
Absolute stateselected and statetostate total cross sections for the Ar+(2 P
3/2,1/2)+CO2 reactions
G. D. Flesch and C. Y. Ng 
 
Citation: The Journal of Chemical Physics 97, 162 (1992); doi: 10.1063/1.463616 
View online: http://dx.doi.org/10.1063/1.463616 
View Table of Contents: http://scitation.aip.org/content/aip/journal/jcp/97/1?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
Absolute stateselected and statetostate total cross sections for the Ar+(2 P 3/2,1/2)+CO reactions 
J. Chem. Phys. 95, 3381 (1991); 10.1063/1.460843 
 
Experimental and theoretical total stateselected and statetostate absolute cross sections. II. The Ar+(2 P
3/2,1/2)+H2 reaction 
J. Chem. Phys. 93, 4832 (1990); 10.1063/1.459671 
 
Experimental and theoretical total stateselected and statetostate absolute cross sections. I. The H+
2(X,v’)+Ar reaction 
J. Chem. Phys. 93, 4818 (1990); 10.1063/1.458673 
 
Absolute stateselected and statetostate total cross sections for the reaction Ar+(2 P 3/2,1/2)+O2 
J. Chem. Phys. 92, 3590 (1990); 10.1063/1.457867 
 
Absolute statetostate total cross sections for the reactions N+ 2(X̃,v’=0–2) +Ar(1 S 0)→N2(X,v)+Ar+(2 P
3/2,1/2) 
J. Chem. Phys. 86, 170 (1987); 10.1063/1.452607 
 
 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

130.18.123.11 On: Sat, 20 Dec 2014 12:58:02

http://scitation.aip.org/content/aip/journal/jcp?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/327320036/x01/AIP-PT/JCP_ArticleDL_101514/PT_SubscriptionAd_1640x440.jpg/47344656396c504a5a37344142416b75?x
http://scitation.aip.org/search?value1=G.+D.+Flesch&option1=author
http://scitation.aip.org/search?value1=C.+Y.+Ng&option1=author
http://scitation.aip.org/content/aip/journal/jcp?ver=pdfcov
http://dx.doi.org/10.1063/1.463616
http://scitation.aip.org/content/aip/journal/jcp/97/1?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/95/5/10.1063/1.460843?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/93/7/10.1063/1.459671?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/93/7/10.1063/1.459671?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/93/7/10.1063/1.458673?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/93/7/10.1063/1.458673?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/92/6/10.1063/1.457867?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/86/1/10.1063/1.452607?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/86/1/10.1063/1.452607?ver=pdfcov


Absolute state-selected and state-to-state total cross sections 
for the Ar + (2P 3/2,1/2) + CO2 reactions 

G. D. Flesch and C. Y. Ng 
Ames Laboratory, U. S. Department 0/ Energy, and Department a/Chemistry, Iowa State University, 
Ames, Iowa 50011 

(Received 13 January 1992; accepted 17 March 1992) 

Absolute spin-orbit state-selected total cross sections for the reactions, 
Ar + (2 P3/2.112) + CO2 -+ CO2+ + Ar [reaction (1)], CO + + 0 + Ar [reaction (2) ], 
o + + CO + Ar [reaction (3) ], C++ 20 + Ar [reaction (4)], ArC + + 20 [reaction (5)], 
ArO + + CO [reaction (6)], and ArCO + + 0 [reaction (7)] have been measured in the 
center-of-mass collision energy (Ec.m . ) range of 0.26-131 e V. The ratio of the charge-transfer 
cross section due to Ar + e P I12 ) to that associated with Ar + e P3(2 ) varies in the range of 0.5-
0.8. The appearance energies observed for CO + (Ec.m. = 4.2 ± 0.5 eV), 0 + 
(Ec.m . = 3.7 ± 0.5 eV), and C + (Ec.m . = 12.6 ± 0.5 eV) are in agreement with the 
thermochemical thresholds for reactions (2), (3), and (4), respectively. The comparison of 
the absolute cross sections for CO + , 0 + , and C + from CO2 by photoionization and by 
dissociative charge transfer [reactions (2)-(4)] is made. The kinetic-energy analysis of 
product cot, CO +,0 +, C +, ArO +, and ArC + suggests that reactions (2)-(7) proceed 
via a charge-transfer predissociation mechanism. This experiment, together with the previous 
studies of Ar+ ep3/2.112) + N2 (02'CO), supports the conclusion that product ions formed by 
dissociative photoionization are also produced by dissociative charge transfer. We find that the 
absolute cross sections for product ions formed in the dissociative charge-transfer processes 
[reactions (2 )-( 4)] are substantially greater than those formed in the dissociative 
photoionization of CO2, a finding consistent with the general observation that photo ionization 
cross sections are significantly smaller than charge-transfer cross sections. The relative cross 
sections for CO + ,0 + , and C + formed by reactions (2)-( 4) are also found to be different 
from those for photoionization of CO2' This difference is attributed to the anisotropic 
interaction potential surface responsible for the Ar + ep3(2,1I2) + CO2 reactions. 

I. INTRODUCTION toionization 15-18 (OP) and by the dissociative charge-trans
fer (OCT) processes ll

•
12 involving Ar + ep3/2 ) in the Ec.m . 

scale. 19 The comparison of the OP (Refs. 15 and 20) and 
OCT cross sections 10, 13 for the formation of C + and 0 + 
from CO are shown in Figs. 2 (a) and 2 (b). It has been well 
established that N+ (C+ ,0+) ions from N2 (02'CO) by 
OP are produced via the predissociative excited states of 
Nt (ot ,CO +) indicated in Figs. 1 (a), 1 (b), 2(a), and 
2 (b) .2l The appearance energies (AEs ) observed for 
N + (C + ,0 + ) formed in the OCT reactions 
Ar+ ep3/2 ) + N2 (02'CO) are found to agree with the 
thermochemical thresholds. 1

O-
13 This and the similar cross

section curves for N + from N 2' 0 + from O2, and C + and 
o + from CO observed in photoionization and in 
Ar + ep3(2) + N2 (02'CO) OCT collisions are evidence 
that the OCT N + (C + ,0 + ) ions are also formed via predis
sociative excited states of Nt (CO + ,ot ) similar to those 
involved in OP ofN2 (CO,02)' The formation ofN + from 
N 2 , 0 + from O2, and C + and 0 + from CO by OP at suffi
ciently high photon energies includes small contributions 
from the dissociation of doubly charged parent ion states. To 
our knowledge, the formation of doubly charged parent ions 
or population of dissociative doubly charged parent ion 
states has not been reported in OCT for these systems in the 

The rate constants for the Ar + + CO2 charge-transfer 
reaction in the center-of-mass (c.m.) collision energy 
(Ec.m.) range of <2.5 eV have been measured in many pre
vious experiments using flow-tube and ion-cyclotron reso
nance techniques. I

-
8 At thermal energies, the rate constant 

for the charge-transfer reaction Ar+ eP1I2 ) + CO2 is re
ported to be significantly smaller than that for the 
Ar + e P3(2) + CO2 charge transfer. 4 The collisions of 
Ar + (2 P1I2 ) + CO2 at thermal energies have been shown to 
be dominated by inelastic relaxation of Ar + eP1I2 ) to 
Ar + ep3/2 ).4 Fehsenfeld, Ferguson, and Schmeltekopf 
point out that the Ar + + CO2 reaction is of potential im
portance in the atmospheres of Mars and Venus. 

