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Self-reactions in the HCl+ (DCl+) + HCl system:
a state-selective investigation of the role of
rotation†

Till Uhlemann, Jens Wallauer and Karl-Michael Weitzel*

The self-reaction of state-selected HCl+ (DCl+) ions with HCl has been investigated in a guided ion

beam setup. The absolute cross sections for proton transfer and deuteron transfer decrease with

increasing center of mass collision energy, Ec.m.. The cross section for charge transfer (DCl+ + HCl)

exhibits a maximum at Ec.m. = 0.5 eV. The cross section for PT and DT decrease significantly with

increasing rotational angular momentum in the molecular ion, for the PT the cross section increases

again for the highest angular momentum investigated. The rotational dependence of the cross section is

rationalized by a simple model in which both the collision energy and part of the rotational energy are

available for the reaction. The contribution of the rotation to the total energy available itself depends on

the collision energy.

1 Introduction

The role of external rotation in ion-molecule reactions is still
not well established. In chemical systems with only high
frequency modes of vibration a variation of the ensemble
temperature correlates with a variation of the rotational state
distribution. Several reactions of the type M+ + AB, where M+ is
either a rare gas cation or a polyatomic ion and AB is a
polyatomic neutral molecule have been investigated by the
variable temperature selected ion flow drift tube (VT-SIFDT)
technique.1 For most of the reactions reviewed the external
rotation has little or no effect on the measured rate constant.
Prominent exceptions are the charge transfer reactions of atomic
cations with diatomics exhibiting high frequency vibrational
mode, e.g. CO, N2 or HCl. E.g., for the charge transfer reaction
Kr+ + HCl - Kr + HCl+, the cross section decreases with
increasing rotational temperature of the neutral HCl.2 For related
reaction systems such a finding has been rationalized by the
inability of the neutral dipole to lock into the preferred orienta-
tion when it is rotating with higher angular momentum.3–5

Interestingly the analogous reaction Ar+ + HCl leading to either
charge transfer or hydrogen atom abstraction does not exhibit a
similar rotational temperature dependence of the rate constant.2

An alternative approach for investigating rotational effects
in ion molecule reactions is based on forming molecular ions

in selected rotational states and measuring the cross section as
a function of the rotational angular momentum of the ion. In
pioneering work Gerlich and coworkers have demonstrated that
the cross section for the reaction H2

+ + H2 - H3
+ + H decreased

by about 8% in going from rotational quantum number N = 0 to
N = 4.6 The dimer formation in the ternary association reaction
in the system CO+ + CO decreases significantly for increasing
rotational angular momentum of the CO+.7 For H-abstraction
by NO+ from ethanol8 and for charge transfer from N2

+ to Ar9 no
discernible effect of the external rotation on the cross section
has been observed. On the other hand a significant increase of
the cross section has been reported for increasing rotational
energy in H2O+ + D2 - H2DO+ + D.10,11

In previous work our group has reported on quantum state
effects in the proton transfer (PT) from HBr+ to CO2 leading
to HOCO+ + Br.12,13 That particular reaction system offered the
rather unique possibility to switch a reaction from an endo-
thermic version to an exothermic version by either addressing
the HBr+ ions in the spin–orbit ground state, 2P3/2, or in the
excited spin–orbit state, 2P1/2. In the former case the cross
section increased with increasing center of mass collision
energy, in the latter it decreased. This observation was perfectly
in line with many other investigations. For both reactions the
cross section decreased significantly with increasing rotational
angular momentum in the ion. This proved that the internal
degree of rotation and the external degree of translation did not
necessarily affect the cross section in the same direction.

In the current contribution we wish to extend our previous
investigation to a slightly more complex reaction system, where
two specific reaction channels can compete. We have chosen
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the self-reaction system of HCl+ + HCl. In principle two reactions
take place, (i) proton transfer (PT) and (ii) charge transfer (CT).
PT according to the reaction

HCl+ + HCl - H2Cl+ + Cl (DH = �0.591 eV) (PT)14

is easily observed in a mass spectrometer. Charge transfer, on the
other hand is not easily observed in a MS. If the reaction leads to
a redistribution of internal or external energies it becomes in
principle observable, however, we will not pursue this possibility
in the current work. Charge transfer does become easily obser-
vable upon isotopic substitution of one of the reactants. Along
this line we will also investigate the following two reactions.

