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We have constructed a new potential energy surface for the title reaction, based on the internally

contracted multireference coupled-cluster method. The calculated barrier height is 1.59 + 0.08 kcal mol™.

This value is much lower than that obtained in previous ab initio calculations and it is close to the
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experimentally suggested value. Other features of the [F,H,Cl] system are also analysed, such as van der
Waals minima and conical intersections. The rate constant and the vibrational and rotational distributions of
the products were calculated using a fully converged time independent quantum mechanical approach. The

calculated rate constant agrees well with the experimental values. Qualitative agreement for the vibrational
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1 Introduction

The dynamics of the chemical reaction F + HCl — HF + Cl has
been explored in great detail,""” but calculations from first
principles have not been able to fully reproduce and rationalise
the experimental results.""**™” This chemical reaction is highly
exothermic and proceeds through a small barrier, a transition
state with a bent geometry whose ab initio description has been
proven to be very challenging. It has multireference character
and is affected by two conical intersection seams at collinear
geometries.'” Several ab initio theories predict very different
values for the barrier height, ranging from 6.22 kcal mol ™", at
the UMP2 level of theory (unrestricted Mgller-Plesset second-
order perturbation theory),” to the ROHF-UCCSD(T) result of
2.38 keal mol ™" (unrestricted coupled-cluster theory with singly
and doubly excited clusters and non-iterative triply excited
clusters with a restricted open-shell reference).”® All of them
are, however, well above the experimentally suggested value of
1.2 keal mol .

Deskevich et al. employed the multireference configuration
interaction method with Davidson correction (MRCI + Q) and
extrapolation to the complete basis set (CBS) limit to construct
the currently most accurate potential energy surface for this
reaction.'” This potential energy surface, denoted as DHTSN
PES in the following, was fitted using 3230 points calculated
at the MRCISD + Q/CBS level of theory, with the correlation
energy scaled to reproduce the experimental exothermicity
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distribution is obtained and it is shown that it is strongly influenced by the initial rotational state distribution.

of —33.06 kcal mol™* (the MRCISD + Q/CBS value is
—30.88 keal mol ™). The MRCISD + Q/CBS estimate for the barrier
height is 4.2 kcal mol " and the scaled PES has a transition state
energy of 3.8 kcal mol " (still largely overestimating the experi-
mental suggestion). As this value is similar to the barrier height
calculated at the partially spin restricted CCSD(T) level using a
restricted open-shell reference function and a basis set of triple-{
quality, Deskevich et al. argue that the value of 3.8 kcal mol™*
should be accurate. However, calculations using the DHTSN PES
strongly underestimate the experimental reaction rate constant,”®
suggesting that its transition state energy is too high. Using
an accurate time-dependent quantum mechanical approach,
Bulut et al.*® obtained a value of 2 x 10™** em™ s™* at 300 K,
while the experimental result is (7.2 & 0.3) x 10” " em > s7'.%
This disagreement increases at lower temperatures, reaching a
difference of more than two orders of magnitude.
Calculations using the DHTSN PES have also been unable to
predict more detailed information on the dynamics of this
reaction. The state-to-state process can be described by:

F + HCI(Vi,ji) - HF(Vf’jf) +Cl

where (v;,j;) represents the initial rovibrational state of the
reactant HCI and (vgj) the nascent rovibrational state of the
product HF. The final vibrational distribution of HF has been
recorded experimentally in several studies.>*'*'® Although
different conditions were used, these results are very similar.
The probability increases with the vibrational level v¢ (an inverted
distribution), up to v¢ = 2, where it reaches its maximum. The
third excited vibrational state, v¢ = 3, is almost not populated.
Calculations using the DHTSN PES were not able to qualitatively
reproduce this behaviour. The first study reported a high prob-
ability of forming the product in the third vibrational state.'*
However, these calculations were not converged in the total
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angular momentum. Li et al. have performed fully converged
quantum reactive scattering calculations, with time dependent
and independent methods, but restricted to the HCI ground
rovibrational state.'®> Both methods give very similar results,
still showing a high probability for v¢ = 3.

Interestingly, studies using semi-empirical global potential
energy surfaces, or based on less accurate ab initio calculations,
show very good agreement with the experimental rate constant
and vibrational distribution of the products.”® Sayés et al.
constructed a global PES for this system based on spin projected
MP2 (PUMP2) ab initio calculations with the 6-311G(3d2f,3p2d)
basis set, but scaled the PES to fit the experimental rate constant.”
The final barrier height of the scaled PES is 1.12 kcal mol "
A study based on quasi-classical trajectory calculations was made
using this potential energy surface,® with good agreement with the
experimental rate constant and vibrational distribution of the
products. Quantum wave packet calculations using this PES were
also able to give good agreement with the experimental rate
constant.” A semi-empirical LEPS (London-Eyring-Polanyi-Sato)
PES was determined by Kornweits and Persky, also constructed
to reproduce the experimental results.'® The good agreement
with the experimental rate constant obtained with these PESs is
not surprising, since they were constructed to reproduce such
quantity. It is interesting, however, that Sayos et al. were able to
reproduce the experimental vibrational distribution.®

The rotational distribution was also investigated experimen-
tally, but with fundamental differences among reported results.
The most recent study, conducted by Zolot and Nesbitt,"* shows
a bimodal rotational distribution, with a large probability of HF
formation at high values of j;, but also with non-vanishing
probability for lower rotational quantum numbers. This bimodal
distribution is not observed in older experiments,>* showing
only the rotationally hot HF. Zolot and Nesbitt have also per-
formed calculations of quasi-classical trajectories using the
DHTSN PES. The results obtained from calculations involving
only the exit channel indicate that the bimodal distribution is
associated with the reactants being trapped in the HF-Cl van der
Waals well. The quantum mechanical calculations carried out by
Li et al., however, do not show the bimodal distribution,*® but
are very close to the previous experimental results reported by
Ding et al., for v¢ = 2, the (experimentally) most populated state.
The rotational distribution calculated by Sayos et al, using
quasi-classical trajectories and their PUMP2-based PES, also
does not present the bimodal distribution.®

In this article, we report our study on the F + HCl — HF + Cl
reaction employing the internally contracted multireference
coupled-cluster (icMRCC) theory.'®*' The icMRCC method
with single and double excitations and perturbative treatment
of triples, icMRCCSD(T),>* is here for the first time applied to the
computation of a global potential energy surface. This method
promises to merge the accurate description of dynamical corre-
lation by a cluster expansion with the ability to properly describe
spin-coupled open-shell fragments. The present implementation
of the icMRCC theory is size-consistent, size-extensive and is
invariant under rotations of the orbitals within the closed, active
and virtual orbitals.>**>** As we will show, the icMRCCSD(T)
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method is able to give an accurate value for the barrier height
of this reaction, very close to the experimentally suggested value.
An analytic PES based on the many-body expansion was fitted to
a set of about 5000 ab initio points. This PES is further used to
investigate the reaction dynamics with the coupled-channel
hyperspherical coordinate method.”*>® Although the present
PES does not describe multisurface, non-adiabatic and full spin-
orbit coupling effects, the results agree very well with experiments,
showing that this is the first ab initio PES for this reaction able
to reproduce the details of the dynamics.

