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Accurate ab initio potential energy surfaces for the 3A′′ and 3A′ electronic
states of the O(3P)+HBr system

Antonio G. S. de Oliveira-Filho,1,a) Fernando R. Ornellas,1 and Kirk A. Peterson2
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Av. Prof. Lineu Prestes, 748, São Paulo, São Paulo 05508-000, Brazil
2Department of Chemistry, Washington State University, Pullman, Washington 99164-4630, USA

(Received 14 February 2012; accepted 9 April 2012; published online 7 May 2012)

In this work, we report the construction of potential energy surfaces for the 3A′′ and 3A′ states of
the system O(3P) + HBr. These surfaces are based on extensive ab initio calculations employing the
MRCI+Q/CBS+SO level of theory. The complete basis set energies were estimated from extrap-
olation of MRCI+Q/aug-cc-VnZ(-PP) (n = Q, 5) results and corrections due to spin-orbit effects
obtained at the CASSCF/aug-cc-pVTZ(-PP) level of theory. These energies, calculated over a region
of the configuration space relevant to the study of the reaction O(3P) + HBr → OH + Br, were
used to generate functions based on the many-body expansion. The three-body potentials were inter-
polated using the reproducing kernel Hilbert space method. The resulting surface for the 3A′′ elec-
tronic state contains van der Waals minima on the entrance and exit channels and a transition state
6.55 kcal/mol higher than the reactants. This barrier height was then scaled to reproduce the
value of 5.01 kcal/mol, which was estimated from coupled cluster benchmark calculations per-
formed to include high-order and core-valence correlation, as well as scalar relativistic effects.
The 3A′ surface was also scaled, based on the fact that in the collinear saddle point geom-
etry these two electronic states are degenerate. The vibrationally adiabatic barrier heights are
3.44 kcal/mol for the 3A′′ and 4.16 kcal/mol for the 3A′ state. © 2012 American Institute of Physics.
[http://dx.doi.org/10.1063/1.4705428]

I. INTRODUCTION

Hydrogen bromide (HBr), a relatively inactive form of
bromine in the stratosphere, is the principal bromine sink
compound for ozone loss chemistry.1 Along with other pro-
cesses, active atomic bromine can be regenerated by the reac-
tion O(3P) + HBr → OH + Br.2 An interesting aspect of this
reaction is that it is relatively simple in the sense that it can be
studied in detail both theoretically and experimentally. Ther-
mal rate constants have been measured by several groups over
the combined temperature range of 221–554 K; these data are
in good agreement and show a slight curvature in the Arrhe-
nius plot,3–7 as first noted by Nava and co-workers.6 Also
a significant number of literature results are concerned with
product state distributions, focusing on the population inver-
sion present in the OH vibrational branching ratio3, 8 and in
its rotational population distribution.9–11 The observed pref-
erence to dispose the energy in product excitation is charac-
teristic of the kinematic constraints for the transfer of a light
atom between two heavy ones (H + LH′ → HL + H′).

A central feature in the theoretical description of chem-
ical reactions in a quantitative way is the construction of an
accurate potential energy surface (PES), and extensive high-
level calculations are usually employed to generate energies
that can be used to obtain an explicit function for the po-
tential. To the best of our knowledge, this kind of study has
not been conducted yet on the O(3P) + HBr system, de-
spite the fact that several investigations on the O(3P) + HCl

a)Electronic mail: oliveira@iq.usp.br.

reaction have been reported in the literature.12–16 The first
studies reporting calculations of rate constants for the triplet
O + HBr reaction were based on the bond-energy-bond-order
(BEBO)4, 5, 17, 18 method and on London-Eyring-Polanyi-Sato
(LEPS)19, 20 PESs adjusted to reproduce experimental kinetic
data. Urban and Staemmler21 built an extended-LEPS sur-
face based on about fifty coupled electron pair approximation
(CEPA) points and found an activation energy of 10 kcal/mol,
overestimating the recommended value of 3 kcal/mol.22

Better agreement with the empirical value was found by
Jalbout23 using a variety of density functionals to calculate
transition state geometries, activation barriers, and reaction
energies. While, unlike the early studies, these latter two
works accounted for the fact that the reaction does not nec-
essarily occur in a collinear minimum energy path, none of
them considered the possibility of van der Waals wells in the
entrance and exit channels.

