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Abstract

Computational calculations of Becke’s three-parameter hybrid method using the LYP correlation functional (B3LYP) have been

performed on (B12H12)
2� dodecaborane anions with different boron isotopic compositions. This was done in order to investigate isotopic

dependence of vibrational spectral properties of B12 icosahedra, and for comparison of the optical vibrational properties of the

icosahedral molecule with the characteristics of inter- or intra-icosahedral optical phonon vibrational modes in boron-rich crystals.

r 2006 Published by Elsevier Inc.
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1. Introduction

In non-metallic crystals, acoustic phonons are mainly
involved in heat conduction while optical phonons are
indirectly related to carrier scattering in electrical trans-
portation. For the B12 icosahedral quasi-molecule, one of
the subunits contained in a- or b-rhombohedral boron,
vibrational properties have been previously reported
[1–12]. In order to understand the mechanism of transport
systems in boron-rich crystals, it is very important to
consider phonon–electron (or carrier) interactions. Natural
boron is composed of two stable isotopes, B-10 and B-11
with the abundance of 19.8 and 80.2 at%, respectively.
Therefore, changes in the isotopic ratio of B-10 and B-11,
which have a relative mass difference of 10%, are
considered to have a complex effect on the thermal,
electrical, and thermo-electrical functions. Therefore, as a
first step, it will be illuminating to monitor the vibrational
properties of the B12 cluster, which is the minimum unit of
configuration. The isotopic configuration as an intra- (in)
or inter- (between) substitutional lattice defect in subunit
clusters significantly affects the optical vibrational or
thermal transport properties, and the interaction of the
e front matter r 2006 Published by Elsevier Inc.
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isotope lattice defect with electro-conductive carriers needs
to be considered. With regard to the B12 icosahedral
molecule, there are no previous examples of density
functional theoretical (DFT) calculations of vibrational
spectral properties of the B12 icosahedra focused on
isotopic composition or isotopic parameters, such as the
boron mass number (10, 11) or nuclear spin (3, 3/2). In the
present study, the characteristics of isotopic dependence
affecting the vibrational spectral properties of B12 clusters
are predicted and evaluated using DFT calculations. Using
the calculated results, we can evaluate and interpret
experimental data in previous reports [3] of the optical
vibrational properties of natural isotopic boron.
In addition, from the viewpoint of materials engineering,

we expect that the theoretical calculations will yield
information on the application of isotopically controlled
thin-film synthesis of the boron base for developing new
solid sensors [13–15].

2. Theoretical

2.1. Computational procedure of Becke’s three-parameter

hybrid method using the LYP correlation functional

Using the Gaussian 03 quantum chemistry computa-
tional software, we performed DFT calculations using

www.elsevier.com/locate/jssc
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Becke’s three-parameter hybrid method using the LYP
correlation function (B3LYP) [16–19]. The B3LYP method
has smaller errors attributable to approximations in the
electron state calculations and approximation of the
harmonic oscillator, as compared to the Hartree–Fock
method wherein electron correlations are ignored. The
B3LYP calculations were performed using the 6-31G(d)
Gaussian basis set. We discuss Raman/IR-active vibra-
tional modes by normal vibrational analysis using the G–F

matrix with the obtained structure energy [19]. Radom et
al. have shown that the B3LYP method is excellent with
regard to this point. A scaling factor of 0.9614 for the
frequencies was used [20].

We performed DFT calculations for boron and hydro-
gen atoms using the B3LYP method on eight types of
positive icosahedral (B12H12)

2� ions (including five types of
modified 10B and 11B isotopes, natural isotopic composi-
tion (19.8 at% 10B+80.2 at% 11B) in Table 1(A), and two
types of H and T ¼ 3H, in Table 1(B)), labeled with the
isotope as shown in Fig. 1. After structural optimization,
Raman/IR spectral calculations were carried out to check
how the isotopes in the boron clusters affected these
characteristics.

3. Results and discussion

3.1. Calculated Raman/IR-active vibrational properties of

boron icosahedra with different isotope compositions

Fig. 2(A) shows the spectra for six types of isotope-
labeled (B12H12)

2� anions obtained by B3LYP calcula-
tions. Fig. 3 shows part of the Raman spectrum of
(B12H12)

2� with the natural isotopic ratio (19.8 at%
10B+80.2 at% 11B) quoted most in reports.
(10B3

11B9H12)
2� in Fig. 2(A) is a molecule with an isotopic

ratio close to the natural value. Compared to Fig. 3, it can
be seen that the calculated spectra correlate with the
experimental data for vibrational spectra of the (B12H12)

2�

anion. In Fig. 3, the Ag mode frequency of the a-B12 crystal
is higher than that of the isolated B12 cluster. This indicates
that the bond energy between B12 clusters (inter-icosahe-
dra) is greater than that within a cluster except for the
vibrational energy of 12 hydrogen atoms. As for the
Raman spectra, the difference of tens of cm�1 between the
B12 icosahedron and a-B12 probably occurs because a-B12

clusters are coupled not by van der Waals forces, but by
strongly covalent bonds.

