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The vibronically-resolved emission spectrum of disulfur
monoxide (S,0): An algebraic calculation and quantitative
interpretation of Franck—Condon transition intensities
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Emission spectra obtained from jet-cooled disulfur monoxidgOjSmolecules have been
interpreted by means of a novel Lie algebraic formalism that makes possible the facile evaluation of
multidimensional Franck—Condon factors. Fluorescence accompanying selective excitation of

isolated vibronic bands in the,@ C A’ «—X A’ (7* — ) absorption system has been dispersed
under moderate spectral resolution, allowing assignment of ground state levels possessing up to 20

quanta of vibration in ther, S—S stretching modeE,i,(X) <13 900 cm ]. Aside from providing

a rigorous and economical description for the inherently anharmonic nature of highly-excited
polyatomic species, our algebraic approach enables quantitative information on molecular
wavefunctions to be extracted directly from spectroscopic data. The emerging pictug®©of S

vibrational dynamics suggests that the'A’ potential surface is substantially more “local” in

character than th€ *A’ manifold. While the observed pattern %f'A’ vibrational energies could
be reproduced well through use of model Hamiltonians that include only diagonal anharmonicities

in the local algebraic basis, successful treatment of €héA’ state necessitated explicit
incorporation of off-diagonal anharmonicities that lead to pervasive mixing of local vibrational

character. This disparate behavior is manifest strongly in measdred transition strengths,
thereby allowing detailed investigations of Franck—Condon intensities to discern the underlying
dynamics. Structural parameters deduced from algebraic analyses are in good accord with previous
predictions of the change in,@ geometry accompanying* < 7 excitation. © 1999 American
Institute of Physics.S0021-96069)00635-2

I. INTRODUCTION desorption® Despite the widespread interest engendered by
such a diversity of applications, the calculation of multidi-

It can justifiably be argued that the "simple” Franck— mensional Franck—Condon factors for polyatomic species

Condon factor represents one of the most useful and perv%—as remained a difficult and specialized task, with most pub-
sive mathematical concepts employed for the study of mol- ' SP K, WIth most p
shed reports to date relying upon the simplifications af-

ecules and their interactions. Nominally defined as the squarjré ded by h ic treat s of | ton. Thi
modulus of the overlap integral between normalized vibra-0rd€d By harmonic treatments of nuciear motion. This paper

tional wavefunctions belonging to distinct potential energydemonstrates a new scheme designed to address many of the

surfaces these quantities appear whenever a “sudden apl_lmltatlons and inadequacies ascribed to conventional

proximation” is evoked for the description of molecular phe- Francl_<—Condon a_nalyses._ Building upon a comp_ut_at_lonally
nomena within an adiabati€Born—Oppenheimerframe- expedient algebraic formalism that allgws for explicit incor-
work. First introduced in the context of traditional optical poration of vibrational anharmonicify;™ our methodology

spectroscopy, where they provide a quantitative interpretar[—’_rov'des a facn_e means for the evaluatlon_ _Of muIt|d_|men-
tion for vibronic transition intensitie$ Franck—Condon fac- Sional overlap integrals and related transition matrix ele-

tors also have been exploited extensively for the theoreticd€NtS: Application of such algebraic treatments to the
modeling of nonradiative processes, including radiationles¥iPronically-resolved emission spectrum of disulfur monox-

relaxation®®  predissociatioi,’  photodissociation/pho- ide (SO) illustrates the ability to extract detailed wavefunc-
toassocia£ioﬁ‘1° proton-/ele;:tron-transféll inelastic/ tion information from experimental data while simulta-

reactive scatterin? and electron-mediated  surface n_eo_usly_ highlighting the unique wbraﬂonal_dynamlc_s that
distinguish the ground and excited electronic potential sur-
) ,_ o . faces of this triatomic system.
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bAlso at: Department of Chemistry, Yale University, New Haven, fication of (one-dimensionalvibrational motion in diatomic
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be evaluated in a straightforward manf&the multidimen-  vibration quantum numberé:3>2’The robustness of the vi-
sional nature of polyatomic potential surfaces introduce$ron scheme is augmented further by explicit incorporation
both conceptual and practical complexities. Even if overallof mechanical anharmonicity into the zero-order molecular
molecular symmetry is maintained during (eadiative or  Hamiltonian, thereby providing a viable means for interpo-
nonradiative transition, traditional descriptions of poly- lating the continuum of vibrational behavior that adjoins the
atomic vibrational dynamics demand the use of two distincipure local-mode and pure normal-mode lintt€® The en-
sets of collective normal coordinatéise., one set for each suing analyses build upon the hitherto unexplored ability to
electronic manifolgl which must be interconverted by an es- evaluate multidimensional Franck—Condon factors and re-
sentially linear and orthogonal transformation that reflectdated quantities through use of vibron-based techniques.
their relative orientation and/or displaceméhor the cal- These calculations can be implemented in a computationally-
culation of Franck—Condon factors and related quantitiesefficient operator formalism which starts from algebraic ex-
this leads to an unavoidable mixing of normal mode characpansions of vibrational wavefunctions, applies transforma-
ter (i.e., the so-called Duschinsky effgtt'® which strictly  tions commensurate with the different equilibrium
prohibits the separation of vibrational variables and necessgeometries of the coupled electronic manifolds, and deduces
tates the explicit evaluation of multidimensional overlap in-pertinent matrix elements without the intermediate step of
tegrals. Nevertheless, several procedures have been devgknerating spatial eigenfunctions. In particular, judicious se-
oped for the prediction and interpretation of polyatomiclection of the expansion basis eliminates many of the com-
spectral intensities, with the requisite transition matrix ele-plications inherent to conventional Franck—Condon methods
ments being computed by a variety of ingenious scheme¢vide infra) and should permit efficient treatment of more
including coherent-state methotfs, generating function difficult situations involving linear-bent transitions, bound-
algorithms?° intermediate coordinate transformaticisnd  free resonances, and several close-lying energy minima.
wavefunction addition theorenié However, all of these ef- Aside from extracting detailed structural information, such
forts have relied upon the canonical harmonic oscillatoras the change in equilibrium nuclear configuration upon elec-
treatment of vibrational behavior which suffices only for tronic excitation, the quantitative interpretation of algebraic
small amplitude displacements from the molecular equilibresults can provide an unprecedented glimpse at accompany-
rium configuration. The validity of this approximation is ex- ing changes in unimolecular dynamics as reflected by the
pected to degrade rapidly in the presence of strong anharm#nagnitude and type of anharmonic coupling that exists
nicity such as that encountered in chemically relevan@mong vibrational degrees of freedom.
regimes of extreme vibrational excitatiGhAlthough some The present work focuses on vibronically-resolved emis-
improvement can theoretically be realized through linear susion spectra exhibited by transient disulfur monoxided)s
perposition of the harmonigormal modg basis, the intrac- molecules entrained in a rotationally-col@,{~5 K) super-
tability of the resulting expansions will ultimately limit the sonic slit-jet expansion. Since the initial report of a new ox-
utility of this approach. Furthermore, the extension of con-ide of sulfur by Schenk in 193%, the highly reactive 0
ventional Franck—Condon analyses to encompass polyatomfystem has suffered a long history of mistaken identity and
transitions invo|ving gross Changes in equi”brium geometryn']uddled SpeCtral interpretation. Erroneous determinations of
(e.g., linear-bent and bound-free transitipos multiple en-  chemical stoichiomet** led to several proposed geom-
ergy minima on a single potential surfa@eg., unimolecular  €tries based on a sulfur-to-oxygen ratio of urittyWhile not
isomerization and proton-/e'ectron_transfé'ras not been the first to contest empirica| formulas Suggested for Schenk’s
demonstrated. “sulfur monoxide,” 3 the work of Meschi and Myers in the
Our Franck—Condon methodology relies upon an algelate 1950's employed maSsand microwavé' spectroscopic
braic scheme that has been employed extensively for the if€chniques to prove conclusively the presence of a triatomic
vestigation of rovibrational structure in the ground electronicS;O species where th& A’ ground state potential sur-
states of both diatomic and polyatomic species. Commonljace supports an equilibrium configuration that is both
referred to as the “vibron” model, this approach exploits Lie unsymmetrical and bent. Subsequent microwavand
algebras and their inherent dynamical symmetries in order tinfrared?3>-3” measurements have furnished refinédA’
establish a comprehensive framework for the description oftructural parameters of,,=1.4594 A, r.~1.8845A, and
molecules and their interactioh® Although most applica- £ SSO=118.08° with the fundamental vibrational frequen-
tions to date have been spectroscopic in nature, a variety afes of 1166.5, 679.1, and 380 chbeing assigned to the,
chemically important issues have been addressed through e§§—0 stretching v, (S—S stretching andv; (S—S—0Obend-
tension of the underlying concepts, including the determinaing) degrees of freedom, respectiveBb initio calculations
tion of absolute thermodynamic properties for complex mo-have predicted the existence of at least two other boy@d S
lecular systenf§ and the elucidation of inelastic electron— isomers havingC,, symmetry*¢3° however, experimental
molecule/molecule—molecule scattering evéntsrom the  evidence for these structures, as well as for the accompany-
perspective of polyatomic spectroscopy, such algebraic treathg unimolecular isomerization processes, has not been re-
ments can furnish a simple Dunham-type expressidfifor ~ ported to date.
the characterization of observed energy level patterns, with Numerous studies have been conducted on the intense,
an unprecedented economy of parametrization followingichly-structured absorption spectrum ofCswhich extends
from (algebraig correlation of expansion coefficients which from ~3400 to~2500 A29324041The abrupt disappearance
precede the various powers and products of rotation-of spontaneous emissithf!-**above~31200 cm* and the
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diffuse nature of higher-lying bantfsprovide evidence for The requisite §O0 molecules were generatéd situ by

the onset of predissociation within the pertinentmeans of a heterogeneous reactfon which the vapor pres-
electronically-excited manifold. Based on the essentially parsure of cooled SOGI(~37 Torr at 0°Q°! was entrained in
allel nature of resolved rovibronic lines, Hallin, Merer, and ~4.5 atm of helium carrier gas and passed through a heated
Milton** established the transition symmetry 8’ <A’  Pyrex tube(100°C—150°¢ containing CuS powder sus-
with the excited state designation 6f*A’ stemming from pended in a glass wool matrix. Chemically-inert tubing di-
similarities drawn by Chiuet al*° to the analogousr* — =  rected the resulting ®/He mixture into a pulsed free-jet
system of S@ Under the assumption of a fixed 1.50 A S—O source based upon a current-loop actuator capable of produc-
bond length, rotational constants suggestedtie\’ poten- g choke-flow pulses ok 60 us durationR. M. Jordan Co.

