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Validation of DFT-Based Methods for Predicting
Qualitative Thermochemistry of Large Polyaromatics

Karen Hemelsoet,*™ Freija De Vleeschouwer,® Veronique Van Speybroeck,®
Frank De Proft,”™ Paul Geerlings,” and Michel Waroquier*®

We present a validation of computationally efficient density
functional-based methods for the reproduction of relative
bond dissociation energies of large polyaromatic hydrocar-
bons. Through the calculation of intrinsic radical stabilities and
the computation of spin densities, the extent of delocalization
of the unpaired electron in the benzylic radicals is examined.
We focus on the influence of the level of theory choice applied
for the geometry optimization and the role of van der Waals
corrections on thermochemical properties. The dispersion ef-

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are amongst the most
widely studied organic molecules, both from an experimental
and theoretical point of view."® They are the largest known
class of chemical carcinogens and mutagens.*” Their origin
can be natural—they are found as traces in atmospheric aero-
sols and many celestial objects,®' or anthropogenic—they
are formed during the formation of soot or coal conversion
processes.'>'% Qur interest stems from their importance as key
intermediates in the coke formation process during steam
cracking."7? In particular, we have used various polyaromatic
structures to model the coke surface and to study carbon-hy-
drogen bond dissociation properties and corresponding hydro-
gen abstraction reactions from both pure and methylated
PAHSs.

A recent thorough theoretical study by Hajgaté et al. is of
particular interest for the present paper since it provides de-
tailed information on the true physical nature of the important
class of polyacenes.” It was (re)stated that all investigated n-
acenes (n=1 to 7) exhibit a 'A; singlet closed-shell electronic
ground state as opposed to the open-shell singlet biradical
nature which has been previously conjectured. The latter con-
clusion was however an artefact due to the instability of unre-
stricted wave functions in conjunction with rather modest
basis sets. Singlet-triplet gaps, both vertical and adiabatic,
could be determined very accurately by Hajgaté et al. using an
extrapolation to the highly accurate CCSD(T)/cc-pVooZ level.”
Other theoretical studies on aromatic molecules (with most
emphasis on benzene) have revealed that ab initio methods
such as MP2, MP3, CISD, and CCSD, combined with particular
basis sets predict anomalous, non-planar equilibrium geome-
tries whereas the planar structures are characterized to exhibit
at least one imaginary frequency.”?*%” This irregularity is due to
an insidious intramolecular basis set incompleteness error
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fects mainly influence the energetics, causing a small upward
shift of the bond dissociation energies. The long-range correct-
ed CAM-B3LYP functional does not improve the traditional
B3LYP results for the geometry description of the large delocal-
ized radicals, however a non-negligible influence was encoun-
tered when applied for the energetics. It is reported that the f
polarization functions present in the 6-311 + G(3df,2p) basis set
lead to an erroneous trend when combined with the B2PLYP
functional for the computation of the single point energies.

(BSIE). Moran et al. argued that only correlated wave functions
are susceptible to this BSIE. This problem is not observed for
the series of better balanced Dunning’s correlation consistent
basis sets.”®

Due to their challenging characteristics, PAHs are also con-
sidered as interesting test molecules to assess the performance
of newly developed theoretical models. In a recent article,
Neese et al. present an efficient implementation of a modified
MP2 technique, namely the orbital-optimized spin-component
scaled second-order Mgller-Plesset perturbation theory (OO-
SCS-MP2).”® MP2-based methods become computationally fea-
sible for systems of moderate size due to efficient implementa-
tion treatments such as the resolution of the identity (RI) ap-
proximation.”” The performance of the aforementioned OO-
SCS-MP2 approach was extensively benchmarked using three
different test sets, giving special attention to situations where
spin contamination in the unrestricted Hartree-Fock part sub-
stantially reduces the quality of the computation of the MP2
correlation energy.”® It was found that the orbital optimization
drastically improves the accuracy and stability of the parent
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nonorbital-optimized methods in electronically difficult situa-
tions, inherently at a higher computational cost. One of the
three chosen test sets involves two large methylated PAHs for
which carbon-hydrogen bond dissociation properties are cal-
culated. These systems have originally been investigated by
some of the present authors, where it was indeed noted that
HF and post-HF calculations on the resulting open-shell radi-
cals are largely hampered due to spin contamination.”” The
B3P86 and BMK functionals were found to provide good ener-
getics when benchmarked with G3(MP2)-RAD data.

