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THE ASSIGNMENT OF QUANTUM NUMBERS FOR ELECTRONS
IN MOLECULES. III. DIATOMIC HYDRIDES*

BY ROBERT S. MULLIKEN

ABSTRACT

The known electronic states of diatomic hydride molecules (MH} are derivable
from unexcited H plus familiar low-energy states of M atoms (Hund, Hulthen,
Mecke, Mulliken: cf. Table I). Observed states, and especially observed hv intervals
in II or 3II states of such MH molecules (cf. Table III}, indicate that the effects of
the H on the M atom are confined essentially to the following: (1) the couplings,
when present, between l, vectors of M atom outer electrons to give a resultant l are
completely broken down by the field of the H nucleus; the M atom orbits are other-
wise scarcely changed, except for slight shielding or similar effects produced by the
H electron and nucleus; the usual /, selection rules are, however, abolished; (2) the
uncoupled vectors l, are separately space-quantized with reference to the electric axis,
giving component quantum numbers ii„(3) the electron of the H atom (i~, =0) is
promoted and takes its place with the M electrons, sometimes becoming equivalent
to one of them giving a new closed shell (of two electrons); the H nucleus, however,
stays on the outside edge of the M electron cloud, so that the hydrides should in
general be strongly polar, in agreement with Mecke's conclusions: (4) the original
couplings of s, vectors are often broken down by the advent of the H electron spin;
always, the latter alters the original multiplicity by one unit. In Table II and the
related discussion, data are presented as evidence that molecular stability is pri-
marily a matter of promotion energy, rather than of valence bonds in the sense of
Lewis or London. In connection with Table III, a simple explanation is given of
observed multip/eE widths Av in 'll and 'll states of MH molecules in terms of Av

values of corresponding M atoms in states resulting from dissociation of MH.
Usually hvMH/AvM is a little under 2/3; the factor 2/3 is that expected, according
to theory, from the space-quantization of l, 's to give i&, 's.

INTRQDUcTIoN

INCE the publication of the first two papers' ' of this series, Hund has
published a paper' dealing with similar subject matter, and has arrived

at, for the most part, similar conclusions. In addition to the molecules
already dealt with by the present writer, Hund has discussed others, in-
cluding diatomic hydrides and polyatomic molecules.

In his discussion of diatomic hydride molecules, Hund has shown that the
observed lowest states and transitions are in excellent agreement with those

* Paper presented at 1928 Annual meeting of American Physical Society (cf. Phys. Rev.
33, 28S (1929)}.

' R. S. Mulliken, Phys. Rev. 32, 186—222 (1928): I.
2 R. S. Mulliken, Phys. Rev. 32, 761—772 (1.928): II. Cf. also W, Heitler and G. Herz-

berg, Zeits. f. Physik 53, 52 (1929).
F. Hund, Zeits. f. Physik 51, 759 (1928). Cf. also, E. Wigner and E. E. Witmer, Zeits. f.

Physik 51, 859 (1928). Hund gives theoretical justification for several relations (e.g. , selection
rules) which were assumed by the writer. Hund discusses some topics (e.g. , hydride molecules)
which the writer had expected to treat in later papers of this series; these will therefore be some-
what differently treated than was originally intended.
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which can be predicted on the simple assumption that the hydride molecule
(e.g. , CH) is equivalent to the corresponding united atom (e.g. , N) in a
strong electric field. 4

In the present paper, a systematic survey is made of existing band spec-
trum data on energy levels of diatomic hydrides, and these data are inter-
preted in terms of theory. Especial attention is given to the relation between
multiplet separations in atoms (M) and their hydrides (MH).

QOTATION

In his recent paper, Hund has proposed a new notation for molecular
electron configurations and states Wigner and Witmer have also used a
similar notation. ' The advantages of this notation over that hitherto used
are so great that it seems best to adopt it at once. Hund uses the symbols
s, p, d, f, . and S, I', D, Ii, , to denote I, and I values, respectively,
as is customary for atoms. He uses symbols 0., z, 5, P, , Z, II, 6, C,
to denote I',I, values and i& values respectively. (Hund s I,, it, I',

&, , I„are here
adopted in place of the writer's 0, o.

~ or o A, , o ~, or:-0 J,„a„because of Hund's
use of the symbol 0 to denote f,&,

——0.) For the complete specification of a
molecular state, Hund uses formulas such as iso'2sa'2pf721vr' 'A. The cor-
responding formula in the writer's notation' is (Is' )'(2s')'(2s")(2P")', 'D.

As an example of the use of the new notation, Table II of I (p. 201)
would now read in part (for the 0 atom) as follows:

0, 'P:fr'vr' 'Z; a'7i-' 'll

Corresponding changes, e.g. of such symbols as s'p' to 0."'m', would be made
under the heading "Dissociation, Probable Products" in Table III of I.

FORMATION OF MH MOLECULES FROM M +H; QUANTUM NUMBERS,
PROMOTION, AND CLOSED SEIELLS; ENERGY RELATIONS; VALENCE

General princip/es. As Hund has pointed out, the effect of one atom on
the electrons of another is essentially a Stark effect, ' plus certain other
effects, —in particular, promotion of electrons. Since we are now interested
in MH molecules, let us consider specifically the effects of an H atom on
an M atom. These may in thought be divided into, (a) effects of the electric
field of the H nucleus, modified by that of its electron; (b) the eKect of the
H electron and its spin, taking into account the Pauli exclusion principle.

In the intensity of effects (a), four stages are conceivable. ' (1) The M
atom electron orbits, and the various couplings of M atom electrons with

4 This is Hund's "Case 3b:" cf. his Tables 2b and 3 (his Case 3a corresponds to the united-
atom in a weak electric field). The writer's Table II in ref. 1 (p. 201 and discussion, foot of p.
200} embodies the same results.

5 F. Hund, Zeits. f. Physik 36, 659—60 (j.926).
6 For all the molecules and molecular states treated in the present paper, we may safely

assume that the H atom before union is in its normal state.



ROBERT S. MULLIKEN

one another, might remain unchanged, so that we should have merely a
space-quantization of j of the M atom with reference to the electric axis,
giving a new quantum number /', for the atom as a whole. (2) The coupling
between / and s of the jVl atom might be broken down, and 1 and s be sep-
arately space-quantized to give quantum numbers i & and i, . Different values
of i„ for fixed L, s, and i~, give a multiplet. For example, suppose i~=1,
i, =+1/2. This, in the molecular notation which is obviously appropriate
for an atom in a strong electric field, is a 'II state ('II, /„ with i = 1/2, and 'II3/g,

with i =3/2). (3) The coupling, if present, between individual I, s to give
/ might be broken down, so that each l, would be individually quantized to
give an i&, whose value could be indicated by the molecular notation (0, s.

.
, for ii, ——0, 1, 2, ), while Zii, =i/, s would give i„and i=i/+i„

as before. In this stage, the individual 1,'s still retain a good meaning, and
the corresponding "orbits" are essentially the same as in the original M
atom. (4) The field of the H nucleus might act so strongly as to destroy the
/, quantization completely, as in the linear Stark effect for the hydrogen
atom. Quantum numbers ii„ii, i, and i would still exist.—The couplings
of the s, 's of the M atom, giving a resultant s, should not at any stage be
broken down by the electric field of the H atom; but they are often broken
down by the incidence of an interaction with the s, of the H electron.

