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Abstract

High-resolution spectra of SrOD have been recorded using optical-optical double-resonance spectroscopy and laser excitation spec-
troscopy. SrOD was produced by the reaction of Sr metal vapor and D,O vapor in a Broida-type oven. The 08 bands of the A2TT-X22+*
and C2T1-A411 transitions were observed and rotationally analyzed for the first time. Combined with the previous microwave data from
the literature, the present data were fitted using the usual >’ and >IT Hamiltonians, and spectroscopic constants were obtained for the
X232t (000), AT (000) and C2IT (000) states of StOD. An unusually small OH bond length was obtained for the C2II state, perhaps
indicating that the C2IT state of STOH has a floppy potential similar to the ground state of MgOH.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The spectroscopy of the alkaline earth monohydroxides
has been an active topic of discussion in many papers.
Their extensive experimental and computational studies
have been reviewed by Bernath [1,2] and Ellis [3]. For the
SrOH/SrOD free radical, high-resolution studies have been
limited to the X?>X* ground state and the low-lying A°IT
and B*X" excited states. Additional excited states lie high
in energy, and as a result high-resolution studies using laser
excitation spectroscopy are difficult to perform. We have
recently reported on the first high-resolution study of the
CT1-4T1 0) transition of SrOH using optical-optical dou-
ble-resonance (OODR) spectroscopy [4]. In the current
work we present the first high-resolution study of the
CT1-42T1 0) transition of SrOD using OODR spectrosco-
py, as well as the first high-resolution study of the

* Corresponding author. Fax: +1 519 746 0435.
E-mail address: bernath@uwaterloo.ca (P.F. Bernath).

0022-2852/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.jms.2006.08.004

A’TI-X?X* 0 transition of SrOD using laser excitation
spectroscopy.

The spectrum of SrOH was first described by Herschel in
1823 [5] who observed band systems centered at 660 and
610 nm. These bands were also observed by Barrow and
Caldin [6], but were not identified as arising from SrOH
until 1955 when James and Sugden [7] recognized the sim-
ilarity between the alkaline-earth monohydroxide bands
and the alkaline-earth halide bands. No rotational analysis
of these bands was reported until 1983 when Nakagawa
et al. [8] examined the 0), 1} and 2| bands of the
B*S*-X237" transition for both SrOH and SrOD. Later,
Brazier and Bernath [9] rotationally analyzed the 0) band
of the A2TI-X2X* transition of SrOH using a combination
of laser-induced fluorescence and Fourier transform spec-
troscopy. Additional investigations of vibrationally excited
bands of the A2IT-X2X* and B’T*-X?X* transitions of
SrOH were carried out by Presunka and Coxon [10-12]
using high-resolution laser excitation spectroscopy. Also
Zhao et al. [16] used supersonic jet-cooled molecular beam
methods to observe the B2Z*-X2X* transition of SrOD.
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The pure rotational spectra of the ground state of STOH
and SrOD have been examined by Anderson et al. [13]
and Fletcher et al. [14,15].

Recently, using low-resolution laser excitation and dis-
persed fluorescence spectroscopy, Beardah and Ellis
[17,18] have located the following five higher energy elec-
tronic states for SrOH: B?X* (25997cm™'), C2II
(27303 cm™"), D®°Z* (27698 cm™'), E2X (29990 cm ™),
and F2IT (32 985 cm™'). Our subsequent OODR study of
the C2T1-4T1 0f transition of SrOH [4] has been the only
available high-resolution spectroscopic study on these
states.

In the present paper, the 0) bands of the A2TT-X?%" and
CT1-4%I1 transitions of SrOD have been observed and
rotationally analyzed. A total of 364 lines have been mea-
sured and assigned for the A*TI-X?Z" 0 transition, and
288 lines for the C*T1-4T1 0 transition. The present data
set was combined with the available ground state data from
previous work, and a weighted least-squares fit was per-
formed. A complete set of molecular spectroscopic con-
stants has been obtained for the X2>X* (000), A°IT (000)
and C2II (000) states of SrOD.

2. Experimental

The SrOD molecules were generated by the reaction of
Sr metal vapor and D,O vapor in a Broida-type oven. Sr
metal was resistively heated in a carbon crucible to produce
the metal vapor, which was entrained in a flow of ~6 Torr
of argon carrier gas. The oxidant gas, D,O vapor, was
admitted to the argon metal-vapor mixture through a ring
located above the oven, which was connected to a glass
tube containing liquid D,O at room temperature.

