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There has recently been a great deal of discussion on the value of the
heat of dissociation of the carbon monoxide molecule, D(CO). Various
widely diverging values have been given as more or less definite for this
quantity by different investigators. All these values have been obtained
by spectroscopic methods. The discrepancies in the case of carbon mon-
oxide seem to throw a rather unfavorable light on the reliability of these
spectroscopic methods, and the non-spectroscopist may even doubt their
accuracy and reliability in other cases where the spectroscopic values claim
to be perfectly certain and have been generally accepted. In the first part
of this paper we shall, therefore, summarize the various spectroscopic
methods, emphasizing under what conditions they supply reliable values
for the heats of dissociation, D. In the second part, these methods
will be applied to carbon monoxide as far as possible. The various spec-
troscopic values for D(CO) proposed in the literature will be discussed,
possible reasons for the discrepancies will be pointed out, and a value which
seems most probable to the author will be given.

The value of D(CO) is rather important in the discussion of many
chemical problems. Particularly the heat of sublimation of carbon into
normal atoms L, may be derived from D(CO). L, in its turn is necessary
for the calculation of atomic heats of formation and bond energies of car-
bon compounds. Therefore a discussion of the heat of sublimation of
carbon is added, as well as a brief discussion of the dissociation energy of
the ON radical, which also may be derived from D(CO).

I. SPECTROSCOPIC METHODS FOR THE DETERMINATION OF HEATS OF
DISSOCIATION OF DIATOMIC MOLECULES

In forming a molecule the atoms may be brought together in any of
their excited states, including of course the normal state. From each of

! Presented at the Symposium on Thermal Chemistry and Bond Energy, Dr. F. D,
Rossini, Chairman, held by the Division of Physical and Inorganic Chemistry at the
Ninety-second Meeting of the American Chemical Society at Pittsburgh, Pennsyl-
vania, September 10, 1936. In the absence of the author the paper was read by Prof.
H. Sponer.
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the combinations of the excited atoms in general several electronic states
of the molecule arise. The different electronic states belonging to the same
combination of atomic states have different potential energy curves, some -
with a minimum of potential energy (stable states) and some without it
(unstable repulsive states). The difference in energy of the zero vibra-
tional level of an electronic state and the asymptote of the potential curve
is the dissociation energy of that state. The energy corresponding to
the asymptote is also called the dissociation limit. There are as many
different dissociation limits as there are combinations of the different
states of the two atoms. The distance of the lowest dissociation limit
which corresponds to dissociation into normal atoms from the ground
state of the molecule is called the dissociation energy of the molecule. This
is the quantity in which the chemist is most interested. Usually (but not
necessarily) the ground state of the molecule is derived from normal
atoms, i.e., the dissociation energy of the ground state is the dissociation
energy of the molecule,

There are always two steps in the spectroscopic determination of this
quantity: (4) the determination of one or preferably more of the dissocia-~
tion limits of the molecule; (B) the determination of the products of dis-
sociation, i.e., of the states in which the atoms are at the dissociation
limits which have been found. The discrepancies which occur in the liter-
ature are mostly caused by a mistake or ambiguity in the second step.

A. Determination of dissociation limits

There are four possible ways of performing step A, i.e., of determining
dissociation limits from band spectra.

Method a. 'The oldest method, due to Franck, is that of the convergence
limits of band series. If the molecule goes over from the vibrationless
ground state to the various vibrational levels of an upper electronic state,
a series of bands is observed in the absorption spectrum, somewhat as in
figure 1.

The distance of successive bands decreases towards shorter wave lengths
until it reaches the value zero at a certain limit, the convergence limit,
where a continuous spectrum follows to still shorter wave lengths. This
continuous spectrum means, as has been rigorously proved both experi-
mentally and theoretically, a dissociation of the molecule. The beginning
of the continuous spectrum, i.e., the convergence limit, corresponds to the
beginning of dissociation, i.e., the dissociation limit.

Figure 2 shows the potential curves of the upper and lower state in a
case like this. Absorption of light in the continuous region means disso-
ciation with a certain amount of kinetic energy, corresponding in magni-
tude to the distance from the convergence limit.
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If a convergence limit like this is actually observed for a certain mole-
cule, at once a very accurate and reliable value for the corresponding
dissociation limit can be given.?! This method has been applied very
successfully to I,, O, Hs, and others. Unfortunately, many diatomic
molecules do not exhibit a suitable absorption spectrum, therefore other
methods have to be applied to them.
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Fra. 1. Band series with convergence limit and continuous spectrum (schematically)
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F1a. 2. Potential curves for figure 1

Method b. It often happens that not the complete series of absorption
bands up to the point of convergence and the continuum are observed, but

2 There is a remote possibility that under certain very special circumstances the
potential curve of the upper state has a maximum before approaching the asymptote.
In that case the observed limit in the absorption spectrum would correspond to an
energy greater than the dissociation limit. So far no such case has been observed
with certainty. Also, it would be possible to distinguish it from the ordinary case,
figure 2, so that we need not discuss it here.
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only the first few bands corresponding to the first vibrational levels of the
upper state. Similarly in emission usually only transitions between the
lower vibrational levels are observed. The reason for this is given by the
Franck-Condon principle (24, 37). As the distance between the vibra-
tional levels, i.e., the distance of the corresponding bands in general de-
creases regularly, Birge and Sponer have proposed to extrapolate the
series of the observed quanta to zero and then add all the vibrational
quanta to obtain the heat of dissociation of the state in question. The
advantage of this procedure is that it may be applied to any electronic
state of a molecule for which a number of vibrational levels are known.

However, it has been found in recent years that the results of this
method are often not at all accurate. In some cases the true values ob-
tained by other methods deviate from the extrapolated values by as much
a8 40 per cent. The error is much smaller if the extrapolation is compara-
tively short. In most of the cases which have been tested so far the ex-
trapolated value was higher than the true value, so that one may say that
the extrapolations according to Birge and Sponer, in general give an upper
limit for the heat of dissociation of a particular electronic state of the mole-
cule, whereas, of course, the sum of the actually observed vibrational
quanta always gives a lower limit for it. The knowledge of this lower
limit, which is quite definite, may sometimes be of help in the discussion
of dissociation energies.

