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,o
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Experimental photoion-photoeleetroncoincidence (PIPECO) spectra have been

obtained at different nozzle stagnation pressures for Ar, Kr, Xe, and CO dimers and

trimers in the wavelength regions corresponding to the respective ground states through

all states accessible with a photon energy of 20 eV. Ionization energies for ali ground

states were measured and agree well with previously reported values. The formation of

stable dimer ions from fragmentation of larger cluster ions initially produced by

photoionization is efficient. For nozzle expansion conditions which minimize the

formation of clusters larger than dimers, the intensities of the excited PIPECO bands for

ali clusters, except Ar2. and Ar3., are found to be negligible with respect to the ground

state PIPECO bands. This indicates that these electronically excited ions are dissociative

: in temporal ranges less than their respective flight times from the ionization region to the

ion detector. These PIPECO measurements also provide evidence that some excited

states in ali of the cluster ions studied are bound. The spectra observed in these

= experiments are consistent with the interpretation that a van der Waals cluster ion initially
2

__ formed at the equilibrium nuclear configuration of the neutral may be viewed as a



perturbedmonomer,,
,_ _ _,,

The PIPECO _:hnique has been used successfully to obtainthe mass-selected

threshold photoelectronspectra of the SO and _0 transient molecules formed from a

microwave discharge, effusive beam source. The PIPECO spectrum of SO shows

resolved vibrational structurefor both spin orbit componentsof the ground electronic

state t_2II3_,1_ over the entire spectral region studied (v = 0 - 11). The vibrational

states for SO+(X_II3t_,_v = 3 - 11) re.suitfrom autoionization processes. The adiabatic

ionization energy, vibrational spacings, and spin orbit splitting deduced from the analysis

of this spectrumagree with previously reported values.

: Analysis of the PIPECO spectrum of $20 provides the vibrational spacings and

adiabaticionization energies for the ground and first two excited states. These values

agree with previously reported values.
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GENERAL INTRODUCTION

Interest in the properties of ionic clusters has increased dramatically in the last ten

years. Much of the research in this area has focused on characterizing energetic

properties of clusters as a function of size. The reviews by Ngt, M_k and Castleman2,

andthe referer_es cited within, provide numerous examples of such studies. Much of the

interest in these studies stems from the desire to bridge the gap between the propertiesJ

exhibited by isolated gas phase molecules (or atoms) and the properties characteristic of

the corresponding bulk condensed state. These studies increase our understandingof

solvation effects, nucleation phenomena, and the formation of the condensed phase.

Studies on cluster ions have also increased our understanding of ion-molecule interactions

by serving as reactants in studies of ion-molecule half-reactions. Photoionization of

neutral van der Waals clusters offers a unique opportunity for initiating half reactions

under conditions of restrictedgeometry and angular momentum. References I and 2 list

: some examples of ionic half-reactions which have been studied by using van der Waals

clusters as the reactants.

Despite the wealth of information available on cluster ions, little is known about the

- electronic excited states of these species (dissociation energies, ionization energies (IEs),

lifetimes, reactivities, etc.). Photofragment spectroscopy has provided some information

in this regard. A few typical examples of these are the photofragmentation study of

Ab+ 3 , Kh+ 4, Ars+ s-'1,(CO)2+8, (CCh)+ 9and (N_+.l° These experiments provide

=
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information only on states which are accessible via electric dipole allowed transitions

from the ground state and which dissociate within the timescale of the experiment.

Hel photoelectron spectroscopy (PES) and threshold photoelectron spectroscopy

(TPES) are powerful techniques which are not restricted by selection rules like the

photofragment spectroscopic technique, nor do they depend on the fate of the ionic

molecule. Photoelectronspectroscopic techniques usually provide energetic and

spectroscopic information on ali ionic states falling within experimental constraints such

as electron energy resolution, photon source energy and intensity, and signal to noise

ratio, However, few unambiguous results for van der Waals clusters have been reported

from PES studies. Noteworthy exceptions are the HeI PES studies of the rare gas dimers

reported by Dehmer and Dehmer. 11,n These studies provide information on the ground

and some excited states of the rare gas dimer ions.

The difficulty in obtaining PE spectra of van der Waals clusters is a consequence of

the way in which neutral van der Waals clusters are produced for these experiments. The

neutral van der Waals clusters probed in these experiments are formed during the

supersonic expansion of precursor monomers into the vacuum chamber. The resulting_

molecular beam generally contains only a few percent of the neutral van der Waals

: cluster of interest, along with the monomer used in its preparation. The fact that ali

_ photoelectrons produced are indistinguishable means one must assign which electrons are ,

due to the cluster being studied. This is accomplished in two separate experiments. In

the first experiment one selects the proper expansion conditions so that only monomer

and dimer clusters are present in the molecular beam. The ability to select expansion Ig

1



conditions such that no van der Waals clusters larger than dimers exist,was first shown

by van Deursen and Ruess13in their'smdl,_son the Ne, Ar, H2, Nz, and O2 systems. In.

the second experiment, expansion c_nditions are chosen such thatonly monomers exist in

the molecular beam. Comparison of the two spectra reveals which structures are due

solelyto thedimer.
i.

A majordrawbackofthecomparisontechniqueisitsinabilitytomeasurePE bands

of the van der 'Waals cluster whe:o they are obs:mreciby those of the monomer. One way :

to overcome this problem is to selectively ionize the van der W',mlscluster of interest

using resonance enhanced multiphoton ionization (REMPI). The electrons which are

solelyfromthevanderWaalsclusterofstudymay now beanalyzedusingconventional

• techniques. One example of such a studyis the REMPI PES spectrumof Xe_"reported

by Dehmer, Pratt, and Dehmer. _4 The generality of this technique is limited by several

factors. First, spectroscopic information about the neutral van der Waals cluster must be

known. There are few van der Waals cluster systems for which the necessary

spectroscopic details are known. Secondly, care must be taken to ensure that the

observed electron does not arise from unwanted multiphoton events. Finally, it is

generally necessary to generate PE spectra from many different resonant intermediate

states in order to observe ali the ionic states energetically allowed.

Another possible solution to this problem is to use a technique capable of identifying .,

the origins of photoelectrons. The photoion-photoelectron coincidence (PIPECO)

: technique, which is based on the time correlation of electron-ion pairs formed in

photoionization, is capable of this. Brehm and von Puttkamerts reported the first lm,

-
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PIPECO study in 1967. Since this time, many reports of PIPECO studies of _ble

molecules have appem'ed in the literature. Nearly all of these studies have provided

information on the final energy (or state) distribution of product ions resulting from the

unimolecular decomposition of energy (or smte)-seleeted ions,. The review by Baera6
t

discusses the PIPECO technique and its aFplications as a state selection method for use in

' probing ion-molecule interactions. The capabi!ity of state selection offered by the

PIPECO technique is not attainable using the techniques of HeI PES, TPES, or REMPI

PES. One feature of _ne PIPECO spectrum of an ion is that the observation of a

PIPECO band of an ion implies that the energy (or state)-seleeted ion is non-dissociative

within the _on flight time from the photoionization region to the ion detector. Thus, the

absence of a PIPECO band in a stn_tral region known to contain an ionic state (from

other experiments, or theoretical calculations) provides some information on the

dissociative lifetime of this ionic state.

When this research was begun __r,1987, only two PIPECO studies of clusters had
=_

appeared in the literature. These studies of Kr2+_7,XeT,+ and X_ +_sextended only to

energies below that of the corresponding monomer IEs, and hence provided no
z

information on the excited states of these cluster ions. This lack of experimental data

available for excited states of cluster ions motivated us to apply the techniques of

PIPECO spectro,_vopy(utilizing a PIPECO apparatus recently eonstructexl in our

laboratory by modifying a molecular beam photoionization mass spectrometer) to study

" ground and excited ionic states of clusters°

11



Another important field which could benefit greatly from availability of PES results '_

the study of free radicals and transient molecules. The problems which arise in

attempting to obtain mass-selective PES of :lusters also arise here, and for the same

reasons. Namely, the radicals or transient molecules are always produced together with

their precursor, and usually in relatively low abundance. By incorporating a microwave

discharge, effusive beam source (for production of transient molecules) and a pulsed ion

extraction source into the PIPECO apparatus used in the cluster studies, we have

succeeded in obtaining the PIPECO spectra of the SO and S_Otransient molecules. To

our knowledge this is the first reported application of PIPE,CO to the study of transient

molecules.

_I



EXPLANATION OF THESIS FORMAT

The thesis is divided into two pans: Part I is subdivided into four sections according

to the specific van der Waals cluster system being studied; Part II, comprised of only

: ov(esection, is about transient molecules. Each section is an independent article prepared

in a format ready for publication. The experimental apparatus is described in detail in

Section I of Pan I, and a brief experimental description, including any specific operating

conditions, is included in each succeeding section. A description of the modifications

made for the study of transientmolecules is presented in Part II. The figure,s, tables, and

references cited in each section refer only to those contained in that section. The

; references cited in the General Introduction and General Conclusion are compiled at the

end of the thesis, following the General Conclusions.



PART I.

PHOTOION-PHOTOELECTRON COINCIDENCE STUDIES OF CLUSTERS



SECTION I.

A PHOTOION-PHOTOELECTRON COINCIDENCE STUDY OF Arn (n - 2 - 4)



INTRODUCTION

The spectro_copy''6and dissociation dynamics 7q' of Ar dimer and cluster ions have

b_en the subject of much research in the past decade. Partof the interest in small rwe

gas cluster ions arises from the development of raregas excimer lasers,n The

experimental_'11'13,z4and theoretical15"_|investigationsof Ar2+ and Ar3+ have been partly

motivated by their possible roles as gain inhibitors in excimer laser systems. The relative

simplicity of the Ar cluster ion system, along with the wealth of precise energetic,

spectroscopic, and dynamical information accumulated, has made it a focus in cluster

research for rigorous comparison of experiment and theory.

