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Abstract The reaction between the HO radical and
(H,O)n (n = 1, 3) clusters has been investigated employ-
ing high-level quantum mechanical calculations using
DFT-BH&HLYP, QCISD, and CCSD(T) theoretical
approaches in connection with the 6-311 4+ G(2df,2p),
aug-cc-pVTZ, and aug-cc-pVQZ basis sets. The rate con-
stants have also been calculated and the tunneling effects
have been studied by means of time—dependent wavepac-
ket calculations, performed using the Quantum—-Reaction
Path Hamiltonian method. According to the findings of
previously reported theoretical works, the reaction between
HO and H,0 begins with the formation of a pre-reactive
complex that is formed before the transition state, the
formation of a post-reactive complex, and the release of the
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products. The reaction between HO and (H,O), also begins
with the formation of a pre-reactive complex, which dis-
sociates into H,O...HO + H,O. The reaction between HO
and (H,0); is much more complex. The hydroxyl radical
adds to the water trimer, and then it occurs a geometrical
rearrangement in the pre-reactive hydrogen-bonded com-
plex region, before the transition state. The reaction
between hydroxyl radical and water trimer is computed to
be much faster than the reaction between hydroxyl radical
and a single water molecule, and, in both cases, the tun-
neling effects are very important mainly at low tempera-
tures. A prediction of the atmospheric concentration of the
hydrogen-bonded complexes studied in this work is also
reported.

Keywords Atmospheric chemistry - Hydroxyl radical -
Water clusters - Reaction mechanism - Tunneling effects

1 Introduction

Hydroxyl radical (HO) is a very important species in sev-
eral fields of chemistry. In the earth atmosphere, it plays a
central role in the degradation processes of air pollutants
such as carbon monoxide or volatile organic compounds
(VOCs) [1]. In atmospheric conditions with low NOy
concentrations, hydroxyl radical can destroy one ozone
molecule producing molecular oxygen and hydroperoxyl
radical, which destroys a second ozone molecule yielding
molecular oxygen and recycling the hydroxyl radical [1-6].
Moreover, it also interacts with atmospheric gas-phase
water, and it can be taken up by atmospheric aerosols or
water droplets, so that it can oxidize soluble tropospheric
pollutants [7-9]. In biological systems, hydroxyl radical is
also a powerful oxidant. It is one of the well-known
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“reactive oxygen species”, which play an important role in
oxidative stress, aging, and cell damage [10-13]. In envi-
ronmental chemistry, hydroxyl radical is a highly oxidant
molecule reacting by addition to double bonds or by
abstracting hydrogen atoms. Its chemistry is directly rela-
ted to waste water treatments, and it is associated with the
peroxone chemistry as one of the advanced oxidation
processes [14-17].

H,0 + HO = HO + H,0 (1)

Among the reactions involving hydroxyl radical, the
reaction with water (reaction 1) has become a prototype for
the hydrogen atom abstraction reactions by free radicals.
This reaction is also relevant for atmospheric purposes
because it can be associated with the isotopic composition of
the atmospheric water [18]. In the troposphere, the
concentration of hydroxyl radical is close to 107’
molecule cm™> [3], and a typical gas-phase concentration
of H,O is 6.95 x 10'7 molecule cm™>, corresponding to
50% of relative humidity at 298 K, so reaction 1 can easily
take place. Unfortunately, the direct measurement of the rate
constant of reaction 1 is not possible because it is a silent
reaction regarding the formation of the products. However,
Dubey et al. [18] investigated the deuterium-labeled
reactions, and they suggested an activation energy
E, =42 + 0.5 kcal mol™' over the temperature range
300-420 K. Several theoretical studies have also been
published in the literature regarding reaction 1 [18-25],
reporting an energy of activation close to 10 kcal mol ™", but
pointing out an important contribution from quantum
mechanical tunneling effect.

In the present work, we are considering the theoretical
study of reaction 1 along with reactions of hydroxyl radical
with a cluster of two and three water molecules. Our aim is
twofold: (a) Firstly, to investigate how additional water
molecules affect reaction 1. It has been recently shown in
the literature that water vapor produces a catalytic effect in
several reactions of atmospheric relevance [26-34], and
therefore it is relevant to have a deeper knowledge of the
role that water vapor plays in gas-phase reactions involving
hydrogen atom abstraction processes; (b) Secondly, to
analyze the quantum chemical tunneling effect in the
studied reactions and consequently its influence on the
reaction rate. In this regard, it is known that complex
structures involving hydrogen transfer processes might lead
to enhanced tunneling [35-37]. In addition, it is worth
noting that water clusters exhibit a network of hydrogen
bonds, whose continuous rearrangement is inherently of
quantum mechanical origin. Zero-point energy issues add
to the former phenomena, thereby restricting the available
energy flows and substantially altering the ensuing H-atom
motion, when compared to classical mechanics predictions
[38]. Therefore, this quantum effect is studied here with
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emphasis on multidimensional issues and, in particular, on
specificities involving water clusters of increasing size, by
means of an efficient quantum reaction path methodology.

As far as we know, there are no data yet in the literature
regarding the reaction between hydroxyl radical and the
water dimer and trimer, despite its potential importance in
the chemistry of the troposphere and in climate change.
Pfeilsticker and coworkers [39] detected water dimers in
the atmosphere by near-infrared absorption spectroscopy,
and they suggested an atmospheric concentration of
6 x 10" molecule cm™ at 292 K; Dunn et al. [40] predict
a dimer concentration of 9 x 10'* molecule cm™ and
Goldman et al. [41] predict concentrations up to
1.7 x 10" molecule cm™* at high relative humidity. In
these studies, it has also been speculated that water trimers
may also exist in the troposphere, with a predicted con-
centration of 2.6 x 10'* molecule cm ™. Overall, these
data stress the potential role that water dimer and trimer
can play in the atmosphere.

2 Technical details of the calculations

We employed density functional BH&HLYP method [42]
with the 6-311 + G(2df,2p) basis set [43, 44] to optimize
all stationary points investigated in this work. At this level
of theory, we also computed the harmonic vibrational
frequencies to verify the nature of the corresponding sta-
tionary points (minimum or saddle point) and to provide
the zero-point vibrational energy (ZPE) and the thermal
contributions to the enthalpy and Gibbs energy. Moreover,
we performed intrinsic reaction coordinate calculations
(IRC) [45-48] to ensure that the transition states connect
the desired reactants and products. More accurate relative
energies have been obtained by performing single-point
CCSD(T) [49-52] energy calculations at the optimized
geometries using the more flexible aug-cc-pVTZ basis set
[53, 54].

