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Mass selected slow photoelectron spectra (SPES) of three boron-containing reactive species, BH,, BH, and BF were recorded
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by double imaging photoion-photoelectron coincidence spectroscopy (i2PEPICO) using synchrotron radiation. All species
were generated in a flow reactor from the H-abstraction of B,Hg by F atoms created in a F, microwave discharge. The

spectrum of BHZ" exhibits a long bending mode progression with a 970 cm™* spacing due to the large geometry change from

bent to linear upon ionization. Its ionization energy was determined as 8.12 £ 0.02 ev. For BH, photoionisation from both

X'Z*singlet and a3M triplet state was observed, permitting the experimental determination of the singlet/triplet gap (AEsy)

from the observed IE’s of 9.82 eV and 8.48 eV. In addition, a threshold photoelectron spectrum of BF was recorded, which

leads to an IE of 11.11 eV and an improved value for VEF of 1690 cm™. All spectra were simulated by calculating Franck-

Condon factors from optimised structures based on quantum chemical calculations.

A Introduction

Boron-containing reactive species such as B-X (borylenes) and
X-B-Y appear as intermediates in a variety of applications,
including chemical vapor deposition (CVD) of boron carbide and
nitride, 2 production of boron-containing films,3 and doping of
Furthermore, boron compounds are of
fundamental interest in inorganic chemistry, because they are
electron-deficient and lack an octet of electrons around the B
atom. This led to the discovery of unusual bonding motives as
well as unique reactivities.> Detailed spectroscopic studies on

semiconductors.*

reactive boron compounds, which improve our knowledge on
the bonding of these species and can aid in their detection in
reactive environments, are still scarce. In the present work, we
report mass-selected photoelectron spectra of the free radical
BH,, and the two borylenes B-H and B-F, using synchrotron
radiation and double imaging photoelectron/photoion
coincidence (i?PEPICO) spectroscopy.® The spectra are also
simulated with the aid of quantum chemical calculations. All
species were generated via H-abstraction from B,Hg by fluorine
atoms created in a microwave discharge. The combination of
this technique with photoionization was pioneered by Dyke and
coworkers’? and by Ruscic and Berkowitz'%12, The latter also

recorded first photoionisation mass spectra of BH,
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compounds.’> 13 |n the present experiments, due to the
photoion mass-selection in PEPICO, mass-selected slow
photoelectron spectra (ms-SPES) as well as threshold
photoelectron spectra (ms-TPES) are recorded. They are not
perturbed by possible side products, in contrast to conventional
photoelectron spectroscopy and permit to study reactive
species ranging from carbon-containing free radicals!*2° to
carbenes,?! biradicals?22> and reactive boron compounds.24 26
27 In recent years PEPICO has also evolved as a reliable analytical
tool to detect elusive intermediates in reactive environments
such as model flames?®, catalytic reactors?® or in kinetic
experiments.30 31

In its ground electronic state (X?A;) BH, is a bent, near prolate
asymmetric top (C,,) with bond angle ~129°, while in the first
excited state (A2M,) it is linear (D..;) with slightly shorter B-H
bonds.3234 With only seven electrons, BH, is an attractive
system for high-level
numerous reports on the potential energy surfaces, including
rovibronic constants and predictions of the energy barrier to
linearity.33-37 In the first spectroscopic study of BH,, Herzberg
and Johns assigned the bands in spectral region between 11500
cm?® and 15400 cm? as 25! vibronic bending mode
transitions.3® Detailed ab studies corrected this
assignment and predicted the origin to be at 4203.9 cm.3337
With Laser-induced fluorescence (LIF) and stimulated emission
experiments, Tarroni et al. determined the rovibronic energy
levels of BH, in both ground and first excited state and
computed the potential energy surfaces at the CCSD(T)/aug-cc-
pV5Z level of theory.33 34 In contrast, very few studies deal with
the ionization of the molecule. The ionization energy (IE) of BH,
was first reported by Fehlner and Koski as 9.8 £ 0.2 eV from
pyrolysis of diborane, using electron impact mass
spectrometry.3® On the other hand a value of 9.37 eV was

calculations and hence there are

initio
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indirectly extracted from mass spectra.*® Curtiss and Pople
calculated a linear geometry for the cation and predicted an IE
of 8.18 eV as well as vibrational frequencies of BH3 41
However, no vibrationally resolved spectra have been reported
for BH3', although the molecule is a textbook case for
molecular orbital theory.

