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Abstract A grid empowered molecular simulator

(GEMS) embodying in a single workflow the ab initio

treatment of elementary chemical processes has been

extended to four atom reactions. GEMS has been used to

carry out a massive quasiclassical investigation for the

OHþ CO! Hþ CO2 reaction on the most recently pro-

posed potential energy surface. The type of potential

energy surface used and the possibility of running the

simulations on the grid have allowed us to keep the error of

the order of a few percent at all values of the collision

energy and to estimate accurately the dependence of the

reaction cross section on the collision energy. The accuracy

of the calculations has allowed to unequivocally single out

the fact that the calculated center-of-mass angular distri-

bution is clearly isotropic and radically differs from the

asymmetric forward–backward structure obtained from the

experiment. However, when the laboratory frame ana-

logues are compared, the difference almost vanishes.
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1 Introduction

The hydroxyl radical-carbon monoxide, OHþ CO! Hþ
CO2; reaction is important for combustion and atmospheric

chemistry modeling. It is, in fact, the main source of CO2

and energy release in hydrocarbon combustion [1, 2] as

well as the key reaction for the control of the concentration

of the OH radical in the lower atmosphere [3, 4].

Thermal rate coefficients of the title reaction were

measured in the temperature interval 80–2,800 K [5–11].

These values show a strong non-Arrhenius behavior and

were given an analytical formulation using an RRKM

scheme in Refs. [12–16]. Experimental estimates of the

absolute cross section of the OH ? CO reaction were

provided by Wolfrum and collaborators [17, 18], while

those of the differential cross section were provided by

Casavecchia and collaborators in their crossed molecular

beam (CMB) studies [19–21]. In particular, they measured

the product intensity Ilab H0;w0ð Þ at several values of the

laboratory (lab) angle H0 (product variables are primed).

Then, they factorized Ilab H0;w0ð Þ for the allowed range of

values of the recoil velocity w0 in a tentative center-of-mass

(cm) product angular distribution (PAD), T(h0), and a ten-

tative cm product translational energy distribution (PTD),

P E0tr
� �

(with h0 and E0tr being the cm scattering angle and

translational energy, respectively). In this way, Casavec-

chia and collaborators were able to work out the PAD and

the PTD at the two collision energy values (Etr = 36 and

59 kJ mol-1) of the experiment. The resulting PAD

exhibits in both cases a forward-backward structure with a

clear preference for the forward direction. This was inter-

preted as a fingerprint of a reactive mechanism proceeding

through an intermediate complex. At the same time, the

resulting PTD shows (again in both cases) that a large

fraction of energy goes in product translation. This was
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Perugia 06123, Italy

e-mail: lag@dyn.unipg.it

123

Theor Chem Acc (2011) 128:727–734

DOI 10.1007/s00214-010-0787-6



interpreted as fingerprint of the strong repulsive interaction

taking place between CO2 and H in the exit channel.

Previous theoretical work focused on the analysis of the

dissociation of the intermediate complexes using both

RRKM [22–25] and dynamical [26–48] treatments. A first

computational challenge of the theoretical study is the

accurate ab initio determination of the quite structured

nature of the ground-state potential energy surface (PES).

The OH ? CO PES, in fact, exhibits different stationary

points and multiple reaction paths. This has made it diffi-

cult not only to carry out a comprehensive ab initio

determination of the interaction but also its full-dimen-

sional fit to a suitable functional representation. As a matter

of fact, only fairly recently, following the work of Schatz

et al. [49], two full-dimensional PESs (LTSH [37] and

YMS [50]) were fitted to the ab initio electronic energies.

For this purpose, a many-body expansion (MBE) func-

tional [51] was used, and various gaussians were added to

enforce the reproduction of some local structures of the

ab initio data. Yet, trajectories calculated on them showed

to be affected by some numerical instabilities and to lead to

a poor conservation of total energy [37, 47]. These diffi-

culties were more recently circumvented by adopting a new

PES [41]. The proposed (Leiden) PES is full-dimensional

representation of the interaction based on the Shepard

interpolation of a set of high-level ab initio estimates

(linear combination of DFT and CCSD(T) energies) of the

potential energy values together with their first and second

derivatives generated iteratively using the Collins’ GROW

program [52]. This makes the computation of the single

molecular geometry potential energy value much more

expensive than for the LSTH and YMS PESs.

