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ABSTRACT: Inspired by their geometrical perfection, intrinsic beauty, and
particular properties of polyhedranes, a series of carbo-cages is proposed in
silico via density functional theory computations. The insertion of alkynyl
units into the C−C bonds of polyhedranes results in a drastic lowering of
the structural strain. The induced magnetic field shows a significant
delocalization around the three-membered rings. For larger rings, the
response is paratropic or close to zero, suggesting a nonaromatic behavior.
In the carbo-counterparts, the values of the magnetic response are shifted
with respect to their parent compounds, but the aromatic/nonaromatic
character remains unaltered. Finally, Born−Oppenheimer molecular
dynamics simulations at 900 K do not show any drastic structural changes
up to 10 ps. In the particular case of a carbo-prismane, no structural change
is perceived until 2400 K. Therefore, although carbo-cages have enthalpies of
formation 1 order of magnitude higher than those of their parent
compounds, their future preparation and isolation should not be discarded, because the systems are kinetically stable,
explaining why the similar systems like carbo-cubane have already been synthesized.

■ INTRODUCTION

Polyhedranes have awoken interest in the chemical community
due to their aesthetically pleasant molecular structures,
challenging synthesis, sophisticated structure−energy correla-
tion, and singular physicochemical properties. Particularly, cage-
like polyhedral hydrocarbons, (CH)n, are attractive due to their
nonclassical carbon bonding,1 unusual ring strain,1−9 σ-
aromaticity/antiaromaticity,3,5,10−12 and their ability to partic-
ipate in isomerization reactions.13,14

Illustrative examples of polyhedral hydrocarbons include
prismanes and platonic hydrocarbons. The first ones, so-called
[m,n]-prismanes, are built of m identical n-membered rings,
held together by n single C−C bonds in a regular prism with a
Dnh symmetry. The presence of semiplanar carbon centers and
their high strain suggests that they could be used as high energy
density materials and energy storage systems.1 As far as we
know, only triprismane,15 cubane,16,17 and pentaprismane18,19

have been obtained experimentally. On the other hand, platonic
hydrocarbons are molecular representations of the platonic
solids. Tetrahedrane, cubane, and dodecahedrane are archetypal
examples of such systems.

Thirty years ago, Scott et al. synthesized an interesting group
of molecules called carbomers.20 Carbomers result from the
insertion of one or more −CC− units into the bonds of a
parent compound. The simplest example of a carbomer is
acetylene. The linearity of the −CC− fragments facilitates
the formation of rigid structures. Furthermore, the character-
istics of π-bonds provide interesting properties. For instance, it
is shown that the incorporation of alkynyl groups enhances the
optoelectronic properties of the parent molecules.21 It is also
predicted that the carbo analogues of the two most common
carbon allotropes (graphite and diamond) exhibit promising
properties. The alkynyl-expanded graphdiyne displays in silico
third-order nonlinear optical susceptibility, enhanced redox
activity, and conductivity;22,23 the expansion of the C−C bonds
of diamond would provide the so-called laboratory-grown
diamond, which is predicted to be quite stable.24

Among the carbo compounds, carbo-cycloalkanes are
probably the most widely studied to date. Carbo-cycloalkanes
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retain the symmetry, shape, and connectivity of the parent
counterpart.25−27 In the seminal work of Scott et al.,20,28 a
strong electronic coupling among acetylenic units was reported.
Cyclic homoconjugation or homoaromaticity was suggested to
be responsible for such an interaction. Since then, a significant
amount of theoretical effort is devoted to unravel the properties
of carbo-cycloalkanes.11,29,30 Particular attention is paid to the
changes in the ring strain and electron delocalization upon the
insertion of C2 units. The incorporation of C2 moieties
remarkably decreases strain due to the relaxation of bond
angles;29,30 then, stabilization of the carbomer structures will
increase with the number of C2 units inserted in each C−C
bond. Despite favorable geometric, energetic, and magnetic
criteria, carbo-cycloalkanes are not homoaromatic.11,29

