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Vibrational autoionization spectra of high Rydberg states of pyrazine—Ar and —Xe van der Waals
clusters were observed by two-color double resonance spectroscopy. Two Rydberg series
converging to the same ionization threshold appeared in the spectra of both the clusters, while only
one Rydberg series was seen in bare pyrazine. One of the series of the clusters was assigned to be
of “gerade,” which is the same Rydberg series as that found in bare pyrazine. The other series of
the clusters was assigned to an “ungerade” series, suggesting that the symmetry breakdown of the
ion core is induced by the cluster formation. For both the Rydberg series, apparently very small
quantum defects were involved, and the “gerade” and “ungerade” series were tentatively assigned
to thed (or s) andf Rydberg series, respectively. In comparison with the bare molecule, the quantum
defects of the clusters exhibited slight shifts to the negative direction, indicating the decrease of the
binding energy of the Rydberg electron. The vibrational autoionization efficiency does not change
upon the cluster formation, even above the dissociation threshold of the van der Waals bond. This
fact indicates that the vibrational autoionization rate is much faster than the vibrational
predissociation rate. @000 American Institute of Physid$§0021-960600)00842-4

I. INTRODUCTION dissociation, such competition should be important in the

Observations of high Rydberg states near the convergingynamics of Rydberg states in condensed phases.

limit have been very scarce for molecular clusfefsBe- ~ Molecular clusters produced in a supersonic jet expan-
cause the orbital radius of the Rydberg electron is muct¥ion have been extensively studied as a microscopic model

larger than the size of the ion core, the intermolecular poten®f condensed phases, and details of solvation effects have
tial is reasonably predicted to be almost the same as that G€€N susccessfully elucidated by using simplified cluster
bare cluster cation. However, the quasi-Coulomb field of théystems= However, most of the cluster studies so far focus
ion core would be perturbed by the cluster formation, and th@n the electronic ground and low lying excited states, and
energy shift of the Rydberg states is expected to reflect suctplvation effects in highly excited electronic states are still
a perturbation to the field from the solvent molecules. Suct@n unresolved problem. It has not yet been known whether
situation is quite different from that in low lying Rydberg vibrational autoionization can occur in condensed phases.
states(principal quantum numben, is lower than 10 or 5p  Experimental studies in clusters are expected to give an im-
which have been so far studied in BigyO,” I,,2 ABCOS?  portant suggestion for this unresolved question. In addition,
DABCO,* and hexamethylenetetramifavith rare gas sol- the relation between Rydberg states in a bulk system and
vents. In low Rydberg clusters, the intermolecular distance igeminate pair which is produced upon ionization in the ma-
close to the Rydberg orbital radius, and it has been showterial has been discuss&t.Therefore, Rydberg clusters
that the interference from the Rydberg electron plays an imshould have the rich implication to understand the complex
portant role in the intermolecular potentials. mechanism of ionization in the condensed phase.

Dynamics of high Rydberg clusters is also of particular  In this paper, we report the study on spectroscopy and
importance. High Rydberg states can lie above the first iondynamics of superexcited Rydberg states of pyrazine—Ar and
ization threshold (Ig) with the vibrational excitation of the —Xe clusters. Pyrazine is one of rare polyatomic molecules
ion core. Such stategso-called superexcited statedecay  of which high Rydberg states have been well studied. Goto
through the energy transfer from the ion core to the Rydbergt al. applied two-color double resonance spectroscopy to
electron, i.e., vibrational autoionizatiéﬁ.Competition be- bare pyrazine in a Supersonic }étThey pumped various
tween the autoionization and electronic predissociation hagiprational levels of theS,(n, 7*) state, and probed transi-
been the subject of much interest in the dynamics of supetjons fromS; to high Rydberg states above,IBy monitor-
excited states?™' In the case of Rydberg clusters, vibra- ing vibrational autoionization signal. It was found that one
tional predissociatioribreaking of the intermolecular bohd  5ytojonizing Rydberg seriesi& 15—33) with the quantum
can also be a decay channel of the vibrational energy of_ t_h@efect of —0.08—0.10 (or 0.90—0.92 appears in the tran-
ion core. Though there has been no study on the competitiogtions from theS, vibronic levels accompanied by nonto-
between the vibrational autoionization and vibrational Pre+ally symmetric vibrations. According to the symmetry con-
sideration, the Rydberg series should be gerade, and it was
dAuthors to whom correspondence should be addressed. tentatively assigned to theRydberg series.