Compared to BH,, the two borylenes BH and BF have been
experimentally studied in more detail.*?®1 BH has a singlet
electronic ground state, (X 1Z*) with a vibrational wavenumber
of 2366.73 cm™1.52 Fernando and Bernath determined the 09
transition between ground and first excited singlet state at
23073.97 cm and observed a lower vibrational wavenumber of
2251.46 cm™ in the corresponding S; state.>® The rotationally
resolved emission spectrum between the two lowest triplet
states (b3X2 7 — a3M) of BH was measured by Brazier, who
reported an energy difference between these two states of
27059.3 cm and a B-H bond length elongation of ~0.03 A in the
b-state.>> The IE of singlet BH was determined as 79120.3 cm™
(9.81033 eV) by Grant and co-workers via Rydberg
extrapolation and the value of w¢" was determined as 2526.58
cm1.>7 Brazier also estimated a singlet-triplet gap AEsr of 10410
+ 300 cm! by predicting dissociation limits of both states from
extrapolated potential energy curves, calculated from
experimentally observed spectra,®® but no direct experimental
values of AEgt are available.

In the case of BF, apart from the ground (X'Z + ) and first excited
singlet (A1) and triplet (aM) states, all higher electronic states
are Rydberg-type.>® 61 The Al state is located 51088.66 cm™
above the ground state,*> >° while the AEsr is reported to be
29105.8 cm™.%8 For BF*, Canton and Douglas determined an IE
of 11.115+0.004 eV and a vibrational wavenumber of 1680 cm™!
by Rydberg extrapolation.*> The IE value was close to the one
measured by Hildenbrand (11.06 * 0.1 eV) using electron
impact mass spectrometry.*® Dyke et.al reported an IE of 11.12
+ 0.01 eV and determined v as 1765 * 20 cm! from the
observed vibrational progression in the PES.*® The authors also
explained the shortening of B-F bond upon ionization by
considering the ionic nature and charge separation of the B-F
bond. Accurate potential energy curves and spectroscopic
constants for both BF and BF* have been reported using high-
level theory, including multireference variational and single
reference coupled-cluster method.>®

B1 Experimental

Experiments were carried out using the DELICIOUS 3 double-
imaging photoelectron/ photoion coincidence (i2PEPICO)
spectrometer of the DESIRS VUV undulator beamline located at
the French national synchrotron radiation facility SOLEIL (Gif-
sur-Yvette, France).®® BH,, BH, and BF were produced via
reactions of B,Hg with fluorine atoms generated in a microwave
discharge of F, (~“5%) diluted in He. The detailed setup was
described elsewhere.?* % |n brief, commercially available
diluted B,Hg (0.5% in Ar) was introduced in a flow reactor
through a quartz injector tube, which can slide into the reactor
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tube. The generated F atoms were fed through a side arm
attached directly with the reactor. All gas flows were controlled
by mass flow controllers and the pressure inside the reactor
tube was 0.7-0.8 mbar. Inside the flow tube, F atoms abstract H
from B,Hg and produce a variety of reaction products, which
were subsequently analysed in the attached PEPICO
spectrometer. The driving force for the H-abstraction is the
large heat of formation of the reaction product, HF (AH°= -
273.3 k)l mol1).%> After leaving the reactor, the gas mixture was
expanded through a 1 mm Teflon skimmer into a differentially
pumped chamber (few 10 mbar), and through a second
skimmer (f = 1 mm) into the ionization chamber (p~10-8 mbar).
Synchrotron radiation with a narrow bandwidth was selected by
a 6.65 m normal incidence monochromator with a 200 g/mm
SiC grating and focused onto a 200/200 um (H/V) spot at the
ionization region. The entrance and exit slits were set for a
resolution of around 5 meV at the working energy range. A gas
filter filled with 0.25 mbar Ar cut off the higher-order radiation
from the undulator ensuring spectral purity. The wavelength
was calibrated using the atomic lines of Kr and the IE of atomic
B. The photon energy was scanned in 5 meV steps, and the data
were accumulated for 180-240 s at each point, depending upon
the signal intensity of the species of interest. Threshold
photoelectron spectra were obtained by selecting electrons
with a kinetic energy of up to 10 meV. A slow photoelectron
spectrum (SPES) was obtained from the full 2D map (electron
kinetic energy vs. photon energy) by the procedure described in
reference 6. Electrons with kinetic energies of up to 50 meV
leading to the same final ionic state were included in the SPES.
While the resolution is slightly lower compared to TPES, SPES
often offers a superior signal/noise ratio, hence is preferable for
small signals.