Synthesis of three-dimensional carbo structures remains a
complicated challenge, mainly due to the instability of the
intermediates. However, the interest in acetylenic cage
compounds is notably increased since they serve as potential
precursors of carbon fullerenes. In this framework, Manini et al.
reported the synthesis of the expanded cubane, obtained by
formal insertion of the CC−CC units into all 12 C−C
bonds of a parent octamethoxy cubane.31 Unfortunately, the
latter compound is very unstable, exploding when scratched. It
is expected that, upon ionization, the C56 core will lose the
methoxy groups to immediately rearrange to a fullerene-like
structure.
Some theoretical works are carried out to unveil the

particular properties of alkynyl-expanded tetrahedrane, pris-
mane, cubane, and adamantane.32−34 In the same line, Jarowki
et al. reported an in silico study of diacetylene (buta-1,3-
diynediyl)-expanded platonic hydrocarbons.34 A general
conclusion is that the incorporation of CC units notably
decreases the strain of the parent compounds. However, no
systematic study, including several polyhedranes and platonic
hydrocarbons, has been done in order to understand the
metastability of the title compounds. In this article, we have
analyzed systematically a series of cage hydrocarbons and their
carbo derivatives via density functional theory (DFT)

computations, paying special attention to their structure,
stability, heat of formation, ring strain, and aromaticity. Our
benchmark study shows that the best level to describe the
thermochemistry and structural properties of carbo-cages is the
M06-2X functional in conjunction with a 6-311G(d,p) basis set.
Using this approach, we have computed the strain energies,
employing an adapted version of the homodesmotic reactions
suggested by Wodrich et al. in order to match conjugation and
hyperconjugation interactions as closely as possible.30 Although
our computations show that these carbo-cages have high heats
of formation, one cannot rule out the probability of their future
preparation and isolation since Born−Oppenheimer molecular
dynamics simulations show that the systems are kinetically
stable. This metastability is analyzed in terms of the electron
delocalization, using the induced magnetic field analysis. The
magnetic response is diatropic in nature around the three-
membered rings, showing the presence of electron delocaliza-
tion therein, whereas, for larger rings, the response is paratropic
or close to zero, implying a nonaromatic behavior.

■ COMPUTATIONAL DETAILS
All geometries are fully optimized by means of the M06-2X35

functional in conjunction with a 6-311G(d,p) basis set, as is
implemented in the Gaussian 09 program package.36 Harmonic
vibrational frequencies are determined in order to ensure that the
stationary points located are true minima of the corresponding
potential energy surface and to compute the zero-point energy and
thermal corrections.

The M06-2X functional accurately describes main-group thermo-
chemistry, kinetics, noncovalent interactions, and electronic excitation
energies of valence and Rydberg states.35 Recently, using the same
functional, a computational study of the ring strain energies of carbo-
cycloalkanes was performed.30 Nevertheless, to further guarantee the
suitability of the results obtained with the M06-2X functional for the
characterization of the title cage hydrocarbons and their carbomers,
those are compared with the experimental work. Cubane is chosen as a
model for this study because, to the best of our knowledge, it is the
only polyhedrane with the available experimental data for enthalpy of
formation. The calculated enthalpy of formation (154 kcal·mol−1) is
comparable to the experimental data range (142.7 and 148.7 kcal·

Figure 1. Optimized structures of (C4H)n carbo derivatives studied at the M06-2X/6-311G(d,p) level.
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mol−1).37,38 The computed C−C and C−H bonds are 1.573 and 1.114
Å, respectively, which match perfectly with the experimental values of
1.573 and 1.098 Å. Computations with other GGA (PBE, BLYP),
meta-GGA (TPSS, M06-L), hybrid (PBE0, B3LYP), and meta-hybrid
(M06) functionals are also performed (see Tables S1−S4 in the
Supporting Information). GGA and hybrid functionals are unable to
reproduce the experimental enthalpy of formation, whereas the values
obtained using meta-GGA and meta-hybrid functionals are in good
agreement with those of the experimentally obtained enthalpies of
formation.
As one might notice from the data summarized in the Supporting

Information, all the functionals employed here describe quite similarly
the geometry of the title compounds. However, there are significant
differences for the enthalpies of formation:

(a) GGA functionals (PBE, BLYP), in which the first-order
gradient terms in the expansion are included, deliver the
worst enthalpies of formation against the experimental
numbers.

(b) The hybrid GGA functionals (PBE0, B3LYP), which
incorporate a portion of the exact HF exchange to GGA,
provide better values.

(c) Meta-GGA approaches (TPSS, TPSS-D2M06-L), which
depend explicitly on the semilocal information in the Laplacian
of the spin density or of the local kinetic energy density and
imply a step further in the Jacob’s ladder, are even closer to the
experimental values.

