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In a recent work we have been able to model the long-range interactions within@enblecule.

Using these long-range energy terms, a complete potential energy surface has been obtained by
fitting high-quality ab initio energies to a double-valued functional form in order to describe the
crossing between the two lowest-potential-energy surfaces. The two diabatic surfaces are
represented using the double many-body expansion model, and the crossing term is represented
using a three-body energy function. To warrant a coherent and accurate description for all the
dissociation channels we have refitted the potential energy functions for{#& H, OH(IT),

and OHE3) diatomics. To represent the three-body extended Hartree—Fock nonelectrostatic energy
terms,V,, V,, andV,,, we have chosen a polynomial on the symmetric coordinates times a range
factor in a total of 148 coefficients. Although we have not used spectroscopic data in the fitting
procedure, vibrational calculations, performed in this new surface usingvik@ program suite,

show a reasonable agreement with experimental data. We have also done a preliminary
quasiclassical trajectory stud800 K). Our rate constant for the reaction J(D>0+H2(12g )
—OH(PIT) +H(?S), k(300 K)=(0.999+0.024)x 10" 1° cm® molecule * s 1, is very close to the

most recent recommended value. This kinetic result reinforces the importance of the inclusion of the
long-range forces when building potential energy surface2003 American Institute of Physics.

[DOI: 10.1063/1.1589736

I. INTRODUCTION space and the different dissociation channels allowed by spin

] and symmetry correlation as described by the following
Although there have been a lot of recent studies on th‘“equations:

potential energy surfac®ES for the X *A; ground state of
the H,O molecule!~’ the published potential energy surfaces H,O(X *A”)
do not equally cover the bottom of the well and the long-

range part of the potential. Hy(X 'S 5)+0(*D)—2H(?S)+O(*D), (i)
Mainly interested in the rovibrational spectra of water, H,(3 3EJ)+O(3P)—>2H(ZS)+O(3P), (ii)
the most recent potential energy surfaces do not reproduce _, B _
the long-range interactions or use a simplified form to emu- OH(A%%)+H(®*S)—2H(*S)+0O('D), (i)
late them, neglecting “the intramolecular dependence of the OH(X 2IT) + H(2S) — 2H(2S) + O(3P). (i)

atom—diatom dispersion coefficients” and the electrostatic
quadrupole—quadrupole interaction between the O atom and To accomplish it, we used a double-valued functional
H, diatom. form'® to represent the two lowes; surfaces. The adia-
On the other hand, the @@)+H,(*2,)—OHCI)  batic surfaces/, and Vg are the two eigenvalues of a 2
+H(?S) reaction, which occurs mainly in this system, is x2 matrix, where the diagonal terms are diabatic surfaces
believed to have a null activation barrier. So the Iong—rang%nd the nondiagona| term represents the Coup"ng between
forces between the O atom ang Hiatomic should play an them. Due to the different dissociation channels and cross-
important rolé in the dynamics of this important reaction in ings of the upper Sheet' this potentia| On|y reproduces accu-

atmospheric and combustion chemistry. rately the ground-state potential energy surfagebeing an
Recently we have been able to model the long-rangeapproximation to the first excited state:

interactions between the atoms and diatoms in their ground

and first excited states as they appear as fragments in the Vi Vo

water dissociation. The computed long-range coefficients, Vxs= Vi, V
. . . . . 12 2

which are a function of the interaction angle and the inter-

atomic distance of the diatomic, have been used to build = %(V1+V2)1%\/(Vl—V2)2+4Viz- 2
potential energy functions to represent the electrostatic in-
duction and dispersion energies within this system. Each diabatic surfac¥; andV,, is represented within

With this work, we aim to obtain an accurate potentialthe double many-body expansi0BMBE) framework! and
energy surface for this system, covering all configurationathe crossing ternv, is represented using a three-body en-
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ergy function. According to the DMBE method each “many- wherevgzc) is the usual dispersion correlation energy given
body energy term” is divided as the sum of a short-rangeby Eq. (4).121® With the exception of the&,, values and the
term calledVegye nele (nele stands for nonelectrostatic en- reduced coordinatg in the damping functiory,,, this term
ergy) and a long-range energy teri] g. The first one ac- is the same for all diatomics:

counts for theextendedHartree—FockK EHF) energy, which

inc[udes the nondynamical 'co'rrelation essential for'the de- V,(fc)(R)= _ E Coxn(R)R. ()
scription of the bond dissociation. The second term includes n=68 :

the dynamic correlation energy, which appears in second-

_ : In Eq. (4) we use the universal damping functioh®
order perturbation theory. However, due to its long-range

dependence, the electrostatic and induction energies are sub- AR B,R?\|"

tracted from theextendedartree—Fock energy and included xn(R)=| 1—exg — p - p? ' ®)

in the V| g term. On the other hand, the intra- and inter-intra-

atomic correlation terms, which depend on the superpositioMhere

integrals, are included in thégr e €NEIGY term. A =25 9508~ 1.1868 6
The three-body terms in this potential have been defined " ' ’ ©

using accurateb initio data from the literature. To cover B,=15.7381exp—0.0972%), (7)

some regions of the configurational space where there was a
lack of information, we have also dora initio multicon- ~ @ndp is a reduced coordinate defined by
figurational self-consistent-fieldCSCBH calculations using

a triple< basis set augmented with tight and diffuse

H 12
functions.” . , whereR,,, is the equilibrium diatomic geometry a} is the
The quality of this new potential energy surface has beeq o Roy!® parameter for the breakdown of the asymptotic
assessed with vibrationab initio calculations and dynami- expansion of the dispersion energy:

cal studies using quasiclassical trajectoi@€Ts.

