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Ab initio potential energy surface for the reactions between H  ,0 and H
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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 QCISOT) 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. @O0 American Institute of Physids$S0021-96060)30923-(

I. INTRODUCTION surface, or a modified form of it, has since been used in
) numerous quantum mechanical scattering calculations to
The reaction between a hydrogen atom and water,  gy,dy reaction(1.5) and, to a lesser extent, reactiéh.).

H-+H,O—O0H+H,, (1.1 More recently, Alagiaet al!! reported the dynamics of the
reaction
has been the subject of considerable experimental and theo-
retical interest. Experimental studies have considered the OH+D,—DOH+D. (1.6

temperatureand energy dependence of the rate coefficient.

The reaction became a focus of attention when it was showmrhjs work includes the highest levab initio calculations to

by Crim and co-workers and Zare and co-workér® have  have been reported on this system to date. An analytic PES
a rate constant that depended strongly on the initial vibrayas fitted to 640 energies evaluated using an internally con-
tional state of the water molecule. In particular, the branchtracted multireference configuration interaction with David-

ing ratio between reactiond.2), son correction procedure (CMRER) for molecular con-
H+HOD—OH+HD, (1.29 figurations which were constrained to be planar, in which the
OH bond length was constrained, and which were chosen to

H+HOD—OD+H,, (1.2b  lie close to the minimum energy patMEP) for reaction

(1.6). This PES is very accurate in an important four-

OH or OD stretching modes in HOE? Recent experiments dimensional re_gion of the configuration space, and may ac-
have also considered the competition between these reactiofidrately describe reactiofL.6). More recently, Ochoa de
and collision-induced vibrational relaxatiéf.To add fur- ASPuru and Clary developed a new functional form for this

T 12
ther complexity to this system, various exchange/abstractioﬁurface based on the sarab initio data.” However, both

reactions can compete with the simple abstraction reaftiont'€S€ surfaces are not basedatminitio data in much of the

configuration space required to describe reactitng) to
H+D,0—HOD+D, 13 (1.4,

In this paper we present potential energy surfaces that
are given by an interpolation of QCISD) level ab initio

Up to now, no potential energy surfa¢@ES has been data at geometries scattered in a sufficiently large region of
available to provide the foundation for accurate theoreticatonfiguration space that reactiofk.1) to (1.4) should be
investigations ofll the reactiong1.1) to (1.4). The initialab  adequately described. However, these surfaces do not de-
initio work on the OH system was performed by Walch and scribe molecular configurations in much of the ®H, re-
Dunning? These authors found that the saddle point to thegion of the surface. Unfortunately, in the entrance channel of
reaction, reaction (1.5 there is a second low-lying electronic state.

These two low-lying states are nearly degenekamit by

OH+H,—H0+H, 9 less than 2 kJ mof) until the H, is quite close to OHwhen
was a planar cisHOH-H configuration. Schatz and the forming OH bond is about 2.6 A lohgThe theoretical
Elgersma’ then approximately fitted an analytical potential and practical consequences of the ensuing breakdown in the
function to this and their owrab initio data. This analytic Born—Oppenheimer approximation in this region of configu-
ration space are discussed in more detail below. For those

dpPresent address: School of Chemistry, University of Sydney, Sydney 2ood,egi0”3 of cpnfiguration space where adiabatic dynamics is
Australia. clearly applicable, we report here the most accurate PES for

was shown to vary substantially with initial excitation of the

H+D,0—OH+D,. (1.4)

0021-9606/2000/112(23)/10162/11/$17.00 10162 © 2000 American Institute of Physics
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the full dimensional OH system to date. The PES is an

6
) A
interpolation of high-levehb initio data distributed through- Ti(Z)=V[Z(i)]+ gl [Z—2Zy(1)] =5~

iz .

out the full six-dimensional configuration space. The inter- Kz=z()
polated PES incorporates not only thb initio energies at 18 8
each of the data points, but also the gradients and second + —2 E [Z—Z(D)][Z;—Z;(i)]

. . . . . 21 & =1
derivatives of the energies with respect to the six internal
degrees of freedom. Fay;

In order to compute the required gradients and second 9707 2.1

kKO=jlz=z(i)

derivatives in a feasible time, we have employed an additive
approximation to correct the QCISD) energies, gradients, If the required energy and derivatives have been evalu-
and second derivatives for basis set inadequacy, in a similatted at each ofNy molecular configurations, a modified
manner to that employed in @2P2) calculations® The  Shepard interpolatidi?* gives the potential energy at any
inaccuracy of the resultant PES is primarily due to the use ofonfigurationZ as a weighted average of the Taylor series
this additivity approximation. A very simple ansatz is thenabout allN, data points and their symmetry equivalelts,

used to evaluate a second PES based on data in which the Ny

energy at each data point is given by the exact QGISD V(Z)= E 2 Weoi(Z) T (2). 2.2
value for a large basis set, although the gradients and second gec =1 & o

derivatives at each data point rely on the additivity approxi-

The weight functionw;, gives the contribution of théth
aylor expansion to the potential energy at the configuration
. In Eq. (2.2), G denotes the symmetry group of the mol-
ecule; in this cas& is S;, the group of permutations of the
NRFee hydrogens. Hergpei denotes that théth data point,
lf(i), is transformed by the group elemantThe sum over

