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Introduction

N recent years the experimental study of
electronic spectra of polyatomic molecules
has attracted increasing attention. But in spite
of much work done, spectroscopy of polyatomic
molecules is still in the exploring state. The
reasons that band spectra of polyatomic mole-
cules have not yet proved as valuable in the
study of molecular structural problems as those
of diatomic molecules are well known. The
variety of vibrational and rotational frequencies
associated with electronic jumps is greater for
polyatomic than for diatomic molecules. Further-
more, the anharmonicity of the wvibrations
does not produce a simple convergence of the
bands; it can change their vibrational structure
in complicated ways, especially at large am-
plitudes. Also, vibrations can interact with
rotation in various ways, so that distinction
between vibrational and rotational structure of
the spectrum becomes difficult. Finally, a
polyatomic molecule possesses more possibilities
of dissociation than a diatomic one and many
of its excited states will be unstable. Instability
results in continuous or at least diffuse band
spectra, which are less valuable for an analysis
than discrete spectra. The purpose of the present
article is to discuss the theoretical basis for an
analysis of polyatomic spectra. Since a different
general appearance of the spectrum is associated
with different electronic states, a complete
analysis should explain not only the structure
and appearance of the bands but should also

give information about the atomic configurations
and symmetry properties of the electronic
states involved. Consequently a brief treat-
ment of these states will be given here; we shall
not attempt, however, to present the theory
of electronic structure of molecules in a sys-
tematic way since the extensive work! in this
field would necessitate a separate article. We
shall also restrict ourselves almost exclusively
to gas molecules in order to avoid complications
arising from intermolecular forces.

In the first part of this paper we shall discuss
general properties of the electronic states.
Particular emphasis will be put on symmetry
properties and selection rules. Next, the motions
of heavier masses within the molecule will be
treated. As the most striking structure of a
polyatomic spectrum is caused by the vibrations,
they will receive special consideration. The
rotational structure of polyatomic spectra has
so far proved to be of minor importance, in most
cases on account of insufficient resolution, but
promising progress has been made recently
(p. 102).

In the second part of this article the theory
will be applied to typical examples.

1 See especially papers by E. Hiickel, F. Hund, J. E.
Lennard-Jones, R. S. Mulliken, L. Pauling, J. C. Slater.
For references compare E. Hiickel, Zeits. f. Elektrochemie
43, 752, 827 (1937); R. S. Mulliken, Series on ‘‘Electronic
Structures of Polyatomic Molecules” in Phys. Rev. and
J. Chem. Phys. (1932-1935); L. Pauling, Nature of the
Chemical Bond (Cornell University Press, 1940).
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Part I. Theoretical Considerations

a. Electronic States and Selection Rules

The first general classification of electronic
states of polyatomic molecules concerns their
multiplicity and leads, in exact analogy to
atomic spectra, to singlet, doublet, triplet terms,
etc. In analogy to spectra of atoms and diatomic
molecules the multiplicity is indicated in the
term symbol by a superscript in the left upper
corner. As in the case of atoms we have, in first
approximation, the selection rule that only
states of the same multiplicity combine with each
other. Intercombinations may occur with ap-
preciable intensity only if the molecule contains
some heavier atoms. Most molecules which are
chemically stable have singlet terms in their
normal states. Hence we expect in absorption
and fluorescence mainly the occurrence of
singlet terms.

Further classification of electronic states is
based upon symmetry properties. Though the
electrons in a polyatomic molecule do not move
in a spherical field as in an atom, or in a cy-
lindrical field as in a diatomic molecule, the
potential field may still be left unchanged
during certain rotations and reflections charac-
teristic of the molecular symmetry. The elec-
tronic wave functions will transform according
to definite laws when such symmetry operations
are performed. It is impossible to obtain exact
expressions for the electronic eigenfunctions;
the mathematical difficulties are too great. The
only exact statements concern symmetry proper-
ties or are based upon such. The most important
results are the selection rules. In order that elec-
tronic terms combine, they must satisfy certain
transformation properties; otherwise the relevant
matrix elements vanish.

Symmetrical configuration of nuclei is, of
course, required for the classification. In the
molecules this is realized in general only for
equilibrium positions; small displacements usu-
ally destroy the symmetry.? Symmetry proper-
ties must be discussed separately for molecules
belonging to different symmetry groups. In

2]t is only for diatomic molecules that the vibration
does not disturb any symmetry: for triatomic molecules at
least one plane of symmetry (going through the three
nuclei) is preserved during oscillations.

the following part of this section a brief survey
is given of the rather extended system of molecu-
lar symmetries and corresponding electronic
terms.

Linear Molecules

With all atoms in a straight line the same
classification of electronic terms is applicable as
in the case of diatomic molecules. The selection
rules are also unaltered. Two symmetry classes
have to be distinguished, which comprise
molecules with a center of symmetry and those
with no center of symmetry. The symbol for
the first class is Dy, for the second Cx,.3 The
notations for the electronic terms together with
their behavior with respect to symmetry opera-
tions are summarized in Table I.*# We first
consider the table without the two rows added
at the bottom. The first column contains the
electronic term symbols of molecules belonging
to symmetry class Dyg;. The T terms are non-

TABLE 1. Symmetry types of electronic terms
of linear molecules.

Do Cov Co oy Ce ah i
z*, z* + + + + +
Z7, hom R, + - - + +
=+, =+ T, + + - - -
7y z- + - + — -
1, n |R.R, eFi¢ * * - +
. b1 T.T, e=i® * * + -
Ay A eTHe  * * +  +
Ay A eT2ie * * — —_
Don . . . . .
Cov . B

3 Co, signifies the existence of a symmetry axis with the
property that any rotation (i.e., infinitely many rotations)
about this axis leaves the molecule unchanged. A linear
molecule remains also unchanged by reflection in a plane
containing the symmetry axis and this is indicated by the
subscript v. If the molecule has in addition a center of
symmetry, then twofold axes through the center occur
which are perpendicular to the original axis (D). At the
same time a plane of symmetry passes through the center
i(n a direction perpendicular to the infinite-fold axis

D).
¢ This table and some of the next ones are similar to
those given in G. Placzek, Handbuch der Radiologie, Vol. 6,
No. 2 (1934), pp. 293-297.
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degenerate, all other terms are twofold de-
generate. It is well known from the theory of
diatomic spectra that II and A terms have
angular momenta about the figure axis of
amount #/27 and 2Xh/2w, the degeneracy
arising from the two possible directions of rota-
tion. Electronic terms with higher momenta
3Xh/27w and 4 X /27 are not included in Table I ;
they are denoted by ® and I' terms.® The sub-
scripts g and u refer to symmetrical and anti-
symmetrical behavior of the electronic eigen-
functions with respect to the center of symmetry.
The second column gives the corresponding
notations of the symmetry group C.,. Since
in this case we have no center of symmetry the
subscripts g and # become meaningless. Thus in
this column every symbol occurs twice. When,
in a molecule with center of symmetry, this
center is destroyed by some perturbation (for
instance by vibration), then its electronic states
represented in column 1 transform into the
corresponding ones in column 2. In the third
column is indicated when an electronic term
has the same symmetry properties as a trans-
lation (T") or a rotation (R). We have chosen
the z axis to coincide with the figure axis. Thus
T, means a translation along the axis joining
the nuclei and R, a rotation about the same axis.
The following columns explain the behavior of
the electronic eigenfunctions with respect to the
various symmetry operations. C, refers to
rotations about the figure axis. The + signs
in this column indicate that the 2 terms remain
unchanged during such rotations. The twofold
degenerate electronic wave functions with mo-
menta Ak/2x will transform like eti¢ and
e~ e respectively, as shown in column 4.
o, symbolizes planes through the figure axis.
Here + and — signs denote symmetrical and
antisymmetrical behavior with regard to re-
flections in these planes. They correspond to
2% and Z~ terms. The IT and A functions trans-
form into their conjugate complex values or
into multiples thereof, which is indicated by an
asterisk. The last column exhibits the behavior
of the eigenfunctions with respect to an in-
version through the center. 4+ and — signs

5® and T terms have not yet been observed with
certainty.
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correspond to the subscripts g and # of the
first column. The sixth and seventh column
refer to rotations by 180° about twofold axes
through the center perpendicular to the figure
axis and to a reflection in the plane through the
center and perpendicular to the figure axis.
The behavior with regard to C; and o} is already
determined by the transformation properties
described in the other columns. Columns 6 and
7 have been included here only for the sake of
completeness. It can be checked easily that, for
instance, the translation T, remains unchanged
during rotations about the figure axis C, and
during reflections in the planes o, and changes its
sign, i.e., reverses the direction, during the
operations connected with the elements C,, o
and 7. A somewhat more complicated situation
prevails for T, and T, which may be trans-
formed into each other by operations corre-
sponding to the symmetry elements C,, o, and C,.
The transformation properties given in the
table refer to the behavior of the linear combi-
nations T.+47, and T,—1T,. It can also be seen
that R, remains unchanged when the system
is rotated about the figure axis and changes to
the opposite rotation when reflected in o,.

Some of the transformation properties given
in Table I are significant only for symmetry
group Ds; as the corresponding symmetry
elements are absent in Cy,. At the bottom of the
table is indicated which symmetry elements
occur in the two groups, respectively. The dots
in the first of the two added rows signify that all
symmetry elements are present in D,; while the
dots in the second row show that in C,, only
C» and ¢, occur. Thus, when the table is used for
Cy» the last three columns of the upper part
have to be omitted.

By means of Table I we can also discover the
transformation properties resulting when some
symmetry elements are destroyed by atomic
displacements. Removal of the symmetry center
has already been treated. As another example
may be considered the case where the infinite-
fold axis is destroyed while one of the planes
o, is preserved. The terms retain then their
character of being symmetrical and antisym-
metrical with respect to ¢, wherever + and —
signs are found in the column ¢,. The degenerate



ELECTRONIC SPECTRA OF

POLYATOMIC MOLECULES 79

TABLE I1. Direct products for Dep.

s+, -, T+, S m, 1L, A, Ay
, Z7, (Z*) I II, (1) 4 Ay zt,
=+, Z =) 11, (I1,) Ay Ay pop
z, Z7, (1) I, Ay Ay >+,
=, (1) I, Ay 4, I
2,27, (BN, 27, O, @, (IL,), &, 11,
g U
2t 27, (L), ®, 10, &, I,
4,
Zt,, 27, Et), Zw Ay
g ru
E+ﬂv 2—01 Au.
0

terms will be split into a symmetrical and an
antisymmetrical state.

According to group theoretical rules® the
symbols for the electronic terms and the trans-
formation properties designated by them can be
multiplied with each other. The process is called
formation of the direct product. The result of
this multiplication is again a term symbol, or
when two degenerate terms are multiplied,
several term symbols. The direct products
of the electronic terms of linear molecules are
listed in Table II. The term symbols represent
the direct product of the term on top of the
column and at the end of the row. Thus, 2—, X4,
gives A, and II, XA, gives II, and &,. Table II
applies in the form presented to group Dgj.
The direct products for C,, can be readily ob-
tained by omitting the subscripts g and u.
Table IT will be useful in many ways, for ex-
ample for the derivation of selection rules.

Electronic transition probabilities are de-
termined by the matrix elements of the dipole
moment S Y *q My adre. Here ¢/ and ¢/, are
the electronic eigenfunctions in the upper and
lower states; the asterisk (¥'*) indicates the
conjugate complex value. M is the dipole mo-
ment of the system of nuclei and electrons for a
definite electronic configuration. The integration
must be carried out over all configurations of the
electrons (symbolically indicated by the volume

¢ In this article merely the results of group theory are

used. For derivations and detailed discussions see E.
\lNign)er, Gruppentheorie (Vieweg und Sohn, Braunschweig,
931).

element dr.). The nuclei are held in fixed
positions during the integration. For our present
purpose this configuration is symmetrical, more
specifically it is the equilibrium position of the
nuclei. Now it can be shown that the integral
vanishes if the integrand transforms in a non-
totally symmetrical way. As an illustration the
proof will be indicated for antisymmetrical
integrands. The only effect which symmetry
operations can have on the integration is to
change the order of integration, which should
not affect the result. Now if, for instance, a
symmetry operation changes the sign of the
integrand, it also changes the sign of the integral
and since according to the above argument, it
must at the same time leave the integral un-
altered, the only conclusion left is that the
integral vanishes. A general group theoretical
argument shows that S ¢'*,My" .dre can be
different from zero only if the direct product of
the transformation properties of the separate
factors contains a totally symmetrical term
(i.e., one that remains unchanged during all
symmetry operations). One can prove moreover
that the above condition is equivalent to the
requirement that the direct product of the term
symbols belonging to ¢'.; and ¥’ should con-
tain a term with the transformation properties
of M. The latter transforms in the same way as a
translation. Therefore the following general
statement can be made: A combination between
two states s allowed if their direct product contains
a term which transforms like one of the translations
T., Ty, or T.. The direction of this translation
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F16. 1. Stereographic projections of axial
symmetry classes.

determines the direction of the dipole moment
connected with the transition (fransition moment).
Thus =%, and =+, combine with each other since
their product Z+, transforms like 7", according
to Table I. The transition moment lies in the 2
axis and gives rise to parallel bands. II, and A,
combine also and give rise to perpendicular bands
because the direct product contains II, which
transforms like T, T,. On the other hand,
>+, and A, obviously do not combine. To facili-
tate the use of Table II those symbols appear
in parentheses which correspond to allowed
transitions.

When trying to find the selection rules
for C,, from Table II we encounter an ambiguity
since the same symbol, for instance =+ is ob-
tained from Z*, and Z+,. In such cases the
transition will be allowed whenever there is at
least one way in which Table II allows it. For
instance Z+ will comine with Z+ because Table 11
allows the combination of £+, with Z+,. On
the other hand, =+ and 2~ do not combine be-
cause none of the transitions Z+,—2Z—,
>+,—Z~, and Z*+,—Z, is allowed according to
Table II.

o,
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Other Axial Molecules

Under this heading molecules will be discussed
which possess at least one axis that remains
unchanged during all symmetry operations.
Linear molecules have already been discussed
and are omitted now. The symmetry classes in
question are represented in Fig. 1.7 It exhibits
stereographic projections on a plane perpendicu-
lar to the figure axis. If the symmetry of the
molecule includes reflections across a plane
perpendicular to the figure axis, then this plane
will coincide with the plane of projection.
Likewise, if a center of symmetry exists, the
plane of projection will contain this center. A
cross represents the position of an arbitrary
point lying outside of all symmetry elements.
Further crosses stand for other points obtained
from the first one by rotation about the figure
axis or reflections across planes containing the
figure axis. Thus all crosses lie in the same level
above the plane of projection. Circles represent
points below the plane of projection, their dis-
tance from this plane being the same as that of
the crosses. The circles are obtained from the
crosses by reflections across the plane of pro-
jection, by inversion through the center or by
rotary reflection. The positions of crosses and
circles determine the symmetry group. In
addition, Fig. 1 shows the different symmetry
elements of each group. They are described as
follows:

Full and dotted large circles, respectively, represent
that the system has one or no plane of symmetry in the
plane of projection.

Full lines show intersections of vertical symmetry planes
with plane of projection.

Dotted lines indicate twofold axes of symmetry C in
plane of projection.

Solid ellipses, triangles, squares and hexagons are end-
points of twofold, threefold, fourfold and sixfold axes,
respectively; such signs in center of figures represent p-fold
axes Cp in z direction, i.e., L to plane of projection. The
ellipses at the end of full lines in plane of projection indicate
that intersection of o, with o, is also a C; axis.

Open ellipses, squares and hexagons are end points of
twofold, fourfold and sixfold axes of rotary reflection Sy,
respectively. (In a rotary reflection one has to rotate the
system about an axis and at the same time reflect across a

plane L to that axis. A twofold axis of rotary reflection is
identical with a center of symmetry 1.)
7 This figure has been taken, with slight modifications,

from K. W. F. Kohirausch, Der Smekal-Raman-Effekt
(Julius Springer, Berlin, 1938), p. 42.
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The symbols of the symmetry groups in Fig. 1
are those introduced by A. Schoenflies. Symbols
more closely related to actual symmetry proper-
ties have been proposed by C. Hermann and
Ch. Mauguin. Since these symbols are frequently
used, we include a list of the latter with the
corresponding Schoenflies symbols below them :3

1| T | m|2|2m|2mm]|222
Ci|Ci| Co| Co| Ca Ca |4
2/m2/m2/m| 4 | 4 | 4 2m|dmm

Vi Sy | Cs Va Cu

422 4/m2/m2/m13 3 (3m

D, D Cs | Cs Cs,
32| 32/m| 6 6 | 6/m | 6 2 m
D3 D3d Cah C6 Cﬁh D3h
6mm| 622)|6/m2/m2/m .

C, ' Dy ‘ Da ’ In discus-

sions of molecular structure the Schoenflies
symbols are generally used.®

Table III contains the symbols and trans-
formation properties of electronic terms belong-
ing to the symmetry groups of columns 1 and 2
in Fig. 1. These groups are members of the tri-
clinic (C; and C;), monoclinic (Ca, C; and C,)
and rhombic (V,, V and Ci,) symmetry classes.
In all three classes several axes are found which
remain unchanged during all symmetry opera-
tions. In the triclinic system any axis has this
property, in the monoclinic system the figure
axis and any axis perpendicular to it, and in the
rhombic system three mutually perpendicular
axes have this characteristic. The choice of the
principal axis is arbitrary in the triclinic and
rhombic systems; in the first any axis can be
chosen, in the second one of the three mutually
perpendicular axes. It is evident that in the
monoclinic system the principal axis has to be
the twofold axis of symmetry or, in the absence

8 In the Hermann-Mauguin symbols 1, 2, 3 --- stand
for one-, two-, threefold symmetry axes; a bar indicates
a rotary reflection axis; m stands for a plane of symmetry
and a line separating m from the symbol of an axis shows
that the two elements are perpendicular to each other.

9 R. S. Mulliken, Phys. Rev. 43, 279 (1933); G. Placzek.
Handbuch der Radiologie, Vol. 6, No. 2 (1934), p. 205;
J. E. Rosenthal and G. M. Murphy, Rev. Mod. Phys. 8,
317 (1936); L. Tisza, Zeits. f. Physik 82, 48 (1933).
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of such, an axis perpendicular to the plane of
reflection. In Tables I1I, V and VII the principal
axis lies in the z direction. The general scheme of
these tables is similar to that of Table I. The
meaning of the symbols for the different groups
can be found with the help of Fig. 1. Cy* and C»¥
are twofold axes in the z and y directions; ¢, and
a,¥ are planes of reflection perpendicular to these
directions; 7 denotes the center of symmetry.
All electronic terms, denoted by 4 and B, are
non-degenerate. They are symmetrical and anti-
symmetrical with respect to the different sym-
metry elements, as is indicated on the right side
of Table III.

The symbol 4 in Table III is used for terms
symmetrical to all twofold axes, B for the remain-
ing terms. g and % refer to symmetric and anti-
symmetric behavior with regard to the center,
primes and double primes with regard to o. The
subscripts 1 and 2 differentiate between the
remaining terms. Column 9 and the lower right-
hand part of Table IIT have the same significance
as the corresponding parts of Table I. Only
for the group V, are all last five columns of
Table III significant. For the group Ca, for
instance, only the columns with headings C,
or and 7 must be considered, as is indicated by
the dots in the Cy row of the lower right-hand
part of the table.

Table III can be used to find out what becomes
of an electronic term if the symmetry is reduced.
Thus, if in V, the symmetries of reflection are
destroyed, the group V is obtained and the term

TABLE lI1. Types of electronic terms for triclinic, monoclinic
and rhombic symmetries.

Vi V. Cw Cu C2 Ci Ci C1 Cy Co¥ o¥ o i
Ay Ay Ay A, A A" 4, A + o+ 4+ + +
A A Ay Ay A A7 A, 4 + + - - -
B, By Ay Ay A A" A4, A|R. + - — + +
Bu By A1 Au 4 A" AL 4| T, 4+ — + — =
By B: By B, B A" A, A|R, — + + — +
Bu By By By B A Ay A|T, — + — + -
w Bs Bo B, BA" A, A|R. — — — — +
w By By BuB A AvA|T. — — + + -

Vh . . . . .

174 . .

C?v * ®

Con ® . e

Cs .

C, .

Ci .

Ci
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TaBLE V. Direct products for V.

Ay, Aw By Buw By Ba By B
Ay, A By B By Buaw By Bi | Ay
Ay, Biw By Baw By Ba, By | A
Ay Aw Bs; Bsw By  Ba | By
Ay Bsw By Bow  Boy | Bua
Ay Aw By B | By
Ay Biw By | B
Ay,  Aw| By
A1y | Bsu

B, for instance, is reduced to Bj;. Correlations
between the terms of Tables I and III are given
by Mulliken.

Table IV gives the direct products for the
group V. The arrangement is the same as in
Table II. Transition between two electronic
states is permitted if the symbol found in the
intersecting square of the corresponding row and
column appears in heavy print. Table IV can
also be used for the other groups represented in
Table III. The term symbols for V), have then
to be replaced by symbols which appear in the
same row in Table III. Transitions in groups
different from V), will be permitted if there is at
least one symbol in heavy print in a column and
row of the terms in question.

In Table V are collected the electronic terms
for the axial groups containing a fourfold axis.
The arrangement is the same as in Tables I and
I11. The states A and B are again non-degenerate.
A is symmetric and B antisymmetric to rotation
by 90° about the fourfold axis Cs. The terms E
are twofold degenerate. They are somewhat
analogous to the II terms of Table I as shown by
the transformation properties under Ci, ¢,¥ and
C»¥. g and u have the same significance as before.
1 and 2 mean symmetric and antisymmetric with
regard to the twofold axis C,¥. In the absence of
this axis, 1 and 2 mean symmetric and antisym-
metric to ¢,¥ or Ss.

Table VI gives the direct products for D4, and
has to be used for this and the other groups of
Table V in a fashion similar to that of Tables
I and III.

Table VII contains the electronic terms for
axial systems with a trigonal axis. The term

1 R. S. Mulliken, Phys: Rev. 43, 279 (1933).
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symbols are again in analogy to those in previous
tables. 4 and B mean symmetric and antisym-
metric with respect to the twofold axis C»?. The
superscripts 4+ and — sometimes attached to the
symbols E signify symmetric and antisymmetric
to the same axis. If the group has both the
elements Cy? and Cj, this corresponds to an axis
Cs. The transformation properties of E+ with
respect to rotations about Cs can be represented
by e*?i¢, those of E~ by e*i¢. Thus, E* and E~
are analogous to the A and II terms of Table I.
In Table VIII the direct products for Dg;, are
collected. Their use is as described before.
Tables III, V and VII include all non-linear
axial groups encountered in the actual molecules.
They are the only axial groups which occur in
crystallography. Other groups, for instance those
with a fivefold axis, are therefore not discussed.

Cubic Molecules

Molecules of cubic symmetry possess at least
four threefold symmetry axes which can be
visualized as pointing from the center of a
regular tetrahedron towards its corners. The
symmetry groups belonging to the cubic system
are illustrated in Fig. 2. This figure is similar to

TABLE V. Types of electronic terms for tetragonal symmetry.

D Ds Cow Cs Ci Va Sa Ci Si ow Cw i
Ay Ay A A4, A A0 A + + 4+ + +
Aw A, A: A, A B, B + - - 4+ =
Ay A2 A» Ay A A2 A|R. + 4+ - = 4+
Aow A2 A1 Av A By B|T: + - + - -
By By By B, B B, B - + + +
B.. B, By B, B 4, 4 - 4+ - 4+ -
By B, B: B B B, B - - - - 4+
By, By By B, B 4 4 -+ o+ - =
E, E E E, E E E|R.R, exi®eFi®e * x
E. E E E, E E E|T.T, efi¢exiv * *

Dy o o o o

Dy e .

(ore * i

Ca o .

Cs .

Va . .

S .
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TABLE VI. Direct products for Dup.

Ay A Asy Az By, By By, By, E, E,
Ay A Agy As, By, By, By, Bou E, E, Ay
Ay A, Aoy Biu By, By, By, E., E, At
A1y Ay By, Bs, By, By, E, E. A
Ay Bau By, By By, E. E, Asy
Ay Ay Ay Az, E, E, By,
Ay, A, Az E, E, B
Ay A E, E, By
Ay E. E, B,
Ay Asy Avy Agy E,
Biy Byy  Biu B
A1y Aoy E,
By, By,
TaBLE VII. Types of electronic terms for hexagonal and trigonal symmeiry.
Dy, Ds  Ceo Can Cs D Cr Dsa Dy G Se¢ G Cs Cer Cov on o
Ay Ay Ay A4, A A4h 41 A, A 4 4, A + + 4+ 4+  +
A A1 As 4. A 4" A" An A4 Ay A4, A + + + - -
Ay A2 A A4, A Ay A" Ay A4 A4y 4, A R. + + - 4+ -
A 42 A1 A A A", A" A 42 A4 A, A T. + + - - +
By, B B B, B A" A" 4y A 4y 4, A + - 4+ - +
B, B By B, B 4" A" A 4 Ay A, A + - + + -
By B: By By B A" A" Ay Ay A2 A, A + - - = =
By By Bi B B s A" Aw As A 4, A + - - 4+ +
E*, E* E* EY, E* FE' E E, E E E, E =t 4 * + *
E*, E* E*+ E*, E* E" E'" E, E E E, E x4 * — *
E, E E E, E E' E” E, E E E, E | R.R, e*¥¢ — * - *
E~w E E E. E E E’ E, E E E, E T.T, e*% — * + *
D . . . . .
Ds . . .
Ce» . . .
Con . . .
Cs . .
Dan . . .
Can . B
Dsa . . .
D; . B
Cso * .
Ss .
Cs .
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TaBLE VIII. Direct products for Den.

Ay Ay, Ay Ay B, Biu B, B, E*, E*, E-, E-,
Aig A Ay As By B, Bs, Bo E*, E+, E-, o 4y,
Alo Azu AZ” Bl" Bl” Bz“ B20 E+u E+a E"u E_a Alu
Ay, A By, B, By, Biu E+, E+, E-, E-. A,
Ay By By, By, By, E*, E*, E-. E-, Ay
Alg Alu A?a A2u E_g E_u E+g E+u B;,,
Alg Aiu A2n E—u E_g E+u E+g Blu
Ay, A E, E-, E+, E+, B,
Ala E- E_a E*, E*’, B,
Alﬂ A20 Alu AZu Blg Bzg Blu B2u E+I/
E*, E*, E-, E-.
Ay A2y BiuBa By By, Et,
E*, E-, E-,
Alﬂ A?n Ay Asy E—”
E+0 E+u
Ay Aoy E-,
E*,

Fig. 1, but, while in the axial case all points
obtained by symmetry operations from one
point are lying in one or two planes, we encounter
in cubic molecules a set of points lying on a
sphere. The intersection of this sphere with the
plane of projection is indicated by full or broken
circles. Again crosses and small circles are used
to denote points above and below the plane of
projection. The positions of the points in space
are determined by their perpendicular projection
shown in the figure and by the fact that they lie
on the sphere mentioned above. The point sets
characterize the symmetry of the group but, for
completeness, positions of symmetry elements
are also shown. Axes of symmetry including axes
of rotary reflection are indicated in the same
way as in Fig. 1. Their positions are the projec-
tions of the intercepts of the axes and the sphere.
Full lines, ellipses and circles are projections of
the circles in which planes of reflection intersect
the spheres. Broken lines, broken ellipses and
broken circles indicate the absence of the
corresponding symmetry elements. Schoenflies
symbols are again used in the figure. The
Hermann-Mauguin symbols together with the
corresponding Schoenflies symbols are given in
the following list:

|23 2/m3 Zsm\
| T | T Tq

432[

4/m 3 2/m )
0

On

Table IX contains the electronic terms for
cubic symmetry. In addition to symbols which
have been used in previous tables, the notation
F occurs. It stands for threefold degenerate
electronic eigenfunctions. The letter ¢ found in
the F rows means that the transformation
properties of the term during the symmetry
operation in question are the same as the trans-

TABLE IX. Types of electronic terms for cubic symmetry.

O Tw O Ta T Ca? Cw Cs3 Si Ci i
Ay A, A A A o+ o+ o+ o+ o+
A Au A As A + 4+ 4+ - 4
Ay A, Ay Ay 4 o+ o+ - -
Az Auw 42 41 A + + + + - -
E, E, E E E 4 o4 ek o+ x4
E. E, E E E + 4 exir x * -
F, F, F, Fi F|R c ¢ c —c ¢ +
Fi. F, F1 F» F|T ¢ ¢ c c ¢ -
Fy F, F, F» F [ c c —c +
Fe Fy, F» Fi F c < c  —¢c —c -

Oy o o . . o e

Th o o . .

O o . .

T, o o . .

T o .
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formation properties of coordinates x, y, z of a
point. The term F,, of the group O, always
transforms like the coordinate or like transla-
tions as denoted by T appearing in this row.
—c is used if the transformation of the term
differs from that of the coordinates in sign.

The direct products and selection rules for O,
are given in Table X. In addition to the groups
discussed, molecules belonging to one more sym-
metry class, the icosaeder class, may occur
according to group theory.!! No representative
molecules are known. Nor is it probable that
such molecules should be found except perhaps
complex ions in solutions. The electronic terms
of the icosaeder group are therefore not discussed
here.

b. Vibrations and Franck-Condon Principle

The vibrations!'? of a polyatomic molecule can
be classified according to their symmetries in a
similar way as the electronic states. The vibra-
tional motion is considered as being a super-
position of normal vibrations, the total vibra-
tional energy being the sum of the energies
belonging to the individual vibrations. In a
normal mode of vibration coordinates corre-
sponding to all degrees of freedom oscillate
harmonically with the same frequency. The
corresponding energy levels are equidistant with
spacing hv. We distinguish non-degenerate and
degenerate vibrations. In non-degenerate vibra-
tions the atoms of a molecule move along straight
lines and all are in phase. These vibrations are
symmetrical or antisymmetrical with respect to
the various symmetry operations, that means
they remain unchanged during such operations
or reverse their direction. If they preserve the
symmetry during all symmetry operations, they
are called totally symmetric; if certain sym-
metries are not maintained they are called non-
totally symmetric. One speaks of degenerate

], Tisza, Zeits. f. Physik 82, 48:(1933).

2 For more detailed discussion of vibrations of poly-
atomic molecules see D. M. Dennison, Rev. Mod. Phys. 3,
280 (1931); 12, 175 (1940); E. Teller, Hand- und Jahrbuch
der chemischen Physik, Vol. 9, No. 2 (1934), p. 13; K. W. F.
Kohlrausch, Der Smekal-Raman-Effekt (Julius Springer,
Berlin, 1931 and 1938); H. A. Stuart, Molekiilstrukiur
(Julius Springer, Berlin, 1934); H. Sponer, Molekiilspektren
und thre Anwendung auf chemische Probleme, Vol. 2
(Julius Springer, Berlin, 1936); Ta-You Wu, Vibrational
Spectra and Structure of Polyatomic Molecules (National
University, Peking, 1939).

F1G. 2. Stereographic projections of cubic
symmetry classes.

vibrations when several independent motions
can be found with the same frequency. In general,
exact degeneracy is caused by symmetry. One
calls this necessary degeneracy while in other
cases the degeneracy 1is called accidental.
Degenerate vibrations may be symmetric or
antisymmetric to some symmetry operations,
but other symmetry operations will cause the
several degenerate modes to transform into
each other. The transformation properties of
both non-degenerate and degenerate vibrations
are the same as those of the corresponding
electronic terms. Actually, the symbols given in
Tables III, V, VII, IX for non-linear molecules
have been used for electronic eigenfunctions and
also for vibrations. But, in order to distinguish
between the electronic wave functions and the
purely classical vibrations we prefer to use small
Greek letters for indicating the latter’s sym-
metry character. Thus, @ and 8 replace 4 and B,
while € and ¢ correspond to E and F terms. In
all other respects the symmetry symbols remain
the same and Tables IIT-X can also be used for
vibrations. In the case of linear molecules we
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TABLE X. Direct products for Oy.
A!g Alu AZa A?u Eq Eu qu Flu FZa F‘Zu
Alg Alu A2a AZu Ea Eu Fla Flu FZa FZn Alg
Alg Azu Azg Eu Eg Flu Fla F2u FZp Alu
Alg Alu Eg Eu Fzg F2u Fla Flu A?p
Ay E, E, Fa, Fo, Fu. Fig Asgu
Algl::A% Alu‘ AZu Flg, FZg Flu, F2u Flm FZa Fluy F2u Ea
g u
Ay, Aoy Fru, Fau Fyy, Fo, Fi, Fo Fiy, Foy E,
’ Alm Eﬂ Aluv Eu A2ay Ea Aﬁu; Eu Fla
1gy FZa Flu, F2u Flay F2g Fluy F‘Zu
A, E,y Ao, Ey Aoy, E, Fi
Fiy, Fy Fu, Foy Fyy, By
Alay Ea Alua Eu F2u
10 Fog Fi, Fou
Alm Eu Fo
14y F20

shall use the symbol « for non-degenerate vibra-
tions and e for degenerate vibrations. Here «
corresponds to Z terms and € to IT terms. A and
higher terms do not have analogs for vibrations.

