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Abstract

Dynamics of formation of the chemical rearrangement productDCE the charge transfer product CFand the
dissociative products CFand CFD" in collisions of the molecular dication GF with D, was investigated in crossed beam
scattering experiments over the collision energy range 0.3-1.0 eV (center of mass). The scattering data show that coulon
repulsion between two singly charged products; CF D™ and CE + D3, plays a dominant role in the nondissociative
processes. A large fraction of the energy available (about 6 eV in the chemical reaction, about 4 eV in the charge transfer) go
into relative translational energy of the products. Relative total cross sections for formation of the nondissociative anc
dissociative products in collision of GF with D, and H, were determined over the collision energy range of 0.2-3.6 eV. The
shape of the relative velocity dependence of the cross section forf@mation can be described by a simple model based
on the Landau-Zener formalism. The data suggest that the dissociative produds @fFmed prevailingly in a subsequent
dissociation of the charge transfer product;CR potential surface model is described which accounts for competition of
various processes in dication—neutral collisions. (Int J Mass Spectrom 192 (1999) 191-203) © 1999 Elsevier Science B.V.

Keywords:Reaction dynamics; Elementary reactions of molecular dications; lon scattering; Total cross sections

1. Introduction much more information is available now, in particular
on molecular doubly charged ions (molecular dica-
Multiply charged ions are very energy-rich species, tions) [2]. Electronic states of diatomic or small
highly reactive in collisions with atoms and mole- polyatomic dications lie typically at energies above
cules. This is why they have attracted the increasing the asymptote for formation of the respective singly
attention of experimentalists and theoreticians alike. charged fragments. An energy barrier on the potential
Compared with the situation of a decade ago [1], energy surface prevents them from dissociating and
thus the observable molecular dications exist, in fact,
S . . L in states metastable with respect to dissociation. Their
* Corresponding author. E-mail: zdenek.herman@jh-inst.cas.cz ., . s
1 Present address: J.I.L.A, University of Colorado, Boulder, CO lifetimes are often longer than about T0s; therefore,
80308. molecular dications can be prepared and used as
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collision species. The energy barrier in many cases processes in collisions of GF with D.,, namely of the
supports only the lowest vibrational states, and thus chemical, bond-forming reaction
vibrational excitation is usually rather small.

In studies of collision processes of molecular dica-
tions, most often charge transfer processes of the type and the accompanying charge transfer process

CF* +D,—>CFD" + D" (4)

A?* + BC— A" + BC* (1) CF* + D,—CF, + Dy (5)

(A, B, and C are atoms or groups of atoms) with The results at the relative collision energy of 0.6 eV
atoms and molecules have been investigated, andshowed that the type of scattering of ion products of
large amounts of data have been obtained on the crosseactions (4) and (5) was rather similar and governed
section and energy partitioning in the low collision by coulomb repulsion between the products. The
energy region [2—4]. relative translational energy release represented in
More recently, chemical (bond forming) reactions both cases a larger fraction of the reaction exoergicity,
of doubly charged ions have been described in colli- the peak value being about 6 and 4 eV in reactions (4)
sions of low energy ions with molecules. Chemical and (5), respectively. We formulated a simple model
reactions of dications can basically be of two types: for the chemical reactions of dications based on
bond forming reactions between dications and neu- crossing of the potential energy surfaces of the reac-
trals where a doubly charged ion product and a neutral tant dication system with coulomb-repulsion surfaces
particle is formed, of the type of the cation products both in the reactant and the
- - product valley.
AT + BC—AB™ +C (2) In this article, we report further scattering data on

or a reaction where two singly charged ions are reactions (4) and (5) at relative collision energies of
formed as a result of a bond-rearrangement collision 0.3 and 1.0 eV, results of measurements of total cross

between a dication and a neutral sections of the reactions with,and H,, data on the
dissociation product CF, and we extend the discus
A*" + BC—>AB* + C* (3) sion of the above mentioned model.

