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The structural, rotational, and vibrational properties of BnNn
+ clusters (n ) 3-10) have been investigated

using density functional theory (DFT) and compared with that of their neutral counterparts. The BnNn
+ species

with n ) 4, 6, 8, 10 are found to possess as lowest energy form a fully regular structure ofDnh symmetry,
as the neutral species. In both cases, their IR vibrational spectrum invariably contains four lines, relating to
one out-of-plane nondegenerate and three in-plane doubly degenerate normal modes. On the other hand, the
BnNn clusters withn ) 3, 5, 7, 9 are found to evolve from a fully regularDnh structure to a more alternating
one upon an adiabatic ionization process. In this case, ionization is also shown to strongly enhance the infrared
activity. Rotational moments and adiabatic ionization potentials are eventually provided to trace the structural
variations induced by ionizing these clusters.

1. Introduction

Boron (Bn), nitrogen (Nn), and mixed boron-nitrogen (BmNn)
clusters have been extensively studied both experimentally and
theoretically.1-19 Large and mixed boron-nitrogen clusters have
attracted much attention as precursors in the growth ofâ-BN
thin film using chemical vapor deposition or plasma techniques.1

Particular effort is made to synthesize the sphalerite-type (or
â-crystalline phase) of boron nitride, which is isostructural and
isoelectronic to cubic diamond, and displays outstanding phys-
icochemical properties (e.g., mechanical hardness, thermal
stability and conductivity, chemical stability with respect to
ferrous alloys, the possibility of n or p doping, and the emission
of blue light at the p-n junction).1-3 Investigations on large
BnNn clusters are also topical in view of the synthesis and
characterization of chemical derivatives of fullerenes in which
carbon atoms are substituted by boron and nitrogen and other
elements like metal atoms. In particular, it is well-known that
graphite and diamond allotropes have boron nitride analogues,
and the existence of boron-nitrogen clusters with fullerene
geometries has been recently postulated.4-6

Small boron-nitrogen clusters such as BN, B2N, BN2, B2N2,
B3N, BN3, B3N2, and B2N3 have been subject of high-level
theoretical studies with emphasis on their structures, vibrational
(BN4), thermochemical, dissociation, and spectroscopic prop-
erties.7-13 Furthermore, on the experimental side, matrix infrared
spectroscopy measurements combined with pulsed vapor evapo-
ration have confirmed earlier theoretical predictions7 of the
structure and reactivity of B2N and BN2.10-14 B2N has been
also experimentally investigated using electron spin resonance.15

The structure, stability, and vibrational spectra of neutral
boron-nitrogen clusters BnNn (n ) 3, 4) have already been
characterized theoretically at the UMP216 and CCSD(T)17 levels
(i.e., unrestricted second-order Møller-Plesset18 perturbation
theory and coupled cluster ansatz with all single and double
excitations and a quasiperturbative treatment of connected triple

excitations,19 respectively). The geometries and harmonic vibra-
tions of the BnNn species withn ) 3-10 have also been
studied20 with density functional theory (DFT) using the hybrid
B3LYP functional21 (Becke’s three-parameter Lee-Yang-Parr
functional) in conjunction with Dunning’s correlation consistent
polarized valence double-ú (cc-pVDZ) basis set.22 These studies
show that the BnNn (3 e n e 10) clusters haveDnh cumulenic
monocyclic structures withθNBN the largest andθBNB the
sharpest angle. Experimental studies23 have been reported on
plasmas of BnNm

+ clusters produced by laser irradiation of boron
nitride. On the other hand, no study of structural and spectro-
scopic properties of the ionized species BnNn

+ has been reported
yet.

In the present contribution, we theoretically investigate the
structural, rotational, and vibrational properties of cyclic boron-
nitrogen cluster cations, BnNn

+, with n ) 3-10, using DFT.
Vibrational harmonic frequencies and infrared (IR) activities
as well as the vibrational zero-point energies are also evaluated
at the same level of theory.