(d) Meta-hybrid GGA approximations (M06, M06-2X), composed
of meta-GGA functionals including a percentage of HF
exchange, deliver the best agreement with the experimental
values.

Since they sit in the fourth rung of the Jacob’s ladder, M06 and
M06-2X outperform the lower-lying GGA, hybrid GGA, and meta-
GGA functionals. However, both M06 and M06-2X are heavily
parametrized. The former was designed to describe organometallic
compounds. The latter was optimized to characterize main-group
chemistry and is better for the compounds considered in this work.

In addition, the induced magnetic field (Bind)39−41 is computed at
the PW91/6-311G(d,p) level. The shielding tensors are calculated
using the GIAO approach. Structures are placed in such a way that the
center of the molecule is located at the origin of the coordinate system
and the z axis is identical with the highest symmetry axis.

Born−Oppenheimer molecular dynamics (BOMD)42−45 simula-
tions are carried out using the deMon2k46 program at the PBE/
DZVP47 level. The temperature of the canonical BOMD simulations is
controlled by a Hoover chain thermostat. The simulations are started
from the equilibrium geometry, with random velocities assigned to the
atoms. For molecules 1−7 and 9, trajectories are recorded at 900 K. In
the particular case of 1, BOMD simulations at 1200, 1500, and 2400 K
are computed. All systems are sampled for 10 ps with a 1 fs step size.

■ RESULTS AND DISCUSSION
Structure and Stability. Figure 1 depicts the optimized

structures of carbo derivatives. Note that the shape and
symmetry of the parent compounds are preserved (see Figure
S1, Supporting Information). Selected bond lengths and bond
angles of both the original cages and their carbomer
counterparts are given in Table 1. The geometric parameters
computed for the parent compounds are in excellent agreement
with the corresponding experimental data48−52 and with that
obtained from previous high-level computations.1 Deviations in
bond lengths are within 0.01 Å, and bond angles essentially are

Table 1. Geometric Parameters of Selected Cage Hydrocarbons and Their Carbo Derivatives, Computed at the M06-2X/6-
311G(d,p) Levelf

bond length bond angle

C2−C3 C3−C4 C1C2 C4C5 C−H C2−C3−C4 C2−C3−C6 C1C2−C3 C3C4−C5

carbo-1 1.486 1.477 1.203 1.198 1.091 107.4 100.5 157.4 165.4
1 1.514 1.550 1.080 90.0 60.0

1.540a 1.551a

carbo-2 1.479 1.198 1.093 106.8 166.7
2 1.562 1.087 90.0

1.573b 1.114b

carbo-3 1.477 1.480 1.198 1.198 1.094 106.5 110.6 169.4 168.3
3 1.553 1.563 1.088 90.0 108.0

1.548c 1.565c

carbo-4 1.476 1.480 1.198 1.198 1.095 106.4 113.5 168.9 169.4
4 1.553 1.559 1.089 90.0 120.0
carbo-5 1.476 1.480 1.198 1.198 1.095 106.3 115.5 167.5 170.5
5 1.553 1.559 1.089 90.0 128.6
carbo-6 1.475 1.479 1.198 1.198 1.096 106.3 117.0 166.1 171.4
6 1.557 1.558 1.091 90.0 135.0
carbo-7 1.491 1.207 1.087 101.7 151.7
7 1.471 1.069 60.0
carbo-8 1.474 1.197 1.097 110.3 177.7
8 1.549 1.091 108.0

1.541d 1.098e

carbo-9 1.483 1.470 1.202 1.196 1.094 113.0 100.3 159.8 178.8
9 1.514 1.492 1.082 120.0 60.0
carbo-10 1.482 1.468 1.202 1.197 1.096 116.0 100.6 159.3 174.2
10 1.532 1.515 1.094 135.0 60.0
carbo-11 1.476 1.472 1.197 1.196 1.097 112.9 106.7 171.5 178.1
11 1.561 1.526 1.090 120.0 90.0

aReference 48. bReference 49. cReference 50. dReference 51. eReference 52. fBond lengths are in Å, and angles are in degrees. Experimental data
available are indicated in italics.
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the same. C−C−C angles substantially differ from the ideal
value of 109.5° in an sp3-hybridized C atom, leading to an
important strain in the original polyhedranes. In the carbo
derivatives, the single C−C bonds are significantly shorter than
those computed for the parent compounds, in agreement with
previous results on carbo-cycloalkanes.30 Computed triple bond
distances are 1.20−1.21 Å, in agreement with those reported by
Wodrich et al.30

