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ABSTRACT: Coronene is known in chemistry as an
aromatic or even superaromatic molecule while it has 24 z-
electrons which does not conform to the 4n + 2 Huckel’s rule.
Chemical bonding description of it is not settled in chemistry
and five models were reported in the literature. According to
our model, coronene has two concentric z-systems respon-
sible for aromaticity inside of the molecule. In addition to that
there are six peripheral 2c—2e z-bonds, which makes
coronene aliphatic/aromatic at the same time. However,

recent experiments and calculations put in question the presence of peripheral z-bonds. In order to resolve this issue, we
computationally studied reaction mechanism of the Cl, molecule with C,H,, CsHy, and C,,H,. As it turned out, coronene
behaves in a way similar to ethylene by adding Cl, molecule. Thus, it proves that coronene indeed has peripheral double bonds
which is also consistent with its experimental geometrical features. Our chemical bonding model allows to identify the most
reactive atoms in coronene and other PAHs; therefore, it is a matter of importance for combustion and soot formation studies.

B INTRODUCTION

Coronene C,,H,, is one of the most remarkable and intriguing
molecules in organic chemistry.'~'" Although it was first
synthesized almost a century ago'' it is still in focus*™*'?
because of its unusual structure which remains a conundrum.
As a big planar polycyclic molecule formally containing 24 7-
electrons, coronene does not correspond to aromatic
molecules which follow the 4n + 2 Huckel’s rule so its well-
known experimental stability could not be theoretically
substantiated by simple counting of conjugated system 7-
electrons. Moreover, six rim bonds have noticeably shorter
length, than other ones (Figure 1) and they are close to the
double bond C=C in ethylene 1.3305 A."> This fact might
indicate that these particular bonds have double bond
character up to significant extent.

Today we have a few possible interpretations of coronene
electronic structure (Figure 2).

One can infer from models 2, 3, and § that they do not
reflect completely coronene geometrical features. Models 2
and § do not show six rim 7-double bonds. Model 1 has some
peripheral 7-double bonding, but it is not as pronounced as in
models 3 and 4. Model 3 does not describe correctly the 7-
bonding inside of the coronene.

Last year there was a publication'® on synthesis and
characterization of persulfurated coronene C,,S;, also known
as Sulflower instantly attracted attention due to its unusual
high-symmetric and esthetic structure and prospective electro-
chemical properties. Moreover, it was named the molecule of
the 2017 year.'” Data regarding synthesis of Sulflower
demonstrates that on the first steps it was fully chlorinated
in the presence of Lewis acids giving structure C,,Cl},, D3, by
the electrophilic substitution which seems to be solid evidence
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Figure 1. Bond lengths in coronene. All values are in A. Upper values
are obtained at the PBEO/cc-pVTZ level of theory, bottom ones (in
parentheses) are experimental averages from X-ray data'* assuming
Dg;, symmetry of coronene. C atoms are gray; H atoms are blue. Red
bond (1.357) refers to peripheral or rim bond, blue one (1.421) to
flank, and green one (1.416) to spoke, and pink one (1.424) refers to
hub or central hexagon bond.

that it is a typical aromatic compound without any rim double
bonds (Figure 3).

At first sight, Sulflower synthesis only made the coronene
puzzle more tangled. On the one hand C,;H,, was electro-
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Figure 2. Different chemical bonding models of the coronene. Model 1 is a Kekule-like structure with arrows marking Clar sextet migration.15
Model 2 was suggested by Schleyer and co-workers.® Model 3 was presented by England and Ruedenberg.” Model 4 was obtained by Boldyrev and
Zubarev using the AANDP method.>* Model § was obtained by Zhai and co-workers using the AINDP method.®

Figure 3. Simplified synthetic pathway of C,,S;,. Here and elsewhere
C atoms are gray, H atoms are blue, Cl atoms are green, and S atoms
are yellow.

philically substituted, which is a tendency of aromatic
molecules. On the other hand, we have to keep in mind that
presence of double peripheral bonds usually means an
inclination to electrophilic addition reactions.

