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1. Introduction

Properties of gaseous closo-[BgXgl?~ dianions
(X = Cl, Br, D
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Electronic structure, collision-induced dissociation (CID) and bond properties of closo-[BgXgl®~ (X = Cl-I)
are investigated in direct comparison with their closo-[BX1o]2~ analogues. Photoelectron spectroscopy
(PES) and theoretical investigations reveal that [BgXgl?>~ dianions are electronically significantly less stable
than the corresponding [B;oX15]°~ species. Although [BgClgl?™ is slightly electronically unstable, [BgBrgl®~
and [Bglgl®~ are intrinsically stable dianions. Consistent with the trend in the electron detachment energy,
loss of an electron (e loss) is observed in CID of [BgXel2™ (X = CL, Br) but not for [Belel® ™. Halogenide loss
(X~ loss) is common for [BeXel®~ (X = Br, ) and [B1oX12]%~ (X = CL Br, I). Meanwhile, X® loss is only observed
for [ByoX12l°~ (X = Br, |) species. The calculated reaction enthalpies of the three competing dissociation
pathways (e~, X~ and X* loss) indicated a strong influence of kinetic factors on the observed fragmentation
patterns. The repulsive Coulomb barrier (RCB) determines the transition state for the e~ and X~ losses.
A significantly lower RCB for X~ loss than for e~ loss was found in both experimental and theoretical
investigations and can be rationalized by the recently introduced concept of electrophilic anions. The
positive reaction enthalpies for X~ losses are significantly lower for [BeXel2™ than for [BioXisl2~, while
enthalpies for X* losses are higher. These observations are consistent with a difference in bond character
of the B—X bonds in [BeXgl>~ and [B1oX12]°~. A complementary bonding analysis using QTAIM, NPA and
ELI-D based methods suggests that B—X bonds in [B12X12l>~ have a stronger covalent character than in
[BgXgl?~, in which X has a stronger halide character.

stabilize highly reactive cations."™ [By,(CN),]>~ is the most
electronically stable multiply charged anion (MCA) synthesized

Polyhedral closo-borate dianions with the general formula
[B.X,]>~ are among the most famous boron-based molecules.
The best explored derivatives are the closo-dodecaborate
dianions (n = 12) with exceptional physico-chemical properties.
As a weakly coordinating anion, [B;,Cl;,]>~ has been used to

“ Institut fiir Angewandte und Physikalische Chemie, Universitit Bremen,
Fachbereich 2-Biologie/Chemie, 28359 Bremen, Germany

b Physical Sciences Division, Pacific Northwest National Laboratory, Richland,
WA 99352, USA. E-mail: xuebin.wang@pnnl.gov

¢ Department of Chemistry, Purdue University, West Lafayette, IN 47907, USA

4 Anorganische Chemie, Fakultit fiir Mathematik und Naturwissenschaften,
Bergische Universitdt Wuppertal, 42119 Wuppertal, Germany

¢ Environmental Molecular Sciences Laboratory, Pacific Northwest National
Laboratory, Richland, WA 99352, USA

s Departement fiir Chemie und Biochemie, Universitdit Bern, 3012 Bern, Switzerland

¢ Wilhelm-Ostwald-Institut fiir Physikalische und Theoretische Chemie, Universitiit
Leipzig, 04103 Leipzig, Germany. E-mail: jonas.warneke@uni-leipzig.de

" Leibniz Institute of Surface Engineering (IOM), Permoserstrafle 15, 04318 Leipzig,
Germany

t Electronic supplementary information (ESI) available. See DOI: 10.1039/

d0cp02581j

This journal is © the Owner Societies 2020

so far®® and [By,1;,]>” belongs to the most chaotropic anions
known.’ Understanding interactions of the weakly coordinating
[B12X1,]*~ anions with different counterions,"*'°** solvent
molecules,"® coordinating neutral species,'* host molecules in
supramolecular complexes,’>™” and biomolecules'®'® is of
interest, for example, to boron neutron capture therapy,”®*'
stabilization of reactive cations in synthesis and catalysis,"*
battery science,* and non-linear optics.>" A systematic study of
the molecular properties of closo-[B,X,]>” dianions and their
dependence on the substituent X and scaffold size n constitutes
the scientific foundation for the rational design of closo-borate
anions for specific applications. Several computational studies
have investigated the electronic stability of [B;,Xi,]*  ions
dependent on the substituents X.***> Experimentally, the
intrinsic molecular properties of different closo-[B,X,,]>~ anions
can be studied in the gas phase, using electrospray ionization,
so that possible perturbation by the condensed phase environ-
ment is eliminated. Several gas phase studies have examined
the reactivity and electronic structure of [B;,X;,]*~ (X = H, F,
Cl, Br, I, CN),>?*% [B;X;1]* and [B1oX40]*~ (X = Cl, Br, 1)."°
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Fig. 1 Typical structures of closo-[BioX1o]2~ (left) and closo-[BeXel?™
anions (right) shown for X = Cl as an example. Distances between opposite
substituents and molecular point groups are shown (structural parameters
based on geometry optimization at PBEO-GD3BJ/aug-cc-pVTZ).

Much less is known about smaller closo-borate dianions.*
However, the chemistry of hexaborate dianions has recently
received a renewed interest’’ > and their salts have been
discussed in the context of hydrogen storage.***"

In this study, we explore the gas-phase ion properties of
hexaborate dianions (closo-[B¢Xc]> ). These ions may be regarded
as “half-weight” analogues of the well-explored and understood
[B12X1,]>~ dianions. Both [BeXs]*~ and [Bi,X;,]>~ are fully sym-
metric (all B and X atoms are chemically equivalent), see Fig. 1.
We investigate how electronic structure, stability, dissociation
pathways, and bond properties change when the number of
atoms in this dianion is reduced by half. We employ a combi-
nation of photoelectron spectroscopy (PES), collision induced
dissociation (CID), electronic structure calculations, and comple-
mentary bonding analyses to obtain a detailed understanding of
the properties of isolated [B¢Xc]>~ anions.