The vibrational wave functions of a molecule
are classified in the same way as the electronic
functions. They will be denoted by Greek letters
in heavy print. But the symmetry character of
a vibration and its vibrational wave function is
in general not the same. The lowest vibrational
state is always totally symmetric, i.e., it remains
unchanged during all symmetry operations. It is
therefore an ay,, @1, @, o« or « state according
to the group in question. With only one vibra-
tion excited to its first level the symmetries of
this vibration and its vibrational eigenfunction
are the same. When a non-degenerate vibration
is excited with # quanta (with no excitation of
other vibrations), then the symmetry characters
of vibration and vibrational function are identical
if # is odd (the wave function is an odd function
of the displacement) and the vibrational function
is totally symmetric if #» is even (the wave
function is an even function of the displacement).
When a degenerate vibration is excited, the
degree of degeneracy increases with increasing
number of quanta. This higher degree of de-
generacy is not caused by symmetry alone but
also by the harmonic nature of the forces. In the
presence of anharmonic forces the highly de-
generate level splits into several levels which
transform according to Tables III, V, VII and

IX. If the degenerate vibration is excited with
an even number of quanta then at least one of
the levels arising from the splitting is totally
symmetrical. A detailed description of which
terms arise by splitting from degenerate levels
is given by Tisza.!' If two different normal
vibrations are excited, the symmetry of the
resulting vibrational levels is obtained by taking
the direct product of the terms belonging to the
separate normal vibrations. Thus, if a molecule
has the symmetry V; and an a3, and a B
vibration are excited each with one quantum,
one obtains, according to Table IV, 8., for the
resulting vibrational term. Again, if the molecule
belongs to Cs and two different e vibrations
are excited with one quantum, the two twofold
degenerate vibrations will give a fourfold
degenerate level. Anharmonicity splits this
degeneracy into two « and two @ terms as can
be checked from Table VI. If more than two
vibrations are excited, the direct products of all
vibrations involved can be found by applying
the tables several times. For example, if in a
molecule with symmetry Cg, vibrations i,
et, and €t, are excited, each with one quantum,
the procedure is as follows: from Table VIII the
direct product of 81, and €*, is €. This multi-
plied by e*, gives B1,, B2, and an €, vibrational
term. The result would have been the same if
the formation of the direct products were carried
out in different order.

The vibrational eigenfunction must be com-
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bined with the electronic function to obtain a
complete description of that part of the molecular
motion ¥.e1 which arises from the relative move-
ment of the constituents.!® Finally, .. has to be
multiplied with ¥.o to include the orientation of
the molecule in space. This simple scheme is,
however, only correct for non-linear molecules
with non-degenerate functions yre. In linear
molecules y¥r,¢ depends only on the orientation
of the figure axis, while ¥re includes all other
degrees of freedom. Further complications arise
when a degenerate yYre is coupled with ¢,. In
the present section we shall give consideration
to Yra only.

It is customary!* to write ¥r.1 in the form of a
product Yre1=ve1 ¥vio. The first factor ., does
not depend on the electrons alone but includes
the nuclear positions as parameters. The second
factor is the vibrational eigenfunction depending
on the relative positions of the nuclei. This
factor as well as the potential field in which the
nuclei move is different for different electronic
states. The product representation is an ap-
proximation the validity of which will be treated
in the following section.

The symmetry properties of e (vibronic
state) are again described in Tables III, V, VII,
IX. When the term symbols of these tables are
used for yYre1 a bar will be written over the
symbol. To determine the symmetry of y.. the
direct products of the symmetry symbols for y.,
and yvi, must be formed. This is readily done
by means of Tables IV, VI, VIII and X. Suppose
the molecule has the symmetry O, ¥ has the
symmetry A1, and ¢y, the symmetry ¢, Then
the symmetry of ¥re is described by the symbol
E.. The exact selection rules for transitions
between upper and lower states ¢'r; and ¢'';e1
are also contained in Tables IV, VI, VIII and X,
the transition being allowed if the direct product
of the two term symbols belonging to ¥’re
and ¢'';.1 contains a term with the transforma-
tion properties of a translation.!®

13 The corresponding state is called by Mulliken vibronic
(abbreviation for vibrational-electronic) state.

4 M. Born and R. Oppenheimer, Ann. d. Physik 84, 457
(1927). A detailed discussion is found on page 93.

15 This follows from a discussion of the integral
SV * el My re1dTrel which proceeds along the same line as
the discussion of Y *e1 My eidrel (p. 79).
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This exact selection rule is of no great practical
importance as it still allows a large number of
transitions many of which are weak on account
of approximately valid selection rules. It is more
useful to consider the electronic and vibrational
parts separately. The strongest bands appear
when the transition between ¢’ and ¢'’. is
allowed. This is in fact the selection rule already
discussed in the preceding section. The gross
features of the vibrational structure can be ob-
tained by applying the Franck-Condon principle
to polyatomic molecules.!®

According to the simple principle of Franck!?
the nuclear positions and velocities do not change
during the electronic jump. If in the beginning
the molecule is at rest, the equilibrium positions
of the nuclei in the initial state become turning
points of the vibration in the final state. There-
fore, if we assume that the symmetry of the
equilibrium position is the same in both the
initial and final states, then only those vibrations
will be strongly excited which preserve the
symmetry (totally symmetrical vibrations). The
same holds if totally symmetrical vibrations
are excited in the initial state. Besides totally
symmetrical vibrations there can also occur
non-totally symmetrical vibrations. If, as as-
sumed before, the symmetry is the same in both
electronic states, then the equilibrium con-
figurations for non-totally symmetrical vibra-
tions, i.e., the symmetrical nuclear configurations,
will also be the same in the initial and final
states. From this follows that the potential
surfaces for all non-totally symmetrical vibra-
tions will have their minima directly above one
another. Franck’s principle implies that the
0—0, 1—1,:--9—v transitions are intense
unless they are weakened too much by Boltz-
mann factors.

If the symmetry is different in both states,
then all those vibrations will be excited which
preserve the symmetry properties common to the
states concerned. This suggests that only
symmetry elements common to both states
need be considered which in fact is the case for
vibrational selection rules. For electronic selec-
tion rules, however, all symmetry elements of the

16 G. Herzberg and E. Teller, Zeits. f. physik. Chemie
B21, 410 (1933).
17 J. Franck, Trans. Faraday Soc. 21, part 3 (1925).



88 H. SPONER AND E. TELLER

initial state must be considered. In fact, accord-
ing to the Franck-Condon principle the elec-
tronic transition first leads to a state with
unaltered nuclear positions and the symmetry
is changed only later by vibrations in the excited
state, a process which is not directly related
with the electronic jump.

The superposition of the vibrational frequency
on the electronic frequency can be understood
by means of the following classical picture.!®
Suppose that v, is the electronic frequency for
the equilibrium position of the nuclei, that =4 é»,
is the change of electronic frequency which
occurs for the maximum elongation of nuclear
vibrations and that the electronic frequency
shall vary linearly with the nuclear displacement.
Let », be the vibrational frequency. Then the
instantaneous electronic frequency is given by
v+ 0y, sin2xy,t. The time dependent oscillating
dipole moment 9M(¢) which corresponds to the
electronic transition satisfies the differential
equation

A (t) /dt=M(2)272(ve+ by, sinww,t).
The general solution of the equation is
IM(L) = N exp[2{ 27wt — (8v./v,) cOs2mv,t} ].

Here 91 is the amplitude of the vibrating dipole.

To obtain the frequencies which can occur in
emission or absorption we have to take the
Fourier analysis of 91(f). Explicit expressions
for the intensities contain Bessel functions. One
can see, however, in a simple way that the only
frequencies occurring in the Fourier analysis
are ».+integer multiples of »,. Indeed

() exp[ —2miv.t]
=91 exp[ —1(8v./v,) cos2mv,t ]

is a periodic function of ¢ with the period 1/v,.
One can also see easily that the strongest Fourier
components belong to frequencies between
ve— v, and v.+dv..

Essentially the same results are obtained from
the Franck-Condon principle except for the fact
that both the vibrational frequencies in the
upper and lower states may be superposed on the
electronic frequency. In addition, non-linear
variation of the electronic frequency with
nuclear displacements and the detailed behavior

18W, Lenz, Zeits. f. Physik 25, 299 (1924).

of the wave function cause an intensity dis-
tribution in the band system which differs from
the intensities obtained by the classical method.

In an antisymmetrical vibration of a poly-
atomic molecule the frequency is an even func-
tion of the displacement. For small amplitudes
the frequency change will vary quadratically
with the displacement and one obtains for the
oscillating dipole

aM () /dt =M (t)2wi[ v+ dv, sin22ww,t].

The sin? term in the bracket can be transformed
according to the relation

sin2a=%(1—cos2a)
so that 9N (f) becomes

N () =M exp[2{2wv.t+wdv.t
— (8ve/4v,) sindwy,t} .

If we multiply 91(¢) with exp[ —27i(v.+36v.)t]a
periodic function of ¢ is obtained with the period
1/2v,. Therefore only multiples of 2», will be
superimposed on the electronic frequency v..
In quantum theory this corresponds to the
statement that antisymmetrical vibrations may
change only by multiples of two quanta.

For antisymmetrical vibrations of small am-
plitudes, only slight changes év. of the electronic
frequencies take place. This is so because in these
vibrations the rate of change of », with the
nuclear displacement is zero for the equilibrium
configuration. As a general rule é», for the zero-
point vibration is small compared to 2v,.
Therefore in the Fourier analysis of

M exp[2{2mvt+mwdvt— (8v./4v,) sindwv,t} ],

the term proportional to exp[27i(v.+3dv.)t] will
have the greatest coefficient. All further terms
appear with much smaller amplitudes. Thus the
frequencies of antisymmetrical vibrations will in
general not be superposed!? on ..

The above statements about vibrations based
upon a classical picture, can be made more pre-
cise by using the wave-mechanical procedure
applied by Condon?® to diatomic molecules. The

19 This is valid with the exceptions of 1—1, 2—2, ---
v—v transitions. In classical theory these transitions
coincide with the 0—0 band because the difference in
vibrational frequencies in the upper and lower states
cannot be incorporated in the classical treatment.

20 E. U. Condon, Phys. Rev. 32, 858 (1928).
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transition probabilities are proportional to the
square of the matrix elements /Y *:a My re1d 7re1
=JSY* W it MY ' viv@re1dTnucr. Here draua
means integration over the nuclear configura-
tions. We shall first carry out the integration
SV *a My qdrer. This integral, which we shall
designate by 9, depends on the nuclear con-
figuration. Following the procedure customary
for diatomic molecules we shall consider for the
present 9 as a constant. This is justified to a
certain extent for small amplitudes of nuclear
vibrations. Then 9 will not vary greatly from
its value in the equilibrium configuration. In
the integral

SV *a MY ' *id vindTe1d Truel
= fm‘l/*vib‘lb”vibd‘rnucl

the factor M can now be written before the
integral M S ¢Y*vit¥'vibdTnuel. In the transition
probability which is proportional to

l m l 2! f‘pl*vibd/”vibd'rnucl l 2

the first factor |91|? gives the electronic part of
the transition probability, while the probability
for changes in vibrational quantum numbers
is given by the second factor. It can be shown, in
fact, that when | S"¢"* ¥/ "vib@Tnuea | 2 is summed
over all states ¥''vip, the result is unity, so that
the sum of transition probabilities from one
vibrational state of the initial electronic level
to all vibrational states of the final level depends
on the electronic transition probability alone.

The vibrational selection rules are obtained
from the integral S¢Y'*,it¢'"vid Tnuet- The integral
is different from zero only if the integrand is
left unchanged by all symmetry operations.
From this follows in turn that the transition
probability will be different from zero only if the
vibrational eigenfunction has the same symmetry
in the initial and final states. This rule depends,
of course, on the assumptions made before. We
will discuss in the next section which changes
must be introduced when these assumptions
are dropped.

The general vibrational selection rule at which
we have just arrived, together with the rules
about symmetry properties of vibrational eigen-
functions, lead to the following specific state-
ments. Totally symmetric vibrations may change
by any number of quanta. Vibrations which are
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antisymmetric to some symmetry element may
change by Av=0, 2,4 - - -, where v is the vibra-
tional quantum number. No transition can occur
from a state in which only totally symmetrical
vibrations are excited to several quanta to an-
other state in which in addition one non-totally
symmetrical vibration with one quantum is
present.

Changes of quanta of totally symmetrical
vibrations follow the rules known from the
vibrational structure of diatomic spectra. If the
equilibrium position differs greatly in the two
electronic states (this means different inter-
nuclear distances in both states), then long
series of the corresponding totally symmetrical
vibration will occur. But when the equilibrium
positions in the two combining states are much
alike, then 0—0, 1 —1 - .- y—v transitions of the
totally symmetrical vibrations will be most
probable.

As has been mentioned before, such transitions
are always most probable for non-totally sym-
metrical vibrations as they behave like vibrations
of diatomic molecules with the same equilibrium
position in the two combining states. Thus,
the transition 0—2, although allowed by sym-
metry, will have a smaller intensity. If the
potential for the nuclear oscillation is the same
in both electronic states, then the vibrational
quantum number will not change. In fact, the
wave functions ¢’y and ¢'’vip, will be solutions
of the same Schriodinger equation in this case,
and because of the orthogonality of the eigen-
functions, S ¥ *. ¥ vibdTnuel vanishes unless the
quantum number is the same in ¥/vip, and ¢''vip.
If, on the other hand, the frequency of a non-
totally symmetrical state is different in the two
electronic levels the wave funcfions /vy, and
¥'"vib will be different even if they agree in their
quantum numbers. In this case Av=2,4 --- oc-
curs in addition to Av=0. If the calculations
are performed for purely harmonic vibrations,
the following intensity ratio holds for the
changes in the quanta of any non-totally sym-
metrical vibration T:

(')} intensity of band 0—0in V

16 4+v") _intensity of all bands 0—vin V'

v=0,2,4, -
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F1G. 3. Deformation vibration of COs.

where »" and »”’ are the frequencies in the two
electronic states of V. This means, that even in
the extreme case when the vibrational frequencies
in the upper and lower states show a change of
1 : 2, the intensity of the 0—0 band amounts
to 94.4 percent of the total intensity and only
5.6 percent is left for the bands »”’=0 and
v'#0. Hence bands due to transitions of non-
totally symmetrical vibrations 0—2, 0—4, - --
will be weak even when the frequencies change
considerably. On the other hand, 1-3,2—4, ---
transitions have somewhat greater transition
probabilities. For small vibrational frequency
changes and small values of » the v—v+2
transition probability increases roughly with
(v+1)2. This will become important for low fre-
quencies. (100 cm™1.)

c. Coupling Between Vibration and Electronic
Motion

Splitting of Degenerate Electronic States

The influence of nuclear displacements on the
behavior of the electrons is most important for
degenerate electronic states. The reason for
electronic degeneracy is the symmetry of the
molecule and the degeneracy may split as soon
as the nuclei occupy an asymmetric position.
Two types of behavior are possible which will be
illustrated by the following two examples.

We first consider a linear triatomic molecule,
for instance CQO, The molecule shall be in a
II state. The twofold degeneracy in the II state
is caused by cylindrical symmetry which is
destroyed by the vibration shown in Fig. 3.
During this vibration the electronic state splits
into two terms, one being symmetrical, the other
antisymmetrical to the plane through the three
atoms. If only one 7 electron is present one can
see this immediately since the nodal plane of the
wave function may be either perpendicular to the
OCO plane or it may be identical with that plane.
But even in the case of a general II function one
can see that the sum and difference of the two
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degenerate functions which transform like ei¢
and e~ are symmetrical and antisymmetrical
if ¢ is counted from the OCO plane. If the dis-
placements shown in Fig. 3 are reversed, the
symmetrical wave function stays symmetrical
and the antisymmetrical function stays anti-
symmetrical. Furthermore it is obvious that the
energies are the same for the original and the
reversed configuration. Therefore, the energy
is an even function of the displacements and the
linear constellation corresponds to an extreme
value of the energy. If the linear configuration
of the nuclei represents a minimum for the sym-
metrical electronic function and the antisym-
metrical as well, then and only then is the linear
nuclear configuration stable. The potentials for
the symmetrical and antisymmetrical wave
functions U, and U, have, as a rule, the same
value only for the linear configuration and may
differ considerably for other positions. The
dependence of the potential function upon the
deformation displacement of Fig. 3 is illustrated
in Fig. 4 for the case where the linear configura-
tion corresponds to a stable minimum.

[
3
. .
.
. .
.

. ;
L ®
A .
. .
. .

. .

.

Fi1G. 4. Splitting of a II state by a deformation vibration.

In a second example we consider the electronic
wave function in the field of a plane square
configuration of four identical nuclei. The
configuration has the symmetry Dy, and we
assume that the electronic term is E, The
degeneracy shall be split by displacements of the
nuclei as indicated in Fig. 5, I and II. The
configurations may be regarded clearly as
belonging to a positive and negative value of
one and the same nuclear displacement. This
nuclear displacement destroys the fourfold
axial symmetry, replacing it by the twofold
symmetry V;. The degenerate state will split
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into two terms Bj, and Bsg, the first having a
node in the plane of symmetry ¢,% and the second
a node in the plane ¢,%. The configuration I can
be transformed into II by rotation through 90°
which interchanges the two symmetry planes.
Therefore the energy for By, in configuration I
must be the same as the energy for Bj, in II.
If U, and U; are the corresponding energies, we
have the relations U(I)= U;3(II) and U,(II)
= U;(I). Thus the two energy levels cross at the
undisplaced configuration (see Fig. 6). There is in
this case no reason of symmetry which necessi-
tates an extreme value of the energy for the
undisplaced configuration. Therefore, the energy
will, as a general rule, depend linearly upon
nuclear displacements in the neighborhood of the
square configuration and this configuration will
not correspond to a stable equilibrium.

It can be shown that the behavior discussed in
the second example is the usual one. Indeed,
stable equilibrium is compatible with a degener-
ate electronic wave function only for molecules
with all the atoms in a straight line. In all other
molecules the splitting of degeneracy produces a
linear dependence of the energy level on some
nuclear displacement and therefore the sym-
metrical configuration does not correspond to a
minimum energy. Since, on the other hand,
orbital degeneracy is due to symmetry it may be
said that in a non-linear molecule no electronic
degeneracy is to be expected in the stable equilibrium
configuration. Exceptions from this rule may,
however, occur. For example, if the degenerate
electronic orbits do not contribute appreciably
to the molecular binding they will be perturbed
but slightly by nuclear displacements. The
equilibrium configuration will remain very nearly
symmetrical in such cases; if the deviation from
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Fi16. 5. Nuclear displacement in a tetragonal molecule.
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symmetry is small compared to the zero-point
amplitude of the vibrations, the molecule may be
considered symmetrical for almost all practical
purposes.

The statement made above may be proved by
applying group theory to perturbation calcula-
tion.2! The electronic energy levels of the dis-

F1G. 6. Splitting of an E, state. I and II on abscissae
correspond to displacements as shown in Fig. 5, I and II.

placed configuration are the characteristic values
of a perturbation matrix, the elements of which
may be expressed in a power series of the nuclear
displacements. Unless those perturbation matrix
elements, which are linear in the nuclear dis-
placements, all vanish, then at least one per-
turbed energy level will depend linearly upon a
nuclear displacement. Now the matrix elements
are invariant with respect to all symmetry
operations of the molecule. Indeed, the matrix
elements are integrals in which a symmetry
operation merely causes a change in the order of
integration. The integrands, on the other hand,
are products whose transformation properties
are determined by those of the degenerate wave
functions and the nuclear displacements. The
integral will be different from zero only if the
direct product of the transformation properties
of these factors contains a totally symmetrical
term (i.e., one which is invariant to all symmetry
operations). Now in all molecules in which not
all atoms lie on a straight line, there exist dis-
placements for which the direct product contains
such a term. Therefore, a linear dependence of
the energy on some nuclear displacement must be
expected. On the other hand, one can show that
in linear molecules the direct product never
contains a totally symmetrical term. Hence all
elements of the perturbation matrix vanish and

2t The proof can be found in a paper by H. A. Jahn and
E. Teller, Proc. Roy. Soc, A161, 220 (1937).
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one obtains an extreme value of the energy in
the equilibrium configuration.

The theorem discussed above leads to a
practical conclusion about the spectra of mole-
cules with cubic symmetry.? We mentioned
before that a stable symmetrical configuration
requires non-degenerate electronic wave func-
tions in the initial state. Applying the selection
rules for cubic molecules (Table X) we find that
non-degenerate states combine only with de-
generate ones and according to the above theorem
the equilibrium configuration for the latter does
not have the same symmetry as for the former.
Therefore we shall expect for such a molecule
that absorption takes place from a non-degen-
erate ground state to a degenerate higher level.
Non-totally symmetrical vibrations will be
excited simultaneously. The spectrum will have a
rather complicated appearance. If, moreover, the
equilibrium positions differ considerably in the
two states, the number of bands may be increased
so greatly that the spectrum looks continuous.
It may even happen that there will be no
equilibrium configuration in the final electronic
state so that the molecule dissociates and a
true continuum appears. We conclude that al-
lowed electronic bands in cubic molecules must
either have a complicated vibrational structure
(possibly quasi-continuous) or that they are
actually continuous. The same holds for mole-
cules with axial symmetry if the transition
moment is perpendicular to the figure axis,
for in this case a non-degenerate electronic
state may combine only with a degenerate one
and the above argument may therefore be
applied.

The above considerations are valid only for
orbitally degenerate functions. If the influence
of spin is considered there exists always at least
a twofold degeneracy whenever the molecule
possesses an odd number of electrons. This does
not cause, however, any splitting or instability.
Nor can the degeneracy be removed by any
electric field® because the degeneracy is not due
to symmetry in space but rather to the fact that
the form of physical conditions remains un-

2 E. Teller and O. R. Wulf, 1937. Report given at the
Gibson Island Conference; H. Sponer, Occas. Publ. A. A.
A. S. (1938), p. 108.

2 H. A. Kramers, Proc. Acad. Sci. Amst. 33, 959 (1930).
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changed if the direction of time is reversed.?
Magnetic fields, however, split such doublet
states since one can consider the magnetic field
as caused by a current, i.e., by a process which is
changed in sign by reversing the time.

With this one exception of twofold spin
degeneracy it remains true that symmetrical
configurations of non-linear molecules are un-
stable in degenerate electronic states.?® Thus,
triplet states will split in the same way as or-
bitally degenerate states, but the splitting will
be much smaller. This is caused by a weak
coupling between spin and orbital motion, the
latter being influenced by nuclear displacements.
A quartet state will split into two twofold
degenerate states which, however, will not split
any further since they have the same properties
as the spin doublets discussed before.

In molecules with non-degenerate orbital
functions splitting due to spin is extremely
small so that one will not expect spin degeneracy
to impair the stability of symmetrical con-
figurations to a noticeable extent. A greater
effect of coupling between spin and orbit can
occur only in orbitally degenerate levels. It
causes a splitting into several levels of which the
lowest may be non-degenerate. For this lowest
level the symmetrical configuration may, of
course, be stable. If in addition the lowest
component lies sufficiently far away from the
other levels of the multiplet, the stability of the
lowest component may remain undisturbed by
the higher levels.

In summarizing, we see that the influence of
spin alone does not cause noticeable instability of
symmetrical configurations, and the spin may
stabilize the symmetrical state where the orbital
function alone would destroy the symmetry.
Effects of the last kind may be expected among
molecules with heavy atoms and consequently
with strong spin-orbit coupling.

In linear polyatomic molecules with degenerate
electronic states nuclear displacements cause
splitting of the degeneracy just as in non-linear
molecules. But while in the latter the splitting
produces instability of the symmetrical con-
figuration, in the former the linear configuration

2% E. Wigner, Nach. Gétt. Ges. Wiss. (1932), p. 546.
25 H, A. Jahn, Proc. Roy. Soc. London, A164, 117 (1938).
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may remain the stable one as has been illustrated
by the example on page 90. As shown in Fig. 4
two electronic levels exist for nuclear arrange-
ments which deviate from the straight line
whereas the two levels coincide for linear arrange-
ment. The distance between the two electronic
states is of the same order of magnitude as the
potential energy of the nuclear vibration. Under
these conditions the ordinary separation of the
molecular wave function into an electronic and a
nuclear part cannot be carried out because
vibrational frequencies are no longer small as
compared to all electronic frequencies. Therefore,
we have to re-examine the customary separation
into electronic and nuclear eigenfunctions.

The Schrédinger equation for the total molecu-
lar wave function can be written in the following
form

h? h?

AY+2k Ay
82

w2u 8xiM;

+(E— Urm_ Une_ Uee)\&:O'

e

(1

Here . indicates summation over all electrons,
> & summation over the nuclei. u is the mass of
the electron, M; that of the kth nucleus, A is the
Laplacian operator with A, and A indicating
differentiations with respect to the «xth electron
and the kth nucleus. Uyns, U, and U,, are the
Coulomb potentials between nuclei and nuclei,
nuclei and electrons, electrons and electrons. E is
the total energy of the molecule.

According to Born and Oppenheimer! y can be
approximated by a product

‘l/=¢el¢n- (2)

Ve is the wave function of the electrons moving in
the field of nuclei kept in fixed positions

h?

.

Ax‘pel + (Eel e Une - Uee)‘pel = 0 (3)

87u

E., is the eigenvalue of electronic motion in the
field of fixed nuclei. Equation (3) contains the
nuclear positions as parameters. Thus U,. de-
pends on both nuclear and electronic coordinates
and because of the influence of this term . too
will contain the nuclear positions as parameters.
E, also depends on the nuclear positions.

The function ¥, depends on the nuclear posi-
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tions alone. It satisfies the equation
h2
Zk Ak"//n'l' [E - (Eel + Unn) :|¢n =0. (4)
w2 My

It is seen from (4) that the nuclei move in a
potential U,,+ E., which is the sum of electronic
energy E.; and Coulomb interaction of the nuclei
Unn. Both terms are, of course, dependent upon
nuclear positions. E.; takes different values for
the various electronic states. The nuclei move
therefore in different effective potential fields for
each electronic state.

The validity of approximation (2) can be
tested by multiplying (3) with ¢,, (4) with Y.,
adding and comparing the result with the ex-
pression obtained when substituting (2) into (1).
The agreement is exact with the exception of the
dependence of Y. on the nuclear positions. Be-
cause of this dependence the terms

h2
Sk - (gradi¥n - gradifer) (5a)
and i
h2
2k ﬁMkwnAml (5b)

appear when (2) is substituted into (1) and only
if these terms are neglected does the product
(2) satisfy the strict Schrodinger Eq. (1). (The
symbol gradiy stands for the vector whose
components are the derivatives of ¢ with regard
to the x, ¥ and z coordinates of the kth nucleus.
The product appearing in (5a) is a scalar product
of the vectors gradyy. and grad;er.)

The neglected terms (5a) and (5b) are small as
compared to the kinetic energy

h?

Z k J’elAk‘l/n

w2 My

of the nuclei which in turn is, as a general rule,
about 100 times smaller than the electronic
energies. In fact, the nuclear wave function ¥,
changes more rapidly with the nuclear coordi-
nates than ¥, that means differentiation of the
latter will give rise to a smaller term than
differentiation of the former. The ratio of the
two is approximately given by the breadth of one
crest in the ¥, wave divided by the extension of
Vo1 or by the ratio of electronic and nuclear
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momenta pei/pn. Thus, (5a) is about pe1/pn times
smaller than the kinetic energy of the vibrations
and (5b) is (pe1/pn)? times smaller than the same
quantity. Remembering that vibrational energies
divided by electronic energies are approximately
equal to the square root of electronic mass to
nuclear mass and that pe/p. is approximately
equal to the fourth root of the same ratio, one
sees that the neglected terms (5a) and (Sb) are
small indeed.

An exact solution of (1) can be obtained by
taking a sum over terms of type (2) with Y. in
the sum belonging to the different solutions of
(3) and ¢, representing approximate coefficients
depending on nuclear positions alone. The sum
can be obtained by starting from the single term
given in (2) and introducing (5a) and (Sb) as
perturbations. If the perturbation is small new
terms will appear with small coefficients.

In the case of a linear molecule in a de-
generate state, however, the difference in elec-
tronic energies due to the splitting of degeneracy
(see Fig. 4) is no longer small as compared to
some terms in (5a) and (5b). The simple product
function is therefore a poor approximation. One
has to use two terms containing the electronic
wave functions y*, and ¢~ into which the
originally degenerate functions split

V=Yt oty e n. (6)

Here ¢+, and y—, are wave functions depending
on nuclear positions alone. They have to be
chosen in such a'way as to make (6) a good
approximation for the solution of (1).

In the following discussion?® we shall restrict
ourselves for the sake of simplicity to molecules
of the CO; type, i.e. to linear triatomic molecules
with a center of symmetry. ¢, and ¥ will be
symmetrical and antisymmetrical, respectively,
to the plane determined by the three nuclei. We
assume that the two originally degenerate levels
transform like e*i4¢ and e~#A¢ when the electrons
are rotated through an angle ¢. (A has the same
significance as on p. 78) Yt and Y~ will then
transform like cosA(¢— ¢n) and sinA(e—¢a.)
where ¢, is the angle enclosed by the plane
through the three atoms and another plane fixed
in space and passing through the equilibrium

26 R, Renner, Zeits. f. Physik 92, 172, (1934).
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configuration of the atoms. If (6) were substi-
tuted into (1) and differentiations of ¥+ and
¥~ with regard to coordinates of the nuclei were
neglected, the usual Born-Oppenheimer approxi-
mation would be obtained. However, the de-
rivatives of Yt and ¢~ with regard to ¢, are no
longer small as compared to the derivatives of
the ¥, functions. Therefore, the terms (5a) and
(5b) can be neglected only if the differentiations
appearing in these expressions are not carried out
with respect to ¢.. The latter give, because of the
transformation properties of ¥t and ¥,

a‘P+el a‘l’—el
=AY, =—A¢te;
d¢n don
(7
Wte e
= —AWt,, =—A% .
a‘Pn2 a¢n2

Since ¢yt and ¢~ satisfy differential equations
Zk AIC‘I’-*Fel"‘_(-E_*_el'_ ne Uee)‘p+el=0,
Zk Ak\l/_el+ (E—el - Une_ Uee)\l/—el = Oy

substitution of (6) into (1) gives terms in which
the electronic dependence is contained either in a
factor ¥t or in Y. Thus (1) will be satisfied if
the factors of y*.1 and ¥~ are put equal to zero:

®)

h? h? Oy h?
Zk Ak‘l’+n_A _A2 'fl’+n
87 My 472£2 o, 822
+[E—(Eta+Us) =0, o
h? h* oYty h? ®)
Zk Ak‘l/_n+A —A? 'IL~n
8w My 472£2 do, 8m2g2

+ [E - (E_el + Unn) ]\b_n =0.

The quantity £? is the square of the distance of
the central atom to the line joining the two outer
atoms multiplied with the reduced mass of the
central atom M, and the two outer atoms M, i.e.
with 2M. M/ (M.+2M,). The second terms in
(9) correspond to (5a) and the third terms to
(5b). The second terms couple the two Egs. (9)
which therefore must be solved simultaneously.
The resulting eigenvalues E contain the custom-
ary vibrational contributions due to the normal
vibrations taking place along the molecular axis
(i.e., vibrations with transformation properties
similar to those of = states). Deformation vibra-
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tions, however, (transforming like II states, see
Fig. 3 for CO.), are coupled with the electronic
motion intimately and no series of equidistant or
nearly equidistant levels can be expected as for
vibrations along the molecular axis. Only if one
of the functions ¥+, and ¥, is independent of ¢
will the other vanish. In this case simple equi-
distant or nearly equidistant series of vibrational
levels are obtained. The eigenvalues of the
deformation vibration in a molecule of the CO,
type coupled with a II state are shown in Fig. 7.
The deviation from the simple harmonic level
scheme is, of course, due to the splitting
Ety—E— of the electronic level. It is useful
therefore, to write (9) in a form in which the
splitting appears in a direct way. We put

%(E+el +E—el) =Ecly %(E+el —E——el) =g,
Vrakitramtin, W=y

and obtain from (9) by adding +7 and —7 times
the second equation to the first

h? o h? oyt h*
2k A +1A ——A? ¥'n
8wy, 472£2 9, 8w2g?
+[E"' (Ee1+ Unn)]‘pin_é‘l/—in::oy (10)
h? ) h? Wi, h? )
2ok A — 1A —A? VN
8w M, 472E? den 8r2g?

+ [E— (Eel+ Unn):]l//_in _é‘l/in = 0

Equations (10) are useful if the splitting is small.
Then, in first approximation, the terms con-
taining & can be neglected and the two Egs. (10)
become independent of each other. They can be
reduced to (4) by setting yi,=e ieny, and
Yt =eiren) . It is easy to verify that with these
substitutions (6) reduces to (2). Thus we obtain
the undisturbed vibrational levels as the eigen-
values of (9). The terms containing & can then be
reintroduced into (10) and their effect treated as
a perturbation. The broken curves in Fig. 7 have
been obtained by this method.

The dependence of the splitting Ete;— E—1 on
the amplitude of the deformation vibration
differs for the various electronic states. The effect
of the nuclear displacement can be described by
dipoles with their negative charge at the original
nuclear position and their positive charge at the
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new position. The mean value of the perturbation
by such dipoles is zero for any electronic wave
function. Thus the first-order perturbation
vanishes and the splitting does not depend
linearly on the nuclear displacements, a fact
which has been mentioned before. Perturbation
matrix elements exist, however, between 2 and II
states, IT and A states and, in general, between
states which differ by one unit in A. Therefore,
only second-order perturbations due to the
dipoles will be effective and the splitting will
change quadratically with nuclear displacement.
A further quadratic term in the splitting is
obtained from the quadrupole associated with
the nuclear displacement. This quadrupole causes
a splitting by a first-order perturbation, but the
quadrupole itself changes quadratically with the
displacement. In general the splitting will be of
the same order of magnitude as the potential
energy of vibration.

In a A state the two degenerate wave functions
transform like 2 and e~2%¢. The mean value of
the dipole perturbation is again zero. Dipole
matrix elements exist between the e?* wave
function and II states which transform like e¥;
also between the latter and Z states, between =
states and the e~ parts of the II functions; and
finally between the e~% functions and the e~%w
component of the original A function. Thus four
matrix elements establish the shortest conjunc-
tion between the two originally degenerate
functions. It can be shown easily that a splitting
of the two levels occurs only in fourth order and
the splitting is, therefore, proportional to the
fourth power of the displacement. The same
result is obtained when the effects of quadrupole
and higher-pole perturbations are considered. A
similar argument shows that the splitting is
proportional to the nuclear displacement into the
2Ath power if the original wave functions trans-
form like e*it¢, In A states as well as in states
with higher A values the splitting will be small as
compared to the vibrational energy at least as
long as the vibrational amplitudes are not too
great, because the vibrational energy increases
with the second power of the amplitude and the
splitting with a higher power. In these cases Eq.
(10) will be used in preference to (9) and the
terms containing & can be taken into account as a
perturbation.
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F1G. 7. (Taken from R. Renner, Zeits. f. Physik 92, 186 and 190 (1934).) Ei%envalues of the deformation vibration in

a TI term with the total angular momentum about the figure axis K=0 (Fig.

