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ABSTRACT: Several enhancements have been introduced into
state-of-the-art computational protocols for the treatment of
barrierless reaction steps in the framework of variable reaction
coordinate variational transition state theory. The first step is the
synergistic integration of the Iterative Difference Dedicated
Configuration Interaction (I-DDCI) and Pisa Composite Scheme,
which defines a reduced cost, yet very accurate, computational
workflow. This approach provides a near black box tool for
obtaining 1D reference potentials. Then, a general strategy has been devised for tuning the level of theory used in Monte Carlo
(MC) sampling, employing Multiconfiguration Pair Density Functional Theory (MC-PDFT) with dynamically adjusted Hartree−
Fock exchange. Concurrently, partial geometry optimizations during the MC simulations account for the coupling between the
reaction coordinates and conserved modes. The protocol closely approaches full size consistency and yields highly accurate results,
with several test computations suggesting rapid convergence of the I-DDCI correction with the basis set dimensions. The capabilities
of the new platform are illustrated by two case studies (the hydrogen dissociation from CH4 and C2H4), which highlight its flexibility
in handling different carbon hybridizations (sp3 and sp2). The remarkable accuracy of the computed rate constants confirms the
robustness of the proposed method. Together with their intrinsic interest, these results pave the way for systematic investigations of
complex gas-phase reactions through a reliable, user-friendly tool accessible to specialists and nonspecialists alike.

■ INTRODUCTION
Reactions in the gas-phase play a remarkable role in several
fields of contemporary molecular sciences, ranging from
astrochemistry to atmospheric chemistry and combustion,
just to make a few examples. The final outcomes are tuned by
the interplay of a huge number of elementary steps, which can
be roughly classified into bimolecular entrance and exit
channels linked by unimolecular (isomerization, tautomeriza-
tion, etc.) transformations. While the unimolecular trans-
formations are usually well described by different flavors of
transition state theory (TST),1,2 taking into account both
recrossing effects (variational (V)-TST3−6) and nonclassical
contributions (semiclassical multidimensional tunneling7), the
situation is more involved for the entrance and exit channels,
which often occur by barrierless processes. In fact, the location
of dividing surfaces by one-dimensional searches along the
intrinsic reaction path (RP) leading to the very successful RP-
VTST model1,5,7 becomes too restrictive. Furthermore, the
different research fields are characterized by different temper-
ature regimes and combinations of closed- and open-shell
partners (not to mention charged species). In general terms,
the potential energy surfaces (PES) ruling radical−molecule
interactions (which are of interest mainly in astrochemistry)
are well described by single-reference quantum chemical (QC)
methods, whereas radical−radical interactions (the reverse of

bond breaking) require multireference approaches. At the same
time, tunneling effects are of utmost importance at low
temperatures (again of special interest for astrochemistry),
whereas the proper description of large amplitude internal
motions becomes essential at high temperatures (of interest
mainly in combustion processes). Based on these premises, the
present work proposes an improved workflow for the
computational study of the kinetics governing bond breaking
elementary steps.

The Variable Reaction Coordinate Variational Transition
State Theory (VRC-VTST)8−12 can be considered the
workhorse of statistical kinetics treatments for barrierless
elementary steps. In the attempt of mitigating the non-
recrossing assumption, this approach requires the sampling of
wide regions of flat PESs computed with sufficient accuracy.13

Indeed, in barrierless processes, the balance between short-
and long-range interactions plays a pivotal role, with this
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requiring, in turn, flexible and accurate electronic structure
approaches.14,15

A key ingredient of the approach is a proper account of the
coupling between intermolecular librations and reaction
coordinate through classical phase space sampling.14,16,17

However, owing to its reliance on a Monte Carlo (MC)
algorithm,12 this theory is particularly prone to the evergreen
computational chemists’ dichotomy between feasibility and
accuracy. Two main flavors of this strategy have been
proposed, implemented in the Polyrate18 and VaReCof9

codes, respectively. In the former case, methods rooted in
the Density Functional Theory (DFT) are used in the MC
sampling, whereas in the second case, the sampling is
performed by a minimal complete active space self-consistent
field (CAS-SCF) approach. In our opinion, the most promising
strategy is based on the characterization of the minimum
energy dissociation path by an accurate (yet very expensive)
level of theory (the high-level (HL) potential), which is then
employed to correct the low-level (LL) method (either DFT
or MC-SCF) employed in the MC sampling (which requires
thousands of computations).19−21 Together with this correc-
tive potential (referred to as ΔEelec), another issue is related to
the use of rigid geometries (generally those of the separate
fragments) in MC sampling. In this connection, a second one-
dimensional corrective potential (ΔEgeom) can be employed,
which can be obtained by geometry optimizations of the
intrafragment degrees of freedom at different interfragment
distances by last-generation double-hybrid functionals.22

