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The enhanced stability of bent or kinked polycyclic benzenoids over linear ones is well established,
phenanthrene and anthracene being archetypal representatives. The question why kinked is more stable
than linear is, however, still a matter of discussion. Recently, it has been proposed-tHabdhding
interactions between the two hydrogen atoms in the bay region of phenanthrene are responsible for the
larger stability of this molecule as compared to anthracene. This conclusion conflicts with the vast body
of evidence for nonbonded steric repulsion between these hydrogen atoms. In this work, we provide
new, complementary evidence for the repulsive character of thid kteractions in phenanthrene’s bay
region. We have traced the origin of phenanthrene’s enhanced stability to the more efficient bonding in
the r-electron system using, among others, a quantitative energy decomposition analysis of the bonding
between the two constituting 2-methtriyl-phenyl fragments in both phenanthrene and anthracene (i.e.,
Ci4H1p = CeHy—CH™ + C¢Hs—CH™). The scope of our study is extended to polycyclic benzenoids by
analyzing also hexacene and various bent isomers of the latter. Our results once more falsify one of the
core concepts of the theory of atoms-in-molecules (AIM), namely, that the presence of bond paths and
the presence of bond critical points (they exist indeed between the two bay H atoms in phenanthrene) are
sufficient indicators for a stabilizing interaction. Instead, our results confirm that these AIM parameters
merely diagnose the proximity or contact between charge distributions, be this contact stabilizing or
destabilizing.

1. Introduction

H H H
The G4Hipisomers anthracené)and phenanthren@) are H H
the simplest representatives of the class of linear and bent
catacondensed polycyclic benzenoids, respectively. H
The introduction of a kink in the linear benzenoid structure, H H

that is, going froml to 2, has important consequences for H H H

stability, electronic, and magnetic propertle$.The photoelec-

tron spectra, for example, show that the first ionization potential 1 2
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(F.M.B.); +34-97-24-18356 (M.S.). theoretical calculations indicate a larger HOMOUMO gap
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t Universitat de Girona. for 2,° which is corroborated by the experimentally observed

(1)NIST Chemistry WebBooK\IST Standard Reference Database blue shift of the $—~S transition when going froni to 2.2
Number 69, June 2005 release. http://webbook.nist.gov/chemistry. Coleman,Furthermore, electronic ring currents irare mainly localized
D. J.; Pilcher, GTrans. Faraday Socl966 62, 821. ; i

(2) Dabestani, R.; lvanov, |. N°hotochem. Photobioll999 70, 10. N th? central hexagon. WhereaSZrth(_ay are. strongest in the

(3) Kato, T.; Yoshizawa, K.: Hirao, KJ. Chem. Phy2002 116, 3420. terminal hexagor¥ which translates into different magnetiz-

(4) Boschi, R.; Clar, E.; Schmidt, Wl. Chem. Phys1974 60, 4406. ability values and nuclear magnetic shielding ten$ors.
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unlikely’®20 or even erroneou®:?! In an excellent and
comprehensive review about bonding in organic crystals, Dunitz
and Gavezzot# note in connection with AIM’s supposed 10
kcal/mol H—H bonding in phenanthrene the following:

The concept of “hydrogenhydrogen bonding” is offered as
an explanation for the relate thermodynamic stability of
phenanthrene ger anthracene and of chryseneas tetracene.

Possibly the most striking effect of introducing a kink, from
11to 2, is the enhanced stability of the bent isomer: it is well
documented by various experimehfaland theoretical studigg 12
that phenanthrene2) is 4—8 kcal/mol more stable than
anthracenel)). This was rationalized already in 1933 by Pauling
and Shermart in terms of more efficient resonance in the
m-electron system and, later on, through Clar's model of
aromaticity®14in terms of the larger number of “aromatic This is clearly an unorthodox and challenging proposal because
sextets” in2 (namely, 2 sextets) than ib (namely, 1 sextet). chemists hae their own way of deciding which atoms are
Indeed, there is now a general consensus about the highebonded to which in a molecule, and it clashes seriously with
aromaticity of phenanthrene as compared to anthratg#e'® the chemist’s picture. Besides, there are alterr@gxplanations

The above classical picture of phenanthrene’s enhancedof the relatve Stabl|lty of phenanthrene and anthracene, based
stability (and that of other bent polycyclic benzenoids) deriving ©n qualitatve comparison of the resonance stabilization of the
from betterz bonding has recently been questioned by Matta, two molecules.

Hernandez-Truijillo, Tang, and Bader (MHTBY) on the basis
of atoms-in-molecules (AIM) analysé%”’ MHTB claim to have
evidence for stabilizing hydrogerhydrogen bonding interac-

It is, however, fair to add that Dunitz and GavezZ8ttio
not dismiss AIM theory. Furthermore, Haaland ef'ahave
shown that helium’s AIM atomic energy is dramatically (more

tions (as opposed to nonbonded steric repulsion) between thethan 300 kcal/mol) stabilized when it is brought from the gas
two hydrogen atoms in the bay region of phenanthrene (H4 and phase into adamantane in the inclusion complex He@adamantane,
H5, see2), in the form of the existence of a bond path between despite the strongly antibonding HE" interactions taking place
the two H nuclei and the corresponding bond critical point. In in the complex which is destabilized by about 150 kcal/mol
addition, according to the AIM calculations, hydrogen atoms relative to separate He adamantane. The origin of the problem
taking place in the supposed-HH bonding are about 5 kcal IS that the interpretation in AlM th_e_ory of its core concepts is
mol-L stabilized in phenanthrene with respect to “noninteract- flawed: bond paths and bond critical points do not indicate
ing” hydrogen atoms in the linear isomer. This was interpreted Ponding, they merely indicate proximity or contact between the
by MHTB as a stabilization of the overall molecular energy by WO atomic charge densities involved. This has been repeatedly
10 kcal/mol because of HH bonding and the origin of the ~ Pointed out by others and by 1§s?":23°2° (see, however, the
increased stability of phenanthrene relative to anthracene andrebuttal in ref 27).

