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Interpolatedab initio potential energy surfaces which describe abstraction and exchange reactions in
collisions of hydrogen and water are reported. The electronic structure calculations are performed at
the QCISD~T! level of theory, with an additivity approximation. A sufficiently large basis set is
required to describe the Rydberg character of the electronic state for molecular configurations which
are important for the exchange process. Classical and quantum dynamics calculations on the
surfaces are presented. ©2000 American Institute of Physics.@S0021-9606~00!30923-0#

I. INTRODUCTION

The reaction between a hydrogen atom and water,

H1H2O→OH1H2, ~1.1!

has been the subject of considerable experimental and theo-
retical interest.1 Experimental studies have considered the
temperature2 and energy3 dependence of the rate coefficient.
The reaction became a focus of attention when it was shown
by Crim and co-workers and Zare and co-workers4,5 to have
a rate constant that depended strongly on the initial vibra-
tional state of the water molecule. In particular, the branch-
ing ratio between reactions~1.2!,

H1HOD→OH1HD, ~1.2a!

H1HOD→OD1H2, ~1.2b!

was shown to vary substantially with initial excitation of the
OH or OD stretching modes in HOD.4,5 Recent experiments
have also considered the competition between these reactions
and collision-induced vibrational relaxation.6,7 To add fur-
ther complexity to this system, various exchange/abstraction
reactions can compete with the simple abstraction reaction,8

H1D2O→HOD1D, ~1.3!

H1D2O→OH1D2. ~1.4!

Up to now, no potential energy surface~PES! has been
available to provide the foundation for accurate theoretical
investigations ofall the reactions~1.1! to ~1.4!. The initialab
initio work on the OH3 system was performed by Walch and
Dunning.9 These authors found that the saddle point to the
reaction,

OH1H2→H2O1H, ~1.5!

was a planar cis-HOH–H configuration. Schatz and
Elgersma10 then approximately fitted an analytical potential
function to this and their ownab initio data. This analytic

surface, or a modified form of it, has since been used in
numerous quantum mechanical scattering calculations to
study reaction~1.5! and, to a lesser extent, reaction~1.1!.
More recently, Alagiaet al.11 reported the dynamics of the
reaction

OH1D2→DOH1D. ~1.6!

This work includes the highest levelab initio calculations to
have been reported on this system to date. An analytic PES
was fitted to 640 energies evaluated using an internally con-
tracted multireference configuration interaction with David-
son correction procedure (CMRCI1Q) for molecular con-
figurations which were constrained to be planar, in which the
OH bond length was constrained, and which were chosen to
lie close to the minimum energy path~MEP! for reaction
~1.6!. This PES is very accurate in an important four-
dimensional region of the configuration space, and may ac-
curately describe reaction~1.6!. More recently, Ochoa de
Aspuru and Clary developed a new functional form for this
surface based on the sameab initio data.12 However, both
these surfaces are not based onab initio data in much of the
configuration space required to describe reactions~1.1! to
~1.4!.

In this paper we present potential energy surfaces that
are given by an interpolation of QCISD~T! level ab initio
data at geometries scattered in a sufficiently large region of
configuration space that reactions~1.1! to ~1.4! should be
adequately described. However, these surfaces do not de-
scribe molecular configurations in much of the OH1H2 re-
gion of the surface. Unfortunately, in the entrance channel of
reaction ~1.5! there is a second low-lying electronic state.
These two low-lying states are nearly degenerate~split by
less than 2 kJ mol21! until the H2 is quite close to OH~when
the forming OH bond is about 2.6 Å long!. The theoretical
and practical consequences of the ensuing breakdown in the
Born–Oppenheimer approximation in this region of configu-
ration space are discussed in more detail below. For those
regions of configuration space where adiabatic dynamics is
clearly applicable, we report here the most accurate PES for

a!Present address: School of Chemistry, University of Sydney, Sydney 2006,
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the full dimensional OH3 system to date. The PES is an
interpolation of high-levelab initio data distributed through-
out the full six-dimensional configuration space. The inter-
polated PES incorporates not only theab initio energies at
each of the data points, but also the gradients and second
derivatives of the energies with respect to the six internal
degrees of freedom.

In order to compute the required gradients and second
derivatives in a feasible time, we have employed an additive
approximation to correct the QCISD~T! energies, gradients,
and second derivatives for basis set inadequacy, in a similar
manner to that employed in G2~MP2! calculations.13 The
inaccuracy of the resultant PES is primarily due to the use of
this additivity approximation. A very simple ansatz is then
used to evaluate a second PES based on data in which the
energy at each data point is given by the exact QCISD~T!
value for a large basis set, although the gradients and second
derivatives at each data point rely on the additivity approxi-
mation.

Some results of exact quantum scattering calculations of
the collision of H and H2O ~at zero total angular momentum!
on these PES are presented to demonstrate the convergence
of these interpolated surfaces. The results of classical calcu-
lations of the reaction cross sections are also reported.

The paper is set out as follows. Section II describes the
methods employed in this work. The electronic structure
method employed to construct the full PES is presented and
compared, at certain stationary points on the surface, with
various levels ofab initio theory and with results obtained by
other workers. Calculations are also presented to show the
presence of two low-lying electronic states in much of the
OH1H2 valley, and to indicate the region in which an iso-
lated ground-state PES can be constructed. The form of the
interpolated PES is briefly described, and various computa-
tional details regarding the iterative construction of the PES
are presented. Section III presents the PES surfaces and de-
scribes the need for extra diffuse basis functions to accu-
rately describe reaction~1.3!. Section IV presents the results
of dynamical studies of reactions~1.1! and ~1.3! to indicate
the convergence of the interpolated PES. A brief summary
and discussion concludes the paper.

II. METHODS

In this section, the method for iteratively developing an
interpolated PES is briefly presented. The current methodol-
ogy has been presented in detail elsewhere.