2. Methods

In the present paper, DFT calculations have been performed
using the Becke three-parameter Lee-Yang-Parr (B3LYP)
functional.21 This functional consists of the Lee-Yang-Parr24

correlation functional in conjunction with a hybrid exchange
functional which is a linear combination of the LDA (local
density approximation) expression, Becke’s gradient correc-
tion,25 and the Hartree-Fock exchange energy based on Kohn-
Sham26 orbitals. Geometries and vibrational frequencies have
been obtained at the B3LYP level combined with Dunning’s
correlation consistent polarized valence double-ú (cc-pVDZ)
basis sets22 for boron and nitrogen which are a [3s2p1d]
contraction of a (9s4p1d) primitive basis set.

As already pointed out in a previous study on carbon cluster
cations,27 the B3LYP/cc-pVDZ level provides structures and
vibrations of quality comparable to the CCSD(T)/cc-pVDZ level,
with the advantage of a much reduced computational cost.* Corresponding author. E-mail: deleuze@luc.ac.be.
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All the calculations have been carried out using the Gaussian
98 package28 running on a Alpha Digital workstation (model
533au2) at the Limburgs Universitair Centrum.

3. Results and Discussion

As stated in ref 20, the neutral BnNn clusters withn ) 3-10
adopt clearly as lowest energy form a ring ofDnh symmetry,
with alternating sharp BNB and flat NBN angles. Since all bond
lengths are equal, such form can be somewhat abusively referred
to as “cumulenic”, in analogy with the nomenclature adopted
for pure carbon rings.27 A comparison (Table 1) between the
structure of the neutral BnNn species and of their cations clearly
shows that an adiabatic ionization process preserves theDnh

symmetry and “cumulenic” nature of these clusters, whenn )
4, 6, 8, 10. In this case, ionization affects the bond angles rather
than the bond lengths. More specifically, the bond lengths
remain almost unchanged whereas the anglesθBNB clearly

increase and the anglesθNBN decrease with respect to the neutral
species. On the other hand, a lowering of symmetry (Table 1)
and distortion toward a more alternating structure (Table 2) is
observed upon ionization for the BnNn clusters withn ) 3, 5,
7, 9. The effect of ionization on bond lengths clearly decreases
within rings of increasing size, reflecting the larger delocaliza-
tion of the positive charge due to ionization. As in the neutral
species, theθNBN angles remain the largest and tend to approach
180° asn increases, while the angleθBNB increases monotoni-
cally from 91.89° (B3N3

+) to 144.77° (B10N10
+). Interestingly,

the behavior of the BnNn
+ species withn ) 3, 5, 7, 9 is similar

to that of cumulenic carbon clusters C4n+2 with n ) 1-4 where
ionization also appears to yield a slight but significant departure
from a completely nonalternating pattern.27 This points out a
principle of structural similarity between the cumulenic carbon
rings and the isoelectronic mixed boron-nitrogen rings. On the
other hand, it must be reminded that, unlike BnNn rings withn
) 4, 6, 8, and 10, C4n clusters withn ) 2-4 are displaying a
clear alternation of bond lengths, and are thus referred to as
“polyynic”.27 The principle of structural similarity following the
Hückel topological rules for double aromaticity or antiaroma-
ticity is thus only partially followed between the isoelectronic
C2n and BnNn clusters.

Inspection of the outermost molecular orbitals helps to
rationalize the behavior of these systems upon ionization. In
doubly aromatic rings, as for instance B7N7 (Figure 1), the
highest molecular orbital (HOMO) is doubly degenerate and
displays aπ-symmetry. This set relates to out-of-plane conjuga-
tion and provides a fully symmetric and regular electronic
distribution along the ring. Clearly, as for the C4n+2 (n ) 1-4)
clusters,27 ionization of one of these two degenerate orbitals
yields some asymmetrization of the electron density and hence,
alternations of bond lengths. In other words, this behavior can
be seen as a consequence of a Jahn-Teller effect29 due to the
double degeneracy of the outermost orbitals. On the other hand,
the BnNn clusters withn even (e.g., B6N6, Figure 2) display as
outermost occupied level a nondegenerate orbital ofπ-symmetry
and a clear nonbonding character on the nitrogen atoms.
Ionization of this orbital solely yields a fully symmetric decrease
of the electronic density in the region around these atoms,
without therefore affecting the fully regular character and thus
the Dnh symmetry of these clusters.

