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Rydberg excited states of the OCS molecule in the energy range 70500—8608thave been
investigated via the two and three photon resonance enhancements they provide in the mass resolved
multiphoton ionization(MPI) spectrum of a jet-cooled sample of the parent molecule. Spectral
interpretation has been assisted by companion measurements of the kinetic energies of the
photoelectrons that accompany the various MPI resonances. The present study supports the earlier
conclusions of Weinkauf and Bodsl. Chem. Phy<€98, 4459(1993] regarding five Rydberg origins

in the 70500—73000 cnt energy range, attributable to, respectively, statedf I, 2A, *A and

13+ symmetry arising from the g\ — 37 orbital promotion. We also identify a further 21 Rydberg
origins at higher energies. These patrtition into clumps with quantum defects ca. 3.5 and 4.5, which
we associate with the orbital promotionph <+ 37 (n=5,6), and others with near integer quantum
defect which are interpretable in terms of excitatiorstd and (possibly f Rydberg orbitals. We

also identify MPI resonances attributable to GO *) fragments and to S atoms in both their
ground @P) and excited ¥D) electronic states. Analysis of the former resonances confirms that the
CO(X) fragments resulting from one photon dissociation of OCS at excitation wavelengths ca. 230
nm are formed with a highly inverted, bimodal rotational state population distribution, whilst the
latter are consistent with previous reports of the wavelength dependence for forming ground and
excited state S atoms in the near uv photolysis of OCS.1996 American Institute of Physics.
[S0021-960606)01130-7

INTRODUCTION and »;~698 cm . The frequency of the bending mods,
has proven harder to define, with reported values ranging

The spectroscopgy*! and photochemist*?~2° of the
P By P 1121 to 510 cm1?* The present work fully

excited electronic states of the 16 valence electron triatomiI:r om 417 cm

molecule carbonyl sulphide, OCS have both been the subje&PPOrs the lower value. _ N

of much previous study. It has a linear ground state, with ~ 1he lower lying valence excited states of OCS arising

normal mode vibrational frequenci@sy; (o" symmetry, from the 4r—3m and/or 1@~—3m electron promotion have

largely C—O stretch 2062 cm'™; v, (m, bend, 520 cmit  been studied by conventional absorption technitjiies>®

and v, (o7, C-S stretch 859 cmi'?, and an electronic con- and the broad continua centred around 222, 167, and 152 nm

figuration assigned in terms of'A—X 3*, X !3* and
(80)2(2m)4(90)2(3m) X IS ) I3+ X 13* transitions, respectively. Studies of the tem-

perature dependence of the longest wavelength absorption
The highe;st occupied7Borbital is largely concentrated on profile®! led to the conclusion that tHe\ excited state has a
the terminal sulphur atom, but the photoelectrony,qy equilibrium geometry. Such a suggestion has been fully

1-23 i ;
spectr_urﬁ Sh.OWS agtlvny nvs anq, to a lesser extent, in vindicated by more recent studies of the energy disposal and
vy, pointing to its having some antibonding character. I:)ho'vector correlations amongst the primary photodissociation
toelectron spectroscopy(PES?*~%® and photoionisation g P y P

studie2® give a value of 11.17360.0015 eV (90121+12 products—ground state CO moleculesirrying little vibra-
cm 128 for the ionisation threshold for forming the lower tional excitation but with a highly inverted rotational state

(%[1,) spin—orbit state of the OCSion and a spin—orbit population distribution together with excited $D)
splitting (ca. 47 meV, 368 cm) in good agreement with atomst®1"19The structured absorption centered around 152

that deduced from analysis of the OQ®B—X) laser in- NM shows a progression with a ca. 800 crinterval®® This
duced fluorescend&.IF)?’~?°and the laser induced fragmen- Structure has been attributed to an unstable periodic orbit on
tation spectra of OCS® Frequencies for the ground state the excited'S. " surface?’ the anisotropy parametég~1.8)
ion stretching vibrations are well establisheg~2080 cm!  measured for the dominant primary products resulting from
the 157 nm photolysis of OCSCO(X) molecules(in vibra-
dpermanent address: Dipartimento di Chimica dell'Universita, Via Elce di'“cma:I levelsv _:O._3' with comparatively modest Ievel§ of
Sotto, 8 1-06123 Perugia, Italy. rotational excitation and S{S) atoms—serves to confirm

J. Chem. Phys. 105 (6), 8 August 1996 0021-9606/96/105(6)/2141/12/$10.00 © 1996 American Institute of Physics 2141

Downloaded-30-Nov-2004-t0-145.18.135.91.-Redistribution-subject-to-AlP-license-or-copyright,~see-http://jcp.aip.org/jcp/copyright.jsp



2142 Morgan et al.. REMPI spectroscopy of OCS

the parallel character of the photoexcitation process and thieer is pumped by a 150 mm diameter oil diffusion pump
very short excited state lifetimé. (Edwards Diffstak; chamber base pressure ¢al@ ’ Torr)
Absorption at shorter wavelengths is dominated by tranand contains a repeller and an extractor pldiameters 100
sitions to Rydberg states of OCS. The 70000—75000"cm and 125 mm, respectivelyseparated by a distance of 26 mm
region has been studied extensively by one photon absor@nd, under typical working conditions, held &t#400 and
tion spectroscopy, ® electron energy loss spectroscbpyd,  —400V, respectively. A 25 mm diameter hole in the extrac-
most recently, by resonance enhanced multiphoton ionisatiotor plate, covered by 85% transmission nickel mesh
(REMPI) spectroscopy®!! Yang et all® identified two- (Buckbee—Meajsallows passage of any ions formed by
photon resonances associated with three Rydberg states REMPI between the extractor and repeller plates into the
this region: theE and F states, both of which, following second acceleration region and the flight tube. The plate di-
Kopp,“Nthey labelled as havingIl symmetry, and the so- viding the two vacuum chambers forms the front end of the
calledP state. This same region was investigated further byfield-free flight tube. It is 23 mm distant from the extractor
Weinkauf and Boesl} who combined 21 and 3+1 MPl  plate, and hs.a 5 mmdiameter hole covered with the 85%
with careful measurements of the kinetic energies of the actransmission mesh at its centre to pass the ions. This plate
companying photoelectrons. Five Rydberg states were iderand the flight tube are normally held at1400 V. The sec-
tified, all attributable to the electron promotiopX«—3m,  ond vacuum chamber houses the 600 mm long flight tube,
and a number of revisions of earlier analys€avere sug-  which is constructed of perforated stainless steel sheet. This
gested. To date there do not appear to have been any reportgfamber is pumped by a turbomolecular puffgiwards
multiphoton spectra involving the higher energy RydbergexT 501), and reaches a base pressure of ¢cal@ ® Torr,
states of OCS, but previous one photon absorption stddfes, which rises to K10~® Torr when the experiment is opera-
most notably that of Matsunaga and Watanabeve iden- tional. lons exiting the flight tube through a 25 mm diameter
tified higher members of two Rydberg series converging tthole covered with the same 85% transmission nickel mesh