The latter type is of a particular interest because of an
expected high translational energy release due to 2. Experimental

coulomb repulsion between the products. The experiments were carried out on the crossed
Early reports on chemical reactions of dications pegm apparatus EVA Il (Fig. 1). The €Fdications
came from swarm experiments: their occurrence was yere produced by impact of 130 eV electrons on, CF
briefly mentioned in flow tube studies of €aand  in a low pressure ion source. lons were extracted,
Mg?" interactions with simple molecules [5]. Several mass analyzed, and decelerated by a multielement
chemical reactions of transition metal doubly charged |ens to the required laboratory energy. The2CF
ions (TF*, Nb**, Zr**, T&") in collisions with  peam was crossed at right angles with a beam .of D
hydrogen and simple hydrocarbons, leading to both (H,) molecules emerging from a multichannel jet. The
doubly and singly charged chemical products, have jon beam had an angular and energy spread of 1° and
been reported [6-9]. More recently, bond-forming 0.3 eV [full width at half maximum (FWHM)],
chemical reactions of molecular dications have been respectively; the collimated neutral beam had an
observed [10-13] where singly charged ions were angular spread of 6° (FWHM) and thermal energy
formed in both nondissociative and dissociative distribution at 300 K. Reactant and product ions
chemical reactions. passed through a detection slit (2.5 cm from the
In an earlier paper [11], the authors reported on a scattering center) into a stopping potential energy
crossed beam scattering study of the nondissociative analyzer, they were then accelerated and focused into
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Fig. 1. Schematics of the crossed-beam scattering apparatus EVA II.

the detection mass spectrometer, mass analyzed, angroduct. This is, of course, only an approximate
detected with the use of a dynode electron multiplier. correction, as it assumes that the product ions have all
Angular distributions were obtained by rotating the the same velocity at a particular collision energy.
two beams about the scattering center. Modulation of However, because the scattering diagrams of the
the neutral beam and phase-sensitive detection of theproducts are rather similar, this method turned out to
ion products was used to remove the background be more accurate than integrating the (absolute) Car-
scattering effects. tesian probability distribution over the scattering dia-
Laboratory angular distributions and energy pro- gram. Anyway, the correction factor played only a
files recorded at six to ten laboratory scattering angles minor role. The scatter in the measured data (Figs. 7
were used to construct scattering diagrams of the prod-and 8) comes mainly from difficulties of locking in
ucts CED™, CF;, and CF showing contours of the  exactly the phase of the product ion signal when
Cartesian probability distribution [14]. Center-of-mass determining the ratio of the product ion intensity
(c.m.) angular distributions (relative differential cross (modulated ac signal) to the reactant ion intensity (dc
sections) and relative translational energy distributions signal). The values of the relative total cross sections
of the products were then obtained in the usual way [14]. in Figs. 7 and 8 are mutually in scale.
In the measurements of the total cross sections, the
dependence on the collision energy for the ratio of the
intensities product ion/reactant iotg /I m, Was 3. Results and discussion
measured at the ion angular maximum, at a constant
pressure of the neutral reactant,(@r H,). The  3-1. Scattering data on GB™ and CF;

relative total cross sectiam was then determined as
Scattering contour diagrams of ion products

CF,D" and CE formed in reactions (4) and (5) at
Orel = 'Pn/'R,mJ'P(@)d@“P,m (6) relative collision energies 0.3 and 1.0 eV, are shown

in Figs. 2 and 3, respectively. The horizontal line
The correction factof 15(0)d®/I . is a normalized denotes the direction of the relative velocity vector
integral over the laboratory angular distribution of the (CF5* approaching from the left), c.m. shows the
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Fig. 3. Contour scattering diagrams of products,@F and CE
Fig. 2. Contour scattering diagrams of products,@F and CE from reactions (4) and (5) at collision ener§y= 1.0 eV (c.m.).
from reactions (4) and (5) at collision energy= 0.3 eV (c.m.). Further details same as in Fig. 2.
The horizontal line shows the direction of the relative velocity
vector, c.m. marks the position of the tip of the center-of-mass