more generally, offlphenacenes as compared to theirisomeric  In the present study, we address the question why phenan-
[njacenesy threne @) is more stable than anthraceri. (Is the classical

However, there is an increasing body of evidence that the model of betterr bonding in2 valid? If so, why exactly ist

S : bonding more stabilizing ir2 than in1? Or, is phenanthrene
physical interpretation of AIM concepts, such as bond paths .
and atomic stabilization energies, is unclear. In particular, the (2) more stable because of-Hi bonding between the bay

hypothesis in AIM theory that the presence of a bond path is a hydrogen atoms, as postulated in the AIM study of MHTB? To

necessary and, importantly, also a sufficient condition for the answer these questions, we have carried out an extensive
analysis of the bonding in anthracene and phenanthrene using

existence of a bonding interaction has been repeatedly shown

(5) Steiner, E.; Fowler, P. Wint. J. Quantum Cheml996 60, 609.
Anusooya, Y.; Chakrabarti, A.; Pati, S. K.; RamaseshanSJ. Quantum
Chem. 1998 70, 503. Lazzeretti, PIn Progress in Nuclear Magnetic
Resonance Spectroscomsley, J. W., Feeney, J., Sutcliffe, L. H., Eds.;
Elsevier: Amsterdam, 2000; Vol. 36, p 1. Steiner, E.; Fowler, P. W.;
Havenith, R. W. A J. Phys. Chem. 2002 106, 7048.

(6) Ligabue, A.; Pincelli, U.; Lazzeretti, P.; Zanasi, R. Am. Chem.
Soc.1999 121, 5513.

(7) Biermann, D.; Schmidt, WJ. Am. Chem. Socl98Q 102 3163.
Biermann, D.; Schmidt, WJ. Am. Chem. S0d.980 102, 3173.

(8) Balaban, A. TPure Appl. Chem198Q 52, 1409.

(9) Behrens, S.; Kster, A. M.; Jug, KJ. Org. Chem1994 59, 2546.
Moyano, A.; Paniagua, J..Q. Org. Chem1991 56, 1858. Moyano, A.;
Paniagua, J. CTrends Org. Chenl993 4, 697.

(10) Randi¢ M. Chem. Re. (Washington, D. C.2003 103 3449.

(11) Matta, C. F.; Herfradez-Trujillo, J.; Tang, T.-H.; Bader, R. F. W.
Chem—Eur. J.2003 9, 1940.

(12) Fukui, K.Sciencel982 218 747.

(13) Pauling, L.; Sherman, J. Chem. Phys1933 1, 606.

(14) Clar, E.The Aromatic SextetViley: New York, 1972. Portella,
G.; Poater, J.; SoJaM. J. Phys. Org. Chen2005 18, 785.

(15) Cyrdrski, M. K.; Stepim, B. T.; Krygowski, T. M. Tetrahedron
200Q 56, 9663. Portella, G.; Poater, J.; Bofill, J. M.; Alemany, P.; Sola
M. J. Org. Chem2005 70, 2509; Erratum, ibid2005 70, 4560. Hemelsoet,
K.; Van Speybroeck, V.; Marin, G. B.; De Proft, F.; Geerlings, P.;
Waroquier, M.J. Phys. Chem. 2004 108 7281.

(16) Bader, R. F. WAcc. Chem. Re4.985 18, 9. Bader, R. F. WChem.
Rev. 1991, 91, 893. Bader, R. F. WCan. J. Chem1998 76, 973. Bader,
R. F. W. J. Phys. Chem. A998 102 7314. Bader, R. F. W.; Matta, C. F;
Cortes-Guznia, F. Organometallic2004 23, 6253.

(17) Bader, R. F. W.Atoms in Molecules:
Clarendon: Oxford, U.K., 1990.

A Quantum Thepry

density functional theory (DFFj at BLYP/TZ2P?%30 We
analyze the bonding mechanism between the two 2-methtriyl-
phenyl @A) fragments that make up both phenanthrene and

(18) Martn Penda, A.; Costales, A.; Luam V. Phys. Re. B 1997, 55,
4275. Abramov, Y. AJ. Phys. Chem. A997 101, 5725. Tsirelson, V.;
Abramoyv, Y. A.; Zavodnik, V.; Stash, A.; Belokoneva, E.; Stahn, J.; Pietsch,
U.; Feil, D. Struct. Chem1998 9, 249. Tsirelson, V. G.; Avilov, A. S;
Lepeshov, G. G.; Kulygin, A. K.; Pietsch, U.; Spence, J. C.JHPhys.
Chem. B2001, 105 5068. Cioslowski, J.; Edgington, L.; Stefanov, B. B
J. Am. Chem. S0d.995 117, 10381. Farrugia, L. J.; Evans, C.; Tegel, M
J. Phys. Chem. 2006 110, 7952.

(19) Cioslowski, J.; Mixon, S. TJ. Am. Chem. Sod.992 114, 4382.

(20) Cioslowski, J.; Mixon, S. TCan. J. Chem1992 70, 443.

(21) Haaland, A.; Shorokhov, D. J.; Tverdova, N.Ghem—Eur. J.2004
10, 4416.

(22) Dunitz, J. D.; Gavezzotti, AAngew. Chen005 117, 1796;Angew.
Chem., Int. Ed2005 44, 1766.

(23) Poater, J.; SolaM.; Bickelhaupt, F. M.Chem—Eur. J.2006 12,
2889.

(24) Poater, J.; SolaM.; Bickelhaupt, F. M.Chem—Eur. J.2006 12,
2902.

(25) Frenking, GAngew. Chem2003 115 152 Angew. Chem., Int.
Ed. 2003 42, 152. Feinberg, M. J.; Ruedenberg, X Chem. Physl971
54, 1495.

