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Abstract: We present for the first time a fully ab initio dual-level reaction path dynamics calculation of the
synchronous proton exchange in carboxylic acid dimers that is consistent with a wide variety of experimental
findings, such as reaction ratesk, tunneling splittings∆0, apparent activation energy curvesEa (T), crossover
temperaturesTc and kinetic isotope effects. For the dimer of formic acid, we findk ) 2.5× 109 s-1 (300 K),
with an associated ground-state splitting∆0 ) 0.09 cm-1. Similar to experiments with crystals of benzoic acid
dimers, we obtainTc ) 100 K as the border between the high- and low-temperature regions of the rate constant.
More than half of the hydrogenic motion occurs by quantum tunneling. The total hydrogenic motion of about
0.7 Å coincides perfectly with neutron scattering results. In contrast to all previous studies, the experimental
activation energy curves can be reproduced reasonably by inclusion of tunneling from the vibrational ground
state for three different isotopic species. Remaining small discrepancies from experiments with benzoic acid
dimers in the coherent limit (k ≈ 1010 s-1 (300 K), ∆0 ) 0.32 cm-1) are explained mainly by vibrational
excitation of normal modes coupled to the reaction path and the higher reaction barrier in the formic acid
dimer, i.e., a difference of 1.0 kcal/mol at the B3LYP/6-31+G(d) level of theory. Closer inspection of the
normal modes involved reveals that the excitation of the interdimer stretch and the OH stretch could enhance
the rates and enlarge the splittings considerably by shortening the O-O distance. The reaction path with a
total of 103 Hessian calculations has been obtained at the B3LYP/6-31+G(d) level of theory and corrected to
a G2* reaction barrier and MP2/6-31G(d,p) frequencies at the stationary points stemming from a recent excellent
benchmark study by Kim [Kim, Y.J. Am. Chem. Soc.1996, 118, 1522-1528].

1. Introduction

Concerted proton transfer plays a major role in many
phenomena in chemistry.1-4 The synchronous double proton
transfer in carboxylic acid dimers is long known and has been
studied thoroughly. For a long time, experiments focused on
equilibrium properties, e.g., determination of geometries of the
monomers and dimers and the energetic stabilization upon
dimerization using IR, Raman, and microwave spectroscopy as
well as electron diffraction.5-9 These measurements were soon
followed by theoretical investigations.10-15 Studies of the

dynamics have been possible by means of T1-NMR spin-lattice
relaxation spectroscopy. The fully symmetric double-well
potential found theoretically in isolated dimers is modulated in
the condensed phase of benzoic (p-toluic) acid dimers to an
asymmetry of about 0.10-0.24 kcal/mol.16-19 In these experi-
ments, the apparent activation energy for the hydrogen transfer
at room temperature has been determined to be 1.15-1.44 kcal/
mol. All atoms together are dislocated by 0.69-0.80 Å during
the reaction, which occurs with a frequency between 2.6× 109

and 3.7× 1010 s-1 for differently meta- and para-substituted
benzoic and aliphatic acid dimers.16,18,20These results have been
confirmed by inelastic neutron scattering measurements.21,22At
low temperatures (15-50 K), the apparent activation energy
goes down to 0.18-0.30 kcal/mol. Different nonaromatic
carboxylic acid dimers exhibit an about 10 times slower
interchange than the benzoic acid dimer.23 In crystals of benzoic
acid dimers, the deviation from centrosymmetry, i.e., the energy
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asymmetry of the double-well potential, can be removed by
doping with guest heteroaromatic molecules (e.g., 10-4 mol/
mol of thioindigo).24-28 The tunneling matrix element and
isomerization rate are practically unaffected by the nature of
these guest dyes.20,22,25All studied substituents of the acid dimers
yield similar results, except for ortho-substituted aromatics.18,29

The most precise determination of the tunnel matrix element
by fluorescence line narrowing at 1.4-4.2 K yields∆ ) 0.32
( 0.03 cm-1, together with a zero-temperature proton tunneling
rate of k0 ≈ 2 × 108 s-1 in the doped crystals.30 In mixed
acetic-fluoroacetic acid dimers, the splitting was estimated from
microwave rotation spectra as early as 1964 to be between 0.5
and 5.0 cm-1.6 The temperatureTc below which tunneling
predominates the overbarrier mechanism is found to be between
50 and 120 K in different experimental studies, but tunneling
also remains relevant in the mainly classically activated high-
temperature limit.24,31-33