velocity vector. Upper panel shows the respective Newton diagram repulsion between the products, the effect of the
Eﬁga;;j;’r t:q‘z;'r:]c;e; '?hg‘:s‘zzzzmgd dti:gt?aer;'srggustgr(zgght;’ugh relative translational energy of reactants is rather
and CE (dotted). small. The data in Fig. 2 clearly show some broaden-
ing, reflecting an increased effect of velocity spreads
in the beams on the scattering at this low collision
position of the tip of the velocity vector of the center energy. The scattering data published earlier [11] are
of mass. The top panels give the respective Newton in agreement with the results presented here.
diagrams. Fig. 4 shows the summary of the data on c.m.
All diagrams are rather similar: they show that the angular distributionsP(®) versusd, including the
measured ion product is scattered prevailingly in the earlier published data [11] at the collision energy of
forward direction (with respect to the incoming dica- 0.6 eV. The data are in general agreement exhibiting
tion), the backward scattering is much weaker and strong forward scattering of the heavy ion product, a
somewhat more pronounced in the case of theOCF small portion of large angle scattering (about 10%-—
product. The distance between the c.m. and the 15%), and a slightly increased probability of scatter-
maximum contour is about equal at both collision ing in the backward direction. In case of chemical
energies. This indicates that the main factor influenc- reaction (4) this backward scattering is equal (see Fig.
ing the translational energy release is the coulomb 2) or larger (see Figs. 3 and 4) than the relevant
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Fig. 4. Relative differential cross sections (c.m. angular distributid?(@}) vs. 9, of CE,D* (solid line) and CE (dotted) from reactions (4)
and (5), respectively, at the collision energies of 0.3, 0.6, [11], and 1.0 eV.

scattering in charge transfer process (5). This may earlier [18] to explain the occurrence of several

indicate that a fraction of trajectories of the “snarled” dissociative charge transfer processes in collisions
type (sticky collisions implying formation of an inter-  with rare gases, and it was also confirmed by recent
mediate) contributes to the formation of the chemical translational-energy-spectroscopy studies of charge

rearrangement product GB . transfer between GF" and Ne [19]. However, the
Fig. 5 summarizes data on the overall product tajling seems to depend on the collision energy being
relative translational energy distributiorf3(T’) ver- least pronounced at the highest collision energy of 1

susT’, derived from the scattering diagrams. Vertical o\ \yhere the effects of velocity spreads in the
arrows indicate maximum energy available in reac- reactant beams is smallest. Thus it is quite likely that
tions (4) and (5). The energetics of the system was o tailing is due only to an inaccuracy of the

derived from thermochemical data [15], from the experiments: the velocity spreads in the reactant

photoelectron spectroscopy of £ F—“jl and with the beams lead to a broadening of the scattering diagrams
use of a recent value oAH{(CF") = 687=*5 o : .
which is then accented by unfavorable kinematics

kcal/mol* [17]; it is shown in an energy diagram in . . .
. . . (recoil of the measured heavy ion on a light second
Fig. 6. The exoergicities of reactions (4) and (5) are . . , .
reaction product) in th&(T") calculation.

7.60 and 5.04 eV, respectively. TH&T’) curves The P(T’ in Fio. 5 show that—of the total
show a tendency of extending beyond the maximum eP( )_ curve; N g _S ow a_—o €tota
energy available in chemical reaction (4)—about

energy available in the process. This could be due to i :
participation in the reaction of an excited state of the 5.5-6.5 eV appear as relative translational energy of

reactant dication lying about 4 eV above the ground the products, a huge amount for a chemical reaction,

state: the existence of such a state was postulated@nd about 1-2 eV as internal excitation (vibrational
and rotational) of the molecular product. In charge

— transfer reaction (5), the distribution peaks at 4.1, 4.5,
*This value is substantially smaller than the value derived from d 4.4 eV for th llisi . £0.3.06 d

appearance potential measurements (767 kcal/mol) and used in an 4 evior ) e co IS_Ion energies of V.5, V. ” an