The reliability of our results has been checked by per-
forming two additional sets of calculations on the water
dimer and trimer as well as on the prototype reaction 1.
The first one involves single-point CCSD(T) energy cal-
culations using the aug-cc-pVQZ basis set at the
BH&HLYP optimized geometries. The second one,
involves re-optimization of some selected stationary points
employing the QCISD method [55] with the 6-
311 4 G(2df,2p) basis set and then carrying out single-
point CCSD(T) energy calculations at the optimized
geometries using the aug-cc-pVTZ basis set. In this case,
we checked that the harmonic vibrational frequencies
obtained at QCISD and BH&HLYP levels of theory
compare well, which is necessary for the study of the
tunneling effects.
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Moreover, for reaction 1, we also carried out additional
CASSCEF calculations [56] to investigate the possibility of
finding valley-ridge inflection (VRI) points along the
potential energy surface (PES). In this case, we employed
the 6-311 + G(2df,2p) basis set and an active space con-
sisting in three electrons and three orbitals. Furthermore, to
get areliable energy position of the VRI point, we performed
single-point energy calculations at the CCSD(T) level of
theory with the aug-cc-pVTZ basis set for the transition state
and the VRI point located at the CASSCEF level of theory.

All the DFT, QCISD, and CCSD(T) calculations have
been performed by using the Gaussian 03 suite of programs
[57], whereas the CASSCF calculations have been done
using the GAMESS program [58].

The tunneling dynamics have been studied by means of
time-dependent wavepacket calculations, performed using
our recently developed Quantum—Reaction Path Hamilto-
nian method (Q—RPH) [59]. A coherent state wavepacket is
propagated in time along a potential energy profile, obtained
from the IRC associated with each of the present reactions,
under a position-dependent mass term, which accounts for
the effect of the transversal vibrational modes. It is thus an
effective one-dimensional reaction—path implementation of
the nuclear dynamics [60]. Thanks to the reduced-dimen-
sional nature of the method, it favorably scales with an
increase in the number of degrees of freedom, being suitable
for multidimensional dynamics studies of large polyatomic
systems [61, 62], including quantum effects. The variable
mass term is found to depend on gradients and hessians
along the reaction path, so that it is fully computed prior to
the propagation step and stored along with the potential
energy profile [63]. The Q-RPH method has proven to
reliably describe the multidimensional dynamics of several
polyatomic reactions such as H + H, and, remarkably,
F + H, (including the low-energy resonances), by means of
the above effective one-dimensional, variable mass method.
The transmission factor, i.e., the Fourier transform of a
suitable wavepacket’s autocorrelation function, has been
used to provide quantitative estimations of the tunneling
effect. Calculations are made defining a sufficiently large
spatial grid and then obtaining the time evolution with small
time increments, by means of an Askar—Cakmak numerical
method [64]. The number of grid points and the time
increment are used as convergence parameters to ensure
stability of results.

3 Results

As usual in many reactions of atmospheric interest, all
reactions investigated in this work begin with the formation
of hydrogen-bonded complexes occurring before the tran-
sition states, the formation of post-reactive hydrogen-

bonded complexes, and the release of products. Moreover,
all reactions considered in this work are symmetric, so that
pre-reactive and post-reactive complexes are the same
species and the reactants and products too. In what follows
the pre-reactive complexes are labeled by the prefix CR
followed by a number and the transition states are labeled
by the prefix TS followed by a number too. In many cases,
it occurs that there are isomers of a given stationary point
that differ in the relative orientation of dangling hydrogen
atoms. To distinguish between these isomers, we appended
lower case letters to the acronym of the corresponding
stationary point.

3.1 The water dimer and trimer

The water dimer and trimer have already been reported in
the literature, and we considered them as reactants in the
present study. The results regarding their relative stabilities
are contained in Table 1, whereas Fig. 1 shows the most
relevant geometrical parameters. As shown in Table 1 we
checked the reliability of our calculations by performing
geometry optimizations at the BH&HLYP and QCISD
levels of theory, and the computed bond lengths obtained
using both methods differ in less than 0.03 A. At the
optimized geometries, we carried out single-point energy
calculations at the CCSD(T) level of theory with the aug-
cc-pVTZ and aug-cc-pVQZ basis sets for de dimer and
with the aug-cc-pVTZ for the trimer.

The water dimer (H,0), has Cg symmetry. Its electronic
state is X'A’, and we computed a binding energy of
2.86 kcal mol™' in an excellent agreement with the
3.3 kcal mol™! reported in the literature [40, 65].

The water trimer has two isomers having a three-
membered ring structure, and we labeled them as (H,O);-a
and (H,0);-b. Both differ in the orientation of the dangling
hydrogen atoms (two toward one side and the third toward
the opposite side in (H,0);-a; and the three pointing to the
same side in (H,O)3-b, see Fig. 1). The probability that the
water trimer is formed by a collision of three water mol-
ecules is very low, and therefore we assumed that it is
formed by reaction between a water dimer and a water
molecule. Thus, taking (H,O), + H,O as reactants, the
computed binding energies are 7.73 and 7.40 kcal mol ™'
for (H,O)3-a and (H,0)s-b, respectively, which compares
very well with the 7.26 kcal mol ' reported in the litera-
ture [40].

3.2 The reaction between hydroxyl radical and a single
water molecule

As pointed out previously, there are several theoretical

studies in the literature dealing with this reaction [18, 19,
21-24]. Therefore, we considered only the reaction path
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Table 1 Zero-point energies (ZPE in kcal mol™"), entropies (S in a.u.), and relative energies, ZPE-corrected energies, enthalpies, and Gibbs
energies (in kcal mol™") for the formation of the water dimer and trimer

Compound Method® ZPE S AE A(E + ZPE) AH(298 K) AG(298 K)
H,0 + H,0 A 27.88 90.0 0.00 0.00 0.00 0.00
B 27.27 90.1 0.00 0.00 0.00 0.00
C 27.27 90.1 0.00 0.00 0.00 0.00
(H,0), A 30.10 69.4 —5.23 -3.01 -3.52 2.62
B 29.50 69.7 —5.20 —2.97 —3.45 2.63
C 20.59 69.7 —5.09 —2.86 —3.34 2.75
(H,0), 4 H,0 A 44.05 114.4 0.00 0.00 0.00 0.00
B 44.05 114.4 0.00 0.00 0.00 0.00
(H,0)3-a A 47.38 80.0 —~11.07 -7.73 —9.00 1.24
B 47.38 80.0 ~11.00 —7.67 -8.93 1.31
(H,0)5-b A 46.88 83.8 ~10.24 —7.40 —8.34 0.77
B 46.88 83.8 ~10.19 ~7.36 —8.29 0.82

