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Tur correlation of molecular and atomic terms is of great importance for
the determination of the electronic configuration of the diatomic molecule
and therefore for any conclusion, derived therefrom. For such correlation,
a knowledge of the excitation energy X of the dissociation products is essen-
tial. In most cases this is obtained by a linear extrapolation of the vibra-
tional levels, which gives the dissociation energy D” of the ground state and
D’ of the excited level. This procedure, as is well-known, more often than
not, gives for the dissociation energy an absolute value, which is too high.
The energy of excitation of the dissociation products, however, is related to
the D values by the formula:
E =y, +D" —D";
ve being the energy of the origin of the band system. We intend to show that
in many cases E is therefore determined to a higher degree of accuracy than
either D” or D’ because it dees not depend on their absolute values but on
their difference only. In the present paper we shall compare the values of
T obtained by such extrapolation with those derived from direct experi-
mental observation. These examples comprise also ionised molecules for
which the above formula reads :
Ty = Ju + D" (M#) — D" (),

where J, is the ionisation potential of the constituent atom, J, that of the
molecule, and D” (M+) and D” (M) are the dissociation energies of the ground
levels of the molecule in the ionised and the neutral states respectively.

As o first example we take the molecules N, and Nf. The energy of
dissociation (D”) of N, in its ground state X * 2 is known from wvarious consi-
derations and particularly from predissociation data to be 7-35 e-volts.
The ionisation potential (J) of the N, molecule' and of the N atom,? namely
15.65 and 14-48 e.v. respectively, being experimentally known D" (N3)
can be calculated as follows i—

D' (N) = D' (Ng) +J () —J (No) =618 e.v.
235




2an Ry st and R Samaued

.4 | )Km ‘ik ‘ ’ f o
Proag eosetraredr g od Ueovilaatiornd b we oot D7 (Ny X3 100
’ “ - I

sgrr 4 . oy i LR I s , N ‘ :

eon o Theis vt e Rl Hae vonpstgnts ! e, AN O anmd e o b
y ’ g ) | . o
IEEEN i £ TEES SR § RN vobwetue s Ehe aetual vitlie of 7.9 apae o
sratedate b vae o TV eovs Bonet dine to mieemacy i w” b o
AR S R A [EEA TR TS B (R R AT T A E 1AL R A R R R M TRINE A S I TR 4 Y 1»)(:(\“.“% % i

coocbnoth waniinuped Tes e Bl cpecttone The anharmonic cone Y
B . . . . . . . : ,
ETRTORCE UL S AU LU PR W T PR Y I KRR I T SN RE EERE Ev’iii’ ol e wealth Ol (‘KI)LfI'ilz i SHIE

et trean el lo e oo T we arnaes the obierver] bands s 080
Loman B o st dnte the atned Dieslan bres schemne, we oo sbon
fhs ifez?ta;;m’:i: coran b e
S R L B L (L

i‘a IR 1y RN HM’JJQH% tfi “HHE 3%!&'« RISANIRN 8] ‘,"’ };1'“5:1‘»35;.7?,ig)]]§:\, i” RN jhm?_«,,
sty it whentpaal Lovel o7 0ot 6o Hxed by oat least # ot
ot adtert b 6 to T obelenendent meenrements, The devintion of  f e
”"";‘i"""s';‘"?“i’-‘ T INY ST TETEREE £ YRTERRN & FIERMT m‘}:’imi vitlies deduced for the whole =+ o
L eest e o sbadht lne i some measure to the facts, thee® e

wpne b et ceaneern boeds et ot orieins and that the bands He dex
ettt teston whte om vt of the obivion cxperimental diflie i

