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High resolution spectra of the B’E-X 2A1 transitions of CaBH, and SrBH, have been recorded using
laser excitation spectroscopy in a laser ablation/molecular jet source. Because of rotational cooling
in the molecular jet and nuclear spin statistics, transitions arising from only the K'=1+K"=0,
K'=2+—K"=1, and K' =0+ K"=1 subbands have been observed. For each molecule, an analysis of
the data using 2E and 2Al symmetric top Hamiltonians yielded rotational, spin-orbit, and
spin-rotation parameters for the observed states. For both molecules the rotational constants
compare well with those calculated for a tridentate borohydride structure. A large reduction in the
spin-orbit splitting and in the metal-ligand separation for each molecule indicates an increase in the
amount of d atomic orbital character in the first excited 2E states of the monoborohydrides as
compared to the monomethyl derivatives. For each molecule no evidence of internal rotation of the
BHj ligand was found. A change in the magnitude and sign of the spin-rotation constant &, confirms
an energy reordering of the first excited *E and 2A1 states in both CaBH, and SrBH, as compared

to CaCHj; and SrCHj;. The data also suggest that the B’E 1,2 Totational energy levels of CaBH, may

be perturbed by a vibronic component of the A 2A1 state. © 2007 American Institute of Physics.

[DOLI: 10.1063/1.2723097]

I. INTRODUCTION

CaBH, and SrBH, are the only members of the isoelec-
tronic 2p ligand family of molecules (CaF/SrF,
CaOH/SrOH, CaNH,/SrNH,, and CaCH;/SrCH;)'™® that
have not yet been observed using high resolution spectros-
copy. From the previous investigations of the molecules in
this series, the metal-ligand bonding has been found to be
largely ionic and to occur between the metal cation and the
heaviest atom of the negatively charged ligand. In contrast,
the borohydride anion (BH}), which possesses a tetrahedral
structure, cannot form a bond directly between the central
boron and metal atoms.”® In this case, the metal-ligand
bonding in the alkaline-earth borohydrides must occur
through bridging hydrogens. As a result, three structures are
possible, monodentate (one bridging hydrogen, Cs, symme-
try), bidentate (two bridging hydrogens, C,, symmetry), and
tridentate (three bridging hydrogens, C;, symmetry) (struc-
tures can be found in Ref. 9). In addition, the electronic
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structure of the molecules in the 2p ligand series has been
well described in terms of a perturbation of the metal atomic
orbitals by the ligand. The unique geometric configurations
possible for the alkaline-earth borohydrides may disrupt this
perturbation description and may have an affect on the ex-
cited state electronic structure, which makes them of particu-
lar interest for spectroscopic investigation.

One group of metal borohydrides that have been the sub-
ject of several studies, both theoretical and experimental, is
the alkali metal borohydrides. The experimental work®"® has
consisted primarily of microwave spectroscopic investiga-
tions in the gas phase. In these studies, the rotational and
hyperfine parameters have been determined for the ground
electronic states of NaBH4,9712 NaBD4,10’13 LiBH4,10’14’15
LiBD4,13 and KBH4.”’13 Based on isotopic data, lithium and
sodium borohydrides were found to possess the tridentate
structure in the ground state. Theoretical studies'®® have
also predicted this geometric configuration for the ground
state. Additionally, several of these theoretical studies have
calculated a low-energy barrier to the internal rotation of the
ligand,lg’zz"zi2728 in which the BH; cycles from one triden-
tate minimum to another through a bidentate intermediate
structure. This phenomenon will manifest itself in the ob-
served rotational spectra as a doubling of spectral lines.”” In
the rotational spectroscopic studies of the alkali metal boro-
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hydrides, this doubling of spectral lines was not resolved,
indicating that the barrier to the internal motion of the BH;
group is larger than that calculated.

Studies involving the alkaline-earth borohydrides have
been far less extensive. Pianalto et al.*® have used laser ex-
citation and dispersed fluorescence experiments in a Broida

oven to examine the A 2Al-§ 2A1 and B ’E-X 2Al electronic
transitions of CaBH, and SrBH, at low resolution. From
their spectra, they suggested that these molecules possessed
Cs, symmetry and a tridentate structure similar to the struc-
ture found later for the alkali borohydrides. Most interest-
ingly, they found that the first excited 2A1 and ’E states ap-
peared to be reversed in energy relative to the corresponding
states in the metal monomethyls, SrCH35‘6 and CaCH3.6’3 1,32
Subsequently, Ortiz” used electron propagator methods to
calculate the energy, vibrational frequencies, geometric
structure, and orbital character of several electronic states of
CaBH,. From this work a tridentate structure was predicted
for CaBH,. However, the first excited ’E and 2A1 electronic
states were found to be ordered in energy the same as in
CaCHyj;, contrary to the experimental work. In addition, Chan
and Hamilton®* have used density functional theory to calcu-
late ground state geometries and vibrational frequencies for
the monoborohydrides of calcium and strontium. In their
work they also found that the tridentate structure was the
lowest in energy in the ground electronic state.

In an attempt to further understand the geometric and
excited state electronic properties of CaBH, and SrBH, and
to reconcile the discrepancy between theory and experiment
for CaBH,, we have recorded high resolution laser excitation

spectra of the B 2E-X A | transitions of both calcium and
strontium monoborohydride. For each molecule the rota-
tional and fine structure parameters have been determined for
the ground and excited electronic states. These constants
have conclusively established that the first two excited elec-
tronic states have reversed their order in energy relative to
their MCH; analogs. A discussion of the geometry, energy
ordering, and orbital character of the observed states will be
presented. In addition, a comparison of the observed spectro-
scopic parameters with those of StCH; and CaCH; will be
described.