For this reason, the only way of compacting the whole

ab initio calculation (from the determination of the PES to

the dynamical computation and estimate of the measured

quantities) is via a grid-based workflow as it has been

already made for atom-diatom systems [53–56]. Unfortu-

nately, a rigorous quantum study of the dynamics of this

four atom reaction is still out of reach [39, 40]. Therefore,

in order to work out a theoretical estimate of the quantities

measured in a CMB experiment [19–21], we had to extend

the mentioned workflow to the VENUS package [57], a

computational dynamical engine integrating the quasi-

classical trajectories (QCT) for polyatomic systems. The

study was then completed by carrying out a comparison

also with the dynamical properties calculated on the YMS

and LTSH PESs.

Accordingly, the paper is articulated as follows: In Sect.

2, an analysis of the Leiden PES is carried out and the

details of the calculations are described; in Sects. 3 and 4,

the values of the reactive cross sections and cm product

distributions calculated on the various PESs are compared

among them and with the experiment; finally, in Sect. 5,

the rationalization of the experimental laboratory angular

distribution using the QCT outcomes is performed.

2 The calculations

As already mentioned, the evaluation of a single molecular

geometry potential energy value for the OHþ CO!
Hþ CO2 elementary reaction is, by itself, a highly com-

putationally demanding task. When one needs to calculate

it for millions of trajectories each exploring in time steps of

0.01 fs the articulated structure of a realistic PES, the

problem may become a real computational challenge.

To illustrate the complexity of the Leiden PES, a

schematic representation of its stationary points is given in

Fig. 1. As apparent from the figure, the main characteristics

of the PES are the two intermediate wells corresponding to

the trans-HOCO and the cis-HOCO complexes (with the

former being slightly deeper). These wells are divided by

an interposed relatively small barrier. Each well is also

separated from reactants by a small barrier (with the one

for the cis well being higher). The long-range interaction

between the reactant molecules is however attractive, and

related minimum energy paths show a van der Waals well.

The production of H ? CO2 goes through a relatively high

barrier for the cis-HOCO complex and an even higher

barrier for the trans-HOCO complex. Therefore, following

the minimum energy path, the trans-HOCO complex has to

surmount two high barriers (trans-HOCO-HCO2 and trans-

H-OCO) before landing into the products valley. The

smaller one (but higher than that connecting the cis-HOCO

complex to products) leads to a new well with C2v sym-

metry, which is connected to the products via a relatively

small barrier. The second barrier is instead significantly

higher and leads directly into the product valley. This

barrier is substantially higher than those of the YMS and
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Fig. 1 A schematic representation of the stationary points of the

Leiden PES for the OHþ CO! Hþ CO2 reaction
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LTSH PESs whose height is similar to the cis-H-OCO one.

Also, the trans-HOCO-HCO2 barrier of the Leiden PES is

1.7 kJ mol-1 higher than those of the YMS and LTSH

PESs. The product channel too is attractive and forms a van

der Waals complex. It is worth mentioning here that the

internal energy of the reactants in the ground vibrotational

states is 35.1 kJ mol-1. This energy is higher than the two

barriers that connect the HOCO complexes to the product

channels (namely trans-HOCO-HCO2 (34.7 kJ mol-1) and

cis-H-OCO (6.3 kJ mol-1)) while it is 62.8 kJ mol-1 lower

than the one necessary to surmount the trans-H-OCO bar-

rier (97.9 kJ mol-1).

The associated computational burden has been mastered

by distributing the calculations among high-performance

and high-throughput concurrent platforms [58–60] using a

properly extended version of GEMS [53–56]. GEMS, in its

most recent version, allows the running of large batches of

four atom trajectories using a parameter sweeping scheme.

