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ordinarily chosen to describe the inversion doubling in am-
monia. The double minimum problem has been investigated theo-
retically several timescll). The exact theoretical solution(lz)
, for a potential of the form

6 2 2
s X X Xo hv
v(x) (12x§4 -7 * 7% ) 2

does not seem inappropriate here. This potential will ensure
that the fluorine atoms remain at a reasonable distance from
the central atom, and since only the very low-lying vibrational
levels are of interest here the exact way in which the poten-
tial rises to very large values for large values of x is pro-
bably unimportant. The parameter x, depends on the distance
2qo between minima, on the frequency V¥ of the unperturbed

vibration, and on the reduced mass/M.thus:

Xo = 2Mqo /Ahi

Values of the symmetric and antisymmetric energy levels of
the vibration as functions of x, are given in the original
article(12) and have been recalculated. In Table I are given

values of x. appropriate to ammonia, the hexafluorides, and

(o)
the hexacarbonyls. The values of 2q, used were the observed
splits in distances rather than the distances between minima
of potentials which would match the various observed densities
of scattering matter, since the additional separation of the

maxima through contributions from excited vibrational states

is not readily estimated.



.-
TABLE I
Order of Magnitude of Splitting of Ground States

Molecule Xo Predicted Values Observed Values
Height of Split of Split of
Potential Ground Ground State
Barrier State
(em=1) (em-1) (em=1)
NH3 302 800* 20 007
UFg 33 440 10 19.0
IIFG 3.8 810 small 19.0
WFg 32 640 15 Em——
W(CO0)g 2.7 250 30 ik
Mo(CO)6 e 5 80 210 ——

* Best value is 2076 em=1(13),
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The value of ‘VQ the higher frequency of species F1u in a
simple 0Oy model, was taken to be the same as the symmetrical
stretching frequency; this frequency has been observed in

the Raman spectra(4’5) for the hexafluorides and was estimated
from Badger's Rule(14) for the hexacarbonyls. The frequency

used for UFg in the case for which x_ is 3.3 is 480 em~1 and

(o)

was obtained by the use of the three observed Raman frequen-
cies(4) and of the valence bond potential of Wilson desecribed
for use in caleulations of SFy, SeFy, and rer (19, 1In an1

cases the reduced mass 2 éM’§6$m) was used, where I is

the mass of the metal atom and m is the mass of the ligate,

CO being considered a unit. Table I contains values of the
splits in the ground states and the heights of the wvarious
potential barriers calculated from the values of X5. The
values are intended to indicate only the order of magnitude
to be expected.

Wave functions for the symmetric and antisymmetric levels
of the ground vibrational state of this sort of system were
calculated for x, equals 3.00. Evaluation of the density of
scattering matter from these wave functions shows that there
are indeed two maxima in scattering matter and that the den-
sity midway between the maxima is about one-tenth of the
value of one of the maxima. Since the distance between maxima
in scattering matter is less than the distance between minima
of the potential functlon, the wvalues of x5 are all somewhat
small, especially those for MoFg and Mo(CO)g. Moreover, cal-

culations have not been made to determine whether the density
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of scattering matter for values of X, near 1.5 has two maxima
to correspond to the diffraction data.

The energies of 200, 210, and 211 for UF6 as shown in
Figure 1 are the result of the identification of the 623 em~1
absorption and the estimated split of the fundamental with
the use of the predicted Fy, frequency, 480 em~l, This
value is probably too small by about 15% since the predic-
tions for the F,, vibrations of SeF¢ and TeFg with a similar
(15)

use of Wilson's potential are too small relative to the
observed values(16) by about 15%. If 480 em™1 is indeed

too small, the value of x, should be increased, and the
group 200, 210, 211 should lie closer to the group 300, 310,
311.

The value of the higher F " frequency, if corrected by

&
15%, is about 570 em™l instead of 480 cm'l; 570 em~1 is some-

1 which has been assigned(4).

what less than the value 640 cm™
This discrepancy, together with the fact that a split of

19 em~! in the ground state is not unreasonable, strengthens
somewhat the new assignments of the infrared lines at 675 em~1
and 623 cm“l, especlally since the original assigment(4)
depends on the existence of an accidental degeneracy at

640 em~l and full use of the three parameters: two infrared-
active frequencies and an inactive frequency. However, any
meaningful reinterpretation of this spectrum in terms of the
model proposed here would require not only a careful consider-

ation of weak lines, as yet unobserved, but also a knowledge

of the spectrum beyond 17 microns.