In all cases, the selection of the most suitable LL method is a
crucial step since, as demonstrated by Klippenstein et al., “the
percent deviation in the interaction potential roughly maps to
the percent deviation in the corresponding prediction of the
rate constant”.23 Furthermore, 1D corrections might be
inadequate to reproduce the intricate coupling between
reaction coordinate, transitional (interfragment), and con-
served (intrafragment) modes.3 For instance, beyond 2000 K,
the rate trend might anomalously decline to zero as
interfragment separation decreases, indicating a vanishing flux
minimum.15 This limitation exemplifies the geometrical issue,
one of the two primary constraints of the corrective approach.

Another important aspect concerns the computation of
accurate ΔEelec corrections, especially for regions of the PES,
which require a multireference description. Generally, the
internally contracted multireference configuration interaction
with Davidson correction (ic-MRCI+Q)24,25 has become the
gold standard in obtaining the reference potential to calibrate
the LL model. However, because of the prohibitive scaling of
this approach with the dimensions of the reference space,
multireference second-order perturbation theory (MR-PT2) is
widely considered the method of choice.26 In particular, the
application of PT2 correction to a complete active space
(CAS) wave function (CAS-PT2)27,28 has become the most
popular computational tool29,30 because of its streamlined
requirements.26 Despite its advantages, there are some critical
aspects, including the intruder state problem, usually tackled
by energy shifts (real, imaginary, or IPEA),31−34 even if, as
stated by Lindh et al., “these techniques introduce a
dependence of the results on a user-defined parameter”.35

Once the reference potential is obtained, calibration of a one-
dimensional correction is performed, usually using a minimal
(2, 2) active space or, in the case of DFT, employing the
exchange and correlation functional which approaches most
closely to the reference potential.22 It should be noted here

that the use of a minimal active space gives rise to the possible
lack of active space consistency during the MC sampling, one
of the major pitfalls of the current standard strategy.

In light of the aforementioned aspects, the main aim of the
present work is to define a robust yet accurate protocol that
can be applied in a nearly black box way to different reaction
mechanisms. The main ingredients of the proposed strategy
are as follows:
(1) The recent Pisa composite schemes (PCS)36,37 rooted in

the combined use of CCSD(T) and MP2 models for the
computation of accurate energies either for single
reference situations (energy minima, radical-molecule
interactions) or for the high-spin (HS) states of
potentially multireference low-spin (LS) wave functions
(e.g., radical−radical interactions).

(2) The Iterative Difference Dedicated Configuration
Interaction (I-DDCI or I-DDCI3) developed by Malrieu
et al.38,39 for computing the spin-splitting between HS
and LS states in multireference regions.23

(3) The multiconfiguration pair density functional theory
framework (MC-PDFT)40 to calibrate the percentage of
HF exchange employing the PB86 translated on-top pair
density functional as a function of the interfragment
distance, assuming that this parameter is the primary
variable tuning the nonlocal exchange contribution
during dissociation reactions.

(4) The functionals defined in point 3 for performing the
MC sampling employing rigid fragment structures.

(5) The relaxation of intrafragment degrees of freedom
(DOFs) during the MC sampling of interfragment
DOFs in order to validate the results obtained in step 4.
This step has been performed employing generalized
internal coordinates (GICs)41 and the hybrid functional
best-reproducing reference revDSD-PBEP86 geome-
tries.42

All these ingredients have been integrated in a user-friendly
workflow, which employs the Gaussian,43 MOLPRO,44 and
PySCF45 codes for obtaining all the needed electronic energies.
While the validation step 5 is too expensive for general use, it is
performed here as a prerequisite for the planned improvement
of the standard one-dimensional procedure.

The proposed strategy has been validated by two case
studies, namely, the hydrogen dissociation from CH4 and
C2H4, which represent the two smallest prototypes of σ bond
cleavage involving sp3 and sp2 carbon atoms. These two
examples have been selected because they are well charac-
terized from a theoretical standpoint46−50 and, especially in the
case of CH4, several experimental51,51−60 data are available.
Furthermore, the limited dimensions of both systems permit
the use of very accurate benchmark results by either Full
Configuration Interaction (FCI)61 or MRCI in its average
coupled pair functional (ACPF) version62 for both singlet and
triplet electronic states. On the other hand, the latest PCS
variants (which can benefit both from explicit correlation and
frozen natural orbitals) have been applied to systems
containing up to about 50 atoms.37 In the same vein, the I-
DDCI correction has been applied in different contexts to
quite large systems since it has a small basis set dependence
and allows a strong reduction of the active and virtual orbital
spaces.63−66 These aspects make the proposed strategy quite
promising for systematic studies of large molecular systems of
current fundamental and technological interest.
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■ METHODS
Reference Structures and Vibrational Frequencies.

