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The beam scattering method was used to investigate non-dissociative single-electron charge
transfer between the molecular dication CO2

2+ and Ar or Ne at several collision energies be-
tween 3–10 eV (centre-of-mass, c.m.). Relative translational energy distributions of the prod-
uct ions showed that in the reaction with Ar the CO2

+ product was mainly formed in
reactions of the ground state of the dication, CO2

2+(X3Σg
–), leading to the excited states of

the product CO2
+(A2Πu) and CO2

+(B2Σu
+). In the reaction with Ne, the largest probability

had the process from the reactant dication excited state CO2
2+(1Σg

+) leading to the product
ion ground state CO2

+(X2Πg). Less probable were processes between the other excited states
of the dication CO2

2+, (1∆g), (1Σu
–), (3∆u), also leading to the product ion ground state

CO2
+(X2Πg). Using the Landau–Zener model of the reaction window, relative populations of

the ground and excited states of the dication CO2
2+ in the reactant beam were roughly esti-

mated as (X3Σg):(1∆g):(1Σg
+):(1Σu

–):(3∆u) = 1.0:0.6:0.5:0.25:0.25.
Keywords: Charge transfer; Dications; Energetics; Electronic state population; Beam scatter-
ing; Carbon dioxide; Noble gases.

Systematic interest of chemists and physicists in molecular dications dates
several decades back. First, stability, structure and energetics of molecular
multiply-charged ions, namely polyatomic organic dications, created a
wave of interest among ion chemists1–4. Then the behaviour of molecular
multiply-charged ions in collision with other particles started to attract in-
creasing attention4,5. In particular, charge transfer including molecular
dications has been investigated and numerous data on both non-
dissociative and dissociative electron exchange processes were obtained
from translational energy spectroscopy and scattering experiments4,6,7. The
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first studies in the 1980’s suffered from lack of data on exact ionization en-
ergies of even simple diatomic dications and on energetics and population
of electronically excited states of these species. However, in a joint effort of
both experimentalists and theoreticians, considerable amount of new data
was collected so that the situation with diatomic dications is incomparably
better now than it was fifteen years ago. In the mid 1990’s reports on the
occurrence of chemical, bond-forming reactions of molecular dications ap-
peared for the first time8,9. Earlier information concerned only a few reports
on chemical reactions of atomic, metal dications10–12. In recent years the
interest in chemical reactivity of dications has been increasing. Bond-
forming reactions, leading both to non-dissociative or various dissociative
products with rearranged bonds, have been reported for several systems.
Dynamics of these processes was investigated in detail13,14 and models of
dications reactivity, treating chemical reactions and charge transfer pro-
cesses in competition, have been formulated12,14.

Detailed studies of chemical reactions require reliable information not
only on the energetics of ground states of molecular dications, but also on
their electronically excited states. In addition, data on relative populations
of these states are needed to correctly assess the chemical reactivity. Useful
information can be obtained from coincidence photoionization studies of
dications15. The data provide probabilities of formation of various elec-
tronic states of molecular dications, but information on the stability of
these states and on their relative concentrations in reactant beams is lim-
ited. A possible approach to this problem is to study the reactivity of molec-
ular dications in charge transfer processes with simple targets like noble
gases and to analyze the translational energy of the product formed. In this
way, information on the ground and excited states of molecular dications
can be obtained and from measurements at a series of collision energies, at
least approximate information on the relative population of the states may
be deduced.

In this communication, we report on a crossed-beam scattering study of
non-dissociative charge transfer reactions

CO2
2+ + Ar → CO2

+ + Ar+ (1)

and

CO2
2+ + Ne → CO2

+ + Ne+ . (2)
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The scattering data on the translational energy distribution of the product
ion CO2

+ from these reactions at several collision energies were used to ob-
tain information on approximate populations of the electronic states in the
reactant ion beam of CO2

2+, by application of the Landau–Zener model and
the reaction window concept.