B2 Theoretical

Geometry optimizations followed by calculations of harmonic
frequencies in both neutral and cationic states were performed
at the CBS-QB3 composite level using the Gaussian 09 program
package.®” Adiabatic ionization energies (IE) were calculated
from the differences between the computed zero-point
energies of the neutral and cation. Photoelectron spectra were
simulated by calculating Franck-Condon (FC) factors between
optimized structures using the PGOPHER program, which
includes Duschinsky rotation.®® Although the generated species
were thermally not fully equilibrated as will be discussed below,
simulations were performed assuming a vibrational
temperature of 300 K, which yielded the best match with the
experimental spectra. Calculated stick spectra are convoluted
by Gaussian functions with a full width at half maximum
(FWHM) of 0.025 eV.

C Results and discussion

Mass Spectra

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1 Normalized mass spectra integrated over the photon energy range
specified at each trace, are indicative about the species present in the reactor.
The apparent ambiguities in the assignment of the mass peaks can be resolved
by considering the 4:1 relative abundance ratio of !B and °B isotopes.

Figure 1 depicts the mass spectra integrated over three
different photon energy ranges. The different mass peaks
indicate reactive intermediates, which were generated in the
reactor tube and ionisable in the specified energy range. The
abstraction of different numbers of H atoms from the precursor
B,Hg by F atoms leads to the formation of various B4H, species
along with BF and HBF. Two isotopes of B (!B and 1°B) with a
relative abundance of 4:1 make the spectra apparently
congested, but the predictable intensity ratio aids in the
spectral assignments. Mass peaks around 11 and 25 amu are
mainly due to atomic boron, BH, and B,H, type of species. The
peaks at 30 and 31 amu result from 'BF, H1°BF, and H''BF. The
mass spectrum in the bottom trace c) indicates that HBF is the
dominant species in this energy range. In traces a) and b), the
mass peaks mainly arise from B,H, species. The SPES spectrum
of the most prominent one, the biradical diborene has been
reported recently.?* Due to its IE of 11.12 eV, BF is only present
at the highest photon energies, cf. trace a). There are some
apparent ambiguities present for assigning the mass peaks at
11, 12 and 30 amu as there are always two possibilities for the
carrier of the masses. For example, 1B has m/z = 11 amu, like
10BH. Similarly, *BH, 1°BH,, and H°BF, 'BF have m/z values of
12 and 30 amu, respectively. By considering the relative
abundance of two boron isotopes, the contributions of the
various species can be disentangled. For example, in trace a) the
peak at 30 amu likely arises from B!'F rather than HBZCF,
otherwise, the peak at 31 amu is expected to be four times
higher than the one at 30 amu.

Photoelectron spectra

The coupled i2PEPICO spectrometer allows us to record the
photoelectron spectra of the various species generated inside
the reactor with mass selectivity, therefore in the next sections
several photoelectron spectra will be discussed. For HBF, the
most intense peak in the mass spectrum at low photon

This journal is © The Royal Society of Chemistry 20xx

energies, both ion and electron signal showed a slow rise. Due
to large geometry change upon photoionization, no structured
photoelectron spectrum was obtained. Note that for HBBH a
SPES has already been reported.?*

