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ABSTRACT: Hydrogen abstraction is one of the crucial initial key steps in the <8
combustion of polycyclic aromatic hydrocarbons. For an accurate theoretical <«

prediction of heterogeneous combustion processes, larger systems need to be
treated as compared to pure gas phase reactions. We address here the question on
how transferable activation and reaction energies computed for small molecular
models are to larger polyaromatics. The approximate transferability of energy

contributions is a key assumption for multiscale modeling approaches. To identify i
efficient levels of accuracy, we start with accurate coupled-cluster and density {% ¥ N
functional theory (DFT) calculations for different sizes of polyaromatics. More

approximate methods as the reactive force-field ReaxFF and the extended semi- [g}

empirical tight binding (xTB) methods are then benchmarked against these data

sets in terms of reaction energies and equilibrium geometries. Furthermore, we CSD(‘“?"““

analyze the role of bond-breaking and relaxation energies, vibrational contributions, ¢

and post-Hartree-Fock correlation corrections on the reaction, and for the

activation energies, we analyze the validity of the Bell-Evans-Polanyi and Hammond principles. First, we find good transferability for
this process and that the predictivity of small models at high theoretical levels is way superior than any approximate method can
deliver. Second, ReaxFF can serve as a qualitative exploration method, whereas GFN2-xTB in combination with GFN1-xTB appears
as a favorable tool to bridge between DFT and ReaxFF so that we propose a multimethod scheme with employing ReaxFF, GFN1/
GFN2-xTB, DFT, and coupled cluster to cope effectively with such a complex reactive system.

B INTRODUCTION reaction steps, those that could be relevant. In the context of
heterogeneous combustion, where covalent bond breaking

An accurate modeling of heterogeneous reactions of poly- ) i
needs to be described, reactive force fields, for example,

aromatic hydrocarbons with gas phase radicals is important for

modeling and understanding combustion chemistry as well as ReaxFF,” developed by van Duin et al, are often used to deal
soot formation. In particular, biochars are a diverse class of with the mere size of the system, however, oftentimes relying
. . : . 8—10

compounds due to the variations in the feedstock and due to the solely only on this approximate method.

varying charring intensity applied in the production, which both The limitation of accurate quantum chemistry methods to

affect its composition and structure.'* Therefore, the effects of small systems raises the question whether, or to which extent, an

the structure and size of the aromatic compounds on the analogy between gas phase reactions and heterogeneous

elementary reaction steps of biochar combustion is an important reactions exists."' Detailed or semi-detailed mechanisms as

aspect for modeling its combustion. commonly employed in computational fluid dynamics simu-
Alot is known about reactions for small molecules,” but when lations involving heterogeneous gas/solid reactions adopt rate

. .12
constants derived from analogous gas-phase reactions ~ or

accounting for proper corrections proposed about 30 years ago

it comes to the combustion of solid fuels such as biochar,
accurate calculations on the full heterogeneous reaction systems
or even on large model compounds are no longer possible. Their
description is a complex multiscale problem. It requires on the
small scale accurate first-principle quantum chemistry methods
to obtain accurate thermodynamic data for elementary reaction
steps. On the (super-)nanometer scale, force-field or coarse-
grained force-field methods® have to be applied to generate
realistic structure models, and in between, efficient tools are
needed to select, out of the myriads of, in principle, thinkable
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by Frenklach and Wang."? These assumptions require specific
validations. Some preliminary results show that the activation
energies of H-abstractions on graphene edges by different
radicals can be related to those of the analogous reactions in the
gas phase.'’ For a multiscale modeling of biochar combustion,
important questions are thus how transferable are results for
reaction and activation enthalpies on small polycyclic aromatic
hydrocarbons (PAHs) to larger systems and to which extent can
results that are obtained with cost-efficient force-field and semi-
empirical methods be combined with accurate electronic
structure calculations. With this study, we aim to contribute to
this question with the specific example of the hydrogen
abstraction reactions of PAHs. This reaction has the importance
as an initiation step for combustion and especially for soot
formation through the hydrogen abstraction C,H, addition
(HACA) mechanism."*

In a recent study on the H-abstraction reactions on armchair
and zigzag edges of graphene, it has been shown that the
interactions between the layers do not affect the transition state
and reaction barriers."' Therefore, we do not describe here the
effect of the different numbers of layers on this reaction. In the
current study, we use a test set of PAHs ranging from benzene to
CysH,, that, apart from varying in size, exhibit a variety of
reaction sites that represent different situations such as zigzag,
armchair, or free edges.15 As quantum chemistry electronic
structure methods, we employ density functional theory (DFT)
with a modern meta-GGA hybrid functional. For the smaller
PAHs, these are combined with single point coupled-cluster
(CC) calculations. Apart from the costly CC calculations which
are only possible for small- and medium-sized molecules, a
bottleneck for larger PAHs are the searches for the transitions
states. Here, the questions are (1) how transferable are
differences between DFT and CC energies from the small to
the larger PAHS and (2) how well the activation energies
correlate with the reactions energies (Bell—Evans—Polanyi
principle),'®"” that is, how accurate can activation energies be
estimated based on it?

Individual local reaction can be targeted directly with static
DFT and coupled-cluster calculations. A route to complex
sequences of reactions, as they occur during the combustion of
char, which is tractable for first-principles calculations is to
preselect the most important elementary steps based on reactive
molecular dynamics. This requires cost-efficient semi-empirical
electronic structures or reactive force-field methods. To
investigate their performance in the context of combustion, we
do a similar assessment for the extended semi-empirical tight-
binding methods xTB (GENO-xTB, GFN1-xTB, and GFN2-
xTB)'®'" of Grimme and co-workers as well as for the reactive
force-field ReaxFF.” Again, the aim is to compare these more
approximate methods with the more accurate DFT and CC
results. We compare reaction energies and geometrical similarity
of stationary points on the potential energy surface (PES) such
as minima and transition states. For modeling the combustion of
solid fuels, it is vital to have cost-efficient methods which
qualitatively and semi-quantitatively reproduce the correct PES.
In this case, those methods can be used, as pointed out above, for
prescreening or, for less local reactions, combined in hybrid
approaches, where larger parts are optimized using ReaxFF or
xTB and smaller active sites are optimized using DFT.
Furthermore, only these methods scale efficiently enough to
be applied in large scale molecular dynamic simulations to get an
understanding on the atomistic scale of the processes involved in
combustion.
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B COMPUTATIONAL DETAILS

For the current study, we have selected a test set consisting of 13
PAHs which range in size from benzene to CysH,,, as shown in
Figure 1. These PAHs cover a variety of reaction sites such as
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Figure 1. Selected reaction sites.

sterically unhindered sites at zig-zag, free edges (e.g., in CosH,,),
and sterically hindered bay region sites at armchair edges (e.g.,
the sites 1 in C,oH,,, C4H;g or CgH,,). For details of the
nomenclature for the sites, see Supporting Information.

