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The broad objectives of this IRI project which ran during three years, June 2002- May 2005, were the 
investigations of the spectroscopic properties of boron species, their aggregation and reactions in 
matrices ranging from neon to those doped with hydrogen. The studies of the aggregation properties 
were hampered by the lack of spectroscopic knowledge on the electronic transitions of the polyatomic 
boron molecules and their ions. Thus it was clear that their identification at first had to be undertaken 
in order to proceed on this. The same applies to reactions in hydrogen dopped matrices. This was 
accomplished for B3  and B3

-
 . In addition theoretical predictions for the future studies of the B4  species 

and its positive and negative ions were completed. The project was initially instigated on the advice 
and recommendation of Dr.C.W.Larson, AFRL, Edwards Air Force Base, California, whose continual 
guidance, suggestions and enthusiasm throughout the project were much appreciated. 

For the purpose of the spectral identification and characterisation of polyatomic boron molecules, a 
world-wide unique apparatus, combining mass-selection (using a cesium sputter source) with a matrix 
isolation technique was initially used, backed up by theoretical calculations. The six, 6-month interim 
reports summarized the experiments undertaken, including the unsuccessful ones. Because the 
electronic spectra of the triatomic boron species were identified in 5 K neon matrices, an ambitious 
project to observe the gas phase spectrum of B3 could also be realized. 
 
The project as a whole proved rather successful and productive as evidenced by 5 publications during 
this three year period in leading journals of chemical physics: 
 
“Electronic absorption spectra of B3  and B3

-
  in neon matrices and ab initio analysis of the vibronic 

structure” 
M.Wyss, E.Riaplov, A.Batalov, J.P.Maier, T.Weber, W.Meyer and P.Rosmus 
Journal of Chemical Physics, 119, 9703, 2003. 
 
“Gas phase detection of cyclic B3 : 2 E’ – X 2 A1

’ electronic origin band“ 
P.Cias, M.Araki, A.Denisov and J.P.Maier 
Journal of Chemical Physics, 121, 6776, 2004. 
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“The near infrared 12 A2

’’ – X 2 A1
’ electronic transition of B3 in a neon matrix” 

A.Batalov, J.Fulara, I.Shnitko and J.P.Maier 
Chemical Physics Letters, 404, 315, 2005. 
 
“Vibrations in the B4  rhombic structure” 
R. Linguerri, I.Navizet, P.Rosmus, S.Carter and J.P.Maier 
Journal of Chemical Physics, 122, 34301, 2005. 
 
“Theoretical study of the electronic excited states of B4 , B4

+
 and B4

-
 “ 

C.Gillery, R.Linguerri, P.Rosmus and J.P.Maier 
Z. Phys.Chem., 219, 467, 2005. 
 
These five publications summarize the  results and success of this IRI project and are included with 
this report. 
 
The project involved experimental studies using our special matrix apparatus in Basel with which a 
number of PhD students worked during this period, starting with M.Wyss, E.Riaplov (both PhD now) 
and continued by A.Batalov, I.Shnitko. They were assisted in the experiments by the annual visits of 
Dr.J.Fulara, a long standing collaborator from the Polish Academy of Sciences, Warsaw, and 
succeeded in the measurement of the electronic spectra of B3  and B3

-
 in neon matrices. As a follow up 

to this the gas phase spectrum of B3  was obtained by the students P.Cias (now PhD), A.Denisov, 
working under the guidance of Dr.M.Araki. 
 
The interpretation of the vibronic structure and symmetry of the electronic transitions of B3  and B3

-
  

proved possible as result of extensive collaborations with two theoretical groups: that of 
Prof.P.Rosmus, University of Marne la Vallee, France and Prof.W.Meyer, University of 
Kaiserslautern, Germany. P.Rosmus spent 1-2 month periods in each of the three years of this IRI 
project as a guest Professor here working on the structure and spectroscopy of boron species, 
predicting their geometric, electronic and vibrational patterns. Two of his PhD students (C.Gillary, 
R.Linguerri) also had sojourns in Basel and these theoretical studies are a major part of their theses. 
 
Though the IRI project has come to an end, we plan to continue our spectroscopic studies of the boron 
clusters. Specifically the tetraatomic and larger boron molecules could be studied in the gas phase by 
multiphoton ionisation and laser induced fluorescence methods- the instrumentation for which is 
available in our laboratory in Basel- combined with a laser ablation source. For the neon matrix 
experiments a new ion source, incorporating a high repetition laser vaporization design, for the 
deposition of the larger boron ions is in construction. 
 
EOARD is thanked gratefully for providing this three year contract which has enabled us to open up a 
new area of research for boron clusters, led to multi-national collaborations and resulted in interactions 
and possible projects for the future with several groups in the U.S.A. on such and related research. 
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Mass selectedB3
2 ions have been isolated in 6 K neon matrices and their absorption spectra

measured. A band system with origin at 467 nm is assigned as the1E8←X 1A18 electronic transition
of the cyclic anion. After photobleaching, the 12E8←X 2A18 and 22E8←X 2A18 band systems of
neutral cyclicB3 are observed which start around 736 and 458 nm, respectively. Large scaleab
initio calculations have provided potential energy surfaces for a variational treatment of the
vibrational motion. Calculated band origins leave no doubt about the electronic symmetry
assignments. The complex vibrational structure in the 12E8 state, which is due to relatively strong
Jahn–Teller distortions, appears to be closely reproduced by the calculated vibrational energies and
intensities, if the first observed stronger line is identified with the first vibrationally excited state,
placing the ‘‘true’’ band origin of the 12E8 state at 775 nm where no signal with significant strength
is apparent. The 22E8 state undergoes only a relatively weak Jahn–Teller distortion and shows a
short progression with an observed frequency of 981~10! cm21 that compares favorably with the
theoretical frequency of 973 cm21. The1E8 system ofB3

2 shows a Jahn–Teller activity comparable
to that of the 12E8 state ofB3 . © 2003 American Institute of Physics.@DOI: 10.1063/1.1613251#
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I. INTRODUCTION

There has been a growing interest in the structure
energetics of small boron and boron containing molecu
because they have a variety of applications such as for
construction of high temperature semiconductor devices
chemical insulators, and in the production of refractory m
terials and explosives.1 However, there is little information
on the spectroscopy of pure boron species in the literat
Only the boron dimer2 and its anion3 appear to be well char
acterized experimentally and theoretically.

Two experimental studies have been carried out forB3 ,
both in rare-gas matrices. One of these is an electron
resonance~ESR! investigation that has confirmed the pre
ence of three equivalent nuclei in the2A18 ground state4 and
the other is an infrared spectroscopic study in which the
generate mode (e8) has been observed for both11B3 and
10B3 isotopomers~886 and 928 cm21, respectively!.5 Several
theoretical investigations on theB3 molecule have predicted
an equilateral cyclic structure (D3h) with a 2A18 electronic
symmetry,6–9 and the vibrational frequencies in the ele
tronic ground state. Of the low-lying excited electron
states, only the states of2A29 and 2E8 symmetry are acces
sible from the2A18 ground state by dipole allowed excitatio
Several transition bands are expected in the near infrared
visible regions.7,8 Because the Jahn–Teller distortion in theE

a!Author to whom correspondence should be addressed. Fax:141-61-267-
38-55. Electronic mail: j.p.maier@unibas.ch
9700021-9606/2003/119(18)/9703/7/$20.00
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states implies stretching of a strong bond, theB3 molecule
should provide a very interesting example for vibration
motion that proceeds on two coupled surfaces even for
lowest vibrational quanta.

Data on theB3
2 anion are even more scarce. There

only a theoretical study predicting a linear1Sg
1 electronic

ground state for this species from MP4 calculations.9 How-
ever, MR-CI calculations carried out as part of this wo
show clearly that the lowest energy isomer possesses a c
D3h structure with a1A18 electronic ground state. As far a
larger negatively charged boron molecules are concern
only the gas phase photoelectron spectrum ofB5

2 has been
reported.10

In the present work the electronic absorption spectra
B3

2 and B3 have been measured in neon matrices at 6
following mass-selection. In order to provide symmetry a
signments and an interpretation of the complex vibro
structure observed in the excited electronic state 12E8 of B3

as result of the Jahn–Teller effect, multireference configu
tion interaction~MR-CI! ab initio electronic structure calcu
lations have been undertaken. Based on diabatic pote
energy surfaces in analytical form, the vibrational motion h
been analyzed in variational calculations using hypersph
cal coordinates. For the lower transition ofB3 , line intensi-
ties and a tentative vibronic assignment are presented.

II. EXPERIMENT

The apparatus employed has been descri
previously.11 TheB3

2 anions were produced in a cesium spu
3 © 2003 American Institute of Physics

IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 1. Electronic absorption spectra recorded in a 6 K matrix after 4 hours of mass-selected codeposition ofB3
2 with neon. The bottom trace shows th

1E8–X 1A18 electronic transition ofB3
2 overlapped by the 22E8–X 2A18 system ofB3 , produced from partial neutralization of the anions impinging on

matrix during deposition. The top trace reveals the 22E8–X 2A18 electronic transition ofB3 measured after exposure to UV radiation. Absorption belong
to the anion disappears.
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ter ion source that had been built originally for the produ
tion of carbon anions.12 A boron-carbide (B4C) rod or
pressed pure boron powder were used as sputter targets
ions produced in the source were guided by an electros
lens system into a quadrupole mass analyzer, where theB3

2

anions were selected and then codeposited with exces
neon onto a rhodium coated sapphire plate at a tempera
of 6 K. Ion currents of 25 nA using the boron sputter targ
and 10 nA from B4C could be obtained for the mass select
11B3

2 anions with unity mass resolution. All the experimen
but one were performed with the B4C precursor because th
available pure boron sample was brittle.

Matrices of about 150mm thickness were grown durin
4 hours. Absorption measurements in the 220–1100
range were carried out by passing monochromatic light fr
a halogen or xenon arc lamp through the matrix employin
waveguide-like technique and achieving a path length
about 2 cm. A medium pressure mercury lamp (E<5.4 eV)
was used to neutralize the trapped ions. After exposure to
UV radiation the spectra were recorded again.

III. OBSERVATIONS

A. Absorption system

Three unknown systems built upon the apparent b
origins at 458, 467, and 736 nm were observed after m
Downloaded 09 Nov 2004 to 131.152.105.132. Redistribution subject to A
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selected~33 u! codeposition ofB3
2 ions with neon. As is

illustrated by Fig. 1, exposure of the matrix to 5.4 eV rad
tion resulted in the complete disappearance of the 467
system and the growth of the 458 nm one. In addition, a n
system starting at 736 nm evolved~Fig. 2!, exhibiting a rich
vibrational structure and correlating in intensity with the 4
nm one. Thus one concludes that the carrier of the 467
system is theB3

2 anion, whereas the 458 and 736 nm ba
groups are due to the neutralB3 species. Because natur
boron contains about 20 percent as its10B isotope, it was
reasonable to check whether or not some of these ne
observed absorptions belong to the B2C molecule or its ion.
This molecule is also produced in the cesium sputter sou
from a B4C rod and its10B11BC isotopomer has the sam
mass asB3 and is, therefore, deposited as well. Neverthele
even after deposition of11B2C2 ~34 u!, the production of
which is much higher than that of10B11BC2, neither of the
above described systems were seen while usage of a
boron rod in the source led again to the detection of the th
band systems of Figs. 1 and 2 with the same intensity rat
This supports the assignment of the absorptions observe
the B3 molecule and its anion.

The equilateral triangle structure of the neutral molec
B3 in the ground electronic state of2A18 symmetry is well
established.9 Dipole transition moments of symmetryA29
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 2. Electronic absorption spectrum of the 12E8–X 2A18 electronic transition ofB3 recorded after 4 hours of mass-selected codeposition with n
followed by UV irradiation of the 6 K matrix.
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1E8 connect this state only with states of symmetry2A29 and
2E8, respectively. As argued in detail later on, only2E8
states are available in the range of excitation energies in
tigated here.

Because the cyclicB3 neutrals are produced by photod
tachment of the electron from the mass-selectedB3

2 and
isomerization of a linear to cyclic form of species held re
tively rigidly in a 6 Kneon lattice on irradiation with 3–5 eV
photons is unlikely, the measured electronic spectrum ofB3

2

is also ascribed to a cyclic isomer with ground state of1A1

symmetry. This is in line with the observation that the ex
tation energy is close to the corresponding transition in n
tral B3 , as to be expected from simple molecular orbi
~MO! considerations since the same MOs are involved
the theoretical prediction for the transition~see Sec. IV!.
Therefore, the upper state of the band system observe
assigned to the1E8 electronic symmetry.

B. Vibrational structure

The vibrational structure apparent in the observed e
tronic spectra~Figs. 1 and 2 and Tables I–III! is associated
with excitation of the two normal modes,n1(a18), n2(e8), in
the upper electronic states because at 6 K the population is
essentially all in the vibrationless level of the ground sta
Because the upper electronic states ofB3 and B3

2 haveE8
symmetry they are subject to Jahn–Teller distortions wh
may cause complex vibrational pattern.

The second system ofB3 , assigned to the
2 2E8←X 2A18 transition, has the simplest pattern: Starti
with the origin band at 458 nm a seemingly regular progr
sion mode is discernible~Fig. 1! with two spacings that are
Downloaded 09 Nov 2004 to 131.152.105.132. Redistribution subject to A
s-

-

-
-

l
d

is

c-

.

h

-

the same within the error limit~Table III!. As the origin band
is dominant, no large geometry change is expected on p
ing from the ground to the excited electronic state.

In contrast, the vibronic structure of the first system
B3 ~Fig. 1, top trace, Table II!, assigned to the 12E8
←X 2A18 transition, indicates a strong Jahn–Teller distortio
The excitation of the degeneraten2(e8) Jahn–Teller active
mode is evident. The two transition systems are not o
very different in complexity, they also show quite differe
intensities: The spectra indicate an absorbance ratio of
order of magnitude in favor of the second band.

