when they are locants in chemical-compound names indicating attach-
ments to heteroatoms, e.g. O-, N-, S-, and P-. The italic symbol H denotes indicated or
added hydrogen (see reference [15]).

Ezramples  a-ethylcyclopentaneacetic acid
B-methyl-4-propylcyclohexaneethanol
tetracarbonyl(n*-2-methylidenepropane-1,3-diyl)chromium
a-(trichloromethyl)-w-chloropoly(1,4-phenylenemethylene)
a-D-glucopyranose
Sa-androstan-33-ol
N-methylbenzamide
O-ethyl hexanethioate
3H-pyrrole
naphthalen-2(1H )-one



2 TABLES OF PHYSICAL QUANTITIES

The following tables contain the internationally recommended names and symbols for the physical
quantities most likely to be used by chemists. Further quantities and symbols may be found in
recommendations by IUPAP [4] and ISO [5].

Although authors are free to choose any symbols they wish for the quantities they discuss,
provided that they define their notation and conform to the general rules indicated in Chapter 1,
it is clearly an aid to scientific communication if we all generally follow a standard notation. The
symbols below have been chosen to conform with current usage and to minimize conflict so far
as possible. Small variations from the recommended symbols may often be desirable in particular
situations, perhaps by adding or modifying subscripts or superscripts, or by the alternative use of
upper or lower case. Within a limited subject area it may also be possible to simplify notation,
for example by omitting qualifying subscripts or superscripts, without introducing ambiguity. The
notation adopted should in any case always be defined. Major deviations from the recommended
symbols should be particularly carefully defined.

The tables are arranged by subject. The five columns in each table give the name of the quantity,
the recommended symbol(s), a brief definition, the symbol for the coherent SI unit (without multiple
or submultiple prefixes, see Section 3.6, p. 91), and note references. When two or more symbols are
recommended, commas are used to separate symbols that are equally acceptable, and symbols of
second choice are put in parentheses. A semicolon is used to separate symbols of slightly different
quantities. The definitions are given primarily for identification purposes and are not necessarily
complete; they should be regarded as useful relations rather than formal definitions. For some of
the quantities listed in this chapter, the definitions given in various IUPAC documents are collected
in [16]. Useful definitions of physical quantities in physical organic chemistry can be found in [17]
and those in polymer chemistry in [18|. For dimensionless quantities, a 1 is entered in the SI unit
column (see Section 3.10, p. 97). Further information is added in notes, and in text inserts between
the tables, as appropriate. Other symbols used are defined within the same table (not necessarily
in the order of appearance) and in the notes.
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2.1 SPACE AND TIME

The names and symbols recommended here are in agreement with those recommended by IUPAP

[4] and ISO [5.b].
Name Symbols Definition ST unit Notes
cartesian Ty, 2 m
space coordinates
cylindrical coordinates  p; ¥; z m, 1, m
spherical polar r; 95 @ m, 1, 1
coordinates
generalized coordinates ¢, ¢; (varies)
position vector T T =ITeztyeytze, m
length l m
special symbols:
height h
breadth b
thickness d, §
distance d
radius r
diameter d
path length S
length of arc s
area A, Ag, S m? 1
volume V, (v) m?
plane angle a, B, 7,9, @, .. a=s/r rad, 1 2
solid angle 2, (w) 02— A/r? sr, 1 2
time, duration t s
period T T—1t/N S 3
frequency v, f v=1/T Hz, s—!
angular frequency w w = 2nv rad s71, st 2,4
characteristic T, T 7 =|dt/d In z| s
time interval,
relaxation time,
time constant
angular velocity w w = de/dt rad s71, 7! 2,5
velocity v, U, W, C, T v =dr/dt m st
speed v, U, W, € v = |v] m s~! 6
acceleration a a = dv/dt m s> 7

(1) An infinitesimal area may be regarded as a vector e,dA, where ey is the unit vector normal to

the plane.

(2) The units radian (rad) and steradian (sr) for plane angle and solid angle are derived. Since they
are of dimension one (i.e. dimensionless), they may be included in expressions for derived SI units
if appropriate, or omitted if clarity and meaning is not lost thereby.
(3) N is the number of identical (periodic) events during the time t.
(4) The unit Hz is not to be used for angular frequency.

(5) Angular velocity can be treated as a vector, w, perpendicular to the plane of rotation defined

byv=w xr.

(6) For the speeds of light and sound the symbol ¢ is customary.
(7) For acceleration of free fall the symbol g is used.

