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Surface electron ejection by laser-excited metastables (SEELEM) and LIF spectra of acetylene were
simultaneously recorded in the regions of theAA—X1=,* nominal 2342 K, = 1 — 0p and 23'62 K, = 1

— 0p bands near 46 140 crh The upper states of these two bands are separated by-d0§ cnr?, and the

two S vibrational levels are known to be strongly mixed by anharmonic and Coriolis interactions. Strikingly
different patterns were observed in the SEELEM spectra in the regions of3h# and 23'6° vibrational

levels. Because the equilibrium structure of theeTectronic state is known to be nonplanar, excitatiom,of
(torsion) andve (antisymmetric in-plane bend) are expected respectively to promote and suppress vibrational
overlap between low-lying Sand T; vibrational levels. The nearly 50:50 mixed324?—213'6? character of

the § vibrational levels rules out this simple Frane€ondon explanation for the different appearance of the
SEELEM spectra. A simple model is applied to the SEELEM/LIF spectra to explain the differences between
spectral patterns in terms of g @loorway-mediated singletriplet coupling model.

Introduction andvg fundamentals, overtones, and combination bands in the
AlA, state. Utz et al. were the first to unambiguously assign
electronic transitions to the A,-state v4 (torsion) andve
(antisymmetric in-plane bend) vibrational fundamentals using
pulsed laser double resonance in a room-temperatur® déiey

Surface electron ejection by laser-excited metastébles
(SEELEM) and LIF spectroscopy are complementary tools that
have been used to gain insight into singletplet interactions

i ALA «— XIS + (S, — i
In the AXA, == X*24" (S1—So) electronic spectrum of acetylene, observed strong- andb-axis Coriolis interactions between the

C,H,.378 LIF detection is limited to short-livedrfgiative < 10 .
us), strongly fluorescing singlet states, and SEELEM detection FWO nearly degengratg be'ndlng modes,' and dejp('ert.urbed t'hese
is sensitive only to long-livedz(> 300s) states with vertical interactions to obtain vibrational frequencies, Coriolis interaction

electronic excitation above a threshold energy set by the work constants, and rotational constants. That experiment is very
function of the metal used as the SEELEM detector surface. relevant to the work presented in this paper, because the near

Therefore, SEELEM and LIF detection channels observe degeltngracy (l)f the tv_votwbr?tlonal fundartnhentrtla_lshls elxpected to
mutually exclusive sets of eigenstates that arise from-spin result in anajogous intéractions among the fugher lying com-

. . . . i i i i 21 i i
orbit mixed S,Ts21 zero-order basis states. A comparison of bination and overtone levels involving andve.2* Mizoguchi

simultaneously recorded SEELEM and LIF spectra reveals etal,, also observeangeradevibrational states via the Ay~

s + iti i _
features of electronic structure and photochemical pathways)< 24" transition using IR-UV double resonance spectroscépy.

that are invisible via traditional, single-channel spectro- N Particular, they excited acetylene to ungerade g’ + v

scopic probes such as LIF alone, REMPI, phosphorescence,"’l.nd s’ + ve' (n = 2, 3) vibrational levels in the 4, state

phosphor surface, eté The information gained from compari- via IR excitation of s~elec£ed rotatic_mal levels in the"
son of acetylene SEELEM/LIF spectra can yield a mech- vibrational state of the X4 electronic ground state. They

anistic description of singlettriplet interaction and holds investigated _the Coriolis coupling _between _the _combination
promise for describing the structure and dynamics of other bands involvings and1_/6 and_ exammEd the vibrational mode
small polyatomic species!? Dupreet alll12have determined dependence of the singteriplet interaction by observing
that the singlettriplet dynamics of acetylene near the region SPItlings in theK, = 1 rotational levels of the:&' + vg’ band.
of the AlA, state are governed by a doorway mediated _The sw_19|e_anIet interaction in these states was further probed
mechanisn?; 613 where particular vibrational levels of the, T N continuing work by Yamakita and Tsuchigawho observed
state provide a doorway for intersystem crossing between theZ8€mMan quantum beats by IR-UV double resonance LIF. They
initially excited S bright state and the dense manifold of dark ©PServed both rotational level splittings and Zeeman quantum
T,, states. beats in the fluorescence decay of the'3+ v band. No