Because of lack of agreement between above-mentioned
facts we feel necessity to resume the discussion which model of
coronene chemical bonding is more pronounced (Figure 2).
To answer to the question whether the coronene possess
double bonds or not we suggest reactivity-based theoretical
approach. We believe that this research will help us not only
understand the nature of coronene structure more deeply, but
also could be important for rationalizing the reactivity of other
PAHs. Exploring reactive sites of PAHs plays crucial role in
modern ecology, especially in branches regarding combustion
and soot formation.'®™**

In this article we decided to check the presence of the rim
double bonds in coronene through the calculations of the
reaction pathways of chlorination for coronene C,H,,
ethylene C,H, and benzene C¢Hy It is well-known that Cl,
molecule reacts with the C,H, producing the adduct C,H,Cl,
while Cl, reacts with C4Hg leading to monosubstituted
benzene C4H Cl and HCIl. We hope that pathway of the
reaction of Cl, with C,,H,, will yield one of these mechanisms
thus giving us the evidence of the presence or absence of the
peripheral double bonds.

B COMPUTATIONAL SECTION

All calculations were carried out at the PBEO/cc—pVTZ24_26
level of theory using the software packages Gaussian 09.>” All
the structures were optimized up to default gradient value of
1077 hartree/bohr correspond to energy minima if the other is
not specified. The nature of stationary points was evaluated by
the calculations of analytical frequencies. The minimal energy
pathways (MEPs) of reactions were obtained by the gradient
descent from the transition states in the forward and backward
directions of the imaginary frequencies vectors scaled by 0.1
coefficient. All the calculations were done in gas phase under 1
atm pressure and 298 K degrees. For the molecules C,,H,,,
D, Cy4Clyy, D3gy Cy4815 Dy Co4HpClyy, D3y and €y Hy,Clyy,
Ds wave function stability was checked. The search of
transition states was based on Berny algorithm.”® To perform
chemical bonding analysis the AANDP software was applied.””
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Canonical MO and NBO*™' analysis for ADNDP were
conducted at the PBE0/6-311G**//PBE0/cc-pVIZ level of
theory. Both general and directed methods of search for
multicenter bonds were implemented according to the
techniques described earlier in works.”* Additionally NICS
inidices”* > were calculated at PBEO/cc-pVTZ for the
systems Cy,Hy,, Cp4H ,Cly, and CyH),Clyy, Dy,

B RESULTS

First we considered the chemical bonding picture in coronene
C,,H;, and its derivatives synthesized in recent years.16
Bonding pattern for coronene obtained within PBEO0/6-
311G**//PBEO/cc-pVTZ methods has no qualitative or
quantitative differences from the previously reported ones
(Figure 4).3* According to this analysis, in coronene we have

30x 2c-2e C-C o-bonds 12 x 2c-2e C-H o-bonds 6 x 2c-2e C-C n-bonds
ON=1.76|e|

ON=1.99-1.95|e| ON=1.98|e|

3 x 6¢-2e C-C m-bonds
ON=1.87-1.67|e|

o N
3 x 24c-2e C-C m-bonds
ON=2.00]e|

Figure 4. AANDP analysis for C,,H,. Thirty 2c—2e C—C o-bonds,
12 2c—2e C—H o-bonds, and six 2c—2e C—C z-bonds (upper line)
superimposed on the molecular framework, three 6c—2e C—C -
bonds on the central hexagon (central line), and three 24c—2e C—C
7-bonds delocalized on all C atoms (bottom line).

30 2c—2e C—C o-bonds, 12 2c—2e C—H o-bonds, six 2c—2e
C—C z-bonds, and three 6c—2e C—C z-bonds on the hub
hexagon and three 24c—2e C—C 7-bonds delocalized on all C
atoms. Since the occupation numbers (ON) for the 2c—2e 7-
bonds are somewhat low it signals that other C atoms may
contribute to these bonds. Including the two sides carbon
atoms causes increasing of occupation numbers up to 1.99 lel
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in the 4c—2e m-bonds without any significant impact on shape
or ON of other bonds (for full picture of the 4c—2e bonds see
Supporting Information, Figure S1). The difference between
1.99 lel (4c—2e) and 1.76 lel (2c—2e) shows the effect of
conjugation of the 2c—2e 7-bond with the neighboring atoms.

In the structure C,,Cl;,, D5, the AUNDP method recovered
the chemical bonding pattern which is very close to C,,H,,
even though C,,Cl;,, D;; is not planar at all (Figure S).

