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Ion kinetic energy spectroscopy of the doubly charged ion of carbon 
monoxide 

J. M. Curtis and R. K. Boyd 
Guelph- Waterloo Centre/or Graduate Work in Chemistry. University a/Guelph. Guelph. Canada NI G 2 WI 

(Received 17 August 1983; accepted 28 October 1983) 

Spontaneous and collision-induced dissociation processes of C02+ ions, formed by electron 
impact, have been studied in a double-focusing mass spectrometer using techniques of ion kinetic 
energy spectroscopy. The predissociation process, responsible for unimolecular dissociation of 
C02+ on the microsecond time scale, is almost certainly electronically adiabatic tunneling 
through a potential barrier, though predissociation via electronic curve crossing cannot be 
entirely ruled out. Semiempirical potential curves for states ofC02+ were revised in order to 
better accommodate all of the available data, including Auger spectra, appearance energies, and 
kinetic energy release. Collision induced dissociation processes with Ar, N2, and H2 proceed via 
charge exchange, and involve predissociation of the D 2II state by the C 2..1 state ofCO+. When 
He is used as collision gas, the dissociation processes involving charge exchange are different, and 
require an energetic contribution from the relative kinetic energy (kinetic energy loss). In 
addition, He is quite different in inducing dissociation of C02+ without prior charge exchange, 
from states ofC02+ up to 13 eV above the dissociation limit. 

INTRODUCTION 

The spontaneous decomposition of doubly charged dia
tomic ions, on the time scale of processes occurring in field
free regions of magnetic sector mass spectrometers (a few 
microseconds), is a phenomenon which has been studied for 
over 50 years. In 1932, Friedlander et al.' observed, in the 
mass spectrum of CO, conventional metastable peaks corre
sponding to fragmentation of C02+ to C+ and 0+. These 
authors,' however, reported an intensity for the 0+ frag
ment ion about 30 times that for the C+ fragment. In 1948, 
Hipple2 reported unsuccessful separate attempts by Fox and 
by Dibeler to repeat the original work. This led Melton and 
Wells3 to investigate whether or not the process might be 
collision induced; the discrepancies described above might 
then be due to different background pressures in the mass 
spectrometer analyzer. In fact, Melton and Wells3 did ob
serve a collision-induced fragmentation of C02+, leading 
predominantly to C+ (plus 0 neutral) consistent with a 
charge-exchange mechanism, but were unable to observe a 
spontaneous fragmentation at all. 

All of these earlier studies'-3 were similar in that they 
used single-focusing mass spectrographs' or mass spectro
meters2

•
3 with a single magnetic analyzer. The signals arising 

from the various fragmentation processes, as well as the 
main-beam mass spectrum corresponding to ions formed in 
the ion source, thus all overlap with one another. These diffi
culties did not apply to the work of Kupriyanov,4 who used 
two magnetic sectors in tandem, with differential pumping 
of the various regions of the instrument, and an enclosed 
collision chamber between the two analyzers. Mass-selected 
ions were transmitted by the first sector, and their spontane
ous and collision-induced reactions studied via the momen
tum spectra provided by the second analyzer. In this way it 

was possible to show4 that all of the following processes oc
cur: 

C02 + ---+C+ + 0+ , ( 1) 

C02+M CO+( + M+), (2) 

C02+M C+( + 0 + M+), (3) 

C02+M 0+( + C + M+), (4) 

C02+M C+ + 0+( + M). (5) 

Process (1) is the true unimolecular fragmentation of 
C02 + , while process (5) is its collision-induced counterpart. 
Processes (3) and (4) are the collision-induced fragmentation 
processes proceeding via charge exchange, as observed pre
viously,3 while process (2) is the corresponding charge-ex
change process (20/11 process in the notation of Hasteds) 
occurring without fragmentation. The relative efficiencies of 
the various processes depended4 upon the nature of the 
colllision gas M. The values of the kinetic energy release in 
processes (1) and (5) are shown, in the present work, to be 
much larger than for processes (3) and (4); this may have 
contributed to the confusion in the results of the earlier in
vestigators. 

A more recent investigation of this type was due to 
Newton and Sciamanna6 who were able to study the unimo
lecular process (1) in a Dempster-type mass spectrometer 
and to provide the first measurement (5.75 ± 0.2 eV) of the 
associated kinetic energy release. These workers6 also 
showed that the appearance energies of C02+ which sur
vived to the detector, and of the C+ and 0+ products from 
metastable C02+, were indistinguishable within the range 
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41.5 ± 0.4 eV. Finally, on the basis of two different experi
mental procedures, the half-life of C02 + was found6 to lie in 
the range IS to 30 p,s, and no C02+ of effectively infinite 
lifetime was detected.6 The most reliable value of the kinetic 
energy release, presently in the literature, is the value 
5.6 ± 0.1 eV obtained by Beynon et 01.7 using techniques 
essentially identical to those used in the present work. 

The theoretical interpretation of these observations is 
based upon the form of the potential energy curves for 
C02+ , as first described qualitatively by Dorman and Mor
rison.8 For states correlating with two singly charged atomic 
ions at the dissociation limit, the combination of an attrac
tive potential well with a Coulombic repulsion curve can 
lead to a net potential energy curve in which a potential 
energy maximum separates the well from the dissociation 
limit, even for zero angular momentum.8 (The centrifugal 
barrier in states with J> 0 would add to the intrinsic barrier 
corresponding to the J = 0 curve.) The observed spontane-
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FIG. I. Potential energy curves for states ofCO+ and ofC02+. The heavy 
curves for theX,A, and B States ofCO+ are RKR potentials (Ref. 44), and 
their dash extensions are approximate curves showing the appropriate dis
sociation limits. The curve for the C 2..::1 state is a Morse curve generated 
using experimentally derived constant (Ref. 33). The D, E, and Fstates are 
discussed in the text. The X 3n state of C02+ is the semiempirical curve 
given previously (Ref. II). The vertical shaded region shows the Franck
Condon region for transitions from the v = 0 level of the X '1; + state of CO. 

