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A stimulated emission study of the ground state bending levels
of BH, through the barrier to linearity and ab initio calculations

of near-spectroscopic accuracy
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2Dipartimento di Chimica Industriale “Toso Montanari,” Universita di Bologna, Viale Risorgimento 4,

40136 Bologna, Italy

(Received 17 June 2017; accepted 6 September 2017; published online 26 September 2017)

The ground state bending levels of ''BH, have been studied experimentally using a combination of
low-resolution emission spectroscopy and high-resolution stimulated emission pumping (SEP) mea-
surements. The data encompass the energy range below, through, and above the calculated position of
the barrier to linearity. For the bending levels (0,3,0) and above, the data show substantial K -reordering,
with the K" =1 levels falling well below those with K"=0. A comparison of the high-resolution
rotationally resolved SEP data to our own very high level ab initio calculations of the rovibronic
energy levels shows agreement approaching near-spectroscopic accuracy (a few cm™'). The data
reported in this work provide very stringent tests for future theoretical treatments of this prototypical
seven-electron free radical. Published by AIP Publishing. https://doi.org/10.1063/1.4990760

l. INTRODUCTION

With only seven electrons, BH; is one of the “simplest”
known polyatomic molecules,' eclipsed only by trihydrogen
(H3)? and beryllium dihydride (BeH,).? The boron dihydride
radical was first reported by Herzberg and Johns' in 1967
through observation of the gas phase electronic spectrum
obtained by flash photolysis of borane carbonyl (BH3CO). In
their pioneering work, the authors proved that the observed
electronic transition is between the two components of what
would be a 2IT state at linearity. The data showed that BH,
is a bent near-prolate asymmetric top in the lower state and
adopts a linear structure in the excited state. The observed
''BH, spectra spanned the 11 50015 400 cm™! region, ini-
tially assigned to the 2] through 2}! vibronic transitions (v,
is the bending vibration). Spin splittings were observed in
only one sub-band 4-I7 of 27 establishing the doublet nature
of the states but providing little information on the ground
or excited state spin splittings. A few bands of '°BH, and
I'BD, were also identified, and the isotope effects were used
to estimate the excited state vibrational numbering and geo-
metric structures in the combining states. Although the ESR
spectrum of BH; in a neon matrix has been reported,4 the
microwave and infrared spectra are currently unknown, and,
until very recently, the electronic spectrum had not been further
explored.

The dearth of electrons has made BH, a very attractive
candidate for high quality ab initio calculations, too numerous
to summarize in detail. In early work, Peric et al.’> showed
that the original assignments of the bending progression had
to be increased by v/ =2, so that the observed ' BH, bands are
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actually 23—263. There have also been two thorough theoreti-
cal studies of the potential energy surfaces and rovibronic term
values of the )~(2A1 and A2B, states.” In both cases, empirical
adjustments to the barrier to linearity were made to give better
correspondence to the available experimental data. The most
recent study,7 which included the effects of angular momen-
tum and spin-orbit coupling, obtained an adjusted barrier to
linearity of 2666 cm™!, ground and excited state r, structures
of r"=1.1875 A, 0”7 =129.04°, ' =1.1698 A, and ¢’ = 180",
and predicted spin-splittings for both the ground and excited
state rovibronic levels.

Very recently,® we showed that cold BH, radicals could
be produced in a discharge jet using a precursor mixture of
diborane (B,Hg) in high pressure argon and detected by laser
induced fluorescence.® We were able to extend the ' 'BH, spec-
trum up to 21 000 cm™!, spanning bending levels from v, =10
to 19 along with the detection of a few stretch-bend combi-
nation levels for the first time. We also studied the spectrum
of ''BD,, detecting bands in the bending progression from
24% to 22* and some stretch-bend combinations. The corre-
sponding 'B isotopologues were also studied. Many of the
bands exhibited spin splittings, especially at low N values.
Each band was rotationally analyzed and assignments were
made for the observed rovibronic lines. The 23° band of ''BD
was recorded at high resolution and ground state combination
differences formed to refine the lower state rotational constants
which led to an improved ground state rq structure of BH, as
r(BH)=1.197(2) A, §=129.6(2)°.

In conjunction with the experimental work, new very
high level hybrid ab initio BH, potential energy surfaces
were generated starting from the coupled cluster singles and
doubles with perturbative triples [CCSD(T)]/aug-cc-pV5Z
level of theory. The potentials were corrected for core
correlation, extrapolation to the complete basis set limit,

Published by AIP Publishing.
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electron correlation beyond CCSD(T), and diagonal Born-
Oppenheimer effects, in order to obtain the highest possible
accuracy. These potentials were used in variational calcula-
tions of the spin-rovibronic states of the various isotopologues
of BH; without any empirical adjustments or fitting to experi-
mental data. The agreement with the full range of the new LIF
data was excellent, approaching near-spectroscopic accuracy
(a few cm™!), and allowed us to understand the complicated
spin-rovibronic energy level structure even in the region of
strong Renner-Teller resonances.

In the present work, we have used low resolution emission
and high resolution stimulated emission pumping (SEP) spec-
troscopies to elucidate the rovibronic energy levels of ''BH,
in the electronic ground state. The molecular constants of
the v=0 level have been refined and the spin-rovibrational
energies have been determined. The bending levels have been
measured from below and up through the barrier to linearity
(v) =1-5), showing the details of the reordering of rotational
energies in the region of the barrier. The experimental results
have been compared with our theoretical predictions of the
spin-rovibronic energy levels.

Il. EXPERIMENT

The ' BH, free radical was produced in a discharge free jet
expansion’ using precursor mixtures of 0.5%-0.1% diborane
(B2Hpg) in high pressure argon, as discussed in more detail
elsewhere.®

Low-resolution LIF spectra were recorded by exciting the
jet-cooled radicals with the collimated beam of a pulsed tun-
able dye laser (Lumonics HD-500, linewidth 0.1 cm™') and
imaging the resulting fluorescence signals onto the photo-
cathode of a high gain photomultiplier (EMI 9816QB). The
signals were sampled with a gated integrator and recorded
with LabVIEW-based data acquisition software. The spectra
were calibrated with optogalvanic lines from neon- and argon-
filled hollow cathode lamps to an accuracy of ~0.1 cm™'.
In some cases, the LIF spectra were overlapped by bands
of various impurity molecules. To circumvent these prob-
lems, we used the LIF synchronous scanning (sync-scan)
technique described previously.!? In this method, the fluo-
rescence is dispersed by a scanning monochromator that is
fixed on a prominent emission band of the isotopologue(s)
of interest. The excitation laser and the monochromator are
scanned synchronously under computer control so that the
resulting spectrum exhibits only those transitions that emit
down to the chosen level, focusing on the spectrum of a sub-
set of the molecular isotopologues and minimizing impurity
emission.

