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Persistence rewarded: Successful observation of the B23t-X I,
electronic transition of jet-cooled BS

Sheng-Gui He and Dennis J. Clouthier®
Department of Chemistry, University of Kentucky, Lexington, Kentucky 40506-0055

(Received 6 November 2003; accepted 4 December)2003

TheB—X electronic transition of jet-cooled B®as been observed using laser-induced fluorescence
techniques. The boron disulfide radical was produced in a pulsed electric discharge jet using a
mixture of BCk and C$ in high-pressure argon as the precursor. The spectrum consists of a strong
08 band with the?S, 2115, component at 24 393.2 crh and short progressions in the symmetric
stretching ¢;=506.7 cm!) and bending ¢,=303.2 cm ) modes. A rotational analysis of both
spin—orbit components of th9803and gave an upper staBevalue of 0.093277@9) cm tand a
ground-state spin—orbit coupling constanfef —405.163(4) cm®. The ground-state bond length

of 1.66492) A increases to 1.6812) A on o,— 4 electronic excitation. ThB-X data have been

used to further refine the Renner—Teller analysis, which is in good agreement with our previous
work [J. Chem. Physl119, 2047(2003]. © 2004 American Institute of Physics.

[DOI: 10.1063/1.1644097

I. INTRODUCTION many hot bands built on the}Zband, were assigned in the
LIF spectrum. Due to the restrictiv& P=0 selection rule,
Boron disulfide is the least studied of a series of isoelecthe spin—orbit splittings could not be measured directly for
tronic 15 valence electron radicals (BOCO,", NCO, these parallel transitions. Instead, the upper-state spin—orbit
NCS) which all have?ll ground states that exhibit a signifi- parameter was obtained indirectly, through the variation of
cant Renner—Teller effect. A variety of low-resolution studiesthe energy level splittings as a function of the vibrational
have shown that BShas two electronic band systems in the quantum numbers, by fitting excited-state vibrational combi-
UV-visible range:™ An extensive, vibrationally, and rota- nation differences. Subsequently, the ground-state spin—orbit
tionally discrete band syster‘r~1 in the~720—500-nm region hagp"mng was obtained by rotational analysis of tHgand
been shown to be due to tHe?I1,—X ?I1, transition®* A with the upper-state splitting fixed at the value obtained from
further group of three bands near 410 nm has been assignée vibrational analysis. Vibrational and rotational analysis
to theB 22:—7( 2Hg electronic transitiod; 3 although no ro-  showed that the ground state exhibits a substantial Renner—
tational analysis has previously been reported. Teller effect with e=—0.2012(34) and a zero-point level
The A—X band system was thoroughly studied in matri- Spin—orbit coupling constant of,=—404.683(3) cm™.
ces by Brom and Weltn&iin 1973. BS was produced by Angular momentum coupling is negligible in the excited
vaporizing zinc sulfide and boron mixtures at high temperastate, which has a much smaller spin—orbit coupling constant
tures and trapping the products in neon matrices at 4 K. Theiof Ag= —259.15(12) cm*, in agreement with the previous
analysis identified thePband at 13 766 cmt and led to the matrix work. The "BS, vibrational frequencies aren}
conclusion that there was little or no Renner—Teller effect in=542.8, w,=285.0, »3=1010.5, w;=514.1, »5,=309.7,
the upper?ll, electronic state. Taking advantage of theand w;=1543.6 cm!. High-resolution spectra of the80
weakly allowed?I1,,—2I15, bands observed in the matrix, band of*'BS, were rotationally analyzed to obtain effective
they obtained ground- and-state spin—orbit splittings of Mmolecular structures of{(BS)=1.6648(4) A andr(BS)
—440 cm * and —263 cm %, with vibrational frequencies of =1.7127(5) A. The spectroscopic data clearly establish that
V=510 cni !, v3~120 cm't, and v3=1015 cmt and vy the radical has the linear SBS structure in both combining
=506 cm !, v,=311cm!, andv;=1535cm L. state.Ab initio methods were used to predict the Bspec-
Recently? we obtained the first electronic spectra of jet- troscopic parameters and good agreement with experiment
cooled BS, using the pulsed discharge technique with awas found. Several attempts to observe the 415BwX
gaseous mixture of Bgland CS in high-pressure argon as band system of jet-cooled BSusing LIF techniques were
the precursor. Tha 2I1,—X ?I1, electronic band system was unsuccessful, suggesting that festate has a low quantum
studied by a combination of laser-induced fluorescéhtie)  yield of fluorescence, although this is unlikely for such a
and wavelength-resolved emission techniques. A long prosmall molecule.
gression of strong bands involving thg (B-S stretching Believing in the old adage thétt at first you dont suc-
mode and combinations involvingr2 and 23, as well as  ceed, try, try, try againwe persisted in attempts to observe
the B—X transition and have finally succeeded in doing so,
dAuthor to whom correspondence should be addressed. as we report in this work. By simultaneous rotational analy-
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sis of both spin—orbit components we have obtained a direct
and precise measure of the ground-state spin—orbit splitting
and have derived the effective excited-state molecular struc- ws2em? O 20CA)
ture. These results have been further used to refine the mc ‘/ 2w

lecular constants for th¥ 2I1, state of*'BS,.

