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A full-dimensional, global ab initio potential energy surface (PES) for the Ar-HOCO system is pre-
sented. The PES consists of a previous intramolecular ab initio PES for HOCO [J. Li, C. Xie, J. Ma,
Y. Wang, R. Dawes, D. Xie, J. M. Bowman, and H. Guo, J. Phys. Chem. A 116, 5057 (2012)], plus a
new permutationally invariant interaction potential based on fitting 12 432 UCCSD(T)-F12a/aVDZ
counterpoise-corrected energies. The latter has a total rms fitting error of about 25 cm−1 for fit-
ted interaction energies up to roughly 12 000 cm−1. Two additional fits are presented. One is a
novel very compact permutational invariant representation, which contains terms only involving the
Ar-atom distances. The rms fitting error for this fit is 193 cm−1. The other fit is the widely used
pairwise one. The pairwise fit to the entire data set has an rms fitting error of 427 cm−1. All of
these potentials are used in preliminary classical trajectory calculations of energy transfer with a
focus on comparisons with the results using the benchmark potential. © 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4871371]

Much attention has recently been drawn to the HOCO
radical,1–3 an intermediate in the OH + CO → H + CO2 re-
action which is important for conversion of CO to CO2 in
combustion4 and atmospheric chemistry.5, 6 The presence of
the HOCO intermediate has been experimentally inferred by
means of thermal rate constant measurements7–9 and molecu-
lar beam experiments10 that have pointed out the reaction pro-
ceeds via formation of a HOCO complex.11, 12 The global po-
tential energy surface is fairly complicated and contains two
HOCO minima (the planar trans- and cis-isomers).13, 14 Pho-
todetachment experiments of the HOCO− anion15–17 have in-
dicated tunneling from the HOCO wells to the H + CO2 prod-
ucts, an aspect highlighted also in recent calculations.18, 19

Further theoretical studies on the aforementioned reaction
have been performed by means of quasi-classical trajec-
tory and quantum dynamics calculations20, 21 based on re-
cent ab initio global potential energy surfaces (PESs) ob-
tained by means of permutationally invariant fits or neural
networks. These global surfaces have outperformed previous
work which had focused only on limited portions of the con-
figuration space.22–30

Due to the intermediate nature of the HOCO radical, its
stabilization is of importance in combustion modeling. Thus,
it is interesting to perform simulations where the radical inter-
acts with an inert gas. The collision leads to an energy trans-
fer that can either stabilize the complex (and so increase its
lifetime) or speed up the reaction. By using a standard pro-
cedure in energy transfer calculations, the intramolecular po-
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tential can be separated from the interaction one. The latter is
usually approximated by means of a pairwise potential (see,
for instance, Refs. 31–36). An alternative, but more expen-
sive and not always feasible approach to treat the collision is
represented by ab initio direct dynamics.37–39

In this Communication, we present an accurate, global
ab initio full-dimensional PES obtained for the Ar-HOCO
system. The PES is represented by the sum of a recent per-
mutationally invariant (PI) ab initio intramolecular HOCO
potential,20 (other recent ab initio HOCO PESs13, 14 could also
be used, as well) plus a full-dimensional interaction PES, pre-
sented here. This PES is a precise PI fit to 12 432 ab initio
energies.40 Two additional fits are presented. One is a novel,
compact PI representation, which contains terms only involv-
ing the Ar-atom distances. The other fit is the widely used
pairwise one. These fits are used in classical trajectory cal-
culations of energy transfer between argon and highly inter-
nally excited HOCO with the aim of comparing the results
using the pairwise and compact PI fits to the benchmark PI
one.

Permutationally invariant fitting of many thousands of
electronic energies41 has been successfully used for a large
number of reactive molecular PESs. PI fitting has not, how-
ever, been used for non-covalent interactions, which govern
energy transfer between an inert collider, such as Ar or N2,
and an energized molecular complex. Such interactions have
typically been approximated by semi-empirical pairwise po-
tentials. We recently reported a pairwise potential for the Ar-
allyl interaction where the parameters were obtained by (non-
linear) least-squares fits to several hundred ab initio electronic
energies.36 Because of the low order of the permutation group
for Ar-HOCO we use simple symmetrized monomial PESs42

for the fit to the interaction potential. Thus, the interaction
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TABLE I. Comparison between the different fits. Number of coefficients to fit and rms errors ( in cm−1) for different energy regions (E in eV).