The absorption spectrum ofB3
2 ~Fig. 2, bottom trace,

Table I!, assigned to the 11E8←X 1A18 transition, shows a
complexity similar to the lower transition ofB3 . The pat-
terns of these two systems are really not simple and a
sible assignment can only be made by means of a theore
treatment as attempted in Sec. V.

TABLE I. Positions of band maxima (l60.2 nm) observed in the
1 1E8–X 1A18 absorption spectrum ofB3

2 in a 6 K neon matrix

l ~nm! n ~cm21! Dn ~cm21!

466.9 21 412 0
448.4 22 295 883
445.5 22 440 1028
440.2 22 711 1299
436.2 22 919 1507
431.9 23 147 1735
428.4 23 336 1924
427.1 23 407 1995
418.4 23 894 2482
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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IV. THEORY

Symmetry assignments and analysis of complex vib
tional structures as observed forB3 require the knowledge o
sufficiently accurate and extended potential energy surfa
~PES! for low-lying electronic states. Because previous th
oretical efforts have been limited to a few cuts through
lected PESs,7 we have performed large-scaleab initio calcu-
lations for the states relevant to the absorption spe
presented here.13

The orbital ordering forB3 in D3h symmetry is 1a18 ,
1e8, 2a18 , 2e8, 1a29 , 3a18 for the orbitals occupied in the
ground state, and 3e8, 1e9, 4e8, 1a28 ,... for thelower vir-
tual orbitals. Clearly, the ground state is of2A18 symmetry
and excited states accessible by dipole selection rules
2A29 and2E8 symmetries. While the 12A29 state is dominated
by the single configuration resulting from the 3a18←1a29 ex-
citation, two low-lying2E8 states should result from substa
tial mixing of the configurations corresponding to the ex
tations 3e8←3a18 and 3a18←2e8, respectively. The ground
state configuration ofB3

2 is that of B3 but with an extra

TABLE II. Positions of band maxima (l60.2 nm) in the 12E8–X 2A18
absorption spectrum ofB3 , vibronic symmetryG and calculated intensities

l~nm! n ~cm21!

Dn~cm21!

IntensityExperimenta Theory G

0 E8 1.00
230 A18

735.8 13 587 0 685 685 E8 1.45
733 A28

715.5 13 972 385 1070 1074 E8 0.74
1073 A18

705.6 14 168 581 1266 1269 E8 0.59
700.7 14 268 681 1366 1337 E8 1.80

1425 A18
1660 A28

681.6 14 667 1080 1765 1732 E8 0.25
678.3 14 739 1152 1837 1818 E8 1.70

1801 A18
1910 A28

673.4 14 846 1259 1944 1933 E8 0.60
2123 E8 0.20
2195 A18
2202 E8 0.01
2310 E8 0.00
2340 A28
2384 A18

650.0 15 380 1793 2478 2444 E8 0.98
2481 E8 0.01
2537 A18
2564 A18
2648 A28
2714 A28
2728 E8 0.03
2762 A18
2834 E8 0.11
2848 E8 0.04
2868 A28
2915 A18
2920 E8 0.45
3057 E8 0.02

aFor two different band origins, see text.
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electron in the highest occupied orbital 3a1 . The lowest di-
pole allowed excitation is here dominated by the 3e8←3a18
promotion.

A configuration mixing as indicated above, on top of t
interaction between the two components of the2E8 states for
distortedCs geometries where both have2A8 local symme-
try, restricts our choice of method effectively to the vari
tional multireference configuration interaction~MR-CI! pro-
cedure. For efficiency we use a complete active space~CAS-
SCF! for the reference wave functions and the interna
contracted singles and doubles CI, as implemented in
MOLPRO14 program package. The whole set of geometries
treated with an active space spanned by the orbital set f
2a18 to 1e9; extended calculations for a subset ofC2v geom-
etries use an active space that includes the 4e8 and 1a28
orbitals as well. The basis set is constructed from the a
mented correlation-consistent valence triple zeta~aug-cc-
pVTZ! set for the B atom,15 further augmented by twos
functions~exponents 0.7 and 0.23! and onep set ~exponent
0.35! at the bond centers. Comparison between experim
and theory forB2 suggests that this computational procedu
supports an accuracy of about 0.02 bohr in bond lengths
about 20 cm21 in vibrational frequencies. These calculatio
have been performed for a grid of geometries which w
defined by bond length variations in steps of 0.05 bohr, st
ing from the reference bond length ofr 53.00 bohr and ex-
tending to all geometries for which one of the releva
electronic energies was less than 3000 cm21 above the cor-
responding reference energy.

The adiabatic PES’s have been cast in analytical form
least-squares fits to polynomials in the symmetric stretch
radial deformation coordinates and harmonic functions of
azimuthal deformation coordinate, as described in previ
work on alkali trimers.16,17 In contrast to the alkali trimers
Jahn–Teller distortion in the lowerE8 states ofB3 andB3

2 is
weak as compared to vibrational excitation, so that b
sheets of the PES for degenerateE states are substantiall
populated even for low vibrational energies. In order to av
the notorious complications caused by the geometric ph
in an adiabatic treatment, we use a diabatic framework
the vibrational motion, i.e., diabatic surfaces are construc
from the adiabatic ones by means of 232 rotations with

TABLE III. Positions of band maxima (l60.2 nm) observed in the
2 2E8–X 2A18 absorption spectrum ofB3 , calculated vibrational energie
and vibronic symmetryG.

l~nm! n ~cm21!

Dn~cm21!

Expt. Theory G

458.0 21828 0 0 E8
848 A28

438.3 22809 981 973 E8
974 A18

1258 E8
1746 E8
1815 A28

420.1 23797 1969 1951 E8
2018 A18
2144 E8
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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anglesf/2, wheref is the pseudo-rotational coordinate. H
perspherical coordinates are still the proper choice for a
clic trimer but the computational procedures us
previously18 had to be extended to account for pairs
coupled diabatic surfaces. Both, the analytical fits and
vibrational calculations introduce numerical errors in the
der of only 1 cm21 for the first transition inB3 , i.e., consid-
erably smaller errors than those from the electronic struc
calculations. For the other upper states our fits with stand
errors of about 10 cm21 are only preliminary because o
complications from additional conical intersections and
notorious intruder state problems which cause unphys
humps in the upper state surfaces in particular forB3

2 .
Vibrational line intensities are calculated from transiti

dipole moment surfaces which are again expanded in p
nomials as outlined above for the PES. Because the obse
bands stem from in-plane transition moments~parallel
bands!, vibronic selection rules leave only2E8 vibronic
states accessible in the case of freeB3 . The degree of viola-
tion of this selection rule due to matrix effects is difficult
assess.

A sensible assignment of vibronic states by some kind
vibrational quantum numbers is difficult in cases of stro
vibronic coupling, i.e., if linear and quadratic Jahn–Tel
~JT! terms are of comparable size. Reference can be mad
two simple limiting cases:~i! Strong quadratic terms produc
three equivalent minima on the lower~adiabatic! surface
which are separated by a relatively high barrier. The vib
tional wave functions for the lower sheet can then be con
ered a linear combination of three equivalent local vibrat
with C2v symmetry placed at the respective minima and c
be labeled byC2v quantum numbersv1 , v2 , and v3 for
symmetric stretch, symmetric bend and asymmetric stre
respectively.~ii ! Weak quadratic JT terms produce only ne
ligible localizing barriers for the pseudorotational motio
Then the quantum numbers for a free internal rotation
adequate, i.e.,v1 , v2 for symmetric stretch and deformatio
andl 2 for the pseudorotation angular momentum. In an ad
batic frame,v2 and l 2 are half integer numbers due to th
geometric phase in electronic and vibrational factors of
vibronic wave function. The finger print for case~i! is a near
degeneracy ofE-A pairs, that for case~ii ! is a near degen
eracy ofA12A2 pairs. The actual assignment of model qua
tum numbers is made by inspection of plots of the vib
tional wave functions. The model following case~i! has been
successfully used for rovibronic analysis of alkali trimerE9
←E8 transition bands;16–18 a thorough discussion of thi
model has been given there. Further details of our comp
tional procedures may be found elsewhere.13

V. ASSIGNMENT AND DISCUSSION

Our CAS-SCF calculations of vertical electronic tran
tion energies at theD3h reference geometry~bond length
3.00 bohr! reproduce the ordering of states as previou
obtained, also from CAS-SCF:9 X 2A18 , 1 2A29 , 1 2E8, 1 4E9,
1 4E8, 1 2E9, 2 2E8, 1 4A18 , 1 4A28 ... . Pertinent data of the
PESs, as obtained in the MR-CI calculations for the sta
relevant here, are collected in Table IV. Figure 3 shows c
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of these potentials for the bending deformation mode, wh
illustrate in particular the Jahn–Teller distortions in theE8
states. The JT stabilization in the 12E8 state of 475 cm21 is
on the order of stabilizations observed for alkali trimer2E9
states, but it amounts to little more than 1/3 of the zero po
energy and only about 2/3 of the deformation mode ene
quantum. The pseudorotational barrier between the th
equivalent minima is only 187 cm21 but it is sufficiently
broad to effectively lift theA1 /A2 degeneracy, indicating a
case~i! description of the vibronic states. In contrast, for t
2 2E8 state with stabilization and localization energies
only 39 and 9 cm21, respectively,B3 can be considered a

FIG. 3. One-dimensional cuts of the PESs along the bend coordinate forC2v

geometries with (r 11r 21r 3)/353.00 bohr for theX 2A18 and the two2E8
electronic states ofB3 .

TABLE IV. Transition energies, Jahn–Teller distortion energies and equi
rium geometries for selected states ofB3 from MR-CI with the large active
space~energies in cm21, distances in bohr and angles in degree!.

State: 1 2A18 1 2E8 2 2E8

Tv 13 781 22 291
Te 13 057 22 202
T00 12 829 22 272
ZPE 1457 1207 1522
Estab 475 39
Eloc 187 9
r min 2.968 2.982 3.015
umin 60.0 65.3 61.9
r sadd 3.093 2.982
usadd 57.2 60.9
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



tw
s
s
li
w
ve
m
f t

ns
te

ru
th

88
in
m

d
e
ns

f
o

fir
h
na
tru
nl
on
c

rip
v
t
m

lly
ling
the
b-
ant
the
st
ng
at a
-
for

er-
use
e’’

try

for
ar-
g.
ds
ne
of

e
y.
is

in
up
ng
the

es
ro-

.
n-
e
on

cor-
ild

ion
dif-

-

en-

r-
t by
a

tes
to

hn

9708 J. Chem. Phys., Vol. 119, No. 18, 8 November 2003 Wyss et al.
nearly freely pseudo-rotating, indicating a case~ii ! descrip-
tion. This state has a second conical intersection of its
electronic components atC2v geometries with apex angle
around 68°. Such a feature causes severe complication
the fitting of a PES. Our present analytical potential is re
able only below that crossing and furnishes but a few lo
lying vibrational levels. The shapes of these PES, and e
more so the rather unexpected shapes of the transition
ment surfaces, are consequences of the strong mixing o
two configurations that are formed by the 3e8←3a18 and the
3a18←2e8 excitations. Actually, at theD3h reference geom-
etry the mixing ratios are 62:58 and 61:59 for the 12E8 and
2 2E8 states, respectively. The corresponding dipole tra
tion moments of 0.137 and 0.253 a.u., respectively, indica
clear difference in the intensities of the two bands, as
indeed observed.

The calculated positions of the transition bands are c
cial for the assignment of electronic symmetries. We find
1 2E8 band origin,T00, at 12 829 cm21 from the MR-CI with
extended reference space. The corresponding results from
smaller MR-CI and from a Davidson correction are 12 9
and 12 728 cm21, respectively, indicating an uncertainty
T00 of about 250 cm21. However, the observed spectru
starts with a line at 13 587 cm21, which is 752 cm21 higher
than calculated. This difference is too large to be attribute
matrix effects. It is not only larger than the estimated unc
tainty, but its sign is unlikely since in variational calculatio
excited-state energies are usually less well accounted
than ground-state energies. This suggests that the first
served line is not the band origin but corresponds to the
excited vibrational level. This is indeed supported by t
positions and intensities calculated for the higher vibratio
states, as obvious from Fig. 4, where the observed spec
is compared with the theoretical one, the latter shifted o
by 30 cm21. Agreement appears to be rather satisfactory c
sidering the well-known fact that matrix effects may affe
the band positions and in particular their intensities. The t
let feature seen in the center of the spectrum belongs to
brational states that are heavily mixed, so that the calcula
intensities may well need some redistribution, since the co

FIG. 4. Comparison of the calculated positions and intensities of the Ja
Teller coupled vibronic levels for the 12E8 state ofB3 with the matrix
spectrum.
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position of the vibronic wave functions is computationa
more sensitive to the accurate description of the coup
than the vibronic energies. However, this assignment of
vibrational structure is in conflict with the fact that the o
served spectrum does not show a line with signific
strength at the predicted position of the band origin. On
other hand, if the band origin is identified with the fir
strong observed line, we can not explain that two stro
observed lines do not have theoretical counterparts and th
line with a strong calculated intensity is missing. It is diffi
cult to see how matrix effects could be held responsible
this mismatch. A gas spectrum is necessary.

Table II lists observed and calculated vibrational en
gies and the calculated relative intensities, making also
of the theoretical first excitation energy to define the ‘‘tru
band origin, which becomes 12 902 cm21. Figure 5 displays
vibrational levels ordered according to vibronic symme
and assigned with vibrational quantum numbers of aC2v
vibrator as outlined above. This assignment is reasonable
the lower levels but loses meaning for higher ones, in p
ticular if levels are close and undergo substantial mixin
This is regularly the case for neighboring levels of polya
formed by replacing two quanta of symmetric bend by o
quantum of asymmetric stretch. Note that only the levels
vibronic E character are accessible.