In this paper our major focus is the construction of reli-
able PESs for an accurate description of the O(3P) + HBr re-
action dynamics in the 3A′′ and 3A′ electronic states. Here, we
followed a procedure similar to the one used by Ramachan-
dran and Peterson15 for the O(3P) + HCl reaction, which
proved to yield very good thermal rates using either transi-
tion state theory or pure quantum mechanical rates when com-
pared to experimental data.24

II. COMPUTATIONAL DETAILS

The ab initio points used to generate the PESs were cal-
culated in the following way. First a dynamically weighted25

0021-9606/2012/136(17)/174316/8/$30.00 © 2012 American Institute of Physics136, 174316-1
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state averaged complete active space self-consistent field26, 27

(CASSCF) calculation was carried out using a full valence ac-
tive space, excluding the s valence orbitals from oxygen and
bromine. Three states of A′ and three states of A′′ symmetries,
in the Cs point group, were considered in this step. This is the
smallest number of states necessary to describe the electronic
degeneracy in the reactants limit (O (3Pg) + HBr (1�+) ⇒ 3A′

+ 2 3A′′) and in the products (OH (2�) + Br (2Pu) ⇒ 3 3A′

+ 3 3A′′). A weighted average of states with the β−1 factor set
to 3 eV was used to take into account this difference between
reactants and products and connect them smoothly. This was
followed by an internally contracted multireference config-
uration interaction28, 29 (MRCI) calculation using the David-
son correction30 (+Q) to correlate all valence electrons (1s
of H, 2s2p of O, 4s4p of Br). These calculations employed
the aug-cc-pVnZ basis set for hydrogen and oxygen31, 32 and
the aug-cc-pVnZ-PP for bromine,33, 34 where n = Q, 5, and the
(1s-2p) inner core of bromine was replaced by a relativistic
pseudopotential.33 The energies obtained with these two ba-
sis sets were then extrapolated to the complete basis set (CBS)
limit using35

E(n) = ECBS + B/n3 (n = 4, 5). (1)

Spin-orbit effects were included by adding a correction calcu-
lated at the CASSCF/aug-cc-pVTZ(-PP) level using the full
Breit-Pauli operator within the state interacting approach36

where 9 singlets (4 in A′ and 5 in A′′ symmetry) and 18 triplet
states (8 in A′ and 10 in A′′) were mixed.

In order to get accurate energetics, additional calcu-
lations were also carried out on the reactants, products,
and other stationary points of the PES. Geometry optimiza-
tions and frequency calculations were done for the min-
ima and transition state at the coupled cluster with single
and double substitution level of theory with a perturbative
estimate for connected triples37 (CCSD(T)). More specifi-
cally, we chose a spin unrestricted variant of the CC the-
ory that uses restricted open shell Hartree–Fock (ROHF)
orbitals, known as R/UCCSD(T).38, 39 For the atomic basis,
we chose the same sets and extrapolation expression used for
the MRCI+Q calculations. Additive corrections to include
the effect of full iterative triple and quadruple excitations,
core-valence correlation, scalar relativity, and spin-orbit have
been calculated at the R/UCCSD(T)/AV5Z geometry. The
triple excitation correction (�T) was defined as the differ-
ence between R/UCCSD(T) and CCSDT40–42 calculations
using the aug-cc-pVTZ(-PP) basis set;31, 32, 43 similarly, the
quadruple excitation correction (�Q) was calculated from
CCSDT and CCSDTQ44–46 energies using the cc-pVDZ(-PP)
basis set. The core-valence correlation was included at the
CCSD(T) level using the aug-cc-pwCVTZ(-PP) basis set47, 48

as the difference between frozen-core calculations and those
with the O 1s and Br 3s3p3d electrons correlated (both in
the same basis set). The second-order Douglas-Kroll-Hess
(DKH) Hamiltonian49 along with the DKH-contracted basis
sets,43, 50 aug-cc-pVTZ-DK, was used to include scalar rel-
ativistic effects on H and O, as well as to also correct for
the pseudopotential approximation. This contribution was de-
fined as the difference between R/UCCSD(T)/AVTZ(-PP) and
DK-R/UCCSD(T)/AVTZ-DK energies within the frozen-core

approximation. The last correction, for the spin-orbit effect,
added the difference between non-spin-orbit and spin-orbit
calculations at the CASSCF/AVTZ(-PP) level as described
above. All calculations were carried out with the MOLPRO51

suite of ab initio programs, while the CCSDT and CCSDTQ
calculations were performed with the MRCC52 program as
interfaced to MOLPRO.

