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I. INTRODUCTION 

Knowledge of the border-land between the realms of chemistry 
and physics has been widely extended in recent years. It is true 
that physical chemists have done much to bridge the gap between 
two branches of science which developed side by side and largely 
independently, but the approach is made mainly from the chemi- 
cal standpoint, whilst developments on the physical side of the 
frontier have been so important and so numerous as to appear to 
justify the emergence of “chemical physics.” To this field of 
study appropriately belong modern interpretations of atomic 
and molecular structure, viewed particularly in relation to inter- 
atomic linkages or valence bonds. 

Science owes to the chemist the discovery of atoms and mole- 
cules, the conception of combining capacities of atoms repre- 
sented in the elementary valence theory, and, above all, the classi- 
fication of atoms in the periodic system. The physicist has 
appropriated these subjects one by one, making each peculiarly 
his own. It is wonderfully significant to find that spectroscopic 
measurements provide a basis for Mendeldeff’s table, and that 
questions as to whether atoms shall combine to form stable mole- 
cules are reduced in the new quantum mechanics to matters of 
mathematical requirement. Further, the chemist’s broad dis- 
tinction between polar and homopolar substances, whilst admit- 
ting the existence of a continuous set of transitional stages between 
the ideal extremes, may also be very well approached from the 
physical angle. 

Debye has familiarized the term “polar molecule” in a particu- 
lar sense, as descriptive of cases where permanent electric moment 
is conferred by unsymmetrical distribution of positive and nega- 
tive charge. Fajans has emphasized the importance of deforma- 
tion in his studies of molecular refraction. In  both theories, the 
conception of intermediate stages between polar and homopolar 
linkages is involved. Moreover, a given substance may contain 
different kinds of linkages in different physical states. Thus 
a homopolar linkage, H-CI, may be attributed to hydrogen 
chloride as a gas or in the liquid state, whilst in aqueous solution 
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this substance behaves as though polar. The question of state 
therefore becomes important in a discussion of linkages (1). Not 
only does no clear line of distinction exist, in general, between 
polar and homopolar, but also a particular kind of linkage may 
not be characteristic of a given molecule. 

It may be still possible, though hardly practicable nowadays, 
to conceive atomic linkages as rigid bonds in space; the physical 
picture would be rather one of rapid oscillation, together with 
rotation. It is well known that the interpretation of band spec- 
tra requires that vibratory and rotatory motion, unlike transla- 
tory motion, shall be susceptible of discontinuous changes defined 
by quantization. The present paper is largely concerned with 
the characteristic frequencies of vibration of linkages as deduced 
from the spectra of diatomic molecules and from observations in 
the Raman effect. It is found that given linkages have more or 
less characteristic frequencies of vibration, at any rate so long as 
similar molecular types are being compared, and that these fre- 
quencies in ground states are often largely independent of whether 
the substance is examined as gas, liquid, or solid, in cases where 
the frequency considered persists on change of state. These 
characteristic frequencies prove of fundamental importance in 
the study of atomic linkages from the chemico-physical stand- 
point. 

11. ATOMIC PERIODICITY 

Schemes of electron distribution for atoms based upon spectro- 
scopic evidence have been drawn up by McLennan, McLay, and 
Smith ( 2 )  and by Dushman (3). Whilst some of the suggested 
configurations may be open to question, the periods of elements 
containing 2,  8, 8, 18, 18, and 32 members, respectively, each 
ending with an inert gas, are entirely conformable with the chemi- 
cal evidence, and may be readily accepted in general form. These 
schemes, however, are somewhat cumbersome, and also separate 
elements which the chemist would classify together in groups. 
The chemist is mainly concerned with electrons outside closed 
groups of electrons, and in comparing members of an atomic 
valency group it does not matter so very much that the electrons 
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of incomplete groups are actually of different principal quantum 
number. The author (4) has therefore proposed a classification 
of the elements in which group as well as periodic relationships 
are shown, so that in representing configurations the principal 
quantum numbers are omitted, the quantum groups being sepa- 
rated by commas. This simple modification made possible the 
compilation of the scheme, here reproduced as table 1. Mulliken 
( 5 ) ,  in his latest paper on the electronic configurations of mole- 
cules in relation to those of their dissociation products, has 
adopted a similar plan in the description of molecules (see section 
I11 below). Thus both in atoms and in molecules it is possible, 
in general, to group electrons into completed closed groups with 
additional electrons of incomplete groups associated with chemi- 
cal and spectroscopic behavior, although the distinction is not 
quite so clearly drawn in the molecular case. It appears there- 
fore justifiable to bring together in systematic tabulation atomic 
systems whose electron configurations (in terms of s, p ,  d,  f for 
atoms; Q, T ,  6 for molecules) are the same even where the appro- 
priate principal quantum numbers are different. The intimate 
relation between spectroscopy and chemistry is further illus- 
trated by new forms of the periodic table suggested by Gardner 
(6), Saha (7), and Mitra (8). 

In  table 1, the electron configuration assigned to any element 
(except the rare earths) may be readily found. Thus, for sodium, 
a small suffix number appears: Na'. The suffixes refer in all 
cases to the corresponding antepenultimate groups at the foot of 
the table; to this must be added the penultimate group at the 
top of the column in which the element appears, together with 
the ultimate group given in heavy type at the left side of the group 
containing the element. Thus sodium is represented in the 
ground state by s2,s*p6,s, or, in the older designation, by ls22s2p63s, 
giving eleven electrons in all, corresponding to the atomic number 
2 = 11. Xot only does the classification of table 1 show the ele- 
ments in group relationship with the spectroscopic results, but 
also the elements having penultimate groups of s2 (two electrons), 
s2p6 (eight electrons), and s2p6d:O (eighteen electrons) are sharply 
separated. It is well known that the nature of the group of elec- 
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trons underlying the outermost incomplete or valence group of 
electrons may greatly influence atomic and ionic properties. It 
is observed that Mendel6eff’s subsidiary or “B” groups corre- 
spond with atoms having penultimate groups of electrons of s2p6d10 
instead of s*p6. The ground terms and the symbols L, S, J have 
their usual significance. The author has prepared in another 
connection (112) similar tables in which ions are classified accord- 
ing to the same principles. 

111. THE PERIODICITY O F  DIATOMIC MOLECULES 

1. Classijkation of molecular electrons 

In  the approach to the study of the electronic structure of 
diatomic molecules, the tendency a t  first appeared to treat each 
molecular electron as though belonging to both nuclei. Against 
this method, Lennard-Jones (9) issued a timely warning. Even in 
relatively light molecules, such as N2 and 02, it seems necessary 
to suppose that the two K electrons belonging to the separated 
atoms must be regarded as belonging also to the individual nuclei 
when combination occurs. Mulliken (11) has done much to 
clarify the situation in his classification of molecular electrons as 
approximately non-bonding, bonding, or anti-bonding. The 
non-bonding electrons may, in general, be identified with closed 
K, L, I f .  . . . groups of electrons. Outside these systems, in 
homopolar linked molecular groups, there are other electrons 
which may be concerned in forming the linkages between the 
atoms, and others which, according to Mulliken, may tend to act 
repulsively between the atoms (anti-bonding electrons). It is 
necessarily to be understood that such classifications can be 
regarded only as approximations to the truth in such complex 
interacting systems as molecules actually form. The main point, 
however, for the present argument, is that such division of elec- 
trons into closed and unclosed groups must be made, and possesses 
fundamental importance in the understanding of molecular 
structure, particularly from the chemical point of view. 
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2.  Molecular types 