Il. EXPERIMENT

A laser ablation/molecular jet source was used to pro-
duce the borohydrides of calcium and strontium in the gas
phase.35 First, a gas mixture was introduced into a reaction
nozzle via a pulsed valve. For this synthesis a mixture of 5%
diborane in argon (Praxair), at a backing pressure of 100 psi,
was used as the reactant gas. Next, the third harmonic
(355 nm) of a pulsed (10 Hz) neodymium-doped yttrium
aluminum garnet laser (10 mJ/pulse) was used to vaporize a
metal target rod (calcium or strontium) located in the nozzle.
Inside the reaction region a high-energy plasma was formed.
Here the diborane reacted with the metal vapor, producing
the metal borohydrides. The molecules then exited into the
low pressure chamber (~1 X 1077 Torr), forming a molecu-
lar jet with a low rotational temperature (7,,,~4-6 K). A
probe laser was then sent perpendicularly through the expan-
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FIG. 1. Low resolution spectra recorded for the A %A -X %A, and B 2E-X A,
transitions of SrBH, (upper panel) and CaBH, (lower panel). For each mol-

ecule the A ZAI—X~ %A, transition was weaker in intensity and located at a

lower energy than the corresponding BE-X 2A1 transitions. This energy
ordering is in contrast to that of CaCH; and SrCHj;, but is consistent with
the previous low resolution observation of calcium and strontium
borohydrides.

sion ~15 cm downstream. The resulting molecular fluores-
cence was collected by a photomultiplier tube, sent through a
preamplifier (100 X current), and processed by a boxcar inte-
grator. Bandpass filters (20 nm) were used to help attenuate
stray radiation from the ablation laser and plasma emission.

Initially, low resolution survey scans were obtained us-
ing an argon-ion-pumped linear dye laser (linewidth
~30 GHz) scanned at a speed of ~50 cm™'/min. DCM and
pyridine 2 laser dyes were used to observe the spectral region
of interest (~13 500—15 500 cm™!) with a typical maximum
output power of ~1 W (pump power ~5 W). A LABVIEW
data acquisition program was used to plot the output signals
from the boxcar integrator versus the wave number of the
laser, which was obtained using a wavemeter (Burleigh WA-
2500 Wavemeter Jr.) interfaced with the program.

For the B’E-X 2Al transitions of both CaBH, and
SrBH,, an argon-ion-pumped Coherent Autoscan 699-29
ring dye laser system, operating with DCM laser dye, was
used to obtain high resolution spectra [linewidth ~10 MHz,
output power ~1 W (pump power ~8 W)]. Generally, spec-
tra were obtained in 5 cm™! portions at a scan rate of
180 s/cm™' and a data sampling interval of 10 MHz. To
achieve an adequate signal to noise ratio, several (2—4) por-
tions were usually averaged together. The final spectra were
then calibrated using the line positions of I, obtained from
simultaneously recording its laser excitation spectra.36

lll. RESULTS

Figure 1 shows low resolution survey spectra of the
ngl-f 2A1 and B’E-X 2Al transitions of CaBH, and
SrBH,. In each spectrum, three peaks are clearly present. For
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FIG. 2. High resolution spectra of the two spin-orbit components of the
B’E-X ZA] transition of SrBH, and CaBH, are plotted on a relative wave-

number axis scale for comparison. The B 2E3/2—)? 2A] spin-orbit component
of SrBH, is shown in the bottom left panel. This component has an expected
appearance similar to a Hund’s case (a) “TI-Hund’s case (b) 23" transition

with ~1B and ~3B spaced branches. The B 2E,,,-X ?A, spin-orbit compo-
nent of SrBH, is shown in the top left panel. This component has a very
unique structure with no clear origin, and all of the lines of the observed

branches appear to be spaced by ~2B. Neither component of the B2E-XA .
transition of CaBH, (right side) has the appearance of a perpendicular tran-
sition. Each component is highly congested and lacks any clear origin,
which hampered the rotational assignment of the lines in these spectra.

CaBH, the separation between the first and second peaks is
~600 cm™!, while the second and third peaks are spaced by
~70 cm™!. The 70 cm™' separation is in the range of the

spin-orbit splitting previously measured for the A states of
CaF, CaOH, and Ca1CH3.1’2’6‘3 132 This suggests that the sec-
ond and third peaks are two spin-orbit components of an
orbitally degenerate electronic state. This scenario is only
possible if the molecule possesses a geometric configuration
with C5, symmetry. For a molecule having C,, symmetry,
such as CaNH2,37 no two of the first three excited states
should be spaced by this ~70 cm™' separation exhibited by
calcium-containing molecules (C,, symmetry eliminates first
order spin-orbit coupling). Therefore, the wave number sepa-
rations exhibited by the first three peaks for CaBH, suggest
that C,, symmetry is unlikely. A similar conclusion can be
arrived at for SrBH,, where the second and third peaks are
spaced by ~200 cm™'. This separation is consistent with the
previously observed spin-orbit splitting in the A states of StF,
SrOH, and SrCH3.173’5 As a result, for the borohydrides the
first excited 2A | state was found to lie lower in energy than
the first excited 2E state, consistent with the previous obser-
vations of the metal borohydrides.30 It is also of interest to
note the decreased intensity of the A ?A,-X ?A, transitions
as compared to the B *E-X %A, transitions in the spectra in
Fig. 1. For each molecule the decreased signal strength was
observed previously3 % and does not seem to be simply an
effect of the lower laser power. The decrease in intensity of
the A ZAI-J? 2A1 transitions impeded the measurement of
their high resolution spectra.