2. Experimental and
theoretical methodologies

2.1. Synthesis of hexaborate anions

Tetrabutylammonium (TBA) salts of the halogenated closo-
hexaborates [BuyNJ,[B¢Xs] (X = Cl, Br, I) were prepared from
Na,[BeH,]*® and the elemental halogens according to literature
procedures:*®

Chlorination. An ice-cold solution of NaOH (5 mol L)
saturated with Cl, is slowly added dropwise under stirring to
an alkaline solution of Na,[BsH] (200 mg) in water (100 ml).
The reaction is complete when no absorption can be detected
anymore in the BH stretching vibration range of the IR spec-
trum of a small sample precipitated as a tetrametylammonium
salt. Subsequent addition of an aqueous [Bu,N]Br (1 mol L™
solution yields a colorless, fluffy precipitate. Recrystallization
from dichloromethane/ether gives [BuyN],[B¢Cle] as crystalline
flakes.

Bromination. An orange-yellow solution of Br, in NaOH
(5 mol L") is added dropwise to an alkaline solution of
Na,[BsHg] (200 mg) in water (100 ml) at room temperature until
the reaction mixture shows a light yellow color. Addition of
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an aqueous [BuyNJBr solution (1 mol L™') precipitates
[Bu,N],[BeBrs], which is recrystallized from dichloromethane/
ether.

Iodination. A weakly alkaline solution of Na,[BsH] (200 mg)
in water (100 ml) is slowly added dropwise to an aqueous
solution of I,/Nal (5%) at room temperature. Care must be
taken to ensure that the mixture remains weakly alkaline by
simultaneously adding a dilute solution of NaOH. A permanent
yellow color indicates the completion of the reaction. The
precipitate [Bu,N],[Bels] is recrystallized from dichloromethane/
ether.

2.2. Photoelectron spectroscopy (PES) experiments

PES experiments were carried out using an instrument consisting
of an electrospray ionization source, a temperature-controlled
cryogenic ion trap, and a magnetic-bottle time-of-flight (TOF)
photoelectron spectrometer.’” A 1 mmol L™" acetonitrile solution
of each tetrabutylammonium (TBA) salt of [BeXc]>~ (X = Cl, Br, I)
was used for electrospray ionization to generate gaseous [BeXg]”~
ions. The electrospray conditions, i.e., the high voltage applied on
the electrospray needle, and the 1st skimmer voltage were tuned
and optimized in order to produce strong [B¢Xc]>~ beams. All ions
were guided into the ion trap, accumulated and cooled down
to temperatures of ~20 K by collisions with a cold buffer gas
(20% hydrogen, 80% helium) for 20-100 ms. The cooling of the
anions to 20 K improves the spectral energy resolution and
eliminates hot band peaks. The resulting cryogenic anions were
then transferred into the extraction zone of the TOF mass
spectrometer, mass selected, and decelerated to around 10 eV
before the photodetachment process was initiated with a laser
beam in the detachment zone. In the current study, three laser
photon energies of 7.866 eV (157 nm from a F, excimer laser),
6.424 eV (193 nm from an ArF excimer laser), and 4.661 eV
(266 nm from a Nd:YAG laser) were used. All lasers were operated
at a 20 Hz repetition rate with the ion beam turned off
at alternating laser shots to afford a shot-by-shot background
subtraction. The detached photoelectrons were collected with
~100% efficiency using the magnetic-bottle and analyzed in a
5.2 m long calibrated electron flight tube. The electron kinetic
energy spectrum was converted from the recorded photoelectron
TOF spectrum. The electron binding energy (EBE) spectrum was
obtained by subtracting the electron kinetic energy from the
energy of detaching photons. The energy resolution was about
2%, i.e., ~20 meV for 1 eV kinetic energy electrons.

2.3. Mass spectrometry and collision-induced dissociation
(cID)

Tetrabutylammonium salts of [BgXe]>~ (X = Cl, Br, I) were
dissolved in acetonitrile to a final concentration of
~107° mol L™". Each solution was injected through a fused
silica capillary (50 pm ID, 150 um OD) using a syringe
pump into the inlet of a mass spectrometer at a flow rate of
~0.5 uL min~'. Low-energy ion-trap CID experiments were
conducted on a Thermo LTQ XL (Thermo Fisher Scientific GmbH,
Bremen, Germany) ion trap mass spectrometer under the following
instrument conditions: electrospray voltage: —3 kV, capillary

This journal is © the Owner Societies 2020
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temperature: 200 °C, capillary voltage: —10 V, tube lens: —20V,
scan range: m/z 100-2000. Ion-trap CID experiments were
performed by isolating the ion of interest and subsequently
fragmenting it (MS> experiment) by applying a dipolar AC
voltage to one pair of the rods of the ion trap using helium
as a collision gas at a typical activation time of 30 ms. Ions with
a specific m/z value were isolated using: (1) a wide isolation
window of 10 m/z to include the natural broad isotopic pattern
of the precursor ion and identify the corresponding product
ions; (2) a narrow isolation window of 1 m/z to unambiguously
determine the mass of a neutral loss in a CID spectrum. Higher-
energy CID experiments were conducted on an Agilent 6560 IM
Q-TOF (Santa Clara, CA, USA) mass spectrometer under the
following instrument conditions: electrospray voltage: —4 kV,
capillary temperature: 325 °C, m/z range: 100-3200. Higher-
energy CID spectra were acquired using nitrogen as the collision
gas at a typical collision energy of 10 V.

