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Abstract

The long-range interactions between the atoms and diatoms in their ground and first excited states as they appear as
fragments on the water dissociation have been modeled. The computed long-range coefficients, which are function of
the interaction angle and the interatomic distance of the diatomic, are used to build potential energy functions to

represent the long-range energies within this system.
© 2003 Elsevier Science B.V. All rights reserved.

1. Introduction

Although there have been a lot of studies on the
potential energy surface for the X' A, ground state
of the H,O molecule [1-6], there is a lack of studies
on the long-range interactions within this system.

In the absence of those studies and mainly in-
terested on the rovibrational spectra of water, the
published potential energy surfaces do not repro-
duce the long-range interactions or use a simplified
form to emulate them neglecting the intra-molec-
ular dependence of the atom—diatom dispersion
coefficients. In addition, none of them aims to re-
produce the electrostatic quadrupole—quadrupole
interaction between the O atom and the H, dia-
tom.

In contrast with this situation, the O('D)+
H,('Z)) — OH(’IT) + H(*S) reaction, which oc-
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curs mainly in this system, is believed to have a
null activation barrier. So, the long-range forces
between the O atom and the H, diatom should
play an important role [7] on the dynamics of this
important reaction in atmospheric and combus-
tion chemistry. Despite that, this has been ignored
in recent theoretical studies for this reaction
[1,7.8].

The X'A" ground state of the water molecule
correlates with the atoms and diatoms in their
ground and first excited states allowed by spin and
symmetric correlation rules as described by the
following equations:

Hy(X'Z)) +0('D) — 2H(®S) + O('D) (i)
H,(@Z)) + O(P) — 2H(S) + OCP) (i)
OH(A?Z) 4+ H(®S) — 2H(3S) + O('D) (i)
(ii)
(1)

H,0(X'A") —
OH(X2TI) + H(?S) — 2H(®S) + O(P)

In this work we aim to study the diabatic long-
range interactions between those fragments and
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represent them by using analytical functions, in-
cluding the dependences on the angular and in-
teratomic coordinates.

2. Calculations

In order to represent such interactions we have
done MCSCEF ab initio calculations of the dipole
and quadrupole charge distributions, as well as
for the dipolar polarizabilities. Those calculations
have been made for the different atoms and dia-
toms, at different R values, in their ground and
first excited state as they appear in Eq. (1). To
model the dispersion anisotropy by a 2-term
Legendre expansion, we have computed the per-
pendicular and parallel components of the po-
larizabitity. To cover all configurational space we
have also done calculations on the united atom
limits, F and He atoms, in the corresponding
electronic states.

All the calculations have been made using the
suite programs GAMESS [9] and augmented triple-
zeta quality basis set: (10s5p3d1f/4s3p2d1f) aug-
mented with tight functions (2s2pld) and diffuse
(1slpldif) for O and F atoms [10], (5s2pld/
3s2pld) with diffuse (1s1pld) functions for H atom
[11] and (6s2pld/3s2pld) with diffuse (I1slpld)
functions for He atom [12]. Test calculations using
this basis and one of Sadlej [13] (optimized for
electrical properties) have shown that they give
similar polarizability values but the augmented
triple-zeta gives lower energies. To define the ac-
tive space for the multiconfiguration calculations
we have used all the molecular orbitals generated
from the 1s and 2s orbitals of H atom and 1s, 2s,
2p, 3s and 3p orbitals of O atom. We have con-
sidered all the configurations generated within this
space. Test calculations have shown that a
MCSCEF calculation within this active space gives
lower energy values than a MR-CI using the 1s
orbital for the H atoms and 1s, 2s and 2p orbitals
for the O atom as active space and single and
double excitations from this valence space to ex-
ternal orbitals, usually named CASSCF-CI.
The polarizabilities have been calculated using the
finite electric field method as implemented in
GAMESS.

3. Results

For some of the systems here studied, in par-
ticular for H atom and H,, we can found accurate
values in the literature to compare with. Those
results serve as tests of our calculations showing a
reasonable agreement in all cases. When available,
we use the more accurate values.