Although the actuality can hardly correspond exactly to any one of the
above stages, ' ' it appears that stage 3 is approximated in practice, for the
outer electrons. Even where this is not true, the state of any molecule can
be described in terms of quantum numbers appropriate to stage 3.' (Inner
electrons probably are in a condition nearer stage 1 or 2, but since they
are in closed shells, each such shell giving i~ =i, =i =0 for all stages, this
does not matter. )

Let us now consider the part which the electron of the H atom plays,
aside from the effects of its electric field, in the MH molecule. In the free
H atom before union, this electron is in a 1s orbit' or, if we think of it as
under the inHuence of the field of the M atom, in a iso orbit. Since in most
atoms there is a closed shell of two 1s electrons, this H electron must be
promoted, and must go to some cr orbit' belonging to an electron shell
which is not yet closed in the M atom. We shall in the following assume as
a promotiors rule that the H electron is promoted in every instance to the
lowest availo, hie 0. orbit. In case one M electron is already present in such
an orbit, it and the H electron now form a closed shell-of-two, the spin of
the H electron becoming coupled with that of the M electron to give a zero
resultant spin. This process often involves the breaking up of a previously
existing coupling of the s, 's of the outer M electrons. ' In any case, the

One might instead conceivably suppose that one of the 1s electrons of the M atom is
promoted, but such an attempted distinction would in the end be meaningless (cf. also ref. 9).

' The promotion process probably usually if not always leaves i&, unchanged for both the
M and the H electrons (i~, conservation rule, cf. I, p. 200): e.g. , a 0'vr carbon atom in all proba-
bility becomes a 0'2i- CH molecule (cf. I, p. 200—1).

' It seems probable, however, that s, couplings of M electrons which already exist in closed
shells cannot be broken up by the H electron. Further, it would seem from Heitler and Lon-
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addition of the H electron spin changes the multiplicity by +1, e.g. , a II
state of an M atom gives a 'II and a 'Il state of the MH molecule. —There
appears to be as yet no definite theoretical basis for the above promotion
rule, but it finds no contradiction in the empirical data. ' "

AppLication to CH rnoLecule as an exampLe. The general principles just
reviewed will be made clearer by application to an example. Let us consider
what may be expected to happen to the electron distribution of a carbon
atom, in its 1s'2s'2p' 'P normal state, when an H atom approaches. If
we at first neglect the effects of the hydrogen electron and its spin, we have
merely the effects of the electric field of the H nucleus. On sufficiently close
approach of the H atom, the coupling between the L, vectors of the two 2p
electrons to give the resultant L =1 should be broken down and the L„vectors
should be separately space-quantized, each giving an i&,. Two strong-field
states should result, which may be symbolized as follows (cf. pp. 200—201
and Table II of I)': 1so'2so'2p02pz 'II and 1so'2so'2Pz' 'Z.

We have now to consider the fact that the H nucleus was accompanied
by a 1s electron, which must be promoted to some 0 orbit, of which the lowest
available is the 2po orbit. For this orbit, the promotion energy should be
comparatively small, or even negative, since the binding energy for a 2p
orbit in a carbon atom is approximately the same as for the 1s orbit in a
hydrogen atom. "" If the H electron does go into a 2po. orbit, we obtain
from the 'Z state of the atom both a '2 and a 4Z state of the molecule, each
with the configuration 1so'2so'2po'2pm'. Similarly from the'II state of the
atom we obtain a 1so'2so'2po'2pm 'II state of CH. Corresponding to the
small promotion energy for 1so-+2PO, these three states of CH PZ, 'Z, 'lI)
should have comparative)y large energies of dissociation, i.e. , they should
be relatively stable states.

In addition to a 'II state, the 'II state of the atom must yield also a 'Il
state of CH. Such a state is not possible with the same electron configura-
tion as the corresponding 'II state, because of the closed shell 2po' in the

don's work' that if two M electrons are coupled so as to give s =0, even if they do not form
a closed shell, the H electron spin cannot enter into interaction with either of them; such a
case would constitute an exception to the above promotion rule. For example, in the case of
a 1so-'2so'2po. 2px 'll state of a C atom, the H electron could not, according to this principle, be
promoted to a 2po- orbit, but would have to go to 3so-. But this promotion to 3so would in this
instance be necessary anyway, since the 1so'2so-'2po-2p21. 'lI state of the C atom lies below the
'H state and thus uses up the possibility of promotion of the H electron to a 2po. orbit to give
a ~ 2po'2pm- 'll state.

"W.Heitler and F. London, Zeits. f. Physik 44, 455 (1927); F. London, Zeits. f. Physik
46, 455 and 50, 24, 437 (1928); W. Heitler, Zeits. f. Physik 46, 47 (1927); 47, 835 and 51, 805,
(1928)."For homopolar molecules, including H2, such a rule is not true, ' but it may still be essen-
tially true for heteropolar molecules such as MH."Cf, discussion of binding energies and promotion energies in I, pp. 194—8."The lowest ionization potential of a 'I' carbon atom (removal of a 2p electron to give a
'I' ion of C+) is 11.3 volts (cf. I. S. Bowen, Phys. Rev. 29, 240 (1927)), as compared with
13.54 volts for the 1s hydrogen orbit, For the normal states of the N and 0 atoms, the lowest
ionization potentials are respectively 14.49 and 13.56 volts.
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latter. The hydrogen electron must therefore be promoted to a higher orbit,
most likely a 3so orbit, giving a state such as 1so'2so'2pa2pz3so 4II. Since
the binding energy for a 3-quantum orbit in a carbon or nitrogen atom is
only about 4 volts, '4 as compared with 13.54 volts for a 1s electron in a H
atom, it is evident that for this 4II state the promotion energy for the H
electron is large. Hence we may expect this state of CH to be much less
stable than the three states above mentioned.

This example illustrates how one may expect to make deductions in

regard to the stability of molecular states by a consideration of promotion
energies. " Large promotion energy means low stability. Although no
sharp division between stable and unstable molecular states is to be expected
in general, a rough classification on this basis should often be feasible.

Not far above the 1s'2s'2p' 'I' normal state of the carbon atom there
exist a 'D and a 'S state with the same electron configuration. The 'D
state should give three strong-field states, and the 'S state one such state,
as follows: A2pa' 'Z, A2po-2pz 'II A2pa '6, and A2pz 5, where A
means 1so'2so'. The most likely configurations for the four resulting
states of CH are: A 2pa'3so 'Z A 2po.2pz3so. 'II A 2po.2pz' '6; A 2po.2pw' 'Z
the last two being presumably stable and the first two unstable.

Of the five stable low-energy states 'II, 2, '2, '5, 'Z of the CH molecule
just shown to be derivable from the three low-energy states 'I', 'D, and 'S
of the carbon atom, three ('II, '6, 'Z) can be definitely identified with known
states as observed in band spectra. "'

Other stable states of CH, but on the whole of higher energy, are de-
rivable (together with additional unstable states) from the various 1s'2s2p'
states ('5, 'D, 'P, '5, 'D, 'P) of the carbon atom. Likewise from other ex-
cited states of the carbon atom, e.g. , the 1s'2s'2p3s states ('P and 'P),
excited states of CH, of both the stable and the unstable type, are derivable.