(26) Frenking, G.; Esterhuysen, C.; Kovacs, @hem—Eur. J.2006
12, 7573.

(27) Bader, R. F. WChem—Eur. J.2006 12, 2896.

(28) Parr, R. G.; Yang, WDensity-functional theory of atoms and
molecules;Oxford Univesity Press: New York, 1989. Kohn, W.; Sham,
L. J. Phys. Re. A 1965 140, 1133.

(29) Becke, A. DPhys. Re. A1988 38, 3098. Lee, C.; Yang, W.; Parr,
R. G. Phys. Re. B 1988 37, 785.
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anthracene (i.e., ffH10= CeHs—CH" + C¢Hs—CH™) in the
conceptual framework of the molecular orbital (MO) model that
is contained in KohrSham DFT and we carry out a quantitative
decomposition of the bond energy into electrostatic attraction,
Pauli repulsion (which is responsible for any steric repulsion),
and bonding orbital interactior?$.32

A

Our MO analyses reveal bettarbonding in phenanthrene
and simultaneously HH steric repulsion, not HH bonding,

between the bay hydrogen atoms. Inspired by this outcome, we

Poater et al.

proximation (ZORA)3 All stationary points have been confirmed
to be equilibrium structures through vibrational analyses (i.e., zero
imaginary frequencies). The AIM analy3é%'in this study have,
for technical reasons, been carried out with the Gaussizis08e
of programs at the BLYP/6-311G(df,pd) level in combination with
the AIMPAC progran$#35

2.2. Bond Analysis.To obtain a deeper insight into the origin
of the higher stability of phenanthrene, an energy decomposition
analysis has been carried 6423638 In this analysis, the total
binding energyAE associated with forming the anthracene or
phenanthrene molecule from two identical 2-methtriyl-pheiyl (
triradicals with opposite spin:

A% + APPB— 1 or 21 AE (1)
is made up of two major components (eq 2):
AE = AE, o+ AE, )

In this formula, the preparation energyEpye is the amount of
energy required to deform two individual (isolated) triradicals from
their equilibrium structure to the geometry that they acquire in the

have designed several numerical experiments used to study,yera|l molecule. The interaction energy corresponds to the

derivatives of anthracene and phenanthrene in which (the bay)actual energy change when these geometrically deformed triradicals
hydrogen atoms have been removed. This enables us to verify,are combined to form the anthracene or phenanthrene molecules.
independently of our or any other electronic structure model, if It is analyzed in the framework of the KokiSham molecular

the bay hydrogen atoms in phenanthrene provide a stabilizing orbital (MO) model using a quantitative decomposition of the bond

contribution, as hypothesized by MHTB, or if they cause
repulsion and destabilization, as our analyses show. The validity
of our conclusions for larger polycyclic benzenoids is explored

using hexacene and various kinked isomers thereof. The scope

into electrostatic interaction, Pauli repulsion (or exchange repulsion
or overlap repulsion), and (attractive) orbital interactions (etf 3).

©)

AE,, = AV,

elstat

+ AEPauIi+ AEoi

of our findings extends, however, beyond the model SYSIEMS The termA Ve siicorresponds to the classical electrostatic interaction
studied here. They shed light on the status and interpretation ofpetween the unperturbed charge distributiprs« + pa## of the

the very concepts of bond paths, bond critical points, and atomic
energy in AIM theory. Here, we anticipate that our findings
provide further evidence for fundamental flaws in the interpreta-
tion of topological parameters in AIM theory. In particular, they
show once morg—2123-26 that the existence of a bond path with

a bond critical point is not a sufficient condition for the presence
of bonding interactions.

2. Methods

2.1. Computational Details. All calculations have been per-
formed with the BLYP® functional and the TZ2P basis set using
the Amsterdam Density Functional (ADF) progrédfunless stated
otherwise (vide infra). The TZ2P basis set is a large uncontracted
set of Slater-type orbitals (STOs), containing diffuse functions,

prepared (i.e., deformed) triradicals (vide infra for definition of the
fragments) that adopt their positions in the overall molecule and is
usually attractive. The Pauli repulsion terXEp,,; comprises the
destabilizing interactions between occupied orbitals and is respon-
sible for the steric repulsion. This repulsion is caused by the fact
that two electrons with the same spin cannot occupy the same region
in space. It arises as the energy change associated with the transition
from the superposition of the unperturbed electron densities

(33) van Lenthe, E.; Baerends, EJJChem. Physl993 99, 4597. van
Lenthe, E.; Baerends, E. J.; Snijders, JJGChem. Physl994 101, 9783.
van Lenthe, E.; Ehlers, A. E.; Baerends, EJJChem. Phys1999 110
8943. van Lenthe, E.; Snijders, J. G.; Baerends, B. Chem. Physl996
105 6505. van Lenthe, E.; van Leeuwen, R.; Baerends, E. J.; Snijders,
J. G Int. J. Quantum Chenl996 57, 281.

(34) Biegler-Kanig, F. W.; Bader, R. F. W.; Tang, T.-H. Comput.
Chem.1982 3, 317 (http://www.chemistry.mcmaster.ca/aimpac/).

(35) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,

which is of triple< quality and has been augmented with two sets ;. "A: Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin,
of polarization functions: 2p and 3d on hydrogen and 3d and 4f K. N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;
on carbon. The core shell of carbon (1s) was treated by the frozen-Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A;

core approximatiod? An auxiliary set of s, p, d,,fand g STOs
was used to fit the molecular density and to represent the Coulomb
and exchange potentials accurately in each SCF é)&elativistic
effects were accounted for using the zeroth-order regular ap-

(30) Baerends, E. J.; Ellis, D. E.; Ros, €hem. Phys1973 2, 41.
Fonseca Guerra, C.; Snijders, J. G.; te Velde, G.; Baerends, THhedr.
Chem. Acc1998 99, 391. te Velde, G.; Bickelhaupt, F. M.; Baerends,
E. J.; Fonseca Guerra, C.; van Gisbergen, S. J. A.; Snijders, J. G.; Ziegler,
T. J. Comput. Chen001, 22, 931.