2.4. Quantum chemical calculations

DFT modeling with the B3LYP**™*° and PBE1PBE*' (equivalent
to PBEO and therefore called PBEO in the following) hybrid
functionals and calculation of natural population analysis
(NPA)** charges was conducted with the Gaussian09, rev.
E.01,** and Gaussian16, rev. C.01,** software packages. DFT
modeling with PBEO for the vertical and adiabatic detachment
energy, CAM-B3LYP** and Hatree Fock (HF) calculations and
post-Hartree Fock calculations (see Table S1 in the ESIT) were
performed using the NWChem software.*® Geometry optimiza-
tions on DFT level were carried out employing the B3LYP/def2-
TZVPP* and PBEO/aug-cc-pVTZ*® methods with additional
dispersion corrections according to Grimme’s GD3 method
involving Becke-Johnson damping (GD3BJ).*>*° ECPs were
used to describe the core electrons of iodine. Subsequent
frequency analyses ensured that minima on the potential
energy surface were obtained by the absence of imaginary
frequencies. To confirm that the observed trends are not an
artifact of the use of ECPs for X = I, we additionally employed an
all-electron basis set (B3LYP-GD3BJ/6-311G**) for X = CI-I
(Table S2, ESIY).

The theoretical Vertical Detachment Energies (VDEs) were
calculated as energy differences between the singly charged
anion and the corresponding dianion, both at the dianion’s
optimized geometry. The theoretical Adiabatic Detachment
Energies (ADE) were determined by computing the energy
difference between the singly charged anion at its own opti-
mized geometry and the dianion at the dianion’s optimized
geometry. Zero-Point Energy (ZPE) corrections were computed
using the harmonic approximation.

Dissociation enthalpies for ionic or radical loss of a sub-
stituent X from [BeXq]*~ and [Bi,X;,]*~ were calculated by
subtracting the 0 K molecular enthalpy (i.e., zero-point vibra-
tional energy corrected electronic energy) of the dissociation
products from that of the intact parent ion which was addi-
tionally BSSE-corrected using the counterpoise method.”"*?
In some cases, additional calculations were performed on a
MP2, SCS-MP2** and SOS-MP2°* level to confirm that trends
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View Article Online

Paper

derived from DFT results are reproduced independent of the
calculational method.

The electrostatic potential (ESP) was evaluated from the
PBEO0-GD3BJ/aug-cc-pVTZ wavefunctions using either the cube-
gen utility of the Gaussian software package®*! to generate
three-dimensional cube files or the Multiwfn software package,
version 3.7>° for evaluation along a certain direction. The
electric field was derived from ESP cube files by differentiating
the data points numerically employing difference quotients.
The procedure is described in more detail in ref. 5 and 56. The
electric field is a vector quantity. Herein, we evaluated the
magnitude of the field with respect to a fixed position, which
was chosen to be the center of the boron scaffolds of the
investigated species.

We performed a complementary bonding analysis®” of the
B-X bonds of the [B¢Xs]>~ anions in direct comparison to their
[B1oX1,]>~ analogues based on the PBE0-GD3BJ/aug-cc-pVTZ
wavefunctions. Quantum Theory of Atoms in Molecules
(QTAIM)*® analyses and subsequent evaluation of electron-
density-related properties (e.g. Laplacian of the electron density,
total energy density H(r)) at the QTAIM bond critical points as well
as calculation of AIM charges were performed with the Multiwfn
software package version 3.7.>> The electron localizability indica-
tor (ELI-D)* was calculated using DGrid version 5.1.%° Grid files of
electron density and ELI-D were calculated with a step size of
0.1 Bohr. The ELI-D was topologically analyzed yielding electron-
pair basins. These ELI-D basins were cropped at an electron-
density iso-contour of 0.001 a.u. Integration of the electron density
was performed within the resulting basins to obtain the electron
population of the ELI-D basins N(ELI). The Raub-Jansen Index
RJI®* was as well calculated using DGrid version 5.1°° by deter-
mining the contribution to the electron density in the intersection
region of atomic QTAIM basins and ELI-D bond basins yielding a
measure for bond polarity.®*

3. Results and discussion

3.1. Electronic structure and stability

PES experiments provide insights into the electronic structure
and stability of dianions. Fig. 2 displays the molecular struc-
tures and photoelectron spectra of [B¢Cls]>”, [BeBrs]>~ and
[Belg]’~ anions. The vertical detachment energy (VDE) of each
dianion is determined from the maximum of the first spectral
band indicated by a dashed blue line. The adiabatic detach-
ment energy (ADE) is determined from the onset of the first
spectral band in each spectrum, as indicated by a dotted green
line in Fig. 2. Table 1 compares these experimental values with
the theoretical VDEs and ADEs calculated using the two DFT
functionals B3LYP and PBEO both employing the aug-cc-pVTZ
basis set. We note that more cost-demanding methods like MP2
and CCSD(T) do not improve the accuracy of the predicted VDE
and ADE values (see Table S1, ESIt). HF orbital energy levels
(eigenvalues) were calculated for the optimized geometry
obtained in PBEO calculations. These energy levels from HOMO
to HOMO—-5 are all triply degenerate and are denoted with
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Fig. 2 Photoelectron spectra of (a) closo-[BeClgl®>~, (b) closo-[BgBrel*~
and (c) closo-[Belel?~. Calculated orbital energy levels (HF/aug-cc-pVTZ)
are shown as black lines below the spectra. The calculated HOMO is
shifted in energy to the measured VDE, indicated by a dashed blue line.
The ADE is indicated by a dotted green line. Distinct spectral bands are
denoted with the labels A-D and T. On the left side of the spectra,
molecular structures are shown, and the B-X and B-B bond length are
given. HOMO isosurfaces can be found in Fig. S1 (ESIT).