High resolution sync-scan LIF spectra were obtained in
the same fashion but using a dye laser equipped with an intra-
cavity angle-tuned etalon (Scanmate 2E), providing tunable
radiation with a linewidth of 0.035 cm™'. All high resolution
spectra were calibrated with iodine LIF transitions.'!

Survey low resolution single rotational level emission
spectra were obtained by tuning the LIF laser to a single
rotational line in the LIF spectrum and focusing the resulting
fluorescence with an f 1.5 lens system onto the entrance slit of
a 0.5 m scanning monochromator (Spex 5S00M). The pulsed
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fluorescence signals were detected with a red-sensitive pho-
tomultiplier (RCA C31034A), amplified by a factor of 800,
sampled with a gated integrator, and recorded digitally. The
emission spectra were calibrated to an accuracy of ~2 cm™!
using emission lines from an argon discharge lamp. A 1200
line/mm grating blazed at 750 nm was employed in this work,
with a bandpass of 0.3-0.6 nm, depending on the strength of
the dispersed fluorescence signal.

Stimulated emission pumping (SEP) techniques were
employed to measure the ground electronic state rovibronic
levels with high precision using the time-gated reference
method of Northrup and Sears.'?> The pump laser was the
Lumonics HD 500 dye laser (~3—4 mJ/pulse, Coumarin 485,
503, and 540A laser dyes, linewidth ~0.1 cm‘l) which was
tuned to a single feature in the LIF spectrum, pumping one
or two upper state spin-rovibronic energy levels. The dump
laser was the Scanmate 2E dye laser operated with the etalon
in the cavity (0.5-2 mJ/pulse, various green and red laser dyes,
linewidth ~0.035 cm™!) and scanned 2-10 cm™! at a time
by angle tuning. It was temporally delayed ca. 100 ns after
the pump laser and the two dye laser beams were counter-
propagated through the LIF apparatus, crossing at a slight
angle in the interaction region. With such a short dump laser
delay, the excited target molecules did not travel any appre-
ciable distance downstream, so the pump and dump lasers
could be spatially overlapped in the viewing region of the
detector.

The fluorescence decay was monitored either as total flu-
orescence through a long pass or bandpass filter or as a narrow
band of emission wavelengths through the monochromator,
depending on the wavelength region of interest. The photo-
multiplier was terminated with a small resistor (50 Q) so that
we could use fast timing to discriminate against the initial
discharge flash and scattered laser light and observe the undis-
torted fluorescence decay profile. When the dump laser was
in resonance with the excited state level and a ground state
vibrational level, the stimulated emission was detected as a
dip in the fluorescence intensity. We found that the best SEP
signals were obtained with the first gated integrator (Gatel,
60 ns wide) positioned 20 ns after the pump laser and the sec-
ond gated integrator (Gate2, 60 ns wide) located 40 ns after the
dump laser. Signals from both gates were collected digitally,
and the SEP signals displayed as the relative ratio of (Gate2) to
(Gatel). The SEP spectra were calibrated by simultaneously
recording I, LIF signals'' from a small portion of the residual
dump laser beam.

In practice, the SEP signals were wider (0.06-0.08 cm™")
than the dump laser linewidth due to a combination of power
broadening and unresolved spin and/or hyperfine structure in
the 1'BH, lines.

lll. THEORETICAL CALCULATIONS

These have been described in detail in our previous work.®
Briefly, potential energy surfaces of the bent ground X2A; and
the linear A%B; first excited states of BH, were generated from
a series of coupled cluster singles and doubles with perturba-
tive triples [CCSD(T)] level of theory single point calculations
with the aug-cc-pV5Z basis set. These surfaces were then
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corrected in a systematic fashion for core correlation, com-
plete basis set extrapolation, electron correlation beyond
CCSD(T), and diagonal mass dependent Born-Oppenheimer
effects.

The corrected ab initio surfaces were used without any
empirical adjustment for the variational calculation of the
ground and excited state energy levels. In previous work,
spin-rovibronic calculations for J < 7/2 were performed, thus
enabling the prediction of the energies for all rovibrational lev-
els with K, < 3 (Z, I1, A, ®© levels). All four experimentally
relevant isotopologues (!'BH,, 'BH,, !"BD,, '°BD,) were
studied, for energies up to 22 000 cm™~! above the X2A,(000)
level. We showed that such calculations gave agreement to
near-spectroscopic accuracy (a few cm™') for excited state
energy levels as high as (0, 19, 0), some 21 000 cm~! above the
ground state zero-point level. In the present work, we extend
the computations for ''BH, up to J=13/2 and we compare
our high precision SEP measurements of ' BH, ground state
spin-rovibronic levels to the calculations up to and above the
barrier to linearity.

The ground state molecular structure and rotational, cen-
trifugal distortion, and spin-rotation constants were further
explored using the GAUSSIAN 09 suite of programs.'® This
involved a density functional theory (DFT) calculation with
the Becke three-parameter hybrid density functional'* with
the Lee, Yang, and Parr correlation (B3LYP) functional
and Dunning’s correlation consistent basis sets'® augmented
by diffuse functions (aug-cc-pV6Z). Centrifugal distortion
and spin-rotation constants were derived from second deriva-
tives of the DFT energies using standard vibrational second
order perturbation theory (VPT2)!” as implemented in the
GAUSSIAN code.

