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ABSTRACT: We report high-resolution photoelectron imag-
ing of B;;” and By, at 354.7 and 532.0 nm, respectively,
resolving several low-frequency vibrational modes for neutral
B, and By,. The vibrational information is highly valuable to
verify the structures of the neutral clusters. Several isomers are
considered, and vibrational frequencies are calculated for B,;
and B, using density functional theory. Comparisons between
the experimental and calculated vibrational frequencies prove
that the B;; neutral and anion both possess a perfectly planar
C,, structure. The B, anion is quasi-planar with C, symmetry,
while the experiment confirms that neutral B, possesses Cs,
symmetry. The high-resolution photoelectron spectra also
allow the electron affinities of B;; and B;, to be measured
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more accurately as 3.401 + 0.002 and 2.221 + 0.002 eV, respectively. It is shown that high-resolution photoelectron imaging can
be an effective method to determine structures of small neutral boron clusters, complementary to infrared spectroscopy.

1. INTRODUCTION

The study of size-selected boron clusters has become an
increasingly active area of research.'™* Before the year 2000,
very few experimental studies existed on boron clusters.
Anderson and coworkers first produced small cationic boron
clusters using a laser vaporization source and tried to probe the
stability of these clusters using collision-induced dissociation”
as well as chemical reactions of the cationic clusters with small
molecules.”” These studies stimulated significant early
theoretical calculations on small boron clusters.'°~"? However,
there was no experimental information about the structures of
boron clusters until 2002,°°~** when photoelectron spectros-
copy (PES) of size-selected negatively charged boron clusters
was combined with global minimum searches and computa-
tional chemistry to probe the structures and chemical bonding
of boron clusters, whereas in 2007 ion mobility was applied to
probe the structures of size-selected cationic boron clusters up
to By".> In contrast with bulk boron, where 3D cages are
prevalent, small boron clusters are found to possess 2D
structures.”’*

The chemical bonding of the 2D boron clusters is interesting.
While the B—B bonds on the periphery of the 2D boron
clusters can be described by classical two-center two-electron
(2c—2e) bonds, the bonding among the interior boron atoms is
characterized by delocalized multicenter bonding, giving rise to
concepts of ¢ and 7 aromaticity/antiaromaticity and analogies
to polycyclic aromatic hydrocarbons."*> Even though the ion-
mobility experiment suggested that 3D structures were already
competitive at Bys" for cationic clusters,” low-lying 3D
structures only appeared in B,g~ for anionic clusters.*® Planar

-4 ACS Publications  © 2016 American Chemical Society

10752

structures are still pervasive at larger clusters,””*" culminated
with the discovery of the 2D B4~ /B3¢ and By~ clusters, which
feature hexagonal holes and provide indirect experimental
evidence of the viability of atomically thin 2D borons, dubbed
borosphenes.””*’ The recent successful syntheses of bor-
ophenes on inert substrate have stimulated significant further
interests into this new class of 2D materials.""** Another
exciting development has been the discoverz of the first all-
boron cage cluster at By, (borospherene).4 Further studies
suggest that there may be a class of borospherenes.***

The new experimental findings have stimulated significant
theoretical interests.**”** While most calculations focus on
neutral boron clusters, experimental studies on neutral boron
clusters are extremely challenging. For example, the theoretical
prediction of the interesting tubular By, cluster still has not
been confirmed experimentally."”® The first experiment on
neutral boron clusters has been an infrared/ultraviolet (IR/UV)
two-color experiment on B}, B;, and B, neutral clusters,®
yielding vibrational information for these clusters between 650
and 1550 cm™. Vibrational frequencies provide an important
piece of information for structural identification. Previously,
only limited vibrational information was available from PES
experiments of size-selected boron cluster anions using the
magnetic-bottle photoelectron analyzer. Here we report high-
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resolution photoelectron imaging of B;;” and B,,”, allowing
low-frequency modes to be resolved for B;; and B,.