tial surface to support an equilibrium geometry characterize¢-211SS; modified for 20 pps operatjoiihe unique “flow-

by re=2.14 A and/ SSO~109°** Detailed laser-induced through” geometry inherent to this apparatus permitted the
fluorescence(LIF) and optical—optical double resonance highly reactive target molecules to be swept continuously

(OODR) probes of theG—X resonance have been reported past the hozzle assembl_y with the rate of flow adjusted
by Tsukiyama and co-workef& with subsequent jet-cooled manually in _order to ach!eve an optimal ba_l_ance between
measurements by Clouthier and Rutherfderving to alle-  Surface-mediated production and decomposition of §@ S
viate the hot-band activity and rovibronic congestion thatSPecies. While preliminary experiments were8performe_d with
severely hamper spectral interpretation. Vibrational analysed Circular expansion orificgd.05 cm diameter*® the studies
performed by these authors led to the assignment of 1033€Ported below made use of a custom rectangular nozzle ap-

407, and 253 cm* as the fundamental frequencies for the €"ture of 0.015 cm width and 1.15 cm Ie_n@ﬂﬂhg im-
€ 1A’ v, (S—O stretching v, (S—S stretching and v proved velocity collimation and extended interaction path-
1 - 2 - 3

(bending modes, respectively. By exploiting a seeded free ength afforded by this modification enhanced measured

. . . ; : signal-to-noise ratios greatly while still maintaining reason-
jet expansion of g molecules T,,r=1 K) in conjunction . .
with high-resolution LIF SDeCtréOStCOpy, Zhangt al*647 able quenching of internal degrees of freedofp& 5 K).5?

have examined axis-switching and predissociation effects iXV ith the sample chamber evacuated by a liquid nitrogen-

L= . . baffled @ diffusion pump, ambient pressures of5
the lowest-lying(.—X bands, thereby prowd|_nlg refined rota- X 10 °Torr, as measured by an uncalibrated ionization
tional and vibrational constanty{=415.2cm *) as well as

o i . L auge, could be maintained under typical 20 pps operatin
state-specific data regarding collision-free lifetimes. The degongitions yp PpS op g
duced rates of nonradiative relaxation processes were quan- The ultraviolet excitation light propagated through the

tified in terms of a rudimentary one-dimensional tunnelingSZO/He slit-jet expansion—1 cm downstream from the

model which established; as the promoting mode for uni- nozzle orifice in a direction parallel to the major axis of the

molecular decomposition and predicted a predissociation . .
_ T . = 1n; rectangular aperture and perpendicular to the axis of molecu-
barrier to reside in the vicinity of th€ “A’v,=6 level. The

k . h _lar flow. Identical sets of custorfy1.0 imaging optics ar-
experimental gnd .theorgtlcgl efforts c_ilscussed below b“”‘?anged symmetrically on both sides of the plane defined by
upon these prior investigations 0£@ in order to extract jniersection of the molecular and laser beams were used to
structural and  dynamical information  encoded N n,nitor spontaneous emission emerging from the interaction
vibronically-resolvedC— X emission spectra. region. Light collected by one of these optical assemblies
passed through spectral filters selected to reject stray light
and impinged upon the photocathode of an amhier®5 °C)
photomultiplier tubelHamamatsu R331The resulting pho-
tocurrent was preamplified and directed to a CAMAC-based
Since the basic techniques employed for fluorescencgated integrator that enabled the total fluorescence intensity
studies of jet-cooled ® molecules have been described into be recorded as a function of excitation wavelength. Once
previous publication&®*€only the most salient experimental tuned to a selected rovibronic line of theGBC *A’—X A’
features will be repeated here. Tunable ultraviolet radiatiorsystem, the relative stability of target molecule production

II. EXPERIMENTAL TECHNIQUES

was generated by frequency doubliigrad Autotracker Il;  could be assessed readily by monitoring the magnitude of
servo-locked BBO crystathe fundamental output of a high- this undispersed LIF signal.
resolution dye laserlLambda Physik FL3002E<0.035 Spontaneous emission collected by the remaining optical

cm™ ! spectral bandwidthwhich was pumped by the second assembly was directed through a 0.5 m Ebert scanning
harmonic of an injection-seeded Nd:YAG systéBpectra monochromator(Jarrell-Ash 82-020; used in first-order
Physics GCR-4-20; 20 pps repetition rate ns pulse dura- which contained an 1180 groove/mm diffraction grating
tion). The resulting~330 nm light was spatially filtered and blazed for 400 nm radiation. Monochromator scans were per-
recollimated to a diameter of 0.4-0.5 cm before passindormed at instrumental slit widths of 50, 200, and 256
through brewster-angle windows mounted on the baffled erthereby yielding an effective resolution of 0.8, 3.2 and 4.0 A,
trance and exit arms of the molecular beam apparatus. Thespectively. Resolved fluorescence was detected by an am-
absolute dye laser frequency was calibrated through use oflzient(~25 °C) photomultiplier tubgHamamatsu R66ehav-
heated iodine absorption c®land the ultraviolet energy im- ing uniform radiant sensitivity over the near-ultraviolet and
pinging upon the ) sample was attenuated to the lowestvisible regions of the spectrufspecified photocathode radi-
values consistent with acceptable signal-to-noise ratios.  ant sensitivity of 765 mA/W over 4000-8000 A range,
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dropping to~ 60 mA/W at 3400 A.%® The resulting photo-

current was preamplified, directed to a gated integrator, and R E e e

recorded as a function of dispersed wavelength with active 1wl ! > 3 2

(shot-by-shaot amplitude stabilization following from nor-

malization of the integrated signal by the corresponding total 0s (a)

(undispersed fluorescence intensity. All data acquisition o |.llll ‘x.l )
5‘””“”""”1112‘1

functions were controlled by a custom software package run-
ning in a personal computer environment; however, the sub-
sequent processing and analysis of data were performed on
RISC workstations. Atomic emission lamps, in conjunction
with the known frequency of the excitation laser, were used
to calibrate the wavelength scale of the monochromator. The
nonuniform spectral sensitivity of the detection train was
corrected by employing the calibrated output of a quartz
halogen lamdEppley Laboratorythat was inserted directly
into the SO interaction region while the accompanying po-
larization dependencé.e., stemming primarily from the
polarization-selective diffraction efficiency of the monochro-
maton necessitated additional polarized fluorescence mea-
surements to derive appropriate adjustment factors. As a re- 05 (@
sult of such procedures, reported ground state vibrational U“ ‘

energies are believed to be accurate to better tharem * 0.0 fmmr kb LA s
and the relative emission strengths of vibronically-resolved

features derived from a given excitation line should exhibit
uncertainties of less than5%. Repeated dispersed fluores-

cence experiments performed on a selected subset QTG 1. Experimental emission spectra for th®$—X system. The de-

C *A’=X A’ absorption bands have corroborated the valid-picted dispersed fluorescence spectra were acqmred under supersonic slit-jet

ity of these error estimates. conditions {T,,~5 K) by selective excitation of thés) 03 (29 688.2cm?Y),
(b) 13(30721.8 cY), (c) 23(30098.8 cmY), and(d) 33(29 942.0 crY)

bands in the O C 1A' =X 1A/ absorption system where the values in pa-
rentheses denote the location of targel®d(1) rotational lines. Isolated
IIl. SURVEY OF EXPERIMENTAL RESULTS emission features exhibit full-widths of 10—20 chwhich are commensu-
rate with the monochromator-limited resolution achieved in these experi-
Resolved 0 fluorescence measurements were perments. The vibronic assignments in each panel highlight prominent ground

formed by tuning the frequency of the incident ultraviolet state progressions built upon overtones of theS—S stretching vibration
radiation into resonance with the prominetR,(1) rota- where the number of quanta in thg S—O stretching anad; S—S—-0O bend-
tional line of isolated vibronic features in the jet-cooled ing modes remains unchanged ugdR»X transition.

C IA’=X A’ absorption system. Extensive LIF probes, as

well as recorded emission patterns, permitted the ten peaks

selected for the present investigation to be assigned unamaembers of the ? progression have been shown to intro-
biguously as the 9 (29 688.2 cm?), 23 (30098.8cm?), duce only slight perturbations in the intensities of rotational
22 (30505.6 cmY), 23 (30 908.5 cmY), 25 (31 307.2cm?),  features recorded under typical jet-cooled conditions.

1% (30721.8cm?), 3%(30 721.8cm?), 1%2} (29942.0cm™), Figure 1 illustrates a portion of the dispersed fluores-
2535 (30446.7cmY), and 23} (30755.1cm?Y) bands cence data obtained through selective excitation ofaheQ
where values in parentheses denote the corresponding ex¢brigin), (b) 13, (©) 23, and(d) 33 bands in the€€—X system.
tation wavenumbers. Given the dominance of tgpgelec-  These results are in good accord with those reported in our
tion rules?*“®vibronic transitions in the resulting dispersed preliminary analysis of the ® emission spectrufff how-
fluorescence spectra should nominally consist of two resoever, the present experimental efforts are much broader in
nances that terminate on thgland 3 ; rotational levels of  scope and quality, reflecting significant improvements in
a particularX A’ vibrational state. High-resolution stimu- resolution, sensitivity, and calibration. Since the optical de-
lated emission pumpingSEP studies* have shown such tection efficiency has been corrected for constant radiant sen-
rotational lines to be separated byl.6 cm %, thereby pro- sitivity, the intensity information exhibited by Fig. 1 and
hibiting their direct observation under monochromator-utilized for all subsequent Franck—Condon calculations is
limited resolution. Previou€—X rotational analyses have directly proportional to spectral irradiance. Each dispersed
documented the existence of a minute axis-switching effecliuorescence trace contains100 resonances, leading to a
that induces-polarized transition Characté?,however, such total of ~1000 calibrated emission intensities and transition
phenomena are not expected to introduce significant pertufrequencies for the ten selected excitation lines. The resulting
bations for vibronically-resolved spectra acquired in acompilation of 240 distinctX *A’ vibrational levels (cf.
rotationally-cold molecular beam environment. In particular,Table ) spans ground state energies extending from the zero-
the <2° axis-switching angles deduced for the lowest-lyingpoint to approximately 14 000 ch and accesses eigenstates

0.
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TABLE I. Vibrational term values for th& 1A’ state of $O. Measured energies for ti¥e*A’ potential surface were obtained from roughly 25 dispersed

fluorescence spectra which resulted from selective excitation of single rotational lines in ten distinct vibronic bands of the j€t-babiexi *A’ absorption

system. Although instrumental resolution varied between 0.8 and 4.0 A, reported vibrational terms are estimated to have uncertdinties 'ofThe
calculated energies follow from diagonalization of an optimized vibron Hamiltonian for the ground state, thereby yielding a root-mean-sgtianeficewi
experimental values of 5.7 crh Vibrational assignments were generated by means of an iterative procedure which started from known fundamental
frequencies and a minimal algebraic description, the later being refined successive(jnapemental inclusion of data derived from higher-lying vibrational
eigenstates.