Figure 2 shows the overall high resolution spectra ob-

tained for both spin-orbit components of the B’E-X 2A1 tran-
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sitions of CaBH, and SrBH,. The B’E-X 2A1 transitions cor-
respond to a pr«— so promotion on the calcium or strontium
ion. Transitions of this type should have the general appear-
ance of a Hund’s case (a) “II-Hund’s case (b) 23" perpen-
dicular transition of a corresponding linear molecule such as
CaCCH?®* and SrCCH.” In this case two spin-orbit com-
ponents, each with a well defined origin and ~1B and ~3B

spaced branches, are present. For SrBH,, the B *E;,-X A,
component (lower left panel) indeed exhibits the appearance
of a perpendicular transition with ~1B and ~3B spaced

branches. The B ’E, /2-)? %A, component (upper left panel),
on the other hand, exhibits a pattern that closely resembles a
parallel transition with only ~2B spaced branches present.

For the B *E-X 2A1 transition of CaBH,, neither spin-orbit
component (top or bottom right panel) has the anticipated
perpendicular-like appearance nor a clear origin.

The energy level structure of both the B’E and X 2Al
states of the metal monoborohydrides closely resembles that
of the corresponding monorlle,thyls.s’31’32 These energy levels
can be described by considering two factors. First, the boro-
hydrides are prolate symmetric top molecules belonging to
the C;, symmetry group. Therefore, their rotational energy
level structure is split into various sublevels, labeled by
K(=Kgz+{,), where Ky and , are the projections of the rota-
tional angular momentum of the nuclei (R) and the elec-
tronic orbital angular momentum (L) onto the symmetry
axis, respectively. Second, the spin angular momentum asso-
ciated with the unpaired electron (S) must also be taken into
account. In the ground 2A1 state, the spin of the unpaired
electron interacts with the rotational angular momentum of
the molecule to split each rotational level into two spin-
rotation components, labeled by J, the total angular momen-
tum. These two components are identified by F; (e parity)
and F, (f parity). In the ’E state, the spin of the unpaired
electron interacts with the electronic orbital angular momen-
tum and gives rise to the *E,,(F,) and *E;,(F,) spin-orbit
components. Each rotational level in each spin-orbit compo-
nent is further split into e and f parity levels by the spin-
rotation and Jahn-Teller interactions. This splitting is similar
to A-type doubling in a linear molecule*' and, as noted by
both Hougen41 and Brown,*” should be most predominant in
the K’ =1 levels and may be negligible in the other observed
K' levels. A more detailed description of the energy level
structure along with energy level diagrams for *E and 2A,
states can be found in Refs. 5, 31, and 32

The allowed rotational transitions between the B °E and

X2A, states are determined by the selection rules for a
perpendicular-type transition, AK=+1 and AJ=0,+1. In-
cluding parity dependence,43 this results in six branches
per AK subband within each spin-orbit component. Each
individual branch is labeled by the notation AKAT R
(i=1,2;j=1,2), where AK is represented by a lower case
p(AK=-1) or r(AK=+1)."* Because the rotation of the
borohydrides about the symmetry axis exchanges the protons
of the BH; ligand, the effect of nuclear spin statistics must
also be considered. In this case, this phenomenon gives rise
to two nuclear spin states: ortho (K=3N, where N is an in-
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FIG. 3. Subsections of the high resolution spectra of the B 2E,,,-X 2A, (top
panel) and the B2E,,-X?A, (bottom panel) spin-orbit components of
SrBH,. For each component, 15 of the 18 possible branches are shown. In
each spectrum, branches assigned to the K’ =1+ K"=0 subband are labeled
on the bottom in italics and those belonging to the K'=2«K"=1 and

=0«K"=1 subbands are labeled on the top. Individual rotational lines
are labeled by the notation AKAJF Fw(z—l ,2;j=1,2). In the BZEI,2 X A,
spin-orbit component (top panel) thé rotational lines of 11 of the 15 ob-
served branches are spaced by ~2B and the "P,, "Q,,, "R, and 7Q,
branches have almost converged near the origin.

teger) and para (K#3N).” Molecules in each of these
nuclear spin states behave like separate species and cannot
rotationally cool to one another in the free jet expansion. As
a result, both K"=0 and K"=1 levels are populated in the jet.
Therefore, according to the selection rule AK==+1, three AK
subbands should be predominantly observed in our spectra,
K'=1—K"=0, K'=0—K"=1, and K'=2+K"=1, which
give rise to 36 branches in total.
Rotational assignments of the B 2E-X ?A, transition of
SrBH, were completed by first examining the B 2E;,-X %A,
spin-orbit component. The similar appearance of this compo-

nent with the A 2E,,,-X ?A, transition of SrCH5’ facilitated
branch assignments. Because no previous ground state com-
bination differences were available, rotational assignments
were made within each AK subband using first lines and then
generated lower state combination differences. Subsequently,
this set of combination differences was used to make rota-

tional assignments in the B ’E I ,z—f 2A1 component, which

lacked any similarity with the corresponding component of
SrCHj;. In this case, a series of branches on each side of the
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FIG. 4. A portion of the high resolution spectra, including rotational assign-

ments, for each spin-orbit component of the B 2E,,-X ?A, transition of
CaBH,. Again, the K'=1+K"=0 (on the bottom in italics), K'=2+«K"
=1, and K'=0—K"=1 (on the top) subbands are shown, and individual
rotational lines are labeled by AIF F”(l—] ,2;j=1,2). For the

B2E,,-X ?A, spin-orbit component (bottom panel) the 7Q,, and 7P,
branches begin at the blue of the "Q,, and 'R,, branches, resulting in a very
overlapped and congested structure for this spin-orbit component. The

