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Chemical reactions and charge-transfer processes in the CHCl2+ + D2 system were investigated in crossed-
beam scattering experiments. Experimental data were complemented by theoretical calculations of the energetics
of the species involved and by calculations of stationary points on the dication potential energy surfaces. The
main reaction products were the cations CHCl+, CHDCl+, and CCl+. Integral cross sections for the formation
of these species were determined over the collision-energy range of 0.4-2.5 eV (center of mass). Two isomers
of the reactant dication were identified, with the H atom being bonded either to a C atom (HCCl2+) or to a
Cl atom (CClH2+). The isomer CClH2+, which has a higher ionization energy than HCCl2+, was determined
to be responsible for most of the charge-transfer product (the formation of the ground and excited states of
CClH+). The chemical reaction product CHDCl+ was formed in two processes of different translational-
energy release via a long-lived or short-lived intermediate, and it could originate from both reactant dication
isomers. The most abundant reaction product, CCl+, was formed mostly by a highly exoergic impulsive process
of proton transfer from the ground state of the dication HCCl2+ to D2. This direct reaction of proton transfer
seems to be a rather general chemical process in collisions of hydrogen-containing dications with neutrals of
some proton affinity.

Introduction

In comparison with the vast amount of data on the kinetics
and dynamics of chemical reactions of singly charged ions with
molecules, the manifold of information on chemical reactions
of dications is very limited. Over the period of 1972-1995,
the research concerned only reactions of atomic metal ions,1,2

Mg2+ ions,3 and Ti2+ ions4 in flow tube experiments, and of
Nb2+ ions5 and Ta2+ and Zr2+ ions6 in Fourier transform-ion
cyclotron resonance (FT-ICR) studies. The occurrence of bond-
forming reactions of molecular dications was reported in 1994,7

and since then, this exciting class of chemical reactions has been
attracting more and more attention, from both experimentalists
and theoreticians. Because of the high energy content of most
dications (25-40 eV above the respective neutrals), their
collision processes result often in the formation of electronically
excited species, in subsequent decomposition of internally
excited products, and in the formation of pairs of singly charged
ions with large relative translational energy. Thus, the energy
partitioning in products may differ from both cation-neutral
and neutral-neutral reactions. The formation of “naked” fast
protons8-11 in chemical reactions of molecular dications with
hydrogen is yet another unusual feature of these processes.

Chemical reactions of dications occur often in compe-
tition with charge-transfer processes that lead to the formation

of two singly charged products:

A large amount of data has been obtained on the cross sec-
tion and energy partitioning in these electron-exchange
processes.8,12,13

Chemical reactions of dications can be basically of two
types: bond-forming reactions between dications and neutrals,
in which a doubly charged ion product and a neutral particle is
formed, of the type2,14

or reactions in which two singly charged ions are formed, as a
result of bond-rearrangement collisions between a dication and
a neutral:

The latter type is particularly interesting, because of an expected
high translational-energy release that is due to Coulombic
repulsion between the products.

In our earlier communications, we reported crossed-beam
scattering studies of the CF2

2+ + D2 system.9,10Nondissociative
processes of charge transfer (reaction 1) and chemical re-
arrangement, leading to the formation of CF2D+, were shown
to be the predominant dication-molecule processes in this
system, characterized by high translational-energy release that
is due to the Coulomb repulsion between the singly charged
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A2+ + BC f A+ + BC+ (1)

A2+ + BC f AB2+ + C (2)

A2+ + BC f AB+ + C+ (3)
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products. A potential energy surface model for reactions of
dications with molecules was developed, and this model is based
on transitions at the crossings of potential energy surfaces of
the dication-neutral system with Coulombic repulsion surfaces
of the two singly charged products in the reactant (charge
transfer) or product (chemical bond rearrangement) valley. The
model accounts for mutual competition of the aforementioned
processes (reactions 1-3) in a variety of systems. The predic-
tions of the model were further tested in an experimental and
theoretical study of the CO22+ + D2 system.11

In our systematic investigation of the dynamics of chemical
reactions and charge-transfer processes of molecular dications,
we examined, preliminarily, the reactivity of the CHX2+

dications (where X) Cl, Br, CN, OH) in collisions with
hydrogen. The CHCl2+ + D2 system was selected for a more
detailed beam scattering study, because both chemical and
charge-transfer reactions could be observed in it.