the two Spin—orbit components of the ground state ion. are detected by a pair of 25 mm diameter, chevron-
Here, we report the first comprehensive study of the enconfiguration microchannel platé6alileo).

tire two and three photon resonance enhanced MPI spectrum A pulsed nozzle(General Valve Series)9ocated be-

of a jet-cooled sample of OCS up to ca. 86000 ¢mCom-  tween the repeller and extractor plates injects the gas of in-
panion high resolution REMPI-PES measurements aid aserest(here OCS, seeded 10% in)Ainto the first chamber.
signment of the numerous observed resonances, enablingseries of suitably biased thin steel strips located close be-
confirmation of the conclusions reached by Weinkauf ancheath the nozzle shield the electric field within the ionization
Boesi' and the identification of a further 21 origifand  region from the perturbing effects of the metal nozzle, but
much attendant vibronic structyrall of which we associate gre small enough not to affect the gas expansion. The volt-
with Rydberg states built on the ground state ion core. Theges on the steel strips are determined by a chain of matched
present study of the OCS molecule complements our recemgsistors and maintain the linearity of the electric field lines
REMPI and REMPI-PES studies of the isoelectronic mol-in the extraction region. The gas pulse is intersected by a
ecules CQ* and CS* but, because of its lower symmetry focused laser beam which drives the MPI process. A
and the absence of theg parity restrictions, assignment of Nd:YAG pumped dye laser systefSpectra Physics GCR-
the numerous OCS resonances in terms of excitations to spe30-10 and Lumonics HD-500, operating at 10 Hz repetition

cific Rydberg orbitals is necessarily less definitive. rate is used to generate the laser pulses, with the dye laser
output frequency-doubled in BBO or KDP crystals when
EXPERIMENT necessary, and focused into the vacuum chamber by a 200

mm focal length quartz lens.

The results reported here were obtained using two The output signal from the microchannel plates is accu-
complementary experimental systems: In Bristol, a homemulated by a digital oscilloscopgeCroy 9361 and down-
built time-of-flight (TOF) mass spectrometer was used toloaded to a computed86-PC, 50 MHZ via a GPIB inter-
record mass resolved REMPI spectra of jet-cooled OCS, anfhce for subsequent analysis. Mass resolved MPI spectra are
in Amsterdam REMPI-PES studies were performed using @btained by scanning the dye laser wavelength continuously
“magnetic bottle” spectrometer. The latter experiment hasand monitoring just that fraction of the total ion signal with a
been described in detail previous;®* and only a cursory TOF appropriate to the mass of interest, averaging typically
description is given here, but the Bristol TOF mass spec5-10 laser shots for each data point.
trometer is newly constructed and replaces our previous The REMPI-PES spectra were obtained in Amsterdam
REMPI-TOF experiment, so is described in more detail.  using an excimer pumped dye laser system with the laser

The mass-resolved REMPI specfraonitoringm/z 60  output being frequency doubled when required, and focused
(OC9, 32 (9 and 28(CO)] were recorded using a newly (f.I. 25 mm) into the ionisation region of the magnetic bottle
constructed(Wiley—McLaren configuratioff) linear TOF  electron spectrometer. An effusive beam of pure OCS was
mass spectrometer. The spectrometer consists of two accelsed, and the resolution of the kinetic-energy resolved pho-
eration stages and a field-free flight tube, and is housetbelectron spectra was typically 15 meV. Sulphur atoms were
within a high vacuum system consisting of two differentially produced in the photolysis of OCS as a by product of the
pumped chambers connected by a small hole. The first chanREMPI process. The measured electron kinetic energies
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FIG. 1. (a) 2+1 and(b) 3+1 REMPI spectra of a jet-cooled sample of OCS over the energy range 70300—7500fcorded using linearly polarized light
and monitoring only those ions with TOFs appropriatertz 60. This spectrum is a composite, obtained by splicing together spectra recorded using more

than one dye. The vertical arrows arranged below the respective spectra indicate where the various scans have been joined. No effort was made to ensure
correct normalization of the relative intensities of features appearing within the tuning range of any one dye, or between one dye tuning curve and the next.