From the theoretical point of view, the experiments show that
description of the dynamics by one-dimensional models is
insufficient, as the exchange in the benzoic acid dimer is
influenced by several normal modes.31,34 Namely, in the first
excited state of a heavy atom rocking mode, the exchange is
56 times faster than that in the ground state.35 Also, shortening
of the O-O distance by external pressure increases reaction
rates.32,36Such an increase has been found computationally for
excitation of the interdimer stretch and the CO2 rocking mode
in the formic acid dimer as enlarged tunneling splittings
corresponding to increased reaction rates (k0 ∝ ∆2).20

Early estimates for the reaction barrier of the formic acid
dimer were about 15 kcal/mol at the Hartree-Fock level of
theory37-39 and 12 kcal/mol at the MCPF and CISD levels of
theory.38,40Today, the highest level of theory available is a G2*
calculation based on MP2/6-31G(d,p) geometries and on single-
point energy corrections at the MP2, MP4, and QCISD(T) level
with large basis sets containing diffuse and polarization func-

tions.41 The barrier obtained by this G2* approach is 5.20 kcal/
mol with zero-point correction and 8.94 kcal/mol without. The
apparent discrepancy of the rather high theoretical and rather
low experimental exchange barrier estimates was attributed to
“transitions between OHO fragment vibrational levels under the
action of random forces of the surrounding” and “proton
tunneling promoted by the low-frequency mode excitations” in
a two-dimensional study.34 However, there are no quantitative
data accounting for the difference between bare barrier height
and apparent activation energy. Here, we will present the factors
contributing to the lowering of the apparent activation energy
in a reaction path dynamics study directly obtained from ab
initio data. In contrast to other studies, our approach is full-
dimensional rather than three-dimensional40,42,43and uses a fully
ab initio calculation rather than relying on a specially param-
etrized semiempirical hypersurface,41 which is important for a
proper description of a wide region of the potential energy
surface (PES).44 We further studied the transfer reaction of
systems containing one (HD) and two (DD) deuterons instead
of the carboxylic protons. Additionally, we present the first
correlated calculation of the exchange barrier in the benzoic
acid dimer.

2. Method

2.1. Reaction Rate Constants.We have used variational transition
state theory (VTST)45-48 to calculate thermally averaged reaction rate
constants directly from ab initio electronic structure theory.49,50 The
stationary points have been described by MP2/6-31G(d,p) frequencies
and G2* energies.41 The path of steepest descent has been evaluated
in a mass-scaled coordinate system51 employing a reduced mass of 1
amu starting from the transition state (TS) at the B3LYP/6-31+G(d)
level52-54 with the aid of the path integrator of Page-McIver55,56 and
a stepsize of∆s ) 0.05 ao. The Hessian has been updated at every
point, resulting in a total of 103 full force constant calculations along
the whole path. The information from the two different levels of theory
has been combined by using a dual-level interpolation scheme based
on the logarithm of ratios.57-60 B3LYP/6-31+G(d) is able to reproduce
the higher level data in a satisfactory way at the stationary points and,
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therefore, is suitable for the interpolation. The B3LYP/6-31+G(d)
barrier height of 8.39 kcal/mol is in excellent agreement with the higher
G2* level of theory.

The classical VTST rate constant has been corrected semiclassically
to describe nonclassical barrier penetration and reflection. Three
different corrections have been employed, namely for zero- (ZCT),
small- (SCT), and large-curvature tunneling (LCT). In the zero-curvature
limit, tunneling occurs directly along the steepest-descent minimum
energy path (MEP). However, a reduction of this tunneling length, i.e.,
corner cutting, is possible on the concave side of this path.61-63 In the
CD-SCSAG method (SCT), this effect is described by appropriate
lowering of the effective reduced mass for motion along the MEP.49,61