Considerable interest has been devoted in the past years to
the structure and stability of substituted methylene CHX2+

dications (where X) F, Cl, Br, OH, SH, NH2).15 Theoretical
and experimental studies of the CH3X2+ and CH2XH2+ gas-
phase dications16,17 provided interesting data on their stability,
energetics, and electronic structure. Information on the energetics
of several intermediates and products, which are also relevant
to this study, can be obtained from a theoretical study18 of the
fragmentation pathways of the chloromethane CH3Cl2+ dication.

In this communication, we report results of our crossed-beam
scattering studies on elementary reactions of the CHCl2+ dication
in collisions with deuterium. Earlier information on the ground
state of the dication CHCl2+ was complemented by our studies
of translational-energy spectra from collisions of CHCl2+ with
Ar, Kr, and Xe atoms19 and by theoretical calculation of ground
and excited states of the dication and the respective cation.20

Analysis of the charge-transfer processes led to the conclusion
that two isomers of the CHCl2+ dication, with different
energetics, were present in the reactant beam, namely HCCl2+

and CClH2+.21 Some of the theoretical results on the potential
energy surface will be presented here; the full extent of the
calculations will be published separately.22

In our experiments on the CHCl2+ + D2 system at collision
energies of 2.16 and 0.82 eV (center of mass, CM), we could
identify the cations CHCl+, CHDCl+, and CCl+ as reaction
products. From the scattering data, contour scattering diagrams
were obtained and, from them, angular distributions and relative
translational energy distributions of these product ions were
extracted. Using these data and combining them with the results
of theoretical calculations of the stationary points on the potential
energy surfaces, we could describe both nondissociative and
dissociative processes of charge transfer and chemical reactions
of ground and excited states of the dication reactant and connect
them with reaction pathways on the respective potential energy
surfaces.

A very important result is the observation of the proton-
transfer process from a hydrogen-containing dication to a neutral
target (in this case, from CHCl2+ to the D2 reactant, leading to
the formation of CCl+ and HD2

+). The reaction of proton
transfer from hydrogen-containing dications to a neutral target
of a certain proton affinity seems to be a rather general process
in dication-molecule collisions.

Methods

2.1. Experiments and Data Treatment.The experiments
were performed on the EVA II crossed-beam apparatus. The
performance and application of the machine to this type of

scattering experiment was described earlier.8-11 Briefly, CHCl2+

dications were produced via the impact of 130 eV electrons on
CH3Cl in a low-pressure ion source. The ions were extracted,
mass-analyzed, and decelerated by a multielement lens to the
required laboratory energy. The CHCl2+ beam was crossed at
right angles with a beam of D2 molecules emerging from a
multichannel jet. The dication beam had angular and energy
spreads of 1.2° and 0.5 eV (full width at half-maximum, fwhm),
respectively. The collimated neutral beam had an angular spread
of 6° (fwhm) and thermal energy distribution at 300 K. Reactant
and product ions passed through a detection slit (2.5 cm from
the scattering center) into a stopping potential energy analyzer.
They were then accelerated and focused into the detection mass
spectrometer, mass-analyzed, and detected with the use of a
channeltron electron multiplier. Laboratory angular distributions
were obtained by rotating the two beams about the scattering
center. Modulation of the neutral beam and phase-sensitive
detection of the ion products were used to remove background-
scattering effects.