Ncoeff rmse (all energies) rmse (E < 0) rmse (0.0 < E < 0.5) rmse (0.5 < E < 1.0) rmse (1.0 < E < 1.5)

Pairwise-18 18 427.5 66.0 378.6 1103.3 1846.2
PI-79 79 193.4 31.6 232.2 552.5 678.8
PI-1376 1376 24.6 12.8 32.9 57.2 70.5

potential is written as

Vinter =
M∑

n1+...+n10=0

Dn1,...,n10S
[
y

n1
1 . . . y

n10
10

]
. (1)

S indicates the operator that symmetrizes the monomials(
yi = e−ri/α

)
where (ri) is the ith internuclear distance and

α is a range parameter. A maximum order of monomials in-
volved is chosen (M ≥ n1 + . . . + n10). In our case, HOCO-
Ar is an A2BCD system and we chose a maximum order
M = 5. The total number of permutationally invariant polyno-
mials thus obtained is 1632. The value M = 5 is high enough
for a very accurate fit. Higher M values would have the draw-
backs of an increased number of ab initio energies needed and
a slower computational performance due to the larger num-
ber of polynomials to evaluate at every interaction potential
calculation.

Two modifications were made to the general expression
above for the present application. One was to eliminate terms
that do not exactly vanish at large Ar distances from HOCO.
Doing so results in a reduction in the total number of polyno-
mials to 1376. The second modification was to use two range
parameters, α2 for all Ar-atom variables, and α1 for all HOCO
internuclear distances. After some optimization the values α1

= 2.0 bohrs and α2 = 2.5 bohrs were chosen. This PI fit is
denoted PI-1376. A second PI fit was also done. It consists
of the subset of polynomials that contain only Ar-atom vari-
ables. There are just 79 such polynomials and so we denote
this fit by PI-79. Also in this case, a single parameter α = 2.0
was used. This is clearly a substantial reduction in the number
of terms and so should be more generally applicable. This is
discussed further below.

Finally, the widely used pairwise-sum approximation
was used as a fit. In this case, the interaction between Ar
and each of the three types of atom in HOCO was approxi-
mated by a potential based on that proposed by Varandas and
Rodrigues43 and used by us earlier for a study of Ar and al-
lyl radicals.36 This pairwise potential (denoted Pairwise-18)
is based on 18 parameters,44 and it was determined by the
FindFit routine in Mathematica45 using a gradient method that
provided an R2 = 0.959.

All the potentials were fitted to the same set of
12 432 UCCSD(T)-F12a/aVDZ counterpoise-corrected ener-
gies. The whole data set was generated by argon positions
chosen along potential cuts of the distance of Ar to the HOCO
center of mass and at various orientations and randomly scat-
tered around different HOCO geometries including all sta-
tionary points on the HOCO PES. Additional random con-
figurations were sampled from those visited along the paths
of HOCO classically evolved trajectories at total energies of
12 000 and 20 000 cm−1. The distances between the argon

atom and the HOCO center of mass were chosen between 2.25
and 7.75 Å. Interaction energies up to 1.5 eV were consid-
ered. This ensures that the potential span regions that may be
explored by the collision simulations we plan to perform. The
interaction energy is calculated as the difference between the
ab initio energies of the HOCO-Ar system and the two iso-
lated moieties. We used a counterpoise correction to correct
for basis set superposition error. The average counterpoise
correction at the bottom of the wells along cuts is roughly
52 cm−1 and we decided to keep it entirely.

