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Abstract In this article we focused on computational re-
search of sumanenes disubstituted by boron where the two
carbon atoms are substituted by two boron atoms. Disubsti-
tution of rim carbon atoms with boron atoms significantly
affected the geometry of the bowl. The main stability factors
were used to determine the stability of isomers. The most
stable, the shallowest and the deepest isomers were sub-
jected to further study of NMR parameters, chemical shield-
ing and NICS, aromaticity, bowl to bowl inversion barrier
and NBO/NPA analysis. The introduction of boron atoms
significantly affected the above parameters, changing the
aromatic nature of rings, reducing bowl to bowl inversion
barrier and produced charge transfer. The NICS are corre-
lated with bowl depth having the result that the function of
the fourth degree of bowl depth does not only correlate well
to the bowl to bowl inversion barrier with bowl depth, but
also finely correlates the change of the NICS and NICSzz
with bowl depth.

Keywords Boron disubstituted sumanenes . Bowl to bowl
inversion barrier . NMR parameters . NBO/NPA analysis

Introduction

Bowl-shaped polyaromatic hydrocarbons, or π-bowls, are
considered to be important structures whose research can
significantly increase the potential of important interdisci-
plinary fields such as catalysis, pharmacy and electrical
material science [1, 2]. There are two main factors that
correlate π-bowls, such as coranulene and sumanene with
fullerenes and nanotubes. The first is that the aforemen-
tioned compounds serve as model compounds of fullerenes
and nanotubes, and the second is that these structures serve
as potential synthetic intermediates for the artificially-
designed fullerene derivatives such as hetero-fullerenes [2].

The importance of investigation of π-bowls, as main
constituents of fullerenes and nanotubes, lie in the fact that
the later mentioned can be easily modified [3, 4] by encap-
sulation, covalent linking, π-stacking and similar. Of course,
it is not necessary to comment on the importance of full-
erenes and nanotubes in all interdisciplinary fields of sci-
ence. There are numerous, both theoretical and
experimental, concrete examples of research of functional-
ized and doped fullerenes and nanotubes which take advan-
tage from the delocalized π-electron density along the
backbone [5].

The fact is that fullerenes containing boron, bora-
fullerenes, have already been commented on in detail in
the work of Vostrowsky and Hirsch [6] opens the possibility
for further investigations. Also well-known π-bowl struc-
ture, coranulene, has already been treated computationally
in a similar way [7].

Typical representatives of π-bowls are coranulene
(C20H10, C5v symmetry) and sumanene (C21H12, C3v sym-
metry), Fig. 1. Coranulene was synthesized in 1966, and
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since then it has been studied intensively [7, 8] and many
structures have been related to it. On the other side, research
of sumanene practically started in 2003 [8] when it was
synthesized by Hirao’s group [2].

The three sp3 hybridized carbon atoms at the benzylic
positions are the characteristic structural features of suma-
nene, which is in contrast to the coranulene, the rim of
which is covered with five aromatic rings [1]. The advan-
tages of sumanene concerning its three benzylic positions is
that such structure may allow further functionalization of
new bowl shaped structure [9].

Primary attempts for the synthesis of sumanene in-
cluded planar aromatic compounds as initial one, but
such synthesis failed due to the strain energy [1, 10].
This problem was overcome by construction of three-
dimensional framework mostly based on tetrahedral sp3

carbons, which lead to the required π-conjugated struc-
ture by oxidative aromatization [1, 2].

The characteristic quantity for molecular bowls is the
depth (bowl depth) of such structures, defined as a distance
between the planes of hub benzene ring and aromatic carbon
rim, Fig. 2. Sumanene is a deeper molecular bowl than
coranulene, with depths of 1.11 Å and 0.89 Å respectively.

For the investigation of effects obtained by the substitution
of carbon atoms with boron wemainly used NMR parameters,
chemical shielding [11] that are very sensitive to the change of
charge density and therefore are ideal parameters for compar-
ison of similar or in some way perturbed systems. In addition,
the calculations of (NMR) parameters using ab initio techni-
ques have found the ability of quickly evaluating and corre-
lating the magnitude of the chemical shielding (CS) tensors
with variations in bond angles, bond lengths, and the nearest
neighboring interactions and then have increased the signifi-
cance of utilizing these parameters in investigations of molec-
ular structures [12–14].