Three comments can be made with respect to the spectra.
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When the calculated spectra of (10B3
11B9H12)

2� were
compared with the measured data from previous
reports, both the wave number and intensity
were fairly well matched in the wave number region
of 400–1000 cm�1. In this work, we do not focus
on the wave number region of 2000 cm�1 or
higher, which includes the stretching mode of
hydrogen.
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Fig. 1. Numbering of boron-10, boron-11, and hydrogen atom positions

on (B12H12)
2� borane icosahedra. Boron atoms are represented by label

nos. 1–12, and hydrogen atoms are represented from nos. 13 to 24.

 3 0

 4 0

500 550 600 650 700 750 800 850 900 950 1000

Raman shift (cm-1)

In
te

ns
it

y
(a

.u
.)

(c) (10B5
11B7H12)2-

(d) (10B6
11B6H12)2-

Natural (M=10.81)

(b) (10B6
11B6H12)

2-

(a ) B-11 enriched

(e ) B-10 enriched

Half and half

Ag HgHg
Hg

 2 0

400 500 600 700 800 900 1000

Raman shift (cm-1)

In
te

ns
ity

(a
.u

.)

( f )
10B-T (Equatorial)

( g)
10B-T (Polar)

(d )
(10B6

11B6H12)2-

Natural (M=10.81)

split

split split

Ag Hg
Hg

Hg

(a)

(b)

N. Nogi, S. Tanaka / Journal of Solid State Chemistry 179 (2006) 2927–2933 2929
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Fig. 2. (A) Raman spectra of the (B12H12)

2� with four different isotopic

composition (a)–(d), and the natural ratio, not using isotope option by the

B3LYP method (shown in Table 1(A)). (B) Calculated Raman spectra of

the {(10B6
11B6)(H6T6)}

2� anion (f)–(g) with the same isotope ratio. Tritium,

T, atoms were arranged in the 10B atoms with a rhombohedral

arrangement (f) and an equatorial arrangement (g) (shown in Table 1(B)).
The spectrum in the Hg mode (around the wave number
region of 750 cm�1) is a set of five peaks produced by
mixed modes with different vibrations (see Table 2(A)).
The widths and shapes of the Hg mode spectra were
obtained by superposing five different peaks by the
Lorentz fitting method. As a result of isotopic
dependence of overlapping in each mode of Hg, the
spectral shape differs depending on the isotopic
composition. Since each spectrum depends on the
calculation of harmonic oscillation approximation,
however, this line width is not an additional wave
number produced by anharmonic vibration by the
isotopic distribution in B12.
(3)
 With the vibration around 750 cm�1 of (10B3
11B9H12)

2�

close to the natural isotopic ratio as the standard, 10B
and 11B isotope-enriched molecules can be discussed.
The peaks with wave numbers of 742 and 760 cm�1 are
the breathing mode (A1g) and the mixed mode (Hg),
respectively. The 10B-enriched B12 quasi-molecule has
great vibrational strength because the breathing mode
(A1g) and mixed mode (Hg) overlap. This can be
attributed to resonance by accidental degeneracy under
the influence of the isotopic ratio (Fig. 4). In the case of
the 11B-enriched molecule, wherein A1g and Hg are
separated, this degeneracy can be considered to be an
isotopic effect unique to the 10B-enriched B12 quasi-
molecule. As the 10B ratio decreases, A1g and Hg begin
to separate. Only when the isotopic ratios are half-and-
half (50 at% 10B+50 at% 11B), however, do the A1g

mode and Hg mode around the wave number of
740 cm�1 tend to resonate as an exception. It is
interesting to note that accidental resonance occurs.
Regarding the isotopic composition of (10B)6(
11B)6H12

that has 10B and 11B in equal parts, tritium (T), an isotope
with three times greater mass than hydrogen, was arranged
close to the boron atoms with a polar site arrangement and
an equatorial arrangement (Table 1(B)), and Raman shifts
were calculated similarly by the B3LYP method (Fig. 2(B)).
Table 2(B) shows the results for the calculations. From the
results, it can be noticed that the boron-related modes are
generally shifted several tens of cm�1 toward the low wave
number side than those of the natural isotopic ratio due to
the weight of tritium.
There are two interesting points to be noted regarding