1
405.8 cm™ 1o
)

Il. EXPERIMENT

2?) (22 - 2Hl/z)

In our previous stud§,BS, was obtained from a gas- 25
phase precursor mixture of 3% BCand 1% C$ in argon, s
contained in a stainless steel cylinder equipped with a regu- /21( A
lator, which was delivered at a pressure of 40 psi into a
pulsed discharge at the exit of a molecular beam v&Ben-
eral Valve, series)9Although this method gave strong spec- 4345 2000 1250 7500 Py 25000

tra of theA—X band system, it did not allow us to obtain WAVENUMBER (cm™)

spgctrahof thﬁ_hx bands ath415 nm. SUbs?q%ent eTpenmen_FlG. 1. Portion of the low-resolutioB 23 —X 2I1 spectrum of jet-cooled

tation showed t at. a gas-phase mixture o 3/0356 argon BS, with the assignments of some of the stronger features. The vertical

flowed at 40 psi pressure over the surface of roomieaders denote the two spin—orbit componeRid,f, on the left, 24, on

temperature, liquid CSgave much stronger B&pectra and  the right of the intense § and % bands. All four components of thej2

permitted us to obtain LIF spectra of the UV band systemSeduence band are identified, with the lower-state symmetries in parenthe-
; . _2

This precursor mixture was injected into a Delrin flow chan-SeS: @long with théx —Il, , component of the Zband.

nel attached to the exit of the molecular beam valve. At the

appropriate time in the gas pulse, a pulsed electric dischar eI RESULTS AND ANALYSIS

was struck between two stainless steel ring electrodeS™

mounted in the flow channel, which fragmented the precur-  The ground-state electron configuration of linear, BS

sor molecules and formed B®y subsequent chemical reac- ...(09)2 (o))? ()" (’7Tg)3 ing (inverted, with excited

tions. 2 2 3 4 R2 ;
Low-resolution LIF spectra were obtained by crossingsuﬁesé"(%)l (U”)4 (W“)4 ~(72Tg)+ AT, (inverted .and
the supersonic expansion of the discharge products 1.5 cm:(79)” (9u)” (7u)" (7g)" B“Z, . Theo, andm, orbitals
orbitals are essentially purepar

downstream of the discharge apparatus with the beam of &€ Ponding and ther / pur
tunable dye lasefLumonics HD-500. The resulting fluores- nonbolndlng orbitals on the sulfur atoms. The V|brat|onql fre-
cence was imaged by a 5-cm-focal-length lens through afuencies are conventionally labeled &s (o4, symmetric
appropriate cutoff filter onto the photocathode of a high-gaire> Steteh, v2 (g, bend, andvs (o, antisymmetric BS
photomultiplier tube(EMI 9816QB. Low-resolution (0.1 stretch. The vibronic selection rules_ _amz)l:o,i 1,+ 2
cm ) LIF spectra were excited in the 420—390-nm rangeanO!sz or Av;=0,£2,... and trz_insmons from both spin—
and calibrated using optogalvanic lines from an argon-fillec?"Pit cOmponents of the zero-point level of the ground state
hollow cathode lamp. are allowed for theB 2% ; —X ?I14 electronic transition.
High-resolution(0.04 cni’Y) spectra of the g)band at ~A portion of the low-resolution LIF spectrum of the
410 nm were obtained in the same discharge jet apparatus. BrX transition of BS is shown in Fig. 1. The spectrum is
order to obtain laser radiation in the near ultraviolet thatdominated by an intense band at 24 393.2 &nwhich is
could be accurately wavelength calibrated, we used a variameadily assigned as tH& —2I1 5, component of the g)band;
of the Raman shifting technique previously described. the corresponding>—2I1,,, component occurs at 23 988.0
308-nm pumped Lambda-Physik ScanMate2E dye laseem *, giving a ground-state spin—orbit splitting ef405.2
equipped with an intracavitytalon and operated with Cou- cm L, in agreement with the-404.7 cm* value obtained
marin 503 laser dye gave narrow-bandwid€h035 cmb), previously* We assign the major cold band features in the
high-energy(10—-15 mJ pulses in the 490-505-nm region. spectrum to a short progressiong(h=0-2) involving the
This radiation was focused into a Raman shifting cell filledexcited-state symmetric stretch, with a fundamental fre-
with hydrogen at a pressure of 200 psi. The Raman shiftequency of »;=506.7 cm . This assignment is in accor-
beams generated in this process were separated by a pristance with the conclusions of Brom and WeltAaiJowing
and the weak first anti-Stokes be#d®7—417 nmwas used for an approximately—100 cm ! matrix shift. We also de-
to excite the BS LIF spectrum while the first Stokes beam tected weak bands at 24 999.0 and 25 039.5%smot found
(615-639 nm was used to excite, ILIF spectra. The LIF in previous studies, which we assign as two components of
and calibration spectra were recorded simultaneously with ¢he 28 band, originating from thé&Il, level. The corre-
LABVIEW-based digital data acquisition system of our sponding transitions from the upper spin—orbit component
design® As the hydrogen Raman shifts can be very accu{?Il,;,) were also identified and the pattern of transitions is
rately calculated as a function of presstirend the iodine repeated for the j23 band.
absorption lines have been accurately meas(fede were The remaining bands in the spectrum were readily as-
able to calibrate the BSLIF spectra to an estimated accu- signed as hot bands, based on our previous Renner—Teller
racy of =0.003 cm, analysis of the ground statelll four components of the?
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TABLE I. LIF bands observed in thB 23} —X 2I1 spectrum of jet-cooled
llBS2 .