%

pelatiee b Taree s Bntentictes e to be eapected, the more so sinee 1ee to o

Cpeath crner i X Dt abont oo Lave one oo

T simibar wan the eatrapodation of D" (NL) by means of - the oo
cantet e et w0 0T vickds the vadue 9423 covl Tee th
v weane the bt of Merton sond Pillevt we obtain the following » o - oond

gk

%iiiiwﬁsi!wu S i%iw (SETRE S B *.;AX!W'« Fromn HH* ﬁz'*ﬂ JETAREEA ) ‘n’ lxx”“{‘p;u-‘,g;iuy‘,% ‘7,;%;;~§ﬁ§;
aednr oae the expoetinnentadhy bt known
MRS RALIRE NN B D4 L4 .
The diveronee Trom Phe aecepted vadue 3200 35 mueh Tess than see the
e B Bone i thee visdble and near altva violet spes ® o

e
e

ahove oo
P wenthiy of uote ot the diserepaney between the actual vied-oo od
1 6 ke spmd the extrapoltod one O 923 s neardy as big as in e o
ol N Batrpolating D7OONG) with three constants given by Watseor o oo
Fooonite® we et ®He0n eov, hnt Tor the sake of consisteney JIN) s cale «afond
Py paeate of the vadine abtuined by two constants only as in Ny,

Usiier these eatnpolided values for the energy of - dissociaticss ol

replacii, in the Jommula 1 O P DY vy by J (N, and 10 1e
D ONE we can now eadenbite J{N).

j (N) J (Nu:\) % I)“ &Né} ) 1)11 (Nz)
P Gh 1 9o e 11T

H

IHEE R ECR




Remarks on Bivge-Sponer Method of Vibrational Extvapolation 237

This value is very close to the actual value 14-48. Considering the
term system of N} as an extension of that of N, and J (N) as an energy of
excitation of dissociation products we can.say that its value derived from
vibrational extrapolation is only incorrect by less than 10 per cent. whereas
D" [ = D" (N,)] is incorrect by about 60 per cent. and D’ [ = D" (N})] by
about 50 per cent. ‘

Similar results are obtained for CO and CO+. We have shown elsewhere?
that D” (CO) lies between 10-5 and 9-6 e.v. and we use here the value
1045 e.v.8 The ionisation potential of the CO niolecule and of the consti-
tuent atoms are well known.-2 It is generally assumed that the ground
level of CO+ is formed hy combination of C* (2D) 4+ O (3P). In this case
D" (CO*) can be calculated as follows :—

D" (CO% =D (CO) +J () — T (CO)
=10-45 4+ 11-22 — 14-1 = 7-5T e.v.

If, however, CO*+ (X2 %) arises from C (3P) 4 O+ (48), the value J (O)
= 13.55 e.v. yields 9-9 e.v. for D" (CO¥). : .

The vibrational extrapolation for D” (CO*) using! w”, == 2211-1 and
o', &', = 15-12 gives 9-84 ev. Similarly the level X 15 of CO gives on
extrapolation D" (CO) = 10-95 e.v. with the constants® w", = 21687 and
w"s %", ==13-1.* ’This is another case where we should expect the inaccu-
racy of extrapolation to be brought about by the uncertainty of the magni-
tude of the anharmonic constant, for w", is fixed by the agreement between
the results from band spectra and Raman effect. '

These considerations lead us to the following cycle :—

T(0) or T (C) = J (CO) +D* (€04 —D* (CO)
—14.149-8 —10-95 = 13-0 e.v. |

This value compares favourably as well with J (C) = 11-22 as with
J(O) = 13-55. To our mind the latter interpretation is- the nearer to
reality because combination of C+ + O admits the possibility of only omne
bhoud ‘in the pair-bond theory and the dissociation energy of such a molecule
should be of the order of b e.v. On the other hand, the combination of
C + O+ gives a double bond, both the p-electrons of C remaining intact and
D” (CO*) will be of the order of 10 e.v.  The extrapolated value agrees with
this conclusion. Furthermore, in this case the term A2IT would be the lowest
of the combination C+ -+ O and its extrapolated emnergy of dissociatifm,
'5.97 e.v., is of the right order of magnitude for a single link. The intersection

* The value 131 for wx corresponds to Read’s value 13.28 when the third power is
neglected, C :
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of the potential curves would then be real and the energy differe1l<e of
the dissociation products which amounts to about 2 e.v. again agree S with
JO) —J(C) =23 ev.