In addition to studies focussing on post-HF variants, the use
of DFT-based methods remains often preferred when studying
systems of large size. Developments such as the inclusion of
dispersion interactions®®>? have boosted assessment studies
in recent years.”>*” The present contribution is dealing with
large polyaromatic systems and derived radicals, and hence
the failure of most commonly applied DFT functionals to de-
scribe the latter radicals should be taken into account. This fail-
ure is due to the delocalization error which leads to an un-
physical energy underestimation.*'* Johnson et al. have con-
structed two new functionals rCAM-B3LYP and MCY3 with min-
imal electron delocalization error.* Herein, we test the perfor-
mance of the CAM (Coulomb-attenuating method)-B3LYP
functional, which is a hybrid functional with improved long-
range properties.* The functional has been shown to provide
significantly better Rydberg and charge transfer electronic exci-
tation energies. Moreover, its performance for a wider range of
properties and molecules was assessed by Peach et al.,** dem-
onstrating the improved description of electronic polarisabili-
ties, which is consistent with the long-range nature of this
property. This was furthermore shown for the important class of
polyacetylene oligomer chains (size up to C,,H,¢) and its donor—
acceptor substituted counterparts.”’~* The performance of this
long-range corrected functional for the determination of the
mechanochemical strength of covalent bonds was assessed by
lozzi et al. However, a superior behavior of pure DFT methods
over B3LYP and CAM-B3LYP was obtained.”

Herein we focus on the reliable computation of bond disso-
ciation energies of systems for which a substantial delocaliza-
tion of the radical center is observed. Some of the present au-
thors recently generalized the concept of an intrinsic radical
stability scale, based on computed bond dissociation enthal-
pies that are broken down into parts that only incorporate
properties of the individual radical fragments, such as intrinsic
radical stabilities, a radical electrophilicity term and a local
Pauling electronegativity term.®*? This model explains 96 % of
the magnitude of the BDEs and a mean absolute deviation of
15.3 kJmol~" is observed®® when a comparison was made with
available experimental results, whereas the BDEs directly com-
puted from first principles show a deviation of 9.8 kimol™' for
the same set of experimental data. Other studies often use rel-
ative BDEs to determine radical stability sequences.®>**" |n
the case of the investigated PAHs, intrinsic radical stabilities
can be related to the degree of delocalization within these
large-sized radical systems.

The article is organized as follows. First, the extent of deloc-
alization and related intrinsic stability is elucidated using B3LYP
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optimized geometries. Second, the influence of the level of
theory used for the geometry optimization is examined. Third,
various energy refinement methods are assessed, with special
emphasis on the use of explicit dispersion corrections and the
long-range corrected CAM-B3LYP and LC-wPBE functionals,
complementing the information obtained from the analysis of
the intrinsic radical stabilities.

Computational Details

Calculations have been performed using the Gaussian 03*® and
Orca® packages. All computations involving the open-shell radical
species were performed using the unrestricted methodology,
unless noted otherwise. Herein bond dissociation energies, without
vibrational and thermal corrections to the electronic energies are
reported to allow a straightforward comparison with the results
from ref. [28]. These corrections can amount to 30 kJmol™' and are
reported in the Supporting Information. All structures are initially
optimized at the B3LYP/6-31+G(d,p) level of theory. The B3LYP
functional has previously been shown to provide good geometries
for hydrocarbons, for example, refs. [34,35,60,61].

Intrinsic radical stabilities were estimated using Equation (1):°?
BDE(A — B) =
(staby + stabg + aAw,Awg)
(stab, + stabg + aAwaAwg + bAYAAYs),

if xa<Oandysz <O

otherwise

According to this model, the bond dissociation enthalpy (BDE) of
the homolytic splitting of the molecule A—B into the fragments A
and B can be split into three parts, namely the sum of the stabili-
ties of A and B, a global term combining the electrophilicities (Aw)
of A and B and a local term involving the Pauling electronegativi-
ties (Ay) of the radical centers of A and B. More information can
be found in ref.[52], using B3LYP/6-311 +G(d,p) geometries and
B3P86/6-311 4+ G(d,p) energetics for the bond dissociation enthal-
pies and B3LYP/6-311+Gl(d,p) energies for the electrophilicities.
Herein, the same level of theory was applied for the energetics,
while the B3LYP/6-31+ G(d,p) method was used for the geometries
(only small deviations were found comparing both basis sets). In
the remainder of this manuscript, use is made of the standard no-
tation LOT-E//LOT-G with LOT-E and LOT-G being the electronic
levels of theory (LOT) used for the energetics and geometry opti-
mizations, respectively.