In this scheme, the batches of trajectories are run concur-

rently by distributing them over the several thousands of

CPUs conferred to the segment of the EGEE grid available

to the virtual organization COMPCHEM [61]. It is worth

pointing out here that this is the first time that GEMS is

extended to deal with four atom reactions. The main nov-

elty consists in the fact that GEMS now embodies in a

single workflow three new features: the treatment of a four

atom PES, a QCT treatment of diatom–diatom elementary

chemical process and the evaluation of the laboratory-

measured intensity Ilab H0;w0ð Þ out of the computed

Icm(h0, u0) (or T(h0) and P(u0)).
To this end, two large batches of jobs targeted to the

evaluation of both the PTD and PAD associated with the

conditions of the beam experiment [19–21] (OH and CO

molecules set at their ground vibrotational states vOH =

jOH = 0 and vCO = jCO = 0 and translational energies set

at Etr = 36 and Etr = 59 kJ mol-1) were launched. The

PTD and PAD calculations have been repeated also for the

first excited vibrational state of OH vOH = 1 and jOH = 0

though only at Etr = 36 kJ mol-1. In addition, a massive

calculation running several batches of jobs targeted to the

evaluation of the reaction cross section for a fine grid of

collision energy values falling in the interval ranging from

1 to 77 kJ mol-1 was also performed.

In QCT calculations, the integration step was set at

0.01 fs in order to guarantee a good conservation of the

total energy. It is worth noting here that the QCT calcu-

lations using the Leiden PES do not show any instabilities

with respect to the total energy conservation. In fact, using

the time step of 0.01 fs, one typically makes an error lower

than of 10-5 and 10-4 kJ mol-1 in the conservation of total

energy for non-reactive and reactive trajectories, respec-

tively. This is not the case of the QCT calculations per-

formed on the YMS and LTSH PESs for which more than

30 and 70% of the non-reactive and reactive trajectories,

respectively, have a energy conservation poorer than

0.16 kJ mol-1.

For all trajectories, initial and final distances were set at

8.0 Å, a distance large enough to consider negligible the

interaction between the fragments of the related channels.

The value of the maximum impact parameter was varied

(according to the collision energy) from 2.2 Å (at high

energy) to 3.0 Å (at low energy). All remaining parameters

(vibrational phases and spatial orientation of molecules)

were selected randomly. Calculated values of the cross

sections were scaled using the statistical factor of 1/2 (to

account for the double degeneracy of the OH 2Pð Þ elec-

tronic state). The calculations do not include any zero point

energy (ZPE) correction or any other quantum effect.

However, at the energies of the experiment considered

here, quantum effects are not expected to play a major role.

In any case, the introduction of the ZPE correction would

no improve the agreement of calculations with the exper-

iment because its effect would be to increase the threshold

and further reduce the theoretical estimate of the product

translational energy that is already too low.

The number of trajectories integrated to evaluate the

cross section ranges from 100,000 at high collision energy

to more than 4 million at the lowest collision energy so as to

keep the relative error of the calculated reaction cross sec-

tion smaller than 5%. Many more trajectories (9 and 11

million at the collision energy values of 59 and 36 kJ mol-1,

respectively, with more than 40,000 trajectories being

reactive in each case) were integrated when calculating the

PTDs and PADs to be compared with CMB results.

3 The reaction cross section

QCT values of the cross sections calculated on the Leiden

PES for the collision energy interval ranging from 1 to

77 kJ mol-1 are plotted in Fig. 2 (solid circles connected

by dashed lines) as a function of the collision energy (this

quantity is also called excitation function). For compara-

tive purposes, the figure shows also the experimental cross

section data reported in Refs. [17, 18] as well as the QCT

results reported in Refs. [37, 41, 47]. As mentioned in Ref.

[47], the factor 1/2 has been applied also to the results of

Refs. [41] and [37] in order to make the comparison

homogeneous.

As apparent from the figure, the excitation function

calculated on the Leiden PES shows a positive trend with

the collision energy for the whole energy interval consi-

dered in agreement with the results previously reported for

a narrower interval [41]. The cross section, though,

increases mildly and almost linearly in contrast with the

steeper increase found for the YMS results. Cross sections
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calculated on the LTSH PES agree fairly well with those

calculated on the Leiden PES for about the whole range of

collision energy values (at large collision energy, the LTSH

results are slightly higher). This agreement contrasts with

the findings of Ref. [41] where the comparison is made

with the results of Ref. [37]. However, it is important point

out here that the cross sections obtained in Ref. [37] on the

LTSH PES differ non-negligibly from those of Ref. [47]

calculated on the same PES due to the different filter

adopted for discarding poorly energy conserving trajecto-

ries. This suggests that the different energy conserving

filtering criterion (rather than the one invoking in Ref. [41]

the higher barrier separating the trans-HOCO minimum

from the product valley (97.9 kJ mol-1 in the Leiden PES,

9.6 kJ mol-1 in the LTSH one) should be preferred in order

to rationalize the lower values of the Leiden cross sections

with respect to the LTSH ones.