DCl+ + HCl - HDCl+ + Cl (DH = �0.602 eV) (DT)15

DCl+ + HCl - DCl + HCl+ (DH = �0.009) (CT)14

2 Experimental approach

The measurements of the cross sections presented in this work
have been conducted in a guided-ion-beam (GIB) machine
described in earlier publications.12,13 The apparatus consists
of three zones, (i) the ion source, (ii) the reaction zone and
(iii) the analysis zone. In the ion source HCl+ (DCl+) ions are
prepared in controllable rotational angular momentum states
by means of resonance enhanced multiphoton ionization
(REMPI) via the f 3D2(v0 = 0) ’ 1S+(v00 = 0) transition.16 That
REMPI spectrum provides rotational resolution. By tuning to a
particular pump line molecular ions with specific predominant
rotational angular momentum can be formed. In general
two rotational angular momentum states dominate the popula-
tion for each pump line as evidenced by photodissociation
spectroscopy.16–18 Throughout this work experiments have
been performed on the pump lines R(1) to R(6) for HCl and
R(1) to R(8) for DCl, the corresponding average rotational
angular momenta, respectively energies are given in Table 1.
The standard deviation on the average rotational angular
momentum N+ is typically close to 1.

The state-selected ions are transferred into an octopole
which serves as a radio-frequency ion guide and also defines
the reaction zone. Neutral HCl is introduced into this reaction
zone under room temperature conditions enforcing single

collision conditions. Pressure stages separate the reaction zone
from the ion source as well as the analysis zone. All product
ions as well as remaining reactant ions are transferred into a
quadrupole mass analyzer and detected by a channeltron.
All data are processed in a personal computer. The experiment
is controlled by means of LabView program suites.

3 Computational approach

Electronic structure calculations have been performed for better
understanding the reaction dynamics observed experimentally.
All calculations employed the GAUSSIAN 0319 program suit; for
visualization MOLDEN20 was used.

The first set of geometry optimizations started at the published
values by Burda21 and were performed using the UMP2-level22 of
theory and a TZVPP basis set23 (MP2/tzvpp). A second set of
geometry optimization was performed with the CCSD-method24

and the same basis set for comparison (CCSD/tzvpp). Since
Coupled Cluster calculations were performed, also optimized basis
sets for Coupled Cluster were used, as cc-pVTZ25,26 (CCSD/ccpvtz)
and aug-cc-pVTZ25,26 (CCSD/augccpvtz). All basis sets not included
in GAUSSIAN were downloaded from the EMSL website.27

Due to the different isotopes hydrogen/deuterium it was
necessary, that frequency calculations were performed to
obtain the zero point vibrational energies. These calculations
were performed with MP2/TZVPP and CCSD(T) on aug-cc-pVTZ
(CCSDT/augccpvtz) level28 of theory.

4 Results and discussion
Results of cross section measurement

We have measured the cross section for proton transfer (PT) as
well as deuteron (DT) and charge transfer (CT) in the deuter-
ated form of the title reaction as a function of the center
of mass collision energy as well as of the average angular
momentum in the molecular ion.

We start the presentation of results by looking at the cross
section for proton transfer as a function of the Ec.m., see Fig. 1.

Table 1 Average rotational quantum number and energy of HCl+ (DCl+)
prepared via the pump line indicated

Pump HCl+ DCl+

Line N+ Erot/meV N+ Erot/meV

R1 0.31 0.85 0.35 0.5
R2 1.12 3.69 0.99 1.7
R3 2.45 11.25 2.44 6.2
R4 3.54 20.73 3.22 9.29
R5 4.59 32.54 4.5 16.14
R6 5.7 47.87 5.46 23.37
R7 6.51 32.20
R8 7.57 42.45

Fig. 1 Cross sections for proton transfer in the title reaction as a function
of the collision energy, Ec.m.. The different traces correspond to different
average rotational energies as indicated.
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The cross section for PT is largest (ca. 21 Å2) for hEroti =
0.5 meV at the smallest collision energy considered Ec.m. =
0.2 eV. As expected for an exothermic reaction, the cross section
decreases with increasing collision energy. The smallest values
of the cross section are on the order of 2 Å2 at Ec.m. = 2 eV
irrespective of the rotational energy. For the smallest collision
energy investigated the influence of the external rotation is
evident from Fig. 1. The effect is apparently small for the largest
collision energy considered.