III. POTENTIAL ENERGY SURFACES

A grid defined by the internal coordinates rOH, rHBr, and
θOHBr was used to calculate the PES:

rOH[a0] = 1.35, 1.50, 1.65, 1.80, 2.00, 2.25, 2.50,

2.75, 3.00, 3.25, 3.50, 4.00, 5.00, 6.00,

rHBr[a0] = 2.20, 2.35, 2.50, 2.65, 2.85, 3.10, 3.35, 3.60,

3.85, 4.10, 4.35, 4.85, 5.85, 6.85,

θOHBr[deg] = 179.99, 160, 140, 120, 100, 80, 60.

Of all possible combinations, the points for which simultane-
ously rOH > 2.50 a0 and rHBr > 3.35 a0 have been not consid-
ered. This region of the configuration space, with all atoms
relatively far from each other, does not contribute signifi-
cantly to the description of the three-body potential, and the
proximity to the atomization limit could generate some near-
degeneracy-related problems that could require a CASSCF
calculation with all 18 triplet states of the three separated
atoms. So the number of points calculated using this grid
could be reduced to 1029. These points have been used for the
3A′ and 3A′′ surfaces, but for the latter an additional set of 81
points were calculated in regions close to both van der Waals
minima and the transition state to improve their characteriza-
tion, using a total of 1110 points for the 3A′′ PES. Both sur-
faces are described in terms of a many body expansion,53–55

V (r1, r2, r3) = V (1) +
3∑

i=1

V (2)(ri) + V (3)(r1, r2, r3), (2)

where V (1), V (2)(ri), and V (3)(r1, r2, r3) are, respectively, the
sum of atomic energies, the two-body term, and the three-
body term.

A. Two-body potentials

The two-body terms for the OH and HBr potentials were
adjusted by the switched-MLJ (Modified Lennard-Jones)
function of Hajigeorgiou and Le Roy,56

V (2)(r) = De

[(
1 −

( re

r

)6
e−βs

MLJ(z)z

)2

− 1

]
, (3)

where z = (r − re)/(r + re), and

βs
MLJ(z) = fs(r)

[
M∑

m=0

βmzm − β∞

]
+ β∞, (4)

where β∞ = ln(2Der
6
e /C6), and fs(r) = (eαs (r−rs ) + 1)−1. De

and re were fixed at values obtained from near-equilibrium
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polynomial fits, while the parameters controlling the switch-
ing function were kept close to the authors’ recommendations,
namely αs ∼ 4/(rs − re) and rs ∼ rmax + 1 a0, where rmax was
the maximum r used in the fit. The dispersion coefficient, C6,
defines the long range behavior of the function, because in
the limit r → ∞ the potential has the form V (r) = −C6/r6.
In order to get the appropriate long range behavior, the C6

coefficients where fixed at values obtained from experimen-
tal results for atomic polarizabilities and ionization potentials,
9.134 for OH and 32.274 for HBr, in atomic units. The final
fits were adjusted to 15 points for HBr and to 14 points for
OH. The root mean square errors (RMSE) were 0.035 and
0.041 kcal/mol for HBr and OH, respectively, using M = 8
for both potentials.

As in a previous work on the O + HCl system,15 where
the ClO potential was considered as purely repulsive, the
BrO potential was also represented by a repulsive function
to avoid unphysical minima in the θOHBr < 60◦ region. This
approach is valid because the H + BrO channel is approx-
imately 35 kcal/mol higher in energy than the reactants,
O + HBr.