[11]. 1.0 eV, respectively. This means that the fraction of
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Fig. 5. Relative translational energy distributioP§T’') vs. T’, of
products of reactions (4) and (5), at the collision energies of 0.3,
0.6, [11], and 1.0 eV; arrows mark the maximum energy available
in reactions (4) and (5).

energy deposited as internal energy of the charge

transfer products CFand D; (as derived from the
distribution maxima) is 1.24, 1.14, and 1.64 eV, for
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Fig. 6. Energetics (in electron volts) of processes (4), (5), and of
CF* (+F + D) formation in the system GF" + D,.

of Ar"™ may be populated in reaction (6). In reaction
(7) about 1.1 eV was found to go into internal
excitation of the molecular product @FComparing
this value with the average value of estimated internal
energy in the charge transfer with moleculay, .34

eV, suggests that—assuming that the internal energy
deposited in CF is in both cases the same—a part of
the energy available, about 0.25 eV, is deposited as
internal energy of the other molecular ion product,
D, . This corresponds to most probable vibrational
excitation of D, to (v = 1,2). This approximate
result is in general agreement with the earlier findings
[20] that in charge transfer processes of this type
vibrational excitation of the molecular products is
approximately described by the Franck-Condon over-
lap of the respective reactant and product states.

3.2. Total cross sections

Results on measurements of the total cross sections
of reactions (4) and (5) and of the analogous reactions
with H, are summarized in Fig. The data are plotted

the three collision energies, respectively. The average as a function of the reactant relative velocity,,. In
from these three values is 1.34 eV. This result can be this representation the charge transfer data, reaction
compared with the translational energy release in the (5), for both D, and H, collapse, within the accuracy

charge transfer

CR* + Ar >CF; + Ar* (7)

reported earlier [19]. Reaction (7) differs from reac-
tion (5) slightly in exoergicity (4.71 eV versus 5.04

of the measurements, to a single line descending
steeply with decreasing relative velocity. On the other
hand, total cross sections for the chemical reactions
slowly increase with decreasing relative velocity, pass
through a maximum at about,, = 6.5 km/s for both

eV, respectively) and in that the two spin-orbit states D, and H,, and then they seem to decrease below
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[ o CF,"+D,—>CF,; +D; R where H, is the coupling element which can be
10;- A R4 H,—> CEH + M s estimated by the Olson’s method [21,22}, =

[ . D —CRD D a N —Z%¢’alr* is the ion-induced dipole potential be
°T * . tween the reactants, and, = e’/r — AE is the

coulomb repulsion potential between the charge trans-
fer products. The radial velocityg is related to the
relative velocityv,q, by

VR = Vigl (1 - bZ/R(ZZ)lIZ (9)

The most probable value of the radial velocity was
estimated by considering how the radial velocity
varied when the relative velocity was calculated as a
function of the impact parameter for€ b =< b,

Vg = 0.7 v, The plot of the transition probability

P = p (1 — p) dependent on the relative velocity is
shown in Fig. 7 as a dotted line. It can be seen that this
simple model accounts reasonably well for the shape
of the dependence of the charge transfer integral cross
section on the relative velocity. We are aware that we
apply here the Landau-Zener formalism to crossings
of potential energy surfaces (rather than curves) and
Fig. 7. Relative total cross sections of nondissociative chemical and without an analysis of the possible molecular terms
charge transfer reactions in collisions of Fwith D, and H, as which arise from the interaction. However, we find it

e_lfupction of the relative velocity of thg reactants,. The solid worth mentioning that even this simple interpretation
line is a result of Landau-Zener cal_culatlons for the charge tr_ansfer leads to satisfactory results.

process (see text). The dashed lines only connect experimental
points for a better orientation.