# Method A stands for values computed at the CCSD(T)/aug-cc-pVTZ//BH&HLYP/6-311 + G(2df,2p) level with ZPE, enthalpy, and Gibbs
energy corrections obtained at the BH&HLYP/6-311 + G(2df,2p) level; Method B stands for values computed at the CCSD(T)/aug-cc-pVTZ//
QCISD/6-311 + G(2df,2p) level with ZPE, enthalpy, and Gibbs energy corrections obtained at the QCISD/6-311 + G(2df,2p) level; Method C
stands for values computed at the CCSD(T)/aug-cc-pVQZ//QCISD/6-311 + G(2df,2p) level with ZPE, enthalpy, and Gibbs energy corrections

obtained at BH&HLYP/6-311 + G(2df,2p) level
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Fig. 1 Selected geometrical parameters obtained at BH&HLYP and
QCISD levels of theory for the optimized structures of water dimer
and trimer. Values in parenthesis correspond to QCISD-optimized
geometries

having the lowest energy barrier, and we will focus on the
main trends regarding the reaction mechanism. For
this reaction, we also checked the reliability of our
calculations by performing geometry optimizations at
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BH&HLYP and QCISD levels of theory, and the com-
puted bond lengths obtained using both methods differ in
less than 0.04 A. At the optimized geometries, we carried
out single-point energy calculations at the CCSD(T) level
of theory with the aug-cc-pVTZ and aug-cc-pVQZ basis
sets.

Table 2 contains the relative energies of reaction 1, and
Fig. 2 shows an energy profile along with the most relevant
geometrical parameters of the stationary points. The reac-
tion begins with the barrierless formation of a pre-reactive
hydrogen-bonded complex (CR1), occurring before the
transition state (TS1), followed by the formation of a post-
reactive hydrogen-bonded complex (CR1) and the release
of the products. CR1 has Cg symmetry (X?A’), and it is
formed by interaction between the hydrogen of the
hydroxyl radical and the oxygen of water. The computed
hydrogen bond length is 1.898 A, and its binding energy is
computed to be 3.78 kcal mol ™', Our results are in excel-
lent agreement with other experimental and theoretical
results from the literature [27, 66-71]. TS1 has C, sym-
metry (*B), and it involves a hydrogen atom transfer (HAT)
mechanism. The hydrogen atom being transferred is placed
midway between the two oxygen atoms (dog = 1.150 1&).
The process corresponds to the homolytic breaking and
forming of the OH bonds, and it involves an adiabatic
energy barrier of 12.53 kcal mol ™!, relative to CR1, which
is in good agreement with other results from the literature
[19, 21, 22, 24]. Table 2 shows that the energy barrier
computed at different levels of theory used in this work
differs in less than 0.26 kcal mol~'. This provides further
support to the reliability of our results.
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Table 2 Zero-point energies (ZPE in kcal mol™"), entropies (S in a.u.), and relative energies, ZPE-corrected energies, enthalpies, and Gibbs

energies (in kcal mol_l) for the reaction between HO and H,O

Compound Method® ZPE S AE A(E + ZPE) AH(298 K) AG(298 K)
HO + H,O A 19.5 87.5 0.00 0.00 0.00 0.00
B 19.0 87.6 0.00 0.00 0.00 0.00
C 19.5 87.5 0.00 0.00 0.00 0.00
CRI A 215 67.3 —5.90 —3.85 —4.49 1.54
B 212 67.0 —5.87 -3.72 —4.39 1.77
C 215 67.3 -5.83 —3.78 —4.42 1.61
TSI A 18.8 60.2 9.27 8.55 7.00 15.14
B 18.4 60.3 9.15 8.56 7.02 15.17
C 18.8 60.2 9.48 8.75 721 15.35

4 Method A stands for values computed at the CCSD(T)/aug-cc-pVTZ/BH&HLYP/6-311 + G(2df,2p) level with ZPE, enthalpy, and Gibbs
energy corrections obtained at the BH&HLYP/6-311 4+ G(2df,2p); Method B stands for values computed at the CCSD(T)/aug-cc-pVTZ//
QCISD/6-311 + G(2df,2p) level with ZPE, enthalpy, and Gibbs energy corrections obtained at the QCISD/6-311 + G(2df,2p); Method C stands
for values computed at the CCSD(T)/aug-cc-pVQZ/BH&HLYP/6-311 + G(2df,2p) level with ZPE, enthalpy, and Gibbs energy corrections

obtained at the BH&HLYP/6-311 4+ G(2df,2p)
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Fig. 2 Schematic reaction profile and selected geometrical parame-
ters, at BH&HLYP and QCISD levels of theory, for the stationary
points of the H,O + HO reaction. Values in parenthesis correspond to
QCISD-optimized geometries

With respect to the PES of the HO + H,O reaction,
there is a controversy in the literature regarding the features
of the pre-reactive hydrogen-bonded complex. Unresolved
question concerns whether the pre-reactive complex is the
HOH...OH species, as suggested by Hand et al. [22], or the
global minimum H,0O...HO (CR1), as pointed out by
Masgrau et al. [19] and by Uchimaru et al. [21]. To bring
more light to this point, we also considered the possibility
that along the PES, it could exist a branching of the