2 Ab initio calculations

The construction of accurate analytic representations of global
potential energy surfaces has been mainly restricted to MRCI + Q
calculations. This is because a multireference treatment is usually
required when scanning different regions of the PES, possibly
containing electronic degeneracies. A well-known deficiency of the
MRCI method, however, is its lack of extensivity due to the linear
ansatz for the wavefunction. The use of an exponential ansatz
in the icMRCC theory recovers a much larger portion of the
dynamical correlation and offers a more systematic hierarchy
of methods, in particular by perturbative estimates of three-
body correlation. Therefore, rather small active spaces can
be used in multireference coupled-cluster theories with good
results.”>?” Only the orbitals that are really relevant to the
chemical phenomena need to be included in the active space.
This is in contrast to the MRCI method, that usually needs all
the valence orbitals and electrons in the active space to obtain
accurate results. The active space used in our calculations
consists of three electrons distributed in three orbitals. This
allows one to describe the three separated atoms (each one in
the doublet state, with one electron in the singly occupied
orbital of each atom) and the three possible dissociation
channels, namely, F + HCI (the entrance channel), HF + ClI
(the exit channel) and H + FCI (the second, highly energetic, exit
channel). In each one of these dissociation channels the lowest
energy active orbital (doubly occupied in the dominant configu-
ration) is the o-bonding orbital of the diatomic fragment, followed
by the singly occupied orbital of the atom. The c-anti-bonding
orbital of the diatomic is the most energetic active orbital. The
three active orbitals belong to the a’ irreducible representation in
the C, point group. Although this active space breaks the symmetry
of the three atomic P states, this does not pose a problem. The
degenerate component that is not described by this active space
is antisymmetric with respect to the molecular plane and it
does not mix with the A’ states.

The reference space generated by a complete active space
self-consistent field (CASSCF) procedure was used as zeroth
order space for the subsequent icMRCCSD(T) calculations. In
most of the calculations the electrons of the core (1s of fluorine
and 1s, 2s, and 2p of chlorine) were not correlated. Core-
valence correlation effects for the diatomic molecules (and thus
for the two-body contributions to the global PES) were obtained
by an additive scheme. Two sets of calculations were carried out
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at the icMRCCSD(T)/aug-cc-pwCVTZ level, one correlating and
one freezing the external core (1s of fluorine and 2s and 2p
of chlorine). The core-correlation contribution is estimated as
the difference of these two energies. The results with this
correction are denoted by icMRCCSD(T)-cc.

The basis sets aug-cc-pVXZ (X = T, Q, 5)*° were used for the
hydrogen and fluorine atoms and the basis sets aug-cc-pV(X+d)Z
for chlorine.”® Core-correlation effects were estimated using
the aug-cc-pwCVTZ basis set. They are collectively denoted by
aVXZ in this article. Complete basis set (CBS) extrapolation for
the correlation energy (i.e. the icMRCCSD(T) energy minus the
CASSCF energy) was done for the diatomic molecules, using the
avQZ and aV5Z results and the formula®®**

A
Ex = Eces + - @)

For selected geometries, explicitly correlated calculations were
carried out using the icMRCCSD(F12*) theory.>” In these calcula-
tions, a correlation factor of y = 1.0 and the cc-pVXZ-JKFIT basis
sets from Weigend were used as complementary auxiliary basis
sets (CABS).?* The effect of triple excitations is taken into account
as in conventional icMRCC theory, but with the icMRCCSD(F12*)
amplitudes. Unfortunately, the present implementation of explicitly
correlated icMRCC theory faces some serious computational
bottlenecks, which did not allow the computation of the entire
PES based on this method.

The icMRCC calculations were carried out with the General
Contraction Code (GeCCo), as described in ref. 21. The CASSCF****
reference wave functions and required integrals were calculated
with Dalton®® and Molpro®*® packages.

3 Details on the chemical system
3.1 The diatomic fragments

The potential energy curves for the dissociation channels were
calculated at several levels of theory, and their dissociation
energies and spectroscopic properties are shown in Table 1.
These were obtained from analytic fits of about 55 ab initio
points along the potential energy curve, using the analytic
representation discussed below (eqn (3) in Section 4) at each
level of theory. The dissociation energies and spectroscopic
properties calculated with the aVv5Z basis set are already well
converged and do not differ significantly from the avQZ values.
Table 1 also shows the values obtained using the DHTSN PES,
described in ref. 12, and the experimental reference values.
The dissociation energies obtained with the highest level of
theory, icMRCCSD(T)-cc/CBS, show close agreement with the
experimental results, as well as with the values described by
Deskevich et al. We recall, however, that the good agreement
with experiments for the dissociation energies of the DHTSN
PES is a result of a scaling procedure, to match the experi-
mental exothermicity. Pure MRCI + Q/CBS results show a
somewhat worse agreement to the experimental dissociation
energies. The icMRCCSD(T)-cc/CBS predictions of the spectro-
scopic parameters are also in good agreement with the experi-
mental values.
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Table 1 Properties of three diatomic molecules. Energies are in kcal mol™,
distances in atomic units and all remaining spectroscopic constants in cm™t