Table1 Experimental (PES) and theoretically predicted ADEs and VDEs (in
eV) for the doubly charged closo-[BeXgl®>~. Theoretical methods: PBEQ/
aug-cc-pVTZ and B3LYP/aug-cc-pVTZ

ADE VDE
X Expt. PBEO B3LYP  Expt. PBEO B3LYP
F n.a. —1.88 —1.83 n.a. —1.29 —-1.22
Ccl  —0.05+0.05 —0.11 —0.09 0.25 + 0.10 0.28 0.32
Br 0.45 + 0.05 0.34 0.34 0.75 + 0.08 0.67 0.69
1 0.85 + 0.05 0.83 0.79 1.15 + 0.07 1.09 1.04

dashed black lines below the photoelectron spectra in Fig. 2.
All values are shifted by a constant (~+0.7 eV) so that the
HOMO matches the experimental VDE to compensate for the
deviation from Koopmans’ theorem.®*

Along the investigated halogen series, the theoretically
predicted electronic structures show a reasonable correlation
with the observed spectral bands. The first spectral band
(band A) is associated with the HOMO orbital. With increasing
halogen size, this orbital becomes lower in energy (more stable)
so that [Belg]*~ is the most electronically stable dianion in the
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series. For X = Cl, three clearly distinct spectral features labeled
B, C and D were observed at higher electron binding energies.
Band B may be associated with the HOMO—1. The HOMO—2
and —3 are lying closer in energy and account together for band
C. In the case of X = Cl, HOMO—4 and —5 have nearly the same
energy, resulting in an intense sharp band (band D). In contrast
to the HOMO energy, which becomes more negative from X = Cl
to I, the orbitals HOMO—1 to —5 increase in energy (less stable)
along the halogen series. This trend is in agreement with the
observed shift in the positions of B, C and D. We note that
comparison of the PES bands with HF energy levels can be used
to rationalize general trends in band positions across a series of
ions but cannot explain the fine structure and intensity. This
requires more sophisticated models, which take into account the
Jahn-Teller distortion, excited electronic states, and outgoing
electron intensity wave function matrix.%%*%*

The observed trend is well reflected in the contribution of
boron and halogen atomic orbitals (AOs) to the molecular
orbitals (MOs). The contributions of boron and halogen AOs
to the HOMO are: B: 64%, Cl: 36%; B: 56%, Br: 44%; B: 35%, I:
65%. For small halogens, the HOMO has a large boron atomic
orbital contribution. The overlap with halogen orbitals
increases with increase in the halogen size resulting in a
stabilization of the HOMO. In contrast to the HOMO, the
energy development of HOMO-1 to HOMO-5 is almost
exclusively determined by the halogen-free electron pairs, which
become more loosely bound along the halogen series.

The observed stabilization of the HOMO on going from the
lighter to the heavier halogens accompanied by a destabiliza-
tion of the lower lying orbitals (HOMO—1 to —5) is similar to
the trend reported for [B,X,]*~ n = 10-12.">?° The only excep-
tion from this trend was [By,1;,]*~ which was found to be less
electronically stable than [By,Bri,]>". The HOMOs in
[B12Cly,]*~ and [Bi,Bri,]*” are very stable and only a small
energy gap exists to the orbitals of the halogen’s free electron
pairs. Further stabilization of this orbital in the case of
[B121,]* results in an orbital energy below the highest lying
orbitals of the iodine free electron pairs. In the case of [B¢Xs]” ™,
the energy gap between the HOMO and the orbitals of the
halogen free electron pairs is much larger and is still present
for X = L. Therefore, electronic stability increases for [BXe]”*~
from X = Br to X = I in contrast to [B;,X;5]" .

[BeFs]>~ is experimentally unknown. In agreement with
previous computational investigations,®®® we calculated this
dianion to be electronically unstable, see Table 1. To the best of
our knowledge, gas phase electronic stabilities of [B¢Bre]*~ and
[Bsls]’~ have never been predicted in the literature, but these
ions are clearly shown here to be electronically stable. [BgClg]*~
represents a particularly interesting case because it is very
slightly electronically unstable (positive VDE but slightly nega-
tive ADE). The ability to observe the electronically unstable
[B¢Cle]*~ experimentally must result from the kinetic trapping
of the excess electron (similar behavior has been observed for
[Ceo]> ") due to the repulsive Coulomb barrier (RCB).*®

An additional band (T) near the photon energy limit is
observed exclusively in the PES spectrum of [B¢Cle]>~ (Fig. 2).
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Band T is the result of extremely low energy electrons which do
not originate from a direct photodetachment process. This can
be evidenced by measurements using different laser energies.®’
The energy of direct photoelectrons is dependent on the laser
energy, while the kinetic energy of electrons originating from
indirect detachment processes are usually not affected. Fig. S2
(ESIT) shows spectra for three different laser energies and
additional information is given. We assume that the electronic
excitation due to broad UV absorption bands (which can occur
as a competing process to direct photodetachment) populates
the electronically excited states of the dianion. These excited
states have finite lifetimes allowing either coupling with the
ionization continuum or internal conversion leading to emission
from the hot ground state.*”°

3.2. Collision-induced dissociation

CID experiments provide insights into the stability of dianions
towards fragmentation, which is correlated to their electronic
stability discussed earlier. Three different dissociation path-
ways of dianions in the gas phase are observed. These include
(i) electron detachment, (ii) fragmentation into two singly-
charged anions, and (iii) loss of a neutral fragment.”' For
[B.X.]>~ (n = 6, 12, X = Cl, Br, I), reaction pathway (ii) is
exclusively observed as a X~ loss and pathway (iii) as a radical
loss of X*, see Scheme 1.