Vibronic features associated with the varioGEI[4p\ — X = Rydberg states identified in Tables | and Il are indicated via the combs superimposed above
the spectrum.

from known S atom transitions provided a convenient cali-show, most of the excited state levels that show strongly in
bration that enabled the OCS photoelectron kinetic energiethe 2+1 REMPI spectrunfpanel(a) in Figs. 1-3 can be
to be placed on an absolute scale. In addition, xenon wadiscerned via 3 1 REMPI spectroscopjpanel(b)] also, and
used as a calibration gas. Certain wavelength-resolvedice versa, though on occasion their relative intensities show
REMPI spectra were also recorded in Amsterdam by massyuite dramatic variations. Figure 4, which shows MPI spec-
resolved ion detection or by measuring the total photoelectra involving resonances in the 71000—72000 ¢megion in
tron yield as a function of excitation wavelength. much greater detail, provides one rather striking illustration
of this point. The parallels between thet2 and 3+1
RESULTS AND DISCUSSION REMPI spectra of OCS reported here are in marked contrast
REMPI spectra to our recent REMPI investigation of the related molecule,
CS,.* This is simply a reflection of the fact that €%

Given a value of 90121 cnt for the first ionization limit ; . :
of OCS® we can calculate that the long wavelength thresh CeNtrosymmetric, whilst OCS is not. As a result, symmetry

olds for four photon and three photon ionization of this mol- MPOS€S far fewer restrictions on the allowed electronic ex-

ecule are, respectively, 444 and 333 nm. We have thus rec_itations in the latter molecule. Where comparisqns are avgil-
corded REMPI spectra of OCS using linearly polarized lasePP!e: the wavenumbers of the resonances evident in Figs.
radiation throughout the entire wavelength range -4280 1-3 are in good agreegnent with those observed in previous
nm. These are shown in Figs. 1-3. As detailed in the figur@n€ Photon gbsggglmoh‘, electron energy Ioésand/qr mul-
captions, these spectra were recorded in one or other, giphoton studied®* This is illustrated in Table I, which pro-
both, of two ways—either using a jet-cooled sample, withvides a complete listing of the wave numbers of all of the
time-of-flight mass selection of the resulting icirs Bristol), ~ Significant resonances we have identified in thel2and

or using a thermal effusive source with mass selected ion, 031 REMPI spectra of OCS.

kinetic energy selected photoelectron, detectionAmster- The effects of OCS fragmentation manifest themselves
dam. Inevitably, a number of different laser dyes were usedn these spectra in several ways. Figure 3 highlights the pau-
in recording these spectra. The relative intensities of distargity and weakness of features in the-2 REMPI spectrum
peaks should therefore be viewed with some caution sincéor forming parent iondm/z 60) at excitation wavelengths
we have not taken any particular care to power normalizshorter than ca. 245 nit2v >81500 cm'). This approxi-
either between dyes or within the tuning range of any ondnates to the long wavelength end of the region of continuous
dye. A few general points merit comment before embarkinguv absorption assigned in terms of excitation to thend

on any detailed discussion of these spectra. As Figs. 1-3A’ and (linean *A” Renner—Teller components of a disso-

J. Chem. Phys., Vol. 105, No. 6, 8 August 1996
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FIG. 2. Linearly polarizeda) 2+1 and(b) 3+1 REMPI spectra of OCS in the energy range 75000-80500 ofa) was recorded using a jet-cooled sample,

the entire tuning range of a single dygumarin 500 and monitoring the wavelength dependence ofrtiie 60 signal.(b) was obtained using a thermal

effusive source of OCS, again monitoring the parent ion yield save for the expanded view of the high frequency end of this spectrum which was obtained by
monitoring the total photoelectron current. As with Fig. 1, thel3REMPI spectrum is a composite obtained by splicing together spectra recorded using a
number of different dyes, and the same comments apply. Vibronic features associated with the various Rydberg states identified in Tables | and Il are indicated
via the combs festooned above the spectra, whilst interfering resonances associated with neutral sulphu@tanesimlicated by the symbol S.

ciative valence excited state which, in the linear limit, hasREMPI-photoelectron spectra
A symmetry® '3 the weakness of the REMPI spectrum in-

: L . . The available experimental resolutigca. 15 meV, 120
volving these shorter excitation wavelengths is attributable to,___, . . . : . .
this competing population loss channel at the eneray of Oncm ) is sufficient to allow us to identify not just the vibra-
belng pop 9y %OHaL but also the spin—orbit, structure of the ions formed in

absor.bed photon. Seve.ral groups hgve.stud|ed the phot 1e various REMPI processes. As has been demonstrated

chemistry of OCS following uv excitation in the wavelength anv times previously. the analvsis of such Specira can pro-

range 220-250 nm and shown the primary products to peany Imes previously, the ys| uch sp >an p
vide considerable insight into the electronic and vibronic

S(*D) atoms and COX) fragments carrying substantial ro- - : . -
tational excitation171% Consistent with this. our simulta- characteristics of the intermediate state providing the reso-
i ance enhancement. Figures 6—8 show a number of repre-

neous investigation of the REMPI of S atoms suggests ex? ) )
clusive formation of S{D) atoms in this range of excitation Sentative REMPI-PE spectra. All those selected for display
wavelengths. Figure 5 shows a part of the spectrum for form@iS€ as a result of three photon resonant, four photon ioni-
ing ions withm/z 28 following one color excitation of OCS sation processes. Consider first the spectrum~shown in Fig.
at wavelengths ca. 230 nm. This spectrum, which is read“)ﬁ(a),lrecordeq at a laser wavelength of 395.3 @@m="75897
assignable in terms of the well documented MPI spectrum ofM *)- The kinetic energy of the larger, faster peak is en-
CO(X), resonance enhanced at the two photon energy by thigrely consistent with ionisation to the™ =0 level of the
zero-point level of thed 'S * state'® provides confirmation lower (1) spin—orbit component of the ion, but the pres-
of the importance of this fragmentation channel under theéénce of a slower peak indicates that there is also some pro-
present experimental conditions and of the highly excitedpensity for ionisation to the *=0 level of the highef’I,,)
bimodal rotational state population distribution in the result-state of the ion. Figures() and Gc), obtained following

ing CO(X) photofragments. Note the appearance of the weakxcitation at wavelengths of 391.4 and 4122 nm
O and S branches in this spectrum, associated with the se37=76650 and 72777 cfi, respectively, show two fur-

ond rank[T3(A)] component of the two photon transition ther examples in which the final one photon ionization leads
tensor. In the same vein, we suggest that the weakness of the formation of vibrationless " =0) ions in both spin—
m/z 60 signal in the 31 REMPI spectrum at excitation orbit states. In both these cases, however, the hitfiby,)
wavelengths less than ca. 352 n{8»>85000 cm?) is  component is observed to make the dominant contribution.
likely due to competitive population loss via predissociationFranck—Condon considerations, together with the apparent
from the I excited state resonant at the two photonsimplicity of all three of these spectra, lead us to conclude
energy?®912:20 that, in each case, REMPI proceeds via an electr(Ria-