It is apparent from Figure 1 that all the carbo species display
bowed edges. The insertion of the C2 moieties produces a
significant relaxation of the original C−C−C angles. The C
C−C angles are computed giving a broad range between 151.4°
(carbo-7) and 178.7° (carbo-11). Some of the CC−C angles
notably differ from the ideal value of 180°, as previously
reported for carbomer [n]-prismanes.53 Most of the strain is
concentrated in the acetylene units, and the energy penalty
associated with the bending about a C(sp3) center is predicted
to be significantly smaller than the one related to a deformation
process.34

Table 2 summarizes the gas-phase enthalpies of formation,
ΔfH°(g), for the cage hydrocarbons and their corresponding

carbo derivatives, computed by means of the atomization
enthalpy approach.54 The computed enthalpy of formation of
154 kcal·mol−1 for cubane is in good agreement with the
experimental values of 142.737 and 148.7 kcal·mol−1.38

Moreover, the enthalpies of formation for the rest of the cage
are in agreement with the high-level CBS-Q//B3, G4MP2, and
G4 calculations, with relative errors of 5%, further confirming
the suitability of the computational approach adopted here.1

The computed enthalpies of atomization match with the values
calculated on the basis of isodesmic and homodesmic
reactions.1,37 However, it is known that the latter approach
could provide wrong numbers due to the uncertainty in the
experimental data employed.1

Dodecahedrane (8) is the most stable parent compound,
with a ΔfH°(g) of 50.6 kcal·mol−1 (see Figure 2). On the other
hand, the truncated cubane (10) has the highest enthalpy of
formation (370.2 kcal·mol−1). Among prismanes, pentapris-
mane is the most stable cage and triprismane is only 2 kcal·

mol−1 higher in energy. For bigger prismanes, the stability
decreases when the size of the compound increases. The
insertion of the CC moieties produces a destabilization of
the cage species, as previously reported by Wang and Zhang.53

Interestingly, the formation energy of the carbo species changes
notably with regard to their parent cages. For prismane-based
carbomers, the enthalpy of formation increases proportionally
to the size of the compound. Carbo-dodecahedrane is notably
destabilized with regard to the original cage. Carbo-
tetrahedrane is the most stable system in our set, with a
computed ΔfH°(g) of 477.5 kcal·mol

−1. The carbo derivative of
the truncated cubane is the species with the highest enthalpy of
formation, with a computed value of 2516.7 kcal·mol−1.
Carbomers show enthalpies of formation 1 order of

magnitude higher, on average, than those obtained for their
parent compounds. These values are close to that obtained for
the octamethoxy expanded cubane synthesized by Manini et
al.31 (1241.7 kcal·mol−1). Again, carbomers result from the
insertion of one or more −CC− units into the bonds of a
parent compound. The simplest example of a carbomer is
acetylene itself. The heat of formation of C2H2 is positive. Its
formation involves consumption of energy, and its decom-
position releases the energy stored up in the molecule. Figure 3
shows a linear correlation between the number of C2 units
inserted in the cage with the changes of enthalpies of formation
between the carbo-cages and the corresponding parent
compounds. Therefore, clearly, the insertion of the C2 units
is the origin for such tremendous values of heat of formation. In
other words, carbo-cages can be designed as explosives,
explaining why the synthesized carbo-cubane exploded when
scratched. In the particular case of carbo-dodecahedrane, it
contains 30 C2 units, so this is the reason why it has a so high
heat of formation, but at the same time, the strain is reduced
until 9 kcal/mol (vida infra).