0021-9606/2000/113(18)/8000/9/$17.00 8000 © 2000 American Institute of Physics

Downloaded 10 Nov 2008 to 130.34.135.83. Redistribution subject to ASCE license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 113, No. 18, 8 November 2000 Autoionizing Rydberg clusters 8001

In the present study, we perform similar two-color exci- 0-0 10"
tation of autoionizing Rydberg states of the pyrazine—Ar and 6al
—Xe clusters via variouss; vibronic levels, and compare (a) 103210a1ea1
observed spectra with those of bare pyrazine. The spectral 51
shift of the Rydberg series and the appearance of a new 0 SO, P P Y
Rydberg series tell us the change in the quasi-Coulomb field 31000 31400 31800
of the ion core induced by the cluster formation. The com- Wavenumber (i)
petition between the vibrational autoionization and vibra-
tional predissociation of the clusters is discussed based on 00
the autoionization intensity measurements. 1
(b) 102" 630 (40a2)
IIl. EXPERIMENT i
ATV ) SR
The experimental apparatus consisted of two laser b_eam "31600' A0 ™ 31800
sources and a vacuum chamber. Two dye lasers were simul- Wavenumber (cri )
taneously pumped by a pulsed Nd:YAG laser; the output of a
dye lase(DCM dye) was frequency doubled by a KDP crys-
tal and was used to excite pyrazine to fevibronic level. 1082
The second harmonic of the output of another dye laser | 10a'6a’
(Coumarin-460 dyewas used to probe the transitions from (C) }

the S; vibronic level to high Rydberg states. The typical

laser pulse energies were 100 and /2l respectively. Both

the laser beams had a spectral resolution of typically 0.5 7731000 31400 31800

cm™ !, and their pulse duration was 5 ns. Two laser beams Wavenumber (cmi ')

were coaxially focused by a lens é&=500 mm and were ) o . )
FIG. 1. Multiphoton ionization spectra of th®,—S, transitions of jet-

introduced into the interaction region of the vacuum cham-cooled(a) bare pyrazine(b) pyrazine—Ar, andc) pyrazine—Xe. Each spec-

ber. There was no delay time between the pump and probgim was measured by monitoring the parent cation produced by ionization
laser pulses. assisted with the laser light ¢&) 225 nm,(b) 227 nm, and(c) 227 nm,

The sample of pyrazine was purchased from Tokyo KaJespectively.
sei Co., and was used without further purification. The
sample vapor at room temperature was mixed with pure Ar
gas or a gaseous mixtufXe of 10% in An, and was ex- light (225, 227, and 227 nm for bare pyrazine, pyrazine—Ar,
panded into the vacuum chamber through a pulsed jet nozzl@nd pyrazine—Xe, respectivglyas used to assist the ioniza-
The stagnation pressure of the carrier gas was 3 bars, andtign from the S, state. The intensity of the assist laser was
typical pressure in the chamber was 80 torr during the ~ weak enough to avoid two-photon ionization by the assist
nozzle operation. The jet expansion was skimmed by a skimaser light itself.
mer of 1.5 mm diameter, and the resulting molecular beam The S;—S; spectrum of pyrazine has been extensively
was introduced into the interaction region. The producedstudied by many workers, and it is well known thatS;
ions were extracted by a pulsed electric field of 15 V/icm('Bsy) is due to the 6, 7*) excitation. In the bare molecule,
with a voltage increment rate of 3 V/ns into a Wiley— the origin band appears at 30876 CThm and the
McLaren-type time-of-flight mass spectromettgnd were  10a (b,4,383 cm!) and 6 (a4,583 cm') vibrations form
detected by a channel multiplier. The delay time of 200 nghe major vibronic structure in the low vibrational energy
was arranged between the laser pulses and the pulsed extréggion. The 162 band 03,®b3,,467 cmi') disappears in
tion electric field. The ion current was amplified by a pre-the MPI spectrum while it is seen in the region between the
amplifier, and integrated by a gated digital boxcar. The avd0a' and the 5 (b,4,517cm*) bands in the absorption

eraged signal was recorded by a personal computer. spectrum. The disappearance of this band is due to much
higher vertical ionization potential from the W% level, be-
IIl. RESULTS AND DISCUSSION ing compared with that from othet§1°2°

The origin band of the pyrazine—Ar cluster was already
reported, and is low-frequency shifted by 27 ¢hirom that
of the bare molecul&?® Several intermolecular vibration

Figure 1 shows th&,—S, multiphoton ionizationfMPIl)  bands are seen in the high frequency side of the ofigi27,
spectra of jet-coole@d) bare pyrazine(b) pyrazine—Ar, and  +41, and+55 cmi %), though their intensities are quite weak.
(c) pyrazine—Xe clusters. Each of them was recorded byfhe observed frequencies of the intramolecular vibronic
monitoring the parent cation intensityn(e=80, 120, and bands of pyrazine—Ar are tabulated in Table I. Tha abd
211 amu for bare pyrazine, pyrazine—Ar, and pyrazine—Xe6a modes show no changes in their vibrational frequencies
respectively as a function of theS;—S; excitation laser upon the cluster formation, and it indicates a weak interac-
wavelength. In pyrazine and its van der Waals clusters, twaion between pyrazine and Ar. Vibronic bands higher than
photon energy of th&,—S, resonant photon is lower than the 6a' band completely disappear in the spectrum of the
their ionization potentials”!%?° Therefore, another laser cluster obtained by monitoring the parent cation intensity.