B 2E,,Z-)? 2AI spin-orbit component (top panel) has a clear origin; however,
the ”P,, branch can only be ambiguously assigned, suggesting a perturba-
tion (see text).

origin were first identified and then grouped together utiliz-
ing the combination differences. Using this method, 17 of the
18 possible branches from all three observed AK subbands
were identified in this spin-orbit component. Figure 3 shows
a portion of the spectra with line assignments [AKAJF(Fr;
(i=1,2;j=1,2)], for each spin-orbit component of the
B2E-X ?A, transition of SrBH,. The unusual structure of the
B’E,,,-X *A, component, as compared to the B *E,,-X *A,
spin-orbit component, can clearly be observed in the four
branches ("P,,, "0,,, ’R,,, and PQ,,) that have converged
near the origin and have adopted an appearance similar to a
strong Q branch.

The assignment of the B’E-X 2A1 transition of CaBH,
was not as straightforward. Unfortunately, neither spin-orbit
component exhibited the expected appearance of a perpen-
dicular transition, and both were exceptionally congested. In
addition, each component lacked a clear origin, making it
difficult to identify the starting position of any branch. As a
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result, a different approach was utilized in order to make the
rotational assignments. Again, as with STBHy, a set of lower
state combination differences was not available from previ-
ous spectroscopic work. However, in the analysis of the

B’E-X 2Al transition of SrBH,, the lower state combination
differences were found to be consistently ~1.02 times
smaller then the analogous combination differences for
SrCH3.44 Therefore, initially, this factor was applied to the
lower state combination differences of CaCH345 in order to
generate an approximate set of combination differences for
CaBH,, which were then used to make rotational assign-
ments for all of the possible R and P branches in the

B’E,,-X *A, spin-orbit component. As was the case for
SrBH,, the lower state combination differences from this

component were then applied to the B *E,,-X ?A, spin-orbit
component of CaBH,. Using this method, 10 of the 12
possible R and P branches for this spin-orbit component
were identified. The two branches that were not observed
("P,, and PR,;) form combination difference pairs with the
"R,, and PP, branches, respectively. As a result the J assign-
ments of the 'R, and PP, branches were made by identify-
ing their first lines. All 12 possible Q branches, from both
spin-orbit components, were also assigned. However, the
majority of these branches were not completely resolved
from their associated P or R branch, suggesting that the
ground state spin-rotation interaction is quite small. Figure 4
shows a portion of the high resolution spectra with rotational
assignments [*KAJ m(i=1,2;j=1,2)] for each spin-orbit
component of this electronic transition. In the top spectrum,
the starting positions of the branches of the B 2E;,-X %A,
component can be observed to vary greatly from those of
SrBH,. For example, the ”P,, branch begins at the blue of
the 'R,, branch, which obscures the origin of the
B 2E3/2-)? 2A1 spin-orbit component. This irregular pattern
contributed to the difficulty in identifying the starting posi-
tions for each series of lines.

J. Chem. Phys. 126, 164311 (2007)

IV. ANALYSIS

The B ’E-X 2A1 transitions of SrBH, and CaBH, were
modeled using a symmetric top effective Hamiltonian*!**4¢
that incorporated the rotation of the molecule, along with
centrifugal distortion corrections, and the spin-rotation, spin-
orbit, Jahn-Teller, and Coriolis interactions. Using the matrix
elements of Endo er al.,*® in a Hund’s case (a) basis, this
Hamiltonian was incorporated into a computer program, and
a least squares fit of the measured data was performed.

For SrBH,, 181 lines from 35 of the 36 possible
branches from all three observed AK subbands were included
in the fit. Clearly resolved lines were weighted according to
the experimental uncertainty (0.004 cm™'), while overlapped
lines were deweighted slightly (0.008 cm™!). The measured
lines can be found in Ref. 47. In the ground state only one
rotation (B) and one spin-rotation [&,.=(g,,+&.)/2] con-
stant were allowed to vary. The A rotational constant in the
ground state could not be determined from the current data
set because no AK=0 transitions were observed. As a result,
it was fixed to the theoretical value given by Chan and
Hamilton.™ Additionally, no centrifugal distortion terms
were found to be necessary due to the low J values
(J"<9.5) observed in the spectra. For the excited state, a set
of molecular constants similar to those used to describe the
A’E state of SrCH35 were employed. These included rota-
tion (A, B), spin-orbit (a{,d,apl,d), Coriolis (AZ,), and spin-
rotation (&,,,&;) terms. The spectroscopic parameters of the
B’E and X 2A] states of STBH, derived from the final fit are

listed in Table I along with those of the A *E and X A states
of SrCH; for comparison.

The fitting of the B >E-X A, transition data of CaBH,
was not as straightforward as it was for StBH,. In the first
attempt at fitting the rotational transitions of the three ob-
served AK subbands, residuals for the PP, branch were
found to be unusually large. As a result, a second fit was

TABLE 1. Spectroscopic constants (in cm™') for the A’E and X 2A1 states of SrCH; and the B?E and X 2A1

states of StBHj.

SrCH;" SrBH,
Constant” X2, A’E X4, B’E
T 0.0 13 800.3762(9) 0.0 14 422.5566(18)
al,d 279.1651(17) 198.4994(36)
apl.d -0.0297(15) -0.0337(15)
Af, 5.248 33(83) 4.0123(11)
A 5.390° 5.334 94(75) 4213° 4.177 08(76)
B 0.193 833 336(16) 0.195 068(21) 0.188 367(50) 0.194 290(44)
Dy 2.14893(11) X 1077
Dyx 1.61349(51) X 1073
Hyx 2.920(21) X 10710
Hyy 3.18(43) X 107°
£ 0.000 883(34) 0.3692(33) 0.0792(44)
£he 0.004 128 52(43) 0.002 62(39)
£ -0.094 15(12) 0.185 09(16)

“Values in parentheses are 10 standard deviations, in units of the last significant digits.

