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bstract

Reactions of the hydrocarbon dication C4H3
2+ with a series of atomic and molecular targets (Kr, Xe, N2, NO, NH3, C2H2, and CH4) were

nvestigated in crossed-beam scattering and guided-beam (quadrupole–octopole–quadrupole, QOQ) experiments. Non-dissociative charge transfer
NDCT), leading to the product ion C4H3

+, and proton transfer (PT), leading to the product ion C4H2
+, were observed. In several systems, however,

issociative charge transfer (DCT) contributed significantly to the formation of the product ion C4H2
+. Full scattering diagrams of the products

4H3 and C4H2
+ were obtained for the reaction with acetylene. For the other systems, energy profiles of the products close to the angular maximum

+ +
ere obtained. The hydrocarbon products C4H2 and C4H3 were scattered mostly forward, suggesting an impulsive mechanism of their formation
t the collision energies investigated; the only exception was proton transfer with H2, where the energy profile of C4H2

+ indicated substantial
ackward scattering and formation of an intermediate. From relative translational energy distributions of the products, conclusions could be made
bout electronic states of the hydrocarbon cations formed in these reactions.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Chemical reactions in encounters of multiply charged ions
ith atoms and molecules represent a much less explored area
f chemical kinetics and dynamics than chemical reactions of
ingly charged ions. A handful of studies of chemical reactions
f doubly charged atomic metal ions [1–5] have been augmented

nly about a decade ago by observation of chemical reactions
f molecular dications [6]. Since that time, however, the num-
er of studies of kinetics and dynamics of dication–molecule
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ond-forming reactions has been gradually increasing. Forma-
ion of chemical products and fragments resulting from them
as been described in detail for reactions of molecular dications

2+ (CF2
2+ [6–9], CF3

2+ [10], and CO2
2+ [11]) with molec-

lar hydrogen. The reaction products are usually two singly
harged ions, MH+ and a naked proton, of a rather high rel-
tive translational energy resulting from Coulomb repulsion,
r their dissociation products. The chemical reaction is usually
ccompanied by a charge transfer process leading to M+ and H2

+

r to their dissociation products. Bond-forming reactions lead-
ng to a pair of products dication–neutral have been described,
oo [3,12,13]. A potential energy model was developed based
n crossings of dication–neutral surfaces and Coulomb repul-
ion surfaces of two singly charged products [7,8]. The model
ationalizes mutual competition of these processes and was suc-
essfully applied to a variety of systems [8,11,14,15].

In a recent study of reactions between the hydrogen-

ontaining triatomic dication CHCl2+ with D2 [15–17] and Ar
18], the dynamics of facile proton transfer from the dication
o the neutral reactant was described. The reaction represents
he strongest reaction channel in the above-mentioned systems
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besides a less probable non-dissociative charge transfer and
chemical reaction leading to the CHDCl+ formation in the

eaction with D2) and it is characterized by a strongly forward
cattering of the product ion CCl+. This suggests an impul-
ive, direct mechanism of the process. The reaction may be a
ather general process in encounters of strongly acidic hydrogen-
ontaining dications and neutral molecular bases. Proton transfer
eactions have been earlier described in collisions of multipro-
onated biomolecules, produced in electrospray ionization, with
eutral gaseous bases [19], negative ions [20], or protonated
ullerene dications and neutrals [21].

In an effort to pursue the dynamics of proton transfer reactions
nd its competition with other processes in different systems, we
nvestigated the reactivity of the hydrocarbon dication C4H3

2+

ith different neutral systems. Formation of the radical dication
4H3

2+ was observed in electron double ionization of a variety
f aliphatic saturated and unsaturated hydrocarbons, where the
ication represents one of the strongest doubly charged prod-
ct ions [22]. Limited data on the structure and energetics of
4H3

2+ have been recently complemented by an experimental
nd theoretical study of the proton affinity of the diacetylene
ation and calculations of the ground and excited states of both
4H3

2+ and C4H3
+ [23]. It appears that the dication C4H3

2+ is
ikely to belong among the thermodynamically stable molecular
oubly charged ions [23,24].

In collisions of C4H3
2+ with different target molecules, three

rocesses were observed occurring with different probabilities
nd leading to ion products C4H3

+ and C4H2
+: non-dissociative

harge transfer (NDCT, electron exchange, electron transfer),
issociative charge transfer (DCT), and proton transfer (PT).
he product C4H2

+ could be formed by the latter two pro-
esses. Initial internal excitation of the dication reactant C4H3

2+

urned out to be of decisive importance in the dissociative charge
ransfer. Relative probabilities of these processes were esti-

ated using two different experimental methods. Measurements
f product translational energy distributions provided informa-
ion on the energetics of the processes. In reaction with acety-
ene, scattering diagrams of the product hydrocarbon ions were
btained.

. Methods

.1. Experiments

The experiments were carried out on the crossed-beam appa-
atus EVA II. The performance and application of this machine
o this type of scattering experiments was described earlier
7,8,11,15]. Briefly, the dication C4H3

2+ was produced by
mpact of 130 eV electrons on butadiene in a low-pressure ion
ource. The ions were extracted, mass analyzed, and deceler-
ted by a multi-element lens to the required laboratory energy.
he C4H3

2+ beam was crossed at right angles with a beam of
he target atoms (Kr and Xe) or molecules (N2, NO, NH3, CH4,
2H2, and C2D2) emerging from a multichannel jet. The dica-
ion beam had an angular and energy spread of 1.2◦ and 0.5 eV
full-width-at half-maximum, FWHM), respectively. The col-
imated neutral beam had an angular spread of 6◦ (FWHM)
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e
s
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nd thermal energy distribution at 300 K. Reactant and product
ons passed through a detection slit (2.5 cm from the scatter-
ng center) into a stopping potential energy analyzer. They were
hen accelerated and focused into a detection mass spectrometer,

ass analyzed, and detected with the use of a dynode elec-
ron multiplier. Laboratory angular distributions were obtained
y rotating the two beams about the scattering center. Mod-
lation of the neutral beam and phase-sensitive detection of
he ion products was used to remove background scattering
ffects.

Relative probabilities of observed processes were obtained
rom mass spectra of the C4H3

+ and C4H2
+ products measured at

he angular maximum. Distributions of the relative translational
nergy of products were obtained from product ion transla-
ional energy measurements at the angular maximum or close
o it.

To obtain scattering diagrams, a combination of laboratory
ngular distributions and energy profiles recorded at a series
f laboratory scattering angles was used in the usual way.
he contours in the scattering diagrams refer to the Carte-
ian probability distribution [25,26], normalized to the max-
mum in the particular scattering diagram. Relative transla-
ional energy distributions of the products, P(T′), were obtained
y integration of the scattering diagrams in the usual way
25,26].