oUB dissociation of C02+ could then correspond to rotation
vibrational states of C02+, of appropriate lifetime, tunnel
ing through this potential barrier. Since the proposed 
process is electronically adiabatic, it corresponds to Herz
berg's predissociation case III mechanism,9 even though the 
barrier is not entirely rotational in origin. No information 
concerning electronic states ofC(f+ is available from opti
cal spectroscopy.9,10 Hurleyll,12 has developed an ingenious 
semiempirical procedure for relating potential energy curves 
of doubly charged diatomics to those of isoelectronic neutral 
diatomics. The appropriate neutral species for C02+ is BN, 
and two states of this species have been well characterized 
spectroscopically.7,8 Unfortunately the dissociation energy 
of the X 3 n ground state of BN is uncertain, A linear Birge
Sponer extrapolation of the observed progression 7,8 yields Do 
(BN) = 5.8 eV, but Gaydon13 favors a value of4.0 =t= 0.5 eV 
based upon a nonlinear extrapolation. Some rather early 
thermochemical data suggest Do (BN) > 4.93 eV, and this has 
led Herzberg9 to tentatively assign a value of 5.0 eV. Using 
this value, Hurleyl2 constructed potential energy curves for 
two states (X 3 n and A 3 n) of C02 + , and evaluated energies 
and lifetimes of the vibrational levels for the zero angular 
momentum case. On this basis Hurley 12 was able to reconcile 
the observations of Newton and Sciamanna,6 which seemed 
to demand a ground electronic state of C02+ sufficiently 
shallow as to support only one vibrational level, with the 
observation by high resolution Auger spectroscopyl4 of 
what appears to be a vibrational progression (containing at 
least 6 lines) in the ground state of C02+ . Hurley's curve I 2 is 
drawn in Fig. 1, together with known data on the states of 
CO +. We shall return later to the dilemma addressed by 
Hurley,12 and also to a more complete discussion of the 
states of CO+. 

The objective of the present work was to investigate 
processes (1)-(5) in a modem double-focusing mass spec
trometer, using techniques of ion kinetic energy spectrosco
py.15 In addition, more recent information on states ofCO+ 
and C02+ will be considered in attempting to provide a self
consistent account of all available data. 

II. EXPERIMENTAL 

All of the data reported here were obtained using a 
VG7070F double-focusing mass spectrometer. This instru
ment is equipped with a conventional Nier-type source, with 
the nominal electron energy continuously variable in the 
range 5 to 105 eV. Unless stated otherwise, all experiments 
reported here used a nominal electron energy of 70 eV, and 
an ion source temperature of 200 ·C. The usual accelerating 
voltage is 4 k V, and the energy spread of the main beam is 
typically 1.5 eV, so the inherent energy resolution is of the 
order of 2500. However, in practice the limits on kinetic 
energy resolution are set by the angular acceptance of the ion 
optics; installation of special apertures to collimate the beam 
is not feasible on this instrument, which is in daily use to 
provide an analytical service. The instrument is equipped 
with a fully closeable energy resolving (beta) slit, which for 
ion kinetic energy spectroscopy experiments was set narrow 
enough that the energy resolution was not limited by slit 
widths. 

J. Chern. Phys., Vol. 80, No.3, 1 February 1984 
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The instrument is differentially pumped. The ion gauge 
located in the ion source housing indicated a pressure 
< 8X 10-8 Torr in the absence of a sample. CO was ad
mitted to the source until this gauge indicated 10-6 Torr; at 
this condition, the ion gauge situated between the electric 
sector housing and its diffusion pump indicated 1.5 X 10-8 

Torr. Collision gas can be admitted through a leak. valve to a 
small enclosed region situated immediately after the first op
tical slit (ion source slit); this collision gas is preferentially 
pumped to the analyzer side, and the pressure ratio, between 
the gas inside this collision cell and that in the main analyzer, 
is about 100:1. 

The ion kinetic energy spectra were mostly obtained 
using the technique of scanning the accelerating voltage, 
first described by Barber and Elliott. 16 Some 2E spectra 15 

were also obtained, to observe process (2); such spectra are 
obtained by a simple magnet scan, but with the electric sec
tor field held at double the value normally used in the dou
ble-focusing mode. 15 The carbon monoxide was obtained 
from Matheson Co.; it was stated to be of99.5% purity, and 
was used as received. No impurities were detected by mass 
spectrometry, other than those expected from the air back
ground. The collision gases used (N2' Ar, He, and H2) were 
also used as received from Matheson. 

III. RESULTS 
The ion kinetic energy spectrum corresponding to pro

cess (1), obtained by scanning the accelerating voltage with 
the magnet set to transmit 0+ fragment ions, is shown in 
Fig. 2. A similar spectrum was obtained with the magnet set 
to transmit C+ fragment ions. The lower intensity of one 
"hom" reflects a greater degree of ion-source detuning on 
scanning V. The general form of the spectrum due to sponta
neous fragmentation ofC02+ is typical 15 ofa fragmentation 
with a large value of kinetic energy release T, the center of 
the peak being greatly reduced in intensity due to z discrimi
nation. (The z direction is defined here as the direction of the 
magnetic field, which is also the "slit-height" direction). The 
values of kinetic energy release, calculated from the widths 

COMPLETE UNIMOLECULAR PEAK 

CO 2+------;. 0 + 

I I I 
093 089 085 

VIVo 

FIG. 2. Ion kinetic energy spectrum for unimolecular dissociation process 
C02+~O+. 

between the two sharp horns in each case, agree for C + and 
0+ fragments at T = 5.3 =+ 0.1 eV. The positions of these 
horns are in general somewhat dependent upon the degree of 
z discrimination imposed by the instrument used. IS How
ever, in the present case the very sharp rise of the outside 
extremities of the peak is characteristic IS of a single-valued 
kinetic energy release (or of a very narrow distribution), so 
that the present value for T is probably not subject to any 
great uncertainty from this source. The present result is in 
only moderate agreement with the previous6 value of 
5.75 + 0.2 eV. However, the latter value6 was measured by a 
retardation technique, of uncertain accuracy, and the dis
crepancy could reflect this uncertainty. 

It is of interest that, in the present work, the maximum 
signal for the 0+ fragment ion was consistently about dou
ble that for the C + fragment, for the spontaneous fragmenta
tion of C02 +. This is far less than the factor of - 30 reported 
previously, I but is in the same direction. At least in the pres
ent case, it is felt that the discrepancy is probably due to 
greater collection efficiency for the heavier 0+ (same c.m. 
momentum, so a smaller transverse velocity), and possibly 
also to different efficiencies in creating secondary electron 
emission at the first dynode of the multiplier. The reasons for 
this difference are not entirely clear. 

