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Imaginary Vibrational Modes in Polycyclic

Aromatic Hydrocarbons:

the Hardness Profiles

A Challenging Test for

Miquel Torrent-Sucarrat,*® Paul Geerlings,” and Josep M. Luis™

In a very recent article (J. Am. Chem. Soc. 2006, 128, 9342-9343)
Moran et al. found that electron-correlated methodologies using
popular Pople basis sets lead to spurious nonplanar polycyclic ar-
omatic hydrocarbon (PAH) equilibrium structures. Furthermore,
some of the present authors have shown that the hardness pro-
files along a reaction path can be a useful tool to find spurious
stationary points in the potential energy surface. Herein, we test

Introduction

In the last decades, quantum chemistry has become a useful
and powerful tool which has been largely used for characteriz-
ing and interpreting molecular structures and chemical reac-
tions in a wide range of fields (chemistry, biochemistry, and
nanotechnology). The cornerstone of the ab initio quantum
chemistry methodologies is the Hartree-Fock theory, where
each electron moves in an average electric field created by the
nuclei and by all of the other electrons. However, for accurate
studies of molecular systems it is necessary to use post-Har-
tree-Fock methods in order to take into account the effects of
dynamical correlation [e.g. Mgller-Plesset (MP),!? configuration-
interaction (CI),”) coupled-cluster (CC)" approaches] and/or
non-dynamical correlation [e.g. multiconfigurational self-consis-
tent field (MSCF)™']. A very popular alternative to the conven-
tional ab initio post-Hartree-Fock methods is the density func-
tional theory (DFT).”! DFT has been proved to be a versatile
way to include dynamical and non-dynamical electron correla-
tion at a much lower computational cost than the usual post-
Hartree-Fock methods.

An enormous amount of effort has been devoted to develop
mathematical and computational techniques to improve the
accuracy and implementation of these ab initio and DFT meth-
odologies in the standard quantum program packages. Despite
all this progress, there are still difficulties to properly describe
reactions with weak inter and/or intramolecular interactions,
where the incorrect selection of the basis set and/or methodol-
ogy can produce changes in the number and/or the nature of
the stationary points of the potential energy surfaces (PES).”
For these pathological systems the use of accurate and expen-
sive ab initio calculations is requested [e.g. CCSD(T)/aug-cc-
pVTZ], although computing requirements become prohibitive-
ly expensive for applications to large systems.

Another interesting and unexpected example of these
pathological systems has been recently reported by Moran

ChemPhysChem 2007, 8, 1065 - 1070

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

the performance of the hardness profiles to detect shortcomings
in energy profiles for the challenging case of nonplanar PAHs.
The results obtained show that in 41 of the 42 imaginary vibra-
tional modes studied, the hardness profiles indicate the wrong
number and type of the potential energy surface stationary
points.

etal. who have found that the electron-correlated MP2,
MP3, CISD, and CCSD methodologies using popular Pople
basis sets lead to nonplanar polycyclic aromatic hydrocarbon
(PAH) equilibrium structures. The spurious imaginary vibration-
al frequencies of the corresponding planar structures are out-
of-plane (OOP) bending frequencies, which for the case of ben-
zene yield D, chair and/or C,, boat equilibrium geometries
more stable than the Dy, planar structure. Moran et al.”! con-
cluded that these imaginary vibrational frequencies arise from
an intramolecular basis set incompleteness error (BSIE) due to
the imbalance of the number of s, p, or even d functions with
respect to the number of higher angular momentum functions
(in special carbon f shells). The results of Moran etal. are in
perfect agreement with the data obtained by Saeki, Akagi, and
Fujii,”» who have shown that geometry optimizations of naph-
thalene at the MP2 level with 6-31G, 6-31G*, 6-31+G*, and 6-
311G basis sets lead to a nonplanar geometry. On the contrary,
naphthalene has a planar equilibrium geometry when the 6-
31G*(0.25) or Dunning’s correlation-consistent basis sets are
used.

In recent studies” some of the present authors have shown
that the hardness profiles along a reaction path are less depen-
dent on the method and basis set used than the energy pro-
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files. This fact has been checked for a series of well-known
chemical processes for which the choice of a wrong methodol-
ogy and/or basis set results in the presence of spurious sta-
tionary points in the PES; that is, the number and/or type (min-
imum or saddle point) of stationary points are wrong."” On
the contrary, the spurious stationary points were not present
in the hardness profiles."®™ Furthermore, the basis set super-
position error (BSSE) of the energy and hardness profiles has
been evaluated by means of the chemical Hamiltonian ap-
proach."™ The contrast of the energy and hardness profiles
with and without BSSE for the hydrogen fluoride dimer corrob-
orates that the hardness profiles are less dependent on the
BSSE than the energy profiles."" This suggests that the hard-
ness profile can be used as a tool to check the presence of
spurious stationary points on the PES®™ particularly for
those systems that cannot be studied with accurate methodol-
ogies because of their size.

