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High-Resolution Photoelectron Imaging of IrB; : Observation of
a m-Aromatic B;" Ring Coordinated to a Transition Metal
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Alexander I. Boldyrev,* and Lai-Sheng Wang*

Abstract: In a high-resolution photoelectron imaging and
theoretical study of the IrB; cluster, two isomers were
observed experimentally with electron affinities (EAs) of
1.3147(8) and 1.937(4) eV. Quantum calculations revealed
two nearly degenerate isomers competing for the global
minimum, both with a B; ring coordinated with the Ir atom.
The isomer with the higher EA consists of a B; ring with
a bridge-bonded Ir atom (C,, *A’), and the second isomer
features a tetrahedral structure (Cs;, , *A,;). The neutral
tetrahedral structure was predicted to be considerably more
stable than all other isomers. Chemical bonding analysis
showed that the neutral Cs, isomer involves significant covalent
Ir—B bonding and weak ionic bonding with charge transfer
from Bj to Ir, and can be viewed as an Ir-(y’-B;") complex.
This study provides the first example of a boron-to-metal
charge-transfer complex and evidence of a w-aromatic B;" ring
coordinated to a transition metal.

The electron deficiency of boron leads to unique delocalized
bonds in boron compounds and clusters, which can exhibit
and o double aromaticity. A review specifically focused on the
double aromaticity of three-centered boron rings appeared in
2006.1 The B,~ anionic cluster is the smallest possible doubly
(7 and o) aromatic system.”” The B;* cation is only m-aromatic
and has recently been observed in complexes with CO and
N,.Pl' A previous computational study suggested that B
might be stabilized by Na* to form an Na*B;~ salt.! Two
alkali-stabilized boron clusters were observed previously,
LiB,~ and LiB4 .’ Both species had similar structures to their
analogous pure boron cluster dianions, suggesting that it is
possible to stabilize aromatic boron clusters with alkali
metals. A theoretical study has examined the stability of the
B;  ring in sandwich complexes with alkali and alkali earth
elements.! It was found that only heterodecked sandwiches
were stable when capped with cyclopentadienyl (Cp~).
Recently, a m-aromatic B; ring was synthesized as B;R;*"
stabilized by Na* and sterically protected by bulky ligands.!
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The bonding in B;R;*>" was found to be identical to that in
B;H;*", which is analogous to C;H,"® Doubly aromatic
three-membered-ring bishomotriboriranide and triboracyclo-
propanate were also synthesized as lithium salts.”) Boranes
with as few as three or four boron atoms are known,'”
including several metalloboranes with iridium,!'"! although
their bonding is quite different from the bare boron clusters.?

Anion photoelectron spectroscopy (PES) has been shown
to be a powerful technique to probe the electronic structure
and chemical bonding of size-selected boron clusters.'!
Combined with theoretical calculations, PES has also been
used to elucidate numerous transition-metal-doped boron
clusters.™? In particular, the PE spectrum of TaB;~ revealed
that the Ta—B interactions are stronger than B-B interactions
because its lowest-energy structure features a Ta atom
inserted into a B—B bond of the B; ring.'”™™ On the other
hand, the lowest-energy structure of AuB;~ contained a B;
ring with the Au atom bonded to an apex B atom, ! revealing
a very different Au—B bonding mode that is analogous to the
H-B bond."! Joint PES and theoretical studies of lanthanide-
doped boron clusters have been reported recently, revealing
both half-sandwich!" and inverse-sandwich complexes,! as
well as several transition-metal diboride clusters."® Most
recently, a small lanthanide-doped boron cluster, PrB;, was
found to be planar with Pr'[-B;*"] coordination."”! The
question we were trying to address in this study is whether
three-membered aromatic boron rings can coordinate with
a transition metal in n’-B; coordination while retaining o or &t
aromaticity.

Herein we report a high-resolution PE imaging (PEI) and
theoretical study of the IrB;~ cluster. Two isomers were
observed in the PEI experiment. Theoretical calculations
found two nearly degenerate low-lying isomers: a quasiplanar
isomer with an 1>-B, moiety coordinated to Ir, and a tetrahe-
dral structure with an n*-B; moiety coordinated to Ir. In the
neutral potential-energy surface, the tetrahedral structure was
found to be much more stable than all other isomers owing to
favorable Ir—B covalent bonding and weak electron donation
from the Bj; ring to Ir to form a (B;)'Ir~ cluster with a -
aromatic B;* moiety. This compound is the first example of
a transition-metal-doped boron cluster in which the negative
charge is donated from the boron ring to a metal center.