It would appear that  three ideal types of molecular union must 
be distinguished. Typically polar union occurs perhaps in the 
vapor molecule of an alkali halide (in the case of the solid, the 
molecule disappears, or the crystal may be regarded as a giant 
polymerized molecule). The linkage would be classed as polar; 
the ions are separate distinct entities, and the electrostatic attrac- 
tion is responsible for stability. It appears to be legitimate to 
retain the classical views of valence in such cases, but it should be 
remembered that even here the linkages may possess qualities 
leaning towards the homopolar type on account of deformation 
possibilities. If, for example, the electron sheath of the anion 
is drawn out towards the cation, certain electrons may be regarded 
as tending to become appropriated by both nuclei. The second 
type of union is exemplified by the hydrides, where the hydrogen 
nucleus may be supposed to have entered the electron system of 
a second atom, so that it is best to treat the corresponding mole- 
cules as single complexes composed of nuclei and electrons, where 
the normal idea of valence forces loses most of its meaning. Even 
in this case, however, in general, certain electrons of the second 
atom may be regarded as intimately associated with its nucleus 
and forming a closed group around it. The third type is provided 
by other cases of homopolar union, where some electrons are to 
be regarded as associated with both nuclei, as in the stable 
molecules Nz and CO. In other less stable molecules, it becomes 
more nearly appropriate to treat them as if consisting of two 
separate atoms with the outer shells “incompletely shared” 
(Mulliken). In  any case, it is perfectly clear that the gradations 
between the types are capable of continuous variation, so that it is 
often impossible to say exactly where one type begins and another 
ends. Still, it is desirable to recognize that individual mole- 
cules may conform approximately to one of the three ideal types 
of ( a )  separated-ions, ( b )  a united-atom, and ( c )  separated-atoms. 
The discussion is here mainly concerned with ( b )  and (c), where 
the necessary spectroscopic information is largely available. 

The conception of complete and incomplete groups of electrons 
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in molecules leads to a natural classification similar in many 
respects to that adopted for atoms, and definitely involves the 
further idea of molecular periodicity. A set of molecules whose 
outward incomplete electron groups are alike (except in respect 
of principal quantum number) but whose closed groups around 
the two nuclei are any pair in the series K, KL, KLM, KLMN 
. . , . , K, KL, KLM, KLMN. . . . might logically be placed 
together in one group. It should be added that the word “in- 
complete” is here used by analogy with the atomic case, and really 
denotes no more than “electrons outside closed groups associated 
with individual nuclei.” 

3. Specification of molecular electrons 
It seems undesirable to omit some reference, however brief, 

to the designations in use for molecular electrons. A few years 
ago, a molecular electron was generally specified by a symbol 
of the type nlX, where n is the principal quantum number, and X 
comes into existence when an atomic electron of serial quantum 
number I is brought into an electric field of suitable strength such 
as would be obtained by dividing the nucleus and separating the 
parts; it  appears in much the same way for a diatomic molecule. 
It was early realized, however, that it was not generally possible 
to regard Z and X as corresponding accurately with components of 
angular momentum, this being particularly true of Z (12). The 
assignment of appropriate I values to molecular electrons became 
often a matter of considerable doubt. The modern tendency is 
to retain this kind of specification (the “united-atom” designa- 
tion) in the case of diatomic hydrides. In other cases, various 
types of symbolism have been suggested, in some of which electron 
promotion (increase of principal quantum number from atom to 
molecule) is designated by a dash or a star. An alternative 
practice, here adopted, is to use rather less committal symbolism 

the order in which the symbols are given denoting order of firm- 
ness of binding (5). Here principal quantum numbers are 
omitted, in conformity with a suggestion made by Dr. W. Weizel, 
and with the designation adopted for atoms by the present 

for electrons outside closed groups, namely Z U ,  yu, xu, W T  . . . . ,  
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Atom.. . . . . . .  s2, 

Molecule. . . . .  su2, 

71. . . . . . . . . . . . . .  1 
Number of 

electrons.. . 2 

author. This type of specification would appear to possess 
special importance to the chemist, and enables the kind of classi- 
fication proposed for atoms to be extended to molecules. It in- 
volves simplification in the treatment, and brings into relation 
molecules which are chemically of the same group. 

s2 pol s2 pe d10, s2 p6 d’o.. . .  
sa2puzp?r4, s~2pu2pa4du2d?r4dds4, su2pu2p?r4du2d?r4dd64. 

2 3 4 

8 18 1 8 . .  . .  .32 

IV. HYDRIDE DIATOMIC MOLECULES 

1. Classijication of diatomic hydrides 
Hydrides are here classified on the united-atom basis of elec- 

tron designation, principal quantum numbers being omit ted. 
Molecular electrons in hydrides are designated by symbols of the 
type h, where the Greek letters U ,  T ,  6 according as = 0, 1, 2, 
respectively, are used. Application of the Pauli principle leads 
to closed groups of electrons, in many ways analogous to those of 
atoms, as follows: 

ATOMIC QROUP 1 K, 1 L, 1 M, I N. .  

~~ 

Table 2 is constructed in much the same form as table 1, and 
shows ultimate, penultimate, and antepenultimate electron 
groups. 

In  table 2, the electron configuration of a hydride is obtained 
as for atoms in table 1. The number in brackets after a molec- 
ular symbol is the number of electrons concerned, whilst the 
number below denotes the vibrational frequency at the ground 
state (ao)  in em.-’ This number tends to decrease with increas- 
ing molecular weight of the hydrides in a period. The values 
for C-H, N-H and 0-H may be compared with those of table 
5 in connection with observations on the Raman effect. 

2. Comparison of diatomic hydrides wi th atoms of related constitution 
Grimm (13), in his “hydride displacement law,” called atten- 

tion to the resemblance in physical properties between hydride 

CHEMICAL REVIEWE, VOL. X I ,  NO, 2 
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Hz (2) 
4375 

molecular groups and the corresponding atoms with the same 
number of electrons. This has been found in accordance with 
spectroscopic facts, and the following pairs may be considered 
together: C, BH; N, CH; 0, NH; F, OH; Ne, FH. Thus the 
fluorine atom ( S ~ , S ~ ~ ~ ; ~ P )  resembles the molecular group OH 
( s ~ 2 , s ~ 2 p ~ z p n 3 ; ~ I I ) .  Pearse (14) noted resemblances between 

TABLE 2 

LiH (4) NaH (12)' CuH (30)2 
1406 1171 (1904) 

BeH+ (4) MgH+ (12)l ZnH+ (30)z 
2222 1702 1915 

Q B O U N D  
TERM 
TYPE 

NH (8) 
(3270) 

OH (9) 
(3660) 

SuzpUzpT~ 

su2pu2pd 

'Z 

PH (16)l 
(2600) 

HCl+ (17)' 
2608 

'Z 

*II 

Suggested configurations of diatomic hydrides in ground s fates  

PENULTIMATE GROUP OF ELECTRON8 
ULTINATE GROUP 

I s i * ,  1 sd put pn', I suz puz ps' du2 da' d64 

su2 

BH (6) A1H (14)1 
suzpu2 1 I (2230) I 1681 

CH (7) SiH (15)' 
suzpulpT 1 I (2930) 1 (2012) 1 

Antepenultimate groups. , . . . . , . , , , . . . . . , , I  1~02, 1 ~ s u ~ , s u ~ ~ u * ~ T ' ,  

the energy levels of Na and MgH (see figure 1, reproduced from 
the paper). Such correspondence may be anticipated, although 
the numbers of electrons are not the same, from the assigned 
electronic configurations: Na (s2,~2p6,s;~S) and MgH ( su2 , su2pu2  
pn4,s~2pu;22) ,  since there is one electron outside closed groups 
in each case, and the remainders are approximately alike. Thus 
analogies may be discerned between the atom whose atomic 
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number is 2 and the hydrides of atoms of atomic numbers 2 - 1 
and 2 + 1 in certain cases. It may also be noted that Mecke 
(15) traced resemblances between hydrides of similar chemical 
composition, though not from the standpoint of electron con- 
figuration. 

.. 