Laboratory angular distributions and energy profiles recorded
at 6-10 laboratory scattering angles were used to construct
scattering diagrams of the investigated products; the contours
in the scattering diagrams refer to the Cartesian probability
distribution,23,24 normalized to the maximum in the particular
scattering diagram. CM angular distributions (relative differential
cross sections) and relative translational-energy distributions of
the products were then obtained in the usual way.23,24

Integral cross sections (in arbitrary units) were obtained in
the method described earlier.10,11 The ratio of the product ion
and the reactant ion intensity,IP,m/IR,m, was measured at the
ion angular maximum at a series of collision energies and at a
constant intensity of the neutral reactant beam. If necessary,
the product ion intensities were corrected for a difference in
laboratory angular distributions. Under these conditions, the
integral cross sections are proportional to the absolute integral
cross sections and can be mutually compared.

2.2. Calculations.Calculations of stationary points on the
potential energy hypersurface (CHCl2+ + H2) were performed
using the GAUSSIAN 98 program.25 Geometries were fully
optimized at the CCSD(T)/cc-pVTZ level.26,27 Harmonic fre-
quencies were calculated at each point. Finally, energies of all
stationary points were refined using the G2 method.28 Only
singlet states relevant to the subject of this paper will be
discussed here. The full account of the calculations will be
published separately.22 Energetic values for excited states of
the dications and cations were calculated using the AQCC
approach, as described separately.20 For internal consistency,
the energetic and exoergicity values given in this paper are the
calculated values. This includes also the ionization energy of
H2: the calculated G2 value is IE(H2) ) 15.48 eV (to be
compared with tabulated IE(H2) ) 15.43 eV).

3. Results and Discussion

3.1. Integral Cross Sections.The product ions observed in
the studies of the CHCl2+ + D2 system were the singly charged
ions CHCl+, CHDCl+, and CCl+. No measurable amount of
the product CD2Cl+ could be observed. It can be estimated from
the mass spectra that the amount of CD2Cl+ was, at all collision
energies,<20% of the amount of CHDCl+. Figure 1 shows the
dependence of the integral cross sections (in arbitrary units)
for the formation of these product ions on the collision energy
(CM). The formation of CHCl+ exhibits the smallest cross
section. All measured integral cross sections (formation of
CHCl+, CHDCl+, and CCl+) show an increase at collision
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energies below∼1 eV. The data in Figure 1 are in a very good
agreement with measurements of the collision-energy depend-
ence of the integral cross sections of formation of these ions
by the guided-beam method.29

3.2. Scattering Results.3.2.1. Formation of CHCl+. The
product CHCl+ is evidently formed in nondissociative charge
transfer between the reactants in the reaction

A scattering diagram of CHCl+ at T ) 2.16 eV is shown in
Figure 2. In this and other scattering diagrams of this paper,
the horizontal solid line indicates the direction of the relative
velocity vector, and CM denotes the position of the tip of the
CM velocity vector. In the CM coordinates, the reactant ion
CHCl2+ approaches from the left and the neutral reactant
approaches from the right.

The product CHCl+ is scattered predominantly forward of
the tip of the CM velocity vector, with only a very small fraction
(estimated to be<10%) scattered backward (the position of the
weak backward maximum is indicated only by dashed contours,

because the data showed some scatter). This behavior is reflected
in the CM angular distribution of CHCl+ in Figure 3. Figure 4
shows the product translational energy distribution,P(T′) plotted
against the reaction exoergicity,∆E ) T′ - T. The data were
obtained via the integration of the entire scattering diagram
(solid line), and as a profile of the product translational-energy
distribution at the angular maximum (laboratory scattering angle
of -0.2°, dashed line). The unfavorable product mass ratio (a
slow heavy ion product recoiling on a light product) makes the
energy spectrum rather compressed and not well resolved. The

Figure 1. Dependence of the integral cross sections for the formation
of (O) CHCl+, ([) CHDCl+, and (0) CCl+ in collisions of CHCl2+

with D2 on the collision energyT.