However, the collision-induced peak for C+ formed 
from C02 + , Fig. 3, appeared on introduction of collision gas 
while leaving the intensity of the unimolecular peak essen
tially unaltered, though the peak was somewhat broadened. 
The collision-induced peak is shown considerably expanded 
in Fig. 4, where the structure in the peak is clearly visible. 
The structure is symmetrical about the central value of V / 
Vo = 1.167 corresponding to C02+ -+C+. The values ofki
netic energy release corresponding to the three pairs of struc
ture peaks closest to the intense central peak are 0.15 ± 0.02, 
0.31 + 0.04, and 0.48 + 0.06 eV. These have the appearance 
ofa vibrational progression. Use of Ar, or ofH2, instead of 
N2 as collision gas, yield identical results so the observed 
structure is characteristic of the ion. The corresponding scan 
for the 0+ fragment shows an extremely weak. collision-in-

C02+~ C+ COMPLETE UNIMOLECULAR PEAK (a) 

AND CENTRAL N2 C.I D. PEAK (b) 

. (a) [, (b) 

~~~\~-
106 I 

114 
I I 

118 122 
VIVo 

FIG. 3. Ion kinetic energy spectrum for C02+ ~+, both unimolecular (a) 
(horns at extremities of spectrum) and collision induced (b) by collisions 
with N2 (structured peak at center). 
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FIG. 4. Expanded version of central portion of Fig. 3, showing ion kinetic energy spectrum for C02 + -..C+ induced by collisions with N2• 

duced peak if the collision gas is Ar, N2, orH2 (see Fig. 8, for 
example). The case of He as collision gas is described below. 
The relatively small values of kinetic energy release (Fig. 4), 
together with the observed predominance of C+ fragments 
over 0+ fragments, suggests that Ar, N2, and H2 act as 
charge-exchange gases in process (2), with subsequent frag
mentation of some of the CO + thus formed. [The energetics 
of process (3) are more favorable than those of process (4) as 
discussed below]. A series of 2E experiments, 15 designed to 
detect unfragmented CO+ formed by process (2), showed 
that each of Ar, N2, and Hz were about equally efficient, and 
at least an order of magnitude more efficient than He. 

Among the collision gases used in the present work, 
helium stands somewhat apart from the rest. For example, 
Fig. 5 contrasts the effect of He collision gas on the peak 
corresponding to process (1) with that ofN2. Only one of the 
horns was recorded for Fig. 5, since it was difficult to main
tain the magnetic field constant, to within the required accu
racy, for the length of time required for the slow scan used; 
the other horn (not shown) was the mirror image of Fig. 5. 
There is clear evidence of process (5) occurring from C02+ 
states of higher energy, reached via a collision with He. Fig
ure 5 shows that N2 also can effect this excitation, but with 
very low efficiency such that the extra peak is barely discern
ible. 

The corresponding effect for the 0+ fragment (Fig. 6) 
illustrates this point even more closely. The baseline is much 
more clean in the absence of collision gas than is the corre
spondingC+ case (Fig. 5), because the 0+ ions detected here 
have higher values of (kinetic energy/charge) than does the 
main beam of singly charged ions. Thus there is no interfer
ence from low energy background ions formed in processes 
such asAB + -+A + + B, occurring in various regions of the 
instrument as described by Lacey and Macdonald. 17 

Helium collision gas was also observed to induce pro
cesses (3) and (4), presumably via process (2). However, the 
efficiency of He, in inducing formation ofC+ via process (3), 

was at least an order of magnitude less than that of any Ar, 
H2, or N2. In addition, as illustrated in Fig. 7, the nature of 
the process appears to be significantly different. Thus Fig. 7 
shows no evidence of the regular structure (Fig. 4), and it 

1 
123 

OUTER REGION 

(a) He Collision Gas 

(e) No Collision Gas 
I 

\AIt,'-';~1 'II·IN,."",.ij'IV...'~I.' IlffI~,i/,\ \,.\.~. 
I 

125 

VI Vo 

1 

127 
1 

129 

FIG. 5. Low energy side (high VIVo) of ion kinetic energy spectrum for 
C02 + -..c+ with high values of kinetic energy release. (a) Helium collision 
gas; (b) nitrogen collision gas; (c) no collision gas used. 
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I 
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(a) He Collision Gas 

~~.~J ", 
."~~ 

(b) H2 Collision Gas 

(c) No Collision Gas 

I 
0-828 

I 
0-818 

VIVo 
FIG. 6. High energy side (low VIVo) of ion kinetic energy spectrum for 
co2 + -.0+ with high values of kinetic energy release. (a) Helium collision 
gas; (b) hydrogen collision gas; (c) no collision gas used (c f. Fig. 5). 

does appear as if Fig. 7 contains two peaks, one slightly dis
placed from the other. The available signal-to-noise ratio is 
too low for any reliable measurements of kinetic energy loss 
to be made, but the asymmetric character of the peak was 
reproducible. 

c0 2+-c+ He Collision Induced 

Centra I Region 

I 
115 

VIVo 

I 
I 

", 
J I, 

J 
" I 

"'I'"~ 

I 
118 

FIG. 7. Ion kinetic energy spectrum for C02 + --+C+ with low values ofki
netic energy release, induced by collisions with helium. 

In contrast, as illustrated in Fig. 8, helium was found to 
be much more efficient than any other of the collision gases 
investigated in inducing formation of 0 + fragments via pro
cess (4) [again presumably via process (2)]. The structure evi
dent in Fig. 4 is absent, the peak is perfectly symmetrical 
within the uncertainties apparent in Fig. 8, and the collision 
efficiency is appreciably higher than that for process (3) with 
helium (Fig. 7). The other collision gases were far less effi
cient than helium in this respect (Fig. 8). 

A few experiments, both without collision gas and with 
either N2 or He collision gas, were performed using an ion 
source temperature of 375 ·C. No significant differences, 
within the available resolution and sensitivity, could be seen 
between these spectra and those obtained using an ion source 
temperature of 200 .c. Further, the intensities of all the colli
sion-induced peaks shown in Figs. 3-9 were shown to in
crease linearly with collision gas pressure, and to extrapolate 
to zero intensity at zero pressure to within experimental un
certainty. 

Appearance energies were estimated for several of the 
processes observed. Apart from the usual uncertainties aris
ing from use of an unfiltered electron beam from a hot tung
sten filament, the intrinsically low intensities of most of the 
processes observed prevented a high degree of accuracy from 
being attained. The results obtained are shown in Fig. 9, 
plotted as the square root of intensity vs nominal electron 
energy. The latter scale was calibrated against a value of 41.6 
e V for the appearance energy of the C02 + ion itself. This 
