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Chemical reactions and charge-transfer processes in the systgth €@, were investigated in crossed-
beam scattering experiments. Theoretical calculations of stationary points on the dication potential energy
surface (C@D,)?" were carried out to complement the experiments. The main ion products identified were
CO,DT, COD, CQ*, CO", and O. The relative cross sections for reactions with(Bl;) were in the ratio
CO,":COD":CO,D* = 100:10:1 and were almost independent of the collision energy over the rangé 0.5
eV (center-of-mass, C.M.). The chemical product;DOwas formed in a nondissociative chemical reaction
leading to CGD™ + D™ through two channels that released different amounts of translational energy via
decomposition of intermediates (GY)?*; the high translational energy release channel (peak value at 4 eV)
is consistent with the energetics of formation of a©-bonded isomer DCE, which dissociates further to
form DCO" + O. The charge-transfer product €Q0s formed prevailingly in the excited states A and B; a
small amount is also formed by further dissociation of the produciDZCformed in the low translational
energy release channel, presumably in an excited state) 16 €. The product CO results from two
different processes: from charge transfer leading to'@QC=,*) + D,* and predissociation of the C state

to CO"(X%=") 4+ O(P) and from spontaneous dissociation of the projectile?C(vibrationally excited to

its predissociation barrier) to CO+ O,

1. Introduction The latter type is of particular interest because of the expectedly

Chemical reactions of doubly charged ions (dications) with high translational energy release due to Coulomb repulsion
neutral species represent a new and exciting class of elementanpe'[ween the. products. o
chemical processés® Because of the high energy content of ~ In our earlier communicatiors,> we reported crossed-beam
dications (36-40 eV above the respective neutrals), their Scattering studies of processes in the systentCf D,. The
reactions often lead to the creation of electronically excited nondissociative processes of charge transfer (1) and chemical
species, the subsequent decomposition of internally excitedearrangement leading to the formation of.DF were shown
products, and the formation of pairs of singly charged ions with to be prime examples of these dicatiemolecule processes,
large relative translational energy; thus, the energy partitioning characterized by high translational energy release due to the
in products may differ from that of both catiemeutral or ~ Coulomb repulsion between the singly charged products. A
neutral-neutral reactions. Also, formation of “naked” fast potential surface model for reactions of dications with molecules
protong~2 in reactions of molecular dications with hydrogen is was developed that is based on transitions occurring at crossings
yet another rather unusual feature of these processes. Chemicaf the potential energy surfaces of the dicatioreutral system
reactions of dications usually occur in strong competition with with the Coulomb repulsion surfaces of the two singly charged
charge-transfer processes that lead to the formation of two singlyproducts in the reactant (charge transfer) or product (chemical

charged products bond rearrangement) valley. The model accounts for mutual
competition of the above-mentioned processe8 in a variety
A* +BC—A" +BC" (1) of systems.

. . In this paper, we describe results of a related crossed-beam
A large amount of data has been obtained on the cross section . X
o scattering study of the system @O + D,. Earlier mass
and energy partitioning of these electron-exchange procéé8es. : . / . .
: . o ; . spectrometric studies of this systétidescribed formation of
Chemical reactions of dications are basically of two types: the products C§', CO*, CO,D*, and COD" and their relative
bond forming reactions between dications and neutrals in which P ' ' :

a doubly charged ion product and a neutral particle are formed abundances at select.ed collision .energlieg. It appears that. the
such as "products are formed in both nondissociative and dissociative

charge-transfer processes and chemical-rearrangement reactions,
A% + BC— ABZ + C ) but essentially no further detailed information exists, especially
on the mechanisms, energetics, and dynamics of the elementary
or reactions in which two singly charged ions are formed as a processes. Our investigation brings new data on the relative total
result of a bond-rearrangement collision between a dication andcross sections in collisions withland H and their dependence
a neutral on collision energy. Scattering data on the processes of
formation of the above-mentioned products, in combination with
A*" +BC—ABT+C" ©) the calculated potential energy surface of (g2, provide
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information that makes it possible to elucidate both the
mechanisms and the reaction pathways leading to various
products and the dynamics of the respective elementary
processes.
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2. Methods