This article is organized as follows: Section Il presents  Ro(X—Y)=2(({r2)¥2+(r2)1?), (9)
the diatomic potentials we have refitted from accurakbe
initio’®* or Rydberg—Klein—Rees(RKR) spectroscopic . _ _ _ _ _ _
datal® Section Ill a brief summary of the long-range tions depending on the particular diatomic and their coeffi-
interactiong used in this potential energy surface. Section \vCients have becsan I|tted to reproduce the total potential.
describes thab initio points and selection criteria as well as ~ FOr the H( 2y), we have U154€d the accuraa initio
the functional form and numerical approach we used in thé€sults of KOJ‘O(% and Wolniewic2“ to fit this potential. To
fitting procedure. In Sec. V we present a general overview of€Present th&/gp,. term we use the expression

p=2(Ru+2.5Ry), ®

In contrast, thev). functional form has slight varia-

this surface. In Sec. VI we describe test calculations and 3 3
comparison with experimental values: in Sec. VIA, prelimi-  v® _(R)=—-DR™ 1+2 aixi) ex;{ _E e X
nary QCT study at 300 K, and in Sec. VI B, the spectroscopic i=1 i=1
study we have done using ti&R3D suite of programs® In asy
. + R)V R), 10
Sec. VIl we make some conclusions. Xexd R)Vexe (R) (10
II. DIATOMIC POTENTIALS whereX=R—R,,, R is the internuclear distance in the di-

T t the f diatomi tential iting f atomic, R,, is the equilibrium internuclear distance, and
0 represent the four diatomic potentia's resuiting fromyasym ropresents the asymptotic exchange energy. This last
the dissociation of the §0 ground-state molecule, E¢L),

: term is here the symmetric of the one for the singlet state,
we use the EHFACE2U potential model, method{IThose y ¢

potentials are constrained to satisfy a normalized kinetic ~ V2$Y"R)=0.80R*°exp(—2.0R), (11
field, and so they have a correct behavioRat0. Also the o .
Vene term has a correct asymptotic behaviorRat-o, re-  @nd, similarly to the work of Varandas and Dias da Stila,
producing the leading term for the exchange energy. Thej€ asymptotic exchange energy is damped by the function
also have a dispersion energy term suitably damped. Xexc, Which is approximated by the universal damping func-
However, as all the published potentials have differention [Eq. (5)] usingn=6, xs. . _
damping functions and functional forms, we have decided to N addition, to guide the potential at very short distances
use the diatomic potential for the,EX 125) (Ref. 17 and we have calcula’;ed two new points at the MCSCF Ieyel.
refitted three of them using the accurate initio results of The calculations have been made using th_e sune_ pro-
Kotos and Wolniewic?for the Hy(335.) and the RKR gramsGAMESS (Ref. 20 and augmented triplé-quality basis

experimental data points of Fallat al2 for both OH @1 Set: (552p1d/3s2p1d) with diffuse (1s1pld) functions.®
and?3) diatomic states. We need to use the same dampinﬁ0 compare our calculations W'th the I|teratur.e restftSwe .
functions in order to get a coherent representation of th ave made_a set of calculations at ther internuclear dis-
three-body exchange-dispersion energy terms. tances. In '.:'g'. 1, we present seven ppl(ﬂf@ we have. cal-
The functional form we used to represent the diatomicculated. This figure shows the comparison with the Ilterafture
potentials can be described by data(O). The two types of results are very close. The points
we have used in the fitting procedure to obtain this diatomic

VAR =VER) +VR(R), (3 potential are quoted in the Table I.
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FIG. 1. Diatomic potential for Ig|molecule,32lf state(solid ling). Points:
A, this work; O, literature(Ref. 13, and X, literature(Ref. 14.
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TABLE Il. Coefficients for the diatomic potential of J£3.1).

Coefficients H,(C2) Coefficients H,(32 )
D 2.6410316% 10 ° Cs 6.499027
a, 1.4993695 Cs 124.3991
a, 0.90948301 Cio 3285.828
ag 0.20122436 Cn —3475.0
e, 2.90097680 Ci, 1.215x 10°
e, 0.47898562 Cis —2.914x10°
e, 0.00274 Cus 6.061x 10°
Ro 6.928203 Cis —2.305x 107
R 7.820 Cis 3.938< 10°

€

—2.0480240K 107°

and the remaining terms have the same

Eq. (10).

meaning as in

Table Il quotes the parameters to use in H42)—(14)
for both states of the OH diatomic, and Fig. 2 shows the

diatomic potential for the OH(I).

IlI. LONG-RANGE INTERACTIONS

An important feature of this new potential energy sur-
face for HO is the ability to accurately reproduce the long-
range interactions between the atoms and diatoms in their
ground and first excited states as they appear as fragments in
the water dissociation: see Ed). The functional forms used

to represent those

The coefficients that define the complete potential forelsewheré.

As an example, we present in Figa contour plot of the
three-body electrostatic energy for an*0( atom around a
For OH, stateIT and?3, we have done a fitting pro- HH('Z) diatomic.

H,(32), Egs.(4) and (10), are quoted in Table I, and

Fig. 1 displays the potential.

cedure similar to that of Varandas and Vordiito the RKR
spectroscopic datd.The asymptotic exchange term has beenlV. THREE-BODY EHF ENERGY TERMS

taken from that work! and the dispersion coefficients have A. Input data
been semiempirically estimated from polarizability data in a

way similar to previous worR.For completeness, we display

the functional form for the/&) - expressioft
3

V& _(R)=—DR" 1+Zl aixi> exd — y(R)X]

+x6(R)VEL(R), (12)

where
Y(R)=yo[ 1+ vy tanh(y,X) ], (13
VEYMR) = —AR*(1+3R)exp —JR), (14)

TABLE . Fitted points in the diatomic potential for the, =) molecule.
In columnnp we present the number of the used points.

