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1. INTRODUCTION AND SUMMARY

SATISFACTORY standardization of notation

for diatomic molecules and their spectra already
exists,! The problem of standardization for polyatomic
molecules is much more complicated, because of the
greater number of degrees of freedom for rotation and
vibration, and because of the considerable variety of
types of symmetry, or symmelry groups, to which
polyatomic molecules belong, as contrasted with only
two types (Cw, and Dyy) for diatomic molecules. Fortu-
nately, the system used in Herzberg’s well-known book
on infrared and Raman spectra? is already very gener-
ally accepted, and forms a $uitable basis for the stand-
ard notation proposed here. However, when one con-
siders the entire range of polyatomic spectroscopy,
from ultraviolet to microwave and magnetic resonance
spectra, there are several points of notation which need
clarification, revision, supplementation, or simply codi-
fication and affirmation in a form to which spec-
troscopists of all wavelengths can conveniently refer.
The principal need for supplementation, as compared
with Herzberg’s book, arises from the consideration of
molecules in nontotally-symmetric electronic states, a
matter which is especially essential for electronic
spectra.

In some points the problem of notation for polyatomic
spectra overlaps that for other related areas; in particu-
lar, valence theory, and the states of atoms in crystals.
Some consideration has been given in this report to the
needs of these areas, and a few recommendations have
been made.

The problems are rather different for small molecules,
the high symmetry of which is often very important for
the classification of vibration modes and gquantized
states, and large molecules, where rigorous symmetry is
often nonexistent or unimportant (though approximate
or local symmetry is often important). Some considera-
tion has been given in this report to large molecules, but
the major emphasis is on the smaller or more sym-
metrical molecules.

* This report was prepared at the request of the Joint Commis-
sion for Spectroscopy of the International Astronomical Union and
the International Union of Pure and Applied Physics, and was
officially adopted by the Commission at its meeting in Lund in
July, 1954. In order to make the Report readily available to the
maximum number of interested scientists, publication in the
Journal of Chemical Physics seemed very desirable. However,
unlike research papers, it seemed proper that the enfire cost of
publication be covered. This cost is being met with the financial
assistance of UNESCO, through the International Council of
Scientific Unions.

1F, A. Jenkins, J. Opt. Soc. Am. 43, 425 (1953).

2 G. Herzherg, Infrared and Raman Spectra of Polyatomic
Molecules (D. Van Nostrand Company, Inc., New York, 1945).
Other authors have given tables differing slightly in a few of the
species symbols or definitions from those in Herzberg’s book.

This report in draft form has been sent to some 150
molecular spectroscopists and persons in allied fields for
their criticism, comments, and suggestions, and the
replies (from some 65 persons) have been very helpful in
arriving at an end result which is believed to be ac-
ceptable in nearly all respects to almost all those who
were consulted.

The conclusions reached are summarized in Table 1,
while the background for these conclusions, and certain
further considerations, are presented in the subsequent
text.

Where it is believed that existing practice is suffi-
ciently well established, fairly unanimous, and ripe for
current standardization, the conclusions are embodied
in Recommendations. In a few cases where standardiza-
tion would be premature or where the need for it is less
definite, Suggestions have been made.

In some cases, more than one alternative notation has
been included in a Recommendation, or it has been
recommended that a particular notation be usually
used, but that alternatives be not excluded under
special circumstances. However, the acceptance of more
than one alternative standard notation has never been
recommended unless the alternatives are so different in
form that there is no danger of their leading to con-
fusion.

In this Report, pending a final decision by the Joint
Commission,? the symbol cm™? rather than X, and »
rather than ¢ for wave number, have been used. Fur-
ther, as a matter of convenience to microwave spectro-
scopists, the symbol v as well as related term symbols
and molecular constants are permitted to signify
quantities which may be expressed either in the usual
cm! units, or in frequency (Mc/sec) units.

At all stages in the preparation of this Report, the
writer has consulted extensively with Dr. G. Herzberg,
whose cooperation and criticism have been of extremely
great value, and who is in essential agreement with all
the Recommendations, including those few which in-
volve departures from notation of reference 2.

II. VIBRATIONAL AND ELECTRONIC STATES
1. Classification According to Symmetry Species

(e) General Considerations

The notation problem is in many respects very
similar for vibrational and for electronic motions in
molecules, hence it is convenient to treat these together.
The major problem is to select definitions and symbols
for the various symmetry-characterized types or “spe-
cies” of classical normal modes of vibration and of

3 See Minutes of Lund meeting, J. Opt. Soc. Am,
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TaBLE I. Summary and index of symbols and definitions.

Symbols or Symbols or
other items Explanation Reference other items Explanation Reference
(1) Quantum Numbers ,K) Symt}olI forI qu?ntized rota- Rec. 21
. tional levels of symmetric-
ANo,w A Z,Q2; S Electronic quantum numbers  Rec. 2b rotor molecules. Y
for linear molecules, the same
as for diatomic molecules Jr.K, 0r Jy Symbols for quantized rota- Rec. 22
(reference 1); resultant angu- tional levels of asymmetric-
lar momentum of electron rotor molecules.
spins.
I (orI;) Angular momentum of nu- Rec. 28
2:(=1,2,---) Vibrational quantum num- Rec. 8 clear spin for one nucleus.
bers.
T (or T:) Resultant angular momen- Rec. 28
vt v (e.g. Vibrational quantum num- Rec. 11 t‘f"ﬁkof nuclleflr spins for a set
0+, 0, 1%, -+ 4) bers with superscripts to ot like nuclel.
Lr(l)(ri;caggeéilsverslon doubling F Resultant angular momen- Rec. 28
P ) tum including everything.
[T Abso}ute value otf vibrfatiogal Recs. 9, 10 Mz, M1, My Proje_ction of F, ‘[, or ]! re- Rec. 28
angular m%mer} um folr' &- spectively, on axis of axially
Igrf(?lir?flisw lratflons Qb Htl?a; symmetrical fglletsrnal electric
cules; v tor vibratiol or magnetic field.
with quafltu;n number v;, | £
for resultant angt_llar _mo- (2) Electronic and Vibronic States
mentum from all vibrations. General Considerations on Electronic States Recs. 1, 14;
Secs. 11 1{a
I Angular momentum index for Rec. 9 11 3(a), (c() )
degenerate vibrations of sym-
metric-rotor molecules. General Considerations on Vibronic States Sec. I 1(a),
114
J Resultant angular momen- Recs. 20, 25, . .
tum excluding nuclear spins. 26 7. Electronic term (in cm™ or Rec. 29
Mc/sec).
N Resultant angular momen- Rec. 25 TS .
tum excludinggu electron and € ev, v (as left To d1§tmg1_ush electromg (*) Sug. 1
nuclear spins, for the case superscript) a_nd vibronic (”),. and vibra-
that electron spin is present tional (*) states, 4f necessary.
but loosely coupled. g % (assubscripts) Parity species symbols for Recs. 2,3
M, My, Ms Projection of vector J, N, or Rec. 27 orbitals and electronic and
S, respectively, on axis of vibronic states of molecules
axially symmetrical external km:jmg a symmelry center (g,
electric or magnetic field. 4, denote symmetric ot anti-
symmetric, respectively, on
K Absolute value of total angu- Rec. 21; Secs. inversion at the center).
I:;fmr?&%?;ltu?; ralonuga:i}-(;s n(;f I(fjl) 2(b), (o), myt, my-, Species symbols for electronic  Rec. 2, Table
metric) rotor exglusivey of A, e or vibro_nlc States of un- 1I, and Sec.
electron spin i present. For s(ymmetrlcal linear molecules 1I 1(b)
f L =28+1=spin multiplic-
linear molecules, K is abso- e . :
? > e ty), the same as for diatomic
lute value of vibronic (i.e. iy,
electronicX vibrational stateS molecules (reference 1).
i;lsguﬁre;?gtrlr_lenturp f(zr the 2ot "But, ™2,  Species symbols for electronic  Rec, 2, Table
i © I IO; spin z€ro or 1., etc. or vibronic states of sym- II, and Sec.
oosely coupled. metrical linear molecules, the 1T 1(b)
z Component of vector § along Rec. 26 (S:TII;: (‘ﬁfﬁgéngéaf?mlc mole-
axis of linear molecule or '
syrnmetn.cf or quasi-symmet- M1, %Az, M(ar2u, Linear—moleculg elf:ctronic Rec. 2, and
rlCCTtOtOTkI 't11‘1g1hﬂ¥ COUPfICg to etc. state syrfnbols including sub- Sec. II 1(b)
vector &. lhe sign o 1s scripts for multiplet com-
g)omt;\;e ?}l;enegatlve aciord% ponents, needed if spin is
g h Jlomponen }? strongly coupled to molecular
vector .5 has the same or the axis; the numerical subscript
opposite direction to K. is the value of A+Z, the same
as for diatomic molecul
P Absolute value of total angu- Recs. 18, 26 (reference ?). e molecties
lar momentum along sym-
metry axis when vector S is m4,™B,mE,mF or Species symbols for electronic Recs. 1, 3;
tightly coupled to the lat- =T usually with or vibronic states of non- Rec. 16

ter. For linear molecules,
P=|+AX]|. For symmetric
(or quasi-symmetric) rotors,
P= |K+2f’.

right subscripts or
superscripts of one

or more kinds

linear molecules (m=2S5+1);
also for afoms in crystals.
See SPECIAL RULES for B;
species (below).
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TaBLE I.—Continued.

