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The electronic structure and chemical bonding ef Bnd B, have been investigated using photoelectron
spectroscopy and ab initio calculations. Complicated, but well-resolved, photoelectron spectra were obtained
for B; at several photon energies and were shown distinctly to contain contributions from diffgrent B
isomers. The structures of the global minima and low-lying isomers were identified using extensive ab initio
calculations. Two almost degenerate pyramidal structur€s,] $A;) and Il (Cy,, *A;) were the most stable

for By~. The triplet structure-I is slightly more stable than the singlet structure at our highest level of theory
[RCCSD(T)/6-311G(2df)] by 0.7 kcal/mol only. The next lowest singlet structureGs,( *A1) was perfectly

planar and was 7.8 kcal/mol higher in energy at RCCSD(T)/6+33(df) level. The observed photoelectron
spectra can only be explained when contributions from all these three low-lying isomers were considered; the
observed spectral features were in good agreement with the calculated detachment transitions from the three
isomers. Analyses of the molecular orbitals and chemical bonding revealed evidence that the triplet pyramidal

Cs, structure-l has a twofoldn( and o) aromaticity, the singlet pyramid&,, structure-Il hasr-aromaticity
andr-antiaromaticity, and the singlet plan@g, structure V has a twofold« and o) antiaromaticity.

1. Introduction tigation using a variety of targets and experimental conditions
Boron—the element with a seemingly simple electronic was carried out, eventually revealing the coexistence of isomers
structure-has a rather complex range of chemistry that is in the B;~ beam. Concurrently, extensive theoretical searches

substantially different from that of its neighbor in the periodic have led to ﬂ_]e successful !dent|f|cat|on of se\{eral structural
table, carbork:2 Although boron chemistry is dominated by isomers for B~. These experimental and theoretical efforts are

three-dimensional (3D) structural motifs, such as the well-known reported in this article.

B1, icosahedron, Boctahedron, and B cuboctahedron, recent We found that a hexagonal gl)yrar_nidal triple‘tﬁ@ °A1)
theoretical studies have uncovered a highly unusual two- Structure l'and a similar single€,, *A1) isomer Il of By~ were
dimensional (2D) world for pure boron clustér$* Experi- virtually degenerate and may serve as the global minimum, with

mentally, mass-spectrometry-based studies have been carriedh® triplet being just 0.7 kcal/mol lower in energy at our highest
out on small boron clustef$54! but there have been no l€vel of theory. More interestingly, a third isomer, a perfect
experimental confirmations of the 2D structures predicted in Planar singlet V €z, *A1) higher in energy, contributed
the theoretical studies. In an effort to elucidate the structure Significantly to the observed photoelectron spectra. A detailed
and bonding of small boron clusters, we have reported in a series2nalysis was carried out on the chemical bonding of the three
of recent articles joint experimental and theoretical studies of iSomers. We will also present evidence for double aromaticity
several boron cluster species, including Bnd B~,*2 Bs~,43 (‘_7 andwx) in _the tnpl_et_ structure |, a sm_gleuaromatlcny and a
B4 Bg~ and B 45B1y —Bys 46 and their neutrals. We have S|ngle7t-an.t|§1ro.rnat|0|ty in thg singlet isomer Il, and a douplg
confirmed the 2D or quasi-2D nature of all these clusters and antiaromaticity in the planar isomer V. The current synergistic
have shown that both- ands-aromaticity and antiaromaticity ~ €XPerimental and theoretical efforts have led to a thorough
are responsible for the unique planar shapes of these boronunder_standlng .of the electronic an_d structural properties and
clusters. chemical bonding in B~ and B, which represent one of the
However, B~ and By have been missing in our previous most unusual cluster systems that we have ever encountered.
studies*?=46 The B;~ anionic cluster was the easiest boron
cluster to be observed with our laser vaporization supersonic 2. Experimental Methods
cluster source. But its photoelectron spectra turned out to be . . . . .
exceedingly complicated and congested and have posted a T_he experiment was carried out using am_agnetlc bottle tlr_ne-
considerable challenge for our joint experimental and theoretical qf-fhght photoelectron apparatus equipped with a laser vaporiza-

interrogation. An extensive and exhaustive experimental inves- tion supersonic cluster sour EeBriefly, the B~ anions were
produced by laser vaporization of a boron-containing disk target

* Address correspondence to this author. E-mail: boldyrev@cc.usu.edu. IN the presence of a helium carrier gas. Various boron cIusths
TE-mail: Is.wang@pnl.gov. were produced from the cluster source and were analyzed using
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a time-of-flight mass spectrometer. The cluster species of interest A
(B77) were mass-selected and decelerated before being photo-
detached. Three detachment photon energies were used in the
current experiments: 355 nm (3.496 eV), 266 nm (4.661 eV),
and 193 nm (6.424 eV). Photoelectron spectra were calibrated
using the known spectrum of Rhand the resolution of the
apparatus was better than 30 meV for 1 eV electrons.