Atoms, kydrides, and united-atoms. The same set of five stable states of
the CH molecule which is derived by considering the addition of an H elec-
tron to the various s'p' states of the carbon atom can be derived by consider-
ing the converse process of splitting the nucleus of the corresponding united-
atom (nitrogen), starting from the s'p' states of the latter ('5, 'D, 'P): cf.
Fig. 1 of Hund's paper. ' (The various ways of splitting the s'p' N atom
give, however, one additional state of CH, a 'II; state which would go over
into H plus the sp' 'P state of carbon. ) Similar relations hold for other
atoms. In general, the stable low energy stat-es of any MH molecule are all
derivable from the low energy states -of the M atom and go over into the low energy-
states of the corresponding ttnited atorn-

In Table I tentative quantum number assignments, based on the methods
discussed above, are given for all the recorded states of diatomic hydrides
(except hydrogen halides'), together with ro, ohio, and energy data, and in each
case the most likely state of the M atom on dissociation. Perhaps the most
striking fact brought out by the table is the incompleteness of the data,

Cf. L. A. Turner, Phys. Rev. 32, 728 (&&&8&,

'~ R. S. Mulliken, Phys. Rev. 30, 785 (1927).
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especially in respect to D" and D values. Some conclusions of interest can,
however, be reached. These can best be discussed after and in connection
with a consideration of individual molecules.

Copper, shelver, gold, kydrides. The 4s 'S normal state of the Cu
atom would be expected, on union with a normal H atom, to give a stable
4so' 'Z and a less stable or unstable 4s04po 'Z molecular state. The fact
that the observed normal state of CuH is 'Z is good evidence that the pro-
motion of the H electron is to the Iowest available 0 orbit (4so); if ir were
to any other (mxo) orbit, we should expect (4so)(nxo), 'Z and 'Z, with the
'Z below the 'Z. Corresponding statements hold for AgH and AuH.

Assuming that the lowest '2 state of CuH is derived from the normal 'Z
atom, the first excited 'Z state may reasonably be correlated with the low
'D' state of the atom —which should give rise to one '2 state of CuH. The
empirical D Do (1.7—5 volts) for the observed excited 'Z state agrees within
reasonable limits of error, as is necessary if this explanation is correct, with
the energy (1.38 or 1.64 volts for 'Dii2 or 'Dsi2)i6 of the 'D' atom. In AuH,
the first excited 'Z state shows characteristics (cf. the r, and eo values)
resembling those of the corresponding state of CuH, and it seems probable
that this state of AuH should be correlated with the low 'D' state of the Au
atom. The empirical D Do value—, however ( —0.18), agrees badly with the
energies (1.13) and 2.17)"of the 'D' levels. This probably means that the
extrapolated D values (method of Birge and Sponer), used in getting D Dp, —
are unreliable to this extent, since there seems to be no other more reasonable
correlation of the atomic and molecular levels. " In AgH, tQe excited 'Z
state has different characteristics than the just-discussed states of CuH and
AuH (cf. e.g. , the ro values); also, the 'D' state of Ag is not yet known, and
is generally believed to be of high energy; the derived 'Z state of AgH is then
probably still undiscovered.

Aside from the 'D' levels of Cu and Au, the first excited state of Cu, Ag,
and Au is a 'P level, which should give rise to a stable hydride level of each of
the types 'Z, 'jI, 'Z, 'll. The 'll level of CuH, and the highest observed '2
level of AgH and of AuH, appear to correspond reasonably well, so far as
data are available, to members of this group.

Hydrides 01' b& alent metals The nor.mal 'S state of the Hg atom should
give rise to a '2 state of HgH, the first excited group of states of Hg (3PDi2

and 'P) to two 'Z, two 'II, and a 'Z and a 'II state. The lowest known,
doubtless normal, state of HgH is a very unstable 'Z state (D" =0.369 volts,
known with unusual accuracy). About 3 volts above this is a 'II state of
rather high stability (D" 3 volts); above this is a 'Z state of large ro, larger
even than for the lower 'Z. The lower 'Z state is almost certainly to be

M There appears to be as yet no good theoretical basis for deciding how, in the case of
doublet or triplet atomic levels, the corresponding molecular levels should be correlated with
the different sub-levels of the atomic multiple level.

» A slightly better agreement in respect to D —D0 results if the lowest Z level is assumed
derived from the 'Dg2 atom, the second 'Z from the normal 'S atom; but this does not seem
very reasonable, especially in view of the analogy to CuH.
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correlated with the normal 'S state of Hg." The 'lI state is probably to be
correlated with the just-mentioned 'I' (or perhaps 'P) state of the atom" ";
the D —Dp values are in reasonable agreement with this. The upper '2
state is perhaps derived like the 'II state from the 'I' (or perhaps 'P) atom;
if from the 'I', it must have D" 1 volt.

In the formation of the normal 'Z state of HgH as above, the H electron
has to be promoted probably to a 6po orbit, since the 6so. shell is closed in

Hg 'S. In the formation HgH 'II, however, there is available a vacancy in
the 6so. shell, because of the previous excitation of one 6s electron to 6p in
the 'I' state of Hg, and into this vacancy the H electron can drop. The
lesser promotion energy of the H electron in the 'II state then accounts for
the greater stability of the molecule in this as compared with the normal
'Z state. —If the higher 'Z level is derived from Hg 'P, we have again pro-
motion of the H electron to a 6po orbit, with re,".ulting low stability.

The CdH, ZnH, MgH, and probably the BeH states are analogous to
those of HgH, but the data are less complete, "'except for MgH. If, however,
the rp values may be taken as an indication, there is a steady increase in the
relative stability of the '2 normal state as compared with the 'II excited
state as the atomic weight decreases. This indication is confirmed in the
case of MgH, where D' has practically the same value for the low 'Z and
the first 'II state. '"

The two lowest states of CaH are analogous to those of MgH and HgH,
while (as first suggested by Hund) the second '2 state is probably derived
from the lowest 'D level, which is especially low in Ca and its homologues
as contrasted with the metals just discussed.

Electron sharing, polarizatio, and rp values in MH rnolecules. A com-
parison of the various bivalent metals, in respect to rp values of the 'Z normal
and 'II states of their hydrides on the one hand, and in respect to the energy-
scale of the M atom on the other hand (e.g. , size of the interval 1'S—2'P,
or of the 1'5 term itself [=ionization potential]), shows that the larger the
atomic energy scale, the smaller are the rp values, and also the greater is the
dQ"ererice in r, between the 'Z and the 'II states. At two extremes in both
respects are Ca (ro ——2.01 for 'Z, 2.04 for 'II) and Hg (ro ——1.76 for '2, 1.59
for 'II). These relations are even more striking if allowance is made for the
observed tendency, other things being equal, for rp to increase with increasing
atomic number (cf. e.g. , ZnH and CdH). The observed variation of ro with
the ionization potential and atomic number closely corresponds to, and is
presumably determined by, the variation in atomic radius with these two
factors as given by the quantum theory. A precisely analogous parallelism
between ro and atomic radius occurs in the series CuH, AgH, AuH (cf.
Table I) and in other cases."