Symbols or
other items

Explanation

Reference

Symbols or
other items

Explanation

Reference

B;, often with fur-
ther subscripts or
superscripts

N7 T; V; Q’ VI"
3Qu, 3La, *Ls, etc.

(3) Orbitals and Electron Configurations

SPECIAL RULES are being
recommended for labelling
axes or planes in PLANAR
and some other molecules in
order to fix the uncertain
meaning of the numerical
subscript ¢ in B; and b;
species labels.

Informal symbols for special
electronic states.

General Considerations

g, u (as subscripts)
orbital

spinorbital

AO, MO

GO, SO, ASO,
MSO

LCAO or
LCAO-MO

0',7I',5, e

a, b, e fort,
usually with
subscripts or
superscripts

See under “(2) Electronic
and Vibronic States.”

One-electron  orbital wave
function.

One-electron wave function.
molecular

Atomic orbital,
orbital.

Group orbital, -spin orbital,
atomic spin orbital, molecular
spin orbital.

MO approximated by a linear
combination of AOs.

Species symbols for MOs in
linear molecules; also, for
bond AOs of atoms in mole-
cules; also, for bond MOs.

Species symbols for MOs or
GOs of nonlinear molecules;
also, for AOs of atoms in
crystals or molecules. For b;
species, see B; above, under
“(2) Electronic and Vibronic
States,” for SPECIAL
RULES.

Electron Configurations and Numbering of MOs

(4) Vibrational States

General Considerations

v (as left
superscript)

I

G(ih,'vz,' . )

A£G (2:), AmG (i)

To distinguish vibrational
from electronic or vibronic
states, if necessary.

Coefficient of I; in vibrational
angular momentum of sth
degenerate vibration.

Vibrational term (in cm™ or
Me/sec).

Vibrational term differences,
in particular
AG(v;)

=G(ns, « - vi+1, - -vn)

—G(vve- o -vit - "IJ,,).

Recs. 4, Sa—d,
Fig. 1

Rec. 15

Sec. II 3(b),
(©

Rec. 12

Rec. 12
Rec. 12

Sug. §

Sug. 5

Recs. 2, 2a,
Table I;
Sug. 5

Recs. 3, 16

Rec. 13, and
what follows
it

Rec. 1

Sug. 1
Rec. 19a.

Recs. 29, 30

Rec. 33

Wy Xiky vt

Vi

o, 4, b7 [2) f:
usually with
subscripts or
superscripts

Vsblu, Y16€g, etc.

vi(vCH)ay,
V3(5CH2)(1‘1,
va(vCH3)a, etc.,
»(CCl), v(oCCl)

SHI O, A, e
(or also with g,
u subscripts)

A, B, E, F,usually
with subscripts or
superscripts

(Vlam)2 (Vsbxu)2
V15620)2, Blu or
v10 )2 (vomu

(1’30 u), By

Coefhicients in power series
expression for vibrational
term:
G=3; w;(v:i+1d:)
+Zi Zi> ¢ win(vit-3d)

X (wetide)+- - -
Note that the definitions of
w and x here are different

than for diatomic molecules,!
where

G=uw, (7’+%)
I

Symbol for 4th vibration
mode, also for wave number
of corresponding fundamen-
tal band; for numbering of
modes, see Rec. 6.

Species symbols for vibration
modes. For b; species, see
B; under “(2) Electronic
and Vibronic States,” for
SPECIAL RULES.

Combined numbering and
species labeling of vibration
modes.

Examples of descriptive sym-
bols for vibrati modes
which are fairly (glell local-
ized.

Species symbeols for vibra-
tional states of linear mole-
cules.

Species symbols for vibra-
tional states of nonlinear
molecules. For B; species, see
B; under “(2) Electronic
and Vibronic States,”” for
SPECIAL RULES.

Examples of vibrational con-
figuration and state symbols.

- (5) Rotational and Over-all States
General Considerations; Fine Structure

Eulerian Angles

Ta I Icorle IV,
I+, often with sub-
scripts e, 0, or o1,
Vg o+

4, B, C, usually
with subscript e, 0,
or o1, Uz~ **

F(J), F(J,K),
F(J,), etc.

Principal moments of inertia,
always with 7¢2> I> I, Sub-
script e denotes a true equi-
librium value, subscripts o1,
vg, --+ or 0 (for vy=p,=---
=0) indicate effective mo-
ments of inertia,

Rotational constants (in
cm™ or Mc/sec), with e.g.
(in cm™) A.=h/8x%I,°. Al-
ways A2B2>2C.

Rotational term (in cm™ or
Mc/sec) for linear or spheri-
cal-rotor molecule, symmet-
ric-rotor, or asymmetric ro-
tor, respectively.

Rec. 30

Rec. 6

Recs. 1, 2a,
Table II;
Rec. 3

Rec. 7

Sugs. 2, 3

Recs. 1, 2,
Table II, and
Sec. II 1(b)

Rec. 3

Sug. 4

Secs. ITI 2(a),
III1

Sec. IIT 1(a)
Rec. 19

Rec. 19

Recs. 29, 31
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TABLE I.—Conlinued.

Symbols or Symbols or .
other items Explanation Reference other items Explanation Reference
Fi(J), Fa(J), -+ Term designations for com- Rec. 31, (6) Spectroscopic Transitions
1(J,K), - ponents of fine structure Part (2) T .
levels due to loosely coupled (prime and Used to distinguish the upper Rec. 34,
i A double prime) (") and lower (") levels in a Sec. IV 2(a)
electron spin. Fy, Fy, refer p € eV
to levels with J=N-+S spectroscopic tr?,nslltlon. E;zl-
) <R ese
N+S—1, «--. %2?1,?5-17 y Glo ey - <), T,
F.(J), Fo(J), Components of I-doublets or Rec. 32
Fia(J), etc. similar doublets; F, and F AJ,AK,Av; etc.  AJ means J'—J"”, Ap;=2 Rec. 35
are respectively the compo- —;", etc.
nents of lower and higher
€nergy. — (minus sign or Placed between symbols of Rec. 36
FO(T), F®(J),  Term designations for Cori- Rec. 32 dash) upper state (always first) and
FOT) olis fine structure levels in 3- lower state, as symbol for a
fold degenerate (F) vibra- spectrosc<3)p1c tlrans1t10n. Ex-
tional states of spherical amples: 2By—14, electronic
rotor molecules. transition; (3,2)— (2,1) rota-
tional line of symmetric rotor
AF g] ), A:F(J),  Rotational term differences, Rec. 33 molecule,
AsF (J,K), e.g.
AXF(J,K), AF(N)=F(J+1)—F(J), PN Used instead of — sign if itis Rec. 36
AsF1,(]), ete. A F(TK)=F(J+1, K) desired to indicate specifi-
~F(J~1,K), cally an absorption transition
AEF(JK)=F(J, K+1) (T"—T") or an emission
~F(J,K—1). transition (T"—7").
A, By Rotational constants in pow- Rec. 31, parts . .
[[ﬂ]: _[[])’M , er series expressions P for (1)-@3) P »1-+2m—v;, or the To indicate a band in the Rec. 37
— DK or F(J,K) or F;(J,K) for linear like vibrational spectrum.
—D"E, = D% or symmetric rotor molecule.
or — DV Ve Electronic “frequency” or Rec. 38
. . . origin of a band system (in
ai, —asB, —ai4, Codfiicients in power series Rec. 31, em™); vo=T, —TJ".
—ag expressions By, = B,—Z;ai(v; part (5)
Iy S WIS . .
+3di)+-- -, ete. vo Origin of a bar'l'd (in cm™): Rec. 38
A, Ay, Asy By, By, Species symbols for rovi- Rec. 23 n=v,+(G'—G").
B;, E, F brational or rovibronic levels
(i.e. over-all levels exclusive band; (electronic) transition; band system Rec. 39
of hyperfine structure) of
nonlinear molecules classified O,P,Q,R, S To denote band branches Rec. 40
under rotational subgroup of with AT (or AK)=—2, —1,
vibrational symmetry group. 0, +1, +2 respectively.
s, a Species symbols for classifica- Rec. 23 ) )
’ tion of rovibrational or rovi- RQ(J), etc. Band line with AK= 1”: Rec. 40
bronic levels of symmetrical AJ=0, and a value ,Of J
linear molecules with respect equal to the J value given in
to exchange of sets of identi- parentheses; etc.
cal nuclei. R & b . .
J), etc. Like J), etc. but with Rec. 41
+, - Parity species symbols for Rec. 24 ), loosely g(gu;)ﬂed electron vsvpin
rovilgronic levels (especially S whose orientation is im-
for linear and planar mole- plicitly given by the nu-
cules). merical subscripts (first sub-
ches . . ipt for upper state, second
I- (or A-,Q-, K-, or Splitting of rovibronic levels Rec. 24 and script pper sta’®, sec
P-) doubling into parity doublets. the following f;)f,,],o Z?\;”:t_??—)’l iﬁ;x{avm_{[;fz
++4, +—, —4, Symbols for the four asym- Rec. 22 given.
—~—;ord,B. Bs, metric-rotor rotational spe-
By cies. Use of R, S in rotational Raman spectra Rec. 42

quantum-mechanical eigenfunctions. These species are
best characterized by group-theoretical methods. For
any molecule of given symmetry, each symmetry species
is defined, and its species label assigned, to correspond
to a characteristic behavior under each of the various
“classes” of symmetry operations of the symmetry
group.