~67=

The explanation of the simplicity of the Raman spectra
of these hexafluorides(4’5) depends on the selection rule
which forbids changes in two quantum numbers at once, the
absence of an increase in split with vibrational quantum
number in the Raman-like vibrations, and the estimation that
the polarizasbility matrix for allowed transitions like those
of Figure 1 is small. It 1s possible that weak lines are
still to be observed in the Raman spectra. The infrared and
Raman spectra of the hexacarbonyls have not been reported.

Formal calculation of the split in the degeneracy of
the ground state of XY¥g (C3y - Op) 1is of interest. The wave
functions, Ei, describe the states of the system in terms of
the approximately normalized, but non-orthogonal, electronie
wave functions, uj, for each of the non-interacting C3y-like

structures:

¥o(h1p) = Ng(up ¢ up ¢ u3 ¢ ug ¢ U5 ¢ ug ¢ uy + ug)
¥ (Fry)
¥o(F1u)

Npy(up # up = uz - ug ¢ ug ¢ ug - uyp - ug)
No(uq - U, = Uy # Ug ¢ Ug - UG - Uy ¢ ug)
¥g(F1y) = Ng(up # up ¢+ u3 ¢+ Wy - ug - ug - uy - ug)

He(Fzg) = Ne(up - up ¢+ uy = uy ¢ ug = ug ¢ uy - ug)

YF(Fgg) = Ne(uy # up - u3 - Uy - Ug = Ug ¢ Uy + ug)
Hg(Fzg) = Ng(uj - up - uy # Uy - Ug # Ug ¢ Uy = ug)
U ¢ ug).

Yh(AQu) - Nh(ul -u ¢ uy - g = u5 + Ug
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The energy levels obtained from these by perturbation theory

are:

1H'1) ¢ 3(1H'2) ¢ 3(1H'3) ¢ (1H'
= wO
W(hyg) = W° & 7 4 3(1,2) ¢ 3(1,3) ¢ (1,7

WO o 1H'1l) ¢ (IH'2) - (1H' - (1H!

W(rpg) = we o (LD = QUI2) = (D)« (LD
o, (1H'1) - 3(1H'2) & 3((_1H_'7‘1.1_-_§_1H_'§_).
Whgy) = W" & 29200 5y + 3(L,3) - (1,7

If (1,2), (1,3), (1,7), (1H'3), and (1H'7) are zero, this set

W(F1y)

1
=
o]

of energy levels is equivalent to those of Figure 1.

An estimate of the order of magnitude of the splitting
of the ground state of UFg can be made independently of the
spectrum. The observed entropy has been calculated from data
on the heat capacity observed above 14° K(17). The entropy
for the C3y - Op model is greater than that for the Op model
by about R log 8, and a rise in the heat capacity below about
14° is expected, corresponding to residual entropy of about
R log 8. The difference in energy of the ground state and the
seven other low-lying levels is of the order of kT at 149 K,
or about 10 cm‘l: This estimate, of course, assumes that the
heat capacity measurements were made at equilibrium and that
this residual entropy is not lost at a higher temperature by
interactions among the molecules in the crystal.

From measurements of the dielectric constant of UFg, the
molar polarization has been found to be 30.7 ¥ 1.0 cc at 19.60(18)
and 27.1 ¥ 0.3 ce at 59.5°, 67.40; and 89.00¢ 8), The work of
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these two groups of observers seems to be equally reliable,
but is certainly contradictory. If a mean temperature of
72° is used with the value 27.1 cc together with the value
of 30.7 cc at 19.6°, a dipole moment of 1.1 ¥ 0,3 Debye is
found for UFg. Since the molar refraction (Na D) is only
21.83 cc(8), a dipole moment of 0.59% Debye is not impossible
even if the value of the molar polarization at 19.6° is
disregarded.

Although a simple Op model readily explains a zero dipole
moment, it does not satisfactorily account for the need to
discount the measurements at 19.6° or for the anomalously
large molecular polarizatfon which is required by a zero di-
pole moment. If, however, it is admitted that the Cay-like
model proposed may accldentally have a dipole moment which
is as small as 1.1 Debye, then all except the reported tem-
perature-independence of the dielectric constant from 60° to
90° is explained satisfactorily.

