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We obtain CCSD(T) isomerization energies for 335 polycyclic aromatic hydrocarbons by means of the G4(MP2)
thermochemical protocol. We use this large and diverse dataset of isomerization energies for identifying a-priori
indicators for energetic instability and benchmarking DFT and semiempirical methods. We find that dipole
moments above 1.0 D, HOMO-LUMO gaps below 2.0 eV, and qnegayg values below —0.06 e indicate energetic
instability. Surprisingly, the local density approximation SVWN5 method attains a mean absolute deviation

(MAD) of merely 3.8 kJ/mol and outperforms many functionals from higher rungs of Jacob’s Ladder. PBE0-D4 is
the best performer with a MAD of 2.8 kJ/mol.

1. Introduction

Due to their intrinsic energetic stability via n-electron delocalization
and resonance stabilization, polycyclic aromatic hydrocarbons (PAHs)
are one of the most ubiquitous classes of naturally occurring and syn-
thetic compounds. PAHs have found numerous applications in organic
and materials chemistry [1-6]. Many PAHs are carcinogenic and geno-
toxic, and therefore computational chemistry plays a critical role in
exploring their reactivity and potential chemical applications. Two areas
in which computational chemistry is playing an increasingly important
role in investigating the reactivity and chemical properties of PAHs are
materials and combustion chemistry [3-6]. However, these computa-
tional investigations normally involve large PAHs or multiple potential
reaction pathways involving many reaction intermediates. It is, there-
fore, important to identify reliable quantum chemical procedures such
as density functional theory (DFT) and semiempirical molecular orbital
(SMO) methods that are applicable to large PAHs. To this end, we
construct an extensive and highly diverse database of 335 PAHs and
calculate their relative isomerization energies at the CCSD(T) level (i.e.,
coupled cluster with singles, doubles, and quasiperturbative triple ex-
citations) via the high-level G4(MP2) composite ab initio method [7,8].
We use these benchmark isomerization energies to identify chemical
indicators for predicting highly energetic PAHs and to identify compu-
tationally economical DFT and SMO methods that are able to produce
chemically accurate isomerization energies for this extensive dataset.
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2. Computational details

High-level isomerization energies were obtained using the G4(MP2)
thermochemical protocol [7,8]. The G4(MP2) composite ab initio pro-
tocol is a computationally efficient composite procedure for approxi-
mating the CCSD(T) energy in conjunction with a large triple-(-quality
basis set [7,8]. G4(MP2) theory uses the following MP2-based additivity
scheme:

E[G4(MP2)] = E[CCSD(T)/6 —31G(d)] + E(MP2) + E(HF) )

where AE(MP2) and AE(HF) are basis set correction terms calculated
using triple-{ and quadruple-{ quality basis sets, respectively [7]. We
note that for the largest PAHs considered in the present work, namely
the CgeHig isomers with Cg symmetry, each of the CCSD(T)/6-31G(d)
calculations ran for over 10 days on 6 cores of a dual Intel Xeon ma-
chine with 192 GB of RAM. The G4(MP2) protocol is widely used for the
calculation of thermochemical properties such as bond dissociation and
isomerization energies of main-group compounds (for a review of the
Gaussian-n methods, see reference [8]). G4(MP2) theory has been found
to produce thermochemical properties of hydrocarbons with mean ab-
solute deviations (MADs) from accurate benchmark data below the
threshold of chemical accuracy (arbitrarily defined as 4.2 kJ mol™H)
[7-13]. The geometries and harmonic vibrational frequencies of all
structures have been obtained at the B3LYP/6-31G(2df,p) level of theory
[14,15] as prescribed in the G4(MP2) protocol [7,8]. We note in passing
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that the B3LYP functional has been found to provide excellent perfor-
mance for calculating equilibrium structures relative to a wide and
diverse set of 122 organic and inorganic molecules [16].

All equilibrium structures were verified to have all real harmonic
frequencies. We use the benchmark isomerization energies to evaluate
the performance of a variety of DFT methods, namely SVWN5 [17],
BLYP [14,18], PBE [19], TPSS [20], MO6-L [21], MN15-L [22], B3LYP
[14,15], PBEO [23], BH&HLYP [24], CAM-B3LYP [25], ®B97X [26],
®B97X-D [27], TPSSh [28], PW6B95 [29], M06 [30], M06-2X [30], and
MN15 [22], The DFT calculations were performed in conjunction with
the Def2-TZVPP basis set [31]. Where relevant the atomic-charge
dependent D4 empirical dispersion correction is included [32]. We
note that our G4(MP2) reference values are not deemed sufficiently
accurate for evaluating the performance of double-hybrid DFT (DHDFT)
methods. In addition, due to their steep computational cost and basis set
dependency, DHDFT methods are computationally too demanding for
studying relatively large PAHs. Therefore, DHDFT methods are not
considered here. However, we do consider the performance of SMO
methods which are computationally more economical than DFT
methods. In particular, we consider the performance of the following
SMO methods AM1 [33], PM6 [34], PM7 [35], and XTB [36].