Charge transfer has long been used as an experimental 
method for studies of the unimolecular dissociation dynam
ics of energy-selected ions.9 In recent experiments per
formed in our laboratory concerning the cross-section mea
surements of the Ar + ep3/2,1I2) + N2 (CO,02) reactions, a 
charge-transfer predissociation mechanism has been pro
posed for the formation ofN + (C + ,0 + ).10-14 Figures 1 (a) 
and 1 (b) compare the absolute cross sections for the forma
tion of N + from N2 and 0 + from O2 by dissociative pho-
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FIG. \. (a) (el Absolute total cross sections for the fonnationofN+ from 
the reaction of Ar -' (2 P312 ) + N 2 in the Ee.m. range of 8-131 e V; (-) abso
lute total cross sections for the fonnation of N + from photoionization of 
N2 • (bl Cel Absolute total cross sections for the formation of 0 + from the 
reaction of Ar' ep3/2 1 + O2 in the Eem. range of3-150eV; (-l absolute 
total cross sections for the fonnation of 0 + from photoionization of O2 • 

Ec .m . range of < 150 eV. It is well known that neutral Ryd
berg states play an important role in populating the excited 
states of parent molecular ions, but the involvement of Ryd
berg states in charge transfer has not been explored. It is 
interesting to note that the total cross sections for N + from 
N2 ,0+ from02 ,andC+ andO+ from CO due to DP are 
only about 2 % of those arising from the corresponding DCT 
processes. 

In order to examine further the similarities and differ
ences of the DCT and DP processes, we have decided to 
extend the DCT cross-section measurements to involve a 
triatomic molecule. The electronic states of CO2+ have been 
investigated extensively by photoelectron spectroscopy,21-32 
(e,2e) spectroscopic techniques,33-3s and theoretical calcu
lations. 36-39 Furthermore, the photoionization and DP pro
cesses of CO2 [processes (1 )-( 4) 1 have also been well stud
ied by photoionization,20,40-46 photoelectron-photoion 
coincidence29

•
47 (PEPICO) and (e,e + ion) methods:34 

CO2 + hv 

-.C02+(.X) +e-, liE = 13.788 eV (1) 

-.CO+(.X) +Oep) +e-, liE = 19.466 eV (2) 

_0+(4S)+CO(X)+e-, liE = 19.067 eV (3) 

--+C + ep) + 20ep) + e-, liE = 27.80 eV. (4) 

To our knowledge, the dissociative and reactive chan-

6 
Ar+(2p3I2 )+CO -C+ + O+Ar 
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FIG. 2. (al (el Absolute total cross sections for the fonnation ofC + from 
the reaction of Ar + e Pm ) + CO in the Eem range of 4.5-131 eV; (-) 
absolute total cross sections for the fonnation of C + from photoionization 
of CO. (bl Cel Absolute total cross sections for the fonnation of 0 + from 
the reaction ofAr + ep312 ) + CO in theEe.m rangeof7-140eV; (-) abso
lute total cross sections for the fonnation of 0 + from photoionization of 
CO. 

nels for the Ar + + CO2 reactions have not been examined. 
In addition to the exothermic charge-transfer channel [reac
tion (5) 1, the results of previous photoionization experi
ments on CO2 suggest that we may find three DCT channels 
[reactions (6)-(8)], which are all endothermic,48 

Ar+ (2P3/2) + CO2 

-cot (X) + Ar, liE = - 1.984 eV (5) 

-CO + (X) + Oep) + Ar, liE = 3.708 eV (6) 

-0+ (4S) +CO(X) +Ar, liE = 3.31 eV (7) 

-C + ep) + 20eO) + Ar, liE = 12.066 eV. (8) 

The previous studies of the Ar+ ep3/2,1I2) 
+ N2(CO,02) reactions reveal the formation of reactive 

ionic product ArN + (ArC + , ArO + ).9-13 Based on the re
sults of these experiments and the open channels identified in 
the photoionization of CO2 , we predict that product 
ArCO + , ArC + , and ArO + ions may be formed in the reac
tive collisions of Ar + ep3/2,1I2) + CO2 via reactions (9)
(11 ), 

Ar + ep3/2 ) + CO2 -ArC + + 20 

-ArO+ + CO 

-ArCO+ +0. 

(9) 

( 10) 

(11 ) 

In accord with these predictions, we have positively identi
fied reactions (5 )-01) in this experiment. The cross sec-
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tions for the corresponding reactions involving the excited 
Ar + e Pl/2 ) state have also been measured. 

II. EXPERIMENT 

The triple-quadrupole double-octopole (TQDO) pho
toionization apparatus used in this study has been described 
in detail.I2.49.5o The TQDO apparatus consists of a 0.2 m 
vacuum-ultraviolet (VUV) monochromator (McPherson 
234), a discharge lamp, a tungsten photoelectric VUV light 
detector, three quadrupole mass filters (QMF), two radio
frequency (rf) octopole ion guide reaction gas cells, a super
sonic free-jet production system, and a variant of the scintil
lation ion detector. The arrangement of the apparatus re
quires reactant ions formed by photoionization to pass 
through, in sequential order, the reactant QMF, the lower rf 
octopole ion guide reaction gas cell, the middle QMF, the 
upper rf octopole ion guide reaction gas cell, and product 
QMF before their detection by the scintillation ion detector. 

A. Absolute total cross-section measurements 

The experimental procedures for these absolute total 
cross-section measurements are similar to those outlined 
previously.12 Briefly, the Ar + reactant ions in the pure 2 P312 

state or in a 2: 1 mixture of2 P312 and 2 Pl/2 states are prepared 
by photoionization of an Ar free jet at 786 and 769 A, respec
tively, using a wavelength resolution of 3.5 A [full width at 
half maximum (FWHM)]. The reactant Ar+ ions formed 
in the photoionization region are extracted perpendicular to 
the Ar free jet and mass selected by the reactant QMF before 
reacting with CO2 in the upper rf octopole ion guide reaction 
gas cell. The CO2 gas cell pressure is monitored with a Bara
tron manometer (MKS model 390HASP05) and a gas cell 
pressure of ( 1-2) X 10 - 4 Torr is used in this experiment. 
The Ar + reactant ions and CO/ , CO + , C + , 0 + , ArCO + , 
ArO + , and ArC + product ions formed in the upper rf octo
pole ion guide reaction gas cell are mass selected by the prod
uct QMF and detected by the scintillation ion detector. 

