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Inthisarticle, | will review the excited valence/Rydberg states and i onization energies of vinyl chloride,
propyne, and allyl radical that we have examined recently in our laboratory by 2+1 resonance enhanced
multi photon ionization (REMPI) spectroscopy. I n these studies, we have emphasi zed spectroscopicinvestiga-
tionsfrom thefirst excited electronic statesto thefirst ionization energies of the molecules and radicals of in-
terest. In spectroscopic analysis, successful electronic identifications have been facilitated with theoretical
(ab initio and density functional) calculations. In particular, we have applied cal culated Franck-Condon fac-
tors to assist vibrational assignment for experimental vibronic spectra. The spectroscopic studies of these
polyatomic excited valence/Rydberg states help usto illuminate the photodissociation pathways and to mani-
fest the complicated chemical-reaction mechanisms due to the multi-dimensionality in polyatomic molecul ar

potential energy surfaces.

1. INTRODUCTION

Research in the area of molecular excited electronic
states covers a broad field of endeavor, touching as it does
many aspects in spectroscopy, dynamics/kinetics, photo-
dissociation, and chemical reaction. Potential energy surface
(PES) plays a central role in all of these research fields.
Taking the study of photodissociation as an example, the top-
ological features of molecular excited electronic PES are
closely associated with the mechanisms and outcomes of mo-
lecular photodissociation.”® While photodissociation experi-
ments usually measure the internal state, velocity, and angu-
lar distribution of photofragments resulting from the charac-
teristics of dissociative PES, spectroscopic investigation of
molecular excited states is the most stringent examination to
map out the corresponding PES.

In the past four decades, photodissociations of poly-
atomic molecules excited at convenient wavelengths of 266
nm (4.7 eV; Nd:YAG laser), 248 nm (5.0 eV; KrF laser), 193
nm (6.4 eV; ArF laser), 157 nm (7.9 eV; F; laser), and other
wavelengths with tunabl e light sources have beenintensively
investigated.> However, polyatomic molecules with their
excited electronic PES that have been well characterized
spectroscopically are relatively few in number. Many poly-
atomic molecular PES have so far heavily relied on theoreti-
cal calculations without sufficient spectroscopic examina-
tion. In molecular photodissociation studies, internal conver-
sion was often presumed for the relaxation of an electroni-

cally excited molecule to its ground PES prior to dissocia-
tion. This kind of argument was usually concluded from
measuring the velocity and angular distribution of photo-
fragments, but the correlated excited states involved in the
photodissociation pathways were rarely verified.

From the high-resol ution spectroscopic point of view,
spectral analysis for rovibronic transitions to the high-lying
electronic states of polyatomic molecules is nontrivial, be-
cause the high density of electronic states (and/or their com-
panion vibration-rotational levels) and the possible com-
plex-couplings among them could make spectral analysis
very difficult. Nevertheless, by judiciously seeking useful
experimental elements, spectral complexity can be substan-
tially reduced. In the following discussions, | will simply di-
vide spectroscopic analysisfor arovibronictransitionintoro-
tational, vibrational and electronic categories. Discussion of
the mutual interactions, e.g., rotation-vibration (Coriolis),’
vibration-electron (Renner-Teller and Jahn-Teller effects),”®
etc., deserves another full chapter and is beyond the scope of
thisarticle.

Let usfirst consider the rotational part in arovibronic
transition. Based on rigorous selection rules originating from
the conservation law of angular momentum in physics, rota-
tional quantainvolved in a spectral transition can be identi-
fied essentially. The correlation between selection rules and
physics laws in quantum mechanics, illuminated by C. N.
Yangin hisNobel lecture morethan four decades ago,’ is con-
veyedin Fig. 1. In physics, asymmetry principle (or, equiva-
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lently, an invariance principle) generates a conservation law.
Quantum mechanically, this renders quantum numbers and
corresponding selection rules. In Table 1, we summarize the
correlation between conservation law and their correspond-
ing symmetry commonly encountered in molecular spectros-
copy. Taking the rotation of a symmetric-top molecule as a
representative example, molecular quantum numbers and
their corresponding selection rules that we usually visit in
high-resolution spectroscopy are listed in Table 2. For in-
stance, the selection rules for angular momentum and parity
are such extremely rigorousonesthat AJ=0,+ 1and +« - al-
ways hold for adipole-transition in molecul e-radiation inter-
action.

Second, how about molecular electronic and vibra-
tional quantum numbersinvolved in aspectral transition?Let
us consider the electronic part now. Thanks to the advanced
development in the computational methods for molecular
orbitals,*>* molecul ar excited electronic states with reason-
ably high excitation energy can nowadays be cal culated (un-
der Born-Oppenheimer approximation) to a sufficiently ac-
curate level that can effectively compare with experimental
results. Facilitated with the calculated (adiabatic and verti-
cal) electronic excitation energies, geometries and transition
dipoles, molecular excited electronic states involved in ob-
served spectra can be identified extensively. To date, even
though the convergence for calculating the very high-lying
electronic states of polyatomic moleculesis still technically
difficult and demanding, the electrons somewhat behave in a
unique and much simpler manner when they are distant from
their molecular core. More specifically, molecular electrons
with excitation energy of > 5 eV lie beyond valence orbitals
and occupy the so-called Rydberg states. An electron with
such alarge amount of excitation energy is quite far away
fromitsmolecular core which can legitimately beregarded as
apositive “point-charge” and a simple hydrogen-like model
is suitable for describing the high-lying Rydberg electrons.

INVARIANCE

{ EXCEPT FOR DISCRETE SYMMETRY
IN CLASSICAL MECHANICS )

‘ SYMMETRY ‘ =

CONSERVATION
LAWS

(IN QUANTUM MECHANICS ONLY)

QUANTUM SELECTION
NUMBERS RULES

OTHER
CONSEQUENCES

Fig. 1. Relationship between conservation laws and
symmetry laws (taken from Ref. 9).
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Table 1. Correlation between Symmetry and Conservation Laws

Symmetry Conservation laws
|sotropy Angular momentum
Left-right Parity

Permutation Nuclear spin modification

Quantum defect theory™*’ has been developed to portray
molecular Rydberg stateswith an amendment (i.e., an adjust-
able quantum defect) to the Rydberg formula of a hydrogen
atom. Long lifetime and slow motion are salient characteris-
tics for the electrons in Rydberg states.’®? When the excita-
tion energy approachesthe limit of the first ionization energy
(IE), the electron is ready to couple into the ionization chan-
nel and leaves the molecular core behind as a cation.

Finally, let us go to molecular vibrations. Thereis no
selection rule tied to any kind of physics conservation laws
that are directly associated with molecular vibrations and can
intrinsically regulate vibrational motionsin a spectral transi-
tion. For a pure vibrational transition, it is spectroscopically
allowed as long as the vibrational transition-dipole ma-
trix-element is non-diminishing. To the companion vibra-
tional bandsin an allowed electronic transition, itisthevibra-
tional overlap integral between the initial and final states
(Franck-Condon factors, FCFs) that determines the spectral
intensity of each vibrational band. Therefore, identifying vi-
brational quanta can sometimes become very difficult and
challenging, especially for the congested highly-excited vi-
brational states. By the same token, because of this vibra-
tional integral, vibrational levels of theinitial and final elec-
tronic states that have similar nuclear geometry will show up
preferentially in electronic spectroscopy. For instance, a
spectral excitation from the zero-point vibration on molecu-
lar ground PES only terminates at the vibrational levels of an
excited electronic state with nuclear geometry similar to (or
not too far away from) the ground equilibrium structure. This
is aso the reason why quantum states corresponding to mo-
lecular isomers, with dramatic geometric change from the
most stable equilibrium structure, usually escape from spec-
troscopic observation, even though the isomers locate in the
same PES.

Taking advantage of this vibrational overlap, spectral
complexity can be reduced effectively by selecting a particu-
lar vibrational level as theinitial state involved in atransi-
tion. For example, in our recent spectroscopic experiments of
jet-cooled polyatomic molecules where most of the prepared
molecules lieinitially on the zero-point vibration, we have
demonstrated that vibrational patternsin the electronic tran-
sitions to high-lying valence/Rydberg states (typically with
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Table 2. Quantum Numbers and Their Corresponding Selection Rules Resulting from the Conservation Laws in the Rotation

of a Symmetric-top Molecule

Conservation laws

Quantum numbers

Selection rules

Angular momentum

K (Geometric symmetry
Parity +
Nuclear spin modification |

J (Total rotational angular momentum)
Projected rotationa angular momentum

AJ=0,21 (dipole transitions)
_ 0 (Il band)
) AK= {il (L bands)
+ o= (dipole transitions)
Al=0 (ortho <= ortho, para<— para)

excitation energy of 6-12 eV) can be analyzed quite satisfac-
torily. Inour studies, electronic assignments have been facili-
tated with theoretical (ab initio and density functional) cal cu-
lations and Rydberg-series formulation. In particular, we
have successfully applied calculated FCFs to assist vibra-
tional assignment for experimental vibronic spectra. Thethe-
oretical derivation for calculating the FCFs of polyatomic
moleculeswill be discussed in subsequent sections.