2.1. Experiments and Data Treatment.The experiments
were carried out on the crossed-beam apparatus EVA Il. The
performance and application of this apparatus to this type of
scattering experiments was described eatiierBriefly, the
CO,2" dications were produced by impact of 130 eV electrons
on CQ in a low-pressure ion source. The ions were extracted,
mass analyzed, and decelerated by a multielement lens to the
required laboratory energy. The & beam was crossed at
right angles with a beam of IXH;) molecules emerging from
a multichannel jet. The ion beam had angular and energy spread
of 1° and 0.3 eV (full-width at half-maximum, fwhm), respec-
tively; the collimated neutral beam had an angular spread of 6 2.2, Calculations. Calculations of stationary points on the
(fwhm) and thermal energy distribution at 300 K. Reactant and potential energy hypersurface (@)% were carried out using
product ions passed through a detection slit (2.5 cm from the the Gaussian 98 prograth Geometries were fully optimized
scattering center) into a stopping-potential energy analyzer. Theyat the B3LYP/cc-pvTZ level314 Harmonic frequencies were
were then accelerated and focused into the detection massalculated at each point. The final energies were refined at the
spectrometer, mass analyzed, and detected with the use of &oupled-cluster [CCSD(T)] level. Only triplet states relevant to
dynode electron multiplier. Angular distributions were obtained the subject of this paper will be discussed here. The full account
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Figure 1. Dependence of the relative total cross sections for the

ormation of CQ*, COD"(COH"), and CQD*(CO,H") in collisions
f CO2" with D, (H2) on the relative velocity of the reactants.

by rotating the two beams about the scattering center. Modula- of the calculations will be published separately.
tion of the neutral beam and phase-sensitive detection of the 2.3, Energetics of CG?*. The double-ionization energy IE-
ion products were used to remove background scattering effects(CO, — C0O,2*) is known from photoionization studié&The

Laboratory angular distributions and energy profiles recorded

most recent valué is 37.36 eV; hence, the value of 37.4 eV

at 6-10 laboratory scattering angles were used to constructwill be used in this paper. An important theoretical paper
scattering diagrams of the investigated products; the contoursprovides data on potential energy curves of the ground and

in the scattering diagrams refer to the Cartesian probability
distribution}! normalized to the maximum in the particular
scattering diagram. Center-of-mass (C.M.) angular distributions
(relative differential cross sections) and relative translational
energy distributions of the products were then obtained in the
usual wayt!

excited states of C8", their stability and energy barriers for
dissociation, and the population of vibrational levels in the
double-ionization process. From this work and from charge-
transfer translational energy spectroscopy studies betwegti CO
and Né8®and Ar!° one can conclude that both the ground
X354~ state and the singlet excited states\@\ (calculated, in

In the measurements of the total cross sections, the depengood agreement with experimental results and other calcula-

dence on the collision energy of the ratio of the product ion
and reactant ion intensitiek; oflr m, was measured at the ion

tions!® to be 1.35 eV above the ground statéfB, (1.93 eV
above the ground state) andX;~ (2.55 eV above the ground

angular maximum, at a constant pressure of the neutral reactanktate) are evidently present in the reactant beam. Relative

(D2 or Hp). The relative total cross sectiome was then
determined as

rer = lppllrm L[ 15(©) dOVIp 1, )
The correction factor/[Ip(®) d®]/Ip mis a normalized integral
over the laboratory angular distribution of the product. This is,
of course, only an approximate correction, as it assumes thal
the product ions all have the same velocity at a particular
collision energy. However, because the scattering diagrams o
the products are rather similar, this method turned out to be
more accurate than integration of the (absolute)
probability distribution over the scattering diagram. In any even
the correction factor played only a minor role and could be
neglected in comparison with other sources of erfofhe
scatter in the measured data (Figure 1) comes mainly from
difficulties in exactly locking in the phase of the product ion
signal for the determination of the ratio of the product ion
intensity (modulated ac signal) to the reactant ion intensity (dc
signal). The values of the relative total cross sections in Figure
1 are mutually in scale.

In the measurement of the spontaneous dissociation ef'CO
to CO" + O, energy profiles of the dc ion intensities of CO
and O (not their locked-in components) were determined.

Cartesian ;
¢ troscopy measuremerts:?? The ground-state CO(XI1) lies

populations of the ground and excited states could be obtained
from photoionization studies, but no data are available at the
moment. However, from the charge-transfer behavior, one can
approximate that a substantial fraction of the dications are
generated in their ground state. From the calculated Franck
Condon factors for double ionizatidh,one can estimate that
vibrational excitation of Cg#", gained in the direct double-
{ionization process, is not very large: it ranges between 0 and
0.4 eV with a mean value of about 0.2 eV for the above-
fmentioned electronic states.

The energetics and stability of the low-lying electronic states
of the cation C@" are well-known from photoelectron spec-

at 13.79 eV, and the lowest stable excited states arg,And
B2=,*, 3.8 and 4.3 eV above it, respectively. Th&g' state,

5.6 eV above the ground state, is known to be essentially fully
predissociative mostly to the asymptote GR?=4+) + OCP)
lying close to it??