The A2TT-X2%* transition was recorded by laser excita-
tion spectroscopy. The output of a cw single-mode ring
DCM dye laser (Coherent 699-29) was focused vertically
into the reaction chamber of the Broida-type oven. The
typical laser power was 400-600 mW in the range of
14500-14850 cm~'. As the ring dye laser was scanned,
the excitation fluorescence from the A°IT state was collect-
ed using a photomultiplier tube (PMT) with a 725 nm red
pass filter. Most branches obtained by this way were clear
and easily assigned, except for the Rop Osir and Ry,
branches (Fig. 1). These three branches are on the high
wavenumber side of the band origin and are probably over-
lapped with branches from hot bands (e.g., 2}). To simplify
the appearance of the spectra, these three branches were
also recorded using selective fluorescence detection [8,19].
By scanning the laser through these three branches and
monitoring the fluorescence from the connecting P,
0s.rand Pygbranches through a monochromator, the com-
plexity and congestion of the spectrum were much reduced
(Fig. 1).

The C2IT-A4IT transition was recorded by OODR spec-
troscopy. The pump laser was a linear cavity dye laser
(DCM) with a bandwidth of about 1cm™'. This laser
was used to excite the ATL,-X’L' 0] transition at
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Fig. 1. An overview of the 0 band of the 42TI-X2X* transition of SrOD.
The spectra were recorded by scanning the single-mode ring dye laser and
monitoring the fluorescence with a 725 nm red pass filter or through a
monochromator. All 12 branches for this transition were observed.

14535cm™! (the Py, and Oi2.s bandheads) and the
AMMI-X?270) transition at 14795cm™' (the Py, and
0. bandheads). The probe laser was a single-mode titani-
um-sapphire ring laser (Coherent 899-29), which was used
to promote the SrOD molecules from the A%I1 state to the
C?T1 state. Because there was no low-resolution work on
the high-lying states of SrOD, the probe laser wavenum-
bers for each spin-orbit component of the C2IT-AIT tran-
sition were chosen based on the corresponding transition
of SrOH in our previous work [4]. The output of the pump
and probe lasers were directed collinearly and focused into
the reaction chamber of the Broida-type oven. The signal
was optimized by maximizing the overlap of the pump
and probe lasers in the reaction zone. As the probe laser
was scanned, the excitation fluorescence from the C2I1 state
was collected using a PMT with a 500 nm blue pass filter.
The probe laser scanned the 12690-12805cm ™' region
for the C?I1,-4°T], transition and the 12450-12600 cm™'
region for the CZYIZ;;IZH; transition.

In both experiments, a small fraction of the single-mode
laser beam was directed into an I, cell. The laser excitation
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spectra of I, [20] were recorded simultaneously to calibrate
the line positions of the AIT-X2Z* transition and the
absorption spectra of I, [21] were recorded simultaneously
to calibrate the line positions of the C2IT-4I1 transition.
The accuracy of our SrOD line positions is approximately
0.005cm ™"

3. Results and discussion

Fig. 1 shows an overview spectrum of the A*TT-X>X" 0]
transition obtained by laser excitation spectroscopy. The
spin-orbit splitting of the 4°IT (000) state in SrOD is found
to be very close to that in STOH (260 cm '), therefore the
two subbands of the 42TT-X?Z" 0f transition are well sep-
arated. The program Wavereader, written by Wu et al.
(East China Normal University), was used to determine
the line positions, and a color Loomis—Wood program
was used to pick out the branches. Each of the subbands
consists of six branches, Py, P.., Q.5 Ry Ofe, andR,,, which
are spaced approximately by —3B, —B, —B, +B, +B and
+3B, respectively. Transitions in all 12 branches were
observed and rotationally assigned. The —B branches give
rise to strong bandheads at J of around 30 and the —3B
branches give rise to weak bandheads at J of around 80.
The two —B branches (P, and Q,) and the two +B
branches (Rgy and Qy,) are separated by the ground state
spin-rotation interaction, respectively. The spin-rotation
splitting in the ground state is resolved starting at
J"=155. Fig. 2 shows an expanded view of the Ry
Os17. and Ry, branches. Rotational assignments were
made using lower state combination differences [13].

The rotational transitions observed for the
APTI-X2E" 0 transition of SrOD were fitted together using
a weighted nonlinear least-squares procedure. The energy
levels of the X2Z* (000) and A°IT (000) states of SrOD were
calculated using the usual N> Hamiltonian of Brown et al.
[22] with matrix elements derived using Hund’s case (a)
basis functions. An explicit listing of these matrix elements
is provided by Douay et al. [23] (for X" states) and Amiot
et al. (for 2T states) [24]. The results of this fit provided
combination differences for the A°IT (000) state of SrOD,
which were used for the rotational assignments in the 0)
band of the C*TI-A4I1 transition.