All geometries have been optimized at the DFT level (vide
infra). At the same level, we have also calculated the analytical
second derivative of the PES with the harmonic approximation,
from which the vibrational contributions are evaluated. For a few
cases, we carried out explicitly correlated coupled cluster,
CCSD(F12#)(T), and for a larger subset local pair-natural
orbital coupled cluster, PNO-CCSD, calculations.

In this study, the performance of the DFT functional is
important for the calculation of zero point vibrational energies
(ZPVEs) and the partition functions, as well as for observing the
general trends in the activation and reaction energies. Therefore,
we have used the TPSSh functional. In a previous study, it was
stated that for the H abstraction reaction with the H atom and
methyl radical, the TPSSh functional has a mean absolute error
of up to 38 kJ/mol as compared with G3(MP2)-RAD results;
therefore, the PBEO functional was recommended.”’ On the
other hand, based on the C3/99 test set, the TPSSh functional
performs as good as the most common hybrid functionals, such
as PBEO or B3LYP, for bond lengths, angles, bond dissociation
energies, and the harmonic vibrational frequencies, and it
outperforms them for the calculation of standard enthalpies of
formation.”'

The DFT calculations have been performed using TURBO-
MOLE’s m$ integration grid*> (except for reactions of Cg,H,,
and CygH,, for which m3 grid is used), TZVP basis set,”” and
Grimme’s D3 dispersion correction”* and were performed with
the dscf, grad, and aoforce programs of the TURBOMOLE
package.”® The zero-point vibrational energy (ZVPE) correc-
tions to the electronic energies were computed at the same
electronic structure level (TPSSh-D3/TZVP) within the
harmonic approximation. We have used the scaling factor of
0.9874 for TPSSh/6-31+G(d,p) to fit the experimental ZPVE.*®

All CC calculations employed the frozen core approximation
for the 1s* electrons on carbon. To obtain it for the smaller
molecules, results close to the basis set limit, we used the
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Table 1. Deviations in the C—H Bond Distance (in pm) and C—C—C Angle (in deg) for the Semi-empirical and FF Methods

Compared to the TPSSh-D3/TZVP Reference Structure”

PAHs H-abstracted
GENO0-xTB GFN1-xTB GFN2-xTB ReaxFF GENO0-xTB GFN1-xTB GFN2-xTB ReaxFF
C—H Distance
IMAXI 0.220 0.130 0.510 1.400 0.240 0.220 0.590 1.480
MEAN —0.039 0.006 0.438 0.757 —0.046 0.006 0.432 0.657
RMSD 0.069 0.056 0.439 0.818 0.081 0.069 0.433 0.768
C—C~—C angle
IMAXI 1.49 1.54 1.57 3.49 5.22 4.95 4.96 28.35
MEAN 0.04 0.07 0.06 —0.08 0.01 0.03 0.02 —0.48
RMSD 0.28 0.32 0.29 0.86 0.66 0.41 0.39 4.46

“Tt is differentiated between the native PAHs structures and the H abstracted radical structures.

explicitly correlated CCSD(F12%) approach®” with the aug-cc-
pVTZ orbital,”® corresponding optimized complementary
auxiliary,” and density-fitting basis®’ sets. The reference
Hartree—Fock determinants are calculated using the dscf
program,”" the CC singles, doubles, and perturbative triples,
CCSD(F12%#)(T), and calculations for the reactions of benzene
and naphthalene are performed using the ccsdf12 program.”®
For the PAHs up to C,,H;,, we did local pair natural orbital
(PNO) based ROHF-CCSD, also known as UR-CCSD,
calculations in the cc-pVTZ basis usinﬁ a local development
version of the pnoccsd program.””™** For anthracene and
phenanthrene, we did in addition PNO-UHF-CCSD(F12*)(T)
calculations to investigate the trend of coupled-cluster methods
based on UHF reference determinants with the size of PAHs.

The ReaxFF calculations were performed using the
reimplementation of ReaxFF* available in the LAMMPS
Molecular Dynamics Simulator’® and using the “CHO”
parameterization for combustion, as published in ref 37. The
xTB calculations were done with version 6.3.1 of the xTB
code."®'73% If not otherwise stated, we used in all calculations
the standard settings in xTB. For the transition state
optimization with xXTB, we interfaced it to the TURBOMOLE
reaction pathfinder statpt®” and the transition state optimizer
statpt.

The reaction rate constants have been calculated using
transition state theory (TST). The partition functions are
calculated based on a modification to the quasi rigid rotor and
harmonic oscillator approximation.”” The modification is that
for the low lying modes (@ < 300 cm™), the rotational and
harmonic oscillator approximations are combined for partition
functions instead of the entropy. In other words, for the low
lying modes, the Head-Gordon damping function (W(w)) is
applied to its contribution g to the partition function as

W(w) 1-W(w)

9= qvib qrot (1)

instead of to the entropy as in the original approach*’ given by
§S=W(w)Sy, + [1 — W(w)]S, (2)

rot
Using the ideal gas law as the equation of state, the site-
specific forward reaction rate constants without using symmetry
numbers are calculated at 1 bar based on the TST according to

RT kyT Qg ( )
22 B exp

Poh QpuuQy (3)
where R is the gas constant, P the pressure, ky the Boltzmann’s

constant, T the temperature, h Planck’s constant, and Qrs, Qpa,
and Qy are the partition functions which include translational,

Eel, act

RT

kforward(T) =K
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vibrational, and rotational contributions, respectively. The
vibrational partition function is defined relative to the bottom
of the PES, and E, ., is the electronic activation energy (without
the ZPVE). k is the transmission coefficient used to account for
tunneling. It is calculated using the high temperature limit of the
Eckart tunneling correction, which asymptotically approaches to
Wigner tunneling correction”

)l

In eq 4, v is the imaginary frequency at the transition state.