Information on energetics of the ground and excited states of the CO2
2+

dication has been available both from experimental16 and theoretical17

studies. The values of IE(CO2→CO2
2+) come from a recent photoionization

study and theoretical calculations16 that give for the IE of the ground state
CO2

2+(X3Σg
–) a value of 37.7 ± 0.3 eV. On the basis of a comparison of a se-

ries of photoionization and electron impact values, we adopt here the value
IE(CO2→CO2

2+) = 37.4 eV. The values and assignment of electronic excited
states of CO2

2+ originate from the above mentioned paper16 and also from
an excellent theoretical study17. The non-dissociative excited states are lo-
cated 1.35 (1∆g), 1.93 (1Σg

+), 2.87 (1Σu
–), and 3.25 eV (3∆u) above the ground

state. Ionization energies of the cation CO2
+ are well known18; the ground

state CO2
+(X2Πg), lies at 13.79 eV, and the excited states CO2

+(A2Πu) and
CO2

+(B2Σu
+) 3.52 and 4.3 eV, respectively, above the ground state. The third

excited state, CO2
+(C2Σg

+), 5.6 eV above the ground state, is known to be
dissociative19.

EXPERIMENTAL

The experiments were carried out on a crossed-beam scattering apparatus EVA II. The appa-
ratus and its application to measurements of doubly-charged ion processes were described
earlier6,13. Briefly, reactant CO2

2+ ions were produced by impact of 140-eV electrons on car-
bon dioxide in a low-pressure ion source. The ions were extracted, mass-analyzed, and ions
of m/z 22 were decelerated with a multi-element electrostatic lens system to a desired labora-
tory energy. The ion reactant beam had an energy spread of about 0.4 eV (full width at half
maximum, fwhm) and an angular spread of about l.5° (fwhm). The reactant beam crossed at
right angles with a collimated thermal beam of the rare gas atoms emerging from a multi-
channel jet (angular spread of 10°, fwhm). The two beams could be rotated about the colli-
sion centre in the plane of the detector. Reactant and product ions passed through a
detection slit, and were energy-analyzed with a stopping-potential analyzer; then they were
accelerated to 1 keV, mass-analyzed in a magnetic mass spectrometer, further accelerated to
2.5 keV, and detected with a Galileo multiplier. Modulation of the neutral reactant beam,
phase-sensitive detection, and signal averaging were used to deal with background problems.
Velocity profiles of the ion product CO2

+ were obtained from energy profiles recorded at
specific laboratory scattering angles.

For the scattering diagrams, the raw data consisted of angular distributions and sets of en-
ergy profiles of the reactant and product ions at a series of scattering angles. The scattering
diagrams were constructed using the well-established procedure20,21; they show the contours
of the Cartesian probability density of the ion product in dependence on the velocity and
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scattering angle. Relative differential cross-sections, P(ϑ) vs ϑ , and relative translational en-
ergy distributions of products, P(T ′), plotted here in dependence of reaction exoergicity ∆E =
T ′ – T (T and T ′ are the relative translational energies of reactants and products, respec-
tively) were obtained by appropriate integration of the scattering diagrams20,21.

For the reaction with neon, energy profiles of CO2
+ were measured only at the laboratory

angular maximum. The velocity profiles obtained from them were plotted in the framework
of the respective Newton diagrams. The P(T ′) vs ∆E plot was then obtained from these ve-
locity profiles at the angular maximum.

RESULTS AND DISCUSSION

Figure 1 shows the scattering diagram of the product ion CO2
+ from reaction

(1) at the collision energy T = 4.88 eV. It exhibits a dominant maximum
and a weak side maximum at a higher velocity. Dashed concentric lines
about the center-of-mass (c.m.) indicate exoergicities of processes leading
from the reactant ion ground state CO2

2+(X) to the product ion excited
states CO2

+(A), CO2
+(B), and CO2

+(C) (dissociative), assuming that all parti-
cles are in vibrationally ground states. Figure 2 gives the relative differential
cross section, P(ϑ), of the product CO2

+ (ϑ is the c.m. scattering angle). The
angular dependence decreases rather quickly from the maximum at ϑ = 0°
and reaches 50% of the maximum intensity at about 7.5°.
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FIG. 1
Scattering diagram of the product CO2

+ from reaction (1) with Ar at T = 4.88 eV. Concentric
dashed circles about c.m. (tip of the center-of-mass vector) indicates loci, where product would
be expected from a reaction of the ground-state dication reactant to the indicated states of the
product CO2

+ (assuming no vibrational excitation of molecular species)
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The relative translational energy distribution of the products, P(T ′), was
obtained by the usual integration of the scattering diagram20,21. It is plotted
in Fig. 3 in dependence on the reaction exoergicity, ∆E = T ′ – T, as a solid
line. The scales in the figure show product energy thresholds for the indi-
cated (electronic) state-to-state processes. The product translational energy
distribution is a rather unresolved broad peak which evidently originated as
an overlap of several processes. As the CO2

