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Abstract
Tunneling is an important quantum phenomenon in reaction dynamics. In this
chapter, the effects of tunneling on photodissociation and reactive scattering are
discussed using two prototypical examples. The first deals with a unimolecular
decomposition reaction, namely the photodissociation of NH3 in its first (A)
absorption band and the second is concerned with an important bimolecular
reaction in combustion: HO C CO ! H C CO2. In the former case, the lifetimes
of low-lying vibrational resonances in the predissociative excited state are influ-
enced by tunneling through a small barrier in the dissociation (N–H) coordinate,
which is also responsible for a strong H/D isotope effect. The latter, on the other
hand, is affected by tunneling through a tight barrier in the exit channel primarily
along the H–O dissociation coordinate, which is manifested by the non-Arrhenius
rate constant at low temperatures, kinetic isotope effects, and vibrational mode
selectivity. In addition, the photodetachment of HOCO� produces metastable
HOCO species, the decomposition of which is dominated by deep tunneling to
the H C CO2 products. Since both systems are influenced by multidimensional
tunneling, an accurate characterization of the dynamics requires a quantum
mechanical (QM) treatment, preferably with full dimensionality. In this chapter,
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we review the recent advances in understanding the effects of tunneling in these
two reactive systems.

3.1 Introduction

Tunneling is an important quantum effect, which stems from the particle-wave
duality in quantum mechanics. A light quantum particle, which has a long de Broglie
wavelength, is capable of having substantial non-zero probability amplitudes in
classically forbidden regions. For many chemical reactions that possess a reaction
barrier, for example, tunneling facilitates reactivity by penetrating the barrier at
energies below the barrier height [1, 2]. Tunneling manifests in many observables
such as non-Arrhenius behaviors of thermal rate constants at low temperatures and
kinetic isotope effects, but an unambiguous and precise quantification of tunneling
is not always straightforward for bimolecular reactions since the classical limit
without tunneling is difficult to define. Tunneling is particularly facile if the reaction
coordinate involves the motion of light atoms, such as hydrogen. A good example
is the H C H2 reaction [3], which has been shown by accurate quantum reactive
scattering and transition-state theory calculations to exhibit strong non-Arrhenius
effects at low temperatures and large kinetic isotope effects [4–6], thanks to
tunneling as well as other quantum effects such as zero-point energy and resonances.
The enhancement of the rate constant relative to the Arrhenius prediction at low
temperatures is a tell-tale sign of tunneling, as it reduces the effective reaction
barrier.

Since it is a quantum effect, a proper account of tunneling dynamics requires
a QM treatment. While such a treatment has become routine for bound-state
calculations in small polyatomic systems [7, 8], an accurate description of the
tunneling affected reaction dynamics is much more difficult [9–11]. Apart from
the exponential scaling of the number of degrees of freedom, the other main
obstacles include the lack of an optimal coordinate system to describe the both
reactant and product arrangement channels, the involvement of a large phase
space, and the possible long lifetime when a reaction intermediate is involved.
In addition, reliable multidimensional global potential energy surfaces (PESs) are
often scarce, which prevent accurate QM calculations of the dynamics. Despite these
challenges, significant progress has been made in QM treatments of tunneling and
reaction dynamics in polyatomic reactive systems. In this chapter, we will focus on
the role of tunneling in chemical reactions using two prototypical examples. The
first is a unimolecular decomposition process, which involves the predissociation
of ammonia (NH3) in its first excited electronic state. The other is concerned with a
bimolecular reaction: HO C CO ! H C CO2, which plays an important role in many
gas phase environments. These two prototypical systems share some important
features. First, with six internal degrees of freedom these tetra-atomic systems
offer much richer dynamics than the extensively studied triatomic reactions, but
are more challenging to study quantum mechanically. Second and more relevant
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to this chapter, the dynamics of these bond breaking and forming processes are
significantly affected by tunneling.