. . : e G means that all permutationally equivalent data points
The paper is set outas follows. Section I dQSCI’IbGS th%re included in the data s&tThe form of the weight func-
methods employed in this work. The electronic structure

. tion, w;, has been discussed in detail elsewHéré:>>we
method employed to cons_truct the full PES is presented anﬁave used a “two-part” weight function which is derived via

E Bayesian analysis of the data set. All the details are as
Hreviously reported®

mation.
Some results of exact quantum scattering calculations %
the collision of H and HO (at zero total angular momentym
on these PES are presented to demonstrate the converge
of these interpolated surfaces. The results of classical calc
lations of the reaction cross sections are also reported.

various levels ofib initio theory and with results obtained by
other workers. Calculations are also presented to show t
presence of two low-lying electronic states in much of the

OH+H, valley, and to indicate the region in which an iso- B. Iterative development of the PES

lated ground-state PES can be constructed. The form of the Tnhe |ocation of the data points in E.2 has been

interpolated PES is briefly described, and various computagetermined using the iterative methods developed
tional details regarding the iterative construction of the PE reviously**1518an initial set of data points was chosen to

are presented. Section Il presents the PES surfaces and qgs on or near the reaction path for reactih1), and new
scribes the need for extra diffuse basis functions to accugata points(chosen from the paths of classical trajectories
rately describe reactiofl.3). Section IV presents the results yere iteratively added to the set until the PES was held to be
of dynamical studies of reactiorig.1) and(1.3) to indicate  “converged.” In earlier studies, convergence of this type of
the convergence of the interpolated PES. A brief summarpgs has been established by performing large-scale classical
and discussion concludes the paper. simulations of the reacti@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
Il. METHODS increasing data set size, the PES is taken to be converged.

Recently, we have demonstrated that this type of interpolated

In this section, the method for iteratively developing anPES converges in that the quantum probability of reaction
interpolated PES is briefly presented. The current methodokonverges to the exact value as the size of the data set
ogy has been presented in detail elsewhere. increases!

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® and “h weight”

The PES is given by an interpolation of Taylor expan-method$*° alternatively for each additional data point.
sions centered at data points scattered throughout the con- The distribution of data points chosen is influenced by
figuration space of the systeffr.*° For the molecule consid- the distribution of configurations sampled by the classical
ered here, the PES can be constructed using the inversejectories. The initial conditions for these trajectories prin-
interatomic distanceZ ={1/R;,1/R,, . ..,1Rg}, as coordi- cipally determine the energy range of the data points, and
nates. The potential energy, at a configurationZ, in the  bias the relative frequency with which different regions of
vicinity of a data pointZ(i), can be expanded as a Taylor configuration space are sampled. Each new data point is cho-
series to second ordef; , sen from a sample of molecular configurations encountered

A. Form of the PES
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during a classical simulation of the reaction. Here we conTABLE I. Comparison of the energy at stationary points on the PES for

sider two slightly different types of classical simulation reaction(1.1), using the QCISDT) method and the corresponding additivity
. . . o . " approximation, Eq(2.3).

where the classical trajectories are initiated at eithesepa- PP az3

rated reactants for reactidh.1), or (b) at the saddle point for Additive QCISD(T)
reaction(1.1). For the separated reactants;(Hwas given Moderate ' energ)91 energ;?l
various fixed vibrational energies with coordinates and mo- Structuré basis Large basis  kJ mol* kJ mol"
menta corresponding to a microcanonical distribution. Theapstraction 6-311G@,p) 6-311+ G(3df,2p) 97.2 90.1
H,O molecule was initially randomly oriented and given saddle

zero rotational angular momentum, an impact parameter of 6-311+G(2df,2pd) 94.7 88.8
zero relative to the H atom, and an initial separation relative 6-311+ +G(2df,2pd) - 94.5 88.6
Hof 10— 12 F b). the O lecul . 6-311+ +G(3df,2pd)  95.3 89.0
to 1 of 10-12,. For casq ),t.e I—_gmo ecule was given 6-311+ +G(3df.3pd) 953 88.8
various fixed vibrational energies with coordinates and mo- aug-cc-pVTZ 92.7 85.8
menta corresponding to a microcanonical distribution, sub- aug-cc-pV52 89.5
ject to the constraint that the forming OH bond be 2.554 660H+H,  6-311G@,p) 6-311+G(3df,2p) 67.5 63.0
+0. . Th moiety has zero angular momentum. 6-311+G(2df,2pd) 68.4 65.0
0.0%, e OH; moiety has zero angular momentu 6.311+ 1 G(2f 2pd)  68.3 649
6-311+ + G(3df,2pd)  68.9 65.2

_— . 6-311+ +G(3df,3pd)  69.0 65.5

C. Ab initio methods for reaction (1.1) aug-c-pVTZ 66.6 63.0
It has been demonstrated previouSithat in order to aug-cc-pV52 66.7

aChieV_e accuracy fO!’ the barrier height _for reactidnl), 3Structures were obtained by constraining the structure planer and perform-
very high levels ofab initio theory are required. Our method ing a full optimization at the CCS)/6-311++G(d,p) level.