(@) and |K|=1 (Fig. 7(b)) as function

of . Here e=(Ete1—E"e1) /(E+91+E‘e|). ’I_‘he unit in which the ordinate is measured is kv where v is the vibrational
frequency for an oscillator with the potential energy 3(E*c1+E=.1). In Fig. 7(a) ¢ stands for 2v, in 7(b) for 2v+1. For
»>1 the quantity |K| may be greater than one. No calculations exist for this case.

Violation of Selection Rules

In diatomic molecules selection rules based
upon symmetry of the electronic wave function
are violated for two main reasons: collisions
between molecules and coupling with rotation.
The first reason may also cause violation of
selection rules in polyatomic molecules. The
effect of rotation is, as a general rule, somewhat
less pronounced in polyatomic molecules because
of their greater moments of inertia and smaller
angular velocities. It is, moreover, rather unim-
portant, even for diatomic molecules.

In polyatomic molecules there exists a third
reason for the breakdown of pure electronic
selection rules : excitation of molecular vibrations.
They may destroy the molecular symmetry while
vibrations of diatomic molecules never have this
effect. One important consequence is that for-
bidden transitions in polyatomic molecules may
gain in intensity if the temperature is raised and
as a result vibrations are excited. If of appro-
priate symmetry, they tend to make the formerly
forbidden transition allowed.

A more detailed investigation of the influence
of vibration reveals that the vibrational structure
of an allowed band spectrum is different from the
structure of a spectrum made allowed by the

effect of vibrations. As will be seen we can even
make, with the help of the vibrational structure,
definite statements about the symmetry of the
combining electronic states. Thus, study of the
vibrational structure plays to some extent the
same rdle in polyatomic spectra as the analysis
of rotational structure in diatomic spectra. This is
fortunate because rotational lines in polyatomic
spectra are frequently so closely spaced and have
often such a complicated arrangement that it
may become impractical to arrive from their
study at electronic symmetries.

The classical treatment (p. 88) can be ex-
tended to cover those electronic transitions which
are forbidden for the equilibrium state of the
nuclei but become allowed if the nuclei are dis-
placed in a non-symmetrical way. For the sake of
simplicity we shall assume here that the electronic
frequency does not change with the nuclear dis-
placement. Since the transition isforbidden we have
91 =0 for the equilibrium configuration. For small
vibrational amplitudes we assume that 91 varies
linearly with the displacement reaching a maxi-
mum value of 9M,. The expression for M () is then

M(f) =M exp[ 2wivet ] =M, cos2miv,texp[ 2wive.t ]
=19, exp[2mi(ve+vo)t]
+ 291, exp[ 2w (v.— vu)t].
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From the last expression we see that the only
frequencies to appear in the Fourier analysis are
ve+v, and v.—v, while the simple electronic
frequency isabsent. The corresponding statement
in quantum theory is that during the electronic
transition the non-totally symmetrical vibration
in question must change its energy by + or — one
quantum. This is indeed the case if, as we have
assumed, the electronic transition is made
allowed only by the vibration in question.

It is easy to see that whenever several vibra-
tions have the property of removing the selection
rule, the frequencies of any one of them may
appear added to or subtracted from v,. This is
valid if 91 is a homogeneous linear function of all
nuclear displacements which make the transition
allowed. Each vibration contributes then two
terms to the Fourier expansion »,+v, in which
the corresponding vibrational frequency v,
appears.

In the strict quantum-mechanical treatment
the following statements about breakdown of
selection rules do not affect the strict rule that the
total wave functions must obey the selection
rules contained in Tables II, IV, VI, VIII and X.
This “‘strict” rule can be violated by collisions
or by coupling with rotation or spin but not by
excitation of vibrations. Only those rules need be
restricted which concern electronic and vibra-
tional functions separately.

One assumption on which the conclusions
in section b have been based was that the
electronic matrix element of the dipole moment
M= SV *aMy" e1d7e1 does not depend on the
nuclear positions. In reality 91 does vary with
displacements of nuclei.?” If they are small 9
can be expanded into a power series in the
displacements:

M=Mo+ 2 Miki+ 2 Makibs+---. (11)
i i

Here the £; represent normal coordinates giving
the magnitude of the displacements in the <th
normal vibration.2® 91, IM;, M, are coefficients

27 A. S. Coolidge, H. M. James and R. D. Present, ]J.
Chem. Phys. 4, 193 (1936).

28 One may use the normal coordinates in any of the two
combining levels or one can use any set of general coor-
dinates describing the relative positions of nuclei. But to
facilitate the derivation of selection rules it is of advantage
to use coordinates with transformation properties as
described in Tables I, I1I, V, VII; IX. Normal coordinates
fulfill this condition.
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in the expansion. Some of them may vanish for
reasons of symmetry. If 9 consists only of the
constant term 9N, then we have simply the rules
stated in the previous section. From the
terms 9;£; one obtains the contributions
M S Y *vivEdd vibdTnuel to the transition matrix
element. According to rules of group theory the
integral is different from zero when the direct
product of the initial and final wave functions
contains the transformation properties of &;. If
the 4th vibration is totally symmetrical this
condition is identical with the one obtained in the
previous section. If the 7th vibration is non-totally
symmetrical new bands appear among which
those are the strongest in which the initial and
final states, apart from changes in totally
symmetrical vibrations, differ only in one
quantum of the sth vibration. Thus the rule of
the previous section, that no transitions are
possible from a state in which no non-totally
symmetrical vibrations are excited to one in
which only one of these vibrations is excited by
one quantum, can be violated. This will happen
only if the coefficient 91; is different from zero. It
need not be discussed separately what the
symmetry requirements are for 9;>0, since they
are fulfilled then and only then when the strict
selection rule for the total eigenfunctions
Yrel =VYe¥n is satisfied.

The transitions discussed above, in which one
non-totally symmetrical vibration changes by one
quantum, are always among the strongest transi-
tions belonging to the term 9;£;. Unless the
potential surfaces differ very greatly all other
additional transitions are of considerably smaller
intensity. But even the strongest transitions
caused by 9N;%; are weak as compared to the
strongest bands due to 917o. Indeed one can show!®
that the intensity ratio of the bands caused by
9M;:¢; to the bands due to M, is of the order of

magnitude?®
Z*e?| Eae] \ 2
S ).
( * AE,r?

Here | £:] is the displacement of the kth nucleus

(12)

29 In order to be accurate one should take sums of the
kind appearing in (12) for both initial and final states and
combine the results. Since, however, at best only rough
estimates are possible we may restrict ourselves to that
state which gives the greater value.
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due to the sth normal vibration. Z*e is the effec-
tive charge of that nucleus and e the charge of
the electron. 7 is a length of the magnitude of
the molecular dimension and AE, is the energy
difference between one of the combining states
and any other electronic level E, with proper
symmetry. An electronic eigenfunction y?.; has
the proper symmetry if the direct product of
Y% and the original electronic function contains
the transformation properties of the sth normal
vibration. In |£x| only displacements which
occur during vibrations in the initial state are
counted. Although the molecule may vibrate
violently after the transition and ¢, of the final
state may be spread out over a large region, the
magnitude of JSY'*.¢y' ndTn and with it the
sum over &; is determined by the less extended
wave function which usually belongs to the
initial state. If Z*;>21 and e?/r is approximately
equal to the smallest possible value of AE,
(conditions fulfilled for the normal case) then
the ratio of intensities will be | £i/7|?, i.e., about
10~2—10~* This means that the additional bands
discussed in the present section are relatively
weak. The same holds to an even greater extent
for the bands obtained from higher terms in
expansion (11). Therefore, they need not be
discussed in detail particularly, since most of the
selection rules which can be violated by vibra-
tions will already break down under the influence
of 9M;¢:. A greater effect can be expected only for
extremely small values of AE, (smaller than 1 ev).
If an energy level E, of proper symmetry lies
close to one of the combining levels, then this
level will be particularly easily polarizable and
even small nuclear displacements may cause a
breakdown of the selection rules obtained for the
equilibrium configuration.

In spite of the usually small intensity of
transitions due to the 9;¢; terms they become
rather important if the main term 9, vanishes.
This is the case for transitions which according
to electronic selection rules alone are forbidden,
but for which the electronic transition matrix
element differs from zero as soon as the nuclei
leave their equilibrium positions. In such “for-
bidden’ electronic band systems the usually
allowed vibrational transitions (in which ¢/,
and ¢¥/’, have the same symmetry properties)
do not appear. Only the weak bands in which

non-totally symmetrical vibrations are excited
will be present. Among them changes by one
quantum number of a non-totally symmetrical
vibration will be most frequent. The structure
of such a forbidden electronic band system
consists, therefore, of one or several non-totally
symmetrical vibrational transitions which make
the transition allowed; superimposed on each
such transition should be found the whole
vibrational structure typical for an allowed
electronic band system.

We shall now discuss which transitions can be
made allowed by a single vibration. Because of
the normal displacement £; each of the combining
electronic levels will be disturbed by other levels
E, of proper symmetry. If ¢; makes the transition
allowed one of the combining electronic func-
tions, say y¥'e1, must be disturbed by a function
¥? which in turn combines according to the
electronic selection rules with ¥'’¢;. This means,
that ¥afa?a and also YPaMy'’. must contain
a totally symmetrical term, or, according to
group "theory, ¥'aé:My'’,1 must contain a term
which remains unchanged during all symmetry
operations. Somewhat less exactly one may say
that £; will make the transition allowed if a level
exists which combines with ¢y'’.; and differs from
Vo1 by the transformation properties of £;. The
same holds, of course, when the roles of y/.; and
¥"’e1 are interchanged.

The forbidden transition will have a con-
siderable intensity only if E, lies close to the
level which it disturbs. In such cases a stronger
allowed transition must lie close to the forbidden
one. Their vibrational structures might easily
overlap and the analysis may become difficult.

We are now in a position to obtain from the
vibrational structure information about the
symmetry of the combining states. If, for
instance, we find that a transition is made
allowed by a vibration with the displacement £;
we may conclude that ¢ei&;My"’.1 contains a
totally symmetrical term, or we may say that
Ve My' 1 contains the transformation properties
of Ei-

The application of this rule is facilitated by
the fact that most actual examples concern
absorption spectra where the lower state y'’e
is totally symmetrical. Then the transformation
properties of £; must be contained in the product
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My . If for instance, we have a molecule of the
symmetry V), and if a forbidden absorption is
made allowed by vibrations of the symmetries
14, B2 and B3, then one can conclude that ¢/
has the symmetry Bj,. Indeed, according to
Table IV By, is the only state from which 41,
B,, and Bj;, are obtained, when multiplied with
the transformation properties of the three
components of M, i.e., with By,, Bz, and Bj,.

The general law governing the symmetry
properties of the displacement £;, that makes the
transition allowed, leads to another specific
consequence. If the transition is forbidden
because of the presence of a symmetry element
with regard to which all wave functions show
either symmetrical or antisymmetrical behavior,
¢; must be antisymmetrical to that symmetry
element. We may consider, for instance, a
molecule with a center of symmetry. Just as in
spectra of atoms or of diatomic molecules
even-even (g-g) and odd-odd (#-#) combinations
are forbidden. However, such transitions may
be made permitted by vibrations which are
antisymmetrical to the center.

Finally we should mention a second general
reason for the breakdown of selection rules. In
the foregoing we have made use of the Born-
Oppenheimer product approximation Eq. (2)
for the wave functions while the complete wave
function is given by a sum of such products.
The additional terms are due to the perturbations
(5a) and (5b), the term (5a) usually being the
more important one. The deviation from the
Born-Oppenheimer approximation causes the
appearance of new bands. Their intensity can
be obtained by taking into account the per-
turbing influence of (5a). The ratio of their
intensity to that of the allowed bands is approxi-
mately16

( h2Z*ye?

2
kp ) .
41I'2MkAEp2 ’ 2,‘1‘;0 ] r?

(13)

Here £:;° is the zero-point amplitude of the kth
nucléus in the <th normal vibration. The ith
normal vibration and the perturbing levels E,
play the same rdle and obey the same symmetry
rules as in the previous discussion. But the
intensities according to (13) are small as com-
pared to the intensities from (12) except for
very small AE, values (AE,=20.2 ev).
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Deviations from the Born-Oppenheimer ap-
proximation can also cause coupling between
electronic motion and rotation. This coupling
appears also in diatomic molecules.?® The in-
tensity ratio of bands due to coupling with
rotation to the allowed transitions is approxi-
mately

pwle?r/AE,?, (14)

where w is the angular velocity of the molecular
rotation and u is the mass of the electron. Even
for AE,=0.1 ev, expression (14) is smaller than
1073, It will be extremely difficult to find experi-
mental examples for violation of selection rules
by rotation, because whenever AE, is not very
small the intensity of the bands is negligible ; and
if AE, is very small the forbidden spectrum will
be overlapped by an allowed one in which E,
will be one of the combining levels.

d. Anharmonicity and Predissociation

In the presence of harmonic forces the fre-
quencies of the normal vibrations are inde-
pendent of their amplitudes and, moreover, the
individual vibrations are independent of each
other. This is not strictly true for real molecules,
because we encounter here always anharmonic
forces. But it is a very good approximation for
small amplitudes where the ratio of vibrational
amplitude to the internuclear distances is very
small. Because of the anharmonicity the vibra-
tional levels are not strictly equidistant and the
different normal vibrations are not simply
additive. If, because of the anharmonicity, the
potential energy increases less than quadratically
at larger amplitudes, then the frequencies
decrease with increasing amplitudes and the
distances between succeeding levels become
smaller with increasing energies. This behavior
is the rule with diatomic molecules, but in
polyatomic molecules also the opposite is
possible.

Small anharmonicity should be expected for
totally symmetrical vibrations. If such a vibra-
tion would lead to dissociation, then usually more
than two particles will be the products of
dissociation. For example, in benzene the excita-
tion of the totally symmetrical C vibration of
992 cm~! will lead in the limit to a dissociation

30 R. de L. Kronig, Zeits. f. Physik 50, 347 (1928).
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into six CH groups. From this follows that high
dissociation energies correspond to such vibra-
tions and that they converge very slowly.

Convergences of vibrational levels are ex-
pected in all cases when with increasing inter-
nuclear distance the potential curves become
flatter than simple parabolas would be. Although
this is the usual behavior also in polyatomic
molecules, the anharmonicity may occasionally
work in the opposite sense.

The effect of anharmonicity upon degenerate
levels has been mentioned earlier (p. 86).

The main emphasis in this section will be laid
upon predissociation phenomena in polyatomic
spectra. The first indication of predissociation
in an absorption spectrum is an incipient diffuse-
ness of lines which gives the bands a fuzzy
appearance.’! The phenomenon is due to the
fact that the molecule can pass from its stable
excited state into a dissociated state. It can be
described in terms of the uncertainty principle.
According to this principle each level has a
certain energy width & which is connected with
the mean life 7 by the relationship br="%h/2r.
The shortest observable lifetime is that of a
half-vibration which is of the order of 10~ sec.
For this time the width is of the same magnitude
as the difference between two successive vibra-
tional levels.

The occurrence of predissociation®? can be
most easily discussed by means of Fig. 8, which
represents the crossing of two potential curves
a and b. Absorption or emission of light may
bring the molecule to the activated state a¢ from
which it can go over to & with subsequent
dissociation. This happens only if at least point
D is reached which has the same energy as the
asymptote of b. In order that the radiationless
transition should occur the two curves ¢ and b
must disturb each other. This perturbation must
be moderate. If it is strong the two curves avoid
each other in the indicated way (dotted), and

19315\)1. Henri, Structure des Molécules (J. Hermann, Paris,
25).

3 For detailed discussion of predissociation in diatomic
molecules see: R. de L. Kronig, Band Spectra and Molecular
Structure (Cambridge University Press, 1930); G. Herzberg,
Ergeb. d. exakt. Naturwiss. 10, 207 (1931); H. Sponer,
Molekiilspektren und thre Anwendung auf chemische Pro-
bleme, Vol. I1 (Julius Springer, Berlin, 1936); G. Herzberg,
Molecular Spectra and Molecular Structure (Prentice-Hall,
New York, 1939).
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ordinary dissociation instead of predissociation
takes place in the state belonging to the lower
curve. If the interaction between curves ¢ and b
is very weak then the states are independent of
each other and there is again no transition
between them. Only in the case of moderate
interaction when the curves repel each other
slightly is there such a small deformation in the
intersecting area that one can speak of a transi-

v

ot

F1c. 8. Potential curves for predissociation.

tion from a to b. Now in diatomic molecules
thére is often too strong an interaction between
terms with the same transformation properties
and a too weak one between terms which differ
in their transformation properties (only caused
by rotation). But in polyatomic molecules levels,
which for symmetrical nuclear configurations
have different transformation properties and
hence do not influence each other, may develop
such an influence by the excitation of non-totally
symmetrical vibrations. The transition proba-
bility for such cases is larger than when caused
by rotation in diatomic molecules. This together
with the fact that there exists a much larger
variety of electronic levels in polyatomic than
in diatomic molecules accounts for the experience
that predissociation phenomena are more fre-
quently observed in the former than in the latter.
But while the diffuseness in diatomic spectra
sets in more or less suddenly—the width of the
diffuse region usually amounts to 10-30A and
extends over 1 or 2 bands—its beginning can be
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very gradual in polyatomic molecules and can
extend over several 100A.

In polyatomic molecules radiationless transi-
tions will be governed by selection rules which
are analogous to Kronig's rules® for diatomic
molecules and by the Franck-Condon principle.
Kronig's first rule that there should be no change
in the total angular momentum is valid for
polyatomic as well as for diatomic molecules.
This is not an important restriction, because the
translational motion of the dissociating parts
can carry off almost any required amount of
angular momentum.

The second rule that the multiplicity is
maintained (for small multiplet separations) can
also be extended to polyatomic molecules.

The remaining three rules of Kronig concern
symmetries of the electronic wave function.
Their main contents can be summarized and
applied to polyatomic molecules by requiring
that the symmetry of the electronic function
should remain unchanged during predissociation.
In diatomic molecules exceptions of this rule
occur on account of interaction between elec-
tronic motion and rotation so that transitions
with AA=41 may take place with very small
probability. Such transitions of small probability
may also occur in polyatomic molecules. The
symmetry properties of the wave functions
before and after the radiationless transition will
differ by transformation properties of the nuclear
displacements produced by an infinitesimal
rotation. But these transitions are less probable
in polyatomic than in diatomic molecules because
angular velocities are smaller for the former.
More important are changes in the electronic
wave functions caused by coupling between
electronic and vibrational motion. The electronic
eigenfunctions before and after predissociation
will then differ by the transformation properties
of a normal vibration. The transformation
properties of the total (vibronic) wave function
VYen are, however, preserved. This is in close
analogy to the réle vibrations play in the
violation of optical selection rules (p. 96).

If the symmetries of the electronic wave
functions remain unaltered then the two potential

3 R. de L. Kronig, Zeits. f. Physik 50, 347 (1928); 62,
300 (1930)
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surfaces (replacing potential curves of diatomic
molecules) may repel each other so strongly that
the observed process is a dissociation rather than
a predissociation. (See the corresponding rela-
tions in a diatomic molecule in Fig. 8.) On the
other hand, the coupling between the two
electronic states may be weak due to change in
multiplicity or because the excitation is localized
in molecular regions which are very different in
the two combining states. Of course, other
reasons may be responsible for a weak coupling.
When in addition to a weak coupling, the vibra-
tion directly excited in the electronic transition
leads to dissociation, then predissociation will
occur in a way similar to diatomic molecules.
In particular, the broadening of lines will set in
rather sharply.

If the two combining electronic states have
different symmetries, then a radiationless transi-
tion may be caused by non-totally symmetrical
vibrations. The larger the amplitude of the
corresponding vibration, i.e., the more quanta
are excited, the greater is the transition proba-
bility. We have seen, on the other hand, that
non-totally symmetrical vibrations have a small
probability of excitation and are practically
never excited with many quanta. Therefore,
radiationless transitions will occur with relatively
small probability and weak predissociation will
be observed.

Even if only totally symmetrical vibrations
are excited there is a possibility for predissocia-
tion accompanied by a 0—1 transition of a
non-totally symmetrical vibration. This change
in vibrational quantum number preserves the
symmetry of the total wave function yen.
Predissociation from states in which only totally
symmetrical vibrations are excited means in the
semi-classical picture that the zero-point ampli-
tude of a non-totally symmetrical vibration is
sufficient to cause the radiationless transition.
While the strong bands should show only small
broadening, the weaker bands which contain
also non-totally symmetrical vibrations may
show a stronger broadening. This phenomenon
can be used to recognize predissociations of the
type discussed here.

Another characteristic feature of predissocia-
tion in polyatomic spectra is its frequently large
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extension over several 100A as already men-
tioned. It can be explained* by the simultaneous
action of several normal vibrations. The po-
tential curves of diatomic molecules have in
general to be replaced by #n-dimensional hyper-
surfaces for polyatomic molecules. The nuclear
motion in the molecule can be represented by
the motion of a point in such a surface. Dissocia-
tion can occur either by passing over a maximum
of a surface or by going over to another surface
which intersects the first. In either case the
point must reach an #—1 dimensional surface
lying in the # dimensional surface. If the excited
vibrations together have sufficient energy for
dissociation, the separation into fragments can
occur only at certain nuclear constellations, and
it will take considerable time until this favorable
position is reached. Hence this vibrational state
will have a long life and the broadening of lines
will correspondingly be small. If the energy is
increased the »—1 dimensional surface, in which
dissociation takes place, becomes accessible for
the motion of the point in a larger region.
Dissociation can therefore occur within a shorter
time and the bands are more diffuse. Thus with
increasing oscillation energy the point describing
a Lissajous figure needs less time to find the
critical region of dissociation. This can also be
expressed in quantum-mechanical terms. The
wave function extending over the region covered
by the Lissajous figure overlaps the region of
dissociation. In this overlapping region there
exists a perturbation which causes the dissocia-
tion. The square of the integral of the wave
function taken over this region is proportional
to the transition probability. The larger the area
of intersection, the greater is this probability
and hence the more frequent is predissociation.
The motion of the representative point will
be much simpler in highly symmetrical molecules,
because they possess a smaller number of totally
symmetrical vibrations. In such molecules dis-
sociation processes in which the symmetry is
preserved are not probable because they would
lead to separation into too many parts (p. 99).
On the other hand, totally symmetrical vibra-
tions are most strongly excited in electronic

# J. Franck, H. Sponer and E. Teller, Zeits. f. physik.
Chemie B18, 88 (1932).
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transitions. Now, since it is improbable that
they lead to dissociation one must conclude that
non-totally symmetrical vibrations are mostly
responsible for dissociation processes in highly
symmetrical molecules. This shows that disso-
ciation takes place from a region of the hyper-
surface which is not reached by totally sym-
metrical vibrations. But at larger amplitudes,
as mentioned before, anharmonic forces become
more important and couple totally symmetrical
with non-totally symmetrical vibrations which
may lead to dissociation. But since this coupling
is relatively weak, the molecule will need a
long time until it reaches a position advantageous
for dissociation.® As dissociation takes place
from an unsymmetrical configuration, con-
servation of the symmetry of the electronic
wave function need not be discussed here.
Again, the weaker bands in which non-totally
symmetrical vibrations are excited will be more
broadened than those containing only totally
symmetrical vibratious. But even in the latter
diffuseness will become more pronounced with
increasing amplitudes because of the larger
influence of anharmonicity.

An increase of broadening in absorption
spectra is to be expected with rising temperature.
Temperature will be particularly effective by
exciting non-totally symmetrical vibrations in
the ground state. Then according to the selection
rules, they will also be excited in the upper state.
As mentioned before, this is in many cases
favorable for predissociation.

e. Rotational Structure

It has been stated that the rotational struc-
ture in spectra of polyatomic molecules does
not have the same great practical importance as
the rotational structure for diatomic molecules.
With the exception of rather simple molecules
the resolution of rotational structure is all but
impossible. Nevertheless, the careful analysis
which has been carried out in the case of a few
molecules (H2CO,*® CS,,3" NO,,3® SO.*) makes

% See case 3 in J. Franck, H. Sponer and E. Teller,
reference 34.

3 G. H. Dieke and G. B. Kistiakowsky, Phys. Rev. 45,
4 (1934).

% L. N. Liebermann, Phys. Rev. 58, 183 (1940); 59,
106A (1941).

38 . Harrisand G. W. King, J. Chem. Phys. 8, 775 (1940)

3 N. Metropolis, Phys. Rev. 59, 106A (1941).
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it probable that the rotational structure will
eventually yield valuable information about the
simpler polyatomic molecules. The great im-
provement in experimental technique allows
better resolution and thus the possibilities of an
exact analysis have increased considerably. In
the present report we shall restrict ourselves to a
qualitative discussion of the rotational structure.

Even such a qualitative procedure may lead
to useful results. It yields not only an estimate
of the moments of inertia but also gives informa-
tion about the position of the electric transition
moment within the molecule. Thus, if the mo-
ments of inertia are very different in different
directions (H,CO, H;CI) or if the molecule is
linear, even the rough appearance of ‘“parallel”
and ‘‘perpendicular’’ bands may show that the
electronic moment is parallel or perpendicular to
the axis of smallest moment of inertia.

The rotational energy levels are, of course,
those familiar from the theory of rotational
structures in the infra-red: the selection rules
are also practically indentical with rules en-
countered in infra-red spectra. The only im-
portant deviation from the infra-red spectra is
that the moments of inertia may be quite
different in the initial and final states. Rota-
tional bands with pronounced heads and a
shading towards the red or violet side result.
Since as a general rule the moments of inertia
are greater in the excited state, degradation
toward the red is more common. However, the
opposite case may occur and it is even possible
that some moments of inertia are larger in the
upper electronic state and some in the lower.
Thus, bands may be expected which are degraded
towards both sides. Bands of SO, seem to show
this kind of behavior.3®

Linear Molecules

For linear molecules the moments of inertia
are similar to those for a diatomic molecule:
the moment of inertia about the molecular
axis is zero while the two other moments of
inertia are equal. The rotational energy levels
and selection rules are essentially the same as for
diatomic molecules. The energy levels are®

40 This expression is valid for Hund’s case a where the
spin is strongly coupled to the molecular axis. If the spin
is coupled to the axis of total angular momentum, J has
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(h2/8m2I)[J(J+1)—6%] where I is the moment
of inertia about an axis perpendicular to the
figure axis, J is the total angular momentum and
6 is the angular momentum about the molecular
axis. In diatomic molecules the corresponding
quantity @ signifies the electronic angular
momentum (spin and orbit) about the axis while
in polyatomic molecules 8 is obtained by adding
the vibrational angular momentum to the elec-
tronic angular momentum . The rotational
selection rules are AJ=0, +1. In addition
AJ =0 is forbidden if J=0 or if the band corre-
sponds to a §=0—0=0 transition. For A§=0,
6%0 the lines AJ=0 are weak, particularly for
high J values.

There is one essential difference between the
rotational structures of diatomic and of linear
polyatomic molecules. In the former case as a
general rule either all bands of a band system are
parallel bands (A2=0) or all are perpendicular
bands (AQ=1). In polyatomic molecules per-
pendicular and parallel bands may occur in the
same system. This will happen if a transition is
forbidden but can be made allowed both by an «
vibration (with angular momentum=0 about
the figure axis) and also by an e vibration (with
angular momentum= +1 about the same axis).
For instance a '2,—1Z, transition can be made
allowed by an a, and by an ¢, vibration. Those
bands in which the ¢, vibration has changed by
+1 quantum are perpendicular bands with
strong P, Q and R branches while the bands in
which an a, vibration changes by 1 quantum
are parallel bands, in which the Q branch is
either absent or weak.

Another complication arises if the molecule is
linear only in the initial and non-linear in the
final state. The rotational structure of some CS,
absorption bands seems to indicate such a be-
havior.¥ This and similar complications for other
types of molecules we shall not discuss here.

Spherical Top Molecules

Tetrahedral and octahedral molecules should
have particularly simple rotational structure

to be replaced by L and 6 by K; L and K contain only
contributions from orbital (nuclear+electronic) momenta.
J is obtained from L by adding the spin momentum. If
the spin is zero, then J=L and =K. It will be in closer
accordance with previous practice to use in this case the
quantum numbers L and K.
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since their three moments of inertia are equal.
The ellipsoid of the moments of inertia then
reduces to a sphere and the rotational structure
can be described by the model of a spherical top.

The rotational energy for such molecules is
(h2/8w2I)I(1+41). Here I is the molecular moment
of inertia about any axis and / is the mean value
of the angular momentum of the molecular rota-
tion in units of k/2wx. [ differs from the total
angular momentum J by the angular momentum
of the vibrations and by the orbital plus spin
angular momentum of the electrons in the system
of fixed nuclei. While J is, of course, an integer
the mean values of the other angular momenta
need not be integers. For J the selection rule
AJ==+1, 0 holds, but there is no general selection
rule for Al. According to the difference of elec-
tronic and vibrational angular momenta in the
normal and excited states / can change by any
amount. Furthermore, the possibility of different
orientations of the electronic and vibrational
angular momenta with regard to the total angular
momentum may give rise to a rather great
number of rotational branches. It is of interest
to note in this connection that a vibration
(or an electronic state) may possess an angular
momentum only if the symmetrical product of
its representation with itself contains the repre-
sentation of the rotation. (Designated by R in
Table IX.)

As an example we may consider an 14,,—14 4,
transition in a molecule of symmetry O,. This
transition is forbidden but is made allowed by a
o1, vibration. ¢i, may have an angular mo-
mentum since the symmetrical product of
F1, with itself contains Fy,, i.e., the representa-
tion corresponding to the rotation of the mole-
cule. From the nine branches (AJ==+1,0 and
three possible orientations of the ¢1, vibration
with respect to the rotational axis) which might
be expected, only three appear in the 0—1 and
1—0 transition of ¢1,. Actually the rotational
selection rules are similar to those known in the
infra-red spectrum for spherical top molecules.*
Just as in the infra-red spectra ! may change by
0 or +f where f is a number between 0 and 1

4 E. Teller and L. Tisza, Zeits. f. Physik 73, 791 (1931);
E. Teller, Hand- und Jahrbuch der chemischen Physik,
Vol. 9, No. 2 (1934), p. 125; D. M. Dennison and M. John-
ston, Phys. Rev. 47, 93 (1935).
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characteristic of the vibration in question. f
is different for different vibrations and may
change with anharmonicity or through inter-
action with other vibrational levels. Thus the
rotational spacings in the bands of the same
system may be different.

A further small splitting of the rotational
levels should appear because of orientation of
the rotational axis within the molecule. This
splitting is, however, due to second-order inter-
action of the rotation with the vibrations and
should be in general negligible.

It should be recalled that allowed transitions
in tetrahedral and octahedral molecules always
involve a threefold degenerate state and that in
such a state the symmetrical nuclear configura-
tion is not stable (p. 92). Unless the degenerate
electron moves in an orbit which is practically
uncoupled with the remainder of the molecule,
the nuclear equilibrium positions in one of the
combining states will not correspond to a
spherical top and the spectrum will be rather
complicated.

Symmetrical Top Molecules

In symmetrical top molecules two moments
of inertia are equal, while the third is different
(but not equal to zero). Molecules having one
threefold or higher axis of symmetry belong to
this class. If the two equal moments of inertia
are I, and the third moment of inertia about
the figure axis is called I¢, then the energy levels
are given by

h? 2

[J(J+1)—-02]+8

w2l 4 w2l ¢

k2.

Here J is the quantum number of the angular
momentum,* @ is the quantum number of the
component parallel to the figure axis, & is the
component of the angular momentum of mo-
lecular rotation parallel to the figure axis. J and 8
are integers but k need not be an integer. The
selection rules are AJ==1,0 and A6==+1,0.
The change of 2 may have various values. But
frequently the changes in k correspond to changes

2 We consider here only the analog of Hund’s case a.
If the spin is coupled to the axis of total angular momentum
or if the spin is zero, then again J and 8 have to be re-
placed by L and K.
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in 6 so that Ak=fA6. The number f can again
have different values for bands within the same
system though, apart from effects of anhar-
monicity and resonance, f should remain con-
stant in a progression in which only the quantum
number of a totally symmetrical vibration
changes. The value of Af is connected with the
direction of the electronic transition moment
within the molecule. If the transition moment is
parallel to the figure axis (parallel bands) we
have A6=0. If the transition moment is per-
pendicular to the figure axis (perpendicular
bands) we must expect Af==+1. In allowed
perpendicular bands at least one of the combin-
ing electronic states must be twofold degenerate.
Then the equilibrium position would not be, as a
rule, symmetrical and the spectrum would
become complicated.

In forbidden transitions parallel and per-
pendicular bands may occur in the same system
because the transition moment may be parallel
or perpendicular to the figure axis according to
the symmetry of the vibration which makes the
transition allowed.

Even the simplest rotational structure of
symmetrical top molecules will have a fairly
complex appearance. The reason for this is that
in the spectrum two important quantum num-
bers, J and 6, can vary independently so that a
twofold sequence of lines is obtained. Thus, for
parallel bands the Q branches corresponding to
different 6 values with A@=0 are arranged to
form further P, Q and R branches according
to AJ=+41,0 and —1. Similarly, the P and R
branches (A= +1) which we find for perpen-
dicular bands again form P, Q and R branches
according to the behavior of J. If I¢is very small
then the quantum number 8 regulates the rough
appearance of the spectrum. In this case we call
the more closely spaced branches originating
from AJ=0, =1 sub-branches. If I4 and I¢ are
of similar magnitude all the different branches
intermingle and it becomes difficult to draw
direct conclusions from the structure.