3.2 Photodissociation of NH3

The photo-induced dissociation of NH3 to NH2( QA)/NH2( QX ) C H has served as
a prototype for understanding photodissociation dynamics in polyatomic systems
[12, 13]. The first (A) absorption band between 45,000 and 67,000 cm�1 consists
of a long series of nearly equidistant diffuse peaks, which have been assigned to
excitations in the umbrella (2n) vibration [14–16]. This progression reflects the
dramatic change from the trigonal pyramidal (C3v) equilibrium geometry of NH3

in the ground electronic ( QX1A01) state to the trigonal planar (D3h) structure on the
first excited electronic ( QA1A002 ) state. The diffuse nature of the peaks suggests strong
predissociation and the widths of these metastable resonances have been measured
by many authors [17–24]. It was found that the line width, which is inversely
proportional to the lifetime, of these vibrational levels depends on the vibrational
quantum number (n). In addition, the widths of the ND3 peaks are significantly
narrower than their NH3 counterparts, strongly suggesting tunneling.

The predissociation of ammonia stems from the quasi-bound nature of the
vibrational states in the Franck–Condon region of the QA-state PES. Ab initio
calculations indicated a small barrier along the dissociation (N–H) coordinate imme-
diately outside the Franck–Condon region [25–27], due primarily to the interaction
between the N(3s) Rydberg state and the �* antibonding state. The existence of this
barrier is consistent with the diffuse nature of the 2n peaks and with the isotope
effect, as the predissociation, at least for low energies, proceeds via tunneling. At
higher energies, the lifetime is presumably influenced by a number of other factors,
including intramolecular vibrational energy redistribution (IVR) among the various
vibrational modes in NH3. Beyond the barrier, the excited QA-state forms a seam
of conical intersections with the ground QX -state [25–29], which are responsible
for non-adiabatic transitions leading to the dominant NH2( QX ) C H fragmentation
channel observed in experiment. The schematic QX= QA PESs for ammonia are
illustrated in Fig. 3.1.

The quasi-bound nature of NH3( QA1A002 ) in the Franck–Condon region provides an
ideal case for studying tunneling dynamics in unimolecular reactions [27, 30–33].
As expected, the lifetime of a metastable quantum resonance state depends sen-
sitively on the shape and height of the barrier, as well as other factors such as
intermodal coupling. Indeed, the measured lifetimes of both NH3 and ND3 exhibit
some surprising trends. For example, the first overtone of the umbrella vibration
(21) of both NH3 and ND3 has a longer lifetime than the ground vibrational
state (20) and the second overtone (22), although higher overtones typically have
shorter lifetimes [15–17, 19, 22]. In order to quantitatively understand the unique
dissociation dynamics, much effort has been devoted to the accurate determination
of the PES of the excited as well as the ground states of NH3 [25–29, 34]. However,
it is only recently that ab initio-based full-dimensional PESs have become available.
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Fig. 3.1 Schematic QX= QA potential energy surfaces for NH3. Adapted from [38] with permission

To this end, Truhlar and coworkers have developed the first full-dimensional quasi-
diabatic representation of the coupled QX= QA PESs for NH3 [35, 36]. More recently,
Zhu, Ma, Guo, and Yarkony (ZMGY) presented a more accurate set of coupled
quasi-diabatic PESs for this system [37]. These PESs allowed full-dimensional QM
calculations of the absorption spectra, which yielded detailed information about the
tunneling dynamics in this system [37–40].

Accurate knowledge of the PESs alone is of course insufficient to yield lifetimes.
A QM treatment of the dissociation dynamics is required and full dimensionality is
preferred as both tunneling and IVR are multidimensional in nature. To this end,
we have developed such a wave packet-based method for the photodissociation
of ammonia using an exact Hamiltonian (J D 0) for the nuclear motion [38]. The
six-dimensional Hamiltonian and wavefunction in the Radau–Jacobi coordinates
were discretized using a mixed representation [41]. Our approach relied on the
Chebyshev propagation [42] of the excited state wave packet prepared by a
vertical excitation from the ground electronic state, in the same spirit as the
time-dependent approach to photodissociation [43]. The absorption spectrum can be
readily obtained by a discrete Fourier transform of the Chebyshev autocorrelation
function [44]. We note in passing that classical models have been employed for
studying the photodissociation of ammonia [45, 46], but they are incapable of giving
a good representation of the tunneling dynamics that dominates the absorption
spectra.