reaction that could occur through a VRI point [72]. We
note that the steepest descent from the transition state in
mass-weighted Cartesian coordinates is the simplest and
widely used representation of a reaction path, which is well
known as the IRC [48]. However, it should be taken into
account that the IRC does not bifurcate, and due to this fact
this representation of a reaction path is not well adapted to
tackle the problem of branching reaction paths. Neverthe-
less, the VRI points gain importance when tackling the
problem of reaction path branching. In fact, the possible
existence of a VRI point along the PES in many cases
explains the mixture of products observed experimentally,
and now it is considered in many mechanistic studies [73].
From strictly theoretical point of view, the VRI points may
form a manifold in the configuration space of the chemical
species. This manifold can have the dimension N—2, if the
configuration space of the PES has dimension N [74]. The
characteristic attribute of a VRI point is that at least an
eigenpair of the Hessian at this point has zero eigenvalue.
This eigenvalue changes its sign when going along the
gradient, where the corresponding eigenvector is orthogo-
nal to the gradient. This means that a valley changes into a
ridge or vice versa. The above two conditions, namely
eigenvalue zero and zero overlap between the corre-
sponding eigenvector with the gradient, characterize the
N—2 dimensional manifold. In addition to the VRI points
another possibility emerges, that is, the IRC meets in a
point a direction with zero curvature of the PES orthogonal
to the gradient. There, the gradient is not orthogonal to one
of the eigenvectors of the PES, in the general case, the
eigenvalues are not zero. The zero curvature of the PES
along the level line comes from a suitable linear combi-
nation of the eigenvectors. This point is labeled as valley-
ridge transition point (VRTp). Notice that the features of a
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VRI point are stronger than those of a VRTp point. As will
see below, the present PES possesses this type of point.
In the PES associated with the present reaction mecha-
nism, the IRC curve leads directly from the transition state
TS1 to the corresponding deeper valley. The IRC curve
does not follow the crest of the ridge that leads to another
transition state, and it leads to one minimum that corre-
sponds to the global H,O...HO (CR1) minimum. In other
words, the located IRC leaves the asymmetric ridge, and it
goes to a minimum. However, this IRC path crosses an
equipotential line or contour line of the PES with null
curvature and meets with the border of the ridge region. At
the CASSCF level of theory, the VRTp is characterized by
a HO...HOH length of 1.458 A and a HO...H-OH angle of
151 degrees. Taking into account the CCSD(T) energies
computed at the CASSCF geometries, we predict that the
VRTp is located at 3.99 kcal mol~' below TS1. The bor-
der of the ridge region is defined by the set of points such
that the projected Hessian matrix [(I — P") H (I — P),
where the P matrix is build by the gradient direction and
the six zeros corresponding to translations and rotations]
has eigenvectors with null eigenvalues in addition to these
seven mentioned directions. These eigenvectors with null
eigenvalues are orthogonal to the gradient vector. Notice
that these eigenvectors are not eigenvectors of the full
Hessian matrix. At each point of the border line of the ridge
region, the direction of the equipotential line has null
curvature, and this direction is a linear combination of a
subset of eigenvectors of the full Hessian matrix. The
existence of a VRTp has important implications since both
the HOH...OH complex and the global minimum
H,0...HO (CR1) can be reached through this reaction.

3.3 The reaction between hydroxyl radical and a water
dimer

Figure 3 displays a schematic representation of the energy
profile of the reaction, along with the most relevant geo-
metrical parameters of the corresponding stationary points.
Table 3 contains their relative energies. For each of the
stationary points, we found two isomers differing in the
relative orientations of the dangling hydrogen atoms. These
two isomers are distinguished from each other by
appending the letter a, and the results displayed in Table 3
show that the two isomers of each stationary point are
almost energetically degenerate. For the sake of clarity, we
have drawn in Fig. 3 only one of these two isomers for
each stationary point, and the discussion along the text will
refer to only one of these isomers.

The potential energy profile schematized in Fig. 3 shows
that, starting at the (H,O), + HO reactants, the reaction
begins with the formation of a hydrogen bond complex
CR2, for which we computed a binding energy of
7.42 kcal mol™". This complex has a three-membered ring
structure where the two water molecules and the hydroxyl
radical are held together by three hydrogen bonds. The
calculated geometrical parameters compare quite well with
those reported recently by Tsuji et al. [75]. Then, the
reaction can proceed in two different ways, namely (a)
dissociating into the H,O...HO hydrogen bond complex
plus H,O and (b) proceeding through three different tran-
sition states. In this case, the exit channels are the same
species than in the reactant channels.

Regarding to path (a), the CR2a complex has a geo-
metric orientation that allows to dissociate directly into

Fig. 3 Schematic reaction A(E+ZPE) 1829, 17.74
profile and selected geometrical L l.ZiH‘k““ TS4, TS4a
parameters, at BH&HLYP level { " -~ 2160
of theory, of the stationary 1124 % 3 f ’
points of the (H,0), + HO k — 1210 & .
i 1322 ] g
reaction .; ias b
3
§
2151 & "‘ 1.969
o .®
LT 1
0.956 L 1.118
TS2, TS2a
H>0"+-H,0 + HO 6.06, 5.58 H,0++-H,0 + HO

0.00

-0.83
H,0-+-HO + H,0

CR2, CR2a
-7.42,-749
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Table 3 Zero-point energies (ZPE in kcal mol™"), entropies (S in a.u.), and relative energies, ZPE-corrected energies, enthalpies, and Gibbs
energies (in kcal mol_l) for the reaction between HO and (H,0),

Compound ZPE S AE AE + ZPE) AH(298 K) AG(298 K)
H,O...H,0 + OH 35.7 111.9 0.00 0.00 0.00 0.00
H,0...HO + H,0 35.5 1123 —0.66 —0.83 —0.96 —~1.07
CR2 38.5 79.7 -10.28 —7.42 —8.67 0.93
CR2a 38.1 77.9 —9.94 —7.49 —-9.03 1.12
TS2 35.5 76.2 6.27 6.06 4.8 14.95
TS2a 354 76.7 5.85 5.58 3.86 14.36
TS3 34.8 66.9 18.86 18.03 14.90 28.31
TS3a 34.7 67.0 18.45 17.52 14.41 27.80
TS4 36.2 67.7 17.79 18.29 15.38 28.55
TS4a 35.8 68.2 17.60 17.74 14.90 27.94

Values computed at the CCSD(T)/aug-cc-pVTZ//BH&HLYP/6-311 + G(2df,2p) level with ZPE, enthalpy, and Gibbs energy corrections

obtained at the BH&HLYP/6-311 + G(2df,2p)

H,0...HO + H,0 products, and the computed reaction
energy is —0.83 kcal mol~'. This process is tagged in the
present work as reaction 2, and it is very important from
atmospheric purposes as it contributes to the formation of
the hydrated hydroxyl radical in the atmosphere.