The cross sections for DT are shown in Fig. 2. Again the
largest cross section is observed for the smallest collision
energy and the smallest rotational energy. The value of 17 Å2

is about 20% smaller than the corresponding cross section for
PT. The cross section decreases with increasing collision energy
to an extend comparable to PT. The smallest cross section
measured here is on the order of 2.5 Å2 at Ec.m. = 2 eV, slightly
larger than in the PT. The effect of rotation is again largest at
the smallest collision energy.

The cross sections for charge transfer – depicted in Fig. 3 – vary
non-monotonically with the collision energy. The cross sections
are on the order of 10 Å2 at Ec.m. = 0.2 eV. They increase by a few Å2

in going to Ec.m. = 0.5 eV before decreasing again for even higher
collision energy. The maximum in the cross section observed
could possibly indicate an effective barrier for charge transfer. At
the smallest center of mass collision energy charge transfer leads
to HCl+ ions with very low kinetic energy. We cannot categorily rule
out the possibility that the low cross section measured for Ec.m. =
0.2 eV are in part the result of instrumental discrimination for the
lowest kinetic energies. The smallest cross sections are observed at
Ec.m. = 2 eV. Note, that the cross section for CT is smaller than that
for DT at 0.2 eV but larger than the latter at 2 eV. Thus, the
branching ratio of these two competing molecular processes
strongly depends on the collision energy. Interestingly, the largest
cross section for CT is observed at a mean rotational energy of
32.2 meV for most of the c.m. collision energies considered, in
particular at the lowest Ec.m. and the highest Ec.m..

An alternative representation of the data involves plotting
the cross section as a function of the rotational energy. Here, we
concentrate on the PT and DT, which have analogous charac-
teristics. Fig. 4 and 5 illustrate this alternative representation.

Fig. 2 Cross sections for deuteron transfer in the title reaction as a
function of the collision energy, Ec.m.. The different traces correspond to
different average rotational energies as indicated.

Fig. 3 Cross sections for charge transfer in the title reaction as a function
of the collision energy, Ec.m.. The different traces correspond to different
average rotational energies as indicated.

Fig. 4 Cross sections for proton transfer in the title reaction as a function
of the average rotational energy, hEroti. The different traces correspond to
different center of mass energies as indicated. The dashed lines are the
result of model calculations. For further details see the text.

Fig. 5 Cross sections for deuteron transfer in the title reaction as a
function of the average rotational energy, hEroti. The different traces
correspond to different center of mass energies as indicated. The dashed
lines are the result of model calculations. For further details see the text.
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For PT (Fig. 4) the cross sections exhibit a minimum around
hEroti = 30 meV, for DT (Fig. 5) the cross sections decrease
monotonically with Erot over the range investigated. The error
bars shown reflect statistical standard deviations calculated for
repeated measurements of pump line variation. We emphasize
that for PT (Fig. 4) the cross section recorded for the highest
mean rotational energy of the ion (47.9 meV) has been larger
than that for the next lower rotational energy (32.5 meV) for
each individual series of pump line variation, in other words,
the minimum in the cross section is considered statistically
significant. In a later section we will introduce model calcula-
tions, the results of which are shown in Fig. 4 and 5 as
dashed lines.

Results of quantum chemical calculations

In order to shed additional light on the reaction paths for PT
and DT quantum chemical calculations were performed. Similar
to our previous work12 the reacting ions were calculated at zero
Kelvin to account for the experimental state-selection. All other
species were set to 298 K. The rotational energy and the collision
energy have to be considered in addition when discussing the
energy balance of the reaction. This approximates the conditions
operative in the experiment described above.

The reaction path includes one transition state and two
intermediate local minima. The relevant geometries are illu-
strated in Fig. 6. The two HCl moieties approach with the H–Cl
axis pointing in orthogonal directions. In going to the transi-
tion state one H atom starts to rotate into the Cl–Cl axis.
Beyond the TS one H–Cl bond breaks and another is formed.
The reacting system passes through an ion-neutral complex,
HClH+� � �Cl, before reaching the product state.