tritium substitution. First, the Hg mode disappears
from the shoulder on the high wave number side of the
Ag mode (around 700 cm�1), which is the breathing mode.
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Fig. 3. Experimental data of Raman-active vibrational modes of (B12H12)
2� and a-B12 with natural isotopic composition (Ref. [3,21,22]).
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This does not mean that degeneracy hides this mode, as
mentioned for the 10B-enriched B12H12 anion before,
rather, the mode actually disappears. Secondly, the
spectrum tends to split into two peaks in the Hg mode
around 500 and 900 cm�1. Accompanying the isotope of B
coupled with T, one mode splits into two or three groups
(as shown in Table 2(B)).
Regarding the first point above, the phenomenon was
seen both in the polar and equatorial arrangements. This
calculation result may be related to the decrease in entropy
or the high symmetry based on these isotope configura-
tions. The second reason depends on which vibrational
mode is more dominant within an Hg mode. There is a
tendency to split into two symmetrical group oscillation
modes. Other isotopic configurations in B12 need to be
calculated by considering symmetry. In addition, small
local spectra are scattered between the above modes.
Comparing the isotopic distribution dependence of the

Raman-active spectra of the vibrations of the intra-
icosahedral subunit B12 in the a-B12 crystal (Fig. 3), with
the calculated Raman-active spectrum for the isolated
cluster B12, may help determine the characteristics of the a-
B12 crystal in terms of isotopic distribution [21,22]. In other
words, H–T substitution of the polar and equatorial sites is
considered to clarify the differences in vibrational char-
acteristics with changing isotopic distribution that occurs
without changes in the molecular stability or bonding
strength. Therefore, if the results of calculations, wherein
the configuration of B-10 and B-11 is varied for the polar
and equatorial sites, are compared with the experimental
internal vibrational spectra (intra-icosahedral) of a-B12
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using a boron crystal with a 50:50 isotopic ratio of B-10
and B-11, by repeating the optical experiment using an a-
B12 single crystal with isotopically half and half composi-
tion, one could show whether B-10 or B-11 tends to occupy
a polar site or an equatorial site of the unit cell of a-B12.

The IR-active mode was calculated in the same way. In
the IR-active mode, not only is the wave number deviation
dependent on the mass number, in addition, a local
vibration seemingly attributable to isotopic distribution
was seen although its intensity was comparatively weak.

Calculations based on harmonic approximation were
performed taking isotopic parameters into consideration.
By comparing the experimental spectrum of the mixed
mode and the spectrum consisting of a set of multiple peaks
based on harmonic approximation, we found that the
intensity of the specific mode in a mixed mode varies with
not only the isotopic ratio but also the isotopic configura-
tion.

With regard to the boron crystals, the rhombohedral B
crystal has a B12 subunit structure in the unit cell. Among
the thermally stable types of polymorphous, for example,
b-rh. B in the rhombohedral unit cell has an element filling
rate as low as 36% [23–27]. Considering not only the mass
ratio with a relative difference of 10%, but their config-
uration of isotopes, it seems interesting to attempt
experimental spectroscopy.

We feel that it is essentially important how the isotopic
distribution influences the vibrational properties not only
intra-icosahedron, but also inter-icosahedron as well in
boron-rich solids. Currently, we have only estimated the
change in vibration by modification of the hydrogen atoms
at a polar site within a B12 cluster. Recent reports [28,29]
show that the crystal structure of B12X2 type can be
reproduced with the (B12H12)

2�+2X+ sub-unit structure
by considering the effect of the counter ion X+. It seems
that this treatment of (B12H12)

2� sub-unit clusters becomes
an important clue to discuss the electronic or vibrational
properties of inter-icosahedrons for boron-rich crystals. It
is important to examine that this reproduction method
applies to covalently bound clusters of boron-rich solids,
such as a-B12.

4. Conclusions

We have applied DFT calculations using the hybridizing
method to B12H12 icosahedral cluster anions with different
isotopic ratios. The results are summarized as follows.
Using the Raman-active mode under B isotope control, we
discovered an isotopic shift in the vibrational frequency by
reduced mass depending on the composition of the B
isotope. In particular, the Ag mode of 10B showed
degeneracy with the Hg mode. In the calculation of the
B12T12 anion, wherein H was substituted with T, the
spectral number varied not only with the isotopic
composition of 12 boron atoms but also with the isotopic
configuration. In this case, the Hg mode in B12H12 was
found to separate into two groups. Regarding engineering
applications in devices, it is important to study how an
isotope affects the interaction between the B12 molecular
vibration and electrons. These results are expected to
provide new basic knowledge for controlling the neutron
absorption characteristics of boron. Computations in this
work were examined using with Gaussian 03 quantum
chemistry software and its graphical user interface, Gauss
view 3.0 [30-31]
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