Optimized structure, harmonic, and anharmonic force
constants of all the stationary points are obtained by double-
hybrid density functionals, which provide remarkably accurate
structural and spectroscopic properties at reasonable cost.67−73

In particular, the rev-DSDPBEP8642 functional is used in
conjunction with the cc-pVTZ-F12 basis set74 and empirical
dispersion corrections estimated by the Grimme’s D3 model75

with Becke−Johnson damping (D3BJ).76 This functional/basis
set combination will be denoted as rDSD. Anharmonic zero-
point energies (ZPEs) and vibrational frequencies are
computed employing resonance-free expressions derived in
the framework of vibrational perturbation theory to second
order (VPT2).77−81 The one-dimensional dissociation paths
are determined by relaxed scans along one C−H distance. For
CH4, the rDSD method is employed, varying the bond
distance from 1.08 to 5.750 Å with a step size of 0.1 Å.
However, this path exhibits numerical instabilities for some
distances when applied to C2H4. Therefore, the B3LYP
functional was used in conjunction with the same basis set.
The range between the equilibrium distance and 5.9 Å is
covered with a step size of 0.1 Å and then extended to 9.5 Å
with a step size of 0.5 Å. All the aforementioned computations
are done with an unrestricted formalism employing the
Gaussian package.43

High-Level Reference Potential. Both of the studied
systems are small enough to allow for HL calculations that are
generally inaccessible even for medium-sized systems. Regard-
ing the CH4 system, both the singlet and triplet dissociation
curves are characterized at the FCI/cc-pVDZ level employing a
restricted number of points (from the equilibrium distance to
3.8 Å with a step of 0.2 Å). For C2H4, MRCI, MRCI+Q, and
MRCI/ACPF computations are performed using a full valence
active space, correlating all the electrons, and employing the
cc-pV5Z (hereafter 5Z) basis set.82 The singlet−triplet energy
gap is indicated as ΔEHS−LS

method/basis. Since the spin-paired singlet
and the high-spin (triplet) electronic states are always well
described by single-reference approaches, their energy is
computed at the PCS level, which includes the following
contributions:83

E E E E(PCS) V2 V CV2= + + (1)

where

E
E fc E fc4 ( MP2/4F12) 3 ( MP2/3F12)

4 3V2

3 3

3 3=
(2)

E
E F E F3 (3 12) 2 (2 12)

3 2V

3 3

3 3=
(3)

with

E nF E fc T n E fc n( 12) ( CCSD( )/ F12) ( MP2/ F12)=
(4)

and

E E ae E fc( MP2/wC3) ( MP2/wC3)CV2 = (5)

In this context, ae and fc refer to all-electron and frozen core,
respectively, while nF12 and wC3 denote cc-pVnZ-F1274 and
cc-pwCVTZ84 basis sets. It is worth noting that, while several
members of the PCS family employ explicitly correlated (F12)
contributions,36,37 the selected version is entirely based on

conventional methods,83 which are available in a large panel of
electronic structure codes for both closed- and open-shell
systems, with a negligible reduction of accuracy for reaction
energies and activation barriers.

Instead of computing directly the energy of the LS electronic
state, it is much more convenient to compute the energy
difference (spin-splitting) between different components of the
spin multiplet (in the present case, singlets and triplet). In fact,
the different components have very similar dynamic
correlations, which is well approximated by the PCS value
for the triplet state. Then, static correlation and residual
dynamic correlation can be computed accurately by dedicated
difference approaches, which employ a reduced number of
excitation classes.38,39 In the present context, the Molpro
software is used to perform the I-DDCI computations by
combining the MRCI and MATROP modules. The initial
guess for the first DDCI iteration is obtained from a state-
averaged CAS-SCF computation, which includes only the two
orbitals defining the spin multiplet in a minimal active space
(in the present case, the open-shell singlet and the triplet). At
the end of the kth cycle, the singlet−triplet energy gap
ΔEHS−LS