The classification according to symmetry species is
most important for small molecules of high symmetry.

For molecules lacking any symmetry, no rigorous classi-
fication is possible, but partial or approximate classifica-
tions based on local or approximate symmetry are often
useful.

The things which require classification fall into the
five categories given just below. It is recommended
(REC. 1) that, for any given symmetry group, identically
the same set of species symbols be used for all five
categories, except that lower case letters be used for
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categories (a) and (c), capital leiters for (b), (d),
and (e).

(a) Normal vibration modes: lower case letters.

(b) Vibrational state wave functions: capital letters.

(¢) Orbitals (i.e., one-electron orbital electronic wave-
functions) : lower case letters.

(d) Electronic state wave functions: capital letters.

(e) Vibronic state (i.e., combined electronic X vibra-
tional state) wave funciions: capital letters.

The use of the same capital-letter species symbols for
categories (b), (d), and (e) will seldom cause confusion.
The context will usually make clear which category is
involved. However, it is suggested (SUG. 1) that, if
necessary for clarity, the species symbols be prefixed by
a left superscript ?, ¢, or ¢ for a vibrational, electronic, or
vibronic state respectively ; for example, *E,,, By, ©24’.

(b) Linear Molecules

Two systems of species symbols are in common use.
One, using Greek letters, was first developed for orbitals
and electronic states of diatomic molecules. Diatomic,
and also linear polyatomic, molecules belong to sym-
metry groups Cu, for unsymmetrical, Dy for centro-
symmetric, molecules. Hence it is recommended (REC.
2), in agreement with general practice, that use of the
diatomic electronic species symbols be extended to all of
the five classification categories given above, for all
linear molecules.

Table IT and the subsequent discussion indicate the
species symbols for molecules of symmetry Cg,. In
categories (d) and (e), a left superscript to denote the
spin multiplicity » is usually included, e.g., 1=+, *II, and
so on. Right subscripts to indicate multiplet components
are also added if the spin if sufficiently strongly coupled
to the symmetry axis (Hund’s diatomic case a) e.g.,
31, 2Age.! If the spin-orbit coupling is very strong
(Mulliken’s case ¢), other species symbols (0+,0—,1,2,- < -)
related to the multiplet component subscripts of Hund’s
case g are used.!

In categories (a) and (c), not all of the species which
otherwise exist are possible. The only ¢ species are o7,
never o—. Hence it is recommended (REC. 2a) that the
species symbol ¢t be abbreviated to ¢, as in Table IT, in
agreement with diatomic practice.?

For molecules of symmetry D.., there are two species
corresponding to each ome of Table II. These are dis-
tinguished by a right subscript g or #. For example,
there are g, ¢u, 7, and 7, vibration modes, Z,*, 2,7,

TastLe II. Species symbols for symmetry Co.

(a) Vibration modes: o, e
(b) Vibrational states: =+, =~, I, A, &, I, .-
(c) Orbitals: w 8, @ v, e

o, .

(d) Electronic states: ™Z*, mZ~, »II, ™A, ™®, "I, -+

e) Vibronic states: ™2+, »Z=, »II, ™A, "®, »T", « .-
H L

Z., 2., « -« vibrational states, electronic states such as
2Zg+, 22,{", 429_, 3H1u, 2A(5/2)g, and so on.

In addition to species symbols, quantum number
symbols are needed. For categories (c) and (d), it is
recommended (REC. 2b) that the same angular momen-
tum quantum number symbols (in particular, A;, S, 4,
2, Q) be used for all linear molecules as for diatomic
molecules.! For categories (a) and (b), however, dis-
tinctive symbols (/; and ! instead of the analogous
diatomic X; and A; also v;) are recommended [see Sec.
112 (b), Recommendations 8-10]. Likewise for category
(e), distinctive symbols for angular momentum quan-
tum numbers are recommended (see Sec. 1T 4).

(¢) Nonlinear Molecules

A second system of species symbols, using italic
letters with subscripts and superscripts, was developed
by Placzek for nonlinear molecules.* This was first used
for vibrational modes and states, but was soon applied
also to orbitals and electronic and vibronic states.’
The most complete tabulations of the symbols and the
group-theoretical specifications of the possible sym-
metry species, for all important molecular symmetry
groups, are those given by Herzberg.2 Herzberg uses the
diatomic symbols for linear molecules, and the Placzek
symbols with minor changes for nonlinear molecules.

It is recommended (REC. 3) that species symbols and
their definitions precisely as given by Herzberg in
Chapter II, Sec. 3, of his book? be adopted as standard
for nonlinear molecules, for all the five categories of
vibrational and electronic classification given above,
with capital or lower case letters in accordance with
Recommendation 1, and left superscripts to indicate
multiplicity (in the same way as for linear molecules,
see Table I) for electronic and vibronic states; but
leaving open the possibility of using alternative symbols
when particularly desirable in special situations; in
particular, the symbols® T" and ¢ should be used instead
of F and f for triply-degenerate states or orbitals of
atoms in crystals [see Sec. II 3(d)].

Recommendations 1-3 still leave unsolved one trouble-
some problem which arises for symmetry species bearing
labels B; or b; (i=1, 2, and sometimes also 3), or B, or
bip (p=yg or u), for the symmetry groups Cgz,, Cio, Céy,
D3, Dy, Ds, Dyy, Dyp, and Dgi. (No such difficulty arises
for B species of other groups, nor for 4, E, or F species
of any group.) The difficulty is that the distinctions
between B or b species differing in numerical subscript
depend on their behavior toward certain pairs of classes
of symmetry operations which, while group-theoreti-
cally distinct, cannot be distinguished by any general
specification for the particular symmetry group, but
only by a specification for a particular molecule or type
of molecule. As a result, confusing divergences exist : for

4 G. Placzek, in Marx’s Handbuch der Radiologie (Akademische
Verlagsgesellschaft, Leipzig, Germany, 1934), Vol. VI, 2, p. 205;
article on Raman spectra.

5 R. S. Mulliken, Phys. Rev. 43, 279 (1933).
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example, one author calls B; the same species which
another calls B,, and vice versa. There seems to be no
general solution for this problem. Hence it is recom-
mended (REC. 4) that in general every author, in re-
ferring to B, or By, (or b; or b;,) species of the symmetry
groups mentioned above, shall define these species
clearly in each paper in terms of the specific geometry of
the molecules he is discussing and in so doing, that he
shall make an effort to follow previous usage if such
exists and there is no strong reason to change.

However, for the very large and important class of
planar molecules of symmetry groups Cs,, Dan, Dis, and
Dgy, theneed for an immediate standardization of B; or b;
species labels is urgent. In defining the problem, it
should be noted that not all molecules of the groups
mentioned are planar ; but also that planar molecules ex-
ist belonging to other symmetry groups (C ,C pa,Dsn,Dsn)
for which no B, problem exists either because there are
no B species or (Cp1) because only B, and B, species
occur.

The group-theoretical species table for Cs, is given in
Table III. The species B; and B; are distinguished by
their behavior for reflection in the two planes ¢, (xz) and
0, (vz). The z-axis is the axis of symmetry, but the choice
of the x- and y-axes, hence the identification of the two
planes, is arbitrary, with two choices possible. To re-
solve the resulting ambiguity in the meaning of the B
species labels, it is recommended (REC. 5a) that, for
planar C,, molecules, the x-axis always be chosen per-
pendicular to the plane of the molecule unless there are
very exceptionally strong reasons for a different choice;
and that the choice of axes used also be explicitly
stated, as per REC. 4, even if it is the standard choice.
Application of this rule to some typical examples is
illustrated in the followlng Fig. 1.

The group-theoretical species table for Dy, is given in
Table IV.2 The species By,, Bsp and B;, (p=g or %) can
most conveniently be characterized by their respective
behatiors for 180° rotations around the three mutually
perpendicular 2-fold principal axes of symmetry z, ¥,
and x. However, the assignment of the labels 2, y, and x
to the three axes in a particular molecule is arbitrary,
with six choices possible. To resolve the resulting
ambiguity in assigning B species labels, it is recom-
mended (REC. 5b) that, for planar D,;, molecules, the x
axis be chosen perpendicular to the plane of the molecule
and the z-axis so that it passes through the greatest
number of atoms or, if this rule is not decisive, so that it
cuts the greatest number of bonds; these rules are to be
followed unless there are very exceptionally strong

TaBLE III. Species table for symmetry Cs,.