SPES of BH,. The slow photoelectron spectrum (SPES) recorded
for 11BH, is depicted in trace a) of Figure 2. The spectrum is
dominated by a progression of 970 cm-}, starting from 8.24 eV,
indicating a large geometry change due to photoionization.
Employing MO theory as well as a Walsh diagram, BH, in its
neutral ground state is a bent (C,,) radical (X?A;) with a non-
bonding electron in an A; orbital, while the cationic state is a
linear (D) singlet (12:; ).8% Therefore a large change in the
bending angle is expected and the long progression can be
assigned as a 20 progression of the bending mode. Geometry
optimisation shows that the ground state of neutral BH, has a
bond angle of 129°, while the singlet cation is linear. Our
computations predict a harmonic wavenumber of the bending
mode in the cation of 1012 cm which does not differ
considerably from the computed neutral ground state value of
985 cml. However, the B-H bond length (rgy) is lowered by
0.013 A upon ionization (Table 1). For the linear A-state (A2[1,)
of neutral BH, a value of 955 cm™ was determined for the
bending mode.38 The similar values for A-state and cation are
consistent because an electron in an A; type orbital is involved
in both cases, i.e. ionization and excitation. The simulated
spectra of BH, are depicted in the lower two traces of Figure 2.
All parameters employed in the simulations are summarised in
Table 1. As visible, the simulation is in excellent agreement with
the experimentally observed spectrum, deviations become
apparent only at higher energy.

relative wavenumber /cm?
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Fig. 2 SPES of 11BH, along with the spectral simulations. Simulated spectra are
red shifted by ~0.09 eV to attend the best match with the experimental one.
The origin transition, corresponding to the IE is determined as 8.12 eV. The
first band in the SPES is assigned as 2} transition by comparing the band
intensities between experiment and simulation.
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The predicted adiabatic ionization energies (IE) of 1BH, on the
CBS-QB3 and G4 levels of theory are 8.21 and 8.28 eV
respectively, consistent with the observed first intense band at
8.24 eV in SPES. However, when the geometry change is large, the
first band in the spectrum needs not to coincide with the IE. In
fact, the simulation shows negligible intensity for the origin
transition and the best match of relative intensities is achieved
when the simulated spectra are shifted by 0.09 eV towards lower
energy. We, therefore, conclude that the first recognizable peak
in the experimental spectrum at 8.24 eV is due to the 2%
fundamental rather than 09 transition. The origin band is weak
due to the small overlap between two significantly displaced
ground state vibrational and is hardly
recognizable in the spectrum. Hence, the IE of 1*BH, is extracted
at 8.12 £ 0.02 eV. The error bars are estimated from the full width
at half maximum (FWHM) of the bands. With increasing
wavenumber, particularly above +5800 cm™ (0.72 eV) the origin,

wave functions

combination bands of the bending mode progression with one

quantum of the symmetric stretching mode (1%23) become
apparent (red dotted lines). Since these bands overlap with the
20 progression, they are difficult to separate in the spectrum.
Assignment of those bands in the SPES led to an estimated wave
number of the symmetric stretch of vit =2680 cm™, very close
to the CBS-QB3 value of 2664 cm™. In addition, small features
indicated by arrows in Figure 2 at 2130, 3090 and 4060 cm™ seem
to appear in the SPES, separated by around 960 cm™? and
displaced from the corresponding 20 transition by ~200 cm-L. By
comparison with the computed wavenumbers they can be
tentatively assigned as the 2831 (n=2-4) series of combination
bands involving a sequence band of the vy asymmetric stretch.
To populate the 31 level (2739 cml) a non-Boltzmann type
population distribution is required. Below we will present
evidence that such deviation from Boltzmann behaviour does
occur in our study.

The different number of vibrational degrees of freedom is a
general challenge in computing FC factors for bent to linear
transitions. Due to geometric linearization in the cationic state, an
extra vibrational degree of freedom arises in expense of one lost
rotational degree of freedom and the bending vibration becomes
degenerate. Almost all programs which can calculate FC factors
for polyatomic molecules use Duschinsky rotation.”® In this
scheme, the normal modes of two electronic states (Q"Q’) are
related by the following equation.

Q'=1Q" +K (1)

Here K represents the change in equilibrium geometry and J
accounts for mixing between modes. Q" and Q' are two column
matrices of normal coordinates with the dimensions (3N-6) or
(3N-5) depending on the geometry. N is the number of atoms in
the molecule and the J matrix is a square transformation matrix.
If Q" and Q' have a different dimension, then the scheme fails
as J can no longer be a square matrix. To maintain the same

4| J. Name., 2012, 00, 1-3
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number of normal modes in both cation and neutral, two
approaches have been used here.

