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Abstract. Calculations of rate constants for 35 reactions
of first and second row monocations with different
neutrals are presented. A combined rotationally adia-
batic capture and centrifugal sudden approximation is
used. The majority of predicted rate constants are in
good agreement with the experimental measurements.
An exploration of energetics of the potential energy
surface for some of those cases in which prediction fails
has been done using ab initio G2 theory. These cases
usually correspond to situations in which the reaction is
not as exothermic as the application of capture approx-
imation requires or secondary barriers exist in the
reaction path. Second row cations present these kind
of problems due to their smaller electronegativity with
respect to cations of the first row.

Key words: Rate constants — Cation reactions —
Adiabatic capture

1 Introduction

Ion gas-phase chemistry has been an area of major
interest and growth in recent years [1]. Theoreticians and
experimentalists have paid special attention to this
subject, mainly due to its well-known importance in
plasma, atmospheric, interstellar and circumstellar
chemistry [2]. In the experimental field several tech-
niques have been developed to study different aspects of
ion gas-phase reactions. Improvements, mainly in high-
resolution ion spectroscopy [3] and mass spectrometry
[4], have made it possible to carry out accurate
measurements, overcoming the intrinsic difficulties of
working with such highly reactive systems. Nevertheless,
in spite of widespread technological improvements, the
experimental determination of magnitudes such as rate
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coeflicients is still arduous. Only a small number of ion-
molecule systems relevant to interstellar chemistry have
been investigated experimentally, although reliable tem-
perature-dependent rate constants are crucial to perform
simulations of chemical synthesis in different interstellar
media. Therefore, theoretical calculations play an im-
portant role in producing many of the required con-
stants, as well as in the fundamental understanding of
ion-molecule reaction.

From the theoretical point of view, the development
of ab initio methods allows energies, structures and vi-
brational frequencies to be calculated quite reliably. In
this sense a vast amount of information about thermo-
dynamic aspects of this kind of systems has been re-
ported; however, the available information on dynamics
is still rather scarce. Several theories have been elabo-
rated to describe chemical reactions; many of these
theories are based on rigorous quantum mechanics and
are usually applied to systems with barriers in the po-
tential energy surface [5]. In this paper we are interested
in the so-called fast reactions [6]. These reactions have
rate constants that may be orders of magnitude larger
than those corresponding to reactions with a barrier. An
usually common characteristic of these systems is that
the rate constants are dominated by the long-range part
of the potential. This fact makes possible two important
simplifications; in the first place, it is reasonable to as-
sume a classical capture approximation, i.e. a reaction
will occur if there is enough translational energy along
the reaction coordinate to overcome the centrifugal ro-
tational barrier. Secondly, it is not necessary to solve the
Schrédinger equation over the whole space, but only in
the long-range part of the entrance channel to the re-
action, where the potential could be accurately described
in terms of multipolar moments and other molecular
properties. Considering these two premises, a large
number of approximate theories have been proposed for
ion-dipole reactions [7]. In the present study we employ
a method which combines a rotationally adiabatic cap-
ture and centrifugal sudden approximation (ACCSA) [8,
9]. This method has been applied successfully in previous
studies [10—12] not only for ion-dipole systems, but also
for some molecule-molecule reactions involving both
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ions and neutrals [8]. This approach is particularly ac-
curate for reactions involving proton transfer [13], which
are especially suitable for this method because they are
strongly exothermic reactions with no secondary barriers
in the potential energy surface. These characteristics
make it possible to neglect the probability of reflection
of reactive flux through the centrifugal barrier.

Our main goal in this work is to calculate global rate
constants for a large number of ion-dipole systems for
which experimental information is available. The ob-
jective is to test the method for reactions of a wide
number of cations (not only from the first row, but also
from the second row) with different neutrals. In some
cases in which we have found disagreement between
theory and experiment we have used ab initio calcula-
tions to explore the energetics of the potential energy
surface in order to determine the causes of this dis-
agreement. Some of these hypersurfaces, mainly those
corresponding to systems of small size, have been re-
ported previously in the literature; some others have
been calculated, totally or partially, in this work.

2 Computational details
2.1 ACCSA method

In this section we outline the main features of the
ACCSA method. The reader can find a more complete
description in Refs. [8-10].

As stated in Sect. 1, the ACCSA method is suitable
for systems in which the long-range intermolecular
forces are dominant, for instance, strongly exothermic
reactions with no barrier in the potential energy surface.
The intermolecular potential in the long-range region
can be described as follows:

V(R,0) = —aq®/2R* — qup, cos 0/R*

where R is the vector between the ion and the centre of
mass of the molecule, y, is the dipole moment, o is the
isotropic polarizability, ¢ is the charge on the ion and 0
is the angle that R makes with the direction of the
molecular dipole.

