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High-resolution (2-1) resonance-enhanced excited-state photoelectron spectroscopy on supersonic jet
expansions of pure &£, and GD4 has been employed to investigate the spectroscopy and dynamics of the
lowest excited 1B3,(r,3s) Rydberg state, as well as th81(r,3p,), 1'Bog(77,3p,), and 2A4(7,3p,) Rydberg
states of ethylene. In combination with ab initio calculations, this approach has fotBhgr13s) Rydberg

state confirmed the majority of previous assignments in the two-photon excitation spectrum but, at the same
time, has demonstrated that the hypothesis of a vibronic coupling between this state and theellahn
distorted 1B,4(71*,3s) state should be discarded. The resonances on which this hypothesis was based are in
the present study shown to arise from excitation ofitife,) vibrational mode. For the 3p Rydberg manifold,
the present study has for the first time been able to determine unambiguously@hea@sitions to all three
(,3p) Rydberg states and to disentangle the vibrational development of the practically degenerate
1'B,4(77,3p) and IB,¢(r,3p,) Rydberg states. Upon the basis of these assignments, it has been shown that
the 2A4(77,3p) Rydberg state is significantly more twisted around the central CC double bond upon excitation
from the ground state than the other twn3p) Rydberg states. Although a priori argued to be difficult to
detect, the present study does not give evidence for previous suggestions in the literature on the coupling of
the By (7r,7*) valence and the *B;y(77,3s) or the 1B,4(,3p) Rydberg states. However, the photoelectron
spectra obtained for ionization via the lower Rydberg manifold of bgth,@nd GD,4 show unambiguously
the absence of extensive coupling between the lower excited Rydberg states.

I. Introduction spectroscopy. This spectroscopic technique is very powerful

Molecular systems containing rodlike organic building blocks when nonadiaba;ic interl%ctions betW_e?F‘ electrqnically excited
functionalized by specific substituents at one or both of the States are consideréti.!® The possibility to disperse the
termini positions constitute one of the primary areas of interest Photoelectrons produced in the resonance enhanced multiphoton
in the field of organic chemistry dedicated to the development ionization (REMPI) process according to their kinetic energies
of functionalized materials. The advantage of these organic €nables the characterization of the intermediate state from which
materials is the possibility to fine-tune the chemical structure, ionization occurs, e.g., is it a “pure” vibronic state or is it
and thus the desired property, by way of synthesis, making themecoupled to one or more other vibronically excited stafé§A
highly suitable candidates within application areas such as second aspect relevant for the present study is that excited-state
photonics and molecular electronics. One such a class of photoelectron spectroscopy in principle should be able to unravel
materials with significant potential is built upon oligo(cyclo- ~qualitatively, and in some cases quantitatively, the electronic
hexilydenes} 3 Recent excited-state photoelectron spectro- character of the intermediate state from which ionization occurs,
scopic studieson their structural unit, 1!4bicyclohexylidene, e.g., Rydberg versus valence charaéter.
have strongly suggested that its peculiar spectroscopic proper- The coupling of electronically excited states of ethylene has
ties*® ultimately find their origin in vibronic coupling interac-  peen the subject of several theoretical investigafioigé-20
tions between the Rydberg manifold and the underlying continua discussing the interaction between the Rydberg manifold and
of the valence state(s) of ethylefie? the ¢z,7*) valence state. In this respect, especially the electronic

The spectroscopy of the lower excited states of ethylene, in properties of the 1B1,(rr,7*) valence state have been the focus
particular in relation to vibronic coupling, has in the past been 5 large number of theoretical studies employing a wide range
the subject of many experimental and theoretical studies. Despiteqf g1 initio technique&; 1218-32 Because thex(7*) valence state
the vast amount of knowledge that has been acquired by now, 5 (r,3d,) Rydberg state have the same nodal structure,
we found in our efforts to elucidate the spectroscopic properties \; 1liken’ érgued that the unperturbed,¢*) and (7,3d,) wave
of excited states in I bicyclohexylidene in particular, and  f,,¢tions cannot coexist for ethylene. Instead, s dvalence
alkylgted mono-olefins mgeneral, that some ra?her fundamental state of ethylene consists of a linear combination of the()
guestions on the composition of the wave functions of the lower and the £,3d,) wave functions, and the nexBy, state is the

excited Rydberg states were still unanswered. We have therefore(n 4d;) Rydberg state. Buenker and PeyerimBaisld another

reinvestigated these states with excited-state photoelectronview: according to them, the unperturbee ) and (r,3ds)

* To whom correspondence should be addressed. E-mail: wybren@ Wave functions coexist separately, but they are subject to
fys.chem.uva.nl. Fax: (31)-2625 6456/6422. extensive configuration mixing in the planar conformation,
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which diminishes, however, upon twisting around the=C
bond. This mixing of character resulting in a more diffuse

Rijkenberg and Buma

Finally, the results will be considered in the light of Rydberg
valence and RydbergRydberg coupling.

valence state has been the subject of several computational

studies concentrating on the out-of-plane spatial exteriskin
of the valence state in the planar conformati®fl2532 The
most recent results report a value for tH84, valence state of
16.5-17.0a?.32 The values of about 9g&for the 2B1,(7r,3p))
Rydberg state and 11 .dor the ground-state calculated in this
study indicate that thelB,, state of ethylene has a strong
valence character and, thus, that Rydberglence mixing is
limited.

Apart from the interaction between the,f*) state and the

[l. Experimental Details

The laser system and the magnetic bottle spectrometer
used in the present study to perform the REMPES experi-
ments have been reported in detail elsewAeté.Briefly,
excitation is done with a XeCl excimer laser (Lambda Physik
EMG103MSC) working at a repetition rate of 30 Hz, which
pumps a dye laser (Lumonics HyperDye-300) operating on RDC
360 Neu, PTP, DCM, Rhodamine B, or Rhodamine 6G. The
output of this dye laser is frequency-doubled by an angle-tuned

(7r,3d,) Rydberg state, other nonadiabatic coupling schemes haveBBO or KDP crystal in an Inrad Autotracker Il unit. The
been suggested as well to explain the features and characteristiceesulting excitation light has a spectral bandwidth of about 0.15

of the 6-8 eV absorption spectrum of ethylene. The absorption
spectrum in this spectral range is traditionally attributed to
vibronic transitions from the electronic ground state to the
1'By(r,*) valence state, with at the high-energy end super-
imposed sharp vibronic structure resulting from transitions to
the 1Bay(7r,3s) Rydberg stat&?0:3340 A theoretical study of
Siebrand et al® suggested that the diffuse absorption bands of
the By (m,7*) — 1'Ag spectrum in this region should be
assigned to three kinds ef torsional progressions: (i) a “cold”
4, (i) a “hot” 4}, and (iii) a vibronically induced j#;
progression. A tentative proposal was made for the inducing
mode of the latter progression as the nontotally symmetric
CH, wagging mode of f symmetry*! This mode would allow
coupling between the By (,7*) valence state and the
11Bg(7,3s) Rydberg state.