(k) is evaluated and compared to the previous one
ΔEHS−LS

(k−1) . If |ΔEHS−LS
(k) − ΔEHS−LS

(k−1) | < 1.0 kJ mol−1 convergence is
reached, otherwise, a state-averaged density matrix is generated
and diagonalized. The number of active orbitals is then
increased by one, and the procedure is repeated using as an
initial guess the previously obtained state-averaged natural
orbitals. This iterative/black box method yields the ΔEHS−LS
correction, and the final energy is calculated as follows:

E E ELS HS
PCS

HS LS
I DDCI= (6)

The accuracy of the ΔEHS−LS values has been tested by
employing the cc-pVDZ basis set for CH4 and the 3F12 basis
set for C2H4. Additionally, I-DDCI computations for methane
were performed also in conjunction with cc-pVTZ (TZ) and
cc-pVQZ (QZ) basis sets to assess the convergence of the
spin-splitting correction with respect to the basis set cardinal
number.

Kinetic Model. The optimized dividing surfaces are
obtained differently in the long- and short-range regions of
the dissociative PES. In the former zones, the dividing surface
is optimized against the distance between the fragment centers
of mass. For the dissociation of methane, short-range fluxes are
minimized with respect to the position of two pivot points on
each face of the CH3 plane, by varying their distance from the
C atom within a range of 0.01 to 2.0 a0, with increments of 0.5
a0, in the direction of the C3 axis. The distance between these
pivot points and the hydrogen atom is also varied, ranging
from 15 to 6 a0 with increments of 0.5 a0, and from 6.0 to 2.75
a0 with steps of 0.25 a0. The long-range fluxes are optimized for
the following set of distances in a0 (20, 17, 15.5, 14.2, 13., 12.1,
11.3, 10.6, 10.0, 9.5, 8.5, 8, 7.5). Some overlap in the short- and
long-range descriptions was incorporated by considering both
sets of pivot points in the 8−7 a0 region. The partial
optimization is performed by the B3LYP functional in
conjunction with the 6-311G(d, p) basis set, employing the
unrestricted formalism, and including the D3BJ empirical
dispersion correction.76 In the following, this combination of
method and basis set will be termed simply as B3. The CH
bond lengths and HCH valence angles not involving the
reactive hydrogen atom have been optimized for each snapshot
of the MC sampling of interfragment degrees of freedom.
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In the ethylene case, further considerations are needed. First,
both front side and back side reactions can take place (where
front and back refer to the relative orientation of the H atom
with respect to the C2H3 moiety). In principle, also hydrogen
abstraction can happen, but this channel will not be considered
since it is ruled by a small energy barrier.85 We tried to
discriminate between the backside and frontside, defining
different regions of the sampling by means of suitable pivots
(see Section 3 of the SI for further details). All the bond
lengths around the reactive carbon atom and the valence angles
with a C atoms as vertex (excluding in both cases parameters
involving the reactive H atom) have been optimized for each
structure generated in the MC sampling of interfragment
degrees of freedom. In this case, all of the computations have
been performed at the B3 level.

The final rate is obtained by combining the fluxes by means
of the infinite potential assumption.9,10,85,86 Nonrecrossing
dynamical effects are taken into account by an empirical scaling
factor of 0.9, which was derived from benchmark trajectory
computations for prototypical reactions15

The LL energy evaluations during the Monte Carlo sampling
are performed by the Gaussian package employing an
“external” procedure interfaced with a compiled Python3
script that uses pySCF45,87,88 to perform the MC-PDFT
computation with the calibrated percentage of HF exchange.
To minimize the overhead and latency problems, the code is
compiled using the Nuitka Python compiler.89 The VaReCof
and MESS programs are used to compute the reactive fluxes
and the high-pressure-limit rate constants, respectively, and the
dynamical 2TS method is employed to compute the effective
number of states.90

Calibration of the Low-Level Method. The MC-PDFT
method employing the translated PB86 functional is always
employed in conjunction with the DZ basis set as the LL
component of the computational strategy. (2, 2) and (4, 4)
active spaces are chosen for methane and ethylene,
respectively. Subsequently, the HF percentage is adjusted
iteratively at each point along the reaction pathway until the
energy deviation from the corresponding PCS/I-DDCI
reference value is less than 1.0 kJ mol−1. A polynomial fit of
the HF contribution as a function of the C−H distance is then
carried out, and the interpolation coefficients are stored in an
environment variable read by the Gaussian external procedure
during the MC to extrapolate the HF percentage. Finally, to
circumvent numerical instabilities, the asymptotic value of HF
exchange is used for dividing surfaces with a C−H distance
larger than the maximum value used for the calibration.