The absorption spectra for both NH3 and ND3 were first calculated by our group
[38] on the coupled full-dimensional PESs developed by Li, Valero, and Truhlar
(LVT) [36]. Consistent with experiment, the absorption spectra are dominated by
the predissociative umbrella (2n) resonances. The calculated positions, widths, and
intensities of these states are in qualitatively good agreement with the experimental
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findings. For example, the ND3 peaks have typically much narrower widths due
to the larger reduced mass in the dissociation coordinate, consistent with the
experimental observations [16, 17, 19]. Quantitatively, however, the line widths
of the 2n features in the absorption spectra, which underscore the state-specific
tunneling rates, deviate significantly from the most reliable experimental values
[34]. Specifically, the calculated widths of the low-lying states are generally three
times too large, presumably because the classical barrier height of 1,750 cm�1 on the
QA-state PES [36] is too low compared with that estimated from experimental data

(�2,100 cm�1) [22]. Despite these large deviations, the 21 anomaly was reproduced.
This anomaly is due apparently to the fact that the dissociation barrier rises quickly
with the umbrella angle. Consequently, the 21 state, which has a node at planarity,
is subjected to a larger effective barrier than the planar 20 state, thus possessing
a longer lifetime [18]. For higher overtones, the predissociation is dominated by
intermodel coupling, and as a result the dissociation rate increases with energy.
Subsequent calculations by Giri et al. [39] using an approximate QM method
yielded qualitatively similar results.

Since the nuclear dynamics was treated exactly, the errors in the absorption
spectra can be attributed to inaccuracies in the PESs. Not surprisingly, the agreement
with experiment is greatly improved when the more accurate ZMGY PESs were
used [37]. In Fig. 3.2, the calculated absorption spectra of both NH3 and ND3 are
compared with the experimental counterparts measured in a cold supersonic jet [19].
The nuclear spin statistics at the experimental temperature [26] has been included
in the calculations. The agreement in both the positions and intensities is quite
satisfactory. In addition, the calculated widths are also compared in Fig. 3.3 with
experiment and previous theoretical results. The theory–experiment agreement in
the absorption spectra is much better than that on the LVT PESs, and the agreement
in the widths, including the 21 anomaly, is almost quantitative. The improvements
can almost certainly be attributed to the higher level of the ab initio (multi-reference
configuration interaction or MRCI using the aug-cc-pVTZ basis set with an extra
3 s Rydberg function for N) calculations and a better fitting scheme [47]. Indeed,
the classical barrier height of the ZMGY QA-state PES is, for example, 2,153 cm�1

[37], in much better agreement with the experimental estimation of �2,100 cm�1

[22].
It should be noted that the inclusion of the seam of conical intersections at

larger N–H distances in latter dynamical calculations did not change the quan-
titative agreement in the absorption spectra [40], suggesting that the subsequent
non-adiabatic dynamics has almost no impact on the initial tunneling dynamics.
Interestingly, the ZMGY PESs have recently been shown to perform extremely well
in reproducing the NH2( QA)/NH2( QX) product branching ratio in the non-adiabatic
dynamics of ammonia photodissociation [40], which further confirms the accuracy
of the global PESs and their coupling.

One of the more intriguing questions concerning the tunneling dynamics in
ammonia photodissociation is the impact of vibrational excitation prior to the
electronic transition. Crim and coworkers have examined the action spectra of such
vibrationally mediated photodissociation processes in NH3 and found drastically
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Fig. 3.2 Comparison of the calculated and measured [19] absorption spectra of NH3 (upper panel)
and ND3 (lower panel). Adapted from [37] with permission

different line structures and widths from photodissociation of vibrationally unex-
cited NH3 [34]. The changes in the absorption spectra can be qualitatively under-
stood as different vibrational states on the ground electronic state have different
Franck–Condon factors with those on the excited electronic QA-state. More striking
is the very unusual H translational energy distributions, which are interpreted as the
result of changing product branching ratios resulted from different non-adiabatic
transitions [48, 49]. Such problems can in principle be addressed using the same
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Fig. 3.3 Comparison of the calculated and measured [17, 19, 22] widths of the 2n resonances of
NH3 (upper panel) and ND3 (lower panel) in their absorption spectra. Adapted from [37] with
permission
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technique described above, which will provide additional information about the role
of tunneling in this prototypical system.