Method/basis D. Te We WeXe Be e
HF

icMRCCSD/aVTZ 138.53 1.739 4129.0 87.5 20.7933 0.770
iCMRCCSD(T)/aVTZ 139.28 1.741 4116.2 87.4 20.7452 0.768
iCMRCCSD(T /avVQZ 140.91 1.735 4133.0 89.9 20.8925 0.791
iCMRCCSD(T)/aVSZ 141.20 1.734 4133.2 89.9 20.9098 0.793
iCMRCCSD(T)—CC/CBS 141.68 1.733 4133.0 88.1 20.9421 0.797
Experimental 141.63 1.733 4138.3 89.9 20.9557 0.798
DHTSN PES 141.58 1.732 4143.0 76.4 21.0586 0.701
MRCI + Q/CBS 140.50 1.732 4143.2 77.1 21.0599 0.705
HCl

icMRCCSD/aVTZ 104.88 2.413 2991.1 53.0 10.5583 0.303
iCMRCCSD(T)/aVTZ 105.29 2.414 2986.7 52.8 10.5429 0.303
iCMRCCSD(T /avVQZ 106.51 2.414 2985.3 52.0 10.5432 0.302
iCMRCCSD(T)/aVSZ 106.93 2.413 2988.2 53.1 10.5501 0.303
icMRCCSD(T)-cc/CBS  107.62 2.410 29913 51.0 10.5790 0.301
Experimental 107.36 2.409 2990.9 52.8 10.5934 0.307
DHTSN PES 107.35 2.412 2980.2 45.4 10.6433 0.294
MRCI + Q/CBS 106.67 2.413 2978.2 45.6 10.6388 0.295
CIF

icMRCCSD/aVTZ 57.89 3.100 769.7 5.1 0.5090 0.004
icMRCCSD(T)/aVTZ 59.28 3.104 767.7 5.0 0.5075 0.004
iCMRCCSD(T /avVQZ 61.45 3.091 778.3 4.9 0.5119 0.004
icMRCCSD(T)/aV5Z 62.14 3.085 781.5 4.9 05137 0.004
iCMRCCSD(T)-CC/CBS 63.02 3.077 786.3 4.9 0.5164 0.004
Experimental 61.50 3.077 786.2 6.2 0.5165 0.004
DHTSN PES 61.73 3.081 816.3 5.8 0.5155 0.004
MRCI + Q/CBS 60.54 3.083 811.7 5.8 0.5148 0.004

3.2 Transition state

The transition state geometry was optimised at the icMRCCSD
and icMRCCSD(T) levels, using the aVIZ and aVQZ basis sets.
The results are presented in Table 2 and one can see a large
decrease of the barrier height, when compared to standard
methods like MRCI and single reference coupled-cluster theory.
Without considering the effects of connected triples, i.e., at the
icMRCCSD/aVTZ level, a result of 3.66 kcal mol " is obtained,
comparable to the RCCSD(T) value and to the value of the
DHTSN PES. The result obtained at the icMRCCSD(T)/aVTZ level
of theory is 1.35 kcal mol ', very close to the experimentally
suggested value of 1.2 keal mol " This shows the importance of
the triples correction, not included in the MRCI calculations, to
describe the transition state, lowering the barrier height by more
than 2 keal mol . Note that in the case of MRCI calculations the
only way to improve the results is to extend the active space.
Since a full valence active space was employed by Deskevich
et al., a double shell approach would be needed. In the case of
the Cl atom, this would imply to also include the 3d orbitals,
leading to an intractably large active space.

The convergence of the barrier height with the basis set
was investigated running icMRCCSD(F12*) + (T) single point
calculations at the icMRCCSD(T)/aVQZ geometry. As one can see
in Fig. 1, although the barrier height calculated with conventional
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Table 2 Barrier height (in kcal mol™?), geometric parameters (in atomic
units and degree) and harmonic vibrational frequencies (in cm™) for the
transition state

Method/basis Ers Rur Ruc Orua o1 W, w3
icMRCCSD/aVTZ 3.66 2.830 2.485 123.8 1317.8i 2240.1 188.0
icMRCCSD/avQZ 3.57 2.829 2.486 123.1 1319.6i 2253.0 187.1
icMRCCSD(T)/avTZ 1.35 2.898 2.489 112.2 1117.5i 2415.8 195.8
icMRCCSD(T)/avQZ 1.07 2.901 2.489 110.9 1090.5i 2429.7 197.8
Initial PES 1.34 2.949 2.482 111.1 1150.7i 2475.3 190.8
Final PES 1.59 2.920 2.485 111.2 1191.5i 2435.3 199.2
DHTSN® 3.8 2.69 2.51 123.5 1117.2i 2205.1 293.4
MRCI + Q/avVTZ* 42 252 272 1232 — — —
RCCSD(T)/avTZ* 3.7 265 253 1193 — — —
UCCSD/aVTZ-DZ’  5.46 2.74 254 124.6 — — —
UCCSD(T)/avTZ-DZ" 2.38 2.74 2.52 115.9 1057.2i 2320.5 219.9

@ Ref. 12. ’ Ref. 15.

icMRCCSD(T) theory decreases with the basis set, the value
obtained with F12 theory is higher. icMRCC calculations using
a basis set larger than aVQZ are prohibitively expensive, but
calculations with single reference coupled-cluster theory show a
non-monotonic convergence of the barrier height. For these
reasons, an aVIZ/avVQZ CBS extrapolation for the barrier height
would probably give an inaccurate result. We hence argue that a
more reliable estimate is obtained from the CASSCF energy
calculated with the aV6Z basis (that is well converged, see the
inset graph) and the correlation energy obtained with the avQZ

3.8
S 36 | ROHF-RCCSD(T) Conventional —@—
£ 3 Fl2 —l—
S 34|
o
— 32
S
° 3t 74
" =
5 2.8 -
5 26
&0 24 1 1 l 1 1

DZ TZ Qz 5Z 6Z
g 2r 18.4 |-
T 18- 18.3 |-
£ CASSCF
T 16 18.2 |- L1 11
2 DZ TZ QZ 5Z 6Z
2 ., | icMRCGSD(T) o
© [ )
@ l 1 ]

DZ TZ Qz ref. 6Z + QZ

Fig. 1 Barrier height calculated at several levels of theory. The upper
panel shows values calculated with partially spin restricted coupled-cluster
theory using a restricted open-shell reference and the bottom panel
shows icMRCCSD(T) values. The inset at the bottom panel shows the
CASSCF barrier height. The label “ref. 6Z + QZ" indicates that the CASSCF
reference energy is calculated with the aV6Z basis set and the correlation
energy is taken from a aVQZ calculation. The cross indicates our best
estimate for the barrier height (excluding spin—orbit effects); see text.