Cav I Ca(z) oo (x2) au(yz)
Ay +1 +1 +1 +1
Az +1 +1 —1 —1
By +1 —1 +1 —1
Bg +1 —1 —1 +1

TaBLE IV. Species table for symmetry Do,

Dy I o(xy) a{xz) o(ys) i Ca(z)  Ca(y)  Ca(w)
A, +1 +1 +1 +1 +1 +1 +1 +1
Ay +1 -1 -1 -1 —1 +1 +1 41
By +1 41 -1 —1 +1 +1 —1 —1
B, +1 -1 41 +1 —1 +1 —1 —1
Bs, +1 -1 +1 —1 +1 -1 +1 —1
Bs, +1 +1 —1 +1 —1 —1 +1 -1
Bs, +1 -1 -1 +1 +1 -1 -1 +1
B;, +1 41 41 -1 —1 —1 —1 +1

reasons for a different choice; and that the choice of axes
used also be explicitly stated, as per REC. 4, even if
it is the standard choice. Application of REC. 5b to
some typical examples is illustrated in Fig. 1.

The group-theoretical tables for Dy, and Dg, molecules
(Herzberg?) read in part as in Tables Vand VI. (It may

y ‘Y
: ' ‘
1
- -2 - - e s @Z e —
+ . ]
)

CHp(Chy HC0(C5,) HaCaC15(Ch,
ay
4
? --}-é)—(-—z - —®--+z
v
'
Hoci(c,) CoHy (Dyy,) 05(D,)
oy f@(' —c—— @+
BClj(Djh) Cu”é(czh) CoH,(D,,)

CgHsCl4(Ds ) Dyn 4 Clg(Dg,)

_A-z RO QG

o-céﬁu012(c2v)

sy

€10t (Do) P-CgH,C1,(D, )

Fi1e. 1. Recommended axis choices for planar molecules. In
every case z is the (or for Da) a principal axis of symmetry. The
choices of the x- and y-axes (and of z for Dy) are then free, except
that for Cs, and Dss molecules they must be fixed if the B species
labels are to be made unambiguous. For Dy and Dg, molecules, the
labeling of the C; and Cy' sets of axes (but ot of the x- and y-axes)
must similarly be fixed to make the B species labels unambiguous.
The circle around x or z in each diagram indicates a downward
direction into the plane of the paper.
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TaBLE V.
D I cee 2Cy 2C 20 204
By, +1 +1 —1 +1 —1
Biu +1 +1 ~1 —1 +1
By, “+1 —1 +1 —1 +1
By +1 —1 +1 +1 -1
Tasre VI
D I oo 3Cs 3C 3o 304
By, +1 +1 -1 -1 +1
By +1 +1 -1 +1 -1
By +1 -1 +1 —+1 -1
Bay +1 —1 +1 -1 +1

benoted that the tables contain implicit definitions of the
operations ¢, and ¢4 in terms of C; and Cy/, as follows:
for D4h, 0'1,=iC2,, 0d=iC2; for Deh, Uv=iC2, o'd=iC2’ (l is
the inversion operation). It is recommended (REC. 5¢)
that the following rule, which in the most important
cases is in agreement with the current practice of most
authors, be adopted for planar Dy, and Dy, molecules in
order to make the designations of their Bj, and B,
species unambiguous: the C, and Cy classes of opera-
tions in the tables shall be distinguished by specifying
that, (a), the C, axes shall pass through the greater
. numbers of atoms or, (b), in case specification (a) is not
decisive, shall intersect the greater numbers of bonds.
Application of this rule to some examples is illustrated
in Fig. 1.

A similar standardization of B species labels appears
desirable for those Cy4, and Cs, molecules which, while
not planar, nonetheless contain a square or hexagonal
planar arrangement of atoms. The group-theoretical
tables? here read in part as follows:

Civ eve 20, 204 Cov oo 30y 304
B, +1 -1 B, +1 -1
B, -1 41 B, -1 +1

Here it is recommended (REC. 5d) that the ¢, and ¢4
classes of operations be distinguished by the specifica-
tion that, (a), the ¢, planes shall pass through the
greater number of those atoms which are in the square
or hexagonal (or similar) array, or, (b), in case specifica-
tion (a) is not decisive, shall intersect the greater
number of bonds among such atoms. The locations of
the ¢, planes are thus similar to those of the C, axes in
the Dy, and Dgy, cases in Fig. 1,

It will be noted that the foregoing recommendations
5a-5d do not resolve ambiguities as to B species labels
for molecules of groups Ds, D4, or Dg, nor for nonplanar
molecules of groups Cs, Dsp, Dun, or Dg. For these
cases, it appears best merely to follow REC. 4.

A few comments are needed on the changes required
in current practice by RECS. 5a and 5b. At the present
time, most workers on electronic structure and spectra®
are already in accord with these recommendations; but

most workers on infrared and Raman spectra®? use a
notation corresponding to an interchange of the x and y
axes as compared with REC. 5a for Cy, molecules and of
the x- and z-axes as compared with REC. 5b for Da,
molecules. The infrared workers must then interchange
their x- and y-axis labels and their B; and B, species
labels if they are to follow REC. 5a. They may also have
to change the present numbering of some of the vibra-
tion modes of some C2, molecules (not, however, fora B,
molecules) if they also follow REC. 6 below. For D,
molecules they must interchange their present x and 2
axis labels and consequently (see Table IV) their By,
and B, species labels (p=g or %) if they are to follow
REC. 5b.

RECS. 5a and 5b have the advantage that planar
molecules of symmetries Cs, and Dy, and related linear
molecules, usually have the z axis in a convenient and
natural direction (see Fig. 1), and the x-axis perpen-
dicular to the molecule plane (and/or to the principal
axis). It may be noted that RECS. 5a and 5b have the
endorsement of Dr. G. Herzberg.

2. Normal Vibration Modes and Vibrational
State Wave Functions

(a) Vibration Modes

The labeling of normal modes of vibration according to
group-theoretical species has been covered in RECS.
1-5d (also, see Table IT and Fig. 1). Further, it is
recommended (REC. 6) that the vibration modes of any
molecule be labeled and numbered in the way described
at the top of p. 272 of Herzberg’s book,? beginning the
numbering with »; for the highest frequency totally
symmetric mode; but following Herzberg also in desig-
nating the perpendicular vibration of linear XV, and
XY 7 molecules, as a single exception to the usual rule,
always by »,; it is to be understood that these symbols
are not only labels for vibration modes but also symbols
for the wave number values, of the corresponding funda-
mental bands (see Sec. IV); further, the parallel use
for special purposes (for example, comparisons between
isotopic molecules) of other modes of numbering normal
modes of vibration should not be entirely excluded.

For a more complete description of any vibration
mode, it is recommended (REC. 7) that the species
symbol be added, for example »igeqq.

In case it is known that the motion in a particular
mode is largely localized in a particular bond or a
particular group or groups of atoms, it is suggested
(SUG. 2) that further descriptive symbols be included,
for example »(WCH)ay; vo(yC=C)ay; vi(3CHz)a,;
V4(1'CH2)du; Vr,(VCH)bM; Ve(pCHz)bm; V7<wCH2)b3u;
vg(wWCH3)ba, for some of the normal modes of C,Hy
(v=stretching, §=deformation or spreading, r=twist-
ing, w=wagging, p=rocking). The use of symbols such
as », §, p, 7, w should be avoided except when it is
known that they represent reasonable approximations
to the actual motions. For semilocalized vibrations of
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large molecules or molecules of low symmetry where the
vibration modes have not been identified and numbered
in terms of symmetry species, it is suggested (SUG. 3)
that, when warranted, symbols such as »(CCI), »(oCCl),
v(wCCl) be used.

(b) Quantum Numbers and Vibrational State
Wave Functions

It is recommended (REC. 8) that the vibrational
quantum number for the ith vibrational mode be
designated by v;.

In the special case of degenerate vibrations of linear
and symmetric-rotor molecules, a second quantum
number or index besides »; is needed ; it is recommended
(REC. 9) that this be designated I; and that particular
values of the pair ¢;, /; be written in the form »;% for
example v22=2? or 3!; in linear molecules, /; is vibra-
tional angular momentum around the molecular axis in
units of %/2x. In symmetric-rotor molecules, /; gains
significance only for rovibrational states where there is
rotation (K>0) around the molecular axis; for each
degenerate vibration there is then a vibrational angular
momentum (=£{4:)%/ 2, the sign depending on whether
I; is parallel (“41.) or antiparallel (“—1,”) to K ; the
use of the symbol {; is recommended (REC. 9a) for the
purpose indicated here. There is an energy splitting
between the +I; and —/; states: see Sec. IV, REC.
31, part (1), also Sec. IIT 2(b).

The labeling of over-all vibrational state wave func-
tions has been covered in RECS. 1-5d. In the case of
linear molecules, a quantum number label for the
resultant vibrational angular momentum quantum
number (vector ZI;) around the figure axis is also
needed, and it is recommended (REC. 10) that  be used
for this purpose [1=0,1, 2, --- for Zt or 2, IT, 4, - - -
states (see Table IT)].

For more detailed characterization of vibrational
states, it is suggested (SUG. 4) that vibrational con-
Jfeguration symbols be combined with state symbols as in
the following examples; '

(»0)*%6(v16)%, Bra or  (91019)*(veb1u) (vi6€20)?, Brau
(r)?(v9)2ws, Au  Or  (910,)%(vamu)?(v30u), Au

for a nonlinear and a linear molecule, respectively.