High-resolution photoelectron imaging has become a
powerful technique to yield vibrational information for
structure determinations of both anionic and neutral
clusters.”*~®® The current experiments provide strong evidence
that the B}, neutral and anion clusters possess a perfectly planar
C,, structure. We further confirm that the B;,™ anion is a quasi-
planar bowl-shaped cluster with C; symmetry, but the neutral
B, possesses a C;, structure. In addition, the high-resolution
PES data allow the electron affinities (EAs) of B;; and B, to be
measured more accurately as 3.401 + 0.002 and 2.221 + 0.002
eV, respectively. The current study suggests that high-
resolution PE imaging can be combined with computational
chemistry to study not only the structures and bonding of
anionic clusters, but also the structures of the corresponding
neutral species.

2. EXPERIMENTAL AND COMPUTATIONAL METHODS

2.1. Experimental Method. The experiments were
performed using a laser vaporization supersonic cluster source
coupled to a high-resolution velocity-map ima in$ (VMI)
detector, details of which can be found elsewhere.””~"" In brief,
boron clusters were produced from a disk target compressed
from a mixture of bismuth and isotopically enriched ''B powder
(5:1 ratio by mass). The bismuth acted as a binder and
provided a convenient source of Bi~ for calibration. The second
harmonic of a 10 Hz Nd:YAG laser was used as the
vaporization laser. A helium carrier gas seeded with 10%
argon was pulsed into the nozzle to cool the laser-induced
plasma to initiate nucleation. The clusters formed inside the
nozzle were entrained in the carrier gas and underwent a
supersonic expansion to produce a cold cluster beam. As
previously shown, a longer residence time in the waiting room
of the nozzle was crucial for producing vibrationally cold
clusters.”””™"* After passing a skimmer, negatively charged
boron clusters were extracted perpendicularly into a modified
Wiley—McLaren time-of-flight mass spectrometer.

The B;;” and By,  clusters of current interest were each
mass-selected by a mass-gate before entering the interaction
zone of the VMI lens assembly, where they were detached by a
second Nd:YAG laser. The nascent photoelectrons were
extracted and focused onto a phosphor screen coupled to a
set of microchannel plates and a charged-coupled device
camera. A high-quality Glan-laser polarizer ensured that the
detachment laser polarization was parallel with the imaging
detector. Each experiment for B;;” and Bj,” required about
200 000 shots to achieve satisfactory signal-to-noise ratios. The
VMI lens system was calibrated using the known detachment
transitions of Au~ and Bi~. Our typical kinetic energy resolution
(AE,/E,) is ~0.6% for high kinetic energy electrons and as low
as 1.2 cm™' (fwhm) for low kinetic energy electrons.”’ The raw
images were analyzed using the Maximum Entropy Velocity
Legendre Reconstruction program (MEVELER).”> We also
compared the MEVELER results to those using both the
BASEX’® and pBASEX”’ methods, which yielded similar
spectra.

2.2. Photoelectron Angular Distributions. Another
piece of information obtained from photoelectron imaging is
the electron angular distributions, characterized by the
anisotropy parameter (). The differential cross section of
the photoelectrons is described by

do/dQ = (0,,,/47)[1 + pB(cos 0)] (1)

where o, is the total differential cross-section, P, is the second-
order Legendre polynomial, and @ is the angle of the detached
electron relative to the laser polarization.”® Hence, the
photoelectron angular distribution (PAD) is described by

dI(0) ~ [1 + BP,(cos 0)] ()

where f is the anisotropy parameter, which has values between
—1 and 2. This model works well for single photon transitions
from randomly oriented particles. Because photons carry one
unit of angular momentum (I = %1), the outgoing photo-
electron wave will have an identical change in their angular
momentum upon detachment. For example, when an electron
is detached from an s orbital (I = 0), the ejected electron will
have I = 1 (pure p-wave) with /§ = 2. Interpreting the 3 value for
a molecular orbital is not a trivial process’® due to the fact that
molecular orbitals are approximated as linear combinations of
atomic orbitals. Nevertheless, the values of f# can be used to
qualitatively assess the molecular orbital shape.