Petrongolo et al1*2 proposed that nonadiabatic coupling
between the By (7r,7*) valence and theB,4(7,3p,) Rydberg
state is important to understand the spectroscopic properties o
ethylene. Upon twisting of the CC double bond, both states will
have the same symmetry and be mixed, ultimately leading to
an avoided crossing. Ryu et &l.employed this coupling to

f

cm! and a pulse duration of about 15 ns. Typical maximum
output after frequency-doubling is about2 mJ per pulse. The
excitation beam is steered into the magnetic bottle spectrometer
and focused into the ionization region by a quartz lens with a
focal length of 25 mm. The spectrometer consists of a “2
analyzer”, based upon the original design by Kruit and Réad,
which is equipped with a pulsed molecular beam. The laser pulse
and molecular beam are synchronized by a home-built delay/
pulse generator.

In the present experiments, the magnetic bottle spectrometer
is employed exclusively in the electron detection mode. The
50% collection efficiency in this mode is achieved by a strongly
diverging magnetic field in the ionization region that makes
the trajectories of the produced photoelectrons parallel. The
kinetic energies of these electrons are subsequently analyzed
by means of a time-of-flight technique. After detection by a
pair of microchannel plates, the signal is stored in a 500 MHz
digital oscilloscope (Tektronix TDS540), which is read out by
a computer. Typically, 99150 time-of-flight spectra were
averaged at each interval in an excitation and photoelectron scan.

The pulsed supersonic expansion is generated by a General
Valve lota One system. Expansion occurs into a chamber that

explain the apparent inconsistency between the assignment ofs numped by an Edwards Diffstak 2000 oil diffusion pump

the electronic spectrum in the-8.5 eV energy region in terms
of an 1By (r,7*) and 1!B3(7,3s) excitation and the oscillator

backed by an Edwards E2M40 rotary forepump. The expansion
chamber is connected to the ionization chamber through a

strengths calculated for these transitions. They come to theskimmer (Beam Dynamics) with a diameter of 0.5 mm. The

conclusion that the absorption spectrum in this energy region
can be explained in terms of excitation of the coupled
1'B,(7r,r%) and 1'Big(7,3p,) surfaces.

In the present work, we report the results of a two-photon
excited-state photoelectron spectroscopic study of the
1'B3y(7,3s), EB1g(,3p), 1'Bag(7,3p,), and 2A4(7,3p,) Ryd-
berg states within the78.5 eV spectral range of both jet-cooled
C,H4 and GD4. The photoelectron spectra obtained here will
be shown to confirm to a large extent previous assignniériés,
but with respect to then(3p) Rydberg manifold, new assign-
ments will be presented. Among else, it will be shown that the
measured photoelectron spectra allow for the first time unam-
biguous assignments of the-0 two-photon transitions to all
three (r,3p) Rydberg states, providing a strikingly good
agreement between the characteristics of th8p) Rydberg

orifice of the molecular beam can be variably set to a distance
of 0—4.5 cm above the skimmer. In the present study, the
expanded jet flow was collimated by the skimmer located
typically 3.0 cm downstream of the valve orifice. The ionization
region, located 20 cm below the skimmer, is evacuated by a
Balzers TPH 170 turbomolecular pump backed by a Leybold
Trivac D16B rotary forepump. The flight tube is pumped by a
Leybold Turbovac 450 turbomolecular pump backed by a
Leybold Trivac D25B rotary forepump.

Pulsed jet expansions have been created by expanding about
2 bar pure GH; (Hoek Loos, ethylene;n3.0) and GD4
(Aldrich, ethylened; 99%) through a nozzle with a diameter
of 500 um into the expansion chamber. The pulse duration of
typically 200 us at a repetition rate of 30 Hz resulted in a
pressure of about ¥ 1074 mbar in the expansion chamber as

states as determined in the present study and in a previous agneasured with a Penning gauge (Edwards CP25-K). The

initio study?* With regard to the B3, (,3s) Rydberg state, the

pressure in the flight tube is not measurably dependent on the

photoelectron spectra enable us to conclude that a previousiN'et of gas via the molecular beam system and is about 1

hypothesis that part of the two-photodBky(7,3s) — 1A
spectrum is vibronically induced via thes(by,) vibrational
mode, coupling the B3 (r,3s) Rydberg state and the Jahn
Teller distorted 1B,¢(7*,3s) state!®is not correct. Instead, these

1077 mbar as measured by a high vacuum ionization gauge
(Leybold 1E20).

IIl. Results and Discussion

photoelectron spectra demonstrate that the pertaining features Figure 1 shows the two-photon resonance enhanced excitation

can be readily associated with thga;) CH, scissors mode.

spectra of jet-cooled ££1, and GD,4 recorded over the spectral
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TABLE 1: Geometrical Parameters (Angstroms and
Degrees) of the Equilibrium Geometry for the S(1%Ag)
Ground State of Neutral C;H,4 and the Dy(12Bs,) Ground
State of the Radical Cation Calculated at the (U)B3LYP/
6-311G* Levek

CcD

274

o e

PN

T T T T 1
62000 64000 66000 68000 70000

Do(1%Bay)
1
S('Ag) planar twisted
56000 58000 60000 62000 64000 66000 68000 70000 parameter experimental calculated structure structure
r(C—C) 1.3391 13288 14184  1.3951
r(C—H) 1.0868 1.0859 1.0872 1.0903
O(H-C—H) 117.44 116.32 11829  117.52
0(C=C—H) 121.28 121.84 120.85 121.24
7(H—C=C—H) 0 0 0 26.74

C,H,
aFor Dy, both the planar structure &f., symmetry (2Bs,) as well
m as the twisted structure d, symmetry (2B3) has been optimized.
- k b Experimental values from ref 46.

T
58000

56600 60600
with a torsional angle of about 25n the ground ionic state
Do.*” This twisting around the CC bond has been explained by
taking into account that the gQl?Bs,) state is vibronically
coupled to the first excited ionic state@?Bsg) via theva(a,)
vibrational mode. As a result, the potential energy surface of
Dy exhibits a pronounced anharmonicity with respect to this
mode. On the basis of poorly resolved He(l) photoelectron
ranges of 57 00859 500 and 62 00069 500 cm®. The spectra, Kppel et al*” were proven right by subsequent well-
electronically excited states investigated in this spectral region resolved molecular beam He(l) photoelectron studi#son

are the lowest excited Rydberg states, i.e., th8g) and £,3p) C:,H4 and GD4 in which a dihedral angle of 27+ 2° was
states. Because of the lack of enough laser power in the regionreported.

between 59 500 and 62 000 chthis spectral region has been Our ab initio calculations of the geometry of the ground state
omitted in the present study. In comparison with the spectrum of the radical cation unddb,, and D, constraints lead to the

of jet-cooled GH4 seeded in heliurf) the present use of pure  geometrical parameters reported in Table 1. The calculations
jet expansions does not seem to influence the line widths of reveal that the equilibrium structure obid,™ has a dihedral
the spectral features of,8,. This is not the case for Dy, angle of about 27 which agrees very well with the previously
where less well-resolved spectral features are obtained than forreported experimental valués8 1t is also in good agreement
the helium-seeded expansions. As has been suggested previwith a Cl calculatiorf® in which a dihedral angle of 25was
ously£9 this may be indicative of an enhanced predissociation calculated. The calculated energy difference between the planar
in the excited states of £4 as compared to its deuterated and twisted structure is about 235 thonce again in excellent
isotopomer. agreement with previously obtained values of 27A50 and