Detailed interpretation of the structure of 0s04 is
conmplicated by the observation in Section I G. of this thesis
that neither a 2:2 nor a 3:1 split in 0sO distances is alone
satisfactory. Consequently, a simple assumption about symmetry
which will serve as a good approximation throughout is not
at hand. It is clear, nevertheless, that if the pseudosymmetry
is Coy, that the ground state is six-foldly degenerate with
vibrational states of species Ay, Fp, and E; and if the pseudo-
symmetry is C3v: the ground state is four-foldly degenerate
with vibrational states of species Al and F2. A quantum
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degenerate

o [0
calculation, as for XYg4, of the energies of these

states of the Cpy -T4 model with the use of the

wave functions

¥ (47)
¥, (Fp)
Y. (Fo)
¥q(Fp)
Yo (E)
¥e()

= Na(uy ¢ up ¢ Uy ¢ Uy ¢ Ug ¢ ug)

= Np(up - ug)

= No(up - uy)

= Ng(uy - ug)

= Ngup ¢ ug - #(up ¢ Uy ¢ Uy ¢ u5))
= Ne(up - uy + ug - us)

leads to the energles

W(Aq)
W(F,)
W(E)

Similarly,

values ares:

¥ (ap)
¥o(F,)
¥ .(F5)
B3(Fo)

W(Al)

W(Fp)

|
=
o
-
o
—
*|»
Fol
by =
| =
N
- |»
M=
O

1H'1) - (1H'6

- w0

ol SR

2 WO 1H'1) - 2(1H'2) ¢ (1H'6),
AR - 2(1,2) ¢ (1,

for a C3v - Tq model, the wave functions and energy

= Na(up ¢+ up + uy ¢ uy)

= Np(uy ¢ up - ug - uy)

No(uy - up ¢ uy - uy)

Ng(uy = up - uy + uy)
WO (1H'1) + 351H'2!
. i + 3(1,2
o o (1H'1l) - §1H'22
w ’ 1 o 1,2 .
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The lack of a dipole moment in 0s04 seems to be certain,
since the temperature was varied over a great range(9). 1f
neither the dipole moment data nor the diffraction data are
to be denied, then the dipole moment must be negligible by
accldent., The simplicity of the Raman Spectrumcé), even
though lines may have escaped observation, demands explana-
tion, perhaps of the same sort as was given for UF6.

The standard entropy of 0sO4(g) has been calculated(19)
with the assumption of simple Tq symmetry; an experimental
value 1is not available. Presumably the low temperature heat
capaclty shows that the solid has residual entropy, which
may vanish at attainable temperatures because the possibility
of interactions among molecules in the crystal is greater for

0s0, than for a sexiligated compound.
B. The Nature of the Non-equivalent Bonds

Of immediate interest after a recognition of the real
equivalence of each ligate is the reason why non-equivalent
bonds should have existence at all, when it is possible for
the central atom to form strong and equivalent bonds in a
much simpler and more conventional fashion. The fact that
sexiligated and quadriligated metal atoms exhibit these non-
equivalent bonds to equivalent ligates indicates that the
formation of these bonds is not an accident of a particular
kind of hybridization of atomic orbitalsj the fact that hexa-
fluorides and hexacarbonyls exhibit this sort of bonding
indicates that their formation 1s not an accident of the
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availability of certain bonding orbitals or an accident of
ionic character, unless the carbon in each carbonyl group
be considered a conductor of electrons from metal to oxygen.
The abundance of stable d orbitals and the absence of
relatively stable p orbitals for use in sigma-bonds together
with the availability of the excess of stable orbitals for
use in pi bonds distinguish the bonding situation in MoF6
and WFg from that in TeF6, a molecule of simple 0h symnetry.
For Te has d orbitals available which are somewhat less
stable than its s and p orbitalsj as a result, use of the d
orbitals is minimized. On the other hand, use of more than
two of the stable d orbitals of W and Mo in sigma-bonds
necessitates abandonment of Oy symmetry for the sigma-bonds.
Presumably, the extra d-character of the sigma-bonds and
the formation of pi-bonds with the excess of stable orbitals
would lower the energy of the molecule. These pi-bonds would
be formed in the hexafluorides by a transfer of electrons
from the fluorine atoms to the metal atom in order to relieve
the positive charge on the metal atom caused by ionic char-
acter in the six sigma-bonds. In the carbonyls these pi-bonds
would be formed by the three unshared pairs of electrons on
the metal atom in an effort to decentralize the large negative
éharge caused by the carbonyls!' contributing all the bonding
electrons of the sigma-bonds. And ionic character of the
bonds through carbon not only would contribute to the exodus
of the metallic electrons but also would allow the use of d

orbitals in bonding rather than the less stable p orbitals,
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extra d-character seeming also to contribute bond strength
beyond that predicted by the usual Pauling strength criterion.
In view of the previous successes in predicting symmetry from
the symmetry of the sigma-bond hybridization, as in symmetrical
molecules like COp which have resonating multiple bonds,
hybridization to form non-equivalent sigma-bonds, as already
suggested for UF6(20), seems to be the reason for asymmetry.
Eight stable orbitals are available on 0s for the forma-
tion of tetrahedral double bonds, the average 0s0O distance
indicating that this is a good approximation to the structure.
But whether or not these double bonds can be made equivalent is
not knownj; however, the most stable set may well require a de=-
ecrease in symmetry. The unused, stable 6p and 5d orbitals
and the unstable 6d orbitals on Os are available for use in
triple bonds.
How to interpret these non-equivalent bonds quantitatively