2.3. Theoretical Method. Previously reported structures
for B;;” and B,,” were reoptimized using the B3LYP hybrid
functional®®" with the Def2-TZVPPD basis set*” ** in the
Gaussian 09 program suite.”> Harmonic vibrational frequencies
were calculated to ensure that the structures were minima on
the potential energy surfaces. We used the optimized anion
structures as the starting point for the geometry optimization
and frequency calculations of the neutral clusters. The
optimized anion structures were used for single-point energy
calculations for the neutral clusters to compute the vertical
detachment energies (VDEs). The calculated vibrational
frequencies for the neutral clusters are used to compare with
the experimental data without any scaling.

3. RESULTS

3.1. High-Resolution PE Imaging of B;;”. The high-
resolution PE image and spectrum of B;;~ at 354.7 nm (3.496
eV) are shown in Figure 1, which is relatively simple. There is
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Figure 1. Photoelectron image and spectrum of Bj;” at 354.7 nm
(3.496 eV). The resolved vibrational features are labeled. The peak X
represents the 0—0 detachment transition and defines the adiabatic
and vertical detachment energies of B;;”. The horizontal arrows below
the image denote the laser polarization.

an intense peak labeled X at 3.401 + 0.002 eV, which
represents the detachment transition from the ground vibra-
tional level of B, to the ground vibrational level of the ground
electronic state of By, (the 0—0 transition). The X peak defines
the adiabatic detachment energy (ADE) or EA of Bj;. The fact
that the 0—0 transition is the most intense peak suggests that
there are very small geometry changes between the anion and

the neutral final state. In this case, the ADE and VDE become
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Table 1. Summary of First Experimental Vertical Detachment Energy (VDE) for B;;” and B,,” and Vibrational Frequencies
Observed for B;; and B;, Compared with Theoretical Calculations”

By /By
experimental theoretical
peak VDE (eV)” peak frequencies (cm™)° VDEs (eV) frequencies (cm™")
11-1 11-11 11-IV 11-V 11-VI 11-VII
X 3.401(2) a 380 3.38 3.28 2.81 374 246 311
[0.07] b 490 491 348 529
c 560 564 413 610
d 640 634 446 613
1040° 1017 1101 1022
B, /By,
experimental theoretical
peak VDE (eV)” peak frequencies (cm™)¢ VDEs (eV) frequencies (cm™)
12-1 12-11 12-IV 12-V
X 2.221(2) a 220 222 248 227
[0.17] b 390% 405 467
454
474
S14
c 540% 545
d 580 582 605
e 690 686 729

“Only allowed transitions are displayed for the calculated frequencies. Complete sets of calculated frequencies are presented in the Supporting
Information. “Value in parentheses represents the experimental uncertainty and the value in brackets is the anisotropy parameter (§) from fitting eq

2 to peak X. “All measured frequencies have an uncertainty of +20 cm™ unless denoted with “*”, which have an estimated uncertainty of +50 cm~

1

due to the fact the peaks are not fully resolved. “This mode was observed in a previous report™* and could not be measured in the current experiment

due to the low photon energy.

the same value experimentally because the VDE is measured as
the strongest vibrational peak in a vibronic transition. Four
weaker peaks, 4, b, ¢, and d, are observed at slightly higher
binding energies, and they should represent vibrationally
excited levels of the B;; ground electronic state. The
separations of these peaks from peak X are listed in Table 1
as the experimental vibrational frequencies. There is a very
weak peak present around 3.385 eV, which appeared only when
the MEVELER program was used. Hence, it was likely an
artifact of the data inversion method. Only the intense 0—0
peak X could be accurately fit by eq 2 to obtain a value for f,
which was found to be 0.07.