In cases, such as NH;, where inversion doubling of
vibrational levels occurs, designations for the two sub-
levels are needed. Herzberg (reference 2, pp. 222, 295),
uses superscripts + and — (e.g., 0F, 0—, 1+, 1—, - .. for
9=0, 1, --- in the case of NHj;). It is recommended
(REC. 11) that these be used.

3. Electron Configurations and Electronic States

() General Considerations on the Classification of
Electronic Wave Functions

(1) It is important to keep in mind that the group-
theoretical species classification of electronic wave func-
tions of molecules is based on the symmetry of the

geometrical configuration of the nuclear framework,
ordinarily for an idealized situation in which the nuclei
are thought of as held fixed in positions corresponding to
equilibrium for the particular electronic state under
consideration. Unlike the symmetry for vibrational
modes and states, the equilibrium molecular symmetry
for an electronic state is practically unaffected by
isotopic substitution; hence the appropriate electronic
state species classification is the same for all isotopic
molecules. For example, the ground state of CO, is
classified as 2, (D, symmetry) equally for Q8C1201
O%C20'8, and other isotopes. The spectroscopic prop-
erties of an electronic state (i.e., the selection rules and
over-all intensities of transitions to other electronic
states) are to a good approximation governed by this
fact. However, in a higher order of approximation, the
classification can also be given in terms of that lower
symmetry which is appropriate in classifying the vibra-
tional states; for example the ground state of O'*CPQ!8
may be classified as 'Z+ (symmetry Cu,).

(2) When substituent groups are introduced into a
molecule, the major spectroscopic properties, at least for
some electronic transitions, are often little affected, in
spite of the fact that the rigorous symmetry classifica-
tions of the states involved may be changed. For ex-
ample, all unconjugated aldehydes RCHO and ketones
R,CO show a characteristic weak ultraviolet absorption
band system near A2900, indicating that all have a very
similar excited electronic state, and that to a rather good
approximation all behave as if they had symmetry C,,
like HyCO. The situation is similar to that for isotopic
substitution, although the effects of substitution are in
general greater. For this reason, classification according
to approximate or local symmetry is more frequently
useful for electronic than for vibrational states.

(3) Different electronic states of a molecule in general
differ in their nuclear equilibrium configurations, in
respect to (a) interatomic distances; (b) often also
symmetry. When situation (b) occurs, the species classi-
fication must be made in terms of different symmetry
groups for different states. Nevertheless, because of the
operation of the Franck-Condon principle, the electronic
selection rules and the over-all intensity of the system of
bands (and/or continuum) associated with an electronic
transition always correspond in first approximation to
those for a transition without change of symmetry, in
other words to those for a transition keeping the sym-
metry of the initial state (whether in absorption or in
emission). Hence classification of the final state wave
function according to the initial state symmetry is often
desirable.

For a detailed consideration of individual bands and
band-lines, however, one must use electronic (and/or
vibronic) selection rules corresponding to a sort of
greatest common denominator of the symmetries of the
initial and final equilibrium configurations.

In assessing the likelihood that situation (b) may
occur, it is important to keep in mind the Jahn-Teller
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theorem,® which states that orbitally-degenerate (i.e., E
or F) states of nonlinear molecules are configurationally
unstable. However, no quantitative studies of the Jahn-
Teller effect have been made, and it is possible that in
many cases only a small or moderate departure from a
geometrical configuration of the original symmetry may
occur. On the other hand, changes of symmetry on
going to excited states are frequent even for orbitally
nondegenerate states and for linear molecules,

(4) Among large aromatic molecules there are often
extensive close analogies between the ultraviolet spectra
of molecules which would not on any obvious grounds be
expected to be spectroscopically related.” Here an
empirical classification of electronic states becomes
more useful than one based on symmetry species.

(b) General Considerations on the Labeling of Orbitals in
Molecules and Crystals

The labeling of one-electron wave functions of mole-
cules,39 and of atoms in crystals, is a problem common
to valence theory and to spectroscopy. As a preliminary
to the discussion, it is recommended (REC. 12) that the
word “‘orbital” be used only to mean ‘‘one-electron
orbital wave function;”*® further, that the words
“alomic orbital” (which may be abbreviated AO) and
“molecular orbital” (which may be abbreviated MO) be
used to refer to one-center and two-or-more center
orbitals, respectively; further, that ‘“spin orbital” be
used to mean a one-electron wave function which is a
product of an “orbital” times a one-electron spin func-
tion.® Further, it is suggested (SUG. 5) that, in
polyatomic molecules, MOs belonging to a pair of linked
atoms, and to the molecule as a whole, be respectively
called bond MOs (or BMOs), group orbitals (or GOs),
and nonlocalized or whole-molecule MOs; BMOs and GOs
are respectively localized and semilocalized MOs; when
MOs of any kind are approximated as linear combina-
tions of atomic orbitals, they may be called LCAO-MOs,
or LCAOs; spinorbitals (or SOs) include “atomic
spinorbitals” (ASOs) and ‘“molecular spinorbitals”
(MSOs).

In molecular spectroscopy, whole-molecule MOs are
usually the most convenient orbitals to use. It should be
noted, however, that automatic localization often occurs
so that some whole-molecule MOs take the form, to a
more or less good approximation, of GOs or even AOs.
In valence theory, whole-molecule MQOs, GOs, BOs, and
variously-selected AOs (including both proper AOs and
“hybrid” AQs), are all useful for various purposes. For
atoms in crystals, variously-selected AOs are used.

When AOs are used for atoms in molecules, the view-
point is essentially the same as for atoms in crystals,

§ See, for example, H. Sponer and E. Teller, Revs. Modern Phys.
13, 75 (1941).

7See J. R. Platt, J. Chem. Phys. 17, 484 (1949); 19, 101, 1418
(125171.)'}1und, Z. Physik 73, 1 (1932).

® R. S. Mulliken, (a) Phys. Rev. 41, 50 (1932); (b) J. chim.
phys. 46, 502 (1949).

namely that the AOs used are selected and classified to
conform to the symmetry of the local field set up by the
action of neighboring atoms. In both cases, one may
often classify the AOs according to a dominant but ap-
proximate symmetry, corresponding, perhaps, to the
local fields of next-neighbor atoms only, or according to
an (often lower) rigorous symmetry corresponding to the
fields of all sufficiently near atoms. Classifications ac-
cording to both dominant and rigorous symmetry are
important for the spectroscopy of atoms in crystals.
Molecules or molecular ions in crystals are subject to
similar considerations.

(c) Electron Configurations and Electronic Siales of
Molecules Using W hole-M olecule Orbitals

The labeling of MOs and of electronic state wave
functions according to group-theoretical species has
already been dealt with in RECS. 1-5d (see also Table IT
and Fig. 1).

For the designation of electron configurations to-
gether with electronic states in spectroscopy, it is
recommended (REC. 13) that, ordinarily, whole-mole-
cule MOs be used and that, within each group-theoretical
species, these be numbered consecutively, beginning
with 1 for the most firmly bound MO of the given
species; however, when more convenient, inner-shell
orbitals may be assigned to AOs of the separate atoms,
and the numbering of the MOs begun with the valence-
shell MOs. Following are some examples, for the ground
states of several molecules.

CO;: (16,)? (1w)? (20,)? (30,)? (204)% (4o,)?

(Bew)? (1m,)* (1m,)4, 2,5 (Don);
or

(150)* (150)* (15¢)? (16,)* (16:)? (20)*
(20.)? (1ma)* (1mg)t, 25t (D).
CH,: (lan)? (2a1)* (1f2)8, 14, (T 4).
H.CO: (1a1)? (2a,)% (3ay)? (4a1)? (1b2)?
(5a1)? (151)% (2b9)% 141 (Cs).
CrOs=: (lar)? (1f2)% (1e)* (2f2)8 (2a1)®
(3128 (1£1)%, 141 (Ta).

The electron configurations of molecules are formally
(but only formally) closely similar to vibrational con-
figurations [see Sec. II 2(b)]. Just as in the case of
vibrational modes [see Sec. II 2(a)], the standard
brief orbital symbols in an electron configuration may,
when warranied, be supplemented by the addition of
further symbols giving approximate descriptions of the
detailed forms of the MOs; symbols more or less similar
to those used for this purpose for diatomic molecules!
are appropriate.

In case there can be any doubt [see Sec. IV 3(a),
item (3)] as to the symmetry which is being assumed
for a molecule in a particular electronic state, it is
recommended (REC. 14) that the symbol for the sym-
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metry group be added in parentheses after the state
species symbol, as in the examples given above. This
procedure is especially useful when there is a change of
symmetry upon electronic excitation. For example, CO,
is linear in its ground state, but nonlinear in its first
singlet excited state. It has been suggested that the
latter corresponds to a I, state of a linear molecule,®
but that this is split into a 14,(C,,) and a 1B2(C3,) state,
with the observed absorption bands going to the 1B,
state. The electronic transition might then be described
as

1B, (C2v) - 120+ (Dmh) .