3.3 OHCCO!HCCO2 Reaction

The exothermic OH C CO reaction plays an important role in combustion as the last
step of hydrocarbon oxidation, which represents the main heat release step, and is
considered to be the “second most important combustion reaction” [50]. It is also
the main CO oxidation channel in the atmosphere and controls the atmospheric OH
concentration [51]. Unlike many activated reactions, the PES of this reaction has a
very small or null overall barrier. Instead, the association of HO and CO results in a
relatively stable HOCO intermediate [52, 53], which has both cis and trans isomers.
The kinetics of the reaction has been extensively studied and the rate constants have
some very unusual characteristics [54–58]. For example, the reaction shows a strong
pressure dependence, which was attributed to the complex-forming mechanism [54].
In addition, the rate constant is almost constant at low temperatures, but it increases
sharply with temperature above 500 K. This non-Arrhenius behavior is indicative of
tunneling along the reaction pathway. The importance of tunneling in the reaction
dynamics is also supported by a strong H/D kinetic isotope effect [58–60], and rate
enhancement via vibrational excitation of the OH reactant [59, 61, 62]. Indeed,
tunneling has to be included in kinetic modeling of the reaction if a quantitative
agreement with experiment is to be obtained [58, 63–65]. In particular, we note the
recent semi-classical transition-state theory study of the reaction rate constant based
on high-quality ab initio anharmonic force fields at transition states reproduced
the experimental data, including the non-Arrhenius behaviors at low temperatures,
almost perfectly [66], underscoring the importance of tunneling in the reaction.

This reaction and its reverse have become a prototype to understand
complex-forming elementary reactions [9, 10, 67]. As illustrated in the previous
section, the accuracy of the underlying PES is essential for quantitatively
characterization of the reaction dynamics. For HOCO, several earlier global
PESs, notably the ones by Schatz, Fitzcharles, and Harding (SFH) [68], by Yu,
Muckerman, and Sears (YMS) [69], by Lakin, Troya, Schatz, and Harding (LTSH)
[70], and by Valero, van Hemert, and Kroes (VvHK) [71], have been developed.
These and other PESs have been used in numerous dynamical calculations, using
both quasi-classical trajectory (QCT) [68, 70, 72–81] and QM methods [82–99].
Unfortunately, these PESs do not have the necessary accuracy, due primarily to
the small number of ab initio points used in constructing these six-dimensional
potential energy functions. To improve our understanding of this important reactive
system, we have recently reported a new global PES for this system at the level
of UCCSD(T)-F12/AVTZ [100–102]. This represents the most accurate level of
theory affordable at present and the accuracy has recently been corroborated by
MRCI C Q-F12 calculations [103]. Approximately �50,000 points distributed in
a large configuration space relevant to the reaction were fit with the permutation
invariant polynomial method [104, 105]. The PES represents the stationary points
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Fig. 3.4 Energetics of reaction pathways for the HOCCO!HCCO2 reaction. The ab initio
energies (E0) of the stationary points are given in kcal/mol relative to the trans-HOCO minimum.
The wavy lines are for ZPE-corrected energies (E0CZPE) of the relevant species. All species are
planar, except tor-TS. Adapted with permission from [101]

quite well with a global fitting error of roughly 1.0 kcal/mol, indicating that the PES
is sufficiently accurate for most dynamical calculations.

The ab initio-based energetics of the reaction pathway for this reaction is
illustrated in Fig. 3.4. From the HO C CO reactants, two pathways exist for the
formation of the HOCO intermediate, each gated by a bottleneck (trans or cis-TS1).
In the entrance channel, there also exist two collinear hydrogen-bonded van der
Waals complexes, one of which has been detected experimentally [106]. Within
the HOCO well, the cis and trans-HOCO species are separated by a relatively low
isomerization barrier (tor-TS). On the other hand, the dissociation of the two HOCO
isomers to the H C CO2 products is controlled by two other transition states, namely
TS2 and TS4, with the latter less relevant at low collision energies due to its higher
energy. A key feature of the HOCO PES is that the lowest entrance and exit barriers
are roughly isoenergetic, which give rise to the unusual kinetic behaviors of the
reaction discussed above. In particular, the exit channel transition state (TS2) is
much tighter and has a reaction coordinate dominated by the H–O stretching motion,
which is amenable to tunneling dynamics.