For the evaluation of aromaticity Schleyer et al. [15]
introduced nucleus independent chemical shifts (NICS) as
a negative value of absolute magnetic shielding calculated at
the aromatic ring center or one angstrom above the molec-
ular plane. NICS are very important parameters because
they are closely related to the energetic, structural and
magnetic properties of molecules [16–18]. In this paper a
correlation of NICS change with bowl depth has also been
made.

Important quantity for molecular bowl is also a bowl to
bowl inversion barrier which shows how prone the molec-
ular bowl is to inversion. This quantity is determined for
further investigated structures in this paper.

Natural bond order (NBO) analysis, performed in our
work, is in general a fine approach to gain a good
insight into the stability of molecules. Charges of atoms
obtained with natural population analysis (NPA), for
which is known to bring reliable data, have also been
discussed in this paper.

Computational details

Density functional theory calculations were performed by
means of the hybrid, non-local exchange and correlation func-
tional of Becke-Lee, Parr and Yang (B3LYP) [19, 20]. Two
stages took place for all isomers: first the ground state geo-
metrical parameters have been determined using 6-31G(d)
atomic basis set. Secondly, harmonic vibrational spectrum of
each isomer has been checked in order to assure that the true
minimum of potential energy, to which corresponds only
positive frequencies, is located. We decided to employ 6-
31G(d) basis set for two main reasons. It has been shown that
this basis set accurately reproduces the results obtained for the
bowl-to-bowl inversion barrier of corannulene [8]. Secondly,
this basis set is used in a significant number of papers dealing
with theoretical research of carbon nanotubes and it is our goal
in the near future to compare various properties of sumanene
and carbon nanotubes, since buckybowls serve as model
compounds of fullerenes and nanotubes [2].

The main idea was to check stability of investigated
structures and to subject them to further investigation by
calculation of chemical shielding, NICS and bowl to bowl
inversion barrier. In this paper isomers which, according to
parameters of HOMO-LUMO gap and chemical hardness,
are the most stable as well as the shallowest and the deepest
are further investigated. In this way we can investigate the
effect of disubstitution on the stability, NMR parameters and
bowl to bowl inversion barrier.

GIAO method [21] on the same level of theory was
employed to calculate the NMR parameters; chemical
shielding and NICS that we brought in correlation with bowl
depth. The NICS values were obtained as negative of the

Fig. 1 a Coranulene and b Sumanene

Fig. 2 Bowl depth
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isotropic shielding calculated at the center of rings in each
molecule [15–18].

In this paper we also decided to correlate the value of
NICS along the direction connecting the centers of hub and
rim of molecular bowl in order to investigate the influence
of bowl-depth on the NICS values.

For all calculations we used Gaussian 03 [22].

Results and discussion

Stability

By optimizing the structures we obtained data on the HO-
MO and LUMO energies that we continue to utilize to
calculate the parameters that indicate the stability/reactivity,
such as the chemical potential χm and chemical hardness η.
Within the Koopmans’ theorem these parameters can be
calculated as follows:

η ¼ þ0:5 ELUMO � EHOMOð Þ ð1Þ

cm ¼ �0:5 EHOMO þ ELUMOð Þ ð2Þ
These parameters are important as a measure of stability

and sensitivity of organic compounds.
HOMO and LUMO are the main orbitals that take part in

chemical stability [23]. The decrease in the HOMO and
LUMO energy gap explains the intramolecular charge trans-
fer interaction taking place within the molecule which is
responsible for the activity of the molecule. A molecule with
a small or no HOMO-LUMO gap is chemically reactive.
Pearson showed that the HOMO-LUMO gap represents the

chemical hardness of the molecule [23], which has been
used as an electronic property to characterize the relative
stability of molecules. According to the principle of maxi-
mum hardness [24], the hardness of a system becomes
maximal at equilibrium geometries [25], and the stability
is directly related to the higher values of hardness [26].

Further, we summarize results concerning stability fac-
tors and bowl depth in Fig. 3, while structures of all inves-
tigated isomers are given in Fig. 4.

Structural alterations

For three chosen isomers, the most stable (isomer 5), the
shallowest (isomer 12) and the deepest (isomer 16), Fig. 5,
bond length alterations are shortly discussed. Bonds are
denoted in Fig. 6. In the vicinity of boron atoms some
significant bond length alterations happened. Results
concerning stability factors and bowl depth for isomers 5,
12 and 16 are summarized in Fig. 7.