30244 | Phys. Chem. Chem. Phys., 2016, 18, 30241-30253

View Article Online

PCCP

basis set. The values obtained in this way with conventional and
F12 theories are 1.13 and 1.29 kcal mol ", respectively. These
can be seen as lower and upper bounds and we will use the
average, 1.21 kcal mol ', as an estimate for the icMRCCSD(T)/
CBS barrier height. The barrier height obtained in a similar way
for the ROHF-RCCSD(T) case is also shown in Fig. 1.

In the absence of spin-orbit effects, the electronic ground state
in the entrance channel, F(*P) + HCI('Y), is threefold degenerate.
As the two reactants approach each other, these states correlate
with two *A’ and one *A” states. In the non-relativistic description,
these three states are degenerate. However, if the spin-orbit
coupling is considered, two of these states have their energy
lowered by 0.39 kecal mol ™" and one increased by 0.77 kcal mol ™
(associated with the states *P,/, and *Py,, of fluorine, respectively,
and using the experimental splitting of 1.16 kcal mol *).>” Only
one of the lower states is reactive; see the ESI,1 and Section 5.2 for
a deeper discussion. In the transition state region, the other two
states have much higher energies and the spin-orbit coupling
has no influence on the ground state energy. This effectively
increases the barrier height by an amount of 0.39 kcal mol ™, not
considered in the icMRCC calculations. If this correction is
added to the icMRCCSD(T)/CBS barrier height estimated above,
the value of 1.59 + 0.08 kcal mol * is obtained, which is our final
estimate for the barrier height.

The geometry of the transition state also changes consider-
ably compared to the DHTSN PES (see Table 2), becoming even
more bent and with a larger FH distance, resulting in an even
earlier transition state in comparison to the DHTSN PES. The
geometry almost does not change when the avVQZ basis set
is used. As a general trend, the barrier height decreases and
the transition state becomes more bent as the level of theory
increases. The vibrational frequencies in the transition state are
also given in Table 2. The icMRCCSD(T) imaginary frequency
(w4, antisymmetric stretch) is very close to the DHTSN one. The
symmetric stretch (w,) and the bending frequency (w;), on the
other hand, differ substantially from the DHTSN values.

4 PES fitting

With our present implementation, icMRCCSD(T) calculations are
computationally very expensive, even with the small active space
used in most of our calculations. For instance, an icMRCCSD(T)
calculation on this system with the aVIZ basis set takes about
3 hours of CPU time on an Intel® Xeon® processor (E5-2680
v2 2.80 GHz) and uses 10 Gb of RAM. These values increase to
about 20 hours and 24 Gb with the aVQZ basis set. Currently our
code is not parallelised and each calculation runs on a single
core. To construct a reliable global PES based on this method we
have to perform about 5000 ab initio calculations, which restricts
the basis set to a moderate size. We were able to perform such
number of calculations with the aVIZ basis set. The barrier
height at this level of theory is already much lower than in
the DHTSN PES and close to our estimate of 1.21 kcal mol .
The transition state geometry and frequencies also do not
change considerably from the triple to the quadruple-{ basis

This journal is © the Owner Societies 2016
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set, see Table 2. This indicates that the topology of the
icMRCCSD(T)/aVTZ PES is already good. The dissociation energies
and the spectroscopic parameters of the fragments, however,
can be much improved with the CBS extrapolation and core-
valence correlation effects.

We aim at an analytic representation of the PES that
takes into account our best estimate of each feature of the
PES: the global topology of the PES to be described at the
icMRCCSD(T)/aVTZ level of theory, the barrier height as
described in Section 3.2 and the diatomic fragments with the
quality of the icMRCCSD(T)-cc/CBS calculations. This was done
using the many-body expansion:

V(R) = v+ V(FZP)I(RFH) + ]%%I(RHCI) + VO(ZJZPF(RCIF) + O‘V(S)(R);
(2)

where R = (Rgy,Ruci,Rcir)- The one-body term, v, is the sum of
the energy of the three separated atoms. The two-body terms,
V(XZQ,, have the following expression:

N .
VA(R) = %e*“ + ) Ci(ReRY 3)
i=1

Ten linear and two non-linear parameters (N = 9), C; and f;,
were optimised by a weighted least-squares procedure at the
icMRCCSD(T)/avTZ and icMRCCSD(T)-cc/CBS levels of theory.
Sets of 56 points for the HF and FCl and 54 points for the HCI
molecules were used. Table 3 shows the root mean square
deviations for the fits. All of them are very small. The points
and weights are described in the ESL}
The functional form employed for the three-body term is:

VOR) = x(R)7 (R + (1 — x(R)7 {I(R), (4)

where x(R) = e R ®l’ |R — Ry| is the Euclidean distance
between the point R and the transition state geometry, Rrg,
calculated in perimetric coordinates.*®**° The function x smoothly
switches the contributions from the region close to the transition
state, described by 7 '%), to the long range region, described by 7~ (lel
These two functions have the same form, as suggested in ref. 41:

L M /
’

7O(R) = Z Z Dijklplipéﬂé <1 + Z cos 9)

=0 ik

(5)

) _ ) . P
where p,, = e fn/Fne=Fu(Rn=R.) RO are the diatomic inter-
nuclear distances and ) cos 6 is the sum of the cosines of the

Table 3 Weighted root mean square deviation of the fitted analytic
expressions relative to the ab initio points

Method/basis RMSD, in kcal mol™*
V2, - icMRCCSD(T)/aVTZ 0.0011
V4., - icMRCCSD(T)/aVTZ 0.0055
V&) - icMRCCSD(T)/aVTZ 0.0143
V) - icMRCCSD(T)-cc/CBS 0.0083
V2, - icMRCCSD(T)-cc/CBS 0.0066
V& - ieMRCCSD(T)-cc/CBS 0.0116
V® — {eMRCCSD(T)/avTZ (all) 0.1737
v — icMRCCSD(T)/aVTZ (valley) 0.1591
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three internal angles. The indices are restricted to the following
conditions:**

itj+k#1#j#Kk (6)
i+j+k <M (7)

The polynomial orders are Mg = 10, Lz = 0, Mys = 7, Lts = 2,
giving rise to 549 linear parameters. This separation between a
transition state part and a long range part and the polynomial
orders were chosen after several tests to ensure that the final
fit has the flexibility to describe the transition state region
but does not provoke unphysical oscillations in the long range
regions, where the points are sparse and receive a smaller
weight in the fitting procedure.