IV. EXPERIMENTAL RESULTS AND ANALYSIS

A. Introduction

BHj is a bent near-prolate asymmetric top in the ground
state and the first electronic transition is A*B;(/1,)-X?A;,
which follows c-type rotational selection rules. The presence
of two equivalent hydrogen nuclei necessitates a 3:1 [eo, oe:
ee,oo] nuclear statistical weight alternation in the populations
of the lower state levels of BH,. We label the energy levels
of both states by the asymmetric top quantum numbers N g,k
in the absence of resolvable electron spin splittings. In the
upper linear state, K, designates the value of /’, while the two
values of K/ distinguish the /-type doubling components. In
those instances where the spin splittings are resolved, the rota-
tional levels are designated by J, the quantum number for
the total rotational plus spin angular momentum: J =N + 1/2
(Fy) and J=N - 1/2 (F;). The vibrations of BH, are labeled
vi(a;)=BH symmetric stretch, vo(a;)=bend, and v3(b,) BH
antisymmetric stretch, and vibrational levels are denoted by
(V1, v2, v3).

B. LIF spectra and the vibrationless level
of the ground state

In their original study of the BH, electronic spec-
trum, Herzberg and Johns' used ground state combination
differences (GSCDs) and fitting to obtain the ground state

J. Chem. Phys. 147, 124303 (2017)

v=0 energy levels of 'BH,. Unfortunately, due to limita-
tions in the data (only one band in their spectra exhibited any
resolvable spin splittings), these levels did not include any
spin splittings. In our recent extensive study of the BH, LIF
spectrum,® many of the transitions to higher vibrational levels
in the excited state were found to have resolved spin split-
tings, affording the opportunity to refine the previous results.
In the present work, we have recorded the (0,16,0) IT (K] =1
- K} =0and K] =1 - K}’ =2 sub-bands) band and the (0,17,0)
T (K,=0-K;=1)and A (K;=2 — K}/ =1) LIF bands of
'BH, at our highest resolution (observed linewidths ~0.06
cm™!) and derived GSCDs from the data. Examples of the
spectra are shown in Fig. 1. Some transitions exhibited obvi-
ous spin-splittings and the J quantum numbers were assigned
based on relative intensities which scale as the lower state
degeneracy of 2J"” +1. The observed transitions and their asso-
ciated assignments are summarized in Tables I and II and
include intervals involving K =0, 1, and 2 which can be used
to form various GSCDs. In addition, we have measured stim-
ulated emission pumping spectra through the (0,15,0) "R (1)
and "Q1(3) transitions down to the appropriate ground state
K/’ =3 levels. By subtracting the wavenumbers of the SEP
transitions from the pump wavenumbers (measured again at
high resolution), we obtained GSCDs involving K" = 3, with
spin splittings.

The ground state intervals were fitted to Watson’s A reduc-
tion of the asymmetric top rotational Hamiltonian in the 1"
representation involving

Her = HR + Hep + Hgr.

Here, Hr and Hcp refer to the rotational energy and its cen-
trifugal distortion corrections and Hgr takes into account
the interaction of the spin of the unpaired electron and the
molecular rotation. The rotational constants A, B, and C were
varied along with the quartic centrifugal distortion constants
and the major spin constant €,,. The resulting constants are
presented in Table III along with the constants we obtained
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FIG. 1. Examples of the high-resolution LIF spectra of !'BH, recorded in
this work. The top panel shows part of the Q-branch of the 2(1)7 X band, with
resolved spin-splittings for the first two members of the branch. The dashed
segment of the top panel is a portion of the corresponding A band. The bot-
tom panel shows the two spin-components of the "Ro(1) transition of the
2(1)61'[ band, with a measured spin splitting of 0.146 cm™!. The lower state J
quantum numbers were assigned based on the relative intensities of the two
lines.
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TABLE L. The high-resolution LIF spectrum of the 2} band of ' BH,.

Transition  Spin splitting
Branch N’,Kda',Kc',J' N”,Ka”,Kc”,J” (em™1) (em™1)
gy 11003 0,0,0,0.5 182953590
0 1,1,0,1.5 0,0,0,0.5 182956617 03027
Ry 2L LS 1,0,1,05 183084164
0 2,1,1,2.5 1,0,1,1.5 183085624  0.1460
Ry D22 2,0,2,1.5 183219258
0 3,1,2,3.5 2,0,2,25 183220136  0.0878
Rz 133 3,0,3,2.5 18 336.199 4
0 4,1,3,45 3,0,3,35 183362688  0.0694
oy A4S 4,0,4,3.5  18351.483 8
0 5,1,4,55 4,0,4,45 18351.5335  0.0497
"Ro(5) 6,1,5 50,5 18 368.541 7
ooty B L10S 1,0,1,05  18281.0443
0 1,1,1,15 1,0,1,1.5 182814029  0.3586
ron L2 3,0,3,25  18269.444 4
0 3,1,3,3.5 3,0,3,35  18269.5364  0.0920
ooy L3S 40,4,3.5 18 263.865 8
0 4,1,4,45 40,4,45 18263.9516  0.0858
rous) 154 50,545  18259.1447
0 5,1,5,5.5 50,555 182592816  0.1369
1,1,0,05 2,0,2,15  18255.6673
"Py(2)
1,1,0,1.5 2,0,2,2.5 182559724 03051
iy 2L 3,0,3,2.5 18 242.400 5
0 2,1,1,2.5 3,0,3,35 182425517  0.1512
gy L2 4,0,4,3.5 182297806
0 3,1,2,35 4,0,4,45 18229.8691  0.0885
sy 1333 5,0,5,45 18218.198 3
0 4,1,3,45 5,0,5,5.5 182182556  0.0573
"P(6) 51,4 6,0,6 18207.9701
"Po(7) 6,1,5 7,0,7 18199.803 7
3,1,3,3.5 2,2,1,25 18173.2515
PR>(2)
3,1,3,2.5 2,2,1,15 181734320  0.1805
4,1,4,45 3,2,2,35 18180.4610
PR>(3)
4,1,4,35 3,2,2,25 18180.5412  0.0802
4,1,3,45 3,2,1,35 18200.0025
PR>(3)
4,1,3,35 3,2,1,25 18200.1308  0.1283
5,1,5,45 4,2,3,35 18 188.196 3
PR>(4)
5,1,5,5.5 4,2,3,45 18188.1659  0.0304
2,1,1,25 2,2,1,25 18 146.240 8
P0s(2)
2,1,1,1.5 2,2,1,15 181463534 0.1126
3,1,3,35 3,2,1,35 18 133.2813
0,(3)
3,1,3,2.5 3,2,1,25 181333754  0.0642
4,1,3,45 4,2,3,45 18 147.1479
P0r(4)
4,1,3,3.5 4,2,3,35 181472166  0.0537
P0(5) 51,5 5,2,3 18 120.863 4
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TABLE 1. (Continued.)