Maximum Maximum
Assignment (em™b Assignment (em™h
2923 —u M) 23804.0 132321244, 24525.5
2923 - 2 ) 23828.9 2323 -2y 24594.0
19(33 2114, 23883.5 22(2A=2114)) 24634.3
1921 (2T -u?3) 23917.6 13?3 -2, 24899.9
1%21(211-2A4)) 23923.6 1321(211-2Ag)) 24911.4
03(23-211,,) 23988.0 1321 (2T - 23) 24918.3
21—k 23) 24003.5  1323(23—u 2,y 24927.3
2} (2II-2A,),) 24027.2 23(%3. 2114, 24999.0
1329(%3 —u 2 4p) 24310.8 15(25 =211, 24999.0
03(23 -2, 24393.2 22(2A—2114,) 25039.5
2}I-2A4)) 24413.1 1323?25 -211,)) 25086.3
21— 23) 24420.2 1323(2A =211, 25120.5?
2523 —u 2y 24435.4 12(23 24, 25404.1
1%23(23 -1, 24489.8 122} (2[1-2A4)) 25407.7
13(33 =211, 24494.1 1323(23 211, 25492.5
132} -k 23) 24501.7

The following 1°BS, isotope bands were assigned:3(2 211 ,) at
24618.9 cm' and 2(2A-2I1,,,) at 24 658.8 cm’.

sequence band are readily apparent as shown in Fig. 1, Coﬂiissing
sistent with our previous studies that showed substanti i

S.-G. He and D. J. Clouthier

TABLE Il. Molecular constantgin cm™%) for the vibrational zero-point
levels of the known electronic states UBS,.

Parameter X 211, A, B oM
B 0.095105(25)  0.089854631) 0.093277919)
Ay —405.163(4) —259.633(2) —
y — — 0.00742(10)
10°A, —0.87%,(14) 0.0 —
10%(p+2q) 0.25025) 0.50829) —
To 0.0 13839.394(2) 24189.533(2)
# 135 87 87
o (cm 1y 0.0045 0.0033 0.0037

aThe numbers in parentheses areedror limits and are right justified to the
last digit on the line; sufficient additional digits are quoted to reproduce the
original data to full accuracy.

bParameter fixed in the final least-squares analysis.

“Number of combination differences or transitions fitted.

d0verall standard deviation of fit.

components of the band were readily assigned as branches of
a2 —2I1; vibronic band with Hund’s cas@) coupling in the
lower state and Hund’s cagb) coupling in the upper state.
The sulfur atoms have zero nuclear spin and the nuclear sta-
tistical weights are such that alternatedoubling levels are

so that only one level exists for eatkialue. This

6}ls-ads to a staggering in the appearance of some of the

population ofv5=1 in the discharge jet expansion. This pat- branches in th&3—2I1,,, component.

tern of four features is repeated for th§2} hot band and the
2A g, component was found for thg2] band. The §, 1921,

and 1‘1’23 hot bands were also assigned, giving a ground-stat
symmetric stretching frequency, uncorrected for Fermi reso

nance, of 509.7 cit. Finally, five very weak bands were
assigned as transitions fromj =2 to the various upper-state