Asymmetrical Top Molecules

In these molecules all three moments of
inertia are different. No general formula can be
given for the energy levels. For each quantum
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number J there are 2J+1 energy levels, not
counting possible interaction with spin. On the
other hand, interaction with vibrations and
electronic orbits will be simpler because the low
symmetry of the molecules in question does not
produce electronic or vibrational degeneracies.
The simple selection rule AJ=0, =1 holds. A
further selection rule is based on a peculiar
symmetry of the rotational eigenfunctions. These
functions may be symmetrical or antisym-
metrical to three twofold axes coinciding with the
principal axes of the ellipsoid of inertia. If these
axes are determined by the symmetry of the
molecule then one may expect them to be the
same in the upper and lower electronic states;
one may also expect in this case that the elec-
tronic transition moment lies in one of the axes.
Under these conditions transitions may occur
only between rotational states which have the
same symmetry with regard to the axis parallel
to the transition moment but have opposite
symmetries with regard to the other axes. A
similar selection rule is well known for infra-red
spectra. If the ellipsoid of the moments of inertia
is not determined in its orientation by molecular
symmetry then the principal axes in the two
combining states will differ and the transition
moment will point in an arbitrary direction.
Then AJ=0, +1 remains the only selection rule.

f. Isotopic Effect

Change of frequencies caused by isotopic
substitution is a very valuable practical help in
analyzing electronic spectra. If, for instance,
substitution of an atom by a heavier isotope
causes a shift of a band towards the red, one
concludes that the atom in question vibrates
more strongly in the upper than in the lower
molecular state. If conversely, a shift toward the
violet is observed, a vibration in the lower
molecular state must have been excited and the
atom must have participated in that vibration.
If finally no change is observed, the atom has
not changed its vibrational energy during the
electronic transition.

In applying the above simple rules one must
consider the shifts of the individual bands with
respect to the 0, 0 band of the system. The 0, 0
band itself has a different position in compounds
containing different isotopes. This shift is
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produced by the zero-point vibrations. As a
general rule the 0,0 band moves to the violet
if heavier isotopes are substituted. This is so
because the vibrational frequencies are usually
higher in the lower of the combining electronic
states, and because the substitution of heavier
isotopes causes a greater decrease in the energy
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of the zero-point vibrations in the lower elec-
tronic state.

More detailed statements about the isotopic
effect have been made in connection with infra-
red and Raman spectra.®® In electronic spectra
these rules have not yet become important and
therefore we shall not discuss them here.

Part II. Applications to Observed Spectra

We have looked for examples of spectra of
polyatomic molecules where theoretical consider-
ations of the discussed kind have either been
used for an analysis or where they can be applied
in the hope of leading to further understanding of
such spectra. It must be said that the examples
of complete analyses of polyatomic spectra are
extremely scarce: the reasons for this have been
mentioned in the introduction. We shall not
confine ourselves to these few examples, but we
shall also discuss some cases where an application
of the theoretical methods leads to a partial
understanding of the spectrum. The discussions
will show along which line further experimental
research is necessary in order to reach eventually
a full interpretation of these spectra.

a. Linear Molecules
Mercury Halides

The mercury halides offer the only examples
for completely analyzed spectra of linear mole-
cules.# They possess absorption spectra in the
vacuum region. The bands which are degraded
towards the red lie for HgCl; at 1670-1730A, for
HgBr; at 1813-1861 and for Hgl, at 2066-2108A.
All three molecules are linear in their normal
states. If they have linear configurations also
in the excited states, and if the bands belong to
an allowed transition, then we will expect that
the non-totally symmetrical vibrations will
change in even numbers while the totally sym-

4 E, Teller, Hand- und Jahrbuch der chemischen Physik,
Vol. 9, No. 2 (1934), p. 141; O. Redlich, Zeits. f. physik.
Chemie B28, 371 (1935); J. H. Hibben, The Raman Effect
(Reinhold Publishing Corporation, 1939), p. 113.

4 M. Wehrli, Helv. Phys. Acta 11, 339 (1938); H. Sponer
and E. Teller, J. Chem. Phys. 7, 382 (1939); M. Wehrli,
Helv. Phys. Acta 13, 153 (1940).

metrical vibration can undergo any change. The
mercury halides have two non-totally sym-
metrical vibrations, a deformation and a valence
vibration. The analysis of the spectra shows the
validity of the mentioned selection rule very
nicely for the deformation vibration which
changes always by 0 or 2. The antisymmetrical
valence vibration (— < —) which has the
largest frequency of all three vibrations in these
molecules has not been found for any of the three
halides. The totally symmetrical vibrations
occur in any multiples, as it should be. Thus, the
analysis is in complete agreement with the
selection rules for an allowed transition. The
lower (normal) state of all three molecules is
presumably a 'Z,. The upper state is probably a
13,. A I state would, according to our previous
discussion (p. 94), very likely produce a much
more complicated spectrum.

In Fig. 9 the spectrum* of HgCl; and its
analysis is presented. As can be seen, a number of
vibrational levels are excited at room tempera-
ture. The figure demonstrates that the bands
have not very sharp edges and some like the
band 9"’,=2—v,=0; v"';=2—v';=0 show no
edge at all. In HgBr, the bands are much more
diffuse as Fig. 10 shows®* in which also the
analysis is included, and in Hgl, they are ex-
tremely diffuse. The broadness of the bands is
due to a superposition of a number of vibra-
tional transitions of the small bending vibration,

% We owe the figure to the courtesy of Professor Wehrli.
A minor change in the frequency values of the bending
vibration has been introduced.

% We want to express our sincere thanks to Professor

Wehrli for putting the spectrograms of HgBr, at our
disposal.
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F1G. 9. Absorption spectrum of HgCl, and analysis.

so that the 0,0 band for this vibration is in
fact a sum of unresolved v—uv transitions. If
only the Boltzmann factor is considered, the 0, 0
band should be the strongest which would give
the unresolved band group the appearance of
one band with an edge on the violet side. As
mentioned before, this picture fits best for
HgCl, but not for the other two halides.

In reality, two further factors have to be con-
sidered: firstly, the statistical weight of vibra-

tional states, secondly, matrix elements for the
transition as obtained from the Franck-Condon
principle. Since the bending vibration is twofold
degenerate, the vth level has the weight v+1.
This increases the intensity of the v—v transi-
tions as well as that of the v—v+42 and v42—v
transitions by a factor v+1. The matrix elements
for the v—v+2 and v+2—v transitions cause a
further increase of (v+1)? with increasing wv.
At the same time the matrix elements for v—v
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F16. 10. Absorption spectrum of HgBra and analysis.

transitions decrease but this decrease is rela-
tively small as long as the v—v+2 transitions
are weak as compared to the v—wv transitions.
The dependence of the intensity of the v—v
transitions upon v is therefore roughly given by
(v4+1)e~m-/*T where v is the vibrational fre-
quency. The measured edges very probably
correspond to the steepest slope* on the short
wave side in the intensity curve of the v—v
groups. The maximum slope occurs for v=0.
Thus, the measured edge actually represents the
0, 0 transition for the bending vibration. The
intensities of the v—v+2 and v+ 2—v transitions
depend upon v as (v+41)% /T If we set
hv/kT~% for HgBr, the v value at the greatest
slope is then approximately 5. The edges of the
band groups designated as 0—2 and 2—0 of the
deformation vibration in Fig. 10 will be shifted

47 According to private communication from Professor
Wehrli.

SPONER AND E.

TELLER

towards the red from the real 0—2 and 2—0
bands by about 5 times the vibrational fre-
quency difference in the upper and lower states.
Inspection of Fig. 10 shows that the distance
between 0—0 and 2—0 is larger by about 55 cm™!
than the distance between 0—0 and 0—2. At
first sight one may attribute this to a large
change in the frequency of the bending vibra-
tions in the two states. However, already a
change of about 5 wave numbers suffices to
produce the observed effect. According to the
above discussion this will shift the edges of the
v—v+2 and v+2—wv groups by 25 wave numbers
each, which increases the apparent 0—0 to 0—2
distance by 25 cm™! and decreases the 2—0 to
0—0 distance by the same amount. With the
5 wave numbers just mentioned the actual dis-
tances between 2—0 to 0—0 and 0—0 to 0—2
bands should differ by 10 wave numbers so that
one may expect an observed difference of the
edges of about 25+25-+10 wave numbers. This
is slightly in excess of the reported 55 cm™.
Using the corrected values for the location of
the different bands one obtains values for the
frequencies which are exhibited in Table XI.
The unsymmetrical valence vibrations have not
been included in the table since they have not
been observed in the spectrum. This is in agree-
ment with expectation. The 0—2 and 2—0
transitions are too weak for observation for this
vibration and the same is true for the correspond-
ing transitions of the bending vibration. Only
the small ratio hv/kT for the latter vibration
makes temperature excitation of high quanta
of this vibration possible and as mentioned
before, the v—v+2 and w»+2—v transitions
become more probable for high values of v.

CoN,

A new absorption system of cyanogen gas has
recently been found by Woo and Liu*® in the

TABLE XI. Frequencies found in the ultraviolet spectra of
mercury halides.

MOLECULE W'y w’s W'’y o's
HgCl, 365 289 70 65
HgBr: 229 194 41 36
Hgl, 156 126 33 30

48 Sho-Chow Woo and Ta-Kong Liu, J. Chem. Phys. 5,
161, 499 (1937).
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region 3020-2480A. The system is very weak.
It is well developed with an absorbing path of 1.5
meters and a pressure of one atmosphere.
Although the weakness of the bands would
suggest a forbidden transition the structure of
the system seems to indicate a transition al-
lowed by symmetry. We think it therefore
possible that it represents an intercombination
which would have the appearance of a permitted
spectrum. The interpretation given by Woo and
Liu seems to be correct in its main features.
They observed two main progressions of regular
intensity distribution and fitted them into
a general formula »=33,293.63+w 1w 1+x"110"%
+w’2‘i),2 +x’222)’22 +xl127)/1’l,"2 W'ith w/1+x,11 —_—89575,
x'1o=—8.00, w'3=2065.38, x'2o=—15.13. There
is no doubt that w'>=2065 in the excited state
corresponds to the totally symmetrical vibra-
tion of 2336 cm™! (— « — «) in the ground
state. The difference of 895 cm™ corresponds
very likely to the other totally symmetrical
vibration of 842 cm™' in the ground state
(—— ««). Woo and Liu have interpreted only
bands with one quantum of 895 but we believe
that some of the bands of their Table IV simply
represent higher members of this progression.
With this assignment the 895 progression can be
extended considerably. We see that while the
C—N frequency of 2336 drops to 2050 cm™ in
the excited state, the C—C wvalue increases
slightly from 842 to 895 cm™!. This behavior
can be understood according to Woo and Liu if
one assumes that the electronic excitation takes
place in such a fashion that an electron which
in the ground state contributed to the C—N
bonding contributes in the excited state more
toward the C—C bonding. The interpretation
of 33,294 as 0,0 band is probably correct but
it may also represent the second or even a higher
member, the first ones being too weak on ac-
count of the Franck-Condon principle. If one
plots the whole spectrum schematically, groups
of three bands forming the main progression
with distances of about 2050 cm™!' stand out
clearly. (Woo and Liu had considered only
doublets.) The member with the shortest wave-
length has the largest intensity. We suppose
that the two members towards longer waves are
caused by v—v transitions of non-totally sym-
metrical vibrations. It is suggestive to assign
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TaBLE XII. Suggested band assignments tn CyNo.

33247¥ 25
33242‘ 34172 35045
22 f 17 0
[332941 895 34189 876 35065’ 892 35957
52 72, 7047
2010 3 /6 36 361 2[> 33 37 4,$ 0
L 35312‘ 36205’ 37087!
{ . |
3334} 31 880 36232/ 27 884 37116! 3!
2021 } 32
37323] 38200,
} 41 44
37364 880 38244 874 39118
40129,
1990 po42
39299 40171]

871 40225’

them to the ¢, vibration® of 240 cm™ which can
be excited easily by temperature. In order to
explain the observed separations one might add
to Woo’s and Liu’s formula a further term
— w303t w503 —x 20’ 20" with «'’3=240 cm™!
w'3=215 cm™, x'53=10. Table XII contains the
bands for which an interpretation has been
suggested. It comprises all observed material
with the exception of a few weak bands and one
group of stronger bands. This group lying at the
ultraviolet end of the system has been assigned
by Woo and Liu, because of its appearance and
intensity, to another electronic transition.

N0

Nitrous oxide has continuous spectra in the
near ultraviolet and in the Schumann region
and several discrete spectra in the Schumann
ultraviolet. The first discrete electronic transi-
tion occurs®® below 1550A. It is according to its
intensity an allowed transition consisting of a
large number of bands which are fairly narrow
at low, and broad at high temperatures. The
progression shows a strong convergence; from its
limit follows a small dissociation energy. The
spacing between the bands is somewhat irregular
but this can possibly be attributed to the lack of
sharpness of the bands and hence the difficulty
in measuring them. The spacing can be repre-
sented by a frequency of 621 cm™ in the upper
state. As already pointed out by Duncan the
assignment of this frequency to one of the known

49 C. R. Bailey and S. C. Carson, J. Chem. Phys. 7, 859

(1939);S. C. Woo, Zeits. f. physik. Chem1eBS7 399 (1937)
50A. B.F. Duncan J. Chem. Phys. 4, 638 (1936)
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vibrations of N,O encounters ambiguities. It
could be a modification of the totally symmetrical
vibration 1285 in the ground state and the drop
would have to be explained by a considerable
decrease of the binding. But perhaps the drop
is smaller: since the maximum of intensity lies in
the fifth band it is not impossible that all ob-
served bands lead to already vibrating levels
and hence the value of 621 is already diminished
by anharmonicity. Then the true frequency would
be higher. This would make the mentioned
explanation more plausible.

Another possible explanation is that the 621
frequency corresponds to the non-totally sym-
metrical vibration 589. In this latter case the
molecule must be bent in the upper state and the
frequency would be larger in this state.

There remains also the possibility that the
bands should be represented by two separate
series each with the spacing of about 1240, which
would then correspond to the totally symmetrical
vibration. The occurrence of two series may find
its explanation by assuming that the upper state
is degenerate and is split because of an inter-
action between electronic and vibrational motion.
(p- 90 and 93.)

b. Tetrahedral Molecules
0504

Two extended progressions of bands are found
for this molecule in the near ultraviolet spec-
trum.® The weaker progression appears between
31,000 and 38,000 cm~L. In the latter region it is
overlapped by the stronger progression which
extends to 47,000 cm™. The intensity distribution
suggests that two electronic transitions are in-
volved. The main frequency difference in the
weak progression is 811 cm™!, in the stronger
progression the difference is about 835 cm™!. This
will correspond to a totally symmetrical vibration
in the upper electronic states. A strong Raman
line at 970 indicates the presence of an analogous
vibration in the normal state.

The spectrum of OsQy is of interest because it
is one of the very few discrete spectra which have
been attributed to a tetrahedral molecule. For

51 J. Lifschitz and E. Rosenbohm, Zeits. f. physik.
Chemie 97, 1 (1921); S. Kato, Sci. Pap. Inst. Phys. Chem.
Research 13, 248 (1930); A. Langseth and B. Qviller, Zeits.
f. physik. Chemie B27, 79 (1934%.
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such molecules one should expect for allowed
transitions a complicated structure, or more
likely a quasi-continuum or continuum (p. 92).
There is no definite sign of such a structure in the
0s0, spectrum. The intensity would also indicate
that both progressions belong to forbidden
transitions. In this case the observed progression
would not start from the 0—0 band but rather
from the 0—1 band of the vibration which makes
the electronic transition allowed. A corresponding
1—0 band should then be expected. But no
frequency difference has been found on the long
wave side which could be associated with the
vibration that makes the transition allowed.

On the other hand, the evidence for OsO4 being
tetrahedral is not very strong. The probable
absence of a dipole moment® shows a sym-
metrical structure, but for instance a plane
square configuration would be in as satisfactory
agreement with the observationsas a tetrahedron.
Since the model of the molecule is not definitely
known, an analysis of the spectrum should be
postponed.

A similar spectrum has been found for RuQ,.5?

c. Methane Derivatives

We do not start with a consideration of the
methane spectrum itself because it is continuous
asareall known spectra of tetrahedral molecules.?
But some derivatives are well investigated ex-
perimentally, of which we shall discuss methyl
iodide and methylamine.

CH;I

Methyl iodide possesses a continuous absorp-
tion spectrum with a maximum at about 2500A.
It also has discrete bands® which extend from
2100 to 1500A and furthermore absorption bands
in the extreme ultraviolet which form Rydberg
series.? The temperature dependence®® has been
thoroughly studied for the bands around 2000A.
The high intensity suggests that the transition is
allowed. Figure 11 comprises all interesting bands

2 B, Quiller, Tidsskr. Kjemi og Bergvesen 17, 127 (1937).

5 See p. 92.

5 G. Herzberg and G. Scheibe, Zeits. f. physik. Chemie
B7, 390 (1930); A. Henrici, Zeits. f. Physik 77, 35 (1932);
G. Scheibe, F. Povenz and C. F. Linstrom, Zeits. f. physik.
Chemie B20, 283 (1933).

% W. C. Price, J. Chem. Phys. 4, 539, 547 (1936).

% A. Henrici and H. Grieneisen, Zeits. f. physik. Chemie
B30, 1 (1935).
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F16G. 11. Schematic representation of the absorption spectrum of CH,l.
(Taken from A. Henrici and H. Grieneisen, Zeits. f. physik. Chemie B30, 20 (1935).)

which appear already at room temperature. The
height of the lines corresponds to the logarithm of
the intensities. The 0, 0 band lies at 49,715 cm™.
This can be concluded from the fact that this
band and most bands on the violet side show only
slight temperature dependence while practically
all bands on the red side gain in intensity with
increasing temperature. A band displaced by
1237 towards the red from the 0, 0 band corre-
sponds apparently to the CHj deformation vibra-
tion in the lower state for which a frequency of
1250 cm™! is found in infra-red and Raman
spectra. A similar vibration occurs in the upper
state with the frequency 1090 cm. The intensity
ratio of the two bands agrees exactly with what
should be expected from the Boltzmann factors.
Two more quanta of this vibration have been
observed with certainty in the upper state, and in
the lower state a second quantum appears weakly
at higher temperatures. The totally symmetrical
C—1 valence vibration 532 cm™ has also been
observed in the lower state (given as 525 cm™! in
Fig. 11). According to its Boltzmann factor it
should appear with larger intensity than the 1237
band which, however, is not the case. One has to
conclude, therefore, that the corresponding
transition probability is lower. The same con-
sideration applies to the excited state where the
vibration appears with a frequency 508 in a band

of relatively low intensity. There is no conclusive
evidence for a multiple excitation of this vibra-
tion.®” The theory of electronic structures® and
analogy with other molecules indicate that these
bands are due to an excitation of an iodine
electron. It is therefore astonishing that the CHj;
vibration is more strongly excited than the C—1
vibration.

From the figure it can be seen that another
band appears displaced by 880 from the 0, 0 band
to the red which corresponds to a transition 1—0
of one of the non-totally symmetrical bending
vibrations of the CH;I molecule. A corresponding
band 0—1 gives a frequency value of 780 cm™! for
this vibration in the excited state. In allowed
transitions non-totally symmetrical vibrations
should not be excited strongly with one quantum.
According to the selection rules they may occur,
however, with very small intensity. While the
0, 0 band and the bands in which only totally
symmetrical vibrations change are due to a
definite electronic transition moment, the excita-
tion of non-totally symmetrical vibrations occurs
because of the small change of the transition
moment which takes place during the asym-
metrical vibration. That is, the whole electronic

57 The band 48,667 can possibly be explained by a two-
fold excitation of 532 but this is not very probable since
the corresponding band in the upper state is absent.

% R. S. Mulliken, Phys. Rev. 47, 413 (1935).



112 H. SPONER
system is composed of two kinds of bands with
two kinds of transition moments: strong and
allowed bands, and weak bands in which non-
totally symmetrical vibrations change by one
quantum and which generally behave as though
they belong to a forbidden system. The reported
transition probabilities for the bands in question
are indeed about 30 times smaller than those for
bands with the totally symmetrical CH; bending
vibration. Another weak band can be interpreted
as originating from the vibrationless ground state
and leading to a frequency of 1250 cm™' in the
upper state. This probably corresponds to the
other non-totally symmetrical bending vibration
of 1445 cm™! in the ground state.

The direction of the electronic transition
moments should be different in the allowed and
forbidden bands occurring in the same system.
Therefore, different rotational structures are to
be expected in allowed and forbidden bands. In
fact, the allowed bands have a less extended
structure while the forbidden bands consist of a
considerable number of equally spaced lines
extending over several hundred wave numbers.
The equidistant rotational spacing indicates a
practically unchanged moment of inertia. The
rotational lines show an intensity alternation,
every third line being more intense. A similar
behavior has been found in the infra-red bands of
non-totally symmetrical vibrations. The theo-
retically predicted intensity ratio for the rotation
of three hydrogen atoms with the spin 3 each
about the figure axisis 2 : 1 : 1 : 2. Actually each
rotational line represents a Q branch with AJ=0,
the P and R branches with AJ= %1 forming a
quasi-continuous background. Hence it seems
that the allowed bands represent parallel transi-
tions in which the rotational frequency about the
figure axis does not appear so that these bands
are much narrower. The forbidden bands show
the characteristics of perpendicular transitions.

However, closer inspection shows that this
simple picture does not explain all details of the
band system. The band 880—0 should have the
same rotational spacing as the infra-red band at
880 cm™}, i.e., the distance between successive
lines should be 7.7 cm™!. This spacing is not due
to rotation alone, but is influenced by a coupling
between rotation and vibration. The same
coupling should be found in the electronic band.

AND
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Fi16. 12. Schematic representation of the absorption
spectrum of HyCO. (Taken from V. Henri and S. A. Schou,
Zeits. f. Physik 49, 781 (1928).)

However, the observed distances are 20 cm™!,
that is, almost 3 times larger than in the infra-red
band. The same spacing of 20 cm™ is also found
in the two other perpendicular bands.

It seems that the large spacing cannot be
explained unless one assumes an additional
electronic angular momentum in the excited
state. This would mean, however, that the
electronic transition itself is perpendicular and
that it leads to a degenerate upper state for which
the symmetrical configuration cannot correspond
to the equilibrium position. For the equilibrium
no trigonal axis must be present although the
deviation from the threefold axis may be only
slight. With this new interpretation all bands of
the system can be regarded as allowed transitions.
The detailed structure of the individual bands
can probably be explained only by coupling
effects between the electronic, vibrational and
rotational motions. That this coupling mechanism
is not too simple is indicated by bands appearing
on the red side close to the 0,0 band. They
probably cannot be explained as 1 —1 transitions
of low frequencies. Also the width of the 0,0
band, although much smaller than that of the
“perpendicular’’ bands, is really too large for an
ordinary parallel band. A similar situation holds
for the other ‘‘parallel” bands.

An absorption group around 50,000 wave
numbers has been left unexplained. Its intensity
decreases strongly with increasing temperature as
do a few other narrow bands of the system. The
possibility has not been excluded that they are
caused by impurities. But it is also possible that
the absorption at 50,000 is due to peculiar
coupling effects of the upper degenerate state.

The most characteristic features of the dis-
cussed system are repeated in an electronic
transition occurring about 5000 cm™' toward
shorter waves.

Similar bands have been found in CH;Br and
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CH;Cl. Here the bands are more diffuse so that a
detailed analysis cannot be given. Although the
electronic transitions are presumably connected
with halogen electrons, the most prominent
bands are again due to CHj; vibrations.

H,CO

Formaldehyde has its first absorption spectrum
in the near ultraviolet® beginning at about 3570A.
Because of the small moment of inertia around
the figure axis the rotational structure is clearly
resolved. From an analysis of some of these bands
it has been shown® that the electronic transition
moment is perpendicular to the figure axis. The
weak intensity of the absorption points to a
forbidden transition. Figure 12 gives a schematic
representation of the spectrum. The height of the
lines is a rough measure of the intensities (or
more nearly of the logarithms of the intensities).
The distance of the main bands called 4, B, C,
etc.,® is 1187 cm™!. This has been interpreted as
the totally symmetrical C—O vibration. There
has, indeed, been found a similar progression in
deutero-formaldehyde® with almost unchanged
frequency. The corresponding frequency of H.CO
in the normal state® is 1750 cm™. It occurs in a
long progression in the fluorescence spectrum.5 It
is remarkable that the C—O frequency drops so
much when going from the normal to the excited
state. This drop corresponds to a large change in
the internuclear distance as shown by the long
progression with an intensity maximum in the
sixth band (F in Fig. 12).

The molecule has the symmetry C.,. If the
transition is forbidden by symmetry then it is
probably A4,—A4,. It can be made allowed by
cither a vibration B8; or B2. In both cases the

59V. Henri and S. A. Schou, Zeits. f. Physik 49, 774
(1928); S. A. Schou, J. Chim. Phys. 26, 665 (1929); G.
Herzberg, Trans. Faraday Soc. 27, 378 (1931).

60 G. H. Dieke and G. B. Kistiakowsky, Phys. Rev. 45,
4 (1934).

61 The notation 4, B, C . . . for the bands has been
introduced by Henri. This notation must not be confused
with our 4., A, etc., symbols which signify electronic
symmetries. Similarly « will be used in the following dis-
cussion for a band rather than for vibrational symmetry.

62 E. S. Ebers, Ph.D. Thesis, Harvard University, 1935.

6 E. S. Ebers and H. H. Nielsen, J. Chem. Phys. 6, 311
(1938).

¢ G. Herzberg and K. Frang, Zeits. f. Physik 76, 720
(1932); S. Gradstein, Zeits. f. physik. Chemie B22, 384
(1933).
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transition moment is perpendicular to the C—0O
axis. Indeed, it seems plausible that the « band
represents a 1—0 and the 4 band a 0—1 transi-
tion of one of these vibrations. This interpretation
would make it necessary that the interacting
vibration have a frequency not much higher than
half of the distance a — 4. Because of the width of
the rotational structure of @ which has not been
analyzed this distance is only approximately
known as 1300 cm™!. These considerations, if
correct, would imply a revision of one of the low
bending vibrations. The lowest reported value®
is 1165 cm~! and a lower bending vibration seems
difficult to reconcile with existing infra-red data.
The measured intensity ratio of a : 4~1 :15
(rough estimate) and the temperature depen-
dence of this ratio are in agreement with the
presence of a vibration 600-700 cm~!. The strong
decrease of the a — A distance to about 1000 cm™!
in D,CO is also in agreement with an explanation
of this distance as being due to low hydrogen
bending vibrations. In view of the evidence from
the infra-red against a low bending vibration it
would be most desirable to redetermine the
temperature dependence of the o band intensity.

It has not been possible to find consistent
explanations, in spite of many attempts, for the
other progressions in Fig. 12 which are denoted
by different primes. A disagreeable property of
formaldehyde is its tendency to polymerize which
may have some bearing on the spectrum. Some
authors have also assumed that the system con-
tains more than one electronic transition.

The absorption spectra of formaldehyde in the
vacuum ultraviolet® consist mainly of two
electronic series of strong bands. They converge
to a limit, hence forming Rydberg series. Two
electronic transitions of the series, the bands 1556
and 13977, show a well-developed vibrational
pattern. In the first case companion bands to the
violet with frequency differences of 1250 and
1470 cm™!, in the second case of 1120 and 1260
cm™! have been observed. These frequencies
belong in all probability to the totally sym-
metrical hydrogen bending and the C—O vibra-
tion with values 1503 and 1750 in the ground
state. Very weak bands distant by ~2900 cm™
from the mentioned bands have also been found.

6 W, C. Price, J. Chem. Phys. 3, 256 (1935).
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This frequency represents probably the value
of the totally symmetrical hydrogen valence
vibration in the upper state.

CH3;NH,

The known absorption spectrum of methyl-
amine®® lies in the ultraviolet at 2500-2000A. It
seems that the spectrum gradually goes over into
a continuum at shorter wave-lengths. Although
the absorption is not strong, the electronic
transition cannot be forbidden by symmetry
because of the low symmetry of the methylamine
molecule which most likely is C, but certainly
cannot be higher. Figure 13 represents parts of
the absorption spectra of methylamine and its
deuterated compounds. The methylamine spec-
trum gives the appearance of regularly spaced
bands. But these bands cannot be explained by a
progression with a single frequency, the regu-
larity is rather caused by an accidental rational
relation between two frequencies. This can be
seen from the changed appearance of the spec-
trum in the deuterated compounds.’” With only
one frequency involved the spectrum would have
a different spacing but would otherwise remain
regular. Forster and Jungers have described the

8 G. Herzberg and R. Kolsch, Zeits. f. Elektrochemie 39,
572 (1933); V. Henri and W. Lasareff, J. Chim. Phys. 32,
353 (1935).

67 Th. Forster and J. C. Jungers, Zeits. f. physik. Chemie
B36, 387 (1937).

2136

AND E. TELLER

(F16. 13. Absorption spectrum of
CH;3;NH; and deuterated molecules.
(Taken from Th. Férster and J. C.
Jungers, Zeits. f. physik. Chemie
B36, 390 (1937).)

bands by the following formulas:

CH;NH;: »=41,680+v1X650+v2X1000,
CD;3;NH,.: »=41,7804v:X6004v,X870,
CH;3;ND,: »=42,540+42v,X515+2:X1000,
CD;3;ND,: »=42,580+9,X5004125X825.

One sees immediately that for CH3NH; 3 X650 =~
2% 1000, and therefore bands with ;=3 fall on
top of the v, bands. The apparent regular
distance of about 330 cm™! between successive
bands is the smallest common denominator of
the two frequencies. It follows from the formulas
that the 1000 frequency is associated with the
CH; group. However, it cannot be called a pure
hydrogen vibration because of the relatively
small drop in the CD; amines. The 650 frequency
is more dependent on the substitution in the
amino group. It is most plausible to correlate
this frequency with the NH bending vibration
783 cm™! in the lower state.®® This is supported
by the observation that ethyl and propyl amine
have also a frequency of about 650 cm™! in the
upper state. According to the progressions of
the 650 frequency in the upper state, the 783
should appear on the long wave side of the 0, 0
band of methylamine. Actually a band is ob-
served at 40,918 cm™! which has within the

68 A. P. Cleaves and E. K. Plyler, J. Chem. Phys. 7,
563 (1939); C. R. Bailey, S. C. Carson and E. F. Daly,
Proc. Roy. Soc. London A173, 339 (1939); R. G. Owens
and E. F. Barker, J. Chem. Phys. 8, 229 (1940).
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F1G. 14. Absorption spectra of C¢Hg and CgDs.
(Taken from H. Sponer, J. Chem. Phys. 8, 705 (1940).)

limits of error the correct distance from the
0, 0 band. The temperature dependence® of this
band supports this interpretation. In fact, a
whole series of bands with frequencies 40,918
+21X 650422 X 1000 appears at elevated temper-
atures. Further temperature dependent bands
which appear on the long wave side of the 0, 0
band may be correlated with the frequencies
1127, 1426 and 2X 1045 cm™! in the ground state
of methylamine. The band in which the 1045
vibration is excited with one quantum in the
lower state is perhaps obscured by the 1—0
transition of the 1127 vibration. Progressions
from these bands toward shorter waves are
observed in all cases where the higher terms of
the progressions are not obscured by stronger
superimposed bands. The interpretation of the
temperature dependent bands is not as certain as
the assignments in the violet end of the spectrum.
In order to make unambiguous assignments to
the long wave bands it would be necessary to
study the deuterated compounds in this region
and in the infra-red and Raman spectrum.

d. Benzene and Derivatives

The Near Ultraviolet Absorption System of Benzene

Benzene offers the best example known so far
for the vibrational structure of a forbidden
transition. The system in question is the near
ultraviolet absorption system at 2700-2200A. It

V. Henri and W. Lasareff, J. Chim. Phys. 32, 353
(1935).

has been investigated in light and heavy benzene
in absorption™ and fluorescence™ and for CeHs
absorption spectra have been taken also at
temperatures as low™ as —259°C. Moreover,
infra-red and Raman spectra are known for the
liquid and gaseous phase and a rather complete
interpretation was possible with the help of
deutero-substituted benzenes.” All these data
were necessary in order to interpret the rather
involved spectrum of benzene in an unambiguous
way.

Benzene belongs to the symmetry class Dgy.
(See Tables VII and VIIL.) The fundamental
state has the symmetry A4,,. For the excited
state B,, has been proposed from calculations of
the energy levels.” The vibrational analysis’
confirms the assumption of an A4,,—Bs, transi-
tion. The lower part of Fig. 14 represents this

" R. Witte, Zeits. f. wiss. Phot. 14, 347 (1915); K.
Schulz, Zeits. f. wiss. Phot. 20, 1 (1920); V. Henri, J. de
phys. et rad. [6] 3, 181 (1922); and Structure des Molécules
(Hermann, Paris, 1925), p. 108 ff.; G. B. Kistiakowsky and
A. K. Solomon, J. Chem. Phys. 5, 609 (1937); A. Ionescu.
Comptes Rendus Acad. Roum. 2, 39 (1937); H. Sponer, J.
Chem. Phys. 8, 705 (1940).

™ G. B. Kistiakowsky and A. Nelles, Phys. Rev. 41,
595 (1932); G. R. Cuthbertson and G. B. Kistiakowsky,
J. Chem. Phys. 4, 9 (1936); C. K. Ingold and collaborators,
J. Chem. Soc. 912 (1936).

™ A. Reimann, Ann. d. Physik 80, 43 (1926); P. Prings-
heim and A. Kronenberger, Zeits. f. Physik 40, 75 (1926); A.
Kronenberger, ibid. 63, 494 (1930).

" C. K. Ingold and collaborators, J. Chem. Soc. 971
(1936); A. Langseth and R. C. Lord, Det Kgl. Danske
Vidensk. Selskab. Math.-fys. Medd. 16, No. 6 (1938).

™ A. L. Sklar, J. Chem. Phys. 5, 669 (1937).