For isomer 5, the only significant change in bond length
happened for bonds denoted as r20 and r8. In this case, the
bond length decreased for 3 %. For isomer 12 the most
significant bond length alterations happened in the ring in
which two carbon atoms were substituted with boron atoms.
The bond between two boron atoms, denoted as r23, in-
creased for 25 %, bond lengths denoted as r22 and r24
increased for 10 % while bond lengths denoted as r1 in-
creased for 6 %. For isomer 16, the rim containing substi-
tuted boron atoms suffered mostly from bond alterations. In
this case, the mean value of rim bond length increased for
6 %. The bond length between two boron atoms, denoted as
r4, increased for 11 %.

Concerning the mean bond length of investigated struc-
tures the highest increase happened for isomers 12 and 16
where the mean bond length increased for approximately
4 % comparing with regular sumanene, while for isomer 5
the mean bond length increased for approximately 2 %.

NICS and chemical shielding

In this chapter we present results concerning chemical
shielding and NICS of the further investigated structures.
The results of disubstituted sumanenes are compared with
chemical shielding and NICS of the regular sumanene. In
this way we can deduce where significant changes of the
charge density in the investigated structure happened.

We also dealt with zz component of NICS since there are
papers stating that this is sometimes better to use for estimation
of the aromaticity. Namely, based on the work of [27, 28] the
component corresponding to the principal axis perpendicular
to the ring plane, NICSzz, is found to be a goodmeasure for the
characterization of the π system of the ring, because isotropic
NICS values at ring centers contain large influences from the σFig. 3 Stability factors and bowl depth, *regular sumanene
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system and from all three principal components of the NICS
tensor. At large distances from the ring center, zz-component
of NICS, which is dominated by contributions from the π
system, characterizes NICS better than isotropic value.

In Figs. 8, 9, and 10 we present calculated chemical
shielding, NICS and NICSzz of isomers compared with
chemical shielding, NICS and NICSzz of regular sumanene.

Concerning NICS and NICSzz of the most stable isomer,
the significant changes occurred for the NICS 3, 4 and 5.
Aromatic nature of NICS 4 was reversed by introduction of
boron atoms from medium aromatic to non-aromatic accord-
ing to both NICS and NICSzz. The NICS 0 value, which
corresponds to hub benzene ring, and which might be impor-
tant for π-stacking, tends to be increased in the aromatic

direction by introduction of boron atoms, while corresponding
NICSzz value tends to reverse aromatic nature from non-
aromatic to aromatic. On the other hand introduction of boron
atoms did not affect the chemical shielding parameters much,
bearing in mind their sensitivity to the structural alterations.

The substitution of two nitrogen atoms with two boron
atoms led to significant changes in the NICS values of isomer
12, Fig. 9. The aromatic property of hub benzene ring, NICS 0,
reversed from −3.12 to 7.67 according to NICS parameter, but
according to NICSzz parameter the aromatic property of hub
ring increased its non-aromatic nature extremely, from 14.41 to
43.13 ppm. The aromatic nature of NICS 2 and NICS 6 was
reduced according to NICS value, but was reversed according
to NICSzz. The aromatic nature of NICS 4 was extremely

Fig. 5 Investigated isomers: a
5, b 12 and c 16.

Fig. 4 Investigated isomers
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reversed according to both NICS and NICSzz parameters,
which was expected since this ring contains boron atoms. By
introduction of boron atoms only two hub carbon atoms which
at the same time belong to the ring that contain boron atoms,
suffered from the significant change of chemical shielding.

For isomer 16 the introduction of two boron atoms in-
stead of carbon atoms led to the significant changes of both

NMR parameters, Fig. 10. The aromatic natures of NICS 2
and NICS 6 reversed highly according to both parameters,
while the highest change happened for hub ring, containing
boron atoms. Also, for this isomer the introduction of boron
atoms led to the most significant changes of chemical
shielding among all further investigated isomers.

Bowl to bowl inversion barrier

Bowl to bowl inversion is a characteristic feature of some
flexible π-bowls [1]. This property has been intensively
studied with structures based on coranulene, while one of
the first results came from Scot et al. [28]. Significant results
concerning bowl to bowl inversion barrier including cora-
nulene came from Wu and Siegel [29].

