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The gamma radiolysis of carbon monoxide in the presence of the rare gases (Ar, Kr and Xe)
has been studied with and without the application of an electric field. The results showed that
energy transfer producing excited species is the important phenomen. Specifically, excited CO mole-
cules will react with other CO molecules producing carbon dioxide and carbon suboxide polymer.

The radiolysis of pure carbon monoxide has been
studied by various investigators®. The radiolysis
produces carbon dioxide; solid deposits of graphite;
and a carbon suboxide polymer of varying com-
position. The basic data of Linp and coworkers !+ 2
is summarized in the general stoichiometric relation-
ship:

6CO—2 Coz & (C302) =+ (C) graphite * 0y

The — Goo value (number of CO molecules con-
sumed per 100 ev) was found to decrease from an
initial value of 183 to a value of 4.1, as the reaction
products were formed. Ruborpr and Linp 2 attribut-
ed this decrease to the inhibiting action of CO,,
based on charge transfer from CO* to CO, . This im-
plies that ionization and ion recombination are the
predominant primary steps in the radiolysis of CO.
Therefore, the reaction should be retarded or in-
hibited by all inert gases having an ionization po-
tential lower than that of CO. That this is not always
the case has been shown by Ruborpr and Linp ¢ for
xenon which neither inhibits nor enhances the de-
composition of CO. Furthermore, the initial drop
of G value as observed in pure CO occurred in
exactly the same manner when Xe was added.

These observations are difficult to explain on the
basis of charge transfer alone, but suggest that CO,
inhibits dissociative reactions of excited CO mole-

* This research was supported by the Atomic Energy Com-
mission under Contract AT (30-3)-321.

** Present Address: Jet Propulsion Laboratory, California
Institute of Technology, 4800 Oak Grove Drive, Pasadena 3,
California.

! For general reference see S. C. Lixp, Radiation Chemistry
of Gases, Reinhold Publishers Corp., New York 1961, p.
112,

2 P.S.Ruporer and S.C.Linp, J.Chem. Phys.33,705[1960].

cules by disactivation. Our results show that electro-
nic excitations of CO with subsequent dissociation,
or reaction upon collision with other CO molecules,
should be regarded as essential primary reactions in
the radiolysis of CO. The influence of various rare
gas additives, as reported by Stewart and BowLpen ®
may now be considered in terms of energy transfer
from primarily excited rare gas atoms resulting in
the formation of CO* followed by dissociation or
reaction with another CO molecule. RuborLpr and
Linp 4 have suggested that such an energy transfer
may occur in the case of Xe. The occurrence of
energy transfer in the rare gases, Ar, Kr and Xe
and their relative efficiency for the (dissociative)
reaction of CO in forming carbon suboxide is de-
monstrated in this paper. He and Ne were not used
since their stopping power was less than CO.

This study used two techniques to investigate
whether excitation or charge transfer caused the
radiolysis of CO. First, the gas mixtures that were
used contained 95% of the rare gas, i. e. Ar, Kr or
Xe, and 5% of CO. In this way, only a small frac-
tion of the radiation energy was absorbed in CO,
and the predominant effect was due either to charge
or energy transfer from the rare gas to CO. Also,
sufficient products from the radiolysis were avail-
able for analysis. Second, a technique used by
Essex® in 1934, of applying an electric field to a

3 All literature values reported as M/N (number of mole-
cules formed or decomposed by an ion pair) have been
converted to G values, and in the case of CO, the W value
(the total energy per ion pair) used is 34 ev.

G = M x 100/N x W.

4 P.S.Ruporen and S.C.Lwp, J.Chem. Phys.32,1572[1960].

5 A. C. Stewarr and H. T. Bowrpey, J. Phys. Chem. 64, 212
[1960].

6 For a comprehensive review see, H. Essex, J. Phys. Chem.
58, 42 [1954].
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gaseous system during the irradiation, was used in
this investigation. This second technique not only
provided for the direct measurement of the primarily
formed ions, but by removing the charged particles,
eliminated all reactions due to ion recombination.
An additional feature provided by the second tech-
nique demonstrated that not only were the charged
particles removed from the system, but electrons
were sufficiently accelerated to produce excited rare
gas atoms by inelastic collisions in a higher rate
than those primarily produced by the impact of
ionizing radiation. Thus, if a reaction due to energy
transfer rather than charge transfer occurs, it should
be greatly enhanced by the application of the elec-
tric field.