value represents the average off our independent determina
tions by electron impact methods,6,8,18,19 and appears to be 
reproducible to within + 0.3 eV. In accordance with pre
vious findings, 6 the appearance energies of the metastable 
peaks, corresponding to process (1), could not be distin
guished from that of C02 + ions which survived to the detec
tor. This was also found to be true for the collision-induced 

CO'+---"" 0+ _ CENTRAL REGION 

(a) He Collision Induced 

(b) N, Collision Induced 

I I I 

0845 0865 0885 
VIVo 

FIG. 8. Ion kinetic energy spectrum for C02+ -.0+ with low values ofki
netic energy release, induced by collisions with (a) helium; (bl nitrogen. 
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FIG. 9. Appearance energies for C02+ stable on mass spectrometer time 
scale (used as energy reference), for the C02 + --0+( + c+) spontaneous 
dissociation, and for the C02+ --C+( + 0) process induced by collisions 
with argon (intense central peak only, see Fig. 4). 

peaks studied in this way. (The data for the collision induced 
peak shown in Figs. 5 and 6 were even less reliable than the 
others, and are not shown in Fig. 9; however they also gave 
an identical onset, but with a larger uncertainty.) The repro
ducibility of these appearance energies in the present work 
(Fig. 9) is of the order += 0.5 eV. This does not include any 
possible systematic error arising from differing shapes of the 
ionization efficiency curves near threshold.20 

IV. DISCUSSION 

A. The unlmolecular process 

The fact that a diatomic ion is observed to spontaneous
ly dissociate, with a lifetime in the microsecond range, must 
imply a predissociation mechanism as originally suggested. 1 
Since so little is known9

,10 about the electronic states of 
C02 +, the nature of the barrier and thus of the predissocia
tion mechanism must necessarily be speculative. However, 
as emphasized previously, 8,11 the intrinsic form of the poten
tial energy curveS for a doubly charged diatomic species in
creases the probability that an electronically adiabatic mech
anism (i.e., not Herzberg's case I) will be responsible for the 
predissociation. Most of the following discussion is based on 
the assumption that the mechansim involves tunneling 
through the potential barrier of the ground state, 

A potential curve for the ground electronic state of 
C02+, computed previously, 12 is included in Fig. 1 in order 
to give some idea of its disposition relative to the states of 
CO+. However, the question of the states ofC02+ will now 
be considered in more detail. As mentioned above, the only 

knowledge of these states comes from an ingenious proce
dure due to Hurleyll which relates known spectroscopic 
states of a neutral diatomic (e.g., BN) to those of the isoelec
tronic doubly charged species (e.g., Co2 + ). Two states ofBN 
(X 3 n and A 3 n) have been characterized spectroscopical
ly,21 and three other states have been investigated22 by theo
retical calculations. The term values and spectroscopic con
stants, both calculated and experimentally determined 
where available, have been conveniently tabulated.22 In or
der to generate Morse curves for these states, the dissocia
tion energies must be known. The dissociation energy of the 
ground state of BN is the subject of some controversy, as 
described below. For reasons explained below, two sets of 
curves have been generated, one assuming De = 5.0 eV for 
the X 3 n state of BN, the other assuming a value of 6.0 e V. 
The first of these values was used previously in the original 
work by Hurley, 12 who considered only the spectroscopical
ly observed states of BN, and later by Hirsch et al.23 who 
considered all five states. As pointed out previously, 12,23 the 
resulting potential curve thus generated for the X 3 n state of 
C02+, lies some 1.6 eV above the lowest vibrational level 
assigned,II,14 to this same state in the Auger spectruml4 of 
CO. This assignment was confirmed24 by more recent Auger 
experiments which used both electron impact and Al Ka 
radiation to excite the Auger spectra; comparison of the two 
sets of data permitted24 separation of the "normal" Auger 
spectra from high-energy satellite bands due to processes 
such as autoionisation of a neutral species excited by elec
tron impact. While this more recent work24 did not use ener
gy resolution sufficiently high to resolve the vibrational 
structure observed previously,14 the onset of the appropriate 
carbon Auger band (B - l' in Table IV of Ref. 24) agrees 
well with the highest-energy resolved vibrational peak in the 
appropriate region (line 14 in Table 5.2.8 of Ref. 14). The 
agreement between carbon and oxygen Auger data is only 
moderate in each casel4,24 (approximately 0.6 eV difference 
in the caSe of the observed onsets24 for carbon and oxygen, 
respectively), but the potential curve calculated previous
ly12,23 for the ground state ofC02+ is still too high by more 
than 1 eV. 

The calculations reported previously,12,23 assuming a 
value of 5.0 e V for De for the X 3 n state ofBN, were repeated 
here, and are shown in Fig. lO(a); these curves appear to be 
identical with those published previously. The calculations 
were then repeated, using a value of 6.0 eV for De(BN), and 
the results are shown in Fig. lO(b). The curve for the X 3 n 
ground state is now in more satisfactory agreement with the 
Auger data. 14,24 In addition, the potential energy maximum, 
through which the observed tunneling is presumed to occur, 
is now in good agreement with the range of energies predict
ed by combining the known energy of the dissociation pro
ducts with the present value (5.3 ± 0.1 eV) for the kinetic 
energy release. The previously reported value6 of kinetic en
ergy release is some 0.5 eV higher, but it is not clear exactly 
how it was measured from the observed cutoff curves. In 
addition, no mention was made6 of any correction for the 
energy width of the main beam; jUdging from the published 
spectra,6 the latter appears to have been an appreciable frac
tion of the width of the metastable peak. Such a correction 
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POTENTIAL ENERGY CURVES FOR CO·+ CALCULATED BY METHOD OF HURLEY FROM SPECTROSCOPIC DATA FOR BN. 
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FIG. 10. Semiempirical potential curves for states of CQ2 + calculated by method of Hurley (Ref. 10) from spectroscopic constants (Refs. 21 and 22) for BN. 
Augerlines numbered 4--6 and 14-24 are from Siegbahn et al. (Ref. 14) and those labeled B-1' are onsets obtained by Moddeman et al. (Ref. 24). The kinetic 
energy release T is that determined in the present work, plotted relative to the dissociation limit of the X 3 n ground state. The electron impact appearance 