The PEI experiment was performed on a high-resolution
photoelectron imaging apparatus.">'”) Figure 1 shows the
reconstructed PE images and spectra measured at photon
energies of 2.3305 and 3.4958 eV. The PE spectrum taken at
2.3305 eV (Figure 1a) reveals two bands (X' and X), each
with well-resolved vibrational progressions around 1.3 and
2.0 eV. By varying the cluster temperature,'!! we found that
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Figure 1. Photoelectron images and spectra at a) 2.3305 eV

(532.00 nm) and b) 3.4958 eV (354.67 nm). The vertical lines denote
vibrational progressions. The insert in (a) shows the vibrational
assignments for band X. The double arrow below the images shows
the laser polarization.

these two bands corresponded to two isomers, with band X’
coming from a slightly higher energy isomer because its
relative intensity increased under hotter source conditions
(see Figure S1 in the Supporting Information).””) Band X’
displays a single vibrational progression with the 0-0 tran-
sition centered around 1.32 eV. A second band with its 0-0
peak at 1.937(4) eV exhibits rich vibrational structures. More
PES bands were observed in the 3.4958 eV spectrum (A-E,
A’, and B’). The relative intensities of bands A’ and B’ were
found to correlate with that of band X’ (see Figure S1), and
they must come from the same isomer. All the observed bands
and their binding energies are summarized in Table 1, where
they are compared with the theoretical results.
Higher-resolution PE spectra for band X’ at lower photon
energies are presented in Figure 2. The 1.3471 eV spectrum
(Figure 2a) shows several well-resolved vibrational features
near the 0-0 peak, all coming from hot band transitions. A

Table 1: Experimental ADEs and VDEs and the calculated values along with the final neutral states and

valence-electron configurations for the two IrB;~ low-lying isomers.
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Figure 2. High-resolution photoelectron images and spectra at

a) 1.3471 eV (920.38 nm), b) 1.3722 eV (903.54 nm), c) 1.3910 eV
(891.33 nm), and d) 1.4399 eV (861.06 nm). The vertical lines denote
fundamental vibrations; hot band transitions are labeled. The double
arrow below the images shows the laser polarization.

new intense vibrational peak was observed in the 1.3722 eV
spectrum along with two weak hot band transitions (Fig-
ure 2b). One more intense peak in Figure 2¢ seems to come
from a hot band transition. This peak was identified as a hot
band because there are no symmetry-allowed modes close to
this frequency (see below). Another intense peak was
observed in the 1.4399 ¢V spectrum (Figure 2d). This peak
corresponds to a new vibrational mode (see below). The
binding energies and angular distributions of all the observed
vibrational transitions are provided in the Supporting Infor-
mation (see Table S1 and Figures $2-S4).1"")

Theoretical calculations were
performed for IrB;~."") The global
minima of IrB;~ were searched

Isomer A.2/N.2
Experimental

using the coalescence  kick

Theoretical ADE/VDE method,” the TPSS functional,?!!

Peak  ADE/VDE Final state and electronic configuration ~ TPSS ROCCSD(T)  and the lanl2dz basis set.?? The
X 1.3147(8)/1.3147(8)  'A,...4a,’3e"5a,%4e"6a,’5¢"7a,° 1.34/1.37  1.20/1.28 lowest-energy isomers were reopti-
A 2.30(5) °E...4a,°3e*5a,%4e*6a,’5¢%7a, 2.53 mized at the TPSS/aug-cc-pVTZ-
B 3.38(5) 'E...4a,"3e*52,"4¢"6a,"5e’ 72, 3.79 PP Jevel of theory. Previous stud-

Isomer A.T/N.1
Experimental

ies on TaB;~ and B;Au yielded

Theoretical ADE/VDE satisfactory results using similar

Peak  ADE/VDE Final state and electronic configuration TPSS ROCCSD(T)  methods.'?™  All  calculations
X 1.937(4)/2.026(4)  *B,...5a,%a,%3b,22b,*7a,24b,*1a,%8a,%9a,'3b,'  1.71/1.85  1.86/2.03 were performed with the Gaus-
A 2.45(5) 'A,...52,%6a,23b,22b,27a,%4b,*12,%8a,%9a,23b,"  2.45 sian09 program.”! The three iso-
B 2.64(5) 'B,...5a,%6a,23b,22b,27a,%4b,*1a,%8a,%9a,'3b,)  2.72 mers within 0.2eV of the global
c 2.80(5) ’B;...52,°62,°3b,"2b;°7a,"4b,"1a,’8a,'92,°3b,"  2.73 minimum are shown in Figure 3
3 26 221 29k 274 24k 274 194 204 22k 1 R X
D 3.15(5) B,...5a,%6a,23b,22b,27a,%4b,*1a,'82,°9a,23b,'  3.31 (sec Figure S5 for all low-lying
E 3.30(5) 1B,...5a,%6a,23b,22b,27a,%4b,*1a,%8a,'9a,23b,"  3.56