The previously reported low-resolution PE spectrum of B;;~
at 266 nm showed that the ground-state detachment transition
consisted of a long vibrational progression up to ~3.8 eV
binding energy.”* Two vibrational frequencies were obtained: a
high frequency at 1040 + SO cm™" and a low frequency at 480
+ 40 cm™". The current high-resolution spectrum at 354.7 nm
only represents the threshold region of the ground-state
detachment transition of B;;”. The 490 cm™' vibrational
frequency (peak b) should correspond to the lower frequency
(480 + 40 cm™) observed previously. In addition to the three
additional vibrational modes (a, ¢, and d) and the more
accurate vibrational frequencies, the EA for B}, obtained in the
current study is also much more accurate than that observed
previously (3.426 + 0.010 eV). In fact, the 0.010 eV uncertainty
given previously appeared to be too small.**

3.2. High-Resolution PE Imaging of B;,”. The high-
resolution PE image and spectrum of B}, are shown in Figure
2 at 532.0 nm (2.331 eV). The high-resolution spectrum for
By, is slightly more complicated, with many more vibrational
features. Again, the peak labeled as X, at 2.221 + 0.002 eV,

10754

LN I B S I B S S B NN S BN B S NN S B N B B

2.15 2.20 2.25 2.30
Binding Energy (eV)

2.10

Figure 2. Photoelectron image and spectrum of Bj,” at 532.0 nm
(2.331 eV). The resolved vibrational features are labeled. The peak X
represents the 0—0 detachment transition and defines the adiabatic
and vertical detachment energies of B;;”. The horizontal arrows below
the image denote the laser polarization.

denotes the 0—O0 transition, representing the ADE and VDE or
the EA of B},. A vibrational progression with a frequency of 220
+ 20 cm™ can be identified up to the third quanta, labeled as g,
a’, and a”, which should correspond to the most Franck—
Condon-active vibrational mode. The peak a’ at 2.276 eV has a
small shoulder on the left side (labeled as b). We deconvoluted
this peak with two Gaussian functions to locate the peak
position of b at 2.269 eV, which should correspond to a
different vibrational mode. There appears to be a weak peak at
2.287 eV (c), with a separation from peak X at 540 + 50 cm™/,
which should represent a new vibrational mode. There is a peak
~220 cm™! higher in energy than peak ¢, denoted as ¢’. Peak d
is found to be 580 + 20 cm™! higher in energy than peak X.
There is also a well-resolved peak (d’'), that has the same
separation of 220 cm ™, in agreement with progression a. These
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peaks should correspond to combination levels with the most
Franck—Condon-active mode. Finally, peak e, which is 690 =+
20 cm™" above peak X, is also observed and should correspond
to a higher frequency mode. The peaks X and a both had
sufficient signal-to-noise ratios to allow good fits with eq 2. The
P values determined are 0.17 for both peaks.

The previous PES study of B,,™ at different photon energies
revealed a large energy gap (2.0 ev), > suggesting that the
neutral B, is an extremely stable electronic system. The
ground-state detachment transition was an almost feature-less
broad band (extending to ~2.7 eV), suggesting a relatively large
geometry change between Bj,” and B),. Hence the current
high-resolution spectrum at 532.0 nm only represents part of
the Franck—Condon region of the ground-state detachment
transition of B;,”. The current EA of 2.221 + 0.002 eV is much
more accurate than the previous value of 2.21 + 0.04 eV.** It
should be pointed out that no discernible vibrational hot bands
were observed in either of the B;,” and B,,” spectra (Figures 1
and 2), suggesting the effectiveness of vibrational cooling in our
supersonic cluster source.”>~"*

3.3. Computational Results. We performed theoretical
calculations to understand the observed vibrational structures
for By, and By, and to assist the spectral assignments. We used
the previously reported anion structures at the PW91 level of
theory”* as starting points for the current calculations. The
relative energies of the reoptimized anion structures at the
B3LYP level of theory are shown in Figure 3. For B;,”, the
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Figure 3. Optimized structures for B); and B, anion and neutral
clusters. The zero-point-corrected energies relative to the global
minima are given in electronvolts. The calculations were done using
the B3LYP method with the Def2-TZVPPD basis set.