In this article, | will review the excited valence/
Rydberg statesand | Es of several polyatomic molecul es/radi-
cals that we studied recently in our laboratory by resonance
enhanced multiphoton ionization (REMPI) spectroscopy.
Since discussions of molecular Rydberg states'®?’ and
REMPI spectroscopy®®** can be found in previous reviews
and monographs, | will only focus on the molecules/radicals
that we examined recently. Specifically, we have utilized
two-photon resonant ionization (i.e., 2+1 REMPI, Fig. 2)
spectroscopy to investigate vinyl chloride,*™*’ propyne,*®
and allyl radical,*>*° and will show the novel spectroscopic
information of these molecules/radicals that we obtained in
our laboratory. In these studies, we have emphasi zed spectro-
scopic observations from the first excited electronic states to
thefirst IE's of the molecules/radicals of interest. The spec-
troscopic studies of the excited valence/Rydberg states of
these polyatomic molecules have helped usto illuminate the
photodissociation pathways and to manifest the usually com-
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Fig. 2. Schematic diagram for the (a) 1+1’ and (b) 2+1
REMPI processes.

plicated chemical-reaction mechanisms due to the multi-
dimensionality in polyatomic PES.

Compared with one-photon absorption spectroscopy,
the advantages of applyingaREMPI laser techniquein study-
ing polyatomic molecules/radicals are fourfold. First, moni-
toring an ion yield in spectroscopic experiments can techni-
cally be much more sensitive than a conventional photon de-
tection. Second, the spectral resolution of tunable dye lasers
is usually better than that of conventional VUV light source
used in one-photon absorption spectroscopy. Detailed mol ec-
ular structures can be resolved. Third, the REMPI spectros-
copy can judiciously single out stable excited states leading
to asimplified spectrum. Excited states with fast (pre)disso-
ciation rates, compared to the ionization rate during a
multiphoton process, can be excluded from REMPI spectrum
unless very high laser power is used. Finally, the symmetries
for excited states can be determined from polarization-ratio
measurement in a two-photon transition (e.g., 2+1 REMPI).
The polarization-ratio, , isdefined as the band-intensity ra-
tio for circularly to linearly polarized radiations. According
to two-photon theory, Q < 3/2 for the transitions from the to-
tally symmetric ground state to the excited electronic states
with full symmetry, and Q = 3/2 for those to the states of
non-total symmetry.?®** With polarization-ratio measure-
ment, the excited vibronic states with full symmetry can be
discriminated unambiguously from the others.

Therest of this paper is organized as follows. An over-
view for thedesign of REMPI experimentsisgivenin Section
2. Theoretical calculation for polyatomic FCFs will be de-
scribed in Section 3. Next, results and discussion are pre-
sented in Section 4. Finally, conclusions are addressed in
Section 5.

2. EXPERIMENTAL
REMPI Setup

The REMPI experiments were performed using a
time-of-flight (TOF) mass spectrometer, and the details can be
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found in several previous publications.**°%%2:5% A general
schematic diagram for the REMPI/TOF experimental setup is
shownin Fig. 3. Briefly, the molecules of interest were seeded
in 2-3 atm helium to form a 0.1-10% mixture, which was ex-
panded into the source vacuum chamber by a pulsed valve
(General Valve, 0.5 mmor 0.8 mm orifice). The expanded mo-
lecular beam (~180 ps duration) was skimmed and injected to
the TOF tube. A laser beam wastightly focused by alens(f.l. =
15 cm or 25 cm) to reach a power intensity of > 10 GW/cm?,
and aligned to intersect the molecular beam. The molecular
cations produced via REMPI were repelled in an electric field
with a direction perpendicular to both laser and molecular
beams. Theseionsflew acrossthe field-free TOF tube (80 cm)
and were detected by a microsphere/microchannel plate
(MSP/MCP, E1-Mul). The time-sequence for the laser and
mol ecular beamsin the experimentswas controlled by adigital
pulse/delay generator (Stanford Research, DG535).

Preparation of Radicals

In radical experiments, the gaseous radicals were pro-
duced in the nozzle of a supersonic-jet expansion by the py-
rolysis of precursor molecules. The nozzle consists of aresis-
tant-heated molybdenum wire (Goodfellow, 0.127 mm dia.)
and reaction-inert aluminatube (i.d. = 1.0 mm) with a heated
zone of 10 mm extending to the orifice (Fig. 4). Owing to the
low thermal conductivity of alumina material (x = 30
Wm*K™), the molybdenum wire must be heated incandes-
cently to reach the best temperature (estimated > 1000 °C) to

Nd:YAGH DL  [—SHGI—\

Fig. 3. Schematic diagram of the experimental setup for
2+1 REMPI spectroscopy: DL: dye laser; SHG:
second harmonic generator; LP: linear polarizer;
DFR: double Fresnel rhomb; FR: Fresnel rhomb;
L: lens; EM: energy meter; M SP: microsphere
plate; PA: preamplifier; Gl: gated integrator;
PTC: photon counter; OSC: oscilloscope; PC:
personal computer; HCL: hollow cathode lamp.
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produce radicals, and a glass tube was used to shield the sput-
tering molybdenum particles. The precursor (usually 1 Torr
partial pressure) was seeded in 2-3 atm helium and expanded
viaapulsed valve (General Valve, 0.8 mm orifice) at 30 Hz
repetition rate. The molecular beam through a heated nozzle
was flash-pyrolyzed (Fig. 4) and expanded into a vacuum
chamber. The jet-expanded radical beam was skimmed and
then injected into the ionization region of the TOF tube.

Light Sources and Ion Detection

A tunable dye laser (Lambda Physik, Scanmate 2E)
pumped by the frequency-doubled (532 nm) or -tripled (355
nm) output of a Nd:YAG laser (Spectra Physics, GCR-190)
was operated at 30 Hz with pulse duration of ~7 ns. The spec-
tral resolution of grating scan is ~0.2 cm™*. Because of the
predissociative nature of the high-lying valence/Rydberg
states of polyatomic molecules and partly due to the medium
sizes of the molecules under our present study,***° molecular
rotational features were usually not resolved in our REMPI
spectra, even if an etalon scan (resolution ~0.03 cm™) of the
dye laser was applied. The double-frequency output of the dye
laser istypically 0.1-10 mJ/pulse generated viaKDP and BBO
crystals. The detected signal from the M SP/MCP was ampli-
fied by apreamplifier (EG& G, VT120) and sent to adigital os-
cilloscope (LeCroy, 9344) and a personal computer. In the
REMPI experiment, the amplified signal was processed in a
gated integrator (Stanford Research, SR250) and then an A/D
converter. A computer program was devel oped to control the dye
laser and to acquirethedigitized datafromthe A/D converter.

REMPI spectra were obtained by gating at a selected
mass and monitoring the ion yield as a function of excitation
laser frequency. For each step in the frequency scan, signal
was averaged for 60-100 laser shots to reduce the noise
caused by laser fluctuation. An optogal vanic hollow-cathode
lamp filled with neon (Hamamatsu, L233-13NB) was em-
ployed simultaneously in the spectral scan for frequency cali-
bration (Fig. 3). The accuracy of this calibration is within 2

Gas f
Flow
PN

M AT MW
Fig. 4. The pulsed nozzle with heat zone. PN: pulsed
nozzle, M: mount, AT: aluminatube, MW: mo-
lybdenum wire.
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cm'’; frequency difference could be measured with an esti-
mated precision of + 0.5 cm™. In some experiments (e.g., for
propyne®®), a daughter ion channel (CsHs*, m/z = 39) was
used to obtain the REMPI spectraasit typically gave stronger
signals than the parent ion (CsH4", m/z = 40). Nevertheless,
the spectra obtained from these two (daughter and parent)
channels were proved, with much care, to be the same within
experimental uncertainty. In the case when the parent-ion
signal was too weak, a photon counter (Stanford Research,
SR400) was used to replace the gated integrator.

Polarization Ratios

For polarization-ratio measurement (Fig. 3), alinear
polarizer was used to form linearly polarized laser radiation.
The linearly polarized laser then passes through a double
Fresnel rhomb (CVI, FR-2-UV) and a Fresnel rhomb (CVI,
FR-4-UV), functioning respectively as half-wave and quar-
ter-wave retarders. By rotating the double Fresnel rhomb, the
polarization vector of the laser is set at 0°/45° with respect to
the optical axis of the Fresnel rhomb to form linearly/circu-
larly polarized radiation. The polarization-ratio measure-
ment can be conducted in two ways. One is to measure the
band-intensity ratios from the REMPI spectra obtained sepa-
rately with linear and circular polarizations. Dueto laser fluc-
tuation and energy decay during the laser frequency scan, the
polarization-ratio for aparticular transition can optionally be
measured with laser frequency fixed at the top of the transi-
tion. The measured integrated-T OF-intensities were taken
with linear and circular lasers separately and were averaged
for 1000 laser shots for each measurement. As such, the en-
ergy fluctuation of the two polarized lasers can be reduced
within 0.5%. The results from both methods agree with each
other; the latter, nevertheless, is more precise. The laser en-
ergy can also be measured concurrently using an energy me-
ter (Fig. 3) for a power-dependence study.