Transition  Spin splitting

Branch N’,Kd’,Kc’,J’ N”,Ka”,Kc”,J” (em™) (em™)
1,1,1,0.5 2,2,1,1.5 18 118.990 1
PPy(2)
1,1,1,1.5 2,2,1,2.5 18 119.074 9 0.0848
PPy (3) 2,1,1 3,2,1 18 106.285 0
PPy(4) 3,1,3 4,2,3 18 080.459 9
PP, (5) 4,1,3 52,3 18 079.888 5

ATransitions without J quantum numbers did not have resolvable spin-splittings.

from our B3LYP/aug-cc-pV6Z theoretical study and by fit-
ting the energy levels obtained from our ab initio potential
energy surface calculations. Finally, we also fitted the energy
levels reported by Herzberg and Johns' (which extend to much
higher N and K, but do not involve any spin splittings) to the
same Hamiltonian with the spin constants constrained to 0.0,
and these results are also presented in Table III. It is clearly
evident that there is generally good agreement between the
various sets of constants.

Using our experimentally derived constants, we have cal-
culated the ground vibrational state energy levels of !'BH,
up to K/ =2, N"" =5, which is the range covered by our SEP
data for higher vibrational levels. These are summarized in
Table IV where they are also compared to our theoretical
predictions.

C. Emission spectra

Some typical single rotational level emission spectra of
1'BH, are shown in Fig. 2. The top panel shows the spectrum
obtained after broadband (0.1 cm™!) laser pumping of the two
spin-components of the "Ro(1) transition of the 2;°I1 band
(see Fig. 1). The upper state N =2, K,=1, K. =1 level emits
down to the 191, 303, 22,1, and 3,1 quartets of rotational states
in each ground state bending vibrational level. Weak transi-
tions down to the 1;2; and 1,2, combination levels are also
observed.

The bottom panel shows the emission transitions observed
after laser pumping of the "Q(2) transition of the 2(1)7 A band.
The upper state 2o level emits down to the K, =1, N=1,2,3
levelsinasingle unresolved feature and down to the 33 o level at
higher energy. If the rotational levels follow the typical asym-
metric top pattern, as they do for the (0,0,0) state, then the
K, =1 lines in the lower panel should lie between the 1o ; and
33 features in the top panel. The vertical dotted leaders show
the expected position at the top end and the observed posi-
tion at the bottom end. It is readily apparent that the usual
pattern is found for the (0,1,0) and (0,2,0) levels but that
the K, =1 levels fall progressively further below K,=0 for
v, =3-5. Two other observed trends are that the separation
of the outer members of the quartets increase from (0,1,0)
to (0,3,0) and then decrease for (0,4,0) and that the K,=3
— K, =0 intervals increase from v, = 1 to 3 and then level off
at vop =4. As will be explored more fully in Sec. V, all of these
trends are as expected for levels near and above the barrier
to linearity as the molecule transitions from a bent to a linear
geometry.
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TABLE II. The high resolution LIF spectrum of the 2}% and A LIF bands of ' BH,.

Band Branch N,K,),KS,J N", K., K., J" Transition (cm™!)  Spin splitting (cm™")
2,0,2,2.5 1,1,0,1.5 19200.643 6
017,00 PR;(1)*
( ) 1M 2,0,2,1.5 1,1,0,0.5 19200.7814 0.1378
3,0,33.5 21,125 19211.2090
PR1(2) o i
3,0,3,2.5 2,1,1,1.5 19211.2851 0.0761
PRI 40445 3,12,35 19222.0670
! 40435 3,12,25 19222.1174 0.0504
PR (4) 5,0,5 413 19233.7579
PR((5) 6,0,6 5,14 19246.463 8
1,0,1,1.5 L1,1,1.5 19176.9489
Q1)
1,0,1,0.5 1,1,1,05 19177.0783 0.1294
0@ 2,022.5 2,12.25 19176.6258
! 2,0,2,2.5 2,1,2,2.5 19176.6965 0.0707
701(3) 3,03 3,13 ~19177.04°
7Q1(4) 4,04 4,14 19179.043 4
vPL(1) 0,0,0,0.5 1,1,0,1.5 19163.439 1
! 0,0,0,0.5 1,1,0,0.5 19163.5667 0.1276
1,0,1,1.5 21,125 19 148.000 3
PP1(2) o
1,0,1,0.5 2,1,1,1.5 19148.063 4 0.0631
PP(3) 2,0,2 3,12 19131.3945
PP (4) 3,0,3 413 19114.3614
PPy (5) 4,04 51,4 19097.7420
0,17,00A  "Ry(D) 2,2,0 11,0 19162.9223
"Ri(1) 22,1 L,1,1 19164.5413
R 32,125 2,1,1,1.5 19170.8122
! 32,135 2,1,125 19170.8378 0.0256
"R1(2) 322 2,12 191763725
"R1(3) 422 3,12 19175.784 1
"Ri1(3) 423 3,1,3 19188.4194
"0 2,2,0,1.5 2,12,15 19138.8366
2,2,02.5 2,122.5 19138.8952 0.0586
r01(2) 22,1 2,1,1 19135.5786
r01(3) 322 3,12 19131.106 0
"0i3) 32,125 3,1,325 19136.6359
32,135 3,1,33.5 19136.6755 0.0396
"01(4) 423 4,13 19125.7039
"01(4) 422 4,14 19132.7432

ATransitions without J quantum numbers did not have resolvable spin-splittings.
bOverlaps 70 (1).

D. SEP spectra superior resolution and wavenumber accuracy (+0.05 cm™!)
over our low resolution emission spectra (+1-2 cm™!).
In order to make more precise measurements of the vari- Figure 3 shows the various experiments necessary for obtain-

ous spin rovibrational levels indicated in Fig. 2, we resorted to ing the ground state energy levels and indicates the quality of
stimulated emission pumping (SEP) spectroscopy, which has the data in each case. First, a high resolution LIF scan was
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TABLE III. The effective ground state (v =0) molecular constants (in cm™!) of 1'BH,.