Fig. 3 shows an overview of the 07 band of the C2T1-4>TT
transition in SrOD recorded by OODR spectroscopy. Each
spectrum exhibits a clear P, Q, and R structure. Because
AA =0 for the C2IT-A4I1 transition, the Q branch lines
are weak [2 ] Fig. 4 shows an expanded view of the
C21'I1 A2H1 0 transition. Because the pump laser was set
to excite the Pm, Q12 (at 14 535 cmfl) and Prjiee, Oser
(at 14795 cm ") bandheads of the A2TI-X?Z" 0 transition,
e parity levels were predominately populated in the AZH
(000) state. As a result, the P, and R, branches of the
C>T1-ATI 0] transition are more intense than the Py and
Ry branches and the Q(f branches for both spin compo-
nents were not observed in our experiment. The rotational
assignments of the P, R,., Pyand Ry branches were made
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Fig. 2. An expanded view of the Ry, Royand O, branches of the 08
band of the A2II-X2X* transition of SrOD. The top spectrum was
obtained by scanning the single-mode ring dye laser and monitoring the
fluorescence with a 725 nm red pass filter, and the bottom spectrum was
obtained by scanning the single-mode ring dye laser and monitoring the
fluorescence through a monochromator. The R,z and Qs branches are
split by the spin-rotation interaction in the ground state, which is resolved
starting at J = 15.5.

using lower state combination differences in the A°IT (000)
state. Assignments in the weak Q. branches were made by
predictions using the Ry lines and the energy differences
between the e and f levels in the A°TT (000) state.
Additional weak bands were also observed in our
OODR experiments, one of which was observed with a
band origin of around 12713 cm™' and the lower state
was confirmed to be the ;121'[% (000) state by lower state
combination differences. Only the R, and P, branches
(J" from 5.5 to 36.5) were rotationally assigned for this
band. Another band was observed with a band origin of
around 12586 cm™' and the lower state was confirmed to
be the A2H3 (000) state. Only the R,. and P, branches
(J" from 5. 5 to 36. 5) were rotationally assigned for this
band. Because only two branches were assigned for these
two bands, we do not have enough information to deter-
mine their upper states. Beardah and Ellis [18] observed
the B2S* state of STOH with an energy of 25997 cm ™.
The AZI"L (000) and AII; (000) states of SrOD have an
energy of 14537 and 14799 cm ~!, respectively. The 00
bands of the B2t Azl'I% and B?X"-AT1; transitions
would be located at 11460 and 11198 cm_l,zrespectively.
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Fig. 3. An overview of the 0f band of the C?IT-4II transition of StOD
recorded by OODR spectroscopy. Both spectra exhibit a double P and
double R structure and the intensity pattern in the P and R branches
results from the various J levels populated in the 4211 state by the pump
laser. The Q branches for the both spin components are weak. Strong lines
located near the Q,/ branch, indicated by asterisks, are probably due to
an excited vibrational band.

The Sr-O stretching mode (v3) and the Sr—O-D bending
mode (v,) in the ground state of SrOD were determined
to be 517 and 282 cm ™!, respectively [2,8,16]. The combina-
tion bands 233) and 2(3; of the B?E'-4°II, and
B’ZZ+—1:12H% transitions are expected to be at around
12800 and 12500 cm™'. We therefore tentatively assign
the two unknown upper states as the (012) and (031) levels
of the B?X" state.

Finally, a simultancous least-squares fit was performed,
which included the present A2IT-X>2*0) and C2IT-4>TI 0]
data, as well as the pure rotational transitions measured
in the microwave study of the X2X* (000) state [13]. The
output file of this fit is provided in the Supplementary
Table S1. An estimated uncertainty of 0.005 cm ™' was used
for most lines obtained in this work and an uncertainty of
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Fig. 4. An expanded view of the 0) band of the Czﬂ%ﬁ:lzn% transition of
SrOD recorded by OODR spectroscopy. The pump laser was fixed to
excite the heads of the Py, and Qs branches of the 4°IT — X2X+0§
transition, therefore e parity levels were predominately populated in the
A°TI state. As a result, the Py, and R, branches are more intense than
the Pj;and Ry branches, and the Q). branch was not observed in our
experiments. The A-doubling splitting is resolved at very low J values.

107 %cm™! for the millimeter-wave transitions. Local per-
turbations were observed at J = 30.5 for both e and flevels

of the Czl'I% (000) state and at J = 23.5 for both e and f'lev-

els of the 5‘21"1% (000) state, and the perturbed lines were

simply deweighted in our fit.