Speci | El Experiment Theory (CBS-QB3), this work
es State IEsq v IE.q v r/A | Bond
/eVv /emt /eVv Jem? angle
1BH, XA, 8.12 25092 8.21 2573 1.188 | 129°
9742 985
- 2739
u X 12g+ - 2680 2664 | 1.175 | 180°
BH; 970 1012
- 1012
2953
11BH X1z + 9.82 23679 9.84 2331 1.237
a3n 8.48 26259 8.42 2605 1.193
u X227t - 2370 2531 1.205
BH™
UBF X it 11.11 1410 11.19 1381 1.267
u Xzt - 1690 1668 | 1.216
BF*

Table 1 Comparison of experimentally determined and theoretically predicted
parameters of 1BH,, 'BH and !BF.

a) ref 34, b) ref %3, ¢) ref 55

In the first approach, only one of the two bending components
was considered in the cation. In the second approach, a slightly
nonlinear geometry with a bond angle of 179° instead of 180°
in the cation was employed in the simulations. It is worth
mentioning that the partially optimized structure with a bond
angle of 179° is very similar compared to the fully optimized
one. The electronic energies of these two structures of the
cation differ only by 0.3 meV and the bond lengths differ by only
0.0004 A. Simulated spectra in PGOPHER considering both
approaches are depicted in red and green along with the
experimentally observed spectrum in Figure 2. As expected, the
results are very similar and agree well with the experiment. It is
important to note that in the first scheme the choice of the
bending mode component leads to different simulated spectra
and only one is consistent with the observations. A simulation
based on the second component of the bending vibration is
illustrated in the supplementary information (Figure S1). A
rigorous calculation of full-dimensional FC factors for this bent-
to-linear transition requires inclusion of correlations between
vibrational angular momentum of the linear state with rotations
of the bent state.”” 72 Given the excellent agreement of our
simulations with the experimental spectrum, we are convinced
such an expensive calculation can be avoided for the present
system.

BH. The SPES of 11BH is illustrated in Figure 3. The most intense
band at 9.82 +0.02 eV is assigned as the BH* (X 2X*) & BH (X 12¥)

This journal is © The Royal Society of Chemistry 20xx
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origin transition in agreement with computations (9.84 eV) as
well as the experimental IE of 79,120.3 cm (9.81033 eV)
reported for singlet BH from a Rydberg extrapolation.>” A short
progression results from the slight decrease of rgy upon
ionization and the bands appearing at +2370 cm™ and +4500
cm™? are assigned to the fundamental and first overtone
respectively. Although the progression is too short to analyse
the anharmonicity of the potential in detail, the data are
consistent with the vibrational constant we = 2526.58 cm
reported earlier.>” The simulated spectrum in the lower trace
also agrees well with the experiment.

relative wavenumber /cm?

-1000 0 1000 2000 3000 4000 5000
1 1 1 1 1 1

0
9.82eV T
A a) SPES

e PV 1

e M L100)

electron signal

b) Simulation

97 98 99 100 101 102 103 104 105

photon energy /eV

Fig. 3 Normalized SPES of 'BH from the X !X* state and the corresponding
simulated spectrum. The latter is red shifted by 0.02 eV to match the measured
SPES. The upper abscissa scale indicates the relative shift of wavenumber from
origin transition.

8.48 eV

a) SPES

electron signal

b) Simulation

8.3 8.4 8.5 8.6 8.7 8.8 8.9 9.0
photon energy /eV

Fig. 4 Normalized SPES of BH from the a 3N state and the corresponding
simulation in PGOPHER. The simulated spectrum is blue shifted by 0.06 eV to
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match the band position with SPES. Bands marked with asterisks are due to
the °BH, which has the same mass with the 1'BH.