The CCSD(T) calculations involved in the G4(MP2) procedure were
performed with the Molpro 2016 program [37]. The XTB calculations
were performed with Grimme’s XTB code (version 6.5.1). All other ab
initio, DFT, and SMO calculations were carried out using the Gaussian
16 program suite [38].

3. Results and discussion

The isomerization energy is a fundamental thermochemical quantity
that is needed for comparing the thermodynamic stability of species that
have the same atomic composition. In the present work, we examine the
isomerization energies of 335 PAHs, where the isomerization energy
(AEjso) is defined as the energy difference between a PAH with the
general molecular formula C,H;, and the energetically most stable
structure within that isomer space. All the initial structures in the
PAH335 database were taken from the NIST PAH Database [39]. Of the
660 PAHs in that database, only C,H,, isomer sets with at least ten
isomers are considered in the present work. The resulting PAH335
database includes the following isomer sets (the number of isomers in
each subset is given in parentheses): C17Hp2 (11), Ci9Hi2 (12), CooHia
(21), C21Hi4 (27), Co2H12 (15), CooHig (12), Ca3Hig (18), Co4Hi4 (85),
CasHie (10), CaeHig (16), CoHip (37), CogHyg (10), CogHys (48), and
CseHiye (13). Fig. 1a shows the distribution of the G4(MP2) isomeriza-
tion energies in the entire PAH335 database. The G4(MP2) isomeriza-
tion energies are given in Table S1 of the Supporting Information. The
isomerization energies vary smoothly and continuously up to 291.1 kJ
mol~!. Three isomers have significantly higher relative energies of
351.6-365.8 kJ mol ! (Fig. 1a). It can also be seen that the energy
distribution has two fairly linear regimes with different slopes. The first
region varies between 0 and 150 kJ mol~! with a squared correlation
coefficient of R% = 0.95, and the second region varies between 150 and
300 kJ mol ! with a squared correlation coefficient of R = 0.96. In the
first region (0-150 kJ mol™!), the energy difference between consecu-
tive isomers is small and amounts to about 0.5 kJ mol~! on average. In
the second region (150-300 kJ mol 1), the energy difference between
consecutive isomers is much larger and amounts to about 5 kJ mol~! on
average. Fig. 1b shows the distribution of the isomerization energies in
each of the subsets. As mentioned above, the PAH335 database includes
14 different isomer subsets, where each subset contains between 10 and
85 isomers. Table 1 gives an overview of the number of isomers and their
energy distribution for the subsets in the PAH335 database. The distri-
bution of the electronic isomerization energies (AEj,) can vary sub-
stantially between the different subsets. The average isomerization
energy across each of the sets varies between 14.8 (CasHi6) and 121.5
(CoqH14) kJ mol L. Similarly, the largest isomerization energies in each
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Fig. 1. Overview of the G4(MP2) CCSD(T) isomerization energies in (a) the
PAH335 database and (b) in each of the C,H,, subsets, the number of isomers in
each subset is given in parentheses (energies are given in kJ mol™!).

Table 1

Overview of the CCSD(T) benchmark electronic isomerization energies (AE;,)
obtained from G4(MP2) theory (in kJ mol~?). All isomerization energies are
calculated relative to the most stable isomer in each subset.

Subset Number of  Average Smallest Largest
isomers isomerization isomerization isomerization
energy energy energy
CyyHpp 11 33.5 1.9 76.2
CioHpp 12 54.6 24.5 92.6
CyoHip 21 111.1 12.0 365.8
CoyHyy 27 27.7 7.6 65.0
CypHip 15 111.9 27.0 204.3
CypoHis 12 23.0 2.3 77.7
Cpsths 18 45.1 2.7 86.0
CyqHis 85 121.5 7.0 355.4
CysHie 10 14.8 1.6 28.5
CoeHis 16 56.4 5.5 135.2
Ca6Hie 37 32.8 0.1 108.7
CygHis 10 76.8 12.7 288.6
CygHie 48 47.6 8.2 126.6
Cytie 13 27.7 3.2 85.4
All 335 68.3 0.1 365.8

of the sets vary between 28.5 (Cy5Hj6) and 365.8 (CooHi2) kJ mol L.
These results demonstrate that the PAH335 database is structurally
highly diverse and provides excellent means for identifying structural
and energetic trends and for evaluating the performance of computa-
tionally economical quantum chemical procedures.