Complementary data on relative probabilities of processes
n the studied systems were obtained from independent experi-

ents using a different apparatus (later on referred to as QOQ
xperiments). The experiments were performed with the Berlin
andem SIFT–GIB apparatus [27], which consists of a multi-
unctional ion source, a selected ion flow tube (SIFT), and a
uadrupole–octopole–quadrupole (QOQ) unit. In the present
tudy, only the QOQ part was used as a regular guided-ion-
eam mass spectrometer. For ionization, an additional electron-
onization source situated directly in front of the QOQ unit was
sed. The C4H3

2+ dications were formed by dissociative elec-
ron ionization of butadiene molecules and mass-selected by

eans of the first quadrupole. The reactions were conducted
n the octopole reaction cell at two different nominal labora-
ory energies as defined by the voltage applied to the octopole
Uoct), while the pressure of the collision gas was kept in the
rder of 10−5 to 10−4 mbar. Products of the reactions were
ass analyzed by means of the second quadrupole and detected.
ata acquisition was done with the Merlin Automation Soft-
are (ABB Extrel). Usually, 50–150 scans were accumulated

or a single spectrum, and 3–7 spectra were recorded for a given
eaction to minimize the experimental error. The intensity of a
ignal (Ii) was determined by integration of the central part of
he corresponding peak in order to avoid mass overlap and to
imultaneously increase the accuracy of the measurements. The
ranching ratios between C4H3

2+ and C4H2
2+ as well as MH+

nd M+ (M = Kr, Xe, NO, and NH3) were derived as averages
rom the recorded mass spectra. The branching ratios discussed

ere were found to depend only modestly on the translational
nergy. The data were measured at nominal laboratory kinetic
nergies of the projectiles close to 0 and 50 eV, with an energy
pread of ±10 to ±12 eV.
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.2. Calculations

The calculations were performed using the density func-
ional method B3LYP [28,29] in conjunction with Dunning’s
orrelation consistent triple zeta basis set (cc-pVTZ) [30–32] as
mplemented in Gaussian 98 [33]. For all the optimized struc-
ures, frequency analysis at the same level of theory was used
n order to assign them as real minima. Energies of all station-
ry points were refined by the G2 method [34] using geometries
ptimized at B3LYP/cc-pVTZ level of theory.

. Results and discussion

.1. Energetics of the hydrocarbon species involved

The reactant dication C4H3
2+ is the most abundant dica-

ion formed by electron ionization of C4 hydrocarbons [22].
he radical dication C4H3

2+ is rather an exception among
hese mostly closed-shell dications of the type CnH2m

2+

m = l–4). The most recent estimation, based on charge
tripping experiments with C4H3

+ generated from butadi-
ne [23] and corrected for the recently published IE of the
oluene cation [35], used as a reference for the charge-
tripping experiments, leads to the adiabatic ionization energy
f the most stable open-chain structure, (H2C–C–C–CH)2+,
Ea(C4H3

+ → C4H3
2+) = 16.0 ± 0.3 eV. Based on the recent val-

es of the heat of formation of C4H2, 4.81 eV [36], its pro-
on affinity of 7.64 eV [37], and �fH(H+) = 15.858 eV [38],
he heat of formation of the cation is �fH(C4H3

+) = 13.02 eV.
rom this value and the above mentioned ionization energy
f the cation, 16.0 eV, the heat of formation of the dica-
ion is �fH(C4H3

2+) = 29.0 ± 0.4 eV. The proton affinity of the
iacetylene cation C4H2

+ based on the experimental and theoret-
cal data [23] and corrected on the basis of anew IE of the toluene
ation [35] is positive and equal to 1.8 ± 0.4 eV. This makes the
round state of the dication C4H3

2+ stable with respect to a
oss of a proton; all other conceivable dissociation asymptotes
ere found even more endothermic. Thus, the dication C4H3

2+

ppears to add to the set of thermodynamically stable dications
n the gaseous phase [23,24]. Because of the thermodynamic
tability of the dication C4H3

2+ toward dissociation and of the
xpected barrier to its dissociation, the dication can be formed
ith a high initial internal energy. The height of the barrier

oward dissociation to C4H3
+ + H+ was estimated by analogy

ith a similar dissociation process C2H2
2+ → C2H+ + H+, stud-

ed in detail both experimentally [39] and theoretically [40,41].
he barrier height was estimated as 2.0 eV. Thus, the initial inter-
al energy of the dication C4H3

2+ may be as high as 3.8 eV
see Fig. 1). Another estimation [23], based on thermochemistry,
ives a similar value of 3.6 eV. In view of the rather strong spon-
aneous and collision-induced dissociation observed in MS/MS
tudies of the dication [23], it is likely that a substantial frac-
ion of the dications C4H3

2+ in our experiments was excited

lose to its dissociation limit (see a likely P(Eint) in Fig. 1, left).
his is not surprising, as a rather violent double ionization and

ragmentation process has to be invoked in the formation of the
ication from butadiene, because three H atoms are ejected and

l
r
4
w

ig. 1. Schematics of the potential energy curves for C4H3
2+ and C4H3

+; left:
ossible internal energy excitation of the dication, P(Eint).

he C4-backbone is stretched to the linear configuration. The ini-
ial internal energy appears to be crucial in estimating the ratio of
issociative charge transfer versus proton transfer in the systems
tudied.

A series of isomers of the cation C4H3
+ was located at the

3LYP/cc-pVTZ level of theory [23]. The corresponding ener-
ies are listed in Table 1. For the linear open-chain structure
H2C–C–C–CH)+, the energies of the ground singlet state (11+)
nd the first excited triplet state (31+) were calculated. The disso-
iation energy of C4H3

+(11+) to C4H2
+ + H is 4.2 eV [23]. The

riplet state (31+) lies 1.37 eV above the singlet state and has
resumably the same dissociation limit. The relevant structures
f the other isomers can be found in [23], they have no imme-
iate importance for the discussion of the results of this paper.
ow-lying excited states of the dication were calculated as a part
f this study and they are also listed in Table 1. The most stable
somer (212+) has the open-chain structure (H2C–C–C–CH)2+,
nalogous to the structure of the cation. Details about the struc-
ure of the other dication isomers are given in [23].

