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Tetra- and hexaatomic cyclic clusters of main-group elements
(XY), and (XY)3: an ab initio and density functional study
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The electronic and molecular structure of planar (cyclic and linear) tetra- and hexaatomic

clusters (XY), (XY = CC, BN, BeO, LiF; n

= 2, 3) was studied using the ab initio

CCD(full)/6-311+G** method and density functional approach (B3LYP/6-311+G**). The
stability of cyclic clusters Cq, B3N, and Be;O5 with Dy, symmetry is mainly determined by the

aromaticity of their n-electron systems.
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Research into the structure and unusual properties of
fullerenes!—3 has given a strong impetus to further progress
of one of the most topical avenues of modern experimen-
tal and theoretical investigations, namely, studies of the
stability and nature of self-organization of the main-group
element clusters. Most of stable carbon clusters C,
(n = 2—139) are formed at such » values which provide
for a particular cluster the possibility to have a closed
n-electron shell and a sufficiently wide energy gap be-
tween the frontier orbitals; for cyclic and polyhedral struc-
tures this implies manifestation of the properties of an
aromatic system.4 It is attaining an optimum correspon-
dence (a specific kind of balance) between the chemical
composition and structure that is the driving force of the

* Dedicated to Academician I. P. Beletskaya on the occasion of
her anniversary.

assembly of carbon clusters upon vaporization of graphite
(both in flames and plasma) in inert gases at temperatures
ranging from 1500 to 5000 °C. Various mechanisms of
formation of polyatomic and polyhedral carbon clusters
have been proposed.2:3:5:6 All of them are based on the
assumption that polyhedral structures are formed from
cyclic and polycyclic structural fragments which, in turn,
are formed from initial (generic) chain-type units. In this
connection particular emphasis has been placed on the
studies of the structure and relative stability of small car-
bon rings C,, (n = 3—20) in different electronic and charge
states.”—10 However, not only the carbon atoms but also
atoms of other main-group elements of the periodic table
can form stable cyclic cluster structures.! Of considerable
interest are the boron—nitrogen analogs of carbon clus-
ters, in which diatomic CC groups are replaced by iso-
electronic BN units. Semiempirical MNDO calculations
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of a fullerene derivative BNCsg and polyhedral clusters
C,By4Ny, and B;(Nj, suggested high stability of these
structures.!! The properties and stability of polyatomic
and polyhedral clusters are known to depend on the char-
acteristics of cyclic constituents. In this work we report
on the results of a theoretical study of simple six- and
four-membered cyclic heteroatomic structures 1 and 2
formed by eight-electron XY groups and isoelectronic to
the carbon clusters C¢ and Cy, respectively. The stability
of the cyclic clusters was estimated relative to the corre-
sponding chain isomers 3 and 4.
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Calculation Procedure

Quantum-chemical calculations were carried out in the
framework of the ab initio computational scheme by the
CCD(full)/6-311+G** coupled cluster method!? and using the
density functional approach (DFT) by the B3LYP/6-311+G**
method using the GAUSSIAN-98 program suite.!3 Clusters Cy
and Cg¢ were calculated with the 6-311G** basis set. Obtaining
reliable data for clusters C, (n > 4) requires the inclusion of
electron correlation effects.14—18 Full optimization of the geom-
etry of the molecular structures corresponding to the stationary
points on the potential energy surfaces (PES) was carried out in
the "tight" mode (with more rigorous convergence criteria). Sta-
tionary points were identified using analytical calculations of
the force constant matrix. According to calculations, for all
cyclic systems the triplet states lie higher than the singlet states
on the energy scale. Because of this, they are left out of consid-
eration.

Results and Discussion

Our calculations showed that all six-membered (1)
and four-membered (2) clusters correspond to minima
(A = 0, hereafter A is the number of negative eigenvalues
of the Hessian at a given stationary point) on their PES.
All chain systems, except for the carbon system (3a) and
lithium—fluorine cluster (4d) treated as second-order sta-
tionary points (A = 2) in the CCD calculations, also cor-
respond to minima on the PES.

The calculated geometric parameters and energy char-
acteristics of these structures are shown in Figs. 1 and 2
and listed in Tables 1 and 2.