The Ar + reactant ion-beam laboratory energy (Elab ) is 
measured by the retarding potential energy and the time-of
flight methods. 12 At each E lab the product ion collection 
efficiencies are maximized carefully by optimizing the ion 
transmission through the ion lenses and product QMF and 
the rf voltage applied to the upper octopole ion guide. 

The precision or reproducibilty of cross sections report
ed is 5%-10%. The accuracy of the absolute cross sections is 
estimated to be ± 25%. The uncertainties of the relative 
cross sections due to the Ar + e P3/2 ) and Ar + (2 Pl/2 ) reac
tant states are better than ± 25%. 

B. Retarding potential-energy analyses of product ions 

The retarding potential-energy (RPE) curves for prod
uct CO/ , CO + , C + , 0 + , ArO + , and ArC + ions are ob
tained using the same experimental arrangement and proce
dures as those employed for measuring the RPE curve of the 
reactant Ar + ion. Using the product QMF to select the 
product ion of interest, the RPE curves for various product 
ions at a given Elab of reactant Ar + can be recorded individ
ually. 

III. RESULTS AND DISCUSSION 

A. Absolute cross sections for charge transfer COt 

Figure 3 (b) shows the absolute cross sections for prod
uct CO2+ [0"3/2 (CO/)] formed in the charge-transfer 
collisions of Ar+ ep3/2) + CO2 [reaction (5)] in the Ec,m. 

range of 0.26-131 eV. The cross section for reaction (5) 
exhibits a minimum of 1.4 A2 at Ec,m, ~ 10-12 eV, and in
creases rapidly toward lower Ec.m .• At Ec.m . = 0.26 eV, 
0"312 (C02+ ) has a value of54A2. This observation ofa rapid 
increase in cross section as Ec.m , is decreased toward thermal 
energies, typical for an exothermic ion-molecule reaction 
process such as reaction (5), is in qualitative accord with the 
Langevin-Gioumousis-Stevenson orbiting complex mod
e1. 51 •52 

Two flow-tube measurements for the rate constants (k) 

of the Ar + + CO2 charge-transfer reaction in the Ec.m , 

range of 0.04-2.5 eV have been reported previously.3.6 Since 
electron-impact ionization was used to prepare reactant 
Ar + in the rate-constant measurements, it is most likely that 
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FIG. 3. (a) (e) Absolute total cross sections for the fonnation of CO + , 
a +, C +, ArO +, ArC +, and ArCO + from the collisions of 
Ar+ ('P3/2) + CO2 in the Ec .m range of2.5-131 eV; (-) absolute cross 
sections for the fonnation of CO + , a + , and C + from photoionization of 
CO2 , (b) (e) Absolute total cross sections for COt fonned in the charge
transfer collisions of Ar + (2P3/2) + CO2 in the Ec.m . range of 0.25-131 eV; 
( --- ) the sum of absolute cross sections for cot, CO + , a + , C + , ArCO + , 

ArO +, and ArC + in the Ec.m. rangeof4-131 eV; (._.) effective total cross 
sections at Eem.;:::: 0.25-1.2 e V converted from rate constants for the 
Ar + + CO2 reaction (Ref. 3); ( .. -' .) effective total cross sections at 
Ee.m . ;::::0.1-2 eV converted from rate constant for the Ar + + CO2 reaction 
(Ref. 6); see text. (c) Values for the ratio 0'1/2 (Cot) /0'3/2 (C02+ ) in the 
Ee.m . range of 0.1-131 eV. 
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the k values represent the cross sections due to a mixture of 
Ar + e Pm ) and Ar + e PII2 ). The k values can be convert
ed into effective cross sections (0') using the approximate 
relation, k-;:::.O'V, where v is the average relative velocity of 
the Ar + + CO2 colliding pair. As shown in Fig. 3 (b), the 0' 

values derived from the rate constants of Refs. 3 and 6 are in 
poor agreement, and the values for 0'3/2 (C02+) at 
Ec.m . = 0.26-2 eV obtained in this experiment fall in be
tween the 0' values of Refs. 3 and 6. We note that since the 
kinetic-energy spreads of reactants in this and the flow-tube 
experiments are different, a precise comparison of the results 
of these experiments is difficult. 

The valence shell electronic configuration22 of CO2 can 
be written as 

( 30' g ) 2 ( 20' u ) 2 ( 40' g ) 2 ( 30' u ) 2 ( I1T u ) 4 ( I1T g ) 4; 1 }; t . 

The removal of an electron from the I1T g' l1r u' 30' u' or 40' g 

orbital leaves cot in the X2IIg , A 2II u , lJ 2};:, or (;2};g+ 

state, respectively. The Ec.m . thresholds l9 for the cot 
-2 -2 -2 n 

(A II u , B };u+' and C };g+) states are 1.54,2.31, and 3.62 
eV, respectively. Studies of the binding-energy spectra of 
CO2 obtained using He II (Ref. 26) and x_ray27.28 and 
(e,2e)35 spectroscopic methods have identified electronic 
bands corresponding to multiple electron transitions 
(MET). The MET I-VI states are attributed to ionization of 
an electron from the 30'g or 20'u orbital along with other 
excitations.34 The positions of the excited CO2+ «(; 2};t ' 

MET I-VI) states are marked in Fig. 3(a). 
The value for 0'3/2 (Cot) increases monotonically as 

Ec.m . is increased from Ec.m . -;:::. 12 e V and reaches a value of 5 
A2 at Ee.m . = 131 eV. It is interesting to note that the Ec.m . 

dependence of the cross section of CO2+ formed in the 
0+ (4S) + CO2 charge-transfer reaction53.54 displays a pro
file similar to that observed for 0'3/2 (C02+ ) at Ee.m . -;:::.8-131 
e V. That is, the cross section for the 0 + (4S) + CO2 charge
transfer reaction has a minimum at Ec .m . -;:::. 10 eV and in
creases as Ec.m . is increased from Ec.m . -;:::. 10 e V. This observa
tion suggests that the electronic states of cot, such as the 
C 2};g+ and MET I-VI states, appearing in this Ec.m . range 
are mostly responsible to the profile of the cross sections for 
the Ar + + CO2 and 0 + (4S) + CO2 charge-transfer reac
tions. However, we note that the absolute charge-transfer 
cross sections for 0 + (4S) + CO2 are significantly greater 
than those for reaction (5) at Ec.m . > 10 eV. 

Figure 3 (c) shows the plot of the ratio 0'1/2 (Cot) / 
0'3/2 (C02+) vs Ee.Tn.' At Ee.m. = 0.26-10 eV, the ratio is 
found to be in the range of -;:::.0.5-0.6. It increases from about 
0.5 at Ec.m . = 10 eV to 0.7 at Ec.m . = 20 eV and then in
creases gradually from 0.7 to 0.8 as Ec.m . is increased in the 
range of 20-131 eV. Energetically, the 
Ar + (2 P3/2.112 ) + CO2 states are in close energy resonance 
with the cot (X 2};t ,v) + Ar states for cot (X 2};t) in 
highly vibrationally excited states. It is most likely that a 
high vibrational state of cot (X 2};t ) exists, which is in 
closer energy resonance with the Ar + e P3/2 ) + CO2 state 
compared to the Ar + eP II2 ) + CO2 state, favoring the for
mation of cot by process (5). 