Figure 2. Contour scattering diagram of the charge-transfer product
CHCl+ at the collision energy of 2.16 eV. Solid horizontal line denotes
the direction of the relative velocity, whereas CM marks the position
of the tip of the center-of-mass velocity vector. Dashed circles show
the loci where the product ion should appear if formed in collisions of
the dication HCCl2+ in the ground state (X), CClH2+ in the ground
state (iX), and CClH2+ in the first excited state (iA). See also Figures
4 and 5 and the text.

CHCl2+ + D2 f CHCl+ + D2
+ (4)

Figure 3. CM angular distribution (relative differential cross section),
P(ϑ)-ϑ, of CHCl+ at the collision energy of 2.16 eV.

Figure 4. Relative translational-energy distribution,P(T′), of charge-
transfer products CHCl+ + D2

+ at the collision energy of 2.16 eV
plotted against reaction exoergicity∆E ) T′ - T ((s) integration over
the entire scattering diagram in Figure 2 and (---)P(T′) profile in the
angular maximum). Arrows indicate adiabatic exoergicities of charge-
transfer transitions from the HCCl2+ ground state (X) to the HCCl+

ground state; and from the CClH+ ground state (iX) and the first excited
state (iA) to the CClH+ ground state (x) and the first excited state (a).
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energy profile at-0.2° is somewhat better resolved, as the
integration over the entire diagram includes all the inaccuracies
of the experiment.

The low recombination energy of the ground-state CHCl2+

(17.39 eV22) makes the charge-transfer process with D2 exoergic
by only 1.90 eV, below the reaction window; thus, its cross
section should be rather low.30 Indeed, the probability of the
respective product translational energy is at the lower end of
the translational-energy distribution in Figure 4 (see arrow
denoted by X in figure). Therefore, the main reactive states of
the dication should be, more likely, the electronically excited
states. The excited states of the dication HCCl+ (with the H
atom bonded to the C atom) were calculated20 to lie ∼4 eV
above the ground state or higher (an∆E value of ∼6 eV or
higher in Figure 4). However, Figure 4 clearly shows that the
main contribution to the cross section comes from the region
of ∆E between 2 and 5 eV.

The problem was resolved by studies of charge transfer
between the CHCl2+ dication and the noble gases argon,
krypton, and xenon.19 The recoil of the CHCl+ product on a
heavy rare gas ion leads to a much-better-resolved translational-
energy spectrum. Briefly, the analysis of the data showed that
the CHCl2+ dication was formed by electron impact ionization
of CH3Cl in two isomeric forms, H-CCl2+ (with the H atom
bonded to the C atom) and CCl-H2+ (with the H atom bonded
to the Cl atom), present in the reactant beam in an approximate
HCCl2+:CClH2+ ratio of 2:1.19 The ground and excited states
of the isomer CClH2+ lie considerably higher in energy than
those of HCCl2+ and also the states of the CClH+ isomer cation
are located above the states of the HCCl+ cation. The adiabatic
recombination energy of the CClH2+ ground state (X1A′) to
the ground state of CClH+ product is 17.91 eV.22 Excited states
of the dication, A3A′ and B3A′′, lie 1.94 and 2.84 eV above
it, respectively.20 Detailed analysis of the data with argon19

showed that the full account of charge-transfer contributions
must include vertical transitions from the first excited state of
the CClH2+ isomer dication to the ground and the first excited
state of the CClH+ cation.

The adiabatic exoergicities of the respective charge-transfer
reactions CClH2+ f CClH+ in collisions with D2 are shown in
Figure 4 by arrows marked by iX and iA (i refers to the isomer
CClH+). The pair of peaks denoted iX refers to transitions from
the ground state of the dication to the ground (x) and first excited
(a) state of CClH+, the pair of peaks denoted iA refers to
transitions from the first excited state of the dication to the
ground (x) and first excited state (a) of CClH+ product. In the
case of charge transfer with hydrogen, the transitions to the
excited state (a) of CClH+ (2A′′)19 should be restricted for some
collision configurations, because of symmetry reasons. The
position of the arrows reflects the translational-energy distribu-
tion of products of reaction 1 in a much better way. Taking
into account vertical transitions (vibrational excitation of the
CClH+ product of 0.1-0.3 eV and possible vibrational excita-
tion of the D2

+ product of∼0.25 eV10) shift the arrows slightly
to the left to even a better fit.