Results and Discussion

3.1. Relative Total Cross SectionsFigure 1 shows the
dependence of the relative total cross sections for formation of
product ions C@", COD" (COH'), and CGD*(CO,H™) on
the relative velocity of the reactants. Cross sections for the
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1 Figure 3. Relative translational energy distributions of the products
200 of reaction 5P(T") vs. T', at the three laboratory scattering angles, as
] calculated from the data in Figure 2. (a) Forward-scattered product
F’C i CO,D™. (b) Backward-scattered product €. The solid lines show
g averages of the three curves.
100
1 deuterium (hydrogen) and by spontaneous dissociation of the
i projectile ion (without collision gas), and thus, the magnitudes
4 ' . 1 of the cross sections were difficult to specify (see below, section
U e L I B 3.2.4). Small amounts of ions™Dand D, could be detected
90 95 100 105 10 M5 120 125 but could not be reliably measured.
v(COzD+) [kmVs] The cross sections in Figure 1 differ considerably in size:

Figure 2. Velocity profiles of CQD" from reaction 5 at the laborato nondissociative charge transfer (eq 4) exhibits the largest cross
igure 2. i iles i ratory : : : com
scattering angles of1.5°, 0.0°, and—1.5°. The dashed lines refer to section. The cross section for the formation of OH")

measured data, and the solid lines are data obtained after subtractior> abo_ut an order of magn_ltude smaller, and that f_or the
of the isotopic contribution GRC#00* from reaction 4 at the same  formation of CQD* (COHY) is about 2 orders of magnitude
mass (dotted lines). Vertical error bars with the velocity profile- &t5° smaller than the cross section for the charge-transfer process
show the standard error of the data averaged from 7 measurements(eq 4). All cross sections show (within the experimental error)
The Newton diagram in the upper part of the figure shows the locations gnly a slight dependence on the relative velocity of the reactants
of the maxima with respect to the center-of-mass (C.M.). over the studied region. In the case of nondissociative charge
transfer (eq 4), this seems to indicate contributions to the total
cross sections of several state-to-state processes of different
exoergicities (from several states of the reactant ion to several
states of the product ion), which presumably blur and mutually
compensate for the dependencies of particular state-to-state cross
sections on the relative velocify.
Cco* +D,—CO,"+D," 3.2. Scattering Results.3.2.1. Formation of CgD*. Al-
(nondissociative charge transfer) (4) though the total cross section for the formation of this ion is
the smallest measured, this nondissociative chemical reaction
—COo,D" + D" provides a clue to several dissociative processes, and thus, it
(nondissociative chemical reaction) (5) Will be discussed first. Because of an extremely low intensity,
N N however, the scattering diagrams for 00 could not be
—COD" + (D +0) obtained, only energy (velocity) profiles at several scattering
(dissociative chemical reaction) (6) angles closest to the angular maximum and at the higher of the
two collision energies investigated could be derived from a long
(for energetics of possible processes involved, see below, Figureseries of repeated stopping-potential curve measurements.
11). Formation of CO and O ions was also observed. Figure 2 shows velocity profiles of GD* from reaction 2
However, these ions were formed both by collisions with at the collision energy of 2.5 eV. The profiles were measured

formation of CQD* and CQH™ were corrected for isotopic
contributions from the C@ product intensity. Processes that
give rise to these ions can be identified as (for Bnalogous
reactions for collisions with b
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Figure 4. Contour scattering diagrams of GQat collision energies of (a) 2.5 and (b) 0.78 eV. The solid line denotes the direction of the relative
velocity vector, and C.M. denotes the position of the tip of the center-of-mass velocity vector. The dotted circle denotes the initial cerger-of-mas
velocity of the reactant C@". The dashed circles show the loci where the product'@Bould appear if formed in reaction 4 in the vibrationally

ground states of the electronic states indicated. The dash-dotted cira{€at) = 0.4 km/s and the two small dashed circles refer to the discussion
of CO,;™ formed by dissociation of C{D* (see section 3.2.2).

at the laboratory scattering angles-61.5°, 0.C°, and—1.5, framework of the respective Newton diagram: the inner and
and they are averages of-Z 30-min measurements. In the outer peaks fall close to circles with(CO,D™) values of 0.4
figures, the dashed lines are the original data, the dotted linesand 0.8 km/s, respectively. The only exception is the backward
represent subtraction of the isotopic contribution froFGEeO" outer maximum at 09 which comes out at about 0.3 km/s
of the charge-transfer product from reaction 4 (as determined lower than expected; this, however, results presumably from
from the respective velocity profiles in Figure 4a, see below), an experimental inaccuracy.