for constructing a full-dimensional PES requires energies,Energies relative to §0+H, using Eq.(2.3.

gradients, and second derivatives of the potential at man)F”‘”g'es relative to J0-+H, using single-point energies at the QCIST
arge basis level.

molecular configurations. At present there areaoinitio  dgnergies relative to y0-+H, using UCCSDT)/[aug-cc-pV5Z on oxygen,
program packages available to calculate all of these quantipvsz on hydrogeh These energies were evaluated usingmbeero suite
ties analytically at the required levels of theory. The CPU of programs(Ref. 28.
time necessary to numerically evaluate these quantities is
very high. However, the success of “additive” methods, , i , )
such as G2 and GRIP2), for determining the energetics of theoretical estimates. From these results, the optimal choice
numerous chemical systems, suggests a resolution of this difo" the moderate and large bases were taken to be
ficulty. The utility of these methods is to significantly reduce 6-311G@,p) and 6-31}¥G(2df,2pd), respectively. This
CPU time by performing a number of relatively low-lea F:h0|ce reflects a balance between CPU time and accuracy. It
initio calculations in order to approximate the energy thafS cléar from Table | that the error due to the additivity ap-
would be obtained from a single high-level calculation. ~ Proximation is of the order of 3-6 kJ md1 for the

The basic idea behind the additivity ansatz used here iQCISXT)/6-311+G(2df,2pd) level of theory in the region
an assumption that a basis set correction for a high leve?f the MEP for reactior(1.1). _ _
treatment of electron correlation can be obtained from the 1he saddle point and asymptotic geometries were then
basis set correction for a lower level treatment of electrof€0Ptimized at the level of theory given by EQ.3). The
correlation. The high and low level configuration interactionS2ddle point coqflguratlon is represented in Fig. 1. A barrier
(Cl) methods we have chosen are the same &8182), i.e., of 94.9 kJ mol - for reaction(1.1) was obtained at these

QCISD(T) and MP2, respectively. Thus, the additivity ap- optimized geometries. The electronic energy difference be-
proximation is given by tween equilibrium reactants and products is 68.4 kJ thol

under this approximation. In order to determine the most

E[QCISD(T)/large basi$ reliable theoretical estimate of the barrier for reactibr) to
N date, we performed a UCC$D/O-aug-cc-pV5Z,(H-cc-
~E[QCISD(T)/moderate basis- Ap.gis, 2.3 ) . .
[QCISBM) 1S Abasis (2.39 pV52) calculation using the geometries for OH,H,0, and
where the saddle point from our additivity calculations. The
Apasi= E[MP2/large basis- E[MP2/moderate basjs MOLPRO suite of progrant® was used for these particular
(2.3b
In order to determine the appropriate basis sets, the rela- H
tive energies of the reactants and products and the barrier to
reaction for (1.1) have been compared at the MP2 and 0.971 1 96.2 164.0 H
QCISD(T) levels of theory using thecAussiAN94 and o\ (;/0.818

GAUSSIAN9S suite of program&®?” The basis sets employed
were varied in a consistent manner from 6-3@{5through

to 6-311+ + G(3df,3pd) and aug-cc-pVTZ, for a fixed set FIG. 1. A schematic representation of the structure of the saddle point for

. . : : the abstraction reactiofi.1), evaluated using the additivity approximation
of geometries. lllustrative results are displayed in Table I.Of Eq. (2.3 with the 6-311G(.p) and 6- 311+ G(2df 2pd) basis sets,

Results for UCCSDF_) CalCU|ati0n5_ Wi_th a very large ba_Sis The bond lengths are given in Angstrom and the bond angles are given in
set are also shown in Table | to indicate the best availabl@egrees.

1.352
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TABLE II. Properties of the Okl potential energy surfaces of Schatz and
Elgersma(Ref. 10, Alagia et al. (Ref. 11, and this work.

Experimental

Property SE fit CMRCI+Q° This work value
H,O properties
Fon/ag 1.808 1.815 1.814 1.8%1
£/ HOH/deg 104.6 104.29 104.0 104.3
w,lemt 3864 3828 3841 3825
w,lem™t 1687 1647 1660 1654
wylemt 3975 3935 3950 3936
OH properties
ron/ao 1.863 1.838 1.835 1.842
welomt 3624 3733 3754 3788
H, properties
Fou/ag 1.429 1.403 1.401
welom™ 4261 4421 4401
Saddle point properties
ron/ao 1.86 1.836 1.834
Ron-t2/ag 231 2.562 2.555
/ H:H,Oldeg 163.4 161.47 164.0
£/ H,OH, /deg 116.3 97.10 96.2
7(H,OH,H.)/deg 180 0 0
w, (torsion/cm™* 830 487 486
wylemt 573 576 582
w3 (H,0 bend/cm™ 857 1072 1062
wslcmt 1920 2609 2585
ws/emt 3542 3729 3758
w;lcm™t 1524 1197 1334
Energy relative to 255 24.2 26.5

OH-+H,/kJ mol™*

aSee Table Il of Ref. 10.
bSee Table | of Ref. 11.
‘Reference 30.
YReference 31.

calculations. The barrier obtained at this level of theory was

89.5 kJ mol?, and the energy difference from equilibrium
reactants to products was 66.8 kJ mbollt is worth noting
that the additive approach saves more than an order of maghan about 260 kJ mol above the energy of separated
nitude in CPU time compared to a direct calculation of theH,O+H. However, we have not evaluated the PES in much
PES data points at the QCI$D/6-311+G(2df,2pd) level.