™ H. Sponer, G. Nordheim, A. L. Sklar and E. Teller,
J. Chem. Phys. 7, 207 (1939); H. Sponer, J. Chem. Phys.
8, 705 (1940).
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F1G. 15. Absorption spectrum of solid benzene at —259°C.
(Taken from A. Kronenberger, Zeits. f. Physik 63, 497 (1930).)

absorption system, the upper gives the same
bands for C¢Ds. The characteristic feature of the
spectrum is that it consists of a number of groups
apart from each other, by 923 cm~! and 879 cm—},
respectively. These distances represent the totally
symmetrical C vibrations in the upper state, the
values in the lower state are 992 and 946 cm™.
The occurrence of progressions is readily ex-
plained by the Franck-Condon principle if the
size of the C hexagon is slightly changed in the
upper state. From the degradation of the bands
toward the red one must conclude that the
hexagon has slightly increased. The strongest
member of each group is the one on the violet
side. The bands extending toward the red can be
explained as v—v transitions of non-totally
symmetrical vibrations whose frequencies are
smaller in the upper electronic state. All that has
been said applies to an allowed transition as well
as to a forbidden one. It is the occurrence and
behavior of the weak group lying on the red side
of the first strong group that gives conclusive
evidence for a forbidden transition. Its tempera-
ture dependence’® shows that it arises from a
vibrating ground level. Its separation from the
first strong group is 1126 cm™' (1076 cm™ in
C¢Dg) and does not agree with any totally
symmetrical vibration in the ground state. From
the Boltzmann factor of the temperature de-
pendence one must conclude, moreover, that a

% G. B. Kistiakowsky and A. K. Solomon, J. Chem.

Phys. 5, 609 (1937); W. F. Radle and C. A. Beck, J. Chem.
Phys. 8, 507 (1940).

vibration of about 600 cm™! is excited. Hence the
natural conclusion seems to be that we are
concerned here with a forbidden transition which
is made allowed by the excitation of a non-totally
symmetrical vibration. With this assumption the
weak group would correspond to a 1—0 and the
first strong group to a 0—1 transition of this
particular vibration. (The low f value ~10~* is
in agreement with the assumption of a forbidden
transition.)

From Table VIII we can see that 4,,—B,, is
indeed forbidden for hexagonal symmetry. The
only allowed transitions are A4,,—E,” and
A,,—Aq,. For the first type the transition
moment M lies in the plane of the ring; for the
second type it is perpendicular to it (Table
VIII). According to p. 98 a vibration of the
symmetry A,ByM=A1,BsE~, or A1,By. A2,
will make the transition allowed. This is in the
first case ¢,7, in the second case B;,. Benzene
does not have a vibration of the latter sym-
metry’” but has 4 vibrations of the e, type.
Two of them, namely 606 and 1496 cm™, are C
vibrations. These should be chiefly effective
because the transition takes place between
electrons which only involve the C—C bonds.
From the foregoing it is clear that the distance
of 1126 cm™ is the sum of the low €t, vibration
in the upper and lower states, thus™ et,/+¢t,”
=1126 cm™ and ¢, becomes 520 cm~'. The

7 E. B. Wilson, Phys. Rev. 45, 706 (1934).
78 The primes and double primes refer, as usually, to the
upper and lower states. respectively.
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corresponding values for Ce¢Ds are 1078 and
498 cm~!. From this the location of the 0,0
bands can be calculated as being 38,089 and
38,292 cm™! for C¢Hg and C¢Ds. According to
selection rules the 0, 0 band should not appear
in the gas. Indeed, the band is absent in Ce¢Djs
and its presence is doubtful in C¢Hg. The 0, 0
band, however, is fairly strong in the absorption
spectrum of C¢Hg at —259°C (Fig. 15). Here the
selection rule is violated by the interaction of
neighbored molecules in the crystal. The whole
spectrum of the solid is shifted by 280 cm™!
towards the red on account of crystal forces and
the individual bands are split for the same reason.
The spectrum looks different from the vapor
spectrum mainly because bands arise only from
the vibrationless ground state. In fluorescence
the 0—1 and 1—0 bands of the €*, vibration
appear with inverted intensities according to the
Boltzmann factor in the upper state. Progressions
of 992 cm™! (C¢Hs) and 946 cm™! (CeDs) extend
to the long wave-length side. Of the further
details of the benzene spectra which have been
discussed” only the explanation of some v—v
transitions will be mentioned here. In Fig. 14
there appear bands on the long wave-length
side from the main bands with distances of 86
and 160 cm™!. The 86 correspond to transitions
1—2 and 2—1 of the ¢+ vibration. This can
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also be expressed as a 1—1 transition of ¢,
superimposed on the 0—1 or 1—0 transition of
the same vibration. Indeed et —e€t,’=606
—520=286. The corresponding values in Cg¢Dj
give 82 instead of 86 cm™'. As to the 160 cm™,
Kistiakowsky and Solomon’® have shown that
this spacing which occurs in long progressions
in absorption and fluorescence, is a difference
between a frequency of 404 in the ground state
and of 244 cm™! in the excited level. The most
probable assignment on the basis of Raman
effect observations is an e*,. The 160 cm™! drops
to 140 cm™! in heavy benzene.

There occurs predissociation at shorter waves
in the discussed system, which has been inter-
preted as rupture of one C—H bond. It is of
interest to note the appearance of the bands
belonging to different vibrations. It seems that
the weaker bands are more strongly affected
than those of greater intensity although this
may be an optical illusion due to the intensity
itself. The effect, if real, would indicate that in
the weak bands in which non-totally sym-
metrical vibrations are excited, these vibrations
facilitate the rupture of one C —H bond. Indeed,
such a rupture cannot be produced by totally
symmetrical vibrations alone. One can see from
Fig. 14 that, for instance, the band C% in C¢Hs
is more diffuse than other weak bands in the
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F1G. 16. Absorption spectra of C¢H;Cl and CsHs
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F1G. 17. Absorption spectrum of C¢H;Cl at —259°C.
(Taken from A. Kronenberger, Zeits. f. Physik 63, 512 (1930).)

neighborhood. In the C series two quanta of
the low €, vibrations are excited.

Another, more definite statement can be made
from a comparison of the spectra of the two
benzenes. The phenomenon of predissociation
sets in earlier in CsDg than in C¢Hs. The band
A% in CgDs is just beginning to look diffuse
while the corresponding band in Cg¢Hs is still
quite sharp, and even A% looks fairly sharp.
This may be explained by an easier transfer of
energy between C and D atoms than between
C and H atoms corresponding to the smaller
C : D mass ratio.

The Near Uliraviolet Absorption System of
Substituted Benzenes

If we substitute in benzene an H atom by a
chlorine atom the symmetry Ds, is reduced to
Cs,. This group has no degenerate representa-
tions; therefore all degenerate benzene vibrations
will split. In order to determine the symmetry
character of the electronic state corresponding
to Bs, in benzene, Tables III and VII should
be compared. We must remember, however,
that the z direction in Table VII is the sixfold
axis and hence perpendicular to the benzene ring.
In Table III the z direction is the twofold axis
and therefore coincides with the C—Cl direction.
In order to compare Tables VII and III we
replace the x, y, z axes of the former by the
x, 2, v axes of the latter. Columns C:® and ¢.¥
of Table III must be used since we are dealing
with a Ci, symmetry. From Table VII we see
that B,, is antisymmetrical to Cs¥ which corre-
sponds in Table III to C,> Hence B,, must
correspond to B; or B,. In order to decide now
between B; and B, the behavior with respect to
a,¥ in Table III has to be investigated. This

would correspond to ¢ in Table VII, to which
element B,, is symmetrical. Hence the corre-
sponding term in group C,, becomes B;. There-
fore we conclude that the transition 4,,—B,, in
benzene becomes a transition 4,—B; in mono-
chlorobenzene. This transition is allowed in
group C;, and the transition moment lies in the
x direction, that is in the molecular plane in a
direction perpendicular to the C—Cl bond.

Figure 16 represents the absorption spectrum™
of C¢H;Cl in the region 2750-2400A (with the
spectrum of CgHg for comparison) and Fig. 17
gives the same spectrum at —259°C. In agree-
ment with the assignment to an allowed transition
the 0,0 band appears strongly both in the vapor
at 37,052 and in the solid at 36,860 cm™. Since
C¢H;Cl possesses 11 totally symmetrical vibra-
tions instead of the two in C¢Hg we shall expect
more progressions of totally symmetrical vibra-
tions than in benzene. Accordingly we observe
a structure which becomes more complicated
towards the violet because of the increasing
number of possible combinations of totally
symmetrical vibrations. From polarization mea-
surements in the Raman effect® one can conclude
that there are four totally symmetrical vibrations
in the 1000 cm™! region in all of which motions
of the carbon atoms will be considerably in-
volved. Indeed, taking degrees of freedom of the
carbon atoms alone three vibrations are expected
in this region. The bands at 37,983, 38,017,
38,093, and 38,116 cm™! can be interpreted as
transitions to the similar vibrations in the
upper state.

79 H. Sponer and S. H. Wollman, to be published soon in
J. Chem. Phys.

80 [.. Simons, Soc. Sci. Fennica, Com. Phys.-Math. 6,
No. 13 (1932).
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Although this spectrum of C¢H;Cl belongs to
an allowed transition its total absorption strength
is only two times larger than the corresponding
benzene absorption. This is not surprising
since the substitution leaves the ring almost
unchanged. Therefore the mechanism which
brought the benzene spectrum into appearance
will remain relatively important.8! Consequently
we should expect 0—1 and 1—0 transitions of
the vibrations corresponding to the ¢, 606 cm™!
vibration of benzene. From polarization measure-
ments in the Raman effect® one finds a totally
symmetrical vibration at 417 cm™! and a non-
totally symmetrical vibration at 608 cm~! which
are reasonably assigned to this €*, vibration in
benzene. The totally symmetrical vibration is
strongly influenced because the carbon attached
to the chlorine participates in it while in the
non-totally symmetrical vibration the motion of
this carbon atom is smaller and perpendicular
to the C—CI bond. It is even possible that the
706 cm™! (C—Cl) vibration partakes in the
properties of the 606 benzene vibration as
greatly as the 417 cm™! vibration. In the totally
symmetrical vibration the direction of the
transition moment will be the same as for the
other totally symmetrical bands, namely perpen-
dicular to the C—CI direction, while in the
non-totally symmetrical vibration it is parallel
to the C—Cl bond. In both cases, it is of course
in the plane of the ring. As a striking feature
of the monochlorobenzene spectrum appears a
second group whose strongest band on the violet
side lies 521 cm™! apart from the 0,0 band. It
is suggestive to interpret this as the drop of the
608 frequency in the upper state. This inter-
pretation is confirmed by the appearance of a
band 617 cm™! toward the red from the 0,0
band. These bands representing the 0—1 and
1—0 transitions of a non-totally symmetrical
vibration occur only because the system has
the character of partly an allowed and partly a
forbidden transition.

The other vibration related to the mode giving
the frequency 606 cm™! in benzene is the totally
symmetrical 417 cm™' vibration. It gives rise
to a 10 transition the intensity of which is
difficult to estimate. On the other hand, the

8t H. Sponer and S. H. Wollman, Phys. Rev. 57, 1078A
(1940).
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0—1 transition leading to a corresponding
vibration in the upper state does not stand out
clearly enough to be identified in an unambiguous
way. The behavior of the C—Cl vibration is
similar but more striking. It appears in a 1—0
transition 705 cm™! apart from the 0,0 band
with an intensity comparable to that of the
non-totally symmetrical 617 cm™! vibration.
On the other hand, the 0—1 transition appears
at best rather faintly if one interprets the band
at 37,723 or possibly a band at 37,784 cm™! as
this transition (665 cm™' or 726 cm™!). No
stronger band is available in this spectral region.
There are two possible reasons for the appearance
of these totally symmetrical vibrations: first the
equilibrium position in the normal and excited
state may be a little different for these vibrations
so that both the 0—1 and 1—0 transitions will
occur according to the Franck-Condon principle ;
second, the electronic transition moment may
depend upon the normal coordinate of this
vibration (see p. 97) and this again will give
rise to 0—1 and 1—0 transitions of the vibra-
tions. A relatively high intensity of the 1—0
and the low intensity of the 0—1 transition can
be explained by assuming that the two men-
tioned effects reinforce each other in the first
case and tend to cancel in the second case. We
designate the wave functions of the four vibra-
tional states concerned as ¢y, ¥''o, ¥'1, ¥''1 where
the primes indicate, as usually, the electronic
states and 0 and 1 refer to the vibrational
quantum numbers of the C—Cl vibration. The
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Fi16. 19. Absorption spectrum of C¢H;F.
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F1G. 20. Absorption spectra of dichlorbenzenes.
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F16. 21. Absorption spectrum of toluene. (Taken from J. Savard, Ann. de Chimie 11, 287 (1929).)
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F1G. 22. Absorption spectrum of paracresole. (Taken from J. Savard, Ann. de Chimie 11, 287 (1929).)
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normal coordinate of this vibration is called &.
If we use of the expansion of the matrix element
<M into a power series in the displacements
only the first two terms (p. 97), these give
for the matrix element of the 1—0 transition
SV MdE+ SV oY 1M EdE. The magnitude
of the first integral is determined by the shift in
equilibrium position and the second contains
the change 91,¢ of the transition moment. The
corresponding integrals for the 0—1 transition
are SY' W1 Med§ and Sy o/ 1906dE. 1t can be
seen from Fig. 18 that the integrals S o' 1dE
and Y"1 df have opposite signs since the
integrand ¢'(¢’’1 has its maximum in a region
where ¢'/; is negative while the integrand ¥"/¢¢',
attains its maximum value where ¢/, is positive.
On the other hand, the integrals Sy’ &d¢
and SY"'w/'1£dE have presumably both negative
signs, which is the sign they would have if the
equilibrium position would be the same in both
electronic states. Thus it is quite possible that
for a 1—0 transition the matrix elements add up
while for a 0—1 transition their main parts
cancel. This argument might be used for the
417 cm™! vibration as well though the similarity
of this vibration and the C—Cl vibration is
merely qualitative. It is interesting to note that
the 0—1 transition of the C—Cl vibration
appears strongly in the spectrum of the solid.82
This may be explained by assuming that due to
the influence of neighbors the shift in the
equilibrium distance of the C—Cl vibration is
different in the crystal from what it is in the gas.
Thus the cancellation of matrix elements may
not work in the same way. The frequency 720
cm™! is found for the C—Cl vibration in the
upper state of the solid. This agrees better with
the 726 cm™! proposed for the gas. On the other
hand, 665 cm™ may be the correct value for
the gas and the difference in frequency may be
due to the influence of the neighbors in the solid.

Weaker bands appearing in the gas on the
red side of all main bands with distances of
62 cm™, 2X62 cm™, and 199 cm™! must be
ascribed to v —v transitions.

The characteristic features of the chloroben-
zene spectrum are also found in other substituted
benzenes. Besides changes in vibrational fre-

8 See Fig. 17.
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quencies strong variations in intensities occur in
those bands which correspond to the 417, 617
and 705 vibrations (values given for the lower
state) of CeH;Cl. This is to be expected since
the intensities depend on several terms which
may compensate or reinforce each other.

In Figs. 19-22 the spectra of fluorobenzene,®
o0-, m-, p-dichlorobenzene,? toluene® and para-
cresole® are reproduced. They all have strong
0,0 bands in agreement with the assumption of
allowed transitions. In all spectra strong bands
appear at a distance of 1000 cm™! towards the
violet. (In paracresole the distance is only about
800 cm) The C—F frequency® appears
strongly. The C—Cl frequency is very pro-
nounced in p-dichlorobenzene while it is weaker
in the m-, and o-compounds. The vibrations
corresponding to e, in benzene seem to be very
marked in toluene and m-dichlorobenzene. They
are weaker in o-dichlorobenzene, and much
weaker in fluorbenzene, paracresole and p-
dichlorobenzene. The 0,0 region and the bands
about 1000 cm™ to the violet show in m- and
0-C¢H,Cl, several edges close to each other.
They probably represent low bending vibrations
of the chlorine atoms. In fact, the symmetry of
these molecules makes totally symmetrical bend-
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F1G. 23. Schematic representation of benzene absorption
in the vacuum region. (Taken from E. P. Carr and H.
Stiicklen, J. Chem. Phys. 6, 55 (1938).)

ing vibrations of the chlorine atoms possible.
The two para-compounds show a markedly
simpler structure in agreement with their higher
symmetry and correspondingly smaller number
of totally symmetrical vibrations. A closer
inspection of all these spectra will probably
reveal additional bands which have no analog in
chlorobenzene.

8 S, H. Wollman, unpublished results.

8 S. H. Wollman, unpublished results.

8 J. Savard, Ann. de Chimie 11, 287 (1929).

8 The numerical value of this frequency does not differ
greatly from carbon vibrations so that this vibration will
probably contain some contributions from the motion of
the other carbon atoms.
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F16. 24. Microphotometer record of the absorption spectrum of furan.

Other Absorption Systems of Benzene in the
Farther Ultraviolet

Stronger absorption systems than the dis-
cussed one have been observed in benzene
from 2050A towards shorter wave-lengths. The
first one extends from 2050 to 1850A and
consists of a number of diffuse broad groups
showing some structure. Below 1850A the bands
are overlapped by a still stronger absorption
system which has the appearance of a continuous
background upon which relatively sharp bands
are superimposed. Figure 23 shows the intensities
in this region.?” For the first diffuse system a
14,,~'B,, transition has been suggested.8® For
the bands and continuum below 1850A transi-
tions '4,,—'E,~ are assumed.

The transition A;—Bi, is a forbidden one
but can be made allowed by vibrations of type
€, and Bs,. The former will be particularly
effective since they cause mixing of the By, state
with the near E-, level which can combine
directly with the fundamental state. The
proximity of the E,~ state is responsible for the
higher intensity of the 2000A system compared
to that of the near ultraviolet bands at 2600A.
Indeed, as shown on p. 97 the ratio of the
intensities of a forbidden to the allowed transi-

8 E. P. Carr and H. Stiicklen, J. Chem. Phys. 6, 55
(1938).

8 M. Goeppert-Mayer and A. L. Sklar, J. Chem. Phys.
6, 645 (1938); G. Nordheim, H. Sponer and E. Teller, J.
Chem. Phys. 8, 455 (1940).

tion is roughly given by

(=202l

For an e, vibration of 600 cm™ }_ £, ~10~° cm.
With Z*,=1, r=C—C distance=1.4X10~8 cm
and AE=6000 cm™' (distance between long wave
ends of the 4,,—~E~, and A,,—Bi, systems)
one obtains 0.4 for the ratio of the 4,,—Bj,
and 4,,—E—, intensities. A similar calculation
yields 0.04 for the intensity ratio of the systems
Ay By to Ayy—E—, if AE is taken as 17,000
cm~ In the 4,,—B;, system the occurrence of
965 and 160 progressions has been observed and
may be explained in an analogous way as for
the near ultraviolet bands. The 965 progression
which represents very likely the excitation of the
totally symmetrical C—C vibration in the upper
state shows unusually strong convergence so
that large anharmonicity of this vibration must
be assumed. A more detailed analysis of the
spectrum seems impossible owing to the diffuse-
ness of the whole system.

The sharp intense bands below 1850A are
interpreted as an allowed 4,,—~E~, transition
and are believed to represent the first member
of one of the Rydberg series observed® between
1550 and 1360A. The somewhat irregular vibra-
tional structure of this system may be due to a
slight change in equilibrium configuration be-

89 W, C. Price and R. W. Wood, J. Chem. Phys. 3, 439
(1935).
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cause of the degenerate character of the upper
level (p. 90). The continuous absorption under-
lying this region corresponds perhaps to another
electronic transition involving a rupture of one
C—H bond. It must have the symmetry E—, or
Az, in the vicinity of the equilibrium distance
in order to give rise to a strong absorption.
If proper intersections of this repulsive surface
are assumed with the B;, potential surface at
very low vibrational energies and with the B,,
surface at higher vibrations then the diffuseness
of the 4,,— By, system and also the predissocia-
tion occurring in the A4,,—Bj., from about
2400A to shorter waves may be explained.

Furan

While the high symmetry of benzene imposes
a number of limitations on the interpretation of
its spectrum and while for the spectra of benzene
derivatives analogies to benzene have to be
taken into account, such restrictions do not
exist for a five ring molecule like C,H,O. Besides
some apparently continuous absorption® at

% Narrow bands have been reported in this region by
J. E. Purvis, J. Chem. Soc. 97, 1648 (1910) and O. V.
Fialkowskaja, Acta Physicochim. U. R. S. S. 9, 215 (1938);
but have not been confirmed by other authors.
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2500A and some broad bands in the region of
46,700 cm™!, sharp and strong bands have been
observed®” between 52,000 and 57,000 cm™!.
These bands are reproduced®? in Fig. 24. The
intensity of the spectrum points to an allowed
transition. If we assume Cp, for the symmetry
of furan we find there exist eight totally sym-
metrical vibrations. Four of them represent
internal vibrations of the ring which give enough
possibilities for the interpretation of the spec-
trum. The proposed interpretation® has been
included in the figure. The frequencies 848, 1068
and 1395 in the upper state probably correspond
to 986, 1137 and 1483 cm™! in the ground state.
The latter frequencies have been found in the
Raman effect with low depolarization factors
and therefore must belong to totally symmetrical
vibrations.

In conclusion, we wish to acknowledge the
facilities placed at our disposal during the writing
of this paper by Dr. H. F. Prytherch, Director
of the Biological Station of the U. S. Bureau of
Fisheries at Beaufort, North Carolina.

91 L, W. Pickett, J. Chem. Phys. 8, 293 (1940); there also
previous references.

% The microphotometer tracing was kindly given to us
by Dr. L. W. Pickett.
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Appendix: Table of Electronic Spectra of Polyatomic Molecules*

Table A. Linear molecules.

SPECTRAL FREQUENCIEST CHARACTERISTICS
MOLECULE REGION (A) (cMm™1) OF TRANSITION REMARKS LT,
CO, 1390-1250 w'~1225 Absorption bands Appear at a few tenths of a mm pres- 1, 3, 4,
carbon sure and 80 cm absorption path. 4a
dioxide Perhaps two progressions with about
1225 cm™ intervals. Diffuse, shaded
to the red.
1150-830 Absorption bands. Appear at 0.01 pressure in 80 cm ab-

Transitions 1Z,t— sorption path. Doublets. Bands form

states converging Rydberg series

to lowest 21, of v=111,250—R/(n+0.21)?

CO,*+ with =2, 3, ---.. Ionization po-
tential 13.73+£0.01 ev in agree-
ment with Mulliken’s theoretical
predictions. Two weaker series
found converging to same limit with
different denominators.

900-600 Absorption bands Previously reported by Henning, see
1. Form Rydberg series »=145,800
—R/(n+0.95)2.

6250-3250 w''~565 Emission bands Observed in flames of CO burning in
air or oxygen. Narrow headless
bands superposed on continuous
background. Show doublet separa-
tion of about 60 cm™. Besides 565
other possible frequency differences
are 2065 and 1500 cm™. CO; as
emitter considered as most likely
(4a), but C;0. seems not impossible.

COq* 4800-2800 w't=1260 Two systems of Bands are the same as previously 1, 4b, 4c
carbon emission bands, reported by Smyth and Schmidt, for
dioxide ion qI,—,, 2z+,—I, references see 1.

1, being the

ground state.

2H3/2—>2H3/2 0,0 band

at 28,532.59 cm™.

znl/ﬁml/z 0,0 band

at 28,468.51 cm™.

Rotational con-

stants:

2H3/2g: Bo=0.3795

2T1/90: Bo=0.3809

zna/gu: Bo=0.3486

2H1/2u: Bo=0.3501

COSs 2550-1600 Continuous ab- At low pressures (i.e., about 0.01 1,3,5
carbon sorption mm with 80 cm path) it breaks into
oxysulphide several regions: 2380-2150A with

maximum at 2250, 2120-2080A,
2050-1860, etc., probably leading to
dissociations CO+S(1D), CO+S§S),
CS+0(D), etc. In 5 determination
of extinction coefficients.

1565-1410 «'t||~T760 Absorption bands Diffuse. Show at about 0.01 mm
pressure and 80 cm path.

1410-1310 w';}

w’g

~710 Absorption Complex bands, very sharp, weaker
~715 bands than above system. Different in-
tensity distribution in both pro-

* These tables have been {)repared by H. Sponer. They comprise all accessible work on electronic spectra of polyatomic molecules in the gaseous
phase since 1936, thus supplementing the respective tables in Molekiilspekiren und thre Anwendung auf chemische Probleme by H. Sponer,
Vol. I (1935), Tables and Vol. II, p. 480-492 (1936) (Julius Springer, Berlin). Literature references 1 and 2 refer to these books and are added in
all cases where molecules have been treated already there.

T Frequencies are generally denoted by w; for detailed symbols see references 1 and 2.
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SPECTRAL FREQUENCIEST CHARACTERISTICS
MOLECULE REGION (A) (cm™) OF _ TRANSITION REMARKS LiT.
gressions in this region with fre-
quency differences of ~710 cm™1.

1200-1160 Absorption bands Moderately strong, diffuse. Fre-
quency difference about 700 cm™.

below 1110 Absorption bands Stronger, diffuse.

CS, 3980-2767 @’ =401(25,1) Absorption bands Appear at several cm pressure with 1, 6
carbon w'=275(%5,1) band 23501 1 m absorbing path. Rotational
disulphide type 12t «12%, analysis of four bands. Bands 3501
with rot. constants. and 3601 have common upper state
B'=0.1122, with perturbed rotational levels.
B'"=0.1093; Molecule possibly bent in upper state
band 23467 of band 3467. Ground state is 1Z%,.
type UI,«1Z%,
B'pr=0.1044,
B’q=0.1065,
B'"=0.1016
band \3637
type 12, «1Z%,
B’=0.1178,
B''=0.1151
band 23601
type 1Z+,<«-1Z+,
B’=0.1120,
B''=0.1097
3640-3355 Magnetic rotation Intense. Doublets with 17 cm™ 7
spectrum separation. Excellent correlation be-
tween sharp, low frequency mem-
bers of doublets and sharp absorp-
tion edges. Conclusion molecule has
magnetic moment along figure axis
in upper state. Magnetic rotational
lines form progressions with about
270 cm™ differences.

3250-3125 Magnetic rotation Weak. No correlation with absorp-

spectrum tion edges found.

2200-1800 ' ~410 Absorption bands Bands reach till 2150A at 0.5 mm  §,9,4
pressure and 1 m path, till 2300 at
40 cm pressure. Each band has sev-
eral components. In 9 also frequency
differences of 656, 1547, 870 ob-
served.

1815 Absorption band Consists of at least two components.
Assigned in 8 to transition between
non-bonding atomic orbitals.

1950-1650 ' ~830 Absorption bands Weak. Progression with 830 differ-
ence in 8 seems continuation of 803
progression in 9.

1612, 1595, '"1=650(v,) Absorption bands In 8 group assigned to excitation of

1577, 1553 non-bonding electron. 1595 strongest

w1 =660 bands. All bands show well-resolved
»’2=1670 structure, degraded to red.

1535-1450 Absorption bands Complex bands without obvious
regularities.

1450-1230 Absorption bands. Bandsform Rydberg series »=81,734

Transitions 1Z+,—~
states converging
to lowest 2IIg of
CS,*

—R/(n+0.55)%; n=3, 4, --- with
ionization potential 10.083+0.005
volts, and »= 81,298 — R/(n+0.55)2;
n=3, 4, .-+ with ionization poten-
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Table A.

SPECTRAL
MOLECULE REeGION (A)

FREQUENCIEST
(cM™)

CHARACTERISTICS
OF TRANSITION

REMARKS

below 1200

Absorption bands

tial 10.027 volts. Difference between
two limits corresponds to doublet
separation of 2II, of CS,*. Besides
Rydberg series other vibrationless
electronic transitions.

Diffuse bands with fairly wide vibra-
tional pattern. Diffuseness probably
due to pre-ionization. Bands almost
certainly due to excitation of =, elec-
tron from double bond, converge
perhaps to ionization potential of
about 13.5 ev.

N.2O 3000-1760
nitrous
oxide

1520-1425

1280

1185-1160
1153, 1144,
1133

1096

1056

below 1056

below 1000

=621

Continuous
absorption

Absorption bands

Maximum of con-
tinuous absorption

Absorption bands
Maximum of con-
tinuous absorption

Absorption band

Absorption bands

Continuous
absorption

Consists of several regions showing
up at different pressures: extremely
weak absorption at 5 atmos. and
33 m path with flat maximum at
2900A, interpreted as forbidden
transition leading to normal N; and
0. Rise of next absorption at about
2820A. Its long wave limit is at
2750A in 1 m path and atmos. pres-
sure. With 2 m path and 7.3 mm
pressure absorption from 2070-
1770A with center at 1900A. In
these regions different dissociations

processes possible: N;('Z)+O(D),
NO(’HH-N(‘S), N,(12)+0(S),
NO(m)+N(D). In 12 photometric
studdy of reéxon 2350-2150A at +20°
and —

Appear at 0.01 mm pressure with
2 m path. Above 0.1 mm bands
merge into continuum whose limits
increase with pressure. At 7.3 mm
strong absorptlon till 1700A. Bands
fit formula » = 65,939 + 621.2y
—11.549® with v=0, 1, 2, ---. See
also p. 109.

Appears at 0.002 mm pressure and
2 m path, widens to 1356-1215A at
0.2 mm.

Appear at 0.001 mm pressure in 2 m
path.Perhaps two electronic transi-
tions. Origin of 1st group at 84,992
cm™L,

Appears at 0.01 mm pressure with
2 m path.

Appears at 0.004 mm pressure and
2 m path.

Appear at 0.004 mm pressure. Fit,
together with lowest pressure cen-
ters of 1280 and 1096 absorptions,
into Rydberg series »=102,567
—R/(n—0.92)%;, n=3, 4, 5,
ionization potential 12.66 volts.

Extends to end of the plate, about
850A.

1, 10-12
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SPECTRAL FREQUENCIEST CHARACTERISTICS
MOLECULE REGION (A) (cm™1) OF TRANSITION REMARKS LIt
Ci0, 3300-2400 ' ~840 Absorption bands Absorbing columns 50-100 cm and 1, 13
carbon till 2800A and pressures 200-800 mm. Complicated
suboxide overlapping con- spectrum. Bands are diffuse. Pairs of
tinuum till 2400A 100 cm™ and 50-70 cm™ interval
form progressions with 840 differ-
ences according to totally symmet-
rical C=Cvibration. Other observed
frequencies 2160, 640 cm™'. Tenta-
tive analysis not entirely satisfac-
tory.
below 2200 Continuous Absorbing columns 20-100 cm, pres-
absorption sures 20-800 mm. At higher pres-
sures this region eventually overlaps
former, giving continuous absorp-
tion from ca. 3200A to shorter wave-
lengths. No visible fluorescence ob-
served by irradiation with lines of
Hg lamp.
HgCl, 1731-1670 w''s=365(v:) Absorption bands Appear with 4.22 cm path above 1, 14-16
mercuric w'y =289 Normal state 1=%,, 0.004 mm pressure, degraded to red.
chloride w’5=T0(28,L1) upper state prob- Analysis in agreement with selection
w'5=065 Fe rules of Herzberg and Teller for
0 0 ll)and at 59,016  allowed transition. See also p. 106.
cm™.
HgBr: 1862-1813 @'’s=229(v:) Absorption bands. Appear with 5.2 cm path above 0.1 1, 14
mercuric ws=1 Normal state 1=+, mm pressure. Bands are rather
bromide o5=41(%5, 1) upper state prob- diffuse. Analysis as for HgCl:. See
w'5=36 ably 1Z,. also p. 106.
0,0 band at 54,418
cm™.
Hgl. 2108-2066 @'’y =156(v;) Absorption bands. Appear with 4.4 cm path above 0.1 1, 14
mercuric wy=126 Normal state 1=+, mm pressure. Bands are very diffuse.
iodide w’5=33(26, L) upper state proba- Analysis as for HgCl.. See also
«'5=30 bly 1Z,. p. 106.
00 band at 47,883
cm™!
PbBr; Upon illumination with 2300-2000A 1, 17
lead are observed Br; bands at 5600-
bromide 5050A, bands at 4950-4433A as-
cribed to PbBr, and atomic Pb lines.
TeCle 7400-4350 w'1=300 Absorption bands In 18 absorbing paths of 100 cm in 18, 19
tellurium w's=60 visible, of 30 cm in ultraviolet. In 19
dichloride e=125 absorbm paths of 5 and 60 cm,
region of observed spectrum 6500-
4700A is ascribed to same transi-
tion. Bands are diffuse, degraded to
red at longer waves. Superimposed
continuous absorption. In 19 iso-
topic effect of Cl observed, attempt
at analysis made and molecule as
linear suggested.
4360-3960 Absorption bands With 10 cm absorbing column and 20
500°C transparency was found be-
low and above the bands in contra-
diction to 18 and 19. Brief note.
3170-2510 Maxima of continu-  Dissociation processes are discussed. 84
ous absorption
2460 Long wave limit

of continuous ab-
sorption
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Table A.—Continued.

MOLECULE

SPECTRAL
REGION (A)

CHARACTERISTICS
OF TRANSITION

FREQUENCIEST
(em™)

REMARKS

TeBrg
tellurium
dibromide

6500-5300

4730, 3800,
3140, (2280)

Absorption bands

Maxima of con-
tinuous absorption

Absorption path 10 cm. Diffuse
bands, degraded to red at longer
waves. Superimposed continuum
towards shorter waves. Uncertain
whether molecule linear.

Dissociation processes are discussed.

84

C2H2
acetylene

2430-2090

»'1~1050
«'2~1000
w'3~580

Absorption bands

Pressures from a few mm to 1040
mm and absorption cells of 50 and
350 cm. Temperature dependence of
bands studied. Bands are double-
headed, degraded to the red. Com-
plicated system. Analysis not satis-
factory.