Measured Calculated Measured Calculated Measured Calculated

term term term term term term
ViV, V3 energy energy Residual v;v,v; energy energy Residual v;v,v; energy energy Residual
001 377.4 381.6 —4.2 16 4 6588.7 6586.6 2.1 212 0 9996.7 10002.5 -5.8
010 680.2 676.4 3.9 092 6633.7 6629.6 4.1 014 3 10070.2 10077.0 —6.8
002 754.9 762.9 —-8.1 261 6645.1 6639.0 6.1 211 2 10088.4 10096.7 —8.2
011 1056.1 1054.8 1.3 08 4 6718.3 6716.5 1.7 114 0 10118.1 10118.7-0.6
100 1158.1 1151.2 6.8 181 6775.5 6772.0 34 210 4 10198.7 10192.3 6.4
020 1352.1 1347.9 4.2 173 6862.9 6859.1 3.8 016 0 10230.7 10235.3-4.6
012 1430.4 1433.0 —-2.7 010 1 6905.9 6901.6 4.3 310 1 10249.0 10239.5 9.4
101 1535.8 1530.6 5.2 270 6921.3 6914.1 7.1 2 96 10291.5 10 289.3 2.1
021 1722.7 1723.4 -0.6 093 6992.5 6987.9 4.6 015 2 10336.3 10331.7 4.6
013 1809.8 1811.0 -1.2 2 6 2 7006.7 6999.4 7.3 212 1 10344.3 10351.6 —-7.3
110 1838.7 1833.2 5.5 190 7046.7 7043.7 3.0 490 10376.9 10383.8 -6.9
030 2012.5 2014.6 —-2.2 182 7133.8 7130.3 34 014 4 10431.0 10427.4 3.6
022 2094.5 2098.6 -4.1 011 O 71725 7172.3 0.2 114 1 10 460.0 10467.3 —7.3
111 2211.5 2209.4 2.1 17 4 7219.3 7219.1 0.2 311 0 10490.9 10493.6 —2.7
031 2384.2 2387.2 -3.1 010 2 7257.0 7258.3 -1.3 210 5 10548.0 10544.1 3.9
023 2472.9 2473.6 -0.7 271 7274.8 7272.5 2.3 113 3 105715 10562.4 9.1
120 2505.7 2507.6 -1.9 09 4 7347.1 7346.1 1.0 016 1 10583.8 10583.8 0.0
112 2585.8 2585.4 0.4 191 7404.2 7400.2 4.0 213 0 10595.9 10605.2-9.4
040 2676.1 2676.5 -0.3 183 7488.3 7488.4 -0.1 015 3 10686.9 10681.0 5.9
032 2757.5 2759.7 -2.1 011 1 7525.0 7527.4 —-2.4 115 0 10718.4 10720.1 -1.6
121 2877.5 2880.9 —-34 280 7544.9 7543.2 1.6 4 91 10752.5 10733.7 18.8
210 2980.9 2980.8 0.1 010 3 7620.1 7614.9 5.2 014 5 10775.9 10777.6—-1.6
041 3049.0 3046.4 2.6 272 7633.5 7630.7 2.8 211 4 10796.6 10797.5-0.9
033 31245 3131.8 —-7.4 110 O 7673.3 7668.5 4.8 017 O 10827.3 108329 -5.6
130 3171.9 3174.9 -2.9 192 7755.6 7756.5 -0.9 311 1 10853.7 10842.2 11.6
122 3248.6 3253.9 -5.3 012 0 7793.6 7794.8 -1.2 210 6 10889.1 10895.7 -6.5
050 3332.8 3333.4 -0.6 18 4 7850.8 7846.4 4.4 113 4 10916.8 10911.9 4.9
04 2 3419.1 3416.1 3.0 011 2 7883.9 7882.4 15 016 2 10938.2 10932.1 6.0
03 4 3498.7 3503.7 =51 281 7904.1 7899.5 4.7 410 O 10976.3 10986.1 —9.8
131 3547.7 3545.3 2.4 273 7984.1 7988.7 —-4.6 015 4 11027.6 11 030.2 —-2.6
123 3642.1 3626.7 15.5 110 1 8023.0 8023.1 -0.1 115 1 11 056.7 110674 —-10.7
220 3659.1 3658.1 1.0 370 8039.6 80411 -15 4 9 2 11082.6 11083.5 -0.9
051 3701.1 3700.8 0.3 193 8111.3 8112.7 -1.3 014 6 11 140.0 111275 12.5
043 3785.9 3785.6 0.3 012 1 8149.5 8148.4 1.1 114 3 11 168.6 11164.1 4.5
140 3834.1 3835.3 -1.1 290 8170.0 8166.1 3.9 017 1 11181.3 11180.4 0.9
132 3911.8 3915.5 —-3.7 011 3 8232.2 8237.3 -5.0 311 2 11191.3 11190.6 0.7
060 3983.1 3985.5 -2.3 282 8257.7 8255.6 2.1 113 5 11 256.9 112612 —-43
052 4069.9 4068.0 1.8 111 0 8289.5 8288.2 1.3 016 3 11282.7 11 280.4 2.3
04 4 4158.4 4154.9 3.4 110 2 8374.2 83776 —-34 116 0 113155 11317.2 -1.8
141 4202.9 4203.0 -0.1 371 8397.8 8397.3 0.5 015 5 11370.8 11379.2 -8.4
133 4284.6 4285.4 -0.8 013 0 8415.3 8412.4 2.9 212 4 11 391.0 11398.3 —7.3
230 4309.2 4325.9 —-16.7 1914 8456.4 8468.6 —-12.2 018 0 11420.1 11425.6 -5.5
061 4349.6 4350.5 -1.0 012 2 8498.2 8501.8 —-3.6 312 1 11 456.0 11 440.2 15.8
053 4433.6 4435.0 —-1.4 291 8524.5 8520.4 4.0 114 4 11520.7 11512.3 8.4
150 4489.0 4489.0 -0.0 011 4 8590.8 8591.9 -1.1 017 2 11532.6 11527.8 4.7
142 4568.7 4570.5 -1.8 2 83 8612.7 8611.5 1.2 214 1 11565.7 11550.3 15.4
070 4629.0 4632.7 —-3.7 111 1 8638.8 8641.1 —-2.3 016 4 11620.2 11628.5 -8.3
06 2 4717.1 4715.3 1.7 380 8663.5 8663.7 -0.2 213 3 11651.2 11648.0 3.2
05 4 4802.0 4801.8 0.3 110 3 8727.8 87320 —4.2 116 1 11670.0 11663.5 6.5
151 4855.1 4854.2 0.9 013 1 8764.4 87645 -0.1 115 3 11761.0 11761.8 -0.8
143 4938.0 4937.8 0.2 210 0 8786.8 8783.4 3.4 018 1 11780.0 11772.2 7.8
240 4977.4 4984.8 7.4 012 3 8849.6 8855.1 -55 215 0 11792.2 11799.0 —6.8
071 4994.9 4995.5 -0.5 292 8872.4 8874.5 -2.2 114 5 11 862.0 11 860.3 1.7
06 3 5082.5 5080.0 25 112 0 8902.3 8903.0 0.7 017 3 11877.0 11875.1 1.9
160 5137.5 5136.5 1.0 111 2 8991.9 89939 -20 117 0 11910.7 11910.4 0.3
152 5219.1 5219.2 -0.1 014 0 9030.2 9025.0 52 019 0 120115 12013.2 —-1.7
080 5271.9 5275.0 -3.1 110 4 9076.8 9086.1 -94 018 2 12113.3 12118.7 -5.4
14 4 5303.6 5304.9 -1.3 013 2 9109.9 9116.5 —6.6 215 1 12 155.5 121441 11.3
2 41 5343.1 5350.3 —-7.3 210 1 9133.7 9135.8 2.1 117 1 12 258.5 12 255.6 2.9
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TABLE I. (Continued)

Measured Calculated Measured Calculated Measured Calculated

term term term term term term

V1V, V3 energy energy Residual vqv,vs energy energy Residual viv,vs energy energy Residual
072 5356.6 5358.1 -15 293 9229.3 9228.5 0.8 019 1 12 353.8 12359.0 -5.2
06 4 5449.8 5444.4 5.5 112 1 9251.6 9254.3 —2.7 313 2 12374.1 12 379.6 —-55
161 5501.5 5499.3 2.2 390 9280.8 9279.5 1.2 216 0 12399.5 12 390.7 8.8
153 5581.8 5584.0 —-2.2 111 3 9335.4 9346.6 —-11.2 118 O 12 498.4 12 499.7 -1.3
081 5632.6 5635.6 -3.0 014 1 9374.8 9375.8 -1.0 020 0 12599.9 12595.8 4.1
2 42 5707.1 5715.7 —8.6 211 0 9395.5 9395.3 0.2 019 2 12 708.0 12704.8 3.2
073 5726.5 5720.5 6.0 013 3 9464.2 9468.4 4.1 216 1 12739.6 12734.8 4.8
170 5780.3 5778.0 2.3 210 2 9481.4 9488.1 —-6.7 215 3 12 832.8 12 834.2 -14
16 2 5863.1 5861.9 1.1 113 0 9509.9 9513.1 -3.2 118 1 12 852.6 12844.1 8.5
090 5910.1 5912.3 —2.2 012 5 9560.9 9561.1 -0.2 020 1 12939.9 12941.0 -1.1
154 5948.7 5948.6 0.1 012 2 9596.0 9605.6 —-9.5 314 2 12 960.7 12 968.8 —-8.1
08 2 5996.0 5996.1 -0.1 015 0 9642.0 9632.6 9.4 216 2 13077.0 13078.7 -1.8
07 4 6090.2 6082.6 7.6 111 4 9689.7 9699.0 —-9.4 119 0 13099.4 13085.2 14.2
171 6141.4 6138.5 2.9 014 2 9723.0 97265 3.4 118 2 13187.5 13188.4 -0.8
163 6227.4 6224.4 3.0 211 1 9738.1 9746.1 -8.0 217 1 13319.3 133325 —-3.2
091 6272.7 6271.0 1.7 4 80 9768.0 9775.0 —-6.9 216 3 13414.1 13422.6 -85
260 6282.0 6278.4 3.6 210 3 9830.2 9840.3 -10.1 119 1 13436.0 13428.9 7.2
08 3 6361.1 6356.4 4.7 113 1 9855.5 9863.0 —-7.5 218 0 13555.7 13565.4 —-9.7
180 6416.4 6413.6 2.8 310 0 9890.6 9889.3 1.3 1200 13650.0 13667.3-17.3
17 2 6503.3 6498.9 4.4 295 9943.8 9935.9 7.9 217 2 13682.2 13665.5 16.7
010 O 6544.6 6544.8 -0.1 015 1 9982.8 9982.2 0.6 315 3 13892.8 13898.0 -5.2

possessing up to 4, 20, and 5 quanta, respectively, imthe |ar vibrational redistributionIVR)*® wherebyC—X transi-

v,, andvz modes. Although effective monochromator reso-jq, probability is distributed over neighboring A’
lution varied considerably over this range, experiments havgigenstates, the ensuing vibron analyses will attribute its
shown the reproducibility in measured peak positions t0 bgnanifestation to the distin¢honloca) vibrational dynamics

better thant5 cm %, ~ 1n; .
As demonstrated by the vibronic assignments appearinaupporteOI by the “A" potential surface.

in Fig. 1, the SO fluorescence data are dominated by exten-
sive progressions built upon the, S—S stretching mode.