J. Chem. Phys., Vol. 105, No. 6, 8 August 1996
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FIG. 3. Linearly polarizeda) 2+1 and(b) 3+1 REMPI spectra of OCS in the energy range 80200—-86000'ceach recorded in the same manner as
described in the caption to Fig. 2. Both displayed spectra are composites, obtained by splicing together spectra recorded using a number of different dyes, and
the same reservations above relative peak intensities apply. The vertical arrows arranged below the respective spectra indicate where the various scans have
been joined. Vibronic features associated with the various Rydberg states identified in Tables | and Il are indicated via the combs arranged above the spectra,
whilst interfering resonances associated with neutral sulphur atori@ are indicated by the symbol S.

berg origin level—albeit ones that, in every case, have a696 cm ') separates the 80508 cfhresonance from the
somewhat “mixed” spin—orbit core. These findings, and 79812 cm® band which Fig. 7a) showed unequivocally to
those derived from similar analyses of the REMPI-PE specbe an electronic origin. Similar arguments operate in the case
tra accompanying virtually all other significant resonances irof the PE spectrum shown in Fig(cf, recorded at 366.4 nm
the 2+1 and 3+1 REMPI spectra of OC$including those  (37=81882 cm?). The dominant feature here is consistent
shown in Figs. 7 and &ee below], are collected together in with the formation of ground state OCSons with a1,
Table I. core and ca. 2090 ch of vibrational energy—an energy
Figures 7 and 8 provide further illustrations of the way gap that accords well with the interval between the MPI reso-
in which REMPI-PES can be used to aid in the vibronicnance in question and the 79812 chorigin. We can envis-
assignment of the resonance enhancing states. Figaje 7 age two possible explanations for an energy separation of
obtained monitoring photoelectrons at an excitation wavethis size—either one quantum of the excited statédC—O
length of 375.9 nm(37=79812 cmY), provides yet another stretch vibration or three quanta af,. Both interpretations
example of ionisation occurring to the" =0 level of the have some merit; it may well be that both contribute, and
ground state ion, predominantly tRH ; , spin—orbit compo-  that their energy difference falls inside our available resolu-
nent in this case. Figuresyy and 7c), in contrast, show tion.
REMPI-PE spectra in which the peaks appear at kinetic en-  Our final three example@ig. 8) involve the resonances
ergies lower than that predicted for formationvof=0 ions,  observed at laser excitation wavelengths of 423.2, 417.9, and
indicating that the accompanying ions are formed with non412.5 nm (37=70881, 71786, and 72726 cth respec-
zero internal energy. The PE spectrum shown in Fi@p),7 tively). The REMPI-PE spectrum associated with the first of
recorded at 372.6 nrt87=80508 cm 1), exhibits two peaks these[Fig. 8@a)] is dominated by a peak whose kinetic en-
with kinetic energies of 2.005 and 2.052 eV. These energiesrgy (0.545 eV is consistent with formation of ground state
imply that the accompanying ions are formed in both theions in the lowerIl, spin—orbit state, suggesting that the
214/, and?I1 ,,, spin—orbit states with, in each case, ca. 69070881 cm resonance involves another electronic origin.
cm ! of internal energy. This energy accords well with pre-Such a result accords with the conclusions of most recent
vious measurements of the C—S stretching mode in the analysed= "% Three other peaks are discernible. The next
ion,2*2°and we assign it as such. Franck—Condon considerfastest is consistent with formation 8f1,,, v =0 ions.
ations then suggest that the excited level of the neutral pravore interestingly, the two slower pealkshich indicate for-
viding the resonance enhancement at 80508dikely also  mation of ions with ca. 810 and 1640 cfof internal en-
carries one quantum af;. Such is entirely consistent with ergy, respectively are most readily assigned in terms of
experimental observation: A very similar energy interval®ll,, ions carrying, respectively, two and four quantavef

J. Chem. Phys., Vol. 105, No. 6, 8 August 1996
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FIG. 4. Expanded view ofa) 2+1 and(b) 3+1 REMPI spectra of a jet-
cooled sample of OCS in the energy range 71000—72000" ececorded FIG. 5. 2+1 REMPI spectrum showing the origin band of the
using linearly polarized light and monitoring only those ions with TOFs B '3+« X 3% transition of the CO fragments formed by one photon dis-
appropriate tom/z 60. As the superimposed combs show, the former is sociation of a jet-cooled sample of OCS at the same excitation wavelengths.
dominated by  vibronic  features _associated  with  the Combs arranged above the spectrum indicate the dom@aand weakO
[l ]4pm;3A—X 1S* and PIly4pmtA—X 137 transitions, whilst  and S, branchesgthe latter two plotted on a 30 expanded vertical scale
the [*I1,]4po; T1—X 'S * origin transition dominates the latter. See the associated with the two photon transition and demonstrate the highly in-
text for some discussion of the strikingly different peak intensities in theseverted, bimodal rotational state population distribution in the X)ghoto-
two spectra. fragments.

bending excitation. Figures(® and &c) serve to reinforce
this conclusion. The former is dominated by a peak corre
sponding to formation of OCSions in their?I15, spin—
orbit state with ca. 810 cnit of internal energy. This internal
energy, and the 905 cm interval between the 70881 and
71786 cm' resonances, both encourage the interpretation . . .

that the resonance enhancement is provided by(@nmorg  /:SSigning the multiphoton resonances

of the Renner—Teller components associated with thei-2 Wave numbers) for the maxima of the various origin
bronic level of the state whose origin appears at 70881'cm bands identified in this work are listed in Table Il together
The weaker features evident in Figlb with kinetic ener-  with their effective quantum numbg¢n* =n— ), wheren
gies of 0.695 and 0.54 eV are most sensibly assigned to iois the principal quantum number afthe quantum defegt
formation in their?Ils,, v =0 and?Ily,, vs =2 levels, calculated using the relationship

respectively. In the same vein, the structure apparent in the ~ 2
REMPI-PE spectrum shown in Fig(@ is most plausibly v =Ei—=RI(n")%,

All of these assignments lend strong support to the lower
(~417 cmY) of the values suggested for the bending
vibrational frequency in the ground state OCi®n.?!