B. Three-body potentials

The three-body potentials were described in terms of the
reproducing kernel Hilbert space (RKHS) theory, as intro-
duced by Ho and Rabitz.57, 58 The interpolated functions are
calculated by

V (3)(xi, yi, zi) =
N∑

j=1

Cj Q6,6,2(xi, xj ; yi, yj ; zi, zj ), (5)

i = 1, 2, . . . , N,

where N is the number of ab initio points (1110 for the 3A′′

PES and 1029 for the 3A′ PES), Cj are the coefficients deter-
mined using the Cholesky decomposition, and Q6, 6, 2 is the
three-dimensional kernel, written as the product of one di-
mensional kernels:

Q6,6,2 = q
2,6
1 (x, x ′)q2,6

1 (y, y ′)q2
2 (z, z′), (6)

where x = rOH, y = rHBr, and z = (1 − cos θOHBr)/2 are the
coordinates used for the interpolation. The one dimensional
distance-like kernel is

q
2,6
1 (x, x ′) = 1

14
x−7

>

{
1 − 7

9

x<

x>

}
, (7)

where x> = max (x, x′), x< = min (x, x′), and the one dimen-
sional angle-like kernel is

q2
2 (x, x ′) = 1 + x<x> + 2x2

<x>

{
1 − 1

3

x<

x>

}
. (8)

A final adjustment on the PESs was to multiply the three-
body potentials by scaling factors. For the 3A′′ surface the
factor value is 0.97714, found by trial and error, in order to
reproduce the best estimate of the barrier height, and for the
3A′ surface the factor is 0.9790, chosen to make the collinear
saddle point degenerate with the scaled 3A′′ barrier. In order
to illustrate the crossings at near-linear configurations at the
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FIG. 1. Curve crossings near the entrance channel at near-linear configura-
tions and the angular dependence of the three electronic states correlating
with the O(3P) + HBr channel. Note that at linear symmetry the 3A′ and
3A′′ states are degenerate, corresponding to a 3� state, and the remaining 3A′
corresponds to a 3�− state.

entrance channel, and the angular dependence of the three
electronic states correlating with the entrance channel, O(3P)
+ HBr (13A′ + 23A′′), we display in Figure 1 a surface cut
for fixed rHBr = 2.67 a0 and θOHBr = 179.99◦, in which the
van der Waals well in the lowest lying eletronic state (3A′′ in
Cs or 3�− in C∞v point group) is clearly shown. Also at rOH

∼ 3 a0 there is an avoided crossing between the two lowest
states with A′′ symmetry that makes, at linear symmetry, the
3� (3A′ + 3A′′ in Cs point group) the lowest lying state in the
collinear barrier region, thus justifying the choice of scaling
for the 3A′ PES. Also in Figure 1, we display the angular de-
pendence of these electronic states in a cut of the PESs for
fixed rHBr = 2.88 a0 and rOH = 2.52 a0, corresponding to a
region near to the collinear saddle point. It is clear from this
plot that at θOHBr = 180◦ the lowest lying electronic state has
� symmetry, and for smaller angles this state splits into a
3A′′, the curve with a minimum around 130◦, and a 3A′, with
its minimum at linear configurations. It is also insteresting to
note that the second 3A′′ lies about 10 kcal mol−1 higher in
energy than the other states in this region. These curves have
been calculated at the MRCI+Q/AVDZ(-PP) level of theory
just to give a qualitative picture of these important features of
the system.

IV. RESULTS AND DISCUSSION

The spectroscopic constants of the calculated
(CCSD(T)/CBS without spin-orbit correction and
MRCI+Q/CBS with and without spin-orbit correction)
two-body potentials and the corresponding experimental
values are shown in Table I. It is interesting to point out the
fair agreement between the non-spin-orbit CCSD(T) and
MRCI+Q results, with each other, and with the experimental
values (with atomic and molecular spin-orbit contribution
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TABLE I. Properties of the calculated two-body potentials compared to
experimental values.