Method ¢. Sometimes in absorption only a continuous spectrum is ob-
served. This either corresponds to the transitions to the continuous part
of a stable electronic level, the discrete part being not observed owing to
the Franck—Condon principle, or to the transition into an unstable repul-
sive electronic state. Evidently the long wave length limit of this con-
tinuum gives a definite upper limit for the dissociation energy of the
molecule.? But an accurate value for the dissociation limit cannot be
derived because the point of convergence cannot be located. In fact the
upper limit derived from the long wave length limit of the continuum may
be and in some cases has actually been found to be appreciably higher
than the true value.

Instead of using the continuous absorption as an indication of dissocia-
tion, Terenin has used the occurrence of fluorescence of the atoms produced
if the dissociation takes place into excited atoms. As this is not impor-
tant for the discussion of carbon monoxide we shall not deal with this
method in more detail. A

Method d. A method which under certain conditions also gives very

3 This refers to adsorption at sufficiently low temperatures, where absorption due
to molecules in higher vibrational levels of the ground state does not interfere.
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reliable results, just as method a, is the determination of dissociation limits
by predissociation.

Predissociation was discovered by V. Henri when he investigated the
absorption spectra of a number of molecules. He found in some cases that
though the absorption bands are quite sharp at longer wave lengths, they
become diffuse more or less suddenly at a certain point and sometimes get
sharp again at shorter wave lengths.

|

Fia. 3. Radiationless transitions {predissociation) from a discrete to a
continuous state

This diffuseness was shown by Born, Franck, Kronig, and others, to be
due to an instability of the molecule. Namely, if the upper level of the
bands has a larger energy than a dissociation limit of the molecule, it is
overlapped by the continuous term spectrum which extends beyond this
dissociation limit, as indicated in figure 3. Owing to quantum-mechanical

¢ For a more complete discussion of this, see the author’s review on predissocia-
tion (17).
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resonance, there is then a certain probability that the molecule performs
a radiationless transition (indicated by horizontal arrows in figure 3) from
the discrete excited state to the continuous term spectrum, and this under
certain conditions, as shown by the theory, produces the diffuseness which
is observed. It follows immediately that the predissociation limit, i.e.,
the beginning of the diffuseness of the bands, gives an upper limit to the
dissociation energy of the molecule.

It has been shown experimentally, first by Bonhoeffer and Farkas, that a
dissociation of the molecule really does occur if light of the diffuse absorp-
tion bands is absorbed. Moreover, it was found, as is to be expected on
this theory of radiationless dissociation, that bands which have the dif-
fuse states as upper states do not occur in emission, whereas the other
bands of the same system do. Thus there are three possible tests for
predissociation: diffuseness of absorption bands, actual dissociation, and
quenching of emission bands.

: \ ml«_,,,,y
109 8 72 6 § 4,321 23456812
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F1e. 4. Breaking off (predissociation) in the CaIl band at 3533.6 A. U., according
to Mulliken

a

In order to produce a detectable diffuseness in the absorption bands,
the radiationless transition probability must be at least ten to one-hundred
times larger than the transition probability for radiation, whereas to pro-
duce a detectable quenching, it is sufficient that the two transition prob-
abilities be of about the same magnitude.* Therefore, quenching of
emission bands is a much more sensitive test for predissociation. Also,
it can be applied to detect predissociation in electronic states of a molecule
which cannot be investigated by absorption.

The quenching of emission bands due to predissociation is usually de-
tected by an abrupt breaking off of the band spectrum at a certain value a
of the vibrational quantum number, v/, of the upper state. Bands having
v’ > a do not occur at all or only much weaker than those with v’ < a.
In many cases if the rotational fine structure of the bands is resolved, it is
even found that the break occurs between successive rotational levels of
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the last vibrational level v’ = a. Figure 4 gives as an example an emission
band of CaH, where the breaking off in the two branches (on the extreme
left and extreme right) can be clearly seen. Lines with the rotational
quantum number of the upper state K’ > 17 are completely missing,
whereas lines with K’ < 17 have the ordinary intensity. In some cases,
only a sudden drop in intensity is observed instead. Evidently the
predissociation limit can be fixed with considerable aceuracy if such a
breaking off of the rotational fine structure is observed.

In principle, predissociation in an excited state of a molecule is possible
as soon as its energy is larger than the energy necessary to dissociate the
molecule into normal atoms. But, just as for transitions with radiation,
there are also selection rules for radiationless transitions, and in conse-
quence of that in some cases a predissociation may not be possible into
normal atoms, but only into excited atoms.

In order to formulate the selection rules, it has to be remembered that
the unstable state into which the radiationless transition oceurs is never-
theless a molecular state, also characterized by the various molecular
quantum numbers and symmetry properties. According to Kronig, a
radiationless transition can only occur between states which have the same
symmetry properties, and for which AS = 0, AJ = 0, and AA = 0 or
+1or —1. Therule AS = 0is the ordinary intercombination rule, which
holds to the same extent as for ordinary transitions with radiation. The
other rules will not be discussed here in detail because we do not need
them for the following. ,

In addition to the Kronig rules, the Franck—-Condon principle has to be
considered.* In consequence of that, in general predissociation will only
occur if the potential curves. of the two states involved intersect. The
point of intersection may be (a) at about the same height as the asymp-
tote of the state into which predissociation takes place or (b) below it or
{c¢) above it. 'This is shown in figure 5. In the cases a and b, a predis-
sociation, i.e., a going over from potential curve « to o’ will occur as soon
as the energy is larger than that of the asymptote. Consequently the
predissociation limit is equal to the dissociation limit of the molecule.
However, in case ¢, where the point of intersection is above the asymptote,
predissociation can only occur for vibrational levels above this point of
intersection.®? Therefore, in this case the predissociation limit is larger
than the corresponding dissociation limit. Only if it is possible to exclude
this case ¢ for an observed predissociation, can a dissociation limit be

& As we have to do with motions of heavy nuclei, the quantum-mechanical tunnel
effect produces a detectable going over from « to ' in figure 4¢ only immediately be-
low the top of the potential hill formed by the two curves. This can be neglected
here. (Cf. reference 18.)
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accurately determined from the predissociation limit. In all other cases,
predissociation limits only give upper limits for dissociation limits.