A similar, however not identical, reaction path has been
reported by Burda, Hobza and Zahradnı́k.21 The difference
appears in the geometry of the transition state, where in our
calculations the Cl–Cl distance is slightly larger. We have
performed IRC-calculations to ensure, that our proposed tran-
sition state is linked to both intermediates shown in the Fig. 6.

The calculated energy values for the proton transfer reaction
are listed in Table 2 for the different levels of theory applied. All
calculations lead to a self-consistent picture of the reaction path,
with only small differences between the methods and basis sets
employed. In the following we concentrate on the highest level of
computation employed, i.e. the CCSD(T)/aug-cc-pVTZ.

In principle the energetics for PT and DT are not necessarily
identical due to the effect of the zero point vibrational energies
which may vary differently along the reaction path.

A subtle detail arises from the fact that, in the transition
state of DT, we have to specify the position of the deuteron
either sitting between the two bridging chlorine atoms (DT2), or
terminally (DT1). In total we arrive at three different energetic
profiles indicated in Fig. 6, one for the PT and two for the DT.
Of course the overall reaction enthalpy does not depend on the
position of the deuteron. The exothermicity obtained here is
�0.93 eV for the PT versus�0.96 eV for the DT (see Table 4). The
absolute value of this difference is slightly larger than the value
derived from experiment.14 The energies of the stationary
points for the three energetic profiles mentioned above are
given in Table 3. The data reveal that the energies for PT are
higher by about 25 meV than DT1. The energies for DT2 always
lie between that for PT and DT1. This implies that for DT the
deuteron is energetically favored in the terminal position.

Experimentally the difference between DT1 and DT2 is not
accessible in the current experiment. Only a double isotope labeling
(hydrogen and chlorine) would allow measuring the difference.

Fig. 6 Schematic drawing of the reaction path at the CCSD(T)/aug-cc-
pVTZ level, starting point was set to zero. For further details see text.

Table 2 Relative energies in eV for the proton transfer reaction, starting
point was set to zero

Method/basis set

Step MP2/tzvpp CCSDT/tzvpp CCSDT/ccpvtz CCSDT/augccpvtz

start 0 0 0 0
int1 �1.62 �1.58 �1.57 �1.63
ts �0.87 �0.94 �0.95 �1.00
int2 �1.25 �1.21 �1.22 �1.24
end �0.93 �0.94 �0.94 �0.93

Table 3 Relative energies for PT, DT1, DT2 in eV at the CCSD(T)/aug-cc-
pVTZ level, starting point was set to zero

Step PT DT1 DT2

start 0 0 0
int1 �1.632 �1.659 �1.657
ts �1.000 �1.024 �1.008
int2 �1.241 �1.267 �1.253
end �0.931 �0.957 �0.957

Table 4 Parameters obtained in the modeling of cross sections for PT
and DT according to eqn (3)

PT DT

a 25.596 20.704
b �23.627
c �17.768
d �0.098
e �2.121
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Modelling of cross section data

In the following section we will attempt to rationalize the
experimental findings. We start by comparing the measured
cross sections (R5 pump line) with values expected from
Langevin and approximate dipole orientation (ADO) theories
in Fig. 7. Here, the data measured on the R5 pump line have
been chosen since the average rotational energy resembles that
of a thermal room temperature sample.

According to the classical Langevin theory the cross section
of an exothermic ion-molecule reaction is given by:29

sL Ec:m:ð Þ ¼ p � 2 � a � e2
Ec:m:

� �1
2

(1)

Evidently our measured cross sections are only about 20% to
30% of the Langevin limit. Furthermore, the cross section does
not scale with E�1/2 but rather with approximately E�2. Classical
Langevin theory only considers the interaction of a point charge
with a polarizable molecule.29 Since the HCl molecule has a
dipole moment of about 1.1 D30 orientation effects might be
expected to play an important role. Such orientation effects
have been very successfully described by means of the ADO
theory developed by Su and Bowers31 and later parametrized
against trajectory calculations (TC) by Su.32

In the framework of the ADO theory the thermal rate
constant is given by

kADOðTÞ ¼
2 � p � qffiffiffi

m
p �

ffiffiffi
a
p
þ c � m �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

p � kB � T

r� �
(2)

where the first term reflects the capture limit and the second
term the ion–dipole contribution, c = 0.1724 for the current
reaction system.33 The rate constants are then converted to
cross sections via the relation s = k/vrel, where vrel is the relative
velocity of the two moieties at the given collision energy.