The B;~ cluster was very easy to produce from our laser
vaporization source. Without optimizing the source conditions,
the B, cluster would be the smallest boron cluster anions
observed with any significant abundance, as also shown recently
by Xu et al*® However, the photoelectron spectra of B
exhibited complicated spectral patterns and high quality data
were rather challenging to be obtained. To rule out possibilities
of impurity contributions, various boron-containing targets were
used to generatesB. We initially used boron targets with the
natural isotopes (19.8%¥B and 80.2%'B), from which the
B;~ mass peaks span a range from 70 to 77 amu. At this low
mass range, our mass spectrometer could resolve the different
peaks to the baseline. The two abundant masses at 76 and 77
amu were selected for photodetechment. We did observe
contaminations in the spectra of the 76 amu peak-of fB(om
B4O,~ because one of its isotope peak®¢O,") also has the
same mass. However, the 77 amu pe&B{) was much
cleaner and free from the oxide contamination. We also used
10B isotope-enriched (99.75%) targets, which gave much simpli-
fied mass spectra and allowed complete separatié?Bef (70
amu) from!%B,0,~ (72 amu). Finally, in a separate experiment, Figure 1. Photoelectron spectra of;Bat (a) 355 nm (3.496 eV), (b)
we were able to produce;B from a 19B/Li mixed target. This 286 "M (4.661 eV), and (c) 193 nm (6.424 eV).

target yielded B~ at different source conditions from the pure using the RCCSD(T)/6-314G(2df) method. All low-energy

targets ar_1d a"OV.Ved variations of rela_tlve ratios .Of different transitions were also evaluated using time-dependent density

isomers, if any, in the mass-selected Boeam. With these o) method¥67(TD-B3LYP and TD-BPW91) with the

gfforts, we were able to completely rule out any contaminations extended 6-31+G(2df) basis set. In this approach, the vertical

n the Br photqelectron spectra and were able to observe electron detachment energies were calculated as a sum of the

distinct contr|b_ut|ons _from isomers to the observed spectra, 8S|owest transitions from the singlet (or triplet) anion into the final

shown below in Section 4. lowest doublet (or quartet) state of the neutral species (at the
B3LYP or BPWOL level of theory) and the vertical excitation

(a)
355 nm

Relative Electron Intensity

2 3 4 5 6
Binding Energy (eV)

3. Theoretical Methods energies in the neutral species (at the TD-B3LYP or TD-BPW91
Initially, an extensive search of the global minima structures 1€Vl of theory, respectively). _ .
of B; and B~ was performed, employing a hybrid method, The chemical bonding in the clusters was characterized via

which included a mixture of HartreFock exchange with molecular orbital analysis, which was done at the RHF/6-
density functional exchange-correlation potentials (B3L¥P3t 311+G* and UHF/6-313-G* levels of theory.
Analytical gradients with the polarized split-valence basis sets All B3LYP, CASSCF(8,8), TD-B3LYP, and TD-BPWS1
(6-311+G*)52-54 were used. For the lowest energy structures, calculations were performed using the Gaussian-03 pro§tam.
geometries and energies were refined using the restricted e R(U)OVGF calculations were performed using the Gauss-
coupled cluster method [RCCSD(51%7 with the same basis ~ 1an-98 progrant? The RCCSD(T)/6-31+G* and RCCSD(T)/
set. Additional energy refining was done with more extended 6-311+G(2df) calculations were performed using the Molpro-
6-311+G(2df) basis set. To test the validity of the one-electron 1999 progrant? Molecular orbital pictures (RHF/6-3331G* and
approximation, single-point calculations were performed using YHF/6-311+G*) were made using the MOLDEN 3.4 progrdn.
the multiconfiguration self-consistent field method (CASS- Calculations were performed on a 63-nodes Birch-Retford
CF)85%with eight active electrons and eight active molecular Beowulf cluster computer built at Utah State University by K.
orbitals for all singlet and triplet low-lying species [CASSCF- A. Birch and B. P. Retford.
(8,8)/6-31H1-G*].

For the four lowest isomers found forB we calculated their
theoretical photoelectron spectra. For the singlet isomersaf B Figure 1 shows the photoelectron spectra of Bt three
only transitions into the final doublet states were calculated. photon energies. All data shown were taken with #B
For the triplet isomers of $, transitions into the doublet and  enriched target{B;~ = 70 amu). Spectra taken with the natural
guadruplet states were calculated. The vertical electron detach-isotope boron target for two masses 76 and 77 amu were used
ment energies (VDE) were initially calculated using the to rule out the BO,~ contaminations. With thé°B enriched
restricted (for singlet states) and unrestricted (for triplet states) target, we were able to completely separate &0 amu) and
outer-valence Green function (R(U)OVGF) metAbd* with B4O,~ (72 amu) in the mass spectrum. The oxide cluster was
extended basis set (6-3tG(2df)). The selection of the  present with weaker abundance and its photoelectron spectra
renormalization procedure in the OVGF calculations was done were cleanly obtained with well-resolved sharp features (un-
as it is implemented in Gaussian-¥8/e also calculated VDEs  published). The fact that identical photoelectron spectra were

4. Experimental Results
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TABLE 1: Observed Adiabatic and Vertical Binding
Energies (ADEs and VDESs) and Vibrational Frequencies
from the Photoelectron Spectra of B~

observed features ADE (eV) VDE (eV)? vibr. frequency (cm?)?