The nature of the features in Figure 1 has been investigated234 cn11.4847 This relatively low barrier for twisting around
by recording photoelectron spectra at each of the resonancesthe CC bond implies that thiynamicsymmetry of the molecule
These photoelectron spectra provide information on the internal remainsDay, although twisting lowers thetatic symmetry to
energy of the radical cation formed in the resonant enhancedD..
ionization process and, ultimately, about the (ro)vibronic nature  The harmonic force field calculated for the ground state of
of the excited-state level that is ionized. To be able to retrieve the radical cation at the twisted geometry gives rise to the
this information, it is essential to have detailed knowledge of vibrational frequencies reported in Table 2. To “calibrate” these
the geometric and vibrational properties of the lowest ionic state. calculations, we have also calculated the harmonic force field
In the following, we will therefore first discuss the results of of the neutral ground state. The results of these calculations
ab initio calculations that have been performed (section A), after are given in Table 2 as well. It will turn out that the analysis of
which the results of these calculations will be used to assign the 3s excitation region requires a good description of the ionic
the various resonances in the excitation spectra #fs@nd v andvs coordinates. In the past there has been some discussion
C.D4 of the 3s Rydberg state (section B) and the 3p Rydberg on a possible reversal of these coordinates upon ionization. This
states (section C). The results obtained from these analyzes willproposal was put forward on the basis of the observed line
be discussed from the point of view of vibronic coupling in intensities in the He(l) photoelectron spectra oHg™ and
section D. C.D4*, and the notion that the FranelCondon overlap fop;

A. Ab Initio Calculations. Ab initio calculations have been  should be significantly larger than feog.52 These assignments
performed at the (U)B3LYP/6-311G* levélemploying the were supported in the assignments of highly resolved He(l)
Gaussian suite of prograrfizIn ethylene, the ground state of  photoelectron spectt&*® of C,H, and GD,. McDiarmid3
the radical cation is associated with the removal of an electron questioned these andvs assignments, because of the anomaly

Two-Photon Energy / cm”™

Figure 1. (2+1) REMPI excitation spectrum of jet-cooled,H,
(bottom) and @D, (top) recorded over the two-photon energy range
of 57 000-59 500 and 62 000869 500 cm® showing resonances
deriving from vibronic transitions to the'Rs,(7,3s) state and the
(r,3p) Rydberg manifold, respectively.

from the highest occupied orbital, leading to an ionic core
with 2Bg, symmetry in theD, point group. This symmetry

that would arise with the experimental evidence presented by
the UV absorption spectrum of ;84 and its deuterated

notation assumes a planar geometry as is the case for ethylenanalogue$? The issue was settled by SCF calculations on the

in its electronic ground-state,@'Ag),1%46but simulation of the
vibrational features visible in the Ji1°Bs,) — So(1*Ag) He(l)
photoelectron spectra of,8,4 and GD,4 lead to the conclusion

geometry and harmonic force field of the ground state of the
neutral and the radical cation in a planar equilibrium geonfétry.
Here it was argued that the original assignments bt were

that the molecule adopts a partially twisted equilibrium geometry incorrect, and the observed difference in vibrational activity of
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TABLE 2: Experimental and Calculated ((U)B3LYP/6-311G*) Vibrational Frequencies (cnt?) of C;H,4 (C;D4) in the Sy(1'Ag)
Ground State of the Planar Neutral Molecule and the B(1'Bs,) Ground State of the Twisted Radical Cation

So(11Ay) Do(12Bay)
D;h(D>) assignment expt calcd expE calcd
ay(a) " CH str. 3026(2260) 3137(2323) 3016(2215)
V2 CC str. 1630(1518) 1693(1572) 1494(1332) 1476(1318)
Vs CH; scis. 1342(985) 1383(1006) 1264(961) 1239(952)
al(a) V4 CH; twist 1023(726) 1059(749) e 551(397)
bau(by) Vs CH str. 3021(2200) 3122(2256) 3019(2194)
Ve CHa scis. 1444(1078) 1481(1097) 1401(1044)
by g(by) V7 CH, wag. 940(780) 962(796) 1045(864)
bou(b2) Ve CH str. 3105(2345) 3222(2398) 3130(2345)
Ve CCH bend. 826¢) 841(604) 782(567)
bs g(bs) V10 CH str. 3103(2310) 3193(2381) 3111(2338)
v CCH bend. 1220(1011) 1248(1017) 1180(962)
bau(bs) Viz CH, wag. 949(720) 968(732) 876(666)

a Experimental frequencies obtained from ref 7Qnscaled calculated values from the present stéixperimental frequencies of,8," and
C;D." obtained from refs 48 and 49, respectivelyfalculated values have been scaled by 0.9716{Cand 0.9773 (eD,). € Not reported because
of strong anharmonicity (see text and Table 6.).

TABLE 3: Franck —Condon Factors and Duschinsky Matrix for the, in Doy, Three Totally Symmetric Modes (g) and the
Asymmetric v, Torsional Mode (a,) in C,H, and C;D, as Calculated from the Force Fields ((U)B3LYP/6-311G*) of the Ground
State of the Neutral Planar Molecule and the Twisted Structure of the Lowest Radical Cation

Do of C2H4 Do of CzD4
Duschinsky matrix Duschinsky matrix
S int.2 v1(3) v2(3) v3(3y) v4(3) S int.2 v1(3) v2(3) v3(3y) v4(3)
v1(8g) 1.2 0.985 —0.056 0.045 0.156  v1(ay) 0.0 0.983 —0.018 0.139  -0.119
va(ag) 53.1 0.025 0.896 —0.354 0.268 vo(ag) 130.1 0.109 0.961 —0.089 —0.237
v3(ag) 98.5 —0.015 0.378 0.925  —0.040 v3(ag) 18.1 —0.013 0.080 0.995 —0.054
va(ay) —0.169 —0.228 0.132 0.950 ws(a) 0.148 0.224 0.036 0.963

aIntensities of the ) transitions are given relative to the intensity of the@transition, which is taken as 100.

v andvs in the He(l) photoelectron spectrum ofte; and GD4
was rationalized.
We have used the B3LYP/6-311G* force fields of the c,D,

electronic ground state and the ground state of the radical cation f/
of both GH,4 and its deuterated isotopomer to calculate the
Duschinsky matrix and the FranekCondon factors for absorp- / M
et /\‘\/\/\/\ﬁr\'jw’”h\,\

tion from § to Do. The results, summarized in Table 3 for the
vibrational modes1, v,, v3, andwv,, which in D, symmetry are

totally symmetric, show that for 481, significant mode scram- 56500 57000 57500 58000 58500 50000 50500
bling betweenv, andvs occurs upon ionization. For Dy, in

contrast, these two modes are not mixed. The calculated ﬂ\

Franck-Condon factors predict for £, an intense gtransi- CH, l

tion and a 2 transition with half the intensity of the ;3 /

\
transition. For GD4, this intensity ordering is reversed: an AN a )“\ ‘
intense 2 transition is predicted and a smalf &ansition. Mﬂf &““W\,P/ \M//AM MH\MM
These predictions are in nearly quantitative agreement with the
measured line intensities in the He(l) photoelectron spectra of sssop0 ~ s7000 57500 58000 58500 50000 59500
CoH4 and GD,4.48:49:52