13



2.2 CLASSICAL MECHANICS

The names and symbols recommended here are in agreement with those recommended by IUPAP
[4] and ISO [5.c]. Additional quantities and symbols used in acoustics can be found in [4,5.g].

Name Symbol Definition ST unit Notes
mass m kg
reduced mass 1 w=mimsa/ (mi + my) kg
density, mass density P p=m/V kg m™3
relative density d d=p/p® 1 1
surface density PA, PS pa=m/A kg m~?
specific volume v v=V/m=1/p m? kg~!
momentum p p=muv kg m s !
angular momentum L L=rxp Js 2
moment of inertia I1,J I=> mr? kg m? 3
(2
force F F =dp/dt = ma N
moment of force, M,(T) M=rxF N m
torque
energy E J
potential energy E,,V,® E,=— [ Fdr J 4
kinetic energy E, T, K By = (1/2)mv? J
work W, A w W = [ Fdr J
power P P=F -v=dW/dt W
generalized coordinate ¢ (varies)
generalized momentum  p (varies)
Lagrange function L L(q,q) =T(q,4) — V(q) J
Hamilton function H H(q,p) = > pigi — L(q,q) J
1
action S S=/[Ldt Js 5
pressure p, (P) p=F/A Pa, N m~2
surface tension Y, 0 ~v=dW/dA Nm™t Jm™2
weight G, (W, P) G =mg N
gravitational constant G F = Gmymy/r? N m? kg2

(1) Usually p® = p(H20, 4 °C).
(2) Other symbols are customary in atomic and molecular spectroscopy (see Section 2.6, p. 25).

(3) In general I is a tensor quantity: Ina = Y., m; (67 +97), and Ing =

— > mia B if o # B,

where «, 3, v is a permutation of x, y, z. For a continuous mass distribution the sums are replaced

by integrals.

(4) Strictly speaking, only potential energy differences have physical significance, thus the integral
is to be interpreted as a definite integral, for instance

7“177’2

/Fdr

or possibly with the upper limit infinity

—/ F.dr

(5) Action is the time integral over the Lagrange function L, which is equivalent to f pdg — f Hdt
(see [19]).
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Name Symbol Definition ST unit Notes

normal stress o o=F/A Pa 6

shear stress T T=F/A Pa 6

linear strain, £, e e=Al/l 1
relative elongation

modulus of elasticity, E E=o0/e Pa 6
Young’s modulus

shear strain 5 v =Az/d 1 6,7

shear modulus, G G=r1/y Pa 6
Coulomb’s modulus

volume strain, v v =AV/Vy 1 6
bulk strain

bulk modulus, K K = -V, (dp/dV) Pa 6
compression modulus

viscosity, n, (1) Toz = 1 (dvg/dz) Pa s
dynamic viscosity

fluidity © e=1/n m kg™! s

kinematic viscosity v v=mn/p m? 71

dynamic friction factor w, (f) Frict = pFhorm 1

sound energy flux P P, P =dE/dt W

acoustic factors,
reflection P p=P./Py 1 8
absorption Qa, (@) a,=1—0p 1 9
transmission T T=P,/P 1 8
dissipation 0 d=ay—T 1

(6) In general these can be tensor quantities.

(7) d is the distance between the layers displaced by Az.

(8) Py is the incident sound energy flux, P, the reflected flux and P, the transmitted flux.

(9) This definition is special to acoustics and is different from the usage in radiation, where the
absorption factor corresponds to the acoustic dissipation factor.
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2.3 ELECTRICITY AND MAGNETISM

The names and symbols recommended here are in agreement with those recommended by IUPAP

[4] and ISO [5.€].
Name Symbol Definition ST unit Notes
electric current 1,i A 1
electric current densitydensityy, J I = f j-e, dA A m~2 2
electric charge, Q Q=/[Idt C 1
quantity of electricity
charge density P p=QJV Cm™3
surface density of charge o c=Q/A Cm™?
electric potential V.o V =dW/dQ V,JC!
electric potential difference, U,AV,A¢ U=V,-W \Y
electric tension
electromotive force E, E = §(F/Q)-dr Y%
(Emf, EMK) 3
electric field strength E E=F/Q=-VV Vm!
electric flux 1 U= [D-e,dA C 2
electric displacement D V-D=p Cm™?
capacitance C C=Q/U F,CcVv!
permittivity € D=c¢FE Fm! 4
electric constant, €0 €0 = ,uo_lco_2 Fm! 5
permittivity of vacuum
relative permittivity €r e = €/eo 1 6
dielectric polarization, P P=D—-¢sFE Cm™2
electric polarization
(electric dipole moment
per volume)
electric susceptibility Xe Xe =6r— 1 1
1st hyper-susceptibility Ye? e =gp1 (82P/ 0E%?) CmJ ', mV! 7
2nd hyper-susceptibility X xe® =eo7! (0°P/OE?)  (C2m2J2 m2V-2 7

(1) The electric current I is a base quantity in ISQ.