A. The S-S, spectra of pyrazine and its rare gas
clusters
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Ar, and pyrazine—Xe with the vibrational frequencies in thestate. All

values in cm™. (a) via 10al of S4

TABLE I. Band origins of theS;—S; transition of bare pyrazine, pyrazine— P
i
(

Bare pyrazing Pyrazine—Ar Pyrazine—Xe

Band origir? 30876 30849 30809
(0) (=27 (—67)
10at 383 383 384
6at 583 584 584
10a® 823 822 822
10a'6at 945 943

3 rom Refs. 17 and 27.
bValues in parentheses show relative shifts from the bare molecule.

However, by monitoring the bare cation, a small peak is
found at +822 cmi® from the origin of pyrazine—Afthe
peak is so weak that it cannot be seen in Fig) L Since the
vibrational frequency of 14’ is 823 cmi ! in bare pyrazine,
the peak at f+ 822 cmi ! is assigned to the H3 band of the oo Al b i e
cluster. The disappearance of theaiand in the cluster 75000 75400 75800
spectrum is attributed to the dissociation of the cluster fol- Wavenumber (cm"1)

|0WI;]_?](ath§t:82tI§?;IO(;ﬁf, S;rgsli(;‘fi:j #g;aﬁscﬁeyite%elgnlz g‘eter_FlG. 2. Tm120-color ionization spgctrg of bare pyrazine via Bl_e(a) 10a?
and(b) 10a“ levels. The converging limits of the Rydberg series are shown

mined. The structure of pyrimidine—Ar, which is expected topy IP,q: and IRz, respectively.

be very similar to that of pyrazine—Ar, was studied by the

high resolution rotational structure analysis, and it was con- )

firmed that the Ar atom lies nearly above the center of thd>0t0 etal™" We repeated the same experiments as Goto

pyrimidine ring plané* Moreover, in all aromatic rare gas €t al,, and confirmed their results. In this subsection, prior to

(1:1) clusters of which structures have been determined sBresent the results on the clusters, we briefly summarize the

far, it is shown that the Ar atom places on the aromaticEXPeriments on bare pyrazine. _

ring.25 Therefore, it is reasonably expected that pyrazine—Ar ~ Figure 2a) shows the two-color MPI spectrum of jet-

also has such an out-of-plane structure. cooled bare pyrazine via the dblevel of theS; state. In
The S,—S, spectrum of pyrazine—Xe is very similar to this spectrum, the frequency of the pumping Igser light was

that of the Ar cluster, showing its origin at 30809 chThe  fixed to excite the molecule to tt% 10a* level while that of

low-frequency shift of the origin is 67 cil, reflecting the the probmg laser light was scgnr?ed.. A Rydberg series starts

higher stabilization energy of this cluster. In the case of thd® appear just above the first ionization threshold,JJRand

Xe cluster, the 18°(+822cnil) and 1@6al converges to the vertical ionization limithe 1’ level of

(+943cn 1) bands can be observed by monitoring the par-th_e cation: IEOal)_. The disappearance of the Ryd_berg states

ent cluster cation. This fact reflects the higher binding energying below IR indicates that the Rydberg series ionizes

of the Xe cluster cation than that of the Ar cluster cation, andhrough the vibrational autoionization.

the dissociation following the ionization is energetically pro- ~ The term values of the Rydberg series are reproduced by

hibited. The intensity of the ¥ and 1&'6a® band relative the well-known Rydberg formul2;

to the origin band is remarkably weaker than that in the bare g _=|p —Ry/(n— 5)2,

molecule. This might be attributed to intersystem crossing , o .
and vibrational predissociation in ti& state, of which rates where IR is the converging limit, Ry is the Rydberg constant

are known to increase with the cluster formatidthe vi-  (109736.6 cm* for bare pyrazing n is the principal quan-
brational energies of the Xe cluster in tBg state are also tUm number, andis the quantum defect. We carefully cali-
tabulated in Table I. As is seen in the Ar cluster, brated the probing laser frequency by optogalvano spectros-

pyrazine—Xe also shows the same vibrational frequencies £°PY With a Ne hollow cathode lamp, and took Bg-S

the bare molecule. The out-of-plane structure is reasonabl?XCit?Ytion energy of pyrazine from the report by Udagawa
expected also for pyrazine—Xe. Intermolecular vibration€t @ Fitting the data by using the above formula, we ob-

bands are seen near the origin bard39 and+65 cm 3, tained the averaged quantum defegt—0.02+0.01 (or

and their weak intensities indicate small structural change 0}.—0.02:701.98) and converging limit IEp,1=75416
the cluster upon the electronic excitation. +1.0cm °. The Rydberg states in the range ot 15-23