R/a, VIE, np

0.22 3.47321272 1

0.30 2.30870248 1

1.0~5.9 Kotos and Wolniewicz 50

6.0—12.0 Kotos and Wolniewicz 30
&This work.

PReference 13.
‘Reference 14.

interactions have been described

Using these long-range energy functions and the accu-
rate diatomic potentials, the three-body EHF energy terms
for V,, V,, andV,,, Eq.(2), have been obtained by fitting

TABLE lIl. Coefficients for diatomic potentials of OH molecule, stafék

and?3.
Coefficients OHZII) OH(%)
-D 0.240599442 0.103283115
a, 2.4093609 3.0513954
a, 1.1587677 1.8576639
ag 0.53697044 1.4517489
Yo 1.8450419 2.1847897
Y1 2.7809326¢ 10° 4.508085% 10°
Y2 5.343217%10°° 5.34645% 10°°
m -1 -1
A 0.307 1.022
@ 1.5 1.5
E: 2.257329 —0.452055
¥ 2.0 2.0
Ro 6.294894 6.334299622
Rum 1.8344 1.9086
Cs 10.00 10.34
Cs 180.45 306.8585254
Cio 3685.26 6328.709221
£ —0.1701493 —0.0929757513
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FIG. 2. Diatomic potential for OH moleculé]l state(solid line). Fitted
points(Ref. 15 O.

total ab initio energies. Due to the importance of this system
there are a lot ofb initio results in this system. From the

published data we decided to use those of Partridge and

Schwenké, Schneider, Giacomo, and Gianturdo,and
Walch and Hardint which give a good database for the
construction of the PES for the two lower singlet states en
ergy of the HO molecule. Briefly:

(i) Points of Partridge and Schwenke, in 19%Ref. 4);
calculations using a high-quality base setpV5Z,
increased with diffuse functions, p, andd for the

5.0—_

g

)

Nt SR
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Herr e
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X/a,

FIG. 3. Contour of three-body electrostatic energy fot Y atom around
the HH('S ;) diatomic, V). The diatomic has been fixed at the internu-
clear distance 1.4@d,, with the geometric center in the origin. The contours
are spaced by OmBE, and the beginning-7.0mE,(O=0.0mE,). In this
figure, and in the remaining oneX,andY are the Cartesian coordinates of

the moving atom.

Double-valued PES for H,O 3151

oxygen atom and and p for the hydrogen atom.
These points are henceforth assigned as set 1.
Points of Schneider, Giacomo, and Gianturco, in 1996
(Ref. 22; results gotten from a quality base set
triple-¢£, increased with diffuse functions for the hy-
drogen and oxygen atoms. These points are hence-
forth assigned as set 2.

Points of Walch and Harding, in 198Ref. 23; re-
sults obtained from different contractions of the ANO
base setlatomic natural orbital. These points are
henceforth assigned as set 3.

(ii)
(iii)

All these calculations include the dynamic correlation.
Moreover, these energies have been semiempirically cor-
rected by the scaled external correlation metAd8EQ to
account for the incompleteness of the basis set and higher-
order excitation terms.

To minimize the possible inconsistencies between the
different sets of data we decided to start from the high-
quality points of set 1. We have discarded the points of sets 2
and 3 whose “distance” to any point of set 1 was less than
0.58,. A similar criterion has been used for sets 2 and 3. In
cases where this “distance” is lower than 8¢5only the
points of set 3 have been considered. By “distance” between
two pointsi andj, D, we mean the result of the expression

3
D=/ 2 [(R—RW?.
k=1

Also to avoid inconsistencies with our accurate long-
range energy termwe have discarded those points whose

(15

‘configuration has at least one interatomic distaRg¢e R,,

or R; greater than 54&,.

As the authors have published only the total interaction
energies, the three-bodxtendedHartree—Fock nonelectro-
static termef,}F’nele was obtained from the total energy for
this system subtracting the two-body terms and the three-
body dynamic correlation energy as well as the electrostatic
and induction energies as modeled in our previous Work.

In regions not covered by thosd initio points we have
computed some additional points at the MCSCF level. These
calculations have been made with the suite programs
GAMESS (Ref. 20 and using a augmented tripfeguality
basis set: the above referred basis set for the H atom and
(10s5p3d1f/4s3p2d1f) augmented with tight functions
(2s2p1d) and diffuse (k1pldif) for the O atonf’® To
define the active space for the multiconfiguration calcula-
tions we have used all the molecular orbitals generated from
the 1s and X orbitals of H atom and §, 2s, 2p, 3s, and 3
orbitals of the O atom. We have considered all configurations
generated within this space. Test calculations have shown
that a MCSCF calculation within this active space gives
lower energy values than a MR-Clmultireference
configuration-interactionwith a smaller active space but
larger external orbitals. Those points have been corrected to
account for the basis-set superposition effor.

B. Fitting procedure

The ground statX *A’ and the first excited staf A’
of the water molecule are here defined as the eigenvalues of
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TABLE IV. Origin and number ofab initio points selected for each compo-

nent and global potential.

Set £ Set 2 Set 3 This work Total
V, 501 152 78 1 732
Vs, 103 155 21 43 322
Vy 184 29 33 246
VA - 27 : ; 27
Total 788 363 132 44 1327

aReference 4.
bReference 22.
‘Reference 23.

a 2X 2 matrix. They correspond to two adiabatic surfades

and Vg represented by the double-valued functional form,
Eqg. (2). These adiabatic surfaces are computed from the di-

abatic surfaced/, andV, and the crossing terrv,, that
couples them.

