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Abstract: For the first time, we report calculations of the
free energies of activation of cracking and isomerization
reactions of alkenes that combine several different
electronic structure methods with molecular dynamics
simulations. We demonstrate that the use of a high level
of theory (here Random Phase Approximation—RPA)
is necessary to bridge the gap between experimental and
computed values. These transformations, catalyzed by
zeolites and proceeding via cationic intermediates and
transition states, are building blocks of many chemical
transformations for valorization of long chain paraffins
originating, e.g., from plastic waste, vegetable oils,
Fischer–Tropsch waxes or crude oils. Compared with
the free energy barriers computed at the PBE+D2
production level of theory via constrained ab initio
molecular dynamics, the barriers computed at the RPA
level by the application of Machine Learning thermody-
namic Perturbation Theory (MLPT) show a significant
decrease for isomerization reaction and an increase of a
similar magnitude for cracking, yielding an unprece-
dented agreement with the results obtained by experi-
ments and kinetic modeling.

Introduction

The prediction of chemical and biological processes is an
essential but challenging task. In addition to traditional
kinetic modeling based on certain pre-selected kinetic
schemes, and fitting of rate constants from a set of training
experimental data, the construction of kinetic models from
ab initio calculations is becoming a realistic and practically

applicable solution, especially in catalysis.[1–5] First principles
calculations indeed provide an access to invaluable micro-
scopic information about the reaction mechanisms, the key
intermediates, and tentative values for rate constants.[6,7]

However, the lack of precision of first principles kinetic
constants is still a serious obstacle that limits the straightfor-
ward use of theoretical data. According to the Eyring
equation, a deviation of +10 kJ/mol on the free energy of
activation at 500 K leads to deviations in rate constants by
about one order of magnitude, with tremendous consequen-
ces on kinetics prediction. With this in mind, it is clear that
approaching chemical accuracy (deviation with respect to
experiment within 4.2 kJ/mol) becomes an urgent need.

The limitations due to insufficient accuracy of electronic
structure methods are particularly serious for the simula-
tions of complex chemical systems. This requires the use of
large atomistic models, for which the straightforward
combination of high level of theory (such as the Coupled-
Cluster CC approaches[8] or Random Phase Approximation
RPA)[9,10] with advanced sampling methods, such as ab initio
molecular dynamics (AIMD),[11–15] is completely out of reach
with the computer power available today. This is in spite of
the tremendous progress we have seen in recent years, which
allowed us, on the one hand, to apply accurate high-level
theory methods to ever larger systems and, on the other
hand, to make the advanced AIMD simulations more
efficient. The combination of these two aspects[16–18] would
be particularly necessary in important cases where the
dynamical effects are crucial, e.g., when the interaction
between species is not dominated by strong covalent bonds
or when non-classical transition states are involved.

The acid-catalyzed transformations of hydrocarbons by
zeolites are among reactions with strong dynamical effects
whose modelling requires a careful choice of the level of
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theory. These transformations are crucial from both a
fundamental and an industrial perspective. In particular,
alkene isomerization and cracking (often put into practice
from alkanes, first dehydrogenated by a metallic phase[19])
play a key role in the production of chemicals and fuels
from conventional and renewable sources, and are promis-
ing reactions for plastics recycling.[20–24] These reaction net-
works are based on carbenium chemistry. Carbenium ions
can indeed be obtained by protonation of alkenes, thanks to
the bridging Si-OH-Al groups of proton-exchanged zeolites.
As it was shown by AIMD,[14,25–29] these species are highly
mobile in the porosity of zeolites. Therefore, locating the
correct reaction intermediates and quantifying their free
energies using conventional static calculations fail in such
reactions due to the significant contribution of a large
ensemble of configurations. On the other hand, usual
generalized gradient approximation (GGA) approaches,
which we are currently restricted to in AIMD calculations of
these systems, have been shown to be unreliable in relevant
hydrocarbon transformation reactions in proton-exchanged
zeolites.[17,30–34] High level static calculations[30–35] and first
order thermodynamic perturbation theory on molecular
dynamics simulations[17] showed that the level of theory is
crucial when computing enthalpies of adsorption and free
energies of activation involving π-complexes and cations in
zeolites. Static calculations at the PBE+D2 level of theory
reveal a very large relative stabilization of cations compared
to bound species but dynamics and entropic effects tend to
decrease this difference.[34,35] Herein, we address the ques-
tions of the dynamical effects and of the quality of the level
of theory for electronic calculations via full free energy
perturbation theory.