The heat of formation of the cation C4H2
+, �fH

C4H2
+) = 14.98 eV, is slightly higher than the usual tabulated

alue [38], derived with the old value for �fH of the neutral
olecule C4H2. It is based on the ionization energy of diacety-
ene IE(C4H2) = 10.17 eV [42,43] and on the above mentioned
ecent value for the heat of formation of the neutral molecule,
.81 eV [36]. Excited states of the diacetylene cation C4H2

+

ere located in spectroscopic and electron spectroscopy stud-
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Table 1
Energetics of the hydrocarbon species involved

Eex (eV)a Designation, structureb Note

C4H3
2+ 0.00 (212+)a, but-3-yn-l-en-2 IEa(C4H3

+) = 16.0 ± 0.4 eVc, �fH(C4H3
2+) = 29.0 eVd

1.68 (222+)a

C4H3
+ 0.00 (11+)a, but-3-yn-l-en-2-yl �fH(C4H3

+) = 13.02 eVe

1.37 (31+)a, but-3-yn-l-en-2-yl
1.50 (12+)a

1.53 (13+)a

1.67 (34+)a

2.00 (15+)a

2.03 (36+)a

C4H2
+ 0.00 (X2�) �fH(C4H2

+) = 14.98 eVf

2.44 (A2�)
6.44 (B)

a Calculations in [23].
b Details of structures in [23].
c See Section 3.1 and [23,35].
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d See Section 3.1 and [23,35–38].
e See Section 3.1 and [36–38].
f See Section 3.1 and [36,42,43].

es of diacetylene at 2.44 eV (A2�u) and 6.44 eV (B) above the
round state (X2�g) [42–44] (Table 1).

.2. Processes observed, reaction probabilities, and
eaction exoergicities

In crossed-beam scattering experiments, two product ions
ere observed in collisions of the dication C4H3

2+ with the
eries of atoms and molecules, namely the cations C4H3

+ and
4H2

+. Their formation can be related to the following pro-
esses:

non-dissociative charge transfer

C4H3
2+ + M → C4H3

+ + M+ (1)

proton transfer

C4H3
2+ + M → C4H2

+ + MH+ (2)

dissociative charge transfer

C4H3
2+ + M → C4H2

+ + H + M+ (3)

he product ions C4H3
+ or C4H2

+ were scattered preferen-
ially forward with respect to the direction of the incoming
ication reactant (see further on). Therefore, the other reac-
ion products, M+ or MH+, were scattered backwards, mostly
nto the experimentally inaccessible region backward in the
aboratory frame of reference. The percent ratio of the prod-
cts C4H3

+/(C4H3
+ + C4H2

+) and C4H2
+/(C4H3

+ + C4H2
+)

as determined from measurements of the product ion inten-
ities (lock-in signals) at the angular maximum.

The charge transfer process follows basically the “reaction

indow” concept even if molecular species are involved [45].
ccording to the reaction window concept, the charge transfer

ross-section tends to be large, if the crossing between the reac-
ant and (Coulomb repulsive) product potential energy surface

r
a
a
c

ccurs at internuclear distances that correspond to exoergici-
ies of the processes, �E, of about 2–5 eV [45–48]. The overall
nergy balance of a charge transfer process with molecular
pecies is

TOT = T + Eint + �E = T ′ + E′
int (4)

here T is the c.m. translational energy, Eint the internal energy
vibrational and rotational) of the reactants, and �E is the exo-
rgicity of the process, primed quantities refer to products.
herefore, a certain amount of energy can originate and/or be
eposited as internal energy and thus the position of the rela-
ive translational energy maximum �T = T′ − T may differ from
he exoergicity of the process �E. This energy difference can
e mostly assigned to vibrational excitation due to the confor-
ation change when going from reactants to the products and

t was shown to follow basically the Franck–Condon vertical
ransition rules [45,49,50]. The change in rotational energy in
ication–cation charge transfer processes was found to be quite
mall (“rotationally cold” products [45]).

The proton transfer reaction was found earlier to be an
fficient channel in reactions of hydrogen-containing dication
HCl2+ [17] and to proceed by an impulsive mechanism at the
ollision energy of about 2 eV.

Besides in the proton transfer reaction (2), the product ion
4H2

+ can be formed in a dissociative charge transfer reaction
3), if the internal energy of C4H3

+ exceeds the dissociation
imit. The exoergicity of DCT reaction (3) is by 4.2 eV lower
han the exoergicity of NDCT reaction (1) or by the dissociation
nergy of MH+ to M+ + H lower that the exoergicity of reaction
2).

The reaction systems investigated and exoergicities of the

eactions (1) and (2), for the series of the investigated target
toms and molecules (M = Kr, Xe, NO, N2, H2, NH3, C2H2,
nd CH4), are summarized in Table 2. The exoergicities were
alculated for the ground states of the ions. In addition, Table 2



154 J. Jašik et al. / International Journal of Mass Spectrometry 255–256 (2006) 150–163

Table 2
Exoergicities, probabilities P(NDCT), P(PT), and relative integral cross-sections of non-dissociative charge transfer (NDCT) and proton transfer (PT) in the
C4H3

2+ + M systems studied

M T (eV) IE(M)a (eV) �E(CT) (eV) �fH(M)a (eV) �fH(MH+)b (eV) �E(PT) (eV) P(NDCT) P(PT) QR (a.u.)

Kr 7.59 14.00c 2.0 0 11.45 2.6 0.80 0.12 0.6
14.66d 1.3

Xe 11.55 12.13c 3.9 0 10.71 3.3 0.66 0.06 0.8
13.43d 2.6

NO 5.85 9.26 6.7 0.946 11.11 3.9 <0.04 0.04 0.58
NH3 4.00 10.16 5.8 −0.48 6.55 7.0 0.32 0.52 0.92

C2H2 3.3 11.40 4.6 2.36 11.53 4.9 0.31 n.a.
5.24 0.34 n.a.e 0.97
7.90 0.34 n.a.e 1.00

CH4 3.80 12.51 3.5 −0.77 9.37 3.9 0.90 n.a.e 0.46
N2 5.7 15.58 0.4 0 10.73 3.3 <0.1 n.a.e 0.07
H2 0.64 15.42 0.6 0 11.47 2.6 0.2 n.a.e 0.06

a Ref. [38].
b Ref. [37].
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c 2P3/2.
d 2Pl/2.
e Data for net P(PT) not available.

ists ionization energies of M [38], heats of formation of the neu-
ral species (M) [38], and of the protonated species MH+ [37],
sed in the calculations of exoergicities. The table gives also
nformation on collision (c.m.) energies of the crossed-beam
xperiments. The experiments were carried out at a similar lab-
ratory translational energy of the reactant dication, close to
6 eV, and thus the collision energies in Table 2 differ consider-
bly, depending on the mass of the target atom or molecule. An
xception was the system with acetylene, studied more in detail
t several collision energies.

