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Magnetic criteria of aromaticity in a benzene cation and anion: how does the
Jahn-Teller effect influence the aromaticity?
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The aromatic/antiaromatic behavior of the Jahn-Teller (JT) active benzene cation and anion has been
investigated using Density Functional Theory (DFT) calculations of Nuclear Independent Chemical Shifts
(NICS) and magnetic susceptibility. NICS parameters have been scanned along the Intrinsic Distortion
Path (IDP) for the benzene cation showing antiaromaticity which decreases with increasing deviation
from Dgp, to Do, symmetry. Changes in NICS values along the IDP from Dgj, to Cy, in the benzene anion

revealed non-aromatic character.

Aromaticity and the Jahn-Teller effect!? are concepts of crucial

importance in physical organic chemistry, and they have been very
useful in the characterization and interpretation of the structure,
stability, and reactivity of many molecules. The Hiickel Molecular
Orbital (MO) theory proposes that species with 4n+2 7 electrons
are aromatic, whereas structures with 4n n electrons are defined
as antiaromatic.>* Structures with 4n+1 7 electrons with unpaired
electrons in degenerate 7 orbitals are Jahn-Teller active species,
and are supposed to show antiaromaticity.>®

Although the above mentioned Hiickel rules of aromaticity,

Q based on the number of electrons in ® MOs, are very appealing

-
i

e

due to their simplicity, they actually neither quantify nor give
physical explanation of this effect. Because of the importance of
aromaticity, there have been many attempts to rationalize it and
to derive a universal quantitative measure of it.”~° Features of aro-
matic compounds include low reactivity in addition reactions, high
electrophilic aromatic substitution/addition ratios of reactivity,
elevated energy of hydrogenation, typical values of bond lengths
which are intermediate between normal single and double bonds,
planarity and specific magnetic properties of aromatic rings: pro-
ton chemical shifts, magnetic susceptibility exaltation, nucleus-
independent chemical shifts (NICS), and ring current plots.''~16
Each of these properties can be used to probe the aromaticity of
a molecule, though unfortunately, they do not need to be
consistent with each other. Computed NICS indices are presently
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the most widely used and are a very efficient tool for the explora-
tion of this phenomenon. The diamagnetic and paramagnetic
effects of the ring currents associated with aromatic and antiaro-
matic features (i.e., shielding and deshielding of nuclei) can be
determined according to the calculated NICS index. Negative NICS
values in interior positions of rings indicate the presence of
induced diatropic ring currents, or aromaticity, whereas positive
values denote paratropic ring currents and antiaromaticity. The
more negative the NICS values, the more aromatic the rings are.
NICS parameters can be computed at selected points inside or
around molecules, typically at ring centers and above. NICS values
calculated at the geometrical center of the ring are denoted as
NICS(0).!7 Similarly, NICS values at 1 A above the perpendicular
plane of the rings are defined as NICS(1), and the NICS(1),, tensor
component has been presented to provide better insight of the
overall molecular magnetic properties. It was suggested that this
latter quantity gives the best measure of aromaticity among the
different NICS related definitions.'® NICS(0) and NICS(1),, values
describe rather different effects. It is likely that NICS(1),, values
account mainly for the t aromaticity effect, while NICS(0) results
better reflect both the o and m aromaticity or antiaromaticity
effects.

The Jahn-Teller theorem states that a molecule with a degener-
ate electronic state distorts along non-totally symmetric vibra-
tional coordinates. This removes the degeneracy and lowers the
energy."? Nowadays, this definition is generalized to include all
the effects arising due to the coupling of electron distribution with
nuclear movements in a molecule.? Thus, Jahn-Teller (JT), or
vibronic coupling type distortions include proper JT distortions of
molecules in a degenerate electronic state,! pseudo JT (PJT)
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Figure 1. Molecules studied in this work; simple molecular orbital scheme.