As a prototypical case, we selected the relevant elemen-
tary cracking and isomerization reaction steps over the
chabazite zeolite,[27–29] for which a large set of AIMD data
has been previously collected at the GGA level. The so-
called type B isomerization, with a non-classical protonated
cyclopropane (PCP) ion as a transition state, induces a
change in the branching degree (Figure 1a). Type B1 crack-
ing converts a secondary carbenium ion into an alkene plus
a smaller tertiary cation via β-scission. The transition state
of this cracking reaction was shown to be highly dynamic,
with a free rotation along the breaking C� C bond (Fig-

ure 1b).[29] Incorporation of the GGA rate constants in a
single-event kinetic model was helpful to construct a robust
kinetic model, but adjustment of some inaccurate rate
constants turned out to be necessary to reproduce the
experimentally observed relative selectivities of cracking
and isomerization reactions.[36] This adjustment strategy
provides us with the reference target rate constant ratio to
be obtained theoretically and indicates that the difference
between the free energy of activation for type B isomer-
ization reactions minus type B1 cracking is close to +10 kJ/
mol. The latter value was overestimated at the PBE+D2
level of theory.

Herein, we make the combination of a high level of
theory with AIMD feasible thanks to a recently developed
Machine Learning thermodynamic Perturbation Theory
(MLPT),[37–39] which is a post-processing approach, that
improves description of isomerization and cracking barriers
of heptenes catalyzed by a proton-exchanged zeolite to a so
far unreached level of accuracy. The target level of theory
chosen is RPA, that has provided very accurate results for
the quantification of the adsorption energy of various
molecules in zeolites.[40,41] The accuracy of RPA for barrier
heights of reactions catalyzed by porous materials is not well
established in the previous literature; however, systematic
benchmark on molecular reaction barriers has shown that
the RPA is significantly more accurate than semi-local
functionals, hybrid functionals, and wave function methods
such as MP2.[42] Based on our tests, we estimate that
obtaining a free energy profile for an elementary step at the
RPA level typically requires factor 104 longer computational
time than GGA, indicating that it would take almost one
millennium to obtain a single AIMD-quality rate constant at
the RPA level. Since MLPT requires only a limited number
of fixed-geometry RPA calculations, the simulation time can
be reduced to a few weeks or even a few days depending on
the available computational resource. In spite of promising
achievements with simpler approaches or systems,[16,17,43] this
work is, to the best of our knowledge, the first report of
activation free energy barriers obtained by combining a high
post-DFT level of theory with AIMD for such complex
reactions.

Methodology

MLPT approach

As shown in Ref. [38], the free energy of activation at the
target level of theory (D ~Az) can be determined from that
obtained at other, typically less CPU-intensive, production
method (DAz) via free energy perturbation theory[44] as
follows:

D ~Az ¼ DAz þ DATS � DAR, (1)

where the terms ΔATS and ΔAR are the corrections to free
energy of the transition state and reactant, respectively. It is
a remarkable property of Eq. (1) that while the calculation

Figure 1. Reactants (R), transition states (TS) and products (P) of the
two reactions investigated in this work: a) type B isomerization
between dibranched and tribranched species, b) type B1 β-scission
cracking reaction. Both reactions are catalyzed by proton-exchanged
zeolite chabazite.

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2024, 63, e202312392 (2 of 8) © 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 2024, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202312392 by IFP E

nergies N
ouvelles, W

iley O
nline L

ibrary on [14/03/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



of DAz requires lengthy MD simulations performed for
several intermediate states along the reaction coordinate
ξ (q), the change of this quantity due to changing the
Hamiltonian from H (p,q) to ~H (p,q)=H (p,q)+ΔV (q)
(with p and q being, respectively, momenta and Cartesian
coordinates of all atoms defining the system) can be
computed by considering the contributions from the initial
(reactant, R) and final (transition state, TS) points only.
These contributions write:

DATS ¼ � kBT ln exp � DVðqÞ=kBT½ �h ix* (2)

and

DAR ¼ � kBT ln exp � DVðqÞ=kBT½ �h i, (3)

where kB is the Boltzmann constant, T is temperature, � � �h i

and � � �h ix* stand for the NVT ensemble averages of the
quantity enclosed that are determined for the reactant and
transition state, respectively. In our simulation protocol
based on blue moon ensemble approach,[45,46] the ensemble
of transition states is obtained in constrained MD, in which
ξ (q) is fixed at the value ξ* characteristic for the transition
state.