Relative cross sections [a.u.]

e
0 Lot AN PR P P | 1 I T

0O 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Vo [km/s]

3.3. Formation of the product CF

Ve = 6 km/s. They show an isotope effect favoring Measurements on the integral cross section and
the reaction with Habout 1.5-2 times in comparison  scattering of the ion product CFprovide insight into
with the reaction in which Dis the reaction partner. the mechanism of formation of this dissociative
In the maximum atv,,, = 6 km/s the total cross product.

section for the chemical reaction is about 60%,)(H Fig. 8 shows the relative total cross section for the
and 30% (D) of the cross section for the charge formation of CF in CF,* + D, and CE* + H,
transfer reaction. collisions in dependence on the relative velocity. The

The decrease of the charge transfer total cross sectionordinate scale can be compared with the ordinate scale
with decreasing relative velocity can be rationalized in in Fig. 7. The data show a steep decrease of the cross
terms of the Landau-Zener model (also see discussion insection with decreasing relative velocity which
Sec. 3.4). In an application of this formalism [21], the strongly resembles the decrease of the integral cross
probability p of the electron remaining on the same section for charge transfer process (5). The ratio of the
diabatic curve in a single passage through the crossing attwo cross sectionsg(CF")/o(CF,), is about 0.25.

R can be written as This suggests that the formation of Cis connected
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Fig. 8. Relative total cross sections for CE&nd CFD" formation

in collisions of CE * with D, and H, as a function of the relative T
velocity of reactantsy,.. The ordinate scale can be compared with (b) the c.m. anQU|ar distributions and the prOdUCt

that in Fig. 7. relative translational energy distributions, for the two
collision energies of 0.58 and 0.98 eV, respectively.
TheP(T") curves in Fig. 10 are plotted in dependence
with the charge transfer process and that the main on two different product relative translational energy
channel of this dissociative product formation is scalesT’'(CF-FD,) is the relative energy of CFwith
subsequent dissociation of a part of CFormed in respectto (Q + F)", theT’ scale is CE (CF" + F)
charge transfer reaction (5). with respect to . Thus the latter shows the position
Scattering data on CFsupport this conclusion: in  of CF" formed by dissociation from CF after its
Fig. 9(a) and (b) the scattering diagrams of 'CF interaction with B and (assuming little energy +e
formed in the CE* + D, collisions at 0.58 and 0.98  lease between the dissociation product paii GF F)
eV are presented. The scattering diagrams resemble aft approximately traces the position of CFwhich
first sight somewhat blurred scattering diagrams of dissociated. Fig. 11 then compares the translational
CF, from reaction (5) [see [11] and Fig. 3(b)]. energy distribution of the charge transfer products of
However, the product peaks at a smaller velocity in reaction (5) from Fig. 5 with those of CFfrom Fig.
the forward direction and the backward scattering is 10, plotted as a function of’ (CF; — D3).
considerably stronger and more inelastic, in compar-  The plots in Fig. 11 suggest what characterizes the
ison with the diagrams for the product CF CF, ions which dissociates to CF The curve for
Fig. 10(a) and (b) summarizes further information CF" peaks at 2.9-3.2 eV below the maximum energy
derived from the scattering diagrams in Fig. 9(a) and available in charge transfer process (5), i.e. close to
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Fig. 10. Relative differential cross sections (c.m. angular distributid®@}) vs. 9, and product relative translational energy distributions,
P(T’) vs.T’, of CF" formed in CE * + D, collisions at the collision energy of (a) 0.58 eV and (b) 0.97 eV. Note that the relative translational
energyT’ refers to product pair CF+ D3 (see text), the relative translational energy'Gkith respect to (F-D), T'(CF-FD,), is shown

in the upper scale.