Although theB—X 09 band could be satisfactorily fitted

by itself, we elected to include data from the-X 0 band
as well, in order to obtain the best set of molecular constants

and improve on the assumptions made in our earlier
analysis’ where no direct measure of the spin—orbit split-

levels identified from the strong cold bands. The vibrationaltings in theX andA states was possible. First, for each band,

assignments are summarized in Table |.

including both spin components, a data set of strong, sym-

We have recorded both spin—orbit components of thdhetric, unblended lines was chosen and all possible ground-

B—X 09 band of 1'BS, at high resolution; the stronger

23,2114, band is shown in Fig. 2. Four of the six branches
of the band have been resolved at our resolution of 0.04°
cm 1 —theR;; andQ,; branches are blended together form-
ing the strong unresolved feature near the band center. Bot

QZ]& Ry

185 P 8.5 Q& Py

R 215

‘

24388 24390 24392 24394 2439
WAVENUMBER (cm™)

5.5

24386 24398

FIG. 2. High-resolution spectrum of tH& —2I1,, component of the

band of theB 223—7( 21'[g system of B showing the various branches and
some of the rotational assignments.

state combination differences were formed. The ground-state
constants were refined by fitting the combination differences
the lower-state€ll; effective Hamiltonian in theR? for-
mulation using the matrix elements tabulated previotisly.
'Rhis gave the ground-state constants summarized in Table I,
which are in generally good agreement with those obtained
previously The only substantial difference is in the
A-doubling constantp+2q, which is smaller than previ-
ously determined. This difference can be traced to a substan-
tial correlation between th¥- andA-state A-doubling con-
stants obtained from the previous analysis of ZeX 03
band. It is especially gratifying that the present spin—orbit
coupling constaniA,=—405.164(4) cm?! agrees so well
with the —404.6833) value determined previously by fixing
the upper-state spin—orbit interval at the value obtained from
the Renner—Teller analysis.

Subsequently, thé\- and B-state molecular constants
were determined by fitting the80band transition frequen-
cies, with the ground-state constants fixed at the values given
in Table Il. TheA-state Hamiltonian was the same as that of

the ground state, whereas tiestate energy levels were
modeled using only the band origiiy,, the rotational con-
stantB, and the spin—rotation coupling constgntontained
in the?S " energy level expressions given in E¢b). and(2)
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TABLE lIl. Vibrational parametergin cm™ 1) for the ground state dfBS,.

X211

g

Electronic transition of BS, 4261
due to the inclusion ofjx and the refined value of the spin—

orbit splittings in the model. Using the—X 2} band transi-
tion frequencies and the lower-state bending mode energy

Parameter Present Previods from the Renner—Teller analysis, we calculate the excited-
o 544.8Q(47)° 542.76(61)° state bending frequency to be 303.2 ‘émonly slightly
w, 283.54(27) 284.96(46) larger than half the 2; interval of 605.8 cm?.
w3 1010.%4(15) 1010.5(11)
A —414.4%(23) —413.80(74)
. ~0.2098(17) —0.2012(34) IV. AB INITIO CALCULATIONS
9a 20-9833'(133?) 2.785(54) We have usecb initio theory to predict the molecular
Gk 8%(13) A properties of BS in the various electronic states to see how
A 19.232(72) 19.029(88) ) :
W, 1.004(8) 1.03(11) well they agree with the experimental data. TdrJISSIAN 98
X13 —8.0%(116) —7.82(89) programs’ were used in conjunction with a variety of levels
X23 —1.88(66) —1.85(51) of theory and a range of basis sets to calculate the bond
X33 6.215(42) 6.24(34)

®Reference 4.

length, vibrational frequencies, and energies of the three ob-
served electronic states 61BS,. In general, density func-

®The numbers in parentheses areetror limits and are right justified to the  tional theory(B3LYP) with Dunning’s correlation-consistent
last digit on the line; sufficient additional digits are quoted to reproduce thengsis sets augmented by diffuse functimsg-cc-pVTZ and
original data to full accuracy. aug-cc-pVQ1Z (Ref. 11 gave reasonable agreement with ex-
‘TheA values in Tables Il and 11l are different. In the Renner—Teller analysis g p ' g g_ X

the spin—orbit coupling constant is defined Ayﬁ=A[1—%e2K(K+1)] for periment, but the best results were Obtame_d W'_th coupled
the unique levels so that the variation wihis included explicitly in the ~ Cluster theory and only these are reported in this work, as
model whereas in Table Il it i8,_,, obtained from the rotational analysis, summarized in Table IV.
which is quoted.