Fig. 3(a) shows low-energy CID spectra of [B¢Xc]>™ (X = Cl,
Br, I) obtained on an ion trap mass spectrometer. The corres-
ponding low-energy CID spectra of [B;,X;,]*~ ions are shown in
Fig. 3(b). The competition between the dissociation pathways of
both [BeXe]’~ and [B1,X1,]”~ dianions is strongly dependent on
the halogen atom. Specifically, we observe an exclusive loss of
electron (e~ loss) for [B¢Cle]*~, both e~ loss and Br~ loss for
[BeBrs]*, and exclusive I loss for [Bels|* . Although e loss is a
dominant pathway for [BgXs]*, it is not observed for [B;,X1,]*~
(X = CI-I) dianions. However, it was observed for X = F.”’
In contrast, X loss is observed for all [B;,Xi,]*>” species.
In addition, a competing X* loss is observed for [B;,Br;,]*~
and becomes the dominant reaction channel for [B;,1;,]* .

Fig. 3(c) shows a comparison of the calculated 0 K enthalpies
of the three reaction pathways for [B¢Xs]”~ and [B1,X1]* : €7,
X~ and X* loss. To visualize the uncertainties of the computa-
tional method, we show ranges derived from B3LYP and PBEO
calculations both employing the aug-cc-pVTZ basis set. The
calculated ranges of experimentally observed reactions are
denoted with end-capped markers. Ranges of non-observed
reactions are denoted with markers without endcaps. ADEs
derived from PES (see Section 3.1) are included as crosses.

BX L B.x, -0 X B x
Gty [ -x
B, X,11*

Scheme 1 The three competing reaction pathways of closo-[B,X,1°~.
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In the following, we will rationalize the competition between
the three pathways in the context of the calculated enthalpies
and estimated heights of reverse activation barriers.

We start by discussing the competition between the two
charge separation pathways: e~ loss and X  loss. Electron
detachment is by far more thermochemically favorable for
[BeXs]*~ than for [B1,Xy,]”~, which is consistent with the lower
electronic stability of [B¢X]>~ as discussed in Section 3.1. For
[BeXc]?~ dianions, the enthalpy of the e~ loss increases
(becomes less favorable) with an increase in the size of the
halogen atom. The relative yield of the e~ loss pathway
observed in CID is consistent with the calculated increase in
enthalpy. However, it is remarkable that [Bels|*~ and [B1,Cly,]*~
show exclusive X~ loss although the 0 K enthalpy for e™ loss is
calculated to be very similar using DFT (see Fig. 3(c)).
We confirmed with MP2, SCS-MP2 and SOS-MP2 calculations
that the enthalpy for X~ loss is not more favorable than for e™
loss (see Table S4, ESIt). Furthermore, although the reaction
enthalpy of the e~ loss from [B¢Bre]*~ is more favorable than for
X~ loss by 41-75 kJ mol " (estimated based on PBE0-GD3BJ/
aug-cc-pVTZ and B3LYP-GD3BJ/aug-cc-pVTZ), both channels
are observed for this precursor ion. Thermochemistry appears
not to be the only factor that determines the competition
between the dissociation pathways. Dissociation of multiply
charged anions in the gas phase is usually influenced by
the RCB, which determines the barrier for both X~ and e loss.
These results indicate that X~ loss from [B,X,,]>” ions may be a
kinetically favored pathway (smaller RCB) in comparison with
e loss.

Comparison of low- and higher-energy CID of [B¢Br]*~
shown in Fig. 4(a) and (b) provides interesting insights into
the competition between the Br™~ loss and e loss, respectively.
The branching ratio of the e loss to Br~ loss pathways changes
from ~5 in the low-energy CID spectrum (Fig. 4(a)) to ~0.1 in
the higher-energy CID spectrum (Fig. 4(b)). Fig. 4(c) shows a
schematic drawing of the potential energy surface, which
rationalizes this observation. It is well-established that low-
energy CID favors fragmentation pathways with energetically
low-lying transition states (TS). The higher abundance of the e
loss product [B¢Brg]*~ in comparison with [B¢Brs]™ in the low-
energy CID spectrum (Fig. 4(a)) indicates that the TS for the
e~ loss (TS1) is lower in energy than the TS for the Br~ loss
(TS2). However, considering that Br~ loss is still observed in the
spectrum, we expect the difference between TS1 and TS2 to be
small (within several k] mol™") and considerably smaller than
the difference between the reaction enthalpies (41-75 kJ mol ).
Therefore, the reverse activation barrier, which is dominated by
the RCB for charge separation reactions, appears to be substan-
tially smaller for Br~ loss than for e~ loss (RCB2 < RCB1).

