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from the main Raman frequency by the split of the ground state 

from A1g to Flu• The main Raman line is assumed to be given 

by the transitionsfrom the ground state levels to the excited 

state levels which involve no change in the quantum numbers of 

Figure 1. 

The infrared and Raman transitions which are allowed by 

the symmetry selection rules for Oh are very numerous, as 

indicated in Figure 1. However, the intensities of lines which 

involve the change of two quantum numbers at once are reason-

ably expected to be small. If such lines are forbidden, the 

circumstance that groups of transitions in Figure 1 involve 

equal energies serves to bring the potentially complicated 

situation into fair agreement with the simplicity of the 

observed spectra< 4 ,5). Accordingly, the infrared spectrum of 

Figure 1 then has only five different lines, at 20 cm-1, 

330 cm-1, 630 cm-1, 930 cm-1, and 1290 cm-1; and the Raman 

spectrum of Figure 1 then has only two different lines, at 

350 cm-1 and 610 cm-1 • An estimate of the magnitude of the 

dipole moment and polarizability matrices for these seven 

lines indicates that the infrared lines are expected to be 

intense and the Raman lines, weak even as Raman lines. The 

infrared line at 630 cm-1 in Figure 1 corresponds to the 

observed(4) intense absorption at about 623 cm-1 in UF6 • 

The effect of degeneracy upon excited levels is conven­

iently predicted with the use of the triply degenerate doubl­

ing coordinates which are each formally like the coordinates 
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ordinarily chosen to describe the inversion doubling in am­

monia. The double minimum problem has been investigated theo­

retically several times(ll). The exact theoretical solut1on(l2) 

for a potential of the 

( 
x6 

V(x) = 2JO 
12x0 

h"V 
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 x0 depends on the distance 

2qo between minima , on the frequency 1{ of the unperturbed 

vibration, and on the reduced mass )K thus : 

Xo • 21fqofot 
Values of the symmetric and antisymmetric energy levels of 

the vibration as functions of x0 are given in the original 

article(l2) and have been recalculated. In Table I are given 

values of x
0 

appropriate to ammonia, the hexafluorides, and 

the hexacarbonyls. The values of 2q0 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. 
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TABLE I 

Order of Magnitude of Splitting of Ground States 

Molecule 

NH3 3.2 

UF6 3·3 

UF6 3.8 

WF6 3.2 

MoF6 2.0 

W(C0)6 2.7 

Mo(C0)6 1.5 

Predicted Values 

Height of 
Potential 
Barrier 
( cm-1) 

800* 

440 

810 

640 

240 

250 

80 

Split of 
Ground 
State 

( cm-1) 

20 

10 

small 

15 

220 

30 

210 

* Best value is 2076 cm-1(13). 

Observed Values 

Split of 
Ground State 

0.7 

19.0 

19.0 



-65-

The value of 1(, the higher frequency of species Flu in a 

simple Oh 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(l4) for the hexacarbonyls. The frequency 

used for UF6 in the case for which x
0 

is 3.3 is 480 cm-1 and 

was obtained by the use of the three observed Raman frequen­

cies(4) and of the valence bond potential of Wilson described 

for use in calculations of SF
6

, SeF6 , and TeF6(l5). In all 

cases the reduced mass 2m (M • 4ml was used, where M is 
M •~ 

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 various 

potential barriers calculated from the values of x0 • 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 x0 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 function, the values of x0 . are all somewhat 

small, especially those for MoF6 and Mo(C0)6. Moreover, cal­

culations have not been made to determine whether the density 
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of scattering matter for values of x0 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 identif ication of the 623 cm-1 

absorption and the estimated split of the fundamental with 

t he use of the predicted Flu frequency, 480 cm-1. This 

value is probably too small by about 15% since the predic­

tions for the Flu vibrations of SeF6 and TeF6 wi th a similar 

use of Wilson's(l5) potential are too small relative to the 

observed values<l6) by about 15%. If 480 cm-1 is indeed 

too small, the va lue of x0 should be increased, and t he 

group 200, 210 , 211 should lie closer to the group 300, 310, 

311. 