This function was fit to 5207 points, chosen to cover the most
important regions of the potential energy surface. The main set of
points, 2984 in total, was placed in the valley of the potential energy
surface where the reaction takes place. Higher weights were given
to the points closer to the transition state. 164 extra points around
the transition state were added to guarantee the correct description
of the curvature of the potential energy surface and the vibrational
frequencies. In the dissociation limits and in the H + FCI reaction
channel, 1456 more sparse points were calculated. Extra 434 points
in the repulsive wall and 169 points in the atomic fragmentation
region (F + H + Cl) were calculated to avoid a non-physical
behaviour of the potential energy surface in these regions. Low
weights were given to these points. These points were chosen based
on the already known topology of the DHTSN PES and on the
optimised icMRCCSD(T) transition state. A detailed description
of the points and the weights is given in the ESL¥

The three-body term was fitted to ab initio points calculated
at the icMRCCSD(T)/aVTZ level, after removing the corres-
ponding one-body and two-body contributions. The root mean
square deviation (RMSD) of this fit is very good, and it amounts
to only 0.17 kcal mol~*. The RMSD considering only the valley
of the reaction is slightly smaller. To get a deeper insight into
the quality of this fit, the transition state properties for the
PES obtained with this three-body term and the corresponding
two-body terms, obtained at the icMRCCSD(T)/aVIZ level, are
given in Table 2 (“initial PES”). These are to be compared with
the values at the line “icMRCCSD(T)/aVTZ”, obtained directly
from the ab initio calculations. The transition state energy and
geometry are very similar and the vibrational frequencies differ
in less than 2.5%.

To ensure that the potential energy surface describes the
fragments as accurately as possible, the two-body terms used in
the final expansion were the ones obtained at the icMRCCSD(T)-
cc/CBS level of theory. This is possible since the three-body term
vanishes in the fragment region. Finally, the three-body term is
scaled by a constant factor « = 1.02403 such that the final barrier
height has the value of 1.59 kcal mol *, our best estimate as
described in Section 3.2. The transition state properties of this
potential energy surface are described in Table 2, as “final PES”.
One can see that the geometric parameters and the vibrational
frequencies of the transition state do not substantially change
from the “initial PES”.
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5 The global topology of the PES

A good understanding of the global topology of the potential
energy surface can be obtained from the level surfaces in
perimetric coordinates.*®° They are defined by

1

Ry = E(RFH — Ruci + Rcir)
1

Ry = E(RFH + Ryci — Reip) - (8)
1

Re = 5(—RFH + Ryci + Reir)

a) collinear geometries

=

.

e

i i

=)

b) E = -35.5 kcal/mol

View Article Online
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They correspond to the radii of three mutually tangent circles
centred at the nuclei.*® With them, the three reaction channels
can be depicted, along with the transition state and other features
of the PES. Fig. 2 shows level surfaces for selected energies, as well
as the level curves for the collinear geometries. In perimetric
coordinates, a collinear geometry implies that the coordinate of
the central atom equals zero. All three possible collinear arrange-
ments are shown simultaneously in Fig. 2a: F-H-Cl, the upper-left
set of curves in the plane Ry = 0; CI-F-H, the upper-right set of
curves in the plane Ry = 0; H-CI-F, the bottom set of curves in the
plane R¢ = 0. These level curves are also shown as dotted lines
along with the level surfaces depicted in Fig. 2b and c.

c) E = -34.0 kcal/mol

e

i i

Fig. 2 Level surfaces for selected energies (relative to the entrance channel) in perimetric coordinates.
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The overall potential energy surface has three van der Waals
minima along the reaction F + HCl — HF + Cl, discussed in
Section 5.1. The position of the deepest one, with linear
geometry at the exit channel, can be seen in the level surface
for the energy E = —35.5 kecal mol ™" (Fig. 2b). The level surface
shown in Fig. 2c encloses the exit channel of the potential
energy surface. For the energies E = —1.5 kcal mol " (Fig. 2d)
and E = —0.8 kecal mol " (Fig. 2e) two van der Waals minima in
the entrance channel can be identified. The bent van der Waals
minimum is clearly visible in both Fig. 2d and e, whereas the
linear one displays a tiny additional surface in Fig. 2e. For
E = 0.0 kcal mol " the level surface has also a branch covering
the entrance channel. For energies higher than the transition
state energy (Ers = 1.59 keal mol ™) the two branches are joined, as
for the case depicted in Fig. 2g. In this level surface one can clearly
see the position of the transition state, being the point that
connects its two parts. Higher energy level surfaces have a broader
connection between the entrance and exit channels, as shown
in Fig. 2h for the level surface at the energy E = 9.5 kcal mol .
This energy is close to the total energy of the average initial
condition (E, = 4.3 kcal mol ™", v; = 0, j; = 5) of the most recent
experiment for this reaction.'® A classical trajectory of this
reaction with such total energy is contained in the region inside
this level surface. The level surface for E = 45.0 kcal mol " is
shown in Fig. 2i. The H + FCl channel (the branch towards the
right side) and the F-CI-H linear transition state (its connect-
ing point to the rest of the level surface) are visible. We recall,
however, that the present PES was constructed focusing the
F + HCl — HF + Cl reaction and this high energy channel is
probably not so accurately described as the other two.

Fig. 3 shows a cut of the PES along the geometries with the
angle Orpc fixed at the value of the transition state. One can see
that this PES has an early transition state, the reason why
products with high vibrational energy are formed.

5.1 Van der Waals minima

The properties of the three van der Waals minima are given
in Table 4. All of them are deeper than in the DHTSN PES, but
the geometries do not change considerably, except for the Ryp
distance of the bent minima at the entrance channel. The van
der Waals complex at the exit channel, in particular, deserves a
brief analysis. It was experimentally described by Merritt et al.*?
and the infrared spectrum of the CI-HF complex in helium
nanodroplets shows a peak at 3887.54 cm™'. To take into
account the effects of anharmonicity and from the helium
nanodroplets on the frequencies, a scaling factor is suggested
by the authors, obtained from the HF vibrational frequency, see
Table 1 of ref. 43. With this correction, this value is scaled to
4046.5 cm™ . The harmonic frequency calculated with our PES
is 4110.7 cm™', not far from the scaled experimental value.
Based on calculations with the DHTSN PES, Zolot and Nesbitt
suggested that this van der Waals minimum can play an
important role in the dynamics of the title reaction to explain
the experimentally observed rotational distribution."* Accord-
ing to these authors it might behave as a trap for the nascent
HF product, allowing for a rotational cooling and leading to a
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Fig. 3 Level curves for the region of the potential energy surface with the
angle F-H-Cl fixed at the transition state value of 111.2 degree. The
energies of the contour lines are spaced by 2.5 kcal mol™. The top panel
shows the correspondence between the energy levels and their colours.
The same correspondence is used in Fig. 2.