At Ec.m . > 3.7 eV, the DCT processes (6 )-( 8) and reac-

tive processes (9)-( 11) are energetically allowed. The sum 
of the cross sections for these processes is plotted in Fig. 
3(a). In the region of Ec.m . > 8 eV, the values for the sum of 
the dissociative and reactive cross sections are comparable to 
those for charge transfer. The existence of extensive curve 
crossings and electronic state mixings, which leads to predis
sociation of excited CO2+ , are expected to reduce the energy 
resonance effect for charge transfer. The higher value for the 
ratio 0'1/2 (C02+ )/0'3/2 (Cot) observed at Ec.m . > 10 eV is 
consistent with this expectation. 

Figure 3 (b) also shows the sum of the cross sections for 
processes (5)-(11). At Ec.m . = 20-100 eV, this sum stays 
essentially constant and has a value of 5.3 A 2. 

B. Absolute cross sections for OCT processes 

The absolute cross sections for the formation of CO + , 
o + , and C + from the collisions of Ar + e Pm) + CO2 in 
the Ec.m . range of 3-131 e V are depicted in Figs. 4 (a), 5 (a), 
and 6(a), respectively. The mass spectra observed at 5-200 
eV reveal mass peaks corresponding to ot. Background 
ot ions may arise from the charge-transfer reaction involv
ing reactant Ar + and ambient O2 , The thermochemical 
threshold for the formation of 0t from the 
Ar + ep312 ) + CO2 reaction is 7.8 eV.48 The absolute cross 
sections observed for 02+ at Ec.m . = 3-14 eV are shown in 
Fig. 4( c). The 02+ intensity rises in the Ec.m . region of 6-7.8 
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FIG. 4. (a) (e) Absolute total cross sections for the formation of CO + 
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tions for the formation of CO + from photoionization of CO2 , (b) (0) 

Values for the ratio 0'112 (CO + )/0'3/2 (CO + ) in the Ec.m. range 1.5-131 eV. 
(c) (0) Absolute total cross sections for ot. The formation of ot is 
attributed mainly to background reactions; see text. 
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FIG. 5. (a) (e) Absolute total cross sections for 0 + formed by reaction 
(7) in the Ee.m . range of 1.5-131 eV; (-) absolute cross sections for the 
formation of 0 + by photoionization of CO2 , (b) (0) Values for the ratio 
0'112 (0 + )/0'312 (0 + ) in the Ee.m . range of 5-131 eV. 

eV, an observation which seems to support the conclusion 
that the majority of O2+ ions are produced from the 
Ar + e P3/2) + CO2 reaction. If the O2+ ions indeed origi
nate from the collisions of Ar + e P3/2 ) + CO2, we expect 
that O2+ ions thus formed have kinetic energies greater than 
those of the charge-transfer ions. Contrary to this expecta
tion, the retarding potential analysis indicates that at ions 
are overwhelmingly slow ions. Based on this analysis, to-

(0) 

100 

FIG. 6. (a) (e) Absolute total cross sections for C + formed by reaction 
(8) in the Ee.m. range or8-131 eV; (-) absolute cross sections for the for
mation of C + by photoionization of CO2 , (b) (0) Values for the ratio 
0'112 (C + )/0'312 (C +) in the Eern. range of 14-131 eV. 

gether with the fact that O2+ is not identified as a product in 
the photoionization of CO2, we believe that the O2+ ions 
observed here are unlikely to be the products of the 
Ar + e P3/2 ) + CO2 reaction. 

1. Absolute cross sections for CO+ 

The CO + ion is the dominant fragment compared to 
0+ and C + . The experimental onset for CO + is deter
mined to be 4.2 ± 0.5 eV [Fig. 4(a)], which is slightly high
er than the thermochemical threshold of 3. 71 e V for reaction 
( 6 ). The cross section for CO + [a 3/2 (CO + )] formed by 
reaction (6) rises gradually from the onset, reaches a maxi
mum of2.2 ;\2 at E c.m . ;:::: 20 e V, and then decreases to a broad 
minimum of 1.0;\2 at Ec.m . ;::::65-100 eV. 

The partial DP cross sections 15,34,46 for CO + from CO2 
are also plotted in Fig. 4(a) for comparison with the DCT 
cross sections for CO + from reaction (6). The absolute 
cross sections for CO + formed by the DP process (2) are 
nearly 100-fold smaller than those by the DCT reaction (6). 
Unless specified, the DP cross sections given here are aver
age values reported by Refs. 34 and 46. 15 These studies sug
gest that CO + is produced by predissociation via the C 2~t 
and MET states. The DP cross-section curve exhibits two 
peaks, a strong one at Ec.m . = 15 e V and a weak one at 40 e V. 
The strong DP peak is close to the maximum of the DCT 
cross-section curve for CO + . Ignoring the fine structure of 
the DP cross sections, the profiles for the DCT and DP cross 
sections have a similar kinetic-energy dependence. This sug
gests that CO + ions observed here may also be produced by 
predissociation via excited cot in the C 2~g+ and MET 
states initially populated in the charge-transfer collsions of 
Ar+ ep3/2) + CO2' 

Figure 4(b) shows the ratios a ll2 (CO + )/a3!2 (CO +) 
in the Ec.m . range of 5-131 e V. In the Ec.m . region (5-10 e V) 
close to the threshold of reaction (6) the ratio is greater than 
one. The ratio drops to a value below one at Ec.m . > 12 e V and 
has a value of ;::::0.9 at Ec.m . = 15-131 eV. According to the 
charge-transfer predissociation model, we expect to find the 
val ues for the ratios a 112 (CO + ) / a 3/2 (CO + ) to be similar 
to those for a ll2 (Cot )/a3/2 (C02+). Therefore, the obser
vation that a Il2 (CO+) is greater than a3/2(CO+) at 
E c.m . ;:::: 5-10 e V is surprising. In the absence of any accurate 
theoretical interpretations, we tentatively attribute this find
ing to an energetic effect. Since the formation of CO + from 
the Ar + + CO2 is an endothermic process, the CO + 

threshold due to Ar + (2 PII2 ) should be lower than that asso
ciated with Ar + e Pm)' The shift to lower E c.m. for the 
CO + threshold due to Ar + (2 P1I2 ) would account for the 
observation of a ll2 (CO + ) / a 3/2 (CO + ) > 1 at Ec.m . close to 
the onset for the formation of CO + . However, one may ar
gue that the spin-orbit state separation of 0.178 eV for 
Ar + ePJ ) is too small to cause a significant difference in the 
production of CO + . 