@

interpreted in terms of photoionisation te order of de-
creasing kinetic energythe 2I15, and?Il,,,, v, =2 levels
and the’Il 5, and?I1,,,, v5 =4 levels. Franck—Condon con-
siderations suggest that the 72726 ¢mesonance should be
associated with onéor more of the levels associated with
the 2 vibronic level of the state originating at 70881 ¢t

whereR is the Rydberg constar{t09737 cm?). The ion-
ization limit, E;, in this expression is taken as 90121 or
90500 cm?, according to whether the companion
REMPI-PE spectrum identifies the Rydberg state as being
associated with a series converging to &y, or %I,
spin—orbit component of the ion. For completeness, we also
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FIG. 6. lllustrative REMPI-PE spectra of OCS obtained following excitation

at (a) 395.3 nm, where we excite a three photon resondBze= 75897 FIG. 7. REMPI-PE spectra of OCS obtained following excitation(at
cm™Y). The kinetic energy of the faster peak is consistent with ionization t0375.9 nm (37=79812 cm?), (b) 372.6 nm(37=80508 cm?) and (c)
thev™=0 level of the lower spin—orbit component of the ion, whilst the 366.4 nm(3v=281882 cn1?). On the basis of the measured photoelectron
slower peak indicates some propensity for ionisation tovthe=0 level of kinetic energies we deduce these three photon resonances involve, respec-
the higher(ll,,,) state also.b) 391.4 nm(3v=76650 cm?); here the tively, the origin, the 3 and the § and/or the } bands of a transition
dominant peak indicates a propensity for forming ions in ttfél ;) v " =0 involving a Rydberg excited state built on[&1,,,] ion core. As in Fig. 6,

level. (c) 412.2 nm(37=72777 cnY). Our_assignment of this three photon the kinetic energy scales have been offset so that the internal energy states
resonance in terms of théll[]4pm; S " —X 137 origin transition accords  of the ion align vertically.

with the appearance of peaks indicating ionization to #fie=0 level of

both spin—orbit states of the ion. The kinetic energy scales have been offset

so that the quantum states of the ion align vertically. [2H3,ﬂ4pw;3A<—7( IS+ and [2H1,ﬂ4p77;1A<—§ 15+
Here, as in our recent REMPI study of the Rydberg states of
indicate those resonances that have been identified in prevS, we choose to indicate the upper state both in terms of
ous one photon absorptibif and electron impact studifs.  a Hunds caséc) coupling scheme in which we specify the
The 70000—75000 ciit region shown in Fig. 1 has been angular momentum of the ion cor,; (3/2 or 1/2, along
the subject of many previous studies, including one highwith thenI\ character of the Rydberg electron, and in terms
resolution absorption stufiyand two previous multiphoton of the most appropriatd ,S label, e.g.2A.
investigations>! The five origins we identify in this region These two origins are in close coincidence with two
are consistent with the findings of Weinkauf and Bdésl. other resonances, at 70911 and 71432 tnThese latter
The companion REMPI-PE spectra allow us to deduce theesonances appear in both the 2 and 3+1 MPI spectra
dominant core configuration of each of these origins. ThgFig. 1) and in one photon absorptidn® The associated
associated quantum defedts~1.5-1.6, if we assume that REMPI-PE spectra indicate that these are origins, built on
n=4) suggest that all are first members of series arisingIl, and?I1,,, ion cores, respectively. The quantum defects
from excitation to Rydberg orbitals with dominant of these features suggest assignment in terms opa #
p-character. The resonances at 70881 and 71385,cavi-  orbital excitation, whilst their one photon band contéuasd
dent in both 2-1 and 3+1 MPI spectroscopy and which the their presence both in one photon absorption and in the mul-
companion PE spectra show to involve, respectively, diphoton excitation spectra can be accommodated if we adopt
214, and aI1,, ion core, have no obvious counterparts inthe respective a’§signment§H3,2]4po;3H<—X s+ and
the one photon absorption spectrtiffiFollowing Weinkauf — [2I1,,,]4po;TI—X 3. Such an assignment also accords
and Boeslt! it thus seems plausible to assign these twowith the conclusions of Weinkauf and Boéslis compatible
resonances in terms of the respective excitationsvith the earlier absorption work of Kofpwho labelled

J. Chem. Phys., Vol. 105, No. 6, 8 August 1996

Downloaded-30-Nov-2004-t0-145.18.135.91.-Redistribution-subject-to-AlP-license-or-copyright,~see-http://jcp.aip.org/jcp/copyright.jsp



2148 Morgan et al.. REMPI spectroscopy of OCS

, very weak feature at 70810 crhin terms of this excitation

1L, but, unfortunately, its weakness precluded our being able to
a)A=423.2nm confirm or disprove such an origin assignment via REMPI-
PES.