and the strong solid lines are the velocity distributions of pure  The two inner peaks are of about the same height-(af°,
CO,D*. As an example, vertical error bars with the velocity they merge into one close to the C.M.). On the other hand, in
profile at —1.5° show the standard error of the data averaged the pair of outer maxima, the height of the low-velocity
from 7 measurements. The subtraction practically removes thebackward peak is about 3®0% that of the forward peak. The
highest peak and leaves 4 (3 afl..5°) peaks. The peaks in  fully or partly developed forwardébackward symmetry suggests
velocity profiles form two pairs, symmetrically placed (within that the products of reaction 2, GD" + D', are formed via
the experimental error) forward and backward with respect to decomposition of intermediates [GD»2"] with mean lifetimes

the position of the center-of-mass (C.M.) of the system (dashed of about a picosecond or longer. Figure 3 transforms the velocity
vertical line in Figure 2). The location of the peaks with respect profiles of Figure 2 into plots of relative product translational
to the C.M. can be well observed in the top part of Figure 2, energy,P(T"), vs T' for the three scattering angles, separately
where the positions of the velocity maxima are shown in the for the forward (a) and backward (b) scattering. Although the
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Figure 5. C.M. angular distributions (relative differential cross
sections) of C@" at collision energies of (a) 2.5 and (b) 0.78 eV.
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scatter of the data is appreciable [notably, the outer backward | 0)0 [ ico; % ()
peak at 0.0 leads to unrealistically higiP(T') peaking], the aul I T=0.78eV |
following conclusions can be made: (1) The products of 5L 8=-1.5° X, ]
nondissociative chemical reaction 5 at the collision energy of [ forwards
25 eV (C.M.) are formed in two processes of different  backwards - - - - |

translational energy release via decomposition of intermediates 50
[CO2D22]. (2) The process of low translational energy release

(peak value at 0.45 eV) is connected with the decomposition

of a complex with a mean lifetime longer than several 25
picoseconds, as implied by the forwarblackward symmetry

of the scattering (inner peaks in Figure 2). (3) The process of

high translational energy release (peak value at about 4.5 eV, a 0 Lo
broad distribution of translational energy between about 2 and
9 eV) can be related to the decomposition of an osculating

intermediate with a mean lifetime of about a picosecond, as X : :

. . the product relative translational energyat the laboratory scattering
suggested by .the gsymmetry in the forwabackward scattering angle of—1.5° for the collision energies of (a) 2.5 and (b) 0.78 eV.
(outer peaks in Figure 2). The vertical dashed line indicates the collision eneFg¥he scales in

In the following sections, we will show that the scattering the figure show product energy thresholds for formation of ground and
results help to identify the product GD" as a precursor of ~ ©xcited states of CO in collisions with ground and excited states of

secondary dissociation processes in which CQibd a small "€ reactant ion CO" (designation above the scales), assuming no
o internal (vibrational and rotational) excitation of the molecular species.
amount of CQ" is formed.

3.2.2. Formation of C@'. Scattering diagrams of GO Figure 5 shows the relative differential cross sections (C.M.
formed in CQ*" + D encounters at collision energies (C.M.)  angular distributions) of the product GO as obtained by the
of 2.5 and 0.78 eV are shown in Figure 4a,b, respectively. In integration of the scattering diagrams. As observed earlier for
the diagrams, the horizontal solid line shows the direction of poth atomic and molecular charge-transfer systems, the product

the tip of the center-of-mass velocity vector. The dotted circle general agreement with the existing moded3.

shows the center-of-mass velocity of the reactant dicatiogfCO
In the center-of-mass coordinates, the projectile,Cap-

L Gt R

[ TN
4

Figure 6. Dependence of the intensity profiles of €QI(CO;"), on

Figures 6 and 7 summarize data on the translational energy
: X of the charge-transfer products from reaction 4 at the collision
proaches from the left (designated as the C.M. scattering angleenergies 2.5 and 0.78 eV, respectively. Figure 6 brings energy
180), and the neutral reactant@pproaches from the right.  rqfiles of CG* measured at the laboratory scattering angle of

In both scattering diagrams, the product £3s scattered ~ —1.5 (close to the angular maximum) forward with respect to
preferentially forward with respect to the direction of the the position of the C.M. The profiles are plotted with respect
incoming projectile C@*, with a velocity that considerably  to the product relative translational enery(T' = T + AE,
exceeds the initial C.M. velocity of the projectile (dotted circle). whereT is the relative translational energy of the reactants and
The ridge of the distribution follows the product velocity loci, AE is the exoergicity of the process). The scales in the figure
where CQ" should appear, if formed in the nondissociative indicate T' for the exoergicities of processes from specific
charge transfer eq (4) in the excited states,@@2I1,) and electronic states of the reactant ion to specific electronic states
CO,*(B2%X,) (dashed circles in Figure 4a,b). A much smaller of product ion; the vertical dashed line givEsFigure 7 shows
(5% at 2.5 eV) peak of backward scattering is located inside the P(T") curves at the two collision energies obtained by the
the dashed circles, suggesting a somewhat lower translationaintegration over the entire scattering diagrams, plotted as usual
energy release in the charge-transfer process. In addition, therawith respect to the product relative translational enérgiagain,
is a small intensity of the product GO forming the total of T is shown by the vertical dashed line). The energy profiles at
four weak maxima lying inside the dotted circle of the reactant —1.5° exhibit an intrinsically better energy resolution than the
initial velocity u(CO?™). This is indicative of the product formed  P(T") curves, which integrate in all inaccuracies of the scattering
in a translationally endoergigrocess, as discussed below in diagrams. Despite the unresolved, overlapping character of the
this section. curves in Figures 6 and 7, they can be understood in the
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charge transfer, reaction 4. A closer inspection of the scattering
diagram in Figure 4a shows that this low-energy product is
concentrated in two pairs of ridges of equal intensity forward
and backward from the C.M.; the minima between the ridges
fit very well on a circle ofu(CO,") = 0.4 km/s (dashed curve