Strain Energy. Strain energy represents an important
concept specifically related to the release of energy, which may
be responsible for many chemical transformations. Given that
this is not an experimental observable, several approaches are
proposed to quantify the strain energy. Most of them are based
on chemical equations, where all structural and stereoelectronic
features are balanced, except for the strain energy itself.
Depending on the degree of bonding and hybridization,
isogyric, isodesmic, hypohomodesmotic, homodesmotic, and
hyperhomodesmotic equations are employed.30,55

The homodesmotic approach is probably the most widely
employed to predict the conventional strain energies of cage
hydrocarbons.1,6,7,30 In this framework, the cage strain of a
polyhedral hydrocarbon (CH)n is estimated as the energy
change associated with eq 1:

Similarly (eq 2), it can be written to predict the strain energy
of the corresponding carbo derivatives (C4H)n:

Table 2. Gas-Phase Standard State (298.15 K, 1 atm)
Enthalpies of Formation (ΔfH°(g)) for the Selected Cage
Hydrocarbons and Their Carbo Derivatives, Computed by
Means of the Atomization Enthalpy Approach at the M06-
2X/6-311G(d,p) Levela

polyhedrane carbo-polyhedrane

1 135.2 651.0
2 154.4 816.2

142.7b

148.7c

3 133.3 1002.7
4 167.4 1202.0
5 224.9 1407.6
6 291.8 1617.3
7 121.9 477.5
8 50.6 1932.0
9 101.5 1249.8
10 370.2 2516.7
11 201.1 2350.8

aEnthalpies are given in kcal·mol−1. Experimental data available are
indicated in italics. bReference 37. cReference 38.
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Quite recently, these kinds of equations have succeeded in
balancing all stereoelectronic effects present within carbo-
cycloalkanes, allowing for a direct assessment of the strain
energies.30 Table 3 summarizes the strain energies for the title
compounds, computed as the enthalpy difference associated
with the homodesmotic equations proposed. It can be noticed
from Table 3 and Figure 2 that the strain energies calculated for
the parent polyhedranes essentially corroborate with their
enthalpies of formation. In this sense, the strain seems to
determine the stability of the considered species. The strain
energy of 162.6 kcal·mol−1 computed for cubane essentially
coincides with the experimental determination of 166 kcal·
mol−1.31 Our computed values for [2,n]-prismanes are in

agreement with previous high-level calculations too.1 Tripris-
mane and tetrahedrane resulted surprisingly stable, given their
acute bond angles. Indeed, the root mean square deviation
(RMSD) of their C−C−C angles, calculated with respect to the
ideal value of 109.5°, reveals a significant geometrical strain.

Figure 2. Estimated gas-phase standard state enthalpies of formation (ΔfH°(g)) and strain energies (Estr) of polyhedranes and their carbo
derivatives. Computations are performed as the enthalpy differences corresponding to the proposed homodesmotic equations. Values are obtained at
the M06-2X/6-311G(d,p) level and are in kcal·mol−1. Root mean square deviations of the C−C−C and the CC−C angles are also shown.

Figure 3. Correlation between the number of inserted C2 units into
the cages and the change of the heat of formation between the carbo-
cages and the corresponding parent compounds.

Table 3. Strain Energies (Estr) for the Selected Cage
Hydrocarbons and Their Carbo Derivatives at the M06-2X/
6-311G(d,p) Levela

aEnergies are given in kcal·mol−1.
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However, the development of σ-aromaticity in three-membered
rings (and perhaps in five-membered rings, vide infra) stabilizes
polyhedranes bearing trigonal (and perhaps pentagonal)
faces.12 Such delocalization is associated with strain energies.12

The proposed homodesmotic equations were unable to
decouple the strain energies from the rest of the contribu-
tions.30

The introduction of the C2 units results in a drastic lowering
of the strain, as previously reported for cycloalkanes. Such
reduction is presumably related to the relaxation of the C−C−
C angles in the vertices of the cage. Consequently, the RMSDs
of the C−C−C and the CC−C angles are much smaller. The
strain energy implies only a small portion of the enthalpy of
formation. Moreover, the strain does not fit the trend shown by
the enthalpies of formation, in contrast to the parent
polyhedranes. Carbo-dodecahedrane displays the lowest strain
energy but a very large enthalpy of formation. Carbo-
tetrahedrane is the most stable carbo-cage, despite showing a
quite large strain energy, relative to the rest of the species. The
RMSD curve essentially coincides with the trend given by the
strain energy, suggesting that σ-aromaticity vanishes upon
carbomerization, in agreement with previous results.30