(31) Bickelhaupt, F. M.; Baerends, E. J. Reviews in Computational
Chemistry Lipkowitz, K. B., Boyd, D. B., Eds.; Wiley-VCH: New York,
2000; Vol. 15, p 1. Kovacs, A.; Esterhuysen, C.; FrenkingC&em-—Eur.

J. 2005 11, 1813.

(32) Bickelhaupt, F. M.; Nibbering, N. M. M.; van Wezenbeek, E. M.;

Baerends, E. J1. Phys. Chem1992 96, 4864.
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Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;
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(36) Kitaura, K.; Morokuma, Kint. J. Quantum Chenl976 10, 325.
Ziegler, T.; Rauk, Alnorg. Chem.1979 18, 1755.

(37) Morokuma, K.Acc. Chem. Red.977, 10, 294.

(38) Ziegler, T.; Rauk, ATheor. Chim. Actel977, 46, 1. Ziegler, T.;
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Polycyclic Benzenoids ]OCArtiCle

TABLE 1. Analysis of the Bonding (in kcal/mol) between the Two 2-Methtriyl-phenyl Fragments (A) in Anthracene (1), Phenanthrene (2), and
Deformed Phenanthrene Structures (2a and 218)

1 2 2a 2b
A(L) + A1) AQ2) + A(2) A1) + A1) A(L) + A1)

AEpaui 555.07 539.8815.19) 545.099.98) 557.19 (2.12)
AVeistat —350.42 —342.11 (8.31) —344.22 (6.20) —350.94 (-0.52)
AE, —400.75 —395.66 (5.09) —397.03 (3.72) —401.00 0.25)
AE, ~83.02 —85.55 (-2.53) —85.46 (-2.44) —85.06 (-2.04)
AEin; —279.12 —283.43 (-4.31) —281.61 (-2.49) —279.81 (-0.69)
AEprep 8.08 8.15 (0.07) 8.08 (0.00) 8.08 (0.00)
AE —271.04 —275.28 (-4.24) —273.53 (-2.49) —271.73 (-0.69)

aComputed at BLYP/TZ2PA(1) andA(2) represeni in the geometry it adopts ih and2, respectively2ais phenanthrene with frozef(1) fragments
but with C—C bond distances as B) 2b is phenanthrene with frozei(1) fragments and with €C bond distances as i Values in parentheses show the
difference of the energy term with the corresponding onelfilom A(1) + A(1).

the Supporting Information). In line with previous experimen-
tal'27and theoretical studiés!t we find that phenanthreng)(
is 4.24 kcal/mol more stable than anthracene.

To understand why the kinked isomer is more stable, we
consider the formation df and2 from two identical 2-methtriyl-
phenyl fragment#\

FIGURE 1. Equilibrium structures (in A, deg) of anthraceri® &nd H
phenanthrene2j computed at BLYP/TZ2P.

+ pas Of the geometrically deformed but isolated triradicals to H
the wavefunctiodP® = NA [Wa«e Wys], that properly obeys the
Pauli principle through explicit antisymmetrizatioh ¢perator) and
renormalization | constant) of the product of fragment wavefunc- oA =51
tions (see ref 31 for an exhaustive discussion). The orbital - 2A—2
interactionAE,; in any MO model, and therefore also in Kohn

Sham theory, accounts for electron-pair bondihgharge transfer The formation of the overall tribenzenoid structures leads to
(i.e., donor-acceptor interactions between occupied orbitals on one small deformations withirA. As can be seen in Figure 1, the
moiety with unoccupied orbitals of the other, including the C—C—H angle involving the H atom ortho to the arylic C atom
HOMO-LUMO interactions), and polarization (emptpccupied  formally carrying the radical electron in the isolated fragment
orbital mixing on one fragment because of the presence of another,;;jens slightly from 119in 1 to 120 in 2. We refer to the
fragment). In the bond-energy decomposition, open-shell fragmemsdeformed 2-methtriyl-phenyl fragments a1) and A(2),

are treated with the spin-unrestricted formalism but, for technical tivelvy. Th i rant wical diff betw
(not fundamental) reasons, spin-polarization is not included. This respectively. The most important geometrical difference between

error causes an electron-pair bond to become about a few kcal/moll @1d2 occurs in the €C bonds that connect thRe fragments

too strong. To facilitate a straightforward comparison, the EDA (See Figure 1). Iri, they are equivalent and measure 1.404 A
results were scaled to match exactly the regular bond energies (thelexp#° 1.403 A). In2, the C-C bond in the sterically crowded
correction factor is consistently 0.935 in all model systems and bay is somewhat longer, 1.461 A, and the other@hond is
does not, therefore, affect trends). Since the KeBham MO shorter, 1.364 A (expt 1.468 and 1.341 A).

method of density-functional theory (DFT) in principle ylelds exact ThUS, formation oflL and2 from two A involves deforming
energies and, in practic.e, with the available density functionals for the two triradical fragments after which they can form three
exchange and correlation, rather accurate energies, we have theyeciron-pair bonds: two in the-electron system and one in
special situation that a seemingly one-particle model (a MO method) the 7-electron system. As can be seen in Table 1, the overall

in principle completely accounts for the bonding enetgsp. X
The orbital interaction energy can be decomposed into the bond energies\E from our analyses amount t6271.04 ()

contributions from each irreducible representafioof the interact- and —275.28 @) and yield correctly phenanthrene as the 4.24
ing system (eq 4) using the extended transition state (ETS) scheme<cal/mol more stable isomer. The enhanced stability of phenan-
developed by Ziegler and RatiKnote that our approach differsin  threne 2) does not originate from the deformation energies
this respect from the Morokuma scheffayhich instead attempts ~ AEpes they are essentially equal for the two isomers with
a decomposition of the orbital interactions into polarization and values of 8.08 and 8.15 kcal/mol fdrand 2, respectively (in
charge transfer). fact, AEprepis even slightly, i.e., 0.07 kcal/mol more destabilizing
for 2). It is the—4.31 kcal/mol more stabilizing interactiaxEn;
between the fragment& that causes the higher stability of

) ) phenanthrene2j (see Table 1).