1

24

L3
kg T

RT
E

el,act

B RESULTS

Geometrical Accuracy of Semi-empirical Methods and
Reactive Force Fields. DFT methods give (usually) accurate
geometries and, with hybrid functionals, reasonable reaction and
activation energies but are, although computationally much less
demanding than coupled-clusters methods, still computationally
costly. If one is interested in large scale atomistic simulations or
molecular dynamic simulations on long time scales, there is no
way around more approximate but numerically more eflicient
methods. Here, we want to answer the question if the extended
tight binding models xTB and the reactive force-field ReaxFF
can be used as a bridge from DFT to larger scales. In a first step,
we compare how well equilibrium geometries on the xTB and
ReaxFF level agree with the DFT results and later judge on how
accurate reaction energies are reproduced.

For the first purpose, we reoptimized the PAH structures and
the H-abstracted structures on this level and compared the C—H
bond lengths and the C—C—C angles in the aromatic rings. The
reoptimization will result in smaller deviations than an
optimization from other starting guesses, but this is intended.
We want to assess how much the semi-empirical methods need
relaxation in the found DFT minima.

The results are given in Table 1. The trend for the bond
lengths is quite interesting: GFNO-xTB and GFN1-xTB
reproduce the DFT equilibrium C—H bonds quite well, and
the deviations increase for GFN2-xTB. This, however, does not
translate into a better agreement in reaction energies for GFNO
and GFN1 (vide infra). For GFN2-xTB, we observe a RMSD in
the C-H bond length of 0.43 pm for the H-abstracted species and
0.44 pm for the PAHs. This is a very consistent error for different
molecular species (radical and no radical). For ReaxFF, we see a
slightly more unbalanced description. For the PAHs, a RMSD of
0.082 pm is observed, while the C-H distances for the H-
abstracted species deviate by an RMSD of 0.768 pm. When
looking at the C—C—C angles, we see for the xTB methods a

https://dx.doi.org/10.1021/acs.jpca.0c07133
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quite good agreement, but the deviations are typically larger for
the H-abstracted species. This especially holds for ReaxFF,
where a RMSD of 4.43° is observed. For the radical structure,
ReaxFF favors straightened C—C—C angles, which distorts the
ring structure, which is presumably due to the fact that in
ReaxFF, there is no concept of a radical, and a two coordinate
carbon naturally tends toward a linear geometry (sp-hybrid-
ization).

It turned out to be difficult to optimize the transition states
using the xTB methods and ReaxFF. For the latter case, we
observed a rather non-smooth PES with large changes of the
gradients in the region of the barrier, explaining the short
timesteps necessary for energy-conserving MD. We located the
barrier by a nudged elastic band calculation for the benzene case
but refrained from an investigation of larger PAHs. Using the
xTB methods, it was more straightforward to optimize transition
states, but only GFN1-xTB showed a good agreement with the
TPSSh-D3/TZVP-optimized structures, and since our ultimate
goal is to bridge the scale from DFT calculations to larger scales,
we propose to use GFN1-xTB for geometry optimizations and
GFN2-xTB for energies. The results for geometrical deviations
of the GFN1-xTB-optimized transition states are listed in Table
2. Especially, for the C—H bond distance (for the abstracted H
atom), the deviations are larger compared to our results for the
PAHs, but we see a reasonable agreement.

Table 2. Deviations in the C—H Bond Distance (in pm) and
C—C—C Angle (in deg) for GFN1-xTB Compared to the
TPSSh-D3/TZVP Reference Structure for the Transition
State

C-H C-C-C
IMAXI 42.48 4.06
MEAN —3.69 —1.26
RMSD 7.25 1.50

Trends from DFT. To study the abstraction of a hydrogen
from PAHs, we considered the following reactions with atomic
hydrogen

CH,+H->CH,_ ,+H, (5)

The reaction does not disturb the resonance in the 7-system
and should thus cause only local changes in the geometry and
the electronic structure. As shown for some examples in Table 3,
the spin density at the transition states and for the H-abstracted
radicals looks very alike for any given system in this study.

Due to the local electronic character of the reaction, the
electronic reaction and activation energies for this reaction are
expected to be very similar and independent of the size of the
polyaromatic. In accordance with this, the electronic activation
energies differ only by 3.2 kJ/mol. The electronic activation
energy is on average 35.6 kJ/mol, while the lowest one is 34.8 kJ/
mol for C,,H ,a-2 and the largest one is 37.9 k] /mol for Cg,H,,-
2. Even if the electronic activation energies are similar, the
reaction energies at the sterically hindered sites (C 4H,op-S,
CyoHip-1, CypHppb-1, CyHye-1, CyoHig-2, CsoHys-3, and
CgH,,-1) are lower than those at the sterically unhindered
sites, with an average electronic reaction energy of 14.0 kJ/mol,
whereas the average of those which are not sterically hindered is
21.2 kJ/mol. This can be explained by the unfavorable repulsion
between the neighboring H atoms in the bay region sites, which
is removed by the H-abstraction.
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Table 3. Spin Densities of the Transition States and the H-
Abstracted Product Radicals for Some Example Reaction
Sites Calculated with DFT/TPSSh-D3/TZVP

Transitionstate ~ Product
2
v
CioHg-1 : (C
XX §
i%é;?&ﬁ
]
CaoHigb-1
\ 4
< )
)= 390
o3
CogHyy al

The two determining contributions to the electronic reaction
energies—for which one can expect a different sensitivity to the
electronic structure method and the model compound size—are
(1) the changes in the electronic structure upon removal of the
H atom, that is, unrelaxed C—H bond breaking and H—H bond
formation, and (2) the relaxation of the structure of the H-
abstracted PAH during the geometry optimization, which is
exothermic. To measure these two contributions, we calculated
in addition to the reacting species also the energies of the H-
removed educt structures (Epemoved pag) and defined the
mentioned two contributions as

Ec_nu = EqH-removed PaH T Eel,HZ = Egpan — Ean (6)
and

E etax = Eelgeoopt. H-abstracted PAH ~ Eel H-removed PAH (7)
which sum up to the electronic reaction energy for reaction S

Egmn = Ecog + Erelax (8)

Figure 2 shows the contributions to the reaction energy for
different sites in a stack plot. E._y depends on the local
environment of the site where the hydrogen is removed, which is
strongly supported by the fact that this contribution is on
average 7.0 kJ/mol less endothermic for the bay region reaction
sites than those which are not sterically hindered. Additionally, it
can be seen that E,;,, does not vary much between different sites
or with the size of the polyaromatics. This is also the case for the
zero-point vibrational contribution to the reaction energy, which
for our test set is —6.9 kJ/mol with a standard deviation of +0.8
kJ/mol and a maximum deviation of +2 kJ/mol. Therefore, for
the H abstraction reaction, variations in the reaction energies are
mainly due to unrelaxed bond breaking and formation energies,
which are dependent on the local environment of the reacting
site but are also independent of the size of the polyaromatic.