3. THEORETICAL CALCULATION

Franck-Condon Factors
The theoretical derivation for calculating the FCFs of
polyatomic molecules has been discussed in several previous
publications.>** Even though the calculations have been
simplified by taking a harmonic-oscillator approximation for
each normal vibration, the derived formula for the FCFs are
mathematically lengthy as can be found in Refs. 54 and 55.
To briefly summarize the calculations of the FCFs of
polyatomics, the following procedures were included.
(@) Optimize the geometries of the ground and excited
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electronic states.

(b) Calculate the vibrational frequencies and the normal
modes for the two electronic states.

(c) Calculate the displacements of the oscillators between
ground and excited electronic states.

(d) Compute the vibrational overlap integrals, FCFs and
positions of the peaksin spectra.

As demonstrated in the previous studies of ethyl-
ene,*** vinyl radical,*"*® acetone,®*®° vinyl chloride,***’ and
allyl radical,***® we have successfully applied the cal culated
FCFs to assist spectroscopic assignment for experimental
vibronic spectra. In our previous studies, we have primarily
focused on the calculation that the potential-energy curves
for the vibrational normal-modes are displaced, but not dis-
torted. Accordingly, the FCF, ]Imf, for atransition from the
zero-point vibration of ground state a to the v" vibration of
excited electronic state b is given by

_Set 4 gl WA O
2h

|
a0bv vl

and

where S is a Huang-Rhys factor, AQ is the displacement in
termsof normal coordinates, wisthevibrational frequency of
the corresponding normal mode, and h = 2n# is the Planck
constant. The maximum FCF isfound for v = [S], the integer
part of S. This means that the larger the displacement of the
normal mode, the greater v for the most intense vibronic tran-
sition. On the other hand, with a small displacement, the
spectral intensities along the vibrational progression are of
exponential-decay character.>®

Generally, we employed ab initio methods and density
functional theory for the computations. In some cal cul ations
for molecular excited electronic states,”® we realized that the
time-dependent density functional theory (TDDFT) method®
isabetter choice for theoretical studies of Rydberg states, es-
pecially for the high-lying ones. For multi-reference configu-
ration interaction (MRCI)%*® or complete active space SCF
(CASSCF)®*® methods, more and more vacant orbitals have
to be included into the active space for the cal culations of
high-lying Rydberg states, and computational convergenceis
usually adifficult technical problem.

The TDDFT method,®®? however, is unable to opti-
mize the geometry of excited states at the present time. Since
Rydberg state geometry is often similar to the structure of cat-
ions, we have usually taken cationic geometry and vibra-
tional frequenciesasthose of the Rydberg states. We have op-
timized the ground-state geometries for both neutral mole-
cule/radical of interest and its corresponding cation using a
commercial computational package, such as Gaussian 94.%
The normal modes and frequencies obtained from these cal-



708 J. Chin. Chem. Soc., Vol. 49, No. 5, 2002

culations were then employed for calculating FCFs.

Unlike conventional assignment for polyatomic vibronic
spectra where seeking vibrational progressions is the major
procedurein spectral analysis, the calculated FCFsin our stud-
ies have assisted us in not only locating the positions of
vibronic transitions, but also in providing intensity ratios to
identify each vibronic band. Based on these cal cul ated spectral
patterns, line-by-line comparison with experimental spectrais
generally feasible. In particular, the vibrational intensity-ratio
inan electronic transition obtained from the cal culated FCFsis
socrucia that it often makes a spectroscopic analysispossible.

Excited Electronic States

As mentioned before, ab initio calculations of the (adia-
batic and vertical) excitation energies, geometries, and transi-
tion dipoles for electronically excited polyatomics have made
asignificant improvement to the spectral assignmentsin mod-
ern molecular electronic spectroscopy. Benefits from the ad-
vanced development in theoretical (ab initio and density func-
tional) cal culations,"®** molecular electronic states can nowa-
days be identified quite effectively. Taking one of our recent
studiesonvinyl chloride as an example, the broad bands of the
molecul e at 45000-60000 cm™, previously attributed toa n* «—
© transition [ The corresponding excited state is represented as
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(m, n*) inthisarticle.], have been calculated by ab initio meth-
ods and reassigned as dueto two triplet < singlet and fivesin-
glet < singlet transitions.”” The details for the spectral analy-
siswill be discussed in the subsequent Sec. 4.1.

4. RESULTS AND DISCUSSION
4.1. REMPI Spectra and Theoretical Calculations

Vinyl chloride
We have spectroscopically examined the vinyl chloride

IE

np, T 1 wmu\
np, | 1 T I T
ns| T | TITTTTTm

[ (n-1)f T I TTTITTTm
n=6 (1) 7

lon Yield (Arb. Units)

78000 79000 80000
cm”

Fig. 5. Composite 2 + 1 REMPI spectrum of vinyl
chloride at 76000-80600 cm'?.

1
76000

1
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Table 3. Peak Positions (cm™), lonization Energies (1E), and Quantum Defects (8) for the
Four Observed Rydberg Series of Vinyl Chloride®

n (T, ns) (m, nps) (T, npy) (m, af)
3 63043
4 68682 69156 71764 73639
5 73870 74200 75278 76301
6 76410 76496 77112 77646
7 (77732) 77790 78128 78464
8 78518 78575 (78770) 78992
9 79032 79060 (79195) 79356

10 79379 79403 79498 79611

11 79632 79650 79720 79800

12 79823 (79844) 79881 79951

13 79970 (79983) 80017 80056

14 80073 80109 80160

15 (80167) 80190 80229

16 (80235) (80248) (80265) 80288

17 (80293) 80313

18 (80351) 80364

19 80394

20 (80421)

IE 8073117 80722 + 16 80722+ 4 80727 £ 8

5 0.983 +0.003 0.915 +0.007 0.507 + 0.001 0.055 + 0.007

*The values in parentheses belong to weak or congested bands.
"The listed | E for each Rydberg seriesis extrapolated from all of the observed Rydberg states.
If only the higher-lying Rydberg states (z > 6) are included, IE = 80720 + 6 cm™* results from

fitting to the Rydberg formula (see text).
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(VC, C,H3Cl) molecule from itsfirst excited electronic state
(~6 eV) to thefirst ionization energy (IE, ~10 eV). In the
higher energy region of 76000-85000 cm™ (Fig. 5), we have
investigated VVC using 2+1 REMPI spectroscopy,*® and have
been able to identify four Rydberg series as due to the transi-
tionsof ns, nps, npr, and nf < 1, where the corresponding ex-
cited states are denoted by (=, ns), (n, nps), (, npx), and (x,
nf), respectively (Table 3). Infitting to the Rydberg-formula,
all of the four series converge to the same IE limit, 80720+ 6
cm?, corresponding to the ground state of V C cation, and will
be discussed further in Sec. 4.2.

In 60000-76000 cm™ (Fig. 6), the transitions to the
Rydberg states of ns, nps, npg, nd, af (n = 3, 4) < mand 3s«
nc are responsible for the observed REMPI spectra of VC.*
The complex vibrational structures for the observed transi-
tions are successfully identified with the aid of calculated
FCFs. Ultimately, we have been able to assign the vibronic
spectra peak by peak, e.g., the 3p, « & transitions shown in
Fig. 7 and Table 4. More than 100 vibronic transitions of VC
at 62000-78000 cm™ have been successfully identified (Ta-
bles 4 and 5).* The spectroscopic analysis for the excited
vibronic states have provided detailed information to the
photo-excitation mechanisms in this molecule. For instance,

(m, 4s) 3
i
2t IE
) (N, 3s)
5 (m. 4p,) 1z
a (7, 3p,) 1
<1t
5 |
3 " l 3| | (x40 Jf 1
=
Sol NM*JMJM«MM ﬁw Aﬂ 1
o0 Mo i |

1 n 1 n
60000 65000 70000 75000 80000
om”

Fig. 6. Composite 2+1 REMPI spectra of vinyl chlo-
ride at 60000-80600 cm*.,

o°

9 9+

1

05‘ 41
1 04,
18! 46,

L Lt
63000 64(‘)00 65(')00 66000
cm’

Fig. 7. Franck-Condon factors (vertical lines at the
bottom), calculated vibronic spectra (middle
trace), and the observed 3p,<—n transitions (up-
per trace) of vinyl chloride.