Relative probabilities of the processes observed, non-
issociative charge transfer, P(NDCTA), proton transfer, P(PT),
nd dissociative charge transfer, P(DCT), were obtained from
ass spectra of product ions measured in the beam scat-

ering and in the mass spectrometric QOQ experiments.
rom the beam scattering experiments, the product ion ratio
(C4H3

+)/[I(C4H3
+) + I(C4H2

+)] was obtained and from it
(NDCT). To complement the beam scattering data and to elu-
idate possible occurrence of the DCT reaction, a series of
OQ experiments was carried out. Mass spectra of the reac-

ant and product ions were measured at two nominal reactant
ication laboratory energies and the percent ratios of intensi-
ies of the reaction products I(C4H3

+)/[I(C4H3
+) + I(C4H2

+)]
nd I(MH+)/[I(M+) + I(MH+)] were determined. The mea-
urements were made only for reactions with Kr, Xe, NO,
nd NH3. In the system with nitrogen, the exact ratio
(N2H+)/[(I(N2

+) + I(N2H+)] could not be determined because
f a high background signal at m/z 28. Nonetheless, proton trans-
er clearly dominates over charge transfer. The same conclusion

omes from other guided-beam experiments.3 For the system
ith acetylene (interference of the reactant ion intensity in the
icinity of m/z 26.5) and methane the mass spectrometric QOQ

3 R. Thissen, unpublished results.

o
I

s
p
I

ata were not obtained. The fraction of DCT in these two cases
ad to be approximately estimated from the beam scattering
xperiments and the analysis of product translational energy dis-
ribution (see later on).

The ratio I(C4H3
+)/[I(C4H3

+) + I(C4H2
+)] from the QOQ

xperiments turned out to be possibly influenced by collision-
nduced and spontaneous dissociation of highly internally
xcited projectile ions C4H3

2+ to C4H2
+ + H+ along the long

eactant ion beam path. On the other hand, this effect could
e practically excluded in the single-collision crossed-beam
cattering experiments (laboratory velocity of C4H2

+ from
he collision-induced dissociation in the scattering center
hould be similar or smaller than the laboratory velocity
f the reactant C4H3

2+ and could be easily distinguished).
herefore, for the ratio I(C4H3

+)/[I(C4H3
+) + I(C4H2

+)] the
alue from the crossed-beam experiments was used. On the
ther hand, the ratio I(MH+)/[I(M+) + I(MH+)], inaccessi-
le in the beam scattering experiments, was obtained from
he QOQ experiments. The ratios of the three processes,
on-dissociative charge transfer, P(NDCT), proton transfer,
(PT), and dissociative charge transfer, P(DCT), were then
btained as P(NDCT) = I(C4H3

+)/[I(C4H3
+) + I(C4H2

+)],
(PT) = I(MH+)/[I(M+) + I(MH+)], and
(DCT) = 1 − P(NDCT) − P(PT). The values of the mea-
ured intensity ratios are given in Table 2. The percent values
f the relative probabilities are summarized in Fig. 2, plotted
rbitrarily in dependence on the ionization energy of the target.
n those cases, where the value for P(PT) (black columns)
as not available from the QOQ measurements, only the sum
f P(PT) + P(DCT) = 1 − P(NDCT) = I(C4H2

+)/[I(C4H3
+) +

(C4H2
+)] is given (cross-hatched columns).
The relative total cross-sections, QR, obtained from the mass
pectra as a ratio between the sum of intensities of the two
roducts, I(C4H3

+) + I(C4H2
+), and the reactant ion intensity,

(C4H3
2+), QR = [I(C4H3

+) + I(C4H2
+)]/I(C4H3

2+), at the same
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Fig. 2. Relative probabilities (%) of formation of non-dissociative charge
transfer products (NDCT, open), dissociative charge-transfer products (DCT,
hatched), and proton transfer products (PT, black) as estimated from crossed-
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Fig. 3. C4H3
2+ + C2H2: Newton diagrams and detailed contour scattering dia-

g
S
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′

eam and mass spectrometric tandem QOQ experiments for the studied reactions
etween C4H3

2+ and atoms and molecules. Only the sum of P(PT) + P(DCT) is
iven (cross-hatched), if data for net P(PT) are not available.

arget gas pressure, are shown in the last column of Table 2. The
elative cross-sections of reactions with H2 and N2 were sub-
tantially smaller (about 5–10 times) than for the other target
olecules and very close to the detection limit. Therefore, the

ata for these reactions are only approximate.

.3. Reactions with C2H2

First we describe the results for reactions with acetylene, as
his system was studied more in detail, at several collision ener-
ies, and complete scattering diagrams of both products were
btained at a collision energy close to 3.4 eV. The QOQ data for
his system could not be obtained due to an interference of the
trong reactant ion signal (m/z 25.5) at the product ion masses

+ (m/z 26) and MH+ (m/z 27). Therefore, the possible role of
CT has to be estimated from the available crossed-beam data.
Fig. 3 shows the scattering diagrams of the product ions

4H3
+ (a) and C4H2

+ (b) at the collision energy of 3.40 and
.37 eV, respectively, together with the respective Newton dia-
rams. In the scattering diagrams in Fig. 3, the position of the
enter-of-mass is denoted by CM, the horizontal line shows the
irection of the relative velocity. The scattering diagrams show
strongly forward-scattered product C4H3

+ (C4H2
+) with the

eak of the distribution at the c.m. scattering angle 0◦ and at the
enter-of-mass velocity of the product ion of 2.75 km/s (C4H3

+)
nd 2.68 km/s (C4H2

+). At about 2.2 km/s, there is an indication
f a smaller side peak in both scattering diagrams. Forward scat-
ering of the charge transfer product is in agreement with earlier
tudies of charge transfer processes of dications [46,47].

Fig. 4 summarizes distributions of relative translational
′
nergy of the products, P(T ), for reactions leading to the prod-

cts C4H3
+ + C2H2

+ (a) and C4H2
+ + C2H3

+ (b). For T = 3.40
3.37) eV the P(T′) curves were obtained by the usual [25,26]
ntegration of the entire scattering diagrams in Fig. 3a and b,

s
(
e
o

rams of C4H3
+ (a) and C4H2

+ (b) from the reaction at T = 3.40 eV (3.37 eV).
olid horizontal line denotes the direction of the relative velocity, CM marks the
osition of the tip of the velocity vector of the center-of-mass.

espectively. For T = 5.24 (5.30) and 7.90 eV the distributions
ere obtained from energy profiles at a laboratory angle close

o the CM velocity vector. The profiles are plotted as a function
f the relative translational energy of the products, T′ (upper

cale), and of the reaction translational exoergicity, �T = T − T
lower scale). The scales inside the figures indicate positions of
xoergicities of the respective processes leading to the ground
r excited states of the product ions.
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Fig. 4. C4H3
2+ + C2H2: relative translational energy distributions, P(T′), of products of the NDCT reaction (C4H3

+ formation, a), and of the PT (including DCT)
reaction (C4H2

+ formation, b) at several collision energies. The data are plotted against translational exoergicity �T = T′ − T (lower scale) and T′ (upper scale).
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orizontal scales indicate exoergicities of the processes in question (of the seri
hown). Hatched areas are the estimated regions, where DCT contributes to the
eaning of (�T)min and (�T)max see text.