It is of interest to explore the electronic properties of the PAHs in the
PAH335 database that may correlate with the relative energetic stability
of the isomers. Two such properties are the molecular dipole moments
and the HOMO-LUMO gaps - i.e., the energy difference between the
highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO). We note in passing that HOMO-LUMO gaps
have been found to correlate with optical band gaps of a wide range of
PAHs [40,41]. Fig. 2a plots the G4(MP2) isomerization energies and the
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Fig. 2. Overview of the (a) dipole moments (p, in Debye) and (b) HOMO-
-LUMO gaps (AEg;, in eV) along with the CCSD(T) G4(MP2) isomerization
energies (AE;, in kJ mol 1) for the PAHs in the PAH335 database.

dipole moments (calculated at the B3LYP/6-31G(2df,p) level of theory)
for all the PAHs in the PAH335 database. It is evident that there is a poor
statistical correlation between the two sets of values. Nevertheless, a
closer look at this plot reveals that a dipole moment larger than 1.0 D
can provide a useful indicator for the relative energy. Nearly 10% of the
isomers in the PAH335 database are associated with dipole moments
larger than or equal to 1.0 D. Table S2 of the Supporting Information
lists the 26 PAHs with dipole moments ranging between 1.0 and 3.8 D,
along with their isomerization energies. Excluding one PAH, the isom-
erization energies for these PAHs are relatively high or very high,
ranging between 55.4 and 365.8 kJ mol~!. Moreover, for nearly all the
isomers in this subset, the isomerization energy exceeds 100 kJ mol .
We also note that the five isomers with p > 2.0 D are associated with
very high isomerization energies ranging between 172.1 and 365.8 kJ
mol~l. Fig. 2b plots the G4(MP2) isomerization energies and the
HOMO-LUMO gaps (AEp;) calculated at the B3LYP/6-31G(2df,p) level
of theory for all the PAHs in the PAH335 database. Again, we find a poor
statistical correlation between the AE;j, and AEy; values. However, a
closer inspection of Fig. 2b reveals that all PAHs with AEy; < 2.0 eV are
energetically unstable, with AE;, values above 75 kJ mol L. Thus, we
show here that either dipole moments larger than 1.0 D or HOMO-
-LUMO gaps below 2.0 eV indicate energetically unstable PAHs. How-
ever, as clearly illustrated in Fig. 2, it is important to emphasize that a
dipole moment below 1.0 D or a HOMO-LUMO gap larger than 2.0 eV
does not indicate energetic stability.

All the PAH isomers in the in the PAH335 database are unsubstituted
and do not contain heteroatoms. Therefore, the finding that PAHs with
dipole moments larger than 1.0 D are associated with high isomerization
energies is perhaps not surprising. However, most PAHs (and indeed
92% of the PAHs in the PAH335 database) have dipole moments below
1.0 D. Thus, it may be more useful to examine the local negative charges
within the PAH, since any PAH, even those with a nil or low dipole
moment, may have a significant degree of atomic charge separation
within the carbon skeleton of the PAH. For this purpose, we will define
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two useful quantities (i) the sum of all the atomic charges on the
negatively charged carbons in a PAH (denoted by @peg o) and (ii) the
average atomic charge on the negatively charged carbons in a PAH
(denoted by gnegavg)- These quantities are defined by the following
equations:

Gneg.tor = aneg.c (2)
allc
Gneg.