This observation, as well as the monotonic increasegi’n 2 V. LIE ALGEBRAIC ANALYSES

absorption strength noted over the range sf®d <10 re-

flects the substantial change in S—S bond length that accon:. Lie algebraic realization of the morse oscillator
panies thew* < electron promotion. The most intense
transitions in each spectrum are found to consesvand v
quantum numbers with the highlightéd) 2°, (b) 112°, (c)

21 and (d) 2°37 features displaying vibronically-resolved
emission envelopes which contain internal nodes equal i
number to that o/, quanta in theC A’ state. This conclu-

sion is reinforced dfamé“cf‘”y by results Pbtamed thrOnghquantita\tive interpretation of nuclear structdfélhe under-
excitation of higher-lyingC—X bands(e.g., Z with v'>2),  |ying IBM methodology was extended subsequently to for-
thereby leading to a situation reminiscent of that expectegnulate the molecular vibron mod&in which molecules are
from the application of simple Franck—Condon arguments tQreated as coupled assemblies of quantigemsonig excita-

a pseudodiatomic §SO) species. Attempts to quantify tions that are commonly referred to as vibréf® The en-
these assertions by modeling the measurgdvibrational  ergy eigenvalues and eigenfunctions for the system are ob-
structure for each electronic manifold in terms of displacedained from an algebraic Hamiltonian, thereby providing the
one-dimensional Morse oscillators and numerically evaluatrequisite ingredients for the calculations of transition fre-
ing Franck—Condon factors from the corresponding waveguencies and intensities. While the vibron scheme can pro-
functions proved to be unsatisfactory. Moderate agreemeRjide capabilities that complement those afforded by more
was obtained for the lowest-lying members of progressiongragditional approaches to molecular structure and dynamics,
involving exclusivelythe S-S stretching coordinat@iz.  jts most important advantage stems from the anharmonic na-
25’); however, the ability of this rudimentary treatment to ture of the fundamental building blockghe vibrons. Vibra-
reproduce experimental intensities deteriorated rapidly witlional anharmonicity can thus be incorporated explicitly from
increasingv, vibrational energy content. While such behav- the onset, leading to economical parametrization and rapid
ior might be taken as evidence for ground state intramolecueonvergence of expansions used to describe polyatomic en-

Since their mathematical inception in 18%3.ie alge-
bras have been exploited extensively for the simplified de-
scription of complex physical systems. The Lie algebraic

eneration of spectral information was demonstrated for
nuclear physics in 19?4with the resulting interacting boson
model(IBM) representing a now-standard framework for the
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ergy levels and wavefunctiont$® Such characteristics are The algebraic Morse representation can serve as an anhar-
of paramount importance for chemically-relevant situationamonic expansion basis for describing more complex interac-
involving highly vibrationally-excited molecules and compli- tions as a power series in operatér
cated potential energy hypersurfaces. This general scheme
can be implemented in a variety of different forms that re-
flect the essential properties of a particular problem. The
simplest case, corresponding to @&(2) Lie algebraic
treatment*'> employs one-dimensional basis functions
which associate the elementary vibrons with excitations of
either Mors€%°* (for stretching or Ptschi-TelleP*® (for  and can be exploited to construct model Hamiltonians for
bending potentials. For inherently two-dimensional situa- assemblies of coupletanharmonit oscillators**® Similar
tions (e.g., the doubly-degenerate bending modes of lineaalgebraic developments can be demonstrated for the one-
polyatomicg, a more sophisticated treatment can be formu-dimensional Pschl-Teller potential which displays bound
lated in terms of aU(3) framework®* Finally, in cases states isospectral to those of the Morse form.
where the separation of rotational and vibrational degrees of
freedom is compromised, a full three-dimensional vibron
model can be built upon the Lie algebg4).>°

The ensuing analyses of vibronically-resolve®S®mis-
sion data build upon a coupléd(2) framework that enables The U(2) algebraic scheme enables the vibrational
the vibrational Hamiltonian for each electronic manifold to structure of a polyatomic system to be treated as an assembly
be formulated in terms of bosonic creation and annihilatiorof n coupled Morse(and/or Pschl-Tellei oscillatorst**®
operators which describe interacting anharmonic degrees ofheren equals the number of vibrational degrees of free-
freedom(i.e., vibrons. The origin of this approach can be dom. The resultingJ(2) representation has the form of a
traced to the isomorphism that exists between the unitary Liéensor product vector space describing tbacoupled an-
algebraU(2) and the energy spectrum of a one-dimensionaharmonic behavior exhibited by the constituent oscillators
Morse oscillatol* defined by the potential functioW(x) which often can be associated with particular local stretching
=D[1- e #X]2 whereD denotes the dissociation energy andand bending motions of the molecular framework. The inter-
B represents the range parameter. In particular, a one-to-oraetions taking place between such “local oscillators” are a
correspondence can be established between eigenstates of thecial aspect of intramolecular dynamics and can be parti-
Morse—Schidinger equationh|¢)=¢|¢) with h=p?2m  tioned into two broad categories depending upon whether
+V(x), and the representations bf(2), |N,v), the latter they are diagonal or nondiagonal in the uncouplt&hsor
being characterized by two quantum numbers which specifproduc) basis. These essential characteristics can be incor-
the total number of bound levels;:IN/2 or 1+(N—1)/2(N  porated into a model vibron Hamiltonian given by:
even orN odd), and the vibrational indexy, such thatv

h=80+2k AkCk, 4

B. Vibrational frequencies of polyatomic molecules

=0,1..N/2 or (N—1)/2. When recast in th&(2) basis, the n n n
Morse Hamiltonian assumes the simple foimegy+AC H=Eo+ >, AC+ > ACCi+> \iM;, (5)
whereeg andA signify constant modeling parameters while i=1 = g

C is related to the invariant quadratic Casimir operataf
the subalgebra(2) [with eigenvaluesn®=(N—2v)?] by

2 where terms involving isolated Casimir operatdZs, define
means of®

an uncoupled set af anharmonic oscillator&f. Sec. IV A
while the product Casimir operator§;C;, and Majorana
C= i(NZ—C) (1) operatorsM; , describe the diagonal and nondiagonal inter-
4N ' actions, respectively, which occur in the local b&Sim this
article, we use the more convenient product Casimir opera-
With this definition, the eigenvalues bfin the U(2) repre-  tors, CC;, instead of the operator€;; of lachello and
sentation can be written as= o+ A(v—1v?/N) which, upon  0ss® in order to isolate the explicit dependence on the prod-
introduction of the substitutionf=we and N=we/weXe,  uct of vibrational quantum numbetsy; . The effective zero-
yields the more conventional spectroscopic expression:  point energy is denoted ds,, with the symbolsA, , Ajj,
and \;; signifying adjustable parameters that reflect the de-
£=80+ WU WXV, (2)  tailed vibrational behavior of a particular system. Within the

local tensor product representation, the matrix elements of
wherew, and weX, denote the traditional frequency and an- gperatorsC; and C;C; follow from:

harmonicity (in units of cmY) for the one-dimensional
Morse oscillator of reduced mags In turn, these parameters 5
can be related to the structural constants which appear in the (N, u|CiN; v ) = ( v— ”_i> S v (6)
Yl N Y i iU,
N;

corresponding potential functioi,(x):
. B 2D o 1B 3) while the corresponding matrix elements for the Majorana
€ 2mc NV u' ¢ Amcu’ operatorsM;; , can be formulated as:



J. Chem. Phys., Vol. 111, No. 11, 15 September 1999 Vibronically-resolved spectrum of S,0 5045

<Ni,vi;Nj,vj|Mij|Ni,vi';Nj,v,-' where the numerical subscripts appearing on vibrational
quantum numbers signify the conventional mode ordering

:[ 1Y (U_+1)(1_ Uu__l) " 1/25 s for a bent triatomic system and th¢; labels of the local
N;) N; : vyt 1%yl basis have been dropped for notational convenience. Assum-
12 ing that the transition-inducing electric dipole moment op-
i (1_ Y (u+1) 1- Yi 1) . erator does not exhibit a significant dependence upon nuclear
N/ N; . coordinateg(i.e., the Condon approximati@fi the probabil-

@) ity or intensity,| o] Ul vy vy of a vibronic emission process

_ _ _ _ connecting initial electronically-excited staf€; v} ,v},v})
The matrix elements in .Eo(.7) have been given in a form  ith final ground statéX; vy ,v,,vs) is proportional to the
that reduces to conventional normal mode coupling expres

X 5"i ,ui’+15vj ,U].’*l'

. . L ) corresponding Franck—Condon factpr, .,/ 2

sions in the harmonic limiti.e., whenN;—).%® The nondi- P g b V1'2"3 vy

agonal interactions introduced by the Majorana operators are | 4T 2 9
vivévé—wlvzv-s v Uivévéqvlvzva ’ ( )

found only to mix vibrational states having the same total

Elumff; of qulante(wz. Uity zgf(?”sﬁla”} Tr:|s Igﬁds t% & with the characteristio? frequency dependence stemming
\oc hlagona hrebrl)reskentatlgn hm the QC% ESC' atorba-  grom the calibration of our fluorescence detection apparatus
sis, where each block can be characterized by a unique muilf)r constant radiant sensitivity. The Franck—Condon factor

tiplet label, V, derived from the sum of quantum numbers, ,¢ g (q) s defined by the square modulus of the corre-
V=v+uv,+v3.77> Such simplification greatly facilitates sponding vibrational overlap integral:

diagonalization of the vibron Hamiltonian to obtain the de- '
sired vibrational eigenvalue§.e., fundamental frequencies T

and overtongsand their corresponding eigenvectors, with

the latter expressed as an expansion quecoupledtensor  These overlap integrals are inherently multidimensional:
product basis states. Exhaustive attempts to incorporate othggever. the local anharmonic basis of the vibron model
resonant interactions, including Fermi perturbations basefiroduces both conceptual and practical simplifications. In
upon integer multiples of the three fundamental V'brat'onalparticular the calculation GF .+ - can be recast by

1 1)17.)2

frequencies, did not lead to statistically significant improve-ex loiting the eigenvector expansions of E8):
ments in the quality of energy level analyses performed on P 9 9 P '

either the ground or excited electronic manifolds of th® S

vivévé—»vlvzv3:<X;vl!v27v3|C;UZ,L 'Ué 'Ué>' (10)

Ué—? U1U2U3

! ! !