The use of this potential is not a necessary constraint
in the ACCSA method. Any other suitable potential, for
instance any potential obtained with ab initio methods,
can be used, providing it can be expanded in terms of a
Legendre series in cos 0.

The Hamiltonian for the entrance channel, written in
body-fixed coordinates, is:

1 & J—ijl?
PN
2uR OR 2uUR
where j is the rotational momentum of the molecule and
J is the total angular momentum for the ion-molecule
system, and u is the reduced mass of the collisional

system.
If we assume the centrifugal sudden approximation,

we can replace |J — j|* by the diagonal value [J(J + 1)+
i> — 2Q%]. With the potential given, depending only on R

H = H,o — +V(R,0)

and 6, this approximation eliminates the coupling be-
tween states of different Q (the projection quantum
number for both J and j along the body-fixed Z-axis).

In this study we have considered the molecule as a
symmetric top for which H; is given by:

H,op = Bj* + (4 — B)j?

Diagonalization of H over a range of fixed R values
yields the rotationally adiabatic potential-energy curves
{eika(R)}, where the j, K and Q labels refer to the
quantum numbers of the asymptotic state.

To calculate the reaction cross-sections, the capture
approximation is applied: the reaction probability is
unity if the collision energy is above the centrifugal
barrier and zero if it is below. This approximation en-
ables us to obtain capture cross-sections, state-selected
in j and K, for an appropriate range of collisional en-
ergies. Maxwell-Boltzman averaging over this grid of
energies yields the state-selected rate constants, ki (T),
and finally averaging again over the initial rotational
states we have the global rate constants, k(7). In our
case the global rate coefficients are reported at 300 K as
the experimental values available are given at this tem-
perature.

Although the ACCSA method provides valuable in-
formation about state-selected cross-sections and rate
constants as functions of the temperature, our main goal
here is to calculate global rate constants for a large
number of ion-dipole systems for which experimental
data have been reported. In any case this information
(state-selected cross-sections and rate constants as
functions of the temperature) is available from the
authors upon request.

The main advantages of this simple method are its
low computational cost and its general applicability. For
ion-molecule systems, the only parameters needed are
the ion charge and some molecular properties (dipole
moment, polarizability, mass and rotational constants).

2.2 Ab initio calculations

As mentioned above, in some specific cases where a
significant disagreement was found between the exper-
imental rate constant and our theoretical estimation, we
have explored the energetic characteristics of the poten-
tial energy surfaces along the reaction path by using
ab initio molecular orbital calculations. More specifical-
ly, we have done this study for the O (*S) + NH; and
N*(°P) + NH; systems and we have also calculated
some stationary points of the C* 4+ H,O surface in order
to complete the reaction profile since, as we will see, the
[C,H,,0]" system has been studied before. In all cases
the geometries of the structures involved were optimized
at the MP2/6-31G* level. In order to obtain as reliable
energetics as possible, the total energies were determined
in the framework of the G2 theory [14]. G2 theory is a
composite procedure based on Mgller-Plesset perturba-
tion theory at second and fourth orders (MP2 and MP4)
and quadratic configuration interaction including single,
double and triple excitation QCISD(T) levels of theory.
Assuming additivity of different basis set enhancements



at the MP4 level and additivity of basis set and
correlation effects between MP4 and QCISD(T), a total
energy effectively of a QCISD(T)/6-3114+G(3df,2p)
quality is obtained. Frequency calculations were carried
out at MP2 level and zero point energies were then
scaled by the empirical factor 0.93.

All these calculations were performed using the
Gaussian-94 series of programs [15].

3 Results and discussion

We have applied the theory described above to systems
constituted by first and second row monocations
(CY,N*,0%, F*,Si" P" ST CI") and different neutrals
(NH3, H,0, CH;0H, H,CO, H,S, HCOOH).

Table 1 shows the molecular parameters used to build
the potential for each case. Ab initio calculations
sometimes yield molecular properties such as dipole
moments and polarizabilities affected by large errors so
we have employed the experimental values [16] for both
these properties. Rotational constants were obtained
from the corresponding optimized geometries at the
MP2/6-31G* level. In this respect it has been shown [10]
that for temperatures of 300 K and below, the K pro-
jection quantum number usually does not have an im-
portant effect on the reaction rate constant. Hence, we
have considered it reasonable to treat neutrals that are
not rigorously symmetric top molecules as if they were
by averaging the asymmetric top constants B and C.