For brief reference, it is recommended (REC. 15) that,
in agreement with common practice, various simple
letter symbols be used (with or without species symbol)
to identify particular electronic states. For example, N
may be used for the ground state, E, T, V, Q, 3Qu, V5,
3Lay, 'La, 2Ly, for various types of excited states, but a
definite standardization of these letter symbols does not
seem necessary at present.

(d) Orbitals and States of Atoms in Crystals

For atoms in crystals, if the crystalline fields are strong
enough to break down the original spin-orbit couplings,
exactly the same electronic state species symbols as for
molecules are suitable, and it is recommended (REC. 16)
that they be used, except that the molecular symbols F
and f be replaced by T and ¢ (see REC. 3), in order to
avoid confusion with the atomic species symbols F and
f. For example, an atom in a *D° state, when subjected
to a strong enough crystalline field of symmetry O,
gives rise to a 3E, and a 37y, state; if to a strong enough
field of symmetry Cs,, to one 24, two %44, one 2B,, and
one 3B, states.b

This nomenclature, however, does not provide for the
classification of weak-field states, or of multiplet com-
ponents, except in the unlikely case of a perturbing field
with symmetry Cu, or Dys, where the diatomic nomen-
clature surveyed in Sec. IT 1(b) is appropriate. In
other cases, resort must be had, for the time being, to
the relatively uninformative notation introduced by
Bethe.! A suitable extension of the Placzek notation is
needed here. .

In very strong crystalline fields, a classification not
only of the states, but also of the AOs of the outer
electrons according to crystalline-field species is needed.
For example, in a strong enough O, field a 3d AO gives
rise to an e, (twofold degenerate) and a fy, (threefold
degenerate) AO; or in a C,, field to an ¢, two a,, a b,
and a b, AO. For a complete description, one may speak
here of 3de, and 3dty, or of 3dai, 3das, 3db;, and
3db; AOs. Perhaps these crystalline-field AOs might be
designated as CAOs.

10 See R. S. Mulliken, Revs. Modern Phys. 14, 204 (1942); but
also see A. D, Walsh, J. Chem. Soc. 1953, 2266.
1 H, Bethe, Ann. Physik [5], 3, 133 (1929).

4. Vibronic States

The labeling of vibronic (i.e., electronic X vibrational)
state wave functions has been covered in RECS. 1-5d.
One special point should be noted : the species classifica-
tion for any vibronic state is to be based on the sym-
metry group appropriate for the vibrational and not for
the electronic state involved, in case these differ, as for
example because of isotopic substitution [see Sec.
11 3(a)].

For the vibronic states of linear molecules,>? certain
special angular momentum quantum numbers are some-
times needed. In general, one may have an electronic
resultant orbital angular momentum quantum number
A (A=sum of &=A/s]), just as for diatomic molecules,!
and a vibrational resultant orbital angular momentum
quantum number 7 (!=[sum of //s]), see REC. 10.

There are now two cases, depending on how strongly
the electronic spin .S is coupled to the molecular axis by
the magnetic field corresponding to A (and/or, possibly,
to ). If S=0, or if with §>0 the spin is loosely coupled,
A and [ form a resultant, and it is recommended (REC.
17) that this be called K; |£A+!|=K; if A=0 (the
usual case for infrared and Raman spectra), /=K, but
the notation / is usually to be preferred, while if /=0,
A=K, but the notation A is usually to be preferred;
however, in comparisons with nonlinear molecules,'? or
in comparisons between different electronic states not
all having A=0 or /=0, K should be used.

In the case of tight spin coupling, one has the
electronic quantum number @ (usually Q= [A+Z[), as
in diatomic molecules.! @ and ! then form a resultant,
and it is recommended (REC. 18) that this be called P:

| Q1] =P;

if =0, Q=P, but the notation © is usually to be
preferred.

III. ROTATIONAL AND OVER-ALL STATES
1. Pure Rotational States

Although the rotational motion of a molecule is never
completely independent of its electronic and vibrational
motions, nevertheless if the electronic and vibrational
state wave functions are both totally symmetrical, or at
least nondegenerate, the molecule may usually be treated
as a quasi-rigid rotor in the description of its major
rotational properties. This viewpoint will be followed in
the present subsection.

(¢) Eulerian Angles

It has been suggested by several people that it would
be desirable, in the theoretical discussion of rigid rotor
functions, to agree on a single standard way of choosing
Eulerian angles. However, since any such standardiza-
tion should have the agreement of other groups in

2 R, S. Mulliken, Phys. Rev. 60, 506 (1941),
1BH. Sponer and E. Teller, Revs, Modern Phys, 13, 75 (1941).
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addition to the spectroscopists, it is proposed that such a
cooperative agreement be sought at a later date.

(b) Rotational Constants

For the three moments of inertia of any molecule and
the corresponding spectroscopic constants, it is recom-
mended (REC. 19) that the symbols I4, Ip, I¢ (or
Ie Ib I¢if preferred) and A4, B, C be respectively
used, in such a way that I¢>Ip>14 and A>B>C
mn all cases (A=h/8n%I4, and so on, in cm™; or in
Mc/sec); with added subscripts e (for equilibrium), 0
(for vy=v,="---=0), or 12, - - to indicate vibrational
quantum numbers, when needed. In general theoretical
discussions of symmetric rotor energies, it is convenient
to have a single symbol for the unigue moment of
inertia, whether this be I (oblate case) or I4 (prolate
case). At present I, is commonly used in both cases;
REC. 19 is intended to do away with this confusing
practice, which is especially bad when one has to make
comparisons with quasi-symmetric asymmetric rotor
molecules. However, REC. 19 creates a new, though it is
believed minor problem in that, for general discussions
of symmetric rotors, symbols are needed for the mo-
ments of inertia parallel and perpendicular to the
symmetry axis, and for the corresponding rotational
constants. No formal recommendation or suggestion is
made here to solve this problem, but it is informally
suggested that symbols such as I'' and I*, B" and B*
might be used.

(¢c) Pure Rotational State Symbols

It is recommended (REC. 20) that the symbol J
always be used for the quantum number of total
angular momentum exclusive of nuclear spin.

It is recommended (REC. 21) that for symmetric
rotors, the symbol K be used for the quantum number
of axial angular momentum, and that rotational levels
be designated by (J,K), e.g. (3,2); and that the same
symbol K be used also for asymmetric rotor level-pairs
which approximate to levels of symmetric rotors.

For asymmetric rotor levels, it is recommended (REC.
22) that either of the two following notations be used
according to convenience: (1) Jx.x., €.g. 51,4 or 124, ,
where K, (prolate K value) is the K value of the given
level if the molecule were distorted to a prolate sym-
metric rotor (I¢=7">71%) and K is the oblate K value,
corresponding to distortion to [¢>I*=71¢; or (2) J,, e.g.
12y, where the “rank” 7 runs from — J to 4J in order of
increasing energy.* Notation (1) contains implicitly a
classification of the level according to one of the four
group-theoretical asymmetric-rotor species, (4, +—,
—-+, and — —, or, respectively, 4, B., B,, By, where,
e.g., +— or B, corresponds to K . even and K, odd, and
so on); further, r=K,— K "

% King, Hainer, and Cross, J. Chem. Phys. 11, 27 (1943), have
used K_;, K1 with the same respectlve meanings as Ka, K. [R. S.
Mulliken, Phys. Rev. 59, 873 (1941)].

2. Fine Structure Levels

(¢) General Remarks

For molecular states in which either the electronic
state is degenerate, or degenerate vibrations are excited,
or both, there is usually so much interaction between the
electronic and/or vibrational and the rotational motion
that it is better to emphasize a classification of the
combined or ““rovibronic”’ (or rovibrational in case the
electronic state is totally symmetrical) wave functions
and energy levels rather than of purely rotational states.
Rovibronic levels often group themselves in such a way
that they may be regarded as fine structures of rotational
levels. The terms rovibronic and rovibrational are not
necessarily being recommended here, but, for want of
better terms, are being used in this explanatory text to
fill an evident need.

Even without rotational motion, fine structures can
arise from splittings of degeneracy, usually (1), in
harmonics of degenerate vibrations; or (2), in the
interaction of degenerate electronic and vibrational
states (in linear molecules). Fine structures can also
arise (3), in Coriolis interactions between degenerate
vibronic states and symmetric-rotor or spherical-rotor
angular momentum; or (4), in the interaction of elec-
tron spin with rotational motion. In situations (1) and
(2), the resulting vibrational or vibronic states are in
part nondegenerate and in part degenerate. Each such
state which is nondegenerate gives rise to a set of
rotational levels which may be classified as in Subsection
1; for each such state which is degenerate, situation
(3) exists. It should be noted that situations (1)-(3) do
not arise for asymmetric-rotor molecules, but never-
theless a classification of the rotational levels according
to rovibronic as well as rotational species is often useful
for these too.

(b) Rovibronic States for Zero Eleciron Spin

The quantum numbers J (REC. 20) and K (REC. 17
for linear molecules, REC. 21 for symmetric rotors) are
in general really rovibronic rather than pure rotational
quantum numbers. In general, K corresponds to fofal
axigl angular momentum. For linear molecules it con-
sists exclusively of vibronic (i.e., electronic and/or
vibrational) angular momentum. For symmetric rotors
in degenerate vibrational states, it includes in general
some vibrational angular momentum, proportional to an
index number £, for each degenerate vibration »; (see
discussion following REC. 9).