(21) use of extra d-character and varying

in terms of Pauling's
bond orders has not been investigated. Since the d-character

of the sigma bonds is unknown, Mo(co)6 being diamagnetic(QZ)

and the hexafluorides showing only feeble temperature-independent
paramagnetism(23>, and since the very definition of d-character
of bonds which have d orbitals used for pi-bond formation is
lacking, suech an interpretation must be ambiguous because the
domains of d-character and bond order are coextensive: the
lengths of bonds. It is perhaps sufficient, then, to note

that the average metal-ligate distance corresponds to a single

bond in the sexiligates and to a double bond in 0sO4, lengths

to be expected according to simple valence theory.
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III. THE DISSOCIATION ENERGIES OF DIATOMIC MOLECULES
AND THE ENERGIES OF THE VALENCE STATES OF ATOMS

A. The Dissociation Energy of Carbon Monoxide
and the Heat of Sublimation of Graphite

Reprinted from the Proceedings of the NATIONAL ACADEMY OF SCIENCES,
Vol. 35, No. 7, pp. 350-363. July, 1949

THE DISSOCIATION ENERGY OF CARBON MONOXIDE AND
THE HEAT OF SUBLIMATION OF GRAPHITE

By Linus PauLING AND WiLLiaAM F. SHEEHAN, JR.

GATES AND CRELLIN LABORATORIES OF CHEMISTRY, CALIFORNIA INSTITUTE OF
TECHNOLOGY *

Communicated May 5, 1949

For a number of years there has existed doubt about the value of the
dissociation energy of carbon monoxide and about the heat of sublimation
of graphite, a directly related quantity. The most popular values for the
dissociation energy of carbon monoxide are 9.144 electron-volts, suggested
by Herzberg' on the basis of predissociation phenomena in band spectra,
9.61 e. v., suggested by Hagstrum and Tate? on the basis of electron impact
experiments (or the value 9.85 e. v. derivable from predissociation data?),
and 11.11 e. v., suggested by Gaydon and Penney! from an analysis of
spectroscopic data. These values together with thermochemical data
lead to the values 124.9, 141.4, and 170.3 kcal./mole, respectively, for the
heat of sublimation of graphite. Strong evidence for the last of these
values has been presented by Brewer, Gilles, and Jenkins, who have
reported 170.4 kcal./mole from a direct experimental determination. The
value has, however, been criticized by other investigators,® 7 and has been
defended by Brewer.?
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In this paper we communicate an argument which indicates that the
high values of about 170 kcal./mole for the heat of sublimation of carbon
to C)(®P) and 11.11 e. v. for the dissociation energy of carbon monoxide
are not correct, and which leads instead to the values 140 kcal./mole and
9.77 e. v., respectively.

The argument is based on the postulate that the linear extrapolation of
the vibrational levels for the lower vibrational states of a molecule (a linear
Birge-Sponer extrapolation) leads to an energy value corresponding to the
dissociated atoms in a hypothetical electronic state called the valence
state. An atom in the valence state, as defined in this paper, is an isolated
atom with the same electronic structure as that which the atom has in the
molecule under consideration. It is the state that would result if the
atoms in the molecule were to be pulled apart without change in the
electronic structures that exist in the molecule in the lower vibrational
levels of the lower electronic state. The wave function for the valence
state of an atom may of course be formed by linear combination of those
for its spectroscopic states, and the energy of the valence state is somewhat
higher than that of the normal spectroscopic state, by an amount, the
valence-state energy, that is reasonably constant for a given atom from
molecule to molecule.® 1?