the energy threshold for dissociation of LFo CF" duced. Three types of potential energy surfaces are
(energy diagram in Fig. 5). Besides that, the low involved. (1) A potential energy surface of the dica-
energy parts of the plots in Fig. 11 indicate that the tion A>* + BC which continues into the chemical
CF" is preferentially formed from Cf of small product valley as the dication system AB+ C; (2)
translational energy, i.e. of high internal excitation. coulomb repulsion surfaces in the reactant valley
The high energy part of the CFcurves in Fig. 11 has  |eading to charge transfer products A BC* (and
little meaning, because the procedure of calculating possibly to further dissociative charge transfer prod-
P(T’) from the scattering diagram exaggerates the ycts); (3) coulomb repulsive surfaces in the product
blurring effect of the energy release in the dissociation yalley leading to chemical rearrangement singly
process to CF + F and this results in excessive charged products AB + C* (and possibly to the
tailing of the curve to unrealistic high energies. related dissociative products).

Thus it seems plausible to conclude that 'CF The existence or non-existence of crossings be-
formed in CE + D, collisions comes prevailingly  tyeen the dication surface and coulomb repulsive
from a subsequent dissociation to CH- F of the surfaces at different interparticle separation influences
charge transfer product GFof low translational  the utcome of a dication-neutral collision and rep-
energy and hence high internal excitation. resents an application of the “reaction window” con-

Fgr completeness, data on the reI.atlv.e total cross cept to chemically reactive systems. The situation is
section of the product CFDare glvgn in Fig. 8, too. . schematically shown in Fig. 12 as an energy profile
T_he_ shape of the relat|v_e velocity dependence is along the reaction coordinate from the reactant to the
3|m|lar to that for the reaction prod'uctg];and thus product valley. The system approaches along the
this f ppears to be the mos.tly I.|ker precursor of slightly attractive (ion-induced dipole) term marked
CFD". Unfortunately, scattering information could ot .
not be obtained, because of a very low intensity of the A J.FBC' Ingeneral, sevgral po§5|ble cases of
CFD" ion signal. crossmgs betwee_n mutually interacting terms should

be considered (Fig. 12).

3.4. Discussion of the potential surface model (1) Crossings at large interparticle (A—-BC) separa-
tions in the reactant valley, R1: small exoergici-
In earlier papers [3,11] a simple potential surface ties of reaction (1)AE(1) < 2 eV (e.g. a low
model which accounts for the competition of charge value of the ionization energy IE(A— A?*) in
transfer (1) and chemical reactions (2) and (3) in comparison with IE(BC— BC™), excited states

collisions of dications with neutral molecules is intro- of A"* and/or BC™), lead to a diabatic character
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of CE + DJ from reaction (5) (Fig. 5) with those of

(CF" + F) + D5 (Fig. 10); T’ refers to the product pair GF+

D;.

(2)

3)

of the crossing, the single-passage probability of
remaining on the same potential energy surface,
p, =~ 1, and the system tends to continue as
AB2* + C to smaller interparticle separations.
Crossings at intermediate interparticle separa-
tions, R2: exoergicitieAE(1) of about 3-5 eV
result in a finite transition probability in the
vicinity of the crossing, 0< p; < 1, to the
products of the charge transfer AB+ C™.
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12. Schematics of the potential energy surfaces and their

possible crossing for dication-neutral reactions. For details of the
model see text.

()

(6)

valley of products, R4: large exoergicity of the
chemical rearrangement proced%(2) > 6 eV
[small ionization energy IE(C— C%)], large
second ionization energy IE(AB— AB*") leads

to a large adiabatic splitting at R4p4 ~ 0)
which favors the way from small interparticle
separations towards the chemical rearrangements
products AB~ + C™.

Crossings at intermediate separation in the prod-
uct valley, R5: exoergicities of the chemical
rearrangement process (AE(2) of about 3-5
eV, make 0< p, < 1, and both products AB +

C*" and AB** + C may be formed.

Crossings at large interparticle separations in the
product valley, R6: small exoergicities of reaction
(2),AE(2) < 2 eV lead to a diabatic crossing and
allows for the formation of the dication rearrange-
ments products AB" + C.