As a third example we consider the molecules O, and Of. Usimg the
values® D" (Q,) = 5:05, obtained from direct observation of the cOILVEI-
gence point, and the accepted values? J (0,) =12-5 and J(0) = 13-55
e.v., we obtain for D" (Of) 6:10 e.v.

For D" (0,) Birge and Spomer extrapolated the value 6.65 e.~~. and
Herzberg® obtains 5:67 e.v. by means of a formula involving higher poOWers
of »". For Of wusing® ', =1876-4 and ", ¥, =16.53 we o btain
6-45 e.v. for D" (X2I). Fmploying the same cycle with these extrapolated
values we cbtain J (O) =12:30 [with D" (0,) =6-65] and 13.28 [with
D" (0) =5-67]. It will be seen, that here again the agreement hetweci
the calculated and the real J (O) is better than that between the esxtrapo-
lated and the actual energies of dissociation of the two ground states. The
discrepancy between the actual and the extrapolated value is about 6 per
cent. for D" (Of) and about 30 or 12 per cent. for D” (0,), whereas for J (O)
the discrepancy is about 9 or 2 per cent. according to the value emjployed
for D" (O,).

The energy of dissociation ¢f the ground level X 2IT of the molectile INQO
formed by unexcited atoms can be calculated from its heat of forrmation?
(— 21-6 K ¢cal./mol.) by means of Born’s cycle and is 5-3 e.v. The products
of dissociation of the excited term A 22X are unexcited O and N in the +term
(2522 p%3s, 4P), 10-29 ev. above the ground term. There is little
doubt about the correctness of this correlation, since it has been confirmead
by the band spectra of PO, AsO and SbO. NO, therefore, is one of the few
molecules for which the energy of dissociation both for the ground state
and for the excited state are known to a high degree of accuracy quite in-
dependently of the extrapolation method. Thus we obtain,

D'(A2X) =y, + E — D" (2I)
=5-46 + 1029 — 5.3 = 10-5 e.v.

From the extrapolation of the vibrational levels, D” (X 2IT )and D" (A 23
have been calculated earlierl® as 6-70 and 10-67 e.v. respectively, Intro-
ducing these extrapolated values in the above cycle, we obtain E (I 41)
= 9.43 e.v. which is less than 10 per cent. incorrect whereas the extrapo-
lated values of D" and D” are out by 2 and 28 per cent. respectively .

The molecule Na, is another example where although the extrapolatec
values for the energies of dissociation D” and D’ are unusually too high , the
excitation energy of the dissociation products is given correctly. The oreen
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band system C I, & A2, of this molecule exhibits the v’ levels almost to
the point of convergence and since the correlation of the atomic levels to
the molecular ones is certain, D’ and D” have been calculated by the ahove
cycle as 0-35 and 0-76 e.v. respectively.? Extrapolation using the accept-
ecdd constants yields 0:74 and 1-07 e.v. respectively. We obtain from these
latter data E (2P — 28) of Na = 2-18 e.v. while the actual value is 2.09
e.v.? It will Le seen that the error is less than b per cent. even though the
individual errors in absolute values of D’ and D” are 110 and 40 per cent.
respectively.

These examples make it clear that under certain conditions it is possible
to use the extrapolated values of dissociation for purposes of correlation
between atomic and molecular levels. For, such a procedure does not
necessarily involve an accurate knowledge of the absolute values of D” and
D’ but only their difference D’ — D", and in forming this difference the
errors in D’ and D”, more or less cancel out in many cases. A correct
description of the complete vibrational function of a miolecule cannot be
expected to be given by neglecting powers of v higher than 2. The devi-
ation of the actual law of force prevailing in a molecule from that of the
simple harmonic oscillator is greater than what can be accounted for by the
second power only. In certain cases such a formula is found insufficient to
fit even a small number of low vibrational levels. Heunce the extrapolation
of the linear formula always leads to too high values as well of D" as D”.
The errors therefore almost always run in the same direction. In a case
in which both I’ and D” are extrapolated with vibrational functions of the
same accuracy, the excitation energy F should be the more correct the more
D’ and D" are roughly of the same order of magnitude. Such a condition
is fulfilled in most of the known band spectra for which correlations have
been proposed. That the errors cancel out almost completely as e.g. in Na,
is of course more or less fortuitous.