The influence of the geometry optimization on resulting bond dis-
sociation energies is assessed using B3P86/6-311G(d,p) energetics.
The good performance of this level of theory for the accurate re-
production of carbon-hydrogen bond dissociation properties was
previously established."*?? In particular, C—H bond dissociation en-
thalpies of a series of large polyaromatics (including the molecules
studied in the present work) were computed using the B3P86,
BMK and M05-2X functionals.” The assessment was based on two
grounds. First a comparison was made in the case of the C-H BDE
of toluene, for which experimental values are available and for
which we computed a high-level W1 value. Second, a comparison
was made with computed G3(MP2)-RAD data for toluene, singly
methylated naphthalene and anthracene and it was found that the
three functionals were able to provide correct chemical trends.
Overall, the B3P86 functional shows the best performance, fol-
lowed by BMK and MO05-2X. Herein, the B3LYP/6-31+ G(d,p) geo-
metries are compared with those using a 6-311G(d,p) and tzvp
basis set. The influence of an empirical dispersion correction
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(B3LYP-D) is also addressed (xyz coordinates of these optimized
structures can be found in the Supporting Information).” Addi-
tional CAM-B3LYP™ optimizations were performed using the Gaus-
sian 09 package.®” The CAM-B3LYP functional comprises 0.19 Har-
tree-Fock (HF) plus 0.81 Becke 1988 (B88) exchange interaction at
short range and 0.65 HF plus 0.35 B88 at long range.* The inter-
mediate region is smoothly described through the standard error
function with parameter 0.33a, .

Using B3LYP-D/tzvp optimized geometries, subsequent energy cal-
culations were performed with two DFT functionals, in particular
the B3LYP and BP86 methods. These were selected based on their
availability within the Orca software package and used in combina-
tion with the tzvpp basis set which introduces 2d and 1f polariza-
tion sets on each heavy atom together with 2p and 1d sets on
each hydrogen. The B3LYP/G implementation in Orca is applied.
B2PLYP-D calculations were also performed, using the Rl approxi-
mation for the Coulomb part as well as for the second-order per-
turbation part. In these cases, the tzvpp basis was extended with
matching auxiliary basis sets.

CAM-B3LYP energy calculations were also performed and com-
pared with standard B3LYP values in order to assess the influence
of long range effects on carbon-hydrogen bond dissociation ener-
gies. A slow convergence pattern was obtained in the case of cal-
culations using the large 6-311 4 G(3df,2p) basis set and hence also
the 6-311 4 G(d,p) variant was applied. Finally, additional LC-wPBE
calculations were performed.©-¢

In the online Supporting Information the C—H bond dissociation
energies (in kJmol™"), taken from ref. [28] or derived from ref. [23]
for the investigated molecules, thermal corrections to the enthalpy
lin kJmol™'] on the resulting bond dissociation energies [B3LYP/6-
31+ G(d)] and xyz coordinates of the optimized B3LYP-D/tzvp geo-
metries of the reactants and radicals are available.

2. Results and Discussion

Singly methylated PAHs are examined in detail. The molecules
are schematically shown in Figure 1 and represent examples of
a large linear (5) and non-linear (10) methylated aromatic. The
methylation can occur at different positions (indicated by num-
bers as given in Figure 1). Overall, seven singly methylated
PAHs are investigated herein.

13 14 !
5

Figure 1. Singly methylated PAHs. Methylated positions, where bond dissoci-
ations in the methyl groups are considered, are indicated by numbers. The
same labeling as in refs. [23] and [28] has been used.

10

2.1. Geometry Optimization

The optimized B3LYP/6-31+ G(d,p) geometries of all methylat-
ed reactant structures of molecule 5 were found to be planar,
as well as molecule 10-12. Reactant 10-1 exhibits modest de-
viations from planarity, whereas steric hindrance between the
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methyl group and the aromatic structure leads to a clearly
non-planar, curled up structure in case of 10-14. For the corre-
sponding radicals resulting from the C-H dissociation in the
methyl groups, substantial deviations from planarity are ob-
tained in case of 5-13, 5-14, 10-1 and 10-14.