Table 4 Depth (in kcal mol™?, relative to the corresponding channel),
geometric parameters (in atomic units and degree) and vibrational frequen-
cies (in cm™) for the van der Waals minima. For the linear van der Waals
minima, w; is the degenerate frequency associated with the bending mode

Method/basis Depth Ryr  Ruca  Orua o1 W, w3
Linear, at the entrance channel

Present PES 0.94 4.64 2.41 180.0 3047.8 79.7 70.4
DHTSN PES 0.67 4.44 2.42 180.0 2925.2 1229 65.3
Bent, at the entrance channel

Present PES 2.45 4.86 2.41 62.2 3044.7 412.7 183.9
DHTSN PES 0.94 5.67 241 751 3034.0 177.7 42.8
Linear, at the exit channel

Present PES 2.60 1.74 4.54 180.0 4110.7 250.7 146.9
DHTSN PES 1.95 1.75 4.73 180.0 4035.2 321.4 93.4

modified rotational distribution, where the probability for lower
rotational levels is increased. If this is indeed the case, our
proposed PES should be able to reproduce the same effect because
the van der Waals minimum is deeper, as compared with the
DHTSN PES, but has similar geometric and vibrational parameters.

5.2 Conical intersections

Any arbitrary geometry of the FHCI system belongs to the Cg
point group and the ground state PES is of A’ symmetry.
At linear geometries, with the hydrogen atom in the centre,
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the system belongs to the C,, point group and the three states
that dissociate into the ground state of the entrance channel are
a *% state and the two components of a IT state. At the entrance
and exit channels the state of the lowest energy is the I state,
but in the region where the three atoms are close to each other
the T state has the lowest energy. At the geometries where these
two states intersect, two conical intersection seams arise.

Extra icMRCCSD(T) calculations for these states were carried
out for the minimum energy path of the fitted PES. They were
performed with an extended active space with seven electrons
distributed in five orbitals. In this active space three ¢ orbitals
and the highest occupied n, and =, orbitals are included. These
curves are depicted in Fig. 4. Note that the IT and X states cross
each other at two points, one slightly before and the other
slightly after the transition state.

At the MRCI + Q level of theory, the energies of the conical
intersections are lower than the transition state energy.'> Although
the transition state has a bent geometry and the conical
intersections are at the collinear geometries, the reactants that
are energetically able to cross the classical barrier will also be
able to reach the conical intersection and possibly be affected by
it. At the icMRCCSD(T) level, the conical intersection energies are
3.4 keal mol ™ (at the entrance channel) and —1.4 kecal mol ™" (at
the exit channel), without considering the spin-orbit coupling.
Since the barrier height is 1.21 keal mol™" (or 1.59 kcal mol ™
including spin-orbit effects), the conical intersection at the
entrance channel has a higher energy than the barrier and its
role in the dynamics might not have the large extent expected
by the same analysis at the MRCI + Q level. Moreover, it would
decrease the rate constant, since a wave packet hopping across

40 | T . 1
state X ——
state 7T1

30 fitted PES ~

20 —

_k
o
|
]

Energy (kcal/mol)
o

L
o
|

40 | | | | |
-4 2 0 2 4

reaction coordinate (ag)

Fig. 4 Minimum energy path of the fitted PES along the collinear geometries
F-H-Cl and the 2% and the °IT states along these geometries, calculated
with icMRCCSD(T)/aVTZ and an (7,5) active space.
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it to the above state is affected by a higher barrier. The effects of
these conical intersection seams on the dynamics are, however,
not clear. A multistate potential energy surface and rigorous
treatment of the dynamics including non-adiabatic effects are
needed to know the full extent of the effects of these conical
intersections on this chemical reaction.

Our new PES also describes the conical intersection regions
with a smooth transition between both states. The active
space used in our calculations includes only one of the three
p orbitals of the fluorine atom. The orbital perpendicular to the
molecular plane does not contribute to the described A’ state
and its absence in the active space is not a problem. Close to
the conical intersection, the p orbital in the active space has to
switch from a perpendicular one (describing one component of
the IT state) to a collinear one to form a X state. For non-linear
geometries the orbitals in the active space can adapt continu-
ously. At linear geometries, on the other hand, this gives rise to
small discontinuities in the MRCC PES at the regions close to
the conical intersections. We have overcome this in the fitting
procedure by giving lower weights to these points. One can see
that the final PES is smooth and fits well the state of the lowest
energy, whether it is the X or the IT state. This approach can be
justified by the fact that indeed the conical intersection is replaced
by an avoided crossing if spin-orbit effects are included, see the
ESI.f We recall that, with a proper active space, the icMRCC
theory is able to accurately describe avoided crossings.**

The small differences between the fitted PES and the lowest
energy *X/* state curves in Fig. 4 come from the fact that we
used CAS(3,3) points in the fitting, that we are employing a
scaling in the three-body term and that the two-body term is
from a higher level of theory; see Section 4.

6 Chemical dynamics

The dynamics of the F + HCl — HF + CI chemical reaction was
studied with the full quantum mechanical approach imple-
mented in the ABC program of Skouteris et al>® It solves
the time independent nuclear Schrédinger equation for the
reactive scattering process by the coupled-channel hyperspherical
coordinate method,>*° for each value of total angular momen-
tum J and total energy E. Calculations for all values of J up to
99 were carried out, without the J-shifting approximation. The
S-matrix elements for each state-to-state transition are obtained
and used to calculate the various quantities of interest. Since the
PES has a barrier height corrected for the spin-orbit splitting
of the fluorine atom, the main effect of the spin-orbit coupling
is automatically considered in the calculations. An a posteriori
multisurface statistical factor is included in the rate constant
calculations to take into account the fraction of the reactants that
collide through the non-reactive surfaces. See ref. 9, 16 and 26 for
a detailed description of the necessary equations. We note that
there is a typo in eqn (7) of ref. 16: the multisurface factor (G(7) in
the notation of ref. 9) was mistakenly denoted as Q, (7). It should
not be confused with the rovibrational partition function used in
the denominator of their eqn (6).
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The parameters used in the calculations were the same as those
employed in ref. 15. Test calculations were carried out varying
these parameters for selected values of J and the results did not
change appreciably. See the ESIf for a detailed comparison.