■ RESULTS AND DISCUSSION
Electronic Structure. CH3 + H. As shown in Table 1, when

employing the same DZ basis set, the I-DDCI method closely
reproduces the reference FCI results, with a maximum
deviation of 1.0 kJ mol−1 and a root-mean-square deviation
(RMSD) of 0.3 kJ mol−1.

To assess the convergence of the I-DDCI method with
increasing basis set size, we evaluate the relative differences
between the ΔEHS−LS

I−DDCI results obtained with the cc-pVnZ basis
sets,82 with n = 2, 3, 4 (referred to in the following as DZ, TZ,
and QZ, respectively) for each dissociation distance.

As shown in Figure 1, the ΔEHS−LS
I−DDCI converges rapidly with

the basis set size. The RMSD between the DZ and TZ basis
sets is 2.7 kJ/mol with a maximum difference of 5.0 kJ/mol,
whereas the RMSD between the TZ and QZ basis sets is only

0.9 kJ/mol with a maximum absolute difference of 1.4 kJ/mol.
The complete table of these results is provided in Section 1.1
of the Supporting Information. Based on the rapid convergence
with basis set size, we selected the same 3F12 basis set (which
is equivalent to its QZ counterpart with additional s, p diffuse
functions on C atoms, but without f functions on H and g
functions on C atoms) for both the PCS and I-DDCI parts of
the proposed computational protocol. The suitability of this
basis set has been demonstrated in several papers36,37 and is
corroborated by the comparison between the singlet state
dissociation curves obtained using the PCS/I-DDCI/3F12 and
MRCI/ACPF/5Z models over a broader range of interatomic
distances (Figure 2). In this case, the maximum deviation is 2.1
kJ mol−1, and the RMSD is 0.1 kJ mol−1 (Section 1.2).

To further evaluate the robustness of the proposed protocol
and identify specific regions where it might be particularly
advantageous, we computed the singlet dissociation curve at
the UCCSD(T)/DZ level with an electronic guess provided by
CAS-SCF(2, 2) natural orbitals (see Figure 3). Compared to
FCI results, UCCSD(T) computations exhibit systematic
overestimation starting at 2.0 Å and significant instabilities,
failing to capture the correct dissociation path. Pronounced
noise is observed between 2.2 and 3.0 Å, and this erratic
behavior is confirmed by T1, D1, and D2 diagnostic values in
that region (Section 1.1.1). In contrast, the singlet state energy
obtained by adding ΔEHS−LS

I−DDCI/DZ to the UCCSD(T) energy of
the triplet state shows excellent agreement with the FCI singlet
curve (Section 1.1.2), with an RMSD of 0.3 kJ mol−1.

Table 1. Shown Value is Scaled with Respect to the
Asymptote Result at 10.0 Åa

C−H distance (Å) ΔEHS−LS
FCI ΔEHS−LS

I−DDCI difference relative difference

1.6 504.718 505.761 −1.043 −0.2%
1.8 343.189 343.155 0.034 0.0%
2.0 223.123 223.011 0.112 0.1%
2.2 141.057 140.940 0.117 0.1%
2.4 86.711 86.633 0.078 0.1%
2.6 51.972 51.933 0.039 0.1%
2.8 30.549 30.665 −0.116 −0.4%
3.0 17.714 17.819 −0.105 −0.6%
3.2 10.168 10.256 −0.088 −0.9%
3.4 5.788 5.858 −0.071 −1.2%
3.6 3.268 3.322 −0.054 −1.6%
3.8 1.826 1.870 −0.043 −2.4%

aAll values are in kJ mol−1 and the DZ basis set is always employed.

Figure 1. Relative difference between ΔEHS−LS
I−DDCI/nZ and

ΔEHS−LS
I−DDCI/(n+1)Z.
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These results indicate that a multireference treatment is not
needed in all the regions of the PES describing the bond
breaking but only in the intermediate zone where the low- and
high-spin states are neither degenerate nor well-separated.
Nonetheless, a judicious interpretation of diagnostic informa-
tion can provide valuable insights into where applying the
ΔEHS−LS

I−DDCI correction is most appropriate.
CH2CH + H. Due to the prohibitive computational cost

entailed by FCI computations even using the DZ basis set, we
instead employed two variants of MRCI with the 5Z basis set.
Table 2 shows the singlet−triplet energy gaps computed using
MRCI, MRCI+Q, MRCI/ACPF, and I-DDCI/3F12. To
facilitate the comparison, all vertical excitation energies are
scaled with respect to the asymptotic result at 4.9 Å, even
though, as expected, the singlet−triplet gap tends to zero with
an increasing interatomic distance.