A comparison of the calculated cross section values with

the experimental ones is also shown in Fig. 2. This

comparison is not fully quantitative because calculations

have been carried out with both reactants in their ground

vibrotational states while in the experiment significantly

excited (up to jOH = 20) rotational levels of OH are

involved [47]. This may offer a rationale for why computed

and measured values increasingly differ as energy increa-

ses. However, it has to be said also that experimental

estimates of the cross section have been questioned in the

past and a revision of the related calibration method has

been suggested [41, 62].

As apparent from the lower panel of Fig. 2 that zooms

on the very low collision energy region (not explored in

Ref. [41]), the excitation function calculated by us on the

Leiden PES exhibits a clear switch in slope in the trans-

lational energy interval ranging from 4 to 10 kJ mol-1. A

similar trend is also exhibited by the LTSH results. A

further lowering of the collision energy does not cancel

completely the reactivity calculated on all the mentioned

PESs building a clear uncertainty on the evaluation of the

threshold. This is due to the fact that at low collision

energy the main contribution to reaction is given by

internal energy.

In order to gain more insight into the mechanisms

fueling reaction, we found it useful to perform an analysis

of the dihedral angle of the products (i.e. the angle that by

the CO2 plane and the plane containing the scattered H

atom and the additional (produced by the reaction) CO

bond) form. This dihedral angle carries information on the

geometry of the complex at the moment of breaking the

OH bond to react. Accordingly, if the breaking complex

is the cis-HOCO one, the H atom is expected to be

scattered mainly with a low (ideally 0�) dihedral angle.

On the contrary, the breaking of the trans-HOCO complex

leads to large (ideally 180�) dihedral angle. Figure 3

shows the distributions of the dihedral angle calculated

for collision energy values ranging from 1 to 77 kJ

mol-1. The plot was obtained by binning the dihedral

angle of the reactive trajectories in boxes of 30� and

normalizing the values to their maximum. As apparent

from the figure, the maximum is always located at the

lowest value of the dihedral angle associated with the cis-

HOCO complex. At higher collision energy, a relatively

large fraction (up to 34%) of breaking into products

occurs via the trans–HOCO complex. However, the figure

shows also that the fraction of reactive events leading to

products via a breaking of the trans–HOCO complex

remains at about 10% as the collision energy tends to

zero. This means that this complementary reaction chan-

nel never dries up in agreement with the fact that internal

energy is sufficient to feed reaction and that its parti-

tioning between the two reactive pathways has a strong

statistical character.
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Fig. 2 (Upper panel) QCT cross sections calculated on the Leiden

PES plotted as solid circles connected by dashed lines against

translation energy. Experimental values of Refs. [17, 18] are given as

stars connected by solid line. QCT results of previous calculations or

performed on other PESs (open circles, open squares, solid squares,

solid diamonds) are also shown. (Lower panel) a zoom on the low

translation energy region for the same results
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4 The cm product distributions

Additional information on the detailed reaction dynamics

of the title system is indeed provided by the comparison of

the calculated cm (the cm label will be omitted when not

explicitly required to the end of avoiding misinterpretation)

PTDs and PADs with the corresponding data derived by

CMB studies of Refs. [19–21].

Figure 4 shows the QCT PTDs calculated on the Leiden

PES (solid circles connected by dashed lines) at both

experimental translational energies (Etr = 36 (lower panel)

and 59 kJ mol-1 (upper panel)). The distributions have

been obtained using a binning method with a box of 8.4 kJ

mol-1. In the Figure, the distributions calculated on the

YMS and LTSH PESs (dotted-dashed lines and dotted

lines, respectively) as well as those obtained from the

experiment (solid line) are also shown.