°From Ref. 5
‘Fixed to the theoretical value (Ref. 34).
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TABLE II. Spectroscopic constants (in cm™") for the A’E and X 2Al states of CaCH; and the B’E and X 2Al
states of CaBHj,.

CaCH," CaBH,* CaBH,*
Constant” X4, A’E X4, B’E XA, BE
T 0.0 14 743.3822(11) 0.0 15 438.3932 (62) 0.0 15 438.3936(19)
al,d 72.7092(18) 62.9654(11) 62.9646(34)
apl,d -8.86 X 107*

AL, 5.3600(3) 4.126 69(49) 4.1272(12)
A 5.448 31 5.3855(6) 4.230° 4.185 96(44) 4.230° 4.186 37(65)
B 0.252 3847 0.254270(7)  0.247 357(30)  0.255 106(26)  0.247 367(31)  0.255 127(30)
Dy 7.03% 107 6.437x 1073
Dy 3.544852x 1077 3.6203 X 1077

Dyx  1.995314X 105 1.2980% 1075

7.8 3.522%x 1075
£4a 0.0129(17) —0.0480(11) —0.0477(30)
£pe 0.001 851 05 0.0196(17)
£ -0.0251(1) 0.086 045(81) 0.086 18(10)

“Values in parentheses are 10 standard deviations, in units of the last significant digits.
°From Ref. 32.

°Fit included 34 of the 36 possible branches for the B E-X %A, transition. The P, branch is labeled such that
one line remains unassigned.

“Fit included all of the possible branches for the B 2E3,2—)? %A, spin-orbit component and all of the observed
branches for the 1-0 and 2-1 subbands of the B *E, ,2—)—5 %A, spin-orbit component. No lines from the 0-1 subband
of the B %E,,-X %A, spin-orbit component were included.

‘Fixed to the theoretical value (Ref. 34).

conducted without this branch. A subsequent prediction, us-
ing the parameters of this fit, indicated that the J values of
the ”P,, branch should be decreased by 1 from the original
assignment. Initially, this result was not surprising as this
branch was originally assigned by the identification of a sup-
posed first line. However, these new J assignments of the
PP, branch resulted in one line [identified with an asterisk
(*) in Fig. 4] being unassigned. Subsequent attempts to as-
certain the identity of this line in the context of this fit were
unsuccessful. The iodine calibration spectrum and etalon
trace signal were examined closely to ensure that this line
was a real feature and not the result of a laser mode hop. In
addition, attempts at reassigning the observed branches of all

three AK subbands in the B *E, /2& ?A, spin-orbit component
to include this line were unsuccessful. The line positions of
the 7P, branch were also calculated using the lower state
combination differences from the 2-1 subband to determine
the K”"=1 rotational level energies, and the upper state
(K'=0) rotational level energies were calculated from upper
state combination differences of the ”R,, and ”P,, branches
(assuming that the e and f parity splitting in the K’ =0 levels
were negligible as they were for CaCH3,3l’32 SrCH3,5 and
SrBH,). This calculation showed that the new J assignments
for the 7P, branch with one line left unassigned were plau-
sible.

Using these rotational line assignments, 169 lines from
34 of the 36 possible branches were included in the fit and
are listed in Ref. 47. As with SrBH,, clearly resolved
(0.004 cm™") and overlapped lines (0.008 cm™') were
weighted differently. In the ground state only the rotational
constant, B, was allowed to vary. As with StBH,, no AK
=0 transitions were observed; therefore, the A rotational con-

stant in the ground state could not be determined and was
fixed to the theoretical value.** As mentioned previously, the
spin-rotation splitting in the X 2A1 state appeared unresolved;
thus, €,. was fixed to zero. In the upper state, the rotation
(A,B), spin-orbit (al,d), Coriolis (AZ,), and spin-rotation
(£44-€;) terms were included in the fit. Unlike for StBH,, it
was found that the ap{,d term could not be determined for
CaBHj,. The spectroscopic parameters of the B’E and X 2A]
states of CaBH, determined from this fit are listed in Table II
along with those of the A’E and X 2A1 states of CaCH; for
comparison.

One likely explanation for the identity of the unassigned
line in the B ’E,,,-X *A, spin-orbit component is that it is
indeed the first line of the P, branch. This would suggest
that the rotational energy levels of the K'=0 state of the
B 2E1 ,» Spin-orbit component are being perturbed by some
nearby electronic state. For CaCHj;, the K'=1 level of the

B?A, state was found to be perturbed by a vibrational level
of the A 2E state. A similar scenario is possible for CaBHy, in
which a vibronic level of the A ?A, state interacts with the
K'=0 state of the B *E 1,2 Spin-orbit component. As a result,
an alternative fit of the B *E-X ?A transition data of CaBH,,

in which the data from the 0-1 subband of the B ’E,,-X *A,
spin-orbit component were removed, was performed. This
alternative fit included both spin-orbit components of the 1-0
and 2-1 subbands and only the O0-1 subband of the
B 233 /2-)? 2A1 component. In this fit, the rotation (A, B), spin-
orbit (al,d), Coriolis (A{,), and spin-rotation (g,,&,,) param-
eters were determined and are also included in Table II for
comparison.
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TABLE III. Metal—ligand separations for the borohydrides and monometh-
yls of calcium and strontium.