Besides the J and (when appropriate) K and vibra-
tional =+I; classification, the species classification of
rovibrational states according to their behavior under
the rotational subgroup of the vibrational symmetry
group of the molecule is important. This is true espe-
cially because for nonlinear molecules this same classi-
fication determines the behavior of the rovibrational
wave function with respect to exchanges of identical
nuclei, and so (when nuclear spin functions are also
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considered) governs the statistical weights of rovi-
brational levels for molecules containing sets of identical
nuclei.’s It is recommended (REC. 23) that for nonlinear
molecules the usual Placzek symbols be used for this
rovibrational species clagsification'®; and that for sym-
metrical linear molecules the symbols s and ¢ (symmetric
and antisymmetric, respectively, for exchanges of
identical sets of nuclei) be used, the same as for diatomic
molecules.! Following are some examples'®; it should be
recalled that the label E always refers to a twofold de-
generate state.

(1) For a molecule of symmetry C;, (rotational
subgroup C3), e.g., the prolate rotor CH;I, the possible
rovibrational species are 4 and E. For a (7,2) rotational
level (see REC. 21) of an E vibrational state, there is a
fine structure consisting of one E and two A4 rovi-
brational sublevels. And if, for example, the E vibra-
tional state is due to excitation of a single degenerate
vibration »; with angular momentum index /;, the E
rovibrational sublevel corresponds to -+7; and the two 4
sublevels to —/; (see discussion following REC. 9, and
see reference 2, Figs. 117-118).

(2) For symmetry Dj;, (rotational subgroup Ds), e.g.,
the planar oblate rotor BCl;, the possible rovibrational
species are A1, As, and E. For a (7,2) rovibrational level
of an E” vibrational state, there are one A1, one A4, and
one E rovibrational sublevels.

(3) For the nonplanar oblate rotor NH; (symmetry
C1), the vibrational states are doubled by inversion and
the resulting sub-states can be classified according to
symmetry D ; the rovibrational states are then classi-
fied under D;. For a (7,2) rotational level of an E
vibrational state, there are one A, one A, and one
E rovibrational sublevels for each of the two sub-states
of the inversion doubling.

(4) For an asymmetric rotor of symmetry Ds, e.g.
the planar molecule C;H,, the rovibrational species are
A, By, Bs, B;. For the 3, rotational level (using the J,
notation, see REC. 22) of a B, or By, vibrational state,
the rovibrational species is B.; for the 3., level of an 4,
or A, vibrational state, the rovibrational species is Bj.

(5) For a spherical rotor molecule of symmetry T,
e.g., CH,, the rovibrational species are 4, E, and F. For
the J=6 rotational level of an E vibrational state, there
are two 4, three E, and six F sub-levels. In the case of
threefold degenerate (F) vibrational states of spherical
rotor molecules, Coriolis interaction with rotation causes
a primary splitting of the otherwise 3(2J-1)-fold de-
generaterovibrationallevelsinto three components called
F+(J), FO(J), and F~(J); on each of these is superposed
a much finer splitting into 4, E, and F rovibrational
sub-levels.

In addition to the foregoing classification by J and X
and by rovibrational species, each rovibrational level of
a linear or planar molecule can be further usefully
characterized by its parity species (based on its behavior
under inversion). It is recommended (REC. 24) that

16 See reference 2, Chap. IV.

rovibrational levels be called positive (4) or negative
(—), respectively, just as for diatomic molecules, ac-
cording as their wave functions are symmetric or
antisymmetric to inversion.! The parity species classifi-
cation is particularly useful for labeling the two com-
ponents of l-doublets (or A doublets, K-doublets, or ©
doublets: see RECS. 17, 18) of linear molecules.

For nonplanar molecules, each rovibrational level is
usually an unresolved doublet (parity degeneracy), so
that the parity species classification is useless. In ex-
ceptional cases (notably NHj;), these doublets are ap-
preciably split (inversion doubling), one of the two
resulting components being +-, the other —.

(¢c) Rovibronic States for Electron Spin
Loosely Coupled

If a nonzero electron spin is present, but loosely
coupled, a second quantum number of total angular
momentum is needed in addition to J. Itis recommended
(REC. 25) in agreement with recently revised diatomic
nomenclature,! that this be called N, where, for linear or
symmetric-rotor molecules,

| K+rotation| =N,

with N replacing J in REC. 21 so that symmetric-rotor
levels are indexed by (¥,K); and with N similarly
taking the place of J in REC. 22 for asymmetric-rotor
molecules so that rotational levels are indexed by
Nxgx, or N,; further, in all cases,

IN+S|=7;

if S=0, N becomes identical with J, but the symbol J is
to be preferred. Rovibronic sublevels with different J
for a given NV constitute spin fine structure. In general,
this is superposed on a fine structure associated with IV,
the same as described in Subsections IIT 2(a) and
IIT 2(b) except that in these subsections J (expressed or
implied) is everywhere to be replaced by N.

(@) Rovibronic States for Electron Spin Tightly Coupled
to Molecular Axis

A tightly-coupled electron spin is most likely to occur
for linear molecules; this case is covered by REC. 18. It
can, however, also occur for symmetric-rotor molecules
(e.g., in degenerate excited electronic states of CH,I)!
in which a rovibronic axial angular momentum contains
a large electronic component. It can occur even in quasi-
symmetric asymmetric-rotor states, e.g., for nontotally-
symmetrical electronic states of ClO..” In the latter
case, the spin is axis-quantized in the magnetic field of
K. Itis recommended (REC. 26) that the total resultant
axial angular momentum quantum number including
electron spin be called P in general, just as in the case of
linear molecules (see REC. 18):

|K+z| =P,

16 See R. S. Mulliken and E. Teller, Phys. Rev. 61, 283 (1942).
17 See J. B. Coon, J. Chem. Phys. 14, 665 (1946).
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2 being the quantum number giving the component of
the spin S along K, and being essentially the same as the
diatomic quantum number 2. In all cases with tightly-
coupled electron spin,

| P+4-rotation| = J,
in agreement with REC. 20.

3. Stark and Zeeman Effect Levels

In the case of “weak-field”’ spectra {electron spin zero
or tightly coupled, or external field very weak), it is
recommended (REC. 27) that My and M ¢ be used for
the rotational and electron spin magnetic quantum
numbers. (It is assumed here that the applied field is
axially symmetrical.) These quantum numbers are
needed especially for radio-frequency spectra, also for
the Zeeman and Stark effects in electronic spectra.

4. Nuclear Hyperfine Structure Levels

It is recommended (REC. 28) that I be used for the
quantum number of the spin of any one nucleus
(I4, Is, --- if there are several nuclear species); T (or
Ty, Ts, +-+) for the resultant spin (or spins) of one (or
several) sets of identical nuclel in case such resultants
are significant; F for the over-all resultant of J and the
I's {or T’s); Mr for weak-field electric or magnetic
quantum number; M s and a set of M’s (or perhaps an
My or Mr's) for strong-field magnetic or electric
quantum numbers. In microwave spectra in which only
nuclear-quadrupole hyperfine structure is resolved,
nuclei having <1 may be ignored and treated as if not
contributing to F. In nuclear magnetic resonance all
nuclel having 7>0 must in general be considered as
contributing to F.

IV. SPECTRAL TERMS, LINES, AND BANDS
1. Term Formulas and Coefficients

Spectroscopic “terms” (conventionally, in energy/hc,
ie., in cm™? units; or in microwave spectra in Mc/sec
frequency units) for polyatomic molecules are con-
veniently expressed, just as for diatomic molecules,* by
term formulas in which the total term is written as a
sum of parts. It is recommended (REC. 29) that term
formulas be expressed in the general form

Te=T o+ G0, -+ - )+ F(J, etc)
-+ - -+ (fine structure),

using the symbols T for the total, 7', for the “electronic,”
G for the “vibrational,” and F for the “rotational”
term, with G and F defined, somewhat arbitrarily, ac-
cording to RECS. 30 and 31 below.

It is recommended (REC. 30) that coefficients w; and
x:; be defined as indicated in expressions of the following

type for vibrational terms;
G (o105, - ) =20 wi(vit3ds)
+2 X wa(vit3ds) (vet-3di)

¢ k23
4«4 (fine structure arising from splitting of any
vibrational degeneracy) [d;==degree of degeneracy in
ith vibration mode].
It is recommended (REC. 31) that F and the coeffi-
cients Apy, Bpy, Crty Diny” or Dy, Diyy® or Dy V%,
D%, ¢i, and a; be defined as indicated in the following

expressions (subscript [v] indicates the ensemble 7y,
vy, -+ ).

(1) Linear Molecules with Electron Spin S Zero or Tightly
Coupled (see REC. 9)

F(N)=BulJ(/+1)—-K*]
~ D T+ 1) - - (fs,hfs).

[Instead of K read Q or P (see REC. 18) if S>>0, and for
S=0read A if [=0, or I if A=0 (see REC. 17). In the
above, fs refers to fine structure exclusive of any arising
from nuclear degeneracy, Afs to hyperfine structure;
these are given only to indicate that the rotational term
F is defined to include fs and Afs.]