The behavior of the BnNn clusters upon ionization could
nicely be traced by means of rotational spectroscopy,30 which
is a very sensitive tool even for the weakest structural alterations.
Thus, an analysis of the moments of inertia which come from
diagonalization of the inertia tensor, i.e.,Iqq ) ∑imiqi

2 with q
) x, y, z is displayed in Table 3. In their neutral form, all these
species are clearly found to be oblate symmetric rotors. As can
be expected from the observations already made, the isotropic
rotational characteristics of the BnNn clusters withn even remain
unchanged upon adiabatic ionization whereas those withn odd
become asymmetric tops in their ionized form. For the clusters
with n odd, ionization is found to yield an increase of the total
circumference of the rings. It can also be noticed that in both

TABLE 1: Geometries of the Cyclic BnNn
+ Cations

Compared with Those of the BnNn Neutral Systemsa from
Which They Derive (B3LYP/cc-pVDZ Resultsb)

B3N2
+ 2A′ (Cs) r12 ) 1.3229,r23 ) 1.3749,r16 ) 1.4263

θ123 ) 91.89,θ234 ) 150.10,θ456 ) 146.89,
θ561 ) 92.36

B3N3
1A1′ (D3h) r ) 1.3601

θ123 ) 89.00,θ234 ) 151.00

B4N4
+ 2B1u (D4h) r ) 1.3441

θ123 ) 107.23,θ234 ) 162.77
BuN4

1A1g (D4h) r ) 1.3436
θ123 ) 103.19,θ234 ) 166.80

B5N5
+ 2A (C1) r21 ) 1.3367,r32 ) 1.3106,r43 ) 1.3630,r54 ) 1.3158,

r65 ) 1.3513
θ123 ) 117.94,θ234 ) 169.85,θ345 ) 118.54,

θ456 ) 169.62,θ567 ) 118.03,θ10,1,2) 170.07
B5N5

1A1′ (D5h) r ) 1.3325
θ123 ) 115.02,θ234 ) 172.98

B6N6
+ 2B1g (D6h) r ) 1.3269

θ123 ) 126.32,θ234 ) 173.68
B6N6

1A1g (D6h) r ) 1.3273
θ123 ) 123.38,θ234 ) 176.62

B7N7
+ 2A2 (C2V) r21 ) 1.3227,r32 ) 1.3392,r43 ) 1.3077,r54 ) 1.3448,

r65 ) 1.3044,r76 ) 1.3339,r87 ) 1.3156
θ123 ) 132.29,θ234 ) 176.11,θ345 ) 132.74,

θ456 ) 175.86,θ567 ) 132.83,θ678 ) 175.74,
θ789 ) 132.63,θ2,1,14) 176.25

B7N7
1? (D7h) r ) 1.3231

θ123 ) 130.23,θ234 ) 178.34

B8N8
+ 2? (D8h) r ) 1.3204

θ123 ) 137.47,θ234 ) 177.53
B8N8

1? (D8h) r ) 1.3204
θ123 ) 135.46,θ234 ) 179.54

B9N9
+ 2A′′ (Cs) r21 ) 1.3180,r32 ) 1.3271,r43 ) 1.3092,r54 ) 1.3338,

r65 ) 1.3035,r76 ) 1.3340,r87 ) 1.3042,
r98 ) 1.3256,r10,9 ) 1.3130

θ123 ) 141.13,θ234 ) 178.72,θ345 ) 141.42,
θ456 ) 178.59,θ567 ) 141.75,θ678 ) 178.34,
θ789 ) 141.74,θ8910) 178.13,
θ9,10,11) 141.60,θ2,1,18) 178.75

B9N9
1? (D9h) r ) 1.3183

θ123 ) 139.75,θ234 ) 179.75

B10N10
+ 2? (D10h) r ) 1.3167

θ123 ) 144.77,θ234 ) 179.23
B10N10

1? (D10h) r ) 1.3168
θ123 ) 143.44θ234 ) 180.67

a Martin, J. M. L.; El-Yazal, J.; Franc¸ois, J. P.Chem. Phys. Lett.
1996, 248, 95. b Atoms are systematically labeled starting from a boron
atom as number one. Only symmetrically nonredundant parameters are
given. Bond lengths in Å and bond angles in deg. (?) indicates that no
consistent treatment of symmetry groups containing rotation axis of
large but finite orders such asD7h, D8h, D9h, andD10h were possible
with the GAUSSIAN98 package.