Kinetic Stability. Now, the question is whether carbo-cages
are at all stable to synthesize. As we know, the stability of a
system depends on both thermodynamics and kinetics. From
the values of the enthalpies of formation, it is obvious that
carbo-cages are not thermodynamically stable, but still, we do
not know how fast the systems undergo changes to convert into
their corresponding more stable isomers.
In order to know if the systems are kinetically stable or not

and thus if they are viable, we have performed a series of
BOMD simulations at the PBE/DZVP level (except for 8, 10,
and 11). From the analysis of the structural evolution along the
recorded trajectories, we note that all the systems maintain
their structures at 900 K for 10 ps (see the movies in the
Supporting Information).
In the particular case of 1, BOMD simulations at 1200, 1500,

and 2400 K for 10 ps are computed. Until 2400 K, we have not
seen any structural change in the carbon skeleton. At 2400 K, a
single C−C bond is broken and a complex structural change is
started. Therefore, the systems are kinetically stable and hence
are viable.
Aromaticity. In order to understand electron delocalization,

the magnetic response to an external magnetic field was
analyzed.39−41 This response will depend on the magnitude and
direction of the external field (Bext). Profiles of the z-
component of the induced magnetic field bisecting ring planes
provide more details (see Figure 4 and Table 4). Magnitudes
are shown by the size of the spheres. For comparison, the
parent cages are also computed.
Clearly, the magnetic response around the three-membered

ring (3MR), in both the parents and the carbo compounds, is
diatropic; i.e., they can be considered as aromatic. The values at
the 3MRs are around −10 ppm. In contrast, for larger rings (4−
7MRs), the response is paratropic or close to zero. The
magnitude of the extreme values is not extremely high (less
than 10 ppm). Usually, the Bind

z value for antiaromatic systems
is larger. Cyclobutadiene, the archetypal antiaromatic com-
pound, shows a strong paratropic behavior with a Bind

z(0) of
109 ppm. Then, the induced magnetic field indicates a
nonaromatic behavior, rather than an antiaromatic response.
Carbo-prismane (carbo-1) and its parent compound (1) are
special cases: they have a competing diatropic 3MRs and

nonaromatic 4MRs responses. This is also evident in carbo-9
and carbo-10. The strongest diatropic response is exhibited by
carbo-tetrahedrene (−13.2 ppm), but it is almost half of that
computed for its parent analogue.
If one compares each carbomer with its parent compound

(see Table 2), it is apparent that the values are shifted,12 but the
aromatic or nonaromatic character is preserved. This fact is in
agreement with the assumption that carbo compounds will
retain symmetry, shape, and properties of the parent counter-
part, including aromaticity.

■ CONCLUSIONS
Polyhedranes are characterized by their highly strained
geometry, with C−C−C bond angles that often differ from
the ideal value of 109.5° in an sp3-hybridized C atom. The
insertion of the C2 units produces a significant relaxation of the
original C−C−C angles. Concomitant with this structural
rearrangement is the shortening of the parent C−C bonds. The
CC−C angles are significantly bent, meaning that most of
the strain in the carbo compounds is concentrated in the
acetylene units. The parent polyhedranes possess larger strain
energies. Moreover, the strain seems to determine the stability
of the compound. The introduction of the alkynyl units results
in a significant lowering of the strain, due to the relaxation of
the C−C−C angles in the vertices of the cage.
The carbo derivatives have enthalpies of formation 1 order of

magnitude higher than those of their parent compounds. A
linear correlation exists between the number of C2 units
inserted in the cage with the changes of enthalpies of formation
between the carbo-cages and the parent compounds. Therefore,
clearly, the insertion of the C2 units is the origin for such
tremendous values of heat of formation. Nevertheless, the
BOMD simulations show that all the systems maintain their
structures at 900 K for 10 ps. In the particular case of 1, BOMD
simulations at 1200, 1500, and 2400 K for 10 ps are computed.
Until 2400 K, we have not seen any structural change in the
carbon skeleton. At 2400 K, a single C−C bond is broken and a
complex structural change is started. Therefore, the systems are
kinetically stable and hence are viable.
Regarding electron delocalization of cage polyhedranes, the

magnetic response around the three-membered rings is found
to be diatropic; i.e., they can be considered as aromatic. For
larger rings, the response is paratropic or close to zero,
indicating a nonaromatic behavior. Upon carbomerization, the
values of the magnetic response are shifted, but the aromatic/
nonaromatic character is preserved.

Figure 4. Bind
z profiles. Red and blue spheres denote positive and

negative values, respectively.
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