"Since the minimum (i.e., r =r0) of the E'(r) curve for the 'll state lies about 3 volts above
the maximum (i.e., r = ~,—dissociation) of the E(r) curve of the 2Z state, the 2Z state must
unquestionably derive from a considerably lower atomic level than does the 'll state. This level
can hardly be other than the normal 'S level.'" Added in proof. But new data of Hulthen (forthcoming letter to Nature) give D' values
as follows for the'Z normal states of MgH, ZnH, CdH, CaH respectfully: 0.5, 0.8, 0.7, 0.4 volts."Cf. R. Mecke (Zeits. f. Physik 42, 393—5, j.927) for a further discussion of the paral-
lelism of r0 values and atomic radii.
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The comparatively high stability"' of the normal 'Z state in MgH and
CaH as compared with its very low stability in HgH probably means that,
although the H electron has undergone an analogous promotion in all cases,
it penetrates, in Mg and Ca, the relatively diffuse outer region of the atom
and thus gains in binding energy enough to make up for the energy of
promotion, while in the case of the more compact Hg atom it hardly pene-
trates at all." In the case of the 'Il states, however, the difference between,
say, MgH and HgH, is much less marked (cf. the D' values in Table I).
because in both cases the promoted electron penetrates the M atom by
going into a vacancy in the outer shell of the metal atom.

From what has preceded it appears that, in the union of an JVl and an
H atom, the H nucleus always stops just short of seriously penetrating the
region occupied by the M atom electrons, —doubtless because if it did pene-
trate it would be strongly repelled. But its electron, being attracted by the
M nucleus, may to a considerable extent penetrate the region of the M outer
electrons, especially if their orbits are large or if the H electron is promoted
to a type of orbit already present in the M atom. When the H electron does
so penetrate, as, e.g. , in CaH or 'Il excited HgH, it must more or less leave
the H nucleus behind, making the molecule strongly polar. (Nevertheless
the H electron tends to drag the H nucleus after it to some extent, so that
with increasing penetration of the H electron, ro tends to decrease. ) When the
H electron does not penetrate, it should remain rather closely attached to
the H nucleus, and the molecule should be almost lacking in polarity (normal
HgH). Evidence that most diatomic hydrides are polar (exception, normal
HgH) has been given by Mecke. "

Aluminum hydride. In A1H we have the interesting case of two molecular
states both in all probability derived from the normal 'P state of the Al
atom. These molecular states differ in that the 3p electron of the atom be-
comes a 3ps. electron in the upper ('II) molecular state, but a 3Po electron
in the lower ('Z). The energy difference between these levels (2.9 volts)
gives a good idea of the considerable intensity of the effect of the H atom
on the Al atom, and shows the importance of i~,. It is of interest that these
two states are observed even at hydrogen pressures of one atmosphere, while
the upper 'Z state is found only at low pressures. A reasonable explanation
is that the latter state can be formed only from excited Al atoms (cf. Table I),
which, when the pressure is too high, are deactivated by collisions before
they have time to form A1H; while the two former states require onlyun-
excited atoms.

CH, NH, and OH. The CH levels, and their correlation with the levels
of the C and N atoms, have already been discussed. For NH the following
stable low levels are derivable from the three low s'p' states (45, 'D, 'P)of

~' In the paper just cited, " Mecke concludes from a study of potential energy curves
based on ro, ~0, and similar data, that most of the hydrides (exception, HgH) are of a polar
character and that the H atom "gives up its electron to the binding. " This supports the
present idea that the H electron is promoted to an orbit which is fairly well a part of the
electron system of the M atom except in unstable states like the lower 'Z of HgH.



ROBERT S. MULLIE;EN

g 4
$4H
0 +J

g Ifl

NN

ll
NP

N NN N

T

l ll
N NN

NN N NT"
lT T

pp p t

CI)
hg

OQ ICI

OK' o&

~ OQKO

CQ O

O

OK OQ
1 CII

o& o~~

'44
Cl Q

8~~O~

NNg NN

444 M 'QII

NNN NQ
I/) le

CI

V

lfl
C5 CI

CI

V
CISTo &

Y)
W O

bbb

b

b~ b

D b D
%~%9

b b
I/) LPP

b
CI
b b

1/) lP)
D D
q3%

b b b

b

b
C4ba b
D b D
q3 ~%
M tn ~

b b bbb

bye

b b

b k

b b

b h

CI

0 Ifl

Q ~B
CI

CI

Ot

Nt
O & v)

OQ Cc1

OOO

8+
+ ~Ca

~OOQ ONN OCh OK
OQ OQ

Kl/)O ~OQ ~OQ

M OQ

~ 4

lP) tPj

OI O
Ch CII

O %
CII ICI OO

&1 OQ
4' '4D

K

C44 nf

g) CI

OQ K
OQ le

O eu m

WOO

KKK

OQ CII
CQ O

O H v)

CII

OQ

Ocq

OQ
OQ

OA



QUANTUM NUMBERS IN MOLECULES 739

ca ~

~0 Q

0

40~
~~ lrl

cd 0
bb V

A al

V al

QJ 0

O

8

3

8
aI
3

OI

Q

ltd c
IO ao W

cl een

Cr}

N P H

b b b

+
c- Oao

OM

Ch+ +Io ao Io aoeo Q
CI co

~ t

OaO
W CV)

Ch

ao v)QO au~O OI

EV)

cc) O

ao Io ao
O

Ct cO

I

OI OI

ao ~ OI
C ao mao

'K+ eo

I

C~O 1

Crl

HQH

0~0

~ eu ~ mel eI el

0~&0

bbbb bbb bbb

Ic1
bb™bb

eI

el

'OII

el

er el elb b

NgQ

QO

QO0, Ch

cr1 eu lO
M ao MIOO& O cr1 O

ao ao aO

X333
3AVA

O O OI ao
~ ~

C1 ~ ~ ~

ao O
cp) OI cr1
IO IO co

et& ~ Q

Ch

Ccl W
~ 0

Q~ e-I CO O A 'A

HNN NH gel elec w ~~A
T

PNN k N~

p
"T

l

40

0
CL„

Hg

4

gH

b b b b

Ie

b b P~
b b

Q w

WO

WO
Iv) ro

ao

~ OI
ao
II)

QO CV
OI O
Cl w

OW

QQ
OW

O+ O+

c '
a &w o~ .9 h

4'
a1 gm, ~~ g V~ ~ 0 CI~a1el

4 v v 4 Qgg cd w g C44+~
-~WW&v„-a,

a1 cd ~ ~ ~ crI b 0 cfl ~ Q &y Io
ljl g III I

cd g & .„c a1 0& g

al

ohio

~~ ~ g ~CI 0 . a) cd+
coO'