Several aspects of this spectral region merit further com-
ment. The singlet—triplet splitting of both teandIl Ryd-
berg states we associate with thp«4 7 orbital promotion
(504 and 521 cm'!, respectively are both substantially
greater than the spin—orbit splitting of the ground state ion
(ca. 368 cm?). This fact, and the observed core mixing re-

, vealed by the REMPI-PE spectra involving these states, can
b)A=4179nm . : both be rationalized by appreciating that, as in the corre-
' sponding transitions of G$* exchange interactions make a
significant contribution to the observed splittings in these
low n Rydberg states. For example, in the case of theliiwvo
states, we can use the expression

AE\*
K= T) —A, (3)

A =4125nm /\ ' 4v, where AE and A are, respectively, the observed singlet—
- : triplet splitting (521 cm ) and the spin—orbit coupling con-
} 4v,

stant appropriate to the ion cof2A~ 368 cm 1), to estimate
{\ a value of 185 cm! for K, the exchange contribution to the
observed splitting. As Table | showed, given the associated
/\/\// W \\M/W REMPI-PES data, it is possible to assign all remaining fea-
, , . tures in this region in terms of transitions involving excited
0.6 0.7 0.8 0.9 vibronic levels built upon the various recognized origins. All
Photoelectron Kinetic Energy (eV) three excited state vibrational modes are seen to be active in
each of the more intensgsinglet—singlet transitions. The
FIG. 8. REMPI-PE spectrla of OCS obtained~ following exi:itation(aat 3A<_7( and, to a lesser extent, tHa<—7( transitions are
ﬁg:é :2((??;:_772078286102?1).)‘T(t?; :i};'tigc rg:éfg’;‘ozltzgﬁaigqer)ngi 8 noteworthy in as much that they exhibit more activity in the
indicates the formation of * =0 ions in their lower spin—orbit state, con- bendmg mode, and quite prominent resonances attributable
sistent with assignment of this three photon resonance as thé terms of various of the components of their respectife 2
[?Mg]4pm;®°A—X 'S origin. The kinetic energies of the dominant peaks hot band transitions. This bending activity, and the change in

in (b) and(c) suggest that the 71786 and 72726 ¢mmesonances involve the ; : ot : ;
22 and 2 vibronic bands of this same Rydberg transition. As in Figs. 6 andbendmg frequency upon electronic excitation implied by the

7, the kinetic energy scales in these PE spectra have been offset so that tﬁ@served TEd shift of the%IloF bands, suggests that the bend-
internal energy states of the ion align vertically. ing potentials for these excited states have a smaller curva-

ture (around the linear equilibrium configuratiptinan that of

the ground state neutral and the ion. Hopefully futate
these respective origins in terms of excitations to the soinitio calculations might be able to shed light on this obser-
calledE andF state$, but contradicts the earlier multiphoton vation, and also provide a rationale for the surprisingly low
work of Yanget al° Our final origin in this region, at 72777 (cf. CS,®) term values of thes&\ and*A Rydberg statesiz
cm 1, appears in one photon absorptidnut was not recog- a viz the IT states we attribute to thepé— 7 orbital pro-
nised as an origin in the only high resolution study of thismotion. We reserve discussion of the quite striking intensity
featurd) and is assigned in terms of the only remaining di-variations shown by some of the resonances upon changing
pole allowed transition associated with the orbital promotionfrom 2+1 REMPI to 3+1 REMPI (as, for example, is illus-
4pm—r, viz. thelS T X 137 transition involving an ex- trated in Fig. 4 until later.
cited state traditionally labelled as tiRestate'®!! The asso- Likely higher members of the variousp«— 7 Rydberg
ciated REMPI-PE spectrurfFig. 6(c)] shows “core mix- series are indicated in Figs. 2 and 3; the term values of the
ing” to be more developed in this particular excited state: itvarious origins and proposed assignments are listed in Table
may be relevant to note that our recent REMPI-PES study ofi. The companion REMPI-PE spectra show the 80850 and
the Rydberg states of G8evealed a similar high degree of 81204 cm ! features to involve Rydberg states with, respec-
core mixing in theS members of the [1]4pm Rydberg tively, I3, and ?I1,, ion cores. Their quantum defects
complex of this molecule alsti.Again, as with C$, we are  (6~1.56 assumingi="5) plus the fact that they are clearly
unable to identify any obvious candidate for the apparentin the one photon absorption spec?rgm:ourages
[2M]4pm;3S -« X 'S* counterpart of the 72777 cm  the respective assignment§?Ils,]5pa;°Tl—X!S* and
resonance. Weinkauf and BoFsltentatively attributed a [?I1,,]5pc; TI—X 'S, The reduced “singlet—triplet
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TABLE I. lon internal energies and vibronic assignments of multiphoton resonances observed in the two and
three photon REMPI spectf@=origin). Dominant photoelectron peaks are indicated in bold and the values in
brackets represent the relative intensities of the peaks. lon internal energies are deduced from the energy
difference between the peak of interest in the REMPI-PE spectrum and that for formation of vibrationless

2 2 H

15, and“I1 4, ions.