The value of the higher Flu frequency, if corrected by 

15%, is about 570 cm-1 instead of 480 cm-1; 570 cm-1 is some­

what less than the value 640 cm-l which has been assigned<4>. 
This discrepancy, together with the fact that a split of 

19 cm-1 in the ground state is not unreasonable, strengthens 

somewhat the new assignments of the infrared lines at 675 cm-1 

and 623 cm-1, especially since the original assigment<4) 

depends on t he existence of an accidental degeneracy at 

640 cm-1 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 a l so a knowledge 

of the spectrum beyond 17 microns. 
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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 polarizability matrix for allowed transitions like t hose 

of Figure 1 is small. It is 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 XY6 (C3v - Oh) is of interest. The wave 

functions, ¥i, describe the states of the system in terms of 

the approximately normalized, but non-or t hogonal, electronic 

wave functions, ui, for each of the non-interacting C3v-like 

structures: 

¥a (Alg) - Na(Ul • u2 • u3 • u4 • u5 • U6 • u7 • us) -
¥b(Flu) - Nb(ul • u2 - u3 - u4 • u5 • U6 - U7 - us> -
¥c<Flu) = Nc(Ul - u2 - u3 •ll4 • u5 - U6 - u7 • us) 

¥c<Flu) • Nd(ul • u2 • u3 • u4 - u5 - u6 - u7 - us) 

¥e<F2g) = Ne(ul - u2 • u3 - u4 • u5- ~ • u7 - us) 

¥F(F2g) = Nf(ul • u2 - u3 - u4 - u5- U6 • u7 • us) 

¥g(F2g) = Ng(Ul - U2 - u3 • u4 u5 • u6 • u7 - us) 

¥h(A2u) • Nh(ul - U2 • u3 - u4 - u5 • U6 -~ • us). 
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The energy levels obtained from these by perturbation theory 

are: 

W(Alg) = wo • ~lH'l~ • 3~1H·2~ • 3~1H·r~ • f1H' r~ 1 • 3 1,2) • 3 1,3 • 1,7 

W(Flu) = wo • ~lH' 1~ • ~1H'2~ _ ~lH'r~ - ~1H'r2 1 • 1,2) 1,3 1,7 

W(F2g) - wo • ~lH' 1~ - ~lH' 2) - ~lli' 1) • f lH' }) - 1 1,2) 1,3 • 1,7 

W(A2u) = wo • (lH'l~ - 3f1H'22 • 3~1H·r~ - ~IH·r~ 1 3 1,2) • 3 1,3 - 1,7 

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

of energy levels is equivalent to t hose of Figure 1. 

An estimate of the order of magnitude of the splitting 

of the ground state of UF6 can be made independently of the 

spectrum. The observed entropy has been calculated from data 

on the heat capacity observed above 14° K(l7). The entropy 

for the C3v - Oh model is greater than that for t he Oh 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 diff erence in energy of the ground state and the 

seven other low-lying levels is of the order of kT at 140 K, 

or about 10 cm-1: This estimate, of course, assumes that the 

heat capacity measurements were made at equilibrium and that 

this residuat entropy is not lost at a higher temperature by 

interactions among the molecules in the crystal . 

From measurements of the dielectric constant of UF6, the 

molar polarization has been found to be 30.7 ! 1.0 cc a t 19.6o(l8) 

and 27.1! 0.3 cc at 59.5°, 67.4°, and 89.oo< 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 t 0.3 Debye is 

found for UF6• Since the molar refraction (Na D) is only 

21.83 cc(B), a dipole moment of 0.55 Debye is not impossible 

even if the value of the molar polarization at 19.6° is 

disregarded. 