C

12 x s-lone pairs on Cl

12 x p-lone pairson CI 12 x p-lone pairs on Cl

ON=1.99]e| ON=1.90]e| ON=1.96|e|

30 x 2c-2e C-C 5-bonds 12 x 2c-2e C-Cl 5-bonds 6 x 2c-2e C-C n-bonds
ON=1.99-1.94|e| ON=1.98]e| ON=1.77]|e|

L
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»

o

/
/

7

3 x 6¢-2e C-C n-bonds
ON=1.88-1.66]e|

e

Figure 5. ADNDP analysis for C,,Cl;, D3,;. Twelve lone pairs of s-type
and 24 of p-type located on 12 Cl atoms, (upper line), 30 2c—2e C—
C o-bonds, 12 2c—2e C—H o-bonds, and six 2c—2e C—C z-bonds
(second line) superimposed on the molecular framework, three 6c—2e
C—C n-bonds on the central hexagon (third line), and three 24c—2e
C—C r-bonds delocalized over all C atoms (bottom line).

3 x 24c-2e C-C n-bonds
ON=2.00]e]|

According to our calculations, Cl atoms were located out of
plane by 0.963 A and C atoms by 0.349 A. We also performed
the AANDP analysis for the C,,S;, but since we got a very
similar bonding picture to both C,,H;, and C,,Cl},, D3, we
placed it in the Supporting Information (Figure S2).

B MEPS STUDY

At the next stage we studied minimal energy pathways (MEPs)
and analyzed monochlorination of ethylene C,H,. It goes as a
three-step mechanism initiating with addition (C,H,Cl,-TS1)
of a chorine radical to the double bond forming triangle
complex C,H,Cl-Cl (Figure 6, line a). Furthermore,
intermediate C,H,CI-Cl adds second chlorine radical (C,H,
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AH
CeHeCl-TS  80% cohc1, 751 (56.8) —— linea
(60.6) CaaHiCL-TS (49.1) line b
P 604 TS EE ST line c
' L\ /A GHeClrTS2
40 W\ (632)
%20/ * GH,CICl
" (26.5)
! ] S reaction
20 %FE} coordinate
ﬂ CaaH1:Cla GHaCl-TS3
CoHsCI-HC 40 (-18.6) 3%'/ (-438) l(y
-30.7 )
( ) -0 cis-CoHaCly  trans-C,H4Cl,
(-46.2) (-47.5)

Figure 6. Calculated at PBEO/cc-pVTZ reactions pathways of
monochlorination. Green solid line (line a) corresponds to C,H,
MEP, red round dot (line b) to C¢Hg and blue dash (line c) to
C,Hy,. Origin of coordinates and zero AH value are on the
intersection of axis. As the initial point of all MEPs sum of energies of
separated reactants were taken. AH is in kcal/mol and represents
relative gas-phase enthalpy (values in parentheses). Transition states
on the reaction coordinate are marked as TSs. Results of AINDP
analysis for structure C,,H,,Cl, are depicted in Figure 7.

30 x 2c-2e C-C 5-bonds 12 x 2c-2e C-H 5-bonds 5 x 2c-2e C-C n-bonds
ON=1.99-1.95]e| ON=1.98]|e]| ON=1.78-1.68|e|
2 x 2c-2e C-Cl o-bonds
ON=1.96|e|

3 x 6¢-2e C-C m-bonds

ON=1.86-1.58e|

3 x 24c-2e C-C n-bonds
ON=2.00]e]|

Figure 7. AANDP analysis for C,,H},Cl,. Lone pairs of s-type and p-
type on Cl atoms are omitted, 30 2c—2e C—C o-bonds and two 2c—
2e C—Cl o-bonds, 12 2c—2e C—H o-bonds and six 2c—2e C—C z-
bonds (upper line) superimposed on the molecular framework, three
6c—2e C—C m-bonds on the central hexagon (third line), and three
24c—2e m-bonds delocalized over all carbon atoms (bottom line).

Cl,-TS2) which leads to the formation of cis-dichloroethylene
cis-C,H,Cl,. After that sterically hindered cis-conformer cis-
C,H,Cl, turns into the more stable trans-conformer trans-
C,H, through the transition state C,H,Cl,-TS3. Then we
studied chlorination of benzene C4H, (Figure 6, line b). The
steepest descent alongside the imaginary frequency of located
transition state C¢H4Cl,-T'S leads us to the o-complex in which

DOI: 10.1021/acs.jpca.8b07937
J. Phys. Chem. A 2018, 122, 8585—8590


http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.8b07937/suppl_file/jp8b07937_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.8b07937/suppl_file/jp8b07937_si_001.pdf
http://dx.doi.org/10.1021/acs.jpca.8b07937

The Journal of Physical Chemistry A

during optimization procedure proton migrates from sp’-
hybridized C atom to Cl radical forming z-postreaction
complex C4H;CI-HCI. Only substitution reaction pathway for
C¢Hg was obtained since every optimization of transition state
gave us CsH(CL-TS. In case of coronene C,,H;, one-step
addition reaction pathway was found (Figure 6, line c). The
approach of Cl, molecule (in transition state C,,H,;,Cl,-TS) to
substrate C,,H,, results in the consecutive antiaddition of CI
radicals to which initial Cl, molecule dissociates. It leads to the
formation of adduct C,,H;,ClL,.