In order to check the validity of a single-reference treatment
of the investigated large polyaromatics, the multiplicity of all
reactants and radicals was changed and the corresponding
structures were again optimized to obtain adiabatic (AD)
energy gaps. Vertical (VE) energy gaps were also obtained
using single-point energy calculations on the initial optimized
geometries. It is seen from Table 1 that in all cases the singlet

Table 1. Energy differences [kJmol~'] between the singlet and triplet
state (for the reactants) and the doublet and quadruplet state (for the
radicals), computed at the B3LYP/6-31+ G(d,p) level of theory.
AE(S-T) AE(D-Q)
VE AD VE AD

5-13 —92.1 —-71.8 —243.5 —190.7
5-14 —953 —74.7 —184.5 —146.2
5-1 —-97.0 —76.3 —120.4 —98.8
5-2 —97.3 —76.5 —128.5 —105.8
10-14 —241.1 —197.5 —308.4 —255.8
10-1 —255.1 —226.5 —246.4 —215.3
10-12 —643.2 —612.5 —257.9 —227.0

and doublet structures (for the reactants and radicals, respec-
tively) are energetically favored over the triplet and quadruplet
states. The large energy differences for both the vertical and
adiabatic energy gaps point out that a single-determinant de-
scription as applied in DFT is suited for the systems under in-
vestigation. The computed data of 5 are in line with the results
reported in ref. [25] for the (non-methylated) linear pentacene
molecule, exhibiting a vertical and adiabatic excitation energy
of 131.8 and 101.2 kimol™, respectively. The latter values have
been obtained at the very accurate CCSD(T)/cc-pVooZ level of
theory.

2.2. Delocalization of the Radical Center

A useful measurement of the degree of delocalization within
PAHs is to compute the intrinsic stability of the large radical
systems via a rather simple model as introduced by some of
the authors of this article.”” The model uses bond dissociation
enthalpies of the molecule A-B, as well as electrophilicities®"¢”
and Pauling electronegativities of A and B to estimate the sta-
bility of a certain radical A, irrespective of its radical partner B.
This implies that the intrinsic stability of the new radical can
be obtained on the basis of the computation of only the
global electrophilicity of this new radical and 1 BDE, for in-
stance PAH—H. It might, however, be advisable to estimate the
radical stability using three BDEs, for example, by combining
the radical with a (strongly) nucleophilic (e.g. hydroxymethyl),
a neutral (e.g. hydrogen), and a (strongly) electrophilic (e.g. flu-
orine) radical to guarantee that the influence of different
chemical environments is properly taken into account. This
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model has proven its value not only for radical systems,®*%

but also for other highly reactive species that display some
sort of radical character (such as the divalent silylenes and bir-
adical p-benzynes).”®

Table 2 contains the intrinsic stabilities for the different PAHs
in this work (Figure 1), resulting from radical combinations
with the strongly nucleophilic CH,OH, the neutral H and the
electrophilic F radical. The larger is the value for the stability

Table 2. Intrinsic radical stabilities (stab) [kJmol™'] using B3P86/6-311 +
G(d,p)//B3LYP/6-31+G(d,p) bond dissociation enthalpies and B3LYP/6-
311+ G(d,p)//B3LYP/6-31 + G(d,p) electrophilicities.

-13 67.4 10-14 91.3
5-14 78.7 10-1 127.5
5-1 112.0 10-12 1294
5-2 1m.3

property (stab), the less stable is the radical. From these data is
it seen that the site of methylation has a big influence on the
stability of the obtained radicals. Comparison with the previ-
ously established radical stability scale (see Figure 2) shows
that the PAH radicals, and especially 5-13, 5-14 and 10-14,

unstable radicals

b

*:1:

33,4
gfﬂ' <—— 10-1 and 10-12
?“0 <— 5-1 and 5-2

o 969 e 514 and 10-14 Stable radicais
= < 513
344 :

o1

Figure 2. Comparison of the PAH radical stabilities with the radical stability
scale of reference [52].

should be classified as very
stable. If we take the benzyl radi-
cal with an intrinsic stability of
130.9 kimol™', as the reference
system, all PAH radicals are iden-
tified as (much) more stable spe-
cies, except for the radicals 10-1
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zation of the unpaired electron, spin densities and spin atomic
charges of the investigated benzylic radicals were calculated
using the natural population analysis (NPA) scheme.”” The re-
sults are depicted in Figure 3. The benzyl radical, as a reference

B . T T T

0.0 0.2 0.4 0.6 08 spin charge of
the radical center
*® @ @ @ e @ *9*
gttt 0 . LI )
...0...'..... 5%
e o o o o e