According to the CCD(full)/6-311G** calculations,
cyclic structure 1a with D3, symmetry is the most stable
for carbon cluster C. This is in agreement with the results
of earlier ab initio calculations.14—16 The geometric pa-

1.322

1d, Dy,

Fig. 1. Geometric parameters of structures la—d and 5 calcu-
lated by the DFT and CCD methods (figures in parentheses).
The bond lengths are given in A and the bond angles are given in
degrees.

2C, D2h

2d, Dy,

Fig. 2. Geometric parameters of structures 2a—d obtained from
DFT and CCD calculations (figures in parentheses), experi-
mental data (figures in brackets) for structure 2d (see Ref. 19).
The bond lengths are given in A and the bond angles are given in
degrees.
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Table 1. Results of the CCD and DFT calculations of compounds 1, 3, and 5 ¢

Structure, Computational —Eiotal A AE ZPE AEpE 0/io
symmetry, method
state
1a, Dy, CCD(full)/6-311G** 227.728587 0 0.0 0.027674 0.0 451
B3LYP/6-311G** 228.303693 0 0.0 0.027407 0.0 431
5, Dy, CCD(full)/6-311G** 227.714307 0 9.1 0.030185 10.5 504(e)
B3LYP/6-311G** 228.279450 2 15.2 0.025650 14.1 i613
1b, Dy, CCD(full)/6-311+G** 238.344957 0 0.0 0.026742 0.0 514(e)
B3LYP/6-311+G** 238.918994 0 0.0 0.026326 0.0 506(e)
1c, Dy, CCD(full)/6-311+G** 269.705070 0 0.0 0.021148 0.0 364(e)
B3LYP/6-311+G** 270.331798 0 0.0 0.020769 0.0 360(e)
1d, Dy, CCD(full)/6-311+G** 321.902637 0 0.0 0.011651 0.0 156(e)
B3LYP/6-311+G** 322.592338 0 0.0 0.011385 0.0 150(e)
3a, D, CCD(full)/6-311G** 227.716680 2 7.5 0.021410 3.5 i425(e)
3Zg B3LYP/6-311G** 228.313458 0 —6.1 0.023315 —8.7 102
3b, C.,, CCD(full)/6-311+G** 238.223826 0 76.0 0.022770 73.5 67
) B3LYP/6-311+G** 238.807672 0 69.8 0.022493 67.5 78
3¢, C.,, CCD(full)/6-311+G** 269.569438 0 85.1 0.016669 82.3 24
3% B3LYP/6-311+G** 270.197212 0 84.4 0.017047 82.1 48
3d, C.,, CCD(full)/6-311+G** 321.828595 0 46.5 0.009524 45.1 12(e)
1Zg B3LYP/6-311+G** 322.52199 0 44.1 0.009625 43.0 17(e)

9E, /.U is the total energy (1 a.u. = 627.5095 kcal mol~'); A is the number of negative eigenvalues of the Hessian; ZPE/a.u. is the
zero-point vibrational energy correction; AE (kcal mol~!) and AE7pg (kcal mol~!) are the relative energies of isomeric structures
calculated without and with inclusion zero-point vibrational energy correction; and o,/i® (cm™1) is the lowest or imaginary harmonic

frequency.

rameters of the planar cluster obtained from the CCD
calculations (Fig. 1) virtually coincide with those found
earlier in the calculations carried out at relevant level of
theory.14 However, our CCD(full)/6-311G** calculations
revealed an energy minimum for yet another cyclic struc-
ture 5 with Dg, symmetry, lying 10 kcal mol~! higher on
the energy scale. Earlier,3:14.15 this structure was identi-
fied as a first-order saddle point. The B3LYP calculations
also predict that structure 1a is more preferable than 5;
however, in this approximation structure 5 is located at
the top of a flattened hill on the PES of the Cy cluster
(two imaginary vibrational frequencies). Flattening of the
PES of the C¢ system in the vicinity of the point corre-
sponding to highly symmetric structure 5 implies that
characterization of this stationary point strongly depends
on the computational method employed. It seems to be
highly probable that structure 5, irrespective of whether it
corresponds to a transition state or intermediate, lies on
the pathway of a low-barrier topomerization of 1a, which
leads to the position exchange between two differ-
ent types of carbon atoms in the structure with Ds;, sym-
metry.