De re ωe ωexe αe

(kcal/mol) (a0) (cm−1) (cm−1) (cm−1)

HO(2�)
CCSD(T)/CBS 107.1 1.8324 3745.5 83.3 0.717
MRCI+Q/CBS 106.6 1.8316 3745.1 88.7 0.758
SO-MRCI+Q/CBS 106.6 1.8316 3744.8 88.6 0.758
Experimenta 107.05b 1.8324 3737.8 84.9 0.724

(107.16)c

HBr(1�+)
CCSD(T)/CBS 93.0 2.6816 2646.2 44.5 0.228
MRCI+Q/CBS 92.7 2.6805 2648.4 40.9 0.248
SO-MRCI+Q/CBS 89.4 2.6812 2649.0 41.7 0.238
Experimentd 90.37 2.6729 2649.3 45.4 0.233

(93.88)c

BrO(2�)
CCSD(T)/CBS 58.1 3.2483 734.0 4.57 0.0035
MRCI+Q/CBS 56.9 3.2558 722.4 4.50 0.0036
SO-MRCI+Q/CBS 54.5 3.2509 727.8 4.59 0.0036
Experimente 57.0f 3.2451 732.9 4.65 0.0036

(59.3)c 3.2516g 725.4g 4.65g 0.0036g

aReference 59 unless otherwise noted.
bReference 60.
cAtomic and molecular spin-orbit removed from experimental results.
dReference 61.
eReference 62 unless otherwise noted.
fReference 63.
gAverage for X1

2�3/2 and X2
2�1/2 states, values from Ref. 62.

to the dissociation energies removed). The inclusion of
spin-orbit effects on the MRCI+Q/CBS potential energy
curves slightly changes the spectroscopic constants, which
are found to be in good agreement with experiment. The
main impact of this correction occurs in the dissociation
energies of HBr and BrO, due the large atomic SO splitting of
bromine. The calculated values of De for these molecules are
89.4 kcal/mol and 54.5 kcal/mol, differing from experiment
by 0.97 kcal/mol and 2.5 kcal/mol, respectively. The quality
of the present PESs is not affected by this relatively large
error in the BrO potential because we are not interested in a
study of the H + BrO channel. Another way to test the quality
of our calculations is the comparison between the calculated
and experimental exoergicities for the reaction O(3P) + HBr
→ OH + Br. We obtained the value of −15.7 kcal/mol,
in good agreement with the experimental value, �E0

= −15.14 kcal/mol.60, 61 Certainly the remaining discrep-
ancies between ab initio and experimental results would be
minimized if higher-order and core-valence correlation, as
well as scalar relativistic effects on the light atoms were
considered, but the accuracy obtained at the present level of
theory is satisfactory. We note, however, that a more detailed
calculation taking into account these small contributions was
done for the barrier height.

Keeping in mind that the principal aim of this work is
the construction of accurate PESs for the study of the O(3Pg)
+ HBr reaction, it is important to point out that in this sys-
tem the reactants have three-fold degeneracy (2 3A′ + 3A′′ for
bent configurations or 3�− + 3� for linear geometries) thus
leading to three reactive surfaces, as discussed by Urban and

Staemmler.21 However for the isovalent reaction (O + HCl)
it is known that only the 3A′′ and 3A′ surfaces are relevant,
the latter being important only at high temperatures due to its
higher barrier.15, 24 For this reason we restricted our study to
the lowest-lying 3A′′ and 3A′ electronic states.

The geometries and harmonic frequencies of the sta-
tionary points on the 3A′′ PES are shown in Table II. The
CCSD(T) results were obtained directly from MOLPRO using
its optimization and frequency routines, the MRCI+Q results
came from polynomial fits to grids of single-point energies
close to the stationary points, and the PES and SO-PES cor-
respond to the values obtained using functions adjusted to the
expression in Eq. (2), without and with spin-orbit correction.
In general, all methods yield very consistent results, confirm-
ing the quality of the interpolation and justifying the use of
coupled cluster calculations to get an accurate estimate of
the barrier height. The entrance van der Waals (vdW) mini-
mum (O–HBr) is a very shallow well, about −1.68 kcal/mol
deep, relative to the reactants, with linear geometry and bond
lengths of 4.469 a0 for rOH, and 2.684 a0 for rHBr at the
MRCI+Q/CBS level of theory. This structure can be under-
stood as an oxygen atom interacting with a hydrogen bromide
molecule, weakly bonded with a perturbed HBr bond that
is 0.003 a0 longer and with a stretching frequency of about
13 cm−1 less than the free HBr molecule. The CCSD(T) re-
sults with the AV5Z basis set are very similar to the cor-
responding MRCI+Q values, with an rOH bond 0.080 a0