perfectly planar C,, structure (isomer 11-I, 'A;) is the lowest
energy structure, same as before. The ordering of the three
high-energy isomers is also similar, except the relative energies
changed slightly. For example, the quasi-planar isomer 11-II is
1.20 eV higher in energy than the global minimum in the
current calculation, but it was 0.84 eV higher in the previous
calculation. For B},”, only three of the five previously reported
isomers were found to be minima at the current level of theory.
The global minimum is a slightly distorted quasi-planar bowl-
shaped structure with C, symmetry (12-1, 2A”). The next isomer
(1211, %A,) is a planar structure with C,;, symmetry, which is
0.96 eV higher in energy relative to the global minimum. A 3D
structure lies 1.90 eV higher in energy (12-1II, D,,). The energy
ordering of the two higher-lying isomers 12-II and 12-III is
reversed compared with the previous study.”*

For B, we found isomer 11-V (*B,) is the lowest in energy
with the similar planar C,, structure as the anion. Isomers 11-VI
and 11-VII are 1.12 and 2.90 eV higher in energy. The
optimization of the neutral structure corresponding to isomer
11-III of the anion yielded an imaginary frequency. The global
minima for the B,; anion and neutral in the current calculations
are the same as reported previously,”* which have also been
confirmed by other previous studies.*>®* The calculated first
VDEs for isomers 11-I, 11-1I, and 11-IV of B,;” are presented
in Table 1, along with the four lowest totally symmetric
vibrational frequencies of the neutral isomers. Figure 4A
displays the displacement vectors of several totally symmetric
vibrational modes for isomer 11-V observed in the PES
experiments. We did not present a calculated VDE or
vibrational frequencies for isomer 11-III because the neutral
isomer is not a minimum. The calculated vibrational

A)B,,
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1017 cm1 634 <:m1
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B)B,,
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686 cm'1 545 cm"
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v,s: E (A") Vv, E (AY)
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Figure 4. Displacement vectors for the observed vibrational modes
with the calculated frequencies of (A) isomer 11-V of Bj; and (B)
isomer 12-IV of B},. The symmetry is shown for the neutral structures
along with the reduced symmetry for the C, anion for B;,” in
parentheses.
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frequencies for all the vibrational modes for the three neutral
isomers are given in the Supporting Information (Table S1).

For neutral B,, only isomers 12-I and 12-III yielded neutral
structures that did not contain any imaginary frequencies.
Isomer 12-1 optimized to a Cs, structure in the neutral labeled
as 12-IV. The 3D isomer 12-V is much higher in energy than
the global minimum, which means both the anion and neutral
should possess a quasi-planar structure. The Cs, By, structure in
the current study is in accord with previous calculations.'¥**>°
The calculated first VDEs for isomers 12-I and 12-III are given
in Table 1 with the symmetry-allowed modes of isomers 12-IV
and 12-V, in comparison with the experimental data. Figure 4B
exhibits the vibrational displacement vectors for several modes
of isomer 12-IV, which are observed experimentally (vide
infra).

4. DISCUSSION

4.1. Structures of B,;” and B;; and the Vibrational
Assignments. The previous PES study using a magnetic-
bottle analyzer** revealed two vibrational frequencies at 1040 +
S0 and 480 + 40 cm™'. The higher frequency mode was in
good agreement with the calculated frequency for the B—B
stretching mode (1,017 cm™) of the inner boron atoms of
isomer 11-V (v, in Figure 4A), as also previously explained.”*
The smaller vibrational frequency matched the calculated
frequency of mode v, in Table 1 and Figure 4A, where three
peripheral boron atoms are symmetrically stretching with
respect to the two center atoms. The previous IR/UV two-
color experiments on neutral B, revealed an intense peak near
915 cm™! and a weaker peak around 1220 cm™.%° These two
frequencies agree well with the IR-active modes, v,, (B,) and
Uy (B,), with computed frequencies at 979 and 1267 cm™,
respectively (Table S1). The simulated IR spectrum for isomer
11-V was in good agreement with the experimental data,
providing considerable credence that the global minimum of
B, is the C,, structure in Figure 3. The current high-resolution
PE imaging data allowed us to resolve several more low
vibrational frequency modes not observed previously.