The conclusion is, therefore, that the cross section of the
nondissociative charge transfer (reaction 1) is determined
prevailingly by reactions of the CCl-H2+ isomer. Figure 5
schematically summarizes the energetics of charge-transfer
reaction 1 for both isomers, HCCl2+ f HCCl+ and CClH2+ f
CClH+. Scattering results at the collision energy of 0.82 eV
are consistent with this interpretation.

3.2.2. Formation of CHDCl+. A scattering diagram of
CHDCl+ product formed in collisions of CHCl2+ with D2 at a

collision energy of 2.16 eV is shown in Figure 6. The scattering
is characterized by two pairs of peaks, symmetrically located
forward and backward, with respect to the CM. The peaks of
the inner pair are∼30% of the maximum intensity and
approximately the same height. The outer pair of peaks are
unequal in intensity; the forward peak∼3 times as high as the
backward peak.

The relative differential cross section in Figure 7 shows
separately the angular distribution of the product CHCl+ related
to the outer two peaks (solid points) and to the inner peaks (open
symbols). Finally, Figure 8 summarizes the translational energy
distribution of the products,P(T′) vs T′. It exhibits two peaks,
at translational energies of∼1.1 and 4.7 eV. The lower-energy
peak is evidently connected to the inner peaks in the scattering
diagram, whereas the higher-energy peak corresponds to the
outer peaks in the scattering diagram.

This scattering behavior implies formation of the product by
decomposition of intermediates in the reaction

which is characterized by two different translational-energy
releases (again, writing H (or D) between C and Cl means the
product ion, regardless of the isomeric structures). The process

Figure 5. Schematic diagram of energetics of charge-transfer processes
of the CHCl2+ isomers with D2: HCCl2+ + D2 (left) and CClH2+ +
D2 (right). Dots at crossings refer to processes marked by arrows in
Figure 4.

Figure 6. Contour scattering diagram of CHDCl+ from reaction 5 at
the collision energy of 2.16 eV. Designations are analogous to those
in Figure 2.

CHCl2+ + D2 f [CHD2Cl]2+ f CHDCl+ + D+ (5)
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with a higher translational-energy release (T′peak ≈ 4.7 eV)
suggests a decomposition of a shorter-lived intermediate, with
an average lifetime of approximately one average rotation
(incompletely developed forward-backward symmetry of the
scattering pattern, with backward scattering being∼30% of the
forward scattering). Strong peaking of the angular distribution
in Figure 7 at the CM angle of 0° and 180° implies decomposi-
tion of an intermediate via a transition state, which is ap-
proximately linear (a prolate transition state23,24). The process
with a lower translational-energy release (T′peak ≈ 1.1 eV) is
less probable and implies the formation of a long-lived
intermediate (fully developed forward-backward symmetry)
that is associated with a deeper well (in comparison with the
former intermediate) on the potential energy surface.

As mentioned earlier, only one product, CHDCl+, could be
observed, with no measurable intensity of CD2Cl+. In view of
the limited resolution, this means that the CD2Cl+:CHDCl+ ratio
was smaller than∼0.2. This observation implies that, in most
reactive collisions, D and H are not equivalent in the inter-
mediate.