Following the work of Murrellet al,'° for the H,O mol-
ecule we can write the two diabatic surfaces

Vi=VEID) + V(2 R,) + V(%S | Ry)
+V,(_|2,_)|(12;r ,R]_)+Vg_3()|_R)(R)+V(1?EI)EHF,neIE)(R)'
V,=VEY(PIL,Ry) + V&I, Ry) + VR3S Ry)

(ZSE)LR)(R)+V2(EHF nelg(R),
(16)

Vo= VlZ(EHF,neIe)(R)'
Wherevlf‘EHFne,e) (with =1, 2, and 12 are the different
three- body nonelectrostatic EHF energies terms, \Afjtle,
and V§}l ) represent the sum of(3), V), andV(S) (pre-
V|0usly deflned for each diabatic surfadg and V2).

In order to define the two adiabatic surfacés, (and
Vi), we need to fit three terms: the diabatic surfadesand
V, and the crossing teri,,. We used the following proce-
dure:

(i)  We used the description of the PES of Murrefllal 1°
to define the crossing regions.

We considered that in regions far from the crossing,
the diabatic surfaces coincide with the adiabatic sur-

J. Brandao and C. M. A. Rio

to the crossing region, where the term of coupling
is significant, it will be attributed directly to the sur-
faceVy or Vg.

(iv)  We have done a preliminary study on the diabatic sur-
facesV,; and V, in order to define the number of
parameters necessary to get a good fit. Whenever nec-
essary we have computed additional points.

(v)  Those preliminary parameters have been used as a

starting point for a global fitting where the points at-

tributed

(a) directly to theV; (or V,) diabatic surface were
used to fit the function that defines thg (or V,)
surface and would take value of zero in the fitting
to theV,, term and

(b) to theVy (or V) adiabatic surface were used to fit
the function that defines th€y (or Vi) surface,
that includes thé&/, andV, functions and the cou-
pling termV 5.

As described above, we have verified that in some re-
gions the information was insufficient to define the true be-
havior of the surface and we carried out some calculations
for the H,O system. We refer, in particular, ths, diabatic
surface and the united atom limit on thg surface. In this
last case we have estimated the three-bDddyr e €NEIQY
term from the energy of the united atom limit of+GH+H
(Ne atom subtracting the energy of the diatomics united
atoms(two F atoms and one He atonill these calculations
have been done using a basis set with similar quality and
using the same active space as foxCH

Table IV presents thab initio points used in the build-
ing of this potential energy surface. As an example, we dis-
play in Fig. 4 the distribution points used in this fitting for
the C,, insertion of the O atom in the Hdiatomic.

The functional form used to represent the nonelectro-
static three-body terms, for each term of this potential energy
surfaceV| |—1,15, can be presented by a product of a poly-
nomial form using symmetry coordinate®{, Q,, and
Q3),?" P, with a range factob:

VE4k neig(R1,R2,Ra) =P{(Q1,Q2,Q3)
X DRy ,Ry,Rs). 17

The use of thé® 3, symmetry coordinates is an easy way

facesV; andV,. Whenever the point is located near to include the permutation symmetry of the® system on

faces.
(iii)  We attributed eaclb initio point to the diabatic sur-
(a) (b)
6.0~ 6.0
F C oogoo o D
C>4,03— °4,0f— ooo oo
STk SUE in
— — oopooa, o u]
— — *k ok
= C o [nz4 .’{,;JD o
2.0 20F & Hhdta”
E| gl 3
% 6.0 %

FIG. 4. Points distribution used in surfacés andV,
| calibration for the insertiol®,, of the O atom in the K
diatomic: (a) surfaceV, and (b) surfaceV,. Legend:
O, set 1(Ref. 4); X, set 3(Ref. 23; [, set 2(Ref. 22,
and*, this work.
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the potential energy function. For a system wg&h permu-
tation symmetry the polynomials must use only products and'

powers of the integrity base

Qi, Q3, S5, S5, and S5,

where

Quap] [VIB V1B 1B 1R, -R)
Q(E)|=| 0 U2 —V12||R—RY
Qs(E") J2/3 —\1I6 —1/6) L Re—RY

S2.=Q3+Q3,
S5,=Q3—Q3,
S3=Q3-3Q%Qs,

(18)

(19

Double-valued PES for H,O 3153

TABLE V. Reference geometries used on the different elements of matrix

\ R RY RY

A 2.86194 1.80965 1.80965
A 4.04 2.717 2.717
Vi, 3.0 2.6 2.6

molecule; forV, and V,, we found convenient to us€,,
geometries whose perimeter is close to the region where
those terms should play an important role.

We considered it convenient to use polynomials of de-
gree 8(95 terms, 5 (34 terms, and 3(13 terms for the
component¥/, V,, andV,,, respectively, in order to get an
accurate fit avoiding any nonrealistic behavior in regions not

andR{?, RYY, andRY{ are a reference geometry for each covered by theb initio data. These polynomial terms, used

potential term, whose values are quoted in Table V. ¥por

to define the three-body EHF terms, are indicated in the Egs.

we used as reference the equilibrium position of the watef20), (21), and(22):