The current PE spectrum for B}, is relatively simple for two
reasons. First, the photon energy of the detachment laser was
too low and only the threshold region of the ground-state
detachment transition was accessible. Second, the limited
number of peaks indicates a relatively symmetric structure for
the anion and neutral. In addition, the low intensities for the
vibrationally excited states suggest the structural change upon
electron detachment is small, giving rise to the same value for
the ADE and VDE, as defined by peak X at 3.401 + 0.002 eV in
Figure 1. The observed VDE is in good agreement with the
calculated first VDE (3.38 eV) for the global minimum 11-], as
shown in Table 1. Isomers 11-II and 11-IV can be clearly ruled
out on the basis of their first calculated VDEs as well as the
calculated vibrational frequencies to be discussed below.

Peak b is the most intense excited vibrational peak, yielding a
frequency of 490 + 20 cm™. This vibrational peak should be
the same as the 480 + 40 cm™' vibrational frequency observed
previously,” corresponding to the vy mode (Figure 4A). Three
new vibrational frequencies are resolved in the current
experiment, which have much lower intensities. The lowest
frequency observed is 380 + 20 cm ™!, corresponding to peak a.
This frequency is in very good agreement with the v, mode
with a calculated frequency of 374 cm™" (Table 1 and Figure
4A). The peaks ¢ and d give rise to two higher vibrational
frequencies at 560 and 640 cm™’, respectively, which can be

readily assigned to the vz and v; modes with calculated
frequencies at 564 and 640 cm™ (Table 1 and Figure 4A). All
four modes observed are in-plane vibrational modes with A;
symmetry, consistent with the fact that both the B,; anion and
the neutral have the same C,, symmetry and only totally
symmetric modes are allowed.

Figure 5 shows the highest occupied molecular orbital
(HOMO) of B,;~, from which the electron is detached. This

J

B,,”: HOMO

Front Side
B,,: SOMO

Figure S. Molecular orbital pictures for the highest occupied molecular
orbital (HOMO) of B}, (C,,, 'A;) and the singly occupied molecular
orbital (SOMO) of B;,” (C, 2A").

orbital involves complicated delocalized o-bonding over the
entire cluster plane, consistent with the observed vibrational
structures and the minor geometry changes between the anion
and the neutral. The HOMO has B, symmetry and can be
viewed as involving in-plane p orbitals of the peripheral boron
atoms. On the basis of the s&p model,”” detachment from a
molecular orbital with B, symmetry should produce a
combination of isotropic (s-wave) and perpendicular (s+d-
wave) partial waves. We observe a nearly isotropic distribution
(= 0.07), which is consistent with this prediction and suggests
the isotropic wave dominates at low electron kinetic energies.

4.2. Vibrational Assignment and the Structures of
B;,~ and B;,. An ADE and VDE of 2.21 + 0.04 and 2.26 +
0.04 eV were reported for Bj,”, respectively, in the previous
PES study.”* The difference in the ADE and VDE was due to
the low spectral resolution and broad PES features. The current
high-resolution spectrum suggests that the ADE and VDE are
the same, as defined by the X peak (Figure 2), suggesting that
the structural change between the anion and the neutral is not
too great. The more accurate VDE of 2.221 eV from the current
experiment is in excellent agreement with the computed VDE
(2:22 eV) for the global minimum 12-I isomer of Bj,” with C;
symmetry (*A’), consistent with the previous study.”* The
current calculations also agree with the previous report that the
By, anion is a doublet with a singly occupied molecular orbital
(SOMO)), as shown in Figure S. The SOMO is a delocalized 7
orbital with both bonding and antibonding characters in
different parts of the bowl-shaped cluster.