: The ionization energies fIE) for the ground states of Ar2 + arid Ar3+ have been well

established by previous photoionization, _,4,5photofragmentation, 2 and equilibrium mass

spectrometric|3'14measurements. For ionized van der Waals clusters such as Ar cluster

ions, experiments4 have shown that the binding energy for Ar2+ is overwhelmingly

greater than those for Ar,+-Ar (n _ 2). This observation has been taken as support of a

- central charge model,22which suggests that the structure of an Ar cluster ion consists of
s.

an Ar2+ dimer core surrounded by weakly bound neutral Ar atoms Interestingly, the

recent theoretical calculations of Hesslich and Kuntz 19and Kuntz and Valldo_ t indicates

-- that the most stable configurations for Al',_ clusters up to n = 13 are best approximated

as a central Ar trimer ion attached to neutral Ar atoms in the outer shell.
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An Ar cluster ion initially formed by photoionizationor electron impact ionizationat

energies above the dissociationthreshold may contain enough internal energy for it to

dissociate into smaller fragments. The effect on the Ar3+ photoionization efficiency (PIE)

spectrum due to fragmentationof higher Ar cluster ions has been examined.4 Buck and

Meyert_ have demonstrated that ionization of Ar3by electron impact at electron energies

of 40- 1130eV yields no Ar3+. In the time scale of their experiment, Ar3+ ions are found

to dissociate completely forming Ar2+ and Ar+ in the ratio of - 7:3. If the excess

internaIenergy initially deposited by the ionization process is redistributed efficiently

within internalmotions of the cluster ion, statistical theories predict that the dissociation

lifetime of the cluster ion increases with increasing cluster size. The work of M_k and

co-workers shows that even Ar_+ and At3+ ions display metastabledecays in the

microsecondtime regime. 9 The metastable decay rate of At3+ formed by electron impact

• ionization depends very strongly on the internal energy of Ar3+. Due to the broad range

of internal energies of At3. acquired in its formation process, a unique dissociation

lifetime cannot be assigned to the cluster ion. These findings illustrate that the

metastability of Ar cluster ions is not totally statistical in nature. Recently, Ferguson et

al._°have suggested that tunneling through a rotational barrier is responsible for the slow

decay of At3+ to form At2+. Their model calculation predicts that the tunneling lifetime

: of Ar3+ decaying into Ar2+ + Ar may range from 10_° to 10 s.
-

Photoelectron spectroscopic studies of neutral rare gas dimers3 formed in a supersonic

beam have been made by comparing the photoelectron spectrum (PES) of the monomer

- with that obtained under nozzle expansion conditions which produce mainly dimers and

_

_qt,i,I, lr II11,_ rl_ ,_1[IIIiI ' 1_" _" 'II ' rlll_l[ fir li ,_hltP1 ',,,1f_1 I _' _ _ q_tI_' li " rl,, Illmll, "Iii I, I l"r_l' _ _Pl_ll'_rllrlIl_"lll _ l_lr'T,,_10
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monomers. Since the concentration of a van der Waals dimer produc_ in a supersonic

beam is substantially lower than thatof the monomer, it is difficult to examine the dimer

photoelectron bands wb:eh overldp with those of the manomer. In spite of this difficulty,

the elegant photoelectron spectroscopic experiment of Dehmer and Dehmer3 has provided

values for the IEs of the excited I(3/2)g and II(1/2)u states of Ar2+.

In this report, we present the photoion-photoelectron coincidence (PIPECO) datafor

At, . (n = 2 - 4) using the PIPECO technique developed recently in our laboratory._,24

The information content of the PIPECO spectrum is more specific compared to the PES

of a cluster ion. Since a coincidence signal represents the detection of a time correlated

electron-ion p_r, the observation of a PIPECO band of a cluster ion implies that the state

(or energy) - selected cluster ion has a dissociation lifetime longer than, or close to, the

ion flight time from the photoionization region to the ion detector. If the dissociation

lifetime of the state (or energy) - selected cluster ion is much shorter than the ion flight

: time, the corresponding PIPECO band would not be observed. Therefore, the PIPECO

spectrum of a cluster ion not only contains spectroscopic information but also provides

dynamical information concerning the unimolecular decomposition of a state (or energy) -

selected cluster ion.

=

_
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EXPERIMENTAL

A description of the molecular beam PIPECO apparatus and proceduresused in this

study has been reported,z_'u The nlolecular beam PIPECO apparatus is modified from

the molecular beam photoionization apparatus which has been described in detail

previously, z5,_6Figure 1 shows a cross-sectional view of the differential pumping

arrangement of the molecular beam production system, photoionization region,

quadrupole mass ::pectrometer (QMS), and photoelectron energy analyzer. The major

modification involves the installation of the photoelectron energy analyzer opposite to the

vertical QMS (4).

The Ar molecular beam is produced by supersonic expansion of pure Ar through a 62

/zm nozzle at a stagnation pressure (Po) range of 60 - 210 Torr. The nozzle is cooled by

cold N2gas and kept at a constant nozzle temperature of 120 2:3 K throughout the

_ experiment. The high intensity portion of the supersonic jet is collimated into the

ionization chamber by a conical skimmer (2) before intersecting at 90* with the dispersed

light beam emitted from the exit slit of the vacuum ultraviolet (VUV) monochromator.

A constant electrostatic field of - 1 V/cre is applied at the photoionization region

such that electrons and ions are deflected in opposite directions perpendicular to the

: molecular beam axis. The electrons and ions are guided toward the electron energy

analyzer and the vertical QMS, respectively, by electrostatic lenses. Due to the relatively

weak repeller field in the photoionization region, the ion transmission (f,) through the
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Figure 1. Cross-sectio_al view of the molecular beam PIPECO apparatus

(1) nozzle; (2) skimmer; (3) reaction gas cell; (4) vertical QMS;

(5) steradiancy analyzer; (6) spherical sector electron energy analyzer;

(7) channeltron electron detector; (8) horizontal QMS

2

_
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vertical QMS is - 0.3,,

The electron energy analyzer, optimized for threshold photoelectron detection,

consists of a s_radiancy analyzer_,z_and a spherical sector energy analyzer (Comstock

model AC-901) (6) arranged in series. :9 At a pkoton energy coinciding with an ionization

threshold, two groups of electrons may be produced, i.e., a group of electrons with near-
i

zero kinetic energies and a group of hot electrons resulting from the formation of ions in

lower ionic states. In a conventional steradiancy analyzer, a long tube is connected

directly to the repeller plate at the photoionization region. Thus, the long tube functions

as a drift tube to eliminate hot electrons moving in directions away from the solid angle

sustained by the long tube. In this experiment, the potentials of the long tube (5) and the

simple aperture lenses above and below the tube are optimized to transmit preferentially

near-zero kinetic energy electrons. Although the potential of the long tube is -- 80 V

higher than the repeller plate, the assembly behaves like a steradiancy analyzer. The

advantage of this arrangement is that the electron trajectories through the tube are subject

° only to minor perturbation by stray magnetic fields because the electrons are moving at

vel_ities corresponding to energies of - 80 eV.

The dashed curve shown in Fig. 2(t)) is the PES for Ar+ observed with a channeltron

electron multiplier placed at the end of the steradi,'mcyanalyzer when the transmission of1

zero kinetic energy electrons has been maximized. The spherical sector energy malyzer

is used to reject hot photoelectrons moving in the direction along the axis of the tube,

Figure 2(c) shows the threshold PF.,Sfor Ar+ obtained using the steradiancy and spherical

sector energy analyzer combination. The hot electron tails of the 2P3aand 2P_a _g

.... i , ,, J, ',_ ' "" " "" '_q0rr
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Figure 2. Threshold PES of Ar obtained using the spherical sector and/or steradiancy

electron energy analyzer

(a) Threshold PES of Ar obtained by taking the difference of the

normalized spectra shown in (b); (b) (.-o-) PES,of Ar observed using only

the steradiancy analyzer when the transmission of zero kinetic energy

electrons is maximized, (-) PES of Ar recorded using only the steradiancy

analyzer in a focusing arrangement which minimizes the transmission of

zero kinetic energy electrons, wavelength resolution = 0.3 tlt (FWHM);

(c) Threshold PES obtained using the steradiancy and spherical sector
_

energy analyzer combination, wavelengttt resolution = 0.5 .A.(P'WHM)
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photoelectron bands observed in Fig. 2(c)are reduced substantially compared to those in

Fig. 2@). At an electl'on energy resolution of -- 50 mev (FWHM), the threshold

electron transmission (f,) of the electron energy analyzer assembly is - 0.01. Figure

2@) also shows the PES for Ar* (solid curve) recorded using olfly the steradianey

analyzer in a focusing arrangement which minimizes the transmission of zero kinetic

energy electrons. The two PESs depicted in Fig. 20.))have been normalized in the

wavelength range of - 750 - 775 A. Taking the difference of 0"__normalized spectra

gives the threshold PES for Ar . [Fig. 2(a)] with a resolution of - 15 meV,

approximately twice the photon ba.,dwidth of 0.3 A (FWHM) used in measuring the

spectra.

In this experiment, we use a multichannel sealer (MCS) to measure the ion time-of-

flight (TOF) distribution after ).hetriggering by an electronic pulse signifying the arrival

of an electron at the ehanneltron detector. The active time period (ro)of the MCS must

be longer than the flight time of the ions of hate.rest. During the active time period of the

MCS, the coincidence circuit will not accept other electa'on pulses. To avoid suppression

of the coincidence signal, ro should be shorter than the average time interval between two

adjacent electron pulses, which is equal to the inverse of the electron counting rate.

When the VUV lamp is a continuous light source such as that used in our experiment, the-7,

' ions which are correlated with the energy-selected electrons appear in a narrow range of ,,,

channels of the MCS corresponding to the differences in flight times of t:hecorrelated

electron-ion pairs. The detection of uncorrelated ions will give rise to a uniform

. background because these ions arrive randomly at the ion detector at a uniform rate.
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When the QMS is used to mass select a specific cluster ion, it is straightforward to

show that the signal-ta-noise (S/N) ratio3°33for the coincidence counting of a cluster iot_

is

N 1 . 2NT At

where No, Nr, and At are the ionization rate for the cluster ion of interest, die total

ionizationrate, and the full width of the cluster ion TOF peak, respectively, and g_

representsthe fraction of electronsWhich falls within the energy band pass of the electron

energy analyzer. Equation (1) is derivedunder the assumptionthat the background

counting rates for the ion andelectron detectorsare negligible compared to the ion and

: electron counting rates. By operating the QMS as a radio frequency(rf) ion guide such

that all ions are transmitted to the ion detector, the PIPECOTOF spectra for 'all cluster

1 ions can be measured simultaneously. Following procedures similar to those used in the

derivation of Eq. (1), the SiN ratio of such an arrangement can be shown as

_S ._[ Ne gof, fi (2)o

N 1 + 2Nr At(NrlN c)

- In a typical experiment, Nr '- 10_ - l& counts/s and Na. ,_ 100 N0at photon energies ,,.

higher than the IE of the monomer and At - 5 - I0 #s, the denominators of Eqs. (1) and

. (2) aa'edominated by the terms 2NrAt and 2N.rAt(NT/N_),respectively. Obviously, based i'
on the expressions shown in Eqs. (1) and (2), the optimi:,.ationof the experimental S/N '_
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ratio involves maximizing g_, f_, ft, and NJNT and minimizing At. Better SIN ratios for
'\

coincidence data can be obtained by using the QMS to mass select the cluster ion of

interest.

Figures 3(a) - 3(c) siaowthe coincidence TOF spectra recorded for Ar cluster ions at

810 A,and P. = 60, 90, and 210 Torr, respectively. These spectra are obtained when

the vertical QMS is operated as a rf ion guide at an ion entrance energy of - 5 V. The

flight time differences for e"-ion pairs are 67 _s for (e -Ar+), 95 t_s for (e" -Ar2+), and

116/_s for (e"-Ar3+). The full width of the TOF peak for Ar2+ is -.- 8 - 10 ps. The

presence of Ar . at this photon energy, which is lower than the IE of Ar, is attributed to

scattered light arising from imperfections of the grating. The ratio of Ar3+ to Ar2+

intensities decreases from .-- 1/16 to --. 0 as the pressure is decreased from 210 to 60

Torr. The intensity of Ar2. measured at 810 A reaches its maximum value at - 90

Torr. At 60 Torr the intensities for Ar, . (n _ 3) are found to be within the noise level.