shorter, an rHBr bond 0.002 a0 longer, and a well depth of
−1.43 kcal/mol. For the product-side vdW minimum, there
is also a concordance between MRCI+Q and CCSD(T), de-
spite the fact that at this geometry there is strong multiref-
erence character, with four reference coefficients larger than
0.1 (0.72,0.43,0.40,0.17). The major difference between these
levels of theory is that MRCI+Q/AV5Z predicts an rHBr bond
length 0.112 a0 longer than the value for CCSD(T)/AV5Z, and
this discrepancy is also visible in the harmonic frequencies.
Despite all that, the two methodologies agree on the relative
energy of this structure, −20.49 kcal/mol for MRCI+Q/CBS
and −21.04 at the CCSD(T)/AV5Z level (relative to reac-
tants). Comparing the energy of this vdW minimum to the
products asymptotic limit, we have a well much deeper than
the one found in the entrance channel, −6.55 kcal/mol and
−7.08 kcal/mol for MRCI+Q and CCSD(T), respectively.
This relative stability is reduced to −3.76 kcal/mol by the in-
clusion of spin-orbit effects, due to the large shift in the prod-
ucts energy in the SO-PES. For the transition state, the geome-
tries and frequencies obtained with MRCI+Q and CCSD(T)
are in good agreement. It is important to note that the mini-
mum energy saddle point in the 3A′′ electronic state is a bent
structure with a θOHBr angle of 135.4◦, a fact that was not
considered in the early works based on collinear minimum
energy paths. The MRCI+Q transition state energy is about
0.6 kcal/mol higher than the value predicted by CCSD(T)
calculations.

As mentioned in Sec. II, we performed some benchmark
calculations to establish accurate relative energies for the sta-
tionary points, with special interest in the transition state. The
contributions of triple and quadruple excitations, core-valence
correlation, scalar relativistic, and spin-orbit effects to the
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TABLE II. Properties of the stationary points of the 3A′′ PES (unscaled) as a function of the basis set and the level of theory.

�V rOH rHBr θOHBr ωs ωa ωb

Method (kcal/mol) (a0) (a0) (deg) (cm−1) (cm−1) (cm−1)

O–HBr (Reactant-side well)
MRCI+Q/AVQZ − 1.81 4.450 2.685 180 75.7 2653.6 141.9
MRCI+Q/AV5Z − 1.74 4.459 2.684 180 74.1 2652.7 141.5
MRCI+Q/CBS − 1.68 4.469 2.684 180 72.6 2652.7 140.9
PES − 1.65 4.483 2.684 180 70.9 2635.5 138.6
SO-PES − 1.56 4.477 2.685 180 70.8 2635.9 141.9
R/UCCSD(T)/AVQZ − 1.49 4.364 2.686 180 80.2 2624.4 141.0
R/UCCSD(T)/AV5Z − 1.43 4.379 2.686 180 . . . . . . . . .

Transition State
MRCI+Q/AVQZ 6.34 2.589 2.871 136.4 1344.2 1332.7i 243.2
MRCI+Q/AV5Z 6.44 2.591 2.871 135.9 1356.7 1332.0i 242.4
MRCI+Q/CBS 6.55 2.593 2.871 135.4 1369.8 1331.3i 241.7
PES 6.59 2.598 2.871 134.8 1422.6 1314.7i 248.4
SO-PES 6.55 2.608 2.868 135.7 1400.6 1294.7i 232.1
R/UCCSD(T)/AVQZ 5.80 2.587 2.869 136.9 1367.6 1302.5i 231.8
R/UCCSD(T)/AV5Z 5.86 2.590 2.869 136.1 . . . . . . . . .