The calculated band origin for the 22E8 state of 22 272
cm21 agrees fairly well with the observed position of th
main line, 21 828 cm21. There is no other candidate close b
Vibrational energy levels, which are only preliminary in th
case due to problems with the fit of the PES, are included
Table III. The observed line positions may be nicely lined
with calculated values but this is not really definitive as lo
as theoretical intensities are lacking for this state. While
ground vibrational state is 93%a18 , the first upper state is
60%e18 and 30%a18 , i.e., the progression observed involv
mainly the deformation mode with only zero-point pseudo
tation. The proper assignment according to case~ii ! is ~0 1/2
1/2!, ~0 3/2 1/2!, and~0 5/2 1/2! for the three levels involved

For the 12A28 state we calculate a vertical excitation e
ergy Tv of 6300 cm21. This region was inaccessible in th
experiments carried out hitherto. As a general comment
the transition energies, we note that dynamical electron
relation, accounted for only by the singles–doubles CI bu
on top of the CAS-SCF, causes changes of up to 2000 cm21.
Comparison to previously published theoretical excitat
energies, which are limited to CAS-SCF, shows indeed
ferences of this order.8

In the case of theB3
2 anion the calculated adiabatic ex

citation energyTe of 23 089 cm21 differs from the observed
band origin at 21 413 cm21 by 1676 cm21. Less than 300
cm21 may be attributed to the change in the zero point
ergy~ZPE!, leaving a defect of around 1400 cm21. Extension
of our basis set by diffuse functions, which might be impo
tant for an excited state of an anion, reduces this defec
only about 100 cm21 but the Davidson correction yields
surprisingly large further reduction of about 800 cm21 in this
case. The assignment to the 11E8←X 1A18 electronic transi-
tion of cyclic B3

2 is not questioned since no other candida
are available. A vibrational analysis of this transition has

–
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2

be deferred until a better analytic representation of the up
state PES is available.

VI. CONCLUSION

The matrix isolation technique in combination with ma
selection has been applied to observe for the first time
electronic spectra of the boron trimer and its anion. As
result, the 12E8←X 2A18 and the 22E8←X 2A18 electronic
transitions forB3 and1E8←X 1A18 for B3

2 have been identi-
fied. The vibronic structure of the 12E8 electronic state of
the neutral species and the 11E8 state of the anion exhibit a
strong influence of the Jahn–Teller effect.Ab initio calcula-
tions of potential energy surfaces for four electronic state
B3 and two electronic states ofB3

2 have validated the assign
ment of the observed bands and provided the basis fo

FIG. 5. Pattern of Jahn–Teller coupled vibronic levels of the 12E8 state in
B3 . For the definition of the modes see text.
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analysis of the vibrational structure of the transition to t
1 2E8 state of a freeB3 . The observed pattern can be co
sidered as well reproduced if the true origin of the transit
is placed at about 12 900 cm21 where no significant absorp
tion line is seen. An in-depth analysis will require high res
lution gas-phase measurements and theory developm
The present work provides the necessary basis for these
undertaken.
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Gas phase detection of cyclic B 3 : 2 2E8]X 2A 18 electronic origin band
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The rotationally resolved origin band in the 22E8←X 2A18 electronic spectrum of cyclic B3 has been
observed by cavity ring down spectroscopy in the gas phase. The B3 molecule was generated in a
supersonic planar plasma containing decaborane (B10H14) and neon as a carrier gas. The rotational
structure pattern is that of a cyclic molecule. It is analyzed assuming an equilateral triangle in both
electronic states. The band origin is determined to be 21 853.52 cm21, and the bond lengths
1.603 77~106! Å in the ground and 1.619 07~96! Å in the excited electronic state are inferred from
analysis of the rotational structure. ©2004 American Institute of Physics.
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I. INTRODUCTION

Well resolved absorption and emission spectra of cy
trimers have been reported only for few species, includi
Al3 ,1 Li 3 ,2 Cu3 ,3 H3

1 ,4 and Na3 .5 As the small boron mol-
ecules have applications in industry as chemical insulat
explosives, semiconductors, and high energy density ma
als, their structure is of relevance.6,7 The boron trimer has
been investigated only in rare gas matrices. First came
electron-spin-resonance observation which showed tha3

contains an unpaired electron and that the three nuclei
equivalent.8 The infrared spectrum of B3 was also observed,1

and recently the 22E8←X 2A18 electronic transition of B3 in
a neon matrix was identified using a mass selec
approach.9 However, there is no spectroscopic informati
on the boron trimer B3 in the gas phase.

There is interest in the spectrum of cyclic B3 because
several of the excited electronic states are degenerate inD3h

symmetry. According to the Jahn-Teller theorem, there ex
at least one vibrational mode that removes the electronic
generacy and results in the stabilization of the lowest co
ponent by lowering the symmetry of the equilibrium stru
ture. Most recent theoretical calculations on B3 predicted an
equilateral structure (D3h) with an 2A18 electronic symmetry
in the electronic ground state and an obtuse triangle (C2v)
with an apex angle>60° for the 22E8 excited electronic
state.8,10,11 However, a low stabilization energy~difference
between the conical intersection and the minima! compared
with zero point energy for the 22E8 state is reported.9 There-
fore the B3 molecule can be considered to haveD3h

symmetry in the 22E8 state as an effective structure and t
2 2E8←X 2A18 electronic system can be considered as a qu
‘‘ D3h-D3h’’ transition.

In the present work we report the observation of t
rotationally resolved origin band of the 22E8←X 2A18 elec-
tronic spectrum of B3 . The analysis of the spectrum gives a
estimate of the molecular geometry; the first gas phase s
tural determination.

a!Author to whom correspondence should be addressed; Fax:141-61-
2673855. Electronic mail: J.P.Maier@unibas.ch
6770021-9606/2004/121(14)/6776/3/$22.00

Downloaded 07 Oct 2004 to 131.152.105.132. Redistribution subject to A
c
,

s,
ri-

he

re

e

ts
e-
-

si

c-

II. EXPERIMENT

This consists of a standard cavity ring down setup sa
pling a plasma generated in a pulsed supersonic slit
expansion.12 A small fraction of pulsed laser light from a
tunable dye laser is coupled into an optical cavity consist
of two highly reflective mirrors (R.99.99%). The fraction
of light leaking out of the cavity has an envelope which is
first-order exponential decay, exp(2t/t). The ring down time
t reflects the absorption coefficient. A spectrum is record
by measuringt as function of the wavelength of the las
~running at 30 Hz!. Forty-five ring down events are average
at each wavelength before the digitized data are downloa
to a workstation. The;0.05 cm21 linewidth of the laser was
attained with an internal etalon.

The pulsed slit jet system is located in a vacuum cha
ber evacuated by a roots blower. The plasma is produced
nozzle incorporating a discharge in the high pressure exp
sion. The orifice comprises a metal plate anode and
sharp stainless steel cathodes that form the actual slit~30
mm3300 mm!. A pulsed negative voltage~2800 V/100 mA
and 100ms in duration! is applied. The geometry of the
orifice is such that the discharge is confined upstream of
supersonic expansion. To produce B3 , solid B10H14 is heated
in the oven to 70610 °C with neon as a carrier gas at
backing pressure of 10 bars. In order to avoid condensa
inside the source, the valve and body of the nozzle are he
as shown in Fig. 1. The B3 molecules are efficiently pro
duced at a distance 5 mm down stream from the slit. T
spectrum is calibrated via the neon atomic lines that are
served in the jet expansion.

III. RESULTS

The 22E8←X 2A18 electronic spectrum of B3 was ini-
tially identified in absorption in a 6 K neon matrix using
mass selection with origin band located at 21 828 cm21.9

Based on this the band was sought in the gas phase.
absorption signal was subsequently found near 21 900 c21

~Fig. 2! and the observed profile of the band,;25 cm21 in
width, was in a good agreement with preliminary simu
tions. No other signal could be detected within6300 cm21
6 © 2004 American Institute of Physics
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6777J. Chem. Phys., Vol. 121, No. 14, 8 October 2004 Detection of cyclic B3
from the observed band. Though the spectrum visually
pears ‘‘noisy’’ ~typical S/N of at least 5! all the peaks are
genuine. This is shown by the top trace which is an indep
dent recording of this part of the band. Corresponding tra
were obtained for other regions proving that all the lin
given in Tables I and III are real.

The spectrum exhibits rotationally resolvedP and R
branches slightly blended with strong neon atomic lines. T
Q branch is not visible due to a complex splitting and blen
ing with an intense neon line. Actually, it is a composition
four spectra, as two boron isotopes are present. Becaus
natural isotopic abundance of11B:10B in the precursor is 4:1
the relative concentration of the two isotopomers33B3 :32B3

~two equivalent structures of10B11B2) should be 4:3. The
peaks in the spectra of31B3 and 30B3 could not be assigned
due to their small abundance. As a result, the observed s
trum is essentially an overlap of the two isotopomers33B3

and32B3 .
The B3 cyclic molecule in the excited degenerate st

should undergo a deformation due to the Jahn-Teller eff
however, the distortion from an equilateral triangle can
neglected as a result of low stabilization energy@merely 39
cm21 compared with a zero-point energy~1522 cm21! in the
2 2E9 state9#. A similar situation was encountered for th
cyclic C3H radical, where deformations of the C2v structure
were neglected due to small energy differences between
Cs and C2v forms.13 Therefore, it is reasonable to assume th
the effective symmetry of the 22E8 state isD3h for the
analysis of the rotational structure in the observed spectr

FIG. 1. Schematic diagram of the source used to produce B3 . Decaborane
was heated up to 70610 °C in the oven. Neon at a backing pressure of
bars was used as a carrier gas. The pulsed plasma was produced by
nozzle to which the high voltage was applied.
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The measured positions of the33B3 lines are given in
Table I. The spectral line frequencies were analyzed usin
conventional Hamiltonian for a symmetric top molecule.
order to analyze the imperfectly resolved rotational spectr
it was assumed that the structure of the B3 molecule hasD3h

symmetry in both states. This way the number of spec

slitFIG. 2. Rotationally resolved 22E8←X 2A18 electronic origin band of B3 in
the gas phase measured by cavity ring down spectroscopy through a s
sonic planar plasma. The two upper traces are independent recordin
show that the peaks are real and not noise. The three bottom traces a
simulated patterns33B3132B3 ~in ratio 4:3!, 32B3 and33B3 . The two strong
lines off scale belong to neon. Bands marked with* are unassigned. Lines in
the simulation for which counterparts in the spectrum could not be found
marked with ‘‘1.’’

TABLE I. Frequencies~in cm21! and assignments in the 22E8←X 2A18
absorption spectrum of33B3 .

NK nobs ncalc nobs2ncalc

11-22 21 850.374 21 850.543 20.169a

22-33 21 849.223 21 849.296 20.073
33-44 21 848.070 21 848.027 0.043
44-55 21 846.731 21 846.736 20.005
66-77 21 844.118 21 844.086 0.032
77-88 21 842.710 21 842.727 20.017
11-00 21 855.230 21 855.305 20.075
22-11 21 856.499 21 856.440 0.059
33-22 21 857.600 21 857.552 0.048
44-33 21 858.629 21 858.642 20.013
55-44 21 859.690 21 859.710 20.020
88-77 21 862.770 21 862.778 20.008
99-88 21 863.713 21 863.756 20.043
1010-99 21 864.749 21 864.712 0.037

aNot included in the least-squares fit.
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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scopic parameters could be reduced to 3; the bond len
r 8, r 9 and band originT00 were then determined directl
from a least-squares fit to the line positions.

The results for the33B3 molecule are listed in Table II
The determined bond lengths (r 0) are 2% longer than the
calculated ones (r e) ~Ref. 9! in both the ground and excite
states. In the ground state this is because of zero-point vi
tions as the analysis assumes a negligible inertial defect.
difference in the excited state is additionally caused by
perfections of the simple model used~assuming an equilat
eral triangleu560° and ignoring the Jahn-Teller effect! and
anharmonicity of the potential.

The observed rotational profile was also simulated w
the obtained molecular constants using the programWANG.14

The simulated spectrum of33B3 is shown in Fig. 2. Best
agreement with the experiment was attained with a rotatio
temperature of 30 K. A linewidth of 0.05 cm21 was used for
the simulation, though in the observed spectrum it is lar
due to Doppler and/or lifetime broadening.

In the case of the32B3 isotopomer the simulation wa
based on the same geometry and temperature param
as inferred for33B3 but using a conventional Hamiltonia
of an asymmetric top molecule. It was also assumed
only the B2-A1 transition, which is a type, occurs. Th
rotational constants used for the32B3 molecule were
A:B:C51.2696:1.1906:0.6144 cm21 for the ground, and
1.2457:1.1682:0.6029 cm21 for the excited state. The spec
trum of 32B3 was then shifted by21.94 cm21 ~from T00 of
33B3) to get the best agreement with the observation~Fig. 2!.
The isotopic shift of21.94 cm21 is reasonable for an origin
band.