A. Form of the PES

The PES is given by an interpolation of Taylor expan-
sions centered at data points scattered throughout the con-
figuration space of the system.14–19For the molecule consid-
ered here, the PES can be constructed using the inverse
interatomic distances,Z5$1/R1,1/R2 , . . . ,1/R6%, as coordi-
nates. The potential energy,V, at a configuration,Z, in the
vicinity of a data point,Z( i ), can be expanded as a Taylor
series to second order,Ti ,

Ti~Z!5V@Z~ i !#1 (
k51
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@Zk2Zk~ i !#
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If the required energy and derivatives have been evalu-
ated at each ofNd molecular configurations, a modified
Shepard interpolation20,21 gives the potential energy at any
configurationZ as a weighted average of the Taylor series
about allNd data points and their symmetry equivalents,18

V~Z!5 (
gPG

(
i 51

Nd

wg+ i~Z!Tg+ i~Z!. ~2.2!

The weight function,wi , gives the contribution of thei th
Taylor expansion to the potential energy at the configuration
Z. In Eq. ~2.2!, G denotes the symmetry group of the mol-
ecule; in this caseG is S3 , the group of permutations of the
three hydrogens. Here,g+ i denotes that thei th data point,
Z( i ), is transformed by the group elementg. The sum over
gPG means that all permutationally equivalent data points
are included in the data set.22 The form of the weight func-
tion, wi , has been discussed in detail elsewhere.18,19,23 We
have used a ‘‘two-part’’ weight function which is derived via
a Bayesian analysis of the data set. All the details are as
previously reported.19

B. Iterative development of the PES

The location of the data points in Eq.~2.2! has been
determined using the iterative methods developed
previously;14,15,18an initial set of data points was chosen to
lie on or near the reaction path for reaction~1.1!, and new
data points~chosen from the paths of classical trajectories!
were iteratively added to the set until the PES was held to be
‘‘converged.’’ In earlier studies, convergence of this type of
PES has been established by performing large-scale classical
simulations of the reaction~s! of interest periodically during
the ‘‘growth’’ of the data set. When the observable proper-
ties of interest, e.g., a rate coefficient, do not change with
increasing data set size, the PES is taken to be converged.
Recently, we have demonstrated that this type of interpolated
PES converges in that the quantum probability of reaction
converges to the exact value as the size of the data set
increases.24

The methods for choosing a new data point at each it-
eration have been discussed in detail elsewhere. Here we
have used both ‘‘variance sampling’’18 and ‘‘h weight’’
methods14,15 alternatively for each additional data point.

The distribution of data points chosen is influenced by
the distribution of configurations sampled by the classical
trajectories. The initial conditions for these trajectories prin-
cipally determine the energy range of the data points, and
bias the relative frequency with which different regions of
configuration space are sampled. Each new data point is cho-
sen from a sample of molecular configurations encountered
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during a classical simulation of the reaction. Here we con-
sider two slightly different types of classical simulation,
where the classical trajectories are initiated at either~a! sepa-
rated reactants for reaction~1.1!, or ~b! at the saddle point for
reaction~1.1!. For the separated reactants, H2O was given
various fixed vibrational energies with coordinates and mo-
menta corresponding to a microcanonical distribution. The
H2O molecule was initially randomly oriented and given
zero rotational angular momentum, an impact parameter of
zero relative to the H atom, and an initial separation relative
to H of 10– 12a0 . For case~b!, the OH3 molecule was given
various fixed vibrational energies with coordinates and mo-
menta corresponding to a microcanonical distribution, sub-
ject to the constraint that the forming OH bond be 2.554 68
60.05a0 . The OH3 moiety has zero angular momentum.

C. Ab initio methods for reaction „1.1…

It has been demonstrated previously,25 that in order to
achieve accuracy for the barrier height for reaction~1.1!,
very high levels ofab initio theory are required. Our method
for constructing a full-dimensional PES requires energies,
gradients, and second derivatives of the potential at many
molecular configurations. At present there are noab initio
program packages available to calculate all of these quanti-
ties analytically at the required levels of theory. The CPU
time necessary to numerically evaluate these quantities is
very high. However, the success of ‘‘additive’’ methods,
such as G2 and G2~MP2!, for determining the energetics of
numerous chemical systems, suggests a resolution of this dif-
ficulty. The utility of these methods is to significantly reduce
CPU time by performing a number of relatively low-levelab
initio calculations in order to approximate the energy that
would be obtained from a single high-level calculation.

The basic idea behind the additivity ansatz used here is
an assumption that a basis set correction for a high level
treatment of electron correlation can be obtained from the
basis set correction for a lower level treatment of electron
correlation. The high and low level configuration interaction
~CI! methods we have chosen are the same as G2~MP2!, i.e.,
QCISD~T! and MP2, respectively. Thus, the additivity ap-
proximation is given by

E@QCISD~T!/large basis#

'E@QCISD~T!/moderate basis#1Dbasis, ~2.3a!

where

Dbasis5E@MP2/large basis#2E@MP2/moderate basis#.
~2.3b!

In order to determine the appropriate basis sets, the rela-
tive energies of the reactants and products and the barrier to
reaction for ~1.1! have been compared at the MP2 and
QCISD~T! levels of theory using theGAUSSIAN94 and
GAUSSIAN98 suite of programs.26,27 The basis sets employed
were varied in a consistent manner from 6-31G(d) through
to 6-31111G(3d f ,3pd) and aug-cc-pVTZ, for a fixed set
of geometries. Illustrative results are displayed in Table I.
Results for UCCSD~T! calculations with a very large basis
set are also shown in Table I to indicate the best available

theoretical estimates. From these results, the optimal choice
for the moderate and large bases were taken to be
6-311G(d,p) and 6-3111G(2d f ,2pd), respectively. This
choice reflects a balance between CPU time and accuracy. It
is clear from Table I that the error due to the additivity ap-
proximation is of the order of 3–6 kJ mol21 for the
QCISD~T!/6-3111G(2d f ,2pd) level of theory in the region
of the MEP for reaction~1.1!.