However, a coincidence TOF spectrum with no Al',+ (n _ 3) peaks does not necessarily

indicate the absence of Aro (n > 3) in the Ar supersonic beam because fragmentation ,of

Arm. (n __ 3) parent ions upon ionization may diminish the intensities of the ions. The

absence of cluster ions larger than the one of interest in the coincidence TOF spectrum

appears to be a necessary, but riot a sufficient, condition for the acquisition of PIE or

- PIPECO data free from the effects of fragmentationfrom larger clusters. ,,
z

; The PIPECO spectrum of an ion is a plot of the ratio of' the ion coincidence intensity

to the ionization photon intensity versus photon wavelength. Ali PIPECO spectra
=

obtained in this experiment are measured using the vertical QMS to select the ion of

_g
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Figure 3. PIPECO TOF mass spectra of At, observed at 810 A and a nozzle temperature

of 120 K

(a) Po = 60 Torr; Co)Po = 90 Torr; (c) Po = 210 Torr
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interest. The vertical QMS is floated at a dc potential of - 200 V. Under this

condition, the flight times of Ar +, Ar2., Ara+, and Ar4+ are - 34, 47, 58, and 66/zs,

respectively. The value for At of the Ar_+ TOF peak is founa to be -. 4 - 5/_s.



22

RESULTS AND DISCUSSION

L

,Spectra for At2.

Figures 4(a) - 4(c) display the PIE spectra for Ar2+ obtained using a wavelength

resolution of 1.5 A (FWHM) at Po = 60, 90, and 210 Torr, respectively. The PIE

spectrum for Ar+ is included in Fig. 4(a) for comparison. The Ar2+ spectrum show in

Fig. 4(a) is in good agreement with that recorded by Ng et al.1using a similar

wavelength resolution. The PIE spectrum for At2+ is dominated by strong autoionization

peaks superimposed on an ionization continuum structure rising slowly from the

ionization threshold. The ionization continuum structure arises mostly from direct

ionization of At2. When taken at higher wavelength resolutions, the autoionization

structure is found to be very complex, s The ionization continuum structure appears to

rise more rapidly from the ionization threshold and become more significant compared to
z

the autoionization features as Po is increased from 60 Torr [see Figs. 4(Io)and 4(c)]. This

observation can be attributed to the production of Ar2+ from dissociative ionization

processes of higher Ar clusters. The PIE spectra for At2" measured at Po < 60 Torr are

essentially identical to that shown in Fig. 4(a), indicating a negligible effect of _ll

fragmentation of larger clusters on the At2+ spectrum observed at Po = 60 Torr.
_

The PIPECO spectra for Ar2+ obtained at Po = 60, 90, 210 Torr using a wavelength

resolution of 1.5 A (FWHM) and an electron energy resolution of 70 meV are depicted in la.
2
,m

1

4

1 _



Figure 4. PIE spectra for Ar . and Ar2. obtained using a wavelength resolution of

1.5/_ (FWHM) and a nozzle temperature of 120 K

(a) Po = 60 Torr; (b) P, = 90 Torr; (c) P. = 210 Torr
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Figs. 5(a) - 5(c), respectively. The autoionization features resolved in the Ar2+ PIPECO

and PIE spectra are similar.

Based on the examination of the PIPECO, TOF,and PIE spectra as a functie" of Po,

it is logical to conclude that the PIPECO spectrum of Ar_+ measured at Po = 60 Torr

represents the "true" PIPECO spectrum of Ar2. The Ar2+ PIPECO spectrum of Fig. 5(a)

Shows a sharp drop in intensity at photon energies coinciding with the Ar+('2P3a)PIPECO

band, and observation consistent with the interpretation that Arz+ formed by

photoionization at energies above the Ar+ (_P3o.)+ Ar(tS,) asymptote is dissociative.i

The dashed broad peak shown in the At2+ PIPECO spectrum in Fig. 5(a) outlines the

continuum structure which reveals the Franck-Condon overlap profile between vibrational

levels of the Ar2ground state and those of the At2+ ionic states correlating to the

Ar+taP3a)+ Ar(tS,) dissociation limit. The At2' potential curves including spin-orbit

coupling have been calculated by Wadt. t6 There are four Ar_+ potential curves, I(1/2)_,

I(3/2)s, I(1/2)s, and I(3/2)_, which correlate to the Ar+(2P3a)+ Ar(_S,) asymptote.. The

calculation predicts that with the exception of the I(1/2), state which is bound by 1.19

eV, the other states are repulsive or only weakly bound. The HeI PES for Ar2obtained

. by Dehmer and Dehmera resolved two electronic bands below the IE for Ar+('_P3a)which

are assigned to eh I(1/2)_ and I(3/2)s electronic bands. The peaks of the I(1/2)_ and

" I(3/2)s bands are red shifted with respect to the IE for Ar+_P3a) by -.- 0.08 and ~ 0.2

eV, respectively. The peak position of the Franck-Condon profile shown in Fig. 5(a) is

consistent with the measured shifts for Ar2+ [I(1/2)d and Arz+ [I(3/2)_]. It is most likely



Figure 5. PIPECO spectra for Ar2*obtained using a wavelength resolution = 1.5

,/_(FWHM), an electron erergy resolution of ==70 meV, and a nozzle

temperature of 120 K

(a) Po = 60 Torr; (b) Po = 90 Torr; (c) P. = 210 Torr
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that the Franck-Condon profile represents the sum of the I(1/2)_ and I(3/2)s electronic

bands, Considering the fact that Ar_+ [I(3/2)g] is only bound by -.- 0.14 eV, the

contribution to the observed profile due to the formation of Ar2+ [I(3/2)_] should be

minor. Because of the superposition of strong autoionization features on the continuum

structure, the Franck-Condon profiles for the Ar2+ [I(1/2_ and Ar_+ [I(3/2)z] electronic

bands are not resolved in Fig. 5(a). The Hel PES of At2 shows no autoionization

structure.

The comparison of the PIPECO spectrafor Ar2+ in Figs. 5(a) - 5(c) indicates that the

autoionizationpeaks become less pronounced relative to the underlying continuumprofile

as Po is increased, an observation similar to that foundin examining the Po effect on the

PIE spectrum for At2+. As a result of the production of Ar_. from the dissociative

ionization Ofhigher Ar clusters, the widths of the continuumstructuresshown by the

dashed profiles in Fig. 5('o) and 5(c) are broader than the Franck-Condon profile

observed in Fig. 5(a). The finding that fragmentation of higher Ar clusters mostly affects

the continuum structureimplies that the PIPECO spectrafor higher Ar cluster ions are

relatively smooth and have few autoionizationfeatures.

The value of 14.518 ± 0.017 eV (854 ± 1 A) for the IE for Ar2+ [I(1/2)_]
_

determined from the PIPECO spectra for Ar2+ ['Figs. 5(a) - 5(c)] is in excellent

- agreement with that obtained from the PIE curves for Ar2+ [Figs. 4(a) - 4(c)]. This value ,,

is also in accord with the results of previous photoionization studies, t,',5 Using this value

and the known values for the IE for Ar+('zP3tz)and the dissociation energy of Ar2(I0.4

meV), we calculate a value of 1.24 + 0.02 eV for the dissociation energy of At2.. This li,

_

_=
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value is slightly lower than the value of 1.33 ± 0.02 eV obtai_t_ by Moseley et al.2

using photofragrnentationspectroscopictechniques.

The relativepeak intensitiesof the PIPECObands for Ar2. in the wavelength region

of 775 - 783/_ and 783 - 854 ./_[Fig. 5(a)] are similar to those observed for the

Ar+(2Pla)and Ar+(2P3a)bandsin the threshold PES of Ar [Fig. 2(e)]. The fact that the

At2+ PIPECO intensity diminishes at photonenergies above the IE for Ar+(2Pla)suggests

that the weaker Ar2. PIPECOband in the wavelength region 775 -783/_ may arise from

an excited state of Ar2. correlatingto the Ar+(2PIrz)+ Ar(ISo)dissociation limit, Of the

two states, II(l/2)u and II(1/2)g, correlatingto this limit, only the II(1/2)_state is

predictedto be bound.16 Thus, we assign the weaker Ar2. PIPECOband to the

formation of Ar2+ [1I(1/2).,1. The Ar2+ [II(1/2)J PIPECOband is also evident, but less

well resolved in the PIPECO spectra measured at Po ---90 and 210 Torr, possibly due to

the fragmentationeffect of higher Ar cluster ions. The IE for At, . [II(1/2)j is difficult

: to assign because the Ar2+ [II(1/2)J band overlaps with the lower energy PIPECO bands

for Ar2. [I(3/2)_] and Ar_+ [I(1/2)J.

In an effort to obtain a better estimate for the adiabatic IE for Ar_+ [II(1/2)d, a

PIPECO spectnJm for Ar2+ has been measured at Po = 60 Torr using a wavelength

resolution of 0.5 ,_,(FWHM) and an electron energy resolution of 50 mev (FWHM).

Figures 6(a) and 6Co)show the PIE and PIPECO spectra for Ar2., respectively, recorded

under these experimental conditions. The PIPECO spectra for Ar + is plotted in Fig.
_

6(c). The error bars shown in Fig, 6(b) represent one standard deviation. The

comparison of the PIPECO spectra of Fig. 6(b) and 5(a) indicates that improving the



Figure 6. PIE and PIPECO spectra for Ar+ and Ar2+ obtained using a wavelength

resolution = 0.5 A (FWHM), P. = 60 Torr, electron energy resolution

,, 50 meV (FWHM)

(a) PIE spectrum for Ar_+; (b) PIPECO spectrum for ART+;(c) PIPECO

spectrum for Ar+
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wavelength and electron energy resolutions does not reveal much new structure and that

the PIPECO band for Ar2+ [II(1/2)d remains unresolved from the lower energy PIPECO

bands.