At lower photon energies a further band appears at 8.48 eV in the
m/z=12 mass channel, see Figure 4. While several other small
features marked by asterisks can be assigned to 1°BH, by comparison
with the spectrum given in Figure 2, this peak has no counterpart in
the m/z=13 channel and thus must be assigned to 'BH. We,
therefore, assign this band to the BH* (X 2Z*) <~ BH (a 3) transition
and conclude that the band at 8.48 * 0.02 eV corresponds to the
adiabatic IE of triplet BH. This is in very good agreement with the
computed IE of 8.43 eV. Few data are available for the triplet state of
BH.>> 73 From the IE’s of singlet and triplet BH, we determined AEsr
to be 1.34+0.03 eV, equivalent to 10808+200 cm. Combining our
value for triplet BH with the more accurate IE for the singlet derived
via Rydberg extrapolation®’ leads to AEs; =10730+£160 cm™. Brazier
estimated AEsy =10410 % 300 cm! from the potential energy curves
obtained by fitting
frequencies,®> while Mavridis et al computed AEs; =10588 cm™ using

experimentally observed vibrational
multi-reference configuration interaction (MRCI).”® To the best of our
knowledge, the present work leads to the first direct experimentally
determined value for AEs; of BH. Neither experiment nor the
simulations show evidence for vibrational activity, consistent with
the small increase of rgy by only 0.012 A upon photoionization from
the a3M state. In contrast, rgy decreases by 0.032 A in the
photoionization of the X 1X* state. Furthermore, the predicted
vibrational wavenumber changes by only 74 cm™ between triplet and
cation, whereas for the singlet state this difference is 200 cm™. This
can be explained by the valence-bond-Lewis (vbL) diagram of the BH
described by Mavridis et.al.”> The s-character of the B-H o-bond
increases due to sp-hybridization of the B atom while going from
singlet to triplet state.

The observation of triplet BH in the experiment is a striking example
of the non-equilibrium conditions in the fluorine reactor. In the
stepwise abstraction of hydrogen atoms, BH is formed from B,Hg in
both singlet and triplet state. Obviously, the number of spin-
changing collisions is too small to equilibrate the electronic
population of BH and the lifetime of the a 3 state is sufficiently long
to be detected. In contrast, the translational and rotational degrees
of freedom are cooled efficiently due to the much higher efficiency
of energy transfer in collisions. In previous experiments on NH,,
rotations were cooled more efficiently in the fluorine reactor than in
a pyrolysis source and temperatures between 170 K and 300 K were
achieved.”

BF. Figure 5 shows the TPE spectrum of B-F. The first intense
band at 11.11 eV has been assigned to the origin of the BF* (X
23*) & BF (X 1Z*) transition, corresponding to the IE of BF, a
value that is consistent with previous experimental reports.46: 4°
The main feature observed in this spectrum is a vibrational
progression of 1690 cm™ that can be followed up to the second
overtone.
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Figure 5 Normalized TPES of 1!BF and the corresponding spectral simulation.
The simulated spectrum is red shifted by 0.08 eV to attend the best match with
the recorded spectrum. Though the sequence bands are also visible at the
origin transition, they are more pronounced close to the v* =1 pand and
easy to assign.

The relative intensities of the members of this progression are
similar to the 1765 cm™ progression reported by Dyke et al.*°
Figure 5 also shows that the spectrum simulated in PGOPHER is
in good agreement with the measured spectrum. Vibrational
wavenumbers computed on the CBS-QB3 level (1668 cm™) as
well as on a higher level of theory>® including MRCI (1700 cm)
and RCCSD(T) (1699 cm™) agree well with our observation.
Bands, which are accompanied by smaller features on the high-
energy side with a spacing of around 280 cm, can be assigned
as sequence band transitions. The sequence bands appear with
very low intensity in the depicted spectrum but are clearly
discernible. From the sequence band progression we derive a
vibrational wavenumber of 1410 cm- for BF, consistent with We
=1402.2 cm™ as reported by Zhang et al.>* The unusually high
population of vibrational levels up to v’=3 again confirms a non-
equilibrium vibrational population of the intermediates formed
in the reactor. As mentioned above, BF is formed after a
sequence of H-abstraction steps with excess vibrational energy
that is not released in the subsequent subsonic expansion. For
example, in recent experiments on CNN, isomerisation to CNC
was observed, despite the barrier of around 2 eV.”> Therefore,
sequence transitions are expected to be apparent for the
species generated in the present reactor.