+(C) state is known to be dis-
sociative, the dominant role in the product CO2

+ formation is played by the
transitions beween the ground state of the reactant CO2

2+(X) and the prod-
uct excited states CO2

+(A) and CO2
+(B), the probability of formation of the

product ground state CO2
+(X) being negligible. The reactions of the excited

states of the reactant ion CO2
2+(1∆g) (transitions to CO2

+(B) and CO2
+(A))

and CO2
2+(1Σg

+) (transitions to CO2
+(B)) contribute considerably less to the

formation of the product.
Figure 4 gives velocity distributions of the product CO2

+ from reaction (2)
with Ne. Because of low intensity, the profiles were determined only at one
laboratory scattering angle of –1.5° (close to the angular maximum) at two
collision energies of 3.31 and 9.67 eV. They are plotted in the framework of
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FIG. 2
Relative differential cross-sections, P(ϑ), (c.m. angular distribution) of the product CO2

+ from
reaction (1) at T = 4.88 eV
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the respective Newton diagrams. The concentric dashed lines show the loci
of velocity, where the product is expected to appear for processes of the
given exoergicity ∆E. It can be seen that the product CO2

+ is formed with
highest probability with exoergicity 3–6 eV. The velocity distributions were
then transformed into relative translational energy distributions and
plotted – similarly as for Ar in Fig. 3 – against the reaction exoergicity, ∆E =
T ′ – T, in Fig. 5 (solid line). Again, the scales in the figure indicate exo-
ergicities of the respective state-to-state processes. It can be seen that the
product is formed in measurable amounts in reactions of the excited states
of the reactant CO2

2+ leading to the ground state of the product CO2
+(X) at

both collision energies. While the P(T ′) curve at T = 3.31 eV shows a cer-
tain structure, any structure in the curve at T = 9.67 eV is smeared, presum-
ably because of a lower resolution of the experiment at the higher collision
energy.

An approximate estimation of the relative population of the electronic
states of the dications in the reactant beam can be made, assuming that the
charge transfer transition probability is determined by the Landau–Zener
model of non-adiabatic transitions. The Landau–Zener formalism leads to
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FIG. 3
Relative translational energy distribution, P(T ′), of products of reaction (1) at T = 4.88 eV,
plotted against reaction exoergicity ∆E. Solid line, experimental data. Reaction windows:
dashed, ground state CO2

2+(X3Σg
–); dash-and-dotted, CO2

2+(1∆g); dotted, CO2
2+(1Σg

+)
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the “reaction window” concept (LZRW)22,23. In the aproximation of a two-
state model, the cross section can be then formulated as22,23

σint = πRC
2[1 – U1(RC)/T] G(γ) , (3)

where G(γ) is a tabulated integral

G(γ) = 2 exp( / )[ exp( / )] .− − −∫ γ γx x x
0

1

1 d (4)
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FIG. 4
Velocity profiles of the product CO2

+ from reaction (2) with Ne at two collision energies a 3.31 eV
and b 9.67 eV, respectively, at the laboratory scattering angle –1.5°, plotted in the framework
of the Newton diagram
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FIG. 5
Relative translational energy distributions, P(T ′), of products of reaction (2) with Ne, plotted
against reaction exoergicity ∆E at a T = 3.31 eV and b T = 9.67 eV, respectively, at the labora-
tory scattering angle –1.5°. Solid line, experimental data. Reaction windows: dashed,
CO2

2+(X3Σg
–); densely dotted, CO2

2+(1∆g); dotted, CO2
2+(1Σg

+); dash-and-dotted, CO2
2+(1Σu

–);
dash-double dotted, CO2

2+(3∆u)
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Assuming that the ion-induced dipole interaction between reactants may
be neglected and only the Coulomb repulsion between products consid-
ered, γ can be expressed as

γ(RC,T) = (2πµ)1/2 RC
5/2 U12(RC)2 (RCT + 1)–1/2 . (5)

Here, RC is the position of the crossing between the reactant (U1) and product
(U2) potential energy terms, T = µνrel

2/2 is the c.m. collision energy, U12 is the
coupling matrix term between U1 and U2, which can be expressed as22