C ro g~ rn '"
baja cd

4 O cd a1 O" a& ~~~ al ~ ~
go~~ocd

O + «~ .u ca~~ v
c. &~~ & o 0 + ~ 0 st 0+ m a1 0 eo a) 0 ~+ 0 cd ~.~~

0 4 & ~ 0, cd&~++ ~v a1 co . g4 & p rrl 0 4 ~+.~ &V0 gcd C4 „cd Q~ l~ . VO

.~&o oov„g~
~ aI 0 V ~

.V V cd cd C. ~~7~ ~~ W~~O ". "ca 0~59'"0o
V al cd cd

~ ~ V O. 0 bb'8 ~ cd V

0 Id ~

0m~ +0+( 04m
Io ~ cd ~ ~ cd+ 4 cd ee'40~ g rd M eI a1 4 cd P

V ~'f) bo Om 0 g 0

4~/ cd 4+ g

ct 0 ~ p~d v g 0 p

~ ~ P4 + rn V ~ g~

~ V ~ cr1 al aO "0N lb Q ~ ee 0 ala
a1 4 aO a1 . a1 & ~ ~ Vg ~

Opggld ~ O~e
'4 ~.gg -~~g~~ cd ~ V~g V'

cd al'4 1 -W ~ cd~+ O
,&~W cd

cd Cr, & 0~~ g~~ ee QC/l
2 ca V ~ rn ro g ~

~'gMW g O~ cd g O
P4~g " & C4

&~.-" o V'
cdlf), ~~ cd ~g

rh g cd ril 5 cd p rrl 4)'& g 4

IQ Qg cd CIQ ~ 0
cd ~ g rV cd w cr1 ~cO~~oo

cb v 4 + el cr1III g ~ a g& 0 bo H~+~ &NAO' baoc 4~ a1 Io & 0Ocd@gpba
Q.~ w OM1A'al 4 A ICI el .g V~



740 ROBERT S 3IIULLIEEN

the N atom; all of these would go over into the s'p4 'D and 'P; states of the
0 atom: 0'x' 'Z from 'S of nitrogen and going over into 'P; of oxygen;
a'ir' '6 and 'Z from 'D and going into 'D' 0'ir' 'Il; from 'P (or 'D) and going
into 'P;; o.~' 'lI from 'P and going into 'D. Of these, '2 and 'lI have been
observed.

For OH, only two stable low levels are predicted: 0'x' 'II; from 'P;,
going over into 'P; of the F atom; and ox Z from 'S and going over into
'P; (The. only other possible two ffuan-turn state of OH is 2s02po'2pir' 'Z,
from sP' 'P and going over into sp' 'S.) The two predicted levels are found
in the familiar ultraviolet OH bands. The prediction that '2 of OH is derived
from "S (rather than 'D) of the 0 atom is not very well confirmed, since
D —Do 1.6 volts, whereas the corresponding interval ('S—'P) in the 0
atom is estimated at 4.2 volts ('S—'D =2.21 volts, from the green aurora
line, but 'D —'P is not yet known experimentally; it has, however, been
estimated as about 2.0 volts. "').D Do = 1.6—agrees well with (the estimated)
'D —'P =2.0 volts, so that it may be that 'Z of OH is after all derived from
'D of the 0 atom. This would be possible if there is a violation of the i~,
conservation rule. "

Selection Rules. A point which is perhaps worth mentioning in connection
with Table I is the absence of any tendency toward a strict selection rule
~l, =+1. In fact, a large proportion of the transitions there listed have
Dl, = 0; many have Al, = + 1; none have j/U, j )1.

London's valence theory. According to London's valence theory, " the
possibility of the existence of any molecule in stable form depends on the
possibility of the formation of one or more valence bonds when its atoms
unite, where a valence bond is said to be formed when two electrons, one
from each of two atoms, unite to form a closed shell-of-two. In the union
of an M atom and an H atom, for example, two possibilities exist: either no
valence bond is formed (N=O), or one such bond is formed (N 1). Thus
in Mg ( 3s' 'S)+H(1s 'S)—+MgH( 3so'3P0' 'Z), N= 0, while in

Mg( 3s3P ~P)+H~MgH( 3so'3ps- ~11), or in Cu( 4s
+H —«CuH( 4so' '2), N = 1. According to London's theory, the valency
Vmf an atom is equal to the number of electrons not yet in closed pairs, and
is equal to (m —1), where si is the multiplicity. Thus in the normal H or Cu
atom, U=1, while in normal Mg, U=O. Only in excelled 1VIg (triplet states)
do we have V=2, corresponding to the usual chemical valence. Similar
relations exist for nearly all atoms; the maximum V is usually obtained only

. J. p, Phys. Rev. 33) {1929}."This might occur in the following way, For an s'p4 0 atom in a strong electric field, we
have two ' Z states, namely, 2so'2po'2p2I' from 'D and 2so'2p2i-4 from 'S. If the i &, conservation
rule holds, the former must give with the H electron a 2so'2po'2p21'3so. or similar unstable
'Z state, while only the latter can give the 2so'2p02pvr4 state which is presumably the observed
stable 2Z state found in OH. But it may be that thei&, conservation rule is broken here so that
the 'Z derived from 'D takes on the configuration expected for that from 'S (and vice versa).
Such a breakdown of the iI, ule would be similar to that observed in F~ {cf.R. S. Mulliken,
Phys. Rev. 32, 772 (1928).

"F.London, ref. 1.0, especially Zeits. f. Physik 46, 455 (1928).
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in (moderately) excited states. London's theory involves a translation
into quantum theory terms of Lewis' theory of bonding electron pairs.

One might suppose from the theories of Lewis and London that the
formation of closed pairs of electrons is the essential or primary cause of
stability in the formation of molecules. But it would appear to be more
correct to say that the stability of molecular states depends largely on
promotion energies, " and not at all intrinsically on the value of V. Low
promotion energy probably means high stability, regardless of closed shells.
Thus in the case of Oq, the normal state 3Pvr' 'Z (cf. Table III of I),
is evidently a state of lower energy (as one would expect from the multi-
plicity) than the as yet undiscovered state 3Ps' '6, in spite of the fact
that in the latter the two 3pz electrons form a closed shell-of-two, while in
the former they do not. For an 0 atom, we have V=2, but in normal 02
only one valency bond is used (%=1). But usually it so happens that the

TABLE II. Ualence and stability in diatomic hydrides. (data from Table I).

Atom Atom state
Mol.
state U N rp(A.U.) D" (volts) H orbit

He

Be

1 'S
2 3P

2 'S
2 'P

2g
2II

2g
211

(large) (-0)
(Stable)

1.35
1.34

2pa'
isa

2pa
2sa

Hg

3 'S
3 'P

6 'S
6 'P

p' 'p
p2 1D

2g
2II

2g
2II

2II
2Q

1.74
1.70

1.76
1.59

1.13
1.11

0.5
2. 2

0.37
2. 9

Dp
Dp-1, 66

3po
3scr

6po.
6so-

2po'
2pa

p3 4$
p3 2p(or2D)

p4 3P
p' 'S(or'D)

3g
3II

2 II
2g

1.08
1.08+

0.98
1.02

5.4
3.0

2 po'
2pa'

Dp 2po'
Dp—0.11 (or—1.28) 2pa

Note, Cf, Table I for data on CuH, AgH, AuH, AlH, for the recorded states of all of which N = 1.

lowest stage of promotion for any given pair or set of atoms, —and this stage
corresponds ordinarily to the chemically most important lowest state" of
the molecule, —results incidentally in the formation of a molecule containing
a maximum of closed shells (cf., e.g. , CO or N, in Table III of I). This is
simply because the orbit of lowest energy to which any promoted atomic
electron can go is very likely to be the same as that of an electron already

"Hund discusses this question in a somewhat diferent way, reaching similar conclusions
(ref. 3, p. 789; also, Zeits. f. Elektrochemie 34, 441, 1928).

'4 In regard to the excited states of H2 derived from H(1s 'S)+H(2s 'S), cf.E,A. Hylleras,
Zeits. f. Physik 51, 150 (1928). Of the resulting states, one 'Z and one 'Z are stable, one 'Z
and one 'Z unstable. Similar results are found for H (1s 'S)+H(2p 'P): cf. E, C. Kemble and
C. oner, Phys. Rev. 33, 286 (1929).
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present, or formed by promotion, in the other atom. In such cases, the num-
ber of electrons in closed shells can be lessened, or the multiplicity increased,
only by increased promotion, with resulting decreased stability.