The valence-state energy of the oxygen atom has been evaluated as
0.74 = 0.05 e. v.!* A rough value for the valence-state energy of nitrogen
can be calculated from spectroscopic data for the three low-energy levels
of the atom, all based on the configuration 2s*2p3. These levels, 1S, D,
and 2P, have energy values F°, F° —6/25 F?, and F° — 15/25 F* respectively,
according to simple spectroscopic theory. The states 2D and 2P are
observed to lie at energies 2.38 e. v. and 3.57 e. v. above the normal state
4S. These values are not in the ratio 3:5 given by the simple theory,
and accordingly there is uncertainty as to the value of the resonance in-
tegral F2. The normal valence state of nitrogen to the extent that it is
based on the normal configuration 2s*253 is the state in which each of three
electrons occupying separate p orbitals has its spin oriented independently
of the other two electrons, the corresponding energy being F°—21/50 F2.
Because of the uncertainty in the value of F?, the energy of the valence
state cannot be predicted precisely. If the %S level is considered to be
depressed by resonance with a similar state based on an excited configura-
tion of the atom the valence-state energy would be calculated to be 1.39
e. v., whereas if the 2P level is considered to be depressed by resonance the
valence-state energy would be 1.19 e. v. A value somewhat larger than
either of these values might be expected to result from contributions of
higher spectroscopic states to the valence state.

A more reliable value for the valence-state energy of the nitrogen atom
can be obtained from the consideration of nitric oxide. The energy of
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dissociation of the normal nitric oxide molecule to a nitrogen atom-and an
oxygen atom in their valence states is found by linear extrapolation of the
low-lying vibrational levels to be 7.87 e. v. - If we, subtract from this
quantity the sum of the valence-state energy of oxygen, 0.74 e. v., and that
of nitrogen, approximately 1.5 e. v., the dissociation energy Dy.is pre-
dicted to be approximately 5.6 e. v. This argument hence favors the value
Dy = 5.29-e. v. proposed by Mulliken!!-and supported by Wulf!* and
Hagstrum,'® rather than the value 6.49 e. v. supported by Gaydon.'*
If we accept the value 5.29, the valence-state energy of the nitrogen atom
is calculated to be 1.84 e. v. -

Some substantiation of this value is provided by the consideration of the
normal state and the first excited state of the nitrogen molecule. « The
energy of dissociation of N in its normal state X'}, into two nitrogen

“atoms in their valence states is found by linear extrapolation to be 11.60
e. v.; and the value of this quantity given by the first excited state 43Y;"
is 10.58 e.-v.. On subtracting the dissociation energy of the nitrogen
molecule, 7.38 e. v. (the alternative spectroscopic value 9.76 e. v. is to be
eliminated as not leading to sufficiently large values for the valence-state
energy and being incompatible with the results of electron-impact experi-
ments'?), and dividing by 2, we obtain 2.11 and 1.60 e. v., respectively,
for the valence-state energy of the nitrogen atom. The value 2.11 e. v.
given by the normal state of the nitrogen molecule is probably high because
of alarge amount of s character in the orbital of the ¢ bond for this molecule.
We conclude-that the normal valence-state energy of the nitrogen atom.is
approximately 1.84 e. v., and that variation of a few tenths of an electroh-
volt may be expected. v

The valence-state energy of the carbon atom can be similarly derived
from spectroscopic data for the molecules CH and C.;. For the normal
state of CH the energy of dissociation to a carbon atom and a hydrogen
atom in their valence states is 5.20 e. v., as given by linear extrapolation,
and the dissociation energy D, to the atoms in their normal states is 3.47
e. v. The difference, 1.73 e. v., can be taken as the valence-state energy
of the carbon atom, inasmuch as the valence state and the normal spectro-
scopic state of the hydrogen atom are essentially the same. - For the
normal C, molecule the energy of dissociation to two carbon atoms in their
valence states is found by linear extrapolation to be 7.05 e. v., and the
dissociation energy Dy is 3.6 e. v. These quantities lead to 1.73 e. v. for
the valence-state energy of carbon, in exact agreement with the preceding
value.

The energy of a carbon atom in its valence state and an oxygen atom
in its valence state relative to the normal state of the carbon monoxide
molecule is found to be 11.23 e. v. by linear extrapolation for the normal
state, and the values 12.33, 11.87, and 12.10 e. v. are similarly obtained for
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the first three excited states of the molecule, @ *1, a’ 3Y, and 4 . If
we subtract from these numbers the quantity 2.47 e. v., the sum of the
valence-state energies for carbon and oxygen, as evaluated above, we
obtain 8.76, 9.86, 9.40 and 9.63 e. v. for the dissociation energy of the
normal carbon monoxide molecule to atoms in their normal spectroscopic
states. These values are incompatible with the high value 11.11 e. v. for
Dy(CO), and may be considered to support either the value 9.14 or the
value 9.61-9.85.