B. (7,3s) Rydberg State Similar to the ground state of the . o )
radical cation and in agreement with theoretical stutfi@a2450 '(:t;gltjt:)em)z'an(jg thfféciﬁggzt'gcefgﬁgt&? %fotlg;“;c’noe'fdzgn .
ethylene has been shown to have a twisted geometry in theof 57 000-59 50(31 cmrl), showing the resonancespcorrespond?r%lg to t%e
11B3y(3s) Rydberg staté®5® a dihedral angle of Z5and 37 11Byy(,35) — 11A, transition.

. . . ul/l, g

has been reported;>®> and a low inversion barriét of about
290 cntl. As a result of this low inversion barrier, tunneling The detailed (21) excitation spectrum of the'Bzy(3s)—
occurs, and the effective symmetry of the molecule renins 1'Aq transition of GH4 and GD4 as measured in the present
The two-photon transition from the electronic ground state to study with photoelectron detection is displayed in Figure 2.
the 1B3y(3s) Rydberg state is therefore electronically forbidden Assignments of the various resonances are given in Tables 4
but can be vibronically induced via thes(a,) torsional and 5 for GHs4 and GD,, respectively. The first observable
mode34:36:39.4055The twisting of the CC bond upon excitation resonances occur at 57 460 and 57 704 mespectively, for
to the B3,(3s) Rydberg state is expected to lead to a dominant the two molecules and have in the past been assigned as the
activity of v, in the excitation spectrum of theé'Bs, state, as 43 vibronically induced transitioA®4° This assignment was
was indeed concluded in previous studfe840:55.56and will based on selection rules g u) and the energy spacing with
be confirmed in the present study by excited-state photoelectronrespect to the 60 transition measured in one-photon absorp-
spectroscopy. tion3% and is confirmed by our photoelectron spectra obtained

Two-Photon Energy / cm™
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TABLE 4: Assignments of Resonances in the Two-Photon 6 5 32 10 vlevl
Excitation Spectrum of the 1!Bs,(,3s) Rydberg State in ’ ‘ | ‘ H
CoHy4 v =766 cm’
transition relative assignment

energy _energy €m?Y)  present

(cm™) PES study  Willam$ Gedankef

57338 0 0 05 of

57 460 122 65 4} 4t 4

58 160 822 766 43 43 48 v =2291cm’ v =1545cm’ vi=411cm’

58606 1268 1222 34! 6!

58 796 1458 1545 43 48 + 2(1)4(1) 43 + 234(1)

58985 1647 1574 2l4} 6142

aNot observed in the present study. The transition energy of the M
0—0 transition has been obtained from ref 8&inetic energy of the
photoelectrons corresponding to the dominant feature in the photo-
electron spectrum (PES)Assignment made by Williams and Cd8l. 0o i o T 02
d Assignment made by Gedanken ef%l. ' ' s

Electron Kinetic Energy / eV

Figure 3. (2+1) REMPI photoelectron spectrum obid, excited at
58 160 cnT! showing predominant ionization td'v= 766 cn1?, which

—

T T T
0.3 04 0.5

TABLE 5: Assignments of Resonances in the Two-Photon
Excitation Spectrum of the 1'Bsy(,3s) Rydberg State in

C2D4 corresponds to ther= 3 level of Iy of the radical cation. The
transition  relative assignment photoelectron spectrum shows a distinct vibrational progression in
energy  energy present reflecting the strong anharmonicity of this vibrational mode in D
(cm™ (cm?Y) PES study Wiliam$s Gedankef
57 619 0 o 0 0 100 cn11.5 The experimentally observed spacing of about 65
57 704 85 e 42 o 42 cm1lis in reasonable agreement with this value. Fgb4 the
58 108 489 500 2 2 2 energy spacing of 23 cmis below our experimental resolution,
49) 4<1> % making it impossible to differentiate between ionization to the
58450 831 . 6g . vibrationless level of the ion or to thg = 1 level. Indeed, the
58552 933 944 4 4 4 photoelectron spectrum taken at 57 704 &is not at odds with
58 648 1029 1000 3j4; 6342 the assignment of the resonance gs 4
58 980 1362 204, 24 204, Figure 3 shows a typical photoelectron spectrum of the

2 Not observed in the present study. The transition energy of the 1'Bau(3s) state of @Hy, taken at 58 160 crit. The strong feature
0—0 transition has been obtained from ref 8&inetic energy of the in the spectrum corresponds to ionization to the= 3 level
photoelectrons correspondin_g to the dominant f_e_ature in the photo- and confirms previous assignmeiit¥ of the resonance as
electron spectrum (PES)Assignment made by Williams and CaBl.  corresponding to the 3transition. On either side of the

Assignment made by Gedanken et%alt Not measurable because of - .

spectral resolution. d_omlnant peak in the photoelectron spectrum, very weak
sidebands can be observed that correspond to ionization to the

at these excitation energies. We observe in the photoelectronv; = 0, 1, 2, 5, and 6 levels. Such weak sidebands involving

spectrum taken at 57 460 cifor CoH4 an intense peak shifted  Av = 0 ionization from the 1B3(3s) state to anharmonic levels

by about 8 meV, i.e., 65 cm, from the energy expected for  of v, in the ionic ground state are present in all photoelectron

ionization to the vibrationless ground state of the radical cation. spectra taken at resonances in the two-phot8a {3s)— 1'Aq

A similar shift is observed in photoelectron spectra taken at excitation spectra of £, and GD4, allowing us to determine

other resonances in the two-phototB3, < 1'Aq excitation and extend the frequencies of these levels upite- 6. These

spectrum (vide infra). Although a frequency of 23 chwas frequencies as well and those of th#B3,(3s) state are given

reported for thev, = 1 level of GD,, it was not given for in Table 6. Excellent agreement is observed between the present

C,H4. A theoretical study predicted, however, a value of about values and values reported in previous stuéié8:48.49.56

TABLE 6: Observed and Calculated Anharmonic Torsional Energy Levels (cnil) of the v, Vibrational Mode in the 11B3,(xr,3s)
Rydberg State and the B3, Ground State of the Radical Cation of GH,4 (C2Dg)

1'B3(r,3s) Rydberg state

B3, ground-state radical cation

experimental

experimental

previous calculated previous calculated

vy level this study studies Chat this study studie8 Chag

0 c 0 (0y'e 0(0) 0 (0) 0 (0) 0(0)

1 122 (85) 96 (41 113 (42) 65 (23) 101 (35)

2 468 (286) 464 (286) 411 (272) 438 (269) 438 (267)