(2) endA is a vector element of area (see Section 2.1, note 1, p. 13).

(3) The name electromotive force and the symbol emf are no longer recommended, since an electric
potential difference is not a force (see Section 2.13, note 14, p. 71).

(4) € can be a second-rank tensor.

(5) co is the speed of light in vacuum.

(6) This quantity was formerly called dielectric constant.

(7) The hyper-susceptibilities are the coefficients of the non-linear terms in the expansion of the
magnitude P of the dielectric polarization P in powers of the electric field strength E, quite related
to the expansion of the dipole moment vector described in Section 2.5, note 17, p. 24. In isotropic
media, the expansion of the component ¢ of the dielectric polarization is given by

P = 50[Xe(1)Ei + (1/2)Xe(2)E¢2 + (1/6)xe(3)E;°’ + -]

where E; is the i-th component of the electric field strength, and ye(!) is the usual electric suscep-
tibility e, equal to &, — 1 in the absence of higher terms. In anisotropic media, xe("), xo?, and
xe3) are tensors of rank 2, 3, and 4. For an isotropic medium (such as a liquid), or for a crys-
tal with a centrosymmetric unit cell, xo(?) is zero by symmetry. These quantities are macroscopic
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Name Symbol Definition ST unit Notes
electric dipole moment D, b p=> Qir Cm 8
7
magnetic flux density, B F=QuxB T 9
magnetic induction
magnetic flux d = [B-e,dA Whb 2
magnetic field strength, H VxH=j Am™!
magnetizing field strength
permeability L B=uH NA2 Hm™! 10
magnetic constant, o po =4t x 107" Hm™! Hm™!
permeability of vacuum
relative permeability 7 Ly = /o 1
magnetization M M=B/uy— H Am!
(magnetic dipole
moment per volume)
magnetic susceptibility Xs Ky (Xm) X =pr—1 1 11
molar magnetic susceptibility xm Xm = VX m? mol !
magnetic dipole moment m, [ EFE=-m-B Am? JT!
electric resistance R R=U/I Q 12
conductance G G=1/R S 12
loss angle ) 0=y — @1 rad 13
reactance X X =(U/I)siné Q
impedance, Z Z =R +iX Q
(complex impedance)
admittance, Y Y=1/Z S
(complex admittance)
susceptance B Y =G+ iB S
resistivity p E=pj Qm 14
conductivity Ky, O j=kE Sm™! 14, 15
self-inductance L E = —L(dI/dt) H,VsA™!
mutual inductance M, Lo FE = —ng(dfg/dt) H, Vs A1
magnetic vector potential A B=VxA Wb m~!
Poynting vector S S=ExH W m~2 16

(7) (continued) properties and characterize a dielectric medium in the same way that the micro-
scopic quantities polarizability («) and hyper-polarizabilities ((3,7) characterize a molecule. For a
homogeneous, saturated, isotropic dielectric medium of molar volume Vi, one has oy, = €gXeVm,
where oy, = Naa is the molar polarizability (Section 2.5, note 17, p. 24 and Section 2.7.2, p. 40).
(8) When a dipole is composed of two point charges @ and —@Q separated by a distance r, the
direction of the dipole vector is taken to be from the negative to the positive charge. The opposite
convention is sometimes used, but is to be discouraged. The dipole moment of an ion depends on
the choice of the origin.

(9) This quantity should not be called “magnetic field”.

(10) p is a second-rank tensor in anisotropic materials.

(11) The symbol xy, is sometimes used for magnetic susceptibility, but it should be reserved for
molar magnetic susceptibility.

(12) In a material with reactance R = (U/I) cos J, and G = R/(R?* + X?).
(13) @5 and ¢r are the phases of current and potential difference.

(14) This quantity is a tensor in anisotropic materials.

(15) ISO gives only « and o, but not .
(16)

16) This quantity is also called the Poynting-Umov vector.
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2.4 QUANTUM MECHANICS AND QUANTUM CHEMISTRY

The names and symbols for quantities used in quantum mechanics and recommended here are in
agreement with those recommended by TUPAP [4]. The names and symbols for quantities used
mainly in the field of quantum chemistry have been chosen on the basis of the current practice in
the field. Guidelines for the presentation of methodological choices in publications of computational
results have been presented [20]. A list of acronyms used in theoretical chemistry has been published
by TUPAC [21]; see also Chapter 9, p. 155.