Employing the same level of theory as for the geometry
optimizations and NMR parameters for the bowl-to-bowl
inversion barrier we obtained the value of 16.8 kcal mol –1

for regular sumanene. Amaya et al. [30] reported for the
inversion barrier of regular sumanene the value of 16.9 kcal
mol –1 employing B3LYP/cc-pVTZ//B3LYP/cc-pVDZ level
of theory. On the other side, the experimental bowl-to-bowl
inversion barrier for sumanene is stated to be ca. 20 kcal mol –1

(ranging from 19.6 to 20.4 depending on used solvents) [30].
In several other papers, such as [31], the use of semi-empirical
methods (MNDO) led to the overestimation, ca. 24 kcal mol –1

which is to be expected.
For calculations of the bowl-to-bowl inversion barriers we

employed the same strategy as in reference [31]. The bowl-to-

Fig. 6 Bond denotation

Fig. 7 Stability factors of
further investigated isomers and
sumanene
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Fig. 8 Comparison of NMR
parameters of isomer 5, the
most stable one, with regular
sumenene: a NICS parameters,
b Chemical shielding. NICSzz
values are underlined

Fig. 9 Comparison of NMR
parameters of isomer 12 with
regular sumanene: a NICS
parameters, b Chemical
shielding. NICSzz values are
underlined
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bowl inversion barriers were calculated from the energy dif-
ference between the optimized bowl structure and the planar
structure for a transition state. For the time being we did not

investigate solvent effects for the energy barrier calculations,
we plan to perform that in following works. Process of bowl to
bowl inversion is illustrated on Fig. 11.

Fig. 11 Ilustration of bowl to
bowl inversion process

Fig. 10 Comparison of NMR
parameters of isomer 16 with
regular sumanene: a NICS
parameters, b Chemical
shielding. NICSzz values are
underlined

J Mol Model (2013) 19:1153–1166 1159



For isomer 5, the most stable one, we had an easy
situation. The frequency check result of the minimum ener-
gy structure showed no imaginary frequencies indicating
that we are dealing with the structure with the true mini-
mum. Further we employed the synchronous transit-guided
Quasi-Newton method [32, 33] as implemented in Gaussian
03 in order to locate transition state. We defined guess
structure as the planar one and after optimization to the
transition state we conducted frequency check which con-
firmed the existence of one and only one imaginary frequen-
cy whose visualization confirmed that it corresponds to the
inversion of the observed isomer.

The situation was a little more complicated for isomers 12
and 16. We looked for transition states in the same manner as
we did for isomer 5, and after frequency check of obtained
transition state for both isomers we received two imaginary
frequencies. In both cases, the normal mode corresponding to
the one imaginary frequency had a direction corresponding to
a bowl-to-bowl inversion, while the consequence of the other
imaginary frequency was the torsion of the part of molecule
containing boron atoms, along the direction of the corre-
sponded normal mode.We further slightly shifted the obtained
structure along the normal mode which corresponded to the
imaginary frequency we wanted to eliminate then optimized it
to a minimum and carried out the frequency check. Frequency
check contained one negative frequency. Then we used this
structure as an initial guess structure for transition state for
transit-guided Quasi-Newton method and after optimization
to the transition state we checked it by frequency analysis.
With this approach we were able to locate the transition state
for the isomer 12, for which it can be concluded that its
transition state is not completely a planar structure, but it is
very close. On the other hand, the transition state of isomer 16
is far from planar structure and therefore it can not be used for
estimation of the bowl-to-bowl inversion barrier.

The results we obtained for bowl-to-bowl inversion bar-
riers of isomers 5 and 12 are given in Table 1.

For isomer 5, the most stable one the bowl-to-bowl
inversion barrier has almost twice lower value for regular
sumanene, indicating that this one is more likely to be
subjected to the inversion than regular sumanene. For iso-
mer 12, the bowl to bowel barrier is the lowest what is not
surprising at all because this isomer is the shallowest.