One would expect also the appearance of hot bands in the TPES
of BF. However, the v’=1 — v*=0 transition will appear outside
the investigated scan range and the v’=2 — v*=1 transition
most likely overlaps with the v*=v sequence bands that
accompany the origin transition.

Conclusions
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Mass-selected photoelectron spectra of three Boron containing
reactive species, BH,, BH,
synchrotron radiation coupled with an i2PEPICO spectrometer.

and BF were recorded using
All species were generated in a flow-tube reactor from B,Hg
using fluorine atoms produced in a F, microwave discharge. The
spectrum of BH, shows a bending mode progression up to the
9th gvertone due to linearization upon photoionization. By
comparing simulated and experimental spectra the IE of BH,
was determined to be 8.124+0.02 eV, although the origin
transition occurs with negligible intensity, and the wavenumber
of the bending modes as 970 cm™. A value of 2680 cm™ was also
tentatively derived for the v; symmetric stretching mode of
BH3 . For BH, photoionisation from both X'T* singlet and a3
triplet state was observed, yielding IE’s of 9.82 eV and 8.48 eV
respectively, which also permit the experimental determination
of singlet/triplet gap (AEsr). From the difference between our
value for the @3N state and the IE for the X1X* state derived by
Rydberg extrapolation, AEs; of BH was determined to be
1.33+0.02 eV (10.730 which with
computations and earlier estimates. The TPES of BF shows a

cm?), agrees well
short vibrational progression of 1690 cm™ followed by some
sequence transitions. As in previous works on radicals obtained
by H abstraction the exothermicity of the reaction leads to non-
Boltzmann populations of the vibrational and electronic
degrees of freedom. The reaction products of each H-
abstraction step take up a fraction of the released heat, but
unlike in a supersonic expansion the small number of collisions
in the effusive molecular beam is insufficient to cool the
molecules to the vibrational ground state, hence higher
vibrational levels and even excited electronic states are

populated.
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a)11.0-11.2 eV

b) 9.5-11.0 eV

Mass signal

c) 7.5-9.0 eV

Fig. 1 Normalized mass spectra integrated over the photon energy range specified at each trace, are
indicative about the species present in the reactor. The apparent ambiguities in the assignment of the mass
peaks can be resolved by considering the 4:1 relative abundance ratio of 11B and 10B isotopes.
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Fig. 2 SPES of 11BH2 along with the spectral simulations. Simulated spectra are shifted by ~0.09 eV to
lower energy to attend the best match with the experimental one. The origin transition, corresponding to the
IE is determined as 8.12 eV. The first band in the SPES is assigned as 2_0~1 transition by comparing the
band intensities between experiment and simulation.
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Fig. 3 Normalized SPES of 11BH from the X 12+ state and the corresponding simulated spectrum. The latter
is shifted to lower energy by 0.02 eV to match the measured SPES. The upper abscissa scale indicates the
relative shift of wavenumber from origin transition.
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Fig. 4 Normalized SPES of 11BH from the a 31 state and the corresponding simulation in PGOPHER. The
simulated spectrum is shifted to higher energy by 0.06 eV to match the band position with SPES. Bands
marked with asterisks are due to the 10BH2 which has the same mass with the 11BH.
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Figure 5 Normalized TPES of 11BF and the corresponding spectral simulation. The simulated spectrum is red
shifted by 0.08 eV to attend the best match with the recorded spectrum. Though the sequence bands are
also visible at the origin transition, they are more pronounced close to the v~+=1 band and easy to
assign.
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H a) BH,* with 179% bond angle

b) 180° bond angle, only ‘
w component 1 of degenerate
bending mode is considered

c) 180° bond angle, only
component 2 of degenerate
bending mode is considered

Component 2
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Figure S1: Comparison of different simulations of the slow photoelectron spectrum
(SPES) of 11BH2 , using PGOPHER.! Trace a) assumes a cationic geometry with 179°
bond angle. Trace b) and c) correspond to the linear cation, considering only the
component of the bending vibration indicated on the right-hand side of the Figure. The
z-axis is chosen as the principal axis. It is evident that simulations a) and b) are
consistent with the experimental spectrum, while the simulation given in trace c) is

inconsistent.
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