(H,0), + HO — CR2a — H,0...HO + H,0 (2)

Regarding to path (b), we found three different
elementary reactions. The first one occurs through TS2a,
which has a three-membered ring structure. This reaction
involves the homolitic breaking and forming of the O3—-H
and H-O/ bonds, respectively, so that the hydroxyl radical
abstracts one hydrogen atom from a water molecule through
a HAT mechanism. Figure 3 shows that the hydrogen atom
being transferred is slightly closer (0.956 A) to the oxygen
atom of the water moiety than to the oxygen atom of the
radical (1.118 A) and that the transition state is stabilized by
two hydrogen bonds. From an energetic point of view, our
calculations predict this transition state to lie
5.58 kcal mol ™' above the energy of the reactants water
dimer plus hydroxyl radical (see Table 3). At this point, it is
worth comparing this value with the 8.75 kcal mol™"
computed for the transition state of the H,O + HO
reaction described in the previous section (see Table 2).
Consequently, the addition of a second water molecule
produces a relative energy stabilization of the transition state
of 3.17 kcal mol ™', which can be attributed to the energy
stabilization produced by the formation of two hydrogen
bonds in TS2a. However, looking at the energy barrier
relative to the CR2a complex, the computed value is
13.07 kcal mol ™', which is even slightly larger than that
reported for the naked reaction (12.40 kcal mol_l, see
Table 2). Consequently, it seems that the possible catalytic
effect originated by the hydrogen bond stabilizations
occurring in the transition state is counteracted by the
enhanced stability of the pre-reactive complex, in a similar

way as reported by Allodi et al. [70] for the methane
oxidation by hydroxyl radical.

The second and third elementary reactions occur through
TS3 and TS4, which lie very high in energy (about
18 kcal mol~! above the energy of the (H,O), + HO
reactants; see Table 3; Fig. 3), so that it is expected that they
do not play any role. However, these elementary reactions
are interesting from a mechanistic point of view. The anal-
ysis of TS3 wave function indicates that the unpaired elec-
tron is mainly located over the hydroxyl radical moiety. It
does not participate at all in the process, and the reaction
mechanism involves a triple proton transfer process. In
TS4, the different atoms are oriented in such a way that the
unpaired electron of the hydroxyl radical moiety interacts
with one oxygen atom of a water molecule, so that it occurs a
transfer of an electron from this oxygen atom (0O2) to the
oxygen of the hydroxyl radical (OI), and this originates a
simultaneous transfer of two protons (from O2 to O3 and
from O3 to O/, see Fig. 3). This elementary reaction cor-
responds to a proton coupled electron transfer mechanism
(pcet), and similar processes have been described recently in
the literature for the gas-phase oxidation of formic acid by
hydroxyl radical and for the same process assisted by a
single water molecule [25, 27, 76].

3.4 The reaction between hydroxyl radical and water
trimer

Figure 4 contains a schematic energy profile of the reaction
between (H,0); and HO radical, along with the most rel-
evant geometrical parameters of the main stationary points.
Table 4 contains the relative energies. Figure 4 shows that
the reaction begins with the formation of a complex
between the water trimer and the hydroxyl radical (CR3),
with a computed binding energy of 4.45 kcal mol ™. This
complex retains the three-membered ring structure of the
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Fig. 4 Schematic reaction
profile and selected geometrical
parameters, at BH&HLYP level
of theory, of the stationary
points of the (H,O); + HO
reaction. The reaction products
are the same species than the
reactants, and therefore they are
not explicitly drawn
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Table 4 Zero-point energies (ZPE in kcal mol™'), entropies (S in a.u.), and relative energies, ZPE-corrected energies, enthalpies, and Gibbs

energies (in kcal mol ™) for the reaction between HO and (H,0);

Compound ZPE S AE A(E + ZPE) AH(298 K) AG(298 K)
(H,0); + OH 52.9 122.6 0.00 0.00 0.00 0.00
(H0)s...HO + H,0 525 124.7 4.71 423 4.5 3.61
CR3* 54.8 99.3 —6.27 —445 —4.86 2.07
TS5 53.9 99.9 —4.55 —3.55 —4.03 2.74
CR4 55.3 93.4 —-10.91 —8.57 —9.42 —-0.72
TS6 52.3 89.2 5.90 5.27 3.87 13.82
TS6a 52.1 90.4 6.38 5.53 4.4 13.83
TS6b 52.2 89.8 6.25 5.52 4.18 13.94
TS7 50.1 78.4 14.63 11.78 8.86 22.03
TSS 51.3 78.6 17.45 15.85 13.04 26.14

Values computed at the CCSD(T)/aug-cc-pVTZ//BH&HLYP/6-311 + G(2df,2p)

level with ZPE, enthalpy and Gibbs energy corrections

obtained at the BH&HLYP/6-311 + G(2df,2p)
? For the enthalpic, and Gibbs energy corrections, see Footnote 1

water trimer, and the hydrogen atom of the radical interacts
with one of the oxygen atoms of (H,O); cluster. As in the
previous section, for each stationary point there are three
isomers differing in the relative orientations of the dangling
hydrogen. They are almost degenerate in energy and, for
the sake of clarity, we will consider the lowest energy one
along the discussion.

The reaction goes on through TS5' to form the CR4
complex, which has a four-membered ring structure (see
Fig. 4). It is stabilized by four hydrogen bonds, and it lies
8.57 kcal mol ™' below the sum of the energies of the water

' The CR3 — CR4 path is very flat and we have failed to find TS5 at
BH&HLYP level of theory We have optimized it, and CR3 too, using
the B3LYP functional and their corresponding ZPE, entropy and
enthalpy corrections have been employed in this case.
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trimer and the hydroxyl radical reactants. Our computed
geometrical parameters compare quite well with those
reported recently by Tsuji et al. [75]. After this complex,
the reaction can proceed through three different reaction
paths. The three elementary reactions have the same elec-
tronic features as described in the previous section for the
reaction of the water dimer with the hydroxyl radical, and
they will be not discussed here. The first reaction (HAT
process) goes through TS6, and it involves the homolytic
breaking and forming of the O4-H and H-O/ bonds,
respectively. Our calculations predict this transition state to
lie 5.27 kcal mol™' above the reactants energy, and the
computed energy barrier is 13.84 kcal mol™' relative to
CR4. As discussed in the previous section, TS6 lies lower
in energy, relative to the separate reactants, than TS1 of the
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naked reaction, due to the extra stabilization originated by
the hydrogen bond interactions. However, the energy bar-
rier is also slightly larger because of the stability of the pre-
reactive complex, counteracting, in part, thus the possible
catalytic effect.