C*
o O 5
. y _ | | S KA
C:E;-*;C C\C,C ’Q\C//C*
1a, D3h 5a, D6h 13,, D3h

As can be seen in Fig. 1, the C—C*—C angles in
molecule 1a are close to 90°. Both computational meth-
ods predict that system 1a has three occupied n-orbitals.
This allows one to describe the electronic configuration
of the valence shell of the C* atom as (s,pg,Pg,Px). For the
carbon atoms occupying the vertices of the C¥*—C—C*
angles (~150 °C) the valence shell configuration can be
written as (sp'-4,sp'4,sp32,p,). Ring distortion causes the
three positively charged C atoms to bring closer together
so that the distances between them approach the longest
carbon—carbon bond lengths. These atoms can be treated
as a three-membered pseudoring within the molecule,
bearing a positive charge of 0.2—0.3 e. This structural
situation closely resembles the conditions for the so-called
planar, or radial, aromaticity*2? and favors an increased
stability of cyclic system 1a compared to structure 5. This
is in agreement with the aromaticity estimates obtained
for 1a and 5 based on the structural aromaticity criteria
HOMA and HOMAS.21:22 The aromaticity calculated
based on the carbon—carbon bond lengths obtained from
CCD calculations is 0.529 for 1a and 0.319 for 5.

According to our (and earlier8) DFT calculations, the
energy of the ground triplet electronic state 3Zg— of linear
carbon cluster 3a is nearly 6 kcal mol~! lower than the
energy of the singlet electronic state 'A,; g of the system 1a
with D5, symmetry. This was also confirmed by the ab
initio CASSCF calculations.!¥ However, most of the ab
initio calculations,10:-14=16 a5 well as the coupled cluster
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Table 2. Results of the CCD and DFT calculations of compounds 2 and 4¢

Structure, Computational —Eiotal A AE ZPE AEpE 0/io
symmetry, method
state
2a, Dy, CCD(full)/6-311G** 151.745946 0 0.0 0.013129 0.0 379
B3LYP/6-311G** 152.102840 0 0.0 0.012459 0.0 308
2b, Dy, CCD(full)/6-311+G** 158.691988 0 0.0 0.013085 0.0 426
B3LYP/6-311+G** 159.086307 0 0.0 0.013476 0.0 575
2¢, Dy, CCD(full)/6-311+G** 179.691585 0 0.0 0.012348 0.0 532
B3LYP/6-311+G** 180.118073 0 0.0 0.012267 0.0 531
2d, Dy, CCD(full)/6-311+G** 214.571658 0 0.0 0.007212 0.0 289
B3LYP/6-311+G** 215.033241 0 0.0 0.007079 0.0 287
2875
4a, D, CCD(full)/6-311G** 151.685500 0 37.9 0.019855 42.1 250
3%, B3LYP/6-311G** 152.128365 0 —16.0 0.012953 —15.7 170(e)
172.45
4b, C,, CCD(full)/6-311+G** 158.733936 0 —26.3 0.013540 —22.8 163
3y B3LYP/6-311+G** 159.120548 0 -21.5 0.013322 -21.6 175
4c, C,, CCD(full)/6-311+G** 179.633801 0 36.3 0.009732 38.2 61
3y B3LYP/6-311+G** 180.050910 0 42.1 0.009899 40.7 104
44, C., CCD(full)/6-311+G** 214.525638 2 28.9 0.005635 27.9 il6(e)
32g— B3LYP/6-311+G** 214.989233 0 27.6 0.005823 26.8 40(e)
Cy, Dy, CCD(full)/6-311G** 75.739929 0 — 0.004308 — 1891
32t B3LYP/6-311G** 75.900548 0 — 0.004267 — 1873
1854.78 ¢
BN, C.., CCD(full)/6-311+G** 79.249090 0 — 0.003884 — 1705
R0 B3LYP/6-311+G** 79.437784 0 — 0.003570 — 1567
1514.65
BeO, C.,, CCD(full)/6-311+G** 89.716606 0 — 0.003562 — 1564
%, B3LYP/6-311+G** 89.934005 0 — 0.003496 — 1334
1487.32%
LiF, C,pe~ CCD(full)/6-311+G** 107.234512 0 — 0.002060 — 904
33~ B3LYP/6-311+G** 107.468220 0 — 0.002046 — 898
910.25°%

4 See note to Table 1.
b Experimental values.1®

calculations carried out in this work, lead to the reverse.
The fact that in these calculations the linear isomer of
cluster 3a with the cumulene-type geometry found from
the B3LYP and RCCSD(T)/204cGTO calculations?3 does
not correspond to a PES minimum can be rationalized by
some bending and flexibility of the linear structure, as
follows from the experimental IR and EPR spectra of the
isotopomers of the Cg cluster.!? The experimental normal
mode frequencies of linear cluster C4 with D_;, symmetry
are in reasonable agreement with the results of our DFT
calculations (cf., the calculated value, 102 cm~!, obtained
for the lowest harmonic frequency in 3a and the corre-
sponding experimental?4 value for the ,-mode, 97 cm™).