FIG. 1. ELECTRONIC LEVELS OF THE Na ATOM AND THE MgH MOLECULE 
The diagrams are approximately t o  scale, except for the doublet separations, 

which are increased about one hundred times. See Pearse (14). 

V. NOX-HYDRIDE DIATOMIC MOLECULES 

1. Numbers of valence bonds 
In  accordance with London and Heitler’s theory of valence in 

terms of paired electrons (“neutralized” spins), the multiplicities 
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of two uniting atoms, M I ,  M ,  respectively, and the multiplicity 
of the resulting molecule M give the number, V,  of homopolar 
valence bonds by means of the relation 

V = t ( M i  + M?: - M - 1) (1) 

As is well known, this theory accounts in a simple way for the 
formation of many diatomic molecules, but Mulliken (11) has 
given another interpretation in terms of the bonding power of 
electrons, which in many cases leads to different values of V ,  
In  what follows, both systems are given and placed side by side 
for comparison. Mulliken’s system follows that of Herxberg (18) 
in defining the number of bonds as equal to one-half of the number 
of bonding electrons minus one-half of the number of anti-bond- 
ing electrons, and admits the possibility of half-integers. Ac- 
cording to the system of designation here adopted, outside closed 
shells of electrons, the following approximate classification is made 
as a basis for calculation: Z U ,  XU, wn are bonding, and yu and O X  

are anti-bonding electrons. In  table 3, the number of bonds 
obtained by the two methods are compared for molecules com- 
posed of pairs of atoms, like or unlike, in the first period from Li 
to F. The values of V are calculated by the above equation 
from the assumed dissociation products, and would be different 
if these are substituted for others with different multiplicity. 
(Multiplicity is shown by the upper prefix in front of the symbol 
denoting a ground term). The number of bonds calculated on 
the basis of bonding and anti-bonding electrons is shown in the 
column headed VI (anti-bonding electrons in heavy type). 

In  table 3, Mulliken’s assignments of numbers of valence bonds 
agree for like configurations of a given number of molecular 
electrons, that is, for “isoteric” groups. The older assignment, 
depending on the sum of the multiplicities of the dissociation 
products, may be different for groups which must be classed 
together chemically and spectroscopically. It must be noted 
that the data in the table for the molecule Bez is theoretical only. 
Both systems give no bonds, suggesting instability. On the 
other hand, if the assigned dissociation products are correct, 
Be0 should be in the same unstable class on the older system, 
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whereas its spectrum has been observed. The difference in the 
assignments of bonds for GO, NO and O2 is noteworthy. The 
new theory gives O2 a "double" bond. Some of the above results 
are further considered in section XI1 in relation to theRaman 
effect. 

TABLE 3 
V a l e n c y  bonds of non-hydride diatomic molecules in ground states o n  the basis of 

suggested electronic configurations and atomic or ion ic  dissociation products 

Li 

Be 

Be 
C 

Be 
B 
C+ 
C 
N+ 

C 
N 
N 

N 
O+ 

0 

F 
- 

2s 2 1 Li 2s 

1s 2 2 Be IS 

IS 2 2 0 ID 
3P 2 2 2 c  3P 

IS 2 2 F 2P 
2P 2 2 1 0  3P 
2P 2 2 1 0  3P 
3P 2 2 2 N  4 s  

3P 2 2 2 N  4s 

3P 2 2 2 0  3P 
4s 2 2 3 o+ 4s 

4S 2 2 3 N  4S 

4s 2 2 3 0  3P 
4s 2 2 3 0  3P 

iP 2 2 4 0  3P 

2P 2 2 5 F  ZP 

S , s Q  I MOLECULE 

2 1 Liz (6) 1 2  

2 2 Bez (8) '2 

2 2 4 Be0 (12) 1 2  

2 2 2 c* (12) 3 I I  

2 2 5 BeF (13) 
2 2 4 BO (13) 
2 2 4 
2 2 3 CN (13) 

CO+ (13) 22 

2 2 3 Xz+ (13) '2 

2 2 4 CO (14) 1 2  

2 2 3 NO+ (14) '2 
2 2 3 Nz (14) '2 

2 2 4 NO (15) 
2 2 4 0 2 +  (15) 'II 

2 2 4 0 2  (16) 32 

- 

V 

- 
1 

0 

0 
1 

0 
1 
1 
2 
2 

2 
3 
3 

2 
2 

1 

1 
- 

ELECTRONS OUT- 
BIDE KlKz 

2 0  - 
2 

2 

2 
2 

2 
2 
2 
2 
2 

2 
2 
2 

2 
2 

2 

2 
- 

ll0 - 

2 

2 
2 

2 
2 
2 
2 
2 

2 
2 
2 

2 
2 

2 

2 
- 

on  - 

4 
3 

4 
4 
4 
4 
4 

4 
4 
4 

2 
2 

2 

2 

CU 

- 

ZU - 

1 

1 
1 
1 
1 
1 

2 
2 
2 

4 
4 

4 

4 

US 

- 

- 

2 Vl 

- 
2 

0 

4 
4 

5 
5 
5 
5 
5 

6 
6 
6 

5 
5 

4 

2 
- 

- 

v1 

- 
1 

0 

2 
2 

23 
2; 
23 
2; 
23 

3 
3 
3 

23 
2; 

2 

1 
- 

2, ClassiJication of non-hydride diatomic molecules 
It becomes possible to construct a tentative table showing 

molecules containing two atoms and of like structure and chemical 
characteristics in groups. In  table 4, the classification shows the 
inner, practically non-bonding groups of electrons, as well as 
the ultimate group, which is the same for members of a kindred 
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type within a group of molecules. This classification would be 
easily capable of extension. For the present, a number of mole- 
cules believed to possess the named ultimate groups of electrons 
are listed together (see last column), without detailed specifica- 
tion of their non-bonding systems. Except in these cases the 
w O  values are also given. 

In  the tables here presented, the idea of completed groups or 
closed shells of electrons finds a place for molecules in much the 
same way as for atoms. Whilst the configuration results are 
partly tentative, the theory in its application to molecular groups 
of similar constitution seems well grounded. The cautious be- 
ginning offers the prospect of further advance in a subject of 
fundamental chemical significance. 

VI. CHARACTERISTIC MOLECULAR FREQUENCIES 

I .  Determination of characteristic frequencies 

Characteristic molecular frequencies in the infra-red may be 
estimated by various methods, the results of which appear to find 
reasonably good general agreement. Apart from direct absorp- 
tion measurements, the following methods may be noted: ( a )  
dispersion measurement, with application of suitable formulas ; 
( b )  use of reflection and of residual rays; ( c )  measurement of 
frequency of light scattered by molecules with change of fre- 
quency (Raman effect). There exist also a number of independ- 
ent methods whereby characteristic frequencies may be calcu- 
lated in terms of other molecular constants, such as dielectric 
constants, elastic constants, conipressibilities, melting-points, 
and coefficients of expansion. The present discussion takes some 
account of (b )  and ( c )  above only. Recent results in connection 
with the Raman effect are considered, and, finally, the bearing 
of these and of other results mentioned in the paper on the 
general interpretation of atomic linkages is discussed. 

With regard to ( b ) ,  it is found that reflection by a crystal in- 
creases very much, in general, in the neighborhood of a strong 
characteristic vibration within the lattice, so that the maxima of 
reflection gives the approximate corresponding wave-lengths. 
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By repetition of the reflection process from successive crystal 
surfaces, it  is possible to isolate very long infra-red rays (Rubens’ 
residual rays), 

It may be noted that, according to the theory of Born (19), the 
number of characteristic infra-red vibrations of crystals increases 
with decreasing symmetry. Thus crystals of alkali halide type 
give one fundamental vibration; uniaxial sulfates give double 
lines, whilst biaxial sulfates show tripling. The theory is appli- 
cable to cases where the vibrations can be treated as strictly 
harmonic. It is a characteristic feature of most observed vibra- 
tions that they are decidedly anharmonic, and, in consequence, 
give overtones at wave-lengths which are approximately integral 
multiples of the fundamental. 