That molecular stability is not essentially determined by the possibility
of the formation of new closed electron-pairs is well illustrated by data on
the diatomic hydrides (cf. Table II). For the two lowest known states of each
of these molecules (but HeH is not yet known experimentally), we find,
judging by ro and D' data, that there is no sharp contrast in stability between
states with %=0 and those with %=1. For the molecules with two outer
electrons, the state with Ã=1 is, it is true, the more stable, but this is to be
expected because the H electron is here less strongly promoted for %=1
than for N=O (cf. Table I). Where the contrast in stability between %=1
and X=O is greatest (Hg, He), the difference in promotion energy is greatest
(judging by the energy interval 'P '5 in the —atom, —cf. Table I); where the
contrast is least"'(Mg, or Be), the difference in promotion energy is least.
For the molecules CH, NH, OH, the states with %=1 are again the more
stable, even though there is here no difference in respect to promotion of
the H electron; but the difference in stability can be reasonably explained
by the fact that in each case the state with N =1 has one more 2Po. , one less
2p~, electron than the state with X=O (cf. Table I); the binding energy
is expected to be considerably greater for npo than for npvr electrons (cf.
Hund, ' p. 766—7, also cf. AlH above).

RELATIONS BETWEEN MULTIPLET SEPARATIONS IN M ATOMS

AND MH MOLECULES

General. " Although the data of Table I are entirely in harmony with a
stage 3 Stark effect, they give no good evidence for this as against at
least an approach to stage 2 or stage 4. As will now be shown, a study of
multiplet separations gives evidence that stage 3 is not passed (toward
stage 4), but that on the other hand, in cases where it differs from stage 2, it
is actually reached. Stages 2 and 3 are, of course, identical unless more than
one outer electron with l, &0 is present.

For atoms, multiplet separations depend on quantities of the form
a-Rn'Z Z, '/2n, 'I, (l, +/q)(l, +1), where eZ; is an effective nuclear charge
applicable to the innermost part of a penetrating electron orbit (ordinarily
Z; is not much less than Z), Z, =1 for a neutral atom, n, is the effective princi-
pal quantum number of the orbit in question, and R and o are familiar
constants; a as given by the above expression is in cm '. For atomic 'I,
'P, and 4P states resulting from one or more (equivalent) p electrons, Av

(i.e. , 'P3/g Pi/Q etc.) is proportional to a, with a proportionality constant
which is a simple fraction (cf. Appendix, Table IV). For the most common

"The relation between the Av values for 'II and other states of diatomic hydride and
other molecules and the b,v values of corresponding 'P and other states of atoms has been
discussed previously by E. Hulthen, Nature, Oct. 31, 1925; R. S. Mulliken, Proc. Nat. Acad.
Sci. 12, 151 {1926),and especially by R. Mecke, Zeits. f. Physik 36, 796 (1926); 42, 419—20
(1927); also R. S. Mulliken, Phys. Rev. 30, 785 {1927){'IIand '6 states of CH).
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cases (p 'P sp 'P; p' 'P; sP' 'P) Av=(3/2)u, or (P' 'P P 'P, etc.), hv=
—(3/2)a; for P' 'P or 'D etc. , Av~0.

For molecules, assuming a stage 3 Stark effect, the corresponding relations
are, Dv =a for m. 'II and o~ 'II, 5v = —a for ~' 'II and ox' 'II; for m' '5,
~v=0. Av here means 'II3/2 III/Q or 'II2 —'IIO. These relations apply to
rotationless molecules; in making use of data from actual molecules, certain
corrections must be applied (cf. Appendix, p. 747);

Before using these relations for MH molecules, we should consider how
the form and value of the function a for the MH molecule are related to the
corresponding quantities for the M atom. The c expression for the atom
is based on the assumption of an orbit in a central force field. If, as is true for
the stage 3 Stark effect, the effect of the H nucleus may be regarded as no
greater than a perturbation of this orbit, then the form of the atomic a ex-
pression should still hold in the MH molecule, the effect of the perturbation
being merely a change in the numercial value of a resulting from changes
in Z; and n, ." Accordingly we should consider the eff'ects of an H atom on
the values of Z; and n„ for an outer electron of the M atom. In the cases
we are interested in, this is an np electron for which iE, =1 in the molecule
(npir). The partial addition of the H electron to the M electron system
(cf. p. 737) must produce for the electrons of the latter a shielding effect
which should cause a small or moderate increase in n„partly offset, how-
ever, —especially if ro is small, —by the attractive force of the H nucleus. Since
Z; depends essentially on the part of the orbit which is close to the M nucleus
and where the force exerted by the H nucleus is relatively small, it should
probably be affected by the H atom mainly only indirectly, through n„
a small decrease in Z; would be expected to result from an increase in n, .
Other modifying effects of the H atom on the a expression are probably of
small importance.

Thus for a pz electron in an MH molecule, assuming a stage 3 Stark
effect, we may reasonably expect the quantity u to have a value not far
different from, but, because of a small increase in n, somewhat less than, its
value in the M atom. Under these circumstances we expect, for a m' or
ir 'II state of MH derived from a P' or P' or sP 'P state of M, dvigu/hvii
= (2/3) (aii&/aM). If ri, is nearly the same for MH as for M, we have a~a/uii

1 and Aviia/Avii 2/3. It should be noted that, because of the form of
the a expression, the value of a is very sensitive to changes in n, .

Discussion of exampLes In Table I.II, Av and a values are given for all
hydrides for which data are available. For the present leaving NH out of
the discussion, the table is arranged as follows: for each atom (all 'P), Dv

and cia ——(2/3)hv are given; for each molecule ('II) derived from the given
'P atom (cf. Table I), a is given, assuming a = ~kiMH~, where Aviin has been
corrected to the case of a rotationless molecule. Av~ and Av~H are bo/h

positive in all cases except OH (and NH, which is, however, exceptional in

" In stage 4, l„and the representation of the orbit as a perturbed central orbit, would lose
their meaning.
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other respects, —see below); in OH they are both negative, as expected. The
ratio aMn/GM is remarkably near unity in all cases, usually somewhat less
as predicted, indicating that n., has been slightly, but only slightly, increased
for the outer p7t. electron or electrons in the formation of 3/fH. For CH, NH,
and OH, where ro is especially small (1.0—1.1 A. U. ) the ratio is largest; for
CaH, where ro is especially large (2.0 A.U.), the ratio is smallest. This may
perhaps be explained as suggested above, as depending on a balance between
a shielding eAect of the H electron causing increase in n, and so decrease
in a, and a compensatory anti-shielding eBect of the H nucleus, the latter
least for large r, (CaH).

TABLE III. Mult2plet separations for M atoms and MH molecules.

Be

Zn

Cd

Hg

0

State

2s2p 'P

3s3p 3P

4s4p 3P

Ss5p 3P

6s6p 3P

4s4p 3P

2s2 2p23P

2s2p44P;
2P.