Although a simple Oh 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 polarization which is required by a zero di-

pole moment. If, however, it is admitted that the c3v-like 

model proposed may accidentally 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 Os04 is 

complicated by the observation in Section I G. of this thesis 

that neither a 2:2 nor a 3:1 split in OsO 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 C2v' that the ground state is six-foldly degenerate with 

vibrational states of species A1, F2, and E; and if the pseudo­

symmetry is c3v, the ground state is four-foldly degenerate 

with vibrational states of species A1 and F2 • A quantum 
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mechanical calculation, as for XY6, of the energies of these 

degenerate states of the C2v -Td model with the use of the 

wave functions 

¥a(Al) = Na(ul + u2 + u3 + u4 + u5 • u6) 

¥b(F2) • Nb(Ul - u6) 

¥c<F2) == Nc(u2 - u4) 

¥d(F2) • Nd(u3 - u5) 

¥e(E) = Ne(ul • u6 - i<u2 • u3 + u4 + u5)) 

¥f(E) = Nf(u2 - u3 + u4 - u5) 

leads to the energies 

W(A1) • wo + ~lH'l) • 4~1H'2) • ~1H'6l 
1 • 4 1,2) • 1,6) 

W(F2) = wo • ~ lH' 1) - ~1H'6) 
1 1,6) 

W(E) = wo • ~lH' 1) - 2~1H'2) • ~1H'6) . 
1 2 1,2) • 1,6) 

Similarly, for a C3v - Td model , the wave func tions and energy 

values are: 

¥a(Al) = Na(ul + U2 • u3 • u4) 

¥b(F2) • Nb(ul + u2 - u3 - u4) 

¥c<F2) : Nc(Ul - u2 + u3 - u4) 

¥d(F2) = Nd(Ul - U2 - u3 • u4) 

Vl (Al) • wo • ~ lH' 1~ + 3 (lH' 2} 
1 • 3(1,2) 

W(F2) = wo • ~lH' 1) - ~lH' 2) 
1 1,2) • 
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The lack of a dipole moment in Os04 seems to be certain, 

since the temperature was varied over a great range(9). If 

neither the dipole moment data nor the diffraction data are 

to be denied, then the dipole moment must be negl~gible by 

accident. The simplicity of the Raman spectrum(6), even 

though lines may have escaped observation, demands explana­

tion, perhaps of the same sort as was given for UF6• 

The standard entropy of Os04(g) has been calculated(l9) 

with the assumption of simple Td symmetry; an experimental 

value is not available. Presumably the low temperature heat 

capacity 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 

Oso4 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 fas hion. 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 orbitals; the fact that hexa­

fluorides and hexacarbonyls exhibit this sort of bonding 

indicates that their formation is not an accident of the 



-72-

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 MoF
6 

and WF6 from that in TeF6, a molecule of simple Oh symmetry. 

For Te has d orbitals available which are somewhat less 

stable than its s and p orbitals; 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 Oh 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 

charge 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 s ymmetry from 

the symmetry of the sigma-bond hybridization, as in symmetrical 

molecules like co2 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 Os for the forma­

tion of tetrahedral double bonds, the average OsO distance 

indicating that t his is a good approximation to the structure. 

But whether or not these double bonds can be made equivalent is 

not known; however, the mos t stable set may well require a de­

crease in s ymmetry. 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 

in terms of Pauling's( 2l) use of extra d-character and varying 

bond orders has not been investigated. Since the d-character 

of the sigma bonds is unknown, Mo(Co) 6 being diamagnetic< 22 ) 

and the hexafluorides showing only feeble temperature-independent 

paramagnetism(23), and since the very definition of d-charact~r 

of bonds which have d orbitals used for pi-bond formation is 

lacking, such 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 t he average metal-ligate distance corresponds to a single 

pond in the sexiligates and to a double bond in Os04, 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 AcADBMY or ScmNCBS, 
Vol. 35, No. 7, pp. 3511-363. July, 1949 

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

Bv LINUS PAULING AND WILLIAM F. SHEEHAN, JR. 

GATES AND CRELLIN LABORATORIES OF CHEMISTRY, CALIFORNIA INSTITUTE OP 

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 Tate2 on the basis of electron impact 
experiments (or the value 9.85 e. v. derivable from predissociation data1), 

and 11.11 e. v., suggested by Gaydon and Penney4 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,4 who have 
reported 170.4 kcal./ mole from a direct experimental determination. The 
value has, however, been criticized by other investigators, e, 7 and has been 
defended by Brewer.8 
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In this paper we communicate an argument which indicates that the 
high values of about l 70 kcal./ mole for the heat of sublimation of carbon 
to C<g>(3P) 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 sta..te, 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. 9• 19 