Results and Discussion Further decomposition afE;,; seems, at first sight, to suggest

3.1. Anthracene and PhenanthreneThe results of our reduced steric repulsion in phenanthreReas the main reason

BLYP/TZ2P analyses are collected in Table 1 and Figure 1
(Cartesian coordinates for all stationary points can be found in

AE,, = 3. AE; 4

(40) Brock, C. P.; Dunitz, J. D.; Hirshfeld, F. Acta Crystallogr., Sect.
B 1991, 47, 789.

(41) Kay, M. I.; Okaya, Y.; Cox, D. EActa Crystallogr., Sect. B971,
(39) Baerends, E. J.; Gritsenko, O.) .Phys. Chem. A997 101, 5383. 27, 26.
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AE decomposition clearly shows that steric repulSiOiEpsyi
‘ becomes 2.12 kcal/mol more destabilizing if one goes flom
to 2b (see Table 1). The fact thab is nevertheless more stable

is caused by the other energy terms, that is, the changes in the
QEpau electrostatic attractiolVeisias 0 Orbital interactionsAE,, and
= oG st orbital interactionsAE, which contribute—0.52 (AVelsta),

—0.25 AE,), and—2.04 kcal/mol AE,) (see Table 1). While
\\ none of these terms are unimportant, the predominant mecha-
i nism for enhancing the stability of phenanthre2ieis the x
AEimy AVigistartAEo; orbital interaction®\E,. This is important because if the-HH
bonding postulated by MHTB on the basis of their AIM analyses
would exist, then a stabilization in the orbital interactions

FIGURE 2. Schematic illustration of the interaction energyEp = AE; would have been the dominant driving force for the
AEpaui + AVest + AE,) as a function of the bond distance for two  enhanced stability of phenanthrek.

C—C bonds with equal bonding componeni&Veisa: + AEq) but The differences betweehand2b can be better understood
different steric repulsionXEpau). The C-C bond withAEeaui being if we examine the three singly occupied molecular orbitals

more destabilizing at any given-€C distance (red curves) leads to a (SOMOs) of a 2-methtriyl-pheny! triradicah(1) which are

longer equilibrium distance in whichEp,yimay adopt a smaller value . . . ] . .
than in the equilibrium structure of the sterically less demanding depicted in Figure 3: these are thg and os orbitals in the

situation with its shorter bond distance (blue curves). o-electron system and the orbital in thez electron system.
The former two are antisymmetric and symmetric regarding the

for the higher stability of this isomer: if one goes frdnto 2, sign of their large-amplitude lobes that build up bonding overlap

the Pauli repulsion is lowered by 15.19 kcal/mol which is in theoa + oa andos + os electron-pair bonding combinations

mainly due to reduced overlap between closed-shell orbitals onin anthracene and phenanthrene. The- = combination is
the A fragments with G-H-bonding character (not shown in  responsible for providing electron-pair bonding in thelectron
Table 1). This observation is, however, misleading: direct System. Note the textbook appearance of th 8OMO which
comparison ofl and 2 reflects not only the pure changes in is the nonbonding molecular orbital (NBMO) of our 2-methtriyl-
bonding because of “flipping” the twA fragments from their ~ Phenyl fragment, an uneven alternating hydrocarbon (this
relative orientation in anthracen@)(to that in phenanthrene ~ NBMO is probably better known from the one in benzyl which,
(2). It also contains the effect of structural relaxation that is in simple Hickel theory, is completely equivalerff)r has small
induced by the changes in intrinsic bonding but which also coefficients on the ring and a large one on the exocyclic carbon
masks the latter. This structural relaxation consists of a changeatom. Bestr + z overlap (andr-electron-pair bonding) occurs
in the extent of deformation iA, which is minor and does not  if the high-amplitude lobe of one can overlap with the high-
play a role here, as well as the more important changes in the@mplitude lobe of the other, that is, in phenanthrene.

length of the two G-C bonds that connect th& fragments Indeed, ther + 7 overlap increases from 0.19 in anthracene
(vide supra). Previously, we have shown that a situation with a (1) to 0.23 in phenanthren2b (not shown in Table 1). The
larger Pauli repulsion, that is, withEpayi being more desta-  betters overlap in2b and the resulting stronger electron-pair
bilizing at any given G-C bond distance, leads to an equilibrium bond in thez-electron system are illustrated in the schematic
structure with a longer bond (and increased angles) in which orbital interaction diagram of Figure 4 which is based on our
eventually the Pauli repulsion term adopts a smaller value thanquantitative analyses of the Kokisham MO electronic struc-
in the equilibrium structure of the sterically less demanding ture. Thes + 7 bond in2b leads to stronger stabilization of
situation with its shorter bond distan#&This is schematically ~ the bonding combination than thatir(see blue levels in Figure
illustrated in Figure 2. The more general lesson to be learned4)- This increased stabilization of tlee+ s bonding orbital in
from this observation is that a one-shot analysis, that is, 2b, which is the HOMO of the overall molecule, is in line with

comparing two systems each only at their equilibrium geometry, the experimental observation that phenanthrene has a larger

is deceptive and may lead to erroneous conclusidns. HOMO-LUMO gap*® and higher ionization potenti&f: In
Thus, to reveal the intrinsic differences A—A bonding ~ Figure 4, central panel, we also show the better 7 overlap