The main goal of the present work is to check the reliability
of the hardness profiles to detect wrong energy profiles in the
challenging case of pathological behavior of the electron-cor-
related methodologies when a basis set without higher angu-
lar momentum functions is used to predict the equilibrium ge-
ometry of PAHs. For this purpose, we have chosen the 9 PAHs
studied by Moran et al.® (see Figure 1). In the present paper
we present the energy and hardness profiles for the imaginary
vibrational OOP modes obtained using the MP2 methodology
and three of the problematic Pople basis sets used by Moran
etal.”® that is, 6-311G, 6-311 ++G, and 6-311 +-+G(d,p).

Q @ 0O

cyclopentadieny] tropylium cation

benzene (D)) yridine (C,,,
o P @ anion (Ds;) (1239
indenyl anion naphthalene anthracene
(G5 D) [12)

Figure 1. A schematic representation of the nine PAHs studied in this work.

Theory and Computational Details

Pearson™® defined the hardness as a measure of the resistance of
a chemical species to change its electronic configuration. The ana-
Iytical definition of the hardness was given by Parr and Pearson™
in the framework of the conceptual DFT'® as shown in Equa-
tion (1)

O’
7= (W>V(ﬂ' (])

where v(r) is the potential acting on an electron at 7 due to the
nuclear attraction plus such other external forces as may be pres-
ent, for example, an electric or a magnetic field. Applying the finite
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difference approximation to Equation (1), one obtains Equation (2):
n=1—A (2)

where | and A are the first vertical ionization potential, that is,
E(N—1) — E(N), and electron affinity, that is, E(N) — E(N+ 1), re-
spectively. The previous formula can be further simplified to Equa-
tion (3) if Koopmans’ theorem!® is applied:

2 = €umo — €Homor (3)

where eyomo and &ywo are the energies of the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO), respectively. The expressions given by Equations (2)
and (3) are the two most used operational hardness formulas.

The hardness definition given by Equation (1) has been used to ra-
tionalize two fundamental chemical reactivity principles: the hard
and soft acids and bases (HSAB)"*'” and the maximum hardness
principle (MHP).'*'® According to the MHP, the systems tend to a
state of maximum hardness at constant temperature, external po-
tential, and chemical potential.”*'® Even though these constraints
are never fulfilled in any kind of nuclear displacement, the litera-
ture has shown that the relaxation of these constraints is permissi-
ble and it has been found that the MHP holds for molecular vibra-
tions,"*" internal rotations,”? and different types of chemical re-
actions.”® However, some failures of the MHP have also been re-
ported,?” with hardness profiles violating the MHP. Thus, hardness
profiles can follow or break the MHP, but in both cases the station-
ary points of the hardness profiles are usually very close to the sta-
tionary points of the energy profiles.

The geometry optimizations and frequencies of the nine PAHs
studied in this work have been performed at the MP2 level using
three Pople basis sets®! [6-311G, 6-311++G, and 6-311++
G(d,p)]. The energy and hardness profiles have been evaluated
along all the imaginary vibrational frequencies. These profiles have
been evaluated with twenty positive displacements about the
planar equilibrium geometry along the imaginary vibrational fre-
quency mode. The displacements values are 0.01 x n a.u., where n
is a natural number from 1 to 20. It is worth noting that this linear
transit path is an approximation of the intrinsic reaction path (IRP),
although it correctly describes the existence of the spurious non-
planar minima in the energy profiles for all the studied cases with
just one exception. This unique exception is the smallest imaginary
frequency (150.2i cm™) of the 42 imaginary frequencies presented
in Table 1, corresponding to a b,; mode of naphthalene computed
at the MP2/6-311 + 4 G(d,p) level.