isomers within 2 eV of the global
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Figure 3. Optimized structures for the ground states and low-lying
isomers for IrB;~ and IrB;. Bond lengths are given in A. Relative
energies are given in eV at the TPSS level followed by the ROCCSD(T)
values in brackets.

minimum).'” The lowest-energy anion at the DFT level
(isomer A.1) consists of a B; ring with a bridge-bonded Ir
atom. The second isomer (A.2) has a tetrahedral structure
with a B; ring capped by the Ir atom. The third isomer (A.3)
has a fan structure, which can be viewed as the Ir atom
inserted into a B—B bond of a B; ring. Using the ROCCSD(T)
method, we found that isomers A.1 and A.2 become nearly
degenerate with A.2 being 0.01 eV more stable, while isomer
A3 is only slightly higher in energy. The ROCCSD(T)
calculations were single-point calculations using the TPSS-
optimized geometries, which are not necessarily the minimum
on the ROCCSD(T) potential-energy surface. The most
stable neutral structures are also shown in Figure 3. The
tetrahedral structure with a singlet spin state (N.2) is
significantly more stable than the two planar isomers (N.1
and N.3).

The adiabatic (ADE) and vertical detachment energies
(VDE) were calculated for each isomer. The ADE for
isomers A.2 and A.l1 was calculated to be 1.20 and 1.86 eV,
respectively, using the ROCCSD(T) method (Table 1).
Isomer A.3 was found to have an ADE of 1.90eV by the
same method. Several calculated vibrational frequencies for
isomers A.2, N.1, and N.2 are presented in Figure 4 (see
Table S2 for the full list of vibrational frequencies).!"’

The calculated ADE for the planar isomer A.1 agrees well
with the 0] transition of band X (Table 1). The vibrational
peaks in the X band are almost evenly spaced, but the
alternating intensities of the peaks suggest that two modes are
involved, with the frequency of one of the modes almost twice
that of the other mode. The geometry changes from A.1 to N.1
(Figure 3) suggest that the two Franck—Condon active modes
should be the Ir-B; stretching mode (v;=>529 cm™') and the
bending mode (v,=292 cm ™), as shown in Figure 4. There
should be a long bending progression off each stretching level.
However, the 47 transitions overlap with the stretching
transitions, thus resulting in the uneven vibrational profile.
The S values for all of the vibrational peaks are around 0.5

Angew. Chem. Int. Ed. 2019, 58, 88778881
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Isomer N.2
/Aézsilk\ \Jizsil/
v, (a,) 863cm™* v, (a)376 cm”

[900+10 cm?]  [370 %10 cm"]

Figure 4. Displacement vectors and computed vibrational frequencies
of the observed vibrational modes of isomers A.2, N.1, and N.2 (see
Figure 3). The values in brackets are the measured frequencies.

(see Figure S4), thus indicating that the outgoing wave has
some p character, which is consistent with the predicted
detachment from the HOMO orbital that involves the 5d
orbital of Ir (see Figure S6). The higher-binding-energy
features in Figure 1b can all be assigned using the TDDFT
results (Table 1). We can rule out isomer A.3 because none of
its calculated vibrational frequencies (see Table S2) match the
experimental values.

The 0) transition of band X' agrees well with the
calculated ADE for the tetrahedral isomer A.2 (Table 1).
The high-resolution spectra in Figure 2 yield accurate vibra-
tional frequencies. Two fundamental progressions for neutral
isomer N.2 can be assigned as the Ir-Bj; stretching mode
((3704+10) cm ') and B, breathing mode ((900 + 10) cm '), in
agreement with the structural changes from A.2 to N.2
(Figure 3). The measured frequencies agree well with the
calculated values (Figure 4). Furthermore, we were able to
estimate the corresponding vibrational frequencies for the
A.2 anion isomer, as compared with the computed values in
Figure 4. We can also assign several combination modes (see
Table S1) using the calculated frequencies (see Table S2).1""
The 0) peak of band X' has a 3 value approaching 2 at high
kinetic energies owing to the contribution of the 5d.. orbital
(see Figure S6), whereas nearly all peaks in Figure 2 have
negative 3 values owing to the interference of the outgoing
p +f wave (see Figure S4).1"! Figure 2c,d also shows that the
vibrational peaks involving the 1(1; transitions are significantly
enhanced, probably as a result of vibronic coupling.