In Table 2 we compare the experimental values of the
rate coefficients taken from Ref. [17] with our calculated
values. We also show the experimentally detected
products.

For a majority of reactions we find a good agreement
between experimental and theoretical rate constants,
with differences lower than 20%, which is the experi-
mental uncertainty assumed in most cases. When we find
disagreement we appreciate an overestimation of the rate
constant with respect to the experimental one in all cases
but for the N + HCOOH and O" + HCOOH reac-
tions. The aforementioned overestimation is an expected
result if we consider that all the approximations in our
method tend to yield an upper bound of the rate con-
stant. On the one hand, when the capture sudden ap-
proximation is used we are not taking into account the
probability of flux going back through the entrance
channel. Hence, if high barriers prevent the dissociation
of the collision complex into products it is possible that
reaction could be slowed down. On the other hand, the

Table 1. Molecular parameters. Polarizability* (A%), dipole moment®
(D), rotational constants® (cm™")

NH; H,O CH;0H H,CO  H,S HCOOH
o 2.26 1.45 3.29 2.45 3.80 4.42
w147 1.85 1.70 2.33 0.97 1.41
A 631 26.50 4.25 9.58 10.5 2.34
B 985 11.84 0.81 1.19 6.81 0.38

# Experimental values
Corresponding to the optimized geometries at the MP2/6-31G*
level

35

existence of repulsive excited state potential energy sur-
faces that are degenerated on the reactant side may also
lead to rate constants lower than the estimated ones [18].
In these cases we can apply a statistical factor f that
stands for the fraction of attractive potential energy
surfaces in such a way that the rate constant has a value
between the capture constant and the capture constant
multiplied by f (k. > k > fk.).

In summary, according to these arguments, in gen-
eral, it is very unlikely to obtain theoretical values below
the experimental ones by using the ACCSA method and
therefore we suggest it would be desirable to revise
the experimental rate coefficients reported for the
N* + HCOOH and O" + HCOOH reactions.

The analysis of reaction paths may be helpful in ra-
tionalizing those cases in which we found disagreement.
Many of these surfaces have been studied before and
have been reported in the literature, especially for those
cases where the size of the species involved allows an
ab initio treatment; we will make use of some of them in
our discussion. In other cases, where this information
was not available or was incomplete, we have explored
the characteristics of the stationary points along the re-
action path using the methods described in the section
on computational details.

The first finding that attracted our attention was
the remarkable disagreement between theoretical and
experimental rate constants found in the case of Si'
reactions when the neutrals are NH3; and H,O, while for
the other cation of the same group, C", the agreement is
reasonably good. The dynamics of the reaction
Si* 4+ NHj3 has already been studied by Flores et al. [19]
by means of an approximate classical trajectory method
and RRKM theory and therefore will not be discussed in
detail here. Briefly, the conclusions of this study indicate
that Si* 4+ NHj is a reaction in which there are repulsive
PES degenerated on the reactant side and also high
energetic barriers in the dissociation channels of the
collision complex. These are the reasons why their esti-
mated capture constant at 300 K has a value of
2.03 x 10°cm® s~' molec™! while the bimolecular value
is found to be 0.66 x 10" cm?® s~! molec™!, i.e. approx-
imately one third of the capture constant.

Related to the Sit +H,O reaction, the thermo-
chemical stabilities of the isomers of [Hy,Si,O]" have
been reported [20]. We have found it interesting to
compare this reaction with its analogous C* + H,O. The
hypersurface [H,, C,0]" has been described in Refs. [21,
22]. There the main goal was the study of rearrangement
and dissociative processes associated with formaldehyde
and methanol cations respectively. We have used this
information to construct the reaction profile of
C* 4+ H,O, calculating the stationary points needed to
complete this profile at the G2 level of theory, the same
level employed in Ref. [22].