- V102,03 % (V10V20V3

system. Ty, = 2 (o)™ e, 0
v, U, U,
a'“b'"c
Vg,V Ve

C. Franck—Condon factors and transition intensities ~ ~
. . ’ ! !
X{X;va,v,06|Civh, v , L), 11

The algebraic evaluation of multidimensional Franck—
Condon factors and associated vibronic transition intensitieg/here the tensor product nature of the uncoupled represen-
requires detailed knowledge of the vibrational eigenstategation leads to a further partitioning into computationally-

supported by two distinct potential surfaces. Such informaexpedient products of one-dimensional integféls:
tion can be obtained readily through least-squares adjustment

of modeling parameters embodied in the appropriate VibrotX; v, , vy, ,v¢|C;v4, vy, ,vL)

Hamiltonian for each electronic manifold so as to reproduce

experimentally observed patterns of vibrational energy =<7<;va|6;vé><y<ivb|éivé><7<§vc|6;vé>- (12)
levels'*%In particular, this procedure yields expressions for

the corresponding vibrational eigenvectors in terms of thdurthermore, the intrinsic coordinatész. local internal co-
local anharmonic basis. Th#(2) Lie algebraic treatment of ordinate$ utilized by the vibron scheme permit changes in
the nonlinear triatomic & species entails three one- equilibrium geometry between the initiaC(*A’) and final
dimensional oscillators, leading to the uncoupled tenso{k 1a’) electronic states to be specified completely in terms
product  representation|Ng,va;Np,vpiNc,ve)=[Na,va)  of simple translational displacemenrt& thereby eliminating
®[Np, ) @|Ng,vc) Where the subscripts, b, andc affixed  the complicationgi.e., Duschinsky effegt? incurred during

to quantum numbers signify the local S—O stretching, S—Snalogous normal mode treatmeitshich also neglect the
stretching, ands—S—Obending degrees of freedom, respec-influence of mechanical anharmonidity

tively. E\dependegt diagonalization of vibron Hamiltonians  The |ocal basis integrals of E€L2) entail the eigenstates
for the X A’ andC *A’ states of $O provide explicit val-  of one-dimensional Morsér Paschl-Tellef potentials and

ues for the vibrational expansion coefficients: can be evaluated by a variety of methods. Rather than resort-
N B ing to a purely numerical procedure, the ensuing Franck—
IX;v1,00,05)= >, dzl";i”f [X;va, 0,00, Condon calculations make use of an analytical forfftfi
Vg, Up Vg ar-brrc

derived through perturbative correction of the analogous

_ NN ®) overlap expression for two harmonic oscillators character-

|C;vy,v5,05)= 2 ,Cvfjj |C; vl v, vg), ized by different frequenciesw ('), and concavities,
v 2 PTE a(a'), as well as relative spatial displacemet,



5046 J. Chem. Phys., Vol. 111, No. 11, 15 September 1999 Muller et al.

+o0 —(aa'A)?\ [ aa’ vV 2 12
<v|v’>=Lc Wi(a:X)wvr(a’:(X—A))dX=exp( ) ;
2
a

2(a?+a'?)

1 (v+v')2 minfv,v'} 1
[! —_— |

(a2_ a,'Z)(U7j)/2(a'2_ a,2)(u’*j')/2 aja'j(a'Z)j(_aZ)j’(ZA)]'+]’

I = = ey
aTa 2 ! > =D —n!

X (13

with a= yuw/fi defining the concavity for an harmonic os- andA3°°, yield detailed information on the change in equi-
cillator of reduced masgy, and frequencyw. This expres-  [ibrium geometry which accompanies the electronic transi-
sion can be adapted to approximate the one-dimensiongbn. Assuming bonds to lengthéon averagewith increas-
overlap integrals for anharmonie.g., Morse-typeoscilla-  ing vibrational energy content, the signs&® andA5® can
tors, with first-order perturbation theory yielding correctionspe ascertained from the first-order anharmonic corrections of
for the concavitya (), and displacementy, of the form:  Eq. (14). In contrast, the sign oA55° remains ambiguous

a=ag(l—£v), a'=al(l—E), since_ it is related to the modification _in trigtomiq bond angle.
(14) All displacement parameters are given in units of Iength;

however,A5%°can be converted to obtain the corresponding

angular displacement:

A=Ag—yvt 7y,

where the values ofy, ¢ and 7 (a}, ¢, and’) can be
estimated from the corresponding Morse paramegers,,
_ Isstrso

and weXe [B',wg, and (exe)'[: 48,68 ASSO: rssoI'bssor = 2 , (16)

!
We We
ag=p"\/ —Zwexe’ ag=p' Vz(wexe)” where, in keeping with the notation introduced for our

Franck—Condon emission analysis, the primed and unprimed

_ SweXe ,_ S(weXe)’ (15 parameters refer to thénitial) excited and(final) ground
Bwe ’ 6w, electronic states, respectively.
_ 2weXe ;L 2(weXe)'

7 Bwe ' K B,wé .

Despite the simplicity introduced by the analytical for-
mula of Eq.(13), the explicit determination of overlap pa-
rameters still represents a formidable task. For the present The long vibronic progressions observed i§O§—$(

S,0 C-X studies, detailed consideration of emission datadispersed fluorescence spectra provide an extensive ground
obtained through excitation of th%@rigin band enabled the state data set consisting of 240 distinct vibrational levels
influence ofA, and a, to be examined in isolation since the which span~14000 cm?! of internal energy within the

vibrationlessC A’ level is neither mixed by Majorana cou- X 1A’ potential surface. The resulting vibrational term val-
pling nor affected by the values @fand . Consequently, ues are complied in Table | with the measurement precision
the displacement and concavity for each local oscillat@.  for these quantities estimated to be better thah cm .
A andaf wherea= SO, SS, or SScould be quantified by  Initial attempts to reproduce such laboratory findings through
analyzing the intensity envelopes of vibronic progressionaise of a minimalU(2) vibron Hamiltonian involving only
involving the corresponding vibrational degree of freedom,the three linear, diagonal Casimir operato&, where «
with the perturbative estimates &fand » from Eq. (15  =a,b,c signifying the local S—O stretching, S—S stretching,
allowing a first-order calculation of dispersed fluorescenceand S—S—bending degrees of freedom, respectively, gave
amplitudes for remaining excitation lines. An iterative, an unsatisfactory root-mean-squdrms) deviation between
manual adjustment of the parameters, & 7, andA, was  experiment and theory of35 cmi *. This discrepancy was
performed subsequently, thereby obtaining a global fit for alfeduced to~9 cm™* by including the complete set of six
observed emission intensities. quadratic forms,C,C,.,; however, further improvement
Since the uncoupled tensor product basis represents aoeuld not be achieved by incorporating nondiagoiaajo-
harmonic oscillators associated with local internal coordi-rang interactions. Indeed, the same optimized algebraic pa-
nates, the translational displacement parametegS, A3°,  rameters were obtained under various modeling conditions,

V. RESULTS AND DISCUSSION

A. Vibrational energies for the X A’ ground state
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TABLE II. Optimized Hamiltonian parameters for the algebraic descriptionwith the comparison of experimentally-measured and
of S,0. Parameters derived from the least-squares regression ‘fheoretically-predicted vibrational term values in Table |
experimentally-measured vibrational level patterns are presented for the al- . .. _

showing an rms deviation of 5.7 ¢rh

gebraic Hamiltonians used to describe ¥1éA’ andC A’ electronic states . . . . .

of S,0, with values in parentheses signifying the associated one standard The absence of nond'agon@"ajorana Interactions in
deviation uncertainties. The unitless quantum nuniter wherea=a, b, the ground state algebraic Hamiltonian implies that the cor-
or c represents the local S—O stretching, S—S stretching Sarf8-Obend- responding g0 vibrational dynamics are well described by
ing degrees of freedom, respectively, indicate the number of bound eiger]—oca| Stretching and bending modes which although anhar-
states in each locdanharmonit oscillator comprising the uncoupled(2) .. . . ’

basis. WhileN, andN,, embody the Morse parameters for the correspondingmonIC In nature, remain essentlally uncoupled for the set of
S—0 and S-S diatomic units, the bending motion is characterized by 240 levels examined by our dispersed fluorescence studies.
=N,+N,. All other tabulated quantities are expressed in wavenumbersThis assertion of orthogonal and local vibrational degrees of
(cm™Y) with the linear diagonal parametei,,, reflecting the local-mode freedom over a span of internal energy in excess of 1.6 eV

harmonic frequencies. [viz. ~46% of theDJ(S—S0) dissociation lim]t° is remark-

Algebraic able, especially given theoretical predictions of other bound
Parameter X A" Surface C A" Surface species within th&X A’ potential surface. Theb initio cal-
N, 187 187 culations of Fueno and BuenR&have indicated two other
Np 255 158 (bound isomers ofC,, symmetry to exist, an open SOS
N 439 345 chain(1.90 eV} and a closed ®(R) ring (1.58 e\j) where
A, 1155.7737) 904.492) th'e values in parentheses denotg relative engrgies' measured
A, 678.79758) 534.710) with respect to the global SSO minimum. Barrier heights for
Ac 381.7316) 264.7120) the various g0 isomerization channels have not been docu-
A 1.65468) mented; however, the small changes in vibrational behavior
A:Z 7.0615) uncovered by the present studies would tend to suggest that
Ase —2.24055) the SSG-S,0(R) barrier crest resides at energies substan-
App 0.249G38) tially in excess of 1.6 eV.
Apc —3.23743) . . - R
A 0.75029) The uniform local dynamics exhibited by thgGsX “A
cC . . . .
manifold stand in stark contrast to the substantially more
Aabb —1.48618) complex behavior found in the isovalent g€pecies. Dis-
ﬁbbc 8'82%225) persed fluorescence measurements by Yamanouchi and
bbb . S ~
: co-workerg® have probed 311 levels within the $K *A;
;\ab Ziz'é((g?) potential surface, thereby accessing eigenstates which con-
b —aa.