The saddle point and asymptotic geometries were then
reoptimized at the level of theory given by Eq.~2.3!. The
saddle point configuration is represented in Fig. 1. A barrier
of 94.9 kJ mol21 for reaction ~1.1! was obtained at these
optimized geometries. The electronic energy difference be-
tween equilibrium reactants and products is 68.4 kJ mol21

under this approximation. In order to determine the most
reliable theoretical estimate of the barrier for reaction~1.1! to
date, we performed a UCCSD~T!/O-aug-cc-pV5Z,~H-cc-
pV5Z! calculation using the geometries for OH,H2,H2O, and
the saddle point from our additivity calculations. The
MOLPRO suite of programs28 was used for these particular

TABLE I. Comparison of the energy at stationary points on the PES for
reaction~1.1!, using the QCISD~T! method and the corresponding additivity
approximation, Eq.~2.3!.

Structurea
Moderate

basis Large basis

Additive
energyb

kJ mol21

QCISD~T!
energyc

kJ mol21

Abstraction
saddle

6-311G(d,p) 6-3111G(3d f ,2p) 97.2 90.1

6-3111G(2d f ,2pd) 94.7 88.8
6-31111G(2d f ,2pd) 94.5 88.6
6-31111G(3d f ,2pd) 95.3 89.0
6-31111G(3d f ,3pd) 95.3 88.8
aug-cc-pVTZ 92.7 85.8
aug-cc-pV5Zd ¯ 89.5

OH1H2 6-311G(d,p) 6-3111G(3d f ,2p) 67.5 63.0
6-3111G(2d f ,2pd) 68.4 65.0
6-31111G(2d f ,2pd) 68.3 64.9
6-31111G(3d f ,2pd) 68.9 65.2
6-31111G(3d f ,3pd) 69.0 65.5
aug-cc-pVTZ 66.6 63.0
aug-cc-pV5Zd ¯ 66.7

aStructures were obtained by constraining the structure planer and perform-
ing a full optimization at the CCSD~T!/6-31111G(d,p) level.

bEnergies relative to H2O1H, using Eq.~2.3!.
cEnergies relative to H2O1H, using single-point energies at the QCISD~T!/
large basis level.

dEnergies relative to H2O1H, using UCCSD~T!/@aug-cc-pV5Z on oxygen,
pV5Z on hydrogen#. These energies were evaluated using theMOLPRO suite
of programs~Ref. 28!.

FIG. 1. A schematic representation of the structure of the saddle point for
the abstraction reaction~1.1!, evaluated using the additivity approximation
of Eq. ~2.3! with the 62311G(d,p) and 623111G(2d f ,2pd) basis sets.
The bond lengths are given in Angstrom and the bond angles are given in
degrees.
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calculations. The barrier obtained at this level of theory was
89.5 kJ mol21, and the energy difference from equilibrium
reactants to products was 66.8 kJ mol21. It is worth noting
that the additive approach saves more than an order of mag-
nitude in CPU time compared to a direct calculation of the
PES data points at the QCISD~T!/6-3111G(2d f ,2pd) level.

The vibrational energy levels of OH, H2, and H2O have
been calculated on this surface, which enabled us to calculate
the enthalpy of reaction~1.1! at 0 K:DH~0K!561.8
kJ mol21. This value compares very well with the experi-
mental value of 61.361.2 kJ mol21.29

Table II compares some of the properties of stationary
points on the OH3 surface obtained with this additivity ap-
proach to those reported by Alagiaet al.11 and Schatz and
Elgersma.10 It is clear from Table II that our results agree
well with the high level calculations of Alagiaet al.

The PES construction method used herein requires the
first and second derivatives of the energy at each data point.
From Eq.~2.1!, it is apparent that we therefore require the
first and second derivatives of the MP2/6-311G(d,p),
MP2/6-3111G(2d f ,2pd), and QCISD~T!/6-311G(d,p) en-
ergies at each data point. Analytic first and second deriva-
tives of the MP2 energies were evaluated using the
GAUSSIAN94 suite of programs.26 The corresponding deriva-
tives of the QCISD~T!/6-311G(d,p) surface were obtained

from central differences of 43 single-point energy calcula-
tions. It is important to note that accurate derivatives could
only be obtained when both the self-consistent field~SCF!
wave function and QCISD iteration were very tightly con-
verged; the electron density in the SCF procedure was con-
verged to 10212, and the QCISD energy was converged to
10212.

D. Domain of the PES

We have evaluated the PES throughout much of the con-
figuration space in which the potential energy is no more
than about 260 kJ mol21 above the energy of separated
H2O1H. However, we have not evaluated the PES in much
of the OH1H2 region of the surface for the following rea-
sons.

The electronic ground state of OH is2P. Thus, when
(1Sg

1)H2 is infinitely separated from OH there exists a spa-
tial double degeneracy. Except for collinear geometries, this
degeneracy is lifted as H2 approaches OH. Geometries on the
minimum energy path~MEP! for reaction~1.1!, for example,
possess onlyCs symmetry. In this case, the two states which
correlate with the asymptotic2P state are labeledA8 andA9,
depending on whether the unpaired electron lies in a molecu-
lar orbital in the plane of OH3 or not, respectively. TheA8
state correlates with the ground state of the H2O1H prod-
ucts.

Figure 2 shows the energy@as given by Eq.~2.3!# of the
two electronic states originating from the2P state of OH, as
H2 approaches OH along this MEP until the saddle point has
been reached. Figure 3 is an enlargement of this energy pro-
file which clearly indicates that the splitting of these two
states does not reach 1.5 kJ mol21 until the H2 is quite close
to the OH ~when the forming O–H bond is about 2.6 Å

TABLE II. Properties of the OH3 potential energy surfaces of Schatz and
Elgersma~Ref. 10!, Alagia et al. ~Ref. 11!, and this work.