J. Chem. Phys. 147, 124303 (2017)

Ab initio theory®

Previous expt.©

Constant Expt.? B3LYP/aug-cc-pV6Z
A 41.627 2(20)4 38.9694
B 7.244 66(254) 7.2759
Cc 6.000 83(262) 6.1312
Ag 0.293 27(19) 0.2124
ANk -6.02(12) x 1073 —4.6%x 1073
Ay 3.09(15) x 1074 3.03 x 107*
Sk 2.42(122) x 1073 9.7 x 1074
SN 7.0(15) x 1073 8.2x 1079
Hg 4.044 x 1073

Hyk -3.12x 1073

£aa 0.1481(38) 0.1538
Ebp 0.0013
Eee .. -0.0023
No. of data points 71

Std. deviation 0.014 cm™!

41.5430(66)
7.2541(105)
5.9991(103)
0.2864(11)
—5.13(45) x 1073
2.99(71) x 10~*
3.78(49) x 1073
8.7(65) x 1073
3.758(53) x 1073
-8.6(26) x 1073
0.1549(57)

58
0.03 cm™!

41.656(16)
7.2609(72)
5.9860(69)
0.2967(21)

-5.69(111) x 1073

2.96(33) x 10~*
7.74(280) x 1073
1.28(16) x 1074
4.044(58) x 1073

-3.12(168) x 1073

49
0.10 cm™!

2From fitting combination differences measured in this work.
YFrom fitting the rotational energy levels up to J =4.5 and K, = 4 obtained from the ab initio potential energy surface.®

“From fitting the energy levels given in Ref. 1.

dThe numbers in parentheses are standard errors of 16. Constants without errors were fixed in the least squares fitting.

required to identify and accurately measure the wavenumber
of the pump transition. In this case, the LIF spectrum is of the
two spin-split components of the "Qq(1) line of the 2(1)6 band
at about 18 281 cm™' (see bottom inset). Pumping the most

intense feature involves the 1, J'=1.5 — 11 J”" = 1.5 transi-
tion at 18 281.4029 cm™!, which gave the emission spectrum
partially shown in Fig. 3, illustrating the strong transitions
down to the 1o and 2;; rotational levels of the Vé’ =2, 3, and

TABLE IV. The observed (upper value from SEP measurements) and calculated (lower value from ab initio
potential) spin rovibronic energy levels (in cm™!) for the ground state bending vibrational levels of ' 'BH,.

Vibrational level®

Assignment
N, K4, Ke,J (0,0,0)° (0,1,0) (0,2,0) (0,3,0) (0,4,0) (0,5,0)
K, =0 levels®
0.0.0 0.000 973.531 1912.489 2859.452 3868.252
™ 0.000 972.869 1910.890 2857.405 3866.207 4951.134
Obs-calc 0.662 1.599 2.047 2.045
101 13.244 986.706 1925.612 2872.628 3881.525
™ 13.254 986.061 1924.041 2870.587 3879.481 4964.501
Obs-calc -0.010 0.645 1.571 2.041 2.044
202 39.692 1013.045 1951.875 2898.946
™ 39.720 1012.412 1950.316 2896.923 3905.972 4991.002
Obs-calc -0.028 0.633 1.559 2.023
103 79.264 1052.599 1991.193 2938.347 3947.553 ...
™ 79.319 1051.854 1989.660 2936.354 3945.569 5030.184
Obs-calc -0.055 0.745 1.533 1.993 1.984
404 131.841 1104.856 2043.499 2990.752 4000.050
™ 131.933 1104.295 2041.996 2988.800 3998.108 5081.462
Obs-calc -0.092 0.561 1.503 1.952 1.942
505 197.273 1170.142 2108.706 3056.084 4065.288
™ 197.412 1169.606 2107.216 3054.141 4063.344 5156.418
Obs-calc -0.139 0.536 1.490 1.943 1.944
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TABLE 1V. (Continued.)

J. Chem. Phys. 147, 124303 (2017)

Vibrational level®

Assignment
N, K4, Ke, J (0,0,0)° (0,1,0) (0,2,0) 0,3,0) (0.4,0) 0,5,0)
K, =1 levels
117205 47.281 1032.676 3471.465
T 47.178 1031.772 1956.416 2741516 3467.983 4399.208
Obs-calc 0.103 0.904 3.482
117215 47392 1033.032 1960.412 .. 3473.055 ..
T 47308 1032.096 1957.477 2744.096 3469.390 4399.329
Obs-calc 0.084 0.936 2.935 3.665
1107205 48.514 1960.527 4402.833
T 48.417 1033.077 1957.700 2742.607 3469.363 4400.921
Obs-calc 0.097 2.827 1.912
110715 48.625 1961.676 4402.916
T 48.547 1033.400 1958.760 2745.171 3470.760 4401.042
Obs-calc 0.078 2.916 1.874
12115 72.590 1057.885 1984.549 2772.755 3496.649 4425.699
S 72.505 1056.978 1981.687 2767.189 3493.142 4423.854
Obs-calc 0.085 0.907 2.862 5.566 3.507 1.845
2121225 72.651 1058.057 1985.153 2774.172 3497.468 4425757
T 72.577 1057.156 1982.257 2768.499 3493.889 4423.921
Obs-calc 0.074 0.901 2.896 5.673 3.579 1.836
2111215 76.287 1061.807 1988.392 2775.986 3500.763 4430.854
T 76.218 1060.888 1985.531 2770.443 3497.270 4428.984
Obs-calc 0.069 0.919 2.861 5.543 3.493 1.870
2111225 76.349 1061.991 1989.003 2777.425 3501.597 4431.002
T 76.291 1061.066 1986.105 2771.753 3498.010 4429.053
Obs-calc 0.058 0.925 2.898 5.672 3.587 1.949
3137225 110.474 1095.494 2021.989 2810.040 3533.569
T 110411 1094.631 2019.131 2804.479 3530.029 4460.698
Obs-calc 0.063 0.863 2.858 5.561 3.540
3137235 110.517 1095.607 2022.399 2811.036 3534.115
T 110.467 1094.759 2019.530 2805.385 3530.718 4460.763
Obs-calc 0.050 0.848 2.869 5.651 3.397
31271225 117.858 1103.294 2029.643 2816.544 3541.710 4472.702
et 117.825 1102.436 2026.806 2810.988 3538.212 4470.928
Obs-calc 0.033 0.858 2.837 5.556 3.498 1.774
31271235 117.901 1103.418 2030.065 2817.509 3542.287 4472.786
et 117.882 1102.565 2027.210 2811.897 3538.945 4470.996
Obs-calc 0.019 0.853 2.855 5.612 3.342 1.790
4141235 160.910 1145.605 2071.772 2859.547 3582.342 4511.529
T 160.872 1144.758 2068.928 2853.957 3578.805 4509.676
Obs-calc 0.038 0.847 2.844 5.590 3.537 1.853
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TABLE 1V. (Continued.)