distortions in nondegenerate electronic states,® and Renner-Teller
(RT) distortions in linear systems.'® Typical examples of molecules
prone to the proper JT effect are the benzene cation (CgH¢) and
benzene anion (CsHg ). Recently, the ]JT distortion in these mole-
cules was analyzed in detail using the Intrinsic Distortion Path
(IDP) method.?%?! The basis of this method is to represent the dis-
tortion along the minimal energy path from the high symmetry
(HS) nuclear arrangement to the lower symmetry (LS) energy min-
imum conformation projecting the geometry of the system on the
normal modes of the distorted configuration.?°-2>

The aim of the present work was to determine the influence of
the JT distortion on antiaromaticity in C¢Hg and CsHg (Fig. 1). More
specifically, we would like to answer the question whether the JT
effect can be regarded as the origin of the antiaromaticity in these
systems. For this purpose, NICS values for CgH¢ and CsH; were cal-
culated along the relevant particular path of distortion, the IDP
path, and evaluation of their magnetic susceptibility and anisot-
ropy was undertaken. A discussion on whether the loss or gain of
antiaromaticity occurs gradually along the IDP or suddenly at a
certain point on the adiabatic potential energy surface will help
to gain insight into the relationship between the vibronic coupling
and aromaticity.

The benzene molecule, C¢Hg, with Dg, nuclear arrangement has
a double degenerate HOMO, e;g, and a double degenerate LUMO,
eou. Hence, both CgH{ and CsHg, with 4n+1 m electrons are JT
unstable and prefer the conformation of lower symmetry.

CeH{ has an %E;, ground electronic state in regular hexagonal
nuclear configuration, and Dg, point group, with three electrons
in the doubly degenerate orbital. According to group theory, the
distortion coordinate is e, Due to the JT effect, the descent in sym-
metry goes to Dy CsHg has an 2Eay ground electronic state in a
conformation that belongs to the Dg), point group, with one electron
in the doubly degenerate orbital. As in the case of CgHg, the distor-
tion coordinate is ey, thus very similar distortion is expected for
CsHg, with a descent in symmetry to the D, point group. However,
DFT calculations showed significant differences between the elec-
tronic structure of CgHg and Cng.zo Due to the pseudo Jahn-Teller
(PJT) coupling of the ground 7* electronic state with the excited c*
state in CsHg, the out-of-plane C,, conformation is found to be the
global minimum on the potential energy surface. The C,, geometry
obtained is a consequence of both proper JT and PJT distortion. The
calculated JT parameters of CgHg and C¢Hg using a multidetermi-

" The irreducible representations (irreps) of the non-totally symmetric JT active
modes must belong to the same representation as the symmetric direct product of the
components of the degenerate electronic state. The point group of the LS minimum
energy conformation is defined by the requirement that the irreps of the active modes
become totally symmetric upon descent in symmetry and the application of the
epikernel principle. 242>

Table 1

Results of the DFT calculations performed to analyze the JT effect in CsHg and CsHg ;2°
JT parameters: the JT stabilization energy, Ejr, and the warping barrier, A, are given in
cm™', the JT radius, Ryr, in (amu)'?A

Distortion Ejr (DFT) Ejr (IDP) A Rt
CeH Den—Dan 879 857 291 027
CsHg Den—Cay 1187 1060 468 0.62
nantal DFT approach?>2% and the IDP method are given in Table 1,

while changes in energies along the IDP are depicted in Figures 2a,
3a and 4a.2° Note that any geometry along the path is represented
by Ry in mass weighted generalized coordinates relative to the LS en-
ergy minimum; and for the HS point, Ry = E,T, which is the JT radius.
In all cases, on the potential energy profile it is possible to distin-
guish two regions. In the first region the energy is changing faster,
and for Dgy, to Dy, distortion, after 20-30% of the path, most of the
Ejr is obtained (Figs. 2a and 3a). In the analysis of the Dg;, to Cy,, dis-
tortion in CgHg (Fig. 4a), very early along the IDP, ca. after 5% of the
path, a strong stabilization of around 500 cm™! is achieved. In the
second region the adiabatic energy surface is not flat, and the energy
gradually decreases an additional 500 cm ™. In this region distortion
is almost completely described with the out-of-plane normal
mode.2® Analysis of the changes of the aromatic character of these
JT active molecules along the IDP for Dg,—D,), distortion for both
CeH¢ and CsHg, and Dgp—Cay for CsHg are shown in Figures 2b, 3b
and 4b.