in Figure 4a), where the two inner maxima of the chemical
product CQD* occur (see Figure 2). This strongly suggests
that the product C@ in this region of the scattering diagram
results from further dissociation of the chemical productBO

- T | ] described by
A (s 8%, AT,

co,*" + D,—[CO,D,)*" — (D) + cOD" —
CO,"+D (7)

The mean energy of the dissociating pair £6- D can be
obtained from the separation of the two ridges of a pair (dash-
dotted circles in Figure 4a), and it is found tota the vicinity
] of the relative velocity line-0.3 km/s; this leads to the mean
X ] relative translational energy of the dissociating pair of about
0.15 eV. The situation at the collision energy of 0.78 eV is
analogous (Figure 4b). However, the two pairs of peaks close
to the C.M. in Figure 4a collapse into one pair in Figure 4b,
forward and backward from the C.M. This is because, at this
lower collision energy, the two inner maxima in the velocity
profiles of CQD* may be expected to shrink into one peak
located at the C.M. The separation between the peaks, 0.45 km/
s, leads to an average relative translational energy for the
dissociating pair of about 0.25 eV.

The ratio of the cross sections of forming the productCO
by dissociation of CgD* and by charge-transfer process 4 can
be roughly estimated from Figure 7a,b. As #(@") curves are
obtained by a 3D integration of the scattering diagrahthe
area under the curve is proportional to the total cross section,
following way: the scales with state designation in the figures and its respective parts directly reflect the ratios of the total
refer to translational energy release in the limiting transitions C'0SS Sections pertinent to the respective processes. Thus, if one
from the vibrational ground state of the reactant ion to the COmpares the areas of the endoergic and exoergic parts under
vibrational ground states of the products. Higher energy releaseth® P(T) curves in Figure 7a,b, one can estimate that, of the
(to the right of the vertical lines) indicates participation of the total amount of C@" formed, about 4% originates from the
vibrationally excited reactant ion (“hot bands”). This contribu- dissociation of CGD™ at the collision energy of 2.5 eV, and
tion, however, may be expected to be rather small, below about@P0Ut 2% at the collision energy of 0.78 eV. _
0.4 eV (see section 2.3). Vibrational excitation of the product  3-2-3. Formation of COD. The reaction product CODis
ions (either C@* or also B*) shifts the energy release to lower obwously a prqduct of a.dlssouatlve chemical reaction. T.he
than limiting values (to the left of the corresponding vertical Mechanism of its formation can be understood by analyzing
lines). Thus, all energy profiles show that the main portion of the scattering diagrams of CODas shown in Figure 8a,b for
the product C@" is formed in exoergic processes of nondis- the collision energies of 2.5 and 0.85 eV, respectively. The
sociative charge transfer (reaction 4), leading preferentially to didgrams show distributions with four peaks grouped in pairs
the excited states GO(AZIT) and CGQ*(B2X,). The distributions fo_rV\_/ard and backward with respect to the C.M. At 2.5 eV, the
clearly indicate participation of both the ground and, to a certain Minima between the peaks of both the forward and backward
extent, the excited states of the projectile dication,&Qn pairs I_|e on a circle of radius of 0.8 km/s, whlph is, within the
reaction 4 and formation of the product €Gn the A and B experimental error, the same as the §ep§1rat|pn from the C.M.
states with some amount of internal (vibrational) excitation, Of the outer maxima of the CO™ profiles in Figure 2. Thus
Formation of the C@(C?S*y) state is unlikely, as this state is e peaks of CeD™ lie betweenthe peaks of COD. This
known to be essentially fully predissociathié (see also the ~ Suggests that the product CODs formed by further decom-
section on CO formation). position _to COD_—I— O of the primary chemical product GD*