The ΔEHS−LS
I−DDCI/3F12 results are close to all their multi-

configurational counterparts employing the 5Z basis, enforcing
the choice of the basis set. Then, the MRCI and MRCI+Q
methods show very close results throughout the dissociation
process with a maximum deviation of 2.1 kJ mol−1. This
indicates that, as expected for small systems, the Davidson
correction (+Q) does not significantly alter the energy gaps.

Nonetheless, the MRCI/ACPF method is the most reliable,
since it is less prone to size inconsistency. It is, therefore,
noteworthy that RMSDMRCI/ACPF < RMSDMRCI+Q <
RMSDMRCI. This encouraging result confirms that ΔEHS−LS

I−DDCI

(for similar geometry between singlet and triplet states) is a
size-consistent correction. The above hypotheses are con-
firmed by comparing the singlet dissociation curves obtained
with PCS/I-DDCI/3F12 and the three multiconfigurational
approaches employed here (always using a 5Z basis set). The
main results are summarized in Table 3.

The PCS/I-DDCI/3F12 results show a maximum RMSD of
less than 1.5 kJ mol−1 compared to other multireference
methods with the 5Z basis set, confirming the suitability of the
3F12 basis set for this protocol. Also in the case of the singlet

Figure 2. Relative energies with respect to the 5.75 Å asymptote.

Figure 3. Comparison of the one-dimensional PES governing H dissociation from CH4 obtained by different methods. Asymptotic value is
computed at 10.0 Å.

Table 2. Showed Value are Scaled Respect the Asymptote
Result at 5.0 Å

C−H
distance

(Å) ΔEHS−LS
MRCI ΔEHS−LS

MRCI+Q ΔEHS−LS
MRCI/ACPF ΔEHS−LS

DDCI/3F12

1.9 295.401 297.546 296.782 296.707
2.1 192.334 194.146 193.747 193.963
2.3 121.513 122.914 122.714 122.944
2.5 74.667 75.694 75.608 76.135
2.7 44.769 45.491 45.465 45.850
2.9 26.310 26.799 26.801 27.039
3.1 15.218 15.539 15.552 15.670
3.3 8.693 8.899 8.914 8.927
3.5 4.913 5.042 5.055 5.021
3.7 2.744 2.823 2.833 2.766
3.9 1.509 1.557 1.564 1.475
4.1 0.810 0.838 0.842 0.738
4.3 0.416 0.431 0.434 0.319
4.5 0.194 0.201 0.203 0.082
4.7 0.070 0.072 0.073 −0.053

RMSD
RMSDMRCI RMSDMRCI+Q RMSDMRCI/ACPF

0.840 0.283 0.211

Journal of Chemical Theory and Computation pubs.acs.org/JCTC Article

https://doi.org/10.1021/acs.jctc.4c00911
J. Chem. Theory Comput. 2024, 20, 8539−8548

8543

https://pubs.acs.org/doi/10.1021/acs.jctc.4c00911?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.4c00911?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.4c00911?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.4c00911?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.4c00911?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.4c00911?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.4c00911?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.4c00911?fig=fig3&ref=pdf
pubs.acs.org/JCTC?ref=pdf
https://doi.org/10.1021/acs.jctc.4c00911?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


state, the differences between MRCI and MRCI+Q do not
exceed ∼4 kJ mol−1, highlighting a reduced impact of the
Davidson correction. Comparing the PCS/I-DDCI RMSD
values listed at the bottom of Table 3, we can observe an
increasing agreement with methods that incorporate size
consistency. Specifically, the RMSD values for PCS/I-DDCI/
3F12 relative to the MRCI, MRCI+Q, and MRCI/ACPF
results are 1.422, 0.240, and 0.173 kJ mol−1, respectively. This
progressive reduction in RMSD values indicates that PCS/I-
DDCI/3F12 can recover most of the size consistency. Finally,
the reference potential, used to calibrate the percentage of HF
exchange in MC-PDFT for MC sampling, is reported in Figure
4, where PCS/I-DDCI/3F12 is applied for a wider range of
distances.

MC-PDFT Calibration. The optimized contribution of HF
exchange against the C−H distance for both CH4 and C2H4, is
reported in Figure 5.