The ADO theory has been originally setup for the interaction
of a point charge with a molecular dipole. It is based on the
assumption that the charge–dipole interaction energy contributes

to the attractive part of the potential. This intrinsically leads to
larger cross sections compared to the Langevin limit, i.e. larger
deviation from the experimental data. The parameterized
trajectory calculations effectively interpolate between the ADO
result at low collision energy and the Langevin result at high
collision energy. The average rotational energy of the dipolar
molecule enters into both theories as effective temperatures.
Evidently our measured cross sections are significantly smaller
than the theoretical limits. The title reaction does not conform
to the capture limit.

Although the ADO theory has been developed for the inter-
action of a point charge with a diatomic dipole implying that
the rotational energy taken into account is that of the diatomic,
the ADO has also been successfully applied to more complex
reactions of the type polyatomic–polyatomic, e.g. by Bohme and
coworkers.34,35 This could be the result of rotational effects
being averaged over contributions from the ion and from the
neutral leading to an effective average angle between the main
axes of the two molecules.

In order to analyze whether the ADO theory can at least in
principle account for the rotational energy dependence of the
cross sections we have in the following assumed that the
rotational energy of the molecular ion can be converted into
an effective rotational temperature of the system via Erot = kB�T.
Since the absolute cross sections predicted by the ADO theory
are a factor of 3 to 5 higher than the experimental cross
sections, it is not helpful to compare these absolute numbers.
Instead we compare the cross sections normalized to the value
measured/calculated for the R(1) pump line/rotational energy
of 0.5 meV (cf. Fig. 8).

Intrinsically the ADO theory predicts a monotonic decrease
of the cross section with increasing rotational energy/temperature.
Thus, the minimum of the experimental cross sections around
E = 30 meV, which we consider significant, cannot be rationalized.
Still, the relative variation of the cross sections with Erot is in the
correct order for collision energies of 0.2 eV, and 0.5 eV. For all
larger collision energies there is a pronounced discrepancy
between the experimental and the calculated cross sections.

Fig. 7 Comparison of experimental cross sections measured on the R5
pump line (diamonds) to calculations according to the Langevin theory
(squares), the original ADO theory (crosses) and parametrized trajectory
calculations (TC) (circles).

Fig. 8 Cross sections for PT normalized to the value at Ec.m. = 0.2 eV and
hEroti = 0.5 meV; symbols experimental data, dashed lines result of
parametrized trajectory calculations as outlined in the text.
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Thus, not only the absolute cross sections predicted are too
high (cf. Fig. 7), also the relative variation of s with Ec.m. does
not match the experimental data (cf. Fig. 8).

Evidently theories based on the assumption of a capture
limit cannot reflect all details of the experimental observations.
Most likely the appropriate theoretical treatment of the data
would be performing state-selective molecular dynamics calcu-
lations on an ab initio potential energy surface. Such calcula-
tions have been reported by Hase and coworkers for the
reaction of protonated urea with molecular nitrogen.36 Here,
the generation of the appropriate multi-dimensional potential
energy surface represents a formidable challenge. In fact very
recently Hase and coworkers reported such a PES for the
reaction system HBr+ + CO2,37 for which the state-selective
cross sections for proton transfer have been reported by Paetow
et al.12,13 Based on this PES MD calculations can now be
performed as the next step.38 The ab initio calculations providing
the one dimensional reaction path presented in a previous
section are a helpful input to more extensive multi-dimensional
PES calculations. The latter, however, are beyond the scope of
this work.

At this point we have decided to perform some parametric
model calculations which we hope provide some guidance to
future more elaborate work. In fact there are few reports on a
minimum of the cross section for specific rotational angular
momentum, N, of one reactant. One possible interpretation is
connected to the competition between two processes, the
decrease in s with increasing N due to the decreasing orienta-
tion effect and an increase in s with increasing N due to an
energy effect enhancing the reaction probability.39,40

Clearly the experimental cross sections depend on the center
of mass collision energy and the rotational energy of the ion.
Consequently we set up a model where the cross section
depends on an effective collision energy, Eeff, where Eeff contains
contributions from the center of mass collision energy, Ec.m., and
from the rotational energy of the two reacting molecules, Ecorr.,
i.e. s(Eeff) = s(Ec.m. + Ecorr.).