6.1 Rate constant

The rate constant of the title chemical reaction was calculated
within the temperature range 100-500 K. To provide an unbiased
comparison between the DHTSN and our current PES, we also
computed the rate constant using the DHTSN PES and the
coupled-channel method as outlined in the previous section.
The results are depicted in Fig. 5, along with previous results
from the literature. The rate constant obtained with the new PES
is very close to the experimental values, in contrast to the results
obtained using the DHTSN PES. The present rate constant
practically matches the theoretical results from Sayos et al.,”®
obtained with a PES whose barrier height was scaled to repro-
duce the experimental values. This shows, as suggested by some
authors,'®"” that the DHTSN PES has a very large barrier height.
The present MRCC PES is the first potential energy surface
obtained from first principles that yields for the title reaction a
rate constant in close agreement with experiment.

The error in the barrier height, estimated in Section 3.2,
was used to obtain an estimate of the error in the rate constant.
Two other PESs were generated by scaling the three-body term
to match the upper and lower bounds for the barrier height

1E-10 - 1 I 1 1 I

1E-11

1E-12 >
T
m(l) L
5 1E-13 |
E
X
1E-14 |- gl
[ Exp., Wirzberg 1983° —o— 7
Exp., Moore 1994 —eo—
| ICVT/scaled-MP2, Sayés 19997 ——
QCT/scaled-MP2, Say6s 2000 A
1E-15 E=\wp,CS/DHTSN, Defazio 2009 n
L WP/DHTSN, Bulut 2012'® —m—
TIQM/MRCC, this work Em—
- TIQW/DHTSN, thiswork ~~ ————- J
1E-16 1 1 L 1 1
4007 3007 250" 2007 15071
T K

Fig. 5 Experimental and calculated rate constant as a function of the
temperature for the title reaction. The various theoretical methods are
improved canonical variational transition state theory (ICVT), quasiclassical
trajectories (QCT), quantum wave-packet methods (WP) and time
independent quantum mechanics (TIQM). CS stands for centrifugal sudden
approximation. The grey shaded area around the TIQM/MRCC curve is an
estimate of the error in the rate constant; see text.
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(1.67 and 1.51 kcal mol™"). Using these PESs, reaction prob-
abilities were calculated for selected values of angular
momentum and rate constants were obtained using the J-shifting
interpolation. These are interpreted as lower and upper bounds
for the calculated rate constant. The shaded area in Fig. 5
corresponds to the region between these two estimates. The
variation in the rate constant associated with the uncertainty in
the barrier height is small and the close agreement with
experimental results is preserved.

We note, however, that the experimental rate constant shows a
strong non-Arrhenius behaviour, not exactly reproduced in our
calculations. For temperatures below room temperature, the experi-
mental rate constant does not change appreciably with tempera-
ture. Our calculations match the experimental data and the flat rate
constant at low temperatures is probably a consequence of tunnel-
ling through the small barrier. At room temperature, however, the
slope of the Arrhenius plot changes and the reaction rate rapidly
increases with the temperature. This does not happen with the
calculated rate constant. According to the analysis carried out by
Wiirzberg and Houston,” this behaviour is related to the deepest
van der Waals complex at the entrance channel. It would act as
an intermediate for this reaction, trapping the reactants at low
collision energies. For higher collision energies, on the other hand,
the van der Waals well should not affect the scattering process, and
the Arrhenius behaviour is expected. Were this model correct, our
calculations should reproduce the strong non-Arrhenius behaviour.
The present PES describes the van der Waals minimum at the
entrance channel and the scattering calculations are essentially
exact, for a single surface model.

Multisurface effects can be an explanation for the large rate
constant at higher temperatures. Possible pathways through
excited potential energy surfaces, not accessible at lower tem-
peratures, might come into play and increase the rate constant.
Experimental data at higher temperatures and non-adiabatic
dynamics over multiple PESs are further steps to understand
the origin of the non-Arrhenius behaviour of this reaction.

6.2 Rovibrational energy distribution

The energy distribution among the vibrational and rotational
states of the product HF has been calculated and compared
with previous experimental and theoretical values. Fig. 6 shows
the vibrational distribution. The experimental results agree
very well among themselves, showing a maximum probability
at v¢ = 2. The third excited vibrational level has low population
and higher vibrational levels are essentially not populated,
since they are not energetically accessible at the collision
energies of these experiments. Previous theoretical calculations
using the DHTSN PES predict that the third excited vibrational
state is formed with the highest probability, which is not
observed in the experiments.'™"® These calculations were per-
formed under single energy conditions, i.e. with fixed collision
energy and with reactants at a single rovibrational state.
Li et al. have considered only the ground rovibrational state
of HCI, arguing that this should be sufficient since the most
recent experiments were carried out at very low temperature.
Moreover, they have fixed the collision energy to E, = 4.3 kecal mol ™",
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although a collision energy distribution was reported.'* Older

theoretical studies were performed considering room or higher
temperatures, but using lower level PESs.>*® For the DHTSN
PES, studies considering the effect of the initial state were only
focused on the total reactivity, showing that it increases with
the initial rotational state.
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Initially, we used our potential energy surface to obtain
the vibrational distribution considering only the ground
rovibrational state and collision energy of E. = 4.3 kecal mol %,
as in the work of Li et al.'® The result is shown in the last panel
of Fig. 6 and it does not significantly differ from the one
obtained using the DHTSN PES. The vibrational state v¢ = 3 is

T T T T
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Ding 1973° M "
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Fig. 6 Normalised vibrational distribution of the product HF. Values indicated by “Zolot's E. distribution” were obtained with a Boltzmann distribution
over rotational states at 300 K but with the experimental distribution used by Zolot and Nesbitt™® for collision energies.
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Fig. 7 Normalised vibrational distribution of the product HF, obtained from
selected initial rotational ( ;) levels of the reactant HCl at a collision energy of
4.3 kcal mol™. Note that the distributions are normalised for each j for clarity.
The variation of the total integral cross section for each j is not depicted.