J. Chem. Phys. 147, 124303 (2017)

Vibrational level®

Assignment
N, K4, Ke, J (0,0,0)° (0,1,0) (0,2,0) (0,3,0) 0.4,0) 0,5,0)
414 Toas 160.943 1145.709 2072.088 2860.302 3582.760
i 160.945 1144.874 2069.239 2854.637 3579.695 4509.861
Obs-calc -0.002 0.835 2.849 5.665 3.065
4131235 173.191 2084.497 4528.438
T 173.198 1157.736 2081.688 2864.789 3592.051 4526.646
Obs-calc -0.007 2.809 1.792
4137245 173.224 2084.830
173.273 1157.5853 2082.004 2865.472 3593.344 4526.851
Obs-calc -0.049 2.826
515,745 223.845
223.827 1207.334 2131.077 2915.513 3642.431 4570.627
Obs-calc 0.018
5157255 223.872
223.950 1207.430 2131.347 2916.300 3640.477 4571.237
Obs-calc -0.078
S 14745 242215 1227.483 2152.923 2937.423 4597.726
B 242.247 1226.739 2150.148 2932.325 3660.793 4595.838
Obs-calc -0.032 0.744 2.775 5.098 1.888
S 147255 242242 1227.587 2153.194 2938.039
R T 242.385 1226.839 2150.424 2932.505 3660.657 4596.603
Obs-calc -0.143 0.748 2.770 5.534
K, =2 levels
2217215 175.301 1199.482 2195.849 3151.206 4077.106
T 175.027 1198.222 2192.476 3145.488 4071.143 5043.861
Obs-calc 0.274 1.260 3.353 5.718 5.963
921 7225 175.548 1200.025 2197.036 3153.368 4079.375
et 175.289 1198.747 2193.590 3147.461 4073.129 5044.184
Obs-calc 0.259 1.278 3.446 5.907 6.246
2901215 175.334 2195.727 4077.153
e 175.060 1198.249 2192.495 3145.466 4071.092 5043.632
Obs-calc 0.274 3.232 6.061
9207225 175.581 2196.904 3153.395 4079.413
e 175.322 1198.772 2193.609 3147.483 4073.178 5044.410
Obs-calc 0.259 3.295 5.912 6.235
3997225 215.185 2235.525 3191.051 4116.997
et 214.930 1238.064 2232.304 3185.312 4110.963 5083.439
Obs-calc 0.255 3.221 5.739 6.034
3991235 215.357 2236.334 3192.561 4118.540
et 215.113 1238.436 2233.091 3186.686 4112.365 5083.812
Obs-calc 0.244 3.243 5.875 6.175
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TABLE IV. (Continued.)

J. Chem. Phys. 147, 124303 (2017)

Vibrational level®

Assignment
N, Kq, Ke,J (0,0,0 (0,1,0) (0,2,0) (0,3,0) (0,4,0) (0,5,0)
39171225 215.350 2235.598 3191.174 4117.234
T 215.094 1238.189 2232.399 3185.421 4111.212 5084.567
Obs-calc 0.256 3.199 5.753 6.021
3211235 215.522 2236.431 3192.654 4118.767
e 215277 1238.561 2233.185 3186.794 4112.612 5084.927
Obs-calc 0.245 3.246 5.860 6.155
4231235 268.248 1292.271 2288.401
e 268.025 1291.049 2285.176 3238.070 4163.829 5133.014
Obs-calc 0.223 1.222 3.225
4231245 268.381 1292.558 2289.017 3244971 4171.027 ..
e 268.177 1291.347 2285.782 3239.194 4164.945 5134.024
Obs-calc 0.204 1.211 3.235 5.777 6.082
4227235 68.738 2288.658
268.514 1291.427 2285.458 3238.396 4164.574 5134.501
Obs-calc 0.224 3.200
4221245 268.871 1292.907 2289.278 3245.263 4171.708
el 268.666 1291.719 2286.063 3239.519 4165.680 5136.587
Obs-calc 0.205 1.188 3.215 5.744 6.028
5237245 335.576 1359.256 2354.879 3310.363 4237.587
e 335.411 1358.020 2351.780 3304.642 4231.617
Obs-calc 0.165 1.236 3.099 5.721 5.970
52371255 335.683 1359.426 2355.466 3311.266 4238.473
e 335.558 1358.303 2352.338 3305.540 4232.533
Obs-calc 0.125 1.123 3.128 5.726 5.940
334.444
5241=45
334.282 1357.158 2351.127 3303.886 4229.898
Obs-calc 0.162
52471255 334.552
334.430 1357.4433 2351.6879 3304.7900 4230.8302
Obs-calc 0.122

2For each set of quantum numbers, the first entry is the observed value (where available), with the calculated value directly below
it. Observed values have an estimated uncertainty of +0.05 cm™!. The following K, = 3 levels were also observed: (0,1,0): 3,3,1,
J =2.5:(0,1,0) = 1447.837, obs-calc = 2.153 em™!; (0,2,0) = 2512.995 cm™!, obs-calc = 3.487 cm™'. 33,1, J = 3.5 (0,1,0)
= 1448.597 cm™!, obs-cale = 2.152 cm™ .
YThe (0,0,0) observed levels were calculated from the experimental constants in Table III. They have an estimated uncertainty of

+0.03 cm™ !

“The K, = 0 levels do not have any appreciable spin-splittings.