tain up to~20500 cm* of rovibrational energyviz. ~45%
rms of the DJ(OS-0) dissociation limjt" Recent algebraic
deviation 5.7 3.2 analyses of these data by Sako and Yamandfiblave dem-
onstrated a pronounced change in ground state vibrational
character to accompany increasing internal excitation. Suc-
cessful modeling of normal mode behavior observed in low
including the incremental augmentation of preliminary energy regimes required the introduction of strong nondiago-
analyses based upon the minimal algebraic framework and @al Majorana coupling between the degenerate pair of local
selected subset of thé A’ eigenstates. S-0 stretching degrees of freedom. At higher energies, de-
The inability to reproduce vibrational term values quan-tailed examination of level patterns and vibrational wave-
titatively through use of a coupled(2) scheme incorporat- functions revealed a gradual, yet progressive, uncoupling of
ing the quadraticC,C,, Casimir forms prompted a detailed the local oscillator basis with the form of the resulting
search for any systematic behavior in the deviations betweenormal-to-local mode transition paralleling theoretical pre-
experiment and theory. The predictions of the vibron modeHictions made for the analogous; Onolecule” Conse-
were found to be least satisfactory fér'A’ eigenstates in- quently, the vibrational dynamics o£S would seem to re-
volving substantial excitation of all three vibrational modes.Semble those of S£only in the limit of extreme vibrational
Comparison of residual patterns with the energy shifts proxcitation. Evidently, the unique mass combination, absence
duced by various algebraic operators suggested the introdu€f Structural symmetry elements, and related mismatch of

tion of selective cubic and quartic combinations, leading to docal oscillator frequencies in the,S system precludes ef-
vibron Hamiltonian of the form: ficient interaction of thélocal) vibron basis leading to “nor-

~ mal modes” of vibration that closely approximate their “lo-
HX=AaCat ApCpt AcCct AgaCaCa cal mode” counterparts.

+AapCaCptAscCaCe+ALCLCy

B. Vibrational energies for the € *A’ excited state
+AbchCc+AccCcCc+AabbCaCbe Lo . .
The algebraic interpretation of energy level patterns in
F AbbcChCbCe F AanbtCalpCoCh - A7 the SO C A’ potential surface is hampered by the onset of
Least-squares adjustment of the modeling parametelk;in  rapid predissociation which takes place for internal energies

produced the optimized quantities presented in Table Ilin excess of~1200 cm 1.324144-46Aside from limiting the
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TABLE IIl. Vibrational term values for thé A’ state of $O. Most vi-  our laboratory under jet-cooled conditioffsthe positions of
brational energies for th€ A’ potential surface were extracted from high- the remaining four vibrational levels are based upon the
resolution (< 0.05 cm!) and medium-resolutiori< 0.18 cm!) laser— bqu—gas OODR work of Tsukiyamaet a|.42 which were

induced fluorescencé.IF) work performed in our laboratory under jet- librated b . ith ¢ I
cooled conditiongRef. 46. Term values for levels possessing substantial recalibrate y comparison with our measurements as well as

excitation of thev; bending modéi.e., designated by the symbo) were  those reported by Clouthier and Rutherfétd.
derived from the bulk-gas optical—optical double resond@@DR) studies Careful inspection of Table Ill reveals a local perturba-

of Tsukiyamaet al. (Ref. 42 as recalibrated by comparison both with our . . . . ~ 1rr
own measurements and those reported by Clouthier and RuthdRerd tion in vibrational term values to occur f@ “A’ eigenstates

43). The calculated energies follow from diagonalization of an optimized N@ving 6—7 quanta of excitation in the, S-S stretching
vibron Hamiltonian for the electronically-excited state, hereby yielding thedegree of freedom. This observation, as well as the mode
Fabulated devigtions from experimental _values. The _pgrti_al energy ﬁt’,Wi_thSpeCifiCity noted for the rates of nonradiative decay
its subset of vibrational states selected in order to minimize predissociation 4647 tands t borate th . di e
effects (Ref. 46, provided the eigenfunctions used for Franck—Condon processg ' lends 1o COI’I’?G Or"’_l € the previous pre |ssoc_|a
analyses. tion studies of Zhanget al,™ which suggested on the basis

of a rudimentary one-dimensional tunneling model that the

Vovavs t;\friazﬁggy (;gﬁ':lufi)l (E;figuf?t; C A’ potential surface intersects a dissociative electronic
manifold roughly 2400 cm above theC—X band origin.
8 2 (1) iig:;gﬁg (1):2; 8:22 Since the present work focuses on Franck—Condon transi-
00 2 506.011) 1.9 14 tions for bound states, algebraic analyses were restricted to
011 661.9850) -0.27 —0.04 22 low-lying vibronic featuresviz. including levels up to the
003 758.311)" 4.2 35 fourth multiplet,V=4) which are all situated well below the
020 817.3818) 0.82 0.85 predicted barrier crest for predissociation. The parameters
8 é i 12%2;1& 72;; 7%,? included in the vibron Hamiltonian were limited to those that
100 1033.8850) 2.70 1.69 could be determined satisfactorily by this subset of spectral
021 1066.9060T) -1.41 -1.21 data:
018 uemy s s HE=ACt MG AC NaMaythodae, (19
101 1285.611) 1.9 0.9 and all vibrational energies were weighted by their corre-
022 1315-211)T —3.6 —3.3 sponding uncertainties in the least-squares regression proce-
(1) i g ijggé%’)o) _igg 137 dure. The optimized vibron parameters obtained from this
031 1468.4%50) _oaa 272 analysis are compiled in Table Il W|th.the comparison pf
102 1536.211) 13 0.2 measured and calculated term values in Table Il showing
040 1618.9260) -0.28 —2.05 the resulting rms deviation to be 3.2 ch Nondiagonal Ma-
111 1686.811) —2.5 -2.31 jorana coupling was found to be exceptionally strong be-
(1) ‘21 (1) 122;'23 :éf —08 tween the S—O and S-S stretching degrees of free@bm
11 2 1938:311) 13 0.9 NapM 4 term in HZ) although less pronounced interactions
050 2012.4460) -29 could also be discerned between the local S—S stretching and
130 2229.511) -8.3 -7.3 S—-S-0bending oscillatorgcf. A,cM,. term in HE). As
051 2257.80) -7 demonstrated in the following section, this pervasive mixing
8 g cl) gggg'gg :i'é of local vibrational character has a profound influence on
070 2800:420) 31 C A’ vibrational eigenfunctions and the accompanying
071 3044.820) -11 C-X Franck—Condon intensitié8.
080 3182.80) -0.2
230 3242.%0) -5.2 C. Franck—Condon factors and emission intensities
081 3428.020) —31 for the C—X transition
090 3565.120) -0.2
091 3812.020) -0.5 The algebraic Franck—Condon treatment outlined in Egs.
010 0 3945.20) 15 (8)—(12) provides a viable approach for disentangling the
oo 190 21 ﬂgggg _é'é wealth of geometrical and dynamical information contained
0 11 0 4320.80) 11 in vibronically-resolved emission spectra. More specifically,

the expansion coefficients used to describe molecular eigen-
! ! !
. . . Uq Uy, V. .
states in the vibron basfwiz. {c }" 2% and{d’*'*?"*?} in
v_,v_,VU

a'’b’c Va th Ve
scope of high-quality spectral information, this phenomenorEd. (8)] reflect the distinct vibrational behavior supported by
introduces perturbations into the manifold of vibrationalthe individual potential surfaces. These quantities follow
spacings(vide infra). As shown by the data compiled in from the detailed simulation of observed energy level
Table 1l a total of 39 experimental term values are avail-patterns,*** with Table I presenting the optimal modeling
able, providing access © A’ eigenstates which possess up parameters deduced for the@®X *A’ and C 'A’ states
to 2, 11, and 4 quanta of excitation, respectively, inwhe  through diagonalization of the correspondihtx and Hg
v,, and v3 modes. While 35 of the tabulated band origins algebraic Hamiltoniangcf. Egs.(17) and (18)]. In contrast,
were derived from high-resolutiof<0.05 cm?) and overlap integrals evaluated in the uncouplé(?) represen-
medium-resolution(<0.18 cm %) LIF studies performed in tation [i.e., <7(;va,vb,vc|5;v;,vk’,,vé> in Egs. (11) and
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TABLE IV. Perturbative and structural parameters for Franck—Condonwhich is summarized in Table V along with analogous infor-
analyses of §. Parameters employed for Franck—Condon calculations i”mation derived from previous studiésAs Suggested by the

the SO C A’ —X 1A’ system are compiled for each anharmonic degree of : . _
freedom comprising thélocal) uncoupledU(2) basis. The quantityr, pronounced and extensive naure of theprogressions ob

specifies potential curvatureoncavity, while ¢ and 7 represent(first- ~ S€rved in all emission spectra,~the S-S distance is found to
ordep corrections for concavity and displacement, respectively, which areglongate substantially from thx 1A’ value of 1.8845 to

employed for the perturbative evaluation of Morse-type overlap integral : : : _
(Refs. 48,68 The translational displacements reflecting changes in equilib?Z'l68 A In contrast, Only a Sllght increase in S-O bond

fium geometry uponr* — r electronic transition are given by the tabulated |€Ngth from 1.459 to 1.483 A is induced by the* —m
A, parameters. The intrinsic properties of the Morse-type potential fur-electron promotion. The ”neaAcsso displacement can be

nished initial guesses far,, £ and; however, all quantities were varied converted into an angu|ar Change by means of E_@)’
manually in order to reproduce the experimentally-observed emission enve-

lopes. thereby suggesting@ *A’ equilibrium bond angle of either
_ _ _ / SSO=106° or/ SSO=110° depending upon th@deter-
Parameter  S-O Stretching  S-O Stretching-S-O &nding minate sign of A5%°. It must be emphasized that the meager
€ 1A’ Surface: bending progressions uncov-eredl in our dispersed.fluores-
ag(A7Y) 18.95 15.96 10.99 cence experiments reflect, primarily, the small magnitude of
¢ N 0.0044 0.0035 0.0024 ASSO, with the prediction of a significant8° or 129 de-
7R 0.0 0.00441 0.0067 crease inS—S—Oangle uponC—X excitation stemming
X A’ Surface: from the large concomitant increase in S—S bond length
ag(A7) 18.95 15.8 9.35 which leads to near cancellation of the two terms appearing
¢ 0.0044 0.005 0.0024 in Eq. (16). Inertial constants derived from vibron param-
7A) 0.0018 0.0089 0.030 ; i o~ |
_ _ eters are in good accord with publish€d*A’ rotational
Translational Displacement: constant&*upon which prior structural analyses have been
Ag(A) 0.024 0.283 0.073 based