The PTDs calculated on the Leiden PES are largely

symmetric (the average product translational energies are

coincident with the value at the maxima) although the one

calculated at Etr = 59 kJ mol-1 is slightly broader than

that calculated at Etr = 36 kJ mol-1. Both PTDs peak at a

similar value, 80 and 88 kJ mol-1 for, respectively,

Etr = 36 and 59 kJ mol-1. The two Leiden PTDs have the

same shape as that obtained on the YMS PES and a shape

similar to that obtained on the LTSH PES though with a

maximum slightly shifted to larger translational energies

(96 kJ mol-1 for both translational energies). However, all

the PTDs calculated on the proposed PESs are definitely

cooler than the experimental ones for which the measured

average translational energy of the products is significantly

higher than the value given by QCT calculations. This

behavior is usually attributed to an insufficient repulsive

nature of the proposed PESs in the exit H ? CO2 channel

(although it could be attributed as well to an inadequate

representation either of the potential energy or of the

experimental conditions).

For this reason, we calculated the PTD also for

Etr = 36 kJ mol-1 and the initial OH radical excited at its

first vibrational state. The source beam of the experiment

can contain, in fact, a non-negligible fraction of vibra-

tionally excited OH (the effect of the rotational excitation

of the reactants on the shape of the calculated PTDs and

PADs was not considered because it was already found in

Ref. [47] to contribute negligibly). The main effect of

vibrationally exciting OH, however, is to increase the

amount of energy available for reaction and make the PTD

extend to slightly larger product translational energy.

However, no change was found in the shape of the PTD

that results qualitatively similar to the one obtained for the

ground vibrational state of OH. The PTD calculated on the

Leiden PES for vOH = 1 is, in fact, largely symmetric with

a shift of the maximum from 80 to 88 kJ mol-1 that is still

clearly insufficient to reproduce the shape of the experi-

mental distribution.
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Figure 5 shows the QCT PADs of CO2 (with respect to

the OH initial velocity) calculated on the Leiden PES (solid

circles connected by dashed lines) at both experimental

translational energies Etr = 36 (lower panel) and 59 kJ

mol-1 (upper panel). The plotted PADs, obtained using a

binning box of 10�, are largely isotropic for both collision

energy values with a slightly pronounced maximum cen-

tered around 90�. This behavior is definitely anomalous

with respect to those calculated on the YMS and LTSH

PESs (dotted-dashed lines and dotted lines of Fig. 5,

respectively) as well as with respect to those obtained from

the experiment (solid line of the same figure). The lack of a

forward–backward structure with a forward bias in the

QCT PADs calculated on the Leiden PES cannot be

ascribed to an insufficient statistics of the calculations. The

number of trajectories integrated for the purpose of eva-

luating the product distributions at the energy of the

experiment is, in fact, very large (as already mentioned, the

associated statistical error is, indeed, extremely small) and

largely exceeding that of any previous calculations for the

title system. It cannot be ascribed to the fraction of OH

excited to vOH = 1 because the PAD calculated on the

Leiden PES for it is substantially similar to that calculated

for vOH = 0. Therefore, such an anomalous PAD must be

considered as a specific dynamic feature of the Leiden

PES.

5 The laboratory angular distributions

The way in which the detailed comparison between theory

and experiment has been carried out in the previous section

is the traditional one mentioned in the Introduction: the

intensity Ilab H0;w0ð Þ of the scattered product measured in

the CMB experiment as a function of the laboratory

velocity w0 and the laboratory angle H0 is fitted by

assuming that the flux in the cm framework Icm h0;E0tr
� �

can

be factorized in terms of T(h0) and P E0tr
� �

(the PAD and the

PTD, respectively). Then, a tentative PAD and PTD shape

is optimized to minimize the difference between the mea-

sured data and the intensity obtained by converting the

calculated flux from the cm to the lab frame. The optimized

PADs and PTDs are taken as the quantities to compare with

theoretical results (despite the fact that their uniqueness

cannot be guaranteed).