2.55(5p  2.85(5)

3.44 (29  3.44(2) 480 (40)
3.71 (4)
3.84 (5)
4.05 (3)
4.21 (5)
4.35 (5)
4.60 (5)
5.32 (5)
5.64 (5)
6.15 (5)

aNumbers in parentheses represent the experimental uncertainties
in the last digits® The ADEs also define the adiabatic electron affinities
of the corresponding neutral isomers of. Bee text for details.

CTIOTMMUOW>X

Relative Electron Intensity

obtained for the different isotope peaks of Bsuggested that
the complicated spectral features shown in Figure 1 were free
from any contributions from contaminants in the Boeam. o 1 2 3 4 5 6

The 355-nm spectrum of B (Figure 1a) revealed a broad Binding Energy (eV)
threshold feature (X) with a VDE 0f2.85 eV. A very sharp Figure 2. Photoelectron spectra of;Bat two different conditions.
and intense feature (A) was also observed at 3.44 eV. At 266 The Br_cluster beam was produced with (a)°8 enriched target and

. (b) a'%B/Li mixed target, respectively. Note the intensity variation of
nm (Figure 1Db), the A band were observed to have a short features A, B, and G from a to b, indicating that these features were

vibrational progression with a spacing of 480 (40) €nFour g 4 different isomer of B. The vertical bars were theoretical VDEs
more sharp features were identified at higher binding energies: at the OVGF level of theory for isomers 1, 11, and V (from bottom row
B (3.71 eV), C (3.84 eV), D (4.05 eV), and E (4.21 eV). The up), respectively (see text).
193-nm spectrum (Figure 1c) further revealed a few more well- o )
defined features: F (4.35 eV), G (4.60 eV), H (5.32 eV), | (5.64 N fact had contributions frqm three isomers, whose calculated
eV), and J (6.15 eV). Features D, E, F, and G appeared ratherVDES were plotted as vertical bars in Figure 2.
congested and spanned a narrow energy range®6 eV,
which was followed by a gap of0.7 eV to the next feature H.
Overall, 11 well-defined features were identified from the PES ~ Our extensive search for the global minimum structure of
data; their vertical VDEs were evaluated from the peak maxima the anionic B~ species at the B3LYP/6-33G* level of theory
and are listed in Table 1. The adiabatic detachment energiesrevealed that there are two low energy structures | and Il (Figure
(ADEs) of features X and A were also evaluated from the PES 3, Tables 2 and 3) with the pyramidal shape. The global
data. For feature A, the-€0 vibrational transition defined an  minimum at this level of theory was structureGg{, 3A1) with
accurate ADE of 3.44 eV. For feature X, no vibrational the electronic configuration (14ele*2a23a210226%36?).
structures were resolved, and the ADE was evaluated by drawingThe deviation from planarity in structure | is not significant,
a straight line at the leading edge of the band and then addingand the planar saddle point structure Disf, 3A1q, Figure 3) is
a constant to the intersection with the binding energy axis to just 5.5 kcal/mol higher in energy. The second lowest energy
take into account the instrumental resolution. The ADEs of the structure Il at this level of theory can be considered as derived
X and A bands were also collected in Table 1, which also from structure | with one degenerate HOMO occupied by two
represent the electron affinities (EAs) of two isomers of neutral electrons, inducing a JahiTeller distortion. The resulting
B, as will be shown below. structure 1l Cp,, A7) with the (12210,21022a%1 8?3822
Figure 2 shows the experimental evidence for the coexistence4a?2,231,23h,?) electronic configuration was just 3.9 kcal/mol
of isomers in the B~ beam. Figure 2a displays the same data higher in energy than structure I. There are also two other planar
as Figure 1c, which was taken with the péff@ enriched target. low-lying local minimum structures IV, 3B,) and V (Cy,,
Figure 2b presents the spectrum taken withOB/Li mixed 1A1) with the configurations L&10,%2a23a%20,?1b,230,%4 8%
target, which gave pure boron clusters in addition to the B/Li 5a?21a?4b,'6a! and 1a210,22a23a220,2310,21 1024325321 a?-
mixed clusters but at different source conditions relative to a 4b,?, respectively (Figure 3, Table 4). They were 8.2 and 11.0
pure boron target. Surprisingly, the relative intensities of the kcal/mol higher than structure | at the B3LYP/6-31G* level.
spectral features are quite different in the two data sets: the Atthe RCCSD(T)/6-311+G(2df) level of theory, they were 16.9
intensities of features A, B, and G were significantly decreased and 7.8 kcal/mol above the global minimum, respectively, that
in Figure 2b compared to the spectrum in Figure 2a. Since we is, the singlet planar structure V is much more stable than the
were able to eliminate any possibilities for contamination, this triplet planar structure IV.
observation indicated that feature A, B, and G came from a The geometries of these lowest-lying isomers were then
different isomer of B~. Even though we had the ability to refined at the RCCSD(T)/6-3#1G* and the final relative
control the cluster temperatures to some degree with our clusterenergies were estimated at the RCCSD(T)/6-8G&2df)//
source’? we were not able to alter the populations of the two RCCSD(T)/6-31%G* level of theory. At our highest level of
isomers of B~ significantly when pure boron targets were used theory, we found that the triplet structureQg(, 3A;) is lower
in the laser vaporization. This was responsible for the fact that in energy than the singlet structure @4, A;) by just 0.7 kcal/
for a long time we were not able to interpret thg Rlata. As mol. Thus, these two structures are almost degenerate. The
will be shown below from our theoretical studies, the Bpectra single-point CASSCF(8,8)/6-3#iG(2df) calculations showed