The transition structure of the second reaction path
(TS7) lies 11.78 kcal mol™' above the energy of the
reactants, and the process involves the simultaneous
transfer of four protons. The third reaction path goes
through TS8, and it lies 15.85 kcal mol ™' above the energy
of the reactants. In the same way as discussed for TS5
above, this process involves the transfer of an electron from
oxygen atom (O4) to the oxygen of the hydroxyl radical
(OI), and this originates a simultaneous transfer of three
protons (from O2 to O/, from O3 to O2, and from O4 to
03), through proton-coupled electron transfer mechanism.
The large energy barrier computed for these processes
suggests that they will not play any role in the chemistry of
the atmosphere.

3.5 Tropospheric concentration of the (H,O),, (H,0)s,
H>0...HO, (H,0),...HO, and (H,0);...HO
complexes

The calculations carried out in this work allow us to obtain
the equilibrium constants for the formation of the water
adducts reported in this work. With these values, we can
estimate the atmospheric concentration of water dimer and
trimer and the adducts formed between these complexes
and the hydroxyl radical. This information is very inter-
esting for atmospheric purposes, and therefore we consid-
ered three different conditions of relative humidity, namely
25, 50, and 75%, and temperatures ranging between 278
and 308 K. Reactions 3-8 have been considered for esti-
mating the concentration of these species and, for the
complexes containing hydroxyl radical, we considered a

HO concentration of 1.0 x 107 molecules cm ™.

H,0 + H,0 = (H,0), (3)
(HzO)z + HzO = (H20)3-a (4)
(H,0), + H,0 = (H,0),-b (5)

587
HO + HO = H,0...HO(CR1) (6)
(H,0), + HO = (H,0),...HO(CR2) (7)
(H,0);-b + HO = (H,0);.. . HO(CR4) (8)

In Table 5, we collected the computed equilibrium
constants of these reactions, and Table 6 contains the
estimated concentration of the (H,0),, (H,O);, H,O...HO,
(H,0),...HO, and (H,0)3...HO complexes. Our calculations
predict that the dimer concentration ranges between
5.95 x 10" and 1.06 x 10'® molecule cm73, whereas the
trimer concentration ranges between 1.59-10'2 and
1.21 x 10" molecule cm™>. These values compare with
the estimated values between 6 and 9 x
10" molecule cm™> for the dimer [39, 40] although
Goldman et al. predict higher concentrations, up to
1.7 x 10" molecule cm ™, at higher relative humidity [41].

Regarding the concentrations of the (H,O),,...HO com-
plexes, the results displayed in Table 6 show that our cal-
culations predict atmospheric concentrations of H,O...HO
in the 1.01 x 10°-8.78 x 10* molecule cm™> range,
whereas the concentrations of the (H,O),...HO and
(H,0)5...HO complexes are predicted to be much smaller,
up to 1.14 x 10® molecule cm 3. For the H,0...HO, our
results compare very well with the 5.5 x 10* mole-
cule cm ™~ predicted by Allodi et al. at 298 K [70] but for the
(H,0),...HO and (H,0O);...HO complexes our calculations
differ in about one order of magnitude from those predicted
by Allodi et al. In analyzing these values, it should be pointed
out that they have been obtained considering a population of
the hydroxyl radical of 10’ molecule cm™>, and therefore
predicted concentration of these complexes will increase
several orders of magnitude if local conditions imply higher
concentrations of hydroxyl radical.

3.6 Tunneling dynamics and rate constants

The energy profiles shown in Figs. 2, 3, and 4 evidence that
the present symmetric HAT proceeds across barrier heights
of several kcal mol™". This means, as it is well known, that
tunneling transmission is instrumental for the accurate
description of the reaction mechanism. In addition, the pre-

Table 5 Calculated

. . Reaction® 278 K 288 K 298 K 308 K
equilibrium constants (Kq in

3 —1
‘ffm “:_O'ecuéeth )(f}‘;f(;‘;e 3 555 x 107! 460 x 107! 3.87 x 107! 330 x 102!
ormaftion O c 5
(H,0)s: 1,0, HO, 4 8.61 x 1072 5.06 x 1072 3.09 x 1072 195 x 107
(H,0),...HO, and (H,0)s...HO 5 1.72 x 107 1.05 x 107 6.68 x 1072 437 x 107%°
complexes at different 6 9.75 x 1072 7.61 x 1072 6.05 x 1072 4.89 x 1072
temperatures 7 8.87 x 107! 541 x 107! 3.40 x 102! 221 x 1072

8 6.83 x 107" 3.84 x 107" 224 x 107" 1.36 x 107"

? For the reaction see text

@ Springer



588

Theor Chem Acc (2011) 128:579-592

Table 6 Estimated tropospheric concentrations (in molecule cm73) of the (H,0),, (H,0);, H,O..

plexes at different relative humidities (RH) and temperatures (T)

.HO, (H;0),...HO, and (H,0);...HO com-

T RH = 25% RH = 50% RH = 75%
HO (H,0), (H>0)3 H,O (H,0), (H,0)3 H,O (H,0), (H,0)3
278 1.04 x 107 595 x 10 1.59 x 10" 2.07 x 107 238 x 10 1.27 x 10 3.11 x 107 536 x 10 4.30 x 10"
288  1.92 x 107 170 x 10 5.08 x 10" 3.84 x 107 6.79 x 10" 4.06 x 10" 576 x 107 1.53 x 10" 1.37 x 10"
298 348 x 107  4.68 x 10 1.59 x 10  6.95 x 107 1.87 x 10 1.27 x 10" 1.04 x 10'* 421 x 10" 4.29 x 10"
308 599 x 107 1.18 x 10 447 x 10 120 x 10" 473 x 10 3.58 x 10'* 1.80 x 10'* 1.06 x 10'® 1.21 x 10"
H,0..HO (H,0),...HO (H,0);...HO H,0..HO (H,0),...HO (H,0);...HO H,0..HO (H,0),...HO (H,0);...HO
278 1.01 x 10* 928 7.24 2.02 x 10 3.71 x 10 5.79 x 10 3.03 x 10* 835 x 10 1.96 x 10?
288 1.46 x 10* 1.52 x 10! 132 x 100 292 x 10* 6.08 x 10 1.05 x 10> 439 x 10* 137 x 10> 3.55 x 10?
298 210 x 10* 249 x 101 244 x 100 421 x 10* 9.95 x 10! 195 x 10> 631 x 10* 224 x 10> 6.58 x 10?
308 293 x 10*  3.87 x 10! 421 x 10> 585 x 10* 155 x 10> 336 x 10> 878 x 10* 3.48 x 10? 1.14 x 10°

These estimations have been done according Eqs. 3-8

The concentration of the hydroxyl radical employed for the formation of the (H,0),...HO complexes is 1.0 x 107 molecules cm™>

reactive complexes also play a determining role in the form
of interferences (resonances) that may be reflected in the
transmission factor.