The above-mentioned possibility of excluding case ¢ exists if a breaking
off of the rotational levels is observed not only in one but in two or more
successive vibrational levels (18, 19a). Evidently, if in the last vibrational
level ¥ = a the breaking off occurs for a low value of the rotational
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F1a. 5. The three different cases of predissociation
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F1a. 6. Breaking off in two successive vibrational levels

quantum number K there may also be & breaking off in the level v’ = ¢ — 1
at a correspondingly higher K value, as indicated in figure 6. Owing to
the influence of the centrifugal force, the breaking off occurs at a slightly
higher energy in the level v = ¢ — 1 than in the level v/ = a. Theory
shows that only if this difference in energy is small compared to the differ-
ence of the pure rotational energies of the two levels, does case ¢ not
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apply, i.e., the predissociation limit is very near to the dissociation limit.
In fact, even a lower limit for the latter may be obtained in this case, so
that it is included between two rather close limits. Under these con-
ditions, but only then, is it possible to derive very reliable and accurate
values for dissociation limits from predissociation data. In all other
cases the latter give only upper limits for dissociation limits.

Ii the intensity drop occurs only for a few consecutive fine-structure
lines in emission, it is, except in special cases, due to perturbation, not
ordinary predissociation. Perturbations arise by a sort of resonance if
two discrete levels of the molecule have very nearly the same energy.
This leads to a shift of the energy levels from their original position and,
at the same time, to a change in intensity of the corresponding fine-
structure lines. If, therefore, the lines with low intensity at the same
time have not their regular position, the drop in intensity has nothing to
do with predissociation. But sometimes, e.g., in some N; bands (7), an
intensity drop for a few lines is observed without corresponding frequency
shift. This was explained by Ittmanu (23) as accidental predissociation,
i.e., a perturbation for which the perturbing term is a predissociating term
at the same time. In this case the intensity drop, as for ordinary pre-
dissociation, is due to a dissociation of the molecule, not however by a
direct radiationless transition to the unstable state, but by first going over
to another discrete state which then predissociates. This explains at
once the fact that an intensity drop occurs only for very few consecutive
rotational states, just as for ordinary perturbations but without noticeable
frequency shift. Though this is so far the only experimental proof for
accidental predissociation, it seems fairly safe to assume the correctness
of this interpretation of intensity drops for a few consecutive lines without
frequency shift. It is evident from the foregoing that an observed acci-
dental predissociation gives an upper limit for a dissociation limit but not
more, whereas ordinary perturbations of course have nothing to do with
dissociation limits.

B. Determination of the products of dissociation

The values for the dissociation limits obtained by any of the methods
a, b, ¢, or d in general correspond to dissociation into more or less excited
atoms. In order to determine the dissociastion energy of the molecule,
the state of excitation of the atoms produced at the observed dissociation
limit has to be determined. If that is not possible, the observed dissocia-
tion limits, even if they are accurate, are only upper limits for the disso-
ciation energy of the molecule which is smaller by the excitation energy of
the products of dissociation (cf. figure 2).
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Information about the products of dissociation for a certain dissociation
limit may be obtained in three ways:

(I). By comparing its energy with that of other dissociation limits of
the same molecule (or the corresponding molecule ion). Evidently the
differences in energy of the various dissociation limits must equal the en-
ergy differences of the two free atoms forming the molecule.

(2). By application of the Wigner-Witmer correlation rules (30). These
rules give the number and type of the molecular terms which can arise
from each combination of terms of the two atoms forming the molecule,
e.g., an atom in a 28 state and one in a 3P state can give only the molecular
states 2Z, 211, 4%, 4II and no others; two equal atoms both in a $P state give
the molecular states =7, 1=, 155, UI,, L, '4,, 35, °=1, 325, ., °I,
3A,, 5ET, 52, 827, 81T, 811, ®A, and similarly in other cases. The Wigner-
Witmer rules are derived from pure symmetry considerations and are
therefore strictly valid.®

(8). In special cases by observation of atomic fluorescence when the
molecule has been irradiated with light that produces dissociation of the
molecule into one excited and one normal atom. The emitted atomic
line of course indicates the excitation energy of the atom on dissociation.
This method was first applied by Terenin. It will not be used in the fol-
lowing considerations.

For a better understanding of methods 1 and 2 let us consider two
examples, the determination of the heats of dissociation of O, and N,

In O a convergence limit was observed in the absorption spectrum at
1770 A.U., corresponding to an energy of 7.01 volts” There are three
low-lying terms of the oxygen atom (8, 22), 3P (ground state), D (1.957
volts), 1S (4.168 volts), which have to be considered as dissociation products
at the limit 7.01 volts.® The two oxygen atoms may therefore be in the
states 3P + 3P or®P + D or 3P 4+ Sor!D 4+ D or D 4 Sor!8 +18.
The upper state of the absorption bands which lead to the convergence is
a 3T, state, as shown by the fine-structure analysis. Such a state, ac-
cording to the Wigner-~Witmer rules, cannot dissociate into two normal
3P atoms (see the previous example) (15). Similarly the three combina-
tions D +4 D, 1D + '8, and 1S + 1§ are excluded because they do not
give triplet states at all. The two remaining possibilities, 3P 4 'D and
3P 4 18, would give 7.01 — 1.96 = 5.05 volts and 7.01 — 4.17 = 2.84

¢ For heavy molecules sometimes Hund’s case ¢ applies. The adaption of the
Wigner~-Witmer rules to this case has been given by Mulliken (30).