1,221

C:N,
cyanogen

3020-2400

2250-2050

«’¢(CN)=2050
«'t(C—C) =895

Absorption bands
0,0 band perhaps
at 33,294 cm™L.

Absorption bands

Absorbing paths of 0.5, 1.5 and 3 m,
pressures up to 2 atmos. Bands de-
graded to red. Two main progres-
sions with spacings of 2050 and 895
cm™!; members appear threefold, the
two at longer waves probably being
due to v—v transitions of non-totally
symmetrical vibrations. Main fea-
tures of analysis in agreement with
selection rules for allowed (by sym-
metry) transition. Weakness of sys-
tem suggests intercombination. See
also p. 108.

Original lit. not accessible. Accord-
ing to review in Phys. Ber. 50 bands
observed, frequency differences of
766, 2149, 2355 and 2X508 cm™!
found.

In 24 observation of CN bands in
fluorescence upon illumination of
C2N; with H continuum.

23

24

BrCN
bromo-
cyanogen

Fluorescence of CN 22 —2= bands
upon illumination of BrCN with H,
lamp

ICN
iodocyano-
gen

Fluorescence of CN 2Z—22 bands
upon illumination of ICN with H,
lamp and Al spark. Also I, fluores-
cence observed.

C4H,

diacetylene

2970-2650

2650-2000

' =690 Absorption bands

«'1=2100
w’y=1900
w'’3=635

Absorption bands

Absorbing paths of 3, 50 and 350 cm,
pressures up to 745 mm. Longer
wave system appears at high pres-
sures, has many sharp and narrow
bands. Satisfactory analysis not yet
possible, progression of doublet
bands with 690 difference reported.

Shorter wave-lengths bands are dif-
fuse, appear at low pressures. Sev-
eral progressions found. Frequen-
cies 2100 and 1900 are, respec-
tively, ascribed to totally symmet-
rical »®(C=C) and unsymmetrical
v.®@|| (C=C) in excited state. From
temperature dependence 635 is re-
garded as ground state frequency.
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MOLECULE

SPECTRAL
REGION (A)

FREQUENCIES

CHARACTERISTICS
OF TRANSITION

REMARKS

H0
water
vapor

below 1240

1130-983

Absorption bands

Absorption bands

Two sets of bands, one starts with
doublet band of 170 cm™ separation
(A bands), the other has diffuse
bands (B bands). Bands form weak
Rydberg series probably related to
atomic term series 2p3(4S)np, 53P
of O I. (27)

Two sets of bands (C and D) whose
first members show rotational struc-
ture. Mean of C and D bands fit
into Rydberg series »=101,780
—R/(n—1.05)2 with n=4, 5, 6---.
Limit gives ionization potential of
12.56 volts within probably =+0.02
volt. Concluded that upper states of
Rydberg series are (2xa,)(nsa;)314,
(in Mulliken’s notation) and that
series is related to atomic series
2p3(4S)ms, 535S of O 1. (27)

1, 27-28

H.S
hydrogen
sulphide

1600-1460

1516-1190

1430-1200

1391-1190

Absorption bands

Absorption bands

Absorption bands

Absorption bands

Bands are weaker than those below
1460A. Shifted from strong band at
1516 by 1250 and 2630 cm™ which
are ground state frequencies. Hence
same electronic jump as 1516-1190
bands. Other bands in this region are
transitions to upper vibrational
states and from initial vibrational
states of the following systems.

Strong and sharp Q branches, P
branches extremely weak compared
with R branches. Q branches fit
into Rydberg series »=284,520—R/
(n—1.57)2; n=4, 5, 6---. Series
probably related to atomic series of
(4S)np, %3P of S 1.

Two more series leading to limit of
following Rydberg series.

Bands have very strong and sharp Q
branches accompanied on either side
by weaker R and P branches. Little
vibrational structure, electronic
transition being of non-bonding
type. Discussion of rotational struc-
ture. Mean of two lower moments
of inertia for upper state derived
as 2.77X107% gcm? Q branches
fit into Rydberg series »=284,420
—R/(n—2.04)2; n=5,6,7---. Series
perhaps related to atomic term
series of (4S)ns, 53P of S I. Mean of
both Rydberg series corresponds to
ionization potential of 10.4204-0.005
ev.

1, 2, 27,
29, 30

NO:
nitrogen
dioxide

5750-3520

2600-2270

(em™)
'y =523
w = 714
w";= 749?
w''y=1319?

Absorption bands

Absorption bands.
Transition parallel

to axis of
approximate rota-
tional symmetry

(s axis) and perpen-

In 31 table of band heads. In 31a
measurement of absorption coeffi-
cients from A7000 to A\4000.

System consists of sharp bands and
diffuse bands. Degradation to red.
Absorption lengthsfrom2mmto 5 m.
Variation of pressure and tempera-
ture. Spectra (in 32) taken with
medium, large and very large dis-

1, 31-34
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Table B.—Continued.

SPECTRAL FREQUENCIES CHARACTERISTICS
MOLECULE REGION (A) (cM™) oF TRANSITION REMARKS LiT.
dicular to persion. Intensity measurements. Vi-
molecular axis of brational analysis (32) not unambig-
symmetry (= axis). uous, different explanations dis-
cussed.
Rotational con- Sharp and intense sub-band heads.
stants in cm™: Rotational analysis of 22491 in 33
AB, (from head and 34, given here 34. Sub-band heads
spacing) = —3.78 in A\2491, X\2459 and A2576 are repre-
+0.02 sented by »=AB,;K?+const. and Av
AB", (from tempera- =AB,(2K+1). Rotational levels
ture variation of given by E.J, K)=B;J(J+1)
absorption coeffi- +BgK?+--- with |K|=J; Bk
cient) =20+5. =B,— $(Bx+B,); Bs=31(B:+B,).
B’y (from B'’s+AB,) From rotational constants follows
=164+5. r"(N—0)=1.28+0.03A; ' (N-0)
ABy (from intensity =1.4140.06A; <""(0—N-0)=154
of and spacing +4°; <'(0—N-0)=154+6°.
within sub-bands)
=—0.06+0.01.
(2Bs)s (from inten-
sity of and spacing
within sub-bands)
=0.6+0.15.
B";=3((2Bs)n
—AB;)=0.334+0.03
B';=3((2Bs)an+ABy)
=0.27+0.03
NOCI 6000-2000 Eleven absorption Measurement of extinction coeffi- 1, 35-37
nitrosyl maxima and continu-  cients in 35 and 36. In the visible two
chloride ous absorption sets of weak diffuse bands, perhaps
belonging to same electronic transi-
tion. Frequency differences of 380,
690 and 1580 cm™ found (35), inter-
pretation not certain. No fine struc-
ture found in disagreement with pre-
vious work. (See 1.) Broad maxima
in the violet and ultraviolet belong-
ing to other transitions.
Molecule is diamagnetic (37).
SO, at 3800 w'1=908(v||) Absorption bands In 38 vibrational and in 39 rotational 1, 38, 39
sulphur '3=362(5:||) origin at 25,774.6 analysis, brief abstracts.
dioxide
3164-2939 Magnetic rotation Very weak. Spectrum has regular ap- 7
spectrum pearance, its lines may be correlated
to absorption band heads.
2440-1750 w'9~380(5:||) Absorption and Degraded to red. Bands show peri- 8, 29, 40
emission bands odic intensity fluctuations. Fine
structure of individual bands varies
considerably. Short wave-length
bands more complex. From temp.
variation experiments band 43,100
cm™! taken as first member of pro-
gression. Transition probably due to
a relatively non-bonding electron
localized on an oxygen atom. In 40
extension of emission bands.
Absorption bands Weak and diffuse. 8

1573, 1558,
1529
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MOLECULE

SPECTRAL
REGION (A)

FREQUENCIES
(cM™)

CHARACTERISTICS
OF TRANSITION

REMARKS

1359-1308
1280-1240
below 1140

} Absorption bands

Bands of these electronic transitions
very likely belong to a Rydberg
series leading to an ionization po-
tential of 12.05+0.05 ev.

SeO.
selenium
dioxide

4400-3400

3400-2200

2200-2070

Absorption bands

Absorption bands

Absorption bands

Appear above 290°C, 10 cm absorb-
ing path. Diffuse, some bands show
heads, degraded to red. At higher
temp. overlapping with next system.

Appear above 200°C, 10 cm absorb-
ing path. Degraded to red. In 42 and
43 different analyses proposed, both
with difficulties involved. Ground
state frequencies of about 900 and
1180 cm™ probable.

Appear above 200°C, 10 cm absorb-
ing path. Weak. Degraded to red.
Formula for band heads given.

2, 41, 42

42, 43

TeO,
tellurium
dioxide

5800-4700

4700-3000

3000 to
vacuum
region

Absorption bands

Absorption bands

Continuous
absorption

Diffuse, no measurements given.
Appear above 1250°C.

Diffuse, some bands show heads de-
graded to red. Appear about 720°C.
Bands measured between 4030 and
3230A. Attempt at analysis made.

Appears about 720°C. Absorbing
layer of 30 cm used throughout.

ClO.
chlorine
dioxide

5225-2600

w1 =945(v.||)
w’e=1105(r L)
'3 = 447(5,|])
«'1=T08(v¢||)
w'e=T790(r L)
@'3=290(5:||)

Absorption bands.
(000)«—(000) band
is 21,016 cm™

Degraded to red. Photographs in
second order of 30 ft. 30,000 line per
inch grating show that each band
consists of sub-bands, some with
clearly defined rotational series.
Ar{alysis in agreement with selection
rules.

1, 44a

ozone

7585-4380

4533-3053

3525-2135

Absorption bands

Continuum with
superimposed
emission bands

Absorption bands

Measurement of absorption coeffi-
cients with absorbing columns be-
tween 7 and 26 cm, mean temp.
18°C. In 46 abs. coeff. of atmos.
ozone.

Table of bands.

Absorption coeff. in 48. In 49 and 50
table and abs. coeff. of atmos. ozone.
In 51 influence of temp. on abs. coeff.
Analysis proposed in 52 uncertain,
probably not correct. In 53 some-
what strange attempt at interpre-
tation of electronic terms of Os.

1, 45, 46

47

48-53

SiCl,
silicon

dichloride

4022, 3260
2570, 2450

3917-3533
3482-3158

w'’1=248
'’y =540
w1 =248
w’1=201

'y =445

Maxima of continu-
ous emission

Emission bands

Emission bands

Observed in uncondensed discharge
through flowing SiCl 4 vapor at about
0.5 mm pressure. Carrier not certain.

Under same conditions but at 0.05
mm pressure. Carrier of both systems
is considered to be SiCl: because
bands appear at lower pressures than
SiCl bands and become stronger in
condensed discharge where SiCl

54
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SPECTRAL FREQUENCIES CHARACTERISTICS
MOLECULE REGION (A) (cM™) OF TRANSITION REMARKS LiT.
bands become weaker. SiCl, molecule
is regarded as bent. This, and analy-
sis, although in agreement with
selection rules, seem not absolutely
definite.
SnCl, 4500, 3100 Maxima of con- Obtained in uncondensed discharge 1, 2, 54
tin tinuous emission through flowing SnCl; vapor of about
dichloride 1 mm pressure.
4800-4500 w'’1=122 Emission bands Appear under same conditions, are
w'’3=355 ascribed to SnCl,. Molecule regarded
as bent. This, and analysis, although
in agreement with selection rules,
seem not absolutely definite.
HCIO 4000-2100 Cont. absorption. 10 m absorbing path. Determination 64
hypochlo-  at 3200 and Maxima of cont. of extinction coefficients. Discussion
rous acid probably absorption of dissociation processes and com-
about 2100 parison with data in solution.
Table C. Miscellaneous simpler inorganic molecules.
FRre-
SPECTRAL QUENCIES CHARACTERISTICS
MOLECULE REGION (A) (cM™1) OF TRANSITION REMARKS Lit
GaCl, 2275 at 178°C Maxima of contin- 5 cm absorption path. Temperatures 55, 56
gallium 2130 at 150°C uous absorption for best development of maxima added.
dichloride 1990 at 128°C Absorption bands are diffuse, their
1735 at 82°C carriers not yet identified.
InCl: 2391 at 285°C ) Maxima of contin- Upon illumination of indium halides
indium 2161 at 260°C uous absorption with light of second and third continua
dichloride 1920 at 257°C there appear the InCl, InBr and Inl
1818 at 237°C systems 4 —X'= and B—X'Z in fluo-
rescence. Illumination with light of
2042, 2002, Absorption bands third continuum gives InCl bands
1970 at 300°C C—X'Z in fluorescence, corresponding
InBr and Inl systems are continua.
InBr. 2553 at 300°C Maxima of contin-  (private communication from Dr.
indium 2275 at 280°C uous absorption Wehrli). Not known whether molecules
dibromide 2060 at 260°C linear but photochem. behavior, which
1896 at 200°C is similar to mercury halides, suggests
linearity.
1864, 1859 Absorption bands
1852, 1671,
1655, 1648 at
230°C
Inl. 2640 at 144°C Maxima of contin-
indium 2465 at 144°C uous absorption
diiodide 2115 at 131°C
SeCl, 6000-4660 w=2350 Absorption bands Absorption path 10 cm. Weak, diffuse 57
selenium bands. At higher (g)ressures superim-
dichloride posed continuum. Observed frequency
350 perhaps due to ground state. Un-
certain whether molecule linear.
SeBr. 54004960 w=240 Absorption bands Absorption path 10 cm. Weak, diffuse 58
selenium bands. At higher pressures superim-
dibromide posed continuum. Observed frequency

240 perhaps due to ground state. Un-
certain whether molecule linear.
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Table C.—Continued.
FRrE-
SPECTRAL QUENCIES CHARACTERISTICS
MOLECULE REGION (A) (cMm™1) OF TRANSITION REMARKS LiT.

FeCl, 2730-2400 Maxima of contin-  Various pressures and temperatures 59, 60

ferrous uous absorption (600-1100°C). In far ultraviolet an-

chloride other absorption region (59). Tem-
peratures up to 1000°C in 30 cm silica

CoCl, 3000 tube. 800°C correspond to 91 mm pres-

cobaltous sure, 1010°C to 522 mm pressure. At

chloride 100-200 mm pressure appearance of
lines and bands which are ascribed to

NiCl. 3450 Co** and Cl; (60).

nickelous

chloride

Cu.Cl, 2230 Maxima of contin-  Absorption dependent upon pressure, 1,2, 61

cuprous uous absorption extends to 3300A at 750°C correspond-

chloride ing to 20 mm pressure. All halides
show second absorption in Schumann

Cu,Br; 2300 region, appears near 1600A at 220°C

cuprous ~0.001 mm pressure and extends with

bromide pressure. Upon illumination with wave-
lengths from maxima there appear in

Cu.l. 2340 fluorescence the CuCl, BuBr, Cul

cuprous bands and Cu resonance lines. Photo-

iodide dissociation processes are discussed.

MoCl; 6400, 6000, Emission continua  Observed in discharge. Carrier not 62

molybdenum 5300, 4500 quite certain.

trichloride

MoCl; 4650(4550), Maxima of broad 4650 band very intense, 3300 band 62

molybdenum  3300(3700), absorption bands weak and narrower, 2800 band intense.

pentachlo- 2800(2900) This spectrum exists at 100-200°C

ride (low pressures). At higher temp. and
mean pressures shift of spectrum to

below 2200 Continuous ab- positions indicated in brackets. At

(2300) sorption high pressures both spectra present,
from this suggested that shifted spec-
trum due to polymerized substance.

F.0. from 5900 Continuous Absorbing path 15 cm. Absorption in- 63

fluorine to shorter absorption creases towards shorter wave-lengths,

dioxide wave-lengths maximum not yet reached at 2000A.

Curve shows slight step outs. Deter-
mination of extinction coeff. Because
of thermal decompos. of F;0, absorp-
tion tube was kept below —60°C.

H.0, 2800-2100 Continuous 10 m absorbing path. Determination 1, 2, 64

hydrogen absorption of extinction coefhcients.

peroxide

SO, 3000-2300 Absorption bands Absorption paths of 40, 54 and 346 cm 1, 65, 66

sulphur and continuum length. Bands are weak and diffuse,

trioxide continuous background superimposed.
Determination of extinction coeff. (65).
Photochemical decomposition occurs
with light >2760A, most likely into
normal SO; and O (66).

NO; 6640-5000 Absorption bands Appear in gaseous system NqO;—Q0; 67-70
during decomposition of ozone, or in
discharge through gaseous NO;—O,.
Determination of extinction coeff.

N:Os 3800-2400 Continuous Abs. coeff. measured between 3800 and 1, 67

nitrogen absorption 2850A. Absorption increases from 3800

pentoxide to shorter wave-lengths with no maxi-

mum as far as A2400. No absorption
found in 4500A region contrary to
previous report. (See ref. 56a in 1.)
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Table C.—Continued.
FRE-
SPECTRAL QUENCIES CHARACTERISTICS
MOLECULE REGION (A) (cM™1) oF TRANSITION REMARKS LiT.
PO 2530 Long wave limit Corresponds to 563°C (melting point) 82
phosphorus of continuous in 10 cm cell. Absorption complete
pentoxide absorption from A2400.
PsSe1o 3420, 2534 Long wave limits 80 cm absorption path. Dissociation 71
phosphorus and 2780 and maximum of processes are discussed.
penta- cont. absorption
selenide
Cl,0; 4650-4260 Absorption bands Broad bands. 10 cm absorbing layer. 72
4260-3500 Continuum Short note.
ClOs 3500-2100 Continuous 54 cm absorption path. Determination 73
chlorine absorption of extinction coefficients. Maxima at
trioxide 2780 and from 2170A onwards. Ob-
served absorption limited by spectro-
graph. Substance polymerizes in liquid
phase to Cl.Os.
Cl1,06 6000-2200 Continuous Liquid used in very thin layer. Ob- 73
chlorine absorption served absorption limited by spectro-
hexoxide graph.
CLO; from 3000 to Continuous 30 cm absorbing layer. Up to 85 cm 74
chlorine shorter wave- absorption pressure substance transparent to
heptoxide lengths 3000A. From there on smooth cont.
absorpt. with increasing intensity to
measured limit of 2000A. Determina-
tion of extinction coeff.
Se.Cl. 4100, 3200, Long wave limits 5 cm cell, 1-3 mm pressure. Dissocia- 2, 84
selenium 2490 and and maxima of tion processes discussed.
monochlo- 3500, 2950, cont. absorption
ride 2370
Se,Br; 4650, 3500, Long wave limits 10 cm cell, pressure corresponding to 84
selenium 2880 and and maxima of 75°C. Dissociation processes discussed.
monobro- 3840, 3220, cont. absorption
mide 2570
S,05Cl, 2460 Long wave limit 10 cm cell, about 2 mm pressure, room 84
pyrosul- of continuous temp.
phuryl absorption
chloride
POCl; 2250 Long wave limit Corresponds to 3.5 cm pressure in 20 82
phosphorus of continuous cm cell. Complete absorption from
oxycgloride absorption 22200.
SbOCl; 2460 Long wave limit At 100°C in 10 cm cell. Difficult to 82
antimony of continuous obtain because substance decomposes
oxychloride absorption easily.
HNO, 3850-3180 «'~1000 Absorption bands Observed in NO/NO;/H,O mixtures. 75-77,
nitrous Diffuse. Different interpretations dis- 208
acid cussed in 75 and 208. In 76 system of
very similar bands observed in NO/
CO/N:O mixtures and suggested as
selectively enhanced NO; bands. Iden-
tity of both systems suggestive but not
definitely certain.
NaNO: 3010-2540 Continuous 80 cm absorption path. Well developed 78
sodium with maximum absorption when NO bands begin to appear at
nitrite at 2710 275°C and NO: bands at 380°C.
HNO; 29802520 Continuous 10 cm absorption path. Appears at 78
nitric with maximum absorption 2 mm pressure and is well developed

acid

at 2620

at 4 mm.
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FRE-
SPECTRAL QUE:I?IES CHARACTERISTICS
MOLECULE REGION (A) (cM™1) OF TRANSITION REMARKS LiT.
KNO; 3080-2520 Continuous 80 cm absorption path. Appears at 78
potassium with maximum absorption 360-375°C. Disappears at hi, 5her temp.
nitrate at 2670 along with appearance of NO; bands.
AgNO;, 3010-2510 Continuous 80 cm absorption path. Well developed 78
silver with maximum absorption at 234°C, decomposition rapid above
nitrate at 2630 250°C.
Mg(NOs). 2940-2570 Continuous 80 cm absorption path. Well developed 78
magnesium with maximum absorption at 280°C, decomposition above 170°C.
nitrate at 2700
Pb(NO;). 2920-2520 Continuous 80 cm absorption path. Appears at 78
lead with maximum absorption 240°C. NO bands appear above 290°,
nitrate at 2680 NO; bands above 370°C.
NHNO; 2990-2520 Continuous 80 cm absorption path. Appears at 78
ammonium with maximum absorption 110°C, well developed at 240°C. De-
nitrate at 2620 composition with appearance of NO,
bands begins at 200°C, becomes rapid
at 280°C.
H.SO, 2850-2540 Continuous 80 cm absorption path and 2 mm pres- 78
sulphuric with maximum absorption sure. Probably superposition of SO.
acid at 2620 absorption.
K.SO4 29302540 Continuous 80 cm absorption path. Well developed 78
potassium with maximum absorption at 800°C. Probably superposition of
sulphate at 2580 SO, absorption.
Ag.SO, 3000-2500 Continuous 80 cm absorption path. Appears at 78
silver with maximum absorption 160°C, SO; bands appear from 180° on.
sulphate at 2650
ZnSO, 2940-2420 Continuous 80 cm absorption path. Appears above 78
zinc with maximum absorption 600°C together with traces of SO; at
sulphate at 2690 longer wave-lengths.
Table D. Pyramidal and tetrahedral molecules.
SPECTRAL FREQUENCIES CHARACTERISTICS
MOLECULE REGION (A) (cM1) OF TRANSITION REMARKS LiT.
NH; 1620-1450 Absorption, 0, 2 Pressures of 0.017 to 0.09 mm. 1,2, 79
ammonia till 0, 8 bands of 6 m normal incidence vacuum
second electronic spectrogr. used as absorpt.
state above tube. Each band has P and R
normal branch and broad intense line
as Q branch. From rotational
analysis concluded 1. only
shghtly larger than 14" and
I'=1I." (I, moment of inertia
about symmetry axis). In 80 a
discussion is given of a pos-
sible Rydberg series in am-
monia.
ND;, ND:H, 2167-1675 Absorption bands  Diffuse bands because of pre- 2, 80, 81
NDH, Origin taken as dissociation. NDj; pressures
deutero- 46,167+30 cm™ from 0.014 to 0.70 mm. (80)
ammonias ND:H and NDH; present as
formed contaminations.
1664-1412 w'Npy=T721(3, Absorption bands  Less intense than first transi-

i = 804 (3,
oo =872 (5,

)
)
)

tion. Bands are sharp, show
heads on ultraviolet side. Fit
formulas:
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SPECTRAL FREQUENCIES CHARACTERISTICS
MOLECULE REGION (A) (cm™) OF TRANSITION REMARKS LiT.
"ND,-,—60 071+4721v+3.312
=60,083+804v+4.64+*
vNDHz—60 133+872v+6 4822
v=0, 1, 2,
1433-1248 @'NDg —686(6 ) Absorption bands  Sharp, more intense than pre-
wNmH— d]) ceding bands. Fit formulas:
«'NDH, = 837(6: ) vnpy= 69,791+ 686+ 7.5002
vNpoa = 69,7644 77504 7.3212
vNDH, = 09,786+837v+4-9.5002,
NDH, bands stronger than
ND:H bands, the latter being
stronger than ND; bands.
below 1220 Absorption bands  Bands overlap.
below 1150 Continuous ab-
sorption
PCl; 2815 Long wave limit Corresponds to 8 mm pressure 1, 82
phosphorus of continuous in 10 cm cell. No maximum
trichloride absorption observed, absorption complete
below A2440.
PBr; 3083, 2635 Long wave limits At 4 mm pressure in 1 cm 82
phosphorus and about of cont. absorp- tube, complete absorption
tribromide 2440 tion. Flat from A2360.
2695, 2495 maxima of cont.
absorption
AsCl; 2687, 2475 Long wave limits  Corresponds to 2 mm pressure 1, 82
arsenic and 2547 and maximum of in 10 cm cell. Complete ab-
trichloride cont. absorption sorption from A2390.
SbCl; 2837, 2694 Long wave limits 10 cm cell, 0.5-12 mm pres- 1, 82
antimony 2475 and and maxima of sures. At 3 mm pressure com-
trichloride 2745, 2551 cont. absorption plete absorption from A2410.
First maximum very flat,
second one high.
BiCls 3350, 2660 Long wave limits 10 cm cell, pressures according 1, 82
bismuth and 2800 and maximum of  to temperatures of 90°-335°C.
trichloride cont. absorption Discussion of dissociation proc-
esses of the last 5 halides (82).
PCl; 2625, 2240 Long wave limits Taken at 10 mm pressure. 1, 82, 83
phosphorus and 2310 and maximum of  Molecule trigonal bipyramid
pentachloride cont. absorption according to electron diffrac-
tion (83).
PBr; 3146, 2688 Long wave limits ~ With 4 mm pressure and 10 82
phosphorus and 2744 and maximum of  cm cell.
pentabromide cont. absorption
SOBr, 3780, 2180, Long wave limits  First figure 3780 belongs to 84, 85
thionyl 2450 and and maxima of spectrum taken in 10 cm cell
bromide 3270, 2650 cont. absorption with 0.5 mm pressure, at
higher pressures shift of limit
to longer waves. Dissociation
processes of SOBr; and SeOCl.
discussed in 84.
SeOCl, 3150, 2500 Long wave limits  Since SOCl, and SOBr; are 84-86
selenium and 2660 and maximum of  pyramidal (86, 85 electron dif-
oxychloride cont. absorption fraction), SeOCl; and TeOCl,
have been included in this
table for analogy reasons.
TeOCl, 5750-5000 Absorption bands  Carrier does not seem defi- 20
tellurium nitely established, very brief

oxychloride

note.
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SPECTRAL FREQUENCIES CHARACTERISTICS
MOLECULE REGION (A) (cM™1) OoF TRANSITION REMARKS Lit
‘CH; methane Photodecomposition of CH, 87, 88
upon illumination with Xe
lines A1470 and 1295, in 88
H: continuum used. Dissocia-
tion into CH3+H most prob-
able.
SiH, 10 cm cell. No absorption 89
monosilane down to 1850A at 75 mm
pressure.
CCl, 4600, 3348, Maxima of con- Appear in uncondensed dis- 1,90
carbon 3070,2580, tinuous emission charge through flowing CCl,
tetra- 2430, 2300 bands vapor at 0.2-0.3 mm pressure.
chloride Carrier not identified.
CBry 2932, 2453 Long wave limits  Exact conditions not given. 1,91
carbon tetra-  and 2525 and maximum of
bromide cont. absorption
Cl, 3930, 3177, Long wave limits  Obtained by heating absorp- 91
carbon 2795 and and maxima of tion tube up to 60°C with
tetra- 3449, 3010, cont. absorption warm air.
iodide 2700
SiBr, 4220-2370 10 maxima of Appear in condensed and un- 1, 92
silicon continuous emis- condensed discharge through
tetra- sion bands flowing SiBrs vapor at pres-
bromide sures above 0.5 mm. Carrier
not identified.
SnCl, below 2500 Continuous ab- 10 cm cell and 1-10 mm pres- 1,91
tin tetra- sorption sure.
chloride
SnBry 3471, 2915, Long wave limits 1 cm cell, pressure indicated as 1, 91
tin tetra- 2442 and and maxima of low. Discussion of photodisso-
bromide 3063, 2728 cont. absorption ciation processes of carbon and
tin tetrachlorides in 91.
Snl, 3570, 2800, Maxima of cont. Absorption path 1.5 m. Disso- 93
tin tetra- 2450 absorption ciation processes are discussed.
iodide
below 2300 Cont. absorption
SeCl4 4150, 3010, Long wave limits  Pressures according to temper- 84
selenium 2500 and and maxima of atures up to 100°C.
tetra- 3250, 2750 cont. absorption
chloride 2400
SeBr, 5800, 5300, Long wave limits  Dissociation processes of se- 84, 94
selenium 3500, 2500 and maxima of lenium and tellurium tetra-
tetra- and 4900, cont. absorption halides discussed in 84. Simi-
bromide 4270, 2620 larity between spectra of Se
tetra- and monohalides, and of
TeCly 4800, 2720 Long wave limits  Te tetra- and dihalides pointed
tellurium and 3240, and maxima of out. Electron diffraction shows
tetra- 2470 cont. absorption (94) that TeCls has most likely
chloride a distorted trigonal bipyra-
midal configuration, the same
TeBrq 5250, 2960 Long wave limits  may be assumed for the other
tellurium 2490, and and maxima of three tetrahalides.
tetra- 4650, (4000), cont. absorption
bromide 2650
RuO, 4500-2800 w~780 Absorption bands  Spectrum is similar to that of 95, 96
ruthenium w~895 0sO4 (see reference 67a in 1)
tetroxide but more diffuse.
from 2850 Cont. absorption Several electronic transitions

are suggested. Brief prelimi-
nary note. Not known whether
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SPECTRAL FREQUENCIES CHARACTERISTICS
MOLECULE REGION (A) (cM™1) OF TRANSITION REMARKS LiT.
molecule strictly tetrahedral.
(96) was not accessible, re-
viewed in Phys. Ber. 1938.
C.Hs Determination of extinction 97
ethane coeff. for Xe lines A1470 and
M295. Photodissociation into
two methyl radicals concluded
from photochemical study.
B.Hs 2200-1550 Continuous 15 cm cell in ordinary ultra- 98
diborane with maximum absorption violet, 20 cm cell in Schumann
at 1820 region. Atmospheric pressure.
Rough determination of ab-
sorption coeff. down to A1550.
After minimumatabout 1700A
second steeper rise of absorpt.
Discussion of possible elec-
tronic config. of the two ex-
cited states.
SisHs below 2020 Continuous 10 cm cell, 65 mm pressure. 89
disilane absorption
SigHs below 2190 Continuous 10 cm cell, 60 mm pressure. 89
trisilane absorption
Table E. Hydrocarbons.
SPECTRAL FREQUENCIES CHARACTERISTICS
MOLECULE REGION (A) (cM™) OF TRANSITION REMARKS LiT.
Csz See Table A.
C:H. See Table A.
CH, See Table D.
CoHs ge %able D.
aromatic e Table G.
hydrocarbons
C.H, 1745-1600 o'y, ~1370(v}||) Absorptionbands Appear at 0.01 mm in path of 1,2,
ethylene o' oyp~1290 (v, 2m. Degraded to red, perhaps 99—
o' oupar~1350(vl||) double-headed. Belong to dif- 101
C;D,, C:H;D 1390-1320  o'c,,~1450(v.}||) Absorptionbands ferent electronic transitions
de}llltfro- o' 0,0 ~1360(v:1||) }vhoselzero bands fit Rydberg
ethylenes ormula
1290-1225  «'c,p,~1330(»s}||)  Absorptionbands »=84,750—R/(n+0.91)? C.H,

with n=2, 3,4 ---
v=284,850—R/(n+0.92)2 C;Ds.
Ionization potential from limit
10.450.03 ev, for C,D, about
0.01 volt higher. Bands inter-
preted as arising from ex-
citation of a double band =
electron. Bands appear in
pairs with 470 cm™ separation
in C;Hq and 290 cm™ in C;D..
(415 in C.H;D.) In 1700 region
both  components equally
strong, in 1390 and subsequent
systems long wave component
much weaker than short wave
one. No satisfactory explana-
tion of this pair phenomenon
yet given. In C;D, also bands
observed in 1700 region with
separation of about 730 cm™
from main bands. Shift of zero
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SPECTRAL FREQUENCIES CHARACTERISTICS
MOLECULE REGION (A) (cm™1) OoF TRANSITION REMARKS Lit
band in 1750 system of C,D4
280 cm™ to short waves com-
pared to C:Ha.
at 1630 Maximum of Superimposed on Rydberg
cont. absorption bands in this region.
1518-1220 Absorption bands Two other much weaker sys-
tems going to same ionization
potential but with changed de-
nominators in Rydberg for-
mula. In 101 irradiation of
ethylene at pressure 1 mm with
H; lamp and discussion of pos-
sible mechanisms for occurring
reaction.
H H 1850-1580 Diffuse absorp- Pressure low but not given. 99,
AN / with maxi- tion Absorption extends with pres- 102
C=C mum at sure. In 102 absorpt. observed
AN 1730 below 2400A in 1.5 cm cell
H CH; with gas at 26-27°C and pres-
propylene sures of 910 and 2910 mm; de-
termination of extinction coeff.
till 1860A.
below 1500 Absorption bands  Diffuse. If the two sets of bands
are consecutive Rydberg series
numbers, then ionization po-
below 1400 Absorption bands  tential of about 9.6 volts.
H H 1875, 1819 Maxima of dif- 60 cm absorbing path. Pres- 1,
AN J/ fuse absorption sures from less than 0.1 mm to 103,
C=C bands about 50 mm. Vapor kept flow- 104,
AN 1750-1730 Maximum of ing through absorption cell. 112,
H C:Hs broad absorption  These conditions apply to hy- 113
butene-1 band drocarbons, reference 103.
Propylene and the following
H H 1884, 1830 Maxima of dif- four molecules of this group
AN / fuse absorption are of type H H with
C=C bands H—C=C—R
AN one H of ethylene substituted
H CsHy 1750-1730 Maximum of by alkyl group. The next
pentene-1 broad absorption  groups have two and more hy-
band drogens substituted by alkyls.
Substitution produces progres-
sive shift toward visible of
H H 1886, 1831 Maxima of dif- whole set of bands, while dif-
AN / fuse absorption ferent alkyl groups as substit-
C=C bands uents have negligible effect.
J/ AN The long wave-length shift of
H CsHu 1750-1730 Maximum of the spectra parallels diminu-
heptene-1 broad absorption  tion in heat of hydrogenation
band with alkyl substitution (104).
This diminution and long
wave-length shifts partly due
H H 1895, 1865 Maxima of dif- to conjugation between satu-
AN / 1813 fuse absorption rated groups and double bonds.
C=C bands (Called hyperconjugation by
/ AN Mulliken (112, 113).)
H CsH: 1750-1730 Maximum of As in ethylene, electronic ex-
isopropyl- broad absorption  citation of ethylene derivatives
ethylene band arises from excitation of a

double bond = electron.
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SPECTRAL FREQUENCIES CHARACTERISTICS
MOLECULE REGION (A) (cm™1) OF TRANSITION REMARKS LiT.
H H 2080-1860 Absorption bands  Show structure, have average 103,
AN / breadth of 90 cm™. 105
C=C 1750-1730 Maximum of
/ AN broad absorption
Hac CH; band
cis-butene-2
H CH; 2040-1890 Absorption bands  Bands show structure, have 99,
AN / average breadth of 40 cm™. 103,
C=C 1750-1730 Maximum of 105
v AN broad absorption
H,C H band
trans-
butene-2 below 1700 Diffuse abs.
bands
H H 2060-1850 Absorption bands  Cis and trans forms have 1,
AN / slightly different spectra (105). 103-
C=C ~1760 Maximum of Bands are diffuse and narrow. 105
/ AN broad absorption
HsC C;H; band
pentene-2
H /H 2040-1700 Absorption bands  Diffuse and narrow. 103
C=
/
H5C2 Csz
hexene
H 2040-1950 Absorption bands  Diffuse and narrow. 103,
N/ 106
C=C 1750-1720 Maximum of Moleculesfrom butene-2 to hep-
/ AN broad absorption  tene-3areof type H H
H:C; CsH» band R—C=C—R
heptene-3 and H H
below 1530 Broad absorp- R;—C=C—R;, see re-
tion band. mark for preceding group with
one substitution.
CH;, 2020-1830 First bands in second set show 103
AN / Absorption bands  structure.
C=C 1800-1670
S AN
H CH;,
isobutene
H CH; 2010-1820 First group more intense than 103
AN e Absorption bands  second, diffuse bands.
C=C 1790-1650
/ AN
H C2Hﬁ
unsym. methyl-
ethylethylene
H\ /CH; 2040-1860 Absorption bands  Diffuse. 103
C=C below 1700 New rise of abs. Last three molecules are of
/ AN H R;
H CsHn AN
diisobu- type C=C
tylene I / AN
H R,
H CH; 2200-1690 Absorption bands  Diffuse, first band shows three- 1,
AN / fold splitting. 99,
C=C below 1600 Absorption bands igi,
below 1360 Absorption bands 107

3 3
trimethylethylene




ELECTRONIC SPECTRA OF POLYATOMIC MOLECULES

Table E.—Continued.