(or n=16-24) were observed.
o , , Goto etal. have obtained IR:=75424cm?! and
ﬁgrzwrﬂ;ﬁgﬂ:xc'tm'on of high Rydberg series of the 5=-0.08+0.01 for the same Rydberg series, both of which
are slightly different from those obtained in the present
The high Rydberg states of bare pyrazine have beemeasuremerlt. Because of the field ionization effect by the
studied in the two-color ionization experiments performed byelectric field used to extract the ions, it is difficult to directly

|17
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measure the vertical ionization threshold. However, zero kicm™ when we take Ip=74914 cm *. This value is consis-
netic energy photoelectron spectroscoBEKE-PES of  tent with that given by the ZEKE-PES work by Zhu and
pyrazine has been performed by Zhu and Joh8and IR,  Johnson(1086 cmi %).2° The quantum defect of the 49 Ry-
(74908 cm*) and precise vibrational frequencié02 cmi'  dberg series is estimated to be0.04 (+0.01), and it is
for 10a') of the cation have been give@s for the former slightly shifted with the vibrational excitation of the ion core.
value, a small low-frequency shift due to the electron extracThe previous measurement by Gogbal. reported |Rg,2
tion field might be involveyl When we take our new value =75995cm?! and 6=—0.0917 The differences from the
of IP;ge: and the vibrational frequency of 4B given by the  present measurement are much smaller than those of the
ZEKE-PES study, the estimated value ofy IResults in  10a! Rydberg series.
74914 cm®. This value is consistent with the result of the The 1&? Rydberg series is not observed below the
ZEKE-PES study if the correction due to the ionization fieldIP;q,1 threshold (75416 cm?). This fact shows that the
and an experimental uncertainty in the frequency calibrationwell-known Av=—1 propensity rule for vibrational auto-
are considered. Therefore, we concluded that the present vabnization is held even in a large polyatomic molect#é® It
ues are more reliable than old ones given by Gaital. is also worth to note that the vertical transitionsy(=0) are
A pyrazine molecule belongs to tis,;, point group, and  strongly favored from the 3 and 1@&? levels of theS,;
the symmetry of the intermedia® 10a’ level is B3,® big state. No direct ionization to thev = — 1 continuum occurs,
=B,,. The Rydberg states created by the dipole allowedand it enables us to observe the autoionizing Rydberg series
transitions from thes; 10a’ level must have the gerade sym- without the interference from the direct ion. Go al.
metry because the photon carries the ungerade symmetrghowed that such an exclusive preference of vertical transi-
For such gerade Rydberg states, two cases are possible wiibns is only found in the transitions from th& vibronic
respect to the symmetry; one is the case that both the iolevels involving the nontotally symmetric vibrations such as
core and the Rydberg electron have the gerade symmetrthe 1@ (bq,) model’ The levels containing totally symmet-
and the other is that both have the ungerade symmetry. Faic vibrations such as thea§a,) mode show strong direct
pyrazine cation, the electronic ground stalf)) is expected ionization ofAv = — 1, leading to the destructive interference
to be oszg, because a nonbonding electron of thesym-  with the transitions to the Rydberg statege Sec. Il D.
metry is ejected upon the ionizatidh Assuming the same Comparing the spectra of the @band 1&? Rydberg
D, point group for the cationic state, the Rydberg seriesseries, it is seen that the intensity of the autoionization signal
converging to IRy: must have the gerade ion core %ﬁg relative to the direct ionization intensity at, s quite dif-
®blg:2819. Thus, the Rydberg electron should be of ger-ferent. The Rydberg series of theatOion core shows much
ade. stronger autoionization intensity. If the autoionization effi-
It has been known that Rydberg states with high orbitaiciency of the Rydberg series is unity, the intensity of the
angular momentuml &4, i.e.,g,h,i,...) arerarely found in  Rydberg series smoothly converges to the direct ionization
transitions from a valence state because of a poor overlaiptensity, and no step structure appears at the converging
between electronic wave functiof@ In this respect, we limit. %% The appearance of the step structure at the direct
expect thas (I=0) or d(l=2) Rydberg series are the most ionization threshold indicates the presence of the competing
probable candidates for the observed Rydberg series. Typic8ECay processes such as electronic predissociation. The ob-
quantum defects of andd Rydberg series are1 and~0.1,  served autoionization intensities relative to the direct ioniza-
respective|y, and it is also known that tﬂd?ydberg series tion reflect the Iarger autoionization efficiency of theai0
sometimes has a negative value for the quantum defect béan core than the 1 ion core.
cause of the interaction with the Rydberg serie&® Since
(n+1)s and nd Rydberg series occur in the similar term c. High Rydberg states of the clusters with the 10 a*
energies, it is hard to distinguish these two Rydberg series bign core
the observed band positions. In fact, the observed quantum )
defect, 5= —0.02 (or 1—0.02=0.98 is consistent with both 1 Pyrazine —Ar
of the candidates. Gotet al. have tentatively assigned the Shown in Fig. 8a) is the two-color MPI spectrum via
observed series to treRydberg serie$’ In the rest of this  the S; 10a* level of pyrazine—Ar. The gross feature of the
paper, we tentatively use the negative valuesdf—0.02. spectrum is very similar to that of the bare molecule; auto-
This is simply for convenience, because it enables us to usenizing Rydberg series appear in the region betwegraif
the same principal quantum number for the Rydberg statéP,q,1, and the direct ionization to the continuum &0
which is newly found in the clusters as described in the lattedoes not occur. However, two Rydberg series are seen in the
section[see Sec. IIIC1 As for the assignment of this ger- spectrum of the cluster, while only one series appears in the
ade Rydberg series, we also emphasize that the definitiveorresponding spectrum of the bare molecule. The intensity
conclusion cannot be given at the present stage. of the dominant Rydberg series is about double of that of the
The same Rydberg series with the different vibrationalweaker series. The term values of both the Rydberg series
state of the ion core is also observed in the two-color MPlare well fitted by the Rydberg formula, and the resulting
spectrum via thé,; 10a? level of bare pyrazine, as shown in converging limit and quantum defects are tabulated in Table
Fig. 2(b). A Rydberg series appears to converge to the veril. It was found that both the Rydberg series converge to the
tical ionization threshold (IR,2=75997cm'). The 1@?>  same limit(75132 cmY), indicating that these two Rydberg
vibrational frequency in the cation is evaluated to be 1083eries have the same dion core. The quantum defect of
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TABLE Il. Averaged quantum defects and converging limits of the Rydberg 10+ A bare pyrazine (linewidth)
series of the 18" ion core. —_ ) o