Property SE fita CMRCI1Qb This work
Experimental

value

H2O properties
r OH /a0 1.808 1.815 1.814 1.811c

/HOH/deg 104.6 104.29 104.0 104.3c

v1 /cm21 3864 3828 3841 3825c

v2 /cm21 1687 1647 1660 1654c

v3 /cm21 3975 3935 3950 3936c

OH properties
r OH /a0 1.863 1.838 1.835 1.832d

ve /cm21 3624 3733 3754 3738d

H2 properties
r OH /a0 1.429 ¯ 1.403 1.401d

ve /cm21 4261 ¯ 4421 4401d

Saddle point properties
r OH /a0 1.86 1.836 1.834
ROH2H2 /a0 2.31 2.562 2.555
/HcHbO/deg 163.4 161.47 164.0
/HbOHa /deg 116.3 97.10 96.2
t(HaOHbHc)/deg 180 0 0
v1 ~torsion!/cm21 830 487 486
v2 /cm21 573 576 582
v3 ~H2O bend!/cm21 857 1072 1062
v4 /cm21 1920 2609 2585
v5 /cm21 3542 3729 3758
v i /cm21 1526i 1197i 1336i

Energy relative to
OH1H2 /kJ mol21

25.5 24.2 26.5

aSee Table II of Ref. 10.
bSee Table I of Ref. 11.
cReference 30.
dReference 31.

FIG. 2. The energy of OH3, evaluated using Eq.~2.3! and relative to that of
OH1H2, is shown for configurations on a planar minimum energy path
leading to the saddle point of Fig. 1. The energy of theA8 ~d! andA9 ~s!
states are shown as functions of the forming O. . . H bond length. The lines
are merely visual aids.
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long!. The energy splitting of these two states then rises rap-
idly to about 105 kJ mol21 at the saddle point. The relative
stability of theA9 state ‘‘early’’ along the MEP is evident in
Fig. 3. Clearly, this near degeneracy, and reversal in the ex-
pected relative stabilities, persists over a large region of con-
figuration space in the OH1H2 channel. For nonplanar,C1

symmetry, configurations in the OH1H2 valley, the two po-
tential energy surfaces cannot cross, but must form a com-
plicated pattern of avoided crossings. For geometries in
which the H2 is closer to the H atom in OH than to the O
atom, the splitting between the two states is much smaller
than that indicated in Figs. 2 and 3. The two states remain
degenerate for all collinear configurations in the OH1H2 en-
trance channel.

Hence, it not clear that the dynamics of OH1H2 can be
very accurately described using a single Born–Oppenheimer
surface. No exact nonadiabatic quantum reaction dynamics
has yet been reported for a system of more than three atoms.
Therefore, at this time, calculation of both low-lying elec-
tronic surfaces, and the nonadiabatic matrix elements cou-
pling them, does not appear to be warranted. In addition,
there are practical difficulties associated with constructingab
initio PES in the OH1H2 region with single determinant
methods~as used herein!: For configurations that possess no
symmetry, it is generally not possible to converge the SCF
wave function because the first excited electronic surface lies
very close to the ground-state surface. Such difficulties can
be overcome through the use of state-averaged CMRCI1Q
or CASPT2 methods. Alagiaet al.11 have shown that the
MRCI1Q method, with a sufficiently flexible basis set, can
achieve the required accuracy for electronic states in this
system, at least for planar geometries. However, at present
there are no program packages available that provide analytic
gradients or second derivatives at the CRMCI1Q level of
theory. Hence, at least 43 single-point energy calculations
must be performed in order to obtain the first and second

derivatives of the energy which are required for each data
point in the interpolated PES described below. Such calcula-
tions are far too computationally expensive at present.

It is for these reasons that the PES reported herein de-
scribes the entrance channel for H2O1H up to the saddle
point and only a little further into the OH1H2 channel. It
was found that convergence of the SCF wave functions re-
quired in these calculations could be achieved if the middle
length OH interatomic distance was not permitted to exceed
3.5a0(1.85 Å). Moreover, data points were generally added
in the region where the longest interatomic distance did not
exceed about 15a0(7.9 Å). These two criteria define the do-
main of the OH3 PES constructed in this work.

Quantum reaction dynamics calculations indicate that
this is a sufficiently large domain of configuration space to
describe reactions~1.1! to ~1.3!, though it is not possible to
evaluate the final state distribution of OH1H2 products.

III. POTENTIAL ENERGY SURFACES

In light of the results shown in Table I and the discus-
sion above, a PES was developed using the additivity ap-
proximation with the 6-311G(d,p) and 6-311
1G(2d f ,2pd) basis sets. However, the iterative construc-
tion procedure explores the energetically available configu-
ration space, sometimes ‘‘discovering’’ regions not previ-
ously considered.32 In this case the region involved in the
exchange reaction~1.3! was explored, and an inadequacy in
the adopted basis sets was revealed. More accurate PES were
then developed.

A. An additivity based surface for reaction „1.1…

A PES was developed with data point energyE,

E5E@QCISD~T!/6-311G~d,p!#

1E@MP2/6-3111G~2d f ,2pd!#

2E@MP2/6-311G~d,p!#. ~3.1!

The data set was initiated with 25 points on a MEP for
reaction~1.1!, with no data far into the OH1H2 valley, as
discussed above. The data set was then grown to 776 data
points; 358 data points were added using trajectories initiated
at the saddle point of Fig. 1, and 393 points were added
using trajectories initiated at H1H2O. The vibrational en-
ergy of OH3 initiated at the saddle point varied between
about 40 and 140 kJ mol21. For trajectories initiated at
H1H2O, the vibrational energy of H2O was varied between
about 68 and 100 kJ mol21, while the relative translational
energy was varied between about 68 and 142 kJ mol21. This
surface is denoted as PES1. The distribution of the potential
energy over the 776 data points in PES1 is shown in Fig. 4.
This figure indicates the type of energy distribution that re-
sults from the automated PES construction. The distribution
has a mean of 123 kJ mol21 and a standard deviation of 51
kJ mol21.