141

SPECTRAL FREQUENCIES CHARACTERISTICS
MOLECULE REGION (A) (cM™Y) OF TRANSITION REMARKS Lit
H C.Hs 2160-1650 Absorption bands  Diffuse and fairly narrow. 103
AN /
C=C
/ AN
H,C C.Hs
diethylmethyl-
ethylene
H\ CH;, 2160-1930 Absorption bands  Diffuse. 103
C=C 1727 Maximum of The last three molecules belong
broad absorption  to type H R hence
H9C4 CHa band
diisobutylene I1 R;—C=C—R;,
further shift to red.
H;C CH; 2320-2150 Absorption bands  Diffuse and narrow. 99,
C=C 2100-1780 Absorption bands  Diffuse. 104,
/ AN with maxi- 106
HiC CH; mum at
tetramethylethylene 1870

below 1700 New rise of abs. According to complete substi-
tution of hydrogens

below 1500 Absorption bands R R ,

R—C=C—R
largest shift to red in olefin
spectra, see remark in butene
group.
(CHa)s below 1950 Continuous Transmission from 5000 to 102
cyclo- absorption 1950A. Determination of ex-
propane tinction coeff. down to 1860A.
CH—CH; 2100-2000 Absorption bands 60 cm cell through which va- 108
por was kept flowing. Pres-
CH, sures from 0.1 to 40 mm.

/ Bands almost equally spaced
CH—CH, with average separation of 130
cyclopentene cm™!, breadth of bands 40-50

cm™L

2000-1895 Absorption bands  This system due to presence of
cyclopentadiene.

1880-1795 Absorption bands  Intensity of the different band
systems increases towards
shorter waves.

CH =CH 2110-1970  ’'~1485 Absorption bands  Experimental conditions as for 99,
cyclopentene (108). Breadth 107,
CH, CH, of bands about 100 cm™. 108
AN / Separation of 1485 corresponds
CH,;—CH: to C=C vibration.
cyclohexene

1960-1800 Absorption bands  Bands are doublets with sepa-
ration of components of about
130 cm™.

1800-1720

1700-1620 Absorption bands  Diffuse.

below 1540

CH=CH 2630-2100 «'=770 Broad absorption 0.02 to 80 mm pressures in 109
band with many 5 cm tube.
CH; maxima
CH=CH 1990-1860 ' =770 Groups of Less than 0.1 mm pressure in
cyclopentadiene »' =930 sharply defined 60 cm tube. Two band sets
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MOLECULE

SPECTRAL
REGION (A)

FREQUENCIES
(cMm™)

CHARACTERISTICS
OF TRANSITION

REMARKS

1860-1750

o’ =1050
o' =1410

absorption bands

Absorption bands

displaced by 455 cm™, each
showing 4 vibrational frequen-
cies, of which 1410 is most
prominent.

Possibly a continuation of
former group, weaker than
preceding bands.

/CH —CH
CH/

AN
CH,—CH,
1, 3-cyclohexadiene

H
/

2860-2220

2100-2030
with maxi-
mum at
2050

2030-1960
with maxi-
mum at
2000

1960-1820

1730-1710

w'~1640

w’~1400

Absorption band
with five maxima

Two groups of
absorption bands

Three more
groups

Absorption bands

0.02-50 mm pressures in tubes
of 5 and 50 cm. Separations of
different maxima about 1640
cm™ (probably C=C vibra-
tion) and 380 cm™!. Values of
oscillator strength obtained
from measurements in vapor
and in hexane solution, agree
well with each other if Lorenz-
Lorentz correction for solvent
is not applied (111).

Experimental conditions as for
cyclopentene. Groups show
marked intensity rise to a
maximum followed by a de-
crease and minimum. Separa-
tion between maxima of dif-
ferent groups about 1400 cm™,
corresponding to sym. C=C
vibration.

Less intense and much less
pronounced intensity course
(108).

For theoretical discussion of
spectra and their intensities,
particularly in comparison to
open-chain conjugated dienes,
see 112.

108,
110-
113

CH,—CH—CH—CH;

butadiene

2170-1975

1960-1760

1750-1630

below 1520

' ~1440

' ~1560

Four absorption
bands

Absorption bands

Absorption bands

Absorption bands

Diffuse, broad. Separation of
1440 cm™ corresponds to sym.
C=C vibration.

Strong individual bands and
pairs of bands with about 350
cm™! separation between com-
ponents.

Diffuse, extend with pressure
to long and short waves. Sepa-
ration of 1560 cm™ belongs to
sym. C=C vibration. Back-
ground of contin. absorption.

Bands have no vibrational
structure. Fit into Rydberg

series:
»=173,115—R/(n+0.90)%;

n=2, 3, etc
v=73,066—R/(0+0.50)2;

n=23, 4, etc.
giving ionization potential of
9.022£0.01 volts. Members of
series are multiplets with
quickly diminishing separa-
tions.

114-
117
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MOLECULE

SPECTRAL

FREQUENCIES
REGION (A) cMY)

CHARACTERISTICS
OF TRANSITION

REMARKS

below 1370

Absorption bands

Show a maximum about 1280A.
Spectral evidence that mole-
cule has trans form. For theo-
retical interpretation of elec-
tronic states of dienes and
intensity relations, see 115-
117. All spectra produced by
excitation of double bond =
electrons.

CH;=C—CH=CH,

CH;,
isoprene

2210-2090  w’'~1470

1909 and
1892

1800-1700  ’'~1640

below 1600

below 1400

Three absorption
bands

Absorption bands

Absorption bands

Absorption bands

Absorption bands

Diffuse, broad. Separation of
1470 cm™ corresponds to sym.
C=C vibration.

Pair of bands without vibra-
tional structure.

Diffuse, rather weak. Separa-
tion of 1640 probably corre-
sponds to sym. C=C vibra-
tion.

Have no vibrational structure.
Form Rydberg series, strongest

are
v=71,353—R/(n+0.90)%;
n=3, 4, etc
v=71,321=R/(n+0.50)%;
n=2, 3, etc.
giving ionization potential of
8.805+0.01 ev.

Diffuse. Probably from C—H
and C—C bonds.

114~
117

CH2=C— C=CH2

|

CH,;CH;
By-dimethyl-
butadiene

2285-2150  «'~1400

1920 and
1860

1810-1700  »'~1650

below 1600

Three absorption
bands

Absorption bands

Absorption bands

Absorption bands

Diffuse, broad. Separation of
1400 corresponds to sym.
C=C vibration.

Pair of bands.

Diffuse, with separation of
about 1650 cm™ corresponding
to sym. C=C vibration.

Have no vibrational structure.
Fit into Rydberg series, strong-
est are
»=70,240— R/(n+0.90)?;
n=3, 4, etc.
v=70,241—R/(n+0.50)%;
n=3, 4, etc.
leading to ionization potential
of 8.668 volts. Diminution in
ionization potential with alkyl
substitution interpreted as sim-
ple inductive effect.

114~
117

CH;=C—CH=CH.
1

chloroprene

2220-2100 w'~1230

at 1750

Absorption bands

Absorption bands

Included in this table because
of analogy with isoprene.

Diffuse, broad. Separation of
1230 probably corresponds to
sym. C=C vibration.

Diffuse

114-
117
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MOLECULE

SPECTRAL FREQUENCIES
REGION (A) cM™Y)

CHARACTERISTICS

OF TRANSITION

REMARKS

LiT.

below 1600

below 1430

Absorption bands  Form Rydberg series, strongest

are:
v=71,215—R/(n+1.10)%;

n=3, 4,
»v=71,190—R/(n+0.50)%;

n=3, 4, etc.
leading to ionization potential
of 8.787+0.01 ev.

etc.

Absorption bands  Fairly strong, have no analog

in spectra of alkyl substituted
butadienes. From comparison
with alkyl halides concluded
bands arise from non-bonding
pm electron from chlorine atom.

Table F. Halogen derivatives of hydrocarbons.

MOLECULE

SPECTRAL
REGION (A)

FREQUENCIES
cM™Y)

CHARACTERISTICS
OF TRANSITION

REMARKS

Lit.

CH;Cl
methyl
chloride

1610-1540

1400-1320

below 1320

1230-1100

o' ~1100(5.]])

o' =1320(5])

Absorption bands

Absorption bands

Absorption bands

Absorption bands

Extremely diffuse.

Start with strong doublet Av=650
cm™! accompanied by weaker bands
on short wave-length side.

Another doublet with same separa-
tion as above.

Doublet bands with Av=650 cm™.
Difficult to observe because of super-
position of continuous absorption
from C—H bonds. The doublet
bands are represented by Rydberg
formulas:

»=90,500— R/(n+0.50)2;

n=
v=91,180—R/(n+0.50)2;

n=4, 9,
leading to ionization potentials of
11.17 and 11.25 ev with =+0.01
volt error. Separation of 650 cm™
agrees well with Mulliken's predicted
value for doublet state of CH;Cl*
(119). Many other weak bands
probably due to vibrational struc-
ture accompanying main electronic
transitions.

118,
119

CH 3Br
methyl
bromide

2880-1920

with maximum

at 2040

from 1800 to
shorter wave-

lengths

' ~1100(3¢)])
w'= 1260(5:“)

Continuous
absorption

Absorption bands

Determination of extinction coeff.
and calculation from them of posi-
tion of upper potential curve (re-
pulsive). Absorbing columns of 1, 8,
55 and 3355 cm (120).

Longest wave-length bands probably
due to excitation of a bromine dr
electron. Most bands form two main
electronic Rydberg series:
»=285,020—R/(n+0.90)2;

n=
v=287,560—R/(n+0.90)?;

n=3, 4,

118,
119
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MOLECULE

SPECTRAL
REGION (A)

CHARACTERISTICS

FREQUENCIES
(cMm™) OF TRANSITION

REMARKS

Lit.

giving ionization potentials of 10.488
and 10.803 ev with =+0.003 volt
error. Separation of 0.315 volt =2540
cm™ occurs with slight variation
throughout spectrum and agrees
with Mulliken’s predicted doublet
separation of CHsBr*. Two weaker
series with changed denominators go
to same limits.

CH;l
methyl iodide

3600-2270
with maximum
at 2577
followed by
minimum at
2110

2110-1600

1400-1215

Continuous
absorption

Absorption bands

Absorption bands

Determination of extinction coeff.
and calculation from them of posi-
tion of upper potential curve (re-
pulsive). Proposed that continuum
contains two electronic transitions
leading to CH;3+I1(2P32) and CHj
+1I(P1s) (121, 122).

New discussion of longest wave-
length bands see p. 110. Strong pre-
dissociation sets in at 1650A and
diminishes to shorter wave-lengths,
at 1400A bands become sharp again.

Form Rydberg series:
y= 76,930—R§(n+0.75)’;

n=
»=281,990—R/(n+0.80)2;

n=6,7,8
Limits correspond to ionization po-
tentials of 9.490 and 10.115 ev
with £0.003 volt error. Only bands
from n=7 to m=14 represented
really well; lower members, particu-
larly between 1400-1600A, very
broad and diffuse due to predis-
sociation and also deviate from
simple Rydberg formula. Separation
of series limits 0.625 volt agrees with
Mulliken’s prediction for doublet
state of CH;I*. Other bands obey
formulas with same limits and
changed denominators.

y by

17 21
118,
119,
121,
122

C.H;Cl
ethyl chloride

1600-1540

1465-1400

below 1350

Absorption bands

Absorption bands

Continuous
absorption

Extremely diffuse.

Main electronic doublet of 0.08 ev=
650 cm™! separation as in CH;Cl, but
bands shifted to red by 60A. Lower-
ing of ionization potential of ~0.3
volt expected.

C.H;Br
ethyl bromide

2850-1900

below 1770

Continuous
absorption

Absorption bands

Determination of extinction coeffi-
cients and theoretical discussion of
absorption curve (121).

Bands show a one to one corre-
sﬁondence to those of CHjBr, al-
though some are shifted slightly to
the violet and others to the red. As a
whole, bands very diffuse compared
with those of CH;Br. Ionization po-
tentials of C,H:Br are 10.24 and
10.56 ev with a probable error of
about 0.02 volt. Continuous absorp-
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Table F.—Continued.

MOLECULE

SPECTRAL
REGION (A)

CHARACTERISTICS
oF TRANSITION

FREQUENCIES
(cM™)

REMARKS

tion from C—C and C—H bonds
weakens background and makes ob-
?eliv:;.tion of higher bands difficult
123).

CoH,l
ethyl iodide

3600-2100

2085-1770
region particu-
larly studied
2085-2014

below 1750

below 1420

Continuous
absorption

Absorption bands

W'’ =261

o =217

o'’ (C—1)=503
' (C—1)=424
w"=1202}

w =1161

0,0 band proposed
at 49,970 cm™!

Absorption bands

Absorption bands

Determination of extinction coeffi-
cients, and theoretical discussion of
absorption curve (121, 122).

Asin CH;l bands due to excitation of
iodine electron. Study of temp. de-
pendence. Conclusion that bands be-
long to two separate electronic
transitions is not certain. Bands ap-
pear in groups, small separations be-
tween individual bands perhaps
partly due to v—u transitions, partly
to coupling effects between elec-
tronic, vibrational and rotational
motions. Some details of analysis
uncertain (124).

Some bands are diffuse, others are
sharp.

Form Rydberg series:
y= 75,380—R§(n+0.80)2;

n=
»=280,080— R/(n+0.80)2;
n=4,5,6
Limits correspond to ionization po-
tentials of 9.299 and 9.883 volts with
about =4-0.005 volt error. Separation
of 0.58 volt of limits almost same as

in CHal.

» Vy

124

123

propyl, iso-
propyl and
several varie-
ties of butyl,
amyland allyl
chlorides

1600-1500

from about
1480-1400

below 1350

Absorption bands
Absorption bands

Continuous
absorption

No details given. Bands become in-
creasingly diffuse with increase in
molecular weight and contin. absorp-
tion from C—C and C—H corre-
spondingly increases. Little differ-
ence between n, so, secondary,
tertiary, etc., varieties.

nC4H oBl'
n-butyl
bromide

2850-1900

below 1770

Continuous
absorption

Absorption bands

Determination of extinction coeffi-
cients and theoretical discussion of
absorption curve (121).

Bands are similar to those of CsH;Br.
Details not given. Strong contin.
absorpt. from C—C bonds makes
estimate of ionization potentials im-
possible, but expected are values only
slightly smaller than for CoHBr.

121,
123

nCsH7I

n-propyl
iodide

2120-1950

Absorption bands.
0,0 band proposed

184 }
at 49,709 cm™!

1
10
760
675
590
535
@ (C—1)=503
w’(C—1) =431
'l =285

w =264

w”’ =198

O
—_

71
’
’”
’
"
’

€ € € EEE

Broader and more diffuse than corre-
sponding bands of methyl and ethyl
iodide. gystem due to excitation of
iodine electron. Analysis attempted
using mentioned frequencies.

125,
126
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SPECTRAL FREQUENCIES CHARACTERISTICS
MOLECULE REGION (A) (cM™) OF TRANSITION REMARKS LiT.
(CH;).CHI 2120-1950 w''=1195 Absorption bands.  Same remarks as for #-propyl iodide, 1,
isopropyl ' =1072 0,0 band proposed but not all frequencies which have 125,
iodide @ (C—1)=489 } at 49,733 cm™ been used, are mentioned here. 127
o' (C=1) =447
w'’ =400
' =350
'’ =264
o =184
below 1770 Absorption bands  No details given. Diffuseness of 123
bands and contin. absorption from
C—C bonds prevents determination
of ionization potentials, but values
only slightly less than for ethyl
iodide expected.
nCH,l 2120-1950 »'’=1190 Absorption bands.  Same remarks as for n-propyl iodide. 1,
n-butyl ' =1088 0,0 band proposed 125,
iodide W' =727 at 49,711 cm™ 126
' =670
'’ =595
' =540
@""(C—1)=505
«'(C—1I) =431
=250 }
' =190?
below 1770 Absorption bands Same remarks as for isopropyl 123
iodide.
(CHy);sCI 2120-1950 w''=1229 Absorption bands.  Bands somewhat sharper than those 1,
tert-butyl ' =1016 0,0 band proposed of n-butyl and the propyl iodides. 125,
iodide w”’(C—1)=490 | at 49,077 cm™ Appearance of groups perhaps partly 127
' (C—1) =436 due to v—v transitions. Analysis at-
w'' =395 tempted, but not all frequencies
w' =357 which have been used, are men-
'’ =257 tioned here.
o’ =187
below 1770 Absorption bands ~ Same remarksas for isopropyliodide. 123
CH.l. 3499, 2640, Long wave limits Because of difficulty to obtain all 1,91
methylene 2365 and and maxima of three maxima in the vapor, abs.
iodide 2955, 2474 continuous curve was taken for CH.l; dissolved
2220 absorption in ether.
CHCl; below 2200 Continuous Conditions not stated. 1,91
chloroform absorption
CHBr; 2750, 2497 Long wave limits Condition not stated. 1,91
bromoform 2195? and and maxima of
2559, 2275 continuous
absorption
CHI; 4230, 3229, Long wave limits  Obtained by heating absorption tube 1,91
iodoform 2872 and and maxima of with warm air.
3429, 3029, continuous
2828 absorption
benzene See Table G.

derivatives
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Table G. Aromatic molecules.

MOLECULE

SPECTRAL
REGION (A)

FREQUENCIES
(cM™)

CHARACTERISTICS
OF TRANSITION

REMARKS

LiT.

CeéHe

benzene

2800-2200

20501850

Vibrational frequencies
of following types:
ayg: w1 (C—C)=992
aye 0'1(C—C) =923
ay: v (C—H) =2565
etg: w4 (C—C)=606.4
ety w's(C—C) =520
Fo1 0''5(C—C) =1596
+:w's(C—C) =1480
ety v (C—C) =400
ety (C—C) =240
w and v refer to vibra-
tions of the ring, » to
valence C—H vibra-
tions

Qaigt wlx(c - C) = 965

Absorption and
fluorescence
bands

lAlai——-’lB2u

0,0 band (calcu-
lated) at 38,089
cm™!

14,, ground state.

Absorption bands.
14,,~>1By, is

proposed

In 10 to 75 cm absorption
tubes pressures from 0.2 to
100 mm. Transition is for-
bidden according to selection
rules (139), becomes allowed
by excitation of type €%,
vibrations. Analysis yielded
following series (138).
A series
»=238089-+520+2", X923
—11”1X 992 +v'z X 2565
— 13X (400 —240)

160

B series
»=38089— 606.4+v"1X923
—2""1X99249";X 2565
-v3>< 160

C series
y=238089+42 %520 — 606.4
+2'1X 923423 X 2565
—-Uax 160

D series
»=380894520—2 % 606.4
+‘IJ'1 X 923 — v3 X 160

E series
»=38089+1480+2"1 X923

F series
»=238089 — 1596 —v;X 160

G series
v=38089+4520+2 X 240
+2'1X923 —93X 160

H series
v=38089 —v3X 160

with 2,=0, 1, 2--; 9", =
0,1, 2;7),2=0,1;1)3=()'1....

Analysis in agreement with
measurements of temperature
dependence (134) and theo-
retical selection rules, see p.
115. Analysis explains also
main features of spectrum of
solid benzene. Illumination
with spark lines of A <2100A
causes dissociation into
CeHs+H (142, 143).

Diffuse broad groups showing
some structure, occurrence of
965 and 160 progressions.
Transition is forbidden, be-
comes allowed by excitation
of vibrations of type €*, and
Bz, Intensity much stronger
than bands at 2800-2200A
because of closeness to al-
lowed system at 1770A (108,
145). See p. 122.

L 2,
128-
145,
108
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SPECTRAL FREQUENCIES CHARACTERISTICS
MOLECULE REGION (A) (cMm™1) oF TRANSITION REMARKS LiT.
1850-1650 Absorption bands. Sharp very intense bands
Proposed tran- superimposed on continuous
sition background. Allowed transi-
14,;—1E, tion. Somewhat irregular vi-
brational structure. Under-
lying continuum corresponds
perhaps to another electronic
transition involving rupture
of one C—H bond.
Bands believed to represent
first member of one of Ryd-
berg series reported in 2.
1600-1360 Absorption bands  Both Rydberg series may be
forming Rydberg  assigned to allowed transi-
series tions of symmetry 14,,~>1E~,
(145).
CeDs 2700-2300 Vibrational frequen- Absorption and 75 cm absorption path, pres- 129,
hexadeutero- cies of following types fluorescence sures from 0.2 to 100 mm. 130,
benzene a1g: w1 (C—C) =940 bands As in benzene forbidden tran- 136~
aig: w1 (C—C) =879 141,221Bsy sition becomes allowed by 138,
etgrw'’y(C—C)=579.5 0,0 band (calcu- interacting ¥, vibrations. 146
ety w'y(C—C)=498.5 lated) at 38,292 Analysis yielded series corre-
ety w’s(C—C)=21410 cm™! sponding to those in benzene.
ety (C-C)— Discussion of some bands for
¥ (C-C)=140 which interpretation is not
with possibly unambiguous (146).
v'(C—C)=207
C¢H;Cl 2750-2400  Vibrational frequen- Absorption band 15 and 75 cm absorption 1,
monochloro- cies of following types A;—B). tubes, pressures from 0.4 to 147,
benzene ap: @1 (C—C)=1001 0,0 band at 500 mm. Total intensity of 148,
ar: w1 (C—C) =931 37,052 cm™! spectrum only about twice 226
a1: w's(C—C) =965 that of corresponding ben-
a1: w'3(C—C) =1041 zene spectrum. In agreement
Bi: w''4(C—C) =615 with this the system has
Br1: w’4(C—C) =521 character of partly an al-
ar:w'’s(C—C) =417 lowed and partly a forbidden
a1:w’7(C—=Cl) =706 transition; strong 0,0 band
according to allowed transi-
tion and appearance of one
quantum of B;=615 accord-
ing to forbidden transition.
Peculiarities observed in in-
tensities of totally sym. vi-
brations 417 and 706 cm™.
See discussion, p. 118.
Frequency differences of 62
and 199 cm™! interpreted as
resulting from wv—v transi-
tions.
Ce¢H;Br 2760-2400 B;: w'’4(C—C) =608 Absorption bands. Identification of some vibra- 1,
bromobenzene ar: w(C—C) =315 0,0 band at tional frequencies in the 148
a1t w'7(C—Br) =668 36,996 cm™! ground state.
CsH:CH; 2740-2300 &"4(C—C)=623 Absorption bands. Identification of some vibra- 1,
toluene w''g(C—C) =517 0,0 band at tional frequencies in the 148,
w’’7(C—CH;) =781 37,484 cm™! ground state. 227,
231
C¢H:OH 2800-2480 w'’4(C—C)=604 Absorption bands. Identification of some vibra- 1,
phenol w'’g(C—C) =528 0,0 band at tional frequencies in the 148
w’7(C—0)=820 36,350 cm™! ground state (148).
2420-2080 Absorption bands In 149 attributed to O—H 149

group. Consists of two re-
gions: first showing faint and
broad diffuse band, second
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Table G.—Continued.

MOLECULE

SPECTRAL FREQUENCIES
REGION (A) (cM™)

CHARACTERISTICS
OF TRANSITION

REMARKS

Lit.

three successive strong bands
with separation of about
850 cm™L.

CsH:OCH;

anisol

2840-2600

2415-2120

Absorption bands

Absorption bands

Absorption due to the ring =
electrons. Frequency differ-
ences of 800, 953 and 403
reported.

In 149 attributed to OCH;
group. Consists of two re-
gions, first has broad and
diffuse absorption, second
has strong bands with sepa-
ration of about 800 cm™.

156

149

Ce¢H:sNH:

aniline

2800-2450 &",(C—C)=991
w"5(C—C)=1032
w"s(C—C) =529
w"1(C—N) =821
(o' =422)

2420-2030 «'~550

below 1900

Absorption and
fluorescence bands
0,0 band at
34,034 cm™!

Absorption bands

Continuous ab-
sorption

Fluorescence spectrum con-
sists at low pressures of two
parts, a discrete one excited
by A2937 and a continuous
one, excited by A2800. Tem-
perature effect studied. (153
abstracted from Phys. Ber.
21, 1956 (1940).) In 151-153
interesting quenching experi-
ments of fluorescence by Ho,
0, Nz, CO, NH; H0,
cyclohexane, of which only
O. gives appreciable effect.
Other gases cause selective
enhancement of aniline bands.
In 154 observation of sensi-
tized fluorescence in mixture
aniline-benzene vapor.

Absorbing paths from 2 to
50 cm. Bands due to absorp-
tion of amino group (150).
Three progressions with fre-
quency differences of about
550 cm™!; first progression
consists of 8 broad diffuse
bands, second has 5 sharp
bands, third extends further
to violet.

148,
150-
154,
159a

CsHs;CN

benzonitrile

2790-2440 «'"}(C—C)=1009
' (C—C)= 616

w''(C—C)= 547

Absorption bands.
0,0 band at
36,516 cm™!

Identification of some vibra-
tional frequencies in the
ground state.

C¢H;CHO
benzaldehyde

2960-2600 «"';(C—C)=1007
"4 (C—C)= 615
w'’ =866

' =418-464

(from a diffuse band)

w’'=175

'’ =650

Absorption bands.
0,0 band at
35,194 cm™!

Identification of some vibra-
tional frequencies in the
ground state.

C¢H;CH,OH
benzylalcohol

below 2100

Continuous ab-
sorption

Same apparatus used as in
previous papers, for reference
see 1. Pressures up to 6 mm.

155

C¢H:;CH,Cl
benzylchloride

below 2200

Continuous ab-
sorption

Pressures up to 2.5 mm, limit
reached at 1 mm.

155

CeH:;CH:Br
benzylbromide

below 2380

Continuous ab-
sorption

Pressures up to 5 mm.

155
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SPECTRAL FREQUENCIES CHARACTERISTICS
MOLECULE REGION (A) (cMm™1) oF TRANSITION REMARKS LiT.
C¢H;CH.CN below 2250 Continuous ab- Pressures up to 12 mm. 155
benzylcyanide sorption
C¢HsCH,CH,OH below 1990 Continuous ab- Pressures up to 1 mm, limit 155
phenylethyl alcohol sorption practically constant.
C¢HsCH.CH,CH:OH below 1990 Continuous ab- 155
phenylpropyl sorption
alcohol
CeH((C3H7)CH:OH  below 2140 Continuous ab- 155
propylbenzyl sorption
alcohol
Ce¢H:OCOCH; 2670-2500 Absorption bands  Due to ring = electrons. Very 156
phenyl acetate diffuse broad structure.
2370-2010 Absorption bands  Consists of three regions, the
first two being very diffuse
and attributed to single
bonded O electron, while the
third is attributed to the
oxygen in the C=0 group.
C¢H;COCH; 2830-2600 Absorption bands Long wave systems due to 156
acetophenone ring = electrons. Frequency
2390-1960 Absorption bands  differences of 800 and 100
gm‘l reported.
hort t ist
CiHLCOCH 2780-2600 Absorption bands  of two - regions of diffnse
methyl benzoate bands, systen ttributed
2290-2045 Absorption bands g oxygen from C =0 group.
CeHsNCS 2900 Long wave limits In 1.5 m absorption path 210
phenyl iso-thio- 2310 of continuous pressures up to saturated
cyanate absorption vapor at room temp. With
3.5 m absorption path temp.
of 32°C. Absorption limits
correspond to 3.5 m cell,
first limit at 0.5 mm, second
at lower pressures.
2820, 2780, Absorption bands  Weak and diffuse, due to ex-
2750, 2720 citation in benzene ring.
CeH.CHF 2800-2350 «'=1191 Absorption bands  Absorption path 1m. Many 157
p-fluorotoluene w'= 799 0,0 band at bands measured, but wave-
w'=1230 36,866 cm ™! lengths only of few main
w'= 706 bands given.
o-fluorotoluene 0,0 band at
37,566 cm™1
C¢H,CH,C1 2840-2470 «'=1055 Absorption bands.
p-chlorotoluene w'= 763 0,0 band at
-o-chlorotoluene w'=1070 36,297 cm™!
w'= 481
CeH.CH;Br 2770-2470 «'=1016 Absorption bands.
p-bromotoluene w' = 755 0,0 band at
o-bromotoluene w'=1016 36,173 cm™!
w'= 479
CsH,OHCOOH 3057 Broad absorption ~ Minimum of absorption at 158
salicylic acid band 2607A. Brief note.
2386, 2350, Absorption bands
2317
below 2257 Continuous ab-

sorption
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Table G.—Continued.

MOLECULE

SPECTRAL FREQUENCIES
REGION (A) (cM™)

CHARACTERISTICS
OF TRANSITION

REMARKS

L 1T,

C¢H.,OHCOH
salicylic aldehyde

below 2170

Continuous ab-
sorption

155

C¢H,OHCOOLIi
lithium salicylate

3048

2385, 2349,
2317

below 2280

Broad absorption
band
Absorption bands

Continuous ab-
sorption

Minimum of absorption
masked by phenol bands.
Decomposition above 130°C
with appearance of phenol
bands. Brief note.

158

/\(\

N\ S
naphthalene

3190-2800
2800-2495

} Absorption bands

Long wave bands show struc-
ture, appear at higher pres-
sures than second group.
Frequency difference of 450
cm™! observed. Continuous
background with region of
transmission from 2500-
2250A beyond which again
absorption. Absorbing path
75 cm. Absorption similar in
different states of aggrega-
tion but shift toward the red
when going from vapor over
solution to crystal. Last two
remarks apply to all com-
pounds investigated in 159
and 162.

S ‘\ \
N\
anthracene

3700-3100 | w’'~1420
2960-2300

} Absorption bands

Also frequency difference of
400 cm™ found. Very weak
contin. background in first
region, stronger in second
region continuing to shorter
waves (159). First group ap-
pears at higher pressures
than second. In 160 also
fluorescence studied, shows
same shift to red for different
phases as abs. spectr. If illu-
minated with short wave-
lengths (i.e., Hg 2537) fluo-
rescence becomes continuous.
160 not accessible, abstracted
from Phys. Ber. 18, 2526
(1937).

159,
160

NN\ N
NN\ \S

naphthacene

4500-3600 ) w’~1350
3200-2550

} Absorption bands

Spectrum resembles that of
anthracene. Main bands have
satellites at intervals of 400
cm™L. First region almost no
cont. background, second has
pronounced background. Af-
ter minimum at 22500 new
increase of cont. absorpt. to
shorter wave-lengths. Second
group appears at lower pres-
sures than first.