On the other hand, it is remarkable that a high accuracy in one of the
dissociation energies coupled with the normal error of extrapolation in the
other one always leads to entirely incorrect results in E. We take for
instance the I, molecule. In this case, from the well-determined conver-
gence point and the known energy of cxcitation of the iodine atom, the
following energies of dissociation have been derived : D" (X 12&,) =1-53,
D’ (A1,) =0-08, D' (BO,) =0-55 ev. The linear extrapolation Wit].l“ the
accepted constants gives for these .38, 0-06 and 0-60 e.v. respe<ft1ve1y.
Of these, the two excited levels A and B have vibrational levels which are
traced almost to the limit of convergence and therefore the vibrational
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functions are more accurately known, whereas only a few low leyel® &1¢
observed for the ground level whose mbratlonal funcbon therefore 1S only
roughly represented, The cycle E = y; 4 D’ (B) — D” (X) =1 - 03 +
0-60 — 238 = 0-15 therefore, gives only about 16 1)31 cent. of the aaCt ual
value 0-94, because the error of extrapolation of D"(X) is not cotrnrter-
balanced by that of D'(B). If however D”(X) in this cycle is replqccd by
vo (A) plus the extrapolated value of D'(A) which level is known froxil Ul‘—
infra-red bands to a similar degree of accuracy as (B) Oy, we obtain E= 1 -
+ 6:60 — (1-45 - 0-06) =102 which is only 10 per cent. higher thai1® 13110-
actual value. Similar cncumstanc.es occur in the other halogens and i1t Q,,
where on account of the observed couvergence point in absorption, & }arge
number of vibrational levels of the upper term are known while the gfound
state is known only with a few vibrational levels.

It has been recognised ecarly that the accuracy of the dissocintion
energy is the greater, the shorter the extrapolation, 7.e., the greater the I11111-
ber of vibrational levels observed. Of the two constants on which I de-

pends, o is koown experimentally with a fair degree of accuracy aiicl its

values can be checked in varicus ways. The true position of the origritr of
the band system and therefore the correct numbering of the vibrational
levels can be accurately fixed by the isotope effect and by the origin of i11ter-
combination systems, wherever available. Approximate check is 11101
over provided by the intensity distribution and by a number of emj>irical
rules. Inaccuracies in D mainly arise therefore from inaccuracy iil ¥
whose accurate determination as a second difference needs a larger  t1t1m-
ber of observations. From this it follows that for a really accurate ~ralue
of D we need to observe not only a hrcc number of vibrational levels Dut
that these levels should not show pronounced perturbations. TFuxrther-
more the accuracy of the spacing of these levels should bz ensured Toy as
many independent observations as possible. TFor instance, only two ATery
long sequences enable us to observe a large number of vibrational Icwvels
but each of them only once. Such cases are by no means uncommon, ¢.g.,
we get them in molecules of the typz CaF. The correlation of the avtoinic
and molecular levels in these molecules is so uniform that E in these oases
is satisfactorily deduced from the linear extrapolation, evidently because the
ertors in the absolute wvalues of the energies of dissociatiosr in
any one molecule are expected, as we have said above, to be in the same sense
and. of the same order of macrmtude The actual D values, however, are
probably incorrect. ' -