The calibrated potentials present for both cases an RMSD
value of 0.2 kJ mol−1 with respect to the PCS/I-DDCI/3F12

one (see Tables S1 and S2). Interestingly, the contribution of
HF exchange shows a similar trend for both hydrocarbons,
reaching a maximum around ∼1.6 · req (where req is the
revDSD equilibrium distance of the C−H bond). Since the
absolute value of the HF exchange can significantly fluctuate
based on the active space and the translated on-top pair
density functional, we will discuss the obtained results from a
qualitative standpoint, which can give some interesting insights
regarding the chemical nature of the nonlocal exchange related
to the bond fission under examination. Since the core orbitals
remain largely unaffected by the fission process, the nonlocal
exchange gradient is closely related to the changes in the
electronic layout of frontier orbitals. As the bond dissociates,
the energies and occupation of the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) become increasingly similar. This convergence is
translated into greater delocalization, where the electron
density is more evenly distributed across these orbitals. This
requires a higher contribution of HF exchange to account for
the changes in the orbital energies and the resulting
delocalization.

Kinetics. In the case of hydrogen dissociation from
methane, several comparisons are made to assess the quality
of the rates obtained by the standard rigid MC sampling and of
the enhanced version enforcing partial geometry optimizations
(see Figure 6).

A corrective factor of 0.9 is applied only to the fluxes
obtained by retaining rigid fragments during the Monte Carlo
simulation.

The best agreement with the high-pressure-limit rates
obtained by Harding et al.15 (where CAS-PT2(2, 2)/cc-pvdz
with 1-D correction is employed during the MC sampling) is
provided by the method that partially optimizes those degrees
of freedom associated with high-frequency modes and without
the application of a dynamic factor of 0.9. This arises to
compensate the discrepancy between VRC-VTST results and
classical trajectory computations as well illustrated in ref 15.
Specifically, a maximum discrepancy of 7% and a relative
RMSD of 5% are observed. The obtained rate is slightly lower
than its reference counterpart. Unfortunately, the available
experimental data at temperatures around 500 and 1500 K are
too widespread91 to permit an unbiased selection between the
different theoretical values. It is noteworthy that the differences
are more pronounced at higher temperatures, where the impact
of the coupling between intra- and interfragment degrees of
freedom is more significant.

The rate constants obtained by a standard rigid fragment
MC sampling show larger discrepancies but remain within an
acceptable error range. The maximum deviation observed is
16%, with a relative RMSD value of 10%. This level of accuracy
demonstrates that the cheaper approach neglecting partial
geometry optimizations can still provide reliable results.

A noteworthy detail concerns the scaling factor; its use
appears to worsen systematically all of the obtained results.
Specifically, the relative RMSD of the Full Opt rate increases
by 27% after application of the scaling factor. This suggests
that fine-tuning the electronic potential through the proposed
methodology can overcome some inherent overestimations in
the standard VRC-VTST procedure, potentially leading to a
more general protocol capable of yielding valuable results, even
without dynamic corrective factors. Finally, as expected, the
optimization of the fragments in the long-range region does

Table 3. Comparison between the Singlet Energies
Obtained by MRCI/5Z, MRCI+Q/5Z, MRCI/ACPF/5Z,
and PCS/I-DDCI/3F12 Computations at Different C−H
Distancesa

C−H distance
(Å) MRCI MRCI+Q MRCI/ACPF PCS/I-DDCI

1.9 −204.791 −208.670 −208.848 −208.613
2.1 −143.997 −146.627 −146.837 −147.001
2.3 −98.538 −100.150 −100.351 −100.473
2.5 −66.128 −66.964 −67.126 −67.529
2.7 −43.898 −44.197 −44.311 −44.588
2.9 −29.064 −29.034 −29.104 −29.255
3.1 −19.276 −19.080 −19.118 −19.167
3.3 −12.806 −12.551 −12.570 −12.528
3.5 −8.529 −8.274 −8.282 −8.204
3.7 −5.559 −5.348 −5.350 −5.252
3.9 −3.509 −3.354 −3.353 −3.243
4.1 −2.093 −1.991 −1.990 −1.873
4.3 −1.134 −1.077 −1.076 −0.955
4.5 −0.518 −0.493 −0.492 −0.368
4.7 −0.162 −0.156 −0.155 −0.029

RMSD
1.422 0.240 0.173

aAll energy values are given in kJ mol−1.

Figure 4. Singlet relative energy obtained at PCS/I-DDCI/3F12 level.
Energy values are scaled with respect to the value computed at 9.5 Å.
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not have a significant impact, with respect to the rigid fragment
sampling.