The vibrational energy levels of OH,,Hand HO have
been calculated on this surface, which enabled us to calculate The electronic ground state of OH #I. Thus, when
the enthalpy of reaction(1.]) at 0 K:AH(0K)=61.8
kJmol L. This value compares very well with the experi- tial double degeneracy. Except for collinear geometries, this
mental value of 61.31.2 kJ mol %

Table Il compares some of the properties of stationaryminimum energy patlMEP) for reaction(1.1), for example,
points on the OK surface obtained with this additivity ap- possess onlC symmetry. In this case, the two states which
proach to those reported by Alagé all' and Schatz and correlate with the asymptotfd] state are labeled’ andA”,
Elgersma? It is clear from Table Il that our results agree depending on whether the unpaired electron lies in a molecu-
well with the high level calculations of Alagiet al.

The PES construction method used herein requires thstate correlates with the ground state of thgOHH prod-
first and second derivatives of the energy at each data pointicts.

From Eq.(2.1), it is apparent that we therefore require the

first and second derivatives of the MP2/6-31@G),
MP2/6-311-G(2df,2pd), and QCISDT)/6-311G{d,p) en-
ergies at each data point. Analytic first and second derivabeen reached. Figure 3 is an enlargement of this energy pro-
tives of the MP2 energies were evaluated using thdile which clearly indicates that the splitting of these two
GAUSSIANY4 suite of program$® The corresponding deriva- states does not reach 1.5 kJ mountil the H, is quite close
tives of the QCISIT)/6-311G(,p) surface were obtained to the OH (when the forming O—H bond is about 2.6 A

Energy surface of H,0 and H 10165

30 [T T T

Relative Energy / kJ mol™!

5 4 3 2 1

O....H Bondlength / A

FIG. 2. The energy of O} evaluated using Eq2.3) and relative to that of
OH+H,, is shown for configurations on a planar minimum energy path
leading to the saddle point of Fig. 1. The energy of &ie(®) andA” (O)
states are shown as functions of the forming.OH bond length. The lines
are merely visual aids.

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 fig€PH
wave function and QCISD iteration were very tightly con-
verged; the electron density in the SCF procedure was con-
verged to 10*2 and the QCISD energy was converged to
102

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

of the OH+H, region of the surface for the following rea-
sons.
(1EJ)H2 is infinitely separated from OH there exists a spa-

degeneracy is lifted asapproaches OH. Geometries on the

lar orbital in the plane of OKlor not, respectively. Th&’

Figure 2 shows the enerdgs given by Eq(2.3)] of the
two electronic states originating from tRH state of OH, as
H, approaches OH along this MEP until the saddle point has
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2 [ 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 fop(H-H up to the saddle
point and only a little further into the OHH, 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
3.52,(1.85A). Moreover, data points were generally added
in the region where the longest interatomic distance did not
exceed about Hy(7.9A). These two criteria define the do-
main of the OH PES constructed in this work.

Quantum reaction dynamics calculations indicate that

1.5 [

Relative Energy / kJ mol™'
o

e _ 7 this is a sufficiently large domain of configuration space to
P S S N N ‘J describe reactionél.l) to (1.3), though it is not possible to
7 6 5 4 3 2 evaluate the final state distribution of GHH, products.

O.....H Bondlength/ A
Ill. POTENTIAL ENERGY SURFACES

FIG. 3. An enlargement of Fig. 2 which more clearly shows the energy . . .
splitting of theA’ (@) andA” (O) states. In light of the results shown in Table | and the discus-

sion above, a PES was developed using the additivity ap-

proximation with the 6-311G{(,p) and 6-311

+G(2df,2pd) basis sets. However, the iterative construc-
long). The energy splitting of these two states then rises raption procedure explores the energetically available configu-
|d|y to about 105 kJ mdll at the saddle pOint. The relative ration space, sometimes “disco\/ering” regions not previ_
stability of theA” state “early” along the MEP is evident in gusly considered In this case the region involved in the
Fig. 3. Clearly, this near degeneracy, and reversal in the eXxchange reactiofl.3) was explored, and an inadequacy in

pected relative stabilities, persists over a large region of conthe adopted basis sets was revealed. More accurate PES were
figuration space in the OHH, channel. For nonplana€;  then developed.