The minimum at 15.835 :k.0.010 eV (783:1:0.5 A) in the overlapping region

between the Ar2+ 0I(l/2)d PIPECO band and the lower energy PIPECO bands is taken

as an upper bound for the IE for Ar_+ [II(1/2)_]. This value leads to a lower limit of

0.11 eV for the dissociation energy of Ah . [II(1/2)d. A value of 0.10 2:0.02 eV for

the dissociation energy of Ar_+ [lI(1/2)d has been determined previously by photoelectron

spectro._:opy.3 The calculation predicts that Ar2+ OI(1/2)d is bound only by 0.04 eV. _6

The Ar2+ 0I(1/2)J PIPECO band peaks at 781 :t: 0.5 J_, which can be taken as the

vertical IE for the ll(l/2)u state. The location of the peak is consistent with the

convergence limit (781.2 A) of an autoionization Rydberg series observed in the high

resolution photoionization experiment,u

Depending on the coupling of the ionic and autoionizing Rydberg states, electrons

produced by autoionization may have a distribution of kinetic energies. The ratios of the

peak heights of corresponding autoionization peaks resolved in PIE and PIPECO spectra

" for Ar_+ [Figs. 6(a) and 6Oa)or Figs. 4(a) and 5(a)] provide information about the
-i

relative efficiencies of the autoionizing Rydberg states in producing near-zero kinetic

Z energy electrons. The comparison of the PIE and PIPECO data for At2 + shows that the f
autoionizing states associated with the autoiorfizationpeaks at 797 and 838 ,/_are more

efficient relative to other autoionizing states in forming electrons with near-zero kinetic 1

energies,. The similarity of the autoionization structures found in the PIE and PIPECO IL
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spectra seems to indicate that a significant fraction of electrons produced by autoionizing

states observed in the wavelength region of 790 - 855 A are slow electrons with near-zero

kinetic energies falling in the energy band pass of the electron energy analyzer.

The excited Ar2* [lI(l/2)J ions initially formed by photoionization may undergo

radiative decay to the Ar2+ [l(l/2)s] and Ar2. [I(3/2)r,]states which correlate to the

Ar*(2P3rz) + Ar dissociation limits. Since the Ar2+ [I(1/2)s] state is predicted to be

purely repulsive, the radiative transition to this state should lead to instantaneous

dissociation of the Ar2. ion. The observation of the Ar2. [lI(l/2)d band is consistent

with the interpretation that the Ar2* [II(1/2)d state is metastable with a radiative lifetime

longer than the flight time of At2. (47 #s) from the photoionization region to the ion

detector. The H(1/2),--, I(1/2)s transition is expected to be significantly stronger than the

II(1/2),--,. I(3/2)5transition. The expected weakness of the II(1/2),-,. I(3/2)_ transition is

in accord with the propensity rule that transitions involving changes of f] are weak.35

This interpretation is supported by the theoretical prediction that the radiative lifetimes

for the II(1/2)u--,, I(1/2)5 and II(1/2),--, I(3/2)_ transitions are 90.9 t_s and 50.7 s,

respectively ._

Spectra for At3+

Figure 7_) shows the PIPECO spectrum for Ar 3. measured at P. = 105 Torr. The !

At4+ intensity is not observable at Po = 105 Torr. The PIPECO spectra for Ar3. !

observed at Po = 105 and 155 Torr are in general agreement, indicating that the effect of lm,

Z



Figure 7. PIPECO spectra for At, . (n 2 - 4) obtained using a wavelength

resolution = 1.5 ,_ (F_) and an electron energy resolution _ 70

meV (FWHM)

(a) PIPECO spec_um of At4+; Co) PIPECO spectrum of At3+; (c)

PIPECO spectrum of Ar 2.
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fragmentation from higher Ar cluster ions on the PIPECOspectrum for Ar3. is minor

under the present experimental conditions. We believe that the spectrum shown in Fig.

7('0) is close to the true PIPECO spectrum of Ar3. The IE for the ground state of Ar3+ is

determined to be 14.35 ± 0.04 eV (864 ± 2 A)from the Ar3+ PIPECO spectrum. This

value is in accord with that found by the PIE measurements and with that reported by

Dehmer and Pratt. 4 Using the IEs for the ground states of Ar2+ and Ar3+ obtained here,

and assuming the dissociation energy for Ar2"Ar to be equal to that for Ar2, the

dissociation energy for Ar2+-Aris calculated to be 0016 ± 0.04 eV, a value consistent

with values determined by previous photoionization, 4equilibrium mass spectrometric, 13

and flow tube1_studies.

The rich autoionization featuresaping in the Ar2+PIPECO spectrum are not

discernible in the Ar3+ PIPECO spectrum which consists simply of a strong and broad

band centered at -- 812 ,_.and a weak band in the wavelength region of 778 - 791/_.

The peak of the strong band is red shifted with respect to the maximum of the Franck-

Condon profile shown in the Ar2. PIPECO spectrum. The PIPECO intensity for Ara.

decreases rapidly in the wavelength region of 791 - 810 A as compared to the Ar2.

PIPECO spectrum which shows a sharp drop at photon energies close to the IE for

Ar+(2Pa/2). At photon energies higher than the IE for Ar+(2Ptr_),the PIPECO intensities

° for Ar3+ are found to be within the noise level. The Ar3. PIPECO band in the ,,

wavelength region of 778 - 791/_, also appears red shifted relative to the weak At2+

PIPECO band assigned to the Ar2+ [II(l/2)d state, i

--

-2

..... ,,1, ,, lr I1_? , ,, _11 , iTaPl,r i,, TI , ' ,'l " ' iII- ' n_ ITr rl'llr II_"" T'I,I iIIq,' qllI
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When Ar3. is formed at sufficiently high energies, it may dissociate according to

reactions (3)and (4)

Ar3+ --, Ar2+ [I(1/2),, I(3/2)H,II(1/2),.] + Ar, (3)

-- Ar+taP3a.la)+ Ar2 (or 2Ar). (4)

Recently, Levinger et al._ report observing both dissociation channels for Ar3. in a

photofragmentation experiment. In the wavelength _egion of 6200 - 8200 A, reaction (4)

is observed to be the primary fragment channel. In a similar experiment, Albertoni et

al.7 report no Ar_+ forming within their experimental limit of detection. Energetically,

- Ar3+ formed by photoionization of Ar3using the PIPECO technique at photon energies

above the lE for Ar2+ [I(1/2)d can dissociate into Ar2+ [I(1/2)J + Ar.

w

The observation of the Ar3+ PIPECO baads at wavelengths < 864 A indicates that a

significant fraction of Ar3+ ions forr,.ed at energies higher that the IE for Ar2+ [l(1/2)d

are metastable with lifetimes > 58/zs. The examination of the PIE and PIPECO spectra
=

for Ar2+ as a function of Podemonstrates that Ar2+ ions are formed by dissociative

photoionization of higher Ar clusters. If Ar2+ ions are formed by fragmentation of Ar3.

between the repeller plates at the photoionization region, they can enter the vertical QMS

and be detected by the ion detector. Because of the arrangement of potentials for the ion

lenses between the repeller plates and the QMS, Ar2+ ions resulting from fragmentation

along the ion lenses cannot enter the vertical QMS. We conclude that Ar3+ ions with

dissociative lifetimes < 19 #s, the estimated residence time of Ar3+ in the repeller

region, may contribute to the observed PIE and PIPECO intensities for Ar2+. Thus, this
-

=

_
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experiment provides evidence that Ar3+ formed by photoionization of Ars in the

wavelength range of 777 - 864 A may have a dissociation lifetime ranging from < 10 #s

to > 58 #s. This finding is in accord with the rotational tunneling model proposed by

Ferguson et al. I° Their model calculations show that the lifetime of Ar3+ dissociating to

form Ar2. depends on the rotational temperatures of Ar3.. At Ar3+ rotational

temperatures of 10 and 150 K, the dissociation lifetimes are predicted to have broad

distributions in the range of l0 "l°to > 10 s.

Stemming from the consideration that A,'3is mainly bound by long range dispersion

forces, Ar3 in the ground state should have an equilateral triangular geometry. The Ars +

ion in its ground state is predicted to be linear by recent theoretical calculations. The

potential energies of low-lying Ar3. states have been calculated by Wadt _7as a function

of bond angle. Excluding spin-orbit coupling, the 12I;u. ground state of Ar3+ correlates

with the 2B_state of Ar3+ in C2,,geometries. The first excited state of At3. in a linear

geometry is the 12IIustate which COzTelateswith the _A_and 2B1 states of Ar3+ in a C2v
i

symmetry. The 2B2 state dissociates into Ar2 + [I(1/2)d + Ar, whereas the 2A 1 and 2B1

Ltates lead to the Ar.(2P) + Ar2 dissociation limit. Since photoionization is a vertical

transition process, the initial Ar3+ formed should also have a triangular geometry. By

symmetry consideration, radiative decay from the 2B_state to the 2B2 ground state is not

allowed. Thus, the dissociation of Ar3+(aB_)into Ar_+ [-l(1/2)d + Ar is inefficient._

Including spin-orbit coupling will cause some rnixings of these states. It is possible that

the metastability of Ar3+ observed in this experiment is due to Ar3+ formed in the 2B_

excited state. The neutral Ar trimer is a van der Waals molecule. The curvature of the
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potential surface of Ar3with respect to variation of the interatomic distance is expected to

be small. Franck-Condon tlansi.tions allow Ar3. to be formed in broad regions of excited

potential energy surfaces. The lifetime for the excited Ar3+dissociating into Ar2. + Ar

depends on the excited state and the location of the excited potential surface where Ar3.

is formed because the strength of the coupling between the excited and ground state

surfaces depends on the energy separation. Therefore, it seems reasonable to find a

distribution of dissociation rates for excited Ar3. formed at a specific photon energy.

The instantaneous formation of Arf _from the dissociative photoionization of Ar3 may

arise from repulsive Ar3+ potential surfaces.

The weak Ar3+ PIPECO band in the wavelength region of 778 - 791 A may correlate

with the Ar+('ZP_z)+ Ar2 or Ar2. [II(l/2)d + Ar dissociation limits. The position of the

minimum between the strong and weak bands at 794 A (15.615 eV) may be assigned as

an upper bound for the adiabatic IE of the weak excited Ar3+ PIPECO band. Assuming

Ar +(2Pla) + Ar2 to be the dissociation limit, the binding energy for Ar+('zP_a) + Ar2is

estimated to be _>0.3 eV. The assumption of Ar2. [I1(1/2),,]+ Ar as the dissociation

limit leads to a lower limit of 0.22 eV as the binding energy for Ar2+ [lI(1/2)d + Ar.

Spectrum for Ar4+

tj

The PIPECO spectrum for Ar4+ obtained at Po = 155 Torr is plotted in Fig. 7(a) to

compare with the Ar3+and Ar2+ PIPECO spectra in Figs. 703) and 7(c). The

coincidence counting rate for Ar4+ at 810 A is - 0.14 e/s. At Po lower than 155 Ton', lt
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the measurement of the Ar4. PIPECO spectrum becomes impractical because of the very

low coincidence counting rate for Ar4+. Although the intensities for Ar5. and higher Ar

cluster ions are found to be within the noise level at Po = 155 Toix, the Ar4+ PIPECO

spectrum might contain some min:_rcontributions from dissociative photoionizati_:mof

higher Ar clusters.

The general profiles of the Ara+ and Ar4. PIPECO spectra are similar. The PIPECO

spectrum for Ar4. appears to be slightly broadened with respect to that for Ar3+. Due to
_

the low signal-to-noise ratio of PIPECO data for Ar4+, a reliable estimate of the IE for

Ar4+ is not possible. It seems that the Ar4+ PIPECO spectrum also consists of a strong

and a weak band, similar to the finding in the Ara+ PIPECO spectrum.