P(lef)EHF,nele) =C1+€2Q1+C3Q3+C4QT + 585, C6Q1Qa+ €755, +CaQ5 +CoQ1 S5, + C1083 +€11QT Q3+ €12Q: S5y,
+€13Q3S5,+ €14Q1+ €15Q3 S5, + €165, T €17Q1 S5+ €16Q5Q3 + €16Q7 S+ C20Q1QaS5a + €21Q3S3
+C22552S5n+ C2dQ3 + C24Q3 S5, + C25Q1S5a+ C26Q5 S5+ €275, S5+ C26Q71Q5+ C20Q3 S5, + €305 Q3 S5,
+€31Q1Q3S5+ €52Q185.55+ C33Q5S5a+ CasS5pS3+ CasQS + C36Q1 S50+ C37Q5 S50+ C36QTSS
+C30Q1 S35, + C4089a+ 1S3+ C42Q5Qa+ C43Q7 S5y + €44Q3 Q3554 + €4sQ7Q3S3 + €46Q555.S5,
+€47Q1Q355,2+ C4gQ1 S35y + €46Q3S5.S5 + C50S55S5a+ C51Q1 + C52Q3 S50+ C53Q3 S50+ C54Q1SS
+C55Q355,S5+ C56Q155, + C51Q1 S5+ C5653S5, + C56Q3Q5 + C60Q3Q1S5a+ C61Q3Q71 S5, + €6:Q5Q5 S5
+C63Q1Q555S5, + C64Q3S5a + C65Q3 S5+ Co6QTSop + C67Q7S5.S5n + CoaQ5 S35, + C66Q1S3aS5h
+€708355aS5 + C71Q1 + €72Q9S5 4+ C73Q1S5a + C74Q3 S5+ C76Q3 S35+ C76Q1 S5, + C17Q5S;
+C7gQ1535,+ C7955, + Cg055S5, + C1Q1 Qa+CrQ7Q3S5, +C3Q3Q3S5, +C4Q7S3 + CasQiS5S5,
+C56Q1Q3S3a + Ca7Q1Q3S5 + CadQ5 S+ C69Q1 S5, S5a + CodQTSISon + C01Q7S3.Sh T Co2Q1S5S5,.S5a

6 2 6 2
+C93Q353S5, + CosS5Sop + Co5S5, o

(20

3 _ 2 2 2 3 2 2
P(Z()EHF,neIe) = Cgg+ CgQ1 + C100Q3+ C101Q7 + C105552 C109Q1 Q3+ C1045p + C105Q3 + C106Q1 54+ C10753 + C106Q5 Q3
2 2 4 2e2 3 2e2
+C109Q15 + C110Q3S54 + €111Q7 + C11QT 54+ C115554+ C114Q1 S5+ €116Q5Q3+ €116Q5 S5,
2 2 <2 5 32 2 2
+117/Q1Q3S5,+ C118Q3S3+ 11655, + C120Q% + C121Q7S5, + €12Q1 S35+ C12QIS3 + €12455,S3
+C126Q%Q3+ €132, + 1,32, + €1, Q%2Q5S2, +C Stc 2 2 +c S
125Q1 Q3+ C126Q1S5p T C126Q1 S5+ C12Q1 Q355+ C126Q1Q3S3+ €12dQ1 S5, S5+ €130Q3S24

+¢13:55,S3,

(21)

3 _ 2 2 2 3 2 2
P(lz)(EH F.nele = C1347 C136Q1 1 C13¢Q3+ C13/Q7 + C13855, + C130Q1 Q3+ C14055 + €141Q7 + C14Q1 S5, + C14583+ €144Q5Q3

2 2
+€145Q1 S5 1 C146Q3S5,-

(22
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TABLE VI. Coefficients for the three-bodgxtendecHartree—Fock energy (i, e ciq term.

c;=—1.56569023& 10 *
C,=—2.54493166% 10 !
c3=—4.876804356 10 2
c,=—2.69003768% 10 !
cs=—1.53586525% 10 3
Ce=—4.89006623% 10 2
c,=—7.32937473% 10 ?
Cg=—2.10934426% 10 *
Co=—6.44530104% 10 2
C10=2.411710888& 102
c1;=—1.55586849% 10 2
c1,=—5.60748707X 1072
C13=6.202541496 10 2
cy=—1.42963475% 1071
Ci5= — 7.44415086% 102
C16=6.156263566 102
C17= —2.245935938 102
C1g=1.330353546 10 2
C1o= —6.78859895% 102
Cp0=2.27134100% 10 °
C,,=8.98007080% 103
Cpo=—4.986636036 102
Cp3= —8.42933612& 10" 2
Cps=8.978555846 102
C5=3.568207396 10 2
C,="7.89810825( 10" 2
Cp7=—3.29921881% 102
C,=2.266503026 10" 2
Cpo=4.92409939% 102
Co=—6.19224390% 10" 2
C3;=1.00623687k 1072
C3=—1.06783763% 1071
C33=1.96544787% 1072

C34=1.75563626% 10 2
Cas= —4.57125226% 10" 2
C36=1.27235389% 102
Ca7=—1.19947952% 10 ¢
Ca5=9.46889194X 1072
Co=—2.61696598% 102
C40= —6.33982002% 10" 2
Cy=—4.934658276 102
C4p=3.22536143% 10 2
C,3=7.834891306 102
Ch=—4.23529919% 10 2
C45= —8.35513805% 102
4= —2.89929636% 10" *
€47=1.33193279% 10" ¢
Che=—5.16797633% 10 2
Cho= —2.34785954% 10 2
Cgo=—1.777711266 102
Cs1= —1.29984280% 102
C5,=2.970783506& 102
Cs3= — 7.347156576 10 2
Cs4=7.46563430% 103
Cgs=9.69994724% 102
Cs6=1.64957076% 10" ¢
Cs7=3.48173164% 102
Csg=6.30780612% 10 2
C5o=5.14826169% 10 3
Ceo= — 6.30424506% 102
C1=6.88237093% 102
Ce,=4.03373086% 102
Cea=2.56554155X 10 2
Ces= —6.07812183% 1072
Ces= — 2.962569556 10 2
Coe=3.08439061& 102