The relative translational energy distributions for C4H3
+ +

2H2
+ at different collision energies peak very close to the

ame value of �T = T′ − T = 2.7 eV. The peak is about 1.9 eV
ower in energy than the exoergicity of the NDCT reaction
o ground state products C4H3

+ + C2H2
+ (4.6 eV). The energy

ifference of 1.9 eV between �E and �T should add to the
nternal (vibrational) energy excitation of the products. Another
ossibility is formation of the product C4H3

+ in the excited
riplet state 31+, 1.37 eV above the ground state (Table 1).
nternal (vibrational) excitation of C4H3

+(31+) from the NDCT

rocess will be then 1.9 − 1.37 = 0.53 eV. The ground state of
he dication C4H3

2+ and both the ground state of the cation
4H3

+(11+) and the excited triplet state C4H3
+(31+) are lin-

ar and have a rather similar H2C–C–C–CH structure [23].

a
n
s
0

4H3 excited states only the first and the last, connected by a dashed line, are
tion of C4H2

+ for the two limiting cases of Eint(C4H3
2+), 0 and 3.8 eV. For the

hus, not much conformation change is expected in the verti-
al transition [45] connected with the charge transfer process
4H3

2+ → C4H3
+. In view of this, formation of the excited

riplet state C4H3
+(31+) and deposition of a rather small energy

f 0.5 eV into the internal energy of the products seems to
e more likely. We assume here that the other NDCT reac-
ion product, C2H2

+, does not carry any substantial internal
xcitation; this assumption is reasonable, because the vertical
ransition C2H2 → C2H2

+ is known to lead prevailingly to the
ibrational ground state of C2H2

+ (see photoelectron spectra of

cetylene [42]). The small peak at low �T of 0–1 may be con-
ected with the formation of the ground state C4H3

+ and excited
tate of the other reaction product, C2H2

+* (exoergicity about
.2 eV).
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Fig. 5. C4H3
2+ + CH4: relative translational energy distributions, P(T′), of prod-

ucts of the NDCT reaction (C4H2
+ formation, a), and of the PT (including DCT)

reaction (C4H2
+ formation, b) at T = 3.81 eV (3.79 eV), plotted against transla-

tional exoergicity �T = T′ − T (lower scale) and T′ (upper scale). Horizontal
scales indicate exoergicities of the processes in question. Data obtained from
energy profiles measured at the laboratory scattering angle ΘL = 2.0◦. Hatched
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The reaction product C4H3
+ can dissociate to C4H2

+ + H,
f its internal energy is larger than 4.2 eV (see above). Thus,
he reaction product C4H3

+ in Fig. 4a in the vicinity and
elow �Tmin = (T′ − T)min = �E + Eint − D = 4.6 − 4.2 = 0.4 eV
arrow) should dissociate (see Eq. (4) for (Eint)min = 0 eV,
nd E′

int = D(C4H3
+) = 4.2 eV) and contribute to the for-

ation of C4H2
+ in a DCT reaction, even if the ini-

ial internal energy of the dication reactant is zero. How-
ver, it appears likely that the initial internal energy of
4H3

2+ can be as high as close to the dissociation limit
see Section 3.1). For the maximum initial internal excita-
ion, (Eint)max = 3.8 eV, the reaction product in Fig. 4a should
issociate, if (�T)max = �E + Eint − D = 4.6 + 3.8 − 4.2 = 4.2 eV
arrow), i.e., practically over the entire range of �T of its for-
ation (Fig. 4a). For the intermediate initial excitation of the

eactant dication between the limits 0 < Eint < 3.8 eV, the limit-
ng �T for dissociation will decrease from 4.2 to 0.4 eV, but it
ill concern a substantial part of the region of �T, over which
e observe the formation of C4H2.
However, the nature of charge transfer processes of dications

equires channeling of some of the energy available (see Eq.
4)) into the translational energy of the charge transfer prod-
cts. In the case of the NDCT reaction with acetylene (Fig. 4a)
ts peak value is (�T)CT = 2.6 eV at all collision energies inves-
igated. Therefore, the energy available for dissociation of the
eaction product C4H3

+ will be accordingly lower than the dis-
ociation limits (�T)min and (�T)max, as discussed above. The
espective regions, where the dissociation of the primary NDCT
roduct C4H3

+ may contribute to the formation of C4H2
+, are

hown in Fig. 5b by hatched areas (densely and loosely) for
oth limiting cases of Eint = 0 eV (close to �T = 0 in Fig. 4b)
nd 3.8 eV, respectively. These regions were determined by sub-
racting from (�T)min and (�T)max the value of (�T)CT and
ncluding the tailing of the P(T′) curves toward lower T′ (lower
′ means higher E′

int). It can be expected that the DCT prod-
ct C4H2

+ will appear at the same velocities as the dissociating
harge transfer product C4H3

+. Note, however, that the reduced
asses of the proton transfer product pair, C4H2

+ + C2H3
+, and

he DCT pair, (C4H2
+ + H) + C2H2

+, slightly differ and thus the
cales of T′ and �T for these two product pairs are somewhat
ifferent. This was taken into account when hatched regions in
ig. 5b were determined. Thus, it seems that the initial inter-
al energy of the dication reactant significantly influences the
raction of dissociative energy transfer. As we do not know the
istribution of the initial internal energy of the dication, P(Eint),
e can only make a reasonable guess about its role in the relative
robability of the DCT versus the PT process.