NICS vs. bowl depth

Bearing in mind that the NICS values are closely related to the
energetic, structural and magnetic properties of molecules,
and that one of the specific quantities of molecular bowls is

Table 1 Bowl to bowl inversion barrier for isomers 5, 12 and
sumanene

Isomer Inversion barrier
[kcal mol –1]

Bowl depth [Å] Chemical
hardness [eV]

5 9.087 0.985 1.523

12 4.178 0.827 1.121

Sumanene 16.800 1.126 2.379 Fig. 12 Dependence of NICS on bowl depth for isomers: a 5, b 12 and
c 16
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bowl depth, it is useful to make an effort to correlate these two
quantities.

In their theoretical treatment for metallacyclopentene ring
inversion, Burgi and Dubler-Steudle [34] have shown that
there exists attractive and repulsive parts which results in a
double well potential. The same approach Priyakumar and
Sastry [35] used in their work. In that approach Burgi has
observed the change in energy along the reaction path for
automerization and described it by the double-well poten-
tial, given as follows:

E ¼ ax4 � bx2 ð3Þ
where x is bowl depth.

For the equilibrium geometry of the bowl structure, or in
other words at the minimum of investigated structure the
first derivative of energy along the reaction coordinate van-
ishes so further we have:

4 a x3 � 2 b x ¼ 0 ð4Þ
Solving the last equation we receive:

x2 ¼ b

2a
! b ¼ 2ax2eq ð5Þ

Bearing in mind that the barrier height is given by rela-
tion:

�ΔE ¼ E xeq
� �� E x0ð Þ ð6Þ

where E(xeq) is equilibrium energy of structure (when we
have equilibrium bowl depth), while E(x0) is energy of
transition state, one finally obtains:

�ΔE ¼ a x4eq � 2 a x2egx
2
eq

� �
� 0 ¼ �a x4eq ð7Þ

where xeq is bowl depth at the minimum of energy (equilib-
rium bowl depth), while x0 is the bowl depth in the transition
state. Of course, since the transition state is planar structure,
it is clear that x000.

In other words, the conclusion is that quartic function finely
correlates the bowl-to-bowls inversion barrier with bowl depth.

Table 2 NPA charges of isomers 5, 12, 16 and sumanene

Atom
number

Sumanene Isomer 5 Isomer 12 Isomer 16

1. −0.410 (B) 0.615 −0.478 −0.483

2. 0.104 −0.377 0.019 −0.026

3. 0.012 0.017 −0.045 −0.220
4. 0.012 −0.007 0.028 −0.023
5. 0.103 −0.333 −0.342 0.011

6. −0.206 −0.179 (B)a 0.320 −0.226

7. −0.206 −0.179 (B)a 0.320 −0.227

8. 0.103 −0.333 −0.341 0.012

9. 0.012 −0.007 0.028 −0.024
10. 0.012 −0.036 −0.022 (B)a 0.288

11. 0.012 −0.036 −0.022 (B)a 0.288

12. 0.012 0.017 −0.045 −0.219
13. 0.103 0.031 −0.004 −0.145

14. −0.206 −0.248 −0.213 −0.279

15. −0.206 −0.163 −0.232 −0.123

16. −0.410 −0.484 −0.476 −0.479

17. 0.104 0.031 −0.004 −0.145

18. −0.206 −0.248 −0.213 −0.280

19. −0.206 −0.163 −0.232 −0.123

20. 0.103 −0.377 0.019 −0.027

21. −0.410 (B) 0.615 −0.478 −0.483

a Boron atoms. Hub atoms are given in bold style

Fig. 13 Charges of isomers 5, 12, 16 and regular sumanene

Fig. 14 Numbering scheme for NPA analysis

J Mol Model (2013) 19:1153–1166 1161



Bearing in mind that the double-well potential is simply a
function of x (where x is the bowl-depth) it means that the
quartic function of x fits the activation energy change of the
ring-inversion. This was the result valid for series of metal-
locyclopentenes in the study of Burgi and Dubler-Steudle [34].

In our work we concluded that the quartic function of
bowl depth not only finely correlates the bowl-to-bowl
inversion barrier with bowl depth, but also finely correlates
change of NICS and NICSzz with bowl depth. The results
are given in Fig. 12.

In Fig. 12 we present the change of NICS and NICSzz
values with bowl depth. Left side of graph corresponds to
the convex part while right side corresponds to the concave
part of sumanene isomer. For this purpose we placed a set of
ghost atoms on the line that connects the ghost atom in the
centroid of hub atoms and ghost atom in the centroid of rim
atoms in both concave and convex part of the bowl like
isomer. Ghost atoms were placed in steps of 0.25 Å.