V. DISCUSSION

of Ref. 9. The constants are collected in Table II. Phstate This work reports the vibrational and rotational analysis
values are in good agreement with those obtained in the pref the B 223—3’( 21‘[g band system of boron disulfide in the
vious work? blue region of the spectrum. We have clearly established by
Our precise determination of the ground-state spin—orbitotational analysis that the molecule is linear in both the
splitting and the new ground-state vibrational combinationground and excited states. The vibrational analysis of the
dlfferences avallqble from the hot bands in Table | have perg 223_1 ZHg bands of BS is unequivocal and is supported
mitted us to refine the BSground-state Renner—Teller py a variety of ancillary lines of evidence. The only bands
analysis. In particular, thB—X 2} hot bands allowed direct which exhibit assignabl&BS, features are two components
determination of the relative energies of the four levels’of of 23, as documented in the footnote to Table I. Theory gives
as u?2=0.0, 2Ag,=6.7cm, 2A;,=393.7cm?, and the isotope effect 4%
k23=417.0 cm'!, which made it possible to determine the

10y 10,
gk parameter. We have used the Renner—Teller model dg23( BS2) _ @2("BS,) - /1+2ms/Mog)
1.04158, (1)
1+ 2mslm(llB)

scribed previouslin a weighted least-squares analysis to fitws(''BS;) — w (1'BS))

a total of 89 combination differences obtained from BieX while experiment gives a2 ratio (assuming negligible 8)
LIF spectra and previously studigdd-X emission spectra to band isotope effegtof 1.041 for the?S component. The
an overall weighted standard deviation of 2.03°¢mThe  upper-state vibrational frequencies calculated at
resulting constants are given in Table Ill, along with previ- CCSO(T)/aug-cc-pVTZ level of theoryTable IV) are also in
ously determined values. Both sets of parameters are in geexcellent agreement with the values ©f and v, derived
eral agreement, although there are some noticeable changesm experiment. The rotational analysis shows that the as-

the

TABLE IV. Vibrational parametergin cm 1), bond lengths(A), and energiescm %) for the ground and
electronic excited states 61BS,.

X211, A, B2y,
Parameter Experiment®  Abinitic®  Experiment  Abinitic®  Experiment®  Ab initio®
w1 544.8 550.4 514.1 514.4 506.7 516.6
(o) 283.5 282.7 309.7 316.8 303.2 299.0
w3 1010.7 944.1 1543.6 1569.7 — 1052.0
o 1.6649 1.671 1.7129 1.718 1.6812 1.687
To 0.0 0.0 13839.392 14269 24189.534 24148
#This work.

PCCSOT)/aug-cc-pVQZ calculations, frequencies with aug-cc-pVTZ basis set.
‘Reference 4.

The B-state vibrational frequencies are the fundamental rather than the harmonic frequencies.
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signed (8 band does originate from the same vibrationalof the experimental, values. The calculated vibrational fre-

level of the ground state as th(% Band of theA—X transi- quencies differ from experiment, where available, by a maxi-
tion. The pattern of hot bands substantiates the cold bangium of 6.6%, although the majority of the differences are
assignments and the lower-state intervals are in accordan&glow 2%. The zero-point-corrected electronic excitation en-
with those derived in our previous Renner—Teller analysis o&rgies differ from experiment by 430 cth(A—X) and —41

the ground state. cm ! (B—X), which is very good agreement.

It is apparent from Fig. 2 that there are HBS, spectral The present analysis confirms all aspects of our previous
lines evident in the high-resolution spectrum of trgetﬂnd. Renner—Teller analysisof the ground state ot'BS,. The
A calculation using the known ground- afiiexcited-state data in Table Ill show that the vibrational parameters change
1B, vibrational frequencies and trab initio value forvs only slightly when the more precise zero-point spin—orbit
along with the theoretical isotope ratio in Ed) gives a (8 splitting and lower-bending-level intervals are included in
band isotope shift'{'BS,-'BS,) of ~1.2 cmi L. Since theB  the least-squares analysis.
values are the same in both isotopomers and the rotational
spacings are of the order of 0.5 ch the rotational lines of ACKNOWLEDGMENTS
llB.SZ and ’BS, must be_ accidentally coincident, although The authors thank Brandon Tackett for assistance in op-
shifted by one or_two units of the angular momentum quan'erating the instrumentation and Dr. Corey Evans for early
tum numperJ. This also accpunts for the broader than ex'attempts to observe the spectrum. This research was sup-
pected width c_)f the overlappin@,; andR;; branch feature. ported by the National Science Foundation.
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