1. Accuracy of the interpolation

The ‘‘interpolation accuracy’’ of any PES is difficult to
describe, since the absolute error in the interpolation formula
varies throughout the space of internal coordinates. The rel-

FIG. 3. An enlargement of Fig. 2 which more clearly shows the energy
splitting of theA8 ~d! andA9 ~s! states.
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evant ‘‘effective accuracy’’ is best measured by the conver-
gence of observable properties calculated using the PES, as
considered in the next section. However, a crude estimate of
the accuracy of the interpolation formula, Eq.~2.2!, has been
obtained for this surface by generating a sample of molecular
configurations and comparing the energy given by Eq.~2.2!
with that given directly by Eq.~3.1! for each configuration.
From trajectories initiated at the saddle point for reaction
~1.1!, 192 configurations were selected at random. A random
sample of 150 configurations was obtained from trajectories
initiated at H1H2O. The energy range of the total sample of
342 configurations was 159.1 kJ mol21. The small size of the
sample reflects the computational expense of theab initio
calculations required. The average interpolation error was
found to be 0.38 kJ mol21, the median error was 0.16 kJ
mol21, and the maximum error was 5.1 kJ mol21. The aver-
age error represents about 0.2% of the energy range of the
sample. These interpolation errors are consistent with those
obtained for other reactions involving four atoms,19 and are
well below the error inherent in this level ofab initio theory.

2. Inaccuracy for exchange

Classical simulations of reaction~1.1! were carried out
using PES1. These simulations showed that the hydrogen
exchange process analogous to reaction~1.3! occurred much
more readily than the abstraction reaction~1.1!. In order to
examine the energetics in the relevant region of configura-
tion space, the saddle point for this exchange reaction was
determined by optimization at the UCCSD~T!/6-3111
1G(d,p) level of theory. The structure of a nearby energy
minimum was also optimized. These structures are depicted
in Fig. 5. The accuracy of Eq.~3.1! was investigated for
these stationary points. Table III presents a comparison of
the energies of these configurations in the ‘‘exchange re-
gion’’ at various levels ofab initio theory. Comparison of

Tables I and III shows clearly that the relative accuracy of
different basis sets for configurations relevant to reaction
~1.1! is quite different to the relative accuracy of different
basis sets for configurations relevant to reaction~1.3!. Table
III shows that a slightly larger basis set, 6-3111
1G(3d f ,2pd), is required for reasonably accurate evalua-
tion of the energy at the QCISD~T! level of theory in the
exchange region.

This somewhat anomalous basis set effect is due to the
unusually diffuse character of the ground electronic state of
H3O in the vicinity of theC3V minimum.33,34 In this region
of configuration space, H3O is a ‘‘Rydberg radical,’’ loosely
described as a stable OH3

1 cation plus an electron. Although

FIG. 4. The distribution of the energy of data in PES1 is shown as a histo-
gram constructed with a bin size of 20 kJ mol21. The energies are given
relative to that of H1H2O.

FIG. 5. A schematic representation of the structures of aCs symmetry
saddle point for the exchange reaction~1.3!, and a nearby potential energy
minimum of C3V symmetry. There are three equivalentCs saddle points on
the surface. The bond lengths are given in Angstrom and the bond angles are
given in degrees for structures optimized at the UCCSD~T!/62311
11G(d,p) level of theory and on the interpolated surface denoted PES2
~in brackets!.

TABLE III. Comparison of the energy at the stationary points for reaction
~1.3!, calculated using the QCISD~T! method and the corresponding addi-
tivity approximation, Eq.~2.3!.

Structurea
Moderate

basis
Large
basis

Additive
energyb

kJ mol21

QCISD~T!
energyc

kJ mol21

Exchange
saddle

6-311G(d,p) 6-3111G(3d f ,2p) 114.2 112.6

6-3111G(2d f ,2pd) 109.6 108.1
6-31111G(2d f ,2pd) 86.5 82.2
6-31111G(3d f ,2pd) 88.1 87.8
6-31111G(3d f ,3pd) 86.4 85.9
aug-cc-pV5Zd ¯ 91.0

Exchange
minimum

6-311G(d,p) 6-3111G(3d f ,2p) 125.9 124.0

6-3111G(2d f ,2pd) 121.0 119.0
6-31111G(2d f ,2pd) 78.8 76.2
6-31111G(3d f ,2pd) 80.5 77.9
6-31111G(3d f ,3pd) 78.7 76.1
aug-cc-pV5Zd 86.4

aStructures were obtained by performing a full optimization at the
CCSD~T!/6-31111G(d,p) level.

bEnergies relative to H2O1H, using Eq.~2.3!.
cEnergies relative to H2O1H, using single-point energies calculated at the
QCISD~T!/large basis level.

dEnergies relative to H2O1H, using UCCSD~T!/~aug-cc-pV5Z on oxygen,
pV5Z on hydrogen!. These energies were evaluated using theMOLPRO suite
of programs.
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this description is more appropriate to excited electronic
states, some part of this Rydberg character is also evident in
the ground electronic state. Hence, accurate energies for
these configurations can only be obtained with basis sets
which contain very diffuse functions on both the hydrogen
and oxygen atoms. It is interesting to note that the energy of
the exchange saddle point, relative to the reactants, is reason-
ably well described at the MP2 level of theory for suffi-
ciently large basis sets, in contrast to the abstraction saddle
point where the UQCISD~T! level of theory was required.