Evidence indicating that the second of these values, 9.6-9.85, is correct
is obtained from the discussion of the cyanogen molecule and the cyanide
radical. Linear extrapolation of the vibrational levels of the lowest state
of the CN molecule, X 23+, leads to 9.85 e. v. for the energy of a carbon
atom and a nitrogen atom in their valence states relative to the normal
state of the molecule. On subtracting 1.73 for the valence-state energy
of carbon and 1.84 for that of nitrogen, we obtain 6.28 e. v. for Dy(CN).
This value strongly supports the spectroscopic value 6.24 e. v. for this
molecule,!* rather than the alternative spectroscopic value 7.50 e. v.
From thermochemical data and the accepted dissociation energy of the
oxygen molecule, 5.08 e. v., it can be calculated!® that the dissociation
energy of cyanogen, C;Ny, into two CN molecules is given by the equation

Dy(NC—CN) = 2Dy(CO) 4 Do(Ny) — 2Dy(CN) — 10.7 e. v. (1)

The dissociation energy of cyanogen has been reported by Kistiakowsky
and Gershinowitz!® to be 77 = 4 kcal./mole, and by White!” to be 146 =
4 kcal./mole. A chemical argument can be given that leads to an inter-
mediate value. The dissociation energy of cyanogen may be expected to
be greater than the carbon-carbon single-bond energy in diamond (one-
half the heat of sublimation of diamond) by an amount equal to the
conjugation energy of the two triple bonds in the molecule. This conjuga-
tion energy is twice that of two conjugated double bonds, with theoretical
value'® 8 kcal./mole. The value of Dy(NC—CN) may hence be taken as
16 kcal./mole (0.70 e. v.) greater than one-half the heat of sublimation of
diamond, and if this heat of sublimation lies between 125 and 170 keal./
mole the value of Dy(NC—CN) is calculated to be 90 = 11 kcal./mole
Instead of using this value, with its large uncertainty, we may adopt the
following procedure. Thermochemical data require that the value of
Dy(CO) be 3.70 e. v. greater than the heat of sublimation of diamond, and
hence, with the resonance energy 0.70 e. v. in cyanogen, we obtain the
equation .
Dy(NC—CN) = 1/,D,(CO) — L.15e. v. (2)

From (1) and (2) we obtain the equation
3/2 Dy(CO) = 2Dy(CN) — Dy(N;) + 9.55 e. v. (3)
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This equation with the values given above for Dy(CN) and Dy(N2) leads to
9.77 e. v. for Dy(CO), and hence to 140 keal/mole for the heat of sub-
limation of graphite and 86 keal./mole for the dissociation energy of cyano-
gen.

The methods that we have used in reaching these values involve some
novel ideas—the concept of valence-state energy and the postulate that
the valence-state energy is usually nearly the same for an atom in different
molecules, the use of linear extrapolation of vibrational levels to obtain
the dissociation energies of molecules into atoms in their valence states,
the use of conjugation energy for expressing a difference in dissociation
energies—and their reliability and accuracy have not been extensively
tested. From internal evidence it seems likely, however, that these
methods when cautiously applied yield energy values that involve no larger
errors than a few tenths of an electron-volt, and that they may be used
with considerable confidence, as in the present paper, to select the correct
ones from among alternative widely differing possible values of dissociation
energies of molecules.
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B. The Energies of the Valence States of Several Atoms
and the Valence State Dissociation Limits of Several

Diatomic IMolecules

It has long been known that there is an almost universal
tendency for the rate of convergence of vibrational energy
levels of diatomic molecules to be an almost linear function
of the vibrational quantum number, at least for the low-lying
vibrational states. This simple, linear relationship is used
frequently to predict, by linear extrapolation, dissociation
energies of diatomic molecules, with the recognition of the
fact that such a linear extrapolation to convergence of the
vibrational levels according to the method of Birge and
Sponer(l) usually predicts too large a dissociation energy.

A critical discussion of the Birge-Sponer Extrapolation has
been given recently by Gaydon(z).

The significance of the difference in the dissociation
energy found by linear extrapolation and the true dissociation
energy has been pointed out recently by Pauling(3’4). Accord-
ing to his interpretation, the dissociation energy found by
linear extrapolation is to be identified with the energy of
dissociation to atoms in their valence states, the valence
state of an atom being defined as that atomic state in which
the atom has the same electronic structure as it has in the
molecule. The energy of the valence state of bivalent oxygen
as it exlsts in 0o, OH, and Hp0 has been evaluated by
Pauling(4) as 0.74 ¥ 0,05 e.v., a value which is essentially

the same as that predicted by Mulliken(5), 0.67 €.Vae
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This energy of the valence state is found to be almost
independent of the particular molecule in which bivalent oxygen
is located(4). The assumption that the energy of the valence
state of most other atoms is similarly independent of the
particular molecule but dependent om the valence state often
allows the prediction of true dissociation energies which are
more accurate than those which could be found by linear or
non-linear extrapolation by the method of Birge and Sponer.
And when several accurate, but widely differing, values of a
true dissociation energy are possible, the value predicted
by use of the concept of the valence state energy should
resolve the ambiguity.