Both DFT and CCD calculations of heteroatomic
clusters 1 and 3 predict that for all trimers (XY); the
cyclic structure with D3, symmetry is highly stable toward

dissociation into the XY monomers. Analysis of the total
energies (CCD calculations, see Tables 1 and 2) shows
that the endothermicity of the reaction (XY); — 3XY for
compounds 1a—c changes in the series XY = CC, BN,
BeO and equals 319, 375, and 348 kcal mol~!, respec-
tively. It should be noted that the hexagonal structure of
the Ny clusters is unstable toward dissociation into three
N, molecules.?> Much smaller (125 kcal mol~!) is the
energy gain corresponding to the formation of trimer 3d
from LiF molecules, which is due to essentially ionic type
of chemical bonding owing to high polarity of the bonds
in these molecules.

Six-membered heteroatomic clusters 1b—d are ener-
getically favorable as compared with the corresponding
linear isomers 3b—d. This can be due to higher aromatic-
ity of these systems compared to the carbon cluster Cq.
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The energy difference between the cyclic and linear struc-
tures increases in the series XY = CC, BN, BeO and then
decreases on going to LiF. A possible reason can be a
decrease in the overlap of the p.-orbitals of the Li and
F atoms due to a greater elecrtonegativity difference be-
tween these atoms. Going from the linear to cyclic struc-
ture causes changes in the electron occupancy of the
n-orbitals and in steric strain (sp-hybridization corre-
sponds to the least sterically strained linear system). There-
fore, estimation of the aromaticity of cyclic systems 3 as
the total energy difference (AF) between structures 1 and 3
seems to be too simplified; however, this difference can
serve as a qualitative characteristic of the aromaticity of
structures 1. The AFE values listed in Table 1 suggest that
the formation of an aromatic m-electron sextet in struc-
tures 1 makes the largest contribution to stabilization of
the cyclic structure of the boron—nitrogen (1b) and be-
ryllium—oxygen (1c) clusters. Figure 3 presents the cor-
relation diagram of n-MO energy levels for system 1b,
which exhibits a completely analogy with the n-MOs of
the aromatic system of benzene molecule. Stability of the
cyclic n-system is also characterized by a rather wide en-
ergy gap between the highest occupied and lowest unoc-
cupied MOs. The HOMA structural index for 1b is 0.867
(calculated using the B—N bond parameters calibrated?6
against the borazine molecule, B;N3;H¢), which is much
larger than the corresponding value for carbon clusters 1a.

Of particular interest is to answer the question as to
which electronic configuration of the cluster, namely, 6a

E/eV
A
2 |
-2t
—4 |
-6}
-8l
—10 F ﬁf
ol #
lay”

Fig. 3. Correlation diagram of n-MO energy levels for system 1b
according to RHF/6-311+G** calculations.

or 6b, is the determining factor for the formation of the
n-MO of the cyclic structure 1b. The former configura-
tion is analogous to the electronic configuration of the
borazine molecule (B;N3;Hg, or "inorganic benzene"),
which is characterized by high degree of n-electron local-
ization on the nitrogen atoms.26 In the latter configura-
tion (6b) the n-electron sextet is formed due to donation
of one n-electron by each atom of the six-membered ring.
For isolated B and N atoms the corresponding electronic
configurations are energetically unfavorable; however,
they can be realized in the molecule if t-electron delocal-
ization over all centers is more preferable than c-electron
delocalization in the molecular plane. It is this effect that
determines the formation of aromatic n-electron sextet in
the borazine molecule, where the electronic configura-
tion of the B atom, (sp2)%(sp2)’(p,), is similar to 6b.27

oV Up oV Up
N AN O A0

B 9487 760 0
OO Ob @0 Ob

6a 6b

Clusters 1c and 1d can build up an aromatic electron
shell only following the "6a"-way, where the n-electron
sextet is formed due to the two-electron contribution from
each of the three electronegative centers. High degree of
charge separation in system 1d indicates a large contribu-
tion of ionic bonding. The geometric parameters of clus-
ters 1d found in this work virtually coincide with those
obtained from B3LYP/6-311+G* calculations28 of cyclic
clusters (LiF), with n = 1—4. Atomic charge estimation
based on the populations calculated using the natural
bonding orbital (NBO) approach??® gives +0.96 a.u. (Li)
and —0.96 a.u. (F) for both the monomer and all types of
associates,28 thus indicating the ionic type of chemical
bonding in these structures.