Experimental

Spectroscopically pure Kr and Xe were used in
these experiments without purification. The tank Ar
and CO were purified of minute quantities of O, by
passing them over heated copper. The purified Ar and
CO examined with a Perkin-Elmer fractometer showed
no O,. All gases were obtained from the Matheson Co.

The Pyrex reaction vessel was cylindrical, 300 mm
long and 35 mm in diameter. Inserted were two highly
polished aluminum plates (250 x 24 x 0.25 mm3) with
a 25 mm separation, to which a d.c. electric field was
applied. Before each experiment, the vessel was baked
out in vacuo at 400 °C. It was then filled with a pre-
mixed gas mixture (i.e. 95% rare gas—5% CO) to at-
mospheric pressure and sealed. A break seal was pro-
vided for gas analysis following the irradiation. The
concentrations of the carbon dioxide formed and un-
reacted CO were determined by a Perkin-Elmer Vapor
Fractometer, Model 154 B. After the vessel was evacu-
ated of gaseous reactants and product, it was filled
with about 100 mm of O, and heated to 400 °C in order
to oxidize the polymer that had deposited on the wall.
The carbon dioxide thus formed was transferred by a
Toepler pump to the vapor fractometer and its con-
centration determined. By several means it was deter-
mined that no CO, was lost during the transfer process
and that the polymer deposit was completely oxidized
of CO,.

A Co-60 source of approximately 800 curies, sub-
merged in a 20 foot pool of water and located at RPI,
was used in these irradiations. The reaction vessel was
inserted in the center of the source where the gamma
intensity was 2.5 x 105 r/hr as measured with a Fricke
Dosimeter. In each group of irradiations, separate ex-
periments were performed with and without the appli-
cation of an electric field. On application of a high
voltage to the electrodes, the ion current reached a
saturation value at a field strength of 200 to 300 volts
per cm and remained on this “plateau’” as the voltage
was increased to 3000 volts/cm. This saturation current

was measured in each experiment and taken as the rate
of primary ionization. In the experiments where the
electric field was applied while the gases were being
irradiated, the voltage used was at a point on the upper
region of the plateau, a few hundred volts below where
the ion current avalanches due to secondary ionization.

Results

The experimental data and calculated results are
compiled in Table 1. The irradiation of pure CO
yields a result in agreement with literature values.
The — Gco of 9.6 can be interpreted as an average
of those values obtained by Linp?! in the initial
stages of decomposition. The — G values in the
presence of Ar, Kr and Xe without the application
of an electric field (column 14) were 5.45; 2.3 and
0.37 respectively. With an electric field, they were
19.9; 9.4 and 4.2 respectively. The maximum con-
sumption of CO in these experiments was 0.5%. It
should be noted that in the case of Xe, our ratio of
Xe to CO was about 100 times that used by Ruporrx
and Lixp 4.

The bracketed values for ion current, column 5,
were measured prior to the actual experiments in
order to determine the total number of ions present
in the system (column 10). The other values in
column 5 were determined during the experiments.
The ratio of carbon in the solid to the gas phase,
column 9, was about 4, as also observed by Woop-
LEY 7 in his gamma radiolysis experiments. The fluc-
tuations in this ratio may be in part due to inaccu-
racies in analysis.