Signal (Arb. Units)
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Radloff and coworkers recently measured the internal-
conversion rate of 60 + 20 fsin V C upon excitation at 155 nm
(64516 cm™).®8 From our spectroscopic study, we realize that

Table 4. Peak Positions (cm™), Assignment, and the Calculated
Franck-Condon Factors (FCF) for the 3p, < n

Transitions of Vinyl Chloride

Peak Assignment FCF
62338 8
62644 P
63043 (0K 0.11643
63436 9 0.05908
63863 9 0.01499
+8 0.00568
64096 I8 0.02289
64199 9 0.00253
64292 89 0.00165
+6; 0.01368
64391 5, 0.01678
64500 79; 0.00574
+4 0.02246
64690 6.9, 0.00372
64786 5.9, 0.00444
64897 7.8 +(7:92) (0.00146)
+ 4097 0.00566
65129 6:8; +(6;92) (0.00094)
65213 5.8, +(5:,9%) (0.00113)
+72 0.00225
65338 480 +(4:9) (0.00144)
+6;7; 0.00196
65442 5.7 0.00235
65542 6 0.00080
+ 477 0.00299
65635 5.6; 0.00152
65740 6,7:9; 0.00060
+ 4.6, 0.00193
+57 0.00121
65837 45, 0.00231
65936 629; +(42) (0.00217)
66030 5.6.9; +(3;) (0.00255)
66142 46.9; 0.00059
i 0.10727
66235 45,9, 0.00071
66355 628,
66440 5.6;8; +(3,9;) (0.00076)
66561 4:6.8;
66681 4.5.8
66786 63
66882 5.6;
66983 4.6;
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(m, 3pa)4; , (7, 3px)7,9,and some other nearby states (Fig. 7
and Table 4) are involved in the initially prepared wave-
packet, depending on the bandwidth of the excitation laser.
Namely, when the VC molecule is excited at 155 nm, a
n-€lectron is promoted to the 3p, orbital and the vibrational
energy isdeposited to the C=C (v4: C=C stretching), CH- (v
CH; rocking), and C—-Cl (ve: C-Cl deforming) chemical
bonds. Upon the excitation of VC at 157 nm (63694 cm™)
with aF; excimer laser, it isthe Rydberg statesin the vicinity
of (m, 3px)%, 9 and 8, (ve: C-Cl stretching; Fig. 7 and Table
4) that initiate the subsequent serial photodissociation pro-
Cesses.

In 45000-60000 cm’*, we have calculated the vibronic
spectrum of V C for the transitions from ground state to the
lowest-lying five excited states,*’” and found that the major
contributions in this spectral region are from the A(1A")
— X(A") (i.e, 39c* « m) and C(ZA") « X(TA") (i.e, n*

Chen
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Fig. 8. (a) Experimental absorption spectrum (upper)

of vinyl chloride (taken from Ref. 69). (b) cal-
culated vibronic spectrum (lower). The dashed
lines represent the spectra of the 3s/c* «<—n and
T* <7 transitions, respectively.

Table 5. Assignment for the Observed Peaks (cm™) inthe 2 + 1 REMPI Spectra of Vinyl Chloride from 67100 to

77510 cm*
Peak Assignment Peak Assignment Peak Assignment
67148 (n, 3d) O 70585 (m, 4po) 4 74418 (m, 4d) 7
67525 (m, 3d) 9 70746 (m, 4s) 6;8; 74476 (m, 4f) 8;
67595 (m, 3d) 0F 70837 (m, 49) 5.8, 74550 (m, 4 8,
67907 (e, 39) 09 70940 (m, 4s) 4; o 74715 (n, 4p,)8;
67974 (m, 3d) 8; 71096 (m, 49 475 74798 (m, 4f) 74
67991 (m, 3d) 9; 71153 (m, 4s) 6; 74847 (m, 4d) 4;
68207 (m, 3d) 7; 71259 (m, 4s) 5,6;, 74911 (m, 59 75
68270 (na, 39 9 71339 (n, 4po) 72 74958 (m, 4f") 6
68368 (m, 3d) 6; 71417 (m, 49) 4.5, 75278 (m, 5p;) OF
68416 (n,3d) 8} 71516 (m, 4s) 42 75555 (7, 5po) 5,
68609 (ng+, 39) 0F 71612 (m, 4po) 474 75679 (m, 5p) 9
68682 (m, 49) 0} 71662 (m, 49)5,6,9; 75722 (m, 59) 4.9,
68882 (e, 39 7, 71764 (m, 4p,) 03 76301 (m, 5f) 0
68965 (e, 39) 9; 71835 (m, 4p,) 4;6; 76335 (%, 5p,) 75
68987 (m, 3d) 4;9; 72160 (m, 4p,) 9, 76410 (m, 63) 0%
69077 (n,49)9; 72590 (1, 4p,8; 76496 (m, 6pg) 03
69156 (1, 4p,) 0% 72830 (m, 4p,) 74 76574 (m, 5p,) 6,
69315 (m, 3d) 4} 72971 (m, 4p,) 6; 76600 (m, 5py) 5,
69436 (m, 3d) 8; 73114 (n, 4p,) 5; 76682 (m, 5f) 9
69503 (m, 49 8; 73217 (m, 4py) 4 76739 (m, 5pp) 4,
69550 (1, 4p5)9; 73372 (m, 4d) 03 76827 (n, 69 9;
69738 (m, 49 7} 73504 (m, 4d") 0F 76981 (m, 5p,) 659,
69921 (m, 49) 6 73639 (m, 4f) OF 77112 (m, 6py) 03
69968 (m, 4p,) 8, 73724 (m, 4f) OF 77241 (m, 69)8;
70025 (n, 49) 5, 73795 (n, 4p;) 6,8, 77319 (7, 6po) 8,
70099 (n, 49) 4, 73870 (n, 5907 77357 (m, 50 75
70192 (n, 4ps) T 74034 (m, 4f) 9} 77504 (m, 6p) 9
70402 (n, 4p,) 65, 74090 (m, 4F) 9,
70513 (m, 4p,) 5, 74200 (m, 5po) 02
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Table 6. Band Position, Polarization-Ratio, Vibronic Symmetry, State Assignment, Vibrational Frequency and Quantum Defect of
Vibronically Excited Propyne Studied by 2+1 REMPI Spectroscopy and Theoretical Calculation
Experimental results Theoretical results
One-photon absorption? REMPI TDDFT and ab initio
Band position® Assignment® Band position  Q  Vibronic Assignment Vibration/ Assignment TDDFT® Osc. MRCI' Osc.
symetry® 5 ar srf
58007 (7.19)  (m, ) 1’E (n, 39) 684 002 697 0078
59459 (7.37)  (m, *) 1’A; (m, ) 677 00 745 0.0
60612 (751)  (m, m*) 2'E (n, 1) 689 00 753 0.001
63411 (7.86) ? 3'E (x, 3p,) 779 006 7.64 0.0006
64178 ?
64323 3R'—(Vg)o
64928 3R 64927(8.05) 019 A;  (m3pxy)(A) 05 8=058  2'A;(m 3p.y) 795 007 791 0.062
65242 3R+vio
65681 121 E (7, 3pxy) (A1) 95 vo=T754
65887 3R'+vs 65878 033 A; (M 3py) (A1) 5 vs=951
66484 3R'+vy
66157 (8.20) 1.18 E (M, 3py) (B) 00 8=049  4'E(m, 3pyy) 802 00
2'A; (7, 3pxy) 803 00
66879 3R'+v3 66896  0.44 A (7, 3pyy) (A1) 3 v3=1969
67681 066 A; (W 3py) (A1) 22 v,=2754
67865 047 A;  (m 3p.y) (A1) 3555
68138 3R" 68123(8.45) 124 E (m,3d,)(E) 05/  8=0.34/ 5'E (r, 3d,2) 830 0.3
(m, 3py) (B) 3,  v3=1966
68864 3R+2vs 68828 058 A; (T 3pxy) (A1) 3
69622 3R"+v;
70098 3R"+v3
70719 3R'+3vs
3'A1(m, 30ky) 869 0.04
3'AA(m, 30,2,2,,) 870 0.0
6'E(m, 3d,2,2y) 871 0.003
4Aqy(r, 3d,2,2,) 873 0.03
70897 (8.79) 1.08 A"(E) (m, 49 (A") 07  §=1.06 7E (m, 49) 874 00
71195 4R 71203(8.82) 0.26 A'(E)  (m, 4s) (A) O §=1.03
8'E (1, 3dkzy2) 8.78 0.1
4 AT, 3okzy2) 878 00
72082 3R"+2v3
72727 3R'+4v3
73179 4R+v3 73192 018 A'(E) (m, 4s) (A 3, v3=1989
74292 (9.21) 4R 9'E (m, 4p,) 9.09 0.01
5'Aq(T, 4pxy) 9.11 0.05
10'E (r, 4pxy) 912 00
5'Ax(T, 4pxy) 9.13 00
75171(9.32)  4R+2vs
75558 (9.37) 4R" 11'E (7, 4d,2) 925 0.01
75727 (9.39)  4R+v,
6'Ax(T, 40k x2y) 934 0.05
12'E(m, 4d2,2) 936 0.0
6'Ax(T, 40k xzy,) 936 0.0
13'E(n, 4dyyuzy) 937 0.0
7'Ai(m, 40k2,2,,) 9.38  0.03
14'E (n, 4dyy,,) 940 0.0
76061 (9.43) 1.06 E (m, 4p) 3,2
76219 AR+vs  76270(9.46) 0.72 A, (m, 4p) 352
76768 5R 76718 119 A"(E)  (m, 59 (A") 0 §=101
76862 026 A'(E)  (m 59 (A) O §=0.97
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77107 4R+3v;
77550 4AR"+vs3
77945 5R'
78163 4AR'+2v,
78591 5R"
78751 5R+Vv3 78724 122 A"(E) (m, 59 (A") 35  vs=2000
783851  0.69 A'(E) (m,58) (A 3, v3=1989
79177 104 A"(E) (m 69) (A") O 5=1.03
79276 6R 79318 06 A'E) (m, 6s) (A") 0° 5=095
79913 6R'
80163 6R"
80542 111 A"(E) (m, 79 (A") O 5=1.03
80591 7R 80627 084 A'(E) (m, 7s) (A" 0 5=095
80881 7R
81147 7R"
81357 A"(E)  (m 89 (A") O 5=1.04
81412 A'(E) (m, 8s) (A") 0° 5=0.96
81607 8R'
81700 8R"
81880 A"(E)  (m, 99 (A") O 5=1.07
81931 A'(E) (m, 9s) (A" 0Z 5=095
82030° oR'
82140° oR"
82282 A'E (m, 10s) 0 5=0.96
82420" 10R"
82541 A'E (m, 11s) O 5=094
82729 A'E (m, 125) O 5=093
82866 A'E (m, 13s) 0 5=098