In all, 34 rotational transitions were assigned; 14 of th
are attributed to the33B3 molecule and the rest to32B3 ~Table
III !. The presented rotational assignment and molec
structure of the B3 molecule should be considered as ten
tive, because the insufficientS/N ratio of the spectrum de
creases the accuracy of the molecular structure determ

TABLE II. Bond lengths and spectroscopic constants of the33B3 molecule
inferred from the partial rotational analysis of the 22E8←X 2A18 electronic
origin band.a

2 A18 2 2E8

Obs. Calc.b Obs. Calc.b

r 0 (Å) 1.603 77~106! 1.619 07~96!
u0 (deg) 60.0c 60.0c

r e (Å) 1.5706 1.5955
ue (deg) 60.0 60.8
T00 (cm21) 21 853.52d 22 723
B (cm21) 1.190 64~157!e 1.168 25~138!e

C (cm21) 0.595 32~79!e 0.584 12~69!e

aThe numbers in parentheses represent the one standard deviation d
from the least square fitting. A rms of the fitting is 0.043 cm21.

bReference 9.
cFixed.
dError of calibration is around 0.01 cm21.
eThe rotational constants were calculated from the determined molec
structures.
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tion. Lines of31B3 ~'19% of the33B3 intensity! disturb the
line profiles of32B3 and 33B3 transitions. There are few un
assigned lines, few missing ones, and some are obscure
intense neon atomic lines~Fig. 2!. However, the consistenc
of the whole analysis is sufficient to conclude that t
observed rotationally resolved spectrum is indeed
2 2E8←X 2A18 transition of the cyclic B3 molecule, and leads
to the first structural information in the gas phase.
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TABLE III. Frequencies~in cm21! and assignments in the 22E8←X 2A18
absorption spectrum of32B3 .a

NKaKc
nobs ncalc nobs2ncalc

212-313 21 847.174 21 847.197 20.023
202-303 21 847.183 20.009
313-414 21 845.859 21 845.877 20.018
303-404 21 845.876 20.017
414-515 21 844.525 21 844.544 20.019
404-505

515-616 21 843.220 21 843.188 0.032
505-606

616-717 21 841.821 21 841.809 0.012
606-707

717-818 21 840.420 21 840.407 0.013
707-808

414-313 21 856.843 21 856.832 0.011
404-303 21 856.833 0.010
515-414 21 857.952 21 857.934 0.018
505-404

616-515 21 859.041 21 859.013 0.028
606-505

717-616 21 860.125 21 860.068 0.057
707-606

aThe assignment and calculated frequencies were derived on the assum
that the bond lengths of32B3 and 33B3 are equal, and the isotopic shift i
21.94 cm21.
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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Abstract

The 12A002  X2A01 electronic transition of the B3 molecule with origin band at 5990 cm�1 has been observed in a 6 K neon

matrix. A vibrational progression in the spectrum corresponds to the excitation of the m1ða01Þ vibrational mode in the 1 2A002 state

with a frequency of �1092 cm�1. The band system was detected after laser ablation of a boron rod and the origin band also after

mass-selected deposition of B�3 anions with subsequent neutralization.

� 2005 Elsevier B.V. All rights reserved.
1. Introduction

Structure and properties of boron clusters are inter-
esting for fundamental science. Boron is the only ele-

ment except carbon that can build molecules of any

size by covalent bonds, and there are a number of appli-

cations [1,2]. Nevertheless, even molecules as small as B3

are spectroscopically not thoroughly investigated. The

first study of B3 was by ESR [3] followed by IR spectros-

copy [4] both in rare gas matrices. A previous publica-

tion reported the 12E0  X2A01 and 22E0  X2A01
electronic transitions of B3 in a 6 K neon matrix [5].

The rotationally resolved origin band of the

22E0  X2A01 transition has been measured since then

in absorption in the gas phase and analyzed [6]. Ab ini-

tio calculations on the ground and excited electronic

states of B3 are available [5,7]. In the present work the

12A002  X2A01 electronic transition of B3 has been ob-

served for the first time in a 6 K neon matrix.
0009-2614/$ - see front matter � 2005 Elsevier B.V. All rights reserved.
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2. Experimental

The main features of the experimental set up have
been described [8]. Two approaches were used to pro-

duce boron clusters: one with a cesium sputter ion

source and the other by laser ablation. Boron rod

(99.6% purity) with a natural isotopic composition was

used as a target for the laser vaporization. B4C, LaB6

and BN rods were used as well.

A slowly rotating sample rod was installed �10 cm

from the matrix substrate. A 532-nm pulsed Yag laser
beam, �20 mJ, 20 Hz, was focused on the rod. A mix-

ture of ionic and neutral ablation products was co-

deposited with excess of neon (or argon) onto a

sapphire substrate coated with rhodium and cooled

to a temperature of 6 K. Spectra in the 1100–

12000 cm�1 range were recorded after sampling the

neon matrix by a Fourier transform spectrometer

applying a double reflection technique. The light beam
reflects from the metal surface of the substrate on

which the neon matrix sits, then from a mirror into

the matrix again and back from the substrate.

Absorption spectra in the 220–1100 nm region have

been measured by passing monochromatic light

through the matrix in a wave-guide manner [9].

mailto:j.p.maier@unibas.ch


Table 1

Positions of the band maxima (±0.2 cm�1) in the 12A002  X2A01
electronic transition of B3 in a 6 K neon matrix

m (cm�1) Dm (cm�1) Vibrational transition

5990 0 000

7085 1095 110

8169 2179 120
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In order to assign the observed band system, experi-

ments with mass-selected boron anions, produced in a

cesium sputter source [10] have been carried out. The

anions produced in the source were guided by means

of electrostatic lenses into the quadrupole mass filter

and were separated from neutral molecules by deflecting
the beam through 90�. The B�3 ions were mass selected

and co-deposited with excess of neon to form a matrix

at �6 K. A typical current of B�3 impinging on the ma-

trix was �5 nA. This technique allowed the deposition

of B�3 exclusively but it was not possible to obtain a high

concentration of neutral B3 in the matrix.

Neutral B3 was produced by irradiation of the matrix

with a mercury medium pressure lamp during �30 min.
An important procedure was annealing up to 8.5 K

making the neon matrix softer and thus allowing relax-

ation of the trapped molecules to their energetic minima

(and even some reactions to proceed).
Fig. 2. The origin band of the 12A002  X2A01 electronic absorption of

B3 in a 6 K neon matrix after laser vaporization of a pure boron rod

(lower trace), and after mass-selected deposition of B�3 with subsequent

neutralization by UV irradiation (upper trace – multiplied by a factor

of 50 and smoothed).
3. Observations

Several new bands were seen after laser vaporization

of the boron rod in the infrared (Fig. 1), in addition to

the previously reported 12E0  X2A01 and 22E0  
X2A01 absorption systems of the B3 molecule [5,6] and

those of the B and B2 species [11–13] in the visible and

UV. The new system comprises three peaks, separated

by �1092 cm�1, with origin band at 5990 cm�1 (Table

1). This was seen after vaporization of B4C and LaB6

rods as well. The intensity of the bands increases after

irradiation of the matrix with UV photons indicating a

neutralization process. Thus one can conclude that the

carrier is a neutral boron molecule. The band system

is not likely due to a boron and hydrogen (common
Fig. 1. The 12A002  X2A01 electronic absorption spectrum of B3 in a

6 K neon matrix after laser vaporization of a pure boron rod. The

band marked with * is due to an unknown impurity.
impurity) containing species. When 1% of hydrogen

was introduced into the matrix (Ne/H2 ratio of 100/1)

the intensity of bands remained the same. The absorp-

tion band at 6268 cm�1 (marked with *) is due to an un-
known impurity. Its intensity depended on the rod used.

Fine structure of the bands is due to matrix site ef-

fects. The trapped molecules have different orientations

in the neon lattice. One can see that the three bands of

the new system possess the same structure. After anneal-

ing to 8.5 K intensity redistribution is observed. The

site-pattern is different when argon is used as the matrix.

Mass selected deposition of B�3 followed by neutral-
ization led also to the appearance of the 5990 cm�1

absorption band (Fig. 2). The wavelength of the band

and the site structure are exactly the same as in the laser

vaporization spectrum. However, the intensity is about

50 times lower for the mass selected case. The bands

at 7085 and 8169 cm�1 corresponding to vibrational

excitation in the upper electronic state were not ob-

served in the mass-selected experiment due to a low sig-
nal to noise ratio. It is concluded that the observed

system with the origin band at 5990 cm�1 is an elec-

tronic transition of B3.
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4. Discussion

It is theoretically established that B3 has an equilat-

eral triangle structure (D3h group) with 2A01 symmetry

in the ground state with electronic configuration

ð1a01Þ
2ð1e0Þ4ð1a002Þ

2ð2a01Þ
1
[5,7,14]. The only excited states

accessible from the ground state by electric dipole tran-

sitions are 2A002 and 2E 0. The electronic transitions

1 2E0  X2A01 and 22E0  X2A01 of B3 in a neon ma-

trix have been studied earlier [5]. The ab initio calcula-

tions predict that the transition to the lowest excited

state with 2A002 symmetry lies at �6300 cm�1; in an ear-

lier calculation 7000 cm�1 was obtained [7]. These are

energetically in good agreement with the observed origin
band (Fig. 1). Consequently the new absorption system

is assigned to the 12A002  X2A01 dipole-allowed elec-

tronic transition of B3.

B�3 has been studied by photoelectron spectroscopy

[14] giving the vertical detachment energies of 2.82 and

3.56 eV to the B3 final states X2A01 and 12A002. The

0.74 eV (�6000 cm�1) difference between these is also

in agreement with the present observations.
Equilateral triangular B3 molecule has two normal

vibrations: a01 and e 0. Only transitions to the totally sym-

metric vibrational levels of the upper state ð12A002Þ are al-
lowed from the X2A01 ground state, the solely populated

level at 6 K. Hence the bands at 7085 and 8169 cm�1

(Table 1) are assigned as the first two members of the

progression structure associated with the a01 normal

mode excitation in the upper 1 2A002 state. The m1ða01Þ fre-
quency is thus inferred to be 1092 ± 3 cm�1, in agree-
ment with the analysis of the photoelectron spectrum

[14] of B�3 which yielded the value 1130 ± 30 cm�1.
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A double minimum six-dimensional potential energy surface~PES! is determined in symmetry
coordinates for the most stable rhombic (D2h) B4 isomer in its1Ag electronic ground state by fitting
to energies calculatedab initio. The PES exhibits a barrier to theD4h square structure of 255 cm21.
The vibrational levels (J50) are calculated variationally using an approach which involves the
Watson kinetic energy operator expressed in normal coordinates. The pattern of about 65 vibrational
levels up to 1600 cm21 for all stable isotopomers is analyzed. Analogous to the inversion in
ammonia-like molecules, the rhombus rearrangements lead to splittings of the vibrational levels. In
B4 it is the B1g (D4h) mode which distorts the square molecule to its planar rhombic form. The
anharmonic fundamental vibrational transitions of11B4 are calculated to be~splittings in
parentheses!: G(0)52352(22) cm21, n1(A1g)51136(24) cm21, n2(B1g)5209(144) cm21,
n3(B2g)51198(19) cm21, n4(B2u)5271(24) cm21, and n5(Eu)51030(166) cm21 (D4h

notation!. Their variations in all stable isotopomers were investigated. Due to the presence of strong
anharmonic resonances between theB1g in-plane distortion and theB2u out-of-plane bending
modes, the higher overtones and combination levels are difficult to assign unequivocally. ©2005
American Institute of Physics.@DOI: 10.1063/1.1828045#
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I. INTRODUCTION

Boron catenation leads to a large variety of stable str
tures which are of interest in many research areas
applications.1 They have been the subject of numero
experimental2–9 and theoretical10–28 investigations.

Spectral data are still limited for pure boron cluste
Two electronic transitions of theB2 molecule have been ob
served in the gas phase8 and in cold matrices.9 Recently, the
electronic absorption spectra ofB3 and B3

2 in Ne matrix,29

and the gas phase photoelectron spectra30 of B3
2 and B4

2

were reported.
The present work deals with theab initio calculations of

the low lying vibrational levels in the most stable rhomb
B4 isomer in itsX 1Ag ground state. In previous theoretic
studies10–12,22–28,30 the equilibrium structures11,12,22–25,28,30

and harmonic wave numbers25,26,30 were calculated for the
D2h rhombic minimum or for the squareD4h transition state.
However, the computations of a realistic pattern of vib
tional levels inB4 require methods going beyond the ha
monic approximation. The existence of two equivale
minima ~there are six equivalent ones if permutations inclu
ing bond breaking are considered to be feasible symm
operations! leads to splittings and additional complicatio
for the vibrational assignments are caused by the presen
strong low lying anharmonic resonances.