2s22p23s4P
4s
6s
3s 2P
4s
5s

2s2 2p43P;

Atom
bv(cm 1)

3.02

60.6

578.9

1713

6398

158.1

42. 3

—62—30
80.5

118
117
83. 1
83
76

—224

aM(cm 1)

2, 01

40, 4

385.9

1142

4265

105.5

28. 2

46.5
30
60.3
88
88
83.1
83
76

149

State

2sa22psr 211

3so2 3'.2II

4s~24p~ 2II

5So2 5pm 2Q

6so.2 6P~ 'Il

4so2 4P4r 211

2so2 2Po2 2Px 211

2so2 2po 2psr33114

2so.2 2po 2 2p7p3 211 ~

Molecule
aMH(cm )

very small

35

341.1

1013

3696 (n =0)
3741 (n =1)

79.6

28.4

137.9

0.86

0.887

0.866
0.876

0.755

1.01

0.93

Notes: Sources of Av data for atoms: Mg, Zn, Cd, Hg, Ca, cf. A. Fowler, Report on Series in Line Spectra; Be, cf.
W. Grotrian, Graphische Darstellung der Spektren, I, p. 182 (J. Springer, 1928); C, Fowler and Selwyn, P. R. S. 118A, 34;
N, K. T. Compton and J. C. Boyce, Phys. Rev. 33, 145 (1929); 0, cf. I. S. Bowen and R. A. Millikan, Phys. Rev. 26,
318 (1925). For a/hv ratios used in calculation of a values from hv values, cf. Table IV in the Appendix. The a values
(a =. IA ) in all cases, cf. Table IV) for MgH, ZnH, CdH, HgH, and OH have been calculated from data of Hulthhn and others
(cf. R. S. Mulliken, Phys. Rev. 32, 388 (1928) and references there cited) by the use of Eqs. (17) and (18). For CH, the
value of a ( =A) was obtained by noting that the observed term form corresponds to X =+2.00 in Eq. (14) of the Appendix
(cf. note 7 of Table I of Mulliken, Phys. Rev. 32, 388). In regard to BeH, cf. W. W. Watson, Phys. Rev. 32, 600 (1928)
and M. Petersen, Phys. Rev. 31, 1130A (1928). In the case of NH, the value given is an extrapolation (R. Mecke, Zeits.
f. Physik, 42, 420, 1927) which is probably somewhat less than the true value of a.

The interesting case of NH requires special discussion, Here an
so'pa pm 'II molecule with ~Av~ 60'~ is derived from an s'p' 'D (or 'P) atom
with Av= —5 (or —1)." The great increase in ~Av~ here, which is quite
unlike the uniform 2/3 ratio AvMn/IIvM for the cases previously considered,
is exactly what one expects theoretically if the coupling of three equivalent
p electrons to give a 'D or 'P atom is completely broken down (stage 3 Stark
elfect) to give three equivalent p7r electrons. For according to theory,
Av/a 0 for the 'D or 'P atom, while for px' 'II, we expect Av/a = —1. That
~Av~ 60 for NH is in agreement with a for an s'p' N atom, as expected if
there is complete uncoupling of 1,'s in NH, cannot be shown directly, because

"Presumably dv —60, but the available experimental data give only the magnitude
of ~4v.

's Cf. K. T. Compton and J. C. Boyce, Phys. Rev. 33, 145 (1929).
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APPENDIX I. MULTIPLET WIDTHS IN P AND II STATES

Atomic multiplets. For a 'P atom containing, aside from closed shells, only a single P
electron (l =1) in a penetrating orbit, the energy of magnetic interaction between the l and s
vectors is given theoretically by the Lande formula:"

7= (~/2) e [j(j+~) —t(t+ ~) —s(s+ &) ] (1)

(2)
where (in cm ')

a~Ra'Zs'Za'/n, 'l(l+1/2) (l+1) .

hv/a 0 for all states derived from the s'p' configuration. But a study of
data for various nearly related configurations (sp' and s'p'ns) gives a values
in the neighborhood of (iO (cf. Table III), indicating that this is about the
right value of a for the p electrons in s'p' in an N atom. Hence we have good
evidence that stage 3 is reached in NH, since it is clear that if the l, 's had
to any important degree remained coupled as in the N atom, corresponding
to stage 2, Av in NH would have been nearer zero.

In the CH and OH molecules, the observed Aviisii/AvM 2/3 is probably
no evidence for stage 3 rather than stage 2, since in these cases the uncoupling
of the I,'s has no effect on Dv, beyond the factor 2/3. Nevertheless we may
reasonably assume, in analogy with NH, that the uncoupling is complete.
For the other molecules in Table I, there is no distinction between stages
2 and 3.

In the above we have no strict proof that stage 4 is not reached, since
we do not &no~ that c would be changed much in the passage from stage 3
to stage 4. It seems unlikely, however, that stage 4 could explain the ob-
served aMa/aiir ratios.

'6 state of CH. In the '6 state of CH (cf. Table I) the observed very
narrow inverted Av" is exactly what one would expect, as the writer pointed
out in an earlier paper, if the coupling of the two 2p electrons in s'P' 'D
of carbon is undisturbed in the formation of CH (stage 2). But it is equally
compatible with the present formulation 2so'2p7r' '6, in which the original
coupling has been broken down (stage 3)." The observed Av should result
mainly from the small energy of interaction of the spin of the 2Pa electron
with the l, 's of the 2psr electrons (cf. ref. 15).

The doublet separation A2 ('P»2 —'PI/&}, according to Eq. (1), is

af =3/2u. (3)

For any atomic multiplet, if the usual coupling relations exist, the magnetic energy of
(l, s) interaction" is given by

I'= (1/2)A [j(j+1) t(t+1) —s(s+ 1-) ] . (4)

For 'P, 'P, "P states, the total multiplet widths are then as fellows:

'P Av=(3/2)A 'P At =3A 4P Av=4A

Goudsrnit" has recently discussed the determination of A values for various cases of atoms
with more than one outer electron. The results which are of interest for our purposes are given

"The distinction here between stages 2 and 3 is not meaningless in the new quantum
mechanics.

A. Lande, Zeits. f. Physik 25, 46 (1925)."Only the interaction of each l, with its own s, is here considered. Other coupling energies
here neglected, such as that of the l, of one electron and the s, of another, are comparatively
small, although not always negligible.
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below in table IV," the A values for various electron configurations being expressed in terms
of the a value for the p electron or electrons which are present. By the use of Eq. (5), d, v values
are then obtainable for each case in terms of a values.

TABLE IV. A and Av values for P and II states.

State State State Ap
(nuclei
fixed)

p 2P
sp 'P
p2 3P
sp' 'P
sp2 4P

(1/2)a
(1/2)a
(2/3) a
(1/3) a

(3/2)a p4 'P
(3/2) u sp4 'P
(3/2) a sp' 'P

p6 2P
(4/3)a

—(1/2) a—(2/3) a—(1/3)a

—(3/2) a—a—(4/3) a—(3/2)a

2II
o.m 3II

2II
02r3 3II

a a
(1/2) a a

—(1/2)a a

Notes: (1) For any atomic multiplet level, the magnetic energy is given by Eq. (4), for
any molecular multiplet level (for fixed nuclei), by Eq. (13). (2) The symbols p', p', and p6
stand for two, four, and five equivalent electrons, respectively. (3) The results for the atomic
states are, with some exceptions, " strictly applicable only if the Russell-Saunders coupling
{(l&, 4, ~ ~ ~ ) (s~, ssr ~ ~ ) }= {l,s} holds. (4) The results for 'll and 'll states are strictly
applicable only (a), for fixed (non-rotating) nuclei, (b), if there is no coupling of the l, 's; the
spins s are ordinarily assumed to give a resultant s, as in the Russell-Saunders coupling
for atoms, but the results would be unaffected if each s, gave a separate i„.