OH–Br (Product-side well)
MRCI+Q/AVQZ − 19.98 1.841 4.866 65.8 3691.3 225.9 583.2
MRCI+Q/AV5Z − 20.49 1.840 4.856 65.8 3697.5 229.1 604.6
MRCI+Q/CBS − 20.57 1.839 4.851 65.8 3701.0 230.5 605.3
PES − 20.57 1.839 4.854 65.6 3698.4 229.3 576.4
SO-PES − 20.96 1.838 4.880 66.4 3689.2 206.4 567.3
R/UCCSD(T)/AVQZ − 20.88 1.839 4.751 62.4 3705.3 321.1 676.2
R/UCCSD(T)/AV5Z − 21.04 1.838 4.744 62.4 . . . . . . . . .

energy profile of the 3A′′ PES are summarized in Table III.
All values are relative to the reactants energy. From these val-
ues one can see that the barrier height increases with the basis
set size, and the most important contribution for this value is
due to triple excitations, followed by the Douglas-Kroll-Hess
correction and quadruple excitations. Core-valence correla-
tion and the spin-orbit interaction lead to small effects on the
barrier height, so the best estimate value for this property is
5.01 kcal/mol, 0.91 kcal/mol smaller than the CCSD(T)/CBS
value, and 1.54 kcal/mol lower than the MRCI+Q/CBS+SO
estimate. It is interesting to point out that all contributions are
small for all stationary points, except the high-order correla-
tion in the product-side vdW minimum and the spin-orbit ef-
fect in the products. As mentioned before, the products vdW

TABLE III. Benchmark energy calculations of the stationary points on the
3A′′ PES. All values in kcal/mol.

Transition
O–HBr State OH–Br OH+Br

R/UCCSD(T)/AVQZ(-PP) − 1.49 5.80 − 20.88 − 13.91
R/UCCSD(T)/AV5Z(-PP) − 1.43 5.86 − 21.04 − 13.96
R/UCCSD(T)/CBS(-PP) − 1.36 5.92 − 21.20 − 14.02
�T − 0.01 − 0.60 − 3.97 − 0.02
�Q 0.00 − 0.15 − 1.16 − 0.06
�CV − 0.05 0.03 0.69 0.42
�DK 0.01 − 0.26 − 0.64 − 0.46
�SO 0.20 0.07 − 0.25 − 3.29
�T+�Q+�CV+�DK+�SO 0.15 − 0.91 − 5.33 − 3.41
Best estimate − 1.21 5.01 − 26.53 − 17.43

well has a strong multireference character and in this case a
single-determinant based description is less appropriate. The
large spin-orbit splitting of the bromine atom is responsible
for the lowering of 3.29 kcal/mol in the energy of the prod-
ucts and it has minor effects on the rest of the surface.

The final 3A′′ PES had its three-body potential scaled in
order to match the barrier height with the best estimate value
of 5.01 kcal/mol, and since in the collinear saddle point the
3A′ and 3A′′ electronic states are degenerate, the scaling fac-
tor of the 3A′ was chosen in a way to make the two scaled
PESs degenerate in the collinear saddle point. In Table IV are
displayed the properties of the saddle points on the scaled
and unscaled 3A′′ and 3A′ PESs. The scaling shortens the
rHBr bond distance by 0.019 a0, increases the rOH distance by

TABLE IV. Properties of the saddle points on the scaled and unscaled 3A′′
and 3A′ PESs.

3A′′ 3A′′ 3A′ 3A′

(unscaled) (scaled) (unscaled) (scaled)

r
‡
OH (a0) 2.608 2.629 2.515 2.537

r
‡
HBr (a0) 2.868 2.849 2.877 2.858

θ
‡
OHBr (deg.) 135.7 137.5 180.0 180.0

�‡V (kcal/mol) 6.55 5.01 8.04 6.45
�‡V0

a (kcal/mol) 5.10 3.44 5.67 4.16

ω
‡
b (cm−1) 232.1 213.0 469.0 465.0

ω
‡
s (cm−1) 1400.6 1339.2 524.5 582.0

ω
‡
a (cm−1) 1294.7i 1239.4i 1495.8i 1270.5i

aIncluding local and reactant zero-point energies.
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TABLE V. Properties of the van der Waals minima on the scaled and un-
scaled 3A′′ PESs.

3A′′ 3A′′

(unscaled) (scaled)

O–HBr (Reactant-side well)
rOH (a0) 4.477 4.375
rHBr (a0) 2.685 2.686
θOHBr (deg.) 180.0 180.0
�V (kcal/mol) − 1.56 − 1.63
�V0

a (kcal/mol) − 1.27 − 1.32
ωb (cm−1) 141.9 153.0
ωs (cm−1) 70.8 74.2
ωa (cm−1) 2635.9 2628.9

OH–Br (Product-side well)
rOH (a0) 1.838 1.837
rHBr (a0) 4.880 4.822
θOHBr (deg.) 66.4 67.9
�V (kcal/mol) − 20.96 − 21.05
�V0

a (kcal/mol) − 18.37 − 18.46
ωb (cm−1) 567.3 552.3
ωs (cm−1) 3689.2 3697.0
ωa (cm−1) 206.4 208.4

aIncluding local and reactant zero-point energies.