Figure 3. Atomic spin charge of the radical center for the various large radi-
cals and the reference benzyl radical, calculated at the B3LYP/6-

311+ G(d,p)//B3LYP/6-31 + G(d,p) level of theory. Spin densities are also vi-
sualized for the underlined radicals. A continuous coloring range is applied:
green and red refer to positive and negative values of the spin density, re-
spectively; whereas black atoms are spin neutral.

system, is also shown. Compared to the reference system, the
spin charge on the radical center has decreased substantially:

5-13<5-14<K10-14<5-1<5-2x10-1
<10 — 12 < benzyl

This order is completely in line with the results from the
computed intrinsic stabilities (Figure 4). The spin charge on the
radical center correlates well with the intrinsic stabilities of the
radicals with a correlation coefficient of 95 %.

From Figure 3 it can be seen that the observed delocaliza-
tion behavior is highly dependent on the position of methyla-
tion and on the degree of planarity of the aromatic structure
(which will be discussed in more detail in Section 2.3.1). The
planar radicals 5-1 and 5-2 exhibit delocalization over the ring
where the extra CH, group is attached, as well as over the
second, third (and to less extent fourth) ring. In the fifth ring
the spin density can be considered as negligible. For the non-
planar radical 5-13 symmetric behavior is observed with the
largest spin density on the opposite carbon atom of the at-
tached CH, group. An analogous behavior is seen for 5-14,
with delocalization of the unpaired electron over all five rings.

- 410
400
390
380
r 370
360

W W
& g
o o

(%]
[#]
o

and 10-12. For the latter two
systems, we expect delocaliza-
tion only over the first ring.

In order to get a more visual
picture of the degree of delocali- ical.

@ NPA spin charge of the radical center
o
w
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Figure 4. Correlation between the spin charge on the radical center (in blue) and B3P86 bond dissociation ener-
gies (in red) versus the intrinsic stabilities for the investigated benzylic radicals, including the reference benzyl rad-
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In case of radicals 10-1 and 10-12, hardly any delocalization is
observed outside the ring containing the CH, group. The be-
havior hence resembles most the reference benzyl radical, ex-
plaining the close values concerning the intrinsic stabilities.
The delocalization over the extra rings is more pronounced in
case of radical 10-14. We expect the differences in delocaliza-
tion pattern of the unpaired electron to be reflected in the
degree of underestimation of the DFT energies of the radicals.
However, based on the analysis of the radicals, we can not pre-
dict the behavior of the bond dissociation energies as the
latter depend on the relative dissociation error of both the re-
actant PAH and product radical.

2.3. Bond Dissociation Energies
2.3.1. Influence of the Geometry Optimization

Previous studies focusing on hydrogen abstraction reactions
on hydrocarbons already extensively tested the influence of
the level of theory for the geometry optimization. It was found
that its influence is rather small, except for HF and MP2 meth-
ods where one is confronted with additional problems.*¢"
Moreover, hybrid DFT methods provide excellent low-cost per-
formance for larger molecules as are structures 5 and 10
(Figure 1). To reassess these statements for the present mole-
cules, C—H bond dissociation energies were calculated on a set
of geometries optimized using different levels of theory.

The influence of the basis set is addressed testing three dif-
ferent basis sets, in particular 6-31+G(d,p), 6-311G(d,p) and
tzvp. We want to note that in the case of the 6-31+G(d,p)
basis set, the inclusion of diffuse functions (of sp character)
also leads to a tzvp-type basis set and hence large differences
between these basis sets are not expected. The optimized geo-
metries (all in combination with the B3LYP functional) show
minor differences. Figure 5 displays the geometries of radicals
5-13 and 10-14, serving as illustrative examples for the non-
planar structures which are expected to be more prone to var-
iations in the basis set and inclusion of dispersion effects. The
variation of the relevant dihedral angle C2—C3—C4—C5 is negli-
gible, ranging between 23.2 and 24.2° for 5-13 and 36.3 and
36.5° for 10-14. Consequently, the geometry optimization
using a basis set of double- or triple-C quality has a minor
effect on the bond dissociation energies as can be seen in
Table 3. The highest difference is found for molecule 10-12,

C
ﬁ./""b C5{£

f"*f”‘r’“

S/‘\{ m r\
P Lsr/'\

— ~
5-13 10-14

Figure 5. Top and side view of radicals 5-13 and 10-14 with labeling of di-
hedral angles.
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Table 3. C—H bond dissociation energies [kJmol™'] using B3P86/6-
311G(d,p) energies as a function of level of theory used for the geometry
optimization.