This new PES was used in a recent full-dimensional QM calculations [107],
which solves the nuclear Schrödinger equation with the Chebyshev propagator [42]
in the OH–CO Jacobi coordinates. Such calculations are extremely challenging
due to the three heavy atoms in the system and the large number of quantum
states supported by the HOCO well. As a result, only the J D 0 partial wave
was considered. The initial state in the reactant asymptote was represented by a
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Fig. 3.5 Capture (upper panel) and reaction (lower panel) probabilities (JD 0) for (nOH, nCO)
states of reactants as a function of collision energy (Ec). The quantum mechanical (QM) and QCT
results (bD 0) are given in lines and symbols, respectively. Adapted with permission from [107]

Gaussian wave packet in the scattering coordinate multiplied by the internal state
wave functions for OH and CO. A mixed grid/basis representation [41] was used
to discretize the Hamiltonian and wave packet. The energy-dependent total reaction
probability was calculated using a flux method [108] at a dividing surface placed in
the product channel just beyond TS2. For capture calculations, on the other hand,
the dividing surface was placed behind TS1, which saves a large number of grid
points. The calculated J D 0 capture and reaction probabilities for a number of
reactant internal states are shown in Fig. 3.5 as a function of the collision energy.
As comparison, corresponding QCT results were also obtained with zero impact
parameter (b D 0) and included in the same figure. It is clear from the figure that the
reactivity is very low despite its near barrierless nature, in qualitative agreement with
previous QM calculations on earlier PESs [93, 94, 98]. This is due to the fact that the
reaction has to overcome two bottlenecks in both the entrance and exit channels, as
shown by the substantially larger capture probabilities in Fig. 3.5. Both the capture
and reaction probabilities tend to increase with the collision energy with a common
reaction threshold of �0.03 eV, which is primarily due to the entrance channel
bottleneck. The oscillatory structures in the reaction probabilities are apparently
due to numerous overlapping resonances, which have been noted in previous QM
calculations [93, 94, 98].

As shown in Fig. 3.5, excitation in the vibration of the OH reactant (v D 1)
significantly enhances the reactivity, while the effect in CO excitation is limited.
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Fig. 3.6 Comparison of calculated quantum and QCT rate constants with experimental ones in
the low pressure limit [55, 58]. The quantum rate constants reported by Liu et al. [98] on the LTSH
PES are also included for comparison. Adapted with permission from [107]

This observation is consistent with experimental evidence for this reaction [59, 61],
as well as our earlier QCT work [101] and previous QM calculations on the LTSH
PES [98, 99]. Interestingly, the vibrational excitation in the reactant has little impact
on the capture probabilities. This follows that the energy imparted in the OH
vibration helps to surmount TS2 as the reaction coordinate at the saddle point
is essentially the O–H stretch. However, this is possible only when the HOCO
intermediate is relatively short-lived, rendering incomplete randomization of energy
before surmounting TS2, which retains energy in the O–H bond. A short-lived
HOCO intermediate is consistent with experimental observations [52, 53, 109, 110]
and our QCT studies of this system on this new PES [101, 102].

It is also interesting to compare the J D 0 capture and reaction probabilities with
the corresponding QCT results obtained with zero impact parameter. Although the
QCT probabilities cannot account for quantum resonances, Fig. 3.5 suggests that
the overall agreement with the corresponding QM results is quite reasonable. The
QCT probabilities are typically smaller than their quantum counterparts at lower
collision energy, particularly for the OH excited case, suggestive of tunneling. The
importance of tunneling is expected to be even more pronounced as J increases,
because the tight TS2 saddle point is raised by the centrifugal potential.