Let us now consider hydrogen dissociation from ethene.
Figure 7 compares the rate constants for C2H3−H

recombination computed in the high-pressure limit between
300 and 1000 K by rigid and flexible MC samplings with the
results obtained by Harding et al.15 Both methods are
evaluated with and without a dynamic correction factor of
0.9 dynamic correction factor. The flexible approach shows
better agreement with the reference data, especially when
dynamic correction. The relative differences range from 0.01 to
0.85% with the correction, compared to 1.47−4.52% without
the correction, with this trend being reflected in RMSD values
decreasing from 18.02 to 6.68%. The rigid approach, while
reasonable, shows larger discrepancies (relative differences
8.29−21.40% with correction, 4.39−16.28% without; RMSD
38.20 and 31.58%, respectively). This systematic over-
estimation highlights the importance of coupling between
reaction coordinates and conserved modes in the VRC-TST
framework. Interestingly, both methods show good agreement
with the available experimental data at 300 K, validating the
overall protocol. These trends underscore the complexity of
evaluating computational methods without comprehensive

experimental data across a wide temperature range. Future
experimental studies covering a broader temperature range
would be invaluable for further validation and refinement of
these approaches, potentially yielding more robust predictive
tools for reaction kinetics. The overall good agreement of the
proposed protocol with both theoretical benchmarks and
available experimental data underscores its potential as a viable
alternative in kinetic studies.

Some final remarks are in order about the general behavior
of the studied reactions. To this end, the temperature
dependence of the rate constants is fitted to the standard
Arrhenius equation:92

K T A( ) e E RT/a= (7)

where A is the preexponential or frequency factor (which may
involve a small dependence on temperature) and Ea is the
activation energy. A more accurate fitting of the computed data
is obtained by the three-parameter Arrhenius-Kooij equation,93

largely employed in astrochemical studies.

K T A T
( )

300
e

n
E RT/= i

k
jjj y

{
zzz (8)

where A, n, and E are the fitting parameters and R is the
universal gas constant. The above equation is based on a linear
variation of the activation energy (Ea) with the temperature,

Figure 5. Comparison of two plots.

Figure 6. CH3−H high-pressure rate constant. Dashed lines,
dynamical correction factor not applied; solid lines, 0.9 dynamic
correction factor applied. Full OPT stands for MC performed
optimizing conserved modes for long-range and short-range
samplings; Opt SR Rigid LR stands for optimization of short-range
and not on long-range; and full rigid stands for MC performed
maintaining a full rigid structure during all MC. aRates from 1.15 ×
10−10 T0.18.15

Figure 7. C2H3−H high-pressure rate constant. Dashed lines,
dynamical correction factor not applied, solid lines 0.9 dynamic
correction factor applied. Full OPT stands for MC performed
optimizing conserved modes for long-range and short-range
samplings, and full rigid stands for MC performed maintaining a
full rigid structure during all MC. aRates from 6.45 × 10−11 T0.20.15
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(Ea/R = E + nT), which, as we will see, is a good
approximation for the considered reactions.

The Arrhenius−Kooij equation fits well the computed data,
which show slightly sub- and super-Arrhenius behavior for
CH4 and C2H4, respectively (see Figure 8). While the

deviations from the Arrhenius behavior are not large in the
considered temperature range, they show that the effective
activation energy cannot be considered strictly constant. From
a quantitative point of view, the Arrhenius−Kooij coefficients
show that the effective activation energy is larger in the case of
H dissociation from C2H4, possibly due to a larger energy cost
involved in the deformation of valence angles around a double
bond than in the umbrella motion of methyl.

H-dissociation from Arrhenius R2 Arrhenius-Kooij R2

CH4 0.992822 0.999761
C2H4 0.980075 0.998272

H-dissociation from A (s−1) n E (K)
CH4 3.3546 × 10−10 0.1282 33.8717
C2H4 3.4785 × 10−10 −0.122014 5.0175

■ CONCLUSIONS
The present study introduces a novel computational protocol
for the treatment of barrierless reaction steps in the gas-phase
by means of the variable reaction coordinate variational
transition state theory. The integration of the Iterative
Difference Dedicated Configuration Interaction and the Pisa
Composite Scheme (PCS) leads to a near black box approach
that offers a remarkable compromise between computational
efficiency and high accuracy. The rapid convergence of the
spin-splitting correction with the basis set dimensions, coupled
with remarkable size consistency, underscores the robustness
of the proposed approach. Furthermore, the MC-PDFT
method with calibrated and dynamically adjusted Hartree−
Fock exchange provides a reliable reduced cost engine for the
Monte Carlo sampling. The robustness of the protocol is
demonstrated by means of the hydrogen dissociation from
CH4 and C2H4, for which remarkably accurate rate constants
are obtained. While further refinements are ongoing,
particularly in connection with more effective samplings, the
present implementation already offers a robust, user-friendly
tool for both specialists and nonspecialists alike, paving the way
for systematic explorations of reactions of current theoretical
and experimental interest in fields ranging from combustion
chemistry to astrochemistry.
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