The spectroscopic constants obtained for SrOD are pro-
vided in Table 1. In our fit, the absolute energy of the 000
level of the X?X" ground state was fixed at zero. The
obtained origins for the A°IT (000) and C2IT (000) states
are 14668.07360 (40) cm ™' and 27318.88299 (62) cm ™! rel-
ative to this level, respectively. From our previous paper on
SrOH [4], the origins for the A>T (000) and C2IT (000)

Table 1
Hund’s case (a) constants (in cm ™) for the X2Z*, 4IT and C2IT states of
SrOD*

Constant X2+ (000) AT (000) C211 (000)

T 0.0 14668.07360 (40)  27318.88299 (62)
B 0.225316156 (14)  0.22932627 (53) 0.2316110 (15)
D/1077 1.66514 (14) 1.6579 (12) 2.3965 (64)
/1073 2.20143 (32) — —

A — 262.52710 (51) 19.5525 (11)
Ap/1074 — — —3.087 (22)

P — —0.130107 (28) —0.032380 (51)
q/107* —1.361 (40) —8.923 (16)

# All uncertainties are lo.
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states are 14674.04171 (39)ecm™' and 27307.24754
(66) cm ™! relative to the 000 level of the X2=* ground state
of SrOH, respectively. The differences between the origins
are approximately 10 cm™'. An A, term was required for
the C2I1 (000) state to successfully model the data, which
is probably due to the local perturbations observed in dif-
ferent e and f levels in the C2IT (000) state. All the other
constants are comparable to those for StOH except for
the C2IT (000) state spin-orbit constant. For the A’I1
(000) state, A value of 262.52710 (51) cm ™' was obtained
for StOD and 263.58782 (61) cm™' for SrOH. However,
for the C2IT (000) state, a value of 19.5525 (11) cm™! was
obtained for SrOD and 24.6607 (11)cm ™' for STOH. At
this moment, we do not have enough information to
explain the discrepancy in the C2IT state spin-orbit con-
stants of SrOH and SrOD. Evidently there are local and
global perturbations in the C2II state that are different
for STOH and SrOD.

As noted in our previous work [4], there is a remarkable
difference in the value of the spin-orbit constant between
the A*IT (000) and C*II (000) states, which can be attribut-
ed to the molecular orbital character of the unpaired elec-
tron [4]. The molecular spin-orbit constant 4 can be
represented by a linear combination of the atomic spin-or-
bit coupling constants, whose coefficients are the orbital
mixing percentages. The Sr atomic spin-orbit coupling con-
stants are 534 cm ™! for 5pm orbital, 112 cm ™' for the 4dn
orbital, 192 cm™' for the 6pn orbital and 30 cm™' for the
Sdrn orbital [26]. The molecular orbital of the unpaired elec-
tron in the A°IT state has large mixing percentages of the
S5pm and 4dn atomic orbitals while the molecular orbital
in the C2IT state has small mixing percentages of the 5pm
and 4drn orbitals and large mixing percentages of higher
energy orbitals, which results in a much smaller spin-orbit
constant in the C2IT state.

The obtained B, constants allowed us to calculate the r,
bond lengths for the A°IT and C>IT states. Table 2 lists the
ro bond lengths for the )N(sz, A1, B2T* and C2I1 states
of SrTOH. A value of 0.822 A was determined for the OH
bond length in the C2IT state, which appears unusually small
for a rigidly linear molecule. A *IT Hamiltonian successfully
fits the experimental data, suggesting that SrOH is linear or
very nearly linear in its C2IT state. The unusually small OH
bond length perhaps indicates that the C2IT state of STOH
has a floppy bending potential similar to the ground state
of MgOH [27]. The ground state of MgOH has an OH r,
bond length of 0.871 A [27]. Alternately, the global pertur-

Table 2 .
Bond lengths (A) for StOH

X2zt AP Bxte e
ro (SrO) 2.111 2.091 2.098 2.096
ro (OH) 0.922 0.922 0.921 0.822

2 Determined from millimeter-wave data of SfOH, StOD and %°SrOH
[13].

® Determined from optical data of StOH [4] and SrOD (this work).

¢ Determined from optical data of STOH and SrOD [8].

bations of the C2IT state that have resulted in different 4 val-
ues for STOH and SrOD may also have given different non-
mechanical contributions to the B values. These perturbed B
values would then result in anomalous bond lengths.

In conclusion, the A2TT-X22" and C?TT-A4>I1 transitions
of SrOD have been recorded using laser excitation and opti-
cal-optical double-resonance spectroscopy. The 08 bands of
the two transitions were observed and rotationally analyzed
for the first time. The present data were fitted together with
the previous microwave data from the literature, and spec-
troscopic constants were obtained for the X2X* (000), A°IT
(000) and C2IT (000) states of StOD. An unusually small
OH bond length was obtained for the C2IT state, perhaps
indicating that the C2IT state of SrOH has a floppy bending
potential similar to the ground state of MgOH.
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