The reasoning about the limiting cases of initial internal exci-
ation of the reactant dication, as described above, leads us to the
onclusion that a substantial fraction of the product C4H2

+ prob-
bly results from charge transfer followed by dissociation of the
harge transfer product C4H3

+ (excited above its dissociation
imit) to C4H2

+ + H, namely from the process
4H3
2+ + C2H2 → C2H2

+ + C4H3
+∗

→ C4H2
+ + H + C2H2

+ (5)

C
C
P
t

rea was obtained by subtracting from the P(T′) the hump at 1–2 eV. Dashed lines
n the left indicate the region, where DCT can contribute to C4H2

+ formation,
f Eint(C4H3

2+) = 3.8 eV. Other symbols are the same as in Fig. 4.

he contribution of the proton transfer reaction to the formation
f C4H2

+ will be then correspondingly diminished. Evidently,
he initial internal excitation of the projectile dication plays
n important role in promoting the DCT process. Only in the
nlikely case that it were zero or close to zero, one could expect
hat practically all (99%) of the C4H2

+ formed (see P(T′) curves
or C4H2

+ in Fig. 4b, above �T of about 0.2 eV) could result
rom the proton transfer reaction. On the other hand, for the
aximum initial internal energy of the dication, 3.8 eV, a large

raction of the C4H2
+ (about 50%) should result from DCT and

he PT reaction should contribute to the formation of products

4H2

+ + C2H3
+ only in the upper part of the P(T′) curves for

4H2
+ + C2H3

+ for �T of 1.5–5 eV (unhatched area under the
(T′) curve in Fig. 4b). The reality is somewhere between these

wo limits. Any quantitative estimation is obviously quite diffi-
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Fig. 6. C4H3
2+ + NH3: relative translational energy distributions, P(T′), of prod-

ucts of the NDCT reaction (C4H3
+ formation, a), and of the PT (including DCT)

reaction (C4H2
+ formation, b) at T = 3.94 eV (4.00 eV), plotted against transla-

tional exoergicity �T = T′ − T (lower scale) and T′ (upper scale). Horizontal
scales indicate exoergicities of the processes in question. In the upper part,
upward horizontal scale indicates exoergicities for formation of excited states of
NH3

+*. The hatched region indicates energy region, where dissociative charge
t +

s
l

e
c
w
(
E

s
(
w
(
p

s
t
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ult without a good knowledge of P(Eint). The proton transfer
roducts are very probably formed in their ground states (X).

.4. Reactions with CH4

For reactions with methane the QOQ data are unfortunately
ot available, too. Only scattering data on relative probabilities
f formation of C4H3

+ and C4H2
+ were obtained (Fig. 2). Thus,

he fraction of C4H2
+ likely to be formed by DCT has to be

pproximately estimated, similarly as in reactions with acety-
ene. The data indicate prevailing NDCT (C4H3

+ formation)
avored with respect to C4H2

+ formation by 9:1 (Fig. 2). The
ranslational energy profiles of both C4H3

+ and C4H2
+ products

ere measured along a laboratory scattering angle close to the
irection of the CM velocity vector and the results are given in
ig. 5a and b.

The P(T′) curve for the NDCT process (Fig. 5a) is rather
arrow (FWHM less than 2 eV) and peaks at �T of 2.8 eV,
bout 0.6 eV below the exoergicity of the reaction to ground-
tate products C4H3

+ and CH4
+. Therefore, it is very probable

hat both products are formed in their ground states, and the dif-
erence of about 0.6 eV between �E and �T adds to the internal
xcitation of the products. Such an internal excitation can be
onnected with the conformation change in forming the two
roducts, namely in forming CH4

+. Following the same argu-
entation as with the acetylene system, one can estimate that

or the system with methane the values of (�T)min and (�T)max
re −0.7 and 3.1 eV, respectively. The peak value of the rela-
ive translational energy of the NDCT products (�T)CT = 2.8 eV.
hus, the energy region in which the DCT reaction can occur,
ssuming maximum initial internal energy of the dication pro-
ectile Eint = 3.8 eV, is as indicated by the dashed line and hatched
rea of Fig. 5b. For the other extreme, Eint = 0 eV, the possible
issociation region is shifted much to the left, to negative values
f �T, and does not play a role. The hump in the P(T′) curve
or C4H2

+ (Fig. 5b) may be connected with the contribution of
he DCT reaction. However, a larger portion of the translational
nergy distribution of C4H2

+ should result from PT and forma-
ion of the products C4H2

+ + CH5
+, both products most probably

n their ground states. Accommodation of up to about 2.5 eV as
nternal energy of the two product ions should be possible.

.5. Reactions with NH3

Formation of both C4H3
+ and C4H2

+ was observed in this
ystem, at T = 4.0 eV in a ratio of about 1:2 (Fig. 2). However, the
ombination of beam scattering and mass spectrometric QOQ
ata indicates that about 23% of the product C4H2

+ is formed by
CT (Table 2 and Fig. 2). Energy profiles of both hydrocarbon
roduct ions were measured and the results are given in Fig. 6a
nd b.

The relative translational energy distribution, P(T′), for the
DCT process (formation of C4H3

+ + NH3
+) exhibits a peak
t �T of about 2.7 eV (Fig. 6a). This suggests that an excited
tate of the hydrocarbon cation C4H3

+ and the ground state of
he NH3

+ ion may be formed. The amount of 0–1.5 eV (peak
alue of 0.9 eV) can be expected to be confined to the internal

s
e
e
u

ransfer is likely to contribute to the formation of C4H2 for two different final
tates of NH3

+ (see text). Data obtained from energy profiles measured at the
aboratory scattering angle ΘL = −1.5◦.

nergy of the NH3
+ product formed in the vertical ionization pro-

ess [50]. Even so, the internal energy of the projectile dication
ould lead to dissociation of most of the NDCT product C4H2

+

for the maximum Eint = 3.8 eV, (�T )max = �E + Eint − D −
′
int(NH3

+) = 5.8 + 3.8 − 4.2 − 0.9 = 4.5 eV, see the discus-
ion above). Taking into account the energy channeled into
�T)CT (peak value of 2.6 eV), the region of C4H2

+ from DCT
ould still occupy most of the area of P(T′) of C4H2

+ in Fig. 6b
loosely hatched area), leaving very little for formation of the
roton transfer products.

Another possibility is that in the NDCT process the ground
tate of the hydrocarbon ion C4H3

+ is formed together with
he excited, Jahn–Teller split state of NH3

+* (2A′ and 2A′′). A

ubstantial part of the energy available will be then confined to
lectronic excitation of NH3

+ (�E = ∼2.4 eV). An approximate
nergy balance of this case indicates that only a part of the prod-
ct C4H2

+ at low �T (0–2 eV) would result from DCT (densely
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Fig. 7. C4H3
2+ + NO: Newton diagram for collisions at T = 5.85 eV, the velocity

profile of C4H2
+ measured at ΘL = −1.5◦ (upper part), and the P(T′) curve
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atched in Fig. 6b for the maximum internal energy of the reac-
ant dication, 3.8 eV). A larger part of the C4H2

+ product should
e then formed in the proton transfer reaction (2), as observed
n the experiment (Fig. 2). The long tailing of the P(T′) curve
or the NDCT products in Fig. 6a indicates that the former pro-
ess, formation of both charge transfer products in their ground
tates, may contribute partly to C4H3

+ formation at higher �T
2.5–5.5 eV).