7 This is the new value given by Knauss and Ballard (25), which is based on spec-
trograms of much higher dispersion than the previous value, 7.05 volts.

8 The next highest term of oxygen is 9.1 volts above the ground level. If one of the
dissociation products were in that state, a negative value for D would result.
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volts, respectively, for the dissociation energy of oxygen. The latter
value is smaller than the sum of the observed vibrational levels of the
ground state, 3.4 volts. Thus the value 5.05 volts = 116.4 kg-cal. per
mole for D(O,) follows without ambiguity. In fact, a second convergence
limit was later found (19) at 5.09 volts, corresponding to dissociation into
normal atoms *P 4 *P. The distance between the two convergence
limits is 1.92 volts, which is equal to the excitation energy of the D level
within the splitting of the *P ground state.® Thus the previous conclusion
that the upper convergence limit corresponds to a dissociation into 3P +
D is confirmed and the reliability of the method shown. The spectro-
scopic D(0q) value is now absolutely certain, and much more accurate
than any thermal or chemical value hitherto obtained.

For N, predissociation has been observed in the C*II, and in the B,
states (16, 20, 7, 40). By the method indicated previously the predissocia-
tion in C*II, leads to a reliable value for a dissociation limit at 12.08 volts
(16, 20, 7), whereas from the predissociation in the B®II, state it is only
possible to give an upper limit of 9.79 volts for the corresponding dissocia-
tion limit. The low-lying states of the nitrogen atom are *S (ground
state), 2D (2.368 volts), 2P(3.553 volts). As possible products of disso-
ciation we have S 4+ “Sor 48 + 2D or *S + 2P or 2D + 2D or 2D + 2P or
P 4 2P. A closer examination of the lower predissociation at 9.79 volts
shows that the unstable state producing the predissociation must be a
II or a A state,!® a state which, according to the Wigner-Witmer rules,
cannot be obtained from 4S + 4S. The other possibilities for the dissocia-
tion products at this limit give the following upper limits for D(Ng):
<7.42 or <6.24 or <5.05 or <3.87 or <2.68 volts. The last three
values are definitely excluded by the fact that the energy of the last ob-
served vibrational level of the ground state has the energy 5.5 volts. Also
the value D(N:) < 6.24 volts seems to be extremely improbable on this
basis, so that we have D(N:) < 7.42. A more accurate value can be ob-
tained by making use of the upper predissociation in the C®1I, state which
gave an exact value for a dissociation limit (=12.08 volts). If D(N,) is
between 7.42 and 6.24 volts the upper predissociation must correspond to
a dissociation into 2D + 2D, so that we have D(N,;) = 12.08 — 2 X
2.368 = 7.345 volts = 169.3 kg-cal. per mole (21; 20). The remote

® The difference between the distance 1.92 volts of the two dissociation limits and
the energy difference 1.96 volts of the ground state 3P; of the oxygen atom and the 1D
state is evidently due to the fact that at the lower dissociation limit not two normal
P, atoms are obtained, but 3P, + 3P, or 3P; + 3P,, which corresponds to an energy
difference of 0.03 or 0.05 volt, respectively.

10 A T state could, so to speak, only predissociate half of the B, state, and in
consequence of that not all of the three branches of a band could show the breaking
off as they actually do.
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possibility that predissociation at 12.08 volts takes place into 2D 4 2P
and therefore that D(N,) = 6.18 volts is completely ruled out by further
data on N,, which we are not going to discuss here (31). Thus the above
value for D(N;) is also quite definite and very accurate (=2:0.005 volt).

II. APPLICATION TO THE CARBON MONOXIDE MOLECULE

Turning now to the carbon monoxide molecule, we first discuss step A,
i.e., the determination of dissociation limits. So far no convergence limit
is known for carbon monoxide. Extrapolations of the vibrational levels
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F1a. 7. Energy level scheme of carbon monoxide

of several electronic states have been made in previous years, but, as
pointed out above, no reliable D values can be expected from them. It
could, however, be concluded that D(CO) is comparatively large, of the
order of 10 volts.

Most of the recent discussion of D(CO) is based on predissociation data.
Predissociation has been found in four different electronic states of the
molecule. The energy level diagram of the carbon monoxide molecule is
given in figure 7. The points of predissociation are indicated by “Pr.”

The first to discover a predissociation of the carbon monoxide molecule
were Coster and Brons (6). They found a sudden drop of intensity in
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the 0-1 Angstrém band (B'Z — A') at K’ = 38. From their published
photometer curve this sudden decrease in intensity can be very clearly
seen. Al]l the following lines have a much smaller intensity than those
before the break. As they do not, however, vanish completely, the
radiationless transition probability for some reason is rather low. Schmid
and Gerd (34) found a second breaking off in the »* = 1 level of the BT
state at X’ = 18. From this the corresponding dissociation limit can be
calculated in the same way as in the case of N previously mentioned
(cf. 32). A value of 89,620 =+ 50 em.™' = 11.054 volts is obtained.

Schmid and Geré (9, 35, 12) found a second predissociation in the
v = 1 and v’ = 0levels of the b®Z state (upper state of the third positive
group). It turns out that this predissociation belongs to the same dis-
sociation limit, so that it need not be discussed further.12

A third predissociation was found in the v = 0 level of the C'Z state by
Schmid and Gerd (36, 33). The energy of this predissociation limit is
93,550 cm.™! = 11.538 volts. As in this case predissociation is only ob-
served in one vibrational level, the value given represents only an upper
limit for the corresponding dissociation limit.