The preferred transitions for the excitation of the
rare gases by electron impact are shown in Fig. 1
and Table 2. From these values, it is possible to
estimate the “G-value” for ions and excited species
of the rare gases using the following equations:

100
Gions = W (1)
W— 2K 1
Gexe= — (EI:_02 ) X ;)VO (2)
X0

where IV is the total energy per ion pair; [ is the
ionization potential; (0.2/ is added for the kinetic
energy of the released electron); and Ee. is an
average energy value of the two lowest excited states
(see Table 2 for values). The G values for ions and
excited species are listed in columns 17 and 18,

7 R. E. WoopLey, HW-31929, 1954 and HW-20142, 1955, see
also Ref. 1, p. 118.



1 2 3 4 5 | 6 | 7 8 9 10 | 11 | 12 13 G-values

irrad. d. c. ion Ncos N¢ -AN¢o ' C-ratio | Total | AN percentage of 14 15 16 17 18

No. Rare time field curr. gas solid solid | Nions | - €O/ 100 eV used for COg Cinsolid X+ X *
gas hrs. volts uA 10718 10718 10718 | gag | 10718 | Nions ' X+ e X* —ACO gas  polymer
1 —* | 730 0 (29 | 31 124 155 4.0 476 | 325 | — | — | 93 19 74 = -
2a Ar 51.0 6500 5.4 7.86 24.1 31.9 3.1 6.20 | 5.3 - | == 19.9 4.8 15.1
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* pure CO.

Column 5: bracketed values were measured prior to the actual experiment.
Column 6 and 7: Nc¢ps = Total number of CO; molecules found in the gas phase,
N¢ = Total number of carbon atoms determined as CO, from the solid deposit.
Column 8: —ANco= NcostNc; calculated. Column 9: Column 7/Column 6 .
Column 10: Total number of ions calculated from saturation current (Column 5) and irradiation time.
Columns 12 and 13: Amount of energy consumed for ionization and excitation of the rare gas per 100 eV of absorbed energy. The sum of these two
energies is somewhat less than 100 because correction was made for the energy absorbed by CO.
Column 12 = ¢x*: (I+0.27), Column 13 = GXe *Eexc -
Columns 17 and 18: See equations (1) and (2).
Table 1. Experimental data and G-values.
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Table 1. The excitation of CO is more complex but
in the first approximation can be disregarded due
to its low concentration in the gas mixture. The per-
centage of energy used per 100 ev for ionization
and for excitation for the different rare gases used
are listed in columns 12 and 13. The percentage for
ionization is obtained by multiplying the G value
for ionization (column 17) by the sum of the ioniza-
tion potential for the particular rare gas Table 2
and 20% of the same ionization potential for the
kinetic energy of the released electron. The percen-
tage for excitation is obtained by multiplying the
G value for excitation, column 18, by the average
energy of the two lowest excited states in ev, Table 2.
In addition, a small correction was made for the
energy absorbed by CO. so that the total of the two
energies, column 12 and 13, is somewhat less than
100. Note that the percentage of absorbed radiation
that appears as ionization is twice as great as for
excitation, yet, as will be discussed later, these ions
do not enter into reaction.

Discussion

The discussion is divided into two parts. Part A
discusses the experimental results involving each of
the rare gases separately. Part B discusses the over-
all problem of charge transfer versus energy trans-
fer.

PART A

The energy level diagram, Fig. 1, is used in the
following discussion.

1. Argon

In these experiments Ar has the highest ionization
potential of all the gases involved. Therefore at the
onset of the irradiation a charge transfer can occur,
as:

Ar*+ CO— Ar+CO* (II)

As soon as a certain amount of CO, and other pro-
ducts are formed, by reactions:

CO"+e (or X') =~ C+0+ (X) (I1I)
(where X is a negative ion)

C+CO—C,0, (IV)

Co0 (wallj polymers, (V)

C,0+0—CO,+C, (VI)

charge transfer will occur preferentially with these
substances since they have a lower ionization poten-
tial than CO. Therefore, the CO decomposition will
become insignificant from the above scheme when
sufficient products have built up. From the stand-
point of excitation, the lowest excitation level of Ar
is somewhat higher than the dissociation level of CO.
Ar* may therefore directly dissociate the CO mole-
cule, by the following reactions

Ar*4+CO—-Ar+C+0 (VII)

Actually, the behavior of Ar* is more complex than
simply indicated by reaction (VII) and will be dis-
cussed in Part B.