On the other hand, the LCG3 correction (LCT)64-69 takes into account
that direct corner-cutting can as well occur far away from the steepest-
descent path on the so-called reaction swath,44,70,71i.e., the region on
the concave side of the reaction path extending beyond the transverse
vibrational turning points and/or beyond the local radius of curvature.
Motions over the swath are initiated by vibrations orthogonal to the
MEP as well as parallel to it. Sudden tunneling along straight line paths
over the swath may provide the most effective tunneling mechanism
for a system of high reaction path curvature, e.g., the bimolecular
transfer of a light atom between two heavy atoms. The effective
potential for tunneling over the adiabatic part of the swath is obtained
from Hessian calculations on the MEP, whereas the effective potentials
for nonadiabatic regions (those beyond the vibrational turning points
and/or the local radius of curvature) are obtained from single-point
energy calculations along those portions of the path.45,66,67 We have
used the interface Gaussrate72 between Polyrate73 and Gaussian94.74

2.2. Tunneling Splitting. For further comparison to experiment, the
tunneling splitting∆0 has been estimated from the data of the reaction
path calculation. Namely, the ground-state tunneling probabilityPQ at
zero-temperature and the equilibrium reaction coordinate double-well
potential frequencyω0 can be utilized for this purpose:71,75,76

Therefore, the zero-level tunneling splitting is related to the low-
temperature limit of the tunneling correction. It is hence temperature-
independent and can be compared directly with molecular beam
experiments, which involve measuring pure transitions between two
well-defined quantum states. These “rough estimates” have been quite
successfully used to predict ground-state splittings∆0.77-79 Data for
the transfer in (HF)2 obtained from reaction path calculations (0.44
and 0.61 cm-1)80 are comparable to accurate quantal calculations (0.43-
0.66 cm-1)81,82 in predicting the experimental value (0.66 cm-1).83 As
the sudden straight line paths are expected to be the most probable
reaction mechanism yielding the highest rates, the LCG3 tunneling
probability has been used for this estimate. However, if more precise
information, such as mode-specific splittings, are desired, other
approaches to obtain tunneling-splittings have to be applied.76,84-91

3. Results
3.1. Reaction Rate and Mechanism.As can be seen in

Figure 1, the highest tunneling corrections stem from the direct
corner-cutting (LCT) approximation, which is reasonable for
the mass combination of the transfer studied. The reaction thus
takes place by first following the MEP starting from the minima
in order to decrease the O-O distance. When the system has
reached an orientation where the potential in the swath is
favorable, it crosses the dividing surface in a straight manner
by directly following the OH stretch direction. Typically, this
orientation is near the TS at high temperatures (i.e., O-O
distance reduction of nearly 0.3 Å) and near the minimum
structure at low temperatures (i.e., O-O distance reduction of
less than 0.1 Å). The representative tunneling energy is 1.0 and
2.0 kcal/mol below the saddle at 300 and 100 K, respectively.
A similar mechanism of a preliminary hydrogen bond compres-
sion has also been found in some other systems showing
multiple hydrogen transfers.92-95 In comparison to the LCT rate
constants obtained directly from VTST at the AM1-SRP level
of theory,41 our predictions are higher by 2 orders of magnitude
at 200 K and one at 300 K as predicted qualitatively previ-
ously.44 The difference is, on the one hand, due to the much
steeper ridge of the reaction swath44,71,96at the AM1-SRP level
and, on the other hand, due to the AM1-SRP barrier higher by
0.7 kcal/mol.
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3.2. Importance of Tunneling up to Room Temperature.
The crossover temperatureTc between the high- and low-
temperature regimes is found to be between 70 and 100 K from
the change between the two linear regions in the Arrhenius plot.
Already the ZCT approximation provides a good estimate for
Tc, although the intermediate region is broader compared to the
LCT result. Especially the latter compares very well with the
experimental curves.24,31-33 Below Tc, tunneling predominates
clearly, as can be seen from the small amount of heavy atom
movement. AboveTc, tunneling still plays a major role. Namely,
we find a proton tunneling distance of more than 0.4 Å at the
representative LCT path (300 K). A similar result has been
obtained by Kim.41 The total displacement between the two
minima of 0.63 Å compares very well with the recent neutron

scattering result of 0.686 Å.20 More than half of the total
hydrogenic motion occurs, therefore, in the classically forbidden
tunneling region, even at ambient temperature.

The associated tunneling splitting is estimated to be∆0 )
0.09 cm-1. This is an order of magnitude higher than the one
found employing a three-dimensional PES.40 It has been
suggested that the adiabatical treatment of the strongly and
linearily coupled low-frequency CO2 rocking mode20,37,89,90is
the reason for the small splitting found in this study.43,89

However, comparing the employed MCPF barrier of 12.0 kcal/
mol with the G2* barrier of 8.9 kcal/mol,41 the difference rather
seems to emerge from the too-high barrier. Other low-
dimensional studies yielded splittings of 1.8 (Makri and Miller97)

(94) Aguilar-Parrilla, F.; Klein, O.; Elguero, J.; Limbach, H. H.Ber.
Bunsen.-Ges. Phys. Chem.1997, 101, 889-901.