Ce7= —2.01545874% 10" ¢
Ceg=6.72173519% 10 2
Ceo=1.71240683% 10 *
C70=6.22899712% 10 2
C;= —3.42084329% 1074
c7,=1.34017302k 10 2
C73= —4.18583751& 10 2
C,4=—1.14382432% 102
C75=3.39204566% 10 2
C,6=8.32439419& 102
c,7= —8.28244768% 10 °
C,g= —7.86597080% 102
Cro= —2.481027858 10 2
Cgo=—1.354741296 10 2
Cg;= —5.30732381& 10 2
Cgp=—9.24743078% 10 3
Cga=2.43651668% 102
Cgs= —3.67420519% 10 3
Cgs=3.40216588% 10 3
Cge=1.899518378& 10 2
Cg7=—1.74146180X 102
Cgg=1.17483203% 102
Cgo=—5.66724070X 102
Cgo= — 7.27443908% 102
Cq1=9.90959103% 10 2
Cgy= — 7.95248034K 1072
Cos= —3.07210320% 10 3
Cos=1.97045937& 103
Cos= —2.36285655X 102
Co= 8.0x10™ 1a

Co=1.07

aThis coefficient has been fixddot fitted.

TABLE VII. Coefficients for the three-bodgxtendedHartree—Fock energy(z‘qE)EHFvnele) term.

Cgg=1.20806758% 10 *
Coo= —3.46157309K 10 2
Cy00= —3.75030286% 102
C10:= —1.02407263% 10 *
C10o=3.88655936X 103
C103= — 5.56502824% 102
Cqo4= —1.387475546 101
C10s= —5.669833176 102
Cq06=8.38113863% 10 2
C107=2.31659889%k 103
Cq05= — 4.894908326 102
Cq00= —8.77901766% 102

C110=5.333761656 10 2
C111=— 1.31379692% 102
C11,=5.58160206% 10 2
C113=8.072039816 103
C114=3.44851755% 1072
C115= —1.509775116& 102
C116=6.87198734% 103
C117=4.548979350 102
C115=8.39259225( 10 *
C119=2,33202912% 1072
C10= — 1.28578963k 103
Cyp1=—1.553370286 102

C1p= — 1.51967899610 2
C1p3= —2.60830361% 102
Cyp4= —2.43936904% 103
C1p5= —3.23061684% 10 *
Cip6= — 1.62247908610 2
C107=4.31459858% 102
C1o5=3.34995364& 102
C109=1.26739564X 1072
C130=3.16307165% 10 3
C13;=5.18408141% 1072
C13,=8.0x10 12

Ci133=1.0%

aThis coefficient has been fixddot fitted.

TABLE VIil. Coefficients for the three-bodgxtendecHartree—Fock energy ey neie term.

Ci3.=—1.05845777% 10 *
C135= —2.05910260% 102
C136=6.66103739K 10 2
Cy37= —6.61002683% 102
C135=1.84306737X 102

C139=1.10396885% 10" *
C140=5.15224370K 10?2
C141=7.87872466% 10 2
C14o=8.31325368% 10 2
Ci43= —2.827314866 10 2

Ci4s=—1.888672366 107 *
Ci4s= —1.25148538% 1071
Cia6= — 7.81158286% 10 2
C147=7.702019726107°
C14g=3.65283236% 10 *
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-60 -40 =20

TABLE IX. Minimum C,, for the water molecule.

Prop. This work PJT PSP PSZ Expt? 6.0

Run 2.860831 2.86261719 2.86185923 2.86156774 2.86193768
Ron 1.809798 1.81020726 1.81158582 1.80977168  1.80965

© 4.0
/HOH 104.4407 104.499647 104.348 104.481 104.51008 Q
o

®Reference 2.

PReference 4, only considering tla initio fit. 2.0
‘Reference 4, considering the total potential.
dSee Refs. 16 and 21 from Murredt al. (Ref. 10.

0

X/a,

The decay functions we used in tervig [Eq. (23)] and
V, [Eq. (24)] are the usual product of hyperbolic tangentFIG. 5. Contour plot of diabatic surfac# in H,O molecule, for H atom
functions. However, the decay for thélz term [Eq (25)] moving around an OH (17446S Rost1.944410) and the Center. of the
deserves special attention: instead of a hyperbolic tangent V\Pé)nd fixed at the origin. Contours are equally spaced byH),03tarting at
. ; ) —~0.370&,.
have used Gaussian functions to cancel this term far from the "
interest region; for collinear configurations the two diabatic
surfages correlate with states of di.f'fer('ent symme'try and Fhe Additionally, we multiply this weight by a factor of 200
coupling term should be zero, which is accomplished withif the configuration is close to this minimum—i.e., if it sat-

the term sing. HOH) in Eq. (25); the coupling strength being isfies the condition expressed by E7):
dependent on the difference between the diabatic surfaces,

we h.ave included a Gaussian term function of that differ- \/i [(R—RM)2]<0.5a,. 27
ence: =1
D(R)={1—tanH (R;— R{M)ceg]}{1—tanH (R, Similarly, for the point~s assigned td,, Vy, Vg, and
" " V1, we used Eq(26) whereWw assumes the values 50, 100, 1,
—R;”)co7lH{1-tani (Rs—Ry”)Corl}, (23)  and 10, respectively. Only for, points has the value @&,q
) @) been changed to 0.1E2. This value corresponds to the av-
D3”(R)={1—tanf (R;—Ri”)ciz]{1—tanH (R, erage between the minimum of two diatomics(+£ ) and