The benzene molecule is a typical example of a w aromatic sys-
tem, showing a minimum NICS value at certain distances from the
center of the ring plane (Table 2). Magnetic susceptibility data for
benzene are presented in Table 3. All calculations of NICS parame-
ters on CgHg, performed for comparison purposes, were in good
agreement with other theoretical values [NICS(0) = —9.7 ppm].'®

For both CgH{ and CgHg, NICS values were evaluated at the ring
center above the ring plane (0-10 A) along the IDP path from Dg, to
Doy, structures and the values for the HS and LS points are reported
in Table 2. Since the calculation of magnetic properties in species
with a degenerate ground state may lead to incorrect results, we
calculated NICS values imposing HS (Dgp) nuclear arrangement
and LS (D) symmetry of electron density. NICS values monitored
along the path for the ?By, state in CsH{ and the 24, state in CsHg,
which are the minima on the corresponding D, potential energy
surfaces, are presented herein. The results for other states are qual-
itatively the same.? According to the obtained NICS index (Table 2),
CeH¢ and CgHg reveal antiaromatic character, as expected.® How-
ever, plotted NICS values versus the JT distortion, Rx/R;r, and the dis-
tance from the ring center (Figs. 2b and 3b) give a more detailed
picture. Aromaticity favors bond equalization while antiaromaticity
leads to bond alternation. Removing or adding an electron to the
benzene molecule causes non-totally symmetric electron density
in the high symmetry, Dg, point group, while bond distances remain
the same. Due to the non-totally symmetric electron density, CgHg
and CgHg, in Dgp, possess strong antiaromatic character. Near the
point of electron degeneracy the HOMO-LUMO gap is significantly
small, hence NICS parameters have large values in the first region
of the distortion path (Figs. 2b and 3b). Although the JT distortion
leads to bond unequalization, our results reveal lowering of

* Due to the JT effect, the doubly degenerate electronic state splits into two states
with different geometries at the stationary points, one that becomes a minimum on
the potential energy surface, while the other is a transition state for the process of
pseudorotation around the JT high symmetry cusp; the energy difference between
them is the warping barrier A. 2 For the Dg, to D, distortion in CgH¢ these are
elongated szg (minimum) and compressed 2ng (transition state), and for Dg;, to Dyp
distortion in CgHg these are elongated 2Au (minimum) and compressed 2By,
(transition state)?%; A is rather small for the present cases, Table 1.
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Figure 3. (a) Changes in energy, IDP model; (b) Schematic plots of the NICS values along the IDP for the benzene anion (Dg, to D,y), %A, electronic state.

antiaromatic behavior along the IDP. The forces responsible for
removing orbital degeneracy lead to enhancement of the HOMO-
LUMO gap.

Values of molar magnetic susceptibility, magnetic anisotropy,
and the z-component of the magnetic tensor for the studied mole-
cules, at their HS and LS conformations, are given in Table 3. In
comparison to benzene, CsHg in Dgy, point group has large positive
magnetic susceptibility data, while in the global minimum, D,
symmetry, these values become slightly negative. In the case of
CsHg, the z-component of the magnetic tensor has a large positive

value for a molecule in HS conformation and becomes negative
after the first descent in symmetry. The large negative magnetic
anisotropy value for the benzene anion in D, symmetry cannot
be an indicator for aromatic character since the x-component of
the magnetic tensor has a large positive value, while the y- and
z-components have small negative values (yxx=192.7 cgs-ppm,
Ayy = —27.1 cgs-ppm, Y., = —23.7 cgs-ppm).

