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INTRODUCTION

The spectrum of columbium oxide has been first obtained in this laboratory
by Ramakrishna Rao (1950) in the course of an investigation of the line spectrum of
columbium, They have been obtained in three different sources: (1) in the flame of
a D.C. arc between columbium electrodes run at 220 volts and 3 amperes, (2) in the
flame of a D.C. arc between graphite rods fed by columbium pentachloride, and
(3) in a heavy current discharge from 2 kW. D.C. Generator with columbium penta-
chloride in the quartz discharge tube. The band spectrum consists of well-marked,
red-degraded heads extending from about A 4200 towards the red to the limit of
sensitivity of the panchromatic plate. The bands have been divided into three
systems, designated as 4, B and C in the respective spectral regions A 4200-5100,
A 5000-6300 and A 6000 upwards. The systems B and C considerably overlap each
other. Ramakrishna Rao has suggested a vibrational analysis of the three systems
and has indicated a general correspondence between the bands of columbium oxide
and the analogous «, # and y systems in titanium oxide (Lowater, 1929) and zircon-
ium oxide (Lowater, 1932). For the vanadium oxide molecule (Mahanti, 1935)
only one system has so far been identified.

Describing the features of the three systems of columbium oxide Ramakrishna
Rao has observed that the structure of the bands conspicuously differs from group
to group. There is an apparent partially open structure in system 4 ; the structure
is much less open in system B while in system C there is no rotational structure at
all. TFurther, as observed by him, while the systems C and B give evidence of
multiplicity, in system 4 °the multiplet structure is complicated by the existence
of rotational structure’.

The determination, if possible, of the rotational structure of the bands is con-
sidered necessary in the light of the above observations. Such a study would also
be interesting in view of the fact that spectra of only a few of the oxides of the
elements of transition groups have so far been analysed, namely, titanium oxide,
zirconium oxide and vanadium oxide. The present paper describes the results
obtained in an attempt in this direction.

EXPERIMENTAL

For preliminary studies, all the sources mentioned by Ramakrishna Rao have
been employed using spectrographs of comparatively low dispersion: (1) A Hilger
two prism glass Littrow instrument, with which an exposure of about 15 mm_utes
was sufficient, (2) the first order of a 10’ concave grating with 15,000 lines per inch
(dispersion 5-7 ‘&/mm.) giving exposures of about 10 to 30 minutes, and (3) ﬁna%
pictures for the measurements of the bands were taken in the first order of a 21
concave grating with 80,000 lines per inch (dispersion 1-2 A/mm.) and having a
6-inch ruled surface set up in the Paschen mounting. An exposure of about 2
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hours on Ilford S.R. Panchromatic plates was sufficient to get the bands
well developed. The last spectra were taken using the flame of a D.C. arc between
columbium electrodes run at 220 volts and 4 amperes. The electrodes were of the
‘Specpure’ variety supplied specially by Johnson, Matthey & Co. This 21’ grating
is the one mounted in the Applied Physics department of the University of Calcutta.

In addition to the plates mentioned above, three plates of the (1, 0), (0, 0) and
(0, 1) bands have been made available to the author by Dr. V. R. Rao who has taken
the arc spectra of columbium on the 21’ grating mounted in the Yerkes observatory,
U.S.A. The author is much indebted to him for these plates. The spectra have
been measured employing usual iron are international standards.

DESCRIPTION OF THE BANDS

(0, 0) Band: The photographs have shown three clear and closely situated
heads (v 21322-7, v 21321-3 and v 21319-8) of gradually increasing intensity, the
one at the long wavelength side being the most intense.  The resolution is not good
in the immediate vicinity of these heads. A little away from the head on the red
side a series of strong lines starts. Each of these strong lines breaks up into two
close lines one of which (the one on the violet side) is more intense than the other.
These pairs of close lines continue up to a short distance when the more intense
component line in each pair will be resolved into two very close lines and thus we

_get groups of three close lines. Still farther, these groups of three lines become
groups of four lines.

Another point that is brought out clearly in the spectrograms is the nature of
the three component heads mentioned above. The least refrangible component
at v 21319-8 is sharp and gives the impression of head formed due to the accumula-
tion of close lines. The other two components are diffuse and headless and their
appearance * is such as to justify a conclusion that these may not form part of this
band at all.