159

ZaN
e

phenanthrene

3630-3000 } w'~1430
2935-2355

} Absorption bands

Cont. abs. superimposed. Also
frequency difference of about
400 cm™ found. Shorter
wave-length group appears at
lower pressures than long
wave group.
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SPECTRAL FREQUENCIES CHARACTERISTICS
MOLECULE REGION (A) (cm™1) OF TRANSITION REMARKS Lit
/=N 7\ 3605-2840 ) w’'~1420 Absorption bands  Spectrum resembles that of 159,
<_\ 2 N 4 phenanthrene. 161 in which 161
— > N— > 2765-2385 chrysene, pyrene and other
chrysene aromatic hydrocarbons in-
(1,2 benzophe- vestigated, not accessible;
nanthrene) from reviews in Chem. Ab-
stracts and Phys. Ber. not
clear, which substances meas-
ured in vapor and which in
solution.
N\ 3630-3300 Absorption bands  Groups develop with pressure 159,
! starting with the shortest 161
/ 3260-2680 ) w’'~1440 wave-length bands. Cont.
| | background  superimposed
N/ 2650-2295 with minima between groups.
o Also frequency differences of
A V4 ~540 and 380 cm™ observed.
pyrene
7 \\ 4245-2800 ) w'~1440 Absorption bands  Diffuse bands, particularly in 159
Il second region which has
A VAV 4 2695-2330 strong background. Second
group appears at lower pres-
' AN \I sures than first.
VA
perylene
7 AN 4780-3870 Fluorescence Diffuse, with cont. back- 159,
] J\ bands ground. 1 m absorbing path. 162
A V&N 7 In 162 bands put in groups
CH, 3675-2460 ' =1355 Absorption bands  with constant frequency dif-
fluorene ferences of 1355, 1025, 840,
545, 395, 260 cm™1. Absorpt.
spectrum of crystals at
—180°C fairly sharp.
CH,—CH; 3190-2755 Absorption bands Have sharp edges on short 159
| wave-length side. Groups de-
7 N 2725-2520 velop with pressure starting
Il \] with short wave bands. Con-
NN\A 2490-2300 tinuous background. Fre-
acenaphthene quency difference of ~460
cm™L,
Vi AN 3510-2920 ) w’'~1440 ] Absorption bands ~ Spectr. resembles that of 159
- fluorene, but has more bands.
| 28602415 Continuous background.
VA4
fluoranthene
(benzo-acenaphthene)
— — 2080-1840 Absorption with 103
/:>_<_\/\ broad diffuse
diphenyl bands
below 1785 Continuous ab-
sorption
terphenyl Continuous ab- Details not given. 159
sorption
Fluorescence Strongest at a pressure corre- 159a

7 4000-2400

@'N H‘Q with broad

diphenyl amine max. at
3500

3000-2400

Diffuse absorp-
tion bands

sponding to 100-110°C. Ex-
cited by A2900-2200.
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SPECTRAL FREQUENCIES CHARACTERISTICS
MOLECULE REGION (A) (cMm™Y) OF TRANSITION REMARKS LiT.
below 2400 Very diffuse Strong.
absorption
VR / \. 2450-2190 Diffuse absorp- Tworegions, first one stronger 149
— — tion than second.
diphenyl ether
N\ yaN 2670-2495 w'~450 Absorption bands  Diffuse. Strong continuous 159
I CHr— Il background.
/ N\
diphenyl methane
Vi 2690-2460 w'~450 Absorption bands  Spectr. resembles that of di- 159
]/\—’CHT—CH’_ I phenyl methane.
L \
diphenyl ethane
(dibenzyl)
triphenylmethane }Continuous No details given. 159
s-triphenyl benzene absorption
2\ 2780-2630 Absqrption bands 159
H,C (|:|H:9
H;C CH;
"%
durene
(s-tetramethyl-
benzene)
hexamethyl- Continuous No details given. 159
benzene absorption
OH 3050-2500 | w'~420 Absorption bands 75 cm absorbing path. Short 163
| wave bands appear at about
Vi 2500-2300 100°C, long wave bands at
( | about 130°C, are sharper
N than second region. Main
| bands accompanied by com-
OH ponents on either side at
hydroquinone intervals of 30 cm™1.
(o} 3450-3200 | w’'~46 Absorption bands  Second region appears at 163
| lower pressures than first.
J 2500-2430
l
N |
(0}
1,4 naphthaquinone
(0] 3300-3080 | w'~420 ) Absorption bands  Second region appears at 163
| lower pressures than first.
J [ AN 2660-2525
|
AN l 4
(0}
9,10 anthraquinone
00 4100-3820 | w'~440 Absorption bands  Longest wave-length bands 163
Il 3300-3100 appear at highest pressures,
VRN 2675-2615 shortest wave-length bands
7 N7 \ 2465-2410 at lowest pressures.

9, 0 phenar?tixra—
quinone
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Table G.—Continued.

SPECTRAL FREQUENCIES CHARACTERISTICS
MOLECULE REGION (A) (cMm™? OoF TRANSITION REMARKS LiT.

OH O 5495-4675 Absorption bands  In the ultraviolet continuous 163

| )|\ absorption.
7

naphthazarin
(dioxynaphtha-
quinone)

2500 continuous

3120 } Maxima of 163
2300 absorption

hydroxyanthra-
quinone

Table H. Heterocyclic molecules.

SPECTRAL FREQUENCIES CHARACTERISTICS
MOLECULE REGION (A) (cM™1) OF TRANSITION REMARKS LiT.

CsHsN 3100-2500  ai: w1 (C—C)=990 Absorption bands  Sharp bands; become diffuse below 1, 2,
pyridine ar: o'’3(C—C)=1030 2700A. Absorption paths from 2.5- 164,
from 2500 a;: w's(C—C) =542 Continuous ab- 53 cm. Large pressure range studied. 166

' (C—C)=600 sorption At 30 mm pressure spectr. extends till

2926 toward the visible. With 30 cm

path spectr. extends till 2940A at 38.5

mm pressure, till 2970A at 72.1 mm,

till 3017A at 400 mm, till 3060A at

800 mm pressure. Temperature effect

studied. Analysis partly correct. No

fluorescence observed when illumi-

nated with wave-lengths from 7000-

1850A (166).

CH.O 2650-2480 In this region weak narrow absorption  165-
furan bands reported in 165 and 166, but 167
not confirmed by other authors (167).
No fluorescence found (166). In 167
experiments carried out with flowing
and nonflowing vapor in 60 cm tube
and pressures up to 400 mm. Deter-
mination of extinction coefficients.
Transmission observed down to 2300A.

2175-1950 Diffuse absorption  Contains three broad diffuse bands
from 2045A on and at longer waves
indications of very shallow maxima

(167).

1915-1745  o'=1395 Absorption bands. Have sharply defined maxima. Ob-
«’'=1068 0,0 band at served frequencies correspond to to-
w'= 848 52,230 cm™* tally sym. ring vibrations (167). See

also p. 123.

below 1700 Absorption bands  Intense. Region includes well-defined
bands and diffuse absorption.

CH.S 2522-2246  «'=980 Absorption bands  Absorption paths 53 and 100 cm. Pres- 2,
thiophene sures from 0.1 to 44 mm Hg. Room 166,
temperature. Frequency differences of 168
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Table H.—Continued.

SPECTRAL FREQUENCIES CHARACTERISTICS
MOLECULE REGION (A) cM™) OF TRANSITION REMARKS Lit.
980,210,1350 reported. Proposed anal-
ysis uncertain. No fluorescence ob-
served (166).
CH,NH 2880-2540 Existence of absorption bands in this 1,
pyrrole region is very doubtful. In 166 bands 166
were obtained with a Kahlbaum sam-
ple; became weaker upon fractional
distillation. Sample gave continuous
fluorescence from 3300-2700A. At
2650A beginning of continuous ab-
sorption. With a Schuchardt sample
only continuousabsorption from 2360A
to shorter waves and no fluorescence
observed.
VN 2873-2617 Many narrow ab-  Absorbing paths of 35 and 100 mm. In 166
I sorption bands fluorescence a wide diffuse band at
A VAN 3250-2900A observed.
NH
indole 2610-2580, Broad absorption ~ Appear at higher temperatures.
2550-2500 bands
below 2300 Continuous ab-
sorption
7 \ 3156-2790 Broad absorption ~ Absorbing paths of 35 and 100 mm. 166
| bands Continuous absorption begins at about
AN Va 22860. Very weak fluorescence ob-
N served at 3500-2500A when heated to
quinoline 80°C.
Table I. Miscellaneous organic molecules.
SPECTRAL FREQUENCIES CHARACTERISTICS
MOLECULE REGION (A) (cM™1) OF TRANSITION REMARKS Lit
HCOOH 1550-1100 »'(C=0) Absorption bands  Spectrum resembles that of form- 1,
formic acid ~1450 aldehyde below 1550A. Most 169
bands form Rydberg series:
»=91,370—R/(n—0.40)%;
n=2,34---
giving an ionization potential of
11.29 ev. Result from excitation
of non-bonding 2p-oxygen elec-
tron of C=0 group. First band
group at 1550A and a group at
1250A have different character.
Besides 1450 other frequency dif-
ferences of 600 and around 800
and 900 observed.
CH,;COSH 2960-2820 Long wave limit Dissociation processes discussed. 170
thioacetic acid ~2550 and maximum of
cont. absorption
CH;CSSH 3010 Long wave limit Dissociation processes discussed. 170
dithioacetic acid 2820 and maximum of
cont. absorption
2440 Begin of second
absorption region
CH;COOCH; below 2500 Cont. absorption 50 cm absorbing path. 156

methylacetate
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SPECTRAL FREQUENCIES CHARACTERISTICS
MOLECULE REGION (A) (cMm™1) OF TRANSITION REMARKS Lit
CH;COCH.COOC:Hs 2596, 2225 Long wave limits  Photodissociation processes dis- 170
ethylacetoacetate and 2368 and maximum of  cussed.
cont. absorption
CH.0 In 171 photodecomposition in 1, 2,
formaldehyde Schumann region studied. No 171,
evidence found for primary disso- 172
ciation into CHz+0. In 172 study
of photodissociation with A\3650—
22537 in presence of iodine. See
also discussion of the known
3000A region on p. 113.
CH;CHO 6100-5600, Broad fluores- Fine structure superimposed 1, 2,
acetaldehyde 5100 cence bands (173). In 174 photodissociation  173—
studied with 23150 and A2500- 175
2600 in presence of iodine. For
more complete photochemical
literature, also of other aldehydes
and ketones, see 175.
C,H;CHO 5460-4360, Broad fluores- Fluorescence probably due to di- 1, 2,
propionaldehyde maximum cence region with  ketone dipropionyl. 173
5200 maximum
CH;CH=CHCHO 3800-2700 Broad absorption = Weak absorption, due to C=0 1, 2,
crotonaldehyde region with nar- group. Theoretical discussion of 176,
row discrete this transition in aldehydes and 177,
bands at longer ketones in 181-183. Determina- 181-
waves; below 3100 tion of extinction coefficients 183
diffuse and finally  (176). No photodecomposition in
continuous abs. banded region 3800-3130, below
at shorter waves that photodecomposition from
150°C on and increasing with
temp. and with decreasing wave-
lengths (177). No fluorescence be-
tween 9000-4000A (177).
below 2600 Continuous abs.
CH,=CHCHO 3800-2900, «’'~1260 Absorption bands Weak absorption, due to C=0 1, 2,
acrolein max. at group. Pressures 1-150 mm, ab- 175,
3450 sorption paths to 1 m (178). Com- 176,
plicated spectrum. Strong pairs of 178,
below 2900 Diffuse absorp- bands with weaker pairs inter- 179,
tion, becoming posed between them. At wave- 181-
continuous lengths longer than first strong 183
pair many sharp bands which
below 1330 Continuous ab- appear to degrade to red and to
sorption with have fine structure. Bands become
some narrow dif-  diffuse towards shorter waves. No
fuse bands super-  fluorescence observed with irra-
imposed at longer  diation of 3800-3000A. Photo-
waves with inter-  chemical behavior studied (178).
valsof ~300cm™  Determination of extinction co-
efficients in 176. Correlation be-
tween photochem. polymerization
and abs. spectr. found in 179,
large quantum yields.
C;H,CHO 3400-2350 Continuous ab- Photochemical behavior at ordi- 2,
n-butyraldehyde sorption with nary and elevated temp. studied 180
isobutyraldehyde diffuse maxima and different dissociation possi-
bilities discussed.
OHCCHO 5200-4200 Fluorescence Sharp bands. Strongest bands in 1,
glyoxal bands the blue-green. Excited by A4400- 184

3600A.
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SPECTRAL

MOLECULE REGION (A) (cM™)

FREQUENCIES

CHARACTERISTICS
OF TRANSITION

REMARKS

LiT.

CH;COCHj;

acetone

6135, 5610,
5120

w'~370
w’'~1205

3330-2940

Fluorescence
bands with fine
structure

Absorption bands

Green fluorescence of acetone
radiated with 23130 is identical
with fluorescence of diacetyl
radiated with 2358, 4047, 3650;
does not appear in pure acetone
flowing rapidly. Lifetime of fluo-
rescence in acetone nearly the
same as in diacetyl (186, 194).
Also chemical evidence that di-
acetyl present in acetone after
illumination with 3130 (187, 188).
Conclusion diacetyl is emitter
(186, 194).

1 m absorption path, tempera-
tures of 20° and 200°C and fairly
low pressures. Bands stand out
little against surrounding absorp-
tion. Spectrum very complex.
Frequencies of 394 and 483 cm™!
probably belong to the ground
state (189). New discussion of
absorption regions in vacuum
ultraviolet in 199.

172,
173,
175,
185-

199’

CH;COCOCH;
diacetyl

6135, 5610,
5120

4600-3600,
max. at
about 4150

2000-1883
1745-1690

Fluorescence
bands with fine
structure

Absorption bands
in longer wave-
length region and
cont. abs. towards
shorter wave-
lengths

Absorption bands,
considered as due
to two excited
electronic states;
0,0 band of first
system probably
at 50,647 cm™!

Fluorescence produced by absorp-
tion within 4600-3600 region. l\?o
measurable fluorescence when ir-
radiated by A3130 and 2537A.
Fluorescence spectrum independ-
ent of pressure (0.1-60 mm), tem-
perature (10°-100°C), exciting
wave-length and pressure of
added gases. Oz and still more I,
quench fluorescence strongly (191,
192). Quantum yield of fluores-
cence studied (191-193). Mean
life of fluorescence determined as
1.6X 1073 sec., from integrated
abs. coeff. lifetime of excited state
found 1075 sec. (194). Mechanism
(l)g 5{luorescence discussed (193-

15 cm absorption path. 0.01-15
mm_pressure. Bands have rela-
tively sharp red edges. Structure
sharpest in longest wave-length
region. With increasing pressure
appearance of contin. abs. at
shorter wave-lengths and grad-
ually extending to the red until
2000A. Frequency difference of
1200 in first region probably cor-
responds to upper state (196).

173,
191-
196,
201,
230

CH;COC.H;
methyl ethyl ketone

3200-2400

Apparently con-
tinuous absorp-
tion

Absorbing columns of 1 and 10 m
with pressures of 3-86 mm used.
At highest pressure extension of
abs. from 3200 to 2400A (197).
Upon illumination with 3130A
fluorescence bands observed at
about 6100, 5600 and 5100A
which are identical with diacetyl
fluorescence bands (173). Di-
acetyl found during photolysis
of methyl ethyl ketone (188, 198).
Conclusion diacetyl is emitter of
fluorescence.

173,
175,
188,
197,
198
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SPECTRAL FREQUENCIES CHARACTERISTICS
MOLECULE REGION (A) (cM™) OF TRANSITION REMARKS LiT.
1975-1883  «'=1281 Absorption bands. Long wave-length bands have
' =575 0,0 transition quite sharp edges. System corre-
=220 triple band at sponds to acetone bands at 1960-
50,634 1800A. Superposed on bands very
50,675  cm™! weak continuous absorption. 1280
50,728 frequency probably belongs to
C—O0 valence vibration (197).
1725-1685 Absorption bands.
0,0 band probably
at 58,110 cm™
1606-1567 Absorption bands
below 1550 Continuous ab- 780A was limit of observation.
down to 780 sorption
n CH;COC;H+ 2790 Maximum of Longest wave-length absorption 199
methyl #-propyl cont. absorption has been measured in liquid state.
ketone
1972-1927 &1=1190  Absorption bands. For this and following absorp-
W' 4=614 0,0 band at tions pressures of 0.3-2.5 mm in
50,699 cm™! 10 cm cell used and 0.0025-0.5
mm in 4 m path. Applies to all
1718 Absorption band 3 ketones investigated in 199.
«'1 is probably carbonyl fre-
1575 Absorption band quency. Discussion of shifts of
spectra of ketones with substitu-
tion of hydrogens of acetone.
iso CH;COCH (CHj). 2820 Maximum of
methyl isopropyl cont. absorption
ketone
1982-1920  «’1=1231  Absorption bands.
'y =819 0,0 band at
'4=388 50,460 cm™
1737 Absorption band
1586 Absorption band
C.H;COC.H; 5460-4360, Broad fluores- Fluorescence seems identical with 173,
diethylketone maximum cence region that of propionaldehyde (173) 199
5200 with maximum
2780 Maximum of
cont. absorption
1972 Absorption band
1580 Absorption band
CH;COCH, 3200-2500 Continuous ab- 1 m column. Reported extension 200
methyl n-butyl sorption of abs. corresponds to 40 mm
ketone pressure. No fluorescence ob-
served. Photochemical behavior
studied.
CH;COCH:COCH; between Long wave limit,  Photodissociation processes dis- 170
acetylacetone 3292 and and maximum of  cussed.
2935, and cont. absorption
2690
CH,=CO 3850-2607 Diffuse absorp- 1 m absorption path. 110 mm and 201,
ketene tion bands atmos. pressure used. No fluores- 202
cence observed. Photochemical
below 2200 Continuous ab- behavior studied (202).
sorption
CH,;COCl1 2875-2725 Broad absorption  Frequency differences of 260 and 1, 2,
acetyl chloride bands 342 cm™ found. 20.

204
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SPECTRAL FREQUENCIES CHARACTERISTICS
MOLECULE REGION (A) (cMm™Y) OF TRANSITION REMARKS Lit
2750 and Mean long wave 1 m absorption path. Temp. used
2480, 2150 limit and maxima about 20°C. Long wave-length
of continuous ab-  limits shift with pressure. In 204
sorption determination of abs. coeff.
CH:CICOCl 2625 and Mean long wave
chloracetyl chloride 2350, 2125 limit and maxima
of continuous ab-
sorption
CC1,COCl1 2575 and Mean long wave
trichloracetyl chloride 2350, 2100 limit and maxima
of continuous ab-
sorption
C,H;COCl 2700 Mean long wave
propionyl chloride limit of cont.
absorption
C;H,COCl 2660 Mean long wave
butyryl chloride limit of cont.
absorption
CH;BrCOBr 2410 Mean long wave
bromacetyl bromide limit of cont.
absorption
CH;COBr below 3100 Cont. absorption 20 cm absorption tube, 1-70 mm 204,
acetyl bromide with slight indi- pressures. No visible fluorescence 205
cation of a max. excited by absorption. Photolysis
at ~2500A studied with A\2537 and 2652 and
mechanism of photodecomposi-
tion discussed (205). Determina-
tion of abs. coeff. in 204.
CH;CO1 4000 Long wave limit Determination of absorption co- 204
acetyl iodide of cont. absorp- efficient.
tion
CH;ONO. below Continuous ab- 10-50 cm cell, 10-200 mm pres- 1,
methyl nitrate about sorption sure. Rough qualitative deter- 206
3000 minationb of extinction coeﬂ(;l-
ients. A tion rises to
C,H;ONO; below Continuous ab- gi,e;ti, w;,%l:‘l)e:lgthgfs s towards
ethyl nitrate about 3000 sorption
CH;NO. below 2900 Continuous ab- 10-50 cm cell. Rough qualit. de- 206
nitromethane sorption termination of extinction coeff.
From 2900 till about 2500A weak
absorption, beyond that increas-
ing absorpt.
C;H;sNO. below Continuous ab- 10-50 cm cell. Rough qualit. de- 1,
nitroethane about 3000 sorption with termination of extinction coeff. 206,
maximum at 2700  Absorption increases towards 207
and shallow mini-  shorter wave-lengths. Indication
mum at 2450A of faint diffuse structure in longer
wave-length part of spectrum
found in (207). Photodecomposi-
tion studied (207).
CH,ONO 4000-2900 w’~1000 Absorption bands  10-20 cm cell, 10-50 mm pres- 1,
methyl nitrite below 2900 Continuous ab- sure. Broad, diffuse bands. In- 206,
sorption tensity of continuous absorption 208,
increases towards shorter wave- 209

lengths, and overlaps band sys-
tem at higher pressures. Intensity
distribution within individual
bands complex. Electronic excita-
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SPECTRAL CHARACTERISTICS
MOLECULE REGION (A) OF TRANSITION REMARKS LiT.
C.H:ONO 4000-3000 Absorption bands  tion suggested in —N =0 group.
ethyl nitrite below 3000 Continuous ab- Mechanism for photochemical
sorption decomposition discussed (208).
n C;H:ONO 4000-3100 Absorption bands
n-propyl nitrite below 3100 Continuous ab-
sorption
iso CH(CHj3);ONO
iso-propyl nitrite
sec C4qHsONO 4000-3100 Absorptionbands  Degrade to red, have distinct
secondary butyl nitrite below 3100 Continuous ab- head on short wave-length side.
sorption
tert C(CH;)sONO
tertiary butyl nitrite
iso (CH;);CHCH,CH:ONO 4000-3100 Absorption bands
iso amyl nitrite below 3100 Continuous ab-
sorption
(CH;).NNO 3900-3200 Absorption bands ~ Spectrum very similar to that of 209
dimethyl nitrosamine below 3200 Continuous ab- nitrites.
sorption
(C.H;5):NNO 4000-3200 Diffuse absorp- Spectrum similar to that of di- 209
diethyl nitrosamine below 3200 tion methylnitrosamine except that
Continuous ab- first region is not clearly resolved.
sorption
CH;NHOCH; below Continuous ab- 209
N methyl about 2500 sorption
O methyl
hydroxylamine
HzC\ /NO 7500-5260 Absorption bands 209
/C\ below 2400 Continuous ab-
sorption
H;C Cl
nitrosochloropropane
CH,SCN 2630 Long wave limits ~ Absorption path 1.5 m and pres- 210
methyl thiocyanate 2240 of cont. absorp- sures up to saturated vapor at
tion. First limit room temp. With experiments at
corresponds to 32°C absorbing column of 3.5 m
11 mm pressure used. Spectra taken in gaseous
in 3.5 m cell state and in solutions of methyl
alcohol (for latter 1 mm and
? mr;]l cel%s). At pressures given
— or first long wave limits, the
CﬂHﬁSCN 2620 Long wave limits transparent regions between both
ethyl thiocyanate 2210 of cont. abs. First  continua are completely over-
limit corresponds  |apped by extension of both con-
to 6 mm pressure  tinua, therefore long wave limits
in 3.5 m cell of second absorption were taken
when overlapping not yet oc-
curred, i.e., at lower pressures
than first limits. Process of photo-
dissociation discussed.
CH;NCS 3010 As above, but
methyl isothiocyanate 2130 first limit corre-

sponds to 19 mm
pressure
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SPECTRAL FREQUENCIES CHARACTERISTICS
MOLECULE REGION (A) (cm~1) OF TRANSITION REMARKS Lit
C.H:NCS 2860 As above, but
ethyl isothiocyanate 2120 first limit corre-
sponds to 11 mm
pressure
CH,=CHCH,NCS 2820 As above, but
allyl isothiocyanate 2130 first limit corre-
sponds to 6 mm
pressure
NH,CSNH, between Long wave limit Maximum followed by a mini- 170
thiourea 3300 and and maximum of mum at 2370A. Photodissociation
3000, and cont. absorption processes discussed.
2530
CL,CS 5712-3990 ”1=1148 Absorptionbands 50 and 350 cm absorption paths. 1,
thiophosgene o'y =914 Electronic excitation located in 211
w'’'y=537 C=S bond. w1, w2 and ws corre-
w's =240 spond to totally sym. vibrations.
o's =400 Following formula given:
v= 17374+914v’1—30'2x+2401/2
+4000’a "'11/23— 1 1480"1 el 5370”2.
Isotopic effect of Cl was used for
analysis. Brief notes, detailed
paper must be awaited for con-
firmation of analysis.
CH;NH, 2400-2000 ’;=1000  Absorption bands 12 cm absorption cell, 0.5-20 mm 1, 2,
methylamine w's=650 0,0 band at pressure (212). Frequency o 212-
41,680 cm™ associated with CHj; group, o> 214
very likely associated with NH
CD;NH, 2400-2100 w'1 =870 0,0 band at bending vibration (783 cm™ in
trideuteromethylamine w'2=690 41,780 cm™! ground state of methylamine).
Bands are diffuse. Further details
on p. 114,
CH;ND, 2360-2100 ’;=1000 0,0 band at
methyldideuteramine w's=515 42,540 cm™
CD;ND, 2385-2150 o', =825 0,0 band at
trideuteromethyldideuter- «'y =500 42,580 cm™
amine
C.H;NH. 2400-2160  «'~T700 Absorption bands 5 cm abs. tube. Bands arranged 1,
ethylamine in groups with separation of 730 213
between first members of groups.
Width of individual bands 5-8A.
Study of photodecomposition.
CH:N, 47104250 Absorption bands 20 cm SiO; tube. Pressures up to 215
diazomethane 250 mm. Bands weak and very
diffuse.
beyond Continuous ab- After max. intensity decreases till
4200 with sorption minimum at ~3000A. Determi-
max. at nation of extinction coeff. Photo-
~3950 chem. decomposition studied with
A360 and 3650A.
below 2650 Continuous ab- Intense.
sorption
CH;3N =NCH; 4060-2800 Continuous ab- Determination of absorption co- 216
azomethane with max. sorption efficients.
at ~3400
below 2600 Continuous ab-

sorption
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SPECTRAL CHARACTERISTICS
MOLECULE REGION (A) OF TRANSITION REMARKS LT,
CH;OH 1607-1565 Three absorption ~ Low pressures down to —70°C of 1,
methyl alcohol bands supply bulb containing the liquid. 217,
Bands show structure. Width of 218
1492-1445 Three absorption  individual band about 10-12A.
bands Correlation of wave-lengths of
bands with magneto-optical dis-
below 700 Further absorp- persion formulas (217).
tion
C;H;OH 1633-1602 Absorption bands  Extremely faint and narrow. 1,
ethyl alcohol 219
1518 Center of diffuse Correlation of wave-lengths of
abs. band bands with magneto-optical dis-
persion formulas (219).
below 700 Further absorp-
tion
n C;H,OH 1565 Center of diffuse  Indication of another absorption
n-propyl-alcohol abs. band around 1650A.
below 700 Further absorp-
tion
n C4H,OH 1577 Center of diffuse
n-butyl-alcohol abs. band
below 700 Further absorp-
tion
CH,=CHCH,0H below 2070 Continuous ab- Limit practically reached at 10 155,
allyl-alcohol sorption mm pressure.
1650 } Centers of very Correlation of wave-lengths of 217
750 broad, diffuse bands with magneto-optical dis-
abs. bands persion formulas.
C,H,(OH). below 2070 Continuous ab- Same apparatus used as pre- 155
ethylene glycol sorption viously, for reference see 1. Prob-
ably again 100 cm absorbing
layer.
CH,OHCH.CH:OH below 2250 Continuous ab- Pressures up to 5 mm.
trimethylene glycol sorption
C;H;(OH); below 2120 Continuous ab-
glycerol sorption
(C3H;):C(OH)CH; below 2130 Continuous ab-
methyldiethyl carbinol sorption
CH;SH below 2780 Continuous ab- Pressures up to 280 mm. Absorp- 155
methylmercaptan sorption limit practically reached at 160
mm.
C.H:SH below 2750 Continuous ab- Pressures up to 35 mm, limit 2,
ethylmercaptan sorption practically reached at 28 mm. 155,
below 2100 Several absorp- No detatls given (218). 218
tion regions
C:H:SH below 2600 Continuous ab- Isomer not stated. 1,
n-propylmercaptan sorption 155
CH,SH below 2590 Continuous ab- Pressures up to 40 mm, limit 155
n butylmercaptan sorption practically reached at 37 mm.
Isomer not stated.
CH.CICH,OH below 2040 Continuous ab- Pressures up to 6 mm. 155

ethylene chlorohydrin

sorption
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Table I.—Continued.

SPECTRAL FREQUENCIES CHARACTERISTICS
MOLECULE REGION (A) (cMm™1) OF TRANSITION REMARKS LiT.
CH.BrCH,OH below 2140 Continuous ab- 155
ethylene bromohydrin sorption
CH.ICH.OH below 2170 Continuous ab- Pressures up to 4 mm. Second 155
ethylene iodohydrin sorption fainter absorption region at longer
wave-lengths.
CH,CNCH;OH below 2140 Continuous ab- Pressures up to 1 mm, limit 155
ethylene cyanohydrin sorption practically reached at 0.4 mm.
CH;CCl,0H below 1990 Continuous ab- 155
aa dichlorohydrin sorption
Zn(C.Hjs). 2450-2300 ”= 210  Absorptionbands In addition to previous results 1,
zinc diethyl W = {760 (reported in 1) new interpretation 220
700 of the weaker bands introducing
two more frequencies mentioned
below 2800 Continuous ab- here. Electronic excitation as-
sorption sumed in metal —C linkages.
Discussion of molecular struc-
tures, of types of vibration con-
nected with measured frequencies
and of photochemical behavior of
investigated substances. This ap-
plies also to Cd and Hg alkyls.
Cd(CHs). below 2600 Continuous ab- Limit corresponds to higher pres- 220
cadmium dimethyl sorption sures, sensitive to pressure changes.
Cd(C:Hjs). 2300-2100 w1 =432 Absorption bands. Diffuse bands, perhaps degraded 220
cadmium diethyl 'y =340 0,0 band taken to red. Analysis proposed similar
o =635 at 43,573 cm™ to zinc diethyl.
o’ =960
below 3000 Continuous ab-
sorption
Hg(CHs). 2462-2175 Absorption bands  Very weak, diffuse. 2,
mercury dimethyl 220-
2150-2050  w''y=504 Absorption bands  Appear at pressure 1 mm in § 222
w’y =385 0,0 band at cm column. Degrade to red.
o ~700 47,059 cm™
w's ~1065
below 2550 Continuous ab- Limit corresponds to higher pres-
sorption sures. Photodecomposition goes
evidently via radicals, see 222 and
references mentioned there.
Hg(CeHs): 2400-2100 '=690 Absorption bands  Extension of bands, reported in 1, 2,
mercury diethyl towards ultraviolet. Introduction 220
of another frequency, 690 cm™.
Bands appear at 1-2 mm pres-
sures.
below 2500 Continuous ab- Limit corresponds to higher pres-
sorption sures.
Hg(C.Hy), below 2400 Continuous ab- To observe a continuum between 220
mercury dibutyl sorption 2400-2000A 50 cm length at
30 mm pressure necessary.
Sn(CH3)4 below 2200 Continuous ab- Values for long wave-length 220
tin tetramethyl sorption limits obtained by extrapolation
from the data using pressures in
general up to about 1 atmos. Ap-
plies to all long wave limits in 220.
O(CHs): below 2300 Continuous ab- Weak. 220

dimethyl ether

sorption
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SPECTRAL FREQUENCIES CHARACTERISTICS
MOLECULE REGION (A) (cm™1) OF TRANSITION REMARKS Lit
O(C.H5): below 2300 Continuous ab- Weak. 220
diethyl ether sorption
below 2000 Several absorp- Details not given (218). 218
tion regions
S(CHj)e 2300-2100 Absorption bands  Appear in 10 cm absorbing col- 220
dimethyl sulfide umn and pressures of about 3 mm.
Bands degrade to red, are diffuse.
Frequency differences of 2787
and 1086 cm™! observed.
below 2450 Continuous ab- Limit corresponds to higher pres-
sorption sures.
S(CH;)(CeHs) 2280-2140 Absorption bands  Diffuse, degraded to red. Fre- 220
methylethyl sulfide quency differences of 2787, 705,
311 found. Underlying continuum
with maximum at about 2215A,
extends at higher pressures till
2400A.
S(C:Hs)2 2290, 2278 Absorption bands Weak bands, 1 mm pressure and 220
diethyl sulfide with overlapping 10 cm path. At higher pressures
continuum continuum extends till 2400A.
2200 Max. of narrow
continuum
below 2100 Several absorp- Details not given (218).
tion regions 218
CH;HgBr from short- Continuous ab- 30 cm absorption path. CH,l 221
methyl mercury bromide est observ- sorption bands observed weakly in absorp-
able wave- tion as impurity from decomposi-
CH;Hgl lengths to tion. Upon illumination with Al
methyl mercury iodide longer arc visible fluorescence observed
waves identical with fluorescence bands
from HgBr: and Hgl,. But spec-
tral range of exciting light, tem-
perature and intensity distribu-
tion of fluorescence bands dif-
ferent for methyl mercury halides
and mercury halides. Photodisso-
ciation CH;HgHal+4hv=CH;+
HgHal.
(0] 4770-4160 Absorption bands  Sharp, show structure. Appear at 163
I 85-95°C. 75 cm tube.
@ 3150-2600 Absorption bands  Appear at 60-70°C, less sharp
N o' ~A450 than first group.
O 2450-2250 Absorption bands  Diffuse. Appear at room tempera-
benzoquinone ture.
C4H0:-CsH((OH), Observed absorption bands are 163
quinhydrone due partly to benzoquinone and

partly to hydroquinone.
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F1G. 10. Absorption spectrum of HgBr, and analysis.
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Fi1c. 14. Absorption spectra of C¢Hg and CgDs.
(Taken from H. Sponer, J. Chem. Phys. 8, 705 (1940).)
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F1c. 15. Absorption spectrum of solid benzene at —259°C.
(Taken from A. Kronenberger, Zeits. f. Physik 63, 497 (1930).)
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Fi1c. 17. Absorption spectrum of C¢H;Cl at —259°C.
(Taken from A. Kronenberger, Zeits. f. Physik 63, 512 (1930).)
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F16. 19. Absorption spectrum of CgHF.
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Fi6. 20. Absorption spectra of dichlorbenzenes.
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Fic. 21. Absorption spectrum of toluene. (Taken from J. Savard, Ann. de Chimie 11, 287 (1929).)
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. Absorption spectrum of paracresole. (Taken from J.

Savard, Ann. de Chimie 11, 287 (1929).)
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F1G. 9. Absorption spectrum of HgCls and analysis.