0.021 a0, and increases θOHBr by 1.8◦ at the transition state
on the 3A′′ PES. Similar changes occur for the geometry of
the saddle point on the 3A′ surface. The rOH bond length in-
creases by 0.022 a0 and the rHBr distance decreases by 0.019
a0, and the barrier height in this electronic state is reduced
by 1.59 kcal/mol. The scaling also modifies the harmonic fre-
quencies of the transition states, but not too significantly. The
vibrationally adiabatic barrier heights are 3.44 kcal/mol and
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FIG. 2. Equipotential contour plot of the scaled 3A′′ PES in (rOH, rHBr)
space for θOHBr = 180.0◦, corresponding to entrance van der Waals well.
The zero of energy is the O + HBr(re) asymptotic limit. Negative energies are
shown as dotted lines, and the equipotential lines are separated by 5 kcal/mol,
unless otherwise noted.
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FIG. 3. Equipotential contour plot of the scaled 3A′′ PES in (rOH, rHBr)
space for θOHBr = 137.5◦, corresponding to the transition state. The zero of
energy is the O + HBr(re) asymptotic limit. Negative energies are shown as
dotted lines, and the equipotential lines are separated by 5 kcal/mol, unless
otherwise noted.

4.16 kcal/mol for the 3A′′ and 3A′ PESs, respectively. Table V
shows the minor effect of the scaling on the vdW wells on the
3A′′ PES.

A general overview of the scaled PES for the 3A′′ elec-
tronic state is displayed in Figs. 2, 3, and 4. In these isopo-
tential contour plots, energies (in kcal/mol), relative to the
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O(3P) + HBr(re) asymptotic limit, are shown as a function
of rOH and rHBr for a fixed θOHBr. It is noteworthy to point
out that these representations show smooth, well-behaved sur-
faces, very similar to the ones reported by Ramachandran and
Peterson for O + HCl,15 but using just one three-body po-
tential. In Figure 2 the θOHBr angle is frozen at the value of
180.0◦, corresponding to the entrance vdW minimum, a struc-
ture that is easily spotted in the lower part of the plot. The
behavior of the surface in this cut is essentially the same for
θOHBr = 137.5◦, the value of the equilibrium angle of the tran-
sition state, as shown in Figure 3. Figure 4 shows a cut of the
scaled 3A′′ for θOHBr = 67.9◦. This plot is much more repul-
sive in the reactants side, on the right, as the previous plots,
and shows a deep well in the products side, on the left, corre-
sponding to the vdW minimum at the exit channel.

V. SUMMARY

In this paper, we present accurate potential energy sur-
faces for the triplet OHBr system, focusing on the reaction
O(3P) + HBr → OH + Br in the 3A′′ and 3A′ electronic states.
The surfaces are based on the many-body expansion with two-
body potentials fitted to switched-MLJ functions and three-
body potentials interpolated using the RKHS method. The
ab initio points used to build these functions were obtained
at the MRCI+Q/CBS+SO level of theory. The final surface
for the 3A′′ state was scaled in order to reproduce bench-
mark calculations on its barrier height, and the one for the
3A′ PES was scaled to maintain the degeneracy of the two
surfaces at the collinear saddle point. The main features of
the 3A′′ PES are a 1.63 kcal/mol deep van der Waals mini-
mum in the entrance channel with a linear geometry, a sharply
bent, with θOHBr = 67.9◦, vdW well in the exit channel that
is 21.05 kcal/mol lower than the reactants, and a transition
state 5.01 kcal/mol higher than the reactants with a vibra-
tionally adiabatic barrier height of 3.44 kcal/mol. The 3A′

PES does not have minima and has a linear transition state at
6.45 kcal/mol. Work on dynamical calculations using these
PESs is in progress and the results will be reported in a forth-
coming paper.
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