3 822 (489) 820 (455) 788 (474) 766 (500) 766 (503) 769 (451)

4 1084 (715) 1162 (715) (708) 1158 (715) 1158 (691)

5 1458 (933) 1500 (915) 1550 1545 (944)

6 2291

2 Calculated values have been obtained from ref°&xperimental values for £1,* and GD4" obtained from refs 48 and 49, respectively.
¢ Not observed in the present42) REMPIPES studyd Experimental value obtained ref 36Experimental value obtained from ref 395{ =
1 level for GD,4 cannot be unambiguously determined from photoelectron spectrum because of spectral resolution.
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Although these and other photoelectron spectra indicate thatthe ground state of the radical cation, the FranClondon
ionization from the 1Bsy(3s) state occurs fow, with a factors calculated for the D— S transition (Table 3) predict
predominanAv = vt — v' = 0 propensity, the presence of the that in the excitation spectrum of théBk,(3s) state of gD,
sidebands indicates small changes in the CC twisting angle uponwe should be able to see a cIe%ﬂéZtransition, whereas the
ionization. Taking this angle in the ground state of the radical 334(1J transition should have a small intensity. The previous
cation around 25-27°47"%00suggests that the dihedral angle = assignment of the 8} transition is indeed confirmed in the
for the I'Bs, Rydberg state might be even larger. This would present study, but additionally, we find at 58 648 dma
be in agreement with most experimeAfahnd theoretical resonance that was previously assigned to ﬂz:léﬁansition.

St“dieés’zz'zf'so'%that predict a torsional angle of about’25 In the present study, this resonance is superimposed upon a
30° for the TB4,(3s) state. The significant higher value of about 1,444 feature and seems to have a somewhat larger intensity

37" predicted by Foo and Innesseems, on the other hand, at  han expected, but it is located at approximately the excitation

odds with the present observations. o energy anticipated for the ;& transition. The associated
In the previous two-photon excitation studiés?the vibronic photoelectron spectrum shows dominant ionization to an ionic
features in the two-photon excitation spectrum of thgsi(3s) yiprational level at 1000 cr, which is in perfect agreement

state were assigned in terms of vibronic transitions involving \yith the ionic frequencies ofs andvs. The assignment of the

an odd number of quanta in {45 — 43 — 45) in combination  feayre at 58 648 cnt as the ¥ transition leaves the barely
with progressions in the, CC stretching mode. Our excited-  egq|ved feature at 58 450 chunassigned. In our excitation
state photoelectron spectroscopy study confirms this Franck  gpectrum, this feature has such a low intensity that no decent
Condon activity of thevs torsional mode and of the, CC photoelectron spectra could be recorded. Williams and Cool
stretching mode. However, it shows at the same time that other,pseryed a well-resolved resonance at this position that was
resonances need to be reassigned. These concern in part'cmaa(ssigned as thel@ransition® but the implied frequency of
the resonances assigned to a new vibronic progression built uporgs, "1 o, Ve ig at odds \;vith the scaled ab initio value of

the_ vibronicglly i_nduced @ transition?© T_his ve(b1) CH: 1044 cnrl. At this moment, it is not clear, however, how this
antisymmetric scissors mode was tentatively put forward t0 (esonance should be assigned.

couple the 1Bgy(r,3s) Rydberg state with a state of,B C. (%.3p) Rydberg States.The (z,3p) Rydberg states are

symmetry for which several possibilities were p_roposed. Becausetwo-photon allowed and have been observed in previous REMPI
in the present study we do not have as high laser POWETS oy periment$94° Similar to the (,3s) Rydberg state, ab initio

available as in the study of Williams and Cool, we a;re only studie@*% indicate that the sf,3p) Rydberg states have an
able to observe the resonances reported @ardl G4, at elongated CC bond and twisted geometries. The most recent
58 606 (58 450) cm'in CzHa (C2D,) and 58 985 (58 648) e, ones predict for theB(77,3p,) and £B,¢(7,3p,) Rydberg states
respectively. The shift in excitation energy of th’gatﬁansmon a similar dihedral angle in the range of °t®0° but a

in CoH, with respect to the previously reported number of 58 544 significantly larger angle of 34-39° for the 2Aq(x,3p)
cm! can be attributed to the width of the resonances in the Rydberg staté* On the basis of these geometric parameters,

two-photon excitation spectrum of;H.. one may expect a dominant vibrational activity in theorsional
Focusing in first instance on the resonances i the mode accompanied by progressions in the totally symmetric

photoelectron spectrum taken at 58 606-énshows mainly CC stretch and; CH, scissors modes.

ionization to an ionic level at 1222 crh Taking into account In the REMPI experiments of Gedanken e#%and Williams

that our ab initio calculations predict a frequency of 1239 and 4 CooHOthe features at 62 900 (63 113) and 66 760 (66 840)
1401 cni* for vs(ay) andve(byy), respectively, we can readily 1 have been assigned as the® transitions from the
conclude that the transition at 58 606 chtannot be the gﬁ electronic ground state to thE,GQ/) and @,39() Rydberg states
transition but must involve the; mode. Because this latter mode  of C,H, (C,D4), respectively. Williams and Cool assign all
is totally symmetric and selection rules dictate that the parity features observable in the 62 66D0 000 cn! spectral range
of the vibrational state accessed from the totally symmetric to transitions to thex,3p) Rydberg manifold, whereas Gedanken
ground state to the'Bs,(3s) state should be odd, we assign the ¢t al. assign some of them to vibronically induced transitions
feature at 58 606 cni to the 34 transition. This would imply o the ¢r,3s) Rydberg state. A weak feature at 63 680 (63 831)
a frequency of 1146 and 1157 cinfor v3 in the IBs3y(3s) cm1 for C;H, (CoD4) has been tentatively assigned as theé)0
Rydberg state and the ground state of the radical cation, band to the #,3p) Rydberg staté? From the polarization
respectively. Given the resolution in our photoelectron spectra, dependence of the resonances, Williams and €ombuld
this is in good agreement with values reported in previous conclude that the highest-energy-0 transition in the #,3p)
He(l) photoelectron studiésand the values calculated by us Rydberg manifold belongs to ther,8p,) Rydberg state. This
for the radical cation and by Mebel et #lfor the Bs,(3s) conclusion was reproduced in a large number of ab initio
state. The photoelectron spectrum taken at the feature locatedstudiesto.1121.2224.425k|ost of these theoretical studies predicted
at 58 985 cm?, previously assigned as the4§ transition, that the 1B;4(7,3p,) and EByy(7,3p) Rydberg states have
shows mainly ionization to an ionic level at 1574 tmUsing nearly the same excitation energy, with a slightly lower
the same line of reasoning as before, we come to the conclusiorexcitation energy for the Bi4(77,3p,) Rydberg state. The
that this transition should be assigned as @t% fansition and guestion about the order of these two states has therefore always
that the frequency of, in the 1!B3,(3s) state and the ground been resolved in a rather arbitrary way, assuming the lower state
state of the radical cation is 1525 and 1509 ¢énmespectively. to be the 1B14(r,3p) Rydberg state and the upper state to be
Within the experimental error, these values are in good the £Byy(7,3p,) Rydberg stat&58Recent ab initio calculatiof
agreement with the calculated and experimentally observed valueon the vibronic spectra of the'Byq(7,3p,) and EBay(7,3p)
for the radical catioff and the calculated value for the Rydberg states suggest an opposite ordering, however.
1'B3y(3s) state Figure 4 shows the (21) REMPI excitation spectrum of the
Assuming that the force fields and equilibrium geometries (7,3p) Rydberg manifold of &1, and GD,4. The corresponding
of the Rydberg states are to a large extent similar to those of assignments are reported in Tables 7 and 8, respectively. The
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TABLE 7: Assignments of Resonances in the Two-Photon Excitation Spectrum of ther(3p) Rydberg Manifold in C,H,
transition relative relative relative

energy energy energy energy assignment

(cm™) (cm™) (cm™) (cm™) PES 1'B.14(7,3p)) 1'Boy(71,3py) 2tA4(7r,3py)
62 880 0 0 3p,08