B3LYP CAM-B3LYP B3LYP-D
6-31+G(d,p) 6-311G(d,p) tzvp 6-31+G(d,p) tzvp

Toluene 405.9

5-13 339.7 340.8 340.4 340.4 339.8
5-14 351.8 351.6 352.7 351.8 352.7
5-1 387.8 387.4 386.3 385.9 387.5
5-2 3834 382.7 382.7 3824 382.9
10-14 374.6 374.6 373.8 3754 373.6
10-1 401.1 401.2 403.3 401.0 403.1
10-12 404.0 401.5 401.7 402.0 401.8

the B3LYP/6-31+G(d,p) on one hand and the B3LYP/6-
311G(d,p) geometry on the other hand result in bond dissocia-
tion energies differing by 2.5 kJmol™".

As we are dealing with large delocalized radicals, CAM-
B3LYP/6-31+G(d,p) optimizations were also performed to
check whether the long-range correction has a substantial in-
fluence on the geometries. This is manifestly not the case:
values of dih(C2—C3—C4—C5) amount to 24.0 and 36.3° for 5-
13 and 10-14, respectively. The effect on the resulting carbon-
hydrogen bond dissociation energies is hence also negligible
(Table 3). Similarly, from Table 3 it is seen that the inclusion of
explicit dispersion corrections using the B3LYP-D methodology
also alters the bond dissociation energies only slightly, even
for an internally sterically hindered molecule such as 10.

2.3.2. Influence of Energy Refinements and Single-Point
Dispersion Effects

We now examine the performance of various levels of theory
for the qualitative and/or quantitative reproduction of bond
dissociation energies. Unfortunately, no experimental data are
available for carbon-hydrogen dissociation of these large me-
thylated aromatics. Hence, the recently reported OO-SCS-MP2
results are taken as a benchmark.”® An overview of available
literature values of bond dissociation energies of molecules 5
and 10 is given in the Supporting Information. Figure 6 dis-
plays the relative behavior of the dissociation properties as a
function of the methylated position. It should be stressed that
the data are based on different geometries and different levels
of theory for the energetics as outlined in Figure 6. Generally
speaking, the observed trend of bond dissociation energies
shows an increase of 15 kJmol™" from 5-13 to 5-14,"" then a
larger increase of 40 kJmol™" to 5-1, and the step from 5-1 to
5-2 leads to a decrease of about 5kJmol™'. The bond is
strengthened by about 25 kJmol™" going from 10-14 to 10-1,
and there is little difference between 10-1 and 10-12.

Basis Set Effects

Figure 6 also reports post-HF results taken from refs. [28] and
[23] and it is seen that the various levels of theory show the
same qualitative behavior, but for one manifest exception,
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Figure 6. C—H bond dissociation energies of molecules 5 and 10: a) this work,”" b) ref. [28], c) ref. [23].

namely the B2PLYP predictions using the 6-311+G(3df,2p)
basis set (red curve in Figure 6). We previously disregarded
these data since the radicals are heavily spin-contaminated.
Nevertheless, the large <S*> values do not explain why the
relative trend is not correctly reproduced. This was also point-
ed out by Neese et al., whose B2PLYP-D/tzvpp data show no
peculiarities. We therefore closely inspected the original com-
putations and it was observed that the B2PLYP/6-311+
G(3df,2p) discrepancies can be traced back to an erroneous un-
derestimation of the energy for the large m-radicals corre-
sponding to 5-1, 5-2, 10-1 and 10-12. The resulting bond
dissociation energy values are thus underestimated to the
same extent. Various basis sets were tested, including some
that lead to the aforementioned BSIE for benzene in ref. [26].
However, taking into account that we only vary the basis set
for the energy calculations, it was concluded that only the 6-
311+ G(3df,2p) variant predicts a significantly different behav-
ior. More specifically, omitting the f polarization functions on
the hydrogen atom in the large basis set leads to a correct pic-
ture as shown in Figure 7 for molecule 5 where C—H bond dis-

~ @
S o

6-31+G(d,p)
= 6-31++G(d,p)
6-311G(d,p)
m 6-311+G(d,p)
= 6-311+G(3d,2p)
= 6-311+G(3df,2p)

energies / kJ mol-!
NowW B L4
8 838 8 8

Relative C-H bond dissociation
=]

o

514 51 5-2

Figure 7. C—H bond dissociation energies [kJmol~'] of molecule 5, relative
to the value of 5-13. B3LYP/6-31G(d,p)-optimized geometries and B2PLYP
energies in combination with various basis sets.