energy is a composite off our independent determinations (Refs. 6, 7, 18 and 19). The dashed vertical lines give the Franck-Condon region for transitions out 
of the v = 0 level of the X 11;+ state of CO. The curves shown in (a) were reported previously (Refs. 11 and 23). 

would bring the earlier result6 into better agreement with 
that reported here. 

The one remaining problem with the quantities repre
sented in Fig. 10 involves the appearance energy of C02+ 
measured by electron impact6,8,18,19 methods to be approxi
mately 1.5 eV higher than the value obtained from Auger 
spectra. 14,24 This discrepancy is well outside the combined 
uncertainties associated with repeatability of the measure
ments. Figure 10 suggests that Franck-Condon transitions 
should reach the lowest vibrational levels of the X 3 n state of 
C02+ , so that the discrepancy is not explicable on this basis 
if these potential curves are reliable. It is possible that the 
discrepancy is another example of well-known problems2o,25 
with estimating appearance energies from data obtained us
ing unfiltered electron beam. As an example of the kind of 
internal ambiguities in the electron-impact data, one can cite 
the observation by one groupS of a distinct break in the ioni
zation efficiency curve, corresponding to a second ionization 
energy of 45.9 eV; this feature was not observed in any other 
of the investigations. 6,18,19 Another observation which, if val
id is of great potential significance, is the equality6 of the 
appearance energies of C02+ and of the fragment ions 
formed from metastable C02+. This result was confirmed in 
the present work (Fig. 9) but the observed signals are so weak 
that we consider it doubtful that the true threshold region 
was investigated by us. Thus, the fact that the slopes of the 
ionization efficiency curves (Fig. 9) are also indistinguishable 
from one another is suspicious, since simple considerations 
of fragmentation kinetics2o,25 indicate that they should dif
fer. 

On the other hand, other evidence to be considered sup
ports the contention that these appearance energy measure
ments are valid. Closely associated with the question of ap
pearance energy is that of ion lifetime with respect to 

dissociation. If the observed appearance energy6,8,18,19 of 
41.6 eV, for both C02+ and its fragments,6 is correct, and if 
the Auger data 14,24 are also essentially correctly interpreted, 
then the potential curves for the X 3 n state shown in Fig. 10 
must be wrong. The true curve must be such that the 
Franck-Condon factors dictate that only vibrational levels 
near the energy of the potential energy maximum in theX 3 n 
potential curve, including the predissociating levels, can be 
populated by electron impact. This would require that 
Franck-Condon restrictions do not apply to the net process 
CO_C02 + occurring either in the Auger experiments, 14,24 
or in electron impact, or both. This could come about via 
vibrational readjustment in the primary CO+ ion formed by 
loss of a K-shell electron, before the Auger process itself 
occurs. There is some evidence26 in the case ofN2 that Auger 
transition time can be of the same order as vibrational per
iods. Alternatively, the Auger transitions could be vertical, 
while those induced by electron impact would then deviate 
from the Franck-Condon principle. At any rate, the discrep
ancy evident in Fig. 10, if real, leads one to predict that the 
reactivities with respect to dissociation, ofC02+ formed by 
Auger processes or by electron impact in the usual mass 
spectrometric energy range, should be qualitatively differ
ent. This is exactly what was found by Hirsch et al.23 in a 
unique experiment designed to measure dissociative life
times of C02 + formed either by electron impact at 150 e V or 
Auger transitions (AI Ka x rays). The data from the electron 
impact experiment could be fitted about equally well by as
suming either 70% of the ions have a half-life of 9 f.lS with 
30% having effectively infinite (> 10-4 s) lifetime, of else a 
16 f.ls half-life with no infinite lifetime component. On the 
other hand, the C02+ ions formed by Auger transitions in
duced by x rays were not observed23 to dissociate at all. 

It thus seems clear23 that the states of C02+ reached 
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predominantly by electron impact in a mass spectrometer 
are qualitatively different from those observed in Auger 
spectra. The dissociative lifetimes of C02+ produced by 
electron impact in a mass spectrometer were investigated 
previously by Newton and Sciamanna,6 who concluded that 
the half-life fell in the range 15-30 ps, with zero contribution 
from infinite lifetime ions. However, the range of transit 
times (i.e., reaction times) available in the instrument used27 

ranged from about 1.5 ps to less than 10 ps, i.e., kinetic data 
were available6 for considerably less than one half-life. It is a 
standard exercise in phenomenological chemical kinetics28 

to show that even the order of reaction cannot be determined 
with any certainty unless data are available for times consid
erably in excess of a single half-life. In the present context, 
this translates into a lack of certainty in determining 
whether or not more than one process, with different life
times, contribute; this uncertainty is intrinsic, and is respon
sible for the ambivalent conclusions reached by Hirsch. 23 No 
such experiments were conducted in the present work, for 
precisely this reason, but one observation does pertain to the 
question of whether or not the C02 + ions formed by electron 
impact include some appreciable fraction with effectively in
finite lifetime. It was consistently observed that, on intro
ducing collision gas to induce the central peak (Figs. 3 and 4), 
the intensity of the peak corresponding to unimolecular frag
mentations of C02 + was hardly affected. This was true cer
tainly for all N2, H2, and Ar used as collision gases, even at 
pressures sufficiently high that the collision-induced peak 
was more intense that that arising from unimolecular disso
ciation. (The case of helium collision gas was less clearcut in 
this regard.) This suggests that the C02 + ions responsible for 
the unimolecular processes are different from those from the 
collision-induced process, i.e., there must exist in the mass 
spectrometer a significant population of C02+ ions with ef-

fectively infinite lifetimes for unimolecular dissociation. For 
this reason, we support the first alternative conclusion of 
Hirsch et al.23 concerning C02 + ions formed by electron 
impact, viz., half-life of 9 ps or so, with about 30% of the 
C02+ ions having a lifetime> 10-4 s. 

The disussion of the unimolecular dissociation of C02 + 

has thus far been based upon the assumption that the predis
sociation mechanism responsible is an electronically adiaba
