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PREFACE

During the last ten years or so, considerable amount of information concern-
ing the structure of polyatomic molecules has been obtained through the theoreti-
cal studies with the help of the wave mechanics on the one hand, and the experi-
mental investigations of the infrared and the Raman spectra on the other, Lately,
there has appeared a number of books and monographs which taken together cov-
er every aspect of the subject. Schaefer and Matossi’s Das Ultrarote Spektrum,
Kohlrausch's Der Smekal-Raman Effekt and the recent Ergidnzungsband, Sponer's
Molekiilspektren, Stuart’s Molekiilstruktur, the chapters by Teller and by Mecke
in Eucken-Wolf's Hand-und Jahrbuch der chemischen Physik, Bd 9 /11, Plazcek's
article in Marx’s Handbuch der Radiologie, Bd 6 /II, 2nd edition, and Dennison’s
article in the Review of Modern Physics, Vol. 3, 1931, deal with either the em-
pirical or the theoretical side of the problems of the vibrational spectra of mole-
cules. Some explanation would indeed be necessary for the present attempt to deal
with the same subject that has already been so adequately treated.

Just before the present Sino-Japanese war in 1937, the Physics Department
of the National University of Peking was planning to start some work in the field
of spectroscopy. A course on molecular spectra was organized. The treatment of
the theoretical parts of the subject was largely based on the works of Dennison
and Teller. In presenting the experimental data and their interpretations, it was
felt that the treatments of the individual molecules in the afore-mentioned works
are usually by necessity too brief and in a few cases they need some changes in
view of more recent experimental data. Since the war, the University was forced
to move, first to Chang-sha, and later here. With the complete lack of laboratory
equipments, to go on with the projected work becomes impossible, It is thought,
however, that opportunity might be taken of the reduced teaching duty and the
suspension of experimental work to survey the field in a more detailed and critical
manner, The following pages are the result of incorporating some of the more re-
cent investigations into some former notes.

In view of the existence of the above mentioned and other works, it seems
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best to confine this work to the vibrational spectra of polyatomic molecules and
the informations obtainable from them. Even then, no attempt is made at com-
prehensiveness: rather only those still comparatively simple molecules are treated
for which there exist sufficient data. The emphasis has been laid more on the in-
dividual molecules than on the systematics of the spectra of molecules containing
similar structural groups. For the latter, reference should be made to
Kohlrauch’s Erganzungsband (which is unfortunately not available to the writ-
er). The studies, in the last few years, of molecular association by means of the
spectra have not been reviewed in detail; for while it is easy to understand in a
qualitative manner the frequency shifts arising from the formation of hydrogen
bonds, both quantitative measurements and a quantitative theory do not seem to
be at hand. Also the calculations of thermodynamic functions from spectroscopic
data have only been briefly summarized, for except in two or three cases (ethane,
benzene) these functions are more of chemical than physical interest. An elemen-
tary exposition and summary are given of the theoretical background on which the
discussions of the empirical data are based, in the hope that they may serve as an
introduction to the subject for those not already familiar with the work in this
field. A little knowledge of the wave mechanics is assumed. In the main, these
introductory chapters are based on the above-mentioned works, in particular, of
Dennison and of Teller, to which frequent references are made.

On account of the lack of adequate library facilities, it has not been found
possible, nor indeed useful, to quote all the original papers on the subject. For
this the writer may perhaps be pardoned, since the works of Schaefer and Ma-
tossi, Kohlrausch, Stuart and Sponer give adequate references to practically all
earlier papers. It will be obvious that the discussions of the different molecules in
Chap. V are far from being uniform. This is necessary from the nature of the
molecules and of the data that are available. More weight has naturally been given
the high dispersion infrared investigations of which the Michigan Laboratory has
perhaps made the most signal contributions. It will be noted how much more defi-
nite informations can be derived from a high dispersion and high resolution study
than from a low dispersion work which merely locates the positions of the bands.
Let us hope that in the near future, many of the molecules for. which only tenta-
tive discussions are given here will be subjected to high dispersion investigations.