Similarly to structure la, the bond lengths between
the atoms of the six-membered ring correspond to double
bonds. The experimental B=N double bond length in the
(Pri,))N=B=C(SiMe;), molecule is 1.363 A.30 At the same
time, in clusters 1¢ and 1d with more ionic bonds the
Be—O and Li—F distances between the closest centers
much exceed the bond lengths in the BeO and LiF mol-
ecules (1.33 and 1.55 A, respectively).!® The geometric
parameters of linear structures 3 and 4 are presented in
Fig. 4. The carbon—carbon bonds in structure 3a with
cumulene geometry are much shorter than in the cyclic
system, which is in agreement with the results of earlier
calculations.10

Cluster C4 has been the subject of numerous theoreti-
cal studies (see Refs. 10, 31, 32, and references cited
therein). Different computational methods have led to
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Fig. 5. Correlation diagram of n-MO energy levels for system 2b
and cyclobutadiene molecule obtained from RHF/6-311+G**
1752 1.756 1.780 calculations
(1.746)  (1.751) (1.773) :
Li—F—Li—F—Li—F Li—F—Li—F
1.628  1.663  1.642 1.617 1.630 B :
(1634) (1664 (1.641) (1628)  (1629) syst.ems. The reason for stability of systems 2 can be ratio-
ad ad nalized by comparing the n-MO structure of these sys-

Fig. 4. Geometric parameters of structures 3a—d and 4a—d
calculated by the DFT and CCD methods (figures in parenthe-
ses). The bond lengths are given in A and the bond angles are
given in degrees.

contradictory results and it is still to be clarified which
structure is the most stable, namely, a singlet structure 2a
with D,, symmetry or a linear triplet structure 4a with D,
symmetry. Both methods employed in this work also re-
produce this contradiction (see Table 2). From the results
of our CCD(full)/6-311G** calculations, which are quali-
tatively similar to those of the most precise CCSD(T)aug-
cc-pVDZ//B3LYP/6-31G* calculations,3! it follows that
rhombic cyclic structure 2a is more preferable. This struc-
ture was also found to be the most stable for the BeO (2¢)
and LiF (2d) dimers (in the latter case this is in good
agreement with the experimental datal® and the results
reported in Ref. 28). However, linear structure 4b of the
boron—nitrogen cluster is more energetically favorable
than rhombic structure 2b (the energy difference between
them is 20 kcal mol™!).

All cyclic dimers 2a—d are stable toward dissociation
into diatomic monomers. The dissociation energies ob-
tained from our CCD calculations are as follows: 167
(2a), 122 (2b), 162 (2¢), and 64 (2d) kcal mol~!. They are
approximately halved compared to the dissociation ener-
gies of trimers 1.

Analysis of the MOs of cyclic heteroatomic clusters 2
revealed the presence of two filled n-levels, which allows
these compounds to be formally treated as antiaromatic

tems and the classical antiaromatic 4n-electron system of
cyclobutadiene (Fig. 5).

The presence of two inequivalent pairs of atoms in the
four-membered ring causes splitting of the degenerate
n-levels (eg) responsible for antiaromatic destabilization
of cyclobutadiene and filling of only one energy level,
namely, that associated with the pair of more electrone-
gative atoms. The antibonding interaction between these
atoms is compensated by rhombic distortion in systems 2,
which leads to large separation of the interacting centers
and eliminates antiaromatic destabilization, thus provid-
ing conditions for the formation of stabilized n-system of
cyclic clusters 2 and being an important factor determin-
ing their stability.
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the Russian Foundation for Basic Research (Project Nos.
01-03-32546, 02-03-33227, and 00-15-97320) and the
U.S. Civilian Research and Development Foundation
(CRDF, Grant No. RC1-2323-R0O-02).
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