In order to bring about such a uniformity in error of D values it is ob-
viously necessary that the terms in question should be comparable not only
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as regards the number of vibrational levels but also with respect to the
number of independent observations of each of them. If this condition
does not obtain we sometimes come accross very strange results. An
example is afforded by SiCl. The band spzctrum of this molecule has bzen
measured several times, recently finally by Jevons.!! ZExtrapolation for
the ground level X and the excited level B gives D" = 4.0 and D’ =10-8
e.v. The excited level B being 4:22 e.v. above X the excitation energy
Ty of its dissociation products is 11:0 e.v. which is higher than the ionisa-
tion potential of Si, viz., 8-12 e.v. From comparison with the correspond-
ing B level of Sil' it can be seen!? that the dissociation products will be
unexcited Cl and Si in the term 3s23p4p'S, with an energy of excitation
of 6-16 e.v.? To our mind, this glaring discrepancy is undoubtedly due to
he fact that the levels 9" =0 to »" =5 of the ground level X are known
from 4 to 8 independent observations, whereas though the levels @' =0
and v’ =1 are known with a similar accuracy as the corresponding v" levels,
o' =2 and 3 are represented by only one band each. Since ' is calcu-
lated by the first difference of the observed frequencies and s’ by the
second difference, these observations are sufficient for a fairly accurate
determination of «’ but vield a value of w's’ which is too low.

We have restricted ourselves in this paper to those spectra and electronic
levels of molecules for which the vibrational analysis is obviously essen-
tially correct. It is clear that if such an analysis is itself open to objection,
conclusions derived therefrom will have little meaning. We take as an
example the molecule CaO. The spectrum of this molecule gives rise to
bands in three regions, namely, the near infra-red, blue and the near ultra-
violet.! These three groups of bands when analysed into three systems
showed no relation among themselves and had no electronic term in common.
A definite correlation is therefore not possible until the relative positions of
these six terms are definitely fixed. Mahanti,*® however, has proposed
certain correlations with a view to explain the structure of the molecule
analogous to that of BeO and MgO. Recently Brodersen!* proposes a differ-
ent structure on the basis of an analysis which splits these three systems
into ten, most of them being of a fragmentary character. In a large number
of given bands where on account of perturbations it is not always possible
to give an analysis free from wide discrepancies in 4G(v) values, it happens
that a few bands which show more aniform differences can be picked out
and the band systems split up into a number of independent systems. In
view of our knowledge of such discrepancies in almost all extensive band
systems, such a procedure is open to serious objection. Moreover, Brodersen’s
analysis does not avoid such discrepancies at all. TFor example, his systems

Ad F




242 R. K. Asundi and R. Samuel

VI and VII should have the same final state as Mahanti’s ultra-violet sys €111
The latter system gives the following values of AG(v") for the progress1011s
v =0 and 1:—

AG(v") values.

v =0 718-4 710-3 703-7 697-3 689.9

2w 8-1 6:6 6.4 7-4
v =1 718-3 710-4 703-8 696-9 690-7 682-8
2w 79 6.6 6-9 6-2 79

The corresponding values for the band systems VI and VII of Brodersern are
given below —

System VI | o' =0 | 718 711 704 695

Lo
g
&
-1
-3
©

v =1 11 704 695

-1
<

System VII | o' =0 | 721 711 704 697

o
€
8
=
<
S|

11

v o=1|724 715 699

The mean values for w and 2 wx obtained by Mahanti® for all the observecl
ultra-violet bands are 718-3 and 7.12 respectively. The mean for 2 coar
derived from the values obtained from systems VI and VII together is 9 - <2
If we grant that the three levels are identical, it is obvious that no accurate
value of wx can be deduced for this level and therefore of the energy of
- dissociation. “This alone is sufficient to show that correlation of molectila r
and atomic terms is not possible for this molecule at the Present momemnit_
Moreover, the relative positions of the electronic levels of the molecule are
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by no means conclusively established. The conditions necessary for corre-
lation discussed above are not fulfilled and this case cannot be compared
to the previous ones described in this paper.

A correlation of molecular to atomic levels appears therefore possible,
hy the method of vibrational extrapolation, if the probable error in D” and
D' is in the same sense (equal, positive or negative curvature, for both w: v
curves), if D” and D’ are of comparable order of magnitude, and are known
from observations of about equal accuracy. Under these conditions, it is
always possible to have correct correlation, provided those atomic terms of
the products of dissociation which by their I, and S nature are at all possible,
are not too numerous in the region in question.
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