TABLE 2: Bond Length Alternations (in Å) in
Boron-Nitrogen Cluster Cations in Their Doublet States

B3N3
+ 0.103 0.051

B4N4
+ 0.000

B5N5
+ 0.026 0.052 0.047 0.036

B6N6
+ 0.000

B7N7
+ 0.017 0.032 0.037 0.040 0.030 0.018

B8N8
+ 0.000

B9N9
+ 0.009 0.018 0.025 0.030 0.031 0.030 0.021 0.013

B10N10
+ 0.000
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cases ionization yields a slight increase of all principal
components of the inertia tensor with the exception ofIxx for
B3N3

+ which slightly decreases with respect to the neutral
counterpart.

Like their neutral counterparts,20 the cyclic BnNn
+ clusters

with n ) 4, 6, 8, and 10 have only four infrared active bands,
which relate to a nondegenerate out-of-plane wagging vibrational
mode of a2u symmetry and three doubly degenerate stretching
modes of eu (n ) 4) or e1u (n ) 6, 8, 10) symmetry. Unlike the
B4N4 and B6N6 clusters, the most intense line in the IR spectrum
of B4N4

+ and B6N6
+ relates to the a2u vibration whereas both

the BnNn and BnNn
+ (n ) 8, 10) forms display as most intense

line the e1u normal mode. On the other hand, lowering of
symmetry in the ionized BnNn

+ species (n ) 3, 5, 7, 9) leads to
a spreading of the infrared activity over many more vibrational
normal modes, and thus to an IR fingerprint which sharply
differs from that of the corresponding neutral forms.20 From
inspection of the most intense lines (Figure 3), it appears
furthermore that the IR activity of the BnNn

+ cations displays a
clear 2n periodicity, withn odd andn even corresponding to a
rise or a drop of the IR activity, also in sharp contrast with the
regular increase observed for the neutral BnNn rings.

The calculated IR activity of the ionized BnNn
+ species with

n odd increases very rapidly with the size of the ring and, with
the exception of B3N3, is overall much larger than that of their
neutral counterpart. On the other hand, ionization of BnNn

clusters withn even results in a strong decrease of the intensity
of the most active mode. These variations in the IR activity
can be easily explained from the changes induced by ionization
in the dipole and quadrupole moments (Table 5), which in turn
provide some insight into the charge delocalization properties
of these clusters. All BnNn and BnNn

+ clusters are characterized
by nonvanishing quadrupole moments. The reduction of the IR

b

Figure 1. (a) Energy level diagrams of the B7N7 and B7N7
+ clusters;

(b) schematic drawings of the highest occupied molecular orbitals
(HOMO).

b

Figure 2. (a) Energy level diagrams of the B6N6 and B6N6
+ clusters;

(b) schematic drawings of the highest occupied molecular orbitals
(HOMO).

TABLE 3: Total Lengths (Obtained as a Sum of the Bond
Lengths, in Å) and Moments of Inertia (kg m2) of
Boron-Nitrogen Clusters in Their Neutral and Ionized
Forms (Geometries Optimized at the B3LYP/cc-pVDZ
Level)a

moments of inertia

species total length Ixx(×10-46) Iyy (×10-46) Izz (×10-46)

n Even
B4N4 10.749 24.675 24.675 49.350
B4N4

+ 10.753 24.983 24.983 49.967
B6N6 15.928 79.065 79.065 158.131
B6N6

+ 15.923 79.732 79.732 159.464
B8N8 21.126 185.291 185.291 370.582
B8N8

+ 21.126 186.279 186.279 372.559
B10N10 26.336 360.653 360.653 721.306
B10N10

+ 26.334 361.832 361.832 723.664

n Odd
B3N3 8.161 11.385 11.385 22.771
B3N3

+ 8.248 11.323 12.078 23.401
B5N5 13.325 46.474 46.474 92.648
B5N5

+ 13.355 46.994 47.292 92.948
B7N7 18.523 124.621 124.621 249.241
B7N7

+ 18.537 125.377 125.936 251.313
B9N9 23.729 263.209 263.209 526.419
B9N9

+ 23.737 263.699 265.390 529.089

a Atomic units have been converted into SI units, using [L]) a0 )
5.2917× 10-11 m and [M] ) amu) 1.6605× 10-27 kg.