Fourthly, predissociation has been found in the A'II state of carbon
monoxide. At first Brons (4) thought that he had located a predissocia-
tion in the v = 10 level of this state at 9.66 volts above the ground state.
But the unreality of this predissociation was soon proved by Gerd (10).
According to him the apparent sudden intensity decrease observed by
Brons is due to an ordinary perturbation and insufficient exposure time.
However, Gerd (11) found another predissociation in the same band
system for bands with ' = 9, 8, and 7. From this he derives in the
manner described above a dissociation limit at 77,497 =+ 44 em.™! = 9.558
volts. The intensity drop in the 9-18 band reproduced by Geré is only
slight and extends only over two or three successive rotational lines. This
suggests that it may not be an ordinary predissociation but a case of acci-
dental predissociation (cf. above) or even of ordinary perturbation. The
same may be true for the drop in the levels v’ = 8 and 7, which has only
been observed in the R branches of two and one bands respectively. To
the writer it seems most probable that we have here a case of accidental
predissociation, and that therefore the above value is only an upper limit
for the corresponding dissociation limit. But the other two possibilities—
ordinary predissociation and ordinary perturbation—have also to be con-
sidered. The former would mean that 9.558 volts is a real dissociation

11 This is the value given by Gers (11).

12 Tessheim and Samuel (26) have used the fact that no higher vibrational levels
are observed in the b3Z state to derive an upper limit for D(CO), but have not taken
account of the observed amount of rotational energy.
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limit, whereas the latter would mean that there is no dissociation limit at
this energy.

We have thus to deal with the three limits: 93,550 ecm. ™! =11.538 volts,
89,620 cm.! = 11.054 volts, and 77,497 cm.™! = 9.558 volts, of which the
first is only an upper limit for a dissociation limit, the second is equal to a
dissociation limit, and the third probably is only an upper limit for a dis-
sociation limit, but may also be equal to it or even may not be real.

As we have the most definite data about the predissociation at 11.054
volts, and as this is equal to a dissociation limit, it seems best to start the
discussion of the products of dissociation with it.

TABLE 1

D(CO), L, and D(CN) values for different assumpiions about the products of dissociation
at the carbon monoxide dissociation limit, 11.054 volts

pusscctsmox mon. | arowc sxerpmon Do) no| pew
Carbon Oxygen em,~1 Volts cm.! Volts kg-cal. | kg-cal. Volts kg-cal.
3p 3P 0 0 | 89,620 | 11.054 | 254.8 | 169.2 | 7.87 | 181.4
D 3P 10,192 | 1.257 | 79,428 9.797 | 225.8 | 140.2 | 6.61 | 152.4
3p D 15,868 | 1.957 | 73,752 | 9.097 | 209.7 | 124.1 | 5.91 | 136.3
18 p 21,647 | 2.670 | 67,973 | 8.384 | 193.3 | 107.7 | 5.20 | 119.9
D 1D 26,060 | 3.214 | 63,560 | 7.840 | 180.7 | 95.1 | 4.66 | 107.3
P 18 33,793 | 4.168 | 55,827 | 6.886 | 158.7 | 73.1 | 3.70 85.3
58 3p 34,994 | 4.32 54,626 { 6.738 { 155.3 | 69.7 | 3.55 81.9
18 D 37,515 | 4.627 | 52,105 | 6.427 | 148.1
D 18 43,985 | 5.425 | 45,635 | 5.629 | 129.8
58 D 50,862 | 6.273 | 38,758 | 4.781 | 110.2
18 18 55,440 | 6.838 | 34,180 | 4.216 | 97.2
58 18 68,787 | 8.484 | 20,833 | 2.570 , 59.2

* The lowest component of the *P terms has always been chosen.

The lowest states of the oxygen atom are 3P (ground state), 1D (1.957
volts), 'S (4.168 volts); those of the carbon atom, 3P (ground state), D
(1.257 volts), 18 (2.670 volts) and 35S (4.32 volts, not yet observed; the
value given was theoretically calculated by Bacher and Goudsmit (2)).
Combining each of these states of the carbon atom with each of the states
of the oxygen atom gives twelve possibilities as dissociation products at
the 11.054 volts dissociation limit. These are given's in the order of their
energy in the first two columns of table 1. The next two columns give the
excitation energy above the normal state 2P + *Pin cm.'and volts. In
order to get D(CO) the excitation energy of the dissociation products has

13 A gimilar but less complete table has also been given by Goldfinger, Lasareff,
and Rosen (14).
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to be subtracted from the energy of the dissociation limit, 11.054 volts.
The resulting D(CO) values corresponding to the dissociation products of
columns 1 and 2 are given in columns 5, 6, and 7 in em.™!, volts, and
kg-cal. per mole. Of these twelve possible values for D(CO) one has to
try to exclude eleven in order to come to a definite value for this quantity.

In the ground state of carbon monoxide twenty-five vibrational levels
have been observed so far, the highest one having an energy of about
45,000 cm.~* = 5.6 volts. This is definitely a lower limit* for D(CO).
In fact, considering the slow and quite regular decrease of the observed
vibrational quanta (from 2142.1 to 1551.5 cm.™Y), it seems safe to exclude
the last five values of the table so that now seven possible values for D(CO)
ranging from 11.054 to 6.738 volts, remain to be discussed. Nearly all of
‘these values have at some time or other been proposed for D(CO) in the
literature.

In order to come to a decision we try to use the other two predissociation
limits at 11.538 and 9.558 volts. As the former is only an upper limit, its
difference from the limit at 11.054, which is 0.484 volts, must be an upper
limit to the difference of excitation energies of the products of dissociation
at these two limits. The only differences of the excitation energies in
the table which fulfil this condition are 0 or 0.15 or 0.31. The first would
mean that the two predissociation limits, 11.054 and 11.538, lead to the
same products of dissociation, i.e., the dissociation limits would be identi-
cal and nothing could be derived about the dissociation products. The
second value would mean a dissociation into *P + 'S at 11.054, and the
third a dissociation into 3S + 3P. As no decision between these three
possibilities can be given, the predissociation limit at 11.538 does not
lead to any selection of the seven proposed values for D(CO). It is com-
patible with any of them.!®

In using the predissociation at 9.558 volts discovered by Gers, in order
to come to a selection, the three possibilities mentioned above have to be
considered: (1) that there is a real predissociation in three succeeding
levels leading to a definite dissociation limit, as assumed by Schmid and
Gerd (36a); (2) that the intensity drops observed by Gerd are due to acci-
dental predissociation; (3) that they are due to ordinary perturbations.