The reaction and activation energies of the sites without steric
hindrance follow the Bell—Evans—Polanyi principle with an R*
value of 0.9, and for the bay region sites, the correlation is less
good with an R? value of 0.8, (Figure 3). The fact that the
sterically hindered bay region sites do not fit into the BEP
correlation found for the sites without steric hindrance has also
been observed in previous studies."” Figure 4 shows that there is
a correlation between the C—H distance at the transition states
and the reaction energies (Hammond’s postulate). Here, for the
bay region sites, there is no correlation because the range of
reaction energies is too small (2 kJ/mol) to observe this.

https://dx.doi.org/10.1021/acs.jpca.0c07133
J. Phys. Chem. A 2020, 124, 9626—9637
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Figure 2. Stack plot of the contributions to the electronic reaction energy at the DFT/TPSSh-D3 level. The ZPV energies are stacked on top of the
relaxation energies. Note that the last seven sites are the bay region sites.
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Figure 3. Relation between the reaction and activation energies (E,,, and E,) based on the TPSSh-D3/TZVP results.

Assessment of Semi-empirical and Reactive Force-
Fields. Next we turn to a comparison of the xTB and ReaxFF
reaction energies to our more accurate results, which will be
presented in the subsequent sections. First, we will do a
comparison to our TPSSh-D3/TZVP results and a composite
scheme, based on PNO-CCSD and an extrapolation estimate for
larger PAHs, which will be discussed in the sections “Coupled-
Cluster Energy Corrections” and “Extrapolation to Larger
PAHs”. We solely concentrate on the electronic contribution to
the reaction energy to allow for a better comparison. First, we
will discuss the examples given in Table 4. In these cases, we see
that GFNO-xTB is qualitatively not correct by a large magnitude,
and GFN1-xTB starts to be at least qualitatively correct but
underestimates the reaction energy nearly by a factor of 10.
However, GFN2xTB on the other hand shows a good
agreement with our CC results but overestimates the reaction
energy compared to the DFT results by a factor of two. Table 5
shows the average deviations of the xTB methods to the TPSSh-
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D3/TZVP results and the composite scheme. As for the already
discussed example, GFNO-xTB is qualitatively not correct, and
also, on average, GFN1-xTB is qualitatively not correct, but this
is the result of a few outliers. For GFN2-xTB, the reaction
energies are always qualitatively correct, but the average
deviation is around 26 kJ/mol to the DFT reference and 6 kJ/
mol to the composite scheme. Typically, the GFN2-xTB
reactions energies are a factor of 2—2.5 larger than the DFT
results and only slightly above the more accurate results given by
the composite scheme. This is a positive finding since it allows us
to use GFN2-xTB for prescreening of reactions and to use DFT
or CC only for more accurate calculation for the reactions kept
after the pre-screening. Although in our study GFN2-xTB seems
to be more accurate than TPSSh-D3, we do not claim that this
holds in general, and although the reaction energies are in better
agreement with our most accurate reference, there were some
problems with calculating activation energies on the GFN2-xTB
level of theory.

https://dx.doi.org/10.1021/acs.jpca.0c07133
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Figure 4. Reaction energies as a function of the C—H bond length of the
transition state based on the TPSSh-D3/TZVP results for the sites
without sterical hindrance.

In Table 4, we also give results for ReaxFF reaction energies.
They are always qualitatively correct but overestimate the
reaction energy on average by a factor of 4—S5 with respect to the
DFT reference. Compared to the composite scheme, the
reaction energies improve a bit but are still 2.5—3.5 times larger
than the reference values. Furthermore, we see that the reaction
energy for ReaxFF is very site-dependent, which originates from
ReaxFF favoring a sp> hybridization. Due to steric hindrance,
this relaxation is not possible in all cases. The sites C,yHg-1 and
C,oHs-2 are a good example since their reaction energies differ
more than a factor of two. For C,,Hg-1, we can measure a C—C—
C angle of 147.5°, while for C,yHg-2, we observe an angle of
151.6°. Therefore, the product could in the second case relax
more to its preferred state, which gives a lower reaction energy.
One can conclude that ReaxFF should be used for aromatic ring-
like systems in case of radicals with caution. Since the functional
form for ReaxFF is not that flexible it is questionable if a different
parameterization can cure this behaviour.

Besides the total electronic reaction energy, we were
interested in the contribution, which stems from relaxation.
This answers the question how well relative changes in a
particular configuration are transferable from the semi-empirical
methods to DFT. Table 6 shows the statistics over the deviations
to the DFT reference. One has to note that the statistics look
much better than that for the reaction energies, but still the

hierarchy GFNO-xTB < GFN1-xTB < GFN2-xTB is retained.
GFNI1-xTB has a slightly better RMSD, but its outliers are
smaller. The xTB methods seem to be accurate enough to
describe the configurational changes. The relaxation in the
ReaxFF optimized structures is approximately 10 times larger
than that in the DFT reference, which results in large deviations
with an RMSD around 75 kJ/mol, but this finding is not
completely unexpected. When analyzing the deviations in the
geometries, we already found that ReaxFF tends to straighten
the C—C—C angle, which results in a large rearrangement and
thus to a large relaxation energy.