This simple model suggests explanations for some

Crossings at small interparticle separations, R3: of the features of dication reactions so far observed.
Also, it appears to be useful in describing the chem-
ical reactivity of doubly charged fullerene ions [23]
and it may be of use in a better understanding of some
aspects of unimolecular decompositions of poly-
atomic multicharged ions. First of all, it indicates why
(4) Crossings at small interparticle separations in the chemical reactions of dications tend to occur much

large exoergicitiesAE(1) > 6 eV [large values
of IE (A" — A?")], small IE(BC— BC") lead to
large adiabatic splitting at R3; ~ 0, and the
system is reflected with a high probability back
towards the reactants.
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less frequently than charge transfer processes [reac-mediate complex may be formed with a mean lifetime
tion (1)]: the colliding reactants have to pass through of many rotations. The prevailing type of the collision
the charge transfer crossings in the reactant valley to mechanism should be reflected in the angular scatter-
reach small interparticle separations in order to react ing (differential cross section).

chemically, and the number of systems which succeed Reactions (1) and (2) are strongly exoergic pro-
in it may be considerably reduced. In addition, a large cesses and product dissociation channels often lie
adiabatic splitting at R3 may reflect the systems back below the energy of both + BC and A" + C.

into the reactant valley and effectively prevent forma- Therefore, dissociative processes and formation of
tion of chemical rearrangement products. However, dissociation products is very frequent [9,16]. In fact,
when this is not the case, chemical reactions may be in many cases the nondissociative products of reac-
easily observed; the reaction probability depends on tions (1) and (2) are—unlike in the system £F +

the behavior of the system at small inter-particle D,—very minor products or not observable at all. The
separations. This is presumably why several transition mechanism of formation of the dissociative products
metal ions (T§*, Nb?*, Zr*") turned out to react may be in principle more complicated than the for-
effectively to form chemical rearrangement products mation of CF* as analyzed here, and it should be

[6-9] in reactions (2) and (3). The difference of the

investigated for a variety of systems before any

first and second ionization energy of the metal atom general conclusions are made.

Me, IE(Me" — Me?"), is about 12 eV for these ions

and this makes a charge transfer reaction with hydro-

Finally, we apply the described potential surface
model to the investigated system CF+ D,. The

gen or methane (and even ethane) either endoergic ormost important approach of the reactants is on a

only slightly exoergic. Thus the reactant valley is

singlet potential energy surface of the ground state

relatively free of effective crossings to charge transfer CF; *(*3") and Dy('3). In the reactant valley there
products and the colliding systems may reach the is an effective crossing with the family of the coulomb
small interparticle separations which make chemical repulsive potential energy surfaces correlating with

reactions (2) and (3) possible.

the charge transfer products £fX, 6a;) [15] +

Formation of the chemical rearrangement dication DJ (°™) of an exoergicity of 5.08 eV in the vicinity

products, AB™ + C, is even more difficult, as the

of R, = 3.2 A. Other, less exoergic channels corre-

systems have to pass through the possible crossingdating with excited CE (A, 4b,) and CE (B, la,)

with coulomb repulsion surfaces in the product valley
which lead to AB" + C*. Also, endoergicity of
reaction (3) may be an effective block of forming
AB?" + C (dashed line in Fig. 12). This appears to
be the case in the formation of AFN in Ar?* + N,
collisions, described recently [24]: the reaction with
the ground state At (°P) is probably endoergic and
the state becomes reactive only at fairly high collision
energies.

The behavior of the system at small interparticle

[15] and D; have exoergicities of 0.8 and 0.2 eV,
respectively, and possible transitions at crossings at
18 A and>70 A do not have to be considered. Also,
the reactants channel involving excited JCFcan be
neglected in our considerations as its contribution to
the product formation is presumably small (see also
Sec. 3.1). The Landau-Zener probability (applied to
molecular systems) for the passage through the region
atR,, p,;, was calculated as described in Sec. 3.2 and
the probability for forming the charge transfer prod-

separations (Fig. 12 between R3 and R4) depends onucts as a function if the relative velocity was deter-

the stability of the collision species ABC. For

mined and compared with experimental results in Fig.