Quantifying the above tunneling, resonance features
requires performing some sort of quantum dynamics study.
The present systems involve a large number of coupled
degrees of freedom, so that solving exactly the nuclear
dynamics problem proves as a daunting task. To alleviate
this problem, some of the authors recently developed a
quantum dynamics methodology, based on restricting the
molecular motion to the reaction path, so that the compu-
tational requirements are reduced to a minimal amount.
Specific details of the methodology are given elsewhere
[59]. Here, it suffices to understand that a properly defined
wavepacket has been time evolved along the reaction
profile, as provided by the reaction path, and the energy-
dependent transmission factor is computed afterward, by
means of a suitable Fourier transform of a reactants auto-
correlation function. Results of the tunneling dynamics are
shown below, restricted to one- and two-water cases, for
the sake of deeming clearer the ensuing comparisons. Since
in all the cases, the HAT mechanism is energetically
favored (see Figs. 2, 3, 4), we limited ourselves to it. This
process has proven to have an important tunneling contri-
bution for reaction 1 as it has been pointed out in previous
studies of the literature [19, 21].

Figure 5 shows the energy-dependent transmission
factor, for the reaction between OH radical and one water
molecule. Fixed-mass calculations are compared with
variable mass, since this comparison provides interesting
clues on the role played by perpendicular modes in the
reaction dynamics. Fixed-mass calculations show an
important tunneling contribution to transmission, as well
as antitunneling at energies above the barrier. These are

@ Springer

1
//'_' ~ 4 __,—'/// BB
08+ :
"
E 06
=
©
o
2
o o4t
02t :
./.
_// Variable mass
0 #__/"’ Constant mass
1 115 12 125 13 135 14

Energy / kcalimol

Fig. 5 Calculated transmission factor for the reaction between HO
and H,O. The vertical black line corresponds to the classical energy
barrier

rather expected results, considering the fact that, in the
present process, a light atom, hydrogen, is transmitted
between two heavy centers (H,O and O). In addition,
inspection of the potential energy profile along the IRC
clearly tells that one should expect tunneling to be
important, since the barrier develops a rather thin profile,
becoming thinner as energy is increased. This has been
done by considering the geometries and frequencies
obtained at BH&HLYP/6-311 + G(2df,2p) level of theory
and the energies computed at CCSD(T)/aug-cc-pVTZ
level of theory. However, tunneling appears even more
enhanced, when one considers variable-mass results. One
might then say that the influence of perpendicular modes
is, rather surprisingly, to enhance reactivity below the
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potential energy barrier. This is in contrast to numerous
previous studies on tunneling, where the inclusion of more
degrees of freedom normally inhibits tunneling. In addi-
tion, oscillations in the transmission factor, as energy is
increased, are more intense in the variable—mass case,
indicating that interference phenomena are enhanced by
the inclusion of perpendicular modes. This is a suggestive
result, whose origin may be traced back to the symmetric
character of the present reactions and their Heavy-Light—
Heavy nature.

Tunneling contribution to reaction, for the reaction
between OH and two water molecules, is analyzed in
Fig. 6. Q-RPH transmission factor, as a function of energy,
is shown for cis and trans configurations of the water
dimer. Results show, first, that cis—trans differences are
only an energy shift, the qualitative shape being fairly
equal. This is the reason why we do not show results for all
the isomers in all cases, limiting ourselves to this case.
Second, the contribution to tunneling is again remarkable,
but the most outstanding feature is the oscillating nature of
the transmission factor in the threshold and post-threshold
regions. These oscillations are much more pronounced than
the previous case. It is clearly an influence of the deeper
CR1 well (ca. 7.5 kcal mol~! for the two-water case,
versus ca. 3.8 kcal mol~! well depth for the one-water
reaction).

Further comparison between one- and two-water reac-
tions evidences that, whereas tunneling is of similar
importance for both reactions, antitunneling is remarkably
larger in the one-water case. It is shown by the slower trend
to unity, in the large energy regime, when comparing
Figs. 5 and 6. This feature is interesting, since this large
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Fig. 6 Calculated transmission factor through TS2 and TS2a for the
reaction between HO and (H,0),. The vertical black lines correspond
to the classical energy barriers

antitunneling appears only in the variable mass case of the
one-water reaction, i.e., only when the perpendicular
modes to reaction are taken into account. The primary
conclusion is then that energy sequestering (from that
available to reaction) is more effective for one-water than
for two-water reactions. The explanation for such behavior
might resort to a kind of entropic effect: energy flow
concentrates more easily in a small number of non-reacting
modes than in a larger number of them. In addition, the
higher symmetry content, of the two-water TS, also sug-
gests a much higher difficulty in concentrating the energy
flow in non-reacting modes, when compared to the one-
water reaction.

Once analyzed the behavior of the transmission factor
along the reaction path, we computed the rate constant of
the reaction. To do this, we considered the reactions to
occur at 1 atm. of pressure, and we applied the steady-state
approximation to the pre-reactive complex, and the rate
constant is given by Eq. 9.

kTOT = Keq : kZ * Ktun (9)

where K., is the equilibrium constant, k, is the
unimolecular rate constant, and 1, is the tunneling
contribution that has been computed by Eq. 10.

fooc T(E)exp (—kBLT) dE
v, exp (—kBLT) dE

We have to mention here that applying Eq. 9 is just a
limiting case, and the effect of low pressures would require
a different treatment that is beyond the scope of the present
work.

In Table 7, we collected the computed rate constant. For
the H,O 4+ HO reaction, our computed values range
between 2.76 x 1077 and 6.04 x 107"7 cm’ mole-
cule™ s™' in the 200-400 K range of temperatures and
compare very well with the results reported by Masgrau
et al. [19] and Uchimaru et al. [21], the differences with the
last one being mainly attributed to the fact that they use a
reaction profile beginning in the reactants without taking
into account the pre-reactive complex. It is worth noting
here the importance of the tunneling contribution, mainly
at low temperatures, as it was pointed out in previous
works on this reaction [19, 21].

Although for the case of the reaction between HO and
(H,O), we report rate constants, we pointed out in a
previous section that the pre-reactive complex CR2 dis-
sociates into H,0O...HO + H,O and therefore, we can
conclude that the reaction through TS2 would not occur at
all.