In the tetraatomic cyclic clusters, the lower symme
minima can correlate with electronically degenerate state
higher symmetry forming Jahn–Teller pairs. In fact, t
theory for this type of Born–Oppenheimer breakdown h
122, 0340021-9606/2005/122(3)/034301/7/$22.50
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been originally formulated for theX4 planar molecules.31,32

Based on the model of Pearson,33 the planar rhombic equi-
librium structures have been considered in previous theo
ical studies~for instance, in Ref. 25! as a result of the
second-order~pseudo! Jahn–Teller effect. The coupling of a
least two electronic states is supposed to lead to theD2h

rhomboid minimum. The archetypical example33 of the
pseudo-Jahn–Teller effect is the ammonia-likeD3h /C3v
structure, in which the ground and the first excited sing
states are coupled by the inversion mode. Recent calculat
clearly showed that the near-equilibrium vibrational proble
can be solved very accurately within the Born–Oppenheim
approximation.34–36 In B4 the coupling is via theB1g mode,
which distorts the square molecule to its planar rhom
X 1Ag form. Like in ammonia, the first electronically excite
singlet state inB4 is energetically well separated from th
ground state. We have calculated the vertical excitation
ergy to theA 1B1g state at 3.1 eV above the rhombic equ
librium and 3.3 eV above the square barrier~cf. following
section!. In the photodetachment electron spectra ofB4

2 ~Ref.
30! only excited triplet states were detected, lying betwee
and 2.4 eV above theX 1Ag ground state. The excited single
states were calculated at higher energies.30 On the electronic
ground state potential energy surface~PES! the next higher
isomer havingC2v symmetry has been calculated to lie
1.77 eV,11 or 2.33 eV12 with a barrier on the isomerization
path of 0.43 eV12 above the rhombic structure. Therefore, f
the energy region of the fundamental vibrational transition
single adiabatic PES with two equivalent minima is cons
301-1 © 2005 American Institute of Physics

IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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ered to be a sufficiently good approximation.
Similar rhombus/square PES topology has been p

dicted in electronic ground and excited states of numer
X4 clusters, for instance, in Li4 ,37,38C4 ,39 or Au4 .40,41 Inter-
estingly, in Si3C two distinct rhombic planar structures we
detected experimentally42 and one of the isomers in interste
lar space.42

The nuclear motion problem has been solved by
MULTIMODE approach.43 It has been demonstrated thatMUL-

TIMODE can deliver a near-exact set of vibrational energ
for molecules such as ammonia,44 where tunneling through a
potential barrier is experienced. Using the same PES, ide
cal variational results were obtained withMULTIMODE with
the full Hamiltonian in internal coordinates45 and with the
reaction path Hamiltonian.46 The MULTIMODE method re-
quires a stationary point at which a normal mode analysi
performed. The obvious choice for ammonia, where tunn
ing splittings were of interest, was the inversion saddle po
of D3h symmetry. Similarly, forB4 , the squareD4h saddle
point is used to obtain the normal modes required for
variational calculations of the anharmonic wave functions

II. COMPUTATIONAL APPROACH

All electronic structure calculations were carried out u
ing the MOLPRO program.47 The valence electronic configu
ration of the B4 electronic ground stateX 1Ag (D2h) is
1ag

21b2u
2 1b3u

2 1b1u
2 1b1g

2 2ag
2. Because it dominates the con

figuration expansion in the region near theD4h barrier and at
the minimumD2h structure, we used the coupled cluster w
perturbative triples~CCSD~T!! method48 and the correlation-
consistent polarized valence quadruple zeta basis
~cc-pVQZ! of Dunning49 to calculate the 643 energies us
in the analytical fit. The core and core-valence electron c
relation was neglected. The vertical excitation energy of
first electronically excitedA 1B1g state at the optimized
rhombic equilibrium structure~cf. following section! has
been calculated to be 3.12 eV equation of motion-coup
clusters~EOM-CC!;50 cc-pVQZ basis set49 and 2.92 eV full
valence complete active space self-consistent fi
~CASSCF!,51 aug-cc-pVTZ basis set49, for the square struc
ture 3.35 eV ~EOM-CC! and 3.82 eV ~full valence
CASSCF!. As we have performed calculations for all s
stable isotopomers ofB4 we define for clarity the symmetry
relations between different point groups used. In Table I
definition of axis, planes, and corresponding irreducible r
resentations are given. After having tested various type

TABLE I. Definition of the symmetry relations of the planar structures us
in the assignments.

Mode
D4h

10B4,11B4

D2h
a

10B2
11B2

C2v
b

10B11B3 , 11B10B3

C2v
b

10B2
11B2 Cs

1 A1g Ag A1 A1 A8
2 B1g Ag A1 B2 A8
3 B2g B1g B2 A1 A8
4 B2u B1u B1 A2 A9
5 Eu B2u1B3u A11B2 A11B2 2A8

az axis is perpendicular to thes(xy) molecular plane.
bC2 lies in thez axis ands(yz) is the molecular plane.
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coordinates the best six-dimensional fit was obtained w
the followingD2h symmetry-adapted coordinates~see Fig. 1
for the definition of the distances!:

S1Ag
5 1

2~DR11DR21DR31DR4!,

S2B1g
5 1

2~DR12DR21DR32DR4!,

S3B2u
5 1

2~DR12DR22DR31DR4!,

S4B3u
5 1

2~DR11DR22DR32DR4!,

S5Ag
5

1

A2
~DR52DR6!,

S6B1u
5Dt,

t being the dihedral angle between the planesB1-B2-B3 and
B2-B3-B4 . The following polynomial expansion is used t
represent the six-dimensional double minimum PES:

V~S1 ,S2 ,...,S6!5 (
i , j ,k,l ,m,n50

4

Ci , j ,k,l ,m,nS1
i S2

j S3
kS4

l S5
mS6

n .

In the expansion only the totally symmetric products w
i 1 j 1k1 l 1m<4 were retained. In the planar square ref
ence geometry Ri

052.8986 bohrs (i 51,4), Rj
052.8986

3A2 bohr (j 55,6), andt050. The following relation in-
cluding permutations of the coordinates hold
V(S1 ,S2 ,S3 ,S4 ,S5 ,S6)5V(S1 ,S2,2S4,2S3,2S5,2S6).
The goal was to obtain a PES valid close to the minim
and the barrier. The analytic form of the double minimu
PES is available from the data base.52

In Fig. 2 contour plots are displayed for some typic
cuts of the PES. The units on the axis are bohr for the d
tances and degree for theS6 coordinate. For a given pair o
coordinates all the others are fixed at the optimized geom
of the square transition state~cf. Table II!. The two-
dimensional cut of theS4 versusS3 coordinates shows an
isotropic form. In fact, due to the totally symmetric produc
in the expansion and the aforementioned symmetry relat
the cut must be symmetric with respect toS352S4 andS3

5S4 coordinate permutations. The second cut,S6 versusS1 ,

FIG. 1. Nuclear distances employed in the definition of the symmetry co
dinates.
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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displays the potential for all in-plane (S650) and out-of-
plane (S6Þ0) geometries, in whichR15R25R35R4 and
R55R6 . The S5 versus S1 cut, including the rhombic
minima, gives information on how the equal sides of t
tetragon (S25S35S450) become larger when passing fro
the square to the rhombic structure~the S1 value is positive
for the rhombic minimum and zero for the square structu!.
TheS6 versusS5 cut in the last diagram shows the change
the energy barrier with increasing out-of-plane angle,
squeezing a tetragon withR15R25R35R45Ri

0.
The barrier height~on the adiabatic PES! relative to the

rhombic minimum has been calculated to be 255 cm21. Pre-
viously Martin et al.25 reported 178 cm21 (G1 corrected
value!, Zhai et al.30 283 cm21 ~B3LYP!, and Kato and
Tanaka26 1014 cm21 ~MP4!.

FIG. 2. Four contour plots of the double minimum six-dimensional PES
theB4 rhombic cluster in symmetry coordinates. The distance is in bohr
angle in degree. Contour a: energy range 6000 cm21, contour step 250 cm21.
Contour b: energy range 4000 cm21, contour step 250 cm21. Contour c:
energy range 2000 cm21, contour step 50 cm21. Contour d: energy range
1750 cm21, contour step 250 cm21.
Downloaded 26 Jun 2005 to 131.152.105.132. Redistribution subject to A
f
r

The analysis of the PES indicates that the path co
sponding to two clockwise and two anticlockwise in-pha
nuclear in-plane rotations for ther cos(u) coordinate withr
5(d12d2)/4, andd1 being the long andd2 the short diago-
nal of the rhombus, represents a good approximation for
periodicB1g ring distortion. However, there is no path co
necting the two rhombic minima below the square transit
state.

The PES described above was used in vibrational va
tional calculations with the codeMULTIMODE.53 This proce-
dure utilizes the exact Watson kinetic energy operator in n
mal coordinates,54 and therefore some suitable referen
structure at which the 3N26 normal vibrations are define
must be first located. In order to be even handed about
two equivalent minima on the PES, the choice for such
reference structure is that of the square-planar transi
state. The normal mode vectors at the transition state
then be readily specified in terms of the irreducible repres
tations of the symmetry point group for any chosen iso
pomer. However, due to the specific difficulties in employi
C2v symmetry ~the highest currently available inMULTI-

MODE! for molecules withE modes in theD4h point group,
all we can do is to use the reflection operation in order
symmetry block the configuration interaction~CI! matrix; we
therefore work inCs symmetry throughout~two blocksA8
andA9), and use the vector symmetries in order to reclass
the energy levels into irreducible representations of the p
group of the transition state. The great advantage of theMUL-

TIMODE approach in the application to theB4 problem is the
possibility to designate the anharmonic vibrational states
terms of linear combinations of vibrational configuratio
with harmonic quantum numbers. This is a universal bon
gained from using normal coordinates and has been
method of choice for spectroscopists for many years.

The methodology adopted in theMULTIMODE approach
has been fully described on a number of occasions~see Ref.
53 and references therein!. We therefore only outline the ba
sic features relevant to this work. The initial step in the p
cedure is to optimize a set of 36 harmonic-oscillator prim

f
d

tal

pVQZ
ed to
d

TABLE II. Optimized geometries~diagonal distances! and the harmonic wave numbers of the fundamen
vibrational transition in the electronic ground states ofB4 .

B4 rhombus (D2h) B4 square (D4h)

This worka b c This worka b

Diagonals
~bohr!

4.591 4.703 4.659 4.100 4.126
3.574 3.520 3.601

Modes
~cm21!

v1 Ag 1142 1118 1112 A1g 1143 1136
v2 Ag 311 433 336 B1g 209i 330i
v3 B1g 1216 1161 1173 B2g 1240 1195
v4 B1u 304 332 287 B2u 272 238
v5 B2u 1013 970 966 Eu 1148 1138
v5 B3u 1235 1251 1201 Eu 1148 1138

aThe harmonic wave numbers were calculated with the relative atomic mass of 10.810 for boron; cc-
basis was used~Ref. 49!, the CCSD~T! total energies at the rhombic and square structures were calculat
be 298.908 391 a.u. and298.907 260 a.u. The standardMOLPRO convergency criteria for the gradients an
energies were used.

bMP2 approach/6-311G*; no relative mass ofB was given~Ref. 25!.
cRCCSD~T!/6-3111G*, Emin5298.839 444 a.u.; no relative mass ofB was given~Ref. 30!.
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tive basis functions~NBF! for 3N27 normal modes by
using effective one-dimensional cuts in the PES relative
the ‘‘squeezing’’ mode. These one-dimensional potentials
then used in variational calculations with the equivalent o
dimensional Hamiltonians, respectively, for which ten co
verged subsets~NVF! are retained for subsequent use. T
raw one-dimensional, double-minimum cut is used for
squeezing mode itself~NBF546, NVF515!, in order to op-
timize the corresponding harmonic-oscillator basis. T
primitive harmonic-oscillator basis is defined by the valu
of v arising from the Wilson FG normal mode analysis, w
the exception of that for the squeezing mode, whose eig
value is imaginary at the planar transition state. In this c
pilot calculations are carried out with various values ofv
assigned to the harmonic-oscillator basis, until an optim
value is obtained which spans sufficiently into the hig
energy regions of the one-dimensional cut. Providing tha
sufficient number of primitive harmonic-oscillator function
are used, fully converged one-dimensional expansion fu
tions can be obtained for modes with such gross anhar
nicity. This optimization procedure is carried out usin
Gauss-hermite numerical quadrature involving quadra
points to integrate all matrix elements~50 for the 3N27
normal modes and 60 for the squeezing mode!, and the re-
sulting contracted expansion functions are then used to
duce the integration points via the HEG algorithm.55

The optimized one-dimensional expansion set is n
used in a vibrational self-consistent-field procedure for
zero-point level. Integration of the matrix elements tak
place in a series of steps (<5), during which the overcount
ing of eachM-mode potential resulting fromM11-mode
cuts~and so on! is taken into account.43 Likewise, integration
of the Coriolis terms which involve the inverse moment-o
inertia tensorm is performed in an analogous way. For ea
M-mode cut in the PES andm, the equivalentM-mode
Hamiltonian is adopted. The result of this analysis is an
proved one-dimensional expansion set in the NVF basis
each of the 3N26 modes, and these are now used in a fi
CI calculation to determine the vibrational energies. The
matrix itself is constructed by imposing a maximum qua
tum for each mode, together with a maximum sum-ov
quanta for all modes, in a series ofM-mode blocks (M
<5). The complete CI matrix is the total of all suc
blocks.53 Finally, the resulting CI matrix is split intoA8 and
A9 symmetry blocks. As with all variational calculations, i
creased CI matrices are diagonalized until the required c
vergence is reached. InMULTIMODE calculations, a further
convergence criterion is required, and that is for theM-mode
integration procedure. In this study, virtually total conve
gence in all levels was achieved forM55, and this therefore
removes the inherent approximation from the calculation

III. RESULTS AND DISCUSSION

The computational approach used for the generation
the six-dimensional PES yielded the following spectrosco
constants for the11B2 X 3Sg

2 state: Re51.593 Å, ve

51048 cm21, andvexe58.92 cm21. The corresponding ex
Downloaded 26 Jun 2005 to 131.152.105.132. Redistribution subject to A
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perimental values8 areRe51.590 Å, ve51051.3 cm21, and
vexe59.35 cm21. It is difficult to estimate the accuracy o
the fundamental transitions evaluated from the s
dimensional PES ofB4 , but we expect to have obtaine
similarly reliable results. The CCSD~T! geometries and har
monic wave numbers for the minimum and the saddle po
of B4 are compared with previous theoretical data in Table
The similarity of theB–B equilibrium distances inB2 and
B4 is related to the covalent character of the bonds in
cluster. ForD4h structures only one imaginary wave numb
is calculated for theB1g mode, which transforms the squa
transition state to the rhombic minimum. Our optimized d
agonal distances and harmonic wave numbers forB4 differ
from those calculated previously. The present results are s
to be more accurate due to the better quality of the electro
structure calculations.

The CCSD~T! values for thev2 ring in-plane distortion
and thev4 ring out-of-plane bending are calculated to
almost identical. This implies that overtones or combinat
levels with even vibrational quanta will form anharmon
resonances considerably complicating the splitting patte
and assignments. Within a given symmetry block oth
nearby states interact as well.