Although Dg;, and D5y, species are planar, the global minimum of
CsHg, Coy structure with 2A; electronic state, is slightly puckered,
thus we have calculated NICS parameters at the center, above
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Figure 4. (a) Changes in energy, IDP model; (b) Schematic plots of the NICS values along the IDP for the benzene anion (Dg;, to Cs,), 2A; electronic state; (c) Schematic plot of
the NICS values from the ring center up to 10 A above the ring following an axis perpendicular to the ring plane, at Rx/Ryr=0.97.

Table 2

along the IDP, from the HS point to C;, minimum energy conforma-

Calculated NICS values for CgHg, CsHg and CsHg at HS and LS geometries; NICS(0),
NICS(1) and NICS,,(1) are given in ppm

Geometry Electronic state NICS(0) NICS(1) NICS,,(1)
CeHs Dgn 'Arg -7.9 -10.1 -29.0
CeHg Den By 130.2 106.2 322.1

Don 2By, 283 18.5 59.1
CgHg Den 2Au 220.3 172.6 502.7

Do 2A, 57.3 45.0 129.2

Coy 2A; 9.7 5.4 17.9

Table 3

Magnetic susceptibility data for CgHg, CsH¢ and CsHg at HS and LS geometries; v,
Ay, and Y, are given in cgs-ppm

tion, two regions could be distinguished. In the first 3% of the path
the JT effect dominates, the molecule stays planar and NICS values
decrease fast but smoothly, similar to the previously described
case. In the second region, where the distortion is almost com-
pletely described by the out-of-plane vibration,?® decreasing of
NICS values is abrupt. At the point Rx/R;r = 0.97 an almost step-like
change in the NICS values occurs. At this point NICS parameters
change from low positive to low negative values as the distance
from the ring plane increases (Fig. 4b and c), revealing the non-
aromatic character.?” Explanation for this abrupt change of NICS
values is associated with mixing of the ground ©* state with the
first excited o™ state at a certain point, which leads to discontinuity
in the values. It should be pointed out that from the same point, PJT
mixing becomes very important, and determines the overall

puckered structure.

Geometry Electronic state Am Ay Azz
CeHg Dep Asg -56.1 —64.9 -99.4
CeHY Den By 75.1 293.0 270.5
Dsp By -16.1 -9.8 -22.6
CsHg Den 2Au 286.2 818.2 831.7
Do 2A, 473 -106.6 —-23.7
Coy 2A, —46.3 23.4 -30.7

Magnetic susceptibility data for CsHg for the distortion caused
by combined JT/PJT effects are presented in Table 3. Observing
reduction of symmetry from Dg, to Cs, (global minimum on the
potential energy surface) the magnetic susceptibility data have
almost the same trend as in the C¢Hg ion.

Aromaticity and the Jahn-Teller type distortions are two deeply

and below the average ring plane (—10 to 10A). The results
obtained from Dg, toward distorted C,, structure, considering the
combined JT/PJT effect, are given in Table 2. Following NICS values

connected concepts, although this is not very often addressed.
While the physical nature of aromaticity is still not completely
understood, there is no ambiguity in defining the JT effect, which
is the only source of spontaneous distortion of any polyatomic
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system,? although difficulties in its quantification, especially by
experiment still exist. The JT distortion often leads to unequal bond
lengths, and antiaromaticity of JT species can be intuitively pre-
dicted. Monitoring the changes in NICS values for CsHg and CgHg
along the IDP path indicate that antiaromaticity decreases with
increasing deviation from Dg, to D, point group. Thus, the
Jahn-Teller effect is not a source of antiaromaticity, and rather is
the mechanism of lowering it. C¢Hg adopts a non-planar conforma-
tion in its global minimum as a consequence of the combined T/
PJT effect,?° thus avoiding undesirable antiaromaticity. However,
if we compute NICS values only in Dg, structure and C,, global
minimum conformation, wrong conclusions can be made and
antiaromatic character could be determined. The full NICS profile
along the IDP shows non-aromatic behavior. These results suggest
that without analyzing details on how NICS values change along
the distortion path, chemically important features could be lost.
The IDP method gives direct insight on microscopic origin, mecha-
nism and consequences of distortion and further work along this
line could hopefully lead to some more general trends. In the case
of antiaromatic systems such analysis may help to understand if
antiaromaticity is just a useful concept or if there is some physical
reasoning behind it.