symmetry, configurations in the GHH, valley, the two po-
tential energy surfaces cannot cross, but must form a co
plicated pattern of avoided crossings. For geometries in A PES was developed with data point enefgy
which the H is closer to the H atom in OH than to the O
atom, the splitting between the two states is much smaller E=E[QCISD(T)/6-311Gd,.p)]

nf)- An additivity based surface for reaction (1.1)

than that indicated in Figs. 2 and 3. The two states remain +E[MP2/6-31HG(2df,2pd)]

degenerate for all collinear configurations in the ©H, en-

trance channel. —E[MP2/6-311Gd,p)]. (3.2
Hence, it not clear that the dynamics of ®H, can be The data set was initiated with 25 points on a MEP for

very accurately described using a single Born—Oppenheimggaction(1.1), with no data far into the OHH, valley, as
surface. No exact nonadiabatic quantum reaction dynamicgiscussed above. The data set was then grown to 776 data
has yet been reported for a system of more than three atomgeints; 358 data points were added using trajectories initiated
Therefore, at this time, calculation of both low-lying elec- 5t the saddle point of Fig. 1, and 393 points were added
tronic surfaces, and the nonadiabatic matrix elements COUssing trajectories initiated at HH,O. The vibrational en-
pling them, does not appear to be warranted. In additionergy of OH initiated at the saddle point varied between
there are practical difficulties associated with construciibg spout 40 and 140 kJ mol. For trajectories initiated at
initio PES in the OH-H, region with single determinant H4H,0, the vibrational energy of 0 was varied between
methods(as used herejnFor configurations that possess no ahout 68 and 100 kJ mot, while the relative translational
symmetry, it is generally not possible to converge the SChenergy was varied between about 68 and 142 kJ mdlhis
wave function because the first excited electronic surface liegyrface is denoted as PES1. The distribution of the potential
very close to the ground-state surface. Such difficulties Cagnergy over the 776 data points in PES1 is shown in Fig. 4.
be overcome through the use of state-averaged CMREI This figure indicates the type of energy distribution that re-
or CASPT2 methods. Alagiat al."* have shown that the syits from the automated PES construction. The distribution

MRCI+Q method, with a sufficiently flexible basis set, can has a mean of 123 kJ midl and a standard deviation of 51
achieve the required accuracy for electronic states in thigj mor?.

system, at least for planar geometries. However, at present ] ]

there are no program packages available that provide analytit /Accuracy of the interpolation

gradients or second derivatives at the CRMQ level of The “interpolation accuracy” of any PES is difficult to
theory. Hence, at least 43 single-point energy calculationslescribe, since the absolute error in the interpolation formula
must be performed in order to obtain the first and secondaries throughout the space of internal coordinates. The rel-
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FIG. 4. The distribution of the energy of data in PES1 is shown as a histoTables | and 1l shows clearly that the relative accuracy of
gram constructed with a bin size of 20 kJ mbl The energies are given jiftarant basis sets for configurations relevant to reaction
relative to that of H-H,0. . . . . .
z (1.2) is quite different to the relative accuracy of different
basis sets for configurations relevant to reactibi®). Table

evant “effective accuracy” is best measured by the converlll shows that a slightly larger basis set, 6-311
gence of observable properties calculated using the PES, dsG(3df,2pd), is required for reasonably accurate evalua-
considered in the next section. However, a crude estimate ¢©on of the energy at the QCISD) level of theory in the

the accuracy of the interpolation formula, E8.2), has been ~ €Xchange region. _ _

obtained for this surface by generating a sample of molecular  1hiS somewhat anomalous basis set effect is due to the
configurations and comparing the energy given by g unusgally dlf_fu_sg character of t_hg grousr;duelectr.omc state of
with that given directly by Eq(3.1) for each configuration. HsO in the vicinity of theCsy minimum>*="In this region
From trajectories initiated at the saddle point for reaction®f configuration space, 4O is a “Rydberg radical,” loosely
(1.1), 192 configurations were selected at random. A randonfiéscribed as a stable QHation plus an electron. Although
sample of 150 configurations was obtained from trajectories

Initiated ?t HH._'ZO' The energy rapge of the tOta! sample of TABLE Ill. Comparison of the energy at the stationary points for reaction
342 configurations was 159.1 kJ mol The small size of the (1.3, calculated using the QCISD) method and the corresponding addi-
sample reflects the computational expense ofaheinitio tivity approximation, Eq(2.3.

calculations required. The average interpolation error was
found to be 0.38 kJ mof, the median error was 0.16 kJ Additive - QCISDT)

-1 . _ Moderate Large energy energy
mol~%, and the maximum error was 5.1 kJ mbl The aver- Structur@ basis basis K molt kI molt
age error represents about 0.2% of the energy range of the
sample. These interpolation errors are consistent with thos':e?‘gz‘l""”ge 6-311G@.p) 6-311+G(3df,2p) 1142 1126
obtained for other reactions involving four atofisand are ~ 5%%° 6-311+ G(2d.2pd) 109.6 108.1
well below the error inherent in this level ab initio theory. 6-311+ +G(2df 2pd) 86,5 822

6-311++G(3df,2pd)  88.1 87.8

6-311++G(3df,3pd)  86.4 85.9

2. Inaccuracy for exchange aug-cc-pV52 91.0
Classical simulations of reactiofi.1) were carried out Exchange 6-311G@d,p) 6-311+G(3df,2p) 125.9 124.0

using PES1. These simulations showed that the hydrogghnimum

6-311+ G(2df,2pd 121.0 119.0
exchange process analogous to reactiof) occurred much ( pd)

: ) . 6-311+ +G(2df,2pd)  78.8 76.2
more readily than the abstraction reactidnl). In order to 6-311+ +G(3df,2pd) 805 77.9
examine the energetics in the relevant region of configura- 6-311+ + G(3df,3pd) 78.7 76.1
tion space, the saddle point for this exchange reaction was aug-cc-pV5Z 86.4

determined by optimization at the UCCSON)/6-311+ aStructures were obtained by performing a full optimization at the
+G(d,p) level of theory. The structure of a nearby energy ccspT)/e-311++G(d,p) level.