Gneg.avg = Jnegtor (3)
nneg,C

where gneg c is the atomic charge of a negatively charged carbon, and
Tneg c is the number of negatively charged carbons in the PAH. Here, we
consider the atomic polar tensor (APT) charges [42], since they have
been shown to give reliable molecular charge distributions [43,44]. We
also note that the PAH335 database contains only neutral systems;
therefore, the negative atomic charges are perfectly balanced by positive
atomic charges. Fig. 3a plots the total atomic charge on all the nega-
tively charged carbons (gneg tor) vs. the G4(MP2) isomerization energies.
It is evident that PAHs for which this sum exceeds —1.0 e are highly
energetic, with relative energies ranging between 70 and 370 kJ mol ™!
(Fig. 3a). We note that 52 PAHs in the PAH335 database are associated
with gnegror < —1.0 e, namely, about one out of seven PAHs. Therefore,
Gneg tor May not serve as a generally applicable diagnostic for energetic
instability. An additional drawback of qneg o: is that it increases with the
size of the PAH. This is illustrated by examining nanographenes of
increasing size. For example, we obtain the following gneg tor values —0.11
(benzene, CgHg), —0.22 (coronene, Cy4Hp2), —0.68 (circumcoronene,
Cs4H1g), —1.27 (circumcircumcoronene, CggHoyg), and —2.16 (Ci50H30)
[45]. This trend in the total partial negative charges does not mean that
the larger PAHs in this series become energetically unstable. Therefore,
it may be more instructive to look at the average atomic charge per
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Fig. 3. Overview of the (a) sum of all the atomic charges on the negatively
charged carbons (gnegwr) and (b) average atomic charge on the negatively
charged carbons (qnegavg) along with the CCSD(T) G4(MP2) isomerization en-
ergies (AE;,, in kJ mol ') for the PAHs in the PAH335 database.
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negatively charged carbon in a PAH, i.e., qnegayg defined in eq. (3).
Fig. 3b plots the gpegavg values vs. the G4(MP2) isomerization energies.
Fig. 3b shows that guegaye < —0.06 e indicates energetic instability.
Practically all of the PAHs with gnegavy < —0.06 e are associated with
isomerization energies above 66 kJ mol ! (namely, 92 out of 95 PAHSs).
In addition, this diagnostic is able to capture nearly all PAHs with
isomerization energies above 150 kJ mol ™. That is, with the exception
of three isomers, all the isomers associated with isomerization energies
above 150 kJ mol ! are associated with Qnegavg Values below —0.06 e
(Fig. 3b).

Having established that the average partial negative charge within a
PAH (qnegavg) is a useful diagnostic for identifying highly energetic
PAHs, we now turn to the direct calculation of the isomerization en-
ergies via computationally economical quantum chemical methods. We
consider a range of DFT methods from rungs 1-4 of Jacob’s Ladder [46],
as well as SMO methods. Table 2 gives an overview of the performance
of the DFT methods. Let us begin with one of our key findings, that the
local density approximation (LDA), specifically the SVWN5 exchan-
ge—correlation functional, results in an excellent performance with a
MAD of merely 3.8 kJ mol~! over the entire PAH335 database. We also
note that the near-zero mean signed deviation of -0.4 kJ mol ! indicates
that SVWNS5 is not biased toward underestimation or overestimation of
the isomerization energies.

With no exceptions, SVWN5 outperforms all the functionals from
rungs 2 and 3 of Jacob’s Ladder. Remarkably, SVWNS5 outperforms most
of the functionals from rungs 3.5 and 4 of Jacob’s Ladder as well, in
particular, the functionals without a dispersion correction. It is well-
established that the local density approximation provides poor perfor-
mance for challenging thermochemical properties such as atomization
and bond dissociation energies [47]. However, it has been previously
found that SVWNS5 significantly outperforms many DFT methods from
all rungs of Jacob’s Ladder in predicting the linear alkane — branched

Table 2

Performance of a representative set of DFT and SMO methods for the isomeri-
zation energies in the PAH335 database relative to CCSD(T) isomerization en-
ergies obtained from G4(MP2) theory (in kJ mol1).™

MAD MSD RMSD
SVWNS5 3.8 -0.4 6.3
BLYP 11.7 -8.0 16.0
BLYP-D4 5.1 -3.6 8.4
PBE 9.3 -7.1 13.0
PBE-D4 5.8 -5.1 9.1
TPSS 9.8 -7.1 13.5
TPSS-D4 5.1 -4.3 8.1
MO6-L 4.9 -0.8 7.5
MN15-L 8.1 -5.5 10.8
B3LYP 6.5 -1.1 8.8
B3LYP-D4 3.3 21 4.7
PBEO 4.3 0.4 5.8
PBE0O-D4 2.8 2.2 3.8
BH&HLYP 7.9 7.0 10.9
BH&HLYP-D4 9.4 9.4 12.3
CAM-B3LYP 7.1 6.4 9.8
CAM-B3LYP-D4 8.3 8.3 111
®B97X 10.4 10.2 14.5
®B97X-D 7.2 6.8 10.2
TPSSh 7.5 -4.0 10.0
TPSSh-D4 3.0 -1.5 4.8
PW6B95 4.4 -0.3 6.1
PW6B95-D4 3.0 1.3 4.0
MO06 3.3 1.7 4.9
MO06-2X 7.2 7.2 9.5
MN15 3.7 1.8 4.7
AM1 23.3 21.1 32.2
PM6 11.4 6.6 15.3
PM7 12.3 8.1 16.2
XTB 9.6 -9.3 13.8