5. Theoretical Results
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TABLE 3: Calculated Molecular Properties of Structure |l
(Figure 3) of By~ (Cy,, A1)

B3LYP/6-31H-G*

RCCSD(T)/6-31%G*

Etot, aU —173.797532 —173.234794
R (B1-B2,3,5,6) 1.667 A 1.694 A
R(B1-B4,7) 1.738 A 1.781 A
R (B2—B3) 1.660 A 1.680 A
R (B4—B3,5) 1.558 A 1.590 A
wi(ay), cmt 1129.7 (5.0)

wo(ay), et 931.6 (2.4)

ws(ag), cmt 652.2 (0.1)

wa(ay), cmt 440.5 (10.4)

ws(ag), cmt 239.8 (0.8)

we(a), cmt 1104.2 (0.0)

w(a), cm ! 647.7 (0.0)

ws(ap), cmrt 422.8 (0.0)

wo(by), cmt 1183.0 (21.7)

a)m(bl), cm?

1091.3 (52.6)

w11(by), cm? 694.8 (10.2)
w1by), cmt 1094.3 (65.5)
w13(b2), cmt 796.7 (27.4)
w1(by), et 570.3 (2.6)

w1s(b), et 409.2 (31.6)
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Figure 3. Optimized structures of B at the B3LYP/6-31%+G* level
of theory.

TABLE 2: Calculated Molecular Properties of Structure |
(Figure 3)—The Global Minimum of B~ (Cs,, 3A1)?2

B3LYP/6-31H-G* RCCSD(T)/6-31%#G*

Eior, AU —173.8037621 —173.2344498
R(B1-B2,3,4,5,6,7), A 1.655 1.683
R(B2—B3), A 1.606 1.633
wi(ag), cmt 917.7 (0.7)

wy(ay), cmt 293.0 (14.3)

ws(by), et 1056.5 (0.0)

w4(b2), cmt 756.2 (00)

ws(b), et 352.3 (0.0)

we(er), et 1120.8 (18.0)

w+(er), cmt 756.2 (46.0)

wg(e), cmt 1111.3(0.0)

we(e), cmt 685.4 (0.0)

w1o(€2), et 355.6 (0.0)

aNumbers in parentheses represent infrared intenshtigs.the
RCCSD(T)/6-31%G(2df) level of theory total energy is173.3156597
au.

that the Hartree Fock configuration is dominant in all four cases
of By~ (Cur are 0.953 for the triplet structure I, 0.963 for the
singlet structure 11, 0.959 for the triplet IV, and 0.832 for the
singlet V). Hence, our B3LYP and RCCSD(T) calculations
should be reliable.

For the neutral Bcluster, the extensive search lead us to the
structure XIIl Ca, 2B) with the electronic configuration 1&
121102221 3?3322 %48 221,23, 23,1, as shown in Figure

aNumbers in parentheses represent infrared intenshtigs.the
RCCSD(T)/6-31%#G(2df) level of theory, total energy is173.314586
au.

6. Interpretation of the Photoelectron Spectra and
Comparison with the Theoretical Results

The ab initio calculations suggested that at least two isomers
(Iand 11) could coexist in the B beam and contribute to the
photoelectron spectra of;B. Isomer V could also be present,
though it was expected to be weak because it was 7.8 kcal/mol
higher than the ground-state structure | at the RCCSD(T)/6-
311+G(2df) level of theory. The calculated VDEs from | (into
final quartet states only), I, and V at the OVGF level of theory
(Table 6) are plotted as vertical bars in Figure 2. The VDEs
from IV were also calculated (Table 6) but were not plotted in
Figure 2 because it was expected to make negligible contribu-
tions to the photoelectron datAE = 17.0 kcal/mol at RCCSD-
(T)/6-311+G(2df)). Structures | and 1l gave very similar spectral
transitions because they are nearly degenerate and have similar
MO pattern. The bottom row is for the lowest energy pyramidal
triplet structure 1 Cs,, 3A1), the middle row is for the lowest
energy pyramidal singlet isomer IC§,, A;), and the top row
is for the planar singlet isomer \C§,, 'A;). VDEs with the
final doublet states for structure | o Boverlap with the VDEs
corresponding to transitions into the similar states for structure
Il (Table 6). However, the VDEs for structure Il are in better
agreement (especially at the OVGF/6-31G(2df) level of
theory) with the experimentally observed peaks X, E, F, H, and
|. The features A, B, and G could be attributed to contributions
from the higher energy planar structure V. Overall, the calculated
spectra from the pyramidal and planar structures of &e in
excellent agreement with the experimental data. It seems that
the OVGF level of theory works well for the/B system. A
more detailed spectral assignment is made in Table 6. The
photoelectron spectra of;B were extremely complicated and
were not completely resolved because of the spectral congestion.
Thus, it is gratifying that the calculated VDEs from the