Figure 3. IR activity associated with the most intense line of the cyclic
BnNn

+ clusters as a function of the total number of atoms (2n).

Mixed Ionized Boron-Nitrogen Clusters BnNn
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activity in the ionized BnNn
+ (n ) 4, 6, 8, 10) clusters compared

with that of the neutral BnNn ones corroborates a reduction of
quadrupole moments (Table 5), which relates in turn to a perfect
delocalization along the ring of the positive charge due to
ionization (see, e.g., B10N10

+ (Figure 4)). On the other hand,
the symmetry lowering in the BnNn

+ (n ) 3, 5, 7, 9) clusters
induced by ionization leads to a localization of charge (Figure
5 for B9N9

+), resulting in turn in a large dipole moment (Table
5). The size-extensivity properties of the dipole and quadrupole
moments overall explain the size dependence of the IR activity
of these clusters.

Finally, some considerations can be made on the adiabatic
ionization potentials (AIP) which are calculated as a byproduct
of the present work. These are collected in Table 6 including
the corrections for zero-point vibrational energies (to be found
in Table 4). The contribution of these corrections to the
ionization potentials is rather small, in general around 0.1-0.2
eV. Overall, the “2n” periodicity of BnNn clusters already noticed
for the IR activity can also be detected from a periodic
modulation in the size dependence of the AIP (Figure 6). The
BnNn clusters withn ) 3, 5, 7, 9 are characterized by maxima
in the AIP’s, which nicely confirms our cumulenic-like depiction
of these species and their doubly aromatic character. In spite
of these modulations, which appear to progressively vanish with

TABLE 4: Harmonic Frequencies (cm-1) and IR Intensities (km/mol) of the BnNn
+ Cations at the B3LYP/cc-pVDZ Levela

B3N3
+

Cs cyclic doublet
ZPE) 14.31

287(a′, 119), 377(a′, 0), 425(a′, 56), 508(a′, 55), 564(a′, 39), 741(a′, 1),
878(a′, 75), 930(a′, 30), 1018(a′, 34), 1186(a′, 8), 1522(a′, 38),1572(a′,137)

B4N4
+

D4h cyclic doublet
ZPE) 21.39

465(a2u, 166), 565(eu, 113×2), 1005(eu, 25×2), 1536(eu, 29×2)

B5N5
+

C1 cyclic doublet
ZPE) 25.32

97(601), 137(1), 137(0), 168(4),241(4080), 403(0), 424(116), 449(16), 462(0),
465(1), 489(2), 522(86), 558(122), 572(14), 579(60), 763(0), 896(7), 914(112),
1186(16), 1254(53), 1622(22), 1704(57), 1781(52), 1889(812)

B6N6
+

D6h cyclic doublet
ZPE) 33.10

479(a2u, 228), 545(e1u, 168×2), 815(e1u, 0.5×2) 1662(e1u, 24×2)

B7N7
+

C2V cyclic doublet
ZPE) 36.68

41(b2, 3300),140(b2, 13359), 155(b2, 2640), 451(b2, 3), 454(b1, 163), 486(b1, 7),
502(a1, 2), 505(b2, 309), 520(b1, 95), 527(b2, 11), 527(a1, 176), 737(a1, 7),
764(b2, 1554), 1044(a1, 14), 1050(b2, 285), 1325(b2, 2), 1369(a1, 3), 1733(a1, 14),
1734(b2, 3), 1786(a1, 1), 1836(b2, 81), 1848(b2, 38), 1995(a1, 1629)

B8N8
+

D8h cyclic doublet
ZPE) 44.57

481(a2u, 298), 506(e1u,172×2), 681(e1u,14×2), 1678(e1u,449×2)

B9N9
+

Cs cyclic doublet
ZPE) 48.04

40(a′, 351), 100(a′, 2064)146(a′, 44958), 157(a′, 454), 448(a′, 1), 463(a", 221),
470(a", 1), 477(a′, 5), 477(a′, 18), 479(a′, 27), 480(a′, 158), 498(a", 27), 508(a′, 2),
510(a′, 270), 514(a", 86), 638(a′, 62), 664(a′, 5115), 874(a′, 17), 884(a′, 1431),
1172(a′, 3), 1172(a′, 24), 1770(a′, 7), 1774(a′, 76), 1836(a′, 1), 1847(a′, 126),
1894(a′, 59), 1924(a′, 1), 2044(a′, 2652)

B10N10
+

D10h cyclic doublet
ZPE) 55.83

432(e1u, 134×2), 479(a2u, 371), 607(e1u, 68×2), 1682(e1u, 1546×2)

a Only IR-active modes with intensityg1 km/mol are given. The zero-point vibrational energies (ZPE) are expressed in kcal/mol.