As can be seen from Fig. 12 for all isomer changes of the
NICS values are consistent with the changes of the NICSzz.
An important conclusion is that the values of both NICS and
NICSzz increase quartically with the increase of bowl depth.

Here arises the logical question; which NICS value to use
for description of the aromaticity; isotropic value or zz
component. This topic is popular and there are several
papers published in the valuable journals that are dealing
exclusively with parameters that can be used for the aroma-
ticity estimation. We dealt with this question in our previous
paper [36] where we investigated the aromaticity of the
active components of frequently used β-blockers. It turned
out there that changes of the NICS values were not consis-
tent with changes of chemical hardness, in contrast to the
NICSzz values which changes were consistent with changes
of chemical hardness. As we dealt in that work with

structures for which aromatic ring is dimensionally compa-
rable with the rest of the molecule we practically stated that
the aromaticity is related with stability (H-L gap, chemical
hardness). Such conclusion cannot be drawn here as we are
dealing with structures with more than one aromatic ring
beside the fact that one aromatic ring of sumanene is much
smaller than the whole molecule.

What we can perform in this situation is that we can
observe in more detail the changes of NICS values with
bowl depth in the way we described in the beginning of this
subchapter.

It can be seen from Fig. 12 that changes of the NICSzz
values are more intensive than changes of the NICS values
and that changes are mutually consistent. Therefore any type
of correlation between the NICS/NICSzz values and some
other parameter can be more visible if one observes the
NICSzz.

Table 3 Significant interactions
in NBO analysis of isomer 5 Interaction Donor NBO (i) Acceptor NBO (j) E(2) kcal mol –1

1. BD (2) C1–C14 LP*(1) B30 20.77

2. BD (2) C4–C5 LP*(1) B30 18.34

3. BD (2) C6–C7 LP*(1) B28 18.34

4. BD (2) C18–C19 LP*(1) B28 20.77

5. LP*(1) B28 BD*(2) C6–C7 31.65

6. LP*(1) B28 BD*(2) C18–C19 38.11

7. LP*(1) B30 BD*(2) C1–C14 38.10

8. LP*(1) B30 BD*(2) C4–C5 31.64

9. BD*(2) C1–C14 BD*(2) C2–C9 151.01

10. BD*(2) C4–C5 BD*(2) C3–C8 112.53

11. BD*(2) C6–C7 BD*(2) C3–C8 112.42

12. BD*(2) C12–C13 BD*(2) C2–C9 135.98

13. BD*(2) C16–C17 BD*(2) C10–C11 135.94

14. BD*(2) C18–C19 BD*(2) C10–C11 151.06

Fig. 15 Significant interactions (kcal mol –1) in NBO analysis of isomer 5
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Bearing in mind what we said concerning the NICSzz,
based on [28] it can be concluded that when the NICS and
NICSzz take the same or similar values there is no large
influence of σ system and all three principal components of
the NICS tensor and that these two parameters are equiva-
lent to evaluate aromaticity. If we draw changes of the
NICS/NICSzz values with bowl depth, mentioned values
we can obtain as the intersections of lines that represent
changes of the NICS/NICSzz values with bowl. For isomer
5 the picture is symmetric not only from the aspect of
intersection but also from the aspect of slope which is
similar from both sides.

For isomer 12, on graph b, contrary to isomer 5 slopes of
both sides are very different. Slope in the convex part is much
higher than the slope in the concave part due to the geometry
of structure. There are practically two intersections on the
convex part, and the change between NICS and NICSzz
values is small, indicating that influences of σ system and
three principal components of NICS tensor are low.

In the graph c picture is not symmetric. This is not
strange since that isomer is the deepest of all investigated
and therefore the influences of geometry on the NICS are
much higher in the concave part and the difference between
the NICS and NICSzz is the highest of all investigated
isomers. Again, due to the geometry, slope of NICS depen-
dence on bowl depth, in convex part is the largest.

NBO and NPA analysis

An efficient method for studying intra and inter molecular
bonding and interaction among bonds is represented by
natural bond order (NBO) analysis. It provides an efficient
method for studying intra and inter molecular bonding and
interaction among bonds; it is a convenient basis for inves-
tigation of charge transfer or conjugative interactions in
molecular system [37–41].