In accordance with the overestimated reaction energies, also
the reaction barrier for C¢Hg-1 is with 89 kJ/mol overestimated
by a factor of about 3 for ReaxFF. In contrast to the electronic
structure methods (xTB and DFT), the reactive force field also
results in a non-linear arrangement of the C—H—H group at the
barrier with an angle of 147°. For the assessment of the xTB
reaction barriers, we used the GFNI1-xTB geometries in
combination with GFN1-xTB and GFN2-xTB energies to
calculate the barrier heights. We compare the electronic
contribution and the ZPVE contribution. A statistic for the
comparison to the TPSSh-D3/TZVP results can be found in
Table 7. The xTB methods underestimate the electronic
contribution to the activation energy compared to the reference.
GFN1xTB predicts on average 5.9 times lower activation
energies, while GFN2-xTB predicts on average 1.5 times lower
barriers. For the contribution of the ZPVE, GFN1-xTB and
GFN2-xTB have comparable errors but with different trends.
GFNI1-xTB underestimates the energies, while GFN2-xTB
overestimates them. Excluding C,(Hg-1 as outlier, GFN2xTB
gives ZPEs which are on average 1.6 times larger than the
TPSSh-D3/TZVP ones, while GEN1-xTB gives 0.4 times
smaller ones.

Based on our gathered data, we can conclude that a
combination of GFN1-xTB and GFN2-xTB is a good candidate
to bridge the presented CC and DFT calculations to larger scales
for the energetics GFN2xTB is close to our CC and DFT
reference, while GFN1-xTB performs better for geometry
optimizations. The failure of GFNO-xTB is unfortunate since
it is roughly 10 times more efficient than GFN2-xTB which
would greatly improve the simulation time in MD studies, but in
the case of H abstraction, GFNO-xTB overestimates the stability
of molecular hydrogen. When rescaling the energy of atomic
hydrogen to mimic the H, binding energy of CCSD(F12%*), we
obtain reaction energies slightly above those for GFN1-xTB. For
individual reactions, such a correction term is feasible but not
when used in MD simulations. GFN1-xTB and GFN2-xTB are
more accurate than ReaxFF for our purposes, but since ReaxFF
is still at least by a factor of 10 more efficient than GFNO-xTB, it
can be a viable building block for a multiscale approach.

Table 4. Comparison of the Reaction Energies (in kJ/mol) on the Semi-empirical Level to the TPSSh-D3/TZVP, PNO-CCSD/

cc-pVTZ, and ROHF-CCSD(F12*)(T)/aug-cc-pVIZ Results

Eejrn

site GFENO-xTB GFEN1-xTB GFEN2-xTB ReaxFF PNO-CCSD CCSD (F 12*) (T) TPSSh
CoHg-1 —189.2 4.5 49.3 107.6 47.3 43.6 20.94
C,oHg-2 —188.0 49 49.7 49.0 46.8 42.7 27.60
CyHypa-1 —-191.3 4.0 48.6 146.4 4.8 16.44
CHjpa2 —189.8 4.2 48.8 105.2 41.1 15.35
C,Hjpa-3 —188.5 4.8 49.6 63.2 40.4 14.92
CeHq 1 —186.1 57 50.5 30.5 39.9 2.7 12.20
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Table 5. Statistics of the Deviations in the Electronic Contribution of Reaction Energies (in kJ/mol) of the Semi-empirical
Methods and ReaxFF Compared to Either the TPSSh-D3/TZVP Reference Values or Our Most Accurate Reaction Energies
Based on the Composite Scheme, Presented in the Subsequent Sections”

TPSSh-D3 reference

composite reference

GFNO GFN1 GFN2
IMAXI 220.94 27.55 30.09
MEAN -213.36 —18.18 26.08
RMSD 213.38 18.50 26.33

“We only give the xTB parameterization GFN#n and drop “xTB”.

ReaxFF GFNO GFEN1 GFN2 ReaxFF
154.55 239.80 45.04 9.71 117.68
79.98 —228.71 —-35.16 4.46 51.74
87.03 230.73 38.73 5.88 60.07

Table 6. Error Statistics for the Relaxation Contribution to
the Reaction Energy (in kJ/mol) for the Different Semi-
empirical Methods and ReaxFF Where the TPSSh-D3/TZVP
Results Serve as the Reference”

GFNO-xTB GFN1-xTB GFN2-xTB ReaxFF
Non-Bay Area
IMAXI 6.56 5.56 3.87 135.78
MEAN 3.67 111 1.17 —74.47
RMSD 3.88 1.82 1.81 77.49
Bay Area
IMAXI 4.29 0.99 112 76.94
MEAN 4.00 0.73 0.96 —74.61
RMSD 4.01 0.77 0.96 74.63

“We distinguish between the bay area and the non bay area.

Table 7. Statistics for the Deviations in Activation Energies
(in kJ/mol) for the xTB Methods Compared to the TPSSh-
D3/TZVP Reference

GFN1xTB GFN2-xTB
Electronic Contribution
MAX 35.09 46.43
MEAN —29.61 —17.34
RMSD 29.70 18.23
ZPVE Contribution
MAX 8.13 13.12
MEAN 4.36 —4.37
RMSD 4.42 5.38

Coupled-Cluster Energy Corrections. For correlated
wavefunction calculations, apart from the method, two
important questions are the basis set convergence and, for
radicals, the treatment of the spin. Single-reference coupled-
cluster calculations can for radicals be based on unrestricted
(UHF) or restricted open-shell (ROHF) Hartree—Fock
reference determinants. As mentioned above, it was found at
the DFT level that at the transition state and in the product, the
spin density of the radical is localized close to the reaction site,
essentially in a singly occupied o-orbital. For the H-abstracted
PAH radicals and the transitions states, we observe for
unrestricted Hartree—Fock a strong spin-polarization of the
orbitals, which also affects the z-system and leads to a
delocalization of the spin-density over a large part of the PAH
(see Table 8).

We performed UHF-based calculations at the UHF-CCSD-
(F12*)(T)/aug-cc-pVTZ level for benzene and naphthalene
and with PNO-UHF-CCSD(F12%*)(T)/aug-cc-pVTZ for phe-
nanthrene. The results are listed in Table 9. In contrast to what
one would expect based on the results from DFT, the UHF-
coupled-cluster singles-and-doubles with perturbative triples
[CCSD(T)] calculations predict that the activation and reaction
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Table 8. Spin Densities (SD) of the Transition State
Structures for Example Reaction Sites Calculated with DFT/
TPSSh-D3, ROHF, and UHF*

SD of DFT/TPSSh  SD of ROHF ~ SD of UHF  CSO of UHF

%31%“ P %”%*'
ol o gl o

“The last column shows the corresponding spin orbital (CSO) of the
UHF wavefunction with occupation closest to 1.