63 236 356 0 444;0 3p,42 3p.00

63720 840 484 460 3p A2

64 040 1160 804 1250 3pAl

64 520 1640 1284 1678; 1242 3py334(2) 3pA4]

66 120 0 0 3p.0%
66 748 628 387 3p42
67 150 1030 1121 3pad
67 896 1776 ?

68 024 1904 1653; 1194 3p.3442
68176 2056 3p.2i?
68 284 2164 ?

68 428 2308 3p.3k4t
68 604 2484 3p25%
68 708 2588 33
68 816 2696 30253
68 960 2840 32

aKinetic energy of the photoelectrons corresponding to the dominant features in the photoelectron spectrum (PES).

TABLE 8: Assignments of Resonances in the Two-Photon Excitation Spectrum of ther(3p) Rydberg Manifold in C,D,4

transition relative relative relative .
energy energy energy energy Assignment
(cm™) (cm™) (cm™) (cm™) PES 1'B1g(7,3p)) 1'Boy(77,3py) 2%A (77,3
63116 0 0 3p,09
63 368 252 0 295;0 3,4 3p,0
63 644 528 276 358 3pz4§
63 832 716 464 750 3p4l
64 290 1174 922 3py3é4g 3p233
64 384 1268 1016 3py2(1J
64 668 1552 1300 1690; 1355 3p,242 3p2}
66 400 0 0 3p0L
66 800 628 282 3Px4(2)
67 040 1030 718 3px43

aKinetic energy of the photoelectrons corresponding to the dominant features in the photoelectron spectrum (PES).

photoelectron spectra recorded in the present study allow us to
conclude that a number of transitions should be reassigned with

respect to previous assignmeftg? If we first focus on the

red side of the (21) REMPI excitation spectrum in Figure 4,

we see that the features at 62 880 and 63 2361dior CoH4

(63 116 and 63 368 cnt for C;D4) need to be assigned as two

origin bands. Figure 5 shows the photoelectron spectrafdi C -
recorded at these two positions. At 62 880 ¢ra photoelectron 62000 63000 64000 65000 66000 67000 68000 69000 70000
spectrum is obtained with just one single peak deriving from

ionization to the vibrationless level of the ion, and this resonance

can therefore safely be assigned as -aOOtransition. The

photoelectron spectrum recorded at 63 236 tshows, on the

other hand, two peaks corresponding with ionization to the

vibrationless level of the ion and with the formation of ions WM
with 444 cnt?! vibrational energy, which corresponds to the \ . : ’ .

energy of the § = 2 level. We assign the latter peak as 6200 63000 64000 65000 66000 67000 68000 69000 70000
deriving from (2+1) ionization via the @vibronic transition to
the above-identified Rydberg state with its-@ transition at . - .
- . .. Figure 4. (2+1) REMPI excitation spectrum of jet-cooled.K

1
_62 880 cm, Whereas_ the_ former peak is associated W'th_ (bottom) and GD, (top) recorded over the two-photon energy range
ionization of another (vibrationless) Rydberg state. On the basis ot 62 000-69 500 cm?, showing the vibronic transitions to the
of these two photoelectron spectra, the two bands at 62 880 and(z,3p) Rydberg manifold.
at 63 236 cm?! are assigned as the origin transitions to the
(7,3p,) and (r,3p,) Rydberg states. Because these two states excitation energy, it is, however, impossible to differentiate
are predicted to have a very similar geometry and vertical between them on the basis of the excitation and photoelectron

Two-Photon Energy / cm’



3734 J. Phys. Chem. A, Vol. 106, No. 15, 2002 Rijkenberg and Buma

v'=0cm’ v =1121¢cm’
@63236cm” I S @87150 cm™

v =444 cm’” / h v =0cem’
f\ \ WMWMM W \‘\r/\/\“wvwW\/W"wvwm
DM SN o et A im0 16 17 18 19 20 21 29

v' =387 em™”

T T T T T T T T T T T T 1
0.2 0.4 0.6 0.8 1.0 12 1.4 { 4
v =1121¢cm’ )\ v =ocm” @ 66 748 cm

v =0cm / \ /L\
62 880 cm” J w
@ ANV ANAS WA Wr
6 7 18 1o 20 21 22
v'=0cm’
WMWWW A, /J
T T T T T T T T T T T T 1 W“\r'\«/*/\,ﬁ“ﬂ Wy A SOV AR
0.2 04 0.6 08 1.0 1.2 1.4 T T T g T T T T 1
o 16 17 18 1.9 20 21 22
Electron Kinetic Energy / eV Electron Kinetic Energy / eV