This assertion is further supported by higher-energy
CID experiments shown in Fig. 4(b), in which [B¢Brs]™ is the
dominant fragment and [B¢Brg]*~ is a minor product. Kineti-
cally favored fragmentation pathways often become dominant
in higher-energy CID experiments due to the relatively high
internal energies accessible in these experiments. The drastic
difference in the [B¢Brg] /[B¢Brs]” branching ratio observed in
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drawing of the potential energy surface, which is consistent with the CID spectra, showing the relative energies of the products and transition states for

the competing e~ and Br~ losses from [BgBrel?~.

low-energy and higher-energy CID suggests that although the
energy of TS1 is lower than that of TS2, the formation of the
[BeBrs]” fragment is entropically more favorable than the e~
loss pathway. An entropically-preferred TS is usually associated
with a smaller reverse activation barrier (here smaller RCB).
As a result, at higher internal energies, Br~ loss becomes the
dominant dissociation channel. Based on these experimental
findings, we propose that the Br  loss has a considerably
smaller RCB than the e loss channel. The difference between
the heights of the RCBs is expected to be close to the enthalpy
difference of e~ and X loss (41-75 k] mol ') resulting in
comparable energies of TS1 and TS2. In the following, we
rationalize this finding using PES and different computational
methods.

Although it is not possible for us to determine the RCB for
the Br~ loss experimentally, the magnitude of the RCB for

17718 | Phys. Chem. Chem. Phys., 2020, 22,17713-17724

e~ loss can be estimated by comparing photoelectron spectra
measured at different laser energies (Ey). Photoelectron spectra
of closo-[BgBrs]>” measured at 193 nm (Ey = 6.4eV) and 157 nm
(Ey = 7.9eV) are shown in Fig. 5. It is established that the
presence of an RCB suppresses spectral bands at binding
energies larger than (E;, — RCB).”> Note that a higher binding
energy (x-axis) correlates with a lower kinetic energy of the
detected electrons. Electrons with extremely low kinetic energy
cannot overcome the RCB which leads to signal suppression at
high binding energies. Electrons with kinetic energies only
slightly below the barrier height may tunnel through the
RCB, which results in partial signal suppression. Three areas
are marked in the 193 nm spectrum in Fig. 5. A complete signal
suppression occurs for bands between 4.9 and 6.5 €V binding
energy (region I). The intense signal at 4.5 eV in the 157 nm
spectrum is visible in the 193 nm spectrum but is partially
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Fig. 5 Photoelectron spectra of closo-[BgBrel>~ at two different laser

wavelengths (193 nm and 157 nm). The comparison exemplifies suppres-
sion effects of spectral bands due to the RCB. For details, see text.

suppressed, meaning that the kinetic energy of electrons in this
region of the PES spectrum is close to but still below the RCB
height (region II). No considerable change in the signal is
observed below 4.2 eV (region IV), meaning that the corres-
ponding photoelectrons are not affected by the RCB. Since no
significant band between 4.2 and 4.5 eV is present (region III,
corresponding to 2.0-2.3 eV kinetic energy at 193 nm), this
region determines the uncertainty of the experimental value.
Therefore, based on the signal suppression in the PE spectra,
we estimate that the height of the RCB for electron loss from
[B¢Brg]*~ is in the range of 2.0 eV to 2.3 eV. A list of the heights
of RCBs estimated based on the observed suppression of the
electron loss from [BeXs]*~ and [By,X;,]*~ (X = Cl, Br, I) at
different laser wavelengths is shown in Table S5 (ESIt) and the
corresponding spectra for [B¢Xs]>~ are shown in Fig. S3 (ESIT).

For a theoretical evaluation of the RCB height, we calculated
the potential energy of a negative test charge based on the
electrostatic potential (ESP) of [B¢Brs] . The ESP was calculated
along three different possible detaching directions: through the
middle of the B-B bond, through the middle of the B-triangle
and along the B-X bond. The results for the three different
pathways are visualized in Fig. S4 (ESIT). The lowest barrier for
electron detachment of 2.5 eV is found along the B-X bond. The
calculated barrier is slightly higher than the RCB estimated
from suppression effects in photoelectron spectra (2.0-2.3 eV).
Because the polarizability of the ion is not taken into account,
RCB calculations based on the ESP typically overestimate the
barrier height.

For comparison, we calculated the ESP of [B¢Br;|  along the
direction of the Br~ detachment. The energies of the negative
test charge along the detachment pathways for [B¢Brs|  and
[BeBrs] are shown in Fig. 6(a). Although [B¢Brs] ™ and [B¢Bre]
have the same total charge, the electrostatic barrier is
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[BeBrsl~ (bottom). Green areas mark regions of repulsion (black: strong
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regions of attraction. Quantitative details of the color coding can be found
in Fig. S5 (ESI). The arrows mark the direction of e /Br~ loss.

substantially smaller for [B¢Brs]~ than for [B¢Bre] . The origin
of this effect lies in the unusual charge distribution in the
[B¢Brs]™ ions. A [B,X,_;]” ion possesses a vacant boron atom.
Although the total charge of the ion is negative, this vacant
boron exhibits a significant positive partial charge. NPA
indicates that the atomic charge on the vacant boron atom is
+0.4 e for [BeBrs]”. This unusual phenomenon has been
previously reported for [B;,X;;]” ions which are highly reactive
and have been classified as “superelectrophilic anions”.”®>°

In order to examine differences in the charge distributions
of [BeBrs]  and [B¢Brs], we calculated the electric fields
outside the molecular surfaces of these ions by taking the first
derivative of the ESP. The results of these calculations are
shown in Fig. 6(b). Green areas represent repulsion of a
negative particle, while red areas show attraction. Similar to
[B12X41]™ ions, [BeBrs]™ is an electrophilic anion, in which a
partial positive charge is localized on the vacant boron atom.
In contrast, the electric field around the [B¢Brg]™ ion is purely
repulsive. The positive charge at the binding site of [B¢Brs]~
substantially lowers the barrier for a negative particle.