sociation energy differences are depicted relative to the value
of molecule 5-13. The irregular behavior of the large 6-311+
G(3df,2p) basis set is an illustration of the main drawback of
the series of Pople-type basis sets, that is, they do not con-
verge towards a basis set limit with increasing size. This is
partly because no higher-/ functions are included, and because
the construction of larger basis sets (through inclusion of quite
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B2PLYP-Ditzvpp//B3LYP-D/tzvp (a)

4 B2PLYP-Ditzvpp//B3LYP-D/tzvp (b)
» 00-SCS-MP2/tzvpp//B3LYP-D/tzvp (b)

4 SCS-ROMP2/6-311+G(3df,2p)//B3LYP/B-31+G(d,p) (c)
* B2PLYP/6-311+G(3df,2p)/B3LYP/6-31+G(d,p) (c)
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different Gaussian-type orbitals)
is based on physical properties
rather than in a consistent fash-
jon. This is in contrast to the
Dunning-type basis sets. Howev-
er, the latter equivalents of
triple-zeta quality augmented
with diffuse and polarization
functions are computationally
unfeasible for systems of this
size. The reported basis set
effect is not observed for the
DFT-based calculations.

Explicit Inclusion of Dispersion Contributions

It was reported in ref. [28] that low-cost DFT methods show
the correct qualitative trend, however the quantitative agree-
ment with the post-HF methods such as OO-SCS-MP2 varies
considerably. New calculations have been done based on
B3LYP-D/tzvp-optimized geometries to address the inclusion of
van der Waals contributions. The BP86 and B3LYP functionals
are combined with a tzvpp basis set, the results with and with-
out dispersion corrections are reported. The applied methodol-
ogy is identical to ref. [28] to allow a transparent comparison
with the 00-SCS-MP2 results.”™ The data are given in Table 4

Table 4. C—H bond dissociation energies [kJmol~'].
Method/tzvpp//B3LYP-D/tzvp
00-5CS-Mp2i#® BP86 B3LYP BP86-D B3LYP-D

5-13 357.3 334.1 325.0 339.1 330.0
5-14 361.5 3443 337.0 349.2 341.9
5-1 400.4 3759 3728 379.7 376.6
5-2 393.7 3709 368.1 373.6 370.8
10-14 378.2 361.7 359.4 368.8 366.5
10-1 407.1 388.1 387.1 3933 392.2
10-12 406.7 390.4 386.9 3929 389.4

and displayed in Figure 8. It is illustrated that the qualitative
trend is again correctly reproduced by all levels of theory.
Larger deviations are obtained for the linear methylated mole-
cule 5 compared to the non-linear structure 10. Inclusion of
van der Waals corrections leads to slightly larger bond dissocia-
tion energies. The average increase equals 4.4 kimol™" for the
tested functionals. This small shift is nevertheless not sufficient
to obtain accurate quantitative data. The underestimation of
the bond dissociation energies in case of DFT functionals can
hence only be partially overcome through inclusion of explicit
van der Waals effects. Overall, it is concluded that the B3P86
results (derived from ref.[23] and tabulated in Table 3 and
Figure 8) are closest to the OO-SCS-MP2 values.

Long-Range Corrected Functionals

The observed energy underestimation of strongly delocalized
radicals is one of the shortcomings of most DFT functionals
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Figure 8. C—H bond dissociation energies of molecules 5 and 10: a) this work, b) ref. [28], c) ref. [23].

and is of great importance for the investigated class of mole-
cules. We thus tested the performance of the long-range cor-
rected CAM-B3LYP functional by comparison with B3LYP ener-
getics. The obtained data [using the B3LYP/6-31+ G(d,p) opti-
mized geometries] are tabulated in Table 5. In case of the