20One-photon VUV absorption spectrataken from Ref. 81 (denoted by #) and Ref. 82.
b Unitsin cm™. The number in parenthesisis of eV unit to compare with the calculation.

°R, R and R" are s, p and d Rydberg series, respectively.

4 A; and E are symmetry representations of a Cg, group; A" and A" belong to C. A'(E) and A"(E) represent the symmetry correlation of

EinCy toA'and A" inC,,
€ Unitsin eV. The calculated values are vertical excitation energies.
" The oscillator strength is for one-photon transition.

« 7) transitions as shown in Fig. 8. In this study, two spin-
forbidden transitions of b(IA") « X(EA') and S(2*A")
« X(TA') are calculated to locate in 45000-54000 cm, and
could be responsible for the observed one-photon absorption
spectrum in this region® due to an intensity borrowing caused
by spin-orbit coupling of the Cl atom. Based on the calcula-
tion, we argued that upon excitation of VC at 193 nm (51800
cm™) the b(BA" ) or §(2*A" ) excited state, instead of the previ-
ously assigned (w, n*) [i.e., C~:(21A')], isinitially prepared prior
to subsequent photodissociation processes (Fig. 8).
Photodissociation of VC excited at the convenient
wavelength of 193 nm with an ArF laser has been heavily ex-
ploredin the past decades.”®® It was generally conceived that
the (m, n*) state of VC was excited in the photo-absorption at
193 nm.” Inthewake of the n* « m excitation, various disso-
ciation channels were taken to the (n, o, _) excited-state or
the ground-state PES, probably viainternal conversions.”®

This kind of argument was usually concluded from measur-
ing the velocity and angular distributions of photofragments,
but the correlated excited states involved in the photo-
dissociation pathways were rarely verified theoretically.
Based on our calculation, the (r, SS/G::_G) and (&, m*) states
are too high to be reached with 193 nm excitation (Fig. 8),
and we argue that the b(*A") and c(2°A") excited states
could be responsible for the excitation of VC at 193 nm.*’ In
future, reexamination of the photodissociation of VC at 193
nm is suggested taking these triplet statesinto account.

Propyne

The vibronic spectra of jet-cooled propyne (CH;CCH)
at 64500-85000 cm™* have been observed using 2+1 REMPI
spectroscopy (Figs. 9-12).* The (n, 4-13s), (7, 3-4p) and (.
3d;2) Rydberg states of propyne have been identified (Table
6). The symmetries of the excited vibronic states have been
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determined directly from polarization-ratio experiments ap-
plying linearly and circularly polarized lasers. The vertical
excitation energies of (n, n*), (n, 3-4s), (w, 3-4p) and (.,
3-4d) states, calculated with time-dependent density func-
tional theory (TDDFT) and ab initio methods, have assisted
our assignments for the observed electronic transitions in
REMPI spectra (Table 6). Compared with one-photon ab-
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Fig. 9. Polarization dependence for the 2+1 REMPI
spectra of propyne at 64000-70000 cm™. The
left and right scales indicate linearly (upper
trace) and circularly (lower trace) polarized ex-
citations, respectively.
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Fig. 10. Polarization dependence for the 2+1 REMPI
spectraof propyne at 70000-72000 cm2.
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Fig. 11. Polarization dependence for the 2+1 REMPI
spectraof propyne at 72000-81000 cm.
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sorption spectrum of propyne, the absence of (r, n*), (7, np)
(n 24) and (m, nd) (n > 3, except (w, 3d,2)) Rydberg statesin
the observed REMPI spectra suggests a strong predissoci-
ation character for these states.*®

Inthe study of the Rydberg states of propyne by REMPI
spectroscopy, clear doublet splittings/broadenings have been
observed in the origin bands of the (r, 4-9s) Rydberg series
(Fig. 10-12). The splittings, 306 cm™ at (r, 4s), decrease with
increasing n. The doublet components have very different po-
larizationratios (Figs. 10-12 and Table6). The splittingin the
(m, ns) Rydberg series can be interpreted as follows. If the
propyne molecule is of Cs, structure, the (rt, ns) Rydberg
states should have E symmetry corresponding to the promo-
tion of a m-electron (E symmetry) to the s Rydberg orbital
(A1). However, earlier calculations of the (wt, 3s) (E) state of
propyne showed that its geometry is significantly distorted
with respect to Ca, symmetry.®* The optimized geometry for
this state has one C-H bond length different from the other
two in the methyl group, and isonly of Cs symmetry. There-
fore, the (=, 3s) (E) electronic state splits into two compo-
nents, A” and A”, and the energy splitting between them is
sizable. The splittings/ broadenings caused by the reduced
molecular symmetry from Cs, to Cs have now been observed
in the (<, 4-9s) Rydberg states of propyne.

Moreover, it is noted from the calculation that the large
distortion of geometry in the (n, 3s) Rydberg state of propyne
is, in part, due to the contribution of (n, m*) mixed in the (n,
3s) wavefunction.® In higher Rydberg states, this contribu-
tion will be diminishing and then disappear, which agrees
very well with the gradual decrease of the observed splittings
with increasing n. Although our calculations with density
functional theory show that propyne cation has Cs symmetry,
the barrier to methyl rotation in the cation is very low, only a
few cm™, lower than the zero-point energy of the methyl tor-
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Fig. 12. 2+1 REMPI spectrum of propyne at 81000-
84500 cm™L. The arrow marks the adiabatic | E
(83625 cml) of propyne extrapolated from the
(m, 6-13s) Rydberg series.



714 J. Chin. Chem. Soc., Vol. 49, No. 5, 2002

sion.*® Thus, the propyne cation has an effective Cs, geome-
try. This further explains the observation that the splitting
nearly disappearsfor high (r, ns) Rydberg states, because the
A’ and A" components (Cs symmetry) of the (r, ns) Rydberg
states will merge to the same E level (Cs, symmetry) in the
cationic state. This convergence of the (rt, ns) Rydberg series
of propyne will be discussed morein Sec. 4.2.

Within the Cs point group, the observed doubletsin the
(m, ns) Rydberg statesareof A”and A" symmetrieswhich cor-
relate to the E symmetry in Cs,. For atwo-photon processin
the propyne molecule of Cs symmetry, the polarization-ratios
are Q = 3/2 for A" statesand Q < 3/2 for A’ This is evi-
denced by the peaks at 70897 cm™ and 71203 cm™ (Fig. 10) of
the origin bands of (=, 4s) (A") and (=, 4s) (A"), respectively.
Similar splittings/broadenings due to the A” and A" compo-
nents have also been observed in the (r, 5-9s) Rydberg states
(Figs. 11 and 12). With linear polarization, spectral intensi-
tiesfor the A’ components of the (r, 4-7s) Rydberg states are
much stronger than those of A" (Figs. 10-12). Based on this
observation, we represent the symmetry for the observed, but
unresolved doublets, (rt, 10-13s) Rydberg states of propyne
asA’inCsor EinCg, (Table6).