A theoretical analysis of the possible reaction paths that lead
to the products CHCl+ + D+ is given in Figures 9 and 10. The
product evidently can be formed from both isomers of the
dication, HCCl2+ and CClH2+, via loosely bound complexes,
in which the H atom is bonded in a completely different way
than the incoming two D atoms. For the HCCl2+ reactant ion,
there are two possible pathways (Figure 9), both of which
involve a rather shallow minimum of-0.93 and-0.23 eV (with
respect to the reactants) with expected approximate translational-
energy releases of∼4.06 and∼2.70 eV, respectively (barrier
heights from product sites). The latter seems to be less prob-
able, because of a rather high activation barrier, similar to the
collision energy (the transition state is located at 1.91 eV, and
the barrier height is 2.14 eV). Relevant Rice-Ramsperger-
Kassel-Marcus (RRKM) calculations indicate that the average
lifetime of the respective intermediates would be on the order
of 10-12 s, thus corresponding to the short-lived interme-
diate, as postulated previously. The CClH2+ isomer reactant ion
can also react via a loosely bound complex with D2 to form
DCClH+ + D+ (Figure 9), with a transitional-energy release
up to 3.33 eV (barrier height from the product site). Again, the
barrier in the forward direction of 0.92 eV (with a minimum at
1.62 eV and TS at 2.54 eV) would imply a short-lived
intermediate.

The pathways that involve the formation of a more-stable
ylide intermediate, H2CClH2+ (a dication of the ylide form
-H2CClH- of methyl chloride), are shown in Figure 10. Again,
both reactant dication isomers can react. The HCCl2+ dication
would give either HDCCl+ or the mixture of HCClD+ and
DCClD+ via the ylide intermediate HDC-Cl-D2+ (at ap-
proximately-3 eV). The relative translational-energy release
between the products is 2.8-3.6 eV. However, because of the
difference in the barrier heights of the processes, the pathway
that involves the higher barrier (1.98 eV) and leads to the
mixture of HCClD+ and DCClD+ seems to be less likely. The
CClH2+ isomer would give either DCClH+ or D2CCl+ via
pathways that involve formation of the ylide intermediate D2C-
Cl-H2+. The total energy content in this intermediate seems to
be very high (at the collision energy of 2.16 eV, this total energy
content is∼7.8 eV). The calculated translational-energy release
for these processes, which involve long-lifetime intermediates
(Figure 10), is rather high to account for the low-translational-
energy release process observed experimentally (Figures 6 and
8). Therefore, it seems that this process is connected with the
formation of an electronic excited state of the product, calculated
to be∼3.2 eV above the ground-state DHCCl+ (noted by the
dashed line in Figure 10)

In summary, the formation of chemical products in reaction
5 seems to be a rather complicated process that presumably
involves both reactant cation isomers, HCCl2+ and CClH2+, and
several reaction pathways that involve both loosely bound
intermediates (average lifetimes of the order of∼10-12 s) and
relatively stable ylide intermediates (lifetimes considerably
longer than 10-12 s). Assessment of the relative importance of
these pathways currently is rather difficult.

Results obtained for the formation of DCClH+ at the collision
energy of 0.82 eV consist of an energy profile of the molecular
ion product. They imply a decomposition of an intermediate
with two different energy releases, of∼0.25-0.45 eV and∼4.1
eV. Thus, they are in general agreement with the more detailed
results atT ) 2.16 eV, as discussed previously.

3.2.3. Formation of CCl+. Figure 11 shows a scattering
diagram of the product CCl+ at the collision energy of 2.16
eV. The diagram shows three peaks. Two of them are located

Figure 7. CM angular distributions (relative differential cross sections),
P(ϑ)-ϑ, of CHDCl+ at T ) 2.16 eV. Solid line and filled symbols
represent integration over the entire scattering diagram; open symbols
and dashed line represent integration over the region of the two inner
maxima.