4 and Table 5. This global minimum structure can be derived pyramidal and planar structures of Bseem to allow the main

from both structures 1Gs,, A1) and Il (Cy,, A1) of B;~ by
detaching an electron from their HOMOs. No low-lying isomers
were found for the neutral Bcluster according to our calcula-
tions (Figure 4). The planar structure XIV, corresponding to
structure IV or V of B~, was 23.1 kcal/mol higher than structure
Xl at the B3LYP/6-31H-G* level.

spectral features to be well accounted for. In particular, the
features A, B, and G were clearly due to the planar isomer V,
as the pyramidal structures showed no transitions in these
spectral ranges (Figure 2).

It is interesting to note the large energy gaps between the
first detachment transition (X) and the second transition (D)
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TABLE 4: Calculated Molecular Properties of Structures IV and V (Figure 3) of B;~ (Cy, 3B, and 'A;)?2

J. Phys. Chem. A, Vol. 108, No. 16, 2008513

v \Y;

method B3LYP/6-31+G* B3LYP/6-311+G* RCCSD(T)/6-314#G*
Eqor, AU —173.7906671 —173.7861476 —173.2237467
R(B1—Bz.3) 1.767 A 1.999 A 1.932 A
R(B1-Bus) 1.596 A 1.584 A 1.609 A
R(B1-Bs7) 2772 A 2.780 A 2.814 A
0(B2-B1-Bs) 54.12 48.96 50.98
0(B4-B1-Bs) 176.68 162.85 167.68
0(Bs-B1—By) 121.92 113.82 116.26
wi(ag), et 1366.5 (2.4) 1303.1 (7.5)
wo(ay), et 1294.3 (4.6) 1207.4 (0.1)
w3(ag), cmt 787.2 (6.0) 816.9 (10.6)
wa(ag), cmt 617.9 (0.0) 664.7 (2.9)
ws(ag), cmt 467.6 (0.2) 566.4 (4.6)
we(ag), cmt 399.0 (2.1) 435.1 (0.0)
w7(a), et 456.6 (0.0) 472.2 (0.0)
wg(&), cm ! 91.4 (0.0) 245.7 (0.0)
wo(by), cm? 368.1(8.1) 415.9 (1.3)
wio(by), cm 2 192.7 (1.0) 183.4 (7.3)
w11(by), cm 2 1356.5 (0.4) 1272.6 (3.4)
w12(b), et 1154.9 (37.1) 1125.8 (15.3)
w13(by), cm? 1034.8 (3.2) 885.9 (5.8)
w14(02), et 530.4 (8.9) 671.3(1.2)
w1s(by), cm? 378.8 (355.1) 534.0 (0.4)

aNumbers in parentheses represent infrared intenshiBise total energyE,: at the RCCSD(T)/6-31G* level of theory is—173.2145336 au
and at the RCCSD(T)/6-3#1G(2df) level of theory is—173.288645 auf: The total energyE at the RCCSD(T)/6-31EG(2df) level of theory is

—173.3033020 au.

TABLE 5: Calculated Molecular Properties of B7 (Cy,, ?B) 5 6 I
Global Minimum Structure XIII (Figure 4) 2 4, 7 /\——/\—7\ "-:"ﬁ-"’""
B3LYP/6-31H-G* RCCSD(T)/6-31%#G* - _— (3 A 5 =
Etot, @U —173.7102201 —173.141527% A o
R(B1-B2,3,5,6) 1.691 A 1.718 A X1 Cyy (*By) XIV Cay (%B2) XV Cay (2B;)
R(B1-B4,7) 1.764 A 1.757 A Nimag=0 Nimag=0 Nimag=1
R(B2—-B3) 1.622 A 1.646 A AE AE=23.1 keal/mol AE=52.8 keal/mol
R(B4—B3,5) 1.557 A 1.595 A 0—aoO
w1(ay), et 1181.4 (1.1) LN\ TN
wo(a), et 925.4 (3.5) —— % [\jl%_:‘t
w3(ag), cmt 612.9 (0.1) \/_\/ O=aizsl
w4(ag), cmt 449.6 (4.5)
a), cm ! 273.8(0.1 5 :
gz&ag omt 1101.3 ((o 0)) XVI Dg (“Bag) XVII Cyy, (By) XV C, (2B)
. (az), ot 599-4 (0.0) Nimag=1 Nimag=0 Nimag=0
w;(ag)’ ot 358:0 (O:O) AE=61.0 kcal/mol AE=84.2 kcal/mol AE=86.2 kecal/mol
we(by), et 1217.7 (12.4) _ _
w1o(by), cm? 1062.5 (167.7) = : = P =
w1(by), cm? 763.7 (14.6) - / N < \_ /‘7 . 4 \
o). cmt 10287 (66.9) AN \ZX ATATAY
w13(by), et 793.0 (66.9) e W, S Vb T
w14(b2), cmt 617.4 (21) - -
w1s(by), et 416.0 (16.3) XIX Cay (2B,) XX Dgy (2A() XXI Gy (2A)
Ni Nimag=0 Nimag=0