In nature there are two stable boron isotopes,10B ~abun-
dance 19.9%! and11B ~80.1%!, which give rise to six differ-
ent isotopomers ofB4 belonging to different point groups
TheMULTIMODE calculations were all done usingCs symme-
try with the plane in which the four boron atoms lie at th
transition state, defining the symmetry plane. In all six is
topomers the vibrational states in Table III are assigned w
the highest possible symmetries of the transition states
the first column the consecutive numbering of all levels
used and the labelsl ~lower! andu ~upper! indicate the split
pairs. In the second column the harmonic vibrational co
figurations~with coefficients larger than 0.3 in the configu
ration expansion! are given for11B4 . The mode numbering is
defined in Table I. The results are presented in two block
Table III for A8 symmetry and Table IV forA9 symmetry. All
calculated levels for11B4 up to about 1500 cm21 are dis-
played in Fig. 3, with assignments using the irreducible r
resentations of theD4h point group. Each state is designate
by specifying the dominating harmonic configurations in t
total wave function expansion. The zero-point energies
given relative to the electronic energy of the transition st
and vary up to 122 cm21 for different isotopomers. The
vibrational mode splittings were deduced from t
assignments in Tables III and IV. The anharmonic fund
mental vibrational levels of11B4 are calculated to be~split-
tings in parentheses!: G(0)52352(22) cm21, n1(A1g)
51136( 24) cm21, n2 ( B1g ) 5209( 144) cm21, n3 ( B2g )
51198( 19) cm21, n4 ( B2u ) 5271(24) cm21, and n5(Eu)
51030(166) cm21. The corresponding values for the seco
abundant10B11B3 isotopomer are 2364~23!, 1148~24!, 212
~148!, 1218 ~21!, 274 ~25!, and 1041, 1042~158,160! ~all
values in cm21!. All IR or Raman allowed fundamentals o
these two isotopomers will be clearly discernible in th
spectra. According to the splittings in the ground state
about 22–26 cm21 the rhombus will rearrange within abou
0.75 ps, and at room temperature, because theB1g and
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE III. Vibrational pattern in theB4 isotopomers (A8 symmetry!.

Abundance~%!

11B4

41.2

10B11B3

40.9

10B2
11B2

10.2

10B2
11B2

5.1

10B3
11B

2.5

10B4

0.2

Assignmenta D4h C2v C2v D2h C2v D4h

0l G(0) A1g 2332.76 A1 2363.60 A1 2394.13 Ag 2394.36 A1 2424.58 A1g 2454.73
0u 21 B1g 21.89 A1 22.97 B2 24.03 Ag 24.12 A1 25.18 B1g 26.32
1l 22 A1g 209.15 A1 212.07 A1 215.12 Ag 215.02 A1 218.21 A1g 221.46
1u 23 B1g 353.36 A1 359.70 B2 366.30 Ag 366.04 A1 372.91 B1g 379.81
2l 42124 A1g 534.62 A1 541.69 A1 548.57 Ag 548.48 A1 555.21 A1g 561.76
2l 24142 A1g 556.36 A1 565.28 A1 574.68 Ag 574.33 A1 584.23 A1g 594.27
2u 2142 B1g 566.79 A1 574.14 B2 581.37 Ag 581.52 A1 588.60 B1g 595.82
3l 2242 A1g 724.64 A1 733.43 A1 742.22 Ag 742.18 A1 750.99 A1g 759.88
2u 25 B1g 765.29 A1 778.55 B2 792.32 Ag 791.72 A1 806.02 B1g 820.25
3u 2342 B1g 860.94 A1 872.57 B2 884.35 Ag 884.17 A1 896.09 B1g 908.12
4l 2612442 A1g 988.01 A1 1002.77 A1 1017.65 Ag 1017.13 A1 1032.12 A1g 1046.72
5l 5112151 Eu 1030.05 A1 1041.37 A1 1053.05 B2u 1054.31 A1 1066.36 Eu 1080.72
5l 5112151 Eu 1030.11 B2 1042.35 B2 1054.11 B3u 1057.15 B2 1068.28 Eu 1080.81
4l 2442126144 A1g 1036.31 A1 1052.02 A1 1068.21 Ag 1067.52 A1 1084.36 A1g 1101.17
4l 4412442 A1g 1094.36 A1 1107.79 A1 1121.15 Ag 1120.98 A1 1134.45 A1g 1147.90
4u 2144 B1g 1102.23 A1 1115.63 B2 1128.67 Ag 1128.85 A1 1141.72 B1g 1154.72
6l 11 A1g 1135.76 A1 1148.43 A1 1161.16 Ag 1163.19 A1 1175.44 A1g 1190.15
6u 2111 B1g 1159.79 A1 1172.51 B2 1184.79 Ag 1189.93 A1 1202.63 B1g 1218.94
5u 5112151 Eu 1196.03 A1 1199.80 A1 1213.39 B3u 1223.80 B2 1227.26 Eu 1252.36
5u 2151151 Eu 1196.08 B2 1214.26 B2 1222.48 B2u 1225.18 A1 1242.74 Eu 1252.41
7l 31 B2g 1198.45 B2 1218.12 A1 1242.11 B1g 1225.75 B2 1249.36 B2g 1255.58
4u 254212712144 B1g 1206.48 A1 1223.05 B2 1239.72 Ag 1239.24 A1 1256.19 B1g 1272.89
7u 2131 A2g 1217.94 B2 1239.47 B2 1255.99 B1g 1250.60 B2 1267.22 A2g 1279.17
8l 2244 A1g 1239.17 A1 1253.93 A1 1268.42 Ag 1268.36 A1 1282.89 A1g 1297.43
4u 2712542 B1g 1282.67 A1 1303.99 B2 1326.08 Ag 1325.64 A1 1347.35 B1g 1372.28
9l 2251 Eu 1302.35 B2 1316.58 A1 1327.45 B2u 1333.96 A1 1349.56 Eu 1367.28
9l 2251 Eu 1302.60 A1 1317.14 B2 1336.11 B3u 1336.05 B2 1350.94 Eu 1367.62
10l 2211 A1g 1344.13 A1 1363.58 A1 1382.20 Ag 1377.86 A1 1397.03 A1g 1411.39
8u 234412542 B1g 1378.39 A1 1396.31 B2 1414.12 Ag 1413.88 A1 1431.98 B1g 1450.08
11l 2542 A1g 1405.12 A1 1423.42 A1 1441.83 Ag 1441.19 A1 1459.89 A1g 1478.86
12l 2231 B2g 1408.77 B2 1426.58 A1 1444.26 B1g 1443.22 B2 1460.98 B2g 1477.24
9u 2351 Eu 1464.38 B2 1480.50 B2 1493.83 B2u 1502.51 A1 1518.89 Eu 1541.77
9u 2351 Eu 1464.59 A1 1482.65 A1 1505.27 B3u 1503.46 B2 1521.99 Eu 1542.01
10u 2311 B1g 1492.89 A1 1516.85 B2 1539.38 Ag 1533.56 A1 1557.49 B1g 1574.50
13l 2312444 A1g 1529.39 A1 1551.44 A1 1573.32 Ag 1572.68 A1 1594.87 A1g 1616.48
12u 2331 A2g 1548.39 B2 1570.28 B2 1591.98 B1g 1589.64 B2 1611.41 A2g 1631.25
13l 231264212444 A1g 1567.62 A1 1592.47 A1 1619.08 Ag 1618.13 A1 1645.58 A1g 1673.27
14l 42511214251 Eu 1574.33 A1 1591.47 A1 1609.47 B2u 1610.52 A1 1629.39 Eu 1649.15
14l 42511214251 Eu 1574.85 B2 1594.93 B2 1611.28 B3u 1614.34 B2 1631.45 Eu 1649.69

aThe first column lists pairs of levels split by theB1g (D4h) motion. Thel andu labels designate lower and upper levels, respectively. The vibrational qua
numbers of theb1g distortion mode in theu and l vibrational configurations differ by one. The pairs are numbered according to increasing wave num
When two levels correspond to the same combination of vibrational configurations, they are attributed to the same pair. Second column gives tg
harmonic vibrational configurations of the wave function.
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B2u fundamentals will also be populated, the cycle will u
dergo a complex motion including the out-of-plane bendi

The term pattern is complicated by the presence
strong anharmonic resonances. In theA8 block, for instance,
the harmonic states with two quanta in theB1g distortion and
two quanta in the out-of-planeB2u form a lower (2l in Table
III ! anharmonic pair at 535 and 556 cm21 in 11B4 , their
upper counterparts (2u) are calculated to lie at 567 and 76
cm21. In theA9 block the 3l pair lies at 780 and 823 cm21,
the 3u pair at 836 and 992 cm21. The assignments of the spl
states becomes difficult going up the ladder and the attr
tion to the upper and lower levels in Tables III and IV a
only tentative. Similar resonances exist also in other iso
pomers. The calculations yield essentially identical vib
tional energies for the two possibleC2v rhombic isotopomers
Downloaded 26 Jun 2005 to 131.152.105.132. Redistribution subject to A
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10B2
11B2 , but the anharmonic couplings lead to shifts p

ticularly in the region of theE modes.

IV. SUMMARY AND CONCLUSION

To date, only the photodetachment spectrum of rhom
B4

2 has yielded experimental information on the ground st
of B4 . The detected band is broad with no distinguisha
vibrational progression.30

In the present work we used a double minimum s
dimensional CCSD~T! PES for the lowest isomer ofB4 to
solve the anharmonic nuclear motion problem by theMULTI-

MODE approach. The calculated splittings of the fundamen
levels ~around 20 cm21! indicate that the rhombic structur
rearranges on the time scale of about 0.75 ps. The pres
of the splittings, anharmonic resonances, hot bands,
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 3. Vibrational energy pattern in11B4 up to 1500 cm21. The vibrational states are assigned using irreducible representations of theD4h point group.

TABLE IV. Vibrational pattern in theB4 isotopomers (A9 symmetry!.

Abundance~%!

11B4

41.2

10B11B3

40.9

10B2
11B2

10.2

10B2
11B2

5.1

10B3
11B

2.5

10B4

0.2

Assignmenta D4h C2v C2v D2h C2v D4h

1l 41 B2u 271.28 B1 274.43 A2 277.53 B1u 277.53 B1 280.58 B2u 283.62
1u 2141 A2u 295.18 B1 299.42 B1 303.61 B1u 303.72 B1 307.84 A2u 312.05
2l 2241 B2u 467.28 B1 473.17 A2 479.13 B1u 479.06 B1 485.11 B2u 491.22
2u 2341 A2u 607.22 B1 616.13 B1 625.21 B1u 625.02 B1 634.27 A2u 643.60
3l 2441143 B2u 780.37 B1 791.07 A2 801.78 B1u 801.55 B1 812.29 B2u 822.90
3l 4312441 B2u 822.86 B1 833.33 A2 843.89 B1u 843.76 B1 854.47 B2u 865.25
3u 2143 A2u 835.88 B1 846.24 B1 856.40 B1u 856.56 B1 866.54 A2u 876.64
4l 2243 B2u 981.52 B1 993.24 A2 1004.87 B1u 1004.77 B1 1016.40 B2u 1028.04
3u 2541 A2u 992.46 B1 1006.94 B1 1021.72 B1u 1021.29 B1 1036.35 A2u 1051.39
4u 234312541 A2u 1115.54 B1 1130.13 B1 1144.74 B1u 1144.47 B1 1159.28 A2u 1174.07
5l 264112443 B2u 1197.32 B1 1213.67 A2 1230.10 B1u 1229.56 B1 1246.27 B2u 1262.71
5l 244312641145 B2u 1289.36 B1 1307.33 A2 1325.39 B1u 1325.11 B1 1343.75 B2u 1362.26
6l 41511214151 Eg 1304.69 B1 1318.96 B1 1334.22 B2g 1335.00 B1 1351.02 Eg 1367.67
6l 41511214151 Eg 1304.92 A2 1321.52 A2 1335.22 B3g 1338.43 A2 1352.50 Eg 1368.00
5u 214512543 A2u 1361.90 B1 1379.49 B1 1395.76 B1u 1394.47 B1 1411.52 A2u 1426.89
7l 4512443 B2u 1367.46 B1 1384.22 A2 1400.32 B1u 1400.21 B1 1416.46 B2u 1432.42
8l 4111 B2u 1404.14 B1 1419.99 A2 1436.04 B1u 1437.81 B1 1453.30 B2u 1470.65
7u 27411214512543 A2u 1422.01 B1 1441.26 B1 1459.93 B1u 1459.21 B1 1478.49 A2u 1496.97
8u 214111 A2u 1430.78 B1 1445.73 B1 1461.06 B1u 1467.04 B1 1481.89 A2u 1502.25
9l 4131 A1u 1457.21 A2 1467.30 A2 1483.37 Au 1490.28 A2 1502.05 A1u 1525.70
6u 41511214151 Eg 1467.38 B1 1484.31 B1 1497.54 B2g 1501.83 B1 1521.77 Eg 1535.96
6u 41511214151 Eg 1467.87 A2 1489.35 A2 1514.14 B3g 1502.88 A2 1524.04 Eg 1536.47
9u 214131 B1u 1479.48 A2 1506.38 B1 1525.63 Au 1517.84 A2 1538.05 B1u 1552.26
10l 2245 B2u 1506.03 B1 1525.82 A2 1543.72 B1u 1542.09 B1 1561.12 B2u 1577.91
5u 274112543 A2u 1521.18 B1 1543.74 B1 1566.79 B1u 1565.99 B1 1589.85 A2u 1613.24
11l 224151 Eg 1562.59 B1 1580.29 B1 1593.11 B2g 1600.07 B1 1618.21 Eg 1639.02
11l 224151 Eg 1563.18 A2 1581.59 A2 1602.56 B3g 1602.41 A2 1620.06 Eg 1639.61

aSee footnote in Table III.
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complex rotational structures with different nuclear spin s
tistics will considerably complicate the assignments of
gas phase IR and Raman spectra at 298 K. Some of
dipole forbidden transitions are allowed in the less abund
isotopomers and will have their own weak rotational tran
tions. The theoretical approach developed in this work
generally applicable for tetraatomic rhombic clusters not
hibiting the Jahn–Teller effect.
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First-principle full valence complete active space calculations (CASSCF) are reported
for the electronic states of the D2h and C2v planar isomers of B4, B+

4 and B−
4 . This

approach is found to reproduce well the experimentally known transition energies for the
two lowest excited triplet states of the most stable rhombic B4 isomer. The pattern of
electronic transitions up to about 4.5 eV for B4 singlet and B+4 doublet states calculated
in similar way should guide an UV spectroscopic search.