The AlA,— X154+ electronic band system of acetylene is one analogous splitting or Zeeman quantum beats were seen in the

of the most thoroughly examined electronic transitions of any s’ + ”,4' ba.”d' They concluded that exc!tatlo.n of .the out-of-
polyatomic moleculd-1 Despite numerous investigations, only Planéva’ torsional mode suppresses the singeiplet interac-
a partial picture of AAstate vibrational structure and interac- tion and excitation of the in-plane antisymmetric bemd,
tions has been developed. Several researchers have used doubRSOmMotes $-Ts interaction. From this, it was inferred that the

resonance techniques to detect and analyze transitions tq the SINglet-triplet mixing occurs in a planatn or Cz,) geometry
rather than at a nonplan&, geometry, because the3 + v,

t Part of the “Giacinto Scoles Festschrift”. band did not exhibit any rotational line splittings or Zeeman
* Corresponding author. E-mail: rwfield@mit.edu. guantum beats.
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The focus of this paper is a comparison of combination bands exceed the flight time from the point of laser excitation to the
involving overtones of the low-frequency bending vibrations, SEELEM surface At = 300 us).
v4 andve, of acetylene in its AA, state. In the normal mode A sample of acetylene (BOC gases) at a backing pressure of
model of acetylene vibrational dynamias,is the only normal 1 atm was pulsed through a 0.5 mm diameter nozzle operating
vibration in the AA, state that involves a motion out-of-the- at 10 Hz into a diffusion pumped vacuum chamber&t x
plane from the planar, trans-bent equilibrium structure of the 1075 Torr. An Nd:YAG pumped, frequency-doubled dye laser
A state, andvs is an in-plane antisymmetric bend. A more (220 nm) excited the acetylene molecules in the pulsed jet
sophisticated polyad modégoes beyond the zero-order normal expansion 2 cm downstream from the nozzle orifice. UV-LIF
mode picture by incorporating anharmonic and vibration  was detected perpendicular to the plane defined by the intersec-
rotation (including Coriolis) interactions among groups of near tion of the pulsed molecular and laser beams usitig2
degenerate states. The results of such an analysis show that theollection optics, a fluorescence filter (UG-11) to reduce
resultant eigenstates formed from the zero-order degeneratescattered laser light, and a PMT (Hamamatsu model R375). The
bending modes are profoundly mixed via strong anharmonic fluorescence signal was averaged by a boxcar integrator and
(Darling—Dennison) and Coriolis interactiod%.In this case, recorded. For SEELEM detection, the excited molecules in the
the simpler normal mode model is invalid, and the vibrational pulsed expansion passed through a conical skimmer (3 mm
wavefunctions of levels assigned %9 or v do not resemble diameter) to form a collimated molecular beam, which traveled
the nuclear motions suggested by their labels, but are stronglyinto a differentially pumped detector chamber maintained4t
mixed superpositions of the two zero-order bending modes. In x 10~7 Torr, and collided with a heated (30@) Au metal
this work, the nominal 4and & spectral labels are retained, surface 35 cm downstream from the point of laser excitation.
despite the fact that the two levels are nearly 50:50 mixed. @ The SEELEM detector was identical to that used in the

We report on the simultaneously recorded SEELEM and LIF previously described apparatus with Au foib (= 5.1 eV) as
spectra that sample the near-degenerate, strongly misda4ae 2 the metal surfacé.Particle counting techniques, including a
Ka= 1 and 23'62 K, = 1 vibrational levels of acetylene inits  multichannel scalar (Oxford Tennelec Nucleus Inc. MCS-II
AlA, state. The SEELEM spectra of these two vibrational levels v2.091) were used to record laser-excited metastable counts as
are remarkably different. The spectra provide a unique op- a function of laser frequency, along with the simultaneously
portunity to investigate the effect of selective vibrational recorded LIF spectra. Both SEELEM and LIF signals were
excitation on the interaction between singlet and triplet states averaged over 100 laser shots/data point.
of acetylene. One might expect the intensities in the SEELEM
spectra of the B4? and 2362 vibrational levels to be
controlled by Franck Condon overlap between the vibrational Figure 1a shows the SEELEM (plotted upward) and LIF
wavefunctions of the interacting 8nd T; electronic states. The  (plotted downward) spectra for thé A,—X*Z5* nominal 2342
expectation under a normal mode model is that, becausesthe T Ka= 1< 0o Q and R branch rovibronic transitions of acetylene