In Table I are given the values of the dissociation
energlies of several diatomic molecules as found by linear
graphical extrapolation. Values of the increments of vibra-
tional energy were determined from band heads or band origins
of electronic transitions reported in the literature. Since
a thorough search of the literature was made for all the
molecules of Table I, a complete list of references would
be long. An entry to the literature, however, may be gained
readily by reference to Gaydon(z) or Herzberg(6). Almost all
increments of vibrational energy so found for each electronie
state were plotted against the average vibrational quantum
number, and the straight line judged by eye to be the best
was drawn through these points. From the intercepts on the
axes, the linearly extrapolated dissoclation energy from the
lowest vibrational state of each electronic state was calcu-

lated, this energy being given by the area beneath the straight
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TABLE I
Valence State Dissociation Limits
AB State Dgy! Ay Do' # A, States of Energy of Limit
(extrap) Products Products (e.v.)
(e.v. (esv.) (e.v.) A B Ctia¥a)
OH XoT 5,01 0.00 5.01 P 28 0.00 5,01
A2g? 3.02 4,02 7.04 D 2s 1.97 5.07
0o x3zi 6.69 0.00 6.69 3P 3p 0.00 6.69
aldy  5.38 0.98 6.36 3P 3p 0.00 6.36
bles 442 1.63 6.05 3P 3p 0.00 6.05
Ads¥  1.09 4,43 5.52 3p 3p 0.00 5,52
B3,  1.81* 6.12 7.93 3p Ip 1.97 5.96
so X3¢ 6.31*  0.00 6.31 P 3p 0.00 6.31
B35~  2.13* 4.85 6.98 1p 3p 1.14 5.84
So x3z§ 5.60 0,00 5.60 3P 3P 0.00 5460
B354 2.04 3.93 597 1p 3 1.14  4.83
NO X2 7.87 0.00 7.8g 4 %P 0.00 7.87
A2F* 11,71 5,47  17.1 4g S 9,14 8.04
BT 4,72 5.62 10.34 2D P 2.38 7496
D2g+ 6.87 6.60 13.47 2P D 5.54 7.93
NS X2l 6.29  0.00 6.29 %  3p 0.00 6.29
No XLfy 11.60 0.00 11.60 4 4g 0.00  11.60
A% 4,36 6.17 10.53 4 4g 0.00  10.53
BT, 6.23  7.35 13.58 2p  “4g 2.38  11.20
alf 6.23 8,54 14,77 2p 2p 4,76  10.01
c 2,11** 11,03 13.14 2p 4s 2.38  10.76
let 3 3
co xis ke 0,00 11.23 P P 0.00 1504
adT 6.3 6,01 12.39  1p 3p 1.26 19,12
a3 4,34 7.66 12,00 b 3p 1.26 10.74
Al 4,07 8,02 12.09 3P P 0.00 12.00
Bls+  3.84 10.78 14.62 1p D 3.23  11.39
cs xist 8,01 0.00 8.01 3P 3p 0.00 8.01
AlqT 3.25 4,81 8,06 3p 3p 0.00 8.06
CN  x2s*  8.94 0.00 8.94 3p 4g 0.00 8.94
ACTT 7 81, 1:13 9.94 p 4g 0.00 9,94
B2g*+ 7.27  3.20 10.47 3P 2p 2.38 8.09
CP xgi* 6.95  0.00 6.95 3p 4s 0.00 6.95
A=l 5.60 2.7 8.33

B2+  3.56 3.5 7.14

cot x2g* 10.12 0.00 10.12
AT 6.20 2.53  8.83
ng: 3.61 5.66 9.27

Not* X 8.94 0.00 8.94
B2s#  6.20% 3.17  9.37

0¥ X 6.58 0,00  6.58
A e 1.83 4,74 6.57

* Mathematical linear extrapolation(6).
** Graphical non-linear extrapolation.
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line. The values found in this way are reported in Table I.
The fourth column of this table contains the energies of the
various electronic states above the ground electronic states,
and the fifth column contains the height of the various val-
ence state dissociation limits above the ground state. Values
of these limits have been calculated previously by Pauling(3).
Several of these dissociation limits coincide for most of the
molecules, and 1f reasonable amounts of atomic excitation
energy, as indicated in columns six and seven of Table I, are
subtracted from these limits, then these valence state dis-
sociation limits are generally brought into coincidence. The
limit which corresponds to dissociation to atoms in their
valence states is taken to be the average of these almost co-
inciding limits, values of this limit for the various mole-
cules being given in Table II. For CP, CO*, N,*, and 05* , an
obvious correlation with excited and unexcited atoms as allowed
by the correlation rules does not exist.