Hence, while the PES derived using Eq.~3.1! is accurate
in the vicinity of the minimum energy path for the abstrac-
tion reaction, it is not sufficiently accurate for configurations
associated with the exchange reaction. In particular, the en-
ergy of the saddle point for exchange is significantly overes-
timated by Eq.~3.1!.

B. An additivity based surface for reactions „1.1… and
„1.3…

From Tables I and III, it is apparent that a PES more
accurate than that given by Eq.~3.1! could be based on Eq.
~3.2!,

E5E@QCISD~T!/6-311G~d,p!#

1E@MP2/6-31111G~3d f ,2pd!#

2E@MP2/6-311G~d,p!#. ~3.2!

Table III suggests that Eq.~3.2! underestimates the
saddle point energy, relative to reactants, by only about 3 kJ
mol21. The energy of the nearbyC3V symmetry minimum
appears to be underestimated by about 6 kJ mol21 at this
level of theory.

The difference between Eqs.~3.1! and ~3.2! across the
relevant configuration space has been investigated by evalu-
ation of Eq.~3.2! at each of the data points in PES1. This
showed that the energy of approximately 75% of the data
points was only marginally effected by this expansion of the
basis set. For this 75% of the data points, the energy change
was in the range 3.6560.5 mhartree. Since a constant energy
shift has no physical significance, the basis set expansion
produces an effective variation of only60.5 mhartree in
these 578 data points. Figure 6 depicts the location of the
data points in PES1 for which the 6-31111G(3d f ,2pd)
basis set shifts the energy by more or less than60.5 mhar-
tree from the mean. This figure shows that, with a few ex-
ceptions, only data points in the vicinity of the exchange
saddle point andC3V minimum are significantly shifted in
energy.

All data points in PES1 for which Eqs.~3.1! and ~3.2!
differ by more than60.5 mhartree from the mean were
eliminated from the data set. For the remaining 578 data
points, the value of the energy of each data point was re-
placed by that given by Eq.~3.2!. Note that the gradients and
second derivatives at each data point, evaluated from Eq.
~3.1!, were retained. However, since the relative energy shift
of data points in neighboring regions should be quite small,

the inconsistency of the energy at each data point with the
corresponding gradients and second derivatives should be
insignificant.

Seven configurations describing well-separated H and
H2O with stretched and compressed OH bonds were added to
the data set to ensure accurate description of the asymptotic
reactants. The iterative growth of the PES was then initiated
from this set of 585 configurations using trajectories initiated
at H1H2O: 50 data points were added using trajectories with
approximately 96 kJ mol21 vibrational energy and 96 kJ
mol21 relative translational energy; 36 data points were
added using trajectories with approximately 50 kJ mol21 vi-
brational energy and 184 kJ mol21 relative translational en-
ergy, and a further 50 data points using trajectories with
approximately 210 kJ mol21 relative translational energy. Fi-
nally, the data set was grown to 827 points using trajectories
initiated at both H1H2O and the abstraction saddle point
with total energies between 195 and 265 kJ mol21 above the
equilibrium H2O1H asymptote. We denote this surface as
PES2.

Figure 7 depicts the distribution of data for PES2 in the
region of strong interaction of the fragments. It is clear that
PES2 is based on data which is scattered throughout the
regions where both reactions~1.1! and~1.3! take place. Fig-
ure 8 shows the distribution of the energies of the data in
PES2. Comparison of Figs. 4 and 8 shows that PES2 has a
very similar overall distribution of data point energies to
PES1, despite the lower energy of points in the exchange
region. The mean and standard deviation of the distribution
in Fig. 8 are lower than the corresponding values for Fig. 4
by only about 1 kJ mol21.

Figure 5 also depicts the structures of the exchange
saddle point and local minimum as determined on PES2. The
saddle point has an energy of 88.0 kJ mol21 relative to equi-
librium reactants and vibrational frequencies of 3403, 3326,
1521, 922, 723, and 1769i cm21. The local minimum has an
energy of 80.5 kJ mol21 relative to equilibrium reactants and

FIG. 6. The location of configurations in the data of PES1 which are dis-
carded~d! and retained~s! in PES2 is depicted as a projection onto the
plane of the two longest OH bond lengths for each configuration. The sym-
metry of the data set is indicated by the inclusion of both permutations of
the axes for each data point.
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vibrational frequencies of 2916, 2298, 2298, 1374, 1374, and
886 cm21.

C. An approximate QCISD „T…Õ6-311¿¿G„3df ,2pd …

surface

It is apparent from Tables I and III that the major limi-
tation on the accuracy of PES2 is due to the use of the ad-
ditivity approximation of Eq.~3.2!. In particular, the additiv-
ity approximation appears to overestimate the height of the
barrier to the abstraction reaction by about 5.5 kJ mol21.
Since the best theoretical estimates give the abstraction and
exchange barrier heights equal to within 1 kJ mol21, this ad-
ditivity error in PES2 may be significant.

In order to investigate the importance of the error due to
the additivity approximation, PES2 has been modified in a
very simple fashion. We have seen that in constructing
PES2, it was possible to merely shift the energy of the first
578 data points to account for a small basis set modification,
leaving the energy gradients and second derivatives at these
points unchanged. The smooth evolution of classical trajec-
tories on this modified PES is consistent with very small
errors in the interpolated gradient for this PES. The accuracy
of this approximation to the data is likely due to the fact that
the variation in the energy shifts is small, of the order of61
kJ mol21. Although the error due to additivity can be several
kJ mol21, a new PES was constructed by simply replacing
the energy of each data point by the
QCISD~T!/6-31111G(3d f ,2pd) value. This surface is de-
noted as PES3.