tic mechanism (Herzberg case 3) from rotational-vibrational 
levels of the ground electronic state. Energies and lifetimes 
of the vibrational levels (v = 0 to v = 6) calculated for the 
X 3 n ground state correlating with the corresponding state 
ofBN, assumed to have De = 5.0 eV [Fig. lO(a)], have been 
published previously.23 Rotational quantum numbersJ = 0 
and J = 7 were considered,23 and both of these rotational 
states with v = 5 were shown23 to have lifetimes of the same 
order of magnitude as the mass spectrometer metastable 
window. In the present work, the potential curve for the 
X 3 n state of C02+, shown in Fig. lO(b), was similarly ana
lyzed using a program developed by Leroy.29 In all, more 
than 1400 vibrational-rotational states were located, and 
their widths and lifetimes estimated. It is not realistic to re
produce all of these here, and Table I lists energies and life
times for selected (v, J) combinations. In order to be a likely 
candidate for the predissociating state responsible for the 
unimolecular process observed (Fig. 2), a given rotational
vibrational state must have a lifetime not too far from the 
"metastable window" for the mass spectrometer used 
( - 10-6 s), and in addition must have a J value correspond
ing to a rotational state which is appreciably populated in the 
CO neutral precursor at 200 ·C. (This latter condition as
sumes that the formation of C02+ by electron impact does 
not result in appreciable rotational excitation; all of the 12 
lowest vibrational levels were found to have rotational levels 

TABLE I. Energies and lifetimes of rotational-vibrational states of XeU) state of C02 +, assumed to be de
scribedbyHurley(Ref.lO)correlation:E(R) = 35.986 + (14.399/R) - (1.4135 X6.(0)[2e - a + e - 2al, where 
a = [(1.l889R - 1.2811X2.0715j. 

Energies of J = 0 states 

v 0 2 3 4 5 6 

Eu(eV) 40.115 40.261 40.401 40.537 40.666 40.790 40.909 

7 8 9 10 11 12 13 

41.020 41.126 41.224 41.315 41.398 41.470 41.527 

Energies and lifetimes of states with lifetimes in range 10-5_10- 7 s, with J.;;4O" 

Vibrational level v = 10 

J 30 31 32 33 34 35 36 37 
E(eV) 41.449 41.458 41.467 41.477 41.486 41.496 41.506 41.516 
Lifetime (ps) 9.19 5.37 3.10 1.76 0.99 0.55 0.31 0.17 

Vibrational level v = 11 

J 0 1 2 3 4 5 6 7 8 
E(eV) 41.398 42.398 41.399 41.399 41.400 41.402 41.403 41.405 41.408 
Lifetime ( ps) 1.44 1.42 1.37 1.30 1.22 1.12 1.01 0.90 0.78 

J 9 10 11 12 13 14 15 16 17 
E(eV) 41.410 41.413 41.416 41.419 41.423 41.427 41.431 41.435 41.440 
Lifetime ( ps) 0.67 0.57 0.47 0.39 0.31 0.25 0.19 0.15 0.11 

a For J>4O, population of rotational state ofv = 0 level of X I~ + state of CO, at 200 ·C, is less than 0.05% of 
population of J = 10 state. 
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with lifetimes of the appropriate order of magnitude but for 
v = 0, e.g., J has to be of the order of 120.) 

Table I shows that the most likely candidates for the 
predissociating levels are v = 10 (J = 30 to 37) and v = 11 
(J = 0 to 17), with the latter being more probable on the basis 
of the rotational populations of the CO precursor. In any 
event, all of the states have energies in the range 41.4--41.5 
eV, in good agreement with the present observation (Fig. 2) 
of a narrow distribution of kinetic energy release from a state 
at 41.3 =F 0.1 eV. The states with v = 12 and v = 13 all had 
lifetimes much too short to correspond to the experimental 
time scale. It is noted that the larger number of vibrational 
levels supported by the X 3 n potential function with the 
deeper well [Fig. 10(b)] is also in better qualitative agreement 
with the number of levels inferred to exist from the Auger 
spectrum. 14 

The only realistic predissociation mechanism, apart 
from that discussed so far, is one involving electronic curve 
crossing (case 1 ofHerzberg9). While the potential curves of 
Fig. 10 can be taken as only a rough guide in this regard, it is 
clear that the general effect of the dominant Coulombic re
pulsion contribution will be to crowd the states together. 
Predissociation of excited states dissociating to excited frag
ments such as C+ e P) + 0 + e D), by states dissociating to 
ground state fragments, appears quite feasible. Excited tri
plet states probably radiatively decay to the X 3 n ground 
state on a time scale short compared to that on which disso
ciation was observed in the present work, but this will not be 
true for the singlet states. The same selection rules9 apply to 
both emission and predissociation, and it is presently a mat
ter for conjecture as to whether the Instate shown in Fig. 10, 
e.g., might be predissociated by the 3 n ground state on an 
appropriately slow time scale. The singlet-triplet transition 
is "forbidden,,,9 but this could imply merely a slow process, 
e.g., microseconds. Certainly the energetic constraints, im
posed by the observed appearance energies and kinetic ener
gy release, are consistent with such a proposal [Fig. lO(b)). 
Experimental evidence exists 19 which shows that, on a time 
scale extending from essentially zero to about 3 its, C02 + 
produced by electron impact dissociates with values ofkinet
ic energy release ranging up to 22 eV. This must correspond 
to dissociation of C02 + from excited electronic states, but it 
does not seem possible to draw any more detailed conclu
sions from this evidence. 19 In general, the suggestion that 
electronic predissociation is responsible for the observed un
imolecular dissociation of C02+ can presently be neither 
proven nor disproven, due to lack of evidence. 

B. Collision induced processes 

The collision-induced processes observed in the present 
work fall naturally into two categories. Those involving a 
relatively small kinetic energy release, observed in the ion 
kinetic energy spectrum between the two horns arising from 
the unimolecular dissociation of C02 +, correspond to pro
cesses (3) and (4) proceeding via process (2). The second cate
gory corresponds to process (5), and are observed with large 
kinetic energy release. This second category was observed at 
reasonable intensity only when helium was used as collision 
gas. 

The nondissociative process (2) was confirmed in the 
present work via 2E spectra. 15 The energetics of this process 
are such that 

AEexc(CO+) + A Eexc (M+) = 26.5 eV - IE(M) + Q, 
(6) 

whereAEexc represents internal excitation energy, the differ
ence between second (Auger values I 4.24) and first ionization 
energies of CO is 26.5 eV, and Q represents any kinetic ener
gy loss transformed to internal energy by the collision. For 
the cases M = Ar, N 2, or Hz, the values of IE(M) all fall in 
the range 15.5-15.9 eV, so that in the absence of any kinetic 
energy loss Q the total excitation energy available is 10.5-11 
eV. For the case ofM = He this excitation energy is only 2 