(2) Linear Molecules with Electron Spin Loosely Coupled
{see REC. 25)
Fi(J)=Bwm[N(N+1)—K*]— Dy, N*(N+1)
+ -+ fil(NK) - (fs,hfs).

[For K, read A if =0, or [ if A=0. Use F, for J=N-}S,
Fofor 7=N-+S—1, - - -, justas for diatomic molecules.!]

(3) Symmetric-Rotor Molecules (See Subsections ITT 2(b),
{(d), also RECS. 9 and 19)
F(J,K)=Bw'"J(J+1)—K*]
+ B [K?—2KZ (£ ]— D, (I + 1)
— D" BT (J+ DK — Dy KK+ - -+ (fs,lf5).
[Instead of K read P (see REC. 26) if $>0 and tightly
coupled. For .§>0 and loosely coupled, replace J by N,

and add a term f;(¥,K), as in the linear molecule
case (2).]

(4) Asymmetric Rotor Molecules
F(J,) or F{J g, k. =complicated expressions'®; or, if
loosely coupled electron spin is present,
F{J,N,) or Fi(J,Nxax.)
= complicated expressions+ f;(V.).
18 See Reference 2, pp. 210, 370-371, 400, 447, 460, etc.
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(5) B Expressions

Bp=B.,—ZaB(v,+%d;)+---, with similar ex-
pressions for Ay, and Cp,;; in linear molecules, «f is
written simply ;.

It is recommended (REC. 32) that fine structure
components be indicated when convenient by subscripts
or superscripts attached to F; in particular, by F;(J) for
electron spin fine structure [see (2) above]; or as in
F.(J), Fs(J), Fi(J), etc., using 4 and , respectively
(as for diatomic molecules)! to denote the lower and
upper components in l-doublets and the like (see REC.
24); in the case of threefold degenerate vibrational
states of spherical rotor molecules (see Sec. ITI 2(b),
the symbols F®(J), FO(J), and F&)(J) are recom-
mended for the three (groups of) rovibrational sub-
states resulting from Coriolis splitting.

It is recommended (REC. 33) that symbols for differ-
ences of vibrational and of rotational term values be
used with definitions as illustrated in the following
examples?:

AG(2) =G (e - -vi+1- - v,)—G(vrv2r - 05 - - Vy),
AnG(0)=G (o122 - vi+m- - 0,)—G (109" + - 05 - - V),
AMF(N)=F(J+1)—F(),
AF(JK)=F(J+1, K)~F(J~1, K),
AEF(JK)=F(J, K+1)—F(J, K—1),
AoF io(J)=Fia(J+1)—Fiu(J—1).

2. Spectral Lines and Bands

(a) General

In some branches of spectroscopy, absorption spectra
are studied; in others, both emission and absorption
spectra. To avoid misunderstandings between workers
in absorption and emission spectroscopy, it is advisable
to avoid words and symbols related to the ideas of
“initial” and “final” levels, but to emphasize the
“upper” and “lower” states or levels involved in any
spectroscopic transition. For this purpose, it is recom-
mended (REC. 34) that symbols belonging to the upper
level of a transition be labeled with a prime, e.g., J', vy’
(for quantum numbers), 77, G’, F’ (for spectroscopic
terms) ; and those belonging to the lower level with a
double prime, e.g., J”, v/, T", G”, or F”. For the
difference in any quantum number between an upper
and a lower level, it is recommended (REC. 35) that
symbols such as AJ, meaning J'—J"', or Av;, meaning
vy’ — 23", or AK, or AN, be used. RECS. 34 and 35 are in
agreement with those for diatomic spectra.!

To designate any spectroscopic transition, it is recom-
mended (REC. 36) that suitable upper state term sym-
bols or quantum numbers be written first, corresponding

1 In reference 1, the definitions A\ F(J+3)=F{J+1)—F({)
and A:G(@@+3)=G(»+1)—G(v) are recommended for diatomic
molecules, but the often used simpler form recommended here
seems preferable. The present definition of AF(J) is used in
reference 2.

lower state symbols second, separated by a minus sign
or dash! to indicate subtraction ; for example,
7",
H
G(v,/vy’- - ) =G0/ vy’ - -);
FU'\K)—F{J",K");
(Jroks) — (JR.EE);
or instead of a minus sign an arrow to left or right may
be used if one wishes to designate the emission or
absorption character of the transition, as for example
Tl e—T" or 10;9,,
Fl(-]—’_l) K)(——Fl(j)K)i
for certain absorption transitions, and
],,.,’——)]-,-n” or 105-—)94,
Fi(J+1, K)—F.(J,K),
for corresponding emission transitions.

The wave number (cm™) or frequency (in Mc/sec) of
any transition is usually given by

y=T"— TII’

with appropriate specialization of 77 and T to corre-
spond to the particular case. But in the special case of
Raman spectra, the wave number which is directly
observed is given by

v=vexo. F(I'—T"),

for “Stokes” and ‘“‘anti-Stokes’’ lines or bands, re-
spectively.

(b) Bands and Electronic Transitions
For bands in vibrational spectra, it is recommended
(REC. 37) that designations such as
i+ 2ve—p3
for a certain combination band, or
2vs—ve

for a “hot” fundamental, be used when convenient.
Similar designations might also be used for bands in
electronic spectra, but the attribution to upper or lower
electronic states must then be indicated, as for example
by
v+ 2 — w5

It is recommended (REC. 38) that the wave number
or frequency of any spectroscopic transition be ex-
pressed (corresponding to RECS. 29-31 for term sym-
bols and formulas) in the general form

v=v,+v, v,

where
ve=TJ/—T."; v,.=F'—F",

and that for the origin of any vibrational or electronic

V1,=G'—G";



REPORT ON NOTATION FOR THE SPECTRA OF POLYATOMIC MOLECULES 2011

band, the symbol »o be used:
vo="vet 5

v, denotes the origin of a band system. REC. 38 corre-
sponds to the same notation as for diatomic spectra.!

In diatomic spectra, one distinguishes between indi-
vidual “bands,” each corresponding to a definite pair of
quantum numbers o', v'/, and ‘“band systems,” each
composed of an ensemble of bands associated with a
particular electronic transition. In polyatomic spectra,
often (a), the individual bands of an electronic transi-
tion are so numerous and strongly overlapping that it is
difficult or impossible to distinguish them individually,
or (b), the electronic transition gives rise only to
continuous absorption; in both these situations, the
entire spectrum of the electronic transition is commonly
called a band. It is recommended (REC. 39) that the
word “band” be reserved for definite individual bands,
and that “‘electronic transition” or “transition’” be used
for the entire spectrum, whether discrete, pseudo-
continuous, or strictly continuous, associated with an
electronic transition; or “band system” if the spectrum
consists of discrete bands.

(¢c) Band structures

In vibrational (infrared and Raman) and electronic
bands, long series of lines (branches) occur for which it is
convenient to have standard designations. It is recom-
mended (REC. 40) that the letters O, P, O, R, .S be used
to designate band branches with AJ=-2, —1, 0, 41,
+2 respectively (see REC. 35); with corresponding
left superscript O, P, O, R, or S (e.g., P to denote
AK=0, AJ=—1) to denote AK in the case of sym-
metric-rotor and quasi-symmetric asymmetric-rotor
molecules; and in general that band branches, sub-
branches, and fine structures be designated as in
Herzberg’s book.2

2 See reference 2, Chap. IV.

In case a loosely-coupled electron spin S is present, it is
recommended (REC. 41) that numerical subscripts be
added to indicate spin fine structure, for example
PR1o(J) for AK=—1, AJ=1, and an F, upper and an
F,lower state [hence AN=01if S=1;see REC. 31(b)T;
but for linear molecules, the left superscript is to be
omitted, since K is then a vibrational or electronic
rather than a proper rotational quantum number (see
REC. 17)2

Branch symbols are needed in vibrational and in
rotational Raman spectra as well as in vibrational and
electronic bands. For vibrational Raman bands,

= vexe. F[(G'=G")+ (F'=F") ],

with the — or 4 sign for Stokes and anti-Stokes bands
respectively. REC. 40 is applicable here, for both
Stokes and anti-Stokes bands; the definitions AJ=J"
—J", AK=K'—K" should be kept in mind. A corre-
sponding recommendation has been made! for diatomic
Raman spectra.

For pure rotational Raman bands,

V= Vexo F(F'—F").

At least in the case that F depends only on J, AJ is
necessarily positive (since F/>F" by definition) ; there-
fore it is recommended (REC. 42) that the symbols R, S
be used for AJ=+1 and 42 for both Stokes and anti-
Stokes branches, even though the Stokes branches with
AJ=+1 and +2 simulate P and O branches.?2 A
corresponding recommendation has been made! for
diatomic Raman spectra.

2t For diatomic band branches (see reference 1) a left superscript
0, P, Q, R, or S is used to designate AN when a loosely coupled
electron spin is present. However, this practice, though con-
venient, is not really necessary, since when AJ and the spin
subscripts are given, the value of AN is determined. To avoid
confusion between AK and AN, it seems best in polyatomic spectra
touse theleft superscript only to denote AK of nonlinear molecules.

2 See reference 5, page 35 and footnote 17 there.