The question naturally arises as to whether the energy
shifted data in PES3 produces significant errors in the inter-
polation, particularly in the interpolated gradient of the PES.
The differences in the energy and gradient between PES2
and PES3 have been examined as follows. A classical simu-
lation of the collision of H and H2O ~with approximately
zero-point energy! at a translational energy of about 1.8 eV
has been carried out, and a sample of 2570 configurations
encountered in these trajectories was recorded. Trajectories
initiated at H1H2O rarely cross the abstraction saddle point
toward OH1H2, so a sample of 1563 configurations was also
obtained from trajectories initiated at this saddle point.

Figure 9 presents a histogram of the distribution of en-
ergy difference between PES3 and PES2 for the 2570
‘‘H 1H2O trajectory configurations,’’ the corresponding his-
togram for the 1563 ‘‘saddle point trajectory configura-
tions,’’ and the corresponding histogram of the energy dif-
ference between PES3 and PES2 at the 827 data points. It is

FIG. 7. The location of configurations in the data of PES2~d! is depicted as
a projection onto the plane of the two longest OH bond lengths for each
configuration. The symmetry of the data set is indicated by the inclusion of
both permutations of the axes for each data point. The locations of two
equivalent saddle points for abstraction~j! and two equivalent saddle
points for exchange~h! ~see Figs. 1 and 5! are indicated.

FIG. 8. The distribution of the energy of data in PES2 is shown as a histo-
gram constructed with a bin size of 20 kJ mol21. The energies are given
relative to that of H1H2O.

FIG. 9. The distribution of the energy difference between data in PES3 and
PES2~d! is shown as a histogram constructed with a bin size of 1 kJ mol21.
Similarly, the distribution of the interpolated energy difference between
PES3 and PES2 is shown for a sample of molecular configurations obtained
from trajectories initiated at H1H2O ~s! and at the saddle point for abstrac-
tion ~3!.
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clear that the histograms for the data set and the 1563
‘‘saddle point trajectory configurations’’ are bimodal, while
the other is not. This indicates that distinctly larger energy
differences are associated with configurations encountered in
the abstraction saddle region.

However, the differences between PES3 and PES2 are
found to effect the potential gradients of both samples of
‘‘trajectory configurations’’ in a similar way. First, we have
found that theaveragemagnitude of the Cartesian gradient,
i¹Vi , increases by only 0.3% for PES3 relative to PES2 for
both sets of sampled configurations. Moreover, the average
relative change in the Cartesian gradient,d,

d5
^i¹VPES32¹VPES2i&

0.5̂ i¹VPES3i1i¹VPES2i&
, ~3.3!

is about 2.6% in both samples. The standard deviations about
the meand are 5.6% for the first trajectory sample and 6.8%
for the sample weighted toward the abstraction region. It is
worth remembering that the interpolation formula, Eq.~2.2!,
for a finite data set, does not give the exact gradient at any
configuration other than at a data point. Even when the PES
has apparently converged sufficiently to reproduce the ob-
servables measured, there is usually an average residual rela-
tive error in the Cartesian gradient of several percent. Hence,
although the energy substitution which produces PES3 from
PES2 has introduced ‘‘gradient noise’’ in PES3, the level of
noise is not large compared to the error expected to arise
from the interpolation procedure.

IV. CONVERGENCE OF DYNAMICAL PROPERTIES

In order to indicate the convergence of the interpolated
PES, we present some results for the reaction dynamics on
these surfaces. Since the PES were constructed using classi-
cal dynamics, it is important to demonstrate that the calcu-
lated classical reaction dynamics would not change if the
data set were ‘‘grown’’ larger.

The classical simulations of H1H2O collisions were car-
ried out using standard methods. Since the domain of the
PES excludes the OH1H2 product, trajectories were termi-
nated, and counted as OH1H2 product, if the breaking OH
bond exceeded 3.5a0 . Figure 10 presents the calculated
cross section for the exchange of two hydrogen atoms in the
collision of H with H2O, as a function of the size of the data
set, for both PES2 and PES3. This figure is derived using
sets of 4000 trajectories in which the maximum impact pa-
rameter was 1.8a0 , the relative translational energy was
173.7 kJ mol21 ~1.8 eV!, and the H2O molecule has a micro-
canonical vibrational energy distribution of 49.9 kJ mol21

~approximating the zero-point energy! and no rotational an-
gular momentum. Since the region of configuration space
important for exchange is populated with few if any data in
the first 585 points, it is not surprising that the cross section
is not converged for fewer than several hundred data points.
The accuracy of the additivity approximation of Eq.~3.2! in
the exchange region is reflected in the similarity of the cross
sections for PES2 and PES3.

Figure 11 presents the cross section for the abstraction
reaction~1.1! as a function of the size of the data set for both

PES2 and PES3. The trajectory samples are the same as
those used for Fig. 10. The relatively large error bars in Fig.
11 are a reflection of the very small cross section for this
process. Within this uncertainty, the abstraction cross sec-
tions appear to be converged. PES3 might be expected to
produce a larger cross section for reaction~1.1! than PES2,
since the energy for PES3 lies below that of PES2 near the
saddle point for abstraction. Given the very low probability
of the abstraction reaction, quantum dynamics is required to
accurately quantify this property for PES2 and PES3.

The initial state selected time-dependent wave packet
~ISSTDWP! method has been used to calculate the total re-
action probabilities for both abstraction and exchange reac-
tions for PES2 and PES3 over a range of relative transla-
tional energy. The ISSTDWP method has been discussed in
detail in previous publications.35–37 A more detailed exami-
nation of the quantum dynamics on these surfaces will be

FIG. 10. The classical cross section for the exchange reaction is shown for
PES2~s! and PES3~d! as a function of the size of the data set. The error
bars correspond to two standard deviations.