(I). If 9.558 is a real dissociation limit just as 11.054, the difference
between the two, 1.496 volts, must be exactly equal to an energy difference

14 This conclusion would be wrong if the ground state would not dissociate into
normal atoms. But thereis noindication whatsoever for that.

15 Schmid and Geré (36), as well as Brons (4), have assumed that the difference
0.484 of the two predissociation limits corresponds to the energy difference 0.544 of
1D 4+ 1D and 1S + 3P, and have thereby thought to confirm the value D(CO) = 8.385
volts. As, however, 0.484 is an upper limit for the energy difference this conclusion
is not correct (ef. Herzberg (19a)).
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of the two atoms, carbon and oxygen. In fact, the difference between
3P 4+ 1S and 'S + 3P is 1.498, which is indeed a very close fit, well within
the accurary of the predissociation limits. From that it follows that at
the upper predissociation limit (11.054 volts) a dissociation into P + 18
takes place, i.e., that D(CO) is 6.886 volts (cf. table 1). The closeness of
the agreement between the difference of the predissociation limits and
the difference of the excitation energies makes this value of D(CO)
rather persuasive. But a similarly close fit was found by Brons for what
he thought to be a predissociation at 9.66 volts, which later on was found to
be only a perturbation.

(2). If the predissociation observed by Geré is an accidental predis-
sociation, and the fact that the drop of intensity occurs only for a few
lines is strongly in favor of this assumption, then of course the only thing *
that can be said about the corresponding dissociation limit is that it must
be lower than 9.558 volts, Consequently, the values D(CO) = 11.054
and 9.797 volts are excluded, whereas the remaining five values, 9.097 to
6.738, are all compatible with the predissociation at 9.558 volts. How-
ever, the two lowest values, 6.886 and 6.738, may be discarded here be-
cause assumption 2 is only needed instead of assumption 1 if as low a
value for D(CO) is considered impossible from other considerations. Thus
under assumption 2, we have the three possibilities D(CO) = 9.097 or
8.384 or 7.840 volts.

(3). If the drop in intensity observed by Geré is due to ordinary pertur-
bations, there would of course not be any predissociation at 9.558 volts and
therefore all the seven possibilities for D(CO) previously mentioned, from
11.054 to 6.738 (cf. table 1), would still have tc be considered. But as-
sumption 3 will only be made if for some other reason values of D(CO)
< 9.558 volts are excluded, so that this assumption really means that
D(CO) is either 11.054 or 9.797 volts.

Thus only assumption 1 leads to a single unambiguous value for D(CO),
namely, the very low value 6.886, whereas assumption 2 gives the three
possibilities 9.097, 8.384, and 7.841 volts, and assumption 3 gives the two
values 11.054 or 9.797 volts. To the author assumption 2 seems the most
probable.

A Birge-Sponer extrapolation of the vibrational levels of the ground
state and the AMI state, for which a long series of vibrational levels is
observed, does not lead to any definitive decision if account is taken of
the uncertainty in these extrapolations. One may, perhaps, say that
they seem rather incompatible with as low a value for D(CO) as 6.886
or 7.841 volts and also with as high a value as 11.054 volts.’

16 Birge and Hopfield (3) have found an apparent very rapid convergence of vi-
brational levels in the F'I state, at about 104,500 cm.”? This is difficult to reconcile



HEAT OF DISSOCIATION OF CARBON MONOXIDE 161

So far we have only discussed purely spectroscopic data, and we have
seen that on the basis of these a completely unambiguous value for D(CO)
cannot be given as yet. But at any rate it has been established that the
true value for D(CO) must be one of the seven values given in the table.
Of these from purely spectroscopic reasons 9.097 and 8.384 volts seem to
be the most probable. Since these two values correspond to predisso-
ciation of the B'Z state into 3P 4 D and '8 4 3P, respectively, it follows
from the Wigner-Witmer rules that the selection rule AS = 0 is violated
in the predissociation (singlet-triplet intercombination). This, however,
is not an argument!” against these values, because the predissociation is
weak, as mentioned above, and intercombinations are known to occur in
carbon monoxide, though very weakly.

IIl. HEAT OF SUBLIMATION OF CARBON AND DISSOCIATION ENERGY OF THE
CN RADICAL

One may try to come to an unambiguous value for D{CO) by using some
non-spectroscopic data which, though perhaps not very accurate them-
selves, yet might help to decide between the possible D(CO) values enu-
merated above. By well-known thermochemical relations the value of
D(CO) is closely connected with the value L; for the heat of sub-
limation of carbon and also with the heat of dissociation of the CN mole-
cule.

From the equations:

Cer. + 20; = CO 4 27.40 (£0.12) kg-cal.!8
O(P) = 3(0;) + 58.2 (0.4) kg-cal.
CEP) = Cur. + Ly,

CO = C(P) + O(P) — D(CO)

it follows that
L, = D(CO) — 85.6 (£0.5) kg-cal.

It has to be noted that here L, means the heat of sublimation of graphite
at 0°K. into normal carbon atoms in the 3P state, because D(CO) refers
to dissociation into normal atoms from its lowest state.

with any of the D(CO) values discussed here. But, as pointed out in a private letter
of Prof. Birge to the author, their data are not sufficient to establish definitely this
convergence limit.