The simple electrostatic model based on ESPs suggests that
RCB2 as introduced in Fig. 4 is by 0.4 eV (= 39 k] mol ") smaller
than RCB1 (Fig. 6(a)). For a more sophisticated calculation of
RCB2, we performed a “relaxed scan” (optimization of the
[BeBrs| -Br geometry for a fixed B-Br bond length). As shown
in Fig. 6(a), the height of RCB2 was calculated to be 1.6 eV by
this method. Therefore, including structural relaxation and
polarization effects in the calculation lowers the calculated
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barrier height by additional 0.4 eV compared to the simple
ESP-based model. Note that the experimentally determined
RCB1 (Fig. 5(a)) was 2.0-2.3 eV. Therefore, we can estimate
RCB1-RCB2 to lie in the range of 0.4-0.7 eV (= 39-67 k] mol %),
which is consistent with the assertion that TS2 and TS1 are
lying close in energy (compare Fig. 4(c)).

Collectively, both the experimental and theoretical results
discussed earlier confirm that the competition between the
charge separation pathways (e~ vs. X loss) is adequately
described by the potential energy surface shown in Fig. 4(c).
Furthermore, theoretical calculations rationalize the observed
kinetic preference for the X~ loss from [B,X,,]>~ over the e loss.
Although the reverse activation barrier for the charge separa-
tion pathways is dominated by electrostatics and both frag-
ments ([B,X,]*” and [B,X,_4] ) are singly charged, the positive
site within [B,X, 1] is responsible for a substantially smaller
RCB. Furthermore, our results show for the first time that
similar to [By,X;,]*, smaller [BgXc]*~ species are precursors
for “electrophilic anions” generated by abstraction of a
negative substituent, X~, from the dianion.

According to the calculated reaction enthalpies shown in
Fig. 3(c), loss of X* observed in competition with the charge
separation pathways is thermodynamically the least favorable
reaction channel. However, for [B;,1;,]* ", I* loss is the domi-
nant pathway observed experimentally. Furthermore, although
the enthalpy for Br~ loss from [By,Bry,]> is 200-215 kJ mol
lower than the enthalpy for Br® loss, the products of Br® and
Br~ loss are both observed in comparable abundances. While
fragmentation into two singly-charged ions is hindered by the
RCB, fragmentation of [B,X,]”” into [B,X,_1]*"* and X* is the
reverse of a radical-radical recombination, which usually has
no or a very small barrier. Efficient competition of the thermo-
chemically unfavorable X* loss with the more favorable charge
separation pathways becomes possible if the enthalpy differ-
ence between X* and X~ losses is comparable to the height of
the RCB. For all [B¢X,]*~ ions, 0 K enthalpy differences between
X* and X~ loss are 4.1-4.3 eV (X = Cl) to 3.3-3.4 eV (X = I). These
values are much larger than the estimated RCBs (see Fig. 6(a)
and Table S5, ESIt). As a result, X* loss from [BeXe]’~ cannot
compete with charge separation pathways. The larger difference
between X* and X~ loss is a result of both an enthalpically
preferred X~ loss and a less preferred X* loss compared to
[B12X1]*~, see Fig. 3(c). Structural relaxation of the fragment
ions generated by X* and X~ loss may contribute to the reac-
tion enthalpies. However, the calculated relaxation energies
(Table S6, ESIt) are very small indicating that structural relaxa-
tion is not a dominant factor in determining the enthalpies of
X* and X losses. An intrinsic difference in the nature of the
B-X bond in [B¢Xs]*~ and [B1,X;,]*~ may play a role, which we
evaluate in Section 3.3.

3.3. Complementary bonding analysis of the B-X bond

Table 2 summarizes the calculated properties of the B-X bonds
in [BeXe]”~ and [ByXy,]*~ for X = CI-I. The B-Cl bond in
[B6Cls]>~ is slightly longer than in [B;,Cl;,]>~. However, with
increasing halogen size, the increase in the B-X bond length is
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Table 2 B-X bond properties based on PBEO-GD3BJ/aug-cc-pVTZ wave
functions. For RJI, the value stated corresponds to the percentage of
electrons in the intersection region of atomic QTAIM basin and ELI-D bond
basin assigned to the halogen atom

Property [BeCls]”™ [B12Clio]>™ [BeBre]’™ [B12Briz]*~ [Bele)”™ [Bialio]*™

d/A 1.818 1.793 1.967 1.949 2.178 2.176
) 0.66 0.66 0.72 0.73 0.86  0.93
Qamv(X)/e —0.80  —0.72 -0.72 —0.62 —0.51 —0.30
Onpa(X)/e —0.25  —0.14 —-0.19  —0.06 —0.08 +0.08
N (ELD)/e 1.55 1.55 1.55 1.61 1.33 1.40
RJ1/% 88.5 85.7 84.1 79.6 62.7 510

larger for [B,X1,]*>". The B-I bond lengths of [By,1;,]*>” and
[Bele]*~ anions are almost equal. This may be rationalized by
steric effects between the substituents X which may be more
pronounced in [B;,X1,]>” than in [B¢Xe]> . For more informa-
tion on the bond character, we employed different methods of
bonding analysis based on PBE0-GD3B]J/aug-cc-pVIZ wave-
functions. Table 2 lists the values which we consider most
relevant to the comparison of the efficiency of X~ and X* loss
from the dianions. A comprehensive table showing additional
parameters related to bond critical point (bcp) properties can
be found in Table S7 (ESIf). We also show that the observed
trends are largely independent of the level of theory by showing
the results for the same descriptors but obtained using B3LYP-
GD3B]J/def2-TZVPP wavefunctions (Tables S8 and S9, ESIT).