e V, so that an appreciable contribution from Q is necessary if 
the same processes are to be observed. The fact that the non
dissociative process (2) was observed in good yield must cor
respond to collisions in which most of the excitation energy 
is deposited in M+. Alternatively, some of the excitation 
energy could be dissipated radiatively, as has been ob
served30 in collisions of C02+ with H 2• 

First the case where M = Ar, N2, or H2 will be dis
cussed. All of these give collision induced spectra like Fig. 4, 
with what appears to be vibrational structure. This vibra
tional structure could correspond either to that of the C02 + , 
in which case the CO+ ions which dissociate must presuma
bly be formed on a repulsive curve, or else the structure cor
responds to that in a bound state ofCO+ which is predisso
ciated by some mechanism to be determined. The structure 
observed experimentally (Fig. 4) corresponds to a vibrational 
spacing of about 0.18 eV. This is a little larger than that 
calculated for the lowest vibrational levels ofC02+ (Table I) 
using the larger value for the dissociation energy, or indeed 
than that calculated previously23 using the lower value for 
D_{BN). However, the status of these calculations based on 
Hurley's method 11 is such that no great weight can be placed 
upon this discrepancy. Unfortunately almost nothing is 
known about states of CO + which are repulsive in the appro
priate range of internuclear distance R. The available infor
mation has been summarized by Smyth et al. 31 who investi
gated dissociative excitation of neutral CO from 
high-Rydberg states; such experiments31 ,32 are usually inter
preted in terms of an ion-core model, in which the Rydberg 
electron acts as spectator to the dissociation of the CO+ 
core. The C 2A, state ofCO+ has been reasonably well char
acterized spectroscopically, 33 and with a fairly large value of 
Re = 1.346 A is known to be repulsive over an interesting 
range of values of R (Fig. 1). The only other experimental 
evidence concerning the repulsive states of CO + , sufficiently 
complete that a potential curve could be proposed, con
cerns34 the velocity distribution ofC+ arising from collision 
induced dissociation of CO +. This repulsive state34 lies so 
close to the repulsive portion of the C 2 A r state that it could 
not be clearly plotted in Fig. 1; it seems likely that Moran et 
al. 34 were able to infer at least the repulsive portion of the C 
state from their work on collision induced dissociation be
fore the spectroscopic information33 was available, a remar
kable achievement. 

The curves drawn fortheD, E, and Fstates in Fig. 1 are 
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particularly uncertain. Photoelectron spectra41,42 and pho
toionization absorption spectra41 showed well-defined pro
gressions. The electronic transitions giving rise to these pro
gressions were interpreted satisfactorily with the aid of 
INDO/CI calculations.43 However, vibrational state num
bering could not be unambiguously assigned and no rota
tional structure could be resolved41,42 permitting estimates 
of bond lengths. The curves shown in Fig. 1 for these D, E, 
and F states are Morse curves for which the parameters were 
derived by the following very approximate procedure. The 
observed41,42 vibrational lines were assumed to correspond 
to u = 0, 1, 2, etc. This permitted estimation of a vibrational 
frequency and of a value of De' and thus a value of the Morse 
parameter p. The vertical ionization energies to these states 
are given,42 and these must correspond to the transition with 
the maximum overlap between the u = 0 level of the X Il: + 
state of CO and the appropriate vibrational level of the upper 
state. It was assumed that this transition corresponds to a 
transition at a value of r = re for the X ll: + state of CO, and 
that this corresponds to the inner turning point for the ap
propriate vibrational level of the upper state. Together with 
the values for D. and /3, this permitted an estimate of re for 
the upper state. Clearly, these curves drawn (Fig. 1) for the 
D, E, and F states must be considered with considerable re
serve, though their general dispositions with respect to both 
energy and bond length must be approximately correct. 

Quite apart from these uncertainties in the potential 
curves for stable C02 + and for dissociative CO + , there is the 
question of the applicability of the Franck-Condon princi
ple in these charge-exchange collisions. Thus, formation of 
CO + in the B 2l: + state, via collisions of C02 + with H2, was 
observed30 via the CO+ (B~X) emission bands. The ob
served spectra could not be accounted for30 using the 3 II 
ground state parameters for C02+ calculated previously 12,23 
[Fig, 10(a)] and the well-established parameters9

,10 for the B 
state of CO+. While the spectroscopic constants for C02+ 
are clearly suspect, the possibility of nonconformance with 
the Franck-Condon principle in the charge transfer step was 
also mentioned.30 In fact, such nonvertical transitions ap
pea~S-37 to be well established for charge exchange colli
sions between Ar+ (and other ions) and neutral CO, to form 
predominantly CO+ (A 2II). This deviation can be well ex
plained by a model35 which takes into account the polariza
tion of the CO molecule in the vicinity of the Ar+ ion. Alter
natively, essentially the same physical idea may be 
expressed36 in terms of the potential energy surfaces of the 
initial and final states, of the system of three colliding parti
cles, coming close together or even intersecting. This is in 
essence identical with ideas proposed by Durup38 for non
vertical dissociative collisions (designated38 process 1-2), al
though the observable consequences are somewhat different 
than in the case of emission. 

Thus, the proposal that the vibrational structure evi
dent in Fig. 3 corresponds with that in the C02+ ion is beset 
with ambiguities in the available subsidiary information re
quired to test it. While this proposal is thus by no means 
excluded, it appears possible to offer a rather satisfactory 
account of Fig. 4 in terms of the alternative hypothesis, viz. 
that the vibrational structure corresponds to that in a predis-

sociated state of CO+. Predissociations in CO+ have been 
extensively investigated by Locht,39,4O using a unique appa
ratus incorporating controlled energy electron impact com
bined with kinetic energy analysis of the product ions. A 
dissociation channel leading to C+ + 0, with an onset at 
22.35 eV, was observed39,4O to occur with a vibrational struc
ture very similar to that of Fig. 4. In tum, this structure39,4O 
was shown to correspond closely to that observed41,42 in a 
particular progression in the photoelectron spectrum ~f CO, 