1. Introduction

Studies of small boron clusters are motivated by a desire to understand the
manifold of chemical structures, intramolecular dynamics and reactivity of
these covalently bound homonuclear molecules. There are surprisingly few
reports on the spectroscopy of such neutral or charged clusters. The boron
trimer was investigated in low temperature matrices by ESR [1], IR [2] and
UV [3] techniques. So far only its 22E′ ← X 2A ′

1 electronic transition was
observed in the gas phase [4]. The B3 and B4 clusters in their neutral and
anionic forms were studied by photoelectron spectroscopy [5]. The first ion-
ization energy [6–8] and the electron affinity [5] of rhombic B4 are known.
The mass-spectrometric studies [9–11] on B+

n provided information about their
thermochemical stabilities and fragmentation paths.

The present contribution deals mainly with electronically excited states
of B4 and B+

4 . The aim is to calculate the pattern of electronic transitions in

* Corresponding author. E-mail: rosmus@univ-mlv.fr
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rhombic and planar C2v isomers to guide the spectroscopic search for these
molecules. Previous theoretical works have reported the ground state equilib-
rium structures of various isomers, their relative stabilities, harmonic frequen-
cies, nuclear-independent chemical shifts, dipole polarizability, hyperpolariz-
ability, and thermochemical data [12–31]. Recently we have investigated the
splittings of vibrational states in rhombic B4 [30]. So far the only theoretical
study concerning the electronically excited triplet and singlet states of B4 was
performed in conjunction with the assignment of the B−

4 photoelectron spec-
trum [5].

The boron tetramer represents a challenging problem from the point of
view of electronic spectroscopy. Depending on its formation different isomers
could coexist and their electronic states could lie in the same UV region. The
states in rhombic isomers can correlate with electronically degenerate states
of D4h symmetry forming Jahn–Teller pairs. Perturbations can arise from vi-
bronic couplings and spin multiplet crossings. As in the B4 rhombic ground
state [30], the minimum/square transition state topology of the potential en-
ergy surface (PES) can lead to splittings of vibrational modes complicating the
vibronic coupling effects.

The present study shows that the ground states of B+
4 and B−

4 consist of two
vibronically coupled electronic states. The most intense electronic transitions
in B4 and B+

4 will be those to Jahn–Teller states. It is found that the pattern of
dipole allowed electronic transitions in rhombic and C2v isomers should allow
them to be recognized by their UV spectra.

2. Computational approach
All electronic structure calculationswere carried out using the MOLPRO pro-
gram [32]. The valence electronic configurations for the lowest isomers of the
B4 electronic ground state are:

X 1A g (D2h rhombus) 1a2
g 1b2

2u 1b2
3u 1b2

1u 1b2
1g 2a2

g

X 1A1 (C2v planar) 1a2
1 2a2

1 1b2
1 3a2

1 1b2
2 4a2

1

X 1Σ+
g (D∞h) 1σ 2

g 1σ 2
u 2σ 2

g 1π 4
u 2σ 2

u .

In the calculations of equilibrium geometries vertical and adiabatic excita-
tion energies we used the CASSCF or state-averaged CASSCF methods [33].
In the present work the stationary points optimization was restricted to pla-
nar (D2h , D4h , C2v) or linear centro-symmetric structures. It has been known
in previous calculations [12] that rhombic, planar C2v and centro-symmetric
structures represent local minima on the ground state PES of B4, B+

4 and B−
4 .

For the B+
4 linear structure the symmetry of the ground state has been calcu-

lated to be2Σg [12] and 2Σu [31], whereas the present CASSCF calculations
yield a 2Πu state. In the case of the B−

4 ground state a2Πg state has been
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obtained [12]; we find on the other handthe lowest centro-symmetric linear
isomer to have the2Πu symmetry. The EOM-CC method [34] was also em-
ployed for the B4 excited singlet states and some of the energy differences
were calculated by the RCCSD(T) approach [35]. In most calculations the basis
set used was the augmented correlation-consistent polarized valence triple zeta
(aug-cc-pVTZ) [36]. The relative energies of the isomers, the ionization en-
ergy and the electron affinity were calculated by the RCCSD(T) method and
the aug-cc-pVQZ basis set [36]. Our most reliable excitation energies were
obtained by the full valence CASSCF method for each state of a given irre-
ducible representation calculated separately. For singlet states the full valence
active space comprised about 1.7×106 CSF’s for the rhombic and 3.5×106

CSF’s for the planar C2v structures. More information about the computations
is specified in the footnotes of Tables 1 to 7.

3. Results and discussion

The optimized D2h and C2v planar or centro-symmetric linear stationary points
on the six-dimensional PES of the electronic ground and excited states for B4,
B+

4 and B−
4 are given in Tables 1 to 3. The geometry parameters and symmetry

axes are defined in Fig. 1. The calculated vertical and adiabatic electronic exci-
tation energies are compiled in Tables 4 to 7. The RCCSD(T) relative energy
differences between the optimized structures for the three isomers show that
in all three species the most stable isomers have rhombic structures followed
by planar C2v structures which lie 2.18 eV (B4), 1.09 eV (B+

4 ), 1.55 eV (B−
4 )

(Tables 1 to 3) higher in energy, in relatively good agreement with previous
theoretical findings (cf . Ref. [12]). The lowest dissociation energy (B+(1S) +
B3 (X 2A ′

1)) has been determined experimentally to be 2.4±0.6 eV [6], though
the theoretical value was calculated several eV larger [17, 29]. The ground state
PES at optimized geometries of the three isomers of B+

4 lies below this asymp-
totic limit. The rhombus/square energy difference of 0.031 eV on the double
minimum potential of the electronic ground state of B4 leads to splittings of
vibrational transitions [30]. In B+4 (2A g) the barrier to the square transition
state is calculated to be ten times smaller and will not lead to such splittings
(Table 2 and [17]). In the2A g state of B−

4 this barrier is almost three times larger
(0.082 eV, Table 3) and thus the splittings will be smaller than in rhombic B4.
In the geometry region of the square saddle point of the B3u state the negative
ion is calculated to be unstable with respect to autoionization. The B2u state
correlating with the corresponding Eu state autoionizes already in the geometry
region of the B3u minimum.

In B+
4 the lowest2A g state lies only 0.17 eV below the2B1g state (Table 6,

method e). Both states cross in D2h structures along the ring angle coordi-
nate (Fig. 2a), and form an avoided crossing along the b1g coupling mode
one (Fig. 2b). The accuracy of theab initio calculated energy differences and
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Table 1. CASSCF optimized geometries for the B4 isomers and relative energy differences
between their minima.

B4 (D2h) rhombus B4 (D4h) square

State Method R α ∆ECCSD(T)
a Method R ∆ECCSD(T)

a

[bohr] [deg.] [eV] [bohr] [eV]

X 1A g b 2.909 75.8 0 b 2.899 0.031
1B1u c 3.134 73.9 c 3.266
1B1g c 3.092 61.7 c 3.033
1B3u c 3.007 69.8 c 3.007
1B3g c 3.058 60.3 c 2.981
1B2g c 3.060 64.7 c 2.981
1B2u c 3.024 59.4 c 3.007
1Au c 3.300 90.0 c 3.300

B4 (C2v)

State Method R1 R2 θ ∆ECCSD(T)
a

[bohr] [bohr] [deg.] [eV]

X 1A1 d 3.227 3.026 56.8 2.182
e 3.253 2.986 58.4

1B2 f 3.386 3.218 54.4
1B1 f 2.936 3.100 58.3
1A2 f 3.207 3.205 55.2
1A1 f 3.111 3.174 54.6

B4 (D∞h) linear

State Method R1 R2 ∆ECCSD(T)
a

[bohr] [bohr] [eV]

X 1Σ+
g g 2.922 2.890 2.379

a ∆ECCSD(T) relative to the X 1A g state of rhombic B4; aug-cc-VQZ basis set;E =
−98.91001460 hartree.
b CCSD(T) with aug-cc-VQZ basis set.
c CASSCF with aug-cc-VTZ basis set; active space: 1-3ag, 1-2b3u , 1-2b2u , 1-2b1u, 1-2b1g,
1b2g, 1b3g.
d CASSCF with aug-cc-VTZ basis set; active space: 1-6a1, 1-3b1, 1-3b2.
e CCSD(T) with aug-cc-VTZ basis set.
f CASSCF with aug-cc-VTZ basis set; active space: 1-7a1, 1-3b1, 1-3b2, 1a2.
g CASSCFwith aug-cc-VTZ basis set; active space: 1-3ag, 1-3b3u, 1-2b2u , 1-2b1u, 1b1g, 1b2g.

geometries does not permit a definite answer about the mixing of both states,
i.e. about the structure of the vibronic ground state, vibronic transitions and
intensity borrowing in the UV absorption spectra.
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Table 2. CASSCF optimized geometries for the B+
4 isomers and relative energy differ-

ences between their minima.

B+
4 (D2h) rhombus B+4 (D4h) square

State Method R α ∆ERCCSD(T)
a Method R ∆ERCCSD(T)

a

[bohr] [deg.] [eV] [bohr] [eV]

X 2A g b 2.958 79.5 0 b 2.913 0.003
c 2.951 83.4

2B1u d 3.026 76.1 d 3.003
2B1g d 3.036 61.6 d 2.954
2B3u d 3.127 54.2 d 3.030
2B2u d N.C. N.C. d 3.030
2B3g d 3.060 77.6 d 3.155
2B2g d 3.152 65.3 d 3.155
2Au d 3.247 64.4 d 3.159

B+
4 (C2v)

State Method R1 R2 θ ∆ERCCSD(T)
a

[bohr] [bohr] [deg.] [eV]

X 2A1 e 3.113 3.087 56.5 1.087
c 3.086 3.039 57.3

2B2 f 3.602 3.149 57.1
2B1 f 2.978 2.986 121.2
2A1 f 3.081 3.017 61.5
2B1 f 3.157 3.169 54.1
2B2 f 3.187 3.196 56.7

B+
4 (D∞h) linear

State Method R1 R2 ∆ERCCSD(T)
a

[bohr] [bohr] [eV]

X 2Πu g 2.895 2.998 1.496

a ∆ERCCSD(T) relative to the X 2A g state of rhombic B+4 ; aug-cc-VQZ basis set;E =
−98.54990461 hartree.
b CASSCF with aug-cc-VTZ basis set; active space: 1-3ag, 1-2b3u,1-2b2u, 1-2b1g, 1-2b1u.
c RCCSD(T) with aug-cc-VTZ basis set.
d CASSCF with aug-cc-VTZ basis set; active space: 1-3ag, 1-2b3u, 1-2b2u, 1-2b1u, 1-2b1g,
1b2g, 1b3g; the optimization for the2B2u state did not converge.
e CASSCF with aug-cc-VTZ basis set; active space: 1-7a1, 1-2b1, 1-3b2.
f CASSCF with aug-cc-VTZ basis set; active space: 1-7a1, 1-3b1, 1-3b2, 1a2.
g CASSCF with aug-cc-VTZ basis set; active space: 1-3ag, 1-3b3u, 1-2b2u, 1-2b1u , 1b1g, 1b2g.
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Table 3. CASSCF optimized geometries for the B−
4 isomers and relative energy differ-

ences between their minima.

B−
4 (D2h) rhombus B−4 (D4h) square

State Method R α ∆ERCCSD(T)
a Method R ∆ERCCSD(T)

a

[bohr] [deg.] [eV] [bohr] [eV]

X 2B3u b 2.992 63.3 0 b 2.922
2A g c 3.035 68.6 0.050 c 3.007 0.082

B−
4 (C2v)

State Method R1 R2 θ ∆ERCCSD(T)
a

[bohr] [bohr] [deg.] [eV]

X 2A1 d 3.226 3.050 56.8 1.546
2B1 e 3.097 3.069 60.9 2.014

B−
4 (D∞h) linear

State Method R1 R2 ∆ERCCSD(T)
a

[bohr] [bohr] [eV]

X 2Πu f 2.919 3.103 2.866

a ∆ERCCSD(T) relative to the X 2B3u state of rhombic B−4 ; aug-cc-VQZ basis set;E =
−98.96948401 hartree.
b CASSCF with aug-cc-VTZ basis set; active space: 1-3ag, 1-3b3u, 1-2b2u, 1-2b1g, 1-2b1u.
c CASSCF with aug-cc-VTZ basis set; active space: 1-4ag, 1-2b3u, 1-2b2u, 1-2b1g, 1-2b1u.
d CASSCF with aug-cc-VTZ basis set; active space: 1-7a1, 1-4b1, 1b2.
e CASSCF with aug-cc-VTZ basis set; active space: 1-6a1, 1-4 b1, 1-3b2.
f CASSCF withaug-cc-VTZ basisset;activespace:1-4ag, 1-3b3u, 1-2b2u , 1-2b1u, 1b1g, 1b2g.

Similar coupling is found also for the ground state of B−
4 . In the adiabatic

picture the2B3u state is calculated only 0.05 eV below the2A g state (Table 3,
and Ref. [5]). Also in this case both states cross in D2h structures along the ring
angle coordinate (Fig. 3a), and form an avoided crossing along the b3u coupling
mode (Fig. 3b).