To our knowledge only the value for the
quadrupolar moment of O atom, 3P state, is quo-
ted in literature [14]. For consistency we have
calculated its value for both 3P (-0.992 a.u.) and
'D (0.917 a.u.) states.

The R dependence of the values obtained for the
diatomics was defined by fitting them to the
functional form

F(R)=A4+ <Z3:BiRi) exp ( — 23: C,.R">

+(1- ;xp( — DyR%))Es /R’
+ (1 — exp(—DgR®))Es/R°. (2)

This function has a short range term made by a
polynomial multiplied by an exponential, with
another polynomial on the exponent, added to a
long-range R~ term, n = 3 or 6, properly damped,
as proposed for the long-range polarizability of the
He, [15]. Tables 1-3 display the fitted coefficients.
In those tables and in all this work we use atomic
units.

In all cases the fitting is good and some of them
are shown in Figs. 1 and 2.

4. Functional representation

The long-range interactions are, as usually, ex-
pressed as r~" series. In order to avoid their effect
at intermediate and short distances, this series
must be suitably damped. In this work we use the
general damping functions y,(7) [16].

Due to the similarities between the dissocia-
tion channels (i) and (ii) the following expres-
sions fit to any one of them. So, from now on
we will not label the electronic state of the
atom and diatom involved in the specific inter-
action.
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Table 1

Fitted coefficients (in a.u.) for function (2), to represent the quadrupolar moment for H, and the dipolar moment for OH
Term ¢} Hg(‘Eg) 0 H,(°z)) u OH (1) u OH (%)
A
By -1.2E+1 3.34634E-6
B 9.22929E-2 1.10145 —5.35373E-1
B, —1.01879E-2 —9.24344E-1 6.44911E-1
B; 1.03075E-2 3.47117E-1 8.53312E-3
C —1.06356 1.99302E-2 —3.62597E-1 1.28817
G 2.84762E-1 6.07726E-1 3.67325E-1 —-7.47762E-1
Gy 1.19616E-8 1.83918E-1
D; 1.34734E-2 1.24088E-2 6.83140E-3 1.35063E-2
E;s 3.90374 —2.55326E+1 2.39261 5.53301
Ds
Es

Table 2

Fitted coefficients (in a.u.) for function (2), to represent the parallel and the perpendicular components of polarizabilities for H,
Term o, Hy('Z)) o Ho("Z)) a; Ho(CZ)) o Ho(CE))
A 9.0 9.0 9.0 9.0
By —=7.61700 —-7.61700 9.20910 9.20910
B 4.87503 6.31342 7.76381E+1 3.73782E+3
B, —1.86843 -2.86774
B; 3.82230E-1 7.77710E-1
C —5.63545E-1 —7.69666E—-1 1.69641 4.93109
G, 2.81068E-1 2.81168E-1 4.34410E-9 —-7.25382
Cs 2.75347E-1 4.26734
D; 1.78618E-3 4.15672E-3 4.77254E-3 3.89702E-2
Es —2.82744E+1 1.50746E+2 —5.81647E+1 1.34470E+1
Dg 2.47694E-2
Es 8.99229E+2

Table 3

Fitted coefficients (in a.u.) for function (2), to represent the parallel and perpendicular components of polarizabilities for OH
Term o, OH(’Z) oy OH(’Z) o, OH(?I) o OH(*II)
A 9.63784 8.77530 9.60613 9.33810
By —6.09815 -5.63591 —6.06644 —6.19871
B 7.77847 5.29573
B, —3.77081 —1.36949
Bs 6.32319E-1 1.13441E-1
C —1.59966E-3 —1.12258 4.86437E-1 —7.30744E-1
G 3.22130E-1 —7.20865E-1 —-1.31992E-1 —2.89381E-1
(& 1.43778E-2 2.73829E-1 4.24270E-2 7.29806E-2
Ds 2.36155E-3 2.17251E-4 4.27100E-3
E;s —4.6276TE+1 —2.55359E+1 1.20166E+2
Ds 1.73020E-5
Es 2.92449E+4
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Fig. 1. Dipolar moment of OH(%X); line (——) corresponds to
the fitted points o, line (- - -) corresponds to the R~ term.
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Fig. 2. Perpendicular component of polarizability for H( 12;);
line (——) corresponds to the fitted points o, line (---) corre-
sponds to the R~ term.