Allyl radical

In the studies of allyl-hs (CH,CHCH,) and allyl-ds
(CD,CDCDy) radicals, we have produced these radicals by
the flash-pyrolysis of allyl iodide (CH,CHCH.l) and
deuterated allyl bromide (CD,CDCD;Br), respectively. Be-
fore our 2+1 REMPI spectroscopic studies on the Rydberg
states of allyl-hs and allyl-ds radicals,"** only the A%B, B2A,,
EIZBl, and 5232 electronic states with excitation energies less
than 6 eV had been investigated.?** The 2+1 REMPI experi-
ment in our laboratory has been conducted to observe the
high-lying Rydberg states of allyl-hs and allyl-ds radicals at
6.0-8.2 eV. Through spectroscopic analysis, the transitions
corresponding to the excitation of a nonbonding electron to
the ns Rydberg orbitals, denoted by ns < nb, are responsible
for the observed 2+1 REMPI spectra. Totally, we have ob-
served nine (nb, 4-12s) Rydberg states of allyl-hs radical and
seven (nb, 4-10s) states of allyl-ds radical (Figs. 13-15 and
Table 7).

Depicted in Figs. 13b and 13d are the theoretical spec-
tra (only including FCFs) of allyl-hs and allyl-ds radicals, re-
spectively, for the vibronic transitions from the electronic
ground to an “ionlike” Rydberg state.***° The geometries and
normal-mode frequencies obtained at the (U)MP2/6-311++
G(d, p) level using the Gaussian 94 package® were employed
for calculating FCFs. The calculated FCFs are quite similar
for both allyl-hs and allyl-ds radicals, except that the Cs-
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stretching (ve) is more active in alyl-hs while the CH,-rock-
ing (vs) ismorevisiblein allyl-ds. The ZCCC-bending (v7) is
the most active vibrational mode among others, because of
the relatively pronounced change in the ZCCC coordinate
from 124.3° in ally radical to 117.4° in allyl cation. The cal-
culated spectral intensities along the prominent bending (v7)
progression have shown atypical exponential-decay charac-
ter (Figs. 13b and 13d), representing that the displacement in
the ZCCC coordinate between the ground and “ionlike”
Rydberg statesis not that large.

Figs. 13a and 13b show a comparison between the ob-
served (nb, 4s) spectrum and the calculated FCFs of allyl-hs,
where peaks at 54137 cm™ (7;) and 54563 cm™* (72) are the
~ZCCC-bending vibrational progression. Peaks at 54742 cm™
(6;) and 55175 cm™ (6;75) are Cs stretching (1034 cm™) and
stretching-bending combination (1467 cm™®) modes, respec-
tively. The 53288 cm™ peak, 420 cm™ red shift to the 4s band
origin, is due to a hot-band transition from the ground v
state. For allyl-ds, Figs. 13c and 13d show the calculated
FCFs and the observed (nb, 4s) spectrum. Good agreement in
peak positions for the O, 7, 72, 73, 5, and 5,7, bands be-
tween calculation and experiment is clearly seen.

The calculated spectral intensities for the Of and 7;
bands of allyl-hs, however, are reverse to the observed ones
(Figs. 13aand 13b). Thesituation issimilar to that in allyl-ds
(Figs. 13c and 13d). One of the possible explanations as to
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Fig. 13. (a) The2+ 1 REMPI spectrum of allyl-h5 radi-
cal at 52500-55500 cm'2. (b) The calculated
Franck-Condon factors for the vibronic transi-
tions of allyl-hs radical from the electronic
groundto an “ionlike” Rydberg state. (c) The 2
+ 1 REMPI spectrum of allyl-ds radical. (d)
The calculated Franck-Condon factors of
alyl-ds radical.
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Table 7. Vibronic Band Positions and Spectral Assignment for Allyl Radicals Studied by 2 + 1 REMPI Spectroscopy?®
REMPI® Absorption®
Allyl-hg Allyl-ds Allyl-hg Allyl-ds
Vi pronlc Bgnd Vibrationa Bgnd Vi bratlonegl Isot_opel c TPE | OPE TPE | OPE
assignment position frequency® position frequency shift
Ground 0 0 0
Ground 7} 427 427 345' 345
Ground 72 856' 856
(nb, 390 40057 40096 +39
(nb, 397} 40450 393 40415 319
(nb, 39)72 40734 638
48970/ 24485 s 49490/ 24745 s
49210/ 24605w 49924/ 24962 w
49688/24844m 51136/ 25568 m
50786/25393m 51452/ 25726 m
50980/25490 m 51800/ 25900 w
51452/ 25726 m 53036/ 26518 w
(nb, 3d) 52114
52826 / 26413 w
(nb, 49)7; 53288 -420 53312 -349 53290/ 26645 m
53418/ 26709 m
53454 53459
(nb, 45)03 53708 53661 -47 53704/ 26852 w
53748/ 26874 w
53898 53812
(nb, 497} 54137 429 54017 356
54214/ 27107 w
(nb, 497 54563 855 54379 718
(nb, 45)6, 54742 1034 54509 848
54570/ 27285 w
(nb, 495} 54708 1047
(nb, 4973 54736 1075
(nb, 49)6; 7 55175 1467 54862 1201
54930/ 27465 w
(nb, 49)55 7} 55054 1393
(nb, 55)03 58979 58926 -53
(nb, 597 59415 436 59283 357
(nb, 69)7°? 60940 -344
(nb, 6s)03 61337 61284 -53
(nb, 697 61776 439 61647 363
(nb, 69)7; 62215 878 62003 719
(nb, 79)0; 62620 62567 -53
62622
(nb, 7975 63069 449 62926 359
(nb, 79)72 63292 725
(nb, 89)0; 63398 63340 -58
(nb, 897} 63844 446 63702 362
(nb, 95)0; 63914 63840 -74
(nb, 10s)0; 64266 64203 -63
64300
(nb, 115)08 64511
(nb, 125)05 64696

3Unit: cm. P Refs. 49 and 50. © Ref. 84. TPE: two-photon energy. OPE: one-photon energy. ¢ Relative to the origin band.
®The value of allyl-ds with respect to that of allyl-hs. ' Refs. 90-100.
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why the (nb, 4s) 0§ of allyl-hs (at 53708 cm™) is weaker than
the (nb, 4s) 7, isthat the first laser photon in the 2+1 REMPI
process is accidentally resonant with one of the predissoci-
ative vibrational levelsin the ,ZzBl state of allyl-hs at 26852
cm™ (two-photon energy of 53704 cm™, Table 7) observed by
Currie and Ramsay.* Because of the predissociative 428,
state, the 2+1 REMPI intensity for the (nb, 4s) 0) band of
allyl-hs would otherwise be stronger than it is observed. The
reverse intensity as due to accidental resonance, however, is
ruled out by the same two-photon transitions of the (nb, 4s) (f
and 7; bands in allyl-ds. While there is no accidental reso-
nance in allyl-ds (Table 7), the observed intensities for the
(nb, 4s) (f and 7, bands of allyl-ds are still reverse to the cal-
culation (Figs. 13c and 13d).

Therefore, the weaker band intensity of (nb, 4s) 08
compared with that of (nb, 4s) 7;, indicatesthat the actual dis-
placement along the £CCC coordinate between the ground
and the (nb, 4s) Rydberg state is larger than the cal culated.
The deviation could be due to considerable difference in the
structures between the actual (nb, 4s) Rydberg state and the
assumed allyl cation used in the cal cul ation. Besides, the (nb,
4s) Rydberg state is likely perturbed. The term value of the
(nb, 4s) Q) state deviates severely from the Rydberg formula
for the (nb, ns) Rydberg seriesof allyl radical, and will bedis-
cussed in the subsequent section.

Also in Fig. 13c, the relatively stronger peak at 54509
cm'* (848 cm™ relative to the (nb, 4s) f) and the rather weak
one at 54862 cm™ (1201 cm™) could be assigned as the (nb,
4s) 6, and 6,7; bands, respectively, based on the excellent fre-
quency coincidencewith the calculated vs = 846 cm™ and v, =
355 cm* in allyl-ds Rydberg state (Table 1 of Ref. 49). Ac-
cording to the calculated FCFs of allyl-ds (Fig. 13d), both 6;
and 6,7; bands, however, are too weak to appear in spectrum.
Thisintensity discrepancy between observation and calcula-
tion might again originate from the fact that the geometry of
the (nb, 4s) Rydberg state differs considerably from that of
allyl cation used in the FCF calculation. Alternatively, if the
(nb, 4s) Rydberg state was subject to perturbation, as will be
discussed in Sec. 4.2, these weak signals could as well stem
from the interaction with some nearby unidentified dark
states.