It is worth noting that in the energy and hardness profiles only the
positive distortions with respect to the equilibrium geometry are
displayed. As the nontotally symmetric normal modes break the
symmetry of the configuration of the nuclei, the symmetric config-
urations must be stationary points of both potential and hardness
profiles. The positive and negative displacements of the nondegen-
erate nontotally symmetric normal modes yield molecular configu-
rations that have the same energy and hardness.'” On the contra-
ry, if the displacements are performed along one degenerate
normal mode (e.g. e,, €,”, and e,”) the positive and negative dis-
placements yield molecular geometries that can have different
values of energy and hardness. We have avoided this problem by
averaging the energy and hardness obtained from the displace-
ments of both degenerate modes. Nevertheless, it is important to
remark that the conclusions of this work are the same if the aver-
aging is not performed.
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The calculations have been done within the restricted formalism
except for open-shell systems, where the unrestricted approach
has been followed. All the energy and hardness calculations have
been carried out with the Gaussian 03 package.”®

Results and Discussion

Table 1 contains the summary of the 42 imaginary vibrational
frequencies obtained for the 9 PAHs studied in this work using
the MP2 methodology and the 6-311G, 6-311++G, and 6-
311+ +G(d,p) basis sets. The hardness profile as a tool to
detect spurious energy profiles can be applied for any nonto-
tally symmetric distortions. However, in the present work we
will only focus on the challenging imaginary vibrational fre-
quencies. Next to each vibrational value it is also indicated if
the hardness profiles follow or break the MHP. Fulfilling the
MHP implies that the energy and hardness profiles display op-
posite behavior; that is, a minimum and a maximum of hard-
ness will be located near a maximum and a minimum of
energy, respectively. In contrast, a breakdown of the MHP im-
plies that the hardness and energy shapes present parallel ten-
dencies; that is, a minimum and a maximum of hardness will
be located near a minimum and a maximum of energy, respec-
tively.

Figure 2a contains the energy and hardness profiles along
the b,y 723 cm™' vibrational mode of benzene evaluated at the
MP2/6-311G level (as has been noted in the previous section,
only the positive distortions with respect to the equilibrium
geometry are displayed). As one can see, the energy profile
shows two spurious stationary points: a maximum and a mini-
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mum of energy at the Dy, and nonplanar geometries, respec-
tively. Otherwise, the hardness profiles (7, and 7,) only display
one stationary point at the Dy, geometry. The lack of corre-
spondence between the number of stationary points in the
hardness and energy profiles is an indication of the incorrect-
ness of the energy profile. At this point it is important to
remark that, as has previously been noted, all energy and hard-
ness profiles along a nontotally symmetric normal mode will
always show a stationary point at zero displacement.?"%”

The energy profile used as reference to decide if a mode is
MHP or anti-MHP was the correct one with only a minimum of
energy at zero displacement. Figure 2a shows that the hard-
ness profiles have a maximum at zero displacement. Then, fol-
lowing this criteria the MP2/6-311G b,, 723 cm™' vibrational
mode of benzene fulfills the MHP.

In 41 of the 42 studied cases the 7, profiles indicate the ex-
istence of the spurious nonplanar minimum along the imagina-
ry vibrational modes, showing the trustworthiness of the hard-
ness profiles to check the reliability of the PES. The only failure
of the 5, profile is the a, 485.5i cm™' vibrational mode of the
indenyl anion evaluated at the MP2/6-311G level, which will be
discussed in detail at the end of this section. In addition, it is
important to remark that 7, (&.uwo — €nomo) always mimics the
shape of 7, (I — A) with the only exception of the b,, 1031.7i
cm™' vibrational mode of naphthalene evaluated at the MP2/6-
3114++G(d,p) level (see Figure 6i in the Supporting Informa-
tion). In this case 7, has two stationary points whereas 7, has
only one indicating the incorrect behavior of the energy pro-
file. Despite the similarity between the 5, and #, profiles, in
the present work we will only focus on the 7, profiles, because

the approximation of #, is based
on the Hartree-Fock methodolo-

Table 1. Summary of the imaginary vibrational frequencies (cm~') studied in this work.”!

gy (HOMO and LUMO energies)
which correctly describes the

Molecule

MP2/6-311G

MP2/6-3114++G

MP2/6-311 ++G(d,p)

benzene (Dg,)

pyridine (C,,)

cyclopentadienyl anion (Ds,)

tropylium cation (D,,)

indenyl anion (G,,)

naphthalene (D)

anthracene (D,,)

b,g 723.4i MHP *

e,” 400.8i MHP x

a, 1118.7i MHP *
b, 582.5i MHP *
a, 485.51 MHP x
b, 251.61 MHP *
a, 167.0i MHP x

b,y 1409.7i MHP
a, 656.61 MHP *
bs, 366.8i MHP *

b,, 1649.6i MHP *
a, 1255.2i MHP *
by, 606.51 MHP
by, 570.5i MHP *
by, 339.51 MHP *
a, 305.5i MHP *