. The Ar4+ ions produced by photoionization may dissociate to form Ar3+, Ar_.,

and/or Ar + by reactions (5), (6), and (7)

Ar4+ -,, Ar3. + Ar (5)
4

", At2+ + Ar2(or 2Ar) (6)
z

Ar+ + Ar3 (or Ar2 + Ar or 3Ar). (7)

Since the binding energies for Al', (n = 2 - 4) are significantly smaller than those for

Al',. (n = 2 - 4), the formations of Ar3., Ar_., and Ar . are energetically possible at

photon energies slightly higher than the IEs for Ara. (864 A), Ar2. (854 A), and Ar .
-

: (787 A). This experiment does not provide information about individual dissociation .

channels. However, the observation of the Ar4+ PIPECO bands shown in Fig. 7(a)
=

supports the conclusion that metastable Ar4+ ions with lifetimes > 66/_s for dissociation

S--
-__-_

_
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channels (5) - (7) may be formed by photoionization Of Al'+in the wavelength region of

775- 864 A.

|
m

=
=
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SUMMARY

The photoion-photoelectron coincidence spectra for Ar,+ (n = 2 - 4) have been

measur_ using the MCS coincidence technique. The effects on the Ar2+ and Ar3+

PIPECO spectra due to dissociative photoionization of higher clusters have been

examined. The IEs for Ar2+ [I(1/2),.1, Ar2+ [II(1/2)_], and Ara . ['I(1/2)_]determined by

the Ar2+ and Ar3+ PIPECO spectra are in excellent agreement with previous PIE studies.

Similar autoionization structures are observed in the PIE and PIPECO spectra for Ar_+,

indicating that autoionizing states of Ar2produce a significant fraction of electrons with

near-zero kinetic energies.

The observation of the Ar2+ [II(1/2)J PIPECO band supports the conclusion that Ar2+

[II(1/2)_] ions are metastable with dissociation lifetimes >_47 _s. This conclusion is

consistent with the radiative lifetime of 90.9 t_s calculated for the II(1/2). _ I(1/2)_

transition.

Metastable Ar3+ ions with lifetimes > 58 #s for reactions (3) and (4) are also

observed. Evidence is found that the lifetimes for metastable Ar3. decaying into Ar_+ +=

Ar may range form _ 10 t_sto > 58 #s, in agreement with the prediction of the

rotational tunneling model. An alternate explanation, which invokes the formation of
Illl

Ar3+ in electronically excited metastable states is proposed for the observation of

_ metastable Ar3+ ions.
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The appearance of the Ar4. PIPECO spectrum is similar to that of the Ar3+ PIPECO

spectrum, The observation of Ar3. PIPECO bands in the wavelength region of 775 - 864

Jt suggests that the lifetimes for dissociation processes (5) - (7) may be > 66/zs,
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SECTION II.

A PHOTOION-PHOTOELECTRON COINCIDENCE STUDY OF Kr AND Xe DIMERS
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INTRODUCTION

Previous photoionization efficiency (PIE) measurements of Kr2 and Xe2 provide

accurate ionization energies (lE) for Kr2 and Xe2 to Kt'x+ ['I(l/2)J and Xe2+ [I(1/2)_], ''5

The bond dissociation energy for Kr_+ calculated using the m_asured IE for Kr2+ is in

excellent agreement with that determined by the high resolution photofragmentation study

of Kr2+._ Since the bond distances for Kt2 and Xea are significantly longer than those

for Kr2+and Xea+, the Franck-Condon factors for ionization transitions near the adiabatic

IEs of Kt2 and Xea are poor. The PIE spectra for Kt2. and Xea. display strong

: autoionization structures. The ability of PIE measurements to observe the tnJe adiabatic

IEs of the rare gas dimers is due partly to autoionization processes.

The IEs for Kr2 and Xe2 to Kr2+ [1(3/2)v II(l/2)_] and Xea+ [I(3/2)v H(I/2)J states

have been obtained from the HeI photoelectron sl_ctra (PES) of Kr2 mad Xe,J '8 The HeI
=_

PES of Kt2 and Xea show no autoionization structure. Fu.rthermore, these photoelectron

bands are partially obscured by the more intense atomic Kr+(2P3r2.mr2)and Xe+(2P_t2.tr2)=

=

peaks. It is possible that the reported values for the IEs of Kr2 and Xea to Kt2+ [I(3/2)8,

" II(1/2)_] and Xe2+ [I(3/2) v LI(1/2)j are upper limits because of the unfavorable

Franck-Condon factors for direct ionization near the adiabatic IEs. Values for the rEs of
=

Kt2 and Xe_ to form the ground and excited states of Kr2. and X_ . have also been

- obtained from the time-of-flight (TOF) spectra of photoelectrons resulting from
_

resonance-.enhanced multiphoton ionization of Kr2 and Xe2.9,t° Recently, the

_

_

Z

_

=
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photoion-photoelectron coincidence spectrum (PIPECO) for Kr2+ has been reported by

Cordis et al.s In this experiment, threshold electrons in coincidence with mass-selected

duster ions are detected as a function of photon energy., Hence, both direct ionization

and autoionization are probed. Their PIPECO measurements on Kr7+ are limited to

photon energies below the lE of Kr and provide no information about excited PIPECO

bands Correlating to the Kr+(2Pla) + Kr(ISo)asymptote.

Hoping to observe the excited Krz+ [lI(1/2)d and Xe2+ [lI(1/2)d PIPECO bands, we

have measured the PIPECO spectra for Kr2+ and Xea+ covering wavelength regions

above the IEs for Kr+(2P_rz)and Xe+(ZP_a). In a similar study on Arz, the Ar2+ [II(1/2)d

PIPECO band is identified, indicating that Ar2+ [lI(1/2)d has a dissociation lifetime > 47

#s. _ The analysis of the Krz+ and Xea+ PIPECO spectra, which yields information about

the dissociation lifetimes for Kr2+ ['II(1/2)_]and Xea+ [II(1/2)_], is presented in this

report.
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EXPERIMENTAL

The experimental arrangement and procedures used in this study have been

reported previously, t113 Briefly, the apparatus consists of a 3 m near normal incidence

vacuum ultraviolet (VUV) monochromator (McPherson 2253 M), a supersonic molecular

beam production system, a capillary discharge lamp, a VUV light detector, a quadrupole

mass spectrometer (QMS) for ion detection, and an electron energy analyzer for threshold

electron detection.

The grating employed in this study is a Bausch arid Lomb 1200 lines/mm Os coated

aluminum grating blazed at 1360 A. Either the hydrogen many-lined pseudocontinuum or

the helium Hopfield continuum is used as the light source,depending on the wavelength

region desired. Ali data are obtained with an optical resolution of 1.5 A (FWHM).

The Kr and Xe beam are produced by supersonic expansion of pure Kr and Xe

through a 62/zm nozzle at a stagnation pressure (PO rmlge of 200 - 500 Torr. The

nozzle temperature (T) is kept at room temperature ( -- 298 K) for the Xe beam

production. In case of the Kr beam formation, T is maintained at either room

temperature or 185 K. The high intensity central portion of the Kr or Xe jet is

collimated into the ionization chamber by a conical skimmer before intersecting at 90°

with the dispersed light beam emitted from the exit slit of the VUV monochromator.

A constant electrostatic field of < 1 V/cm is applied at the photoionization region

such that electrons and ions are deflected in opposite directions perpendicular to the

i=
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molecular beam axis. The electrons and ions are guided toward the electron energy

analyzer and the QMS, respectively, by electrostatic lenses. The electron energy

analyzer is optimized to transmit threshold electrons produced by photoionization of the

Kr and Xe beams. The electron energy resolution used is in the range of 60-80 meV, In

thi,_coincidence expodment, we use a multichannel scaler (MCS) to measure the ion TOF

d;stfibution after the triggering by an electronic pulse signifying the arrival of an electron

at the electron detector. When the VUV lamp is a continuous light source, such as that

used here, the ions which are correlated with the energy-selected electrons appear in a

narrow range of channels of the MCS corresponding to the differences in flight times of

the correlated electron-ion pairs. The detection of uncorrelated ions will give rise to a

uniform background because these ions arrive randomly at the ion detector at a uniform

rate.

The PIPECO spectrum of an ion is a plot of' the ratio of the electron-ion coincidence

: intensity to the ionization photon intensityversus photon wavelength 0,). Ali PIPECO

spectra obtained in this experiment are measured using the QMS to select the ion of

interest. The QMS is floated at a dc potential of - 200 V. Under these conditions, the

flight times for Kr2+ and Xe2+ are 68 and 85 #s, respectively. The full widths of the

TOF peaks for Kr_+and Xea+ are < 10/,s.
=,

II

-i

z
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RESULTS

Spectra for Kt2+

The coincidence TOF spectra for I(r, . (n = 1 - 3) measured at h = 906 ,_,, T 185

K, and Po = 250, 300, and 400 torr are shown in Figs. l(a), l(b), and l(c), respectively.

The accumulation time for each spectrum is 1200 s. The spectra are obtained when the

QMS is operated as a radio frequency (rf) ion guide at an ion entrance energy of 5.5 V

such that ali ions are transmitted to the ion detector. The helium Hoptield continuum is

used as the light source. The presence of Kr. at ), = 906 A, which is lower than the IE

of Kr, is due mostly to scattered light arising from imperfections of the grating. These

coincidence TOF spectra illustrate that the ratio of Kr3+ to Kr2. intensities decreases as

P. is decreased. At Po = 250 Torr, the Kr3. peak is not discernible in the spectrum.
a

The coincidence TOF spectrum for the Kr cluster ions has also been examined as a

function of Poat T = 298 K. We find that no Kr, . (n > 3) ions are observable at Po

700 Torr and T = 298 K.

In order to measure the "true" PIPECO spectrum for Kr2+, it is necessary to

i minimize the formation of Kro (n _ 3) in the Kr supersonic beam. The PIPECO spectra ,

for Kr+ and Kt2+ obtained at T = 298 K and Po = 500 Torr are plotted in Figs. 2(a)

and 2(b). The PIPECO spectrum for Kr+ consists of the 2P3/2and 2P_abands. The

: stronger peak appearing in the Kr.(2P3/2)PIPECO band is due to the 9d'[3/2]_J



Figure 1. PIPECO TOF mass spectra for Kro+ (n = 1 - 3) observed at )_ = 906 ,/_

and T = 185 K

(a) Po = 250 Torr; (b) Po = 300 Torr; (c) Po = 400 Torr
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Figure 2. PIPECO spectra for Kr+ and Krl+ ebtained using a wavelength resolution

= 1.5 /t_ (FWHM), Po = 500 Torr, T = 298 K, and an electron energy
1

resolution ,,, 80 mev (FWHM)

(a) PIPECO spectrum for Kr+; (b) PIPECO spectra for Kr_+
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autoionizing state which converges to the Kr+(2Pla)ionization threshold. The error bars

shown in Fig. 2(b) representone standarddeviation. The correspondingPIE spectra for

Kr+ and Kt2+ observed underthe same experimentalconditions are depicted in Figs. 3(a)

and 3(1o),respectively. The PIPECO spectrum for Kt2+ at k > 895 A is consistent with

that measuredby Cordiset al.s The PIE spectrumfor Kr_+ is also in agreementwith

results cf previous photoionizationstudies._,3,4

The most interestingobservationof the Kt2+ PIPECO spectrumis that the PIPECO

intensity for Kr2+ drops abruptly to zero as the photon energy is increased to the IE for

Kr+(2P3a). Similarly, the PIPECO intensities for Kr2. at photon energies higher thanthe

IE for Kr.(2Pla) are found to be zero. A very weak PIPECOband in the wavelength

region of 845 - 856 A is evident. In order to reduce the standard deviations and to

positively identify this band, a counting time of 800 s per data point is used in the

wavelength region of 840 - 865 A.