The valence-state energy of the oxygen atom has been evaluated as 
0.74 ± 0.05 e. v .10 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 2s22p3• These levels, 4S, 2D, 
and 2P, have energy valuesF0 ,F0 -6/25P,andF0 -l5/ 25P,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 F . The normal valence state of nitrogen to the extent that it is 
based on the normal configuration 2s22p3 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 0

- 21/50 P. 
Because of the uncertainty in the value of P.., the energy of the valence 
state cannot be predicted precisely. If the 4S 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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dissocia tion 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 vibra tional 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 nitrogeFl, approximately 1.5 e. v ., the dissociation energy Do'.is pre­
dicted to be approximately 5.6 e . v. This argument hence favors the value 
Do = 5.29· e. v . proposed by Mulliken 11 ·and supported by . .Wulft~ and 
H agstrum, 13 rather than the value 6.40 e. v. supported by Gaydon. 14 

If we accept·the value 5·.20, the valence-state energy of the nitrogen atom 
is calculat ed to be 1.84 e. v. 

Some substantia tion of this value is provided by the consideration of the 
normal· state and the fi rst excited state of the nitrogen molecule. ' ·The 
energy of dissociation of N2 in its normal state X 1l:t.. into two nitrogen 

· atoms in their valence states is found by linear extrapola.tion to be 11.60 
e. v.; and the value of this quanhty given by the .first excited state A ay:;; 
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 valetice~state 
energy and being incompatible with the results .of electron-impact·experi­
ments13), and dividing by 2, we obtain 2.11 and ~·.60 e. v. , respectively, 
for the valence-sta te energy of the nitrogen atom. The valt,~e. 2.11 e. v. 
given' by the normal state of the ·nitrogen molecule is pn:ibably h'igh because 
of a large amount of s character in the orbital of the u bond for this molecule. 
We conclude-that the normal valence-state .energy of the nitrogen al om:is 
approxima tely 1.84 e. v., and that variation of a few tenths of an .elecb:oh­
Yolt may be expected . 

The valence-sta te energy of the carbon a tom can be similarly derived 
from spectroscopic da ta for the molecules CH and C2. For, the normal 
state of CH the energy of dissocia tion to a carbon a tom and a hydrogen 
a tom in their valence states is 5.20 e. v., as given by linear extrapola tion, 
and the dissociation energy Do to the atoms in their normal states is 3.47 
e. v . The difference, 1.73 e. v., can be t aken a.c; the valence-state energy 
of the carbon atom, inasmuch as the valence sta te and the normal spectro­
scopic sta te of the hydrogen a tom are essentially the same. · For the 
normal C2 molecule the energy of dissociation to two·carbpn a toms in their 
valence states is found by linear extrapolation to be 7.05 e. v ., and the 
dissociation energy Do is 3.6 e . v. These quantities lead to 1.73 e. v. for 
the valence-state energy of carbon, in exact agreement with tlie preceding 
value. 

The energy of a carbon a tom in its valence state and an oxygen atom 
in its valence sta te rela tive to the normal sta te of the carbon monoxide 
molecule is found to be 11.23 e. v. by linear extrapolation for th~ nofmal 
state, and the values 12.33, 11.87, and 12.10 e. v : are similarly obtained for 
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the first thrc~ excited states of the molecule, a 311, a' 3L:, and A 111. 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 
D 0(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 2L:+, 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 D0(CN). 
This value strongly supports the spectroscopic value 6.24 e. v. for this 
molecule, 14 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 16 that the dissociation 
energy of cyanogen, C2N2, into two CN molecules is given by the equation 

Do(NC- CN) = 2Do(CO) + Do(N2) - 2Do(CN) - 10.7 e. v. (1) 

The dissociation ene(gy of cyanogen has been reported by Kistiakowsky 
and Gershinowitz16 to be 77 ± 4 kcal./ mole, and by White17 to be 146 :1: 

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 
value18 8 kcal. / mole. The value of D0(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 kcal./ 

· mole the value of D 0(NC- CN) is calculated to be 90 :1: 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 
Do(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 

Do(NC-CN) = 1/2Do(CO) - 1.15 e. v. (2) 

From (1) and (2) we obtain the equation 

3/ 2 Do(CO) = 2Do(CN) - D0(N2) + 9.55 e. v . (3) 
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This equation with the values given above for Do(CN) and Do(N2) leads to 
9.77 e. v. for D0(CO), and hence to 140 kcal/ mole for the heat of sub­
limation of graphite and Ro kcal. / 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 extrapola tion 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, tha t 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 t he Valence State Dissociation Limits of Several 

Diatomic Molecules 

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(2 ). 