minimum was also optimized. These structures are depictetEnergies relative to $0+H, using Eq.(2.3).

in Fig. 5. The accuracy of Eq3.1) was investigated for °Energies relative to j0+H, using single-point energies calculated at the

. . . CISD(T)/large basis level.
these stationary points. Table Il presents a comparison nergies relative to J0+H. using UCCSIT)/(aug-cc-pV5Z on oxygen,

the energie? of these configu_rz_itions in the “exchange '€Vv5Z on hydrogeh These energies were evaluated usingvberro suite
gion” at various levels ofab initio theory. Comparison of  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 forg
these configurations can only be obtained with basis sets®
which contain very diffuse functions on both the hydrogen g,
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 UQCISO) level of theory was required.
Hence, while the PES derived using K8.1) is accurate
in the vicinity of the minimum energy path for the abstrac- ‘ e . ‘
tion reaction, it is not sufficiently accurate for configurations 2 4 6 s 10
associated with the exchange reaction. In particular, the en-
ergy of the saddle point for exchange is significantly overes-
timated by Eq.(3.1).

S
m
T
o]

O..H Bondlength / Bohr

FIG. 6. The location of configurations in the data of PES1 which are dis-
carded(®) and retainedO) 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
B. An additivity based surface for reactions (1.1) and the axes for each data point.

(1.3)

From Tables | and lll, it is apparent that a PES more

te than that given by E@.1 Id be based on Eq.
??(,:;;Jrae an that given by E@.1) could be based on Eq the inconsistency of the energy at each data point with the

corresponding gradients and second derivatives should be
insignificant.
E=E[QCISDT)/6-311Gd,p) ] Seven configurations describing well-separated H and
+E[MP2/6-311 +G(3df,2pd) ] H,0 with stretched and compressed OH bonds were added to
the data set to ensure accurate description of the asymptotic
—E[MP2/6-311Gd,p)]. (3.2 reactants. The iterative growth of the PES was then initiated
from this set of 585 configurations using trajectories initiated
Table 1l suggests that Eq(3.2 underestimates the atH+H,O: 50 data points were added using trajectories with
saddle point energy, relative to reactants, by only about 3 kdpproximately 96 kJ mol vibrational energy and 96 kJ
mol~%. The energy of the nearb@,, symmetry minimum mol™! relative translational energy; 36 data points were
appears to be underestimated by about 6 kJ Mmat this  added using trajectories with approximately 50 kJ mali-
level of theory. brational energy and 184 kJ mdlrelative translational en-
The difference between Eq€3.1) and (3.2) across the ergy, and a further 50 data points using trajectories with
relevant configuration space has been investigated by evalapproximately 210 kJ mof relative translational energy. Fi-
ation of Eq.(3.2) at each of the data points in PES1. This nally, the data set was grown to 827 points using trajectories
showed that the energy of approximately 75% of the datanitiated at both H-H,O and the abstraction saddle point
points was only marginally effected by this expansion of thewith total energies between 195 and 265 kJmalbove the
basis set. For this 75% of the data points, the energy changuilibrium HO+H asymptote. We denote this surface as
was in the range 3.650.5 mhartree. Since a constant energyPES2.
shift has no physical significance, the basis set expansion Figure 7 depicts the distribution of data for PES2 in the
produces an effective variation of onkr0.5 mhartree in region of strong interaction of the fragments. It is clear that
these 578 data points. Figure 6 depicts the location of th®ES2 is based on data which is scattered throughout the
data points in PES1 for which the 6-313- G(3df,2pd) regions where both reactiori%.1) and(1.3) take place. Fig-
basis set shifts the energy by more or less th@n5 mhar- ure 8 shows the distribution of the energies of the data in
tree from the mean. This figure shows that, with a few ex-PES2. Comparison of Figs. 4 and 8 shows that PES2 has a
ceptions, only data points in the vicinity of the exchangevery similar overall distribution of data point energies to
saddle point andC;, minimum are significantly shifted in PES1, despite the lower energy of points in the exchange
energy. region. The mean and standard deviation of the distribution
All data points in PES1 for which Eq$3.1) and (3.2 in Fig. 8 are lower than the corresponding values for Fig. 4
differ by more than+0.5 mhartree from the mean were by only about 1 kJ mal.
eliminated from the data set. For the remaining 578 data Figure 5 also depicts the structures of the exchange
points, the value of the energy of each data point was resaddle point and local minimum as determined on PES2. The
placed by that given by E@3.2). Note that the gradients and saddle point has an energy of 88.0 kJ nalelative to equi-
second derivatives at each data point, evaluated from Edjbrium reactants and vibrational frequencies of 3403, 3326,
(3.1), were retained. However, since the relative energy shift521, 922, 723, and 1766m L. The local minimum has an
of data points in neighboring regions should be quite smallenergy of 80.5 kJ mol relative to equilibrium reactants and
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FIG. 7. The location of configurations in the data of PE®2is depicted as
a projection onto the plane of the two longest OH bond lengths for eacHIG. 9. The distribution of the energy difference between data in PES3 and
configuration. The symmetry of the data set is indicated by the inclusion oPES2(®) is shown as a histogram constructed with a bin size of 1 kJ tnol
both permutations of the axes for each data point. The locations of twdimilarly, the distribution of the interpolated energy difference between
equivalent saddle points for abstracti¢l) and two equivalent saddle PES3 and PES2 is shown for a sample of molecular configurations obtained
points for exchang€ ) (see Figs. 1 and)5are indicated. from trajectories initiated at HH,O (O) and at the saddle point for abstrac-

tion (X).