Figure 5. (2+1) REMPI photoelectron spectra of,l, excited at Figure 6. (2+1) REMPI photoelectron spectra of:ldy excited at
62 880 (bottom) and 63 236 (top) cfn The photoelectron spectrum 66 120 (bottom), 66 748 (middle), and 67 150 (top)&nThe bottom
taken at 62 880 cmt shows dominant ionization to"v= 0 cnt* and photoelectron spectrum shows predominant ionization'te-\0 cn*
is associated with ionization via the vibrationless level of either one of and is associated with ionization via the vibrationless level of tiAg-2
the quasidegeneratéB.q(r,3p,) or 1'Byg(r,3p,) Rydberg states. The  (7,3p) Rydberg state. The weaker signal atv 387 cn1? is associated
photoelectron spectrum at 63 236 Thshows ionization to ¥ = 0 with ionization to the ¥ = 2 level in Dy via thev, = 2 level of the
and v = 444 cm?, reflecting the electronic degeneracy of these two  21A(7r,3p,) Rydberg state located at 66 748 @rand is visible because
Rydberg states. These two ionization peaks correspond, respectivelyof spectral overlap caused by lifetime broadening. For similar reasons,
to (i) ionization via the vibrationless levels of either one of these two the photoelectron spectrum taken at 66 748 krshows, besides
(7r,3p) Rydberg states and (ii) ionization via the= 2 level in the predominant ionization to*'v= 387 cnt?, also intense ionization to
(,3p) Rydberg state with its vibrationless level at 62 880tm vt =0 and 1121 cmL. The latter peak corresponds to ionization via
thewv, = 4 level of the 2A4(:7,3p) Rydberg state, a resonance that has
spectra. The calculations of Mebel et al. predict that the Franck its maximum at 67 150 crit.
Condon factor for the 60 transition to thes,3p,) state should
be S||ght|y |a|’ger than that of the-@® transition to theyt’3pl) transition at 66 120 Cfﬁl‘, lead to dominant ionization to the
state (0.5 vs. 0.4). This might argue for an assignment of the v; = 4 level at 1121 cm! and is assigned as thé #ansition
band at 62 880 cr as the origin transition to ther(3p,) state. to the 2Aq(7,3p,) Rydberg state.
The red side of the (21) REMPI excitation spectrum is Similar to the (2-1) REMPI excitation spectrum of the
composed of overlapping features belonging to vibronic transi- 1'Bs,(r,3s) Rydberg state, the vibrational activity in the two-
tions to the £,3p) and (r,3p,) Rydberg states. As Table 7 photon excitation spectrum of théZ(,3p,) Rydberg state
shows, these features can be readily (re)assigned by invokingimplies a rather large geometry change upon excitation from
the totally symmetria’, andvs modes as well as the asymmetric  the electronic ground state because th@@ransition is much
v4 torsional mode. weaker than the transition. Our revised assignments con-
The second important reassignment emerging from the currently imply that for the other twon(3p) Rydberg states,
photoelectron spectra is that the strong feature at 66 748 cm where the 6-0 transition is dominant, the geometry changes
at the blue side of the excitation spectrum in Figure 4 does not are much less. This behavior of thgtorsional mode suggests
correspond to the 00 transition to the #Ay(7,3p) Rydberg that the 2A4(77,3p,) Rydberg state is significantly more twisted
state as was previously assuni&d Instead, it should be around the CC bond than théBhy(,3p,) and EBay(7,3p)
assigned as theé4ransition to this state. Figure 6 shows three Rydberg states, which would be in agreement with previous ab
photoelectron spectra recorded fosHG at 66120, 66748, and  initio calculationg* that predict a significantly larger dihedral
67150 cml. Going from the red to the blue side of the intense angle for the £,3p,) than for the £,3p) and (z,3p;) Rydberg
cluster of features between 66 000 and 67 500 crwe see states. In these calculations, a Fran€ondon pattern is
that in each of the three photoelectron spectra an additional peakobtained for the #,3p,) and (z,3p,) Rydberg states with the
arises. The relatively weak feature at 66 120 &énshows 00 transition as the strongest feature, whereas for:tpg
dominant ionization to the vibrationless level of the ion and is Rydberg state, the(2,4ransition has the most intensity with the
consequently assigned as an origin band, the @ansition to 0—0 transition roughly 10 times weaker. All of these predictions
the ZA4(7,3p,) Rydberg state. The photoelectron spectrum taken are in perfect agreement with the present experimental observa-
at 66 748 cm? shows dominant ionization to an ionic level at tions.
387 cn1l, assignable to the, = 2 ionic level. This feature is In our study employing pure jet expansions ofHg we
therefore assigned as th% #ransition to the 2Aq(w,3p) obtain in the 67 80869 000 cnT! region an excitation spectrum
Rydberg state. It might be argued that these two assignmentswith reasonably well-resolved features. An interesting observa-
imply that thevs = 2 level in the 2A4(,3p) Rydberg state tion, for which we do not have an explanation at the moment,
has a frequency of about 628 chwhich is significantly larger is that in the previous study using helium-seedegHCjet
than that for the radical cation, but this difference is easily expansions considerably less well-resolved spectra were obtained
explained by taking into account the broadness of the line shapesn this energy regio® Most of the resonant features in the
of the resonance features in theH®) REMPHPES excitation 67 800-69 000 cnt! region of GH4 can be readily assigned
profile of C;H4, which is about 500 crrt. Finally, the feature on the basis of their energy relative to the origin transition to
at 67 150 cmit, 1030 cnt?! blue-shifted with respect to the-® the 2ZA4(,3p) Rydberg state at 66 120 cth These assign-
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ments are listed in Table 7 and can be associated with vibronic1'B1¢(p,3p), 1'B2g(7,3p,), and 2Ay(w,3p) Rydberg states,
transitions to the ¥ y(77,3p,) Rydberg state involving the totally ~ respectively.

symmetricv; andvs modes, whether in combination with even Some further consideration of these results is, however,
quanta in thev, torsional mode. Confirmation of the proposed necessary. In particular, a question to be answered is to what
assignments by photoelectron spectral analysis was not possiblextent the photoelectron spectra obtained in the present study
because the ionization signals giving rise to the excitation profile are able to provide a direct spectroscopic reflection of a possibly
of C,H,4 in the 67 806-69 000 cm? region are too weak to  mixed character of the excited state caused by coupling between
allow dispersion of the photoelectrons according to their kinetic the Rydberg manifold and therr*) valence state. How

energy. This signal-to-noise ratio was even worse fgdJor effectively ionization from these states proceeds, depends on
which we were even unable to record any excitation profile in both the electronic transition moment from the excited state to
this region at all. the ionization continuum, the vibrational overlap between
D. Rydberg—Valence and Rydberg-Rydberg Coupling. nuclear wave functions in the excited and ionic states, and the
Traditionally, the one-photon absorption spectrum oHE lifetime of the intermediate state. With respect to the electronic

in the 6-8 eV region is attributed to the excitation of the transition moment, the one-photon oscillator strength of a
11B,(7r,7*) valence state with, starting from 57 338 ch{about valence state is considerably larger than that of a Rydberg state.
7.1 eV), superimposed excitation of th&B3,(r,3s) Rydberg This dominance of the electronic transition moment may,
state?2033-37 Several ab initio studiés 13184%investigating the ~ however, be completely overshadowed by highly unfavorable
characteristics of the long torsional progression of the  Franck-Condon factors. This will especially be the case for
vibrational mode in the excitation spectrum of tH8&(,7*) valence states where significant molecular rearrangements or
valence staf85558 62 have stressed that nonadiabatic coupling €Ven molecular decomposition occurs. In contrast, the potential
effects between the valence state and the Rydberg manifold€Nergy surface and equilibrium geometry of Rydberg states and
should be taken into account in order to explain the vibronic that of theirionic core are in general very similar and will thus
features observed in the—8 eV region of the absorption  9iV€ rise to favorable FranekCondon factors.

spectrum of ethylene. In the case of ethylene, it has been shown experimentally
and theoretically that the relaxed equilibrium geometry of the
1By (7, m*) valence state of ethyleA®11.2-24 s characterized

by twisting one of the Ckigroups by 90, resulting in a large
difference between the vertical and adiabatic excitation energies

excited singlet states are involved in configuration mixing upon Ogém?eSti:zagicHuiIegfdu\rg?;%i?a%?ﬂ?:: c}(.goir(;%nzfic?(\)/rshave
a torsional movement around the CC bond, because foratwiste(f =po ) ghly unt )
eometry of ethylene the symmetry of both states is lowered to or exc_ltgnon to anq ionization fr_om this va_Ience sta;e_c_an thus
?B As a consequence of this Rydbengalence coupling effect be anticipated. This has been illustrated in an ab initio study
1. e V:ﬁ y

i : . by Mebel et al?2* who concluded that the'®;,(,7*) valence
.tWO e>$C|t_ed singlet states are obta!ned. Atthe planar geom_etry,state merely constitutes an underlying continuum of vibronic
i.e., within the Franck Condon region, the lower state, desig-

nated as the R/V state, has primarily Rydberg character an dEtates with superimposed relatively strong Rydberg excitations.