Name Symbol Definition ST unit Notes

momentum operator p p=—-ihV Jsm™! 1

kinetic energy operator 71 T = —(h?/2m)V? J 1

hamiltonian operator, H H=T+V J 1
hamiltonian

wavefunction, U, ¢ I?hp = Ey (m—3/2) 2,3
state function

hydrogen-like Vi (7,0, @) Unim = Ryt (r)Yim (0, ¢) (m—3/2) 3
wavefunction

spherical harmonic Yim (0, ¢) Yim = Nl|m|Pl|m|(cos 0)eime 1 4
function

probability density P P =*y (m~3) 3,5

charge density p p=—eP (C m™3) 3,5,6
of electrons

probability current S S = —(ih/2m)x (m~2s71) 3
density, (V*V — pVp¥)
probability flux

electric current density j j=-—eS (A m—2) 3,6
of electrons

integration element dr dr =dz dy dz (varies)

matrix element Aij, (i|A]5) Aij = [¢i*Ag;dr (varies) 7
of operator A

expectation value (A), A (A) = [ Y Apdr (varies) 7

of operator A

(1) The circumflex (or “hat”),”, serves to distinguish an operator from an algebraic quantity.
This definition applies to a coordinate representation, where V denotes the nabla operator (see
Section 4.2, p. 107).

(2) Capital and lower case 1) are commonly used for the time-dependent function ¥(x,t) and the
amplitude function ¢ (z) respectively. Thus for a stationary state ¥(z,t) = ¢(z)exp(—iEt/h).

(3) For the normalized wavefunction of a single particle in three-dimensional space the appropriate
SI unit is given in parentheses. Results in quantum chemistry, however, are commonly expressed in
terms of atomic units (see Section 3.9.1, p. 94 and Section 7.3 (iv), p. 145; and reference [22]). If
distances, energies, angular momenta, charges and masses are all expressed as dimensionless ratios
r/ag, E/Ey, Q/e, and m/m, respectively, then all quantities are dimensionless.

(4) PIml denotes the associated Legendre function of degree I and order |m|. N, || 1S @ normalization
factor.

(5) ©* is the complex conjugate of v. For an anti-symmetrized n electron wavefunction ¥ (71, -+ ,7),
the total probability density of electrons is f2 e fn U* ¥ dry - - - d7,,, where the integration extends
over the coordinates of all electrons but one.

(6) —e is the charge of an electron.

(7) The unit is the same as for the physical quantity A that the operator represents.
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Name Symbol Definition ST unit Notes

hermitian conjugate al (AT)Z.J. = (Aj;)" (varies) 7
of operator A

commutator [A,B), [A,B]_ [A,B] =AB — BA (varies) 8
of A and B

anticommutator [A,B), [A,B], =AB +BA (varies) 8
of A and B

angular momentum see SPECTROSCOPY, Section 2.6.1, p. 30
operators

spin wavefunction a; B 1 9

Hiickel molecular orbital theory (HMO)

atomic-orbital basis Xr m—3/2 3
function
molecular orbital o; bi =D XrCri m3/2 3,10
T
coulomb integral H,,, o H,., = fXT*HXTdT J 3, 10, 11
resonance integral H,s, Brs H,, = fXT*HXsdT J 3, 10, 12
energy parameter T —z=(a—FE)/p 1 13
overlap integral Srs, S Srs = [ Xr*xsdT 1 10
n
charge order Gr @ = bicri® 1 14, 15
i=1
’ n
bond order Drs Drs = »_ bicrics; 1 15, 16
i=1

(8) The unit is the same as for the product of the physical quantities A and B.

(9) The spin wavefunctions of a single electron, o and (3, are defined by the matrix elements of the
z component of the spin angular momentum, s,, by the relations (a|S.| o) = +(1/2), (85| 58) =
—(1/2), (852 a) = (a|5:| B) = 0 in units of h. The total electron spin wavefunctions of an atom
with many electrons are denoted by Greek letters «, (3, v, etc. according to the value of > mg,
starting from the greatest down to the least.

(10) H is an effective hamiltonian for a single electron, ¢ and j label the molecular orbitals, and r
and s label the atomic orbitals. In Hiickel MO theory, H, is taken to be non-zero only for bonded
pairs of atoms r and s, and all S,¢ are assumed to be zero for r # s.