. . ) Proposed
Wave number of lon internal energyin cm™*) deduced from REMPI-PES assignment of
resgr;ance 21—[3/2 core 2H 12 COre ) strqngest
(cm™) vibronic feature
70741 2
70805 21
70881 0 (10), 810 (1), 1650 (1) 0@ 0
71716 23
71786 0(1), 810 (10 840 (1) 2
72454 213
72534 850(1), 1600 (10) 1620 (3) 2233
72726 820(4), 1630 (10) 810 (2), 1620 (2) 2
73175 2332
73257 2232
70911 0 (10 0@ 0
71645 690 (10) 700 (2) 3
71915 0(1), 850 (10 820 (1) 2
72372 1450 (10) 1420 (1) 3
72637 2334
73071 2060 (10), 1380 (1), 710 (1) 2060 (3) 3
73341 2232
73757 2770 (10) 2790 (2) 3
73809 2070(5), 2900 (10) 2090 (2), 2930 (2) 1322
71274 2
71312 21
71385 02 0 (10 0
72097 700(1) 0 (1), 710 (10) 3
72171 700(1), 800 (2) 0 (1), 710 (5), 810 (10), 2
1620 (1)
72796 0(1), 1410 (2) 0 (2), 720 (1), 1400 (10) 32
73456 2050(2) 2050 (10) 13
73485 2120(1) 2120 (10) 3
71432 0(3) 0 (10 0
72171 700(1), 800 (2) 0 (1), 710 (5), 810 (10), 1620 3
(1)
72233 830(2) 0 (1), 840 (10 2
72902 1420(3) 1450 (10) 32
73456 2020(4) 2050 (10) 13
73594 2080(4) 720 (1), 1420 (2), 2100 (10) 3
74177 1333
74277 2770(2) 2800 (10), 2070 (1) 3
72777 0(7) 0 (10 0
73519 710(6) 700 (10) 3
73566 840(6), 2150 (2) 870 (10), 2200 (6) 2
74814 2080(7) 2040 (10) 13
75897 0 (10 0® 0
76578 0(1), 690 (10) 680 (1) 3%
76650 0(3), 700 (1) 0 (10 0
77361 690(2) 710 (10 3
77520 840(3) 860 (10) 2
78708 2020(2) 2020 (10) 13
79422 2760(2) 2060 (1), 2740 (10) 1333
76833 0(4) 0 (10), 830 (1) 0
77292 0(4) 0 (10 0
78012 710(4) 710 (10 3
79272 2040(3) 2040 (10) 13
78058 21
78144 0 (10 0 (1) 0
78852 710 (10) 730 (1) 3
78395 21
78486 0(1) 0 (10 0
79182 690(1) 690 (10) 3
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TABLE I. (Continued.

Morgan et al.. REMPI spectroscopy of OCS

. ) . Proposed
Wave number of lon internal energyin cm™*) deduced from REMPI-PES assignment of
rescinance 2H3/2 core 2H 12 COre ) strqngest
(cm™Y) vibronic feature
80556 2030(1) 2040 (10) 13
79356 0 (10 0 (1) 0
80204 810(4) 1650 (10) 2328
81900 223}
79812 02 0 (10 0
80508 690(1) 690 (10 3
81204 1370(1) 0 (10), 1380 (10) 0/%
81882 2120(1) 2100 (10) 133
82584 2190(1) 1460 (1), 2880 (10) 3
80850 0 (10), 1530 (1) 0
81072 0 (10), 1680 (1), 2900 (1) 0 (5 0
81204 1370(1) 0 (10), 1380 (10) 013
81438 0(2), 2080 (4) 0 (10), 2080 (1) 0
82278 0 (10 0 (1) 0
82776 0(1) 0 (10 0
83568 0(1), 810 (4), 2460 (4) 0 (1), 850 (10), 2480 (10) 2228
83148 0(7), 810 (7), 2070 (7) 0 (10), 2030 (7) 0
83514 0 (10 0@ 0
84207 710 (10) 710 (1) 3
85634 2080 (10) 2050 (2) 13
83874 0(1), 1660 (1) 0 (10) 0
84573 700(1) 0 (1), 710 (10) 3
84030 0 (10 0
84411 0 (10 0
84627 0 (10 0
84996 0 (10 0

splitting” (ca. 354 cm?, comparable with the spin—orbit 2II,and a’Il,,ion core; the peak separati¢®42 cm ) is
splitting of the ion and the much “cleaner” REMPI-PE actually slightly smaller than the spin—orbit splitting of the
spectrum(see Table)l both serve to illustrate the rapid evo- ground state ion. Their effective principal quantum numbers
lution towards the expected Hund’s ca@ limit with in- (bothn* =3.02, calculated relative to the appropriate ionisa-
creasingn. The two other origins identified in this region, at tion limits) are compatible with assignment in terms of exci-
81072 and 81438 cnt, show a very similar splitting. Anal- tation to either a @ or the 5o Rydberg orbital. It is likely
ogy with the 4«7 Rydberg complex and the fact that that the pair of features at 83514 and 83874 tifwhich the
these resonances have not been identified in one photon aREMPI-PE spectra confirm to be built i, and?I1,,, ion
sorption leads us to propose the respective assignmentsres, respectivelyare the next spin—orbit split member of
[2T15,]5pm;A—X 13 and [PII,,)5pm;tA—X 1S *. We  this Rydberg series, though we recognize that their quantum
note that such an assignment implies a reversal of the enedefect would also be compatible with 4 4 7 Rydberg as-
getic ordering of thdI(npo+« 7) and A(npm« ) states signment.
on going fromn=4 ton=5. Two resonances attributable to We identify a further six origins in the vicinity of the
members of the p— 7 complex are discernible, most nota- 78144 cm ! feature, only one of which appears to have been
bly in the 3+1 REMPI spectrum, with respective wave num- identified in one photon absorptiGrREMPI-PES shows the
bers 84627 and 84996 crh Given that these appear in one lowest energy resonancé&t 75897 cm?) to involve a
photon absorption also, it seems reasonable to suggest thH,,, core, whereas the next thréat 76650, 76833, and
respective  assignments MI5,16p0;3M—X 3% and 77292 cm?) all involve the excited spin—orbit core. Assign-
[2T1,,]6po;  HI—X 137, ment of any one of these three as the “singlet” partner of the
We identify a further fifteen electronic origins in the 75897 cm? feature would imply an abnormally large ex-
75000-85000 cm* region (Figs. 2 and ® most of which  change interaction. The 76650 chtransition, and its asso-
have no clear counterparts in the one photon absorption speciated vibronic featureglable l), shows particularly strongly
trum of OCS. We start by considering the pair of features atn the 3+1 REMPI spectrum—nbehavior very reminiscent of
78144 and 78486 cnit and their attendant vibronic structure that exhibited _ by  the previously  discussed
(Table ), which dominate the 21 REMPI spectrum in this [2[1,,,]4po; TI—X 13" resonance at longer wavelength.
region and have been identified in one photon absorptioREMPI-PE spectroscopy shows the two origins to higher
also® The companion REMPI-PE spectra prove that thesenergy (at 79356 and 79812 cm) to involve 2I1,, and
are origins involving excited states with, respectively, a?Il, ion cores, respectively; both showf values ca. 3.2,
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TABLE Il. Wave numbers ), effective quantum defectsit) and pro-  in Fig. 4 were obtained by monitoring just the parent ion
posed assignments for the various origin bands assigned in-tieand ield. We concur with previous Workéﬂs that none of