The PIPECO spectrum for Kr2. in the wavelength region of - 840 - 900 A has been

examined as a function P.. Figures 4(b), 4(e), and 4(d) show the PIPECO spectra for

Kr2+ observed at T = 185 K and P, = 200, 250, and 300 Torr, respectively. The

PIPECO spectrum for Kr,.+ shown in Fig. 4(a) is identical to that of Fig. 2(b) except that

the PIPECO data of Fig. 4(a) has been smoothed using a three-point averaging routine.

The error bars for PIPECO data shown in the figures represent one standard deviation. ,,

Figures 4(b)-4(d) clearly demonstrate that the intensity of the weak PIPECO band i

centered at -- 855 A relative to the strong peak at ~ 890 A increases when the
/

intensities of Kr,_(n > 3) in the Kr supersonic beam are increased at higher Po. The 1_

-
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Figure 4. PIPECOspectra of Kr2+ obtainedusing a wavelength resolution = 1.5 A

(FWHM) and an electron energy resolution - 80 meV (FWHlVl)

(a) Po = 500 Torr, T = 298 K; (b) Po = 200 Torr, T = 185 K; (c) Po

= 250 Torr, T = 185 K; (d) Po = 300 Torr, T = 185 K
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appearanceenergy (AE) of the weak PIPECObandis found to shift to a lower energy as

Po is increased. Furthermore,the widths of the strongpeaks at 890 A observed in Figs.

4(b) - 4(d) are greaterthan that resolved in Fig. 4(a). If the gradualchange illustratedin

Figs. 4(a)- 4(d) can be attributedto the formationof Kr2+ by dissociative photoionization

of Kr_ (n _ 3), the Itr beam formed at T = 298 K and Po = 500 Torr contains the least

amountof Kxo(n _ 3) comparedto those formed at T = 185 K. We note that the

intensifies for the Kro. (n _ 3) TOF peaks observed at T = 185 K and Po < 250 Torr

(Fig. l(a)) are within the noise level. The comparisonof the Kr_+ PIPECO spectra in

Figs. 4(a) - 4(d) shows that the absence of a cluster ion irl the coincidence TOF spectnlm

is not a sufficient condition for excluding the existence of the corresponding neutral

cluster in the supersonicbeam, Efficient fragmentationof the parent zlustcr ions upon

ionization may diminish the intensity of the parent cluster ion to the noise level.

Spectraof Xe,2.

Figures 5(a), 5(b), and 5(c) display the coincidence TOF spectra for Xe cluster ions

. observed at h = 1060 A, T = 298 K, and Po = 300) 400, and 500 Torr, respectively.

The _wa are mezsured using the QMS as an rf ion guide at an ion entrance energy of

5.5 V. Under these experimental conditions, Xe_+ is the predominant ion. The Xea+ ,,

-- TOF peaks are discernible in Figs. 5(b) and 5(c), whereas it is not observed in Fig. 5(a).

Contrary. to the observation in Figs. l(a)-l(c) where the TOF peak for Kr + has the

° strongest intensity in comparison to those,for Kt2. and Kr3., the TOF peak for Xe . is
=

=



Figure 5. PIPECO TOF mass spectra for Xe, + (n = 1 - 3) observed at h = 1060

AandT=298K

(a) Po = 300 Torr; (b) Po = 400 Torr; (c) Po = 500 Torr
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barely visible in Figs. 5(a) - 5(c). The coincidence TOF spectra for Xe cluster ions are

recorded using the hydrogen many-lined pseudocontinuum as the light source. This light

source has the high energy limit at - 850 A and produces relatively weak VUV radiation

in the wavelength range above the IE for Xe+(ZP3rz)(1022 A). The very low coincidence

intensity for Xe. observed at h = 1060 A is consistent with the conclusion that the

intensity of scattered light with X < 1022 A is negligible when the grating is adjusted to

emit radiation at k = 1060 ._ from the exit slit of the monochromator.

The coincidence TOF spectra shown in Figs. 5(a), 5(b), and 5(c) are measured using

the .sameaccumulation time (600 s). When Po is changed from 300 to 500 Torr, the

coincidence intensity for Xea+ increases by - 2.5 times, while the false coincidence level

rises approximately by a factor of 5. Since the coincidence intensity for Xp + is

proportional to the ionization rate of Xeaand the false coincidence level is proportional to

the square of the total ionization rate (i.e., the total ionization rate for ali Xe clusters at ),

_ = 1060 A), the observation indicates that the ratio of the intensity for Xea to the total

intensity for Xe clusters increases roughly by a factor of 1.12 as Pois increased from 300

to 500 Torr.

The PIPECO spectra for Xea+ measured at T = 298 K and Po = 300, 400, and 500

Torr are depicted in Figs. 6(b) - 6(d), respectively. The PIPECO spectrum for Xe+,

which consists of the 2Psaand 2Ptr2 bands, is shown in Fig. 6(a) to compare with the Xe_+

PIPECO spectra. The PIPECO spectra for X_ . of Figs. 6(b) - 6(d) are in general ;

_ agreement. The error bars in the figures indicate one standard deviation. According to

the coincidence 'FOF spectrafor Xe cluster ions shown in Figs. 5(a) - 5(c), the spectrum lt,

2

,11 ,_1 , lt ,, irl,, lit, i ii lt ,r ,li I i rl I1_1"11....... t.... i,
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Figure 6. PIPECO spectra for Xe+ and Xe2+obtained using a wavelength resolution

= 1.5 A (FWHM) and an electron energy resolution _ 80 meV (FWHM)

(a) PIPECO spectrum for Xe+ obtained at T = 298 K and Po = 300 Torr;

(1o)PIPECO spectrum for Xe_* obtained at T= 298 K and Po = 300

Torr; (c) PIPECO spectrum for Xe_. obtained at T = 298 K and Po =

400 Torr; (d)PIPECO spectrum for Xe_+ obtained at T = 298 K and Po
i

= 500 Torr
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of Fig. 6(b) shouldbe close to the "true.°PIPECO spectrum of Xea. Similarto the

observation in the Kr2. PIPECO spectrum, the coincidence intensity for Xea. in Fig. 6(b)

is found to decrease sharplyat the lE for Xe.(aP3a) and drop to the noise le_velwithin the

energy band pass of the electron energy analyzer. At photonenergies higher than the IE

for Xe*(2P_a)(923 A), the Xe_. coincidence intensities are zero. Using the accumulation

time of 600 s per data point, we identify a very weak PIPF.,COband in the wavelength

region of 923 - 952A. The intensity for this band increases as Po is increased from 300

to 400 or 500 Torr. The AEs for the weak PIPECO bands observed at Po = 400 and

500 Torr are lower than that measured at Po- 300 Torr.

Figures 7(a) and 7(b) show the PIE spectra for Xe+ and Xe,z+ obtained at T = 298 K

and Po = 300 Torr. The autoionizing Rydberg structure resolved in the PIE spectrum for

Xea+ has been analyzed in detail in previous photoionization experiments.2"4The PIE

spectrum for Xea+ observed here is in agreement with the results of previous PIE studies.

_-
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DISCUSSION

Dissociation Mechanism for Kr2. [II(1/2)_] and Xea+ [I1(1/2),]

Figures 8(a) - 8(c) compare the PIPECO spectra for Ar2., Kt2+, and Xe.z+. As

pointed out previously, these spectra are observed at nozzle expansion conditions which

minimize the formation of trimers and higher clusters. Thus, they may be viewed as the

"true"PIPECO spectraofAr2,Kt2,andXea.
i

Inthediscussionbelow,Rg willbeusedtorepresentAr,Kt,andXc. The sharp

° drops in PIPECO intensities of the dimer ions observed at photon energies coinciding

with the Rg+('ZP3rz)ionization thresholds are consistent with the interpretationthat dimer

ions formed with internal energies higher than their dissociation limits are dissociative.

The PIPECO bands at photon energy ranges lower than the Rg+(2P3rz) ionization

thresholds can be assigned to electronic states correlating to the Rg*(_P3rz)+ Rg(ZSo)

asymptotes. Four electronic states, I(1/2),, I(3/2)s, I(1/2), and I(3/2),, result from the

interaction of Rg+(2P3a)and Rg(_S.). The ground Rg2+ [I(I/2),] states are bound by more
=

: than 1 eV._'l°'t_'tsThe binding energies for the first excited Rg2+ [I(3/2)_] states are

found to be < 0.2 eV. 7"l°'t4,ls The theoretical calculation of Wadtt4predicts that the ,,

second excited Rg2+ [I(3/2)d states are bound by < 0.03 eV and the third excited Rg2+

[I(l/2)s ] states are purely repulsive. The density function calculation of Michels et al.15is

in general agreement with the results of Wadt except that Ar2+ [I(1/2)_] is predicted by it,

_

t

"I

, , ,r rw fl



Figure 8. PIPECO spectra for Rg2. (Rg = Ar, Kr, Xe)

(a) PIPECO spectrumfor Ar2+ obtained at T - 120 K, Po = 60 Torr,

wavelength resolution = 0.5 A (FWHM), and electron energy resolution

_,, 50 mev (FWVHM); (b) PIPECO spectrum for Kr_+ obtained at T =

298 K, Po = 500 Torr, wavelength resolution = 1.5 A (FWHM), and

electron energy resolution _,, 80 meV (FWHM); (c) PIPECO spectrum

for X_ + ootained at T = 298 K, Po = 300 Torr, wavelength resolution

= 1.5 A (FWHM), and electron energy resolution = 80 mev (FWHM)
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the former calculationto have a dissociationenergy of 0.05 eV. The results of the HeI

photoelectron spectroscopicstudy7indicate that the Ar2+ [I(1/2)_] state is repulsive. Two

peaks are observed at energies below the Rg+(2P30.)ionizationthreshold in the HeI PESs

of Rgv These peaks are assigned to the Rg2+ [I(1/2)d and Rgz+ [I(3/2)t] electronic

bands. The PIPECOelectronic bandsobserved at photon energies lower than the
I

Rg+(2P3a)ionization thresholds are most likely due to the formationOf Rg2+

[I(1/2)u,I(3/2)g]. Because of the existence of strong autoionizingfeatures, the Rg2+

[I(1/2)=]and Rg2+ [I(3/2)s] electronicbands are not resolved in the Rg2+ PIPECO spectra.