between the two isomers, we have also analyzed a deformedn 2bin a more schematic manner. On the other hand, as pointed

phenanthrene structub that arises from anthraceng) (by out above, there is more steric repulsior2imbetween closed-

only flipping the mutual orientation of the two 2-methtriyl- ~Shell fragment orbitals with “€H" character. This is repre-
phenyl fragmentsA(1) to that of phenanthrene, while their sented in Figure 4 with the red levels; a schematic representation
geometry remains frozen and the distances of the two formed ©f the increased repulsive overlap is shown in the lower panel.
C—C bonds are kept fixed to the equilibrium distance of There are several closed-shel-8 orbitals in the fragments
anthracene. This phenanthre@ is still more stable than  that overlap and cause Pauli repulsion, whereas for clarity, we
anthracenel, although the energy difference 6f0.69 kcal/ ~ Show only one such interaction in Figure 4. Our results are
mol is smaller than the-4.24 kcal/mol that we find for the ~ consistent with complementary analyses by Fukui and Kato et
equilibrium structure of phenanthren&) ((see Table 1).  al**?who compared the orbital interactions (but nat orbital
Importantly, however, any difference is now entirely due to the interactions and steric repulsion) in the formation of anthracene
intrinsic differences in bonding associated with the two relative @nd phenanthrene from naphthalene and butadiene fragments.

orientations between thA&(1) fragments. The bond energy Finally, we allow2b to geometrically relax to its equilibrium
structure. First, we lift only the constraint on the twe-C bonds

(42) Bickelhaupt, F. M.; Baerends, E.Angew. Chen2003 115, 4315;
Angew. Chem., Int. EQR003 42, 4183. Bickelhaupt, F. M.; DeKock, (43) Murrell, J. N.; Kettle, S. F. A.; Tedder, J. Mhe Chemical Bond
R. L.; Baerends, E..J. Am. Chem. So002 124, 1500. 2nd rev. ed.; John Wiley & Sons: New York, 1985.
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FIGURE 3. 3D-representation of the three SOMOs of a 2-methtriyl-phenyl fragiéh, obtained at BLYP/TZ2P (isosurface values are 0.045
and —0.045 au). Those 0A(2) are essentially identical.

internal geometry of the fragments is allowed to relax frAm
(1) to A(2) which brings us to the equilibrium structure of
phenanthrene 2§. The effects in this final step are less
pronounced and more subtle. Note, however, the further
reduction of the Pauli repulsion as the-8 bonds in the bay
region bend away from each other (see Table 1 and Figure 1).
We have tried to isolate and directly compute the interaction
between the bay hydrogen atoms2ib and 2, that is, without
any stabilizing or destabilizing contribution from other contacts
(in particular, the GC bonds). To achieve this, we analyze
the interaction energy between two ethene fragments combined
such that they have only one short contact, namely, atiH
contact of the same distance as that between the bay H atoms
in phenanthrene (see structuBg

A(1) 2b A1)

ment: C-C=1.387A,C-H=1.085A, and GC—H = 118

just as C3-C4, C4-H4, and C3-C4—H4 in 2 (see Figure 1).

When we place these two fragments asBnwith a H—H

separation of 2.021 A, we found thBtis less stable than the
FIGURE 4. Upper panel: schematic diagram of the frontier-orbital two separated fragments by 1.61 kcal/mol at BLYP/TZ2P. Yet,
interactions between identical 2-methtriy_|-phenyl fragmei(s) in AIM analyses at BLYP/6-311G(df,pd) lead to an-H bond
anthracenel) and phenanthrenglf) emerging from the KohnSham critical point (bcp) in B and the combined AIM atomic

MO analyses at BLYP/TZ2P. For clarity, only one of the Pauli-repulsive o .
interactions between-€H closed-shell orbitals is shown. The dashed Stabilization energy for each of the two hydrogen atoms involved

E iH Hi E
The two ethene fragments Bare ofD,, symmetry and their
geometry corresponds to that of the phenanthrene bay frag-

lines help in recognizing the main differences betw&and2b. Central is —2.84 kcal/mol, suggesting agai_n_ err_oneouslyﬂHHbond
panel: bond overlap between theSOMOs. Lower panel: repulsive ~ 0of —5.68 kcal/mol. The net destabilization Bfby 1.61 kcal/
overlap between closed-shell orbitals with-8 character. mol is caused by a\Epa,i = +3.42 kcal/mol which is not

compensated by the stabilizing energy terM\&sta:= —0.94,
connecting the otherwise still frozeéx(1) fragments and allow  AE, = —0.84, andAE, = —0.03 kcal/mol AE,), that is,
these bonds to adopt the values in phenanthrene: this brings usyperconjugation as measured A, is not stabilizing enough
to the phenanthrene structi2a (see Table 1). In line with the  to surmount the Pauli repulsion and the whole interaction is
better + z bonding in the upper €C bond (see Figure 4), clearly repulsive. This result is qualitatively not affected if one
this bond contracts from 1.4021§) to 1.364 A @a) whereas uses inB ethene molecules with their own equilibrium geometry
the lower one expands from 1.402b) to 1.461 A Qa). The instead of structures that are based on the phenanthrene bay
lower C—C bond in the sterically crowded bay region also fragment. Further support for steric-HH repulsion instead of
expands to reduce the repulsive-H contact (see Figure 4).  bonding is provided, later on, by another numerical experiment
The bond energy decomposition reveals that this leads amongthat is also independent of any electronic structure model.
others to a slight stabilization im orbital interactionsAE, and In conclusion, our analyses show that phenanthrene is more
a substantial reduction in Pauli repulsion. In a second step, thestable than anthracene because of betteonding (in line with
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FIGURE 5. Linear 6) and kinked 6—13) hexacyclic benzenoids with position numbers used to designate selected di-dehydrogenated biradical
species. See Table 2 for relative energies.

the classical picture) and despite an increasedHHsteric TABLE 2. Relative EnergiesAEr (in kcal/mol) and Geometry
Isi b b hvd hich falsifi MHTB’ (Planar versus Nonplanar) of Hexacyclic Benzenoids and Selected

repu 5|0n. etween ay. yarogens (W.'C alsmes S Di-dehydrogenated Biradical Derivatives

hypothesis of H-H bonding on the basis of AIM analyses).