The scattering diagrams of GOin Figure 4 also reveal form_ed in the hlgh_translatlongl energy release process (see
formation of a small amount of the product €Cclose to the ~ S€ction 3.2.1), i.e., in the reaction sequence
C.M., within the dashed circle that denotes the initial C.M.
velocity of the ion reactanti(CO,%"). In theP(T") distributions
in Figure 7, this gives rise to the weak maxima at [®W(0.4
and 1.4 eV for 2.5 eV and 0.3 eV for 0.78 eV). The product
comes from translationally endoergicprocesses; thus, its Thus, reaction 8 is analogous to reaction 7 with different
formation cannot be explained by the Land&iener formalism products at a different dissociation limit. The same interpretation
of potential surface crossing that underlines the formation of holds for the data at 0.85 eV, although at this energy, we do
most of the product in exoergic processes of nondissociative not have the underlying information on the precursor,0Q
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Figure 7. Relative translational energy distribution curv&I’) —

T', of products C@" + D,* at the collision energies of (a) 2.5 and (b)
0.78 eV. Other designations are the same as in Figure 6a,b.

co,*" + b,—[CO,D,)*" — (D) + cOD" —
COD" + O (8)
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Figure 8. Contour scattering diagrams of CORt collision energies of (a) 2.5 and (b) 0.78 eV. Designations are analogous to those used in Figure
4. The dash-dotted circle in Figure 8al€COD") = 0.8 km/s and the two dotted circles refer to the discussion of C@bmation from CQD*

(section 3.2.3).

From the separation of the ridges in the pairs of forward and determined by the energy difference between the top of the
backward peaks in Figure 8, one can conclude that the meanpotential energy barrier for the G& dissociation and the

energy released in the dissociation process to €@DO is
about 0.10.2 eV. The relative cross sections in Figure 1 imply
that most of the primary chemical product €00 dissociates
to COD".

3.2.4. Formation of CO. Formation of the product COwas
observed both in collisions with Dand in spontaneous
dissociations of the projectile G& (without gas in the crossed
beam).

Figure 9a shows a velocity profile of the CQormed in
CO2" + D, collisions at 2.48 eV and a laboratory scattering
angle of+1.5°. The product is preferentially scattered forward

energy of the CO + O* asymptote (5.25.7 eV; also see later).

In Figure 9b, the velocity profile of COfrom Figure 9a is
plotted as the translational energy profile, assuming either
formation of the pair CO + D,O" [T, (CO—D,0)] or the
charge-transfer proces&,{(CO,—D,)] and further dissociation
of CO;* to CO™ + O. It can be seen that the distribution peaks
for the former case at an unrealistically small relative transla-
tional energy of 0.5 eV, whereas for the latter case, it peaks in
the vicinity of about 4 eV. This is the translational energy release
expected for the formation of the charge-transfer product'€O
(C?Z*y) (see also Figures 6a and 7a) and its subsequent

with respect to the C.M. and shows a rather broad distribution dissociation to CO(X2=") and neutral GP).
that peaks at the laboratory energy of 11.7 km/s [the respective Another possibility is CO formation in a collision-induced

C.M. velocity, u(CO"), is 0.94 km/s].

One can imagine several processes in which*@an be
formed: (1) a chemical reaction leading to €énd D,O™; (2)
dissociation of the charge-transfer productC@ CO" + O,

dissociation of the dication C®" on D,, leading to the
formation of the ion pair CO+ O*. Because of the difference

in the masses of the colliding particles, the change of the C.M.
velocity of CO2" because of inelastic energy transfer should

for which the energy release would be close to that expectedbe small, especially if the projectile ion was formed with

for the formation of the C@ + D," pair (assuming small or
negligible energy release in the dissociation to'CHO0); and
(3) collision-induced dissociation of G& on D, to CO" +

considerable vibrational excitation. The origin of the product
ion pair formation will then be close to the tip of the laboratory
velocity vector of C@*", v(CO2") = 11.22 km/s (Figure 9a).

O™, in which case the translational energy release would be In the velocity distribution of CO®, the hump in the backward
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Figure 9. (a) Laboratory velocity profile of COformed in CQ?" + 30 \ ]
D, coIIisipns at 2.48 e\_/ and a laboratory sca_ttering angle-df5 eV. ] \co'vaso's) 1
The vertical dashed lines denote the velocity of the center-of-mass 2906
(C.M.) and the laboratory velocity of the reactant iafG0O,?")]. (b) R(CO-0)

Relative translational energy profiles of €®(T"), from data in Figure . . .