Using arguments similar to those pre_nted above, the weak PIPECO bands in,.

wavelength regions between the Rg+(2P3a)and Rg+(2pta)may be attributedto the

= formationof Rg2 + in electronic statescorrelatingtothe Rg+(2pu2) + Rg(iSo) dissociation

limits. The combinationof Rg+(ZPlrz)+ Rg(tS,) gives rise to the fourth [I(1/2)=]and

fifth [I(1/2)_]excited states of Rg2+. The dissociation energies for Rg2+ III(1/2)=]axe

reportedto be in the range of 0.1-O.2 eV.7"m4'ls Experimental9't°and theoretical14,t5

results show that the II(1/2)=state is boundby less than0.04 eV in Xe2+ and Kt2+ and is

purely repulsive in At2+. Hence, the weak PIPECObands for Rg2+ may be assigned to

: the formation of Rg2+ [11(1/2),,]. Considering that the intensities for the Kr2+ [II(1/2)d
J

• and Xea+ [II(1/2)d PIPECO bands decrease gradually as Po is reduced we cannot exclude

the possibility that the intensities of these bands may decrease to zero at Po lower than

those used to measure the Kt2+ and XR + PIPECO spectra shown in Figs. 8(b) and 8(c).

At Polower than those used to measure the spectra of Figs. 8(b) and 8(c), the coincidence

signals for Kr2+ and Xea. become too weak for a positive identification of these bands.
=
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Whether or not the very weak PIPECO bands observed in Figs. 8(b) and 8(c) are the

"true"Kr2+ [II(1/2)_]and Xe2+ [II(1/2)J PIPECObandsremains to be determined.

The observationof the At2. [II(1/2)_]PIPECOband" indicates that At2. [II(1/2)J is

metastablewith a dissociation lifetime longer than 47 ps, the flight time of Ar2+ from the

photoionizationregion to the ion detector. The extreme weakness of the Kt2+ [II(1/2)j

and Xe,z+ [II(1/2)J PIPECO bandscomparedto the PIPECO bandsfor Kr2+

[I(1/2)u,I(3/2),] and X%+ [I(1/2)u,I(3/2)s] supportsthe conclusion that Krf_ [II(1/2)j and

Xe_+ [II(1/2)_]ions are dissociativewith dissociation lifetimes shorter than 68 and 85 #s,

respectively. A plausible mechanism for the dissociationof Rg2+ [lI(1/2)u] is summarized

in processes 1(a) and 1(b).
g

(a)

. Rg2 + [II(1/2),,] .-.*Rg2. [I(1/2),,I(3/2)s] + hv

: "_ Rg+(2p3rz)+ Rg('So). (!)

=

Process l(a) involves dipole-allowed radiativedecay transitions. In accordance with the

propensity rule which favors transit;ons with no change in 0 'e, the II(1/2)_._ I(1/2),

transition should be significantly strongerthan the II(l/2)u -,, I(3/2), transition. The ,.

radiative lifetimes for these transitions calculated at the eztuilibrium distances of Rg2 + are

listed in Table I. 17 t
- {
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Table I. Radiative Lifetimes for the Rg2+[II(1/2)d (Rg = Ar, Kt, and Xe)

Transitions ' Theory" Present Work

At2+ 1I.(1/2),-* I(1/2), 90.9 _ts > 47/zs b
.... , i , ,,, ,, ,

_ I(3/2)s 50.7 s

KG+ i](!i2" --*I(1/2)_ 2.78/zs < 68/_s
, ........

" _' I(3/2)s 90.2 ms
,,,,, ,, ,, ._

Xe2+ II(1/2). -_ l(1/2)s 0.64 _ts < 85 #s

: "*'I(3/2)s 4.19 ms
I

'Reference I7. Values calculated at the equilibrium distances of Rg2 +
° Ul(1/2)d (Rg=Ar,Kr,and Xe).

" _Reference 11.

The radiative lifetimes for the II(1/2)u _ I(1/2)_ transitions are more than three orders of

• magnitude smaller than those for the corresponding 1I(1/2),,-,. I(3/2)_ transitions.

_ Namely, the decay of the population in the Rg2+ [II(1/2),] state is overwhelmingly

governed by the transition to the lower I(1/2)s state. Since the I(1/2)s states for Rg2 + are

_ purely repulsive, Rg2 + [I(1/2)_] formed by process l(a) is expected to dissociate

-I instantaneously according to process l(b). Thus, the dissociation lifetime for Rg2 .
_

2 [II(1/2),] is solely determined by its radiative lifetime to the I(1/2)_ state. The

_1_ observation of the Ar7+ [lI(1/2;j P1PECO band is consistent with the longer radiative

D

:. lifetime Ibr Ar2+ [1I(1/2),] compared to the Ar2 + flight time. In the eases of Kt2+ and

Xea+, the calculated radiative lifetimes for the II(1/2), _ I(!/2)_ transi_i_ re more than

20 times shorter than the flight times of the dimer ions, pre,dieting that the PIP,ECO

g,
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intensities for Kt2+ UI(1/2)J and Xe_ + [II(1/2)_]are negligibly slaall. This prediction is

in accord with the experimental findings. This experiment implies that the radiative

lifetimes for the II(1/2)u--*I(1/2), transitions in Ar2+, Kt2+, and X_ + are > 47, < 68,

and < 85 _s, respectively.

Effect of Cluster Fragmentation on the IE Measurements of Rg2

It has been pointed out previously by Ng18that the IE measurement for a van der

Waals dimer should not be aff_ted by dissociative ionization processes of higher

clusters. For example, the threshold energy for the dissociative ionization process,

Rg3 + hv _ Rg2+ [I(l/2)d + Rg(_So) (2)

is expected to be higher than the IE of Rg_(ioe., the energy required for pr_e, ss (3)) by

the dissociation energy for Rg_-Rg ,i

Rg2 + hv _ Rg2+ [I(1/2)_]. (3)

The conclusion is based on the assumption that the dissociation energies for Rg2 and

Rg_--Rgare approximately equal, a valid assumption for van der Waals molecules. As

shown in Figs. 6(b) - 6(e), the LE for Xea to Xea+ [!(l/2)d (1114 5:2/k) determined

from the spectra measured at P. = 300, 400, and 500 Torr are identical, a finding
-m

=,

consistent, with the above reasoning. Experimental results show that the AEs for the

excited Kr2* [II(1/2),,] and Xe,7' [II(1/2)_] PIPECO bands are strongly affected by higher

cluster fragmentation, shifting them to lower photon energies as the imensities of higher

ig - - _-........... "..... "........... -._., __+,ar, _._,.. r,,: cllJsters become more s nificant. To _ _.nt _l.,p_ox-.nuv.,_utr.^_t_ _,_ ,, • _ov_-_,o-_,,..

=ai
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> 3) ion formed by photoionization of Rg. (n _ 3) may dissociate into product channels

such as

Rg,(n > 3) + hv --,,Rg+(_Pt,z).Rg*._

--, Rg2+ [II(1/2)d + Rg,._, (4)

-- • [I(V2)d+ ag 2. (5)

For the same reasons given above, the threshold for process (4) is expected to be higher

than the lE for Rg2+ [U(1/2)d. However, process (5) is energetically allowed as soon as

Rg+_Ptr2)'Rg,._(n > 3) is formed. Since the lE for Rg. to Rg+(2P]r2).Rg.._(n > 3)

decreases as n increases, duster fragmentation processes such as process (5) have the

effect of lowering the AEs for the Rg2+ LlI(l/2)j bands. This expectation is in accord

with the experimental observation.

Dissociation Energies of Rg2 + [I(1/2)u, II(1/2)_]

"ilaeIEs of 14.518 2:0.026 eV (854 2:1.5 A) and 11.130 2:0.015 eV (1114 2:1.5

J0 for Kt2+ [I(1/2)d and Xea. [I(1/2)d, respectively, determined by the PIPECO

: measurements are consistent with those obtained from the PIE spectra for Kr2+ (Fig.

3(b)) and Xea+ (Fig. 7(b)). These values are also in excellent agreement with those

measured in previous PIE studies._'4 mm

- As pointed out above, if the calculated lifetimes for the I1(1/2), --, I(l/2)t transitions
-

_
_-- ,,

in Kt2. and Xea. are accurate, the _incidence intensities for Kr_. and Xe_. [ll(l/2)j
!

_t_ouldbe negligibly small in the time scale of this experiment. The weak Xa'2. [II(1/2)_l l_
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and Xe2+ L'II(1/2)_]PIPECO bands observed in Figs. 8(b) and 8(c) might be the results

of fragmentation of excited Kr+(2P_a).Kro.land Xe.(2Pla).Xe,.l (n > 2) ions. Judging

from the nozzle expansion conditions used in measuring the PIPECO spectra, the

formation of Kr2. and Xe*. by fragmentation of excited Kr.(2Pla).Kr 2 and Xe.(2P_a)'Xea

produced in the photoionization of Kr3 and Xe3 is most likely responsible for the finite

intensities observed for the Kt'z. LII(1/2)d and Xe*. [1I(1/2),,]PIPECO bands. Assuming

that the IEs for the excited Rg.(_P_r2).Rg,.t(n > 3) ions are lower than that for Rg2.

[I/(1/2)0 and that there are no potential barriers for fragmentation processe,s such as

process (5), we may take the AEs of 14.445 eV (858 A) and 13.024 eV (952 A) for the

Kt2. [II(1/2)d and Xe*+ L'I/(1/2)dPIPECO bands observed in Figs. 809) and 8(c), as

lower limits for the IEs for Kr2 and Xe*to Kr2. EII(1/2),'Iand Xea. [II(1/2),.1,

respectively. These values are lower than the IE values of 14.54 eV for Kt2 to Kr2.

[lI(1/2)d and 13.27 eV for Xe*to Xe*. [II(1/2)d reported previously.7,8 Using the lower

limits for the IEs for Kr2and Xea to Kr2* [II(1/2)_] and Xe*. [II(1/2).] and the known

dissociation energies for Kr2 (16 meV) t9 and Xe* (23 meV)2°, we have calculated upper

o limits for the dissociation energies of Kr2. [/I(1/2)] and Xe, . Lll(1/2)d. These values

and the lower limit for the dissociation energy of Ar2. LII(1/2)Ott are compared to

previous theoretical_4't5and experimental7"ztresults in Table II. The upper limits for the

Kr2+ [lI(1/2)d and Xe, . [II(1/2)d dissociation energies obtained in this study are m

.; approximately twice the experimental values7_°reported previously.