Interestingly, the intrinsic changes in bonding between the two

benzenoid AEeP geometry benzenoid-2H AE,  geometry

A fragments inl and2 are masked by the geometrical changes 5 0.00  planar 1,3§-2H] O-Og P:a”af
they induce. This illustrates once more that for a full under- %’i:gigm 8'80, EEQZ;
standing of chemical bonding, a “sing!e-shot approach” (analysis 1:4_[5_2H] 0.0G" planar
of one geometry) does not often suffice. Instead, as pointed out 2,5-[5-2H] 0.00" planar
before?32442one must take such geometrical relaxation into 6 —8.75 planar 1,3-[62H] —9.71  planar
account by following the electronic structure and bonding along 7 1272 planar  24-[72H]  -13.78  planar
he key points of the deformation mode 8 ~16.25  planar Lelg2H] - —17.14 - planar
the key p _ . 34-[8-2H] —19.37  planar
3.2. Phenanthrene without Bay Hydrogen Atoms: A 9 —17.70 planar

Numerical Experiment. The above results have inspired us to 10 —8.34 nonplanar 2,5-[t62H] —13.10  planar
carry out a numerical experiment that complements the analyses. E _}g-% P'a”"’l“ LariooH 1153 |

If there is steric H-H repulsion between the bay hydrogen atoms 13 1433 r;?;npa?nar A 1 : planar

in phenanthrene, as our analyses show, then removing these ) S
hydrogen atoms should further increase the stability of the @ Computed at BLYP/TZ2P. See Figure 5 for structures. Biradicals in
. triplet ground states All energies relative t®. ¢ Energy of bent a,bx—
phenapthrene relative to the anthracene structure. On the Other*nH] isomers relative to corresponding linear abs-fiH] biradical (e.g., 1,3-
hand, if there would be HH bonding (which is not what we  [6—2H] relative to 1,3-5—2H]). ¢ The energies of all linear a,iBf2H]
find above but what MHTB! conclude from AIM analyses),  biradicals are equal within about half a kcal/mol.
then removing these hydrogen atoms should decrease the
stability of the phenanthrene relative to the anthracene structure.
Thus, in addition tal and2, we have computed the geometry
and relative energies of the corresponding biradi8alad4 in
which H4 and H5 hydrogen atoms have been removed. The
species3 and4 have been analyzed in their lowest-lying triplet
states which correspond to their respective valence statés in
and2.

H4 and H5 makes the phenanthrene-derived species relatively
more stable, not less: we find thdtis 5.16 kcal/mol more
stable thar8. In line with this reduced HH steric repulsion in
the bay region o#, the lower C-C bond that is 1.461 A i
contracts to 1.454 A in4 (see Supporting Information).
Therefore, we can conclude again that phenanthrene is more
stable than anthracene despite the presence of the bay hydrogens
and really not because of them. This second falsification of
MHTB'’s H—H bonding hypothesis is independent of any model
of the electronic structure.

3.3. Larger Polycyclic Benzenoidsln the previous sections,
we have established that phenanthre2)ei§ more stable than
anthracenel]) because of more stabilizingbonding and despite
the destabilizing effect that the bay hydrogens have. Here, we
extend our survey to larger polycyclic benzenoids using

3 4 hexacene&) and various (but not all) kinked and bifurcated
isomers6—13 (see Figure 5). We compare the energetics of
The numerical experiment confirms that there isHisteric these species as well as that of several biradical systems that

repulsion between phenanthrene’s bay hydrogen atoms;# H  derive from the parent benzenoids by removing two hydrogen
bonding. In the parent molecules, phenanthr&)és(4.24 kcal/ atoms (see Table 2). These biradical systems are taken in their
mol more stable than anthracerig. Removing hydrogen atoms  lowest-lying triplet state. Relative energies are calculated with
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respect to the corresponding biradical structure of the linear between the bay hydrogen atoms in phenanthrgpar(d also

aceneb.

The results confirm the more general validity of our findings
for 1 and 2. Proceeding from the linear hexacer®, (the
introduction of one kink @ and 7) leads to a stabilization by
some 9-13 kcal/mol (see Figure 5 and Table 2). This is not
due to the H-H interaction in the bay region but despite this

in the larger hexacyclic benzenoiis-14, despite the fact that
they destabilize the system. Instead, our results confirm that
these AIM parameters merely diagnose the proximity or contact
between charge distributions, be this contact stabilizing or
destabilizing.

We have recently also pointed out that the atomic energy

interaction which appears to be destabilizing. This is illustrated defined in AIM will often be stabilizing in situations where the
by the increase (not decrease!) of the relative stability of the volume of the atomic basin is reduced because of steric

kinked relative to the linear systems by an additional kcal/mol

contact?®24 Here, we carry out a numerical experiment that

if the bay hydrogens are taken away leading to the correspondingshows explicitly that steric, destabilizing contact leads to a

biradicals in their lowest-lying triplet states. Thus, the kinked
1,3-[6—2H] and 2,4-f—2H] are 16-14 kcal/mol more stable
than the corresponding linegs+2H] (see Table 2).