State M-L separation CaBH," CaBH, CaCH3b
X4, rear (A) 2.415 2.414, 2.430° 2.348
’E reet (A) 2.376 2342
SrBH,* SrBH, SrCH;*
X4, reer (A) 2.574 2.596° 2.487
’E rst (A) 2.532 2.481

!Calculated from the rotational constant, B, from the current investigation
and fixing the BH} ligand geometry to that of Ref. 34.

bExperimental data from Ref. 6.

“Theoretical data from Ref. 34.

Theoretical data from Ref. 33.

“Experimental data from Ref. 5.

V. DISCUSSION
A. Geometry

Because rotational constants for only one isotopolog of
both CaBH, and SrBH, were determined in this study, it is
difficult to ascertain the structural parameters of these mol-
ecules. One approach that can be employed to extract struc-
tural information from the observed rotational constants is to
fix the geometry of the BH; ligand to that calculated for the
ground state by Chan and Hamilton®* and assume that the

ligand structure is invariant upon promotion from the X 2Al

to B ’E state. Using this method, the rotational constant, B,
can be used to derive the metal-boron separation. The calcu-
lated distances are listed in Table III along with the theoret-
ical values™* for comparison. For the ground states, there is
a very good agreement (less than 1% difference) between the
metal-boron separations obtained in this work and those cal-
culated by Chan and Hamilton.* The agreement is slightly
worse for the calculations of Ortiz.*> For the excited states
no theoretical predictions of the rotational constants exist;
therefore, no direct comparison of the experimental metal-
boron separations to the theoretical values can be made.
Using these experimental values of the metal-ligand

separation, the change in this separation from the X 2A1 to

B’E state can be examined. For CaBH, and SrBH,, the
metal-ligand separations decrease by factors of 0.9834
(0.040 A) and 0.9837 (0.042 A), respectively. This is in con-
trast to the metal-ligand separation in CaCH; and SrCHj,

where from the X ?A, to A ’E states the metal-carbon dis-
tances (Table III) decreased by factors of only 0.9963
(0.006 A) and 0.9968 (0.006 A), respectively. The larger de-
crease in the metal-ligand separation for the metal borohy-
drides, as compared to the metal monomethyls, is consistent
with the theoretical calculations of Ortiz> for CaBHy. In this
work, the metal-boron separation in the first excited *E state
was found to decrease by a factor of 0.9794 (0.05 A) as
compared to the ground state. This larger change in the
metal-ligand separation was attributed to an increased
amount of d atomic orbital character in the first excited *E
state of CaBH, as compared to CaCHj. For calcium and
strontium-containing molecules, the first two excited states
are derived predominantly from p and d atomic orbitals lo-

J. Chem. Phys. 126, 164311 (2007)

cated on the metal atom. For example, the orbital character

of the A *II state of StOH* is 92% comprised of contribu-
tions from the Sp7 and 4d atomic orbitals on the strontium
ion. The molecular parameters in these states are often a
reflection of the ratio of p and d atomic orbital characters in
the state. In the case of CaBH,, Ortiz suggested that the
increased d orbital character would result in the unpaired
electron residing in a more diffuse orbital, which, in turn,
allows the BH} ligand to more closely approach the Ca*
cation. Similar calculations for StBH, do not exist, but, as
mentioned previously, a similar change between the ground
and excited state rotational constants was observed. This
may imply that an increased amount of d character is also

present in the B ’E state of SrBH, as compared to SrCHj;.
Finally, fluxional behavior, in which the BH, ligand un-
dergoes internal rotation, was predicted to have a low-energy
barrier in the alkali metal borohydrides. However, a splitting
of rotational lines inherent with the internal rotation of the

BH;, ligand® was not resolved in the B 2E-X %A, transitions
of CaBH, and SrBH,. This indicates that the barrier to this
internal motion is high in the borohydrides of calcium and
strontium, as it is in NaBH49 and LiBH4.14

B. Jahn-Teller and fine structure interactions

For both CaBH, and SrBH, the orbitally degenerate

B ’E state may be subject to Jahn-Teller coupling. However,
electronic states that exhibit a large spin-orbit interaction are
expected to exhibit a small Jahn-Teller splitting.49 Addition-
ally, electronic states arising predominantly from atomic or-

bitals located on the metal atom, such as the B ’E states of
the metal borohydrides, should have reduced Jahn-Teller
coupling. This is a result of the hydrogen atoms of the ligand
being located far from the metal atom, which causes the
coupling of degenerate vibrational and electronic wave func-
tions to be small.*

Assuming that the Jahn-Teller coupling is small in the

B ’E states of CaBH, and StBH,, the projections of the elec-
tronic (£,) and vibronic (£,) angular momenta on the symme-
try axis can be calculated for these states. First, {, can be

calculated from the ratio of A, to A for the B ’E state of
each molecule (CaBH, £,=0.9859; SrBH, {,=0.9606). Next,
these values of {, can be used to calculate £, via the follow-
ing equation:51
1-d

§t=§€d+7€2’ (1)
in which d is the Jahn-Teller quenching parameter (1> |d|
>0) and ¢, is the vibrational Coriolis coupling coefficient
for the Jahn-Teller active degenerate vibrational mode. If the
Jahn-Teller effect is neglected (d=1), then according to Eq.
(1), £,=¢, and hence £,=0.9859 and 0.9606 for CaBH, and
SrBH,, respectively. For an electronic state derived primarily
from a p atomic orbital, £, should be close to 1. Any reduc-
tion in this value can be attributed to an increase in the
amount of atomic orbital character other then p. Although

these values of (, indicate that the B ’E states of CaBH, and
SrBH, arise predominantly from p orbitals located on the
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metal, a comparison with the ¢, values of CaCHj (0.9953)°"!
and SrCH; (0.9838)° shows that they are reduced slightly for

the borohydrides. This suggests that the B’E states of
CaBH, and SrBH, contain less p orbital character than the