2. Internal and external vibrations 
Fundamental frequencies may be classified as associated with 

internal or external vibrations. The internal vibrations, with 
which this paper is concerned, occur within molecular or radical 
groups, by oscillations of the constituent atoms in various ways, 
and correspond with frequencies in the near infra-red region of 
the spectrum. Internal vibrations may be further subdivided 
as active or inactive, according as a corresponding variation of 
electric moment takes place or not. Thus oscillation of the car- 
bon atom of a COz molecule would constitute an active vibration, 
whilst symmetrical oscillations of the two oxygen atoms along 
the line joining them to the nuclei, or the symmetrical “breath- 
ing” of the COS radical would be classed as inactive vibrations, 
which do not appear directly in absorption or reflection spectra, 
but may produce frequencies capable of observation by combina- 
tion with active frequencies. A combination frequency w may 
be expressed in terms of fundamental frequencies ol, w2 . . . . 
by means of a relation of the type 

(2) 

where nl, nz . . . . are whole numbers (20). Inactive funda- 
mentals appear in the Raman effect, and, where they cannot be 
directly detected, can often be deduced from observed frequencies 
by means of the above equation. 

w = w1721 + wznz + * .  . * .  . 
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On the other hand, external vibrations correspond, for example, 
with relative motion in lattices between whole cation and anion 
frameworks, regarded as approximately rigid bodies. Such 
vibrations, on account of the relatively large masses and small 
forces generally involved, belong to the far infra-red region of the 
spectrum. 

3. Valence and deformation vibrations 
The characteristic frequencies of molecules may be subdivided 

as associated with “valence” and “deformation” vibrations (94). 
Valence oscillations occur along the valence directions, and are 
equal in number to the number of linkages, that is, there are n- 1 
valence oscillations for a molecule having n atoms; deformation 
oscillations are associated with movements which alter the angles 
between valence directions, such as the vibration of the carbon 
atom in COz at  right angles to the line connecting the two oxygen 
atoms. 

VII. REFLECTION SPECTRA O F  CRYSTALS 

The reflection method of examining crystals has the advantage 
that it reveals only the strongest vibrations, and was used by 
Rubens to determine the external vibration wave-lengths of 
crystals of the alkali halide type. The leading task of Schaefer 
(21) and coworkers has been to  ascertain the fundamental infra- 
red vibrations of oxygenated negative radicals by this method. 
The general effect of this work is to  indicate that vibrations 
characteristic of groups such as SO, and COS are largely independ- 
ent of the positive ion with which they may be associated. The 
resemblance between the carbonate and nitrate radicals, already 
suggested by the crystalline resemblance of NaN03 and CaC03, 
was also borne out in this work and in observations on the Raman 
effect (see table 9). 

Sulfates 
(22) give two characteristic fundamentals at = about 9 p  and 
16p. On the assumption that the atoms constituting groups of 
the type XO, are arranged tetrahedrally about the central atom 
and are completely ionized, Rolan (23) solved the neceswry po- 
tential function and found that two frequencies may be expected 

Other results may be briefly summarized as follows. 
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for SO1 in accordance with this observation. The shorter wave- 
length (inactive) may be associated with oscillations of the 
oxygen atoms along the medians of the tetrahedron, and the 
longer wave-length (active) with vibration of the central sulfur 
ion S--. Carbonates (22) also show characteristic vibrations 
at 9 p  (inactive) and at 7 p ,  l l p ,  and 15p (active). Theoretical 
interpretation has been provided by Kornfeld (24) and Brester 
(25). Kornfeld assumed an ionized structure of the carbonate 
group, but made allowance for the deformability of 0--. The 
observed wave-lengths are found capable of interpretation in 
terms of corresponding frequencies of vibration of the ions within 
the group in characteristic ways. 

Interest attaches to the assumption of polar structure within 
oxygenated radical groups. Chemists have generally preferred 
a model involving linkages of the shared-electron type between 
a central atom and the oxygen atoms round it. It is noteworthy 
in this connection that Slater (26) finds a “valence model” for 
the groups NO3 and C103 energetically more stable than that 
containing purely ionic linkages. Further discussion is post- 
poned to section XII. 

VIII. THE RAMAN EFFECT 

1. Historical and general 

The phenomenon of the scattering of light with change of 
frequency has provided a new and valuable method of ascertain- 
ing characteristic molecular frequencies. The effect was reported 
by Raman in the spring of 1928. The literature dealing with the 
subject is, however, already very large, and it is fortunate that 
able summarizing papers are available, by Raman (27), Smekal 
(28), Dadieu and Kohlrausch (29), and Kohlrausch (30). 

Smekal (31), in 1923, extended arguments of Compton and 
Epstein (on the alteration in size of x-ray quanta on endowing 
free electrons with kinetic energy) to include collisions between 
quanta of visible light and atomic or molecular systems with 
attendant energy changes. To put the idea in its simplest form, 
if (J represents a characteristic frequency of a molecule in wave- 
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numbers (cm.-l), sometimes written wo, and v 0  that  of an incident 
light quantum in cycles per second, then if energy hcw is expended 
on a molecular system, energy hvo - hcw will remain, the 
scattered light containing the red-shifted frequency v = y o  -cw. 
“Anti-Stokes” lines corresponding to a blue-shifted frequency 
v = yo + cw may also be predicted, by excited molecules parting 
with a quantum h w  to the light quantum, which is, however, 
likely to be a rarer event and to give B-eaker lines. This is en- 
tirely in accord with observation. Similar results appear in the 
dispersion theory of Kramers and Heisenberg (32), and in the 
new quantum mechanics (33, 34, 35, 36). The effect is that  of 
“combination scattering.” For further explanation, see papers 
by Herzfeld (37), Smekal (38, 39), and Kohlrausch (30). Now a 
simple calculation shows that if changes as described are to be 
wrought in electronic systems by visible quanta, the energy levels 
concerned in the frequency shift must not differ by more than 
about 1.5 equivalent volts, if the scattered light is also in the 
visible region (1 13). Such relatively small energy differences 
are often found in the rotational and vibrational levels of mole- 
cules, which are therefore in general better suited for observation 
than the energy levels of atoms, which are usually more widely 
separated. Electronic transitions in molecules tend to be ex- 
cluded on this account. Continuous spectra may be expected in 
scattering where the changes involve energy of translatory mo- 
tion, which is not quantized. The frequencies quoted in the 
paper are given in wave-numbers w = & ~ / c  cm.+ where c is the 
velocity of light in vacuo. 

2. R a m a n  scattering and infra-red absorption 
The investigation of the Raman effect of benzene showed that 

characteristic vibrations could be associated with molecular infra- 
red frequencies, whilst in the case of toluene, additional vibrations 
could be assigned to the methyl group. Considerable progress 
has been made in the classification of frequencies as associated 
with particular linkages within molecules. A very large number 
of substances, mainly organic liquids, have been examined. 

The observation that Raman shifts sometimes find no corre- 
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sponding infra-red bands led Langer (40) and Dieke (41) to the 
conclusion that modified frequencies may differ from incident 
frequency by differences between frequencies observed in ab- 
sorption. This mas applied by the authors with success in the 
interpretation of the Raman spectrum of carbon tetrachloride. 
This possibility must be borne in mind in interpreting Raman 
results. It is claimed by workers in the field that the technique 
of these experiments is simpler than that of infra-red absorption, 
and indeed this may be expected to be the case, since measure- 
ments are made upon visible light. A few of the more typical 
results are considered below. 