Figure 8. Relative translational-energy distribution,P(T′)-T′, of
products of chemical reaction 5, CDHCl+ + D+, at T ) 2.16 eV.
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symmetrically forward and backward, with respect to the CM
at a velocity of ∼0.5 km/s. The distribution is somewhat
asymmetric, with the forward peak (20%) being larger than the
backward peak (15%). The preponderant contribution comes
from a forward scattered fraction of the product, located at the
CM velocity of CCl+ of ∼1.5 km/s. Figure 12 brings the relative
differential cross section,P(ϑ) vs ϑ, of the product CCl+,
obtained by integration of the entire scattering diagram (solid
line and solid points) and of the area of the two inner peaks
(dashed line and open squares). TheP(ϑ) shape is determined

by the strong forward peak of the more exoergic process; the
contribution from the area of the inner peaks is small and
contributes to both to the forward and backward scattering.
Figure 13 summarizes the evaluation of the distribution of the
relative translational energy of the products,P(T′), from the
scattering diagram in Figure 11. For the sake of discussion of
the various possibilities of the formation of CCl+, P(T′) was
plotted as a function ofT′ for the initial reaction product pair
CHDCl+ + D+, the former dissociating further to CCl+ + HD
without appreciable energy release (upper scale), and for the
reaction product pair CCl+ + HD2

+ (a direct process of proton
transfer from CHCl2+ to D2, lower scale). The low-energy peak
of P(T′) occurs in the relative translational-energy scale of the
initial product pair CHDCl+ + D+ (upper scale and inset) at
the low energy of the main peak of the translational-energy
distribution of the product pair CHDCl+ + D+ (see Figure 8
and inset in Figure 13). Therefore, CCl+ in this portion of the
translational-energy spectrum may be regarded as a product of
a further decomposition of the chemical product CHDCl+

(reaction 5), namely a further decomposition of the CHDCl+

from the channel of the higher exoergicity (∼4.7 eV) to CCl+

+ HD:

An inset in Figure 13 compares the position of the lower-
energy peak of CCl+ (in the T′ scale of CHDCl+ formation)
with the translational-energy distribution of CHDCl+ (from
Figure 8). The position of the CCl+ peak would correspond

Figure 9. Calculated reaction pathways for chemical reaction 5 involving loosely bound intermediates and shallow minima for both reactant
dication isomers, HCCl2+ and CClH2+.

Figure 10. Calculated reaction pathways for chemical reaction 5, involving more-stable ylide intermediates for both reactant dication isomers,
HCCl2+ and CClH2+.

Figure 11. Contour scattering diagram of the product CCl+ at T )
2.16 eV. Designations are analogous to those in Figure 2; the solid
circle indicates the product CM velocity through the maximum of the
distribution.

CHCl2+ + D2 f D+ + CHDCl+ f (D+) + CCl+ + HD
(6)
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rather well to further decomposition of the chemical product
CHDCl+, formed in the higher-energy-release reaction and
possessing large internal energy (lower end of the translational-
energy distribution). A certain forward-backward asymmetry
of the scattering (20% vs 15%, respectively) of this fraction of
CCl+ is in reasonable agreement with the asymmetry of the
outer peaks of the CHDCl+ products (100% vs 30%, respec-
tively; see Figure 6). However, the exoergicity of the higher-
energy release process of CCl+ formation in the translational-
energy coordinates for the CHDCl+-D+ product pair (∼15 eV)
is unreasonably large in this computation. Therefore, one must
look for another reaction mechanism to form this preponderant
fraction of CCl+.

This reaction mechanism for the formation of the product
CCl+ with high translational-energy release (the peak atT′ )
5.6 eV, lower-energy scale) is a proton-transfer reaction

with an exoergicity of 5.30 eV (calculated value; see Section
2.2). The distribution of CCl+, which is associated with this
process, in the scattering diagram (Figure 11) is strongly forward
with an unmeasurable small backward component, estimated
to be smaller than∼5% of the forward peak, which suggests
an impulsive direct process. A firm identification of this process
would be the observation of HD2+ as the other reaction product.
This is, however, not easy in the scattering experiments: most
of HD2

+ is scattered in the opposite direction than CCl+, i.e.,
backward, with respect to the original dication movement, and,
thus, in the experimentally inaccessible region backward in the
laboratory frame of reference. Nonetheless, one could barely
identify a peak of HD2+ at m/z 5, which is slightly higher than
the background noise (as a result of the portion of very weak
scattering that corresponded to backward scattering of CCl+).
However, a clear identification of both products CCl+ and HD2