‘TE o 0 pyrazine-Ar (linewidth)

Converging limit/  First ionization 8 87 © ine-A litt
Quantum defeét cmtP threshold/cr* © ,g 5 o © pyrazine-Ar (splitting)

Bare pyrazine —0.02 75416 74914 & N o
Pyrazine-Ar  —0.09 +0.04 75132 74630 T 4 A4 9 o a oa
Pyrazine—Xe -0.13 +0.02 74909 74 407 k=4 A

8 . P o 9o, ©
&The estimated error i£0.01. 5 21 - a ©
PThe estimated error is1 cm L.
‘Converging limit—502 (the 1! vibrational frequency of the bare catjon 0 . . ; .
cm 16 18 20 22

principal guantum number

the dominant series is very small and negatiie —0.09, FIG. 4. Principal quantum number dependence of the linewidths of the
and it is similar to that of the bare moleculé=—0.02. On Rydberg_series of bare pyrazine and _pyrazine(—tAe dominant seriggo- _

. ether with the dependence of the splittings between the two Rydberg series
the other hand, the quantum defect of the weaker series pyrazine—Ar(see text
positive, but its absolute values is also very snié#0.04).
By using these values, the first ionization threshold of

pyrazine—Ar is found to be 74630 cih if we adapt the Moreover, it is found that the intensity of the weaker
same 1@ vibrational frequency of the cluster cation as thatseries relative to the dominant series is much stronger in
of the bare catior{502 cm %), which is reasonable with re- pyrazine—Xe. The intensity of the weaker series is roughly
spect to its out-of-plane structure. 2/3 of that of the dominant series.
Since the converging limit of the # Rydberg series of

2. Pyrazine —Xe pyrazine—Xe is found to be 74909 ¢t the first ionization

The two-color MPI spectrum via th8, 10a’ level of  threshold is estimated to be 74 407 cthnwhen we adapt the
pyrazine—Xe is shown in Fig.(B). The spectrum is quite Same 1@" frequency(502 cm*) as the bare cation.
similar to that of pyrazine—Ar. Two autoionizing Rydberg
series are seen in the spectrum, and both of them converge ¥ assignment of the Rydberg series: symmetry
the same vertical ionization threshold {(§R). The averaged preakdown of the ion core by the cluster
guantum defects of the Rydberg series are tabulated in Tablkermation
[I. They are very similar to those of pyrazine—Ar, but show

. . ) ) Both in the spectra of the pyrazine—Ar and —Xe clusters,
larger shifts to the negative direction. P Py

the two Rydberg series of the 4bion core appear while
only one series is seen in the corresponding spectrum of bare
pyrazine. The quantum defects of the dominant series in the

(a) pyrazine - Ar (via 10al of S4) > 4 \
IP clusters are similar to that of the gerade Rydberg series of the

15 20  $=-0.09 10al
T T T T TTTTTTImm
15 20 6=0.04
T T TTTT

X2.5

Wavenumber(cm™1)

(b) pyrazine - Xe (via 10a' of S4)

20 6=-0.13 |P1oa1
T TTTTTI

15

I [REHILL
20 8=0.02

T T TTTTI

1|5
X2.5

.

74400 74600 74800
Wavenumber (cm'1)

bare molecule, and the relative intensities to the step struc-
ture at the direct ionization threshold are also similar to.
Therefore, it is reasonably concluded that they are attributed
to the same gerad@ or s) Rydberg series as that found in
bare pyrazine.