3+1 REMPI spectra. Where no definite assignments are possible we list ﬂﬁ . . .
spin—orbit component of the ion core and state number so as to allow idedn€se factors can explain the very different relative

tification in Figs. 1-3. Bands identified in previous one photon absorptionstrengths observed for thezml,ﬂ4pa;1l'[%§ 13+ and
(Refs. 2—5 and electron impact studigm brackets (Ref. 8 are also indi- [2H1/2]4p7'r; IA—X 137 resonancesFig. 4). Weinkauf and

cated. Boesl" suggested an extension of the parity selection rule to
7 (em™ n* One photon Assignment argue that théA —X 13" transition should show strongly in
——— two photon excitation, whilstlT—X 3" transitions should
;ggﬁ z'gg - [Egyjjg:bﬁ:; 1; be favored by one and three photon excitati¢osnsistent
71385 540 (71395 [ZHiﬂ4pﬂ";lA<—§ 15+ with the observations in Fig.)4Whilst such a propensity is
71432 240 7145 [2M1,,)4po; T X 15 * frequently observed to hold for changes in thguantum
72777 2.49 72778(72775 [P, 4pm 1S e X 13t number in atoms and hydride molecules in which the HOMO
75897 2.78 75899 [jﬂs/ﬂ: State | is well approximated as an atomic orbitaljt is far from
;gggg g'gg [[zglfgf ;;""tt: |I|I| clear why it should apply to changes in thequantum num-
77292 2 88 (77299 [zni//ﬂ; State IV ber in a molecule like OCS. Clearly angular momentum con-
78144 3.02 78156 [?I13,]; State V straints exclude one photda <X 3 transitions in a lin-
78486 3.02 78497 [2I1,,]; State VI ear molecule, but we suspect that additional information
79356 3.19 [inzfﬂ? State VII (e.g., some knowledge of the composition of the varibus
;ggég 3:‘212 8084080849 [ZH[EQ/;%;%EE%/IiE* functions contributing to the various low lying Rydberg or-
81072 3.48 fHZﬂ5pw’;3A<—§ 1y + bitals) will be needed before one can offer a wholly convinc-
81204 3.44 81210(81203 [2My]5pa; X 13+ ing explanation as to why this particuldA«—X 37 reso-
81438 3.48 TH1/2ﬂ5p7T:1A~X D nance is favored by two photon excitation whilst the
2;332 3;‘7‘ [[z?]yﬂﬂ;_ Sstf;tti ';(( neighboring'TT—X '3 * transition appears more strongly in
83148 3.86 M1, State XI 3+1 REMPI.
83514 4.07 [;Hs/ﬂ; State XII
74 4.07 TL,,0; Xl ;

22330 4.(2)5 {ZHZQ] 2:::2 XIV Fragmentation
84411 4.25 , BRI Sstate 5\1 . The mass resolved REMPI spectra showed numerous
oo i 8462(983‘503 [233/212""11391; 1; resonances in the/z 32 (S) mass channel and, as Fig. 5

i [Ty6pos 11— showed, a few notable features in th#z 28 (CO) mass
*Reference 4. channel also. The structured/z 28 resonance observed at
°Reference 5. excitation wavelengths ca. 230 nm is readily attributable to

C|
Reference 2. MPI of ground state CO molecules, resonance enhanced at

the two photon energy by the zero-point level of B3 *
state!® The highly excited, bimodal rotational state popula-

again hinting at an assignment in terms of excitation to dion distribution is consistent with previous measurements of
member of the §/3d Rydberg “supercomplex.” However, the energy disposal in the CR) fragments resulting from
further speculation as to the symmetries of the excited statene uv photon dissociation of OCS at 230 ]ﬁrand 222
responsible for these various resonances, and what we pram®1’i.e., following excitation within its’A«—X '3 ab-
sume to be the analogous set of origins in the energy regiosorption system. Some signal attributable t6 ®ns was
82250-84500 cit, is probably unwarranted given the large observed at all wavelengths where OCS undergoed 2
number of possible excited states in each region:3lé.and  REMPI; this has been commented on previod$hand is
I states from the excitations— and from ndo— 7, attributable to one photon excitation and subsequent frag-
31y + 313~ and®'A states from the promotiondw«—,  mentation of the ground state OC%ns formed in the ini-
and > and 3@ states as a result of the excitation tial REMPI process. Of greater interest are the strong reso-
ndé«— . nances appearing at excitation wavelengths less than ca. 260

Finally we consider what can be gleaned from the relanm, attributable to REMPI of neutral S atom fragments. We
tive intensities of the various REMPI features, and the wayhave been able to assign many, though by no means all, of
these vary depending upon whether a given state is viewettese lines by referring to previous listings of S atom excited
as a two or three photon resonance enhancement. The estate term value€*° (It is inappropriate to list the wave
amples highlighted in Fig. 4 represents something of an exaumbers of all of the observed resonances here, but a com-
treme case. Obviously it is first necessary to establish that thglete listing is available from the authors upon requéate
observed differences are not in some sense an artefact, e.gge a clear dividing line at 251.5 nm. All assigned reso-
reflecting the presence of some hitherto unrecognised, acatances at longer wavelength are attributable to two photon
dentally resonant state at the ofee two) photon energy, or transitions originating from the groundR) state, whilst at
a consequence of different excited state lifetimes and thall shorter wavelengths we only identify two photon reso-
very different intensities used in exciting+td and 3+1  nances associated with the excité®] state. The latter ob-
REMPI spectra, or due to the fact that the spectra displayedervation is particularly significant, since the region down to
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