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 t he same electronic structure as it has in the 

molecule . The energy of the valence state of bivalent oxygen 

as it exists in 02, OH, and H20 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 e.v •• 
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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 oa 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 

energies 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(2) or Herzberg(6). Almost all 

increments of vibrational energy so found for each electronic 

state were plotted against the average vibrational quantum 

number, and the straight line judged by eye to be the best 

was drawn t hrough these points. From the intercepts on the 

axes, the linearly extrapolated dissociation 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 D0

1 Ao Do' • Ao States of Energy of Limit 
(extra)) Products Products (e.v.) 
(e.v. (e.v.) (e.v.) A B (e.v.) 

OH x21f 5.01 o.oo 5.01 rP 2s o.oo 5.01 
A2£'f' 3.02 4.02 7.04 D 2s 1.97 5.07 

02 x3t"- 6.69 o.oo 6.69 3p 3p o.oo 6. 69 
a~1 5.38 0.98 6.36 3p 3p o.oo 6.36 
bl.£ t.. 4.42 1.63 6.05 3p 3p o.oo 6.05 
A3~: 1.09 4.43 5.52 3p 3P o.oo 5. 52 
B31;_ 1.81* 6.12 7·93 3p 1D 1.97 5.96 

so x3~- 6.31* o.oo 6.31 3p 3p o.oo 6.~1 
B3~- 2.13* 4.85 6.98 lD 3p 1.14 5.84 

s2 x3£ .. 5.60 o.oo 5.60 3p 3p o.oo 5.60 
B3i! 2.04 3·93 5.97 1D 3p 1.14 4.83 

NO x27f 7.87 o.oo 7.87 4s ?s o.oo 7.87 
A2.t• 11.71 5.47 17.18 4s 9.14 8.04 
B21f 4.72 5.62 10.34 2D f~ 2.38 7.96 
D2~+ 6.87 6.60 13.47 2p 5.54 7.93 

NS xa.rr 6.29 o.oo 6.29 4s 3p o.oo 6.29 
N2 X~ 11.60 o.oo 11.60 4s 4s o.oo 11.60 

A -. 4.36 6.17 10.53 4s ~ o.oo 10. 53 

!lf& 
6.23 7-35 13.58 2D 2.38 11.20 
6.23 8. 54 14.77 2D 2D 4.76 10.01 

c3iJ! 2.11** 11.03 13.14 2D 4s 2.38 10.76 
co x1i+ 11.2g o.oo 11.23 3p 3p o.oo 11.23 

afr 6.3 6.01 12.39 . lD 3p 1.26 11.13 
d "rf 4.34 7.66 12.00 lD 3p 1.26 10.74 
A1Tf 4.07 8.02 12.09 3p tp o.oo 12.00 
Bl~-+ 3.84 10.78 14.62 lD D 3-23 11.39 

cs xl~+ 8.01 o.oo 8.01 3p 3p o.oo 8.01 
Al1f 3.25 4.81 8.06 3p 3p o.oo 8.06 

CN x2.f'+ 8.94 o.oo 8.94 3p 4s o.oo 8.94 
A21f 7.81 1.13 9.94 ~~ 

4s o.oo 9.94 
B2~.f' 7.27 3.20 10.47 2D 2.38 8.09 

CP x~· 6.95 o.oo 6.95 3p 4s o.oo 6.95 
.Ail 5.60 2.7g 8.33 B ..,. 3· 56 3.5 7.14 

co• x2~..,. 10.12 o.oo 10.12 

~@: 6.30 2. 53 8.83 
3.61 5.66 9.27 

N2• x~+ 8.94 o.oo 8.94 
B2.t1 6.20* 3-17 9.37 

02. X~ 6. 58 0.00 6.58 
A 1.83 4.74 6.57 

'.14 

* Mathematical linear extrapolation(6). 
** Graphical non-linear extrapolation. 