The writer is indebted to the many authors from whose works he has drawn
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so freely, and in particular to Professor D. M. Dennison from whom he first
learned the subject of molecular spectra. To the University, he is grateful for ar-
ranging to publish this work on the occasion of its Fortieth Anniversary. Finally,
he wishes to express his gratitude to his teacher and friend, Professor Y. T.
Yao, Director of the Physics Laboratory, but for whose inspiration this work
would not have been attempted.

TA-You Wu
Department of Physics,
National University of Peking,
At present at Kun-ming,
China
June, 1939,
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CHAPTER I INTRODUCTION:
METHODS OF STUDYING MOLECULAR STRUCTURE

A molecule may be conceived as a number of atomic nuclei imbedded in the
field of a distribution of electrons, or as a number of electrons in the field of the
nuclei. Just as in an atom, the electrons in a molecule are capable of existing in
different energy states. This is established in a direct manner, besides by the
results of the analyses of the spectra of molecules, by experiments on the
excitation of molecules by electron impacts-similar to the Franck-Hertz
experiment for the atoms. In a given electronic state, there is an equilibrium
configuration for the atomic nuclei. Now the questions that first present
themselves are the following: What are the geometrical form and the dimensions
of a molecule in a given electronic state, and in particular, in the normal state?
What is the distribution of the electrons? What is the nature of the binding of the
different atoms in the molecule? We shall see that informations concerning these
different aspects of the problem of molecular structure can be obtained from a
variety of experimental and theoretical studies. We shall mention briefly a few of
the more direct and fruitful methods in this chapter and devote the rest of the
present volume to the discussion of the methods and results obtained from the

study of the vibrational spectra of polyatomic molecules.

§ 1. Non-spectroscopic Methods

A) Permanent Electric Moment Measurements

From measurements of the permanent dipole moment of a molecule, one
learns about the distribution of the electric charges in the molecule. Thus a zero
moment indicates in general a symmetrical distribution. From the dipole moments
of a series of molecules containing a certain chemical bond or a certain radical, it
is possible to deduce a value for the dipole moment of the bond or radical, the

assumptions being made that there is a definite meaning in ascribing a moment to
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a bond or radical, and that in a molecule these bond and group moments add
together vectorially without greatly affecting the value of one another. This
method is useful in deciding between two or more possible structures for certain
molecules. It is subject, however, to the following limitations: On the one hand,
the above assumption that the moments of different bonds or groups simply add
vectorially in a complex molecule is not always valid on account of the induction
effect. On the experimental side, it is not always practicable to measure the
dipole moments of molecules in the gaseous state, and measurements in the liquid
state and in solutions are subject to a number of disturbing factors for which
corrections have to be made, sometimes only with difficulties and in a

semiempirical manner.
B) Polarization of Scattered Radiations and Kerr Effect

Information concerning the symmetry properties of the electric charge
distribution in a molecule can also be obtained through a study of the polarization
characters of the coherent scattered radiations (Rayleigh scattering) from the
molecule. The scattering process is determined by the polarizability of the
molecule, which is in general an ellipsoid. For a molecule which is spherically or
tetrahedrally symmetric, the ellipsoid becomes a sphere and an electric moment
can be induced with equal ease in all directions. The scattered radiation will in
this case be polarized (that is, the electric intensity of the scattered radiations lies
in the same direction as that in the incident radiations). In a molecule in general,
however, because of the anisotropy. the induced electric moment will not
correspond exactly to the direction of the electric vector of the incident radiations
and the scattered radiations will be partially depolarized, the degree of
depolarization being determined by the structure of the molecule. Thus
measurements of the depolarization of the scattered radiations will throw light on
the problem of the symmetry of the molecule.