(95) Benedict, H.; Limbach, H.-H.; Wehlan, M.; Fehlhammer, W.-P.;
Golubev, N. S.; Janoschek, R.J. Am. Chem. Soc.1998, 120, 2939-2950.

(96) Liedl, K. R.; Sekusak, S.; Kroemer, R. T.; Rode, B. M.J. Phys.
Chem. A1997, 101, 4707-4716. (97) Makri, N.; Miller, W. H. J. Chem. Phys.1989, 91, 4026-4036.

Figure 1. Reaction rate constants for the concerted proton exchange
in (HCOOH)2 at the MP2///B3LYP level employing different tunneling
corrections.

Figure 2. Isotope effect on apparent activation energy of intermolecular
proton exchange in (HCOOH)2 [HH], (HCOOH)(HCOOD) [HD], and
(HCOOD)2 [DD] at the B3LYP/6-31+G(d) level with small curvature
tunneling correction from ground state. For comparison, the zero-point
corrected barriers are shown (straight lines).

Figure 3. Minimum energy path for the concerted hydrogen exchange
in (HCOOH)2 in D2h (TS) normal-mode basis (see Figure 5). All other
normal modes exhibit coefficients lower than 0.05.

Figure 4. MP2///B3LYP curvature couplings to the minimum energy
path.

Table 1. Frequency (cm-1), Reduced Mass (amu), and Irreducible
Representation of the Normal Modes Important for the HH Transfer
at the Transition State As Predicted from B3LYP/6-31+G(d)

description wavelength µ symmetry

monomer rocking 1751 4.1 B3g

bending of H bonds 1639 1.1 Ag

free H bending 1406 1.1 B3g

monomer bending 1400 6.6 Ag

CO2 bending 737 6.6 Ag

interdimer stretch 491 9.2 Ag

CO2 rocking 231 12.5 B3g

symm. H transfer 1324i 1.1 B3g
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and 0.3 cm-1 (Chang et al.39) for the ground state but seem to
suffer from neglecting skeletal motion and thus give an
unphysical low effective mass.

3.3. Isotopic Substitution. It has been pointed out ear-
lier64,65,76 that LCT isotope effects do not compare very well
with the experiments. Obviously, they are suffering from the
fact that the straight line paths are poor approximations for the
deuterated species. However, in the small-curvature regime, we
find kinetic isotope effects that compare very favorably with
the experiment.16,18,31While the predicted curve for the ratio
of k(HH) to k(HD) approaches 21/2 at high temperatures (e.g.,
2.2 at 380 K), we obtain higher values at lower temperatures
due to enhanced tunneling. A similar behavior is found for the
ratio of k(HD) to k(DD), with the exception that it starts from
lower values at low temperatures and drops more slowly to 21/2

upon increasing the temperature.
The stronger increase of OH vs OD stretching frequencies

in the minimum structure compared to the TS causes an increase
of the zero-point corrected B3LYP/6-31+G(d) barrier from 3.97
to 4.68 and 5.44 kcal/mol from the HH to the HD and DD
species, respectively.

3.4. Apparent Activation Energy. The reduction of these
zero-point corrected barriers due to tunneling is shown in Figure
2. Earlier attempts to reproduce the experimental results16,18-20

suffered from uncorrelated barriers, uncompletely optimized
transition states showing too long O-O distances, and the
omission of tunneling.37-39,98 The curves given here are in
considerably better agreement but are still slightly higher than
the experimental results, i.e., 1.4 kcal/mol at room tempera-
ture.16,18,31 We propose that some further effects account for
the remaining small discrepancy.