TABLE 5: Quadrupole Moments (in D ‚Å) and Dipole
Moments (D) of Boron-Nitrogen Clusters in Their Neutral
and Ionized Forms

quadrupole moments
species

total dipole
moment XX YY ZZ

n Even
XX YY ZZ
B4N4 0 -45.7589 -45.7589 -42.1422
B4N4

+ 0 -32.8610 -32.8610 -38.2156
B6N6 0 -69.7904 -69.7904 -63.1258
B6N6

+ 0 -47.3364 -47.3635 -59.0154
B8N8 0 -93.9812 -93.9812 -83.9313
B8N8

+ 0 -59.1165 -59.1165 -79.7708
B10N10 0 -118.2435 -118.2435 -104.6923
B10N10

+ 0 -67.8366 -67.8366 -100.5041

n Odd
B3N3 0 -33.6846 -33.6846 -31.8863
B3N3

+ 0.860 -25.2709 -24.4025 -27.9264
B5N5 0 -57.5911 -57.5911 -52.7232
B5N5

+ 1.442 -40.6114 -40.3727 -48.6042
B7N7 0 -81.8009 -81.8009 -73.5574
B7N7

+ 2.287 -69.3670 -53.6682 -53.5254
B9N9 0 -106.1203 -106.1203 -94.3181
B9N9

+ 3.153 -63.9514 -63.6922 -90.1076

Figure 4. Distribution of atomic charges within the B10N10
+ cyclic

cluster (results of a Mulliken population analysis of the B3LYP/
cc-pVDZ wave function). Odd numbers refer to boron atoms, whereas
even numbers correspond to nitrogen atoms.
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the size of rings, the AIP’s of the BnNn rings show a faster
convergence toward some asymptotic value than that displayed
in ref 27 for pure carbon rings. This obviously relates to an
intrinsic alternation of the electron density in rings mixing boron
and nitrogen atoms.

4. Conclusions

In the present paper, we report an exhaustive and very first
study of the structural, rotational, and vibrational properties of
mixed boron-nitrogen clusters BnNn

+ ranging fromn ) 3 to
n ) 10, at the B3LYP/cc-pVDZ level of theory. This work is
a natural extension of a similar study27 on carbon cluster cations
Cn

+ with n ) 4-19.
When investigating the structural variations induced by

adiabatic ionization, it has been found that the BnNn clusters
display different behaviors depending on whether they have an
even (n ) 4, 6, 8, 10) or odd (n ) 3, 5, 7, 9) number of BN

pairs. Like the neutral systems, the BnNn
+ cations withn even

display a Dnh symmetry and by analogy with isoelectronic
carbon clusters can thus be reported as cumulenic monocyclic
structures. On the other hand, the BnNn

+ clusters withn odd
show a lowered symmetry compared to the neutral form from
which they derive, reflecting a reduction of their out-of-plane
π-aromaticity.

The IR spectrum of the BnNn
+ clusters with n even is

characterized by four active modes of a2u and eu or e1u symmetry
with an intensity smaller than the neutral systems. In these
clusters the positive charge due to ionization is perfectly
delocalized and significantly lowers the quadrupole moments
with respect to the neutral counterparts, resulting in a decrease
of the IR activity. On the contrary, the BnNn

+ cations withn
odd (n ) 5, 7, 9) exhibit a much more pronounced IR activity
than the neutral ones. In these systems a localization of charges
due to symmetry lowering yields strong dipole moments, which
explains in turn the net increase of the IR activity due to
ionization.

From their behavior upon adiabatic ionization, due to the
nonbonding character of the HOMO in the BnNn

+ clusters with
n even, a structural similarity following the isoelectronic
principle is thus found only between the doubly aromatic BnNn

rings withn odd and the cumulenic carbon clusters C4n+2 with
n ) 1-4.
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