For the assignment of the weaker Rydberg series ob-
served only in the clusters, there are two possibilitiesthe
m, splitting of the orbital angular momentufh) of the Ry-
dberg electron originating from the enhanced anisotropy of
the solvated ion corén this case] should bed or highey.

(b) An ungerade(f or higher ungeradeRydberg series,
which is forbidden in theD,;, bare molecule, appears in the
clusters because of the breakdown of the ion core symmetry.

Several hints to examine the above possibilities are pro-
vided in the observed spectra as follows.

(i) Though them, splitting is expected to occur even in
the bare molecule because of the nonspherical field of the ion
core, there is no sign of such splitting in the bare molecule.
This is confirmed by Fig. 4 which shows thelependence of
the linewidths(full width at half maximum of the Rydberg
series of bare pyrazine and of pyrazine—@#ne dominant
series, together with then dependence of the splittings be-

FIG. 3. Two-color ionization spectra ofa) pyrazine—Ar and (b) tween the two Rydberg series of pyrazine—Ar. The line-
pyrazine—Xe via thes; 10a* level. widths were evaluated by the Lorentzian line shape fitting.
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We neglected deconvolution procedure of the laser linewidth (a) bare pyrazine
(lower than 0.3 cm' in the linewidth measurement experi-
ments. This is because the linewidths of the Rydberg series
are much broader than the laser linewidth and the uncertainty
due to the fluctuation of the observed band shape is as large
as the laser linewidth. Total uncertainty of the linewidths l%
was estimated to be 0.5 ¢rh Thoughn™2 dependence is
generally expected for linewidths of Rydberg seféshe l
observed linewidths are almost constant for both the bare
molecule and cluster. This indicates that the observed line-
widths are mainly attributed to the rotational contour but are
not governed by the lifetimes of the Rydberg states. The 75000 75400
linewidths of the bare molecule are wider than those of the Wavenumber (cm™1)
cluster, however, the wider linewidths cannot be attributed to
unresolved splitting of the Rydberg series in the bare mol- (b) pyrazine - Ar
ecule. If the linewidths of the bare molecule arise from the IP6a1
unresolved splittings of the Rydberg series, the linewidths l
should show strongh dependence as the splittings of the
cluster. The narrower linewidths of the cluster are attributed IPo
to the decrease of the rotational constant associated with the l
cluster formation.

(i) Since the polarizabilities of Ar and Xe are 1.641
X 107%* and 4.044& 10" %*cn?®, respectively’? much larger
splitting of the two series is expected for pyrazine—Xe than
pyrazine—Ar, if the extra Rydberg series arises from the AN AN AL A

s . 74600 75000
splitting of them, components. As seen in the quantum de- 1
fects in Table II, however, the splittings of the two Rydberg Wavenumber (cm™)
series, which are represgnted by the quantum defect diffeksc 5 Tywo-color ionization spectra ofa) bare pyrazine and(b)
ence between the two series, are almost the same for both tB@azine-Ar via thes, 6a’ level. The adiabatic and vertical ionization
pyrazine—Ar and —Xe clusters. thresholds are shown by JRind IR, respectively.

(iii) In pyrazine—Xe, the intensity of the weaker Ryd-

berg series relative to the dominant series is larger than that )
in pyrazine—Ar. the same among the bare molecule and the clusters. Since the

The hints(i) and i) are not in accord with the possibil- direct ionization e.fficie.ngy is expected not to be af.fec.ted_by
ity (a), them, splitting, while the hintsi)—(iii ) are consistent the cluster format[on, it is con_clude(_j f[hat the autoionization
with the possibility(b), the symmetry breakdown of the ion _(and also electronic predissociat)afficiency of the clusters
core. Therefore, all the characteristics of the extra series repe 1€ft unchanged as that of the bare molecule.
resent that the possibilitih) seems to be more likely than
the possibility(a). The small quantum defect of the Rydberg D. Two-color ionization via the S, 6a' level
series indicates that the orbital angular momentum of the
Rydberg electron should be higher thianl, and we tenta- b
tively assign the weaker Rydberg series in the clusters to thg
f (1=3) Rydberg series.

6al

Figure 5a) shows the two-color ionization spectrum of
are pyrazine via the&; 6a1(ag) level (+583 cm}). As
Iready found by Gotet al, no Rydberg series is seen in the
transition from theS; vibronic level containing the totally
symmetric vibration such as theaénode, while the remark-

4. Autoionization efficiency of the 10a  * Rydberg able step structures appear at the ionization thresholds with
states of the clusters respect to the=0 and 1 continud’
By monitoring the cluster cation intensity, the direct ion- The corresponding two-color ionization spectrum of

ization to the 1@ continuum is clearly observed both for pyrazine—Ar is shown in Fig. (6), obtained by monitoring
pyrazine—Ar and pyrazine—Xe. This means that th@'10 the cluster cation intensity. The spectrum of the cluster is
level of both the cluster catior(s-502 cm'?) is lower than  quite similar to that of the bare molecule, exhibiting the step
their dissociation threshold, and no vibrational predissociastructures at the direct ionization thresholdsder0 and the
tion takes place for both the vibrationally excited ion core. 6a® continua. Since the vibrational frequency of tha 6