(11) Note that the name “coulomb integral” has a different meaning in HMO theory (where it refers
to the energy of the orbital x, in the field of the nuclei) from Hartree-Fock theory discussed below
(where it refers to a two-electron repulsion integral).

(12) This expression describes a bonding interaction between atomic orbitals r and s. For an
anti-bonding interaction, the corresponding resonance integral is given by the negative value of the
resonance integral for the bonding interaction.

(13) In the simplest application of Hiickel theory to the m electrons of planar conjugated hydro-
carbons, « is taken to be the same for all carbon atoms, and 8 to be the same for all bonded
pairs of carbon atoms; it is then customary to write the Hiickel secular determinant in terms of the
dimensionless parameter x.

(14) —egq, is the electronic charge on atom r. g, specifies the contribution of all n & electrons to the
total charge at center r, with »_ ¢, = n.

(15) b; gives the number of electrons which occupy a given orbital energy level e;; for non-degenerate
orbitals, b; can take the values 0, 1, or 2.

(16) prs is the bond order between atoms r and s.
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2.4.1 Ab initio Hartree-Fock self-consistent field theory (ab initio SCF)

Results in quantum chemistry are typically expressed in atomic units (see Section 3.9.1, p. 94 and
Section 7.3 (iv), p. 145). In the remaining tables of this section all lengths, energies, masses, charges
and angular momenta are expressed as dimensionless ratios to the corresponding atomic units, ag,
Ey, me, e and h respectively. Thus all quantities become dimensionless, and the ST unit column is
therefore omitted.

Name Symbol Definition Notes
molecular orbital ¢i (1) 17
molecular spin orbital  ¢; (1) « (p); 17
i (1) B (1)
total wavefunction 4 U= (n!) —1/2 los (1)l 17, 18
core hamiltonian of ﬁ,ﬁore fAI —(1/2)V2 =3 Za/rua 17, 19
A

a single electron

one-electron integrals:
expectation value of Hj; H; = fqﬁi*(l)ﬁlcore@(l)dﬁ 17,19
the core hamiltonian

two-electron repulsion

integrals:

coulomb integral Jij Jij = [[ oi*( 7,12 gzﬁl( )¢;(2)dridm 17, 20

exchange integral Kij Kij = [[ ¢:*( 7“12 qﬁ]( Voi(2)dmdry 17, 20
one-electron orbital

energy € g = Hjy + Z (2Ji5 — Kij) 17, 21
total electronic energy E =2 Z Hu + Z Z (2Ji5 — Kij) 17, 21, 22

= Z (51 + Hu)

coulomb operator 7, Tioi(2 ) <¢Z ’m ‘ & 1)> 2) 17
exchange operator K; Aigbj( 2) = <¢Z ‘rw’qﬁ](l > ®i(2) 17
Fock operator F F=0"+ > (2] - K; ) 17, 21, 23

(17) The indices ¢ and j label the molecular orbitals, and either p or the numerals 1 and 2 label the
electron coordinates.

(18) The double vertical bars denote an anti-symmetrized product of the occupied molecular spin or-
bitals ¢;a and ¢;3 (sometimes denoted ¢; and ¢;); for a closed-shell system ¥ would be a normalized
Slater determinant. (n!)~1/2 is the normalization factor and n the number of electrons.

(19) Za is the proton number (charge number) of nucleus A, and 7,4 is the distance of electron p
from nucleus A. Hj; is the energy of an electron in orbital ¢; in the field of the core.

(20) The inter-electron repulsion integral is written in various shorthand notations: In J;; = (ijlij)
the first and third indices refer to the index of electron 1 and the second and fourth indices to
electron 2. In J;; = (i*i|j*j), the first two indices refer to electron 1 and the second two indices
to electron 2. Usually the functions are real and the stars are omitted. The exchange integral is
written in various shorthand notations with the same index convention as described: K;; = (ij|ji)
(21) These relations apply to closed-shell systems only, and the sums extend over the occupied
molecular orbitals.