Unlike the (nb, 4s) state where the 0f band and several
vibrational modes have been observed (Fig. 13), higher-lying
(nb, ns) (n > 5) Rydberg states usually show up with the 0
band alone, or are accompanied at most by the active 7, and 72
vibrations (Figs. 14 and 15). Thevibrational frequency of the
ZCCC-bending (v7) mode increases, roughly with a
monotonic manner (Table 7), from 427 cm™ in the ground
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state®™ % to ~446 cm™ in the (nb, 8s) Rydberg state, except
the much lower 393 cm™ in the (nb, 3s) (5 ’4,) state, where a
strong interaction among the B24,, C2B, and DB, states was
reported.®** Partly due to the decreasing signal-to-noise ra-
tio, the shoulders on the Of bands of (nb, 8s) and (nb, 10s)
(Fig. 15) were not assigned.

For the (nb, 5s) state of allyl-ds, only 0} and 7, bands
were observed (Fig. 14b). Fig. 15 shows a the (nb, 6-10s)
Rydberg series of the allyl-ds radical. While the shoulder on
the (nb, 7s) 0f band is still without assignment, prominent
bending (v7) progressionsin the (nb, 6-8s) states are easily
recognized. The vibrational frequency of the most active v»
mode also increases from 345 cm™ in the ground state®>*® to
~360 cm™ in the higher-lying (nb, ns) Rydberg states (Table
7), again, except thelow 319 cm™ at (nb, 3s).

The spectral intensities along the bending (v7) progres-

120l (@) (nb, 5s) Oﬁ’ 7
0 0

% Allyl-h
40;5/“/\AAP//\AM,
0
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b ) 1
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0

58500 58750 59000 59250 59500 59750
-1
cm

lon Yield (Arb. Units)

Fig. 14. Theobserved (nb, 5s) 0 and 7; bandsinthe 2 +
1 REMPI spectraof (a) allyl-hs and (b) allyl-ds
radicals at 58500-59750 cm.
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Fig. 15. The observed 2 + 1 REMPI spectra of allyl-hs
and allyl-ds radicals at 61000-65750 cm'™.
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sions in the (nb, 6-8s) Rydberg states of allyl-hs and allyl-ds
(Fig. 15) have shown a similar exponential-decay character
with the predicted (Fig. 13b and 13d). The structures of the
(nb, 6-8s) Rydberg states are accordingly little displaced
from the ground equilibrium geometry in the ZCCC coordi-
nate. Although the signal-to-noise ratios for the (nb, ns) (n >
8) transitions become smaller and the bending (v;) progres-
sion isno longer visible (Fig. 15), the strongest origin bands
in the observed (nb, 9-12s) Rydberg states agree very well
with the calculation. The consistence in the spectral patterns
between theory and experiment, especially for the high-lying
(nb, ns) (n > 6) Rydberg states, also justifies the assumption
used in our FCF calculation that the structures and vibrations
of high-lying Rydberg states are similar to those of allyl cat-
ion.

4.2. Ionization Energy

Taking the Rydberg series observed in REMPI spectra,
we have fitted the origin bands (0Y) of the Rydberg states to
Rydberg formula

R
(n - 8)°

where v is the transition frequency in cm™, IE isthe first ion-
ization energy, R isthe Rydberg constant, » isaprincipal quan-
tum number, and § is the corresponding quantum defect. The
IE and & values of the molecule of interest can be obtained
from the fitting. The resulting & value can further assist in la-
beling the Rydberg series (e.g., s, p, d, f etc.). For hydrocar-
bon-related molecules, the typical values for quantum defects
are §~1forsorbitals, ~0.5forp, §<0.3ford,and §< 0.1 forf.

v=IE

@)

Vinyl chloride

Asdiscussed in Sec. 4.1, we have observed four series
of excited vibronic states of vinyl chloride (VC) at
63000-80500 cm™ by 2+1 REMPI spectroscopy (Table
3).%546 Without rotationally resolved band-origins in our ob-
served vibronic spectra, thetransition frequency at half width
at half maximum (HWHM) of the spectral line-profile for
each 0) band has been taken as the term value of the corre-
sponding Rydberg state. The observed Rydberg states are fit-
ted to the Rydberg formula [Eq.(2)], in which R =
109736.3588 cm™* is the Rydberg constant taking the mass of
VC into account and the other terms are previously defined.
All of thefour series, (wt, ns), (1, nps), (7, npx) and (w1, nf) (n =
3-20), converge to the same | E limit, 80722 + 16 cm’?, corre-
sponding to the ground state of VC cation. Due to the proba-
ble penetration to the molecular core, low-lying Rydberg
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states usually cause sizeable deviation from the Rydberg for-
mula and should be excluded from the fitting in order to get
an accurate |E.?**4%48 Accordingly, |IE = 80720 £ 6 cm™ is
extrapolated from the higher-lying states of the (r, ns), (=,
nps), (w0, np,) and (=, nf) (n = 6-20) Rydberg series. The |IE =
80720 + 6 cm™ agrees very well with the |E values deter-
mined from other methods. %%

The assigned four Rydberg series of VC as due to the
transitions of ns, npe, npr, and nf < m are justified by their &
values. In Table 3, the quantum defects of 0.983 + 0.003,
0.507 £ 0.001 and 0.055 + 0.007 resulting from the fittings
are in good agreement with the generally accepted 6 values
for molecular s, p, and f Rydberg series. The 6 = 0.915 +
0.007 value of the in-plane (&, nps) Rydberg seriesis more
pronounced than & = 0.507 + 0.001 of the out-of-plane (r,
npr). The 8 = 0.915 + 0.007 of (&, nps) in VCisalso slightly
larger than those for the (7. 3py) (8 = 0.76) and (r, 3p,) (8 =
0.72) Rydberg states of ethylene (C2H4).** (By definition, the
molecular plane of C,H3Cl or C;H, isdesignated asyz-plane.
Thenpy thus correspondsto an np; orbital, and the npy and np,
correlate with nps orbitals.) Unfortunately, the (n, npy) and
(m, np;) (n > 3) Rydberg states of ethylene and other
chloroethylenes have not been reported to date for compari-
son. Compared with ethylene, the presence of the Cl atom in
VC is responsible for the larger & value in the (7. npe)
Rydberg series. A bigger atom in the molecular core will
cause more steric hindrance to Rydberg electrons when they
travel nearby the molecular core, hence rendering larger de-
viation (i.e., pronounced &) from a hydrogen-atom model.
Therefore, the Cl atom, athird-row element of VC, isrespon-
sible for the larger quantum defect rather than the C (sec-
ond-row) and H (first-row) atoms. It is difficult, however, to
distinguish the contribution of (r, npy) fromthat of (n, np,) in
the present study. Consequently, this series is denoted as the
(m, nps) of VCin this study.

Propyne

We have fitted the observed (r, ns) Rydberg series of
propyne (Table 6) to the Rydberg formula[Eq. (2)], where R
= 109735.8235 cm™ is the Rydberg constant taking the mass
of propyne into account. The fitting of (x, 6-13s) (A’)
Rydberg series of propyne to the Rydberg formularenders |E
= 83625 + 2 cm™ (10.3682 + 0.0002 V) and & = 0.95. This
adiabatic |E of propyne, 10.3682 + 0.0002 eV, determined
from our REMPI dataisin excellent agreement with the most
recent experimental value of 10.369 + 0.007 eV.%? We have
also found that the (n, 6-9s) (A") seriesconvergesto alimit at
83613+ 9cm™, whichisslightly lower than 83625 + 2 cm™ of
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the (m, ns) (A”) series and will be discussed later. It is noted
that the & values for all A’ components in the (n, 4-9s)
Rydberg seriesare slightly smaller than those for the A" com-
ponents. In Table 6, we have calculated the 8 valuefor the ori-
gin band of each observed Rydberg state using the Rydberg
formula[Eq. (2)] and |IE = 83625 cm™. It isrewarding to see §
~0.3 for (m, 3d), 8 ~0.5 for (n, 3p) and & ~1.0 for the (=, ns)
Rydberg states of propyne, which justify the assignment for
the observed Rydberg series.

The assignment for the observed (=, ns) Rydberg series
of propyne (Table6), rather than (n, np), (n, nd) or (=, #f), can
be further confirmed by the following examinations. The av-
erage quantum defects & = 0.97 and 1.04, respectively for the
assigned (n, ns) (A”") and (n, ns) (A") series (Table 6), are typ-
ical for s Rydberg orbitals. Should the Rydberg series of (r,
ns) (A’) be attributed to (w, (n-1)p/d/f) or (r, (n+1)p/d/f), the
fitted 8 =-0.03 or 1.97 would be quite unacceptablein ausual
sense. For (, ns) (A"), asmall §=0.04 would befound, if the
series of (m, ns) were assigned to (w, (n-1)f); (n, (n-1)d) is
ruled out dueto & ~0.3for the (, nd) statesinthismoleculeas
shown earlier. The assignment for (n, (n-1)f), however, isnot
allowed, becausethe (r, 4s) (A") state would then be replaced
by a nonexistent (m, 3f).