aNumbers in parentheses represent infrared intenshias.the

mag=
RCCSD(T)/6-313G(2df) level of theory, total energy is173.2111598 AB=150.0 kestmol

AE=140.4 kcal/mol

AE=143.0 keal/mol

au.

LN x>0
for both of the pyramidal isomers (Table 6). This large energy f&é\ <’\ /\ \ _ /
gap suggested that the two electrons in the HOMO of these ™\ - gty |/__ \l
two isomers are relatively unstable and their removal would . '
produce a much more electronically stablg Brhis expectation XXI1 C3y (PA;) XXIIC, (2A") XXIV Dy, (2Byy)
was supported by previous experimental studies, which did show Nimag=0 Nimag=0 Nimag=1

that B;* was an extremely stable cati®hThis observation AE=e S kel mal

provided another confirmation for the validity of the interpreta-
tion of the B~ photoelectron spectra.
Thus, the feature A represents the transition from the ground

of theory.

AE=154.5 keal/mol

AE=173.2 keal/mol

Figure 4. Optimized structures of Bat the B3LYP/6-31+G* level

state of the planar structure (V) to the ground state of the neutralX band, which represents the transitions from the pyramidal
planar structure (XIV). The A band was very sharp with a short Bz~ (I) to the neutral pyramidal B(XIIl), was very broad,
vibrational progression, suggesting very small geometrical consistent with the large geometry changes between structures
changes from the anion to the neutral. This observation was | and XllI. The relatively high VDEs of the planar isomers were
born out from the calculated structures. On the other hand, thedue to the fact that the planar structure was much more unstable
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TABLE 6: Calculated VDEs of B;~ at Different Levels of Theory for Structures I, II, IV, and V, and Recommended PES Data
Assignment§

theoretical VDE PES data assignment
U(R)OVGF/  RCCSD(T))  TD-B3LYP/ obsd exp
isomer calculated transition 6-3114+G(2 df) 6-311+G(2df) 6-311+G(2df) TD-BPW916-31%#G(2df) feature VDE
I (Cou°A1)° 3ea—2%F 2.74 (0.91) 2.89 2.80 2.95 X 2.85
2e f— “E; 4.02 (0.89) 4.14 3.96 3.88 D 4.05
26 a— 2% [4.28 (0.90)} 4.04 3.93
3a f—*Aq 5.27 (0.91) 5.85 5.35 5.13 H 5.32
1b, f — B, 5.60 (0.90) 5.96 5.39 5.36 | 5.64
1b o — 2B, [5.61 (0.90)} 4.71 4,72
3a f—?A; [6.35 (0.84)} 5.18 5.04
2a ff —%Aq [7.00 (0.80)} 5.36 5.05
Il (Cap, A1) 3b— 2B, 2.70 (0.88) 2.83 2.59 2.65 X 2.85
3b— 2B, 4.07 (0.87) 4.20 4.18 4.07 E 4.21
2b,—?B, 4.29 (0.88) 4.33 4.30 F 4.35
2 — 2B, 5.31(0.87) 5.32 5.08 H 5.32
day— %A, 5.66 (0.80) 5.87 5.93 5.89 I 5.64
IV (C2,°B2)® 6a — ?B; 3.54 (0.90) 3.09 3.39 3.27
la— ‘B, 3.28(0.90) 3.60 3.49 351
4, — %A, 3.62 (0.89) 4.12 4.26 4.23
5a — ‘B> 4.44 (0.89) 4.73 4.48 4.46
4a — “B; 4.27 (0.90) 4.61 454
3, — A 5.42 (0.85) 5.36 5.18 5.05
1b — %A, 5.84 (0.84) 5.78 5.99 5.81
V (Ca, A 4b, — 2B, 3.40 (0.86) 351 3.10 3.06 A 3.44
la—2A; 3.67 (0.88) 3.69 3.55 3.68 B 3.71
5a — ?A; 4.92 (0.83) 4.81 4.72 4.52 G 4.60
da — A, 4.97 (0.83) 5.33 5.27
1b, — 2B, 5.69 (0.83) 5.78 5.84 5.76
3b, —?B, 5.80 (0.84) 5.49 5.35

aThe numbers in parentheses indicate the pole strength, which characterizes the validity of the one-electron detachmémagtatatelectron
detachment energies calculated at the UOVGF level of theory leading to the final doublet states should be considered as very crude because of the
multiconfigurational nature of the reference wave function in the final doublet stad¢she RCCSD(T)/6-31+G(2df) level of theory AE = 0.0
kcal/mol. At the RCCSD(T)/6-312G(2df) level of theory AE = 0.7 kcal/mol.¢ At the RCCSD(T)/6-313+G(2df) level of theory AE = 17.0
kcal/mol. At the RCCSD(T)/6-313G(2df) level of theory AE = 7.8 kcal/mol.2 All energies are in eV.