Atom-diatom long-range interactions are best
described using Jacobi coordinates, where R rep-
resents the interatomic distance in the diatomic, r
is the distance from the diatomic mass center to
the atom and 0 the angle between both. However
to obtain a potential interaction valid for all the
configurational space we should build a function
of the three interatomic distances, R;, R, and R,
where 1 labels the diatomic H-H, and the other
two represent the two heteronuclear diatomics
OH. To convert the internuclear distances to Ja-
cobi coordinates we need to define the angular
coordinate. As in earlier work [17], to avoid the
non-analyticity when an atom is at the middle of
the other two, we approximate cos0; by
(R} — Ry)/R;.

4.1. Electrostatic energy

With the quadrupole values for the O atom
and H, diatom, we have been able to model

the electrostatic interaction between those spe-
cies. The general form for this energy contri-
bution is
3 _3 s

Vae = 7 Om(R)Bo s (0)ys(r)r™. 3)
To represent the angular function .o (w) we used a
‘adiabatic’ approach [18] allowing the O atom to
orient its quadrupolar axis in order to minimize
the interaction energy. This minimal function is
accurately represented by a 3-term Fourier ex-
pansion whose coefficients have been determined
elsewhere [19]. Note that, the quadrupole of the
singlet ground state of H, is positive and it is
negative for the triplet state but, as the same
happens to the quadrupole moments of the O
atom, the angular dependence of this minimal in-
teraction is the same for both interactions.

4.2. Induction energy

With the dipole moments of OH and the dipo-
lar polarizability of the H atom, 4.5 a.u. [20], we
have been able to study the induction term for the
interaction between each H atom and the re-
maining OH diatomic

3
Vad == > ttop, (R (3 cos? 0; + 1)y4(r1)/ (2r).
i=2

)
4.3. Correlation energy

The dispersion contribution for the long-range
forces has been semi-empirically modeled using the
Kirkwood method [21] to estimate the Cg coeffi-
cient, and its radial and angular dependencies,
Egs. (5) and (6). As input data, we use the parallel
and perpendicular values for the polarizabilities
for the diatomics we have computed. For the O
atom, *P and 'D states, we consider the polariz-
abilities of the components m; = 1 (5.393 a.u.) [22]
and m; =0 (5.621 a.u.) [23] respectively, which
correlate with the corresponding OH diatomic
states. These data are complemented with an ef-
fective number of electrons, N, obtained from the
dispersion coefficients of other interactions with
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known dispersion energy, in particular, between
identical species

Cl*(AB — C)(R)

(6)

We found it convenient to use expression (7) for
the variation of N.; with the diatomic distance.

Nerr(R) = Ny + [a + b(R — R.)] exp[c(R — R.)].
(7)

The parameters a, b and ¢ have been defined in
order to reproduce the united atom and far apart,
N, limits as well as an equilibrium value, if
known. Only for the I state of OH, where the
Netr(R.) value is greater than the asymptotic limits,
we needed to include the b parameter. It has been
determined in order to give a maximum for Ny at
R.. Table 4 quotes their values.

To better model the dispersion interaction we
need the coefficients C,(AB — C)(R), n = 8 and 10.
When available we have used literature values [24],
otherwise, we have semiempirically estimated
those coefficients from Cy using a universal corre-
lation [25]

CI(AB — C)(R) = Cy* (AB — C)(R)k, Ry
x (AB — C)(R). 8)

In lack of accurate values for the Le Roy’s pa-
rameter, Ry(AB — C)(R), we have estimated it us-
ing Eq. (9), where we use the mean polarizability
of the diatomic as a measure of the diatomic vol-
ume and the atomic radius is taken from literature
[26]

Ro(AB — C)(R) = 2[(@as(0)(R))* + (r2)

ol—

]< cr:)rr(R)'

%)
To keep consistency between the estimated and
known values for the asymptotic limits of R, or Cg
and Cjo coefficients, we needed to introduce a
correction function f (R). We consider enough
to use expression (10), where ¢ assumes the same
value as in Eq. (7), f; is defined in order to ac-
complish the dissociation limit and d” by the uni-
ted atom. Table 4 quotes their values

"= 1 4 d"exp(—cR). (10)

corr inf

In Fig. 3, we present, as an example, the results
obtained with expression (9), for the interaction
H-OH (*I1), as a function of the distance O—H.