It isinteresting to ask whether the (r, ns) (A”) and (n,
ns) (A") Rydberg series converge to the same IE. As dis-
cussed earlier, if the propyne cation is of Cs symmetry, the (n,
ns) (A’) and (=, ns) (A") series would converge to different
ionization limits which should appear in the ZEKE spectrum
of propyne. Conversely, the two series converge to the same
|E corresponding to the ?Ei, spin-orbit state of the Ca,
propyne cation.'®® The ZEKE spectrum of propyne observed
by Matsui et al. indicates that only the origin band, a transi-
tion from the neutral ground state to the ionic ground state,
shows up which led them to conclude that the structure of the
cation is very similar to that of the neutral .»® The doublet in
the ZEKE spectrum can be well fitted by assuming a spin-
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orbit constant of 30 cm™ for the cation and an identical struc-
ture (Csy) for both the cation and the neutral. In this study, we
found that the (mt, 6-9s) (A") series convergesto alimit at
83613+ 9cm?, whichisslightly lower than 83625 + 2 cm™ of
the (n, 6-13s) (A’) series. However, both valueslie within the
bandwidth of the lower spin-orbit doublet component of the
propyne cation observed in the ZEKE spectrum of
propyne.’® Consequently, we conclude that the two series
convergeto the same | E.

Allyl radical

The observed 0} bands of the (nb, 4-12s) Rydberg series
for allyl-hs and (nb, 4-10s) for allyl-ds, are listed in Table 7.
As before, the term values of the observed (nb, ns) Rydberg
states have been fitted to the Rydberg formula of Eq. (2) with
Ry = 109735.8601 cm™ and Rp = 109736.0095 cm™ being the
Rydberg constants for allyl-hs and allyl-ds, respectively.
Listed in Table 8 are several fittings, with various combina-
tions of the (nb, ns) Rydberg states, to the Rydberg formula
for theallyl radical. In al of thefittings, the quantum defects
(8=0.92) arecloseto atypical value (~1.0) for the s Rydberg
orbitals of ahydrocarbon molecule.

Allyl-hs

Neglecting the (nb, 3s) and (nb, 4s) states of allyl-hsin
the fitting, the extrapolated | E values from various sets of
(nb, ns) (n > 5) states are well converged to the range of
65590-65598 cm™ (Table 8). It is noteworthy that the inclu-
sion of (nb, 4s) state always causes very large error-bars in
the extrapolated |E values. If only the (nb, 4s) stateis ex-
cluded, 1E = 65595 + 2 cm™ results from the fitting where
even the lowest (nb, 3s) stateisincluded. These outcomesin-
dicate that the (nb, 4s) state deviates severely from the
Rydberg formulaand islikely perturbed.

In addition to the measurement uncertainty in the experi-
mental transition frequency (estimated +5 cm™), the extrapo-

Table 8. lonization-energy and Quantum-defect Fittings of the (nb, ns) Rydberg Series of Allyl Radical to the Rydberg Formula

Allyl-hg Allyl-ds
Quantum number  lonization energy Quantum defect Quantum number lonization energy Quantum defect
n IE (cm™) 5 n IE (cm™) 5

3-12 65576 + 32 0.929 + 0.004 3-10 65505 + 45 0.924 + 0.005
4-12 65622 + 16 0.960 + 0.006 4-10 65572 + 23 0.960 £ 0.007

3,512 65595 1 2 0.927 £ 0.001 3,5-10 65533 1 3 0.923+0.001
5-12 65595 1 2 0.927 £ 0.001 5-10 65533 5 0.923+0.003
6-12 65593 1 2 0.923 + 0.003 6-10 65526 5 0.913 £ 0.005
7-12 65594 + 3 0.926 + 0.005 7-10 65524 1+ 9 0.911 £0.014
8-12 65594 + 4 0.926 + 0.012
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lated | E of allyl-hs locates at 65590-65598 cm* for variousfit-
tings with (nb, ns) (n > 5) Rydberg states (Table 8). For the
sake of caution, we adjusted the error limit of the extrapolated
|E value upwards to include all of these uncertainties. As a
consequence, |E = 65594 + 9 cm™ for allyl-hs radical is ob-
tained from the REMPI data. Without rotationally resolved
band-origins, the term values for the (nb, ns) Rydberg states,
again, weretaken from the transition frequenciesat HWHM of
the (nb, ns) O} band-profiles. Judging from the rotationally re-
solved infrared spectra of v; and vis bands,*"*®® and the par-
tially rotation-resolved 1+1 MPI vibronic spectraof alyl radi-
cal,® an energy difference between the band-origin and the
point at HWHM of band-profile is estimated < 7 cm™, which
should be well covered in the quoted error limit (+ 9 cm™).

The |E = 65594 + 9 cm™ (8.133 + 0.001 eV) obtained
from our experiment agrees with those values determined
previously from other methods, such as photoelectron spec-
troscopy (8.13+ 0.02 eV'® or 8.15+ 0.02 eV and electron
impact measurement (8.18 + 0.07 eV).™ In particular, the
currently obtained |1E = 8.133 £ 0.001 eV isvery close to the
|E = 8.13+ 0.02 eV determined by Houle and Beauchamp.'®
Despite arelatively low resolution, the spectral pattern of v7
vibrational progression in the one-photon absorption photo-
electron spectra observed by Houle and Beauchamp,'® with
~420 cm'* spacings and an exponential-decay intensity ratio
along the progression, isin excellent agreement with our cal-
culated FCF of alyl-hs radical (Fig. 13b).

Recently, an|E value of 65762 + 5 cmforal lyl-hs radi-
cal has been obtained by Gilbert et al. from a1+1’ ZEKE ex-
periment,*2 where the vibrational levels of the B°4, or C?B,
excited electronic state were taken as intermediates in the
1+1” double-resonance processes. The |E = 65762 + 5 cm™,
however, is 168 cm™ blue-shifted to the |IE = 65594 + 9 cm*
determined from our REMPI data. According to ab initio cal-
culation,” the allyl-hs cation isabent structurewith ~CCC =
117.4°. The most soft vibrational mode in allyl-hs cationis a
CH, symmetric-twisting with vi2 ~260 cm™.4%*? The differ-
enceof 168 cm™ inthelE between REMPI and ZEKE cannot
match with any vibrational mode of allyl-hs cation. Further
investigation into the difference between these IE valuesis
called for in the future.

Allyl-ds

For allyl-ds, the fittings to the Rydberg formula with
various (nb, ns) Rydberg states are also tabulated in Table 8.
Similar to allyl-hs, the inclusion of the (nb, 4s) Rydberg state
of alyl-ds causes large error-barsin the |IE . Asdiscussed in
the preceding section for allyl-hs, neglecting the (nb, 3s) and
(nb, 4s) statesin the fitting and taking all of the uncertainties
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into account, |E = 65527 + 16 cm™ (8.124 + 0.002 eV) is ob-
tained for allyl-ds radical.

In our REMPI study, we found that the observed (nb,
ns) Rydberg series of allyl radical have a well convergent
trend. The isotopic shiftsin the (nb, 4-10s) 09 bands between
allyl-hs and allyl-ds are quite parallel (Table 7) with an aver-
age 57 + 8 cm™ red-shift by allyl-ds, except the (nb, 3s) (§2Al)
state with a39 cm™ blue-shift. %%

5. CONCLUSIONS

We have observed and calcul ated the valence/Rydberg
states of vinyl chloride, propyne, and allyl radical by 2+1
REMPI spectroscopy and theoretical (ab initio and density
functional) methods. In the study of vinyl chloride, we have
been able to identify the vibronic transitions, essentially line
by line, from itsfirst excited electronic state to the first ion-
ization energy at 45000-85000 cm™*. For propyne, we have
observed clear A” and A" doublet splittings/broadeningsin
the (&, 4-13s) Rydberg series, due to a reduced molecular
symmetry (from Cs, in the ground state to Csin the sRydberg
orbital s) and the contamination of (r, n*) wavefunctioninthe
(m, ns) Rydberg states. For allyl radicals, we have success-
fully observed and spectroscopically analyzed nine (nb,
4-12s) Rydberg states of allyl-hs and seven (nb, 4-10s) states
of allyl-ds for thefirst time.

The ionization energies of vinyl chloride, propyne,
alyl-hs radical and allyl-ds radical have been determined, re-
spectively, 80720 = 6 cm™ (10.0080 + 0.0007 eV), 83625 + 2
cm™ (10.3682 + 0.0002 eV), 65594 + 9 cm™ (8.133 + 0.001
eV) and 65527 + 16 cm™ (8.124 + 0.002 eV) from the extrap-
olations of the observed Rydberg series.
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