In Table I the number of coefficients fitted, the total rms
error, and its partition into 4 different energy regions are pre-
sented for the interaction potentials. The pairwise potential
needed 18 parameters only, but it has a total rms error of
427.5 cm−1. This value is significantly lowered by means
of a permutationally invariant fit. PI-79 gives an rms error
slightly below 200 cm−1, while PI-1376 performs better than
any other with the rms error of just 24.6 cm−1. Data relative to
the rms error in different energy regions clearly demonstrate
that the higher the energy, the more relevant the improvement
in the accuracy in the case of PI-1376. In the highest energy
range here considered, the rms error is more than 25 times
lower for PI-1376 than for the pairwise potential. PI-1376 al-
lows a much more reliable description of the bottom of the
dispersion well as well as of the repulsive wall, which is of
primary importance in energy transfer calculations.

We further tested the accuracy of PI-1376 by predicting
energies for 3 potential cuts corresponding to 3 randomly cho-
sen HOCO geometries. These cuts were made of a total of 50
ab initio points and were not included in the fit. The rms er-
ror of PI-1376 is increased to just 26.6 cm−1, thus confirm-
ing its high accuracy. PI-1376 will then serve as our bench-
mark potential in the preliminary energy transfer results we
report below. Figure 1 shows potential curves obtained by us-
ing the potentials we have produced. Panel (a) is a prediction
relative to ab initio energies not included in our database of
12 432 fitted energies. Ab initio energies presented in panel
(b), instead, were included in the database. PI-79 is less ef-
fective in describing the tail. On the other hand, it does bet-
ter than the pairwise fit in the characterization of the dis-
persion well and the repulsive wall. Clearly, PI-1376 is free
of all the drawbacks of the other fits and it is our preferred
choice.

We report 6 contour plots in the supplementary
material.44 They describe the attractive part of the interaction
potential in the molecular plane for both trans (left) and cis
(right) isomers. PI fits (top and middle) present deeper at-
tractive wells than Pairwise-18 (bottom), in agreement with
rms error data. Cis and trans contour plots look similar for
Pairwise-18, whereas the PI fits show a much stronger sen-
sitivity to molecular geometry. This is also clear from an
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(a) (b)

FIG. 1. Comparison of accuracy of the different fits along potential cuts. z labels the distance between argon and HOCO center of mass. (a) A cut with ab initio
energies not included in the database of 12 432 energies employed for the fits. (b) One of the cuts made of energies in the database. The HOCO geometries were
randomly chosen between those visited during classical evolution of vibrationally excited HOCO.

analysis of the shape of the whole interaction region. PI-1376
features a shorter range of interaction, while PI-79, as ex-
pected, has characteristics in between the other two fits.

PI-1376 has been shown to be the most accurate fit, but
different advantages are featured by other fits too. PI-79 relies
on a smaller set of coefficients and so it is faster to use. Fur-
thermore, not relying on internal HOCO distances, PI-79 is
expected to be less sensitive when non-fitted distorted geome-
tries are visited during trajectory evolution. The pairwise fits
are even cheaper and always physically meaningful even for
configurations where not enough ab initio energies have been
generated. Practically, a pairwise potential could also be fitted
to a much smaller set of points. According to the type of sys-
tem under examination and its complexity, then, one would
prefer to employ one kind of potential rather than another.
Here, we perform some preliminary energy transfer calcula-
tions employing all the generated potentials. These simula-
tions help us give an estimate of the importance of reproduc-
ing accurately the repulsive and attractive part of the potential.
Results for PI-1376 are treated as the benchmark. They may
help in future work for improvement of the pairwise potential.

Seven thousand HOCO-Ar trajectories were performed
using each interaction potential, starting from the same iden-
tical initial conditions. The collision energy was set equal to
1 kcal/mol (349.7 cm−1), the radical prepared in trans geom-

etry with no angular momentum, and vibrationally excited by
9648 cm−1, so that the total energy was slightly below dis-
sociation. We performed a microcanonical sampling of ini-
tial conditions, with excitation energy randomly distributed
between the vibrational modes. The argon atom was initially
positioned 15 a.u. away from the HOCO center of mass, far
enough for the interaction to be considered negligible. The
simulation was stopped when the argon atom was at a dis-
tance of 16 a.u. from the nearest HOCO atom. The impact pa-
rameters were extracted from the appropriate distribution by
means of a Monte Carlo procedure. The maximum impact pa-
rameter (bmax = 11 a.u.) was estimated from a small batch of
runs following the procedure adopted in our previous work.36