(22) The sum over j includes the term with j = 4, for which J;; = Kj;, so that this term in the sum
simplifies to give 2J;; — K;; = Jy;.
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2.4.2 Hartree-Fock-Roothaan SCF theory, using molecular orbitals expanded as
linear combinations of atomic-orbital basis functions (LCAO-MO theory)

Name Symbol  Definition Notes
atomic-orbital basis Xr 24
function
molecular orbital 1o bi =D XrCri
T
overlap matrix element S, Srs = fXT*Xsd’T, Zcm SrsCsj = ij
occ
density matrix element Py Ps=2> c¢ri*cy 25
i

integrals over the
basis functions:

one-electron integrals H, Hys = [ x»*( H CoreX (1)dm
two-electron integrals (rs|tu)  (rs|tu) = [[ x* s(1) TL *(2) xu (2) drdr 26, 27
total electronic energy E E = Z Z Prers 25, 27

(1/2) Z Z Z Z PrsPr [(rs]tu) — (1/2) (rults)]

matrix element of
the Fock operator Frs Frs=Hps+ Y. Pu[(rs|tu) — (1/2) (ru|ts)] 25, 28
t u

(Notes continued)

(23) The Hartree-Fock equations read (F — €j)¢; = 0. Note that the definition of the Fock - operator
involves all of its eigenfunctions ¢; through the coulomb and exchange operators, J andK

(24) The indices r and s label the basis functions. In numerical computations the basis functions
are either taken as Slater-type orbitals (STO) or as Gaussian-type orbitals (GTO). An STO basis
function in spherical polar coordinates has the general form x (r, 0, ¢) = N7 lexp(—Cur) Yim (6, ¢),
where (,; is a shielding parameter representing the effective charge in the state with quantum
numbers n and [. GTO functions are typically expressed in cartesian space coordinates, in the form
x (z,y,2) = Nz%ylzC exp ( ) Commonly, a linear combination of such functions with varying
exponents « is used in such a way as to model an STO. N denotes a normalization factor.

(25) For closed-shell species with two electrons per occupied orbital. The sum extends over all
occupied molecular orbitals. P.; may also be called the bond order between atoms r and s.

(26) The contracted notation for two-electron integrals over the basis functions, (rs|tu), is based on
the same convention outlined in note 20.

(27) Here the two-electron integral is expressed in terms of integrals over the spatial atomic-orbital
basis functions. The matrix elements H;; , J;; , and K;; may be similarly expressed in terms of
integrals over the spatial atomic-orbital basis functions according to the following equations:

Hii = Z zcri*csiHrs
T S
Jij = (%5 5) = 223222 Y eritcsicrj ey (r7s[tTu)
r s t u
Kij = (%717%) =200 > eri*csicrj™cuj (1 ult*s)
r s t u

(28) The Hartree-Fock-Roothaan SCF equations, expressed in terms of the matrix elements of the
Fock operator Fis, and the overlap matrix elements S,;, take the form:

Z (Frs - 5iSrs) csi =0

s

21



2.5 ATOMS AND MOLECULES

The names and symbols recommended here are in agreement with those recommended by IUPAP
[4] and ISO [5.i]. Additional quantities and symbols used in atomic, nuclear and plasma physics can
be found in [4,5.j].

Name Symbol Definition ST unit Notes
nucleon number, mass number A 1
proton number, atomic number Z 1
neutron number N N=A-Z 1
electron mass Me kg 1,2
mass of atom, atomic mass Ma, M kg
atomic mass constant May my = ma(12C)/12 kg 1,3
mass excess A A=m, — Amy, kg
elementary charge e proton charge C 2
Planck constant h Js
Planck constant divided by 2n A h=h/2xn Js 2
Bohr radius ag ag = 4negh? /mee? m 2
Hartree energy ION E, = h?/ mea% J 2
Rydberg constant Ry R = Ey/2hc m~!
fine-structure constant o a = €2 /4neohc 1
ionization energy E; 1 J 4
electron affinity Eea, A J 4
electronegativity X X = (1/2) (Ei + Eea) J 5
dissociation energy Eq,D J
from the ground state Dy J 6
from the potential minimum D, J 6

(1) Analogous symbols are used for other particles with subscripts: p for proton, n for neutron, a
for atom, N for nucleus, etc.

(2) This quantity is also used as an atomic unit (see Section 3.9.1, p. 94 and Section 7.3 (iv), p. 145).
(3) my is equal to the unified atomic mass unit, with symbol u, i.e. my, = 1 u (see Section 3.7,
p. 92). The name dalton, with symbol Da, is used as an alternative name for the unified atomic
mass unit |23].

(4) The ionization energy is frequently called the ionization potential (I). The electron affinity is
the energy needed to detach an electron.

(5) The concept of electronegativity was introduced by L. Pauling as the power of an atom in a
molecule to attract electrons to itself. There are several ways of defining this quantity [24]. The
one given in the table has a clear physical meaning of