The direct transformation in GEMS of the calculated cm

quantities into the lab ones offers, instead, the possibility of

generating accurate and unique calculated laboratory

angular distributions (LADs) depending only on the PES

adopted. Yet, due to the impossibility of deriving from the

literature all the physical details of the experimental

apparatus used to study the title system, we had to calcu-

lated the LAD using the less specific LAB_AD procedure

of Refs. [63, 64]. In particular, we applied the mentioned

procedure to the QCT output obtained at the collision

energy of 59 kJ mol-1. To this end, a peak velocity of the

OH beam of 3,100 m s-1 with a speed ratio of 8.3, a peak

velocity of the CO beam of 1,048 m s-1 with a speed ratio

of 10.3 and a beam crossing angle of 90� have been used to

mimic the experimental conditions [19]. The LAD result-

ing from the calculations performed on the Leiden PES

(solid circles connected by dashed lines) is compared in

Fig. 6 with that obtained from the experiment (stars con-

nected by solid lines). In the same figure, the LAD calcu-

lated on the LTSH PES (solid squares connected by dotted

lines) is also shown for further comparison. As apparent

from the figure, the Leiden and the LTSH LADs show

similar widths (despite the large difference in the shape of

the related PADs shown in Fig. 5) differing significantly

from the experimental one that is clearly broader. The

LADs calculated on the Leiden and on the LTSH PESs

show also two similar peaks located at about 20� and 32�–

34� (clearly differing from the rather unimodal with a

shoulder structure of the experimental distribution) in spite

of the already pointed out differences in the calculated cm

PAD. They only differ appreciably, instead, in the
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Refs. [19–21] are given as a solid line (no error bars are given to keep

the figure simple). Results from QCT calculations on the YMS and

LTSH PESs are also given as dotted-dashed and dotted lines,
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732 Theor Chem Acc (2011) 128:727–734

123



amplitude of the larger H0 peak that is lower for the LTSH

results. This might indicate that the found anomaly of the

PAD calculated on the Leiden PES could be smeared when

considering a LAD obtained from a procedure taking in full

account the experimental conditions. The effect is, how-

ever, so large to ask for further development of GEMS in

the direction of incorporating exactly all the physical

parameter of the experiment to be used as a tool for vali-

dating the proposed PES.

6 Conclusions

The possibility of using a full ab initio PES and a complete

from first principle workflow to derive measurable pro-

perties for the OHþ CO! Hþ CO2 reaction when utili-

zing the grid empowered molecular simulator GEMS has

made it feasible not only to calculate the center-of-mass

angular and translational distributions of products but also

to derive the related LADs (laboratory angular distribu-

tions) of the corresponding CMB experiment. To this end,

we have exploited two new features of GEMS explicitly

developed for the present investigation and the well-

established high-throughput performance of the segment of

the EGEE grid available to COMPCHEM.

Thanks to that several millions trajectories have been

integrated and the statistical error has been confined to a

few percent at all energies (including the near threshold

ones). The results of such an extended investigation are

quite surprising. While the estimate of the excitation

function obtained from our calculations is in line with

previously published results and reconducts the contrasting

indications of previous investigations to the uncertainty

associated with an inadequate filtering of poorly energy

conserving trajectories, the product distributions show

contradictory features. In fact, the PTDs calculated on the

Leiden PES agree with the ones calculated on the YMS

surface, slightly differ from the LTSH ones (mainly for a

shift along the energy axis) and differ even more from the

experimental data. On the contrary, the PADs calculated on

the Leiden PES are completely different from all the other

(calculated and experimental) ones. However, when the

structure of the LAD is considered, the difference between

the Leiden and the LTSH results almost vanishes, while

that with the experiment persists. Such an anomalous

behavior could be rationalized in terms either of a parti-

cular structure of the ab initio potential energy values of

the Leiden PES or of a strong differential sensitivity of the

measured product intensity to the recoil angle and associ-

ated velocity distributions. This means that only a complete

incorporation of the experimental parameters into the

relevant section of GEMS enables a usage of the simulator

as a tool for rationalizing CMB experiments. It also means,

however, that the use of less sophisticated approaches is

even less reliable and sometime misleading. For this rea-

son, our next effort will be a detailed scrutiny of the used

PES and a complete implementation of the theoretical

assemblage of the LAD.
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