A ’E states of the corresponding monomethyls.
A final indication of the reduction of the amount of p

orbital character in B °E states of CaBH, and SrBH, as com-

pared to the A ’E states of CaCH; and SrCHj3 can be found
by examining the spin-orbit interaction. The energy separa-

tion of the two spin-orbit components of the B ’E states is
given by a{,d, where a describes the magnitude of the spin-
orbit splitting. A value of @ may be calculated using the
expression al,d=a{,, assuming that the Jahn-Teller interac-
tion may be neglected. For SrBH, (a{,d=198.4994 cm™),
the magnitude of the spin-orbit coupling constant is esti-
mated to be =206.6411 cm™'. This value is 27% smaller as
compared to StCH; (¢=283.772 cm™").” This reduction may
be rationalized by considering the atomic orbital contribu-
tions to the spin-orbit splitting parameter for the first excited
’E states of either STCH5 or SrBH,, which are given by the
equation

2 2 2
a= cSpﬂ'gSp + C4d7rg4d + cn{’gnf» (2)

where ¢sp,, €407 and c,¢ are expansion coefficients and §5€,
{ag» and £, are the atomic spin-orbit coupling parameters. 2
This equation can be further simplified by removing the con-
tributions from atomic orbitals other than 5p# and 4dw to
give

2 2
a= 5,05, + Cagrlaa- (3)

This is a relatively safe assumption because, as mentioned
earlier, in the case of SrOH™® the 5 par and 4dr orbitals com-

prise 92% of the orbital character of the A 11 state. For
strontium, the atomic spin-orbit coupling parameter is larger
for the 5p orbital ({5,=534 cm™) than it is for the 4d orbital
(Lyg=112 cm“).53 Thus, if the amount of the 5p character
decreases and the amount of 4d character increases, the mo-
lecular spin-orbit coupling constant is reduced. This change
in the amount of d character most likely accounts for the
majority of the 27% reduction in the magnitude of the mo-
lecular spin-orbit coupling constant in StBH, as compared to
SrCHj;.

A similar reduction in the molecular spin-orbit coupling
parameter, a, in the first excited ’E state is observed for
CaBH, (a=63.87 cm™) as compared to CaCH; (a
=72.7092 cm™").*? In this case the spin-orbit coupling con-
stant may be calculated according to the equation

2 2
a=Cyprlap+ C3a783a- (4)

For calcium, the atomic spin-orbit coupling parameter is
again larger for the p orbital ({;,=148 cm™) than for the d
orbital (£3,=24 cm™),>* but the difference in magnitude is
not as great as for strontium. The reduction in a can again
most likely be largely attributed to an increase in the amount
of d character in the B E state of CaBH, as compared to the

A ’E state of CaCH;.

J. Chem. Phys. 126, 164311 (2007)

Another interesting comparison that can be made be-
tween the monomethyls and borohydrides of strontium and
calcium involves the spin-rotation constant g;. Using the
pure precession relationship and unique perturber approxi-
mation, the following expression for £, has been derived:*'*

aB€(€+1)

= , 5
Frp=En, (5)

€

where ¢ is the atomic orbital angular momentum and E is the
state energy. This equation shows that &, arises from an in-
teraction of a E state with a neighboring 2Al state. This is
analogous to the A-doubling constant, p, in a 11 state, which
accounts for its interaction with a neighboring >3* state. Ac-
cording to Eq. (5), the sign of &; should be dependent on the
relative energy positioning of the *E and 2A1 states. For ex-
ample, if the *E state lies higher in energy then the 2A1 state,
then &, will have a positive sign. For both CaBH,
(0.086 18 cm™!) and SrBH, (0.18509 cm™) the sign of &,
has changed in comparison with CaCH; (-0.0251 cm™!)*
and SrCH; (-0.094 15 cm™). This is further evidence that
the first excited 2E and A, states in the borohydrides have
reordered in energy as compared with the monomethyls.25
For both CaBH, and SrBH, the magnitude of &; has
increased in comparison with the monomethyls. As both a
and B have decreased for CaBH, and SrBH,, this increase in
magnitude is a reflection of the first excited *E and A, states

lying closer in energy for the borohydrides. In the B ’E state
of SrBH,, the magnitude of &; is nearly equal to the rota-
tional constant, B (0.194 290 cm™'). As mentioned previ-
ously, g, is analogous to the A-doubling constant, p, and the
two parameters can be related by the expression g,=p/ 2.4
Kopp and Hougen55 have shown that if p equals approxi-
mately twice the B value in a I, state, the energy level
structure of this state becomes very similar to that of a *3*
state. Applying these arguments to a 2E1 1 state, if &) equals
approximately B, then the energy level structure of this state
will appear like a 2A1 state. This is precisely what has been
observed in the B °E 1,2 spin-orbit component of SrBH, and
explains the unique structure of this component, in which
each branch is spaced by ~2B. A similar structure is not seen
in the B 2El ,2-)? 2Al spin-orbit component of CaBHy, as g,
has increased but is not quite equal in magnitude to B. There-
fore, ~1B and ~3B spaced branches are still observed in
this spin-orbit component.