also observed41 in the absorption spectrum near 550 A. The 
progression of interest here (fourth photoelectron progres
sion41,42) was interpreted in terms of a transition to aD 2II 
stateofCO+ whichdissociatestoC(3p} + 0+(4S)fragments. 
However, this D 2II state is predissociated39.4O by the 
C 2.Jstate,33 which dissociates to give C+(2P) + 0(3P) i.e., 
ground state fragments at 22.37 eV above the ground state of 
CO, in good agreement with the observed39,4O onset. This is 
also well within the range of energies available in the charge 
transfer process [Eq. (6)] of C02 + with Ar, N2, or H2. The 
intense central peak (Fig. 4) could correspond to direct tran
sitions to the C 2.J state. The corresponding process (4) form
ing 0+ requires an energy at least 24.73 eV above the u = 0 
level of the ground state of CO, if ground state fragments 
Cep) + 0+(4S) are to be formed; as seen in Fig. 8, this pro
cess is of much lower intensity than is the competing process 
(3), for M = Ar, N2, H2· 

For the case of M = He, where only 2 e V of excitation 
energy is available [Eq. (6)] for the CO+ ion, qualitatively 
different spectra are observed. Thus, the C+ fragments 
formed via process (3) with lower values of kinetic energy 
release (Fig. 7) appear to arise from two dissociating states of 
CO+ which, to be reached, require different values of kinetic 
energy loss Q. Since measurement of kinetic energy loss is a 
direct measurement, with no advantage of an "amplification 
factor" which assists in measurements of kinetic energy re
lease, IS the low signal-to-noise ratio and poor energy resolu
tion apparent in Fig. 7 make such measurements particular
ly unreliable. The poorly resolved peak at lower values of V I 
Vo appears very close to the position predicted if the kinetic 
energy loss were zero. The other peak corresponds to a kinet
ic energy loss of about 25 eV, but the uncertainty in each of 
these estimates is of the order of 15 eV. Interpretation must 
necessarily be speculative, but it is possible that the former 
peak corresponds to collision-induced dissociation of 
ground state CO+ (vibration-rotational excitation only) 
while the peak corresponding to an appreciable kinetic ener
gy loss corresponds to dissociation via excitation either the E 
or F state (Fig. I). 

Helium is considerably more efficient, than any other of 
the collision gases used, in producing 0+ from process (4). 
Two states ofCO+ which dissociate to 0+ are known from 
photoelectron spectroscopy,41.42 the D 2 II and E 2l: + states 
at about 22.7 and 25.4 eV above the ground state of CO, 
respectively. If either of these is the state responsible for Fig. 
7, the values of Q required to reach their u = 0 vibrational 
levels would be about 7 and 9.5 eV, respectively; the as
signed40 dissociation limits lie at 24.73 and 28.05 eV, respec
tively, i.e., more than 2 eV higher still. 

Finally, the spectra shown in Fig. 5 and 6 can be briefly 
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discussed in terms of process (5). Again, helium is by far the 
most efficient collision gas in this regard. The values ofkinet
ic energy release deduced from the C+ and 0+ spectra (Figs. 
5 and 6, respectively) agree with one another, as they should 
if states of C02 + are responsible. The subsidiary maxima in 
the curves correspond to a kinetic energy release of 7.9 e V, in 
good agreement with the maximum in the kinetic energy 
distribution observed by Brehm and Frenes19 immediately 
following electron impact of CO. These latter experiments 
involve a time scale from effectively zero to 3 f-Ls, and thus 
sample much shorter-lived (and presumably more energetic) 
C02 + ions than do the present investigation of unimolecular 
dissociation of C02 + . However, the processes induced by 
collision with He presumably sample at least some of the 
states responsible for the earlier observation. 19 The maxi
mum kinetic energy release for process (5) induced by colli
sions with helium was about 13 eV (Figs. 5 and 6), compared 
with about 22 eV observed previously. 19 

V. CONCLUSIONS 

(i) The predissociation process responsible for the uni
molecular dissociation of C02 + on the microsecond time 
scale is most likely an example of predissociation case III of 
Herzberg,9 as suggested previously.6.7.12 The semiempirical 
potential curves for the states of C02+, calculated by Hur
ley, 12 have been recalculated with a larger dissociation ener
gy; these revised curves better correlate data from Auger 
spectra, appearance energies, and kinetic energy release. 
However, the possibility that a case I predissociation9 is re
sponsible cannot be ruled out entirely. 

(ii) The most efficient collision-induced dissociation 
process involved charge transfer as a primary step, from col
lision gases of sufficiently low ionization energy that appre
ciable excitation energy ( > 10 e V) was available to the pro
ducts of the charge-transfer process. The most probable 
mechanism involves predissociation (Herzberg case I) ofthe 
D 2 n state of CO + by the C 2.J state to yield C + e P) frag
ments (the inherent width of the lines observed in the photo
electron spectra42 would preclude observation of predisso
ciation broadening in these spectra. This is not necessarily so 
for the absorption spectra,41 however). The channel leading 
to 0+ was much less efficient. This collision-induced pro
cess did not appear to compete with the spontaneous disso
ciation process suggesting that the beam ofC02+ contained 
an appreciable fraction of ions which were not metastable on 
the instrumental time scale. 

(iii) When helium was used as collision gas, dissociation 
via charge transfer was still observed. However, the overall 
efficiency was considerably less than with Ar, N2, or H 2, and 
production of 0+ was appreciably more efficient than the 
C + channel. There was clear evidence of appreciable kinetic 
energy loss contributing to the required energy, but no accu
rate measurements were possible in the present work. 

(iv) Collision-induced dissociation of C02+, without 
charge transfer as a primary step, competed significantly 
with the unimolecular process only if helium was used as 
collision gas. Fragment ions with up to 13 e V of excess kinet
ic energy were detected. 

(v) It would be advantageous to have these experiments, 

particularly those involving appreciable kinetic energy loss, 
repeated on an apparatus capable of higher energy resolu
tion, and also with adequate facilities for angular collima
tion. Use of collision gas with an ionization energy interme
diate between that of helium and argon, e.g., neon, would be 
of interest. In the absence of direct spectroscopic observation 
of states of C02+, good modern calculations of these states 
would be desirable. 
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