The appearance of double refraction in a substance when placed in an electric
field is also closely related to the polarizability of the molecule. A partial orientat-
ion of the molecules as the result of the induced moment in the field brings about
a difference in the behavior of the molecules in different directions under the
action of the incident radiations. From measurements of the so-called Kerr

constant of a molecule, it is possible to derive certain information concerning the
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anisotropy of the polarizability tensor of the molecule.
C) X-ray and Electron Diffraction Measurements

When a monochromatio beam of X-ray or electrons of suitable energies is
directed through a gas or vapor and the diffracted beam received on a
photographic plate perpendicular to the original beam, certain intensity patterns
are obtained which are symmetrical about the geometrical center of the beam and
are characteristic of the particular molecule under investigation. The theory of
Debye enables a correlation to be made between the intensity pattern and the
internuclear distances in the molecule. By comparing the observed pattern with
the theoretical pattern calculated with various assumed internuclear distances, it
is possible to determine these distances. These methods have been extensively
used in recent years and have yielded the most direct values for the internuclear
distances of molecules. They are, however, subject to the following limitations:
As the diffraction of X-rays is mainly determined by the electrons in the molecule,
the accuracy of the determination of the internuclear distances depends on the
accuracy with which the electron distribution is known, or, since this distribution
is usually not known with high accuracy, on how good the approximate
distribution is, The diffraction of electrons of 40000-50000 volts energies is,
however, mainly a nuclear process and the calculated intensity pattern is mainly
determined by the nuclear distances. In this case, only the relatively heavy atoms
in a molecule contribute appreciably to the diffracted intensity pattern, and to
molecules composed of light atoms such as H and D, this method cannot be
applied. In this respect, this method and the method of infrared spectroscopy are

complementary.

§ 2. Molecular Spectra

Just as in an atom the electrons in a molecule can exist in different energy
states. The energy differences between these states can be expected to be in
general of the same order as in the atoms. Hence a transition from one to another
of these states, when accompanied by a change in the electric moment of the
system, will give rise to the emission or absorption of radiation whose frequency

is determined by the relation
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hv = (E,), — (E,), (1)
and lies usually in the visible or the ultraviolet region of the spectrum.

In any electronic state, there must be an equilibrium configuration for the
atomic nuclei for the molecule to be stable at all. One may thus consider the
molecule as a system of particles in stable equilibrium in a potential field. Such a
system can, according to mechanics, execute vibrations about the position of
equilibrium., The frequencies of these vibrations are determined by the masses of
the atoms and by the potential field. ® They lie approximately between ca.
3500 ecm ' (ca. 3p) in molecules containing the lightest atom H, and 300 cm '
(~30pu) or even lower in molecules containing such heavy atoms as Br or L
According to the quantum theory, the vibrational energy of a molecule is
quantized so that there are discrete states with different energies. If in a
transition from a vibrational state v to a higher state v' there is a change in the
dipole moment of the system (electrons and nuclei), radiation of frequency
given by

hv, = (E.i,)v — (E. ). (2)
will be absorbed. From a study of the near infrared spectrum (1-30u),
informations concerning the vibrational states of the molecules can be obtained.

In addition to the electronic motion and the vibrations of the atoms, a
molecule can rotate as a whole. According to the quantum theory. the rotational
energy of a molecule is also quantized so that there are discrete states with
different energies. The frequency associated with a change of the rotational state

hy, = (E,,.);, — (E,,.), (3)
is in general of the order 20-200 cm ' depending on the moments of inertia of the
molecule. Transitions between the rotational states, if the molecule possesses a
permanent electric moment, will give rise to the emission or absorption of
radiation in the far infrared spectrum (50-500y). This spectrum is called the pure
rotational spectrum.,

When there is a simultaneous change in the vibrational and the rotational
states of a molecule, the frequency of the radiation will be given, in a first

approximation, by adding (1) and (2),

@ Since the vibrational motions are relatively slow compared with the motions of the electrons on
account of the great difference in their masses, the electronic structure will be able to adjust itself during these

vibrations. It is with a sort of averaged potential field during these vibrations that we are dealing.