The peak of the translational energy distribution of the proton-
ransfer products at 2 eV suggests that the hydrocarbon product is
ormed in the electronic excited state with considerable internal
xcitation. However, internal excitation of this amount could be
onfined in the two reaction products, C4H2

+ (A) and NH4
+.

.6. Reactions with NO

In the reaction with NO only formation of the product ion
4H2

+ could be detected in the crossed-beam experiments. The
robability of the NDCT reaction was found to be less than a few
ercent and the value assigned to it came rather from the noise
evel of the signal. Therefore, the NDCT product C4H3

+ could
ot be measured. The combination of beam scattering and QOQ
ass spectrometric results in Fig. 2 clearly show that the product
4H2

+ results mostly from dissociation of the charge transfer
roduct and not from the proton transfer chemical reaction (very
mall amount of HNO+ with respect to NO+).

Fig. 7 shows the respective Newton diagram with the veloc-
ty distribution of the product ion C4H2

+ (upper part) and the
roduct translational energy distribution (lower part) plotted
gainst �T with T′ calculated for the putative DCT product pair
C4H2

+ + H) + NO (upper scale, T ′
DCT) and the proton-transfer

air C4H2
+–HNO+ (lower scale, T ′

PT). Following the preceding
iscussion, the values of (�T)min and (�T)max, for the minimum
nd maximum initial internal excitation of the reactant dica-
ion, are 2.6 and 6.3 eV, respectively. Having in mind the peak
nergy of the translational energy distribution, 2.5 eV, the region
n which the product of the NDCT reaction, C4H3

+, can disso-
iate is the densely hatched region between �T(C4H2

+–HNO+)
f 0.8–1.1 eV for the minimum initial internal energy excitation
f the dication (Eint = 0 eV). For the maximum initial internal
nergy excitation, Eint = 3.8 eV, practically all product can dis-
ociate (the limit is at 4.7 eV; see Fig. 7). Thus, it appears likely
hat the majority of the product C4H2

+ comes from DCT, namely
rom the reaction

4H3
2+ + NO → NO+ + C4H3

+∗ → C4H2
+ + H + NO+

(6)

he proton transfer could possibly contribute to the distribu-
ion in the �TPT region between 3 and 4 eV for initial internal
xcitation of the reactant dication 0 < Eint < 3.8 eV (formation of
round-state proton transfer products).

The NDCT reaction to ground-state products has a very high

xoergicity of 6.7 eV. The process should be out of the reaction
indow and should have only a small probability. However, for-
ation of the NDCT hydrocarbon cation product C4H3

+ in the
xcited triplet state (�E = 5.4 eV) should increase the probability

t
p
s
p

btained from it. The data are plotted against �T for the PT pair (lower scale)
nd for the DCT pair (upper scale). Symbols and hatched areas have the same
eaning as in Fig. 4 (see text).

f its formation considerably. Also, formation of other excited
tates of the NDCT primary product C4H3

+ or (unknown) dis-
ociative states of this cation, converging to the same limit at
0.17 eV (Fig. 1), may contribute to the reaction.

.7. Reaction with Kr

In case of reactions with krypton, only the NDCT process
as measured. The intensity of the C4H2

+ product was much
maller in the scattering experiments and the P(T′) curve could
ot be reliably determined. Estimation of P(PT) from the QOQ
ass spectrometric measurements suggests a considerable con-

ribution of DCT to the formation of this product.
The respective P(T′) curve (Fig. 8, upper part) for the NDCT

s characterized by two maxima. The lower-energy maximum
t �T of 1.5 eV is very close to the exoergicity of the electron
xchange process leading to the ground-state hydrocarbon cation
4H3

+ and the upper state of the Kr+ spin–orbit doublet 2P1/2
1.3 eV). The more prominent, higher energy maximum, about
wice as high, occurs at �T of 2.5 eV. The separation between the
wo maxima is 1.0 eV, by about 0.3 eV bigger than the separation
f the two spin–orbit states of Kr+ (0.66 eV). However, it is likely

hat the two maxima in the translational energy distribution of the
roducts indicate formation of the product in the two spin–orbit
tates of Kr+ (2P3/2 and 2P1/2) and the difference of the exact
osition of the maxima is due to experimental inaccuracy. The



160 J. Jašik et al. / International Journal of Mass

Fig. 8. C4H3
2+ Kr, Xe: relative translational energy distributions, P(T′), of prod-
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the excited A-state of the hydrocarbon cation product C4H2

+,
with a broad internal energy distribution.

The reaction with hydrogen was in a way unique in the series
of investigated systems, as the collision energy was much smaller

Fig. 9. C4H3
2+ + N2: relative translational energy distributions, P(T′), of prod-
cts of the NDCT reaction (C4H3
+ formation) with Kr (T = 7.59 eV, upper part)

nd Xe (T = 11.55 eV, lower part) plotted against �T and T′. The horizontal
cales refer to exoergicities of processes to different product states.

econd scale in Fig. 8 shows exoergicities of the process with the
xcited state of the reactant dication. Participation of the excited
eactant dication in the formation of the products may partly
ontribute to the P(T′) curve in Fig. 8 (upper part) at high �T.

.8. Reactions with Xe

Interaction with Xe at rather high collision energy of 11.55 eV
eads to the formation of both products, with NDCT prevailing
Fig. 2). However, the mass spectrometric QOQ data for P(PT)
ndicate a large contribution of DCT to the product ion C4H2

+

ormation (Table 2; Fig. 2) Unfortunately, for technical reasons,
he translational energy distribution of the product ion C4H2

+

ould not be determined and only beam scattering data for the
′
DCT channel are available. The P(T ) curve of the NDCT prod-

cts C4H3
+ + Xe+ in Fig. 8 (lower part) shows a prominent peak

t �T of 3 eV, very close to the exoergicity of the reaction leading
o the ground state of C4H3

+ and the upper state of the spin–orbit

u
l
s
e
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oublet of Xe+, 2P1/2 (2.6 eV). The P(T′) curve then exhibits a
houlder to higher translational energy with a peak (about 40%
f the main peak) at 4.8–5.2 eV. The separation between the over-
apping peaks, 1.8–2.2 eV, is larger than the spin–orbit splitting
n Xe+ (1.3 eV). However, it seems that both states of Xe+ are
ormed, the Xe+(2P1/2) with a higher probability due to a better
osition in the reaction window. The excited state of the reactant
ication, 1.8 eV above the ground state (Table 1), may contribute
o the formation of the products at �T of 5–6 eV.