2. Krypton

Since the ionization potentials of Kr and CO are
so close together, an equilibrium between the two
ion species may be established as follows:

Kr' +COZKr+CO". (VIII)

If the literature values for the ionization potentials
of Kr and CO are correct, K the equilibrium con-

_ (Kr") X(CO)
= (Kr) X (CO) and should be 2.0 at room

temperature. Therefore, no major charge transfer
will occur even before the presence of products with
lower ionization potentials. The effect of transfer of
excitation energy from Kr* to CO will result in pro-
ducing a highly excited species of CO which may
react with another CO molecule, to be shown in
more detail in Part B. The summation of effects is
in the following reactions:

stant,

Kr* +CO— CO* +Kr, (IX)
CO*4+CO—COy+C  or (X)
CO*+CO—-C,0+0. (XT)

3. Xenon

Since the ionization potential of Xe is much be-
low that for CO, no charge transfer from Xe can
take place and no CO" ions will be present. Energy
transfer of Xe™ can only excite the lower triplet
levels of CO (a1l, a' 33" and d3II) and the singlet
level (AlI1). The Al level is nearest to the excita-
tion levels of Xe and can proceed to the ground state
without reaction.

The application of an electric field demonstrates
even more clearly that energy transfer of the type:

X* +CO— CO*+X (XII)
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occurs in all the above systems. The application of
the electric field will accelerate the electrons. The
kinetic energy will be expended to excite the rare
gas or CO preferentially to the lowest energy levels.
Since the ratio of the gas mixture is 95% rare gas
and 5% CO, the lowest levels of the rare gas will be
excited to a greater extent even considering that in
the energy range of a few ev, the cross section for
electron collisions with a CO molecule is larger than
that for rare gases. Therefore, the lower energy
levels of the rare gases will represent the upper limit
of the kinetic energy of the electron. Thus, the “field
effect” simply produces energy transfer from the
lower excited states of the rare gas to the CO mole-
cules. The decreasing efficiency of this transfer from
Ar to Xe can be noted in Table 1, column 14, by
comparing corresponding G values.

Further interpretation of the results requires in-
formation from two other studies made at RPI.
These are that:

a) The CO aII level has been photochemically
excited with the iodine line at 2062 A at the 0,0
transition of the CO Cameron bands. It was observ-
ed that the excitation process leads to the chemical
reactions with a quantum vyield of about 0.572.
Reaction (XI) may be exothermic, if only the Ca-
meron levels are excited. The heat of formation of
C50 is not known but has been estimated 8.

b) The excitation of mixtures of 1% CO in the
rare gases by Po-210 alpha irradiation does not lead
to an intense emission of any bands in the triplet
system. Only observed is an emission orders of mag-
nitude less intense than the analogous emission of
mixtures of 1% nitrogen in the rare gases. Thus an
excited CO molecule will tend to react with another
CO molecule rather than emit light because C,0,
polymers are observed on the walls of the vessel and
CO, detected in the gas 9.

The products of the irradiation of CO-rare gas
mixtures are C,,0, (carbon suboxide polymers) and
CO, . In the photochemical experiments above, the
CO, can be produced at the onset of the reaction by
reaction (X), without the presence of oxygen atoms.
As the irradiation proceeds, CO, may be produced
by the reaction of C,0 with O-atoms via reaction
(VI) 19, However, from all the available experimen-

72 P. Harteck, R. R. Reeves, and B. A. Tuompson, Z. Natur-
forschg. 19 a, 2 [1964].

8 L. Pavring, The Nature of the Chemical Bond, Cornell Uni-
versity Press.

tal evidence, it is difficult to distinguish between the
primary steps, reactions (X) and (XI) since both
will lead to the same final products. Further investi-
gations may resolve this problem and determine re-
sults from higher excitation levels of CO.

PART B

The following presents whether ions or excited
molecules play the major role in the reactions which
consume CO.