Finally, it is of interest to compare the experimentally
determined values of &, with those derived from Eq. (5). For
StBH, the values a=206.6411 cm™', B=0.194290 cm™,

E(B’E)=14422.5566 cm™, and E(A’A,)=13685 cm™
were used. Assuming that the B ’E state arises solely from a
p atomic orbital (€=1), &, was estimated to be 0.1089 cm™".
For CaBH, (¢=63.87 cm™!, B=0.255127 cm™', E(B’E)
=15438.3936 cm™!, E(A 2A1)= 14800 cm™!, and €¢=1) a
similar calculation estimated &, to be 0.051 cm™!. For each
molecule the calculated value is approximately 40% smaller
than the experimentally determined parameter, consistent
with € >1 and the additional d orbital character. However,
some of these differences may be attributed to the approxi-
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mations made in deriving Eq. (5). Similar calculations of &,

in the A ’E state of Cz:1CH331 and SrCH35 found differences
between the calculated and experimentally determined pa-
rameters of only about 20%. This better agreement for the
monomethyls as compared to the borohydrides is consistent
with more p atomic orbital character (€ closer to 1) in the

A ’E state of the monomethyls as compared to the B ’E state
of the borohydrides.

The remaining experimentally determined spin-rotation
constant (g,,) can also be estimated using the unique per-
turber approximation and pure precession relationship,56

4al,dAL
Caa =" : : . (6)
EB g~ EHigher lying g

According to the above equation, ¢,, should be positive for
the B’E states of SrBH, and CaBH,. A value of

0.0792 cm™' was determined for &,, in the B’E state of
SrBH,. Unfortunately, this parameter cannot be quantita-
tively estimated using Eq. (6) as no information exists for
any of the other excited *E states of StBH,. However, quali-
tatively, this equation does indicate that g,, should be small
and positive as the neighboring 2E states should be higher in

energy than the B ’E state of SrBH,. Interestingly, a similar

qualitative agreement was not found for ¢, in the B ’E state
of CaBH,. Here, this constant (g,,=—0.0477 cm™') was
found to be small and negative in disagreement with Eq. (6).
However, ¢,, was only marginally determined in both fits of
CaBH,, making its true physical significance somewhat du-
bious.

C. Perturbation in the §2E1,2 state of CaBH,

One possible explanation for the negative value of g4,
for CaBH, is that it is a result of a perturbation to the B *E 2

spin-orbit component. For CaCH3,6 the EzAl state was
found to be perturbed. In this case, the K'=1 energy levels

were affected by an interaction with an excited A ’E vibra-
tional state. This perturbation caused the energy levels of the
F| spin-rotation component to be higher in energy than those
of the F, component, contrary to the K’ =0 energy level. As
a result, the K’ =1 sublevel data could not be included in the
final fit. A similar interaction is possible, in reverse, in

CaBH, where the B E state interacts with an excited vibra-

tional level of the A 2Al state. The ambiguous J assignments
of the rotational lines of the ”P |, branch in the 0-1 subband

of the B E,,-X A, spin-orbit component suggest that the
K’ =0 rotational levels of this spin-orbit component are per-
turbed. More specifically, the ”P,; branch terminates in lev-
els with e parity, which suggests that these levels are the
most affected by the perturbation. This is further supported
by the assignment of the ”P,, and ”R, branches without
complication, suggesting that the f levels of the K'=0 state

of the B °E 172 Spin-orbit component are relatively unaffected
by the perturbation. This scenario where the e and f parity
levels are affected differently by the perturbation is possible
as long as the parity splitting in the perturbing state is large

J. Chem. Phys. 126, 164311 (2007)

and the e level interaction is more in resonance than the f
level interaction. From the pure precession and unique per-
turber approximations,51 it is known that the parity splitting
in the A °A | should be similar to that of the B’E 1,2 Spin-orbit
component. In this component the splitting is described by
£1, and, as outlined previously, the magnitude of this param-
eter has increased significantly in comparison with CaCHj.
This increase in magnitude could result in the perturbation

dominating the ¢ levels of the K’ =0 sublevel of the B ’E, ,,
spin-orbit component. However, when the K'=0 data were
removed from the fit, a negative value of g,, was still found,
further suggesting that the K'=1 and 2 levels may also be
affected, although less severely. Unfortunately, it is difficult

to determine which of the vibrational levels of the A ’A, state
is causing the perturbation as little information exists on the
excited states of CaBH,. Ortiz” has calculated vibrational
frequencies for the ground electronic state of CaBH,. In this
work, the frequency of the lateral motion of the borohydride
ligand relative to the symmetry axis is predicted to be

528 cm™". This is within 20% of the A *A,-B *E, , separation
(~638 cm™!), making the first level of this vibration a pos-
sible candidate to be the perturbing state.

VI. CONCLUSION

A rotational analysis of the B ’E-X %A, transitions of
CaBH, and SrBH, has been completed. This analysis has
yielded rotational and fine structure parameters for each ob-
served state for the first time. No evidence for fluxional be-
havior due to the internal rotation of the BH} ligand was
found for either molecule. The rotational constants agree
well with those calculated for a tridentate structure. A com-
parison of the molecular parameters of CaBH, and SrBH,
with those of their monomethyl counterparts shows a large
reduction in the spin-orbit separation and the metal-ligand
separation upon electronic excitation. These suggest an in-
creased amount of d-orbital character in the first excited *E
state of the monoborohydrides as compared to the monom-
ethyls of strontium and calcium, which is consistent with
theoretical calculations. A reordering of the first excited ’E
and A, states has also been confirmed for CaBH, and
SrBH, as compared to CaCH; and SrCHj;. Finally, the am-
biguous J assignments of the rotational lines of the 7P,

branch in the B *E, ,, spin-orbit component of CaBH, and the
negative value of g,, suggest that this spin-orbit component

is perturbed, most likely by a vibrational level of the A’A 1
state.
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