3IIolecular multiplets. For 'II and 'II states in which each l, is independently space-
quantized with reference to the molecular axis (stage 3 Stark effect), the I' and Av relations, for
a molecule with nuclei held fixed, can readily be obtained in analogy to the theory of the
Paschen-Back effect for atoms. Let us think first of a single p electron in an atom, in a strong
magnetic field. Here l and s are separately quantized, giving magnetic quantum numbers m&

and m„and the relation p =am&m, holds for the interaction energy of l and s (cf. Goudsmit,
1. c.,"p. 952). Now the electrical quantum numbers i& and i, in a molecule (strong electric
field) are precisely analogous to mi and m, of a strong magnetic field. " Hence for this case:

~ 2II: r=Ai&i, =v=ai&i, . (6)

Putting i& ——1, i, = +1/2 in Eq. (6) and subtracting, one gets

vr 2II: &v=a.

For the case of a 'II state resulting from the presence of a a and a m electron, we make
use of the general relation (cf. Goudsmit, 1. c., Eq. (2))

I'=Zy, =Ra l,s,cos(l„s,) . (8)

For a o- electron, a, =0, or cos (l, s,) =0, or both. Hence I' =.alsi cos (l, si), where a and l refer
to the ~ electron. The spins si and s2, of the ~ and 0. electrons respectively, are here coupled
to give a resultant s =1. Under these circumstances, evaluation of cos (l, si), if due account is
taken of the meaning of l, s, and si in the new mechanics, gives

f'=a[l cos (i~, l)] [s cos{ss,s) cos (ss, , s)] ai~i /2. =

That is, if a refers to the ~ electron, we have

o~ 'II: r =Ai&i, =(1/2)aiii, . (9)

Putting i& =1, i, =+1 and —1 in Eq. (9) and subtracting, one gets

o'2l. 3II: Av=a. (10)
For a m' 'II state (cf. I, p. 221), we note first that two of the three ~ electrons must have their

i&, 's parallel (i.e., say i&, =i&2=+1). These two electrons must then have their spins anti-
parallel, forming a closed shell-of-two (cf. I, p. 192—4), with a net (l,s,) interaction energy

"S. Goudsmit, Phys. Rev. 31, 946—59 (1928); S. Goudsmit and C. J. Humphreys, Phys.
Rev. 31, 960 (1928). The A and b,v relations for P states (Table IV below) are not all given
explicitly in these papers, but can be readily obtained from results there given. For the simpler
cases, the relations have been known for some time.
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(pg+ +42 in Eq. 8) of zero. We need therefore consider only the (l,s,) energy for the third electron.
By Eq. 6, this is p, =ai&,i,,=ai &,i,. Now (cf. I, Fig. 1), on account of the fact that i&, is opposite
to i&, and i~„which are both parallel to i&(i~ +=i~,), we have i&, = ic—Hence,

~»n: r =Ai&i, = —ai&i,„av= —a

Making use of the result of the preceding paragraph, and proceeding as for the case of
12.21- 'll, it is readily shown that we have

0'7F' 3II: F =Ai&i, = —(1/2)aiti„' b,v= —a (12)

In general, for any molecular multiplet, "for fixed nuclei,

F =Ai)i, .
Reduction of molecular dv data to the case ofaxed nuclei. In order to obtain, from experi-

mental data, correct a values for multiplet states of real molecules, allowance must be made
for the effect of molecular rotation, since Eqs. (6)—(13) apply only for the case of fixed nuclei.
Hill and Van Vleck" have given formulas for doublet and triplet states in which the sum of the
(l,s,) magnetic energy and the rotational energy is expressed as a function of the rotational
quantum number j. For doublet states, the exact energy formula is as follows:

E/hc =B[(j+1/2) s iP + 1—/2 {4(j + 1/2) s+ It (X 4)i P }~—fsj+ ~ ~ (14)

Here ) =A/B, where B=h/8~'cI, and A is the A of Eqs. (6), (11), (13), and Table IV; the
upper (+) sign in Eq. (14) refers to F2 levels, the lower (—) to FI levels. +.

For large values of IX I, corresponding to an approach to Hund's case o, expansion of
Eq. (14) gives '4 for normal doubtlets (A )0),

E/bc=+( /2I)Ai&+ [jB(j+1)—(i&+1/2)'+(1/2)+ {(j+1/2)2 iP}B/—Ai&+ . (15)

For inverted doublets (A &0), it gives

E/bc=+(1/2) IA
I
i&+B [j(j+I) (i&+I/2—)'+I/2+ {(I+I/2)' ip}B/—IA I

i&+ ~ ~ ~ . (16)

In each case the upper sign refers to the F2 levels, the lower to the Fj levels; the F2 levels
correspond to 'II3/2 levels if A )0, to 'III/2 levels if A &0."~

Expressions corresponding to Eqs. (15) and (16) are also given by Hill and Van Vleck for
triplet levels (1. c., p. 261).

If IX I
is suSciently large (say, perhaps, IXI)6), Eq. (15) or (16) furnishes a convenient

basis for the evaluation of A from experimental data. Considering first the case A )0, ig = 1, sup-
pose we make the subtraction F2(3/2) —FI(1/2), and express the result in terms of A and B.
In this way we find the relation:

A)0: A = {F2(3/2)—Fx(1/2) } B 3B'/A. — — (17)
Similarly

A &0:
I

A
I

= {E~(I/2)—"~(3/2) }+B 3B'/
I

A
I
. — (18)

With the help of Eqs. (17) and (18), A can usually readily be determined, since the interval
F2(3/2) —F&(1/2) or F&(1/2) —F&(3/2) can be obtained directly and accurately as a difference
of the wave-numbers of two spectrum lines (cf. the figures in ref. 36), while the value of B
is also known with sufhcient accuracy from the analysis of the band.

RYERSON PHYSICAL LABORATORY,

UNIVERSITY OF CHICAGO)

February 27, 1929.

"Cf. F. Hund, Zeits. f. Physik 30, 657, 662 (1926); Hund, Linienspektren, p. 76—8,
J. Springer, Berlin, 1927.

'4 E. L. Hill and J. H. Van Vleck, Phys. Rev. 32, 261—2 (1928)."For the definition of F& and F2 levels in general, cf. ref. 15 and especially ref. 36. For
j=3/2, 5/2, ~ ~ ~, there is an FI and an F2 level for each j value, but for j=1/2 there is only
a single level. This is here classified as F2(1/2) for X&2; and as Fj (1/2) for ) )2 (cf. Fig. 1 of
ref. 36, discussion). With this definition, the relations of + and —signs to Fj and F2 in Eqs.
(14), (15), (16) are correct as stated in the text. Hill and Van Vleck use a notation which
corresponds to calling F (1/2) always F2(1/2), but if this is done, the use of signs in the equa-
tions has to be reversed for F~ (1/2) as compared with other F2 levels.

6 R. S. Mulliken, Phys. Rev. 32, 388 (1928).