Below the dissociation threshold of the van der Waalsmode of the bare pyrazine cation has been precisely deter-
bond, the dynamics of the Rydberg cluster lying abowygisP  mined to be 632 cm® by ZEKE spectroscop$f it is reason-
characterized by the competition between the vibrationahble to assume the same vibrational frequency for the
autoionization and thelectronic predissociatiod?** It is pyrazine—Ar cation. Therefore, the appearance of the step
found by the comparison of Figs. 2 and 3 that the relativestructure at the direct ionization to th@®continuum indi-
intensities of the gerad@ominan} Rydberg transitions ver- cates that the dissociation threshold of the pyrazine—Ar cat-
sus the direct ionization to the ab continuum are almost ion is higher than 632 cit.
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(a) pyrazinet (m/e = 80) first ionization threshold and the converging limit. This value
is almost the same as that of the bare catib®83 cm 1)
estimated by the same method. As seen in the corresponding
spectrum of bare pyrazinfFig. 2(b)], only the Rydberg
states lying above the & threshold (IRy1) appear in the
spectrum, indicating that the vibrational autoionization pro-
pensity rule ofAv=—1 is held also in the clustéf:?°

A remarkable feature of the spectrub) of the cluster is
i the disappearance of the step structure at the direct ionization
threshold (IRg2). On the other hand, the spectrua), ob-
tained by monitoring the bare cation, shows a clear step at
the direct ionization threshold, while no Rydberg series is

LI L L I e L L LN L B NI BN B LI I N LI
748|OO 750|00 75200 75400 75600
Wavenumber (cm'1)

IP

(b) (pyrazine - Ary* (m/e = 120) 10a2 seen.
The characteristic features of the cluster spectra indicate
| 1|5 ma |2]°| IﬁTﬁﬁiM that the 1@2 level of the cluster cation lies above the disso-
15 20 52012 ciation threshold of the van der Waals bond. When the clus-

T T 17111 ter is directly ionized into the HF ionization continuum,
there is no way to release the vibrational energy except for
the vibrational predissociation, and all the cluster cations fi-
nally dissociate into the bare cation. Thus, the step structure
due to the direct ionization is seen only in the spect(am
but it disappears in the spectruiin). On the other hand, the
Rydberg series of the &8 ion core can release the vibra-
tional energy through the vibrational autoionization. In the
vibrational autoionization process, the ion core looses one
74800 75000 75200 75400 75600 guanta of its vibrational energy to eject the Rydberg
electron?®?° The cluster ion results in the &b level which
lies below the dissociation threshold, as described in Sec.
FIG. 6. Two-color ionization spectra pf pyrazine—Ar via ttli'ploa2 I'evel. [l C 4. Thus, the Rydberg states lying above the dissociation
&?ihsgiﬁrs?evrvi;ig:fasurEd by monitoriathe bare pyrazine cation and -y, o o014 appear in the spectruby, if the vibrational auto-
ionization is faster than the vibrational predissociation of the

Wavenumber (cm'1)

ion core.
i i i 2
.I(E) .anlgPeRydberg states in the clusters with the 10 2 2. Competition between the vibrational autoionization
: and vibrational predissociation
1. Pyrazine —Ar As described in Sec. Il D, the dissociation threshold of

Shown in Fig. 6 are the two-color MPI spectra of the pyrazine—Ar cation should be higher than tre Gevel
pyrazine—Ar via theS,; 10a® level obtained by monitoring (+632 cn'%). The 6’ level of the cluster cation lies at
(a) the bare molecular cationne=80amu) and(b) the  +75262 cm* from the zero vibrational level d&,, and this
cluster cation /e=120 amu). In the spectruib), two Ry-  energy level (Ig+632cm ) falls in the region between
dberg series are seen, converging to the vertical ionizatior- 15 and 16 of the 147 Rydberg states of the cluster. On the
threshold(the 1@&? level of the cation The Rydberg series other hand, the upper limit of the dissociation threshold of
are quite similar to those found in the transitions via thethe cluster cation is given by the recent infrared dissociation
S; 10a' level, and they are clearly assigned to the ger@de spectroscopic studi’ Remmerset al. measured infrared
or d) and ungeradé¢f) Rydberg series of the & ion core.  spectrum of pyrazine—Ar in the lowest triplet stafg,) by
Their converging limit and quantum defects are tabulated irmonitoring the vibrational predissociation of the cluster. The
Table Ill. The 1@2 vibrational energy of the cluster cation is lowest vibrational frequency they observed was 510 tm
estimated to be 1084 cm from the difference between the which represents an upper limit of the dissociation energy of
the cluster in theT; state. Upon the cluster formation with
Ar, it has been shown the low-frequency shift of the-Sy
transition is 16 cm®,** and the adiabatic ionization threshold
is 284 cm. By using these values, the upper limit of the

TABLE Ill. Averaged quantum defects and converging limits of the Ryd-
berg series of the 3 ion core.