- . n an uncoupled picture, multiphoton ionization of the
the upper state, des!gr)ated as the VIR state, has dominan B1(7,r*) valence state may therefore be expected to start to
valence character. Twisting around the CC bond ultimately leads

dth ided ina b h ited tential roceed efficiently if there is an excess energy available in the
around the avoide crossing etween the exc([e -state potentialgy o oionization process of about 8.5 eV. For the currently
of the two states to a switch of the electronic character: the

i "~ employed one-color two-photon excitation scheme, this implies
(7t,t*) valence character of the upper (V/R) state is traded in pioy P P

! that ionization of 1B, (7,7*) valence state character requires
for Rydberg character, and the lower (R/V) state loses its absorption of an additional two photons; that is+2p

(7,3p,) Rydberg character and gains,£*) valence character. photoionization is necessary. Apart from the vibrational overlap
According to Ryu and Hudsol,the two-photon excitation  argument, it is possible that experimental evidence of Rydberg
spectrum of ethyler#&4°can also be explained in this picture. valence coupling is disguised by dynamic processes: femto-

This conclusion is not reflected in the present results. The second pumpprobe studies on jet-cooled ethylene excited at
photoelectron spectra in the—8.5 eV region show two 6 eV reveal a lifetime of about 2030 fs%46>Overall, we have
important features concerning the electronic properties of the to conclude therefore that, although excited-state photoelectron
vibronically excited states responsible for the spectral features spectroscopy is in general a technique excellently suited for the
in this region. First, all of the photoelectron spectra indicate disentanglement of coupled states, Rydberalence coupling
conservation of internal energy upon ionization of the interme- may in the present case be hard to detect. One unambiguous
diate vibronically excited states; that is, the dominant feature signature would be (22) ionization. In similar studies on TME

in the spectra correspondsAy = 0. This ionization behavior ~ and BCH, such (22) “valence” signals have indeed been

is typical for “pure” Rydberg states. Second, thet+d found? but for ethylene, any ionization signal that can be
photoelectron spectra present unambiguous evidence for threeattributed to the valence state has not been observed even at
0—0 transitions at 62 880, 63 236, and 66 120~érand one our highest laser powers.

vibronically induced transition whose-® transition is at 57 338 The arguments given above for coupling of valence and
cm1.36 On the basis of these experimental findings, one has to Rydberg states lead one to expect that couplvithin the
conclude that the vibronic features in the spectral range from Rydberg manifold, e.g., Rydberdgrydberg coupling between

57 300 to 69 000 cmt, as studied by resonance enhanced the (z,3s) and £,3p) Rydberg states, should be immediately
multiphoton ionization, are associated with excitations from the apparent from the present photoelectron spectra. As an example,
electronic ground state to four separate excited singlet stateswe will focus on the 8-0 transitions to the threer(3p) Rydberg

that are predominantly of Rydberg character with quantum states at 62 880, 63 236, and 66 1207¢1{63 116, 63 368, and
defectsd of about 1, 0.76, 0.74, and 0.58, i.e., th@3,(,3s), 66 400 cnl) for CoH4 (CoDy). If any of the three #,3p)

Buenker and Peyerimhoff and othEr&2184%have explained
the observed spectral intensity distribution in theBG&eV region
in terms of nonadiabatic coupling between thB(,7*)
valence state and the'Biq(r,3p) Rydberg state. These two
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Rydberg states would be vibronically coupled to the3§) Rydberg state have been confirmed. However, a rather tentative
Rydberg state at 57 338 (57 619) chfor C;H, (CoDy), then proposal® to assign part of this spectrum as vibrationally
the photoelectron spectra taken at theOOtransitions of the induced by coupling of theBs(r,3s) Rydberg state to the
(7.3p) states should show an ionization signal from highly Jahn-Teller distorted 1B,y(:r*,3s) staté€® via the v¢ CH,
vibrationally excited levels of ther(3s) state corresponding to  antisymmetric scissors mode ofi,bsymmetry is rejected.
ions with an internal vibrational energy of 0.716, 0.731, and Instead, the present photoelectron spectra show that these
1.089 eV, respectively (0.682, 0.713, 1.089 eV fabg). This features are associated with the totally symme#iCH, scissors
is not the case as becomes clear, for example, from the spectranode. The vibrational activity of thes; mode is indeed to be
in Figure 5 where the photoelectron spectra recorded attfle 0 expected from previodsand present ab initio calculations that
transitions to the B;4(77,3p,) and £B,¢(7,3p,) Rydberg states  indicate significant mode scrambling of the totally symmetric
are shown. No photoelectrons associated with kinetic energiesyv, C=C stretching and the; CH, scissors mode upon excitation
of 0.493 and 0.515 eV, respectively, are observed. Similar from the ground state to the Rydberg manifold.
arguments demonstrate that vibronic coupling between the three Excited-state photoelectron spectroscopy is generally an
(7r,3p) Rydberg states is also absent or, at least, not visible in excellent means to unravel the nature of an electronically excited
the present experiments. state, e.g., Rydberg versus valence character. For ethylene, it
The present observation that the lower Rydberg states inhas been argued that very unfavorable Frar€kndon fac-
ethylene are not directly or even indirectly, via the vibronic tors324and highly efficient relaxation processes associated with
valence continuum underlying these Rydberg states, vibronically the specific 1B (7z,7*) valence staté&-%>may heavily impede
coupled to each other may seem insignificant. However, it will ionization from this valence shell configuration. Although a
prove to be important when the photophysics of ethylene are possible signature for this ionization has been suggested and
compared with those of its methyl-substituted derivatives such was indeed observed in studies on substituted ethylenes, the
as tetramethylethyle&%67and larger monoolefinic compounds, bare molecule still seems to resist detailed studies of ideas put
such as 1,1bicyclohexylidené; ¢ and mono-olefinic steroid$ forward in the literature on coupling between th@ i(s,7*)
with a single isolated CC double bond. A recent excited-state valence state and théBg,(,,3s)3 or the 2B, 4(:7,3p,) Rydberg
photoelectron spectroscopy study on jet-cooled tetramethyleth-staté1 121849y these means. However, the present study reveals
ylene and as 1;dbicyclohexylidenéhas shown that substitution ~ without doubt that there is no significant Rydbeigydberg
of the four protons in ethylene has a dramatic effect on the vibronic coupling within the lower Rydberg manifold of
spectroscopy and dynamics as reflected in the photoelectronethylene.
spectra: the photophysics of these highly substituted ethylene
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spectroscopy and dynamics of these larger monoolefinic mol-
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