4 bending states. Once the emission lines were approximately
measured, the high-resolution dump laser was slowly scanned
through the appropriate region and the SEP spectrum recorded
along with I, LIF calibration data. The top panels in Fig. 3 show
typical SEP data. The left-hand inset shows the transition from
the pumped level dumped down to the two spin-components
(22,1 J=1.5 and 2.5) of the (0,3,0) vibrational state, with

a spin-splitting of 2.16 cm™~!, in good agreement with our
ab initio calculated splitting of 1.97 cm™!. The center inset
shows a similar measurement for the (0,2,0) state, with a spin-
splitting of 1.18 cm™!, comparable to the calculated value of
1.11 cm™!. The right-hand inset shows the SEP spectrum of
the transition to the 1op; J = 0.5 and 1.5 levels, which appears
as a single line since there are no appreciable spin-splittings
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FIG. 2. Typical ''BH, single rotational level emission spectra. In each case,
the wavenumber scale is displacement from the laser wavenumber, which
gives a direct measure of the relative ground state energy for each transition.
The top panel shows the spectrum obtained after broadband (0.1 cm™!) laser
pumping of the two spin-components of the "Ry(1) transition of the 2(])61'1
band (see Fig. 1). The upper state N=2, K, =1, K. =1 level emits down
to the 191, 303, 22,1, and 3| quartets of rotational states in each ground
state bending vibrational level. Weak transitions down to the 1{2; and 1{2,
combination levels are also observed. The bottom panel shows the emission
transitions observed after laser pumping of the "Q(2) transition of the 2(1)7
A band. The upper state 25 o level emits down to the K, =1, N=1,2,3 levels
in a single unresolved feature and down to the 33 level at higher energy.
The asterisk indicates an impurity transition. The top ends of the dotted lines
show the expected position of the K, =1 levels in the absence of reordering,
and the bottom ends show the actual observed position for each vibrational
level.

in the K, =0 rotational levels. The scan also shows two extra-
neous features due to direct LIF features excited by the dump
laser, a complication in some of the spectra. By laboriously
working our way through the emission spectra of ten individ-
ual LIF transitions involving the 2(1)6 and 257 bands and taking
advantage of the selection rules for transitions from the X, II,
and a few A levels, we were able to map out a large number of
ground state spin rotation-vibration levels. Since this neces-
sitated many dye changes for the dump laser and slow etalon
scans with considerable signal averaging, acquisition of the
spectra involved the work of most of a year.

The derivation of the final ground state energy levels from
the SEP spectra involved the following calculation: E (v, J,
K., K.)=Pump transition (cm™! £ 0.005 cm™!) — SEP tran-
sition (cm™! + 0.04 cm™!) + Ground state energy of pump
transition (cm™! + 0.03 cm™"). Propagation of error indicates
that the final energy values have an associated uncertainty of
+0.05cm™!, which is our estimated accuracy of these measure-
ments. The results are given in Table IV, which summarizes in
compact form the experimental measurements and the corre-
sponding theoretically calculated energy levels from v, =0 to
5. Various experimental and/or signal-to-noise considerations
limited our ability to measure all of the energy levels, account-
ing for the gaps in the table. We were only able to measure a
very few levels involving the (0,5,0) state due to the weakness
of the emission transitions to this high bending level of the
ground state.

J. Chem. Phys. 147, 124303 (2017)
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FIG. 3. Example Stimulated Emission Pumping (SEP) spectra. The inset at
the bottom right shows a small segment of the 21° high resolution LIF spec-
trum. The arrow indicates the J’ =1.5 "Q(1) transition pumped by the laser
to obtain the emission spectrum shown at the bottom of the figure. Each
observed emission band consists of two strong features down to the 1o ; and
25,1 rotational states of a ground state bending level. The upper panels show
the corresponding SEP spectra with observed spin-splittings for the 25 lev-
els. The positive going transitions in the right most SEP panel are extraneous
LIF transitions excited by the dump laser.

V. DISCUSSION
A. Comparison between theory and experiment

Our measured bending levels occur at 973.53, 1912.49,
2859.45, and 3868.25 cm™! (v, =1-4, 00,0). These values are
all very slightly higher than our theoretical predictions,® which
have a maximum error of 2.05 cm™! (0.05%) for v, =4 (see
Table IV). Previously reported vibronic term values for the
(0,4,0) state from empirically adjusted ab initio potentials are
3888 cm™! (Ref. 6) and 3880.6 cm™! (Ref. 7), both somewhat
higher than our SEP value.

From our low resolution emission spectra, we can obtain
an approximate value of the v; stretching fundamental (~2509
cm™!) which compares favorably with our theoretical value
of 2508.1 cm™! and previous values®’ of 2518 and 2506.5
cm~!. In a similar fashion, we estimate the (1,1,0) and (1,2,0)
vibronic term values from the emission spectra at ~3482 and
~4423 cm™!, compared with our theoretical values® of 3482.1
and 4421.9 cm™!.

Consideration of the results in Table IV shows that for
the lowest vibrational level, the agreement between observed
and calculated rotational levels is very good, with a maximum
deviation of 0.28 cm™!, which occurs in the K,=2 mani-
fold. Where there are significant spin splittings (K, =1 and
2), the obs-calc residuals are very similar for both J values,
indicating that the effects of the unpaired electron spin are
reasonably well modeled by the theory. This conclusion is but-
tressed by the fitted experimental and ab initio spin constants
€4a (Table III) that overlap each other within their standard
deviations.

Turning to the higher bending levels, it is immediately
apparent that the experimental values are always greater than
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the theoretical (“calculated” in Table I'V) values and that the
residuals are fairly consistent within a given K, stack of any
particular vibrational level. For example, for (0,1,0), the resid-
uals are ~0.6 cm™! for K, =0, ~0.8 cm™! for K, =1, and ~1.2
cm™! for K, =2. For (0,4,0), the residuals for those same K,
stacks are ~2.0 cm™!, ~3.5 cm™', and ~6.0 cm™'. The regu-
larity of the residuals lends credence to our assignments of
the SEP spectra. In our initial analysis of the SEP data, a
small number of misassignments were immediately obvious
as they broke the expected pattern of residuals and were easily
identified.