Converging limit/ binding energy of the pyrazine—Ar cation is evaluated to be
Quantum defeét cm 778 cmt. This upper limit lies at +75408 cm*
Bare pyrazine —-0.04 75997 (IPy+778 cmi't) from the zero vibrational level o, and
Pyrazine—Ar —0.04 +0.12 75715 just falls onn=19 of the 1@ Rydberg states of the cluster.
Pyrazine—Xe —0.11 +0.05 75488 In the Rydberg states of the cluster lying just above the
*The estimated error i< 0.01. dissociation threshold of the cluster cation, the vibrational
PThe estimated error ig1 cm ™. autoionization is expected to compete with the vibrational
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FIG. 7. Intensity distributions of the &8 Rydberg series of bare pyrazine ||i’0 1
and pyrazine—Afthe dominant serigobserved in the two-color ionization a _l
spectra shown in Fig.(B) and Fig. €b), respectively. Each mark represents
the peak intensity of the Rydberg transition normalized by the sum of the
peak intensities of the Rydberg transitions frors 14 to 25. The arrows
indicate the lower and upper limits of the dissociation threshold of the van
der Waals bond in the ion core of the cluseee texk

74600 74800 75000 75200 75400

predissociatior(of the ion cor¢. When the vibrational pre- Wavenumber (cm-1)

dissociation occurs prior to the autoionization, the ion core;;s g Two-color ionization spectrum of pyrazine—Xe via tBg10a2
releases its all the vibrational energy, resulting in high Ryd4evel measured by monitoring the cluster cation.

berg states of the bare molecule lying below the first ioniza-

tion threshold. Thus, if the predissociation is dominant over S ) )

the autoionization, a sudden decrease of the autoionization WO autoionizing Rydberg series converging to tha10

efficiency should be found just above the dissociation thresh€Vel of the cluster cation appear also in the case of
old. pyrazine—Xe. The converging limit and quantum defects
Figure 7 shows the intensity distributions of thea?0 evaluated from the spectrum are summarized in Table Ill.
autoionizing Rydberg series of bare pyrazine and of correln€ 162 vibrational frequency of the cluster cation is esti-
sponding pyrazine—Avr. In this figure, each mark represent§'ated to be 21081 C”Jf from the difference between the adia-
the peak intensity normalized by the sum of the peak intenbatic and 1@< ionization thresholds. This value is almost the

sities of all the Rydberg transitions from=14 to 25. In the ~Same as those of the bare and the Ar cluster cations. The

case of pyrazine—Ar, the dissociation threshold of the varfluantum defects of the Rydberg series are slightly shifted to
der Waals bond is in the region of <19, and the vibra- the negat_lve direction comparing with thqse of pyraz_lne—Ar.
tional predissociation may compete with the vibrational auto-1"€ dominant and weaker Rydberg series are attributed to
ionization above this region, leading to an intensity reducn€ gerades or d) and ungeradéf) Rydberg series, respec-
tion. However, the intensity distribution of the Rydberg tively, and the latter series is seen onIy_ln the cluster because
series in the cluster is almost the same as that of the ba@ the symmetry restriction. As seen in theatORydberg
molecule, indicating no sign of the competition of the vibra- SeTies, the intensity of the ungerade series relative to the
tional predissociation vs the vibrational autoionization. Thusd€rade series is larger than that in the pyrazine—Ar spectrum,
it is concluded that the vibrational autoionization rate isSUg9gesting the more extensive breakdown of g sym-
much faster than the vibrational predissociation rate, and thE1€try in pyrazine—Xxe.

autoionization efficiency is not affected by the opening of the ~_1he intensity of2the Rydberg series relative to the direct
dissociation channel. ionization at the 18 threshold is almost the same as that of

the bare molecule. Therefore, it is concluded that the cluster
formation does not affect on the autoionization efficiency, as
3. Pyrazine —Xe seen in the 18" Rydberg states.

The two-color ionization spectrum of pyrazine—Xe via
the S; 10a? level is shown in Fig. 8. Though the spectrum ;’ﬁ;ﬁg?m defect change due to the cluster

was recorded by monitoring the cluster cation intensity, a
clear step structure appeared at the direct ionization threshold In Rydberg states having such a higlas we observed

to the 1@&? continuum. This fact means that the dissociationin this study, the orbital radius of the Rydberg electron is

threshold of the pyrazine—Xe cation lies above th@?0 much larger than the size of the ion core, so that an influence
level, and is much higher than that of the pyrazine—Ar cat-on the electron by the ion core is expected not to be so
ion. The larger van der Waals binding energy of theeffective. Though the Rydberg electron is mostly in the re-

pyrazine—Xe cation is consistent with the much larger polagion far away from the ion core, it sometimes closes to the
lizability of Xe than that of Ar. ion core, and strongly interacts with the nonspherical field
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