1. Computational details

The structures of CgHgand CHg were optimized by DFT calcu-
lations using the Amsterdam Density Functional program package,
ADF2009.01.283° The local density approximation (LDA) character-
ized by the Vosko-Willk-Nusair (VWN)?! parameterization was
used for the symmetry-constrained geometry optimizations. An
all electron Triple-zeta Slater-type orbitals (STO) plus one polariza-
tion function (TZP) basis set was used for all atoms. Analytical har-
monic frequencies*>>3 were calculated and in all cases the global
minimum was confirmed by the absence of imaginary frequency
modes.

Calculations of NICS values and magnetic susceptibility data
were performed at the B3LYP/6-311+G* level of theory using the
Gaussian 09W program package.>*37 NICS parameters were calcu-
lated for ghost atoms located at the center of CgHg, CsHg and CgHg.
In order to obtain the full profile of aromatic/antiaromatic behavior
of the investigated molecules, calculations of NICS parameters
were performed from 0 to 10 A, in steps of 0.5 A, along the IDP.2°

In addition to the nucleus-independent chemical shifts, mean
molar magnetic susceptibility (y) and molar magnetic anisotropy
(Ay) became important tools to prove the term of aromaticity. The
tensor normal to the aromatic ring (y.,) is much larger than the
average of other tensors, thus the aromatic compounds have large
negative magnetic anisotropy (Eqgs. 1 and 2).

_ Kt Ayt X

L )

2. Intrinsic distortion path (IDP)

In the IDP model,2%?! the geometry of the LS energy minimum
obtained by DFT calculations, in this particular case Dy, for CgHg
and Dy, or Cy, for CgHg, was chosen to be the origin of the config-
uration space, R;s = 0. Every point on the potential energy surface
can be represented by a 3N dimensional vector, N being the num-
ber of atoms, Ry, using mass-weighted generalized coordinates rel-
ative to the origin. Within the harmonic approximation it is
possible to express Ry as a linear combination of Ny; totally sym-
metric normal coordinates in the LS confirmation:

Nai

ﬁx = ZkaQk 3)
k=1

where wy are weighting factors which represent the contribu-
tion of the displacements along the different totally symmetric
normal coordinates to Ry; Qx are mass-weighted totally symmetric
normal coordinates, which are the eigenvectors of the Hessian, ob-
tained from the DFT frequency calculations in the LS minimum en-
ergy conformation. The corresponding eigenvalues are /.

The energy of the nuclear configuration Ry, Ex, relative to the LS
energy minimum is expressed as the sum of the energy contribu-
tions of the totally symmetric normal modes:

Nai Nai

1 -
Bo— SoEc— 1S 02,0t @
k= k=1

=1

The force at any given point (X), Fx is defined as a derivate of
the energy over Cartesian coordinates and in the HS point indicates
the main driving force for the JT distortion. The total force is repre-
sented as a vector sum of the individual forces:

Nal Nal
Fxtor = Zka = Z Ox /i M? Qi (5)
k=1 k=1

where M is a diagonal 3N x 3N matrix with atomic masses in
triplicate as elements (my,mq,my,my,...,my,), and enable calcula-
tion of the IDP exactly from the HS to the LS point.
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