A close inspection of the data suggests that the cross section
for PT exhibits a minimum around 30 meV. This corresponds
to a situation where the rotational energy of the ion and
the neutral and consequently also the rotational velocities
are basically equal. In going from the PT to the DT a corre-
spondingly higher rotational energy of the DCl+ is required to
match the rotational velocity of the neutral HCl. In this case the
minimum in s would be shifted to a rotational energy on
the order of 60 meV. This would be just outside the range
investigated in our work. The fact that the measured cross
section for DT decreases up to the highest rotational energy
investigated is at least compatible with this scenario.

Thus, we assume that the correction term, Ecorr., scales with
(oion � oneutral)

2. Furthermore, the magnitude of the correction
term depends on the center of mass collision energy, it is large
for small Ec.m. and decreases with increasing Ec.m.. In our model
we take that into account by a term c�E d. Finally as a subtle
detail we need a final parameter, e, taking into account the
offset of the parabolic term (oion � oneutral)

2. Combining these

concepts we arrive at the following expression for the cross
section,

s ¼ a � Ec:m: þ
oion � oneutralð Þ2 þ b

c � Ed
c:m:

" #e
(3)

where the rotational velocities are entered in GHz, the center of
mass energies in eV, the resulting cross sections are in Å2.
Ultimately we have determined the parameters a to e by non-
linear least square fitting of the model to all experimental data
for PT and DT. The optimized parameters are listed in Table 4.
The results of the modelling calculations are shown as dashed
lines in Fig. 4 and 5. The pivotal point is, that we arrive at a
reasonable representation of all data by enforcing that the
parameters b to e are identical for PT and DT. The only
parameter allowed to be different for PT and DT is the scaling
parameter a.

We wish to emphasize that the overall value of the cross
section is dominated by the contribution corresponding to a
term a�Ee, in principle a scaled Langevin contribution.
As already mentioned earlier the exponent is close to e E �2,
not untypical for ion-molecule reactions. The parameters
b, c and d represent the correction term to the effective energy
available to the reacting system, which depends on the relative
rotational velocities of the ion and the neutral. This correction
term has positive values in the entire range considered, it
exhibits a maximum for the PT around 30 meV and decreases
with increasing Ec.m..

Evidently the model proposed is capable of describing the
experimental data convincingly. Thus, the experimental data
are compatible with a model based on the assumption that the
relative rotational velocity of ion and neutral determines the
rotational energy dependence of the cross section data. Cleary,
we cannot exclude the possibility that other models and in
particular more sophisticated theories might provide a better
description of the cross sections.

It is interesting to compare the rotational angular momenta
of the ions to the orbiting angular momenta at specific collision
energies. For all collision energies the total angular momentum
is dominated by the orbiting angular momentum. At the
smallest collision energy of 0.2 eV and the respective highest
rotational pump line the ratio of Lorbit : Lion is about 29 for HCl+

+ HCl, and about 22 for DCl+ + HCl.
Hase and coworkers have reported a number of dynamical

studies focussing on anionic reactions aimed at SN2 reactions.
There, statistical theories often don’t reproduce the experimen-
tally measured rate constants.41 An exception appears to be the
reaction F� + CH3Cl - FCH3 + Cl� where the translational
energy dependence observed in the experiment agreed well
with numbers derived from statistical theory as well as from
trajectory calculations.42 The potential energy surface is con-
ceptionally similar to the one operative in the current work in
that there are two intermediate local minima separated by an
intermediate transition state. In the SN2 example42 the inter-
mediate barrier occurs about 0.5 eV below the entrance channel,
yet still affects the dynamics. In the reaction of this work the
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intermediate barrier is even lower, about 1 eV below the entrance
channel. Thus one might expect that its effect on the dynamics is
even smaller compared to the CH3X example. However, we have
to note, that the SN2 reaction mentioned above occurred close to
the capture limit, while the title reaction of this work proceeds at
only 20% to 30% of the capture limit.