CyoHg-1

Table 9. UHF-CCSD(F12*)(T)/aug-cc-pVTZ Reaction
Energies

Eoact Egpa (T)act (T)ien
C.H, 817 51.8 -19 3.1
CyoHy1 96.4 67.8 12 6.7
CyoHg2 903 67.0 -36 6.5
CyHyop-1 109.9 80.5 3.3 82
C1Hop-5 1103 75.0 3.1 8.7
CyHa-1 116.6 87.7 9.4 14.4
CyHya2 117.1 87.3 9.4 14.0
CyHyoa-3 1167 86.5 9.3 13.9

energies would increase with the size of the aromatic ring
system, for the reaction energy, by ~16—17 kJ/mol from C¢Hg
to C,oHg and ~14—23 kJ/mol from C,(Hg to C;;H;,. In
particular, the perturbative (T) triples correction is for the UHF-
based calculations sizeable and grows with the system size.

The counter-intuitive behaviour, however, is an artifact of the
spin-polarization and the unphysical delocalization of the spin
density over the aromatic ring systems in the UHF reference.
With ROHF reference determinants, the spin density is
qualitatively similar to that obtained with DFT/TPSSh, as
shown in Table 8. The ROHF-CCSD(F12*)(T) results for
reaction energies of benzene and naphthalene are shown in
Table 10.

Similar as at the DFT level and in agreement with results from
Carissan and Klopper” at the G3(MP2)-RAD level, which also
employs ROHF-CCSD(T) as part of the computational
protocol, these results do not increase with the size of the
aromatic ring system. Also, the (T) triples correction, which is
the most severe computational bottleneck in the coupled-cluster
calculations, varies very little between benzene and the two
reaction sites at naphthalene. Explicitly correlated CCSD-
(F12*) /aug-cc-pVTZ results are usually close to the basis set
limit, comparable to conventional CCSD/cc-pV5Z results.””*’
For the reaction energies of H-abstraction from PAHs, both the
basis set limits extrapolated from cc-pVDZ and cc-pVTZ result ™
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Table 10. ROHF-CCSD(T) Reaction Energies and the Contribution of the Triples Correction, (T), to Them in kJ/mol®

method site Egjer
CCSD(T)/cc-pVDZ CeH, 76.5
CyoHy-1 76.8

CyoHy2 76.6

CCSD(T)/cc-pVTZ CeH, 724
CyoHy 1 725

CroHg2 724

extrapolatedb CeHg 70.9
CoHy 1 71.1

CyoHy2 70.9

CCSD(F12%*)(T)/aug-cc-pVIZ C¢Hg 71.8
CyoHy 1 719

CyoHy2 71.8

Eoxn Eit Eon (T)aa (D)
46.9 69.5 39.0 =33 0.7
48.1 70.2 40.7 =3.7 0.7
47.6 69.9 39.6 -3.4 0.7
41.5 65.4 33.6 -3.6 LS
42.8 65.9 35.4 —4.0 1.6
42.1 65.7 342 =37 1S
41.3 63.9 33.5 =37 1.9
42.8 64.5 354 —4.1 1.9
42.0 64.2 34.1 -3.8 1.9
42.1 64.8 34.3 -3.7 1.6
43.6 65.3 36.2 —4.1 1.6
42.7 65.1 34.8 -3.8 1.6

“Eact = Eepet + Eactzover Eon = Eapn + Eonzpve: bExtrapolated from the cc-pVDZ and cc-pVTZ basis sets.

and the raw cc-pVTZ numbers are close to the CCSD(F12%)-
(T)/aug-cc-pVTZ values. For the larger PAHs, we thus
continued with PNO-CCSD/cc-pVTZ and added to them the
average result for the triples correction from the CCSD(F12%)-
(T)/ aug-cc-pVTIZ calculations, 1.6 kJ/mol for reaction and
—3.9 kJ/mol for the activation energies, and the vibrational
correction from DFT/TPSSh/TZVP. The results are listed in
Table 11. For the benchmark cases, benzene and naphthalene,
the results agree within 1 kJ/mol with the CCSD(F12*)(T)/
aug-cc-pVTZ reference values.

For the benzene, naphthalene, and phenanthrene accurate
results are available in the literature (cmp. Table 12), including
an experimental result for the activation energy for benzene.*
They agree with the results from the current work within +5 kJ/
mol for the reaction and with +3 kJ/mol for the activation
energies, with the exception of the G2M(rcc, MP2) results from
ref 46, which are somewhat higher.

Compared to the accurate coupled-cluster results, the DFT/
TPSSh/TZVP results significantly underestimate the reaction
energies and the activation energies. Closer inspection reveals
that for the DFT/TPSSh/TZVP, results differ mainly by a
constant offset, for the reaction energies of —20.5 kJ/mol and for
the activation energies of —41.1 kJ/mol based on the average
over the differences to those given in Table 11.

Extrapolation to Larger PAHs. The analysis of the DFT
results showed that most of the site-specific differences between
the reaction energies originate from the C—H bond breaking
energy. Furthermore, if we distinguish between hindered bay
and unhindered sites, the activation energies exhibit an
approximately linear relation with the reaction energies (Bell—
Evans—Polanyi principle). This allows us to go one step further
than above and estimate the reaction and activation energies
directly from the C—H bond breaking energies as

Erxn = EC—H + Erelax + Erxn,ZPVE + Erxn,CCSD—corr + Erxn,(T)

Ept = Eggp + fopp (Econt + Eelax + Epxnzove)