1. Tons

Ruporpr and MEeLTON ¢ using a mass spectrometer
had observed that each CO" ion exchanged charge
with Xe. In the experiments of this paper, of the
application of an electric field where all the ions
are collected (saturation current), the CO consump-
tion was found to increase, see Table 1. Therefore
ions are not necessary for the consumption. This
applies to the Kr and CO, and Xe and CO mixtures.
It also applies after the initial onset reactions in
the Ar and CO mixture. At the onset of the Ar and
CO irradiation, an ion mechanism may be operative
to a minor extent, as shown in Part A, which be-
comes inhibited as the products which have a lower
ionization potential, receive the charge from the Ar.

2. Excited Molecules

The two research studies mentioned above defi-
nitely show the reactivity of excited CO molecules.
From the photochemical experiments, (a), it is evi-
dent that the CO is excited to the low a®II level
(6.034 ev), much below the dissociation of CO
(11.11 ev), and reacts with another CO molecule
according to reaction (X) with an efficiency of
about 0.5. Therefore, the reactivity of the excited
CO does not depend upon the energy level to which
the CO is raised. Instead, it is more likely that it
depends on where the energy level of the excited
rare gases (Ar, Kr and Xe) lies in relation to the
excitation levels of the CO and the quantum states
of the levels.

From Fig. 1, the resonance levels of Ar lie above
the dissociation energy level of CO and can lead to
energy transfer followed by dissociation of CO.

9 To be published by S. Do~xpes, P. Harteck, and C. Kunz.

10 The reaction CO+0+M — CO,+M is relatively slow 1%
It has therefore not been included in the discussion.

11 P, Harreck and S. Doxpes, J. Chem. Phys. 26, 1734 [1957].
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However. from the results (Table 1), the amount of
CO consumed is too small. This would indicate that
only a part of the Ar* dissociates the CO and that
other processes take place. This may include the ex-
citation of the singlet levels of CO in the region of
11 ev, which upon interaction with the ground state
emits light which may not be reabsorbed.

The situation in Kr and Xe may be analyzed simi-
larly. In Kr, the energy level at 10.64 ev lies very
near the CO level of b33 at 10.387 ev, thus permit-
ting energy transfer. The CO at the b32" level may
react with another CO molecule, or cascade to a
lower level prior to reacting. However, if Kr is ex-
cited to the 10.03 or 9.01 ev level. then the CO Al
level at 8.065 will be preferably excited. This level
has an allowed transition to the ground state and
the light emitted may not be reabsorbed. No excited
CO molecules would be produced in this latter pro-
cess to cause reactions. In Xe, the A'ZI level of CO
will be nearest the energy levels of the Xe resonance
lines. The A'/I level may react with the ground state
emitting light without dissociating the CO molecule.

The application of an electric field also applies
to the case of the excited species. The electric field
as applied in these experiments will accelerate the
electrons and in turn excite the rare gases.

It should be pointed out, however, that as the
products build up (i.e. CO, and polymers) the in-
elastic collisions of the excited rare gas atoms with
the products may be increased to the point where
no further consumption of CO is obtained. This did

not occur in our experiments because we were at the
beginning of the radiolysis of CO. Therefore. de-
pending upon the rare gas-CO system, processes oc-
curring at the onset, during and at the end of the
reaction, may be radically different. The rare gas-
CO system lends itself to this type of study. We in-
tend with refined techniques and with the aid of a
mass spectrometer, to resolve some of these prob-
lems in the charge transfer process.

Conclusions

1. The rate of consumption of CO and the forma-
tion of CO, and C,,0, (m>n) in the Co-60 gamma
irradiation of 957% rare gas (Ar, Kr and Xe) — 5%
CO mixtures, with and without the application of
an electric field have been studied.

2. Ions do not take part in the reaction.

3. Energy transfer results in excited CO species.
These species will react with another CO molecule
producing the products observed.

4. The decreasing yields from Ar— Kr— Xe
seem not to be due to the corresponding decrease in
energy levels of excitation of the rare gases, but to
the probabilities as to which singlet or triplet levels
the CO molecule may be raised by energy transfer
from the excited rare gas atom.
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