The trend continues if we introduce a second kink in the
benzenoidsg—13) which leads to a more pronounced stabiliza-
tion relative to5, namely, by 1418 kcal/mol, as long as the
kinks are not adjacent, that is, 9, 11, and13 (see Figure 5
and Table 2). Specie8 and 11 are Z and E isomers of the

terminally double-kinked hexacyclic benzenoid and have es-
sentially (within 0.02 kcal/mol) the same energy (see Table 2),

in line with the fact that the two kinks are far apart from each

stabilization of the AIM atomic energy and thus to the AIM
diagnosis of a bond when there is actually destabilization. To
this end, we let two benzene molecules approach pointing
toward each other with their-€H bonds in aDy, symmetric
arrangement, as shown ir:

O =0

14

Not unexpectedly, the BLYP/6-311G(df,pd) energy 1f

other and experience the same local bay geometry at eitherbegins to rise as soon as the two benzene molecules come into

terminus.

Interestingly, if the two kinks occur next to each other, that
is, in 10 and12, H—H repulsion becomes particularly obvious
(see Figure 5). In the merged baysldfand12, the positions

steric contact. At 2.0 (the H4H5 separation ir2), 1.5 and 1.0

A, the energy ofi4 is 0.7, 4.2 and 25.0 kcal/mol relative to
two benzene molecules at infinite separation. Yet, the combined
AIM atomic stabilization energies of the two sterically close

of the two hydrogen atoms nearly coincide causing a severe hydrogen atoms suggest a bonding-@.5, —17.5, and—56.5
deformation of the benzenoid which actually becomes nonplanar, kcal/mol when going from benzene to 2.0, to 1.5, and to 1.0 A,
such that the bay hydrogen atoms can avoid each other.respectively. Qualitatively identical results have been obtained

Consequently, the stabilization relative 3af benzenoidslO

at the BLYP/6-31G(d,p) and B3LYP/6-31G(d,p) levels of

and12 with two adjacent kinks is less pronounced, that is, some theory.

7—8 kcal/mol (see Table 2).

We anticipate the counter argument thkd is not an

Finally, the doubly kinked structures are again stabilized (not €auilibrium structure and thus the AIM concepts cannot be
destabilized) if one removes hydrogen atoms that are in close@PPlied in the usual manner. However, such an argument would

mutual contact. Thus, compared to the relative stability,of
the 1,3-B—2H] biradical, in which both hydrogen atoms of one

not be cogent. One can apply a counterforce that hinders two
C—H bonds to separate and, in this way, turn this geometrical

bay have been removed, gains again 1 kcal/mol in stability configuration into a stationary point or an equilibrium structure,

relative to its corresponding linear species 1B3-2H] (see
Table 2). The gain in stability relative to the linear structure is
even larger, namely, 3 kcal/mol, if we remove the two central
hydrogen atoms as is done in the 38-PH] biradical (see
Table 2). This is consistent with the fact that in the latter, that
is, in 3,4-B—2H], two destabilizing H-H contacts have been
interrupted, one in each of the two bays&fwhile in 1,3-B—

2H] only one H-H contact is (fully) removed.

Even more pronounced effects are found if the sterically
nearly coinciding bay hydrogens in the highly strained and
deformed benzenoids0 and 12 are taken away. The effect is
a significant gain of 5 kcal/mol in relative stability. Thus,
whereasl0 and 12 are only some #8 kcal/mol more stable
than the lineab, the biradicals 2,540—2H] and 1,4-12—2H]
are some 1213 kcal/mol more stable than the corresponding
2,5-[6—2H] and 1,4-5—2H]. The additional stability of 2,5-
[10—2H] and 1,4-L2—2H] goes with a pronounced geometrical
relaxation which leads to completely planar structures.

3.4. Why AIM Diagnoses Bonding in the Case of Desta-
bilization. Finally, our results once mot&2%.23-25 falsify one
of the core concepts of the theory of atoms-in-molecules (AIM),

despite the intrinsic HH repulsion. A nice example of such a
stationary point is provided by planar biphenyl in which the
C—C bond between the phenyl moieties forces oppositigo-
hydrogen atoms togeth&The computations and analyses show
how the G-C bond elongates and how the opposirfghe Hortho
bonds bend away from each other as biphenyl is brought from
its twisted equilibrium conformation to the planar conformation,
which for any given G-C distance yields the strongest
Hortho-Hortho repyision. Other examples are phenanthréharid
the kinked hexacyclic benzenoids<13) of the present study.
Apparently, any situation of steric congestion (or steric
repulsion or steric destabilization) with88#*significant charge
transfer from the congested atoms to the rest of the molecule
would, according to the above AIM definitions, lead to a
stabilization of the atomic energies and thus to the qualification
of the interaction between the atoms involved as “bonding”.
We feel that such a qualification and therefore the physical status
of some AIM theory concepts is questionable.

4. Conclusions

Phenanthrene2] is more stable than anthracerig¢ because

namely, that the presence of bond paths and the presence obf more stabilizing interactions in the-electron system, as

bond critical points are sufficient indicators for a stabilizing

follows from our MO electronic structure analyses and quantita-

interaction. Indeed, bond paths and bond critical points exist tive bond energy decomposition in the framework of Kehn
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Sham MO density functional theory. This can be straightfor-  Furthermore, our results once m¥te.23-25 falsify one of
wardly understood by considering the electronic structure of the core concepts of the theory of atoms-in-molecules (AIM),
the two 2-methtriyl-phenyl fragment@\] that constitutel as namely, that the presence of bond paths and the presence of
well as 2. The SOMO in ther system inA is the classical bond critical points (they exist indeed between the two bay H
nonbonding molecular orbital (NBMO) of an uneven alternating atoms in phenanthrene) are sufficient indicators for a stabilizing
hydrocarbon which has its largest amplitude on the external interaction. Instead, our results confirm that these AIM param-
carbon atom (cf. Hekel theory of benzyl). Ther SOMOs of eters merely diagnose the proximity or contact between charge

two fragmentsA + A form the most stabilizingr-electron- distributions, be this contact stabilizing or destabilizing.
pair bond if they are arranged such that their largemplitudes
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