@ MAD = mean absolute deviation, MSD = mean signed deviation, RMSD =
root mean square deviation.
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alkane isomerization energy [13]. Reference [13] shows that SVWNS5 is
one of the few DFT functionals that are able to predict that the branched
alkane is more stable than the linear alkane across a set of alkane iso-
mers. The current results confirm that LDA provides excellent perfor-
mance for isomerization reactions across a much larger and more
diverse dataset of 335 PAHs.

Let us move to the performance of the generalized gradient
approximation (GGA) and meta-GGA methods. Both BLYP and PBE result
in poor performance with MADs of 11.7 and 9.3 kJ mol*. The meta-
GGAs TPSS and MN15-L do not improve on this performance; however,
MO6-L results in a significantly better performance with a MAD of 4.9 kJ
mol 1. With the exception of MO6-L, all the GGA and meta-GGA methods
tend to systematically underestimate the CCSD(T) benchmark isomeri-
zation energies, as demonstrated by MAD ~ -MSD. Therefore, adding a
dispersion correction is expected to improve the performance. Indeed,
the MADs are reduced by very significant amounts of 38-56% upon
including the D4 dispersion correction. Overall, BLYP-D4 and TPSS-D4
provide similar performance to MO06-L with MADs of 5.1 kJ mol~!
(Table 2).

Of the global hybrid functionals, B3LYP and PBEO emerge as the best
performers with MADs of 6.5 and 4.3 kJ mol 2, respectively. Similar to
the GGA and meta-GGA methods, including the D4 dispersion correction
significantly improves the performance. Namely, B3LYP-D4 and PBEO-
D4 attain MADs of 3.3 and 2.8 kJ mol !, respectively. In fact, the
remarkably low MAD for PBE0-D4 is not surpassed by any of the hybrid-
meta-GGA methods (vide infra). The range-separated hybrids CAM-
B3LYP and ®B97X (and their dispersion-corrected counterparts) pro-
vide relatively poor performance with MADs ranging between 7.1 and
10.4 kJ mol L.

As expected, a number of hybrid-meta-GGA methods provide excel-
lent performance. In particular, (MADs given in parentheses) TPSSh-D4
(3.0), PW6B95-D4 (3.0), M06 (3.3), and MN15 (3.7 kJ mol ™). Whilst
PW6B95 and PW6B95-D4, which involve 28% of exact Hartree-Fock
(HF) exchange, perform well with MADs of 4.4 and 3.0 kJ mol_l,
respectively. The increase in the exact exchange from MO06 (27% HF
exchange) to M06-2X (54% HF exchange) results in a significant dete-
rioration in performance from a MAD of 3.3 to 7.2 kJ mol ™}, respec-
tively. Overall, of all the considered functionals, PBE0-D4 emerges as the
best performer.

It is interesting to note that some of the MADs obtained here are very
similar to those obtained for a much smaller and less diverse database of
PAH isomerization energies, namely the PAH5 database, which involves
only five isomerization energies [48]. In particular, the MADs for the
PAH5 database are within 1.0 kJ mol™! from those obtained for the
PAH335 database for the BLYP, PBE, B3LYP, and PBEO functionals. For
another two functionals, M06-L and M06, the MADs obtained for the two
databases are within 2.0 kJ mol™! from each other. Table S3 of the
Supporting Information compares the MADs obtained for the two da-
tabases. We note, however, that for some of the functionals that were
considered in both benchmark studies (e.g., BH&HLYP, CAM-B3LYP,
®B97X, ®B97X-D, and M06-2X), the differences in MAD can vary by
over 1 kcal mol ™}, namely by 4.3-5.6 kJ mol . In addition, Table S3 of
the Supporting Information demonstrates that the MADs obtained for
the PAH335 database are, with no exceptions, larger than those ob-
tained for the PAHS5 database. These results indicate that although the
PAHS5 database can capture the performance obtained against a much
larger and highly diverse database of PAHs for some functionals, a small
database cannot reproduce the performance across a larger suite of
functionals. In this context, it should be mentioned that small databases
have to be carefully designed and benchmarked in order to capture the
performance of larger databases [49,50].