B THERMOCHEMICAL DATA

At the next step we performed calculations for the heat of
substitution and addition reactions (Figure 8). The product of

% o l
C24Cliz, D3y ‘<-> %x X‘o CaaH1aClz, Ds
AH=-254.7 £ AH=-720
pY d
7
/
s/ )
C24C|u, Den CasHa C24H12Cl1z, D3a
AH =-227.0 AH=0.0 AH = 161.0

Figure 8. Thermodynamics data for coronene reactions of
substitution (left side) or addition (right side). AH is in kcal/mol
and represents relative gas-phase enthalpy (values below structures).
To calculate relative values electronic energies of the reactants above
arrows were added to coronene and energies of below ones were
added to products.

full substitution Cy,Cl,, Djy is more stable than initial
coronene C,,H;, by 254.7 kcal/mol while the hypothetical
perfectly plane isomer C,,Cl;,, Dy, is less stable by 27.7 kcal/
mol thermodynamically than the nonplanar structure and has
nine imaginary frequencies. As calculations showed, the
structure C,,H,,Cl;,, D¢, is exothermic meanwhile the
speculative product C,,H,,Cl;,, D3, of the addition to the
spoke bonds is energetically absolutely not feasible.

Chemical bonding pattern revealed by AANDP of the
molecule C,,H,,Cl},, Dy is represented in Figure 9.

B NICS CALCULATIONS

To assess aromaticity in initial coronene C,H,, and its
products of addition (C,,H;,Cl, and C,,H,,Cl,, D) NICS,,
indices were calculated at the PBEO/cc-pVTZ level of theory
(Supporting Information, Figure S3 and Tables S21—523). For
each system six NICS values were obtained from NICS(0.0),,
to NICS(1.0)., using 0.2 A increment.

B DISCUSSION

On the basis of the mechanism of chlorination for C,,H,,,
C,H,, and CcH¢ (Figure 6), we can discuss coronene
electronic structure. Let us begin with the kinetic study of
C,H, chlorination. We found the classical textbook mechanism
which correlates well to previous theoretical investigation of
ethylene halogenation MEP.*® On the contrary, CsHy showed
no inclination to addition reactions. As it was expected, it
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12 x 2c-2e C-Cl o-bonds
ON=1.96|e|

30 x 2c-2e C-C o-bonds 12 x 2c-2e C-H o-bonds
ON=1.97|e]|

ON=1.98-1.96e|

6 x 2c-2e C-C m-bonds
ON=1.80]e|

Figure 9. AANDP analysis for C,,H,,Cl},, Ds. Lone pairs of s-type
and p-type on Cl atoms are omitted, 30 2c—2e C—C o-bonds, 12 2¢c—
2e C—H o-bonds and 12 2c—2e C—Cl o-bonds (upper line)
superimposed on the molecular framework, and six 2c—2e C-C z-
bonds on the central hexagon (bottom line).

undergoes one-step substitution reaction very typical to
organic aromatic compounds while transition state leading to
addition reaction was not located at all. Now the question is, to
which of them, ethylene or benzene, coronene is closer in its
reactivity? According to calculations, coronene follows ethyl-
ene-like reaction path but undergoes it at one-step and with
lower activation energy (Figure 6). Interestingly, C,,H;, does
not form triangle complex as a first intermediate of
electrophilic addition. Probably such facilitation of addition
reaction caused by distortion of the high symmetrical carbon
framework after the attachment of first chlorine radical (Figure
7). All the facts indicate that C,,H,, indeed behaves in the
similar manner as ethylene and may form adducts in
electrophilic reactions.