As may be estimated from Table II, less than 1% of collisions
visited problematic configurations leading to unphysical dis-
sociation of the molecule when using PI-1376. This very re-
duced ensemble of trajectories was discarded from the energy
transfer analysis. The same table, after reporting the number
of collisions resulting in energy transfers up and down, shows
the average values per collision. The averages are referenced
to the hard-sphere collision rate evaluated at bmax. Under the
conditions of the simulation, energy is given to the molecule
and a further inspection of the results shows that this energy
goes into the rotational motion, while vibration is on aver-
age relaxed. In the case of PI-1376, the average vibrational
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TABLE II. Collision data for the different fits. Collision energy is 1 kcal/mol (349.7 cm−1). HOCO is vibrationally excited with 9647.8 cm−1. Total energy is
below dissociation. �E refers to the change in total internal HOCO energy (rotational + vibrational).

Nup Ndown 〈�Eup〉 〈�Edown〉 〈�Etot〉 �E
up
max �Edown

max 〈t〉(ps) %HEC

Pairwise-18 6611 389 63.87 − 30.10 58.65 348.78 − 638.89 2.28 0.25%
PI-79 6182 818 90.27 − 45.48 74.41 345.90 − 1082.25 2.53 0.37%
PI-1376 5847 1085 95.51 − 46.23 73.33 344.77 − 1253.45 2.61 0.44%

energy loss is about 34 cm−1, while the average rotational
energy gain is about 108 cm−1. Table II finally presents max-
imum values for energy transfers up and down, the average
collisional time and the fraction of collisions which can be la-
beled as highly efficient collisions (HEC) according to Clary’s
criterion.46 The average collisional (or simulation) time is the
average of the total simulation time for the ensemble of all
completed collisions. Collisions are labelled as HEC if their
energy transfer is more than 5 times the average energy trans-
fer down.

A data comparison points out that PI-79 provides results
which are in good agreement with the benchmark ones, espe-
cially for the HEC fraction and maximum values of the energy
transfer down which are strictly related to the repulsive wall.
The number of collisions relaxing the molecule is also closer
to the benchmark one. No trajectories needed to be discarded
for PI-79.

The pairwise fit leads to reasonable and decent results,
but our collision data confirm it lacks in accuracy for the re-
pulsive part. The energy transfer down is not completely ac-
counted for and the fraction of HEC is contracted. As a con-
sequence of the shallower attractive part, the simulation time
is reduced.

To conclude, we remark that our new Ar-HOCO PES is
accurate and keeps computational costs affordable. It appears
the most efficient way to treat Ar-HOCO collisions. Direct
dynamics at the level of theory here employed is not feasible,
since a single ab initio counterpoise-corrected energy takes
about 20 min on a single core using MOLPRO, and an average
trajectory is made of about 25 000 steps. The procedure we
have followed to obtain PI-1376 is readily portable to other
systems. A second, cheaper, PI fit has also been introduced.
Preliminary results of energy transfer for this new potential
are promising, since they are not far off the mark and we did
not find any trajectories that had blown up before the collision
was complete. This kind of restricted PI potential could be the
preferred choice in the case of more complex systems. PI fits
include multi-body contributions.

Finally, pairwise fitting has been shown to be still a quite
reliable approach. It is the straightforward choice in complex
systems or where a potential has to be obtained from just a
handful of ab initio energies. PI-1376 results may serve as a
model to improve the accuracy in the repulsive part of a pair-
wise fit. Recent calculations for water and HCl trimers47–49

have demonstrated that at short distances three-body interac-
tions, which cannot be accounted for by a pairwise potential,
contribute relevantly. Molecular mechanics runs into similar
troubles in dealing with the non-covalent, non-electrostatic
part of the force field. However, our comparisons suggest that

different functional forms should be tested to better model
the short range interaction. This is a possible goal of future
research. The pairwise fit could be optimized to some observ-
able like the benchmark energy transfer or the slope of the
repulsive wall.

PI potentials are available upon request to the authors.
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