IX. THE RAMAN EFFECT O F  GASES 

Gases have been investigated at high pressures in order to 
increase the intensity of the scattered light. The Raman spectra 
of hydrogen, nitrogen, and oxygen were examined by Rasetti 
(42, 43, 44). In hydrogen, the odd-numbered rotational levels 
have greater statistical weight, in accordance with the suggestion 
that two gases are present in the ratio 1:3 ,  with even and odd 
rotational levels respectively. .In nitrogen, even-numbered 
levels have greater weight, whilst in oxygen, where the numbers 
of nuclear protons and electrons are even, so that there is no 
resultant nuclear spin, alternate lines corresponding with transi- 
tions between odd-numbered levels are alone observed. These 
results are in accordance with the new quantum mechanics. 
Kemble and Hill (45) deduced that for a diatomic molecule in a 
z state, the Raman spectrum for a vibration-rotation band 
should contain a Q branch as a single intense line, although 
absent in infra-red absorption, together with double P and R 
branches. These results were found in agreement with the ob- 
servations of Wood (46, 47, 48) on hydrogen chloride. A con- 
siderable number of other gases have been studied. 

X .  THE RAMAN EFFECT O F  LIQUIDS 

1. LiqueJied gases 

McLennan (49) examined the Raman effect of liquid hydrogen, 
and found evidence of the existence of ortho- and para-hydrogen. 
Daure (50, 51) worked also on liquefied gases, and found that 
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linkages between a “metalloid” atom (e.g., C1, N, C) and H in- 
volve relatively high frequencies, ranging from wave-numbers 
2780 to 3380 em.-’, whilst shifts of lower frequencies, which 
moved in the direction of higher wave-numbers from single to 
double, and from double to triple bonds (see table 5) were asso- 
ciated with linkages between metalloid atoms. The spectrum 
of liquid ammonia is more complex than that of the gas, which 
seems to be due to formation of new linkages in the liquid by 
molecular association. Other liquefied gases have been examined. 
It is often very difficult to interpret the observed results in the 
present stage of the investigations. 

2. General results on liquids 
The Raman effect was discovered in benzene (53, 54), and a 

large number of liquids have been since examined. Dadieu and 
Kohlrausch (29, 30, 52) have described and discussed the results 
obtained with over one hundred organic liquids. Some leading 
results may be mentioned. The general characteristic of H 
atoms attached to carbon atoms having double linkages to other 
carbon atoms, as in benzene, is an increase of frequency as com- 
pared with aliphatic C-H : 3050 em. -I (aromatic) , 2930 em. -1 

(aliphatic). Strangely enough, in view of this conclusion, ben- 
zene shows also a shift of 2930 cm.-l. It is possible that this 
frequency is associated with the complete symmetry of the mole- 
cule, the agreement with the aliphatic linkage being accidental, 
though this remains undecided. Tautomerism has been de- 
tected in ethyl acetoacetate: CO (keto) 1714 cm.-I, CO (enol) 
1740 cm.-l. In  conjugated systems, it is found that there is no 
reason to suppose that the C=C linkage behaves] differently from 
the usual double bond, as in molecules of the allyl type. In  
organic liquid binary mixtures ( 5 5 ) ,  the Raman spectra are in 
general like those which would be obtained by superposition of 
the spectra of the components, but in certain cases there is a 
small shift in the C=O vibration where acids form one of the 
constituents (benzene-acetic acid, benzene-benzoic acid) which 
has been attributed to molecular association. Studies of the 
Raman effect of mixed liquids, as well as the comparison between 
the spectra of liquids and of the same substances in other states 
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S-S 1 510 

C-S ~ 690 
___- 

~- 

of aggregation, promises to throw light on the problem of associa- 
tion in liquids. In  contrast with liquid ammonia and water, 
Ramdas (56, 57) found agreement between the characteristic 
frequencies of ethyl ether in the liquid and vapor states. On the 
whole, polar liquids tend to give higher frequencies in the gaseous 
state, whilst non-polar liquids show relatively small changes. 
Corresponding with the infra-red absorption band near 3.0p, 
water gives three Raman frequencies, one component of which 
disappears at about SO'C., possibly owing to the breaking-up of 
complexes, (HzO),. Water consequently undergoes character- 
istic changes in intensities and wave-numbers of characteristic 
frequencies with changing temperature (58, 59, 60, 61). Weaker 
bands in the region of this absorption band of water are shown 
by methyl and ethyl alcohols. Castler (62) has recently sug- 
gested that the doublets and triplets observed in Raman spectra 
provide evidence of quantized rotation in liquids. It has been 
found that the oxygen atoms are bound differently in oxygen 
and in hydrogen peroxide (63). 

3. Characteristic frequencies of various linkages 
Considerable progress is to be reported in the task of assign- 

ment of particular vibration frequencies to specific atomic link- 
ages. There are four leading frequency regions, shown in table 
5 below, where linkages of the respective types X-X, X=X, 
X=X, X-H are considered (X is C, N, 0, or S). 

TABLE 5 
Characteristic frequency regions of l inkage types (cm. -l) 

N=O 1350 1 C r C  1960 C-H (al) 2930 

0=0 1550 CO 2155 C-H (ar) 3050 
- ~ -  

- ~ -  

REGION ~ 0 ~ ~ 0 0 0  2800-3400 
___-- 

Linkage 
quency 

Linkage ~ Fre- I Linkage 
quency quency quency 

c-c 990 c==c 
C=O (keto) 

3330 

3390 

C--N 1040 ~ C=O (enol) I 1740 ~ 1 
~ 
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HCOOH . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
HCOC6Hs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
HCONH, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

It is clear from the table that the approximate classification 
into frequency regions finds adequate justification, and that a 
definite increase of frequency occurs from single -+ double -+ 
triple bonds, at least for linkages involving the approximately 
equally heavy atoms C, N, and 0. The characteristic frequencies 
involving S are definitely smaller (64). The molecule CO appears 
in the region characteristic of triple bonds, a point to  which 
further reference is made. 

Dadieu and Kohlrausch (29, 30) have studied the influence of 
substituent groups replacing H attached to C of the linkages C-H 
and C=O in respect to characteristic frequencies. It is found, 
for instance, that OH increases the frequency of C-H in HCOOH, 
whilst the C=O frequency is decreased. Halogen substituents 
act in the opposite way in both cases. A few results are collected 
in table 6. 

2951 1647 
2922 1696 
2882 1670 

TABLE 6 
ZnfEuence of substituents o n  the characteristic frequencies o j  C-H and C=O 

( c m .  -1) 

I t  would appear undesirable to omit reference to the more com- 
plicated cases where linkages may exhibit more than one fre- 
quency. In  the case of a molecule of the type RX, where R is an 
alkyl group and X is a halogen, there are two sets of frequencies 
to be considered, which may be classified as inner and outer fre- 
quencies. The inner frequencies occur within the alkyl group 
(e.g., CHJ, and are relatively large and more or less constant 
in a homologous series. The outer frequencies, between R and 
X, are smaller, and are displaced in the direction of lower fre- 
quencies with increasing molecular weight of the halogen. With 
regard to the halogen derivatives of methane, if the groups CH3, 
CHZ, and CH are treated as mass-points, one outer frequency is 
derived for mono-, three for di-, and four for tri-derivatives, on 
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the assumption that CHsC1 is linear, CHzClz symmetrical and 
plane triangular, and CHCI, symmetrical pyramidal (65). This 
has been confirmed experimentally (66). Calculation indicates 
that the valence bonds maintain a constant strength in order of 
magnitude, and that the angles between the valence directions 
connecting C and H are in close agreement with the requirements 
of the tetrahedral model of the carbon atom. The models are 