17 This argument is used by Asundi and Samuel (1).

18 Private communication from F. D. Rossini.
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From the equations:

CN = C(P) + N(*S) — D(CN)
3(CN); = CON — 38.5 (£2) kg-cal. (13)
C(P) 4+ O(P) = CO + D(CO)
N(*8) = +(N3) + 84.7 (£0.1) kg-cal.
10, = O(®P) — 58.2 (+0.4) kg-cal.
CO, + %Nz = %(CN)z + O, — 128.2 (:|:25) kg-cal.“’
CO 4 30; = CO; + 66.76 (0.03) kg-cal.!8

we obtain:
D(CN) = D(CO) — 73.4 (£=4) kg-cal.

The values for L; and D(CN) which thus result from the various D(CO)
values are given in the last three columns of table 1.

No definite conclusions can be drawn from the D(CN) values, because a
direct determination of D{CN) has so far only been possible by Birge—
Sponer extrapolations. These extrapolations do not agree with D(CN)
values below about 6 volts, so that from this point of view the D(CQO)
values 11.054, 9.797, and 9.098 seem most probable.

The calculated values for L, range from 169 to 70 kg-cal. per mole.
Until recently a value of about 150 kg-cal. derived by Kohn and Guckel
was generally accepted. This would be compatible only with the D(CO)
value 9.797 volts = 225.8 kg-cal. Now Marshall and Norton (27) pro-
pose a value L = 178 kg-cal., which as seen from table 1 would be only
compatible with D(CO) = 11.054 volts. These two values 9.997 and
11.054, however, are according to the previous discussion very improbable
from spectroscopic reasons, though they cannot be definitely excluded.
They would only be possible if it were assumed that the predissociation at
9.558 volts found by Schmid and Gerd was in reality no predissociation.

The heat of sublimation of carbon, L, as determined by thermal
methods corresponds to a sublimation into a mixture of atoms and dia-
tomic molecules, whereas the value obtained from D{(CO) corresponds to
a sublimation into atoms only (IL;). The correction which has to be
applied to the empirical value in order to get I, depends on D(C,), for
which so far there is no reliable value. From the calculation of Vaughan
and Kistiakowsky (38) it seems, however, impossible that this correction
could bring Marshall and Norton’s value down to 125 kg-cal. or even 75
kg-cal., as would be necessary if D(CQO) = 9.097 or 6.886 volts, respectively.

Schmid and Geré (36a), in order to explain the discrepancy between their
value D(CO) = 6.886 volts and the experimental L value, have suggested

19 This is the average of the two rather diverging values given by K. v. Wartenberg
and K. Schiitza (39) and J. McMorris and R. M. Badger (28).
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the following explanation. The products of the sublimation are not nor-
mal carbon atoms in the 3P state, but excited carbon atoms in the tetra-
valent 3S state. As the excitation energy of this state is 4.32 volts
= 99 kg-cal., it would just explain the difference between the experi-
mental L = 178 kg-cal. and the L, value calculated from D(CO) = 6.886
for sublimation into normal atoms: I, = 73 kg-cal. In equilibrium,
of course, all atoms, even if they have left the solid carbon in the S
state, would return to the 3P ground state and thereby give their energy
back to the system, so that in equilibrium the low value L; = 73 kg-cal.
ought to be measured. But in the experiments of Marshall and Norton
the vapor pressure of carbon is determined not by equilibrium measure-
ments but by the loss in weight of a piece of graphite in a vacuum at high
temperatures. Thus once a carbon atom in the 58 state has left the graph-
ite its excess energy over *P will not be given back to the graphite, i.e.,
one has really to supply each carbon atom with the energy which is neces-
sary to evaporate it in the 58 state. The value measured by Marshall and
Norton would, according to this interpretation, be a sort of activation
energy for evaporation of carbon, not the net sublimation energy.

A somewhat similar situation has very recently been found by Melville
and Gray (29) for red phosphorus. The static vapor pressure is found to
be about 107 times larger than the vapor pressure derived from the loss of
weight of the solid in a vacuum. Thisis due to the fact that, as was shown
by separate experiments, only Py molecules evaporate from and condense
on solid red phosphorus, whereas, in equilibrium the vapor consists mostly
of Py molecules, which of course have much lower energy than P, molecules.
In equilibrium measurements it is the net energy difference, Ps— solid,
which matters, whereas for the dynamic method, it is the energy difference
P, —solid. Asthe latter is much larger than the former, the anomalously
low rate of evaporation results.

Though the assumption that carbon in the solid state (graphite, dia-
mond) is in the %S tetravalent state seems very probable, according to
modern theories of valence, it is, however, not at all necessary to assume
that immediately after evaporation a carbon atom is still in the 58 state.

As a first approximation we may expect on the basis of current valence
theories that a 58 carbon atom is strongly attracted, whereas a 3P carbon
atom is repulsed by solid carbon, so that we obtain the potential curves
of figure 8, which intersect each other. In higher approximation, however,
according to the Wigner-v. Neumann theorem of non-crossing of potential
curves, the potential curves will follow the dotted lines which do not inter-
sect. Thus in separating an atom from solid carbon it goes over into the
normal P state, but only across a maximum of potential energy (“poten-
tial hill”) which is higher than the asymptote. Nothing, so far, can be
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said about the height of the potential hill. It might even be zero if a
3P atom instead of being repulsed is slightly attracted by solid carbon.

At any rate, these considerations show the following: (1) It is very im-
probable that if solid carbon is built up of 58 atoms the full excitation en-
ergy of the 58 state has to be supplied in excess of the net sublimation
energy (L1) in order to evaporate carbon in a vacuum. This means at the
same time that Schmid and Geré’s low value, 6.886 volts, for D(CO) is
very improbable. (2) It seems possible that the heat of sublimation of
carbon measured in Marshall and Norton’s way is larger than the net
heat of sublimation in consequence of the potential hill. This opens a
possibility that the heat of sublimation measured by Marshall and Norton
is yet compatible with D(CO) values lower than 11.06 volts.