vibrational frequencies of 2916, 2298, 2298, 1374, 1374, and

=1
886 cm . 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
It is apparent from Tables | and Ill that the major limi- 578 data points to account for a small basis set modification,
tation on the accuracy of PES2 is due to the use of the adeaving the energy gradients and second derivatives at these
ditivity approximation of Eq(3.2). In particular, the additiv-  points unchanged. The smooth evolution of classical trajec-
ity approximation appears to overestimate the height of théories on this modified PES is consistent with very small
barrier to the abstraction reaction by about 5.5 kJthol errors in the interpolated gradient for this PES. The accuracy
Since the best theoretical estimates give the abstraction arfd this approximation to the data is likely due to the fact that
exchange barrier heights equal to within 1 kJ rothis ad-  the variation in the energy shifts is small, of the orderif
ditivity error in PES2 may be significant. kJ mol L. Although the error due to additivity can be several
kJmol !, a new PES was constructed by simply replacing
the energy of each data point by the
QCISD(T)/6-311++G(3df,2pd) value. This surface is de-
noted as PES3.
A % ] The question naturally arises as to whether the energy
15 i . shifted data in PES3 produces significant errors in the inter-
I ; ] polation, particularly in the interpolated gradient of the PES.
; s The differences in the energy and gradient between PES2
[ i and PES3 have been examined as follows. A classical simu-
10 : » . .. . .
- H Y 1 lation of the collision of H and KD (with approximately
. ] zero-point energyat a translational energy of about 1.8 eV
! 1 has been carried out, and a sample of 2570 configurations
I . ] encountered in these trajectories was recorded. Trajectories
Le ; initiated at H+H,O rarely cross the abstraction saddle point
[ . ] toward OH+H,, so a sample of 1563 configurations was also
. obtained from trajectories initiated at this saddle point.
o S0 100 150 200 250 300 Figure 9 presents a histogram of the distribution of en-
- ergy difference between PES3 and PES2 for the 2570
““H +H,0 trajectory configurations,” the corresponding his-
FIG. 8. The distribution of the energy of data in PES2 is shown as a histoi[pgram for the 1563 “sa@dle Po'm trajectory conflgura}-
gram constructed with a bin size of 20 kJ mblThe energies are given t0Ns,” and the corresponding histogram of the energy dif-
relative to that of H-H,0. ference between PES3 and PES2 at the 827 data points. It is

C. An approximate QCISD (T)/6-311++G(3df,2pd)
surface

o/ 0 B B SR B BLELRLELE ELELELIL B

Percentage of Data in PES2
»

Energy / kJ mol'
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clear that the histograms for the data set and the 1563 SAARLAARARERARLRARALRARARMARED
“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,
[VV], increases by only 0.3% for PES3 relative to PES2 for
both sets of sampled configurations. Moreover, the average
relative change in the Cartesian gradieft,

5= (IVVpess— VVpesd) (33 R e —
0.X[|VVpesd +1|VVpesd)’ ' 550 600 650 700 750 800 850

is about 2.6% in both samples. The standard deviations about Number of Data Points

the means are 5.6% for the first trajectory sample and 6.8%FIG. 10. The classical cross section for the exchange reaction is shown for
for the sample weighted toward the abstraction region. It iSES2(O) and PES3®) as a function of the size of the data set. The error
worth remembering that the interpolation formula, E2j2), ~ Pars correspond to two standard deviations.

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 obpES2 and PES3. The trajectory samples are the same as
servables measured, there is usually an average residual reffose used for Fig. 10. The relatively large error bars in Fig.
tive error in the Cartesian gradient of several percent. Hence,1 are a reflection of the very small cross section for this
although the energy substitution which produces PES3 fromyrocess. Within this uncertainty, the abstraction cross sec-
PES2 has introduced “gradient noise™ in PES3, the level oftions appear to be converged. PES3 might be expected to
noise is not large compared to the error expected to arisgroduce a larger cross section for reactiarl) than PES2,
from the interpolation procedure. 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
V. CONVERGENCE OF DYNAMICAL PROPERTIES accurately quantify this property for PES2 and PES3.