3.4.1. Correlated Barrier in the Benzoic Acid Dimer.First,
the barrier for the benzoic acid dimer (BAD) is lower than that
for the formic acid dimer (FAD). For the BAD, the barrier
seemed to be lower by about 2 kcal/mol judging from calcula-
tions not taking into account electron correlation, which was
unfortunately the highest level of theory available in the
literature for this system of 128 electrons.98 Thus, we have
performed an improved calculation of the barrier for the proton

exchange in the BAD, which is, to the best of our knowledge,
the first one taking into account electron correlation. Namely,
at the B3LYP/6-31+G(d) level of theory, the barrier for
concerted proton exchange in the BAD amounts to 7.40 kcal/
mol. This implies a barrier reduction of 0.99 kcal/mol by the
phenyl substituent in comparison to the FAD. Besides this lower
theoretical prediction of the BAD barrier, a presumable under-
estimation of the experimental ground-state barrier of the BAD31

further contributes to a better matching between the theoretical
(FAD) and experimental (BAD) activation energy plots.

Additionally, incoherent transfer is important for some
experimental results. Our theoretical study focuses on the
coherent transfer that has been realized experimentally through
the doped systems of benzoic acid dimers. The effects arising
on the transition to incoherent transfer are not the subject of
the present study. However, a more complete understanding of
dynamics in the undoped condensed phase is an active field of
research.99-103

3.4.2. Vibrational Excitation. Finally, excitation of vibrations
due to the thermal bath of neighboring molecules can lead to a
considerable increase in the rate constants.20,31,34,35,90It is thus
necessary to investigate the normal modes participating in the
reaction in order to identify the modes accelerating the reaction
on excitation. Therefore, we have recalculated the MEP in
another coordinate system using the 24 vectors of normal mode
vibrations at the transition state as basis. The multiples of each
vector needed to reach a specific point on the MEP from the
TS are called coefficients.44,104 Analyzing these coefficients
along the whole MEP, we can assert that mainly four vectors
(i.e., normal modes) are relevant for the proton exchange. The
coefficients of these important normal modes are depicted in
Figure 3. We thus agree with a previous study89 that at least a
four-dimensional treatment is necessary for a correct description

(98) Nagaoka, S.; Hirota, N.; Matsushita, T.; Nishimoto, K.Chem. Phys.
Lett. 1982, 92, 498-502.

(99) Scheurer, C.; Saalfrank, P.Chem. Phys. Lett.1995, 245, 201-208.
(100) Scheurer, C.; Saalfrank, P.J. Chem. Phys.1995, 104, 2869-2882.
(101) Turi, L. J. Phys. Chem.1996, 100, 11285-11291.
(102) Sundholm, D.; Sundberg, M. R.; Uggla, R.J. Phys. Chem. A1998,

102, 7137-7142.
(103) Antoniou, D.; Schwartz, S. D.J. Chem. Phys.1998, 109, 2287-

2293.
(104) Liedl, K. R.; Kroemer, R. T.; Rode, B. M.Chem. Phys. Lett.1995,

246, 455-462.

Figure 5. Normal modes of the transition state participating actively in the concerted proton transfer in the formic acid dimer.

Double Proton Transfer in Carboxylic Acid Dimers J. Am. Chem. Soc., Vol. 120, No. 48, 199812599



of the dynamics. These four dimensions are the synchronous
hydrogen transfer (OH stretch), interdimer stretch, CO2 rocking,
and CO2 bending modes (cf. Figure 5). The OH stretch mode
contributes to the reaction for the whole process, whereas the
other three modes do not participate near the TS (within(0.5
a0); i.e., they are just assisting prior to the actual hydrogen
transfer by reducing the O-O distance. The rate of transfer is,
therefore, strongly influenced by excitation of these modes.
Raising the OH stretch from the ground state to the first excited
state leads to a shortening of the O-O distance by 0.073 Å
and an increase of the tunneling splitting by a factor of 10-
100, as predicted from spectra of carboxylic acid bimolecules.6

In contrast to a previous study, we find that motions of
symmetry other thanAg or B3g, such as the asymmetric
hydrogen-transfer coordinate (B1g), do not contribute to the
coherent reaction.40 The corresponding coefficients are perfectly
zero, while otherAg or B3g modes show contributions lower
than 0.05 along the whole path. However, the representative
LCT path is in qualitative agreement with the most probable
path (MPP) found by Shida et al.40,42

The curvature couplings of the various modes to the intrinsic
reaction coordinate are depicted in Figure 4. The same modes
as in Figure 3 are found to be relevant. The OH stretch mode
is missing, as it is the transfer coordinate by itself. The remaining
modes are essentially the same as those found by Benderskii et
al.89 These modes have only small nonzero normal-mode
coefficients, but the coupling constant becomes as large as 2.4
ao