CHC'1 

FIG. 2. STRUCTURAL MODELS OF CHsC1, CH2C12 AND CHC13 
See Kohlrausch (65) 

depicted in figure 2. Dennison (67, 68) found that four funda- 
mental frequencies should be observed for symmetrical pyramidal 
and tetrahedral models, the vibrating atoms being treated as 
mass-points. Experiment (50, 51, 69) shows observations on 
tri- and tetra-halides in agreement with this result. In series 
such as PcI3, dsCla, SbCl,, BiC13; CCl,, SiCI4, TiC14, Sic&; there 
occurs a frequency decrease in each of the four fundamentals 
progressively with increasing molecular weight. There is a 
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similar drop from PC13 to PBr3, and from SnC1, to SnBr, (70). 
Apparently comparison of the Raman spectra of SiBrl and of 
SnBr4 is in agreement with the assumption of tetrahedral models 
for both molecules (71). On the other hand, the existence of 
definite dipole moment for SnCI4 ( p  = 0.8 X c. G .  s. units) 
has been held to suggest a pyramidal model (72) .  SiCI4 has no 
moment; pierhaps the right model for SnC1, is a deformed tetra- 
hedron. SiCls and SnC14 when mixed together give the lines 
of the components; PC1, and PBr3 give new lines in addition, 
which have been attributed to the formation of new complexes 
PC12Br and PClBr2. Such interchanges of halogen atoms, if this 
interpretation is correct, would appear as examples of an isolated 
type of phenomenon. Langseth (73) has found evidence of isotope 
effects; the Raman displacement at 458 crn.-I in CC1, is found to 
be a triplet on this account. 

The fundamental frequencies of CH3C1, CH3Br, and CH31 near 
725, 600, and 510 ern.-', respectively, agree well with work in the 
infra-red (74, 75). Harkins and Bowers (76) find that the funda- 
mental frequency C-Br in CH3Br is displaced in the direction 
of lower frequencies (=  563 ern.-') in the case of longer normal 
chains. It seems reasonable to suppose, with these authors, that 
the effective mass of CH2 increases by constraints due to union 
with a hydrocarbon chain. 

Raman frequencies may be used to deduce the shapes of mole- 
cules other than those containing carbon. For example, it  is 
found that SzClz and SOClz are Y-shaped molecules with sulfur 
atoms at the centers (95). 

4. M e a n  restoring force: measure of linkage strength 
It appears that the fundamental frequencies of molecular link- 

ages may be used to provide information not only as to what types 
of link are present, but also as to the relative strengths of the 
links. As an example of the first named kind of deduction, Da- 
dieu (77)  found that in the case of the mustard oils (thiocarbi- 
mides) two frequencies occur in the region characteristic of triple 
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C 

linkages; hence the structure R. IS is :I 
S 

the R.N:C:O of carbimides. With regard 

assigned, instead of 

to the second point, 
when allowance is made for changes of mass of the vibrating 
particles from one compound to another of similar type, a decrease 
of frequency may be taken to indicate weaker binding, and vice 
versa. Dadieu and Kohlrausch (78) have attempted to calculate 
the “mean restoring forces” of linkages with the aid of a formula 
of the pendulum type, in the following way. The frequency v 
is expressed by means of the relation 

,- 

wheref is the elastic force and p is the “reduced” mass. (Strictly, 
v refers to infinitely small displacements, and is sometimes writ- 
ten y o ) .  If w is the wave-number corresponding to V, then w = 
Y/C, where c is the velocity of light; introducing this relation into 
equation 3, and using 

m fit 
lr = (m  + M ) N  (4) 

where m, M are the masses of the vibrating parts on the scale 
0 = 16, and N is the Avogadro number, it follows that 

whence, inserting T = 3.1416, c = 2.998 x 10’0 cms. per see., 
and N = 6.064 x 1023, 

m M w 2  

m + M 
f = 5.842 X lo-’ - dyne per cm. 

If now the mean restoring force K is put equal to +uf, where a 
is the amplitude of vibration, the energy +fa2 may be equated to 
hw, so that a = l/m, whence, using equation 5a, 
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L I N X A G E  

c-c 
C-0 
C--N 

C=C 
C=O 
0=0 

from which, inserting h = 6.547 x 10-27 erg sees., 

F U N D A -  
MENTAL 

FRE- 
QUENCY 

w ______ 
cm.-l 

990 
1031 
1038 

1620 
1700 
1552 

a = 8.193 X lo-* AJrnmL; - cm. 

CEC 
C-0 
C-N 
NGK 

whence I< = 3af may be found. As an example, consider the 
fundamental frequency w = 990 em.-' of ethane, CH3.CHs. 
Here m = M = 15, and nzM/(m + M )  = 7.5; hence, by equa- 
tion 5b, f = 4.301 x 106 dynes per centimeter, and, by equation 
6b, a = 9.51 X 10-10 em. From this, the mean restoring force 

1960 
2185 
2246 
2329 

TABLE 7 
M e a n  restoring forces  f o r  single,  double, and  triple l inkages 

SUBSTANCE 

CHsCH, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
CH ,OH. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
CHaKH,, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

C2H4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Ketones, . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
02, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

CzHz. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
GO. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Nitriles, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
K'a. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

MEAN 
RESTOBINC 

FORCE 
K 

10-4 d y n e  
2.05 
2.27 
2.23 

4.13 
4.40 
4.14 

5.30 
6.28 
6.48 
7.14 

M E A N  
VALUES 

OF K 

1 2.18 

} 4.22 

I 6.30 

K = 2.045 x 10-4 dyne. Some results calculated by 
and Kohlrausch by this method are shown in table 7 .  

Dadieu 

The results show the means of mean restoring forces of single, 
double, and triple linkages in the examples chosen to be almost 
exactly in the ratio 1 :2:3,  a very pretty and significant result. 
In  this connection, it should be noted that the heat of dissociation 
per bond is found constant in the molecules from C z  to Fz (11). 
Moreover, the K values in table 7 fall into three well-defined 
groups and are more or less constant within each group, although 
the frequencies show no such regularity. Andrews (79, 80) has 
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made calculations of fundamental frequencies of single homopolar 
bonds, on the assumption that frequency variations in different 
cases are to be attributed to variations in the masses of the vi- 
brating particles rather than to differences in bonding strength. 
Frequencies calculated on the assumption of an elastic constant 
of 4 x lo5 dynes per em. were found to be in good general agree- 
ment with observation. An attempt to calculate specific heats 
from Raman results may also be noted (81). The conclusion that 
bonding strength is more or less constant for given types of 
homopolar linkages (single, double, or triple) is of interest, and 
is further considered in the concluding section XII. 

5,  Raman e$ect of solutions 
It is only possible to touch very lightly upon the Raman effect 

of solutions. In cases where a characteristic frequency is pre- 
served when solution of a substance occurs, there is generally a 
shift in the direction of lower wave-numbers, and with dilution, 
the lines suffer decreased sharpness and intensity and often dis- 
placement in frequency. Interest attaches to changes of in- 
tensity of the water bands in aqueous solutions of HNO,, NaN03, 
and n’aC103 (82), which appear to be due to changes in the degree 
of polymerization of H20. The nitrate ion is apparently effective 
in favoring the depolymerization of water (83). Sometimes lines 
characteristic of the undissolved substances disappear in solutions 
in water, suggesting fission of linkages in ionic dissociation. Thus 
HC1 (84) and KC1 (85) in certain dilutions do not give the char- 
acteristic lines of the undissociated solutes. Hg2C12, on the other 
hand, shows displacements due to the undissociated molecule. 
The characteristic frequencies of oxygenated anions are generally 
preserved in solution, with reduced wave-numbers in the case of 
KO3- (86) and of ions of the A0,-- type (87). A given frequency 
of SO,-- is further reduced by the removal of water and addition 
of hydrogen ions to form undissociated H2S04 (88). This effect 
is probably to be associated with entry of the hydrogen ions within 
the outer electronic shell of the SO, group. By comparison 
with the Raman spectra of alkyl and aryl nitrates and nitrites, 
evidence is found of the presence of the +acid HO*NOz in 64 per 
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Water . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Ice . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Water of crystallization. . . . . . . . . . . . . . . . . . .  

cent solutions of nitric acid, whilst pure nitric acid is found to 
consist entirely of molecules of this constitution (89). The study 
of complex ammines in solution shows that coordinated linkages 
give rise to characteristic displacements (90, 91), whilst investiga- 
tion of complex halides and cyanides provides evidence of the 
presence or absence of dissociation of the complex anions (92). 
The weaker “associated” linkages give no characteristic lines 
(90, 93). 