NBO analysis is carried out by energetic examination of
all possible interactions between ‘filled’ (donor) NBOs and
‘empty’ (acceptor) NBOs, and estimating their energetic
importance by 2nd-order perturbation theory. In this manner
we obtained the energies of delocalization of electrons from

filled NBOs into empty NBOs, e.g., we obtain stabilization
energies gained by donation from the donor NBO to the
acceptor NBO. In this way we are able to conclude which
interactions among all possible interactions produce stability
for certain molecule.

For each donor NBO (i) and acceptor NBO (j), the stabili-
zation energy associated with i → j delocalization can be
estimated on the basis of second order perturbation theory as:

E 2ð Þ ¼ ΔEij ¼ qi
F i; jð Þ2
"i"j

ð8Þ

where qi is the donor orbital occupancy, εi, εj are diagonal
elements (orbital energies) and F(i, j) is the off-diagonal NBO
Fock matrix element.

In Tables 3, 4, and 5, the perturbation energies of signif-
icant donor–acceptor interactions are summarized and three
highest values are indicated on diagrams. The larger the E(2)
value, the intensive is the interaction between electron
donors and electron acceptors.

To study the charge distribution of some molecules it is
better to use natural population analysis (NPA) than Milliken
one, since NPA do not exhibit dependence on basis set [42].

Table 4 Significant interactions
(in kcal mol –1) in NBO analysis
of isomer 12

Interaction Donor NBO (i) Acceptor NBO (j) E(2) kcal mol –1

1. BD (2) C4–C5 LP*(1) B32 26.03

2. BD (2) C6–C7 LP*(1) B30 26.00

3. LP*(1) B30 BD*(2) C6–C7 24.74

4. LP*(1) B32 BD*(2) C4–C5 24.79

5. BD*(2) C12–C13 BD*(2) C2–C3 147.24

6. BD*(2) C12–C13 BD*(2) C8–C11 139.36

7. BD*(2) C16–C17 BD*(2) C9–C15 139.23

8. BD*(2) C16–C17 BD*(2) C10–C18 147.32

Fig. 16 Significant interactions (in kcal mol –1) in NBO analysis of
isomer 12
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Buckybowls are polar in contrast to the planar aromatic
hydrocarbons because of the anisotropic distribution of π-
electrons and the C–H bonds, which is the trigger for sep-
aration of charges [43]. This is confirmed by results in
Table 2 where charges of atoms are given for sumanene
and investigated isomers.

It can be seen that the hub atoms have positive charge
while the rim atoms have negative charge. The introduction
of the boron atoms instead of the carbon atoms changed
significantly the charge of other atom. The atom charges are
visually summarized in Fig. 13 for which numbering
scheme given in Fig. 14 is used.

High positive values on the right side of histogram cor-
respond to boron atoms.

If we look in Table 3 and Fig. 15, we can see that lone
pairs located on the boron atoms, denoted as LP*(1) B28
and LP*(1) B30 are donors to the orbitals located between
the closest carbon atoms from both sides. More precisely,
LP*(1) B28 has important donor activity to the bonds be-
tween C6-C7 and C18-C19. Symmetrically to that, the lone
pair on the opposite boron atom, denoted as LP*(1) B30 has
expressed donor activity to the bonds between C4-C5 and
C1-C14. The interaction energies for these cases are around
31 and 38 kcal mol –1. Further, for isomer 5, there exist
strong donor-acceptor interactions between BD*(2) C18-
C19 and BD*(2) C10-C11 and between BD*(2) C16-C17
and BD*(2) C10-C11. The consequence of this is that some
hub carbon atoms of isomer 5 have negative charge.

Concerning isomer 12, donor/acceptor activity of the
lone pairs located on the boron atoms is almost equal,
Table 4, therefore hub atoms, denoted as C7 and C4 in
Fig. 16, remain positively charged, but higher than in the
regular sumanene. This is not the situation with opposite
two hub atoms, C8 and C9 and atoms C10 and C3 which are
highly influenced by donor activities of BD*(2) C12-C13
and BD*(2) C16-C17 to BD*(2) C2-C3, BD*(2) C8-C11,
BD*(2) C9-C15 and BD*(2) C10-C18 because of these
mentioned atoms are negatively charged.