The determination of well converged ΔATS and ΔAR in a
straightforward fashion can be very time consuming as it
may require as many as tens of thousands of the ~V (q)
calculations. This would be a serious problem when
performing calculations for a CPU intensive high level target
method, such as the RPA considered in this work. To this
end, the use of the Δ-machine learning[47] turns out to be
very useful. In practice, we only need to perform explicit
target method energy calculations for a relatively small
number (several tens to few hundreds) of selected config-
urations (training set) and, afterwards, the machine learning
procedure employing the kernel ridge regression[48] with the
REMatch kernel[49] and the SOAP (smooth overlap of
atomic positions) descriptors[50] is used to predict ~V (q) for
remaining members of the ensembles representing reactant
or transition states. Since the MLPT is required to provide
reliable predictions for the initial and final points of the
transformation path, but not for any intermediate state, two
independent models describing R and TS can be trained.
This is a great advantage compared to other ML-based
strategies building global models for whole potential energy
landscapes.[51–53]

However, it should be mentioned that the MLPT can
yield reliable results only if the configuration spaces sampled
under the action of Hamiltonians of the target and
production methods overlap.[54] As discussed in a recent
work by Herzog et al.,[39] this can be reliably measured by a
simple metrics Iw. Importantly, a good overlap for the
PBE+D2 production and RPA target methods applied to
zeolitic systems was reported.[39]

Simulation details

All calculations presented in this work have been performed
using the periodic DFT program VASP,[55–57] utilizing the
projector-augmented wave (PAW) method implemented by
Blochl and Kresse et al.[58,59] The Kohn–Sham equations
were solved self-consistently with a convergence criterion of
10� 7 eV/cell. The sampling of the Brillouin zone was
restricted to the Γ-point as we used a rather large supercell.
The plane wave cutoff was set to 400 eV. A Gaussian
smearing of 0.05 eV was applied. The supercell of chabazite
used in the calculations is described in Sec. SI.A of the
Supporting Information. The ab initio molecular dynamics
calculations have been performed using the leap-frog
algorithm with integration step of 1 fs, whereby the mass of
hydrogen was set to that of tritium. The simulation temper-
ature of 500 K, which was inspired by relevant experimental
conditions,[36] was fixed using the Andersen thermostat, with
a collision frequency of 0.01 fs� 1.[60] We emphasize that all
the explicit MD calculations have been performed only at
the production method level, while the target methods were
used to perform up to 225 single point calculations per state.
The latter were subsequently used for the training and
testing of the ML model (see Sec. SI.B and C in the
Supporting Information for details).

As a production method, the PBE functional[61] with the
D2 dispersion[62] for long range dispersion interactions was
used. These calculations were reported in the work pre-
viously published by some of us.[27–29] In addition to the
Random Phase Approximation[9,10] (RPA), as implemented
in VASP 5.4.4.,[63–65] several density function approximations
(DFAs) from different rungs of the Jacob’s ladder of DFT
functionals[66] have been selected as target methods. In
particular, we considered the generalized gradient DFA
with sophisticated treatment of dispersion interaction
PBE+MBD[67] and PBE+MBD-FI,[68] a non local disper-
sion corrected functional rev-vdW-DF2,[69] hybrid function-
als HSE06[70–72] and B3LYP.[73,74]

Results and Discussion

Type B isomerization between dibranched and tribranched
tertiary cations

The type B isomerization reaction connecting a tertiary
dibranched cation (reactant R) and a tertiary tribranched
cation (product P) proceeds via a transition state in which
an edge protonated cyclopropane is formed (Figure 1a).
This particular type B isomerization step was chosen among
a large ensemble of possible type B isomerization reactions
(see Ref. [36] for an exhaustive list) because of the
availability of PBE+D2 AIMD data (Ref. [27]) and because
it is the only elementary step in which the carbenium
corresponding to the 2,2,3-trimethylbutane product is
formed (experimentally, alkanes are detected after deproto-
nation of the carbenium and hydrogenation of alkenes),[36]