-1 for the monomer rocking. Most of the modes show maximal
coupling between 0.3 and 0.7 ao, where also the gradient reaches
a maximum. Only the coupling of the CO2 rocking mode
increases continuously toward the entrance channel of the
reaction. Excitation of modes coupled to the reaction path
enhances the reaction rate due to an increased energy flow to
the reaction coordinate.45,51,86,105Therefore, the CO2 rocking is
perfectly suitable for accelerating the transfer in its vibrationally
excited states in the entrance channel. The other modes can
enhance the reaction in later stages of the reaction, even in the
part of the reaction where direct corner cutting occurs, because
the modes of Figure 4 are as well coupled to the LCT paths.
The characterization of all relevant normal modes is shown in
Table 1 and Figure 5.

4. Discussion

We have presented transition-state calculations for the reaction
rate constant of the double-proton-transfer reaction in the formic
acid dimer. The study is full-dimensional and does not need
any fit to an analytical potential. Instead, it directly calculates
all information from B3LYP/6-31+G(d) and uses the barrier
height from G2* and frequencies from MP2/6-31G(d,p) calcula-
tions.41 The results of studies using only hydrogenic motion
coordinates should be seen with care. The effective mass for
most of the relevant vibrations (cf. Table 1) is considerably
larger than 1 amu. Reducing the dimensionality of the problem
by omitting these normal modes will lead to overestimated
tunneling splittings and rates. An eight-dimensional description
of the formic acid dimer involving the modes shown in Figure
5 is sufficient in any case, but it could be possible to reduce
the problem to four dimensions. Upon considering that more
than half of the hydrogenic motion occurs by quantum tunneling,
an incomplete treatment of tunneling and corner-cutting must
lead to bad estimates of rate constants and apparent activation
energy plots.38 By allowing corner-cutting, we remove the vast

deviation in apparent activation energy between experiment and
theory. Inclusion of only the vibrational ground states of the
educt yields a reduction of the apparent activation energy to
3.5 kcal/mol at room temperature. We surmise that the remaining
difference from the experimental value of 1.4 kcal/mol in the
benzoic acid dimer16,18,31is due to the ground-state approxima-
tion along the MEP, which precludes excitation of normal modes
coupled to the reaction path, and the barrier in the formic acid
dimer, higher by 1.0 kcal/mol at the B3LYP/6-31+G(d) level
of theory.

The basis transformation coefficients and curvature couplings
indicate that selective excitation of some low-frequency modes,
especially the interdimer stretch and CO2 rocking, and the OH
stretch could enhance the exchange rate by shortening the
reaction distance. Excitation of low-frequency modes can lead
to an enlargement of the ground-state splittings by more than
15 times, which corresponds to ak0 larger by more than 225
times.20 The problem of subpicosecond intramolecular vibra-
tional energy redistribution (IVR)106-108 could hinder this
enhancement in certain cases. However, it has been shown
experimentally that a reduction of the O-O distance by either
exciting the OH stretch mode into the first vibrational state
(0.073 Å)6 or by applying pressure to the system (0.03 Å) yields
an increase by a factor of 10 in the rate.32,36These experiments
confirm that vibrational excitation is responsible for a quantita-
tive reproduction of experimental rate constants and tunneling
splittings. Due to additional “imaginary” frequencies in the
neighborhood of the TS, our calculations further suggest not
only that the splittings and rates can be modulated by selectively
exciting vibrations34,109 but also that the reaction mechanism
can possibly be directed toward an asynchronous transfer by
altering reaction conditions. At the Hartree-Fock level of theory
in a dielectric medium ofε ) 78.4 intermediates for asynchro-
nous proton transfer already have been identified.110 The kinetic
isotope effect compares favorably to the experiments in the SCT
approximation but rather unsatisfactorily at the LCT level. It
has been recognized by other authors that a search for the least-
action path between the MEP and LCT paths further improves
results.64,65,76Nevertheless, the newest VTST approaches to the
kinetic isotope effects of hydrogen-transfer reactions are very
successful, even without calculating separate reaction paths for
the different isotopic species111-116and thus provide a promising
perspective for future calculations. We hope that we have
pointed out directions for new experimental work and for further
studies accounting properly for the excitation of vibrations and
the environment in the condensed phase.
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