OH(?II), respectively, 0.1744, and 0.170E,,. During the

—R$))c135)H1—tant (Ry— R¥?) ¢ 134}, 24
2 )1l 1(Rs=Rs™) Casal} 29 fitting procedure special weights have been assigned to se-

DB)(R)=sin(~ HOH)exd — 100 V. — V)2 lected points.
12(R) " Jexil AV1=V2)'] The coefficient values we have obtained on the final fit
X exfd — c14A(R; — R{1?)?)] are quoted in Tables VI, VII, and VIII.
X exd — C1ag((Rp+ Ry— 2R{?)2)]. (25)

V. GENERAL OVERVIEW OF A NEW PES

Similar to the definition of the symmetry coordinates |y Taple IX we present the geometry of the stable mini-
Qi, in Eq.(18), in the decay function&23), (24), and(25  mum of the water molecule, obtained from this surface and
we use a displacement from the same reference geometry.from some of the most recent published potentials. Table X

To warrant a good description to the region closed to theyyotes the force constants of this potential. Both tables com-
equilibrium geometry of the water molecule, we used a gen-

eral weighting function, Eq(26), to the points assigned to

Vi, where W and E,.; assume the values 6000 and ]
0.370&,, respectively: 6.0
W, w (26) F
i= : =
VE; +E,;+0.001 S 40
™~ ]
- =
2.0—f
TABLE X. Spectroscopic properties for the water molecule. _
] ¥
] N Y
Prop. This work Expt. SE SRR . NN O RS = 1 4138 ——
D —0.370401 —0.3704 “60 -0 -20 0 20 40
Fu 0.542449 0.542747 X/a,
Foa 0.162052 0.160559
Fio —0.292350x 10 2 —0.6423<10 2 FIG. 6. Contour plot of diabatic surfadé, in H,O molecule, for H atom
(= 0.31440% 10! 0.26703< 10! moving around an OH (1.7444<Ry_y<1.9444,) and the center of the
bond fixed at the origin. Contours are equally spaced byH),Q3tarting at
aSee Refs. 16 and 21 from Murredt al. (Ref. 10. —0.370&,,.
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o
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Y/a,
e
(@]

W
=)

o

X/a,

FIG. 7. Contour plot of HO (X A’) new PES, for H atom moving around
an OH (1.7444,<Ry_y=<1.9444,) and the center of the bond fixed at the
origin. Contours are equally spaced by EQ2 starting at—0.370£&,, .

pare the predicted values with experiment showing a good
agreement. Note that this potential and the entry under PS1
don’t use any experimental data in their calibration.

Figures 5 and 6 show the contour plots for theandV, FIG. 9. Perspective view of 40 (X *A’) new PES, for H atom moving
diabatic surfaces, foa H atom moving around an equilib- around an OH (1.7444<R,_,,<1.9444,).
rium OH molecule, while Figs. 7 and 8 plot the same con-
figuration for the adiabatic surfacsandB, respectively. A
perspective view for this configuration on the ground statecrossing with the {5 ) surface, and it is not apparent in
surface is shown in Fig. 9. From these figures the crossin&'g- 7.
between these diabatic surfaces is apparent particularly at the Another interesting view of this surface is the approach
collinear geometries where the coupling term vanishes. It i9f & O(D) atom to an equilibrium K{(*S ;) shown as a
important to notice the saddle point for the isomerization ofcontour plot in Fig. 13 and in a perspective view in Fig. 14.
H,O, 11346 cm® above the bottom welithis value does This approach plays an important role on the reaction
not include any correction: see poifth in Table XJ), which ~ O(‘D) +Ha(*2g)—OH(’IT) + H(*S). The main feature we
plays an important role in the vibrational spectra and dynamcan see in this figure is the null activation barrier of this
ics of a high-energy kD molecule?® This point is best approach. The special contours give us a closer view where
viewed as a minimum in Fig. 10 where we plot the collinearWe can see a small van der Waals minimum and a small
stretching of the two H atoms on the ground-state surfaceSaddle point under the dissociation limit for t@&, inser-
This figure clearly shows the crossing at these geometries ¢fon, points(3) and(4) of Table XI.
surfaceV,, H,0(13 ") state, shown in Fig. 11 and surface  In the work of Walch and Harding’ they obtained a
V2, HZO(]-H) state, shown in F|g 12. PO|(|2) of the above smaller barrier @02 kca|/m0|) to collinear additi0n1E+
referred table, shown in Figs. 10 and 12 as a minimum, i$urfacé and did not find a barrier to edge-on insertid(
also a saddle point for the isomerization for large OH valuesground-state water surfacevhich is in agreement with our
on a van der Waals region of the® (1) surface before the results.

VI. PRELIMINARY STUDIES OF THIS PES

] We have done same preliminary studies in order to test
6.0 the PES here presented. We present a QCT study at 300 K,
3 where we compare these results with experimental data ob-
] tained from the literature and other surfaces. Those prelimi-
o — . . .
d 4.0 1 nary studies allow us to survey some characteristics and the
-
20—; TABLE XI. Geometries and energies of metastable minima and saddle
E A points for the new surface.
] 0 [
o it atiind ¢ O H Pont R, R, R,  /HOH v

-60 —-40 -20 0
1) 3.5230500 1.7539662 1.7690838 180.0 —0.3187002

X/ao 2 5.9690555 4.1150065 1.8540490 180.0 —0.1758476
3 141124  4.7430591 4.7430591 17119 -0.1036791

FIG. 8. Contour plot of HO (B *A’) new PES, for H atom moving around  (4)  1.4132507 4.4834532 4.4834532 18.1362% 0.1036700
an OH (1.7444,<Ry_y=<1.9444) and the center of the bond fixed at the

origin. Contours are equally spaced by (EQ2 starting at—0.3704&,, . #Points(1), (2), and(4) correspond to saddle points.
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] PRy .
] [ l ]
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b5 ] g 7
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e 1 24 __
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4.0
ROH/aO ROH/aO

FIG. 10. Contours for collineaH-O-H geometries of the 5O ground FIG. 12. Contours for the teri, H,O(I1) at the same geometry as in Fig.
state. The asymptotic channel is GH() + H. Contours are equally spaced 10. The asymptotic channel is OH{) + H. Contours are equally spaced by
by 0.0%,,, starting at—0.3704&,,. 0.0k, , starting at—0.3704&,,.