in the neutrals than in the anions, which was born out from the small, too. Out of the 12 valence molecular orbitals, the HOMO
theoretical calculations (Figure 4). and HOMO (3g) and HOMO-4 (2g are a set ofr orbitals
Our photoelectron spectra showed that the planar isomer V (which can be more clearly seen in Figure 5B for the planar
of B;~, even though significantly less favorable energetically structure Ill) and give the triple€Cs, structurem-aromaticity.
than the pyramidal ones, was quite abundant. Its spectral Even though there are only foarelectrons, it was shown that
intensities were as intense as the more stable pyramigal B for triplet states the reversed Huckel rule, that isjdstead of
This was rather surprising because the planar isomer V was(4n + 2), should be obeyed for aromaticity.
not expected to be so abundant on the basis of the energetics. The HOMO-1, HOMO-1, and HOMO-2 in structure I,
This was one of the factors contributing to our initial confusions 3 )) represent a set eforbitals largely responsible for the radial
about the B~ photoelectron spectra. The high abundance of ponding between the apex atom and the six peripheral atoms.
the planar B~ isomer must be due to its high kinetic stability  Again, HOMO-1 and HOMO-1in Figure 5B demonstrate that
and can be understood from the cluster growth mechanisms.more clearly in the planar structure Ill. The threeorbitals
Our previous studies showed that all smallgr Blusters have  cannot be localized to three classicat-2® bonds and have to

perfect 2D structures. BotheB and Bs have two low-lying e shared by the six radial bonds, giving characteristics of
planar structures, ori2z, and oneéCan. Addition of one B atom ;_aromaticity. Thus, the triplet structure@4,, 3A;) of B;~ can

to any of these structures would lead to the planar®ructure be considered as being doubly &nd ) aromatic, as it was
with small structural changes. On the other hand, formation of previously found for B, Bg2~, and B.%5 These six valence

the pyramidal B from theDay or Con hexamer by addition of  qiecylar orbitals are mainly responsible for the chemical

one B atom would involve significant structural rearrangement. bonding between the central atom and the peripheral atoms. The
other six valence molecular orbitals (HOMO-3, HOMO-5,

7. Chemical Bonding in the Pyramidal and Planar B~ HOMO-5, HOMO-6, HOMO-6, and HOMO-7) are responsible
7.1. Chemical Bonding in the Triplet Pyramidal Cg, B7~ for peripheral bonding between boron atoms forming the
Structure: & and o Aromaticity and Comparison to That hexagonal ring. To show this more clearly, we optimized a

in Bg. To understand the chemical bonding in the lowest energy model cyclic structure of BgDen, *A1g), Which has six occupied
pyramidal B~, we performed a detailed molecular orbital molecular orbitals (Figure 6) similar to the set in Figure 5

analysis. The molecular orbitals of the triplet structur€,( identified to be responsible for the bonding within the hexagonal
A1) and corresponding planar isomer D¢y, 3A1g) for B7~ ring. We could localize the six valence molecular orbitals of
are presented in Figure 5A and B. Even though structure | is Bes into six 2e-2¢ sp—sp, Be—Be bonds using the natural
not perfectly planar, we may approximately use thand x bond analysis, proving that indeed these molecular orbitals are

designations to the molecular orbitals, because the deviationresponsible for the peripheral bonding in thesB&d Bs (in
from planarity is rather small and the barrier of planarization is B~ and B) rings. The highly symmetrical structureQq,, 3A1)
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HOMO-1, 2¢;

HOMO, 3¢, HOMO ', 3¢,

HOMO-1 ', 2¢; HOMO-2, 33 HOMO-3, 1ty
HOMO-4, 24, HOMO-3, Te; HOMO-5", le;

HOMO-6 ", 1 HOMO-T, 1oy

HOMO-1 ', 2¢;,, HOMO-2, 2,

HOMO-4, lag, HOMO-5, lezg HOMO-5 ', leag

HOMO-6, ley, HOMO-6", ley, HOMO-7, lay,

Figure 5. (A) Molecular orbital pictures for the global minimum
structure | Cs,, A1) of B;~. The order of MOs is according to the
OVGEF calculation. (B) Molecular orbital pictures for the structure Ill
(Deh, 3A1g) of B7.

of B7y~ is consistent with the presence of double aromaticity.
The slight nonplanarity is a result of the small size of the central
cavity formed by the Bring. A By ring has the right size, giving
the perfectDz, planar structure for B*°