Figure 3.6 displays the comparison of the theoretically calculated thermal rate
constants with the experimental data in the low pressure limit [55, 58]. The QM
rate constants were estimated using the J-shifting method [111] with energy shifts
determined at TS2, while the standard thermal sampling was used in the QCT
calculations [100]. A caveat is in order concerning the validity of the J-shifting
approximation in complex-forming reactions, since the reactivity in such a reaction
is not completely determined by the saddle point [67]. For comparison, the J-shifted
QM rate constants reported by Liu et al. [98], who used the earlier LTSH PES [98],
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are also included in the same figure. The calculated QM rate constants on the new
PES are in much better agreement with experimental data than that obtained on the
LTSH PES, although there is still significant underestimation at low temperatures
and overestimation at high temperatures. The discrepancies at low temperatures are
partially due to tunneling that is not completely captured by the J-shifting model.
Indeed, the centrifugal potential for J > 0 is expected to raise the thin barrier at the
tight TS2 saddle point to energies significantly higher than the reactant asymptote,
further accentuating the impact of tunneling. On the other hand, the errors at high
temperatures may also be due to the over-simplification of the J-shifting model, but
the precise origin has to await future explicit J > 0 calculations. Since the same QM
method was used, the improvement in the theory–experiment agreement for thermal
rate constants can be attributed to the improved accuracy in the new PES. On the
other hand, the QCT rate constants also reproduced the high temperature data quite
well, but underestimate at low temperatures, due almost certainly to the neglect of
tunneling.

Despite the improvements in describing the reaction PES for the HO C CO !
H C CO2 reaction, there is evidence indicating that the new PES is still not perfect.
For example, our recent QCT studies [101, 112] failed to reproduce the experimental
internal state distribution of the CO2 product [109, 113, 114] and the corresponding
angular distribution [80, 109, 114]. For the reverse H C CO2 ! HO C CO reaction,
our QCT results [102] underestimate the CO rotational state distribution [115, 116],
although in good agreement with the experimental rate constant [117], total integral
cross sections [118, 119], and the HO rotational distribution [118, 119]. It is possible
that these discrepancies are due to experimental errors, but it is more likely that
subtle deficiencies in the PES are the culprit. Indeed, a more recent fit of the
CCSD(T)-F12/AVTZ points for this system using neural network has uncovered
several shortcoming of our PES, resulting in even lower reaction probabilities [120].

The most dramatic manifestation of tunneling was found in the photodetachment
of the HOCO� anion, which produces the neutral HOCO species and its dissociation
fragments. Photodetachment of negative ions has been widely used as a powerful
way to probe dynamics of chemical reactions on the corresponding neutral PESs
[121]. Since this approach sometimes affords a direct access to the transition-state
region of the bimolecular reactions, this so-called transition-state spectroscopy by
negative ion photodetachment has revealed intricate resonances near the reaction
barrier [122], which control the reactivity. The photodetachment of HOCO� (and
DOCO�) has been extensively investigated by Continetti and coworkers [123–128].
The photo-ejection of an electron from the anion places the system on the neutral
PES near the HOCO wells. Earlier photoelectron–photofragmentcoincidence (PPC)
experiments revealed the formation of the HOCO, HO C CO, and H C CO2 products
[123, 124]. More recently, a new cryogenically cooled PPC apparatus was employed
to achieve much higher resolution and to eliminate hot bands [126, 127]. One of the
most striking observations is that nearly all photoelectrons in the H C CO2 channel
were found to have energies above the maximum limit predicted for TS2, suggesting
the dissociation of HOCO into the H C CO2 channel is mostly via tunneling through
the barrier [126, 127]. In other words, the reaction is pure quantum in nature.
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Interestingly, an earlier full-dimensional QM study of the photodetachment of
HOCO� found no evidence of tunneling, although all three experimentally observed
channels were identified [129]. There are several reasons for the discrepancy. The
most likely is that the LTSH PES [70] used in the calculation was not sufficiently
accurate, particularly with regard to the thickness of the barrier associated with TS2,
as shown in our recent work [100, 101]. As a result, tunneling might be substantially
underestimated. We have reinvestigated [130] the problem using our new HOCO
PES [100, 101], which has a much thinner barrier leading to the H C CO2 products
than the LTSH PES. Both full-dimensional and reduced-dimensional QM models
have been used. This is important because ample evidence suggests that tunneling is
a multidimensional phenomenon [100, 127]. Due to the formidable computational
costs, however, the former was restricted to the calculation of the low-resolution
energy spectrum of the photodetachment, which is pertinent to the initial evolution
of the wave packet on the neutral PES. In order to describe long time events due to
tunneling, on the other hand, the dynamics was followed using a five-dimensional
model with the non-reacting C–O bond fixed. While recent QM studies have
shown that the non-reactive CO bond is not in the strict sense a spectator in the
HO C CO reaction [95, 98], this approximation is unlikely to qualitatively change
the conclusion for photodetachment, especially concerning the tunneling over TS2.
This is because the C–O bond length does not change significantly over the course
of the dissociation.