The influence of intramolecular dynamics oyOSinten-
sity patterns is both dramatic and profound. This can best be

(12)] reveal the changes in molecular structure incurrec®PPreciated by considering the hypothetical case of purely
through electronic excitatioff*® As demonstrated by the re- “local” (i.e., uncoupleglvibrational behavior irboth elec-
sults compiled in Table IV, the precise relationship betweerironic manifolds. Under such circumstances, the changes in
(local) anharmonic oscillators comprising the ground and ex-£duilibrium geometry accompanying the* — transition
cited states can be ascertained from the analysis of Franckould still lead to extensive S-S stretching progressions
Condon intensities, thereby enabling the extraction of equiwhere the number of minima observed in vibronically-
librium geometries and related structural constants. resolved emission envelopes would reflect the nodal count
The translational displacement parameters of Table IValong the S—S coordinate for the correspondingA’ vibra-
(viz., ASC, ASS, and ASS9 afford a measure of the alter- tional wavefunction’? Consequently, dispersed fluorescence
ations in molecular structure which accompany thedata derived from selective excitation of thg Band in the

S,0 C-X transition. Given the known minimum energy C—X absorption system would again be dominated By 2
configuration of the ground stat&; 3’ these algebraic results features which display a single minimum in the intensity
yield a proposed equilibrium geometry for tBe'A’ surface  envelope as depicted in Fig(Q. However, the distribution
of Franck—Condon intensity for all related progressions
originating from the sam& A’ v,=1 level[e.g., the $2!
TABLE V. Equilibrium structures for thé& *A’ andC *A’ states of $0.  progression in Fig. @)] would be predicted to exhibit iden-
Parameters describing equilibrium molecular geometries are tabulated fgjcg| shapes as modified by a constant scaling factor depend-

. . . = 1a) h )
the ground and excited eIe_ctronlc states ofOS While th_e X A ing on the values of dlsplacement paramet‘eﬁg andAgSO_
rs-structure follows from the microwave and infrared work of Lindenmayer,

et al. (Ref. 37, the absence of detailed isotopic substitution data precludesCIearly' the e>_<per|me_nt:_;ll _results Ob_tamed foOSdo not
analogous treatment of th€ *A’ potential surface. Consequently, the comply W't_h this simplistic 'nte_rpretat'on' o
C A’ geometry proposed by Hallin, Merer, and MiltéRef. 44 is based _ E).(CIUdmg d.a'fa sets vaU.”'ed through excitation of the
upon an assumed S—O bond length of 1.50 A and inertial constants deducatibrationless origin bandicf. Fig. 2a)], the SO dispersed
from C A’—X A’ rovibronic lines, with qualitative Franck—Condon argu- fluorescence spectra do not display the identical
ments providing further corroboration. Our quantitative Fra”Ck‘CO”dO”(progression-independe)rintensity envelopes that would be
analyses permit the extraction ofaA’ equilibrium structure based solely redicted for purely “local” vibrational dynamics within the
on vibrational information, thereby yielding results in reasonable agreemeng 1 ~ 1 . . .
with those inferred from rotational analyses. X *A" andC ~A’ manifolds. Aside from the disparate nodal

atterns observed for thel 2nd 122 features of Fig. &),

v

Surface Source roA) rs(A) #5850 analogous behavior is found in théj'Zand 2'38 progres-
X A’ Lindenmayeret al? 1459  1.8845 118.08° sions of Figs. 3 and 4 wherg =3 andv’ =4, respectively.
CA’ Hallin, Merer and Miltort ~ 1.50  2.14 109° Of even greater significance is the complete alteration in
C A’  Present work 1483 2168  106°or 110° nodal patterns obtained for thg2® and 1;2° bands of Fig.
“*Reference 39. 2(b), an effect also exhibited by the’2and 12 progres-

PReference 46. sions in Figs. 3 and 4. The vibron model has identified these
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. o . FIG. 3. Algebraic analysis of the*>2mission spectrum. Vibron analyses are
FIG. 2. Algebraic analyses of,© emission spectra. Vibron analyses of ,-esented for three progressions identified in dispersed fluorescence data
Franck—Condon intensities are presented for dispersed fluorescence data . . o ) PR
sets acquired through excitation of the 02, (b) 13, (¢) 25, and (d) 3% stemming from selective excitation of th§ Band in the §D C A'-X"A _

. e S an, ] ) absorption system. Measured and calculated transition strengths are dis-
bands in the 0 C “"A’—X “A” absorption system. The integrated spectral payed as a function of the quantum number for S—S stretchingwith the
iradiance of single vibronic features is displayed as a function of the quanfgarithmic scale serving to emphasize the overall shape and detailed nodal
tum number for S—S stretchings, with the logarithmic scale serving to  strycture for each emission envelope. The theoretical Franck—Condon inten-
emphasize the overall shape and detailed nodal structure of each emissigiies in panela) are derived from the algebraic treatment outlined in the
envelope. S_olld curves foI_Iow from algebraic Franck—(_:ondon calc_ulatlonstext while the experimental values in paitie) represent the integrated spec-
as outlined in the text, while the symbol~s C(Znnected with dashed lines repya| jrradiance of single vibronic features. The three curves in each panel
resent experimental data. The highligh€e- X progressions are assigned denote ground state progressions that are assigned nominallﬁ(QS),Z
nominally as: 2(@), 2°33(m), 192°%#), and £2°3%(A) in panel(a): 2339(m), and £23(A).

112% @) and 12°(M) in panel(b); 2}(®) and £21(M) in panel(c); and
2°31(@) and 23(M) in panel(d).

stretching degree of freedom. Conversely, emission intensi-
ties for the accompanying32® progression are governed
primarily by the **1°2'" basis state and therefore display a
single pronounced node. The removal of aquantum dur-

effects as the signature of manifestly different vibrational
behavior for the pertinent electronic manifolds. While alge-

; VR . ~ o~
braic analyses reveal the"A’ ground state to be essentially j,q theT X fluorescence process thus results in the appear-
local in nature, strong nondiagon&Majorang coupling  ance of an additional node within the S—S stretching in-
within the electronically-excite€ *A’ surface leads to per- tensity envelope. In a similar fashion, Figgc® 3, and 4

vasive mixing of vibrational character as expressed in thgjamonstrate that emission features terminating( 9\’ lev-
local oscillator basis. Consequently, the eigenstate nominallys \which contain an additiona}, quantumi.e., with respect

. 1A’ iiq 1700 . H ~
assigned to th€ “A ) 10 % level is found to involve an 4 he initial € A’ level) generally exhibit the concomitant
admixture of ~21% 172 ** character as reflected by the 555 of 4 node along the, coordinate. This is again a mani-

: . 100_ _ 100_ 2
expansion coefficientss:oo=—0.8884, Cg;9=0.4583, and festation of nonlocality in th&€ A’ state, where the nomi-

100__ .
Cpoi=0.0263. In contrast, the local dynamics suggested f%al 12" vibrational level contains significant ‘' 127~

the X YA’ manifold imply that the correspondimj’;i”’iﬁc and “1M 1201 character.

expansion coefficients will vanish unlesg=v;, vy=1v5, While the quantitative simulation of dispersed fluores-
andv,=v3. Owing to the small magnitude of thigg° trans-  cence intensities can serve to validate predictions deduced
lational displacement parameter, the overlap integrals evaldrom the algebraic treatment, it also furnishes a means to
ated in Eq.(12) will be negligible unless the number of resolve ambiguities which arise from the restricted set of
guanta in the local S—O oscillatar, , is conserved. Franck— experimental measurements and the correspondingly limited
Condon factors for the }2° transitions in Fig. ) are thus  number of well-determined vibron parameters. In particular,
dominated by contributions from the local *2°’ compo-  the model Hamiltonian used to describe vibrational dynamics
nent and do not display the node ascribed to the local S—8f the electronically-excited potential surfapef. Eq. (19)]
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vibron analyses consistently overestimate the strength of
transitions terminating on highly-excited, vibrational
levels of the X A’ potential surface. Since the
“experimentally-missing” intensity does not manifest itself
in other peaks or progressions comprising the recorded spec-
tral data, modifications in vibrational dynamics, including
intensity borrowing mechanisms ascribed to intramolecular
(IVR) processe?® are unlikely to be responsible for ob-
served discrepancies. An alternative explanation for this phe-
nomenon can be found in non-Condon effects which arise
from an explicit dependence of transition moment operators
on nuclear(vibrationa) degrees of freedom. The algebraic

Experiment T

a - ;}30 formalism provides a straightforward approach for perform-
107y rd w2 | T ing intensity calculations that transcend limitations imposed

by the canonical Condon approximatithAs highlighted in

- a forthcoming publication, substantial improvements can be
achieved in the detailed simulation ofG dispersed fluores-

N cence patterns by incorporating a transition dipole that scales
with the S—S stretching coordinate.