Numerous vibrational peaks are resolved at higher binding
energies in the current experiment on Bj,”, as shown in Figure
2. The congested vibrational features are consistent with the
fact that there is a change of symmetry from C, to C;, between
the anion and the neutral, resulting in many more allowed
vibrational modes in the PE spectrum. There is a relatively
extended vibrational progression of 220 cm™' consisting of
peaks a, a’, and a”, in excellent agreement with mode v5 with a
calculated frequency of 227 cm™' (Table 1). This is the most
Franck—Condon active mode, corresponding primarily to the
out-of-plane motion of the three center atoms that distort the
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C,, symmetry of the neutral to C, in the anion (Figure 4B).
Peak b, ~390 + 50 cm™" above peak X, should correspond to
mode g with a calculated frequency of 405 cm™!, involving
mainly the out-of-plane motion of one of the center atom
(Figure 4B). Peak c at 540 cm™ is in good agreement with the
calculated frequency of the v, mode (545 cm™"), which involves
the symmetric stretching of three peripheral boron atoms
(Figure 4b). The small weak ¢’ about 220 cm™" above peak ¢ is
attributed to a combinational level of modes v, and v;. Peak d
at 580 + 20 cm ™" agrees with the calculated frequency of mode
V15 (582 cm™), involving mainly out-of-plane motion of two of
the three central boron atoms. A combinational level between
the 5 and v5 modes is also observed, as indicated by peak d’,
which is 220 cm™! above peak d. Finally, peak e yields a
frequency of 680 + 20 cm™', which is in perfect agreement with
the v; totally symmetric breathing mode with a theoretical
frequency of 686 cm™.

Removing an electron from the B;,” SOMO (Figure ) is
expected to have a significant effect on the bowl shape of the
quasi-planar cluster because of its bonding and antibonding
characters in different parts of the cluster. The f value is not
easy to interpret for electron detachment from this orbital,
which is mainly comprised of p, orbitals, consistent with the
nearly isotropic distribution (f = 0.17). The shape of the
SOMO can be used to understand the structural change
between the anion and the neutral and the observed vibrational
modes. The most active mode is the v5 mode (Figure 4B),
which is consistent with the large change in planarity between
the neutral and the anion. In particular, because the symmetry
is lower in the anion, it is possible to observe vibrational modes
with E symmetry of the neutral, which contains A’ irreducible
representations under C, symmetry (Table S2). The observa-
tion of the v;s and v,3 modes with E symmetry proves that the
B,,” anion is a quasi-planar C; structure. The excellent
agreement between the observed and computed vibrational
frequencies for the C;, B, structure provides additional
evidence of the global minima of the B}, neutral and anionic
cluster.

5. CONCLUSIONS

We report a high-resolution photoelectron imaging study of
B,;” and B,,” with vibrational resolution. In addition to more
accurate measurements of electron affinities for B,, (3.401 +
0.002 eV) and B, (2.221 + 0.002 eV), we resolved several low-
frequency vibrational modes less than 700 cm™" for B,; and B,,
for the first time. The observed vibrational structures are
compared with theoretical calculations, providing firm con-
firmations for the C,, structure for B;; and the C;, structure for
B,,. Combining the computed first VDEs and the symmetries
of the observed vibrational modes also provides information for
the global minima of the anions. Only totally symmetric modes
are observed in the spectrum of B;;~ because both the anion
and the neutral have the same symmetry. The observation of
vibrational modes with E symmetry in the spectrum of B;,”
indicates that the anion has a lower symmetry (C,).
Photodetachment of an anion probes the potential energy
surface of the corresponding neutral near that of the anion. The
current study suggests that high-resolution photoelectron
imaging of anion, in combination with careful global minimum
searches, provides a complementary technique to provide
vibrational and structural information for neutral boron
clusters.
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