FIG. 11. The classical cross section for the abstraction reaction is shown for
PES2~s! and PES3~d! as a function of the size of the data set. The error
bars correspond to two standard deviations.
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reported later. Since there is noab initio data point in the
OH1H2 channel where the breaking OH bond distance ex-
ceeds 3.5a0 , the interpolated PES is only accurate up to and
slightly beyond that line. Therefore, an absorption potential
was used to absorb the wave function starting fromr (OH)
53.3a0 before it moved into the OH1H2 region. The total
reaction probabilities for abstraction and exchange processes
were measured atr (OH)53.0a0 , where the reaction flux for
these two processes is already quite well separated for the
collision energies investigated. Using this approach, we con-
sider the convergence of the reaction probability with the
number of data points. However, since part of the configu-
ration space has few if any data in the first 585 points, we
have constructed two new partial data sets as follows. About
50 data points on the minimum energy path and at the
H1H2O asymptote have been combined with data points
chosen at random from the total data set to give data sets of
500 and 650 points. Figure 12 presents the abstraction reac-
tion probability as a function of translational energy, calcu-
lated with these 500, 650, and all 827 data points of PES2.
The convergence of the reaction probability is clear. Hence,
one can infer that the interpolation error in PES2 is suffi-
ciently small to allow accurate calculation of even very small
total reaction probabilities. For comparison, Fig. 12 also
shows the abstraction reaction probability calculated for
PES3. The lower abstraction barrier for PES3 is reflected in
a significantly larger probability for abstraction. Finally, Fig.
13 presents the exchange reaction probability as a function of
translational energy, calculated with the same 500, 650, and
all 827 data points of PES2. The reaction probability is again
clearly converged. Since the additivity approximation is
quite accurate in the exchange region of the surface, it is not

surprising that the reaction probability for PES3~also shown
in Fig. 13! is very close to that for PES2.

V. SUMMARY AND DISCUSSION

We have presented an interpolated surface, PES2,
for H3O which uses an additivity assumption to approx-
imate the energy of this system at the QCISD~T!/
6-31111G(3d f ,2pd) level of ab initio theory. Comparison
with experimental and other theoretical results in Table II
shows that this surface is accurate at the few molecular con-
figurations where comparison is possible.

The QCISD~T! treatment of electron correlation is gen-
erally held to provide a reliably accurate description in situ-
ations where multiconfiguration methods are not essential.
For OH3, this caveat limits the PES to the H1H2O entrance
valley, to the region where exchange takes place, and to the
immediate vicinity of the saddle point for the abstraction
reaction. Much of the product, OH1H2, region of the surface
has not been described. In this region there are two low-lying
electronic states, so that separation of electronic and nuclear
motion may not be appropriate.

We have discovered that very diffuse basis functions are
required on both the oxygen and hydrogen atoms in order to
accurately describe the ‘‘exchange region’’ of the surface
where the OH3 molecule has a Rydberg-like electronic struc-
ture. Interestingly, in this region, electron correlation is rea-
sonably described using the MP2 level ofab initio theory.
On the other hand, while a reasonably accurate description of
the abstraction saddle point region can be obtained without
such diffuse basis functions, the higher QCISD~T! treatment
of electron correlation is essential there.

FIG. 12. The quantum probability for the abstraction reaction~1.1!, for zero
total angular momentum and ground-state reactants, is shown as a function
of the relative translational energy of H and H2O. The results shown were
evaluated with PES3~d!, and with PES2 including 500 data points~----!,
650 data points~— — —!, and all 827 data points~——!.

FIG. 13. The quantum probability for the exchange reaction, for zero total
angular momentum, and ground-state reactants, is shown as a function of the
relative translational energy of H and H2O. The results shown were evaluted
with PES3~d!, and with PES2 including 500 data points~----!, 650 data
points ~— — —!, and all 827 data points~——!.
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Classical and quantum dynamics have been used to dem-
onstrate that PES2 is converged with respect to the size of
the data set for the abstraction reaction~1.1! and for the
exchange reaction~1.3!, for a reactant translational energy of
at least 1.8 eV. The surface was ‘‘grown’’ using trajectories
with vibrationally excited reactants, so that the surface may
also adequately describe collisions between H and H2O with
about 4000 cm21 of vibrational excitation.

We have not observed the combined exchange-
abstraction reaction~1.4! in classical simulations at the ener-
gies considered. This reaction has not been examined with
quantum dynamics as yet.

The principal source of inaccuracy in PES2 appears to
be the use of the additivity approximation of Eq.~3.2!. This
results in an overestimation of the barrier to abstraction of
several kJ mol21. A crude attempt to remove this source of
error was made by substitution of the exact
QCISD~T!/6-31111G(3d f ,2pd) energies at each data
point, while retaining the first and second derivatives ob-
tained with the additivity approximation. This surface, PES3,
has a lower barrier for reaction~1.1! which results in a higher
probability for the abstraction reaction on this surface, com-
pared to that for PES2. However, the additivity approxima-
tion is more accurate in the reactant and exchange regions, so
that the probability for exchange is very similar for PES2
and PES3. The classical and quantum dynamics calculations
on PES3 give no indication that the simple energy substitu-
tion has introduced large errors in the gradient of PES3.

It is interesting to note that, coincidentally, the barrier
heights for reactions~1.1! and~1.3! are very similar. Never-
theless, the exchange reaction is about two orders of magni-
tude more probable than the abstraction reaction in the en-
ergy range of Figs. 12 and 13. The probability of exchange is
characterized by a rich ‘‘resonance structure’’ as a function
of the translational energy of the reactants. This may be due
to the presence of a local minimum in the PES for an OH3

structure ofC3V symmetry. Future work will include a more
detailed examination of this quantum scattering, including
the dependence of the reaction cross sections on the initial
state of the reactants.

The data files and all software required to evaluate PES2
and PES3 for OH3, and the PES for other systems, are avail-
able via the Internet and anonymous ftp:~http://
www.rsc.anu.edu.au/RSC/ChemResearch/Groups/DD-home.
html and ftp://rsc.anu.edu.au/pub/collins/!.
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