b,y 1852.1i MHP x
e,, 467.9i MHP x
e,” 866.9i MHP x
e, 255.7i MHP x
e,” 1034.8i MHP *
a, 1436.7i MHP x
b, 1009.4i MHP x
a, 902.5i MHP x
b, 603.9i MHP x
a, 486.8i MHP x
a, 166.0i MHP x
b,y 1833.1i MHP x
a, 1264.7i MHP x
b,y 805.1i MHP X
bs, 764.9i MHP x
b,y 345.6i MHP X
[b]

b,g 1190.6i MHP x

b, 770.2i MHP x
e,” 198.0i MHP x

e,” 538.3i MHP *
a, 780.2i MHP x
b, 395.4i MHP x
a, 240.2i MHP x

byg 1031.7i MHP x
a, 667.6i MHP x
b,y 150.2i MHP x

[b]

[a] MHP * and MHP X indicate that the hardness profiles follow and break, respectively, the MHP with respect
to the correct energy profile without spurious stationary points. [b] Values not calculated because of computa-

tional requirements.
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planarity of the PAHs. Then, the
correct profiles obtained using
7, are not unexpected. However,
it is far more surprising that
using 7, one also obtains the
correct hardness profiles, al-
though this approximation is
based on the MP2 energy pro-
files showing the wrong number
and type of stationary points.

To analyze in more detail the
origin of the correct shape of
the #, hardness profiles in Fig-
ure 3a we show the energy pro-
files of benzene with N, N+1,
and N—1 electrons (N being the
neutral case) along the b,
723.4 cm™' vibrational mode cal-
culated at the MP2/6-311G level.
The three profiles show parallel
tendencies with a spurious maxi-
mum and a spurious minimum
of energy at the Dy, and nonpla-
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b) -231.2160— 0.3807 —T—0.3716
] / T
L
3806 ——0.3714
~231.2180—
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Figure 2. Energy (—) and hardness 7, (——-) and #, (-+-+) profiles calculat-
ed for molecular distortions of benzene along the vibrational modes

a) 723.4i cm™' b, at the MP2/6-311G level and b) 1852.1i cm™' b, at the
MP2/6-311 ++G level. The energy and hardness values are given in a.u.

nar geometries, respectively. In contrast, the differences be-
tween these energies, | and A, show convex increasing curves
(see Figure 4a), resulting in a profile with only one stationary
point at the Dy, geometry. As has been argued by Moran
etal.® the nonplanirity of the PAHs calculated by the elec-
tron-correlated methodologies is due to an imbalance of the
number of s, p, or even d functions with respect to the
number of higher angular momentum functions. Then, it is
reasonable to assume that the energy of the N, N+1, and
N—1 electron systems would show a similar intramolecular
basis set incompleteness error. As a result, the differences of
these energies produce a cancellation of most of the BSIE, fi-
nally resulting in a nearly BSIE-free hardness profile. Equivalent
graphs to Figure 3a are obtained for the majority of the re-
maining imaginary nontotally symmetric normal mode profiles.

Table 1 shows that for some vibrational modes the tendency
to follow or break the MHP changes when the basis set is
changed. For instance, at MP2/6-311G the displacements along
the spurious b,y vibrational mode follow the MHP, whereas at
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Figure 3. Energy profiles for benzene neutral (N, —), cation (N-1, ——-), and

anion (N+1, —-—+) calculated for distortions along the vibrational modes
a) 723.4i cm™" by, at the MP2/6-311G level and b) 1852.1i cm™' by, at the
MP2/6-311 ++ G level. The energy values are given in a.u.

MP2/6-311 + 4+ G the same displacements break the MHP. This
different behavior can be understood looking at the symmetry
of the LUMO orbitals and/or at the symmetry of the electronic
states of the system with N+ 1 electrons, which might change
from one basis set to another. However, as can be seen in Fig-
ures 3a and b the E(N + 1) profiles of the two electronic states
have two stationary points, as their E(N) and E(N + 1) counter-
parts. Then, as seen in Figures 4a and b, although the MP2/6-
311G 5, profile is convex and the MP2/6-311 4+ 4G 7, profile is
concave, both have a unique stationary point. Thus, the hard-
ness profile is successful in indicating the incorrectness of PES
even when the symmetry of electronic states obtained with
N+ 1 and N — 1 electrons changes with the level of calcula-
tion. The other E, n,, and 7, profiles for the imaginary vibra-
tional frequencies of Table 1 are provided in the Supporting In-
formation.