In order to indicate the convergence of the interpolated ~ The initial state selected time-dependent wave packet
PES, we present some results for the reaction dynamics diSSTDWP method has been used to calculate the total re-
these surfaces. Since the PES were constructed using clasgftion probabilities for both abstraction and exchange reac-
cal dynamics, it is important to demonstrate that the calcutions for PES2 and PES3 over a range of relative transla-
lated classical reaction dynamics would not change if thdional energy. The ISSTDWP method has been discussed in
data set were “grown” larger. detail in previous publication$3” A more detailed exami-

The classical simulations of HH,O collisions were car- nation of the quantum dynamics on these surfaces will be
ried out using standard methods. Since the domain of the
PES excludes the OHH, product, trajectories were termi-
nated, and counted as GHH, product, if the breaking OH

071 7
0.6 % ~~~~~~ I 1

osp F ]

Cross Section for Exchange / A?

bond exceeded 3d&,. Figure 10 presents the calculated o<t o0 [ I I I I O
cross section for the exchange of two hydrogen atoms in the = I ]
collision of H with H,O, as a function of the size of the data S 004r §
set, for both PES2 and PES3. This figure is derived using 2 S

sets of 4000 trajectories in which the maximum impact pa- Z omlb e M
rameter was 1.8;, the relative translational energy was f I :
173.7 kImol* (1.8 eV), and the HO molecule has a micro- S N . .
canonical vibrational energy distribution of 49.9 kJ mbl § oo2p |
(approximating the zero-point enenggnd no rotational an- 3 i '

gular momentum. Since the region of configuration space @ om kb ]
important for exchange is populated with few if any data in § i ]
the first 585 points, it is not surprising that the cross section © F o
is not converged for fewer than several hundred data points. 0 mm

The accuracy of the additivity approximation of E§.2) in 550 600 650 700 750 800 850
the exchange region is reflected in the similarity of the cross Number of Data Points

sections for PES2 and PESS3. ) ) . .
. . . FIG. 11. The classical cross section for the abstraction reaction is shown for
Figure 11 presents the cross section for the abStraCt'opESZ(O) and PES3®) as a function of the size of the data set. The error

reaction(1.1) as a function of the size of the data set for bothbars correspond to two standard deviations.
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FIG. 12. The quantum probability for the abstraction reac(lof), for zero  F|G, 13. The quantum probability for the exchange reaction, for zero total
total angular momentum and ground-state reactants, is shown as a functigfhgular momentum, and ground-state reactants, is shown as a function of the
of the relative translational energy of H ang®! The results shown were  relative translational energy of H and®. The results shown were evaluted
evaluated with PES8®), and with PES2 including 500 data poirts-),  with PES3(®), and with PES2 including 500 data poirfts--), 650 data

650 data point$— — —), and all 827 data points—). points (— — —), and all 827 data pointé—).

reported later. Since there is rab initio data point in the surprising that the reaction probability for PE&8so shown
OH+H, channel where the breaking OH bond distance exin Fig. 13 is very close to that for PES2.

ceeds 3.9, the interpolated PES is only accurate up to and

slightly beyond that line. Therefore, an absorption potentia

was used to absorb the wave function starting faqi@®H) k/ SUMMARY AND DISCUSSION

=3.3a, before it moved into the OHH, region. The total We have presented an interpolated surface, PES2,
reaction probabilities for abstraction and exchange processésr H;O which uses an additivity assumption to approx-
were measured a{OH)=3.0a,, where the reaction flux for imate the energy of this system at the QC(IP
these two processes is already quite well separated for tf@311++G(3df,2pd) level of ab initio theory. Comparison
collision energies investigated. Using this approach, we conwith experimental and other theoretical results in Table Il
sider the convergence of the reaction probability with theshows that this surface is accurate at the few molecular con-
number of data points. However, since part of the configufigurations where comparison is possible.

ration space has few if any data in the first 585 points, we The QCISOT) treatment of electron correlation is gen-
have constructed two new partial data sets as follows. Aboutrally held to provide a reliably accurate description in situ-
50 data points on the minimum energy path and at thetions where multiconfiguration methods are not essential.
H+H,O asymptote have been combined with data point$-or OH;, this caveat limits the PES to thetHH,0 entrance
chosen at random from the total data set to give data sets o#lley, to the region where exchange takes place, and to the
500 and 650 points. Figure 12 presents the abstraction reachmediate vicinity of the saddle point for the abstraction
tion probability as a function of translational energy, calcu-reaction. Much of the product, OHH,, region of the surface
lated with these 500, 650, and all 827 data points of PESZhas not been described. In this region there are two low-lying
The convergence of the reaction probability is clear. Henceelectronic states, so that separation of electronic and nuclear
one can infer that the interpolation error in PES2 is suffi-motion may not be appropriate.

ciently small to allow accurate calculation of even very small ~ We have discovered that very diffuse basis functions are
total reaction probabilities. For comparison, Fig. 12 alsorequired on both the oxygen and hydrogen atoms in order to
shows the abstraction reaction probability calculated forccurately describe the “exchange region” of the surface
PES3. The lower abstraction barrier for PES3 is reflected invhere the OH molecule has a Rydberg-like electronic struc-
a significantly larger probability for abstraction. Finally, Fig. ture. Interestingly, in this region, electron correlation is rea-
13 presents the exchange reaction probability as a function afonably described using the MP2 level al initio theory.
translational energy, calculated with the same 500, 650, an@®n the other hand, while a reasonably accurate description of
all 827 data points of PES2. The reaction probability is agairthe abstraction saddle point region can be obtained without
clearly converged. Since the additivity approximation issuch diffuse basis functions, the higher QC[$Dtreatment
quite accurate in the exchange region of the surface, it is naif electron correlation is essential there.
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