Quantum theory of atoms in molecules (QTAIM) describes
the properties of chemical bonds by means of a topological
analysis of the electron density. The delocalization index ¢ is
derived by integration over the exchange density in the two
analyzed atomic QTAIM basins and is usually interpreted as the
number of electron pairs delocalized between two atoms, i.e. as
a covalent bond order.”® With increasing halogen size the value
of J increases, the negative atomic charges Qany of the halogens
decrease. This points to an increase in the covalent bond
character and a decrease in the halide character from X = Cl
to L. For a given halogen, J of [B;,X1,]*~ has a larger or the same
value than [B¢Xs]>~ and Qapy of the halogens is more negative
for [B¢Xs]”~. This analysis suggests that the B-X bonds have
more halide character in the [BgXs]”~ clusters and a stronger
covalent character in [B,X5]* .

To confirm this assertion, we use methods complementary
to the QTAIM analysis. NPA charges are often considered to be
the most chemically meaningful calculated atomic charges.*?
Although absolute numbers of Qupa differ considerably from
the determined Qapv values, the general trend along the series
is consistent and it can be concluded that the halogens
in [BeXe]’™ carry a larger negative charge than in [By,Xy,] .
This difference is more pronounced for larger halogens. As a
complementary measure of the covalent bond strength, we
integrated the electron density over the electron localizability
indicator (ELI-D) bond basins (N (ELI)).>® Similar to the §
values, slightly higher values for [By,X;,]*~ than for [BeXe]*™
confirm a stronger covalent bond character in the former case.
The Raub-Jansen index (R]JI) uses the intersections of ELI-D
bond basins and QTAIM based electron density basins to
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quantify bond polarity.®" A value larger than 50% shows a
polarization toward the halogen atom of the B-X bond. The
calculated RJIs for B-X bonds in [B;;Xy,]>” and [BeXe]*~
(Table 2) are in full agreement with the discussed trends. They
show that the electron density of the bonding electrons is
heavily shifted towards the halogen atom. The value decreases
from X = Cl to I and for a given halogen, and it is always larger
for [BeXe]” ™

The absolute values for J, N (ELI) and RJI are very similar for
a given halogen, as it would be expected for B-X bonds in very
similar environments. However, the slight differences shown in
Table 2 consistently show that the electron density in the B-X
bond is more polarized towards the halogen in [B¢X,]*~ than in
[B12Xy,]*". The higher intrinsic halide character of X in [BeXe]*~
rationalizes advantages for a heterolytic cleavage (X~ loss) and
disadvantages for homolytic cleavage (X* loss) in comparison to
a less polar and more covalent B-X bonds in [B1,X5]”".

4. Conclusion

We investigated the properties of isolated closo-[B¢Xs]’~ dianions
using PES, CID and a variety of computational methods. Our
results clarify that [B¢Cls]’~ is unstable against electron auto-
detachment, while [B¢Bre]>~ and [Bels]>~ are intrinsically stable
dianions with low second electron binding energies in the range
of 0.4-0.5 eV (X = Br) and 0.8-0.9 eV (X = I), respectively. The low
electronic stability is reflected in the observed fragmentation
pathways of [B¢Xs]>~ with e~ loss being the dominant dissociation
channel for X = Cl, Br. Meanwhile, X loss is observed for X = Br, 1.
In contrast, the electronically more stable [BlZXu]Z’ shows X~
loss (X = Cl, Br, I) and X* loss (X = Br, I). Although the enthalpies of
X~ and e~ losses are calculated to be similar for [B¢Bre]* ™, [Bels]” ™
and [B12C112]27, a preferred loss of X~ from these ions was
observed experimentally. The RCB (= the reverse activation
barrier) for X~ loss is considerably lower than for e~ loss
indicating that X~ loss is a kinetically preferred pathway. The
origin of this difference in the magnitude of the RCB is
attributed to the charge distribution within [B,X, 1]~
Although the ion has a net negative charge, the vacant boron
atom possesses a strong positive partial charge. The presence of
such strongly electrophilic centers is known for [B;,X;,]” but
evidenced here for the first time for a smaller closo-borate
anion. Observation of an enthalpically unfavorable X*® loss from
[B12Bri,]* and [Bi,1;,]*” can be explained by the absence of a
significant barrier for this reaction channel. In general, 0 K
enthalpies for X~ loss were found to be smaller for [BeXe]*~
than for [B;,X1,]*". In contrast, X* losses are more favorable for
[B12X1,]*~ than for [BgXe]”~. This is rationalized by a stronger
polarization of the B-X bond, which results in a smaller
covalent bond order and a larger halide character of X in
[BeX¢]>~ in comparison with [B;,X;,]*". Future studies will
examine closo-halogenohexaborates containing a mixture of
halogen ligands’* to gain additional insights into the effect of
heteroleptic ligands attached to the B¢ boron scaffold on the
electronic stability and fragmentation of the dianion.

ions.
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The results reported in this study deepen our understanding
of the chemical and physical properties of [B,X,]”~ anions as a
function of size and halogen atom. In addition, we introduce
the smallest known electrophilic anion, [B¢Xs] , confirming
that the concept of electrophilic anions extends beyond the
[B12X11] species described in previous studies. The formation
of the electrophilic anion lowers the RCB for the X loss
making this reaction pathway kinetically favored over the more
thermochemically favorable e~ loss pathway.
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