+

was made in complementary guided-beam experiments in which
integral cross sections of the reactions in the CHCl+ + D2

system were determined.29

The proton-transfer reaction is a commonly observed reaction
in collisions of multiprotonated biomolecules (polypeptides) with
neutral targets35,36 or negative ions.37 Alhough it has not been
described so far for reactions of small molecular dications, it
may be a rather general process in hydrogen-containing mo-
lecular dication-neutral collisions. So far, we also have been
able to identify it in the reaction of CHCl2+ with argon (CCl+

+ ArH+ formation19,29) and, more recently, in reactions of the
dication C4H3

2+ with a series of atomic and molecular targets.38

4. Conclusions

Experimental studies (crossed-beam scattering) and theoretical
calculations (energetics of dication and cation species involved,
stationary points on the (CHCl-H2)2+ hypersurface) of the
CHCl2+ + D2 system lead to the following conclusions:

(1) The main products of chemical reactions and charge-
transfer processes in the system are the singly charged ions
CHCl+, CHDCl+, and CCl+.

(2) The integral cross sections (in arbitrary units) of these
products were determined over the collision-energy range of
0.4-2.5 eV (center of mass, CM). The integral cross section
for the charge-transfer product CHCl+, for the chemical products
CHDCl+ and CCl+, shows an increase at collision energies<1
eV. The collision-energy dependence of the integral cross
sections from these experiments is in good agreement with the
results of the guided-beam experiments.

(3) The translational-energy release in the charge-transfer
process with D2 could be explained by the existence of two
isomers of the reactant dication CHCl2+ in the beamsH-CCl2+

and CCl-H2+sof different energetics, as confirmed by theoreti-
cal calculations. The isomer CClH2+ is mostly responsible for
the formation of the charge-transfer product CClH+ in the
ground and excited states. Important support for this conclusion
comes from simultaneous experimental and theoretical studies
of charge-transfer processes between CHCl2+ and argon,
krypton, and xenon.19

(4) CHDCl+ was formed in two processes of a different
translational-energy release (∼1.0 and∼4.7 eV atT ) 2.16
eV). The former process is associated with a long-lived

Figure 12. CM angular distributions (relative differential cross
sections),P(ϑ)-ϑ, of CCl+ at T ) 2.16 eV; full squares and solid line
represent integration over the entire scattering diagram in Figure 11,
whereas open circles and dashed line represent integration over the
region of the two inner maxima.

Figure 13. Relative translational-energy distribution,P(T′)-T′, of
products leading to CCl+ at T ) 2.16 eV. The relative translational
energyT′ was calculated for the primary reaction product pair CHDCl+

+ D+ (from which CCl+ is assumed to originate in a subsequent
dissociation, upper scale) and for the reaction product pair CCl+ +
HD2

+ (lower scale). Inset shows a comparison of (s) the present
P(T′)curv with (---) theP(T′) curve from Figure 8 for the product ion
pair CHDCl+ + D+ (see text).

CHCl2+ + D2 f CCl+ + HD2
+ (7)
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intermediate formation, whereas the latter process is associated
with a formation of a short-lived intermediate. Both isomers of
the reactant dication can contribute to the product formation.
The possible pathways have been analyzed on the basis of
theoretical calculations of the stationary points on the hyper-
surface (CHCl-D2)2+

. However, the complexity of this seem-
ingly simple system makes specific assignment of the reaction
paths very difficult.

(5) The most abundant product CCl+ results from a proton-
transfer reaction, mostly from the ground state of the dication
HCCl2+, in a direct, impulsive process of a rather high
exoergicity. This may be a general process in dication-molecule
chemical reactions.

(6) Both ground and excited states of the two isomers,
HCCl2+ and CClH2+, participate in the reactions. The excited-
state (iA) of CClH2+ contributes significantly to the nondisso-
ciative charge transfer, and the proton transfer seems to result
primarily from the reaction of the ground state of HCCl2+.
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