Let us move on to the performance of the SMO methods, which are
computationally much more economical than DFT methods. The para-
metric methods PM6 and PM7 provide similar performance with MADs
of 11.4 and 12.3 kJ mol !, respectively. This is a significant improve-
ment over the AM1 method, which attains a MAD of 23.3 kJ mol L. The
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more recently developed tight binding XTB method of Grimme and co-
workers attains a MAD of 9.6 kJ mol ' and emerges as the best-
performing SMO method. We note that XTB provides better perfor-
mance than several DFT methods (namely, TPSS, ®B97X, and BLYP) at a
significantly reduced computational cost. We, therefore, recommend
that in cases where large PAHs have to be examined, initial screening
with XTB followed by refined energy calculations with PBE0-D4 (or even
SVWN5) is a highly effective approach.

4. Conclusions

We obtain accurate CCSD(T) isomerization energies for a large and
diverse set of 335 PAHs with up to 36 carbon atoms by means of the G4
(MP2) thermochemical protocol. The database includes the following
PAHs (number of isomers given in parentheses): C17Hi2 (11), Ci9Hio
(12), CaoHi2 (21), C21H14 (27), CooHiz (15), C2Hig (12), Ca3Hig (18),
C24H14 (85), CasHi6 (10), Co6Hi4 (16), CasHie (37), CogHi4 (10), CagHie
(48), and C3gHi6 (13). The PAHs in this database include 5- and 6-
membered rings, both sp? and sp® carbons, and planar and nonplanar
structures. The smallest PAHs in the database (Ci7H;2) include four
condensed rings whereas the largest PAHs (Cs¢Hjg) include eleven
condensed rings. As such, this database is structurally highly diverse and
provides an excellent means for identifying structural and energetic
trends and for benchmarking computationally economical quantum
chemical procedures. The isomerization energies in the PAH335 data-
base vary over a wide range of 0.1-365.8 kJ mol L. Similarly, the dipole
moments for the PAHs spread over a wide range of 0.00-3.75 D, and the
HOMO-LUMO gaps vary between 0.84 and 4.77 eV. These properties
demonstrate the structural and electronic diversity in the PAH335
database. We use this dataset of accurate CCSD(T) isomerization en-
ergies for two purposes (a) identifying indicators for energetic instability
and (b) identifying DFT and semiempirical methods that are able to
accurately reproduce the G4(MP2) isomerization energies.

We find that a dipole moment above 1.0 D or a HOMO-LUMO gap
below 2.0 eV, are general indications of energetic instability. However, a
better indicator for energetic instability is the average atomic charge of
the negatively charged carbons in the PAH (i.e., gnegayg defined in eq.
(3). We find that gpeg avg values below —0.06 e indicate with no exceptions
energetic instability. Practically all the isomers associated with isom-
erization energies above 150 kJ mol ! are associated with Gnegavg values
below —0.06 e (Fig. 3b).

A number of DFT methods are able to reproduce the CCSD(T)
isomerization energies in the PAH335 database with mean-absolute
deviations below the threshold of chemical accuracy (i.e., MADs <
4.2 kJ mol ™). Perhaps the most surprising result is that the LDA method
SVWN5 attains a MAD of merely 3.8 kJ mol~! and outperforms all the
considered functionals from rungs two (GGA) and three (meta-GGA) of
Jacob’s Ladder. SVWNS5 also outperforms most of the functionals from
rung four of Jacob’s Ladder as well, in particular, the functionals
without a dispersion correction. Overall, the best-performing func-
tionals from each rung of Jacob’s Ladder are:

e LDA, SVWNS5, MAD = 3.8 kJ mol *

e GGA, BLYP-D4, MAD = 5.1 kJ mol ?

e Meta-GGA, M06-L, MAD = 4.9 kJ mol !

e Hybrid-GGA, PBE0-D4, MAD = 2.8 kJ mol

e Hybrid-meta-GGA, TPSSh-D4 and PW6B95-D4, MAD = 3.0 kJ mol *

Of the considered semiempirical methods, XTB emerges as the best-
performing method with a MAD of 9.6 kJ mol!. This performance is
followed by PM6 and PM7 with MADs of 11.4 and 12.3 kJ mol?,
respectively. Therefore, in cases where large PAHs (or a large number of
PAHs) have to be examined, initial screening with XTB followed by
refined energy calculations with PBE0Q-D4 (or even SVWNS5) is recom-
mended as a highly cost-effective approach.
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