-83-

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 if reasonable amounts of atomic excitation 

energy, as indicated in columns s ix 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•, N2•, and 02• , 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 o, 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 N2 , 

NO, co, and CN and for SO and s2 might have been assumed, but 

such assumptions lead to valence state energies which differ 

rather markedly from values expected theoretically(5). For 

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

Valence State Energies of Atoms 

Molecule Limit Do Total v.s.E. V.S.E. of 
AB (e.v.) (e.v.) (e.v.) A B 

(e.v.) (e.v.) 

OH 5.04 (4.40) 0.64 0.64 o.oo 

02 6.12 ( ~.08) 1.04 o. 52 o. 52 

so 6.07 ( 5 .15) 0.92 0.40 {o. 52) 

s2 5.22 (4.4) 0.8 0.4 0.4 

N2 10.83 (7.37) 3.46 1.73 1.73 

NO 7.95 ( 5.29) 2.66 2.1 (0.6) 

NS 6 .29 4.1 2.2 (1.8) (0.4) 

co 11.30 (9.6) 1.7 1.1 (0.6) 

cs 8.04 6.5 1.5 (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 oxygen; hence, a value of 

D0 (S2) of less than 4.0 e.v. is unacceptable. Table II 

illustrates the usefulness of the valence state energy: values 

of D0 (NS) and D0 (CS) are predicted, and the value predicted 

for D0 (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 

1. The variation in the increments in th~)molar refrac­
tion per CH2 -group in SiR4 , GeR4 , and Si(SR) 4ll may be ex­
plained on the basis of hyperconjugation and consequent opti­
cal exaltation. 

2. Anharmonicity in the symmetrical stretching modes 
of vibration in polyatomic molecules allows(~~e calculation, 
by a linear Birge-Sponer-like extrapolation '(of a disso­
ciation energy to atoms in their valence states 3>. 

3 · Some ~isc~llaneous uses of the valence-state disso­
ciation limits~4,5J are: 

a) to calculate one of the three quantities uJe, 
Xelo\Je, and AQ. 

b) to detect avoided crossing of potential curves 
and great resonance inte~action. An example of an avoided 
crossing is the pair of ~· states of co•; examples of 
resonance are N2+ and o2•· 

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 

where 

Rl( ~ , ,~¢, z) = 2.019- O.Ol9z- (1.321 - 0.037z) ~ 
- (0.175- 0.005z) o 

z = 

5d-character 
6d-character 
4f-character 
z - 54. 

- (0.297 - 0.008z)~ 

(1.00 or 0.00) 

5. Knowledge of the structures of OsFs and HfF4 would 
be of interes f

5
yowards th{ ~derstan~~g of tfe)unusutl)struc­

tur~s Qf Os04 , Mo (C0)6 5 , W(C0 )6 , MoF6 7 , WF6 7 , and 
UF6~7,~J. 

6. Braune and Stute<9) have reported the existenc~ of 
two Aifferent metal-oxygen dist~nces in both Os04 (1.79l and 
2.81A) and Ru04 (1.66i and 2.74!). It seems probable in 
view of the recent determination of the structure of Os04(5), 
that these investigators have observed mean metal-oxygen 
distances and oxygen-oxygen distances. Accordingly, the 
structure of auo4 is prAbably analogous to Os04, with RuO 
equal to 1.6oX and 1.73~. 

7. a) A study of the kinetics of the reaction 
Nl4Nl4 • Nl5Nl5 _. 2Nl4Nl5 

may indicate the magnitude of D~(Nf). 
b) The detection of N ~ 5 resulting from the quench­

ing of fluorescence of Kr (4s24p55s) or Xe(5s25p56s) by a mix­
ture of Nl4Nl4 and Nl5Nl5 may fix the value of D0 (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 X2 diatomic molecules (for example, N2) at elevated tem­
peratures . 
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