In Table II a calculation of the valence state energies
of 0, S, N, and C is illustrated for several assumptions about
true dissociation energies, these assumptions differing only
slightly from those made previously(3’4’7). The values of
columns three to six of Table II are derived line by line from
top to bottom by assuming the values enclosed in parentheses.
Other sets of values of the dissociation energies for Np,

NO, CO, and CN and for SO and S, might have been assumed, but
such assumptions lead to valence state energies which differ
rather markedly from values expected theoretically(s). For

example, the valence state energy of S 1s predicted to be
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TABLE II

Valence State Energies of Atoms

D o RIS U
(e.vs) (e.ve)
OH 5.04  (4.40) 0.64 0.64 0.00
05 6.12  (5.08) 1.04 0.52 0.52
S0 6.07  (5.15) 0.92 0.40 (0.52)
S 5.22 (4.4) 0.8 0.4 0.4
No 10.83  (7.37) 3.46 1.73 1.73
NO 7.95 (5.29) 2.66 Bl (0.6)
NS 6.29 4.1 2.2 (1.8) (0.4)
co 11.30  (9.6) 147 141 (0.6)
cs 8.04 645 145 (1.1) (0.4)

CN 8.99 6.1 2.9 (1.1) (1.8)
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somewhat less than the value for oxygenj; hence, a value of
Do(S2) of less than 4.0 e.v. is unacceptable. Table II
1llustrates the usefulness of the valence state energy: values
of Do(NS) and D, (CS) are predicted, and the value predicted
for Do(CN), namely 6.1 e.v., is in good agreement with the
lower of the two spectroscopically favored values, 6.25 e.v.

and 7.50 e.v.(2!6).
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PROPOSITIONS

l. The variation in the increments in t?i molar refrac-
tion per CH,-group in SiR4, GeR,, and Si(SR)4 ) may be ex-
plained on %he basis of hyperconjugation and consequent opti-
cal exaltation.

2. Anharmonicity in the symmetrical stretching modes
of vibration in polyatomic molecules allows E?e calculation,
by a linear Birge-Sponer-like extrapolation( og a disso=-
clation energy to atoms in their valence states

3. Some ?isc?llaneous uses of the valence-state disso-
ciation 1imits(4 are:

a) to calculate one of the three quantities W,
XeWe, and A
b? to detect avoided crossing of potential curves
and great resonance interaction. An example of an avoided
crossing is the gair of 22* states of CO%*; examples of
resonance are No¥* and 0o%.

4, Equation 12c¢ of reference (6) expresses the radii
of the platinum transition metals as a function of bond order,
d-character, and atomic number. A modification of this equa-
tion, giving the radii of all the elements of the very long
period in a similar functional relationship, is

R1(8,6,8,2) = 2.019 - 0.019z - (1.321 - 0.037z)
- (0.175 - 0.005Z)
" (0.297 - 0.0082)¢

sl
6

5d-character

6d-character

4f-character (1.00 or 0,00)
2-540

where

3
5
?
z

5. Knowledge of the structures of 0sFg and HfF4 would
be of 1nteresf Fowards th? Ynderstan?é?g of the unusugl struec-
tur g g 0s04'97, Mo(C0)g(5), W(CO)g MoFg(7), WFg(7), and
UFg\7

6. Braune and Stute(9) have reported the existenc
two different metal-oxygen distﬁnces in both 0s04 (1. 79 and
) and RuO4 (1.668 and 2.748). It seems robable
view of the recent determination of the structure of 04(5),
that these investigators have observed mean metal-oxygen
distances and oxygen-oxygen distances. Accordingly, the
structure of ﬁuo is prﬁbably analogous to 0s04h, wi%h Ru0
equal to 1.60& and 1.73

7. a) A study of the kinetics of the reaction
N14yl4 o N15N15 = 2N14N15
may indicate the magnitude of D i).
b) The detection of N gN resultiné from the quench-
ing of fluorescenge of Kr (4s24p55s) or Xe(5s25p 56s) by a mix-
ture of N14N1l4 and N15N15 may fix the value of Dg(N2).
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8. The existence of nuclear excitation energies of the

order of 2 volts, though improbable, may be experimentally
observed by the observation of forbidden rotational states

in X

diatomic molecules (for example, Np) at elevated tem-

peratures.

1.
2e
3.
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