In Fig. 1 we can see that reaction paths are similar in
both cases, with minor differences. Although the sur-
faces have been calculated at different levels of theory it
is reasonable to assume, due to the quality of both cal-
culations, that there must not be qualitative differences
and the quantitative changes will be small. In these
reactions the first step is the formation of the adduct
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corresponding to the association of the cation with the
oxygen atom of the water molecule. The complex could
evolve through the transition state TS1/2 to the insertion
of the cation into the O—H bond or through the tran-
sition state TS 1/d to the dissociation into H + XOH™
fragments (X = C, Si). From complex 2 or its cis-isomer,
3, the reaction results in the loss of H. For Si* the only
possibility found is the fission of the Si—H bond without
any barrier. For C* the same possibility exists but it is
also possible to break the O—H bond through TS 2/d
and TS 3/d respectively. In this case the experimentally
detected products could probably be a mixture of
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HCO*'/COH™ isomers, as all the mechanisms are ener-
getically allowed, although formation of HCO™ seems to
be a more competitive process. It is noteworthy that the
products corresponding to the charge transfer process
are predicted to be 33.6 kcal/mol above the entrance
channel. This suggests that the small ratio of products
experimentally detected corresponding to the charge
transfer process might be a consequence of an excess of
kinetic energy in the colliding particles.

More relevant to our discussion is the importance of
energetic barriers in the mechanisms. While for
C* + H,O the higher barrier in the path is about 55 kcal/

Fig. 1. Energetic profile for A cHO
the C*(>P) + H,O and .
Si*(*P) + HyO reaction paths 1448
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mol below the reactants, in the case of Sit + H,O there
are important barriers for both possible mechanisms,
which are only about 10 and 3.5 kcal/mol below the en-
trance channel. Therefore Si* + H,O is not such a good
candidate for application of the capture approximation.

This is also the case for P™ + H,O; this reaction has
been studied in Ref. [23], both energetically and dy-
namically, employing the same method used in Ref. [19].
In this study they found only moderate agreement of the
computed bimolecular rate coefficient when a factor of
1/3 (which represents the fraction of attractive degener-
ate electronic states of the reactants at infinite separa-
tion) is used to correct the capture rate. This may be due
once again to the presence of high barriers [23] in the

Fig. 2. Energetic profile for the A
F*(*P)+ H,0 and F+HQ
CI* (3P) + H,O reaction paths
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=
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a
A
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reaction profile that make the reactive flux going back
non-negligible.

We can give a similar explanation in the case of
F™ and CI" 4+ H,0 reactions. The triplet and singlet
potential energy surfaces for both reactions have been
studied in Refs. [24] and [25] respectively. Here we will
assume that reactions occur on the ground (triplet) state.
In Fig. 2 we show a simplified scheme of these surfaces in
which we have omitted those stationary points that are
not relevant to this work.

The F* 4+ H,0 reaction is extremely exothermic. The
products corresponding to the charge transfer process
are predicted to be 109.7 kcal/mol below the reactants.
Other possible products (OH + HF" and OH" + HF)
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are also found considerably below reactants (48.2 and
119.9 kcal/mol). The path between reactants and prod-
ucts goes through different isomers, all of them ener-
getically accessible with barriers far below the entrance
channel. The CI" 4+ H»O reaction is very different. Here
the only possible products of reaction are H,O" + Cl,
due to the presence of barriers higher in energy than
reactants that prevent dissociation into other products.
The charge transfer products are only at —5.0 kcal/mol
below the reactants, i.e. the reaction is only slightly
exothermic. Then, once again, the application of capture
theory is more questionable.

In general we see that reactions which involve second
row monocations are less suitable for application of the
capture approximation. If we exclude Nt + HCOOH
and O" + HCOOH reactions for the reasons given

A
N'+NH,
1567 |
_ "NH+NH,
= ;1091
g ‘NH + H,
g ;1045
579 .
N +NH}
TS 12
: ST
Lo 13
NNHy HNNH;
a
A
O*+NH,
839
i - "OH+NH
__T;M . 346
169
HONH
F Tl o enmg
00
ONH;

b

Fig. 3. Energetic profile for the N*(*°P) + NH; and O™ (*S) + NH;3
reaction paths
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above, we find that over 80% of reactions of the first row
cations considered yield an agreement between our the-
oretical estimation and the experimental rate constant
within 20% . However, this agreement is only reached
for 35% of reactions involving second row cations. This
clearly corresponds to the smaller electronegativity of
this species compared with their corresponding first row
analogs. The first row cations bear much better the de-
ficiency of electronic charge and the energy released is
smaller for second row cations. Hence this energy might
not be enough to overcome subsequent barriers and re-
flection of the reactive flux may not be discarded.

However there are other cases in which discrepancies
between experiment and theory are not well understood.
For instance, we found it interesting to investigate the
O™ + NHj; reaction. We have chosen the N™ + NHj re-
action for comparison with this system as it is a very
similar reaction for which we have found a good agree-
ment (within 8%) between theory and experiment. In a
previous ab initio study on the N + NHj reaction, the
ground and excited states have been described [26]. However,
we found serious discrepancies with this study as far as the
relative stabilities of the different stationary points of the
Potential Energy Surface (PES) are concerned. Hence, we
consider it worth including our calculations here (see Fig. 3).
Details of geometric parameters and other properties of the
different structures are available upon request.