The reaction between hydroxyl radical and water trimer
is much more complex, and k, is computed using Eq. 11
according to the unified statistical model [77], and the

Ktun (T) ( 10)

—1
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Table 7 Computed rate
constants for the reaction

Reaction OH + H,O

between hydroxyl radical and Temperature Keq krsi Ton Kror

water, water dimer, and water

trimer 200 172 x 107 5.09 x 107° 3.15 x 107 2.76 x 107V
250 2.19 x 1072 132 x 1072 5.33 x 10* 1.54 x 1077
298 6.05 x 107! 2.04 1.40 x 10° 1.73 x 107"
350 232 x 1072 9.92 x 10 1.28 x 10? 295 x 107V
400 121 x 1072 1.58 x 10° 3.16 x 10! 6.04 x 107V
Reaction OH + (H,0),
Temperature Keq ks> Tun Kror
200 1.90 x 107" 224 x 1074 1.05 x 107 447 x 107"
250 259 x 107 4.04 x 107! 2.78 x 10* 291 x 1071
298 1.57 x 1072 498 x 10 9.47 x 107 7.40 x 10716
350 1.77 x 1072} 2.05 x 10° 1.02 x 10? 3.70 x 10716
400 3.70 x 1072 29 x 10* 2.76 x 10 297 x 10716

K.q are in cm® molecule ™!, K, Reaction OH + (H,0)3

sl
are in s~ ', then total constants A
Ko are in Temperature Keq krss krse Teun Kror
3 -1 —1

cm” molecule™" s 200 450 x 107'° 6.14 x 10" 1.24 x 107 2.24 x 107 125 x 1071

Twn 18 the tunneling correction 250 4.40 x 107'% 1.20 x 10'? 3.89 x 1072 4.01 x 10* 6.86 x 1071

K stands for krsi, krsz, krss, 298 224 x 1077 1.89 x 10'? 6.95 1.11 x 10° 173 x 1079

and krgse, respectively 20 12 N 5 16

. . ) 350 227 x 10 273 x 10 3.83 x 10 1.08 x 10 937 x 1071¢

Twn applies to reaction 1 12 3 _1i6

through kyss 400 4.45 x 10 3.56 x 10 6.76 x 10° 2.77 x 10 8.33 x 10

1 1 1 relative humidity and temperature. For the H,O...HO

ky  krss  krse (1) complex, we predict atmospheric concentrations in the

results displayed in Table 5 show that in this case, the
reaction is much faster than reaction 1, with values ranging
between 1.25 x 107" and 8.33 x 107'® cm® mole-
cule™' s in the 200400 K range of temperatures. Here,
it is important to note that the tunneling contribution is
very similar to those occurring in reaction 1.

4 Conclusions

The reactions between HO and (H,O), (n = 1, 3) have
been investigated using high-level theoretical methods, and
the results obtained allow us to highlight the following
points.

Regarding the water dimer and trimer, our calculations
predict a binding energy of 2.86 kcal mol™' for (H,0),
relative to H,O 4+ H,O and 7.67 kcal mol ™! for (H,0);
relative to (H,O), + H,0.

Our calculations predict atmospheric concentration for
the (H,O), complex in the range between 5.95 x 10" and
1.06 x 10'® molecule cm ™ and for the (H,0); complex in
the range between 1.59 x 10'* and 1.21 x 10" mole-
cule cm™?; depending on the atmospheric conditions of
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1.01 x 10* - 8.78 x 10* molecule cm >, depending on
the atmospheric conditions and considering a hydroxyl
radical population of 10’ molecule cm™>. The concentra-
tion of the (H20),...HO and (HO);...HO is predicted to be
about two orders of magnitude smaller.

All the reactions considered are symmetric, and they
begin with the formation of a pre-reactive hydrogen-bon-
ded complex.

For the reaction of hydroxyl radical with a single water
molecule, our calculations predict that the pre-reactive
hydrogen-bonded complex CR1 has a binding energy of
3.78 kcal mol_l, whereas the transition state lies
12.53 kcal mol™' above CRI. Very interestingly, we
found a VRI point along the reaction path, which is ener-
getically located close to 4 kcal mol ™" below the transition
state, which allows branching the reaction path. The
computed rate constant for this reaction range between
2.76 x 1077 and 6.04 x 107"7 cm® molecule™" s™' in
the 200—400 K range of temperatures.

For the reaction between hydroxyl radical and water
dimer, our calculations predict the pre-reactive complexes
(CR2 and CR2a) to have binding energies close to
7.5 kcal mol ™. Then, the reaction can proceed in two
different ways: (a) dissociating directly into the H,O...HO
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complex and H,O, requiring an energy of ca 6.6 kcal -
mol " and (b) proceeding through three different elemen-
tary reactions. In this case, the more favorable path occurs
through TS2a, which is predicted to lie 13.07 kcal mol ™
above CR2a, and it involves a hydrogen atom transfer
mechanism. The high energy barrier computed for TS2a
along with the rate constant computed for this elementary
reaction indicated that the reaction between HO and (H,O),
will produce H,O...HO and H,O, and it will contribute to
the atmospheric formation of hydrated hydroxyl radical,
which has an important significance in the chemistry of the
atmosphere.

The reaction with hydroxyl radical and water trimer
begins with the addition of the HO radical to the three-
membered ring of the water trimer forming the CR3
complex. Then, it occurs a geometrical rearrangement to
form the four-membered ring CR4 complex, which is
computed to be 8.57 kcal mol™' more stable than the
reactants. Then, the reaction can go on through three dif-
ferent reactions paths. The more favorable one occurs
through TS6, which is predicted to lie 5.27 kcal mol ™
above the separate reactants, and it involves a hydrogen
atom transfer mechanism. This reaction is predicted to be
faster than the reaction between hydroxyl radical and one
water molecule, which has a rate constant in the range
125 x 107" ~ 8.33 x 107'° cm’ molecule™' s™' in the
200400 K range of temperatures, a fact that is attributed
to the complexity of the whole reaction path.

For all the reactions considered, the transmission via
tunneling effect is found to be very important, especially at
low temperatures. Other features that also appear to be
relevant from a dynamical point of view and that deserve
more studies are the enhancement of tunneling due to the
inclusion of perpendicular modes via the Q-RPH, the
remarkable antitunneling for the reaction between HO and
H,O0, and the oscillations in the transmission factor for the
reaction of the HO radical and (H,O),. The latter is
attributed to an increment of resonances due to the deeper
well of the corresponding CR1 compared with the
HO + H,O case.
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