again the most populated one. However, experiments were not
carried out under perfect single energy conditions. To obtain a
more realistic comparison with the experiments, an initial ener-
getic distribution must be considered. We will first analyse how
the final vibrational probabilities are affected by the initial rota-
tional distribution, for a single collision energy. Fig. 7 shows how
the normalised vibrational distribution depends on the HCI initial
rotational state, for a fixed collision energy of 4.3 kecal mol ™" (the
average collision energy in the experimental setup of Zolot and
Nesbitt'®). The v = 3 state is the most populated one when the
reactant is on the ground rovibrational level, but its probability
decreases, compared to the HF(v; = 2) formed from the same
HCl(v; = 0, j;) state. When j; = 3-7, close to the maximum of the
Boltzmann distribution at 300 K, the second excited vibrational
level is the one with the highest probability of being formed. This
observation is independent of the choice of the PES. The vibra-
tional distribution considering a Boltzmann distribution at 300 K
over the initial rotational states is shown in Fig. 6, for both PESs.
These distributions have the correct behaviour, and the most
populated vibrational state is v¢ = 2, although the probability for
vg = 3 still overestimates the experimental one.

The effect of the spread of the collision energy on the final
vibrational probabilities was studied considering the energy dis-
tribution of the experimental setup of Zolot and Nesbitt."” It is
given in the inset of their Fig. 1 and we will denote it by f;n(E),
being further described in the ESI.{ The final vibrational distribu-
tion is thus proportional to the rate constant of the process

F + HCl —» HF(vy, all) + Cl,

with the integration over the collision energies carried out
using the experimental distribution:

kyj o L VEeo,j(Eo)fzn(Ee)dE. 9)
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Fig. 8 Integral cross section resolved into the final vibrational states and

averaged over the initial rotational states with a Boltzmann distribution at
300 K. The black dashed line shows Zolot's™® collision energy distribution
and the vertical dotted line its average energy. The larger integral cross
section for the MRCC PES is a consequence of the smaller barrier height,
resulting in a larger rate constant.

A thermal distribution over the HCI internal states was consid-
ered. The vibrational probabilities calculated in this way are also
given in Fig. 6. They do not differ significantly from the vibrational
distribution obtained with single collision energy. The influence
of the collision energy can be better seen in Fig. 8. It shows the
integral cross section (ICS) as a function of the collision energy,
for each final vibrational state. A Boltzmann average for 300 K
over the initial rotational state was used. For the results obtained
with our new PES, the second excited vibrational state (v¢=2) has
the largest ICS over the entire range of collision energies. The
same does not happen for the DHTSN PES. For low collision
energies the reaction leading to HF(v¢ = 3) formation has a larger
ICS than that leading to HF(v¢ = 2) formation. This behaviour
inverts at collision energies higher than 2.7 kcal mol™'. The
fon(E:) distribution, also shown in the figure, has its largest
values at collision energies higher than this threshold.

We also considered the effect of the energetic distribution
among the initial rotational states and collision energies on the
rotational distribution. Experimental and theoretical results are
shown in Fig. 9, for the vibrational manifolds v¢ = 1 and v¢ = 2.
The bimodal distribution experimentally obtained by Zolot and
Nesbitt"® is not reproduced in the calculations, irrespective of
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Fig. 9 Normalised rotational distribution of the product HF, for the
vibrational states v = 1 and v; = 2.

the PES or the initial state distribution. The rotational distribu-
tion obtained with our new PES has a maximum and a shape
similar to the experimental results of Ding et al.,” who reports
the formation of HF in excited rotational states only. The
distributions calculated with the DHTSN PES are narrower than
those for the new icMRCC PES and shifted to higher values of j;.

Neither of the PESs is able to reproduce the contribution from
low rotational states obtained by Zolot and Nesbitt, hence its origin
is still unclear. Based on the present results, we can disregard the
spread in collision energy and initial rotational states as possible
origins of this behaviour. If the van der Waals minimum in the exit
channel acts as a rotational cooler,*® this effect should also be
captured by our (and previous) calculations on the dynamics of
this reaction. Non-adiabatic processes were not considered in this
calculation and their effects remain to be studied. However, given
the similarities between our present results and the experimental
rotational distribution of Ding et al., the possibility of rotational
relaxation in the experimental study carried out by Zolot and
Nesbitt should be carefully reviewed.

7 Conclusions

In this work we report a multireference coupled-cluster study of
the reaction F + HCl — HF + Cl. It involves the construction of a

30252 | Phys. Chem. Chem. Phys., 2016, 18, 30241-30253
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global potential energy surface and the study of the reaction
dynamics by quantum mechanical methods. Contrary to stan-
dard ab initio methods like MRCI and single reference coupled-
cluster theory, the icMRCCSD(T) value for the barrier height is
very close to the experimentally suggested value. As a direct
result of the lower barrier height, the computed rate constant is
in good agreement with the experimental value and greatly
differs from the previous most accurate calculations. We
can conclude that the lowering of the barrier height is caused
by the triples correction in the icMRCCSD(T) method. PESs
with barrier heights near the experimentally suggested value,
whether empirically adjusted”'® or obtained from ab initio
calculations as in the present work, give rate constants with
close agreement to experiments.

The vibrational distribution of the products is studied and it
is shown that it is strongly influenced by the initial rotational
state. Such an influence is not considered in previous calcula-
tions using the DHTSN PES, but is taken into account in older
works,®'® where thermal distribution over the initial states is
used and a good agreement with experiments is reported.

Our calculated rotational distribution shows close agree-
ment with the experimental results obtained by Ding et al.?
and does not present the bimodal behaviour obtained in recent
experiments.”® Although Zolot and Nesbitt claim that their
rotational distribution is completely from nascent HF and that
rotational relaxation does not play a role, such a possibility
should be reviewed in light of the present work.

We hope that the new PES motivates further work on the
F + HCl — HF + Cl reaction and improves the understanding of
its dynamics. Moreover, several chemical reactions have transi-
tion states that are difficult to describe with ab initio methods.
For instance, MRCI calculations also seem to overestimate
the barrier height of the F + H,O — HF + OH reaction, when
compared to single reference coupled-cluster results.*>*® This
suggests that internally contracted multireference coupled-
cluster theory may become a useful tool for obtaining accurate
global PESs for this and other elementary chemical reactions.
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