9a plotted against relative translational energy of the product paits CO Figure 10. (a) Laboratory velocity profiles of COand O from

+ D,O* (upper scale) and GO + D,* (lower scale). The vertical ~ SPontaneous dissociation of the reactant ion,CQ@it a laboratory

dashed line indicate®;’ for the production of CEH(CZ,"). scattering angle of 0°Gand laboratory energy of 10.6 eV. The vertical
dashed line shows the laboratory velocity of the reactant ion; horizontal

direction with respect ta(CO2"), at 11.0 km/s, corresponds arrows show expected relative translational energies of @@l O,
' ' for dissociation processes, as summarized in Figure 10b (numbers 1,

toa relatl_ve_engrgy release of the pair C& O of 0.08'eV,' 2, and 3 refer to the respective barrier heights). (b) Energetics and
and the distribution extends to 0.55 eV. In the forward direction, {ansjational energy release in the dissociation of ground and excited
the peak at 11.7 km/s corresponds to a relative translationalstates of C&*. Energy data from ref 17. Numbers in parentheses at
energy release of 0.36 eV and extends to about 2.3 eV (velocitybarriers 1, 2, and 3 refer to barrier heights.

of 13.8 km/s in Figure 9a). Thls.value IS, h.owev.er,. much too cannot be used in determining the state-to-state dissociation
small, as passage over Fhe barrl_er to the dissociation IoroO_“msprocesses, as the barriers for several processes lead to a
CQ+ ﬁ (;*1fgogld\;esult in a relative en((ejr_gy re.lease Off tg%lon comparable energy reledéand the differences were beyond
pair of 5.1-5.6 eV (see spontaneous dissociation of the energy resolution of this experiment. The data on the barrier

below and barrier heights 1, 2, and 3 in Figure 10b). hei : . :
. N ghts and dissociation asymptotes of the respective states of
; Wet_concllédez,thieI;efor(lel_, _that _theh malnt chafnnetl of@CO CO,%", as reported in ref 17, are summarized in Figure 10b.
orzma ion in CQ 2 COMISIONS 1S charge transter to G ... The expected product energies are shown by horizontal bars 1,
(C?=*g) and a subsequent decomposition of this pred|SSOC|at|ve2 and 3 in Figure 10a
21 i i , . .
staté?* according to the reaction sequence 3.3. Potential Energy Surface of the System Cg2 .
Calculated stationary points on the potential energy hypersurface
2+ + + 25t
CO," +D,— (D) + CO, (CZ g) - of COH,%" are given in Figure 11. Only triplet states, related

CO+(X22+) + o(3p) 9) to the ground state of the reactant ion are shown. The numbers
at the stationary points are calculated values; tabulated ther-
A spontaneous dissociation of G was also observed, in  modynamic valued!if used, are given in parentheses. The left
the absence of any collision gas in the crossed beam. Theside refers to the energetics of reactants and charge-transfer
registered products were C@nd also O. Laboratory energy products [CQ + Hj]?*, the central part to intermediates
profiles of both of these ions were measured at the,’CO [CO.H,]?", and the central right-hand side to chemical-bond-
laboratory energies of 6.2 and 10.6 eV, transformed into the rearrangement products [GE+ H]?"; the extreme right
velocity profiles, and related to the C.M. of the dissociating provides relevant data on dissociation products.
pair CO™ + OT. The velocity profiles aE(CO2") = 6.2 eV The calculated data provide an important source of informa-
are given in Figure 10a. The positions of the peaks correspondtion for justifying the conclusions drawn from the experimental
to a translational energy release of 5.46 eV for'Cand 5.49 results. In the reactant valley, the ground-state reactants,
eV for O, in good agreement. Unfortunately, these values approaching on a triplet dication surface, pass through several
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Figure 11. Stationary points on the potential energy surface of JOJF+ (triplets). Numbers refer to the calculated values of energies of the
species, intermediates, and transition states of given structures (tabulated values in parentheses). Horizontal dotted line at 2.5 e\¢ iradadates th
energy content of the system at this collision energy.

crossings with Coulomb repulsion hypersurfaces correlating with = 7.4 eV, increased by the translational energy release3df—

the charge-transfer products €0+ H,*. Excited states CO- 6.8 = 3.7 eV connected with sliding from the transition state
(A) and CQ*(B) of the product ion are populated with the to the products. Thus, one can expect peaking oP(i€®) — T'
highest probability. The energetics for these processes fit thedistributions at about 3:84 eV, in general accord with the
reaction-window modéland, thus, confirm again that the model experimental result in Figure 3 (despite the scatter of experi-
can be applied, at least approximately, even to more complicatedmental data). Further dissociation of the chemical product
molecular systems. Only those collision systems that passDCO," presumably goes to COD+ O@P), with the asymptote
through these crossings can reach small interparticle separationdying close by, at-6.4 eV.

where intermediates [C8I,]%" can be formed. Intermediates The formation of a small amount of GO by further

of various structures are more stable, with respect to the dissociation of the bond-rearrangement producsiTQ(reaction
reactants, by-1.8 to—5.3 eV. From an important intermediate  7) may be connected with the formation of an excited state of
structure at-4.9 eV, two isomeric branches develop, the G- this product in a process of low translational energy release;
bonded and the HC-bonded structures. The +C-bonded the primary product then dissociates further to an excited state
structure leads over a barrier to the somewhat more stableof CO,*. However, we cannot exclude the possibility that this
product pair HC@" + H; an extension of the ©H bond in process, of a very small relative weight, is connected with
this structure leads to an initial increase of energy and then, reactions of an excited (singlet) reactant £Q and thus, any
beyond about 2.4 A, to its decrease and the formation of the further attempt to discuss details of its formation would be
pair of singly charged ions. Thus, the barrier-&8.1 eV can purely speculative.