There are few reports on a minimum in the cross section as a
function of the angular momentum of one of the reactants. We
suggest that such a minimum could originate from the relative
rotational velocities of two reacting moieties. In thermal experi-
ments where the average rotational energy of all reactants is
changed concomitantly the relative rotational velocity is not
changed upon changing the temperature. In fact this is the
advantage of the state-selective ion-molecule reaction experi-
ment, where the rotational angular momentum of the ion is
systematically changed and the average angular momentum of
the neutral is kept constant. Still, to date there are few reports on
the rotational energy (or angular momentum) dependence of
cross sections for PT in the literature. In most cases the cross
section monotonically decreases as a function of Erot.

3,12,13 We
are not aware of another example of the cross section running
through a minimum as a function of Erot. For the reaction H2O+ +
H2 - H3O+ + H the cross section exhibits a maximum around
T = 350 K.43 On grounds of dynamical restrictions where the
rotational frequency of the molecules involved has to match the
orbiting frequency of the collision complex one would expect
extrema of the cross section for particular rotational energies of
the ion. Such a model has been proposed by Sathyamurthy.44

The reaction path for PT and DT involves a hydrogen
(deuteron) atom moving in between the two chlorine atoms.
This implies that the rotational frequency of the molecules and
the orbiting frequency of the colliding system should be
different. At this point we speculate that the minimum in the
cross section observed correlates with the two relevant angular
frequencies matching in an unfavorable manner. Clearly,
further theoretical investigations are required to fully under-
stand the dynamics of this PT and DT. However, this is beyond
the scope of this work.

Compared to PT and DT there are even less reports on a
marked rotational dependence of s for a charge transfer. The
charge transfer from Kr+ to HCl was shown to exhibit a
minimum as a function of the center of mass collision energy.
With increasing rotational temperature of the HCl the rate
constant decreased.1 In a rotationally state-selective experiment
Ng have not observed a measurable rotational dependence for
the CT N2

+ + Ar - N2 + Ar+ 9 The cross section for hydride
abstraction by NO+ from C2H5OH did not depend on the
rotational angular momentum of the NO+ either.8 An alternative
approach for investigating rotational effects in ion-molecule
reactions is based on ion trapping.45

5 Summary

The cross sections for proton (deuteron) transfer and charge
transfer in the HCl+ (DCl+) + HCl self-reaction system have been

investigated by means of the GIB technique. The cross section for
PT and DT decrease with increasing collision energy as expected
for an exothermic reaction. The absolute cross sections are about
a factor of 3 to 5 smaller than the Langevin limit. The energy
dependence of the cross section is considerably steeper than
predicted by capture theories. The cross section for CT exhibits a
maximum at a collision energy of 0.5 eV, indicating the possible
dynamical role of an intermediate barrier.

For small rotational angular momentum of HCl+ (DCl+) the
cross section for PT and DT respectively decrease with increasing
rotational angular momentum as observed in several previous
investigations of this kind. However, for the largest angular
momenta the cross section increases again with N+ for PT.

Neither the absolute cross sections nor the energy depen-
dence of the cross sections can be reproduced by simple
capture theories based on the approximate dipole orientation
theory. Instead, the experimental data have been rationalized
by an empirical model accounting for the contributions of the
center of mass collision energy as well as relative rotational
velocities of the molecular ion and the neutral. A minimum of
the cross section for PT transfer occurs if the rotational
velocities of the ion and the neutral match. The experimental
data for both PT and DT are compatible with this model. The
contribution from the rotation of the ion and the neutral to
the effective energy available to the reacting system appears
to depend on the collision energy. This becomes obvious
when plotting normalized cross sections as a function of the
rotational energy (provided as ESI†).

Clearly, more sophisticated dynamics calculations, e.g. of
the type reported by Hase and coworkers,36,37 are required for a
better understanding of the new results presented here. We
hope to stimulate such calculations by this report.

Additional information is available as ESI,† in particular
(i) the normalized cross section data, (ii) an alternative model
calculation, (iii) geometry and frequency parameters from the
ab initio calculations and (iv) a table of relevant orbiting and
rotational angular momenta.
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