whereas all other skeletons of carbenium ions are generated
in multiple elementary steps.
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As shown in Figure 2a, the free energy barriers for the
forward and reverse reaction steps are significantly affected
by the choice of methodology. Compared to the PBE+D2
results (83.4 and 79.7 kJ/mol for the forward and reverse
modes, respectively), the PBE+MBD and PBE+MBD-FI
methods yield small increase (within 5.7 kJ/mol) in the
barrier of forward and negligible change in the barrier of
reverse steps. In the case of non local functional rev-vdW-
DF2, both barriers are consistently higher by ~6 kJ/mol.
Interestingly, the two hybrid functionals considered in this
work yield distinctly different results. While the HSE06
method tends to slightly lower both barriers (by 1.1 and
5.4 kJ/mol for forward and reverse modes, respectively), the
B3LYP method leads to their significant increase (by 20.4
and 8.1 kJ/mol for forward and reverse modes, respectively).

We note, however, that the quality of the MLPT calculations
for the the hybrid functionals is compromised because of a
poor overlap of the underlying configurational spaces (see
the “Improvement of the accuracy at the RPA target level
of theory” section below and Tables S1–S3 in the Supporting
Information). Finally, the RPA barriers are 9.2 and 3.7 kJ/
mol lower compared to the PBE+D2 values (the compar-
ison of the free energy profiles determined at the RPA and
PBE+D2 levels are shown in Figure S2 of the Supporting
Information). As evident from data presented in Tables S6–
S8, these decreases are primarily related to a relative
stabilization of the transition state (an edge protonated
cyclopropane), and to a lesser extent of the product (a
tertiary tribranched cation), with respect to the reactant (a
tertiary dibranched cation). These trends are in qualitative
agreement with the results of the gas phase calculations of
Sandbeck et al. Ref. [75], where a decrease in a barrier of a
reaction analogous to the isomerization studied in our work
(called'3C!1C’ in their work) by 4.1 kJ/mol was reported
when DFT PBE was replaced by a high level CCSD(T)
method.

The trends discussed above can be estimated from
electronic energy differences determined for fixed geo-
metries, e.g., the stationary points identified at the
PBE+D2 level. Such an approach is a basis for various
hybrid correction schemes proposed in the literature.[32,35]

Albeit being qualitatively correct in most cases, such an
estimation is insufficient for reaching the level of accuracy
required in modern quantum chemical calculations, as
evident from comparison of Figure 2 and Figure S3. Never-
theless, the qualitative agreement between the MLPT and
the static single-point results suggests that the reported free
energy changes are primarily due to the changes in exchange
and correlation energy and to a lesser extend to geometry
changes caused by the choice of the electronic structure
method.

Cracking reaction

The type B1 cracking reaction starts with the protonation of
a π-complex into a short-lived secondary cation, which in
turn undergoes the β-scission yielding the tert-butyl cation
and propene (see Figure 1b). This reaction is considered as
irreversible[36] since the probability of recombination of the
two product fragments is very low under the relevant
operating conditions. Whatever the level of theory, MLPT
predicts an increase of the cracking barrier with respect to
the PBE+D2 estimate (Figure 2b and section SIII). The
extent of the increase, however, strongly depends on the
level of theory. Very moderate changes are computed for
the dispersion-corrected PBE functionals and with the rev-
vdW-DF2 functionals, at most 3.7 kJ/mol. More drastic
changes are observed for hybrid functionals, but, in contrast
to the isomerization barriers, HSE06 leads to the largest
increase (27.8 kJ/mol). Also in this case, the quality of the
estimation using the hybrid functionals is poor due to a too
small overlap of the configurational spaces (see Tables S14
and S15). The MLPT calculations at the RPA target level

Figure 2. Effect of the level of theory on the free energy barrier
computed by MLPT of a) the isomerization reaction between tertiary
dibranched and tribranched cations (dark bars: isomerization between
tertiary dibranched to tribranched cations; light bars: isomerization
between tertiary tribranched to dibranched cations, thus the backward
reaction) and b) the type B1 cracking reaction.
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lead to a significant increase in the free energy barrier of
activation, from 60.1 to 71.6 kJ/mol. This increase is related
to a larger stabilization of the reactant (a neutral π-complex)
than the β-scission transition state (a positively charged
species, see Figure S4), as evident from the data presented
in Tables S11 and S12 which show that the decrease in free
energy of reactant is ~13 kJ/mol larger than that for TS
when PBE+D2 is replaced by RPA. Furthermore, it is
evident from a comparison of the data presented in
Tables S6 and S11 that RPA stabilizes the neutral reactant
of the cracking reaction ~21 kJ/mol more strongly than the
cationic reactant of the isomerization reaction. At the same
time the stabilization of the transition states of both
reactions is very similar, whereby the difference in A(RPA)-
A(PBE+D2) by MLPT is only ~1 kJmol� 1 (cf. data in
Tables S7 and S12). Further tests involving a larger number
of reactions will be needed to determine whether the
observed stabilization of neutral states by RPA is a general
trend or is specific to the particular reactions studied in this
work.