We performed adaptive natural density partitioning
(AdNDP) analysis on the neutral species to elucidate the
chemical bonding in each isomer (Figure 5).*! The planar N.1
isomer consists of two 5d lone pairs and four two-center—two-
electron (2c-2e) bonds around the periphery from the B 2s
and Ir 5d,, orbitals (Figure 5b). There are also two 3c-2e
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Figure 5. Adaptive natural density partitioning (AdNDP) analysis for
isomers N.1 (b) and N.2 (c). The AANDP result of B;* (a) is given for
comparison. The solid and dashed boxes emphasize the 0 and &
bonds, respectively, in the two isomers of IrB; that are similar to those
in By (a).

bonds involving the B 2p and Ir 5d orbitals, as well as two 3c-
le bonds delocalized over the B; ring. The 3c-le m bond is
reminiscent of the 3c-2e bonds in B;* shown in Figure 5a for
comparison. The two 3c-1e single-electron bonds are similar
to the doubly aromatic ¢ and m bond in B;; the single-
electron bonds are consistent with lower stability of the planar
open-shell IrB; neutral cluster. It is expected that this isomer
would be more competitive in the closed-shell [IrB;]*~ system.

Our AdNDP analysis for the N.2 tetrahedral global
minimum (Figure 5c¢) reveals two 5d lone pairs and three
2c-2e Ir—B bonds. The three 3c-2e bonds mainly describe B—B
bonding (see Figure 5a for B;*) with contributions also from
the 5d,, or 5d,._. orbitals, as emphasized in Figure 5c. The 4c-
2e bond involves bonding between the Ir 6s orbital and the
nbond in B;*, thus preserving the m aromaticity in the
tetrahedral N.2 isomer. This optimal bonding between Ir and
the B; ring in the tetrahedral isomer underlies its considerable
stability on the neutral potential energy surface. Natural bond
orbital (NBO) charge analysis® on N2 gave Q(Ir)=
—0.394 e, which indicates, surprisingly, that charge is trans-
ferred from the B; unit to the metal. Therefore, isomer N.2
can be viewed approximately as (B;)"Ir~, which is the first
example of the coordination of a B;* cation to a negatively
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charged transition metal. The surprising direction of charge
transfer can be understood by the high electronegativity of
iridium (2.20) as compared to boron (2.04).?” The ionic
interaction provides further stabilization of the tetrahedral
isomer. Interestingly, the structures of the MB;™ clusters
depend on the nature of the interactions between M and B.
The strong Ta—B bonding results in a fanlike global minimum
for TaB; '™ whereas the relatively weak Au—B bonding
leads to a terminal Au—B bond in AuB; .'”" The Ir—B
bonding is between the Ta—B and Au—B bonding, thus
resulting in two nearly degenerate global minima with a side-
on Ir—(n?-B;) structure and a tetrahedral Ir—(1’-B;) structure.

In conclusion, we have reported a high-resolution photo-
electron imaging and computational study on the IrB;~
cluster. Photoelectron spectroscopy revealed the presence
of two isomers in the cluster beam of IrB;~. Two nearly
degenerate low-lying isomers, with a quasiplanar n>-B; moiety
coordinated to Ir and an 1’-B, tetrahedral structure, were
found computationally to compete for the global minimum in
the anion. The computed electron binding energies and
vibrational frequencies of these two isomers are in good
agreement with the experimental results. In the neutral
species, tetrahedral IrB; was found to be significantly more
stable than any other isomers. Chemical bonding analysis
revealed strong covalent bonding between Ir and Bj; in the
tetrahedral isomer, in which the aromaticity of the B; unit is
maintained. Surprisingly, it was further found that there is
a small amount of charge transfer from the B; unit to Ir in the
tetrahedral isomer. The current study discloses the smallest 7t-
aromatic system, B;*, stabilized by a negatively charged
transition metal, which may be viable for bulk synthesis with
suitable ligands.
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