) ) _ The thermal rate constant at 300 K, for which there are
quality of this new potential energy surface fop® mol- e accurate data in literature has been computed using
ecule, in particular the long-range region that should play afuasiclassical trajectory dynamic studies on the ney® H
important role in this reaction. Although we have not Usedpotential energy surface. It has been shown that due to the
spectroscopic.infor_mation in the fittipg procedure, we haveg|ectrostatic coupling between tieand T1 states of lower
also done a vibrational spectroscopic study to compare thgnergy at linear configurations, higher surfaces should con-
predictions of our PES with others and experiment. tribute about 10%Ref. 29 to the cross section at this tem-

A. QCT study at 300 K perature.

1 1w+ 5 s o Using a batch of 5000 trajectories we estimate for the
The O(D)+Hy("24)—OHCI) +H("S) reaction S  yhormal rate constant a value of 0.999.024<10™ 1
believed to have a null activation barrier. So the long-range. .3 molecule s~ 1. Taking into account that correction we

forces between the O atom and the ¢Hatomic should play estimate the value of 1:410~° cm® molecule L' s 2, in ex-
an important role on the dynamics of this important reactionCellent agreement with the recommended values for
in atmospheric and combustion chemistry. k(300 K)x 10'° (in cm® molecule *s™Y) of 1.1+ 0.1 (Ref.
30), 1.2+ 0.1(Ref. 31, and 1.1- 0.1 (Ref. 32 (for a range of
temperatures between 200 K and 350 Komparing with
results from other potential energy surfaces, we found in the
literature several values for that rate constant at the same

3

o
o

< R E————
]
U
<
=

NN

Y/8,

n

[}
1N
o

1 Rily w 6.0
4.0 Zfl/\ T
<407 /AN
s ] 3’1‘70‘%\ v
. ; v 4.0
e . ba: \R
] N
. PQ
: DS
E HHTHTD Z5V,
I Rij

0 e
-6. -40 =20 0 2.0
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
4.0 6.0 X/aO
ROH/an FIG. 13. Contour plot of HO (X *A’) new PES, for O atom moving around

an H, (1.31la,<Ry_4=<1.5113,) and the center of the bond fixed at the
FIG. 11. Contours for the teri; H,O(*S ") at the same geometry as in origin. Contours are equally spaced by (EQ2 starting at—0.370&,,;
Fig. 10. The asymptotic channel is O¥(*)+H. Contours are equally dashed contours are equally spaced by 0.1 kcal/mol, the contour labeled
spaced by 0.(2,, starting at—0.370&,,. by f corresponds to the dissociation energy.
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FIG. 14. Perspective view of 40 (X 'A’) new PES, for O atom moving
around an H (1.311a,<Ry_4<1.511a).

temperature. In particular, we quote fof300 K)x 10'° the
values of 0.843 in the PES of Schinke and Le&tet,63 in
the PES of Varandast al.® and 1.3 in the work of Schatz
et al®* (in cm® molecule *s™1. Note that those results do

not include any contribution from the excited states.

B. Spectroscopic study

J. Brandao and C. M. A. Rio

potentials we use the nuclear masses similar to Partridge and
Schwenke and in the other calculations we use the atomic
masses.

Table XIl shows the reasonable results we have obtained
with this new potential. This is due to the good quality of the
ab initio points used and to the quality of the fitting in the
region close to the bottom well.

VIl. CONCLUSIONS

The main objective of this work was to build a PES for
the water molecule in its fundamental statgHX *A’). In
this PES we take into account all the dissociation channels
allowed by spin symmetry correlation, using the long-range
interactions previously definédincluding the atom—diatom
anisotropy and their dependence on the diatom coordinate.
For the regions of strong interaction we have uaédnitio
data available in the literature.

We have attributed thab initio data to theV; andV,
diabatic surfaces in regions far from the crossing and to the
Vy and Vg adiabatic surfaces in regions where the coupling
term should play an important role. It has been necessary to
carry outab initio calculations for some geometries where
the existing information was missing. The two adiabatic sur-
faces have been obtained in a global fit to defihe V, and
the coupling termV, in a total of 148 parameters.

We have performed quasiclassical trajectories studies in
order to assess the importance of the long-range interactions
carefully implemented in this PES. The close agreement with
experiment reinforces this idea. Calculations of the vibra-

We used our PES to carry out some spectroscopic calcyional levels have been done using the new surface. These

lations using theVR3D suite of programs® For this system,

H,O, we used Radau coordinat®s® which are the appro-

priate coordinates for th&BC molecule, where one atom is
bigger than the other two.

In Table XII we compare the calculated vibrational lev-
els using our PES and using two versions of the potential

from Partridge and Schwenké&S1 and PS2and the poten-
tial of Polyansky, Jensen, and Tenny$6RJT). Those results
have been compared to the experimental values obtained
the literature. In conventional notation;, v,, andvg rep-

have been compared with the results on other surfaces and
experiment. The agreement obtained owes its quality to the
effectiveness of thab initio points as well as to the fitting
procedure.
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