be regarded as resulting from the crossing of the dication

potential energy surface with the Coulomb repulsion surface 4. Conclusions

of the two cations HC@ + H™. We believe that this is the _ ) )
main channel leading from the ground-state reactants on the (1) Chemical reactions and charge-transfer processes in the
triplet surface to the chemical-rearrangement products, observedsystem C@* + D were investigated in a series of crossed-
in the experiments as the channel of DEOF D* formation beam scattering experiments. The main heavy products identified
with the high translational energy release via an osculating Were the singly charged ions GQ COD*, COD", and CO..
intermediate with a mean lifetime comparable to about an (2) The relative total cross sections of the most important
average rotational period of the intermediate (estimated from products are approximately in the ratio £8COD":CO,D" =

the moment of inertia to be about 1.5 ps). Indeed, RRKM 100:10:1 and show only a slight dependence on the collision
calculations (using the vibrational frequencies calculated for the €nergy over the measured range,-04%V (C.M.).

transition state at-3.1 eV) show that, at the collision energy (3) COD* was formed in two processes of different
of 2.5 eV, the estimated mean lifetime of such an intermediate translational energy release in a nondissociative chemical
is about 0.8 ps, in reasonable agreement with the estimationsreaction leading to the two singly charged ions DO + D¥;

from the experiments. The translational energy release connectedoth processes involved formation of an intermediate{03§3*.

with the decomposition of the intermediate can be regarded, in  (4) CQ;* is formed predominantly in the A and B excited
the simplest way, as the statistical translational energy releasestates by a nondissociative charge-transfer reaction; a small
connected with the decomposition of the intermediate from the amount of the product (24%) is formed by subsequent
well depth with a total energy of + E(DCO,D) = 2.5+ 4.9 dissociation of the singly charged chemical product, 0O
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(presumably formed in an excited state) to£@nd neutral D (8) Ehbrecht, A.; Mustafa, N.; Ottinger, Ch.; Herman,JJZChem. Phys.

. . : : o 1996 105, 9833.
with an average relative energy release in the dissociation of (9) Price, S. D.: Rogers, S. A.: Leone, S..RChem. Phys1993 98,
about 0.2-0.3 eV. 9455,

(5) COD' results from a subsequent dissociation of the singly  (10) Koyano, I. Himeji Institute of Technology, Himeji, Japan. Private
charged chemical product GD* (formed in the high transla- ~ communication, 1999.

tional energy release channel) to CcoB O. 9(jlr.)]%)O.Frledrlch, B.; Herman, ZCollect. Czech. Chem. Commur284

. . ... 4

(6) CO" comes from two different processes: (a) dissociation  (12) Frisch, M. J.; Trucks G. W.; Schlegel; H. B.; Scuseria; G. E.; Robb,
of the charge-transfer product GO most likely formed in the '\SA{ P}x.; Chet;selr;aré. J. E%.;Jzé\krzDewskl_, r:/.SG-;Ml_\I/II0ntg(J)rT}\E/BIry,DJ- _A.I, J/&;
H FAti + H +(2S +) s 25+ ratmann, R. E.; Burant, J. C.; Dapprich, S.; lHam, J. ., banilels, A.
predissociative state®,", via CQ (C. 2.9 ) CO"(X*Z") . D.;Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,

+ O(SP).and. (b) spontqnequ; d|SSOC|a.t'0n of the .reaCt.an.t 10N \M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;.
CO,2*, vibrationally excited in its formation to the dissociation ~ Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
barrier. The specific state-to-state assignment is difficult, as the D- K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;

. . . rtiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
predissociation processes of the ground and excited states of . gomperts, R.; Martin, R. L. Fox, D. J.; Keith, T.: Al-Laham, M. A.;

CO,®" lead to very similar translational energy releases. Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.
(7) Calculated stationary points on the hypersurfacefG3" W.; Johnson, B G..; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,

PR ; ; M.; Replogle, E. S.; Pople, J. AGaussian 98revision A.6; Gaussian,
helped to justify the conclusions of the experimental study, to | . Pittsburgh, PA, 1998.

assign probable structures of the intermediates and the products, (13) Becke, A. D.J. Chem. Phys1993 98, 1372 and 5648.

and to better understand the dynamics of the observed reactions. (14) Becke, A. D.J. Chem. Phys1986 84, 4524.
(15) Millie, P.; Nenner, I.; Archirel, P.; Lablanquie, P.; Fournier, P.;

: . Eland, J. H. DJ. Chem. Phys1986 84, 1259.
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