On the other hand, calculated thermochemical data reveals
that reaction of the full substitution of coronene is more
favorable than addition reaction of six Cl, molecules (Figure
8). According to the AANDP analysis, addition of even one Cl,
molecule causes the noticeable deterioration of aromatic
system in structure C,,H;,Cl, (Figure 7). As we can see
from chemical bonding picture, Cl, addition not only
consumes one of the z-bonds (just like in the case of
ethylene) but also breaks symmetry of 24c—2e bonds
appreciably depleting one of these bonds. It could be expected
because 2c—2e z-bonds are not entirely isolated; in case of
coronene they overlap with three aromatic 24c—2e bonds
delocalized over all carbon atoms. This, indeed makes
coronene one of the most exciting nonclassic structures.
Being on the edge of two contrast properties it possesses both
of them up to a certain extent. It should be noticed that
monosubstituted coronene was synthesized many years ago in
presences of Lewis acid.’’ Seemingly product of coronene
chlorination heavily relies on reaction conditions thus giving us
reason to hope that adduct C,,H,,Cl, could be experimentally
obtained.

Obviously consequent addition of Cl, to C,,H,Cl, will
gradually drain concentric aromaticity causing further insta-
bility and the product C,,H,,Cl,,, D, is an example. Complete
addition does not have any crucial impacts on o-framework
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besides steric distortion whereas rim 7-bonds are fully depleted
as well as concentric aromaticity (Figure 9). These AANDP
results showing gradual depletion of aromaticity from initial
coronene to product of complete addition are also in good
agreement with NICS indices known as widely used
aromaticity markers (Supporting Information, Figure S3,
Tables $21-823).%*7%

Residual density in structure C,,H;,Cl,,, D was located in
shape of six spoke 7-bonds. It does not mean that C,,H,,Cl,,,
D, is still very reactive since any further addition likely has to
be highly endothermic due to steric reasons and extremely
strong repulsion between chlorine atoms as in product
CyH,Cly,, Dy, (Figure 8). Structure C,,H;,Cl;,, Dy,
correlates to the adduct of six Cl, molecules to the C,,H,,
described by model 3 of England and Ruedenberg.” Such
addition is possible only in the case of full destruction of both
aromatic circles since it consumes all the delocalized electrons
to produce new twelve C—Cl o-bonds. This result is consistent
with the previous investigation,'” where the authors considered
hydrogenation of coronene. According to both experimental
and theoretical methods, it was found that hydrogenation of
the carbon atom involved in 2c—2e rim n-bonds is more
kinetically and thermodynamically favorable than the hydro-
genation of spoke bond carbon atoms. The lower preference of
attack involving spoke and hub carbon atoms may be explained
by the overlapping of the two concentric aromatic systems. In
contrast to adducts C,,H;,Cl;,, D, and C,,;H,,Cl,,, D5, fully
substituted C,,Cl},, Dg remains being aromatic as well as
C,4S1, (Supporting Information, Figure S2).

As it was emphasized in the Introduction, recent model §
does not recover six rim m-bonds and presents peripheral
aromatic system consisting of 18 electrons. Formally it meets
Huckel’s rule but ignores crucial geometrical features and
therefore chemical properties. For instance, predicted by MEPs
calculations tendency to addition reactions.

B CONCLUSIONS

We believe that considered model reaction of C,,H;,
chlorination is a persuasive evidence of the existence of six
C,,H,, peripheral 7-bonds. Noticeably, model 1 also explains
why the addition reaction is exothermic in coronene.
According to this model the addition does not break the
aromaticity of the system since the final product keeps the
three Clar z-sextets.

If we return to Figure 2, now we see that models 2, 3, and §
do not fully agree with the geometrical features of coronene.
Apparently, the main purpose of good chemical bonding model
is to serve as bridge between the nonintuitive laws of quantum
mechanics and visual language understandable by chemists.
Taking into account that our model represents both geo-
metrical features and simple chemical properties we assume it
as the most suitable for C,,H,,. We would like to believe that
this study will be a breakthrough in coronene’s puzzle solution.
Also, we reckon that obtained results will help to detect most
reactive sites of PAHs which are of the essential interests for
the proper models of combustion and soot formation.'*™** We
plan to study chemical bonding in larger PAHs with the aim of
developing a general simple representation of these kind of
molecules.

We consider this case as the first example of application of
AdNDP method to reactivity predictions. Although ANDP at
this moment does not operate with quantitative markers as for
instance Fukui functions or reactivity indices, it is still a
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powerful tool for making illustrative pictures of chemical
bonding for wide audience of scientists.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.jpca.8b07937.

AdANDP analysis for C,,H;, (4c—2e peripheral bonds
recovered instead of 2c—2e) and C,,S;,, Cartesian
coordinates for all structures mentioned and values of
NICS for C,,H,,, C,4H;,Cl,, and C,,H,,Cl,,, D¢ (PDF)
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