7.2 The Chemical Bonding in the Singlet PyramidalC,,
and Planar Dy, B7y~ Structures: m-Antiaromaticity and
o-Aromaticity. Molecular orbitals for theC,, (*A;) structure
Il and corresponding planar isomer D4, 'Ag) are shown in

J. Phys. Chem. A, Vol. 108, No. 16, 2008515

HOMO, Thy, HOMO-1, ley, HOMO-T', e,

HOMO-2, ley, HOMO-2', ley, HOMO-3, 1a;,

Figure 6. Molecular orbital pictures for the model cyclic structure of
Bes (Den, *A1g).

degenerate HOMO (3 is occupied. To make a relation
between molecular orbital occupation and geometric structure,
let us first consider distortion in the plane. An occupation of
the doubly degenerate HOMO (4 by a singlet pair of
electrons results in a JahiTeller distortion from theDgn (A1)
structure 11l towardDz, (*Ag) structure VI when planarity is
preserved. However, structure VI is not a minimum and
optimization following the imaginary frequency leads to struc-
ture 1. The direction of the distortion can be understood on the
basis of the bonding pattern in the HOMO of structures VI, lll,
and Il. The 3B-MO and 3a-MO in structure Il can be
approximately considered asMO and thus the regularm
Huckel rule for antiaromatic systems is obeyed. Theharacter

of 3b,-MO and 3a-MO in structure Il can be clearly seen in
that we correlate these MOs to the corresponding-MO and
2by-MO in the D2n (*A1g) isomer VI. Thes molecular orbitals

in both theCy, (*A1) and theDz (*A1g) (HOMO-1, HOMO-2,
HOMO-3, Figure 7A and B) and th€s, (A1) (HOMO-1,
HOMO-1', HOMO-2) structures are similar; thus all three
isomers have similag-aromaticity. This gives the&,, (*A;)
structure Il and th®.n (*A;g) structure VI the unusual characters
of beingm-antiaromatic andr-aromatic.

7.3. The Chemical Bonding in the Singlet PlanarC,, B7~
Structure: o¢- and & Antiaromaticity. The molecular orbitals
of the singletC,, planar structure V is shown in Figure 8. This
isomer possesses twoorbitals (HOMO-1 and HOMO-4) and
nine o valence orbitals. The orbitals describing the in-plane
B—B bonding are highly delocalized. In tH&s, structure of
B, we should expect that severorbitals are responsible for
the peripheral B-B bonding similar as it was discussed above
for the Dgn Bes and B structures. Thus, we have only two
o-orbitals for bonding through the center in tg, cluster. Two
occupieds-orbitals in the D7, structure of B~ render the
s-antiaromaticity and two occupiegtorbitals responsible for
bonding through the center of the cluster renderdtamntiaro-
maticity. The double antiaromaticity leads to the distortion of
the D7y, structure into theC,, planar structure V. The elongated
shape of this isomer is consistent with the structural distortions
imposed by antiaromaticity. This is similar to the ground state
of BgZ~ (D2n), Which also possesses four electrons and is
antiaromatic**2° Recently, we have found that larger boron
clusters also follow the @ Hiickel rule for antiaromaticity®

Figure 7A and B. One can see that their molecular orbitals are For example, both B~ and B4 each with eightr electrons

similar to those of thes, (3A1) structure | (Figure 5A), except
that in singlet structures only one orbital of the pair of the doubly

are antiaromatic and also possess elongated ground-state
structures because of antiaromaticyThus, we have shown
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HOMO-1, 3k HOMO, 4b; HOMO-1, lay

HOMO-3, 4a, HOMO-4, 1b, HOMO-3, 3b,

HOMO-3, 4a, HOMO-4, 2b; HOMO-5; 3a;

HOMO-8, T, HOMO-6, 2b, HOMO-T, 3a HOMO-8, 2a,

HOMO-9, 1, HOMO-10, 1a;

HOMO-9, by HOMO-10, 1a;

Figure 8. Molecular orbital pictures for structure \C§,, *A;) of B7™.
The order of MOs is according to the OVGF calculation.

tributor to the observed B photoelectron spectra. The com-
plicated photoelectron patterns can be well interpreted when
all the three lowest energy structures were included. Molecular
orbital analyses for the B systems revealed a double-aromatic
character £ and o) for the triplet pyramidalCg, structure (1),
og-aromatic andr-antiaromatic character for the singlet pyra-
midal Cy, structure (Il), and 5- andr-antiaromatic character
for the singlet plana€,, structure (V). Thus, the last member

S ; of the B;—Bjs series of clusters has been now characterized
HOMO-3, 3a, HOMO-4, 2bs, HOMO-5, 2by,, experimentally and theoretically. We found along this series
that aromaticity and antiaromaticity play an important role in
the chemical bonding, structure, and stability of the small boron
clusters*?>—46

HOMO, Iby, HOMO-1, 3bs,, HOMO-2, 2b,,
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Figure 7. (A) Molecular orbital pictures for structure 1C%,, 'A;) of
B;~. The order of MOs is according to the OVGF calculation. (B)

Molecular orbital pictures for structure VDgn, Ag) of B7 . operated for DOE by Battelle.
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