+ Eact,CCSD-corr + Eact,(T)

with E,j,, = =7.1 £ 0.4 kJ/mol, E,,, 7pyg = —6.9 + 0.8 kJ/mo],
E ynccsp-corr = 20.5 & 0.3 kJ/mol, E, 1y = 1.6 kJ/mol for the
reaction and E, . ccsp-corr = 41.1 = 0.2 k] /mol and E,., (1) = —3.9
kJ/mol for the activation energies. Eggp = 20.397 kJ/mol and
frEp = 0.602 for unhindered and Eggp = 9.766 kJ/mol and fgp =
2.877 for bay region sites.
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Table 11. PNO-CCSD/cc-pVTZ Results for Hydrogen
Abstraction Energies in kJ/mol”

site Eejrxn,ccsp [ Eqactcosp E.ot
CeHg 399 337 75.8 64.9
CyoHy-1 412 35.5 763 65.8
CyoHg2 405 342 759 653
CyH,ga-1 428 377 77.1 66.8
C1Hpa2 411 352 76.1 654
CyiHypa-3 404 339 759 649
CyyHyop-1 412 350 762 65.4
CyHiop-2 411 353 763 65.7
CHygp-3 416 351 76.7 65.8
Cy Hop-4 405 343 75.8 64.8
CyHiop-5 34.8 29.3 76.7 672
CyHio 1 407 338 759 64.9
CreHio2 024 365 769 66.1
CyHyo3 409 346 76.0 65.0
CyoHpp-1 34.0 28.3 77.0 66.6
CyHpp2 40.8 36.0 76.0 65.8
CaoH -3 429 386 772 672
CpH a1 425 37.1 76.9 65.8
CpHppa2 406 34.8 75.8 64.9
CpHpa3 2.5 36.6 76.8 65.8
CpH a4 435 402 77.4 68.7
CpHpa-s 4038 36.0 75.7 65.7
CyH,b-1 354 29.3 772 68.1
Cy,H,b2 40.6 352 75.8 65.3
Cp,H,,b-3 43.0 382 773 67.0
CpoH b4 416 36.8 76.4 66.4
Cy,H,b-5 415 36.7 76.4 66.4
Cy,H,,b-6 421 37.4 76.7 66.7
CoHp 419 36.9 765 66.4

aErxn = Eel,nm,CCSD + Eel,rxn,(T) + Enm,ZPVE with Eel,rxn,(T) =16 k_]/mOI
E, has been calculated correspondingly with Eg .ty = —3.9 kJ/mol.

For applications in reduced kinetic models that require
pretabulated data, calculations for a specific PAH can be
replaced by using average values for the reaction site type such as
solo sites on zigzag or bay sites on armchair edges. In Table 14,
we collected the energy ranges for the seven different site types
considered in the current study. With the exception of the K-
region duo sites (also known as free edge sites), where the range
of the reaction energies 4.3 kJ/mol, the ranges are for all other
sites smaller than 1 kcal/mol. This means that the errors

https://dx.doi.org/10.1021/acs.jpca.0c07133
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Table 12. Hydrogen Abstraction Energies by H Atoms from
the Literature in kJ/mol

site method E,. E.
C¢Hg CCSD(T)-F12a/cc-pVTZ 66.17 33.4%Y
G2M(rcc,MP2) 83.3% 46.4%
CCSD(T)-F12/aug-cc-pVIZ 66.5" 35.6"
G3(MP2,CC) 71.1% 36.8"
experimental 669%  36+3%
CoHy-1 G3(MP2)-RAD 70°° 38%°
CCSD(T)-F12a/cc-pVTZ 66.5" 356"
CoHg2 G3(MP2)-RAD 70%° 37
CH,p-1 G3(MP2)-RAD 70*° 38%°
CiHigp-2 G3(MP2)-RAD 70%° 38%°
CHop-3 G3(MP2)-RAD 70%° 38%
C,Hop-4 G3(MP2)-RAD 63%° 37
CiHpp-5 G3(MP2)-RAD 70%*° 32

“Experimental study in a shock tube with laser-schlieren technique
over 1900—2400 K and 0.2—1.0 atm.

introduced by taking the average value for the site type are
within the error bars of the quantum chemical calculations.
Reaction Rate Constants. The reaction rate constants are
calculated using equation 3 based on the energies given in
Tables 11 and 13. Table 15 lists the parameters fit to the

Table 13. Reaction and Activation Energies for Larger
Molecules Estimated as E.y = E; prr + Ezpve + Eccsp-corr + E(T)
with E,, ccsp-corr = 20.5 kJ/mol, E,, () = 1.6 kJ/mol,
E,t,ccsp-corr = 41.1 KJ/mol, and E, (1y = —3.9 kJ/mol

site L Eoctest
CpHjg1 30.0 68.7
C,Hig2 36.1 65.6
CsoH -1 35.3 65.3
CsoH g2 29.8 69.1
CsoH g3 28.3 63.4
CsoH 54 37.0 66.4
CsoHi5-S 36.7 66.4
CsoH 5-6 39.3 67.8
CgyH,y-1 30.2 71.3
CgHyu2 38.9 68.8
CoHy,-1 36.2 66.5
CosH,4-2 39.5 68.4

modified Arrhenius equation for the average over different site
types, as classified in Table 14. All reported rate constants are
“per reaction site”, that is, we excluded the symmetry numbers
that account for the summation over symmetry equivalent

reaction sites, for example, in benzene or naphthalene, to allow
for direct comparability between the different PAHs. The
individual rate constants can be found in Supporting
Information. As already observed for the activation energies,
the armchair bay region sites show the largest variations between
the different cases in the test set; therefore, the uncertainty in the
rate constant parameters given for the armchair bay region site is
higher than the others.

Figure Sa shows the average rate constants given in Table 15.
In general, the rate constants do not vary significantly with the
different sizes and sites of the molecules. The average activation
energies (given in Table 14) are ordered as zigzag edge solo sites
and armchair bay region sites >> K-region duo, inner trio > outer
trio, and quartet sites. As can be seen in Figure Sa, the reaction
rate constants follow a comparable trend. The armchair bay
region and zigzag edge solo sites have the lowest reaction rate
constants (56—61 and 41—58% lower compared to free edge
outer quartet site respectively). Similarly, the K-region duo sites
have around 24—33% lower rate constants compared with the
free edge outer quartet sites. Figure Sb shows the calculated rate
constants for benzene and naphthalene and compares them with
the literature. The calculated reaction rate constant for benzene
agree well with the experimental study™ at the low temperature
range. In general, earlier calculations with composite methods,
for example, by Semenikhin et al.,*® Kislov et al,,** and Mebel et
al,*® predict lower rate constants than the ones calculated in this
study. The rate constants of the armchair bay region sites are
lower than that of the zigzag solo sites (by 9—25%), which is in
accordance with the findings of the study by Semenikhin et al.
based on G3(MP2,CC) calculations for chrysene and benzo-