(0, 1) Band: This also exhibits clearly three heads (v 20342-2, v 20340-4 and
v 20339-0). A little further to the red at v 20328-9 is a band which apparently looks
like another head. Immediately from this line follow a few lines among which
there is first a slight increase and then a gradual fall in intensity. It is after these
that a series of strong lines occurs, corresponding to the one observed in the (0, 0) band
mentioned above. These strong lines become broad and diffuse and after a short
distance, each line of the series gets resolved into a close group of four component lines.
These close groups get wider further off from the band and the structure is broad-
ened and a short region presents a clearly open structure. This helped considerably
in serving as a starting point for the identification of the branches. At about
¥ 20210 there is the appearance of a head which indicates that the (1, 2) band may
start here. This is evident from the low dispersion spectrograms. Thus there is a
complication of the structure due to overlapping by the (1, 2) band.

(1, 0) Band: In this band two heads (v 22165-5 and v 22163-7) can be clearly
discerned, the red side one being more intense than the other. It is quite likely
that the third head might have been masked by the strong atomic line at v 22161-4
occurring close to the above-mentioned two heads. The resolution is not enough
very near the heads and a little away from the heads commence two clear series of
lines and continue up to a short distance where due to an increase in the resolution
there is a fall in intensity and a complexity in the rotational structure. This region
is followed by a very distinct region in which groups, each of four distinct com-
ponent lines, are prominently present. Even a cursory examination of the spectro-
gram points out the members of the four branches distinctly, which could

* This feature is common to (0, 1) and (1, 0) bands also.
1B
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be followed up on either side and the complete branches identified. From about
v 22018-6 which could be clearly noticed in the low dispersion pictures commences
the (2, 1) band due to which there is a complication in the structure.

All the features mentioned above can be seen from the reproduction of the
bands in Plates X, XI and XII. There is still a considerable amount of confusion
due to the occurrence of a number of atomic lines. These have been carefully sifted
out by comparigson with the list due to Humphreys and Meggers (1945).

ANALYSIS

Columbium occurs in the same vertical group of the periodic table as vanadium.
Hence the rotational structure of the bands of columbium oxide and the electronic
transition involved in their emission may be expected to be similar to that of vana-
dium oxide. The similarity between the two band systems is evident from an
examination of the general structure and appearance of the bands. In vanadium
oxide although the electronic transition has not been conclusively established,
four distinct series of lines constituting branches of the type R, and Ry and Py and
Py have been identified by Mahanti (1935) in the (0, 0), (1, 0) and (0, 1) bands and
rotational analysis has been suggested consistent with the combination relationships
expected from the assignments of the bands. The presence of what is considered
as a short and strong ¢} branch led Mahanti to suggest that 2A —2 A is the transition
concerned in the emission of the system.

In analysing the rotational structure of the columbium oxide bands the method
adopted has been first to identify the four different branches B and P analogous
to those of vanadium oxide. As has already been mentioned in the description of
the bands, a few distinet groups, each consisting of four lines, stand out prominently
in all the three bands (1, 0), (0, 0) and (0, 1). (Cf. regions marked 4, B and
C in Plates X, XI and XII respectively.) These have provided a clue. The four
lines in these groups are taken as constituting the four branches, B, Ry, Py and P,
and when they are extrapolated towards the head, the groups of four lines become
groups of three lines, one of the lines in each group being common to two of the
branches. Extrapolating further towards the head, it is found that all the four
branches merge giving rise to a series of strong lines—a feature which is very
prominent in all the three bands. Thus four branches are picked out in each of
the bands., In this arrangement the successive members (of the series of strong
lines near the head) have formed into a branch.

As a next step in the analysis, a comparison is made of the B values of the
oxide molecules of all elements round about columbium in the periodic table from
beryllium to molybdenum. From that comparison the B value of columbium
oxide molecule is taken to lie between 0-15 and 06 cm.~1. By counting the lines
almost up to the head and allowing for a small deviation because of lack of resolu-
tion at the head, the lower limit of the combination difference for a chosen line is
calculated using the above lower limit for B value and a value for K which is
definitely less than the number of lines between the head and that particular line,
while the upper limit of the combination difference is determined by an upper limit to
the increase in combination difference with K, consistent with the upper limit of the
B value given above. Then for all pairs of the branches (which would be twelve
in number for each band, each branch being treated as an R and a P branch since
the nature of the branches is not known) all possible sets of frequency differences
are formed in the three bands between the limits of the combination difference
mentioned above. Altogether about 400 sets of frequency differences are written
down and a thorough attempt at checking up the combination relations among the
above sets of frequency differences in the three bands is made systematically.
Ultimately, for only one particular relative numbering of the branches in the three
bands, the combination relations between the bands are found to be satisfied with



222 K. SURYANARAYANA RAO. ROTATIONAL ANALYSIS

at least a reasonable agreement of the combination differences. Then the deter-
mination of the absolute numbering is taken up.