Using Egs. (5)—(10) we are able to obtain the
dispersion coefficients Cg and Cjy for each atom-—
diatom interaction. As an example we show in
Fig. 4 the parallel component of the dispersion
coefficients, C, (n = 6, 8 and 10), for the interac-
tion H-OH (*II), as a function of the distance
O-H.

We now address to the problem of joining to-
gether all these interactions in a closed form,
function of the three interatomic distances. This

Table 4
Coefficients (in a.u.) for expressions (7) and (10)
Term OH (*1I) OH (*%) H,(E)) Hz(lZg)
Ny 3.52 4.2594 1.77778 1.77778
R. 1.8344 1.449 1.449
a 1.04 -2.96361E-1 —1.47800E-1 —1.47800E-1
b 5.84820E-1 0.0 0.0 0.0
c 5.62327E-1 5.62327E-1 6.06347E-1 6.06347E-1
d® 8.96375E-2 —1.05085E-1 7.87947E-2 9.16471E-2
S 8.29597E-1 1.02432 9.06209E-1 9.05984E-1
d'" 6.57061E-2 —2.30734E-2 7.87947E-2 9.16471E-2
10 8.53528E~-1 9.42308E-1 9.06209E-1 9.05984E-1
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Fig. 3. Parameter R, for the interaction H-OH (*II), as a
function of the distance O-H. Line ( ) refers to the pa-
rameter R, without correction. While lines (---) and (- - -) refer
to the parameter R, with corrections to obtain the coefficients
Cs and C), respectively.
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Fig. 4. Parallel dispersion coefficients Cs, line (——), Cs, line
(---) and Cyo, line (---), for the interaction H-OH (*II), as a
function of the distance O-H.

problem didn’t occur when dealing with the elec-
trostatic, which is pair-additive, and induction
energies since they result from well defined pairs.

When one atom is far apart from the diatomic
the total dispersion energy is the sum of the atom—
diatom interaction with the dispersion energy of
the diatomic. When they approach each other we
need to consider all the interaction pairs. The total
interaction should be the sum of the three atom-—
diatom dispersion energies weighted by a switch
function. This function depends on the triatomic
geometry and defines the contribution of each
atom—diatom configuration. We found it appro-
priate to use Eq. (11) to define this switch function,
S(R,r) [27], and also use it to compute the weight
of each diatomic.

S(R,r):%{l+tanh [4.5(%—2)]}. (11)

Then, the total dispersion interaction is com-
puted as

10
Vdc = ZS(R,',V,‘) ZC;(RI-,OI')X”(V{)V;"

i=1 n=6
3 5 10 .
ST = 5@er)) | S CnRIR ™,
i=1 JEI n=6

(12)

where [],; (1 —S(Rj,rj)z) is used to select the
diatomic contribution.

5. Conclusions

Using high quality ab initio calculations for the
fragments and semiempirically modelling the
interaction, we have been able to represent the
long-range interactions within the H,O system
including their anisotropy and dependence on the
diatomic coordinate.

To illustrate the different components of the
long-range interaction, we present in Fig. 5 the
perpendicular approach of the O ('D) atom to
the HH ('E;) diatomic. Note that the main
contribution comes from the dispersion energy
but the small electrostatic interaction should be
considered.

—0.005

-0.010

TR T[T [ TTT T RITL T

— _|||||||||||||||||||||||||||||||||||||||
0.018 10 5.0 6.0 7.0 8.0

To-HH

Fig. 5. Electrostatic energy (——), induction energy (---) and
dynamic correlation (- - -), for the perpendicular approach of the
O ('D) atom to the HH ('Z;) diatomic, fixed at the equilibrium
distance (1.401 ay), as a function of the ro yy.
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