2. Absolute cross sections for 0+ 

Taking into account the experimental uncertainties, the 
onset of 3.7 ± 0.5 e V determined for 0 + [Fig. 5 ( a) ] agrees 
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with the thermochemical threshold of reaction (7). The pro
file for the Ec.m. dependence of the cross section for 0 + 
formed by reaction (7) [0'3/2 (0 + )] is similar to that for 
0'3/2 (CO + ). The value for 0'3/2 (0 + ) is peaked at Ec.m . ::::; 15 
e V and is about six times smaller than that for 0'312 (CO + ). 

The DP cross sections for 0 + from CO2 are compared 
to 0'312 (0 + ) in Fig. S (a). The DP cross-section curve also 
displays two peaks with the position of the major peak is at 
Ec.m . ::::;23 eV. The maximum cross section for 0 + formed in 
the DCT process (7) is about tenfold higher than that result
ing from the DP process (3). The threshold for the forma
tion of 0 t- (4S) + CO(X) by process (3) is very close to the 
ionization energy (IE) of CO2 to cot (C2~t). For pho
ton energies between the thresholds of processes (2) and 
(3), the previous PEPICO studies29

•
47 indicate that the 

cot (C 2~g+ ,v = 0-2) states are 100% predissociative to 
form 0+ (4S) + CO(X). This, together with the high 
Franck-Condon factors for the formation of cot 
(C 2~g+ ,v = 0-2) by photoionization results in the relative
ly rapid rise of the DP cross section for 0 + at the threshold. 
For higher photon energies, the previous (e,e + ion) 
study34 suggests that the MET states also contribute to the 
formation of 0 + • We note that the maximum of the DCT 
cross-section curve lies in the Ec .m . region of the MET states 
[see Fig. S ( a) ] . 

The relative values of the DCT cross sections for 0 + 
due to the spin-orbit Ar + (2P3/2.1/2) states are shown in Fig. 
5 ( b ) . As ex pected, 0'112 (0 + ) is less than 0'3/2 (0 + ), similar 
to the trend observed for the spin-orbit cross sections of the 
Ar + ep3/2.1/2) + CO2 charge-transfer reaction. The values 
observed for the ratio 0'112 (0 + ) /0'3/2 (0 +) at Ec.m. = 5-
131 eV are in the range of ::::;0.82-0.95. It seems that the 
0'112 (0 + )/0'312 (0 + ) ratio increases as Ec.m . is decreased 
toward the threshold for reaction (7). However, the low 
intensities of 0 + observed near the threshold for reaction 
(7) prevent accurate measurements of the 
0'1/2 (0 + )/0'312 (0 + ) ratio at Ec.m . < S eV. 

3. Absolute cross sections for C+ 

The onset for the formation of C + is determined to be 
12.3 ± 0.3 eV [Fig. 6(a)], in agreement with the thermo
chemical threshold of 12.07 for reaction (8). This observa
tion indicates that the formation of C++ O2 in the colli
sions of Ar + + CO2 is not probable. The DCT cross section 
for C + from reaction (8) peaks at Ec.m . ::::; 40 e V with a value 
0.72 A2

, which is about 35% greater than the maximum 
cross section observed for the formation of 0 + from reac
tion (7). 

As shown in Fig. 6(a), the profiles of the DP cross sec
tions for C + and 0 + are similar except for the shift in 
threshold. The position of the the maximum for 0'3/2 (C +) 
coincides with that ofthe minor peak of the DP cross-section 
curve for C + . The maximum DP cross section for C + at 
Ec.m . ::::;22 eV is about 3S times lower than that by DCT at 
Ee m. ::::;40 eV. The formation of C + by DP is suggested to 
result from fragmentation of excited cot in the MET states 
at photon energies> 30 eV (Ec.m . > 14.2 eV). 

The values observed for 0'1/2 (C+ )/0'3/2 (C+) in the 
Ec.m . range of 13.5-131 eV are shown in Fig. 6(b). The pro
files of the kinetic-energy dependence of the spin-orbit ratios 
for the formation of C + and CO + are similar. That is, 
0'112 (C + ) is greater than 0'3/2 (C + ) near the threshold re
gion (Ec.m . = 13.5-21 eV) and the trend is reversed at 
E c.m . > 30 eV, where the ratio 0'1/2 (C + )/0'312 (C + ) is in the 
range of ::::;0.86-0.96. Similar to the argument given above, 
we attribute the higher 0'1/2 (C + ) compared to 0'312 (C + ) to 
the energetic effect. 

C. Absolute cross sections for reactive processes 

The absolute cross sections for the formation of 
ArCO +, ArO +, and ArC + (Fig. 7) are approximately 3 
orders of magnitude smaller than that for charge transfer 
cot. The maximum value for 0'312 (ArC + ) is about three 
times those for 0'3/2 (ArO + ) and 0'3/2 (ArCO + ). Within the 
sensitivity of this experiment, ArOt was not found, in ac
cord with the conclusion than ot is not formed in the colli
sions of Ar + + CO2 ' Due to the very low intensities of these 
reactive ions, their cross sections due to Ar+ epl/2 ) were 
not measured. For the same reason, the experimental onsets 
for ArC +, ArO +, and ArCO + from reactions (9)-(11) 
cannot be determined with accuracy. 

The binding energies 12.13.55-58 for Ar-O + and Ar-C + 

are low and have been estimated to have a value of 0.7 and 
0.9 eV, respectively. Based on the ionization energy for 
ArCO to co + (X) . Ar determined in a vacuum-ultraviolet 
photoionization experiment,59 a value of 0.70 ± 0.06 e V is 
calculated for the binding energy of Ar-CO + (X), in fair 
agreement of the theoretical estimate of 0.82.60 The fact that 
the onsets for ArO + , ArC + , and ArCO + are similar to 
those for 0 + , C + , and CO + from Ar + (2P3/2 ) + CO2 are 
in accord with the low binding energies for ArO + , ArC + , 
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FIG. 7. D, 0, and /;; are absolute total cross sections for the formation of 
ArCO + , ArO +, and ArC + from reactions (11), (10), and (9), respec
tively. 
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and ArCO + . Similar to the previous observation of ArN + , 
ArO +, and ArC + formed in the reactions of 
Ar+ + N2 (02'CO), the formation of the reactive product 
ions ArCO + , ArO + , and ArC + are only found in specific 
Ec.m . ranges. This observation may be rationalized that 
ArO + , ArC + , and ArCO + formed at higher Ec.m . contain 
internal energies greater than the dissociation energies of 
these reactive ions. 

D. Translational energy distributions of product ions 

As pointed out in previous experiments,II-13 the RPE 
analyses of product ions provide information about the ion 
translational energy distributions along the central axis of 
the rf octopole ion guide reaction gas cell. The RPE curves of 
product ions CO2+ , CO + , 0 + , ArO + , and ArC + formed 
in the collisions of Ar + e P3/2) + CO2 at E1ab = 5-200 e V 
have been examined. Typical RPE curves for reactant 
Ar+ ep3/2) and product ions at nominal E1ab (Ar+) = 10, 
25, and 100 eV are depicted in Figs. 8,9, and 10, respectively. 