This is done graphically by two usual methods desecribed in detail elsewhere
(refer Jevons’ Report, 1932, pages 46 and 48 and Herzberg’s ‘Molecular Spectra
and Molecular Structure’, Vol. I, second edition, 1950, pages 189 and 190). Using
the approximate relation AF(K)= 4B,(K+1), the combination differences are
plotted against an arbitrary numbering and the absolute numbering is obtained by
shifting the abscissa scale until the straight line representing the above relation
passes through the point, —%. The absolute numbering thus obtained is checked
up by the second method by plotting the intervals between successive lines of the
P and R branches in each band and ensuring that a single continuous line is obtained
for the two branches, in the three bands (1, 0), (0, 0) and (0, 1).

The structure thus determined is shown in Tables I, IT and III. Of the two
series of lines of B branches it is not possible to identify which of the series is R, and
which, B,. Similar is.the case with the P branches. The last two columns in all
the three tables represent the combination differences formed by taking the mean
value of AF(K) and AyF,(K), for the upper and lower states. The accuracy of
measurements is generally within 0-05 em.~!. The agreement between the com-
bination differences is seen from Tables I, IT and IIT to be satisfactory and is hence
taken to indicate the correctness of the analysis and the assignment of the absolute
rotational numbering,

CALCULATION OF THE CONSTANTS

The rotational constants of the columbium oxide molecule for this system have

been determined by the method of least squares by fitting the values %KLF_;T(IL()—)
to the equation, :
éﬁ@ e — 2
K1Y = 4B, —8D,(K+1})

and are given in Table IV below. The A .F(K) values used in these calculations for
the determination of B and Bj are the mean values of the quantities of (0, ¢) and
(0, 1) bands, and of (1, 0) and (0, 0) bands, respectively.

The nature of the electronic transition involved in the emission of the system

and of the satellite branches will be discussed in another paper, to be communicated
shortly.

EXPLANATION OF THE PLATES

Plates X to XII show the rotational structure of the three bands (1, 0), (0, 0) and
(0, 1) of system A of columbium oxide photographed in the first order of a 21-ft.,
30,000 lines per inch concave grating. On one side are marked the lines of
P branches with their respective K values. The dotted lines indicate superposition
by columbium atomic lines. The lines of the R branches are similarly denoted on
the other side. When the confusion is great, the marking is omitted.
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Tasre I
(1, 0) Band

* in all these tables indicates rotational lines overlapped by columbium atomic lines.

Columns 4 and 5 in these tables give the mean value of A F;(K) and AgF,(K) for the
upper and lower states respectively.

' |
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; | | |
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27 117-38 |
113-64* |
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29 2211212 |
108-36
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TaBLE I—(Contd.)
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TABLE I—(Contd.)
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TasLe I—(Concld.)
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TasLre II
(0, 0) Band
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TasLE II—(Contd.)
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TasLe IT—(Contd.)
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TaBLE II—(Conid.)
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TABLE II—(Contd.)
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TABLE II—(Coneld.)
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TasLe II1
(0, 1) Band
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TasrLe IIT—(Contd.)
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TasLe III—(Contd.)
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TaBLE III—(Coneld.)
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169-59* 055-36 115-14 126-73
83 180-99* 063-83
163-46 047-57 116-53
5 130-19
85 172-08 052-21 :
151-81 032-86 119-41 .-
86 167-38 045-68
145-87 ..
87 162-25 038-79%
88 156-98 | 032-86 |
|

2B
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TaBLE IV

Constant Upper State Lower State
By .. 0-3447 crn. -1 0:3776 cm . =1
By .. 0-3420 0-3746 ,,
B e 0-3461 ,, 0-3791 ,,
e .. 0-0027 ,, 0-0030 ,,
1, .. ! 80-852x10-40gm. cm.2 | 73-814x 1040 gm. cm 2
Te - i 1-889 A 1-805 A

The D values are of the order of 10-7 cm.-1

ABSTRACT (SUMMARY)

The spectrum of columbium oxide has been photographed in the first and second orders of
a 21-ft., 30,000 lines per inch concave grating with dispersions of 1-2 A/mm. and 0-6 Aj/mm.
respectively. The rotational analysis of the (1, 0), (0, 0) and (0, 1) bands of system 4 at AA 4510,
4689 and 4915 respectively in this spectrum has been carried out for the first time. As in vana-
dium oxide, four distinct branches, namely R,, Ry, P; and Py, have been identified in each band.
The rotational constants, calculated by the least squares method, are reported.
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