XI. THE RAMAN EFFECT OF CRYSTALS 

The Raman effect of crystals was discovered independently of 
the Indian school of physicists by Landsberg and Mandelstam 
(96, 97). Comparison of substances in different physical states 
shows that, in general, more frequencies are observed with gases, 

3220 3440 3580 
3190 3390 3550 
3240 1 3400 1 3494 

TABLE 8 
R a m a n  frequencies of Ha0 in different states (em.-’) 

I CHARACTERISTIC FREQUENCIES 

but that where the same frequency persists there is a small wave- 
number rise from solid to liquid and from liquid to gas. Raman 
(53) and Rao (98, 99) found that the bands of ice were sharper 
and somewhat raised in wave-length as compared with corre- 
sponding bands of water. = 3p, very nearly 
equal frequencies are observed for ice, water, and the water of 
crystallization of selenite (CaSO4.2H20), as in table 8 (30, 100). 

Quartz and calcite have received very thorough examination 
both in infra-red absorption and in Raman scattering. The 
inactive vibration of calcite at 9.211 appears in the Raman effect, 
though not in infra-red absorption. In  view of the isosterism and 
crystalline resemblance between calcite and sodium nitrate, it  be- 
comes of interest to observe that the characteristic fundamental 
vibrations of KO3- and CO,-- in these compounds are also closely 
alike (101, 102, 103, 104). The middle vibration shown in each 

In the region 
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Gypsum, CaSOd.2H20. 

Solution, (NH 4) 1 SO 
Barytes, Bas04 . . . . . . .  

+ nH20. .  . . . . . . . . . .  

series in table 9 is inactive and differently polarized from the 
other two. The ions c103-, Br0,-, and Io3- show a principal 
frequency decreasing with increasing weight of the group, whilst 
C104 - resembles SO,- - (105). 

It is noteworthy that res5dual ray frequencies of typically polar 
crystals as NaCl do not appear in the Raman effect, but show a 
region of continuous absorption which does not correspond with 
the infra-red fundamental. Thus it is found that KaC1 shows a 
weak continuous displacement extending from 165 to 365 em.-' 

414.2,492.9 620.0 670.4 1008.411135.5l 3403.0,3491.5 
452 622 984 1148 

451 620 3430 980'311113 (not dissolved) 

TABLE 9 
Fundamental oibrations of calcite and sodium nitrate (cm.-l) 

FCNDAMENTAL VIBRATIONS 

Sodium nitrate, N a N 0 8 . .  . . . . . . . . . . . . . . .  1391 I 1074 730 
Calcite, CaC03. .  . . . . . . . . . . . . . . . . . . . . . . . .  ----I 1437 1 1087 1 712 

TABLE 10 
Characteristic frequencies of gypsum, barytes, and an ammonium sulfate solution 

(cm.-l) 

I CHARACTERISTIC FREQUENCIES 

(106, 108). The intensity of lines rises from zero for typically 
polar substances to a maximum for homopolar substances (107). 
Fluorite is reported to show a line at 321 em.-', corresponding 
with the infra-red vibration at 31.1~. Calcite and fluorite also 
give high frequencies in the regions between 7270 and 7455, and 
between 7256 and 7298 em.-', respectively (108). 

With regard to the relation between the behavior of groups in 
the solid state and in solution, Dickinson and Dillon (109) com- 
pared the Raman spectra of gypsum and an ammonium sulfate 
solution. The figures, including frequencies of barytes reported 
by h'isi, are recorded in table 10. The frequencies attributed to 
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LiN03 I 1086 Ca (NO& 
NaNO 3 1074* Sr(h-0312 
KI\TO3 I 1048 5 Ba(I\TO3)? 

water of crystallization are absent in anhydrous barium sulfate 
in accordance with anticipation (28). Differences between the 
characteristic frequencies of barytes and of gypsum may be 
attributed to the hydration of gypsum or to the effect of the cat- 
ion. Examination of the inactive Raman frequencies in a series 
of nitrates with and without water of crystallization shows the 
nature of these influences (86). The results presented in table 
11 (to the nearest 0.5 cm.-l) show that the characteristic fre- 
quency is greater the smaller the atomic number of the cation 
for a given valence, that is, the smaller the interionic distance 
and the greater the deforming power of the cation. Comparison 
of the figures for I<T\'o3 and Ca(SOs)z, where the atomic numbers, 
masses, and electron configurations do not differ very greatly, 

Hydrated Sr(IGO& 
1054 5 ~ +4H20 I 1053 5 
1046 5 +6H,O 1053 

TABLE 11 
Inact ive  Raman frequencies of crgstallized nitrates (em.-') 

shows that an increase of charge (valence) of the cation involves 
an increase in frequency. The progressive increase of number of 
water molecules in hydrating Sr(N0J2 is accompanied by falling 
frequency, so that the effect of the double charge on the strontium 
ion becomes wholly or partly compensated. The effect of solu- 
tion, in the case of NaX03, as previously noticed, is to depress 
the characteristic frequency, which further decreases on dilution. 
It is found that a lower limit is reached, which is approximately 
that of the nitrate with large cation and double charge (Ba++ or 
Pb++ = 1046 em.-'). 

XII. GENERAL DISCUSSION 

The present paper is concerned, as far as section V, with the 
electronic configurations of atoms and diatomic molecules, and 
afterwards with the characteristic frequencies of molecules, mainly 
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from the standpoint of the Raman effect. The treatment in 
sections VI11 to XI is in some detail, because it seems desirable 
to state the present position as adequately as possible, at least 
in the leading features, in connection with a discovery which is 
still recent but has had considerable influence in molecular phys- 
ics. There remains the task of a general consideration of the 
results on electronic configurations and characteristic frequencies 
in relation to each other. 

1. Bonding power and valence 
Mulliken (11) has recently stated that it is really not necessary 

to think of valence bonds as existing in the molecule. From the 
physical standpoint, this author has shown that electrons act in 
different ways, and that it is better to think of molecules as a 
whole, as assemblages of constituent protons and electrons. 
Whilst the cogency of this standpoint must be admitted, it  would 
appear that, at least until the mechanism of the bonding and anti- 
bonding of electrons is more clearly defined, and especially in more 
purely chemical discussions, it  is desirable to retain a large part 
of the older symbolism of valence. Indeed, Mulliken finds that 
the constitution of the nitrogen molecule, for example, is such 
that on the whole it behaves as if there were approximately three 
bonding pairs of electrons, or six bonding electrons. 

If a pair of electrons may be considered as corresponding with 
one valence bond, then for practical purposes the bond in the 
nitrogen molecule may still be considered as triple, into which 
class it falls according to the evidence of its characteristic fre- 
quency and behavior in the Raman effect. Similarly, the con- 
ception of single and double bonds in hydrogen and oxygen, 
respectively, may be retained. On the other hand, the proved 
existence of single electron bonds would seem to indicate that the 
natural unit of valence on the ordinary scale would be equal to  + instead of 1. It seems a little confusing to regard a single bond- 
ing electron as the “natural unit bond,” and yet to obtain the 
“number of bonds” by halving the number of (effective) bonding 
electrons. Mulliken’s numbers of bonds in diatomic molecules 
could be obtained by treating each bonding electron as of value 
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++ and each anti-bonding electron as of value -3. Reference 
to table 3 will show this. Even though it is true that bonding 
power must be treated as a continuous variable from the physical 
angle, there are reasons why the conception of number of bonds 
should be retained, and the chemist will be tempted to equate 
this number to what he calls the valence in question, although the 
idea of half a bond does not enter into any of the ordinary defini- 
tions of valence. In  spite of this anomaljr, the chemists’ concep- 
tion of single, double, and triple valence bonds has so many 
practical advantages that it must be retained, even if a new defini- 
tion of valence is required to meet the cases where half values are 
required. The discussion need not be prolonged here, but the 
author hopes to take up the subject again in a later paper. 