Observations

electronic state has a nonplai@configuration?527excitation ~ hear 46 195 cm!. The SEELEM and LIF spectra are very
of the in-planevs mode would result in small vibrational overlap ~ Similar for this band in terms of both frequencies and relative
with T3, and excitation of the out-of-plane vibratiomn, would intensities, with the exception of the anomalously weak LIF

result in large vibrational overlap. If the normal mode model Q(1) feature. Each SEELEM feature in the spectrum is localized
were valid, interaction with triplet states would be promoted in energy near an LIF partner feature. No splitting of the
by excitation ofvs, resulting in large SEELEM signal, and  rotational lines in the LIF spectrum is observed at the 0.08%cm

excitation ofvs should suppress SEELEM activity. The strongly ~ resolution. )

mixed nature of the A, 213142 K, = 1 and 2362 K, = 1 _ Figure 1b presents the SEELEM/LIF spectra for tHA A
vibrational levels rules out such a simple explanation for the X'Zg" nominal 23'6> K= 1 — 0 P, Q, and R branch
contrasting SEELEM spectra observed in the experiment. The transitions near 46 090 cmh The SEELEM spectrum of'3'6?
purpose of this paper is to provide an explanation of the is remarkably different from that of '3'4%. The overall
difference between the SEELEM spectra involving the mixed SEELEM signalin 23'6? is weaker than that of'3'4* by nearly
213142 and 2316 vibrational levels, and to propose a qualitative & factor of 3, even though the LIF intensity if326? is a factor
mechanism that gives rise to the different spectral patterns. Of 3 stronger than that of'3'4% In 2!3'¢?, the SEELEM features
Comparison and analysis of the SEELEM/LIF spectra will are not well correlated in intensity with the corresponding

elucidate the mechanism of the doorway—S3 interaction features in LIF. In fact, in several cases where a strong LIF
process. feature appears, the partner SEELEM feature is near or

completely below the noise level. The observed pattern of
SEELEM features in 8162 suggests a significadt dependence
to the SEELEM activity and, hence, to the interaction of the
SEELEM is a versatile and sensitive technique for investigat- bright singlet state, S with the perturbing triplet state,sT
ing “dark” (weakly fluorescing) metastable molecules produced
via laser excitatiod-® In the SEELEM experiment, a molecular
beam of acetylene is excited by~& ns pulsed laser into spin Although spectra involving vibrational excitation have been
rotation—vibration eigenstates of metastable electronic states viatraditionally analyzed in terms of normal modes, it is well-
weak, nominally forbidden transitions. After excitation, the long- known that at significant excitation energy, the modes can
lived species must travel 35 cm before colliding with an Au become strongly mixed, and large deviations from the small-
metal detector surface, where an electron is ejected in a de-amplitude, rigid-molecule normal vibrations are expected. In
excitation process. Two criteria must be met for electron ejection the case of the, andvg bending vibrations of Astate acetylene,
by a metastable species. First, the vertical electronic energy ofthe pure normal mode description is not adequate. Superpositions
the metastable @) approaching the surface must exceed the of normal modes are required to describe the wavefunctions of
work function of the metal®,, = 5.1 eV). Second, the radiative  levels involving the low-frequency excited-state bending vibra-
lifetime of the detected metastable eigenstatgifive Must tions20.25

Experiment

Analysis of § 2'3'B? Interactions
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Figure 1. (a) Simultaneously recorded surface electron ejection by laser excited metastables (SEELEM, upper trace) and ultraviolet laser-induced

fluorescence (UV-LIF, lower trace) spectra of tH8'22 K, = 1 sublevel of the AA,—X1Z4*" electronic transition. (b) P, Q, and R branch features
of the SEELEM and LIF spectra of thé26° K, = 1 sublevel. The weak Q branch features, which are overlapped witR branch features of

213'6% K, = 1, belong to a sublevel of a different polyad.