Concerning isomer 16, Table 5 and Fig. 17, for its overall
stability in general, the lone pairs located on C1, C11, C17
and B33 play an important role. The most significant inter-
action including the lone pair is between BD(2) C15-C16
and LP (1) C1 which is possible due to the high bowl depth,
because of which the mentioned atoms are significantly
closer than in the regular sumanene. On the other hand the
most significant interaction is between BD*(2) C12-C13
and BD*(2) C2-C3. Further, the interaction between two
lone pairs, LP* (1) C11 and LP*(1) B33 is also significant.

In general, for isomer 5 there are six interactions, for
isomer 12 there are four interactions while for isomer 16
there are no interactions with values more than 100 kcal mol –1.
Further, as can be seen from Tables 3, 4, and 5 number of
significant interactions between electron donors and electron
acceptors is the largest for isomer 5 than comes isomer 12 and
16 indicating again that isomer 5 is the most stable since there
aremore interactions that contribute to the stability of molecule.

Table 5 Significant interactions
in NBO analysis of isomer 16 Interaction Donor NBO (i) Acceptor NBO (j) E(2) kcal mol –1

1. BD (2) C2–C3 LP*(1) B33 20.49

2. BD (2) C10–C18 LP (1) C17 61.75

3. BD (2) C10–C18 LP*(1) B32 20.45

4. BD (2) C12–C13 LP*(1) C11 58.58

5. BD (2) C15–C16 LP (1) C1 73.66

6. BD (2) C15–C16 LP*(1) B32 15.85

7. LP*(1) C11 LP*(1) B33 67.68

8. LP*(1) C11 BD*(2) C12–C13 57.70

9. LP (1) C17 BD*(2) C10–C18 38.82

10. LP (1) C17 BD*(2) C15–C16 40.84

11. BD*(2) C12–C13 BD*(2) C2–C3 73.04

Fig. 17 Significant interactions (in kcal mol –1) in NBO analysis of
isomer 16
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This decrease in number of stronger interactions is consistent
with the decrease of chemical hardness, from isomer 5 to
isomer 16.

Conclusions

In this paper we investigate sumanene isomers obtained by
substitution of two carbon atoms with two boron atoms.
Among 16 isomers which were subjected to the bowl-
depth and stability analysis, we subjected three isomers to
further investigation that included calculations of the NMR
parameters, NICS and the bowl-to-bowl inversion barriers.

According to mentioned stability factors the most stable
isomer was isomer 5 with HOMO-LUMO gap of 3.046 eV
and chemical hardness of 1.243 eV, although these values
were also significantly high for isomers 12 and 16.

The mean bond value compared to the regular sumanene
increased for all three isomers while the most pronounced
increase happened for isomer 16.

When considering the NMR parameters introduction of
boron atoms caused significant changes in the NICS,
NICSzz and chemical shielding values. The highest change
happened for the NICS 0 value, according to both NICS and
NICSzz. Also, changes of chemical shielding were very
significant for this isomer especially for the carbon atoms
located on the rings containing substituted boron atoms.

We managed to locate transition states of further investi-
gated isomers. Transition state was the easiest to find for the
most stable isomer—isomer 5. For this isomer we gained the
planar transition state structure with only one imaginary
frequency straightforwardly. For isomer 12 we obtained
the planar transition state but with two imaginary frequen-
cies and therefore we had to displace obtained structure
along the direction of the normal mode corresponding to
the spurious frequency and optimized it to the minimum
with frequency check. In this manner we successfully
obtained the transition state which was not fully planar,
but was characterized with only one imaginary frequency
indicating that it was the true transition state.

For isomer 16 a true transition state was far away from
planar form so it could not be used for estimation of the
bowl-to-bowl inversion barrier.

We also correlated the change of the NICS parameters
with bowl depth. The conclusion is that quartic function of
bowl depth not only finely correlate the bowl-to-bowl in-
version barrier with bowl depth, but also finely correlate
change of the NICS and NICSzz with the bowl depth.

The NBO/NPA analysis gave further insight into the most
significant interactions between electron donors and accept-
ors which further gave an insight into the charge transfer. In
all cases the introduction of the boron atoms violated polar-
ity of the initial regular sumanene.
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