[a]pyrene.*

B SUMMARY AND CONCLUSIONS

Hydrogen abstraction from large polyaromatic systems, as
present in (bio)chars or soot, is a crucial first reaction step in
heterogeneous combustion mechanism, and the determination
of accurate rate parameters is pivotal for its modeling. Because of
the systems size, often a single approximate method (e.g,
ReaxFF) is used. We showed, however, that multilevel and
multimethod approaches are needed to tackle this difficult
problem accurately. With a combination of DFT, PNO-CCSD
as a local correlation method and CCSD(F12*)(T) as highly
accurate method, we extended in the current work the available
data on reaction and activation energies and reaction rates from
medium-sized systems to large PAHs up to CosH,,. This has
been possible since we could show for small and medium-sized
PAHs that the energy corrections for connected triples
excitations (T) and also the difference between PNO-CCSD

Table 14. Range of the Reaction Energies (in kJ/mol Including the ZPVE) for Different Types of Reaction Sites, Based on the

Results Reported in Tables 11 and 13

sites

site type
zigzag edge solo Ci4Hypa-1, CyH a4, CsoH 5-6, CogHpy-2

K-region duo

CyaHpy-2, Cogtlyy-1
inner trio C16H12-2, C,,H,-3, Cp,Hpya-1, CoHpya-3, CyHy,b-3
outer trio

free edge inner
quartet

CioHg-1, C14Hypa-2, CiyH,p-2

free edge outer
quartet

CeHe-1, C1oHg-2, CiyH -3, Ci4H,0p-3, Cy4H,op-4

armchair bay region

C14H10P'1! C16H10'37 CZZHIZa'SJ C22H12b'4! CZZHIZb'Sr CZZHIZb'Gl C?AHIZ'I! C50H18'4) C50H18'57

CléHlO'll C20Hl2_27 CZZHIZa'Zl C22H12b_2J C42H18'2) CSOHIS_I

C14H10P'5r CZOHIZ'I’ CZZHIZb'll C42H18'1) CSOHIS'ZP C50H18'3) C84H24'1
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Erxn Eact Eact,average
37.7-40.2 66.8—68.7 67.9 +£ 0.8
34.7-38.9 65.0—68.8 66.4 + 1.0
36.6—38.6 65.8—67.2 66.4 + 0.7
33.8—36.1 64.9—65.8 65.3+0.3
35.2-3S8.5 65.4—65.8 65.6 0.2
33.7-35.1 64.8—65.8 65.1 £ 0.4
28.3-30.2 63.4-71.3 67.8 £2.4
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Figure S. Semi-logarithmic plots of the site specific forward reaction rate constants as a function of inverse temperature for the temperature range 500—
2500 K and comparison with the literature. Note that the experimental data for Kiefer et al.** is based on measurements at a temperature range 1800—

2500 K; however, it is shown for the full temperature range. For comparison, the reference rate constants

45,46,49

are divided by 6 for benzene and by 4

for naphthalene so that the per site rate constants can directly be compared.

Table 15. Non-Linear Least Square Fit of the Calculated
Rates Constants (k) for the Studied Sites to a Modified
Arrhenius Equation, k = AT" exp(—E/T), Where T and E Are

in Units of K and k is in cm® mol™! s~

site type A N E
zigzag edge solo 1.25 x 10° 1.76 7585
K-region duo 1.30 x 10° 1.78 7437
inner trio 1.82 x 10° 1.76 7469
outer trio 1.27 x 10° 1.80 7333
free edge inner quartet 1.17 x 10° 1.81 7361
free edge outer quartet 1.20 x 10® 1.82 7319
armchair bay region 9.62 x 107 1.75 7468

and DFT/TPSSh are transferable between different PAHs and
reaction sites. Thus, we can answer the central question, raised in
the title, whether small polyaromatics can be used to describe
their larger counterparts for local reactions clearly with “yes”. In
other words, it is at the electronic structure level much more
import to use sufficiently accurate methods for smaller models
than to approximate the complete system. The effects of steric
repulsion and geometric strain, which require at least somewhat
larger models, can be described on lower levels with more
approximate methods.

In this spirit, it is worth to note that most of the differences in
the reaction energies between different sites enter actually via
the C—H bond breaking energy at a fixed geometry for the PAH,
the computationally cheapest contribution at the DFT level. The
activation energies, on the other hand, can for this reaction
estimated reliably from the reaction energy, as shown above at
the DFT level.
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Besides pushing the limits for accurate reference data, we
assessed the extended semi-empirical tight binding methods
(xTB) and a popular reactive force-field ReaxFF as tools for
modeling combustion reactions. The cheapest xTB methods
GFNO-XTB are not suitable for modeling combustion since it
fails to qualitatively describe H-abstraction by a large order of
magnitude. However, GFN2-xTB shows a good agreement with
the DFT results in terms of reaction energies and equilibrium
geometries, indicating that it could be used in future to bridge
between DFT and ReaxFF. Since the latter is numerically the
most efficient method, it is ideally suited for an exploration of
unknown potential surfaces; however, it strongly overestimates
reaction energies and barriers in the studied context, which
makes these processes less often observed in an MD simulation,
leading to longer simulation times.

Overall we demonstrate that a combination of judiciously
chosen methods and exploiting transferability of energetic
contributions in a multiscale and multimethod fashion is the
ultimate choice for modeling such complex heterogeneous
combustion processes, whereas single method strategies will
most likely fail.

This work intends to give another contribution toward a
better fundamental understanding of the gas/solid heteroge-
neous reactions. The further confirmation of the possibility of
accurately estimating rate constants based on analogous
reactions in the gas phase will allow the development of detailed
mechanisms to increase the predictability of the actual
macromolecular or lumped models.

For the specific reaction class studied in this investigation, the
H-abstraction from PAHs with H atoms, we find that the rate

https://dx.doi.org/10.1021/acs.jpca.0c07133
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constants for the sterically unhindered sites can be very well
approximated by site type-specific averages.”” Only for the
sterically hindered bay region sites, as found on armchair edges,
we observe a significant variation of the rate constants between
the cases within the test set. The steric repulsions at these sites
induce some non-planarity and geometric strains,”” partially
released when the C—H bond is broken, that depend on the
flexibility of the environment.
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