Though no deperturbation of the’®B2 polyad has been

with only one of the two mixed vibrational levels. An analysis

attempted, the qualitative structure of the polyad can be of this interference effect, which depends on the relative phase

anticipated by drawing parallels to the’ Polyad, which has
recently been analyzed by Merer et?alln that work, an

of the anharmonic and Coriolis matrix elements, shows that the
21314161 basis state is strongly Coriolis coupled to the nominal

effective, multiresonant Hamiltonian was constructed to take 21342 level but not to the nominal'3!6? level. As a result of
into account the effects of Darling-Dennison resonance in the interference effect, a significant amount gfdharacter is

addition to thea- andb-axis Coriolis interactions described by
Utz and co-workerg? This effective Hamiltonian was fitted to
the available experimental data from the high-sensitivity LIF
spectra of the Bpolyad (containing the 4(ay), 6% (a;), and

mixed exclusively into 23142,

Although this preliminary, semiquantitative analysis is based
on a local fit of the interactions within Brather than a more
global model for all of the §bending polyads of acetylene,

416" (by) basis states) recorded in a molecular beam. It was found the interactions most pertinent to the observed SEELEM spectra

that the strength of the DarlirgDennison interaction is
sufficient to cause nearly complete’§0:50) mixing of the 3
and & basis states in th&# = K, = 0 levels. In the absence of
other effects, the nominalkdand & levels would contain the
same fractional contributions from thé dnd & basis states
and would only differ in the phase of that mixing. Thés4
state remains essentially puredr= Ky = 0.

For levels withd > 0, the Coriolis interactions must be
considered. In particular, we focus on tig= 1 sublevels that,
as a consequence of tieetype selection rules for the 'A,—
XIz4+ transition, dominate the LIF spectrum recorded from the
ground ("' = 0) vibrational level. InK, = 1, the 2:2 Darling-
Dennison interaction strongly mixes the near-resondrantl
62 zero-order levels, as it does iy = 0. However, inK, = 1,
the a-axis Coriolis matrix elements now connecting th&'4

can be characterized using this simple, local model.

Discussion

Even a qualitative analysis of the SEELEM spectra can reveal
salient features of the singletriplet interaction dynamics.
Despite the fact that the LIF signal if36? is a factor of 3
larger than the LIF signal of'3'42, the corresponding SEELEM
spectra do not share this same intensity ratio. In stark contrast
to the LIF signal, the SEELEM signal fof2'6? is exceedingly
weak, but the 23142 SEELEM signal is comparatively intense.
This difference in SEELEM activity can be interpreted in terms
of the strength of the interaction between the brightstate
and a unique perturbing vibrational level of. T

It is known that the singlettriplet interaction mechanism in

state to the Zand & basis states have opposite phases. If the the AlA, state of acetylene is a doorway-mediated process,
Darling—Dennison interaction is prediagonalized, the phases of where the coupling of Sto the dark T, states is mediated by
the Coriolis matrix elements result in a strong interference effect. T3.3761-13|n light of the doorway model, there are two possible

The nominal 4 level has the proper phase to mix strongly with
the 461, by vibrational symmetry level, whereas the nominal
62 level has the wrong phase.

Extending this argument to thé2B? polyad, the strongly
mixed nature of 23142 and 2362 permits 23'416! to interact

explanations for the difference between the two SEELEM
spectra. The first is a vibrational overlap argument, where
vibrational overlap between the; @nd T; vibrational wave-
functions promotes or suppresses SEELEM signal. A second
possibility is that the phases of theeaxis Coriolis matrix
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elements connecting thée# state to the 4and & basis states ~ Dennison interactions. The major difference between these two
result in an interference effect that gives rise to a difference in S; vibrational levels is the significant amount aof Wbrational

how the two $ vibrational levels interact with 3T character mixed into 342 by a-axis Coriolis coupling. This
In the normal mode model, andve normal vibrations are gives rise to enhanced-ST3 mixing in the nominal 23142 level,
rigorously conserved. In a more accurate polyad modatc2 as observed. When examined together, both the SEELEM/LIF

and 2342 belong to a strongly mixed superposition of modes, experiment and polyad theoretical arguments add important new

rather than pure normal modes. Because the vibrational levelsdetails about the nature of the doorway mediated mechanism

are strongly mixed, a simple FranelCondon argument would  for intersystem crossing in acetylene.

predict the SEELEM spectra of262 and 23'4? to be nearly
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