10734

1074

Integrated Vibronic Emission Intensity

107+

‘ VI. SUMMARY AND CONCLUSIONS

S-S Stretching Quantum Number v, Fluorescence induced by selective excitatiog of indi-
vidual vibronic bands in the jet-cooled ,& C A’

FIG. 4. Algebraic analysis of the*Zmission spectrum. Vibron analyses are <X A (7* ) absorption system has been dispersed
presented for three progressions identified in dispersed fluorescence datmder moderate spectral resolution with the resulting emis-
stemming from selective excitation of thg Band in the 0 C 'A’-X 'A”  sjon frequencies and intensities interpreted quantitatively
absorption system. Measured and calculated transition strengths are difhrough use of a novel algebraic scheme. In particular our
played as a function of the quantum number for S—S stretchingwith the . . L T

logarithmic scale serving to emphasize the overall shape and detailed nodgnalyseS epr0|t the unique capabllltles afforded by a Lie
structure for each emission envelope. The theoretical Franck—Condon intelgebraic description of molecular structure and dynamics,
sities in panel@ are derived from the algebraic treatment outlined in the thereby establishing a comprehensive framework for the ex-

text while the experimental values in pa] represent the integrated spec- fraction of detailed vibrational information from spectro-
tral irradiance of single vibronic features. The three curves in each pane

denote ground state progressions that are assigned nominallf(@,2 scopic data sets. The success of this approach builds upon
2°3%(m), and £2%(A). the inherent simplicity, economy of parametrization, and
coupledanharmonicnature of the underlying vibron Hamil-
tonian. As highlighted by the present treatment of
has not incorporated Majorana interaction of the S—-O  yijpronically-resolved emission spectra for the triatom©S
stretching oscillator with thes; S—S—Obending basis al-  species, such features enable the facile evaluation of multi-
though indirect mixing, as introduced through off-diagonal dimensional Franck—Condon factors and related transition
coupling of v, with vy, and v, with v., was found to be moment matrix elements.
significant. This situation reflects the absence of observed The picture of $O vibrational dynamics that emerges
C A’ levels which simultaneously possess significant bendfrom our algebraic analyses suggests radically different be-
ing and S—O stretching character, thereby prohibiting accukhavior for the ground and excited electronic states of the
rate determination of a direet,— v coupling term. The suc- €_X system. The positions ot A’ vibrational levels over
cessful global analysis of vibronic emission envelopeshe observed 0-1.6 eV range of internal energy could be
demonstrated by Figs. 2—4 would tend to justify our neglecteproduced satisfactorily without incorporating nondiagonal
of such interactions; however, laboratory efforts designed tPnixing into the local anharmoni@vibron) basis, thereby im-
enhance the scope and quality of available data oplying that the ground potential surface supports exception-
C A’ S,0 are underway. ally local and uncoupled vibrational motion. In contrast, the
The qualitative shapes of vibronically-resolvegOS € A’ manifold is distinguished by pervasive off-diagonal
emission envelopes are reproduced successfully by theyupling between the local S—S stretching and S—O stretch-
present algebraic treatment with minor discrepancies stemng degrees of freedom, as well as less pronounced interac-
ming primarily from the limited number of modeling param- tions between the S-S stretching and bending coordinates. A
eters included in th€ A’ Hamiltonian. Quantitative com- quantifiable signature for such distinct intramolecular behav-
parisons of measured and predicted band intensities ajgr has been identified in vibronically-resolv&i-X emis-
favorable in most casegf. Table V), a notable exception sjon envelopes which exhibit nonintuitive nodal patterns that
being found in the highest-lying portions of the extensiveghitt in a characteristic manner depending upon the selected
S-S stretching progressions accessed through excitation gkcitation band. Structural parameters for the electronically-
the Z (v'=1) features. As shown in Figs(d, 3, and 4, excited state have been deduced from the algebraic interpre-
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TABLE VI. Emission intensities in the ® C *A’—X A’ transition. Experimental values represent the integrated and calibrated intensities measured for
individual vibronic features by dispersing ti@&—X fluorescence from & molecules entrained in a supersonic slit-jet environment. Calculated Franck—

Condon signal strengths are based upon optimized algebraic descriptions Yot AieandC A’ manifolds, with normalization selected so as to reproduce
the maximum of emission observed in each spectrum. Data are presented for selected progressions identified upon excitdRgfiLpfrtitational line in
the @ (origin), 13, 2§, and 3 bands:(a) 22, 2939, 192°, and £2239; (b) 132° and 129 (¢) 2% and 12!; and(d) the 23} and 237.

20 2039 1920 192039
Experimental Algebraic Experimental Algebraic Experimental Algebraic Experimental Algebraic
(€) v intensity theory intensity theory intensity theory intensity theory
0 1.00x10°4 1.04x 104
1 8.24< 1078 6.96x10°3 9.53x10°* 1.30x10°3
2 4.37<1072 4.05x10°2 1.30x 1072 7.54x10°3 1.00< 104 3.54x10°3 1.00< 104 6.59x10 4
3 1.52<10°* 1.45x10°* 3.76x1072 2.71x 102 7.44x 103 1.27x10°? 3.50<10° 2 2.36x10°°
4 3.60<107* 3.62x10°* 8.63x 1072 6.73x 1072 1.58< 1072 3.14x10°2 5.15x10° 3 5.83x10° 3
5 6.12x10°* 6.62<10°* 1.42x10°* 1.23x10°* 3.92x10°2 5.73x 102 1.41x 1072 1.06x 1073
6 8.66x10°* 9.23x10°* 2.08x10°* 1.71x10°* 5.94x 102 7.95<10°2 1.93x 1072 1.47x 1072
7 1.00 1.00 2.1%10°* 1.86x10°* 7.39x10 2 8.60x10 2 1.65x 10?2 1.59x 10?2
8 7.73x10°t 8.59x 107! 1.85x10°* 1.59x10°* 5.82<10 2 7.34x10°2 1.85x 10?2 1.36x10°?
9 5.70<107* 5.86x10°* 1.36x10°* 1.08<10°* 4.63x10°2 4.99x 1072 1.56x 102 9.20x10°3
10 3.30x10°* 3.19x10°* 9.20x 102 5.89x 102 2.85<10°2 2.70<10°2 6.36x10° 2 4.98<10°°
11 1.50<10°* 1.39x10°* 3.29x 1072 2.56x 1072 1.29x 1072 1.17x10°? 3.64x10°° 2.15x10°3
12 5.63< 10 2 4.79<10°2 1.22x10°? 8.81x 102 4.65<10°2 4.02x10°2 1.18x10°3 7.38<10°*
13 1.58<10°2 1.30x 1072 4.41x10°° 2.39x10°3 2.05x10°3 1.09<10°3 2.58x10°*4 1.20x10™*
14 469103 2.75x10°3 1.21x10°3 5.05x10 4 1.00< 104 2.29x10°*4 1.00< 104 4.19x10°°
15 5.39%<10°* 4.44x10°4 1.00<10™4 8.12x10°°
16 1.00<10™4 5.30x10°°
17
1529 13129
Experimental Algebraic Experimental Algebraic
(b) Y, intensity theory intensity theory
0 1.62x10°3 9.50x 104
1 3.33x10°° 5.81x10° 3 1.85<10°?2 1.12<10°?
2 2.02x10°? 2.50< 10 2 8.95< 10 2 6.13x 10 2
3 5.41x 1072 6.04x10°2 3.15<10°* 2.05x107*
4 6.65< 10?2 8.59x10 2 6.40x10* 4.71x10°*
5 5.11x 1072 6.41x 102 9.18x10°* 7.85x10°*
6 1.61x10 2 1.17x10°? 9.80x10 * 9.80x10°*
7 1.51x10°2 1.27x10°? 8.55<10°* 9.31x10°*
8 1.35x10°* 1.18<10°* 6.51x10°* 6.78x107*
9 3.75x10°t 2.63x10°* 3.69x10* 3.76x10° !
10 5.45¢10°* 3.32x10°* 1.45<10°* 1.56x107*
11 5.24<10°* 2.85x10* 3.78x10 2 4.66x10 2
12 3.78<10°t 1.79x10°1 1.21x 1072 9.09x10°3
13 2.35¢10°* 8.45x 102 2.39x10°3 8.75x 1074
14 9.20< 10 2 3.03x10°2 6.66< 10 * 6.50< 10 *
15 3.75¢107? 8.25x10° 3 1.00<10™* 2.71x10°°
16 1.60< 103 1.69x 103
17 1.00<10™* 2.55<10°4
18
2 132,
Experimental Algebraic Experimental Algebraic
(@] \Y intensity theory intensity theory
0
1 4.10x 102 2.92<10°2
2 2.01x107* 1.42<10°*
3 4.42<10°1 4.08x10°t
4 7.54<107* 7.71x10°* 1.38<10°3 1.34x10°3
5 9.82x10°* 9.82x10* 1.00< 104 7.55x10°°
6 7661071 8.26x10°* 6.67x10°* 7.61x10°3
7 3.83x107! 4.08x10°* 7.49x10°3 3.29x 1072
8 9.26x10°? 7.04x10°2 2.41x 102 6.94x 102
9 2.00x10°° 8.46x10°° 4.62<1072 9.50x 1072
10 9.83x 10 3 1.13x10°* 4.14x10°2 9.33x 10 2
11 3.48<1072 1.85<10°* 4.09x1072 6.86x 1072

12 4.25¢10°2 1.61x10°* 1.99x 10?2 3.87x10°2
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TABLE VI. (Continued)

2! 192!
Experimental Algebraic Experimental Algebraic
(@] \Y intensity theory intensity theory
13 2.49<10°? 9.20x 102 8.36x10°° 1.68< 1072
14 1.22x 1072 3.76x10°2 2.68<10°2 5.66x 103
15 5.68<10°3 1.12x10°? 7.01x10°* 1.46x10°3
16 1.50< 10 * 2.47x10°°
17
2037 203}
Experimental Algebraic Experimental Algebraic
(d) \Y intensity theory intensity theory

0 1.00<10°* 8.80x10°*
1 3.35x1072 1.04x 1072
2 1.34<10°* 5.78<10 2
3 3.55¢10°* 1.95x10°*
4 6.02<10°* 4.54x10°1 2.10x10 2 2.63x10° 2
5 8.48<10°* 7.66<10°* 7.16x10°2 9.17x 1072
6 9.71x107* 9.71x10°* 1.87x10°* 2.19x107*
7 8.92x10°* 9.42<10°* 3.35<10°* 3.82x10°*
8 7.42x107* 7.04x10°* 3.77x10°* 5.04x10°*
9 4.81x10°1 4.05x10°* 3.81x10°* 5.15x 10!
10 2.01x10°* 1.77x1071 3.60x10°* 4.13<1071
11 1.00<10°* 5.75x10 2 1.86x10°* 2.62x10°*
12 4,07 1072 1.31x 1072 9.17x10°2 1.32<107*
13 9.07x 1073 1.81x10°3 3.48x10°2 5.25x 1072
14 7.13<10°3 9.63<10°° 1.55x 1072 1.64x 1072
15 3.09x10°3 4.01x10°8
16

tation of dispersed fluorescence spectra, yielding a predictefigh X A’ energies that can be obtained in this manner.

C A’ equilibrium geometry which is in good accord with Building upon known algebraic descriptions for the unbound

that inferred from previous measurements of rotationalscattering states of a Morse oscillat8f,parallel efforts are

constant$? underway to develop the theoretical apparatus needed to em-
The methodology introduced in this paper providesbrace quasibound and repulsive electronic states within the

unique capabilities that can readily be extended and refinedibron framework, thereby setting the stage for detailed al-

Aside from obvious advantages afforded by the explicit in-gebraic investigations of dissociative and associative chemi-

corporation of mechanical anharmonicity into the zero-ordercal processes.
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