The theoretical model for photodetachment is similar to that used to describe
photodissociation outlined in the last section. As illustrated in Fig. 3.7, the initial
wave packet on the neutral PES was chosen as the ground vibrational state of
cis-HOCO�, which has a lower energy than its trans counterpart. The anion
vibrational eigenfunction was determined on a newly developed anion PES at
the same CCSD(T)-F12/AVTZ level [130], as used to construct the neutral PES
[100, 101]. The neutral wave packet was propagated to yield probabilities to both
the HO C CO and H C CO2 asymptotes with a flux method [108] and the cosine
Fourier transform of the Chebyshev autocorrelation function yielded the energy
spectrum [44]. The discretization of the Hamiltonian and wavepacket, and the
propagation were essentially the same as in our recent reaction dynamics study
[107].

In Fig. 3.7, the low-resolution spectra were obtained from the Fourier transform
of the corresponding Chebyshev autocorrelation functions after a short (100 steps)
propagation of the initial wave packets on the neutral PES. In the same figure, we
have also included the spectrum converted from the experimental electronic kinetic
energy (eKE) distribution [126] via the following relation: E D h� � eKE, where the
experimental photon energy is 3.21 eV (386 nm) [126]. The agreement between the
experimental distribution and the full-dimensional spectrum is excellent, validating
the PESs used in the calculations. The shift of the reduced-dimensional spectrum
can presumably be attributed to the freezing of the non-reactive CO bond. It is
interesting to note that the geometry of the anion is sufficiently similar to that of the
corresponding neutral species, little amplitude was found outside the HOCO well on
the neutral PES. This observation is important because it indicates that only a small
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Fig. 3.7 Zero-point corrected energetics of the schematic HOCO/HOCO� PESs. The energy
zero is placed at the global trans-HOCO minimum of the neutral PES. The calculated energy
spectrum of the HOCO species prepared by photodetachment of the HOCO� anion is displayed in
green (full-dimensional model) and red (five-dimensional model) with the experimentally derived
spectrum in blue. In addition, the calculated dissociation probabilities for the HOCCO and
HCCO2 channels are also given in orange and purple. Note the substantial probabilities in the
latter channel suggest tunneling. Adapted with permission from [130]

fraction of the neutral species will have the necessary energy to dissociate directly
into both the HO C CO and H C CO2 channels. On the other hand, the majority
of the neutral species prepared by photodetachment is temporarily trapped in the
HOCO well as metastable resonances. As shown in Fig. 3.4, the trapped HOCO
species has no choice but to decay via tunneling through the barrier under TS2.

In Fig. 3.8, the high-resolution energy spectrum of HOCO prepared by photode-
tachment of cis-HOCO� is displayed. As expected, all HOCO species below the
effective dissociation barriers exist as resonances, as illustrated by the sharp peaks
in Fig. 3.8. There is no bound state because the lowest-lying vibrational state of
cis-HOCO is above the H C CO2 asymptote. Based on inspection of wave functions,
these peaks can be assigned to bending (�5) progressions, due apparently to the fact
that the bending angles of the anion differ significantly from those of the neutral
species. Some excitation in the reactive C–O bond stretch (�4) is also present. On the
other hand, the OH bond length in the negative ion and the neutral species is roughly
the same, resulting in negligible excitation in v1 (O–H stretch). This assignment is
in good agreement with the most recent photoelectron spectroscopic study of the
cold HOCO� anion, in which bending progressions in �5 with some excitations in
�4 and �3 (HOC bend) were found [128]. As discussed in our recent work [101], the
vibrational frequencies of both cis and trans-HOCO species calculated on our PES
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Fig. 3.8 High-resolution energy spectrum for HOCO prepared by photodetachment of the
HOCO� anion. The energy is referenced to the trans-HOCO potential minimum and the
approximate lifetime ranges of the resonances are color coded in blue for �s, orange for ns, and
red for ps. Adapted with permission from [130]

are in good agreement with these experimental results as well as the benchmark ab
initio data reported in the same publication [128].