B. Reordering of levels near the barrier to linearity

In our previous work,® we obtained the energy difference
(or barrier to linearity) between the energy minima of the ana-
lytical potential energy surfaces of ''BH, without the mass
dependent corrections as 2655.7 cm™!. Since our emission and
SEP data samples ground state rovibronic bending levels from
0.0 up to a maximum of 4597.7 cm~! [(0,5,0) J=5.5, 51 4], the
measurements straddle the regions below, through, and above
the barrier. This can be easily seen by an examination of the
low resolution emission data in Fig. 2 and more clearly from
the measured rotational levels in Table IV. For the first bending
level (0,1,0=973.5 cm™), the rotational states follow the clas-
sic prolate asymmetric top order with 191 < 119 <221 < 33,
The pattern is similar for v, =2 (0,2,0=1912.5 cm_l) although
the difference between 1o ; and 1, has decreased from 46.3
cm~!in (0,1,0) to 34.9 cm™! in (0,2,0), rather than the expected
increase as the bond angle opens and A,y increases. This is
the first sign of a phenomenon called K-reordering in which
A.p decreases with increasing vibrational excitation. The third
bending level (0,3,0=2859.5 cm™!) is expected to be slightly
above the barrier, and it is immediately obvious from the data
in Fig. 2 and Table IV that reordering has occurred with 1o
< Ip1.Now lp1 — 119o=-129 cm™! and Aef is now substan-
tially negative.

We find reordering to be a subtle and conceptually difficult
concept, so here we review some of the relevant aspects from
the literature. We start with the effects of quasi-linearity in
bent molecules as discussed by Johns'® some 50 years ago.
As a nonlinear asymmetric top molecule in a nondegener-
ate electronic state bends towards linearity, one might naively
expect that the value of the A,y rotational constant (essen-
tially the interval between the K, =0 and K, =1 levels) would
tend towards infinity. In fact, a correlation of the energy levels
of the molecule in the bent and linear forms shows that A,y
becomes the bending frequency of the linear molecule. As first
described by Dixon,'” successive vibrational intervals in the
bending progression of a quasi-linear molecule with no elec-
tronic orbital angular momentum (A =0) have a minimum in
the region of the potential barrier.

If the bent/linear pair are in electronic states with non-
zero orbital angular momentum (A > 0), then the situation is
markedly more complex as angular momentum coupling [the
Renner-Teller (RT) effect] has to be taken into account. As
originally discovered by Merer and co-workers,?*>? some of
the rovibronic energy levels of the lower Renner-Teller com-
ponent undergo a rearrangement from the usual pattern near
the barrier to linearity. This is what is termed “reordering”
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and is one of the most striking effects of the Renner-Teller
interaction.

Jungen and Merer?® explained the phenomenon of
reordering by again considering the correlation between the
vibronic energy levels of linear and bent molecules when A
# 0. Such a correlation is illustrated in Fig. 4 for the specific
case of ''BH;. On the right-hand side, we have placed the
experimental (or theoretical, they are the same at the resolution
of the plot) N = K levels (neglecting the effect of electron-spin
and equating K with K,) of the ground state of BH,, taken
from Table IV. The levels of the upper Renner-Teller compo-
nent (the excited state) have been omitted for clarity. On the
left-hand side, we have a schematic set of vibronic energy lev-
els of a linear molecule in a 'TT state with small Renner-Teller
splittings, labeled by K =I+A + /I. Many of the possible levels
with higher K have been omitted as they are not relevant to the
discussion.

The energy levels on the left-hand side were carefully
placed relative to those of bent BH, with two considerations in
mind. First of all, well above the barrier to linearity, the energy
level pattern approaches that of a linear molecule. Thus, the
bent molecule levels must have energies similar to the energies
of the linear molecule levels to which they correlate. Second,
well above the barrier, the A =K =1 - K =0l interval must be
comparable to the vibrational frequency of the linear molecule,
as described earlier.

Figure 4 shows that at low energies, the bent molecule
has the typical asymmetric top pattern, which continues up
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FIG. 4. Correlation of the measured K = 0-2 rovibronic levels for the ground
state of 1'BHj (ri ght-hand side) with a hypothetical set of linear molecule B
state vibronic levels (left hand side) in the limit of a small Renner-Teller effect.
Only the lowest few K states are given for each linear molecule vibrational
state and those which are not explicitly connected to bent state levels correlate
instead with BH, excited state levels (not shown). The location of the barrier
to linearity is given by the horizontal dashed line.
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through vpene =2, just below the barrier to linearity. Well
above the barrier, at vpen =5, both criteria discussed above
are clearly met. In this region, the K =0 and 2 levels corre-
late with Vijpear = 2Vpent + 1, Whereas the K =1 levels correlate
With Viipear = 2Vpent Which is one vibrational level lower so that
K =1 must fall below K =0. In other words, the necessity that
the bent molecule energy levels evolve into those of a linear
molecule results in a reordering in the region just above the
barrier and the K =1 levels fall progressively below K =0 for a
given value of vpen. Consideration of the correlation diagram
for the upper Renner-Teller component?® (in this case, the
excited state) shows that there is no corresponding reordering
effect.

Jungen and Merer?® have shown that the reordering is
a result of matrix elements that represent vibronic coupling
within a Renner-Teller component. There are also “coupling”
elements that act between components, perturbing levels with
K > 0. Although these interactions between components have
been suggested to be the cause of reordering of the lower
levels,?? in fact they are only subsidiary. Thus, in BH,, the
reordered K =1 levels of the ground state can be further
depressed by interactions with higher levels of the upper com-
ponent, interactions that get stronger for near-coincidences
of upper and lower state levels of the appropriate symme-
try. Indeed, an examination of the wavefunctions from our
BH; calculations shows that the ground state K =1 levels up
Vpent = 7 have a maximum of 18% excited state character at
Vbent =4 and only 11% for vpene =35, despite the much greater
reordering in the latter.

If it were possible to follow the progress of the ground
state bending levels to the point where they become embed-
ded in the excited state manifold, one would expect that the
perturbations would be random, as the interactions would then
occur from above and below and, in some cases of near-
resonances, would be very strong. In fact, in our previous LIF
study, we were able to identify transitions to three such per-
turbed ground state levels whose locations were accurately
pinpointed by our potential energy surface/rovibronic energy
level calculations.®

VI. CONCLUSIONS

In the present experimental work, we have studied the
bending levels of the ground state of ''BH, up to v)=5
through a combination of low resolution emission spec-
troscopy and high resolution stimulated emission spectro-
scopic measurements. The resulting data paint a roadmap of
the rovibronic energy levels below, through, and above the
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calculated barrier to linearity and provide stringent tests of
our own® and any future theoretical calculations of the rovi-
bronic energy levels of the BH, free radical. Comparing our
previous calculations® of the energy levels with the experimen-
tal results shows general overall agreement but exhibits some
systematic discrepancies of a few cm™!, especially at higher
values of K.
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