Finally, we want to analyze the special case of the a, 485.5i
cm™' vibrational mode of the indenyl anion. Figure 5 displays
the failure of 7, to predict the incorrectness of the energy pro-
file. Both the energy and hardness profiles show two spurious
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a) 0.4450 0.3428 —— —0.0960
0.4440 —
B t— -0.0980
0.4430 —
0.4420 — — -0.1000
n, A A
0.4410 |
E t— -0.1020
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| -0.0324
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0.3706 -0.0326
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Figure 4. Profiles of the hardness 7, (—), electron affinity A (-—-), and ion-
ization potential / (----) calculated for the molecular distortions of benzene
along the vibrational modes a) 723.4i cm™ b,y at the MP2/6-311G level and
b) 1852.1i cm™ b,4 at the MP2/6-311 ++G level. The hardness, electron af-
finity, and ionization potential values are given in a.u.

—345.6465 — 0.3520 —— 0.3260
—345.6466 — — 0.3260
—345.6467 — — 0.3260
Energy - m,
3456468 — - 0.3259
—345.6469 — — 03259
3456470 T ' I ; 03520 | 3259
0 10 20

Molecular distortion

Figure 5. Energy (—) and hardness 7, (——-) and #, (-+-+) profiles calculat-
ed for the molecular distortions of the indenyl anion along the vibrational
mode 485.5i cm™' a, evaluated at the MP2/6-311G level. The energy and
hardness values are given in a.u.
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stationary points along the vibrational mode. In Figure 6 we
present the energy profiles along the imaginary frequency
mode of the system with N, N+ 1, and N — 1 electrons. In con-

—345.6465 — — 3453795 —— - 345.5850
|- - 3455855
~345 6466 — —346.3800
i T+ - 2455880
~345.6467 — 5.3805
E(N) A +~ -345.5865
~345,6468 — 3453810 E(N-1)
) |- -345.5870
1 E(N+1) A
3456469 — _ut” . —345.3815—
______ = \ |- - 3455875
i X 1
—-345,6470 | : ; *34?3‘320 - 345.5880
0 10 20
Molecular distortion
Figure 6. Profiles of the energies for the indenyl anion (N, —), neutral radi-
cal (N-1, =—-), and double anion (N+ 1, -+-+) calculated for distortions along

the vibrational mode 485.5i cm ™' a, evaluated at the MP2/6-311G level. The
energy values are given in a.u.

trast to the other 41 imaginary vibrational modes studied, the
energy profile of the system with N electrons has a very differ-
ent shape to the energy profiles of the system with N+ 1 and
N — 1 electrons. While in the first case the E(N) profile presents
two stationary points, the E(N — 1) and E(N + 1) profiles have
only the zero displacement stationary point. Then, for this par-
ticular case the cancellation of the BSIE in the calculation of
I and A profiles along the a, imaginary frequency vibrational
mode would not be as effective as in the precedent cases.

Conclusions

In this work we have investigated the energy and hardness
profiles along the imaginary vibrational modes of 9 PAHs at
MP2 level using three different Pople basis sets [6-311G, 6-
3114+ +G, and 6-311 ++G(d,p)]. The hardness profiles calculat-
ed as the difference between the vertical ionization and elec-
tron affinity indicate the incorrectness of the energy surfaces
in 41 of the 42 imaginary vibrational modes studied, showing
the trustworthiness of the hardness profiles to check the relia-
bility of the PES. In addition, we have shown that the energy
profiles of the system with N+ 1 and N — 1 electrons display
similar tendencies than their counterpart of the system with N
electrons, indicating similar BSIEs for the three profiles. Thus,
the differences of these energies to evaluate / and A produce a
cancellation of most of the BSIE, obtaining finally nearly BSIE-
free hardness profiles. Hardness profiles can thus be a good
methodology to perform a preliminary check of the reliability
of the energy profiles, in particular for systems that due to
their size (polymers and biomolecules) cannot be treated with
accurate and expensive ab initio calculations. The hardness
profile only requires the evaluation of n single-point calcula-
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tions, where n or 3 x n is the number of points in the profile
depending on the use of the #, or 77, approximations, respec-
tively. One problem of #, is that the evaluation of N+ 1 and
N — 1 systems usually requests open-shell calculations, increas-
ing the costs. For large systems the computation of the hard-
ness profile with a low level of calculation will become incredi-
bly cheaper than the evaluation of the vibrational frequencies
with a higher level.
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