)

SoLip
Fia. 8. Potential curves for sublimation of carbon

The two values for D(CO), 9.097 and 8.385 volts, which resulted as the
most probable ones from a discussion of the purely spectroscopic data,
are thus not necessarily in contradiction to the thermal data on L.2° Asit
seems reasonable to assume the potential hill for evaporation of carbon as
small as possible, the larger of the two D(CO) values given seems the more
probable. Thus we have as the most probable values:#

20 In the discussion following the paper at Pittsburgh it was pointed out by Dr.
Dushman that the length of life of carbon filament lamps indicates that the vapor
pressure is low and the heat of sublimation correspondingly high. But here again we
have a dynamic method, which on the basis of the above argument should give too
high a value for L,

3 Essentially the same values were also considered as most probable by Gold-
finger, Lasareff, and Rosen (14) and Herzberg (19a). But they did not yet know the
new data of Schmid and Gerb on the predissociation at 9.57 volts.
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D(CO) = 9.097 (=£0.005) volts = 209.7 (£0.1) kg-cal.22
L, = 124.1 (£0.5) kg-cal.
D(CN) = 5.9 (£0.2) volts = 136 (4) kg-cal.

But it has to be stressed that these values, though very probable, are not
yet definitely established.

In concluding, a few ways may be mentioned which could lead to a defi-
nite decision.

A further investigation of the spectrum of the carbon monoxide mole-
cule will be important in this connection, because it might result in the
discovery of new predissociation limits and perhaps some which allow
more definite conclusions to be drawn than the ones known so far.

Similarly, a further investigation of the spectrum of CN might result in
a reliable determination of the dissociation energy of this molecule from
which, according to the above, D(CO) can be obtained.

Furthermore, if it were possible to show definitely that the drop in
intensity observed by Geré in the fourth positive group of carbon monoxide
is due to accidental predissociation or ordinary predissociation, it would
mean that 9.57 volts is definitely an upper limit for D(CO), which in the
above could only be assumed as very probable. This could comparatively
easily be accomplished by investigating the fourth positive group of car-
bon monoxide in absorption with high dispersion. If there is no intensity
anomaly in the 9-0 band at about 1300 A.U. in absorption, it means that
the intensity drop observed in emission is really caused by predissociation.

A definite decision would also be possible if the question of the heat of
sublimation of carbon could be unambiguously decided. In order to do
that, a repetition of the early experiments of Kohn and Guckel, with
modern methods, would be of great value, because it would supply an
equilibrium value for L, from which a definite value for D(CO) can be
obtained. In addition, the measurements of the equilibrium L could de-
cide whether the proposed explanation for the high L value of the dynamic
measurements of Marshall and Norton is correct. This of course could
also be accomplished if the value of D(CO) and therewith of L, could be
definitely established by spectroscopic means. Apart from its impor-
tance for the exact value of D(CO), L, and D(CN), the question of this
potential hill for evaporation of carbon seems to have considerable interest
in itself.

For an exact evaluation of the thermal equilibrium measurements a
knowledge of the dissociation energy of C; is necessary; this might be ex-
pected from a further investigation of the C; spectrum.

In a recent paper which was received after the manuscript of this paper

22 The limits of error given do not include the possible error of the conversion
factors.
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was completed Goldfinger and Jeunehomme? have calculated the vapor
pressure curves of carbon for the three values L, = 168.8, 123.6, and 107.2
kg-cal., corresponding to the D(CO) values 11.06, 9.10, and 8.39 volts.
The empirical vapor pressures, except the data obtained by the dynamical
method, all lie between the curves for L, = 168.8 and 123.6 kg-cal, For
Ly = 107.2 kg-cal. the equilibrium vapor pressure would reach 1 atm. al-
ready at 2500°K., which seems to contradict all experiments with carbon
at such temperatures. The vapor pressures for L; = 107.2 kg-cal. are by
several powers of 10 higher than any of those observed. Goldfinger and
Jeunehomme therefore conclude that I, = 123.6 and correspondingly
D(CO) = 9.08 volts are the most probable values for these quantities,
i.e., essentially the same values as those proposed here.

SUMMARY

The various spectroscopic methods for the determination of dissociation
energies D of diatomic molecules are briefly summarized. The conditions
under which the D values obtained spectroscopically are dependable are
treated in detail. On the basis of this discussion the various discordant
values for D(CO) recently proposed by a number of investigators are dealt
with. None of these values is without doubt. This must also be said
about the heat of sublimation L of carbon and about D(CN) which may
be obtained from D(CO) and well-known thermochemical data. How-
ever, a number of reasons are given which lead to D(CO) = 9.097 (%
0.005) volts = 209.7 (1) kg-cal., L; = 124 kg-cal., D(CN) = 5.9 (+0.2)
volts = 136 (4) kg-cal. as the most probable values. One of the points
is that the predissociation of carbon monoxide recently found by Schmid
and Ger6 probably is a case of accidental predissociation. This eliminates
the necessity of assuming as low a value for D(CO) as Schmid and Gerd
have derived. The discrepancy between the value of L, given here and
that recently obtained by Marshall and Norton from a measurement of
the evaporation of carbon #n vacuo is tentatively explained by the assump-
tion of a potential hill which the individual atoms have to surmount in
order to come from the solid to the evaporated state and vice versa. In-
vestigations by which this question and the question of the values of
D(CO), L, and D(CN) may be definitely settled are outlined.
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Note added tn proof: At the Princeton Symposium on Molecular Structure (Decem-
ber 31, 1936 to January 2, 1937) the question of the possibility of a potential hill for
the evaporation of carbon was further discussed by K. F. Herzfeld, E. Teller, and
the author. According to an idea of Teller a potential hill for the evaporation of
graphite will arise owing to the fact that in the process of evaporation for every
alternate carbon atom two C—C bonds have to be broken instead of the average 3/2
bonds, that is, on this assumption the dynamic heat of sublimation should be 33 per
cent higher than the equilibrium value. This is, at least roughly, in agreement with
the observed values if the equilibrium value for L given above is accepted. This
agreement forms another argument in favor of the values for D(CO), L, and D(CN)
proposed here.