In Fig. 3a we show the reaction profile for the
N + NHj reaction. The first step corresponding to the
formation of the adduct was reported in Ref. [26] to be
201.5 kcal/mol exothermic. Our estimations predict a
much smaller value (156.7 kcal/mol). This large differ-
ence is very unlikely to be a consequence of the im-
provement in the level of theory.

This complex could evolve to yield the charge transfer
products, situated at 57.9 kcal/mol or through the
transition structure TS 1/2 to yield the insertion of the
nitrogen atom into one of the N—H bonds. From this
latter isomer the dissociation into fragments NH; + NH
was predicted in Ref. [26] to happen through a new
transition state. This is a surprising result as a charge-
dipole interaction is expected to take place without an
energetic barrier. We have found that the structure
proposed in the aforementioned reference is a saddle
point with two imaginary frequencies rather than a
transition state, even when the optimization is carried
out at the MP2/6-31 + G(D,P) level in order to include
correlation effects and diffuse functions in the basis set.!
Therefore we must conclude that the HNNH; complex
dissociates to NH; + NH without an activation barrier.

The profile of the O + NHj; reaction is basically
rather similar to the previous one (see Fig. 3b); once
again the first step is the formation of an adduct that
could evolve with no barrier to the charge transfer
products or through the transition state TS 1/2 to the
insertion complex that would eventually yield the cor-
responding fragments, OH + NH; . However in this case
charge transfer is a much more competitive process as

' The optimized structures in Ref. [23] were calculated at UHF/6-
31G**
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Fig. 4. Energetic profile for the

F'+HS
F*(?P) +H,S reaction path
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O +NH; products are only 7.1 kcal/mol above the
adduct, while evolution to the insertion complex has a
barrier of 30.0 kcal/mol. This fact agrees with experi-
mental evidence that shows that while for the N* + NH;3
reaction the fragments NH + NHJ are detected (20%),
for O + NHj3 the only products detected are those
corresponding to the charge transfer process.

The O" + NHj reaction profile is, in principle, ther-
modynamically appropriate for application of the cap-
ture approximation in the sense that it is sufficiently
exothermic. The fact that experimentally this reaction is
slower than predicted is not well understood and needs
further attention.

The case of the F* + H,S reaction is rather peculiar.
This is probably the most exothermic of all reactions we
are dealing with. A simplified scheme of this reaction
profile is given in Fig. 4 (taken from Ref. [27]); we have
only eliminated those enantiomeric structures that are
not relevant from the energetic point of view. It is quite
surprising that the estimated rate constant is signifi-
cantly higher than the experimental one. In contrast, for
its analogous reaction CI" + H,S the agreement found
between theory and experiment is good. Unfortunately,
there is no information about the hypersurface of the
CI" + H,S reaction but very probably the effect of the
minor electronegativity of the CI™ cation with respect to
F* will make this reaction much less exothermic and
therefore with more significant secondary barriers in the
reaction path. Hence the reasons why the F* + H,S
reaction is much slower than predicted are not evident,
mainly if one takes into account that the energetics of
the corresponding potential energy surface would indi-

93.0 .
FH+H+S

TS 12
644

12.8
FH+SH*

TS 213
v 502

0.0

HF --HS

cate this reaction to be one of the most suitable examples
for the application of capture approximation.

4 Conclusions

The ACCSA method has been applied to 35 reactions of
first and second row monocations with different neu-
trals. The predictions of global rate constants at 300 K
are in good agreement with experimental measurements
for the 80% of reactions involving first row cations but
only for 35% in the case of second row cations. The
systems for which the prediction fails usually correspond
to situations in which the reaction is not very exothermic
or secondary barriers are present in the reaction path.
This violates application of capture theory. Therefore
using this method as a first approach to obtain
theoretical values for rate coefficients in dipolar mole-
cule-ion reactions must be done carefully. This is
especially the case when the ion involved is a second
row atom since the smaller electronegativity increases
the height of secondary barriers in the potential energy
surface. In spite of this, there are some reactions
involving second row monocations for which the
ACCSA method predicts rate constants that agree very
well with experimental data. However, a preliminary
exploration of the energetics of reaction profile may be
very useful in determining if the reaction is suitable for
the application of capture theory.
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