The line widths of these resonances have been estimated and they are grouped in
Fig. 3.8 based on their calculated lifetimes. It is clear that some of the resonances
have exceedingly long lifetimes (>�s), which are comparable to the flight time
in the experimental set up [127]. As a result, these resonances would have been
classified as stable HOCO species in the experiment. Close to the energy of TS2,
the lifetimes are on the order of ps, which can be readily captured in our flux
calculations. The range of the lifetimes reported here is consistent with the estimates
based on an earlier effective one-dimensional model [127]. Above the dissociation
limit, there are still resonances superimposed on broad features, which correspond
to direct dissociation.

The calculated dissociation probabilities to the HO C CO and H C CO2 arrange-
ment channels are shown in Fig. 3.7. In the HO C CO channel, the energy
distribution centers at 1.82 eV relative to the trans-HOCO global minimum, in
good agreement with the experimental distribution between 1.65 and 2.0 eV [126].
Comparing with the H C CO2 channel, the HO C CO fraction is substantially
smaller, again consistent with experiment [126]. On the other hand, the probability
for the H C CO2 channel has contributions from both above and under the TS2
barrier. The former converges quickly because of the relatively short time needed
to dissociate. However, the tunneling contribution, which is apparent in the figure
below the dissociation limit, is not quite converged in our calculation due to the
extremely long lifetimes of the resonances at low energies. Nonetheless, it is clear
that the tunneling channel makes up a large percentage of the total photodetachment.

In comparing with the experimental branching ratios, it is important to realize
that the experimentally detected HOCO species are not strictly speaking stable
because these resonances have energies higher than the H C CO2 dissociation
asymptote. However, lifetimes of these deep tunneling states are so long that the
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7.8 �s flight time [127] might still be insufficient to observe their decomposition.
As discussed above, it is impractical to expect wave packet propagations on such
time scales either. Consequently, there is substantial uncertainty in the partition of
the HOCO and H C CO2 channels below the barrier. However, this uncertainty does
not affect the overall agreement between theory and experiment. The calculation
results presented here clearly demonstrated that photodetachment of HOCO�
produces predominantly HOCO resonances that dissociate into H C CO2, in agree-
ment with the conclusion made by Continetti and coworkers [127].

Finally, it might be worthwhile to comment on the impact of tunneling facilitated
HOCO decomposition in the bimolecular HO C CO ! H C CO2 reaction kinetics.
In the low pressure limit, the HOCO intermediate formed is largely above TS2
and as a result tunneling will be mostly through the centrifugal barrier near the
exit bottleneck (TS2). In the high pressure limit, on the other hand, the reaction
rate is dominated by the formation (capture) rate of the HOCO intermediate, as its
overcome of the exit barrier is achieved by collisional excitations. The tunneling
facilitated decomposition of thermalized HOCO is thus of less importance. As a
result, the tunneling effect is expected to have an important, but not overwhelming,
impact on kinetics of this bimolecular reaction and the impact will be limited to low
temperatures.

3.4 Conclusions

In this chapter, we have shown through two examples the important role played
by tunneling in reaction dynamics. In the unimolecular dissociation dynamics of
ammonia photodissociation on its first excited electronic state, the lifetimes of the
lowest-lying resonances are strongly affected by tunneling over a small barrier
in the dissociation coordinate, which is responsible for a lifetime anomaly in
the first overtone and for the large H/D isotope effect. Similarly, the tunneling
in the bimolecular HO C CO ! H C CO2 reaction has been shown to affect the
rate constants at low temperatures as well as the H/D isotope effect. These two
examples illustrate a typical scenario for the well-known quantum phenomenon in
molecular systems, in which the dynamics is nominally perturbed by tunneling. On
the other hand, chemical reactions dominated by deep tunneling are uncommon.
In two systems found recently [131, 132], for example, the dominant products
are produced via deep tunneling over a higher barrier even when another channel
with a lower barrier is available. The photodetachment of HOCO� presents another
interesting example, in which the decomposition of HOCO is almost exclusively
due to tunneling. These unique reaction systems, suggest that quantum effects such
as tunneling can in a few cases dominate, rather than merely influence, reactive
systems.
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