U12(RC) =
I I1 2

2

+
RC I I1 2 exp (–0.86

I I1 2

2

+
RC) . (6)

For charge transfer in molecular systems, where potential hypersurfaces
rather than potential energy curves have to be considered, the LZRW
model, as developed for atomic systems, holds only approximately24.
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TABLE I
Estimation of the relative abundance Nrel of CO2

2+ ground and excited states in the reactant
beam

No.
Target
Ta, eV

Transition
∆Eb

eV
P(T′)∆E σ∆E N NN (NN)av Nrel

1 Ar, 3.44 (X3Σg
–)→(B2Σu

+) 3.55 71 91 0.78 2.34 2.34 1.00

2 Ar, 4.88 (X3Σg
–)→(A2Πu) 4.33 86 55 1.56

3 Ar, 4.88 (1∆g)→(B2Σu
+) 5.68 43 29 1.48 1.48 1.47 ± 0.20 0.56 ± 0.09

4 Ne, 3.31 (1∆g)→(X2Πg) 74 49 1.51 1.22

5 Ne, 9.67 (1∆g)→(X2Πg) 89 42 2.12 1.72

6 Ar, 4.88 (1Σg
+)→(B2Σu

+) 5.48 22 12 1.83 1.83 1.13 ± 0.50 0.48 ± 0.20

7 Ne, 3.31 (1Σg
+)→(X2Πg) 82 95 0.86 0.70

8 Ne, 9.67 (1Σg
+)→(X2Πg) 96 91 1.05 0.85

9 Ne, 3.31 (1Σu
–)→(X2Πg) 40 43 0.93 0.75 0.61 ± 0.15 0.26 ± 0.06

10 Ne, 9.67 (1Σu
–)→(X2Πg) 36 63 0.57 0.46

11 Ne, 3.31 (3∆u)→(X2Πg) 24 24 1.00 0.81 0.61 ± 0.20 0.26 ± 0.09

12 Ne, 9.67 (3∆u)→(X2Πg) 20 39 0.51 0.41

a T, collision energy; b ∆E, reaction exoergicity.



The reaction windows for the particular electronic states of the reactant
are shown in Figs 3 and 5 by dashed, dotted and dash-and-dot, and dash-
double-dot lines (see Figure captions).

To estimate approximately the relative abundance of the ground and ex-
cited states of the CO2

2+ dication in the reactant ion beam, we made the
following simplifications:

1. The value of P(T ′) at a specific value of exoergicity ∆E (exoergicity of a
process), P(T ′)∆E, may be expressed as a product of the population of that
state, NS, and the cross-section of the particular process σ∆E, as calculated
using the LZRW model, P(T ′)∆E = Nσ∆E.

2. We assume that transitions occur between the ground vibrational
states of the reactant and product ion, i.e. the effect of population of
vibrationally excited states of the reactant and product ion is neglected.
This is at least approximately acceptable, as theoretical calculations17 indi-
cate that the Franck–Condon factors for producing the lowest three states
of CO2

2+ are very similar and thus one may expect that these states would
behave similarly also in the charge transfer process.

Table I summarizes the values estimated from Figs 3 (Ar) and 5 (Ne) and
the relative populations of various electronic states of the reactant ion. The
ratio of the ground state CO2

2+(X3Σg
–) (sum of the transitions to the B and

A states of CO2
+) and the first excited state (1∆g) was obtained from the data

with Ar, lines 1, 2, 3 in Table I). The Ne data were then normalized to the
Ar data by multiplying with the factor 2 × 1.48/(1.51 + 2.12) to obtain NN;
the factor comes from normalization of the Ne for (1∆g) (lines 4, 5) to Ar
data (line 3). An average of the normalized Ar and Ne data, (NN)av, was then
calculated for all states as well as its standard deviation. The final data for
Nrel show a scatter, but they are consistent. By averaging the data, one can
roughly estimate the population of the ground and excited states of CO2

2+

in the reactant beam as (X3Σg
–):(1∆g):(1Σg

+):(1Σu
–):(3∆u) = 1.0:0.6:0.5:0.25:0.25.

Partial support of this research by grants No. 203/97/0351 and 203/00/0632 of the Grant Agency
of the Czech Republic is gratefully acknowledged. The study was partly carried out under the auspices
of the European Network Program RTN1-1999-00254 “Generation, Stability and Reaction Dynamics
of Multiply Charged Ions” (MCInet).