To facilitate the discussion concerning the interpreta
tion of the RPE curves, the Newton diagram for the forma
tion of ArO+ + CO, CO+ + ArO (or Ar + 0), and 
0+ + ArCO (or Ar + CO) in the collisions of 
Ar + e Pm) + CO2 at a nominal E1ab = 25 e V is shown in 
Fig. 11. At a nominal E1ab (Ar + ) = 25 eV, the actual 
E1ab (Ar + ) is determined to be 27.7 eV [Ec.m. = 14.5 eV] by 
the RPE curve of reactant Ar + [see Fig. 8 (a) ]. The z axis 
coincides with the central axis of the rf octopole ion guide 
reaction gas cell. The scattering products are expected to 
have a cylindrical symmetry around the z axis. The RPE 
analysis is sensitive to the velocity component of a product 
ion projected along the z axis. Here, Vc .m ., Vc .m . (C02), and 
Vc.m. (Ar+) are the c.m. velocities of the 
Ar + (2 P3/2 ) + CO2 system, the reactant CO2, and the reac
tant Ar+ ep3/2 ), respectively. Based on the known thermo
chemical thresholds48 for the formation of CO + eX) + ArO 
[or Ar + Oep)], 0 + (4S) + ArCO [or Ar + CO(X)], 
and ArO + + CO(X), we have calculated the maximum 
c.m. velocity circles for CO + (X) [vc.m . (CO + ) ], 0 + (4S) 

[vc.m . (0 + )], and ArO + [vc.m . (ArO + )] as shown in Fig. 

FIG. 8. Nominal EI• b = 10 eV. Retarding potential-energy curves for (a) 
reactantAr+ (---) andproductCO,+ (-) and (b) product CO + (-) and 
product 0 + (---). The marked position for E. (ion) is the RPE at which the 
ion intensity has a half of that at RPE = 0 e V. The position for E fb (ion) is 
the laboratory energy of the ion when it is traveling at an velocity equal to 
Vc .m .• 
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FIG. 9. Nominal Elab = 25 eV. Retarding potential-energy curves for (a) 
reactantAr+ (---) andproductCO,+ (-), (b) productCO+ (---) and 
product ArO + (-), and (c) product 0 + (---) and product C + (-). E. 
and Efb have the same meanings as indicated in Fig. 8. The marked position 
for Em .. (ion) is the maximum laboratory kinetic energy for the ion allowed 
by energy conservation. 

11. Since the bond dissociation energies for ArO and ArCO 
are expected to be low, but not known, they are assumed to 
be zero in the calculation. The maximum laboratory veloc
ities are Vc.m . + Vc .m . (CO + ) for CO + (X), 

vc.m . + vc.m . (0+) for 0+ (4S), and Vc.m . + vc.m . (ArO+) 
for ArO + . The corresponding maximum laboratory ener
gies Emax are calculated and indicated in Figs. 9(a)-9(c). 
The intensities for CO2+ , CO + , 0 + , C + , and ArO + are in 
the noise level as the RPEs are greater than the correspond
ing Emax values, an observation in accord with the conserva
tion of energy. The values for Emax for cot, co + , 0 + , 
C +, and ArO + formed in the collisions of Ar + e P312 ) 

+ CO2 at E 1ab = 11.6 and 105 e V have also been calculated. 
These Emax values, which are not shown here, are also found 
to be in accord with the RPE curves depicted in Figs. 8 and 
10 from the consideration of energy conservation. 

The positions for Ejb(COt), Ejb(CO+), Ejb(O+), 
Ejb(C+), and Ejb (ArO + ) indicated in Figs. 8,9, and 10 
correspond to E1ab of cot, CO + , 0 + , C + , and ArO + 
moving with projected velocities equal to Vc.m .' Depending 
on whether the laboratory energies of product ions are high
er or lower than these E1ab values, the product ions are scat
tered in the forward or backward hemispheres with respect 
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~=I05ev 
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FIG. 10. Nominal Elab = 105 e V. Retarding potential-energy curves for (a) 
reactantAr+ (---), productCO,+ (-), and product CO + (._.), (b) prod
uctO+ (-) andproductC+ (---).E. andEfb have the same meanings as 
indicated in Fig. 8. 
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FIG. II. Newton diagram for the collision of Ar + and CO2 at 
E1ab (Ar • ) = 27.7 eV. Thezaxiscoincides with the central axis of the octo
pole ion guide reaction gas cell. Here, vem , v c.m (Ar + ), and v c.m. (C02 ) are 
the c.m. velocities for the Ar + + CO2 system, reactant Ar + , and reactant 
CO2 , respectively. The Vc.m. (ArC t ), Vc.m. (CO +), and vc.m. (0 +) circles 
mark the maximum c.m. velocities for ArC + , CO + , and 0 + , respectively, 
allowed by energy conservation. 

to vc.m. (Ar + ). Also indicated in the figures are RPEs (Eh ) 

at which the intensity ofa product ion falls to a half of that at 
RPE = 0 V. For a given RPE curve, if Eh (ion) is greater 
(lower) than Ejb (ion), we may conclude that the majority 
of the product ions are scattered forward (backward) with 
respect to v c.m. (Ar + ). 

The RPE curves for charge-transfer CO2+ in Figs. 8(a), 
9(a), and lO(a) show that the intensity for CO2+ drops 
sharply at RPE > 2 V, indicating that cot ions are slow 
and that they are scattered predominantly backward with 
respect to v c.m. (Ar + ). This observation is consistent with 
the expectation that in this Ec .m . range, the overwhelming 
majority of cot is formed via a long-range electron-trans
fer mechanism with little momentum transfer. At low Ec.m ., 

where the binding energy is comparable to Ec.m ., the colli
sion complex mechanism may play an important role in 
charge transfer. If the lifetime of such a complex is longer 
than the rotational period, the scattering pattern of cot 
product ions is anticipated to display forward-backward 
symmetry. According to the RPE curve for CO2+ observed 
at Elab (Ar + ) = 5.8 eV, which is not shown here, we find 
that the forward:backward ratio for charge-transfer CO2+ is 
about 2:3. At Elab(Ar+) = 11.6 eV (Ec.m . = 6.1 eV) and 
Elab (Ar + ) = 27.7 eV (Ec.m . = 14.5), the fractions of for
ward-scattered CO2+ represent about 20% [Fig. 8(a)] and 
10% [Fig. 9 (a)] of the total cot. This fraction decreases 
as Elab (Ar + ) or Ec .m . is increased. As shown in Fig. lO(a), 
essentially all cot ions are backward scattered at 
E lab (Ar t ) = 104 eV (Ec.m . = 54.5 eV). 