Comparison with reference calculations in the literature

Thanks to the MLPT approach, we find systematic trends in
terms of the respective stabilization of neutral versus
charged compounds that agree reasonably well with the
previous reports on related systems.

Indeed, using high level hybrid QM:QM static calcu-
lations (with PBE+D2 as low-level method for periodic
calculations, MP2 as a mid-level, and CCSD(T) as the
highest level method for cluster calculations), Berger et al.[76]

showed that for reactions in zeolites starting with protona-
tion of alkanes, PBE+D2 underestimates the enthalpy of
activation by 40 to 65 kJ/mol. Using the same hybrid
scheme, Ren et al.[35] showed that carbenium ions are over-
stabilized by 25 to 50 kJ/mol (in free energy) with respect to
π-complexes at the PBE+D2 level compared to reference
CCSD(T) cluster calculations. These differences between
the semilocal DFT and high level wave-function based
calculations are attributed to the self-interaction error of
PBE functional that causes overstabilization of the cations.

To compare the stability of π-complexes and carboca-
tions in acid zeolites, de Wispelaere et al.[17] used an
approach based on the first-order approximation to free-
energy perturbation theory: a high level, wave-function
method (CCSD(T)) static correction is computed for a
single configuration and applied to the free energy obtained
by DFTMD. In this way, the authors found that the stability
of the carbenium ion is overestimated by around 50 kJ/mol
by DFT-MD.

For reactions starting from neutral π-complexes and
passing through a cationic transition state we found the
same tendency as these authors, although the magnitude of
the changes predicted by MLPT at the RPA level is much
smaller (increase of +11.5 kJ/mol for the cracking reaction).
One of the likely reasons why this increase of the barrier is
less important than in static calculations of Ref. [76] is that
the dynamic (entropic) effects stabilize the mobile cationic

species with respect to the bound -complexes.[25,28,35] These
entropic effects cannot be accurately captured by static
calculations, whereas our MLPT method relies on a rigorous
application of free energy perturbation theory to the well-
converged DFT-MD trajectories of reactant and transition
states. On the other hand, a part of the difference between
the barrier height reported here and in Ref. [76] is also
certainly due to different accuracy of the RPA and
CCSD(T) methods, and to the difference in nature in terms
of reaction (alkane cracking is studied in Ref. [76]).

For the isomerization reaction, the free energy barriers
separating the classical tertiary cation and the edge PCP
decrease slightly at the RPA level of theory. This trend has
already been reported for transformations in gas phase of
similar cations with 6 carbon atoms studied using static
calculations,[75] where a small decrease (2 to 4 kJ/mol) was
observed when the CCSD(T) level of theory replaced the
PBE method. This result can be attributed to the correction
of the errors of the PBE functional (self-interaction and
over-delocalization errors).

Thus, the evolution of the free energy profiles that we
have computed, from the PBE+D2 level to the RPA level,
is qualitatively consistent with previous works, although
none of these previous works has used the MLPT method,
nor has it accounted for the two key reaction steps (isomer-
ization and cracking) in a consistent manner.

Improvement of the accuracy at the RPA target level of theory

We can now compare our estimates at various levels of
theory with experimental observations, to assess the validity
of the method proposed and identify the required level of
theory to reach chemical accuracy. Figure 3 summarizes our
main findings in that respect.