REFERENCES

1. Guilhaus M., Brenton A. G., Beynon J. H., Rabrenovic M., Schleyer P. v. R.: J. Chem. Soc.,
Chem. Commun. 1985, 210.

2. Lammertsma K., Schleyer P. v. R., Schwarz H.: Angew. Chem., Int. Ed. Engl. 1989, 28,
1321; and references therein.

Collect. Czech. Chem. Commun. (Vol. 68) (2003)

Charge Transfer Between CO2
2+ and Ar or Ne 187



3. Schröder D., Schwarz H.: J. Phys. Chem. 1999, 103, 7385; and references therein.
4. Int. J. Mass Spectrom. 1999, 192. Special Issue Multiply-Charged Ions (D. K. Böhme and
T. D. Märk, Eds).

5. Mathur D.: Phys. Rep. 1993, 225, 193.
6. Herman Z.: Int. Rev. Phys. Chem. 1996, 15, 299.
7. Herman Z.: Phys. Essays 2000, 13, 480.
8. Price S. D., Manning M., Leone S. R.: J. Am. Chem. Soc. 1994, 116, 8673.
9. Dolejšek Z., Fárník M., Herman Z.: Chem. Phys. Lett. 1995, 235, 99.
10. Spears K. G., Fehsenfeld F. C., McFarland F., Ferguson E. E.: J. Chem. Phys. 1972, 56,

2562.
11. Ranasighe Y. A., MacMahon T. J., Freiser B. S.: J. Phys. Chem. 1991, 95, 7721.
12. Weisshaar J. C.: Acc. Chem. Res. 1986, 26, 7128; and references therein.
13. Herman Z., Žabka J., Dolejšek Z., Fárník M.: Int. J. Mass Spectrom. 1999, 192, 191.
14. Mrázek L., Žabka J., Dolejšek Z., Hrušák J., Herman Z.: J. Phys. Chem. A 2000, 104, 7294.
15. Penent F., Hall R. I., Panajotović R., Eland J. H. D., Chaplier G., Lablanquie P.: Phys. Rev.

Lett. 1998, 81, 3619.
16. Millie P., Nenner I., Archirel P., Lablanquie P., Fournier P., Eland J. H. D.: J. Chem. Phys.

1986, 84, 1259.
17. Hochlaf M., Bennet F. R., Chambaud G., Rosmus P.: J. Phys. B: At., Mol. Opt. Phys. 1998,

31, 2163.
18. Jacox M. E.: J. Phys. Chem. Ref. Data 1988, 17, 320.
19. Price S. D., Rogers S. A., Leone S. R.: J. Chem. Phys. 1993, 98, 9455.
20. Friedrich B., Herman Z.: Collect. Czech. Chem. Commun. 1984, 49, 570.
21. Herman Z.: Int. J. Mass Spectrom. 2001, 212, 413.
22. Olson R. E., Smith F. T., Bauer E.: Appl. Opt. 1971, 10, 1848.
23. Olson R. E., Salop A.: Phys. Rev. A: At., Mol., Opt. Phys. 1976, 14, 579.
24. Ehbrecht A., Mustafa N., Ottinger Ch., Herman Z.: J. Chem. Phys. 1995, 105, 9833.

Collect. Czech. Chem. Commun. (Vol. 68) (2003)

188 Mrázek et al.:

http://dx.doi.org/10.1021/jp991332x
http://dx.doi.org/10.1016/0370-1573(93)90006-Y
http://dx.doi.org/10.1016/0009-2614(95)00094-K
http://dx.doi.org/10.1016/S1387-3806(99)00092-5
http://dx.doi.org/10.1021/jp0011645
http://dx.doi.org/10.1103/PhysRevLett.81.3619
http://dx.doi.org/10.1103/PhysRevLett.81.3619
http://dx.doi.org/10.1063/1.450518
http://dx.doi.org/10.1063/1.450518
http://dx.doi.org/10.1088/0953-4075/31/10/007
http://dx.doi.org/10.1088/0953-4075/31/10/007
http://dx.doi.org/10.1063/1.464377
http://dx.doi.org/10.1016/S1387-3806(01)00493-6
http://dx.doi.org/10.1103/PhysRevA.14.579
http://dx.doi.org/10.1063/1.472931