Table 5. C—H bond dissociation energies [kJmol™'] using B3LYP/6-31+
G(d,p)-optimized geometries.
6-311+G(d,p) 6-311 + G(3df,2p)
B3LYP CAM-B3LYP LC-wPBE B3LYP CAM-B3LYP
5-13 325.7 3194 297.5 3245 318.8
5-14 3376 330.0 310.1 336.6 3324
5-1 3739 3733 347.8 3749 3726
5-2 369.6 369.3 343.8 372.6 368.1
10-14 360.1 365.8 356.2 360.3 365.3
10-1 387.5 394.1 386.4 386.9 393.6
10-12 388.5 397.5 392.0 390.4 398.7

linear methylated molecule 5, CAM-B3LYP/6-311 + G(3df,2p)
predicts an average decrease of 4.2 kJmol™', which is in the
wrong direction with respect to the reference OO-SCS-MP2
values. However, in case of molecule 10, we get the opposite
and a required increase (average of 6.7 kimol™) is observed
comparing CAM-B3LYP with B3LYP. Convergence problems
were noticed for this large Pople-type basis set, and hence we
also performed calculations using the 6-311+ G(d,p) basis set.
Similar conclusions were obtained, that is, the mean average
difference between the CAM-B3LYP and B3LYP data equals
—3.4 and 6.6 kJmol™' for structures 5 and 10, respectively.
Moreover, additional LC-wPBE calculations (exhibiting 100%
exact exchange at long distance) also do not succeed in repro-
ducing the OO-SCS-MP2 data more accurately. Despite the
clear differences in extent of delocalization of the unpaired
electron (e.g. for molecule 10 the extended delocalization in
case of 10-14 versus the limited delocalization in case of 10-1
and 10-12), this is not reflected in the performance of both
long-range corrected functionals. The final correction due to
the long-range corrected density functionals is most probably
the result of the subtle balance of delocalization effects in the
PAH and the resulting radical. In addition, it should be re-
marked that the difference between the B3LYP and CAM-B3LYP
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bond  dissociation  energies
amounts to 8 kJmol™' at most
for the present set of com-
pounds.

® B3LYP/tzvpp//B3LYP-Ditzvp (a)
® B3LYP-D/zvpp//B3LYP-D/tzvp ()
# BP86/tzvpp//B3LYP-D/tzvp (a)
X BP86-D/tzvpp//B3LYP-Ditzvp (a)

3. Conclusions

Herein we validate the use of
density-functional-based  meth-
ods for the reliable computation
of relative carbon-hydrogen
bond dissociation energies of
large polyaromatics. The lack of
quantitative accuracy of all in-
vestigated DFT methods is out-
weighed by the qualitative agreement. The investigated mole-
cules are shown to be challenging and ideally suited to serve
as test systems for systematic improvements of new DFT- or
MP2-based methods.

Spin charges and intrinsic radical stabilities indicate the sub-
stantial delocalization of the unpaired electron. It is further-
more confirmed that geometries can be optimized using a
basis set of double-zeta quality without losing accuracy. Empir-
ical dispersion corrections as well as the use of a long range
corrected functional also has a negligible influence on the geo-
metrical parameters. Large excitation energy differences, both
vertical and adiabatic, are obtained favoring the singlet and
doublet electronic states of the reactant and radical hydrocar-
bons, respectively.

The inclusion of empirical dispersion effects for the energy
computations has a small, but positive effect on the quantita-
tive data when compared with available OO-SCS-MP2 results.
The B3P86 functional is the best performing low-cost DFT
functional. The long-range corrected CAM-B3LYP functional
shows an improvement over regular B3LYP for the investigated
non-linear large delocalized radicals, whereas this is not the
case for the linear variants. The LC-wPBE functional also does
not succeed in a systematic improvement. The deviating be-
havior of the B2PLYP/6-311 + G(3df,2p) energetics is attributed
to the f polarization functions present in this large Pople type
basis set, and this specific combination should hence be avoid-
ed. Finally, intrinsic stabilities are in line with the bond dissoci-
ation properties and indicate the largest stability for the linear
radicals with CH, groups sited at the inner rings.
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methods. More specifically, an increase of 18.6 kJmol™' was reported
using the B2PLYP functional for the energy computations.”® This dis-
crepancy can be attributed to differences in the geometry optimization,
as in ref. [28] the wrong electronic state was obtained for radical 5-13
(private communication with the authors of ref. [28]). The real ground
state is found to be 9.8 kJmol™' lower in energy at the B3LYP-D/tzvp
level of theory. This geometry corresponds with the one used in
ref. [23]. Use of the correct geometry results in a bond dissociation
energy value of 365.1 kimol™" using B2PLYP-D/tzvpp//B3LYP-D/tzvp,
which is 14.8 kimol™" lower compared to the value reported in [28]
(see behavior of the green circles in Figure 6).

[71] Neese and coworkers reported a slight increase of 4 kJmol™' from 5-13
to 5-14, which is not in correspondence with our original computa-
tions where a much larger increase was observed for all investigated
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