The RPE curves for 0 + and co + plotted in Fig. 8 (b) 
show that both 0 + and CO + formed by reactions (7) and 
(6) at Ec .m . = 6.1 eV, respectively, are scattered predomi
nantly in the forward hemisphere with respect to 
Vo.m . (Ar'" ). As E lab (Ar + ) is increased, the backward-scat
tered component increases at the expense of the forward 

component. At Elab (Ar + ) = 27.7 eV, product 0 + and 
CO + remain slightly forward scattered [Figs. 9(a) and 
9(b)], whereas both species become overwhelmingly back
ward scattered at Elab (Ar + ) = 104 e V [Figs. 10 (a) and 
lOeb) ]. 

The maximum energy releases observed for co + and 
0+ are greater than that for C+ at Elab (Ar+) = 27.7 eV 
[see Figs. 9(b) and 9(c)], while the reverse is found at 
E lab (Ar+) = 104 eV [Figs. lO(a) and lO(b)]. The lower
energy release for C + compared to 0 + and CO + at low 
Ec.m . can be attributed to the energy constraint. As discussed 
above, C + ions are most likely produced by reaction (8), 
which has a significantly higher threshold than those for 
reactions (6) and (7). Therefore, the total energy available 
to be distributed between the internal and kinetic energies of 
the products is smaller for the process [reaction (8)] re
sponsible for the formation of C + than those for the forma
tion of CO + + 0 [reaction (6)] or 0 + + CO [reaction 
(7)] . 

Due to the low intensity for the reactive product ions, 
we have only measured the RPE curves for ArO + and 
ArC + at Elab (Ar +) = 27.7 and 43 eV, respectively. Based 
on the RPE curve for ArO + shown in Fig. 9(b), we con
clude that ArO + ions are scattered predominantly back
ward with respect to v c.m. (Ar + ). 

Table I summarizes the observed values for Eh (ion) 
and predicted values for Ejb(ion) at Ec.m . = 6.1-114 eV 
(Elab = 11.6-218 eV). In this Ec.m . range, the Eh (Cot) 
values are <2 eV, which are significantly lower than the val
ues for E jb (Cot) at the corresponding Ec.m . • This finding is 
consistent with the conclusion that charge-transfer product 
CO2+ ions are slow and are scattered overwhelmingly back
ward. The Eh values for CO + and 0 + decrease from 
Eh(CO+) =5-6VandEh(0+) =4VatEc.m . =6-15eV 
to ::::::2.5 V at Ec .m . = 114 eV, respectively. The scattering 
patterns for CO + and 0 + change from predominantly for
ward at Ec.m . = 6-15 eV to backward at Ec.m . 22-114 eV. 
The Eh (C + ) value increases from 3.5 V at Ec.m . = 14.5 to 
5-6.5 eV at Ec.m . = 28-114 eV. Although both ArO + and 
ArC + are found to be backward scattered at Ec.m. = 14.5 
and 22.1 eV, respectively, the Eh value for ArC + is signifi
cantly greater than that for ArO + . 

E_ Comparison of the OP and OCT processes 

Figure 3(a) compares the sum of the DP cross sec
tions46 for co + , 0 + , and C + from CO2 and the sum of 
0'3/2(CO+), 0'3/2(0+), 0'3/2(C+), 0'3/2(ArCO+), 

0'3/2 (ArO +), and 0'3/2 (ArC +). Disregarding the fine 
structure of the DP cross-section curve, the profiles ob
served for the sum of the DP cross sections and that of the 
DCT cross sections are similar and both are peaked at 
Ec.m . ::::::20 eV. This, along with similar comparisons made in 
Figs. 1 (a), 1 (b), 2(a), 2(b), 4(a), 5(a), and 6(a), suggests 
that similar predissociative excited states of the parent CO2+ 

ions can be populated efficiently by charge transfer as well as 
by photoionization. 

The sum of the DP cross sections is approximately 2 
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TABLE I. Summary of the observed values for Eh and predicted values for 
Ejb at Ec.m. = 6-114 eV.a.b 

E. (eV) 
Ecm. (eV) cot co+ 0+ C+ ArO+ ArC + 

6.1 2 5.0 3.8 
(3.5) (2.2) (1.3) 

9.2 2 6.3 4.0 
(5.3) (3.4) ( 1.9) 

11.3 1.7 5.8 3.9 
(6.5) (4.1) (2.4) 

14.5 2 6.5 4.0 :::::3.5 2.5 
(8.4) (5.3) (3.0) (2.3) (10.6) 

22.1 1.6 4.7 2.7 4.6 10 
(12.7) (8.1) (4.6) (3.5) (15) 

28.3 2 4.0 2.9 6.5 
(16.3) (10.4) (5.9) (4.4) 

41.3 1.7 2.7 2.0 6.0 
(23.8) (15.2) (8.7) (6.5) 

55 2 2.5 2.5 6.0 
(31.7) (20.2) (11.5) (8.6) 

114 2 2.0 2.5 5.0 
(65.8) (41.9) (23.9) (17.9) 

a The value for E. (ion) is the RPE at which the ion intensity is half of that at 
RPE = 0 eV. The value for Ejb (ion) is the laboratory energy of the ion 
when it is traveling at a velocity equal to Vc.m.' The values for Ejb (ion) are 
in parentheses. 

bWhen Eh > Ejb (E. <Ejb), the product ion is scattered mainly in the for
ward (backward) hemisphere with respect to vc.m . (Ar+). 

orders of magnitude lower than that for the DCT cross sec
tions. The DP cross sections for CO + , 0 + , and C + from 
CO2 are similar in magnitude, whereas the magnitude of the 
DCT cross section are lT3/2(CO+)~lT3/2(0+) 
'ZlT3/2 (C +). Due to the different nature of photo ionization 
and charge-transfer processes, differences observed in the 
DP and DCT processes are anticipated. The photoionization 
cross sections are usually substantially lower than those for 
charge transfer. The necessity to conserve energy and mo
mentum in the collisions of Ar + + CO2 requires finite mo
mentum transfer. Furthermore, the interaction potential 
surfaces which govern the reaction dynamics for 
Ar + + CO2 are expected to be anisotropic and may favor 
collisions at particular geometries, which in turn favor the 
production of specific channels. 