2.  Apparent  dificulties in the s p i n  theory of valence 
If the assigned dissociation products of diatomic molecules 

shown in table 3 are correct, it  appears that the spin theory of 
homopolar union possesses several weaknesses. According to 
the formulation there shown, the molecules Be0 and BeF should 
be incapable of existence, since the beryllium atom has no elec- 
tron of unneutralized spin in its normal ground state. Further, 
the isosteric groups of similar electronic configurations have 
different valence numbers in many cases, as is seen from a com- 
parison of the numbers shown in the column headed V .  The 
numbers in the last column headed VI calculated independently 
of the spin theory of homopolar valence are free from this dis- 
advantage. The spin theory also fails in the case of certain hy- 
drides, and offers no ready explanation of the coordinate linkage, 
which appears as a definite type in the complex ammines, for 
example, giving rise to characteristic Raman bands. Whatever 
electrons are concerned in bonding in these cases, it  would appear 
necessary to assume that both come from the same atom, where 
their spins are already paired. The theory further makes O2 
like Fz with a single bond. 

It may be alleged against the argument used concerning iso- 
steres in the preceding paragraph that such molecules tend to 
resemble each other more in physical than in chemical properties, 
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so that good chemical reasons may exist why different numbers of 
bonds should be postulated in the comparison of some molecules 
to which are assigned the same outward electronic configuration. 
For example, the configurations of CO and K2 are alike, and the 
characteristic frequencies of the two linkages fall together in the 
region of triple bonds (table 5). CO has the frequency 2155 cor- 
responding to the infra-red bond at 4 .66~ ;  the ketone linkage 
C:O has the lower value 1700 cm.-‘ Yet CO forms addition 
compounds of the type of COCl,, in which the C1 atoms are both 
attached to C, so that the chemist may prefer the structure : C : 0, 
which makes the linkage double and thus in accordance with the 
interpretation of Heitler and London. Again, a close resem- 
blance exists between the characteristic frequency of X20 (1282 
cm. -1) and that of COz (1285 cm. -l), and the two gases resemble 
each other in general physical character. The gases are not very 
alike in chemical behavior, however, and it seems difficult to 
believe that their linkages really resemble one another as much 
as the physical evidence might suggest. 

3.  Oxygenated negative radicals and complex ammines 
The question of the structure of oxygenated anions is raised 

at the end of section VII. On the one hand, work in the infra-red 
suggests a polar structure, whilst chemists have generally treated 
the linkages between the central atom of the group and oxygen as 
of the shared electron type. According to Taylor (110), the 
seemingly discordant results indicate that the electrons concerned 
are more effective in screening the oxygen atoms than the central 
atom, so that the linkages are “approximately electrostatic.” 
Zachariasen (111) states that up to the present the application 
of the principle of shared electron pairs in the atomic arrangement 
of inorganic crystals has proved unsuccessful, and suggests that 
the constitution of an ion of the C103 type should be treated 
primarily as ionic, taking account of deformation of the oxygen 
anions. The continuity of the transition between polar and 
homopolar types of linkages is illustrated by this intermediate 
state. It may be said that a similar difficulty, if such it may be 
called, appears in the interpretation of coordinated linkages in 
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compounds of the amine type. It is possible to regard the 
linkage between the central atom of a group and an outer coor- 
dinated molecule, such as H,O or NHs, either as ( a )  associated 
with the dipole moment of the attached group, electrostatic force 
holding it to the central atom, regarded as an ion, or ( b )  linked 
with the sharing of electrons both provided by the coordinated 
group. But in the nature of things, according to ( b ) ,  the linkage 
must be at least partly electrostatic, since the central atom be- 
comes endowed with a share of negative charge it did not pre- 
viously possess. Such cases seem to be adequately described as 
semipolar. 

4. Mean restoring forces and calculated characteristic frequencies 
The idea that given types of bonds between atoms (single, 

double, or triple) have more or less constant bonding forces 
(mentioned in section X) seems to accord best with the electronic 
configurations shown in table 3. It does not agree so well with 
the different numbers of valence bonds assigned by the spin theory 
for molecules assumed (on the Raman and other physical grounds) 
to possess the same types of bonds. The assumption, of course, 
can be only approximately true, but it seems to have some funda- 
mental significance when orders of magnitude rather than actual 
values are taken into account. This seems to be well illustrated 
by the following method of calculation. Consideration of the 
relations given in section X shows that the characteristic wave- 
number, w ,  of a linkage may be expressed in terms of the mean 
restoring force K as follows: 

N m f M  
w 3 =  K2.-. - 

2rZhc3 mM 

which gives, inserting the values of the constants, 

u = (5.584 X 105 Rg) . crn.-l (7b) 

Now inserting the mean values of K for single, double, and triple 
bonds shown in table 7, the part within the bracket in equation 
7b is found to assume the values 2022, 3142, 4102 in the three 
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cases respectively, the numbers being approximately in the ratio 
2:3:4.  The characteristic frequency of a linkage of one of the 
three types should then be obtained by multiplying the appro- 
priate value of the bracketted term in equation 7b by l / p i ,  where 

llr. = (m + M ) I m M  

the values of m and M being expressed on the ordinary atomic 
weight scale. The extent to which this expectation is fulfilled 
is shown in table 12, for the cases previously considered in table 7. 

TABLE 12 
Calculat ion of characteristic frequencies from mean restoring forces 

BOBSTANCE 

CzH6 . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
CH30H . . . . . . . . . . . . . . . . . . . . . . . . . .  
CHaNHz . . . . . . . . . . . . . . . . . . . . . . . . .  

CHz: CHz. . . . . . . . . . . . . . . . . . . . . . . .  
Ketones.. . . . . . . . . . . . . . . . . . . . . . . . .  
02. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

CHiCH . . . . . . . . . . . . . . . . . . . . . . . . . .  
co . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Nitriles, ......................... 
Nz . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

LINK 

c-c 
C-0 
C--N 

c=c 
C-0 
o=o 
C=C 
CEO 
C r N  
N Z N  

M 

__ 
15 
15 
15 

14 
12 
16 

13 
12 
12 
14 

m 

- 
15 
17 
16 

14 
16 
16 

13 
16 
14 
14 

0.5109 
0.5006 
0.5055 

0.5228 
0.5264 
0.5000 

0.5358 
0.5264 
0.5369 
0.5228 

CHARAC- 
TERISTIC 

FREQUENCY 

: a h -  
lated 

1033 
1013 
1022 

1643 
1657 
1571 

2198 
2159 
2203 
2144 

Ob- 
ierved 

990 
1031 
1038 

1620 
1700 
1552 

1960 
2155 
2246 
2329 

- 

- 
It seems probable that the discrepancies observable in certain 

cases in table 12 between calculated and observed frequencies 
might be lessened if account were taken of the anharmonic nature 
of the vibrations. 

5.  Conclusion 
The exposition of the inward nature of the periodicity of the 

elements, first formally revealed by the labors of chemists, and 
its interpretation in the light of the work of Moseley and others 
and of the Pauli principle, is surely one of the very great achieve- 
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ments of physical science. Yet a long road lies ahead. The 
chemist has also provided, in a wealth of detail, description of a 
complex group of phenomena, remarkable alike in its manifold 
variety and often in its lack of agreement with anticipation, 
connected with the behavior of atoms in relation to each other 
and in actual combination. Modern physics is making important 
contributions to the understanding of many problems raised in 
this way, and perhaps offers the surest prospect of further 
advance. 
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