relatively flat surfaces the system may be expected to 7. The probability of the system remaining on the
go in a single-passage type trajectory into the product dication CE “-D, surface after the passage through

valley. If, however, ABE" is appreciably stable with
respect to dissociation to both ?A + BC and
AB?* + C and the surface exhibits a well, an inter-

R, to smaller interparticle separationsps. Prelimi-
nary calculations of the dication hypersurface [25]
indicate that the collision species g ~ is more
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stable with respect to the reactants by several eV and
thus there exists a well at small interparticle separa-
tions. An indication of possible contribution of
“snarled” trajectories from the increased backward
scattering in CED" c.m. angular distributions is
consistent with the existence of such a well. In the
valley of products the dication surface along the
reaction coordinate probably rises toward the dication
products CED** + D. Little is known about the
dication CED*™, but a rough estimation of its
ionization energy from the radical neutral precursor
using the Eland’s approximate method [26] suggests
that the products (/B + D may lie about 2-3 eV
above the reactants GF — D,. However, at rather
small interparticle separations there is a crossing
leading to a pair of singly charged chemical products
CF,D" + D*. (exoergicity 7.6 eV, R~ 1.8 A). An
estimation of the formal Landau-Zener probability of

a single-passage through this region suggests that(3)

p, =~ 0, indicating a substantial adiabatic splitting of
the surfaces. However, any more conclusions about
the reactive process, the reaction probability, the
transition probability in the vicinity of the crossing, its
influence on the cross section of reaction (4), etc. are
impossible without more information on the potential
energy surfaces in this region.

4. Conclusions

(1) Formation of CED™ (nondissociative chemical
rearrangement reaction), ¢F(nondissociative
charge transfer), CF, and CFD (dissociative
processes), and the respective isotopic variants
was investigated in dication—neutral £F +
D,(H,) collisions over the collision energy range

0.2-3.6 eV (c.m.). Crossed-beam scattering ex- 5

periments were carried out to obtain scattering
diagrams, differential cross sections, and product
relative translational energy distributions for
CF,D*, CF, and CF (collision energies 0.3—
1.0 eV). Relative total cross sections were ob-
tained for all products over the collision energy
range 0.2-3.6 eV (c.m.).
(2) The dynamics of Cp* and CE formation,

respectively, is dominated by coulomb repulsion
between two singly charged products formed.
Differential cross sections are characterized by a
strong forward peak of the heavy molecular
product and a smaller (10%—20%) fraction of
sideways and backward scattering; a somewhat
larger backward scattering of GIF" (in compar

ison with CE) may indicate a contribution of
snarled trajectories in the chemical rearrangement
product formation. Product relative translational
energy distributions show that the most probable
partitioning of energy in the chemical reaction is
about 6 eV into relative translational energy of
the products (a huge amount for a chemical
process) and about 1.5 eV into the internal energy
of the molecular product, in the charge transfer
about 4 eV into relative translation and about 1.3
eV into internal excitation of the product ions.
Relative total cross section for the formation of
CF, decrease with decreasing collision energy
and its dependence on the relative velocity of the
reactants can be described by the Landau-Zener
model. Relative total cross section for the chem-
ical product formation represents about 0.6
(CFH™) and 0.4 (CED™) of the value for CE
formation at low collision energies and decreases
with increasing collision energy. There is and
isotope effect of 1.5-2.0 favoring formation of
CF,H" over CED™.

Total and differential cross section measurements
of CF" suggest that this dissociative product
originates mainly from subsequent dissociation of
CF, formed by charge transfer. The precursor of
the dissociative product CFDis presumably
CF,D".

) A potential surface model based on transitions at

crossings of potential energy surfaces of the
dication-neutral system with coulomb repulsion
surfaces of two singly charged products in the
reactant (charge transfer) and product (chemical
rearrangement) valley was described and applied
to explain the competition of various processes in
the studied system and in some other systems
studied by others.
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