F. Reaction dynamics and mechanisms for the 
Ar+ +C02 system 

The comparison of the DP cross sections for CO + ,0 + , 

and C + from CO2 with the corresponding DCT cross sec
tions for the formation of CO + , 0 + , and C + [processes 
(6)-(8)] strongly suggests that predissociative states of 
cot responsible for the DP processes also play an impor
tant role in the DCT reactions. The overwhelming majority 

of the charge-transfer cot ions are produced via the long
range electron jump mechanism, involving little momentum 
transfer. The relatively high values observed for 
lT3/2 (CO + ), lT312 (0 + ), and lT3(2 (C + ) may also be attrib
uted to the long-range charge-transfer mechanism as an ef
fective means for populating the predissociative states of 
CO2+· 

According to the experimental thresholds for the forma
tion of CO +, 0 +, and C +, and the relative values for 
lT312 (COt), lT3(2(CO+), lT3I2(0+), and lT3/2 (C+) ob
served here, it is most likely that a stepwise mechanism in

volving the dissociation of charge transfer cOi + , 

Ar+ e p312) + CO2 --Ar + COi + --Ar + 0 + CO· + 

-- Ar + 20 + C + , (12) 

is responsible for the formation CO + and C + . Here, cOi + 

are excited predissociative states populated in the charge
transfer collisions of Ar + (2 P3/2 ) + CO2 ' A similar mecha
nism has also been suggested for the formation of CO + and 
C + in the reaction of 0 + (4S) + CO2 ' 53 As pointed out 
above, at a given Ec.m . close to the threshold for the forma
tion of C + , the total available energy for distribution to the 
internal and kinetic energies of C++ 20 is lower than that 
of CO + + O. This may account for the lower average labo
ratory kinetic energy observed for C + compared to that for 
CO + . However, at a sufficiently high Ec .m ., the further dis

sociation of excited CO· + ions has the effect to increase the 
kinetic-energy spread for C + . The higher average laborato
ry kinetic energy observed for C + in comparison with that 
observed for CO + is consistent with this rationalization. 

Excited CO· + produced in the DCT collisions of 
Ar+ (2P312•1I2 ) + CO2 may also dissociate to form 
o + + C. Such a channel cannot be identified unambiguous
ly in this experiment. We note that the cross section for C + 
is more than 20 times greater than that for 0 + formed in the 
Ar + ep3/2.1/2) + CO reactions. 13 Ifa significant fraction of 
o + results from the further dissociation of excited CO· + , 

we expect that the average laboratory kinetic energy for 0 + 
should increase in a fashion similar to that observed in the 
case of C + . The observation that Eh for 0 + decreases as 
Ec.m . is increased (Table I) can be taken as evidence that the 
dissociation of CO· + to 0 + + C is not a major channel. 

The observation of the predominantly backward-scat
tered pattern for ArO + and the forward-scattered patterns 
for CO + and 0 + is in accord with the near-colinear charge
transfer predissociation mechanism, which has been pro
posed for the formation of ArN + (ArO +, ArC +) from the 
reaction of Ar + ep312.1/2) + N2 (02 , CO).1l-13 In the 
ground state, CO2 has a linear geometry. As was argued 
previously, at Ec.m . close to the ArO +, CO +, and 0 + 
thresholds, the most effective collision geometry to convert 
kinetic energy into internal energies of CO2 and to induce 
the formation of ArO + + CO and CO + + ArO (or 
Ar + 0), etc. is the colinear Ar + -o-c-o configuration. 
The formation of ArO + , CO + , and 0 + may proceed with a 
sequence of steps summarized below: 
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(a) 

Ar+ +O-C-O-Ar"'(O-C-O)*+ 

(b) 

-+Ar"'O + .. 'CO(Ar" ,0" 'CO +, 

Ar" 'OC + .. '0, or Ar" 'OC"'O + ), 
(13) 

Ar"'OC"'O+ -0+ + ArCO (or Ar + CO), (14) 
(a) (b) 

Ar"'O+ "'CO-+ArO+ + CO-+O+ + Ar + CO, (15) 

Ar" '0" 'CO + -+CO + + ArO (or Ar + 0), (16) 
(a) (b) 

Ar"'OC + .. 'O--ArOC+ + O-+CO + + Ar + o. (17) 

Step 13(a) involves the formation of a nearly colinear 
Ar' .. (O-C-O) * + intermediate by charge transfer as Ar + 

approaches an 0 end of CO2 • The CO~ + moiety thus formed 
may be in a predissociative state. As the dissociation of 
CO~' proceeds [process 13(b)], the charge may reside on 
the 0 atom or be associated with CO, forming intermediates 
Ar"'O+ '''CO, Ar"'O"'CO+, Ar"'OC+ "'0, or 
Ar' ··OC···O+. The dissociation of the ArOC-O+ inter
mediate [process (14) 1 may lead to 0 + + COAr (or 
CO + Ar) with 0 + scattered mainly forward. The breaking 
of the ArO + -CO bond in a nearly colinear geometry [pro
cess 15 (a) 1 results in the scattering of ArO + in the back
ward hemisphere. Process 15 (b) indicates that ArO + 
formed with sufficiently high internal excitation may disso
ciate into 0 + + Ar. 

Similar dissociation processes [ processes 17 ( a) and 
(16) 1 involving the intermediates ArOC + -0 and ArC
(CO) + are expected to yield and ArOC + and CO + scat
tered in the backward and forward hemispheres, respective
ly. Process 17 (b) represents the further dissociation of inter
nally excited ArOC + to CO + + Ar. According to the 
theoretical study, the most-stable geometry for ArCO + is a 
linear (Ar-C-O) + structure.60 Therefore, the formation of 
(Ar-O-C) + according to process 17(a) may not be the 
most favorable pathway. The formation of (Ar-C-O) + 
may involve the sideway attack of Ar + toward the center C 
atom in CO2 , 

The formation of ArC + may also proceed by a sideway 
attack of Ar + at the C atom of the CO2 molecule. Such a 
pathway may account for the relative high laboratory kinetic 
energy observed for ArC + at Ec.m . = 22 eV. The finding 
that the majority of ArC + ions are backward scattered indi
cates that product ArC + results mostly from small impact 
parameter collisions. The production of ArC + may involve 
the further dissociation of excited (Ar-C-O) * initially 
formed by a sideway attack. 

At Ec.m . higher than the thresholds for the reactive ions, 
the charge-transfer predissociation mechanism is not limited 
to near-colinear encounters of Ar + and CO2 because the 
energy constraint no longer applies. 

IV. SUMMARY AND CONCLUSION 

This experiment is designed to test the predictions of the 
predissociative charge-transfer mechanism for endothermic 
DCT processes, proposed previously in studies of the 
Ar + CZP312•112 ) + N2 (02,CO) reactions. The identification 
of reactions (5 )-( 11), together with the kinetic-energy dis
tribution analyses of product ions of these reactions, is in 
total conformity with the predictions of the predissociative 
charge-transfer mechanism. The observation that at higher 
E c.m . product cot, CO + , 0 + , and C + are predominantly 
scattered in the backward hemisphere with respect to 
v c.m. (Ar + ) suggests that CO + , 0 + , and C + are produced 
by the subsequent predissociation of excited cot· initially 
populated by long-range charge transfer of 
Ar+ ep3/2.1I2) + CO2 ' 

The cross sections for the formation CO + , 0 + , and C + 
from CO2 by DP and by the DCT reactions (6)-(8) are 
found to have similar profiles in the Ec.m . scale, suggesting 
that the predissociative excited CO2+ states responsible for 
the DP processes also playa role in the DCT reactions. The 
substantially lower cross sections observed in DP compared 
to those in DCT can be attributed to the different nature of 
photoionization and charge-transfer interactions. The po
tential-energy surfaces responsible for the reaction dynamics 
of Ar + + CO2 collisions also favor specific DCT product 
channels. 
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