In a previous experimental study, analyzed thanks to ab
initio-based kinetic modelling,[36] some PBE+D2 rate con-

Figure 3. Deviation with respect to experiment[36] of the difference of the
free energies of activation at the various levels of theory investigated
between the isomerization and cracking reactions (dark bars: isomer-
ization between tertiary dibranched to tribranched cations; light bars:
isomerization between tertiary tribranched to dibranched cations, thus
the backward reaction).
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stants had to be adjusted in order to achieve a good
agreement between the theoretical and experimentally
measured data. In particular, the B1 cracking barrier was
increased by 15 kJ/mol in the kinetic model so as to correctly
reproduce the experimental cracking/isomerization selectiv-
ity. From this analysis, we extracted reference values for the
difference between the type B isomerization and B1 cracking
free energy barriers, as detailed in Supporting Information
SIV. Thus, the free energy barrier differences between
type B isomerization and B1 cracking are expected to be 7.7
and 12.5 kJ/mol for the forward and backward isomerization
reactions, respectively. These values serve as reference in
Figure 3.

As previously discussed, the MLPT prediction obtained
with hybrid functionals cannot be trusted because of a too
small Iw index, showing an insufficient overlap between
configurational spaces. Our exploratory tests performed
with the D3(BJ) method[77,78] show that the long-range
dispersion corrections have a little impact on this result. For
GGAs and the nonlocal rev-vdW-DF2 functionals, the
MLPT correction can be considered accurate but at these
levels of theory the predicted change in the barrier is too
small to improve the agreement with the trend observed in
kinetic modeling: a small increase of the free energy barriers
of +3/+6 kJ/mol is observed for the isomerization between
tertiary cations see section “Type B isomerization between
dibranched and tribranched tertiary cations” above) as well
as a small increase (below 5 kJ/mol) for cracking reaction.
Thus, there is no significant improvement over the PBE+

D2 data as compared to the experiment-based reference.
At the target RPA level of theory, the overlap index Iw

between configurational spaces is Iw�0.1 (see Tables S6 to
S8, S11, and S12) which is adequate for an accurate MLPT
estimate. In the end, the RPA prediction of the difference of
barriers between isomerization and cracking gives the best
agreement with experiments, with deviations of 5.1 and
8.0 kJ/mol (forward and backward, Figure 3).

PBE+MBD and PBE+MBD-FI predictions are slightly
better (deviation of 3.9 kJ/mol in absolute value for PBE+

MBD, 5.2 kJ/mol for PBE+MBD-FI, versus 8 kJ/mol for
RPA) for the backward reaction, but far worse (deviation of
15.3 kJ/mol in absolute value for PBE+MBD, 19.8 kJ/mol
for PBE+MBD-FI, versus 5.1 kJ/mol for RPA) for the
forward reaction. This makes us discard PBE+MBD and
PBE+MBD-FI as best levels of theory tested. The fact that
RPA deviates more from experiments in the case of the
backward reaction than in the case of the forward reaction,
may be related to the uncertainty in the experimental data
themselves. Indeed, as mentioned previously, the forward
reaction is the only elementary step that leads to formation
of 2,2,3-trimethylbutane. The backward reaction produces
2,4-dimethylpentane, but other type B reactions yield to the
same skeleton in the reaction network,[36] making the
extraction of uncorrelated intrinsic kinetic parameters more
difficult.

We can conclude that for these reactions, a high level of
theory such as RPA is required to obtain an accurate
estimate of the free energy barrier of activation and a good
agreement with experiment. Thanks to the MLPT method

targeting the RPA level of theory, we have significantly
improved the accuracy while taking into account dynamic
effects, which would not have been feasible without MLPT.

Conclusion

In the present work, we took up the challenge of calculating
ab initio activation free energy barriers of isomerization and
cracking of alkenes in protonic zeolites at a reference quality
level (RPA) while accounting for dynamic effects using
AIMD. This task, unfeasible by conventional computational
approaches, has been implemented for the first time using
thermodynamic perturbation theory assisted by machine
learning. For isomerization steps starting from cations, a
decrease of the free energy barrier is observed, while an
increase is found for cracking reaction. The magnitude of
this effect (correction of 15–21 kJ/mol to the activation
barrier differences obtained at the PBE+D2 level) is in
quantitative agreement with experimental results and their
kinetic modelling (about 15 kJ/mol correction). This unique
combination of high level electronic calculations (RPA) and
high quality sampling of the potential energy surface (by
blue moon sampling at the PBE+D2 level) is now possible.
It is shown with such an approach, the RPA level is
necessary to approach chemical accuracy, as GGAs, local
dispersion corrected functionals, and hybrid functionals fail
in this respect. Although the MLPT methodology is
presented here for a specific case of hydrocarbon conversion
reactions, it can be directly applied to any other type of
chemical reaction.
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