The adiabatic aug-cc-pVQZ/RCCSD(T) ionization energy IEe of B4 has
been calculated to be 9.799 eV for the rhombic, 8.705 eV for the planar C2v

and 8.916 eV for the linear structures using the optimized geometries (Tables 1
to 2). The first is in excellent agreement with the experimental value of
9.8 eV [2–4]. Similar approach yields adiabatic electron affinities of 1.618 eV
(negative ion in2B3u state) and 1.568 eV (in2A g state) for the rhombic isomer,
1.786 eV (in2B1 state) and 2.254 eV (in2A1) for the C2v isomer, and 1.131 eV
(in 2Πu state) for the linear B−4 (cf . also Ref. [12]). The two higher isomers
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Fig. 1. Definition of the coordinates and symmetry axis in B4 isomers.

have well defined electronic wavefunctions indicating that spontaneous elec-
tron detachment does not take place. The planar C2v isomer (2A1) is calculated
to lie just below the autodetachment threshold of 1.6 eV [5] (Table 3). The elec-
tronically excited states will autoionize, but the ground state six-dimensional
PES has large portions on which the additional electron is bound, particularly
along the isomerization paths.

The full valence CASSCF calculations of vertical excitation energies con-
firm that the ionization of B−4 leads to triplet states of B4 (Table 4). Our results
agree well with the RCCSD(T) values [5], and with the positions of the first two
observed bands in the photoelectron spectrum. This good agreement with ex-
periment allows us to assume that other excitation energies calculated with this
approach will be of similar accuracy.

The vibronic coupling in B−4 ground state mixes gerade and ungerade wave-
functions. In its photoelectron spectrumonly the ionizations to ungerade triplet
states were assigned. In Table 4 we compare the vertical excitation energies
relative to the singlet ground state of B4 but calculated for the optimized ge-
ometries of the2B3u and 2A g states of B−4 . Whereas the energy differences
for the first two triplet states agree nicely with experiment for the geom-
etry of the 2B3u state, they disagree for the second structure. This supports
the assumption made in [5] that the lowest part of the PES for the ground
state of the negative ion is dominated by the2B3u wavefunction. The lowest
triplet states3B2u and 3B3u correlate with the3Eu state in D4h symmetry; the
observed band corresponds to a Jahn–Teller system. The experimental spec-
trum at higher energies is more difficult to assign because several triplets
and singlets are calculated to lie close to the observed band at about 2.4 eV
(Table 4).

In Table 5 the vertical and adiabatic transition energies in rhombic and
square geometries for the singlet states of B4 are compared. Only one elec-
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Table 4. Comparison of the experimental and calculated energy differences in B4 at the
optimized geometries of the2B3u and2A g states of rhombic B−4 .

Tv
a Tv

b Tv
c Experiment

[eV] [eV] [eV] [eV]

X 1A g 0 0 0 0
a 3B2u 1.29 2.18 1.29 1.09
b 3B3u 1.43 1.95 1.39 1.42
c 3B1g 1.64 1.84 1.74d

A 1B1g 2.03
B 1B2u 2.13
d 3A g 2.55 1.75 1.60d

e 3B2g 2.60 2.80 2.50
C 1B2g 2.84
f 3B1u 2.85 2.37 2.18d 2.40
D 1B1u 3.36

a Full-valence CASSCF; aug-cc-pVTZ basis set; each state calculated separately at the
optimized geometry of the X2B3u state of B−

4 : R = 3.015 bohr,α = 63.6 degrees [5];
E = −98.69773452 hartree.
b Full-valence CASSCF; aug-cc-pVTZ basis set; each state calculated separately at the
optimized geometry of the X2A g state of B−

4 : R = 3.064 bohr,α = 73.8 degrees [5];
E = −98.69847200 hartree.
c RCCSD(T); eachstate calculated at the optimized geometry of the X2B3u state of B−

4 :
R = 3.015 bohr,α = 63.6 degrees [5].
d RCCSD(T); eachstate calculated at the optimized geometry of the X2A g state of B−

4 :
R = 3.064 bohr,α = 73.8 degrees [5].

Table 5. Vertical (Tv) and adiabatic (Te) excitation energies and transition moments (µe)
between singlet states of rhombic and square B4.

Rhombus Square

Tv,av
a µe Tv,EOM

b Tv
c Te

d Tv,av
a µe Tv,EOM

b Tv
c Te

d

[eV] [debye] [eV] [eV] [eV] [eV] [debye] [eV] [eV] [eV]

X 1A g 0 0 0 0 0 0 0 0
A 1B1g 2.91 3.12 2.94 2.12 2.98 3.35 3.10 2.87
B 1B2u 3.44 0.6889 (y) 3.71 3.52 2.20 4.57 1.6642 (y) 4.63 4.56 4.19
C 1B1u 3.56 0.2412 (z) 3.49 3.61 2.89 3.40 0.0000 (z) 3.43 3.46 3.30
D 1B2g 3.74 3.74 3.77 2.94 5.19 4.48 5.30 4.68
E 1B3u 3.99 2.3070 (x) 3.85 4.12 3.82 4.57 1.6642 (x) 4.63 4.56 4.19
F 1B3g 4.66 4.55 4.58 3.90 5.19 4.48 5.30 4.68

a Full-valence SA-CASSCF with aug-cc-pVTZ basis set at the optimized geometry of
X 1A g (Table 1); one state per irreducible representation calculated.
b At the optimized geometry of X1A g (Table 1); aug-cc-pVQZ basis set.
c Full-valence CASSCF with aug-cc-pVTZ basis set at the optimized geometry of X1A g

(Table 1); each state calculated separately.
d Full-valence CASSCF with aug-cc-pVTZ basis set at optimized geometry (Table 1); each
state calculated separately.
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Table 6. Vertical (Tv) and adiabatic (Te) excitation energies and transition moments (µe)
between doublet and quartet states of rhombic and square B+

4 .

Rhombus Square

Tv,av
a µe

b Tv
c Te

d Tv,av
a µe

b Tv
c Te

d

[eV] [debye] [eV] [eV] [eV] [debye] [eV] [eV]

X 2A g 0 0
A 2B1g 0.58 0.70 0.17 0.73 0.78 0.74
B 2B1u 0.63 0.9796 (z) 0.70 0.62 0.68 1.0374 (z) 0.75 0.60
a 4B1g 1.99 2.13
b 4B1u 2.35 2.35
C 2A g 2.50
c 4B2u 2.72 1.4404 (x) 3.94 1.1402 (x)
D 2B1u 2.93 0.2431 (z)
E 2B1g 2.94
F 2B3u 3.03 1.7305 (x) 3.04 1.64 3.69 0.7120 (x) 3.52 3.35
G 2B2u 3.17 1.3820 (y) 3.69 0.7120 (y) 3.52 3.35
d 4B2g 3.21 4.39
e 4Au 3.28 0.8564 (z) 3.74 0.9007 (z)
H 2B2g 3.63 3.71 2.46 4.96 4.79 3.75
f 4B3g 3.75 4.39
I 2B2u 3.81 0.6198 (y)
J 2Au 4.07 4.15 2.93 4.68 4.44 3.48
g 4B3u 4.13 0.1174 (y) 3.94 1.1402 (y)
K 2Au 4.17
L 2B3u 4.28 0.8819 (x)
M 2B3g 4.31 4.44 3.86 4.96 4.79 3.75

a Full-valence SA-CASSCF with aug-cc-pVTZ basis set at the optimized geometry of
X 2A g (Table 2); two states per irreducible representation calculated.
b For the quartet states the transition moments are given with respect to the lowest4B1g.
c Full-valence CASSCF with aug-cc-pVTZ at the optimized geometry of X2A g (Table 2);
each state calculated separately.
d Full-valence CASSCF with aug-cc-pVTZ basis set at optimized geometry (Table 2); each
state calculated separately.

tronic state in a given irreducible representation has been considered. The
state averaged calculations needed for the transition moments yield tran-
sition energies which deviate from those calculated for each state sepa-
rately by less than about 0.1 eV. The CC-EOM vertical transition energies
differ from the full valence CASSCF results by up to 0.2 eV. The ab-
sorption spectrum of B4 will have strong bands (cf . transition moments
in Table 5) to the1B2u state starting around 2.20 eV and the1B3u state
around 3.82 eV. These states form a Jahn–Teller pair, the D4h Eu structure
is calculated to lie 2 eV and 1.45 eV above the equilibrium energies of the
two rhombic components. Though the transitions to the Jahn–Teller pair
in gerade symmetry are symmetry forbidden, they could gain intensity by
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Table 7. Vertical (Tv) and adiabatic (Te) excitation energies and transition moments (µe)
between singlet states ofC2v B4 and between doublet states ofC2v B+

4 .

B4 B+
4

Tv,av
a µe Tv

b Te
c Tv,av

a µe Tv
b Te

c

[eV] [debye] [eV] [eV] [eV] [debye] [eV] [eV]

X 1A1 0 0 0 X 2A1 0
A 1A1 1.27 1.6832 (x) 1.35 0.41 A2B2 1.33 0.3485 (z) 1.37 1.15
B 1B1 1.90 0.9179 (y) 1.76 1.50 B2A1 1.47 0.2443 (x) 1.52 1.32
C 1B2 2.37 0.2348 (z) 2.21 2.01 C2B1 1.71 0.4057 (y) 1.76 1.06
D 1B2 2.43 1.2223 (z) N.C. D 2A2 1.94
E 1A2 2.50 2.53 2.35 E2B2 2.04 0.6730 (z) 2.03 1.93
F 1B1 2.58 0.3910 (y) 2.61 F2B1 2.51 0.5600 (y) 2.58 2.51
G 1A2 3.10 3.75 G2A2 2.73

a Full-valence SA-CASSCF with aug-cc-pVTZ basis set at the optimized geometry of
X 1A1 (Table 3); two states per irreducible representation calculated.
b Full-valence CASSCF with aug-cc-pVTZ basis set at the optimized geometry of X1A1

(Table 3); each state calculated separately.
c Full-valence CASSCF with aug-cc-pVTZ basis set at optimized geometry (Table 3); each
state calculated separately.

vibronic coupling via the b3u mode with the close lying ungerade states
(Table 5).

In B+
4 two excited doublet states lie lower than the first quartet state

(Table 6). As discussed, the2B1g state is calculated only 0.17 eV above X2A g

and both are vibronically coupled. Due topossible intensity borrowing it is dif-
ficult to calculate reliable radiative transition probabilities for the absorption
spectra. Nevertheless in the doublet states the most intense transitions should
again be those to the Jahn–Teller states2B3u and 2B2u for which the vertical
energy difference is calculated to be about 3.1 eV. The computations of the sta-
tionary point in D2h symmetry for the second2B2u component (Table 2) did
not converge because of the perturbation by other electronic states. Also the
vertical energy differences for the quartet states are given in Table VI. The
transition moments between these states are given relative to the lowest4B1g

state.
The C2v minima are calculated higher than those of the rhombic isomers

(Tables 1 and 2). In Table 7 the vertical and adiabatic excitation energies for
these isomers are given. Providing that both rhombic and C2v isomers co-
exist in the sample, the UV spectra will show transitions for both species.
In B4 the most intense transitions are calculated to the1A1, 1B1 and 1B2

states (Table 7), which lie much lower that the first allowed singlet transition
in the rhombic isomer. This pattern should allow the isomers to be distin-
guished from their electronic spectra. In the case of B+

4 the comparison of
energy differences in Tables 6 and 7 shows that the pattern of electronic tran-



Theoretical Study of the Electronically Excited States of B4, B+
4 and B−

4 477

Fig. 2. One dimensional cut in D2h symmetry along the ring angle coordinate andRe =
2.958 bohr (cf. Table 2) of the2A g and 2B1g states of B+4 . Lower (broken line) and
upper (full line) potentials correspond to the2A g and 2B1g states respectively. In the
SA-CASSCF calculations (cc-pVTZ, active space 3-5ag, 2-3b3u , 2-3b2u , 1b1g, 1-2b1u , 1b2g,
1b3g) both states were averaged with equal weights. In lower part of the figure the avoided
crossing along the B1g coupling mode forRref

e = 2.958 bohr and apex angle ofαref =
68 degrees is shown.

sitions will make such an identification more difficult, though also in this
case bands below about 1.5 eV will advocate the presence of the second iso-
mer.
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Fig. 3. One dimensional cut in D2h symmetry along the ring angle coordinate andRe =
2.992 bohr (cf. Table 2) of the2A g and2B3u states of B−4 . Lower (full line) and upper (bro-
ken line) potentials correspond to the2B3u and2A g states respectively. In the SA-CASSCF
calculations (cc-pVTZ, active space 3-6ag, 2-3b3u , 2-3b2u , 1b1g, 1b1u , 1b2g, 1b3g) both
states were averaged with equal weights. In lower part of the figure the avoided crossing
along the B3u coupling mode forRref

e = 2.992 bohr and apex angle ofαref = 67 degrees is
shown.

4. Summary and conclusions

So far only the photodetachment spectrum of rhombic B−
4 [5] has provided ex-

perimental information on the singlet ground and excited triplet states of B4 for
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a comparison with theoretical results. The calculated full valence CASSCF ex-
citation energies for the observed two lowest triplet states agree to within about
0.1 eV with the experimental band positions. A similar computational approach
was employed to calculate vertical and adiabatic excitation energies up to about
4.5 eV for B4 and B+

4 , including the electronic transition moments, which could
aid the search for boron tetramers by electronic spectroscopy. In the rhom-
bic ground state of the charged clusters the Born–Oppenheimer approximation
fails; in B+

4 the 2A g and2B1g states are coupled by the b1g vibration, in B−
4 the

2A g and2B3u states by the b3u mode.
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