.9. Reactions with N2 and H2

In both cases the reaction cross-section was considerably
maller than with the other systems and thus only approximate
ata could be obtained. Most of the product ions come from the
roton transfer process (80–90%; see Table 2). The reason for a
egligible cross-section of the NDCT reaction is understandable:
igh ionization energy of both N2 and H2 makes the exoergicity
f NDCT reaction with the ground state dication reactant below
eV and thus the process is rather improbable. Vibrational exci-

ation of the dication reactant may influence the electronic part
f the problem only through a change in the position of the cross-
ngs of the potential energy surfaces of the reactant and product
ystems. A small fraction of NDCT products observed presum-
bly comes from an admixture of excited states (C4H3

2+)* in
he reactant beam.

With the nitrogen molecule as a target, only the more probable
eaction of proton transfer could be measured at T = 5.68 eV
Fig. 9). Repeated many-scan recordings of the C4H2

+ energy
istribution curves led to the P(T′) distribution shown in Fig. 9.
he P(T′) curve suggests formation of both the ground state and
cts of the PT transfer reaction (C4H2
+) at T = 5.68 eV, plotted against trans-

ational exoergicity �T = T′ − T (lower scale) and T′ (upper scale). Horizontal
cales indicate exoergicities of the processes in question. Data obtained from
nergy profiles measured at the laboratory scattering angle ΘL = 2.0◦.
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Fig. 10. C4H3
2+ + H2: data on the reaction product C4H2

+ from collisions at
T = 0.63 eV. Upper part: Newton diagram with the velocity profile of C4H2; full
circles indicate loci for formation of the X and A states of C4H2

+ in reaction with
ground state C4H3

2+, dashed circles the same for reactions with excited C4H3
2+.

Middle part: The velocity profile of C4H2
+ from the Newton diagram plotted
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tions are characterized by a lower Coulomb barrier toward an
exoergic dissociation limit. Thus, only the dications with a rather
small internal energy will survive to be involved in subsequent
reactions (case 2, Fig. 11). An extreme in this case seems the
gainst laboratory velocity of C4H2
+. Lower part: The respective P(T′) curve,

lotted against T′ for the proton transfer product pair (F, forward scattered; B,
ackward scattered).

0.63 eV). Only proton transfer reaction could be measured, as
he total cross-section was – similarly as with N2 – very small.
he translational energy distribution of the product C4H2

+ was
easured at the laboratory scattering angle of +1.5◦, close to the

irection of vCM and recalculated to the velocity distribution of
4H2

+. The results are shown in Fig. 10 (upper part) (Newton
iagram and C4H2

+ velocity distribution). The velocity distribu-
ion shows product intensity tightly concentrated both forward

nd backward with respect to the center-of-mass of the system.
his suggests formation of an intermediate at this low collision
nergy. Circles indicate exoergicities of the processes leading to
round state and excited products C4H2

+ + H3
+ with the ground

F
a
d
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tate (solid circles) and electronically excited (dashed) reactant
ication. The relative translational energy distribution of the
roducts is shown in Fig. 10 (lower part). The curve is not very
nformative, as the recalculation to P(T′) smears out the veloc-
ty distribution. Because of the unfavorable ratio of the product
on masses (50:3), the heavy ion C4H2

+ has a small c.m. veloc-
ty and the P(T′) curve is considerably affected by the velocity
pread in the reactant ion beam. However, it may be concluded
rom the product velocity distribution and from the P(T′) distri-
ution that the hydrocarbon product C4H2

+ is formed both in the
round (X) and excited (A) states, with a possible participation
f the reaction from the excited state of the reactant.

.10. Summarizing remarks

In retrospect, using a thermodynamically stable dication as
he dication reactant seems to be about the worst choice. This
ication may carry substantial initial internal energy, as the range
f internal energies extends from the value given by the thermo-
ynamic stability with respect to its dissociation limit, ED, plus
he Coulomb barrier connected with this limit, EB (schematic
urves in Fig. 11, case 1). On the other hand, metastable dica-
ig. 11. Schematics of potential energy curves for thermodynamically stable
nd metastable molecular dications, effect on internal energy of the reactant
ication, Eint.
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ication CO2+, where experiments indicate that practically only
he ground vibrational states of the two lowest electronic states
re non-dissociative [45–47] (case 3, Fig. 11). As this study
hows, initial internal excitation of the reactant dication may
lay a significant role in determining the branching between
harge transfer (both NDCT and DCT) and proton transfer pro-
esses.

. Conclusions

. Reactions of the hydrocarbon dication C4H3
2+ were inves-

tigated with a series of atoms (Kr and Xe) and molecules
(C2H2, CH4, NH3, NO, N2, and H2) using the crossed-
beam scattering method and tandem (quadrupole–octopole–
quadrupole) mass spectrometric technique.

. Formation of C4H3
+ in non-dissociative charge transfer reac-

tion (1)

C4H3
2+ + M → C4H3

+ + M+

and formation of C4H2
+ both in proton transfer (2)

C4H3
2+ + M → C4H2

+ + MH+

and in dissociative charge transfer reaction (3)

C4H3
2+ + M → C4H2

+ + H + M+

was observed. Relative probabilities of these reactions at the
laboratory energy of C4H3

2+ of 16 eV were determined for
the systems studied from results of both experimental meth-
ods.

. In reactions with acetylene, scattering diagrams were mea-
sured for both products C4H3

+ and C4H2
+. The results

showed preferential forward scattering, implying a direct,
impulsive mechanism of the processes. A substantial part of
the C4H2

+ appears to be formed in a dissociative charge trans-
fer reaction; this is presumably due to a high initial internal
energy content of the reactant dication C4H3

2+. The proton
transfer reaction may contribute to the C4H2

+ product forma-
tion at higher values of the P(T′) distribution and the product
is likely to be formed in its ground state.

. In reactions with CH4, formation of both C4H3
+ (non-

dissociative charge transfer) and C4H2
+ (proton transfer) led

to ground state products. In reactions with NH3, the main
channel was formation of C4H2

+, both in a proton transfer
and (to a lesser extent) dissociative charge transfer reaction.
In reactions with NO, only formation of C4H2

+ could be mea-
sured; this ion resulted mostly from the dissociative charge
transfer reaction. Only a small part resulted from the proton
transfer reaction.

. Non-dissociative charge transfer reactions with noble gases

Kr and Xe led to the ground-state product C4H3

+ and the
noble gas cations Kr+ or Xe+ in both spin–orbit states.

. In comparison with other studied reactions the reactions with
N2 and H2 had a rather small relative cross-section (5–10

[

[
[
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times) and led mostly to C4H2
+ formed in proton transfer

reactions.
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