_

_

2

-

,_tlr i 4 , ,i ,, q_ll I 1, ill_ ii qll. I i p_ "_ I IF III" ' .... , ,I 'lt I1_111'1 I'l' I1_ '1 _i I H_ I' II_1"1' ' '?_ II 1III' rllll _ q Ir'_ :_
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Table H. Dissociation energies(eV) of Rg2+ _I(1/2)O (Rg = Ar, Kr, aridXe)
, ' , " ' ...... ,. ,'1,'Jt- , ,, i

Experiment Theory
I I ........ ""11 ............... " ........ I

Ar2+ II(I/2)_ 0.I05:0.02' 0.04b
> 0.11° 0.084 d

K.r2+ II(1/2),, 0.14 5: 0.02' 0.1_
< 0.24c 0.175 d

0.11f
, , , ,,,, i ,,,,, J __

Xea+ 1I(1/2)= 0.19 + 0.02= 0.12b
< 0.43_ 0.206d

0.17h
.-_--.7_ .__ _ ' "! .'--- ''" '. '"' '_'

•Reference 7.

_Reference 14.

°Reference 11.

'_Reference 15.

_ais work.

eReference 9.

gReference 8.

hReference 10.

=:

Comparison of Autoionization Features in the PIPECO and PIE SpP_trafor Rg2.
-i

±

=

The ratios of the peak heights of corresponding autoionization peaks resolved in the

PIPE,CO and PIE spectra for Rg2 + provide information about the relative efficiencies of

autoionizing Rydberg states in producing near-zero kinetic energy electrons. At photon
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energies below the IE for Kr+(2P3rz),five major autoionization peaks at _ - 890, 907,

913, 928, and 941 A are resolved;;_i_.the PIPECO and PIE spectra for Kr2+. The ratios

of the heights of these aut0:,_mz_.(aonpeaks observed in the PIPECO spectrum to those of

the corresponding peaks resolved in the PIE spectrum are found to increase in the order

of increasing h. This observation indicates that the fraction of autoionizing electrons

produced with near-zero kinetic energies decreases as the difference in energy between

the autoionization peak and the lE for Kr2+ [I(1/2)_] (964 A) becomes greater. The

higher in energy is the autoionization state above the lE for Kr2. [I(1/2)_], the wider is

the energy distribution of autoionizing electrons, lt is logical to expect that the fraction

of near-zero kinetic energy electrons produced in autoionization from a higher energy

' autoionizing state is lower than that from an autoionizing state at a lower energy.

With the exception of minor differences, the autoionization structures resolved in the

PIPECO and PIE spectra for Rg2. are similar. This finding can be taken as support for

the conclusion that a significant fraction of electrons produced by the autoionizing states

are slow electrons with near-zero kinetic energies.
1
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SUMMARY

The PIPECO spectra of 10"2+ and Xe2+ have been measured in wavelength ranges

covering the Kr2+ [II(1/2)J and Xe2+[II(1/2)J photoelectron bands. The Kt2+ [II(1/2)j

and Xe2+ [II(1/2)j ions are found to have dissociation lifetimes shorter than 68 and 85

#s, respectively. The dissociation of Kt2+ [II(1/2)j and Xe2+ [II(1/2)j is rationalized by

a radiative decay mechanism which involves radiative transitions of Rg2+ [II(1/2)j to the

repulsive Rg2+ [I(1/2),] states. The calculated radiative lifetimes for the transitions Rg2+

[II(l/2)J _ Rg2+ [I(1/2),] are consistent with this rationalization. The production of

Kr2+ and Xe_+ from fragmentation of excited Kr+(_P,_.Kr,., and Xe+(2P,_.Xeo., ions

formed in the photoionization of Kr_and Xe,, (n _: 3) aa'efound to be efficient. These

fragmentation processes have the effect of lowering the appearance energies for the Kt2+

[II(l/2)J and XR + [II(l/2)J PIPECO bands.
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SECTION III.

A PHOTOION-PHOTOELECTRON COINCIDENCE STUDY OF (CO)2

AND (CO)3

m
_m
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INTRODUCTION

Fxluilibriummass spectrometricstudiesI and moh:__darbeam photoionization

efficiency (PIE) measurements_ provide energetic informationabout dimer and cluster

ions in their ground states. Among ali the ionized diatomic and polyatomic van der

Waals dimers studiedtoday,i'3 (CO)z+ is shown to have the greatestbinding energy.

Partlydue to the strong bonding between CO+ and CO, (CO)z+ is an important

' atmospheric speciesJ

With the exception of rare gas dimer ions, little is known about the excited states of

ionized van der Waals dimers. Laser photodissociationtechniques have been used to

+ probe the ground as well as excited statesof manydimer ions. The photodissociation

spectraof dimer _ ,r_s,such as (O2)2+, (NO)z+, (N2)24,and (COz)z+, at visible

- wavelengths are found to be broad and featureless,5"_°an observation consistent with a

direct dissociation mechanism involving repulsive excited states. Unlike these dimer

ions, (CO)2+ does not photodissociate at visible wavelengths) Recently, Weisshaar and

coworkers_ have obtained the photodissociation spectrum of (CO)z+ in the wavelength

. range of 270-330 nm which exhibits a long progression of vibronic bands, inferring the

existence of a bound excited state.

= High level quantum chemical calculations or; (CO)_,+ _z-t+predict a symmetric, trans
=

planar (CzDO-C-C-O structure for the ground CX2B_)state of (CO)2+. The calculation of

Blair et al.t_Shows that the ,XZB_state potential has a well of -- 60 kcal/mol at a C-C
_

_

_
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distance (r_) of 1,3 A. The latter calculation 'alsosuggests that an excited _B_state,

which correlate to the CO+(_) + CO asymptote, is the most plausible candidate

responsible for the vibrationalprogressionobserved in the near - UV photodissociation
i

spectrum of (CO)z+. The excited _B,and _As states of (CO)s+ are also found to have a

Ca, symmetry and a potential well at r_ = 1.3-1.4 A.

Stimulated by the theoretical calculations on (CO)s+, we have performed a

photoion-photoelectron coincidence (PIPECO) experiment on (COb formed in a CO

supersonic beam. The primary motivation of this experiment is to obtain energetic and

dynamical information about the excited states of (CO)2+ for the comparison withI

theoretical predictions. Preliminary results based on the PIPECO spectrum for (COb +

measured at a nozzle stagnation pressure (P._ of 350 Torr and a nozzle temperature (q3 of

120 K have been reported. '5 The finding of the effects due to dissociative photoionization

of trimers and higher dusters on the PIPECO spectra for ARCO+,16Ar2+, 17KI'2+, and

Xe2+'shas prompted us to reexamine the PIPECO spectrum for (COb + as a function of

: PO"
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EXPERIMENTAL

The experimental arrangement and procedures used in this study has been reported

previously. 16'_7Briefly, the apparatus consists of a 3 m near normal incidence vacuum

Ultraviolet (VUV) monochromator (MePherson 2253M), a supersonic molecular beam

production system, a capillary discharge lamp, a VUV light detector, a quadrupole mass

spectrometer (QMS) for ion detection, and an electron energy analyzer for threshold

electron detection.

The grating employed in this study is a Bausch and Lomb 1200 lines/mm Os coated

aluminum grating blazed at 1360 A. The helium Hopfield continuum is used as the light

source. Ali data are obtained with an optical resolution of 1.5 A (FWHM).

• The CO beam is produced by supersonic expansion of pure CO through a 62 tzm

nozzle at T --- 120 K and a P, range of 150 - 450 Torr. The CO supersonic jet is

collimated into the ionization chamber by a conical skimmer before intersecting at 90*

with the dispersed light beam emitted from the exit slit of the VUV monochromator.

A constant electrostatic field of _< 1 V/cre is applied at the photoionization regioni

such that electrons and ions are deflected in opposite direction perpendicular to the
=

: molecular beam axis. The electrons and ions are guided toward the electron energy ,

: analyzer and the QMS,respectively, by electrostatic lenses. The electron energy analyzer

_ is optimized to transmit threshold electrons produced by photoionization of the CO

supersonic beam. The electron energy resolution used is in the range of 50 - 80 meV. lt

S

!

_--.._.,_-,,_ ._ J _ -_¢.- ._-_ _ . ,1-
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In this coincidence experiment, we use a multichannel 'scaler(MCS) to measure

the ion time-of-flight (TOF) distribution after the triggering by an electronic pulse

signifying the arrival of an electron at the electron detector. When the VUV lamp is a

continuous light source, such as that used here, the ions which are correlated with the

energy-selected electrons appear in a narrow range of channels of the MCS corresponding

to the differences in flight times of the correlated electron-ion pairs. The detection of

uncorrelated ions will give rise to a uniform background because these ions arrive

randomly at the ion detector at a uniform rate.

The PIPECO spectrum of an ion is a plot of the ratio of the electron-ion coincidence

intensity to the ionization photon intensity versus photon wavelength. All PIPECO

spectra obtained in this experiment are measured using the QMS to select the ion of

interest. The QMS is floated at a dc potential of - 200 V. Under these conditions, the

flight time for (CO)2. is 42/zs. At 900 A, Po = 350 torr, and T ----120 K, the

coincidence counting rate for (CO)s. is - 8 counts/s.
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RESULTS
,t

Figure l(a) and l(b) show the coincidence TOF spectrafor (CO)o+ (n = 1 - 5)

observed at T -- 120 K and Po - 350 and 200 Torr, respectively. The spectra are

measured at 910 A which corresponds ta a photon energy (13_62 eV) below the ionization

energy (IE) of CO. The presenceof CO+ at this photon energy is amibuted to scattered

light arising from imperfections of the grating. At Po ==350 Torr, the spectrum show

thattherelativeintensitiesofCO +,((20)2+,(CO)3+,(CO)4.,and(CO)s+ are

0.19:1.00:0.13:0.03:0.01.TheTOF peakstor(CO)o+,n > 3,areindiscernibleinthe

spectrumshowninFig.ICo),indicatingthatthe concentrationsof(co),,n > 3,formed

intheCO supersonicbeamatPo= 200Torrarenegligiblecomparedtothatof(CO)2.

RelativePIEsfor(CO)°+,n = I-5,measuredat900A, T - 120K,andPo= 150,

200, 350, and 450 Torr are listed in Table I. The PIIEvalues are given in comparison

with the PIE for (CO)_+ measured at Pc, = 450 Torr, which is assigned arbitrarily to have

a value of 1.00. Relative PIEs with values (< 0.02) within the noise level are not shown

inthetable.
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..... Table I. Relative PIEs for (CO),+, n = 1 - 5, measuredat 900 A,
T = 120K andPo= 150,200,350,and450Torr

RelativePIE_b

P.(Torr) CO+ (CO)_+ (CO): (CO).+ (CO)_+
..... I II ii! lip Illllli ii ....

150 8 6 .........
, _L- I '" ,, , I

200 9 13 0.I ......
.=_,u__, ___ , ,,,I , , _ , ,,,,,,, i

350 17 65 2.5 0.3 ...

450 28 I00 15 3 0.3
'" ---ii '" ' ' "' • • _ '

'PIE for (CO)2+ measuredat Po= 450 Torr is assigned
arbitrarily a value of 100.

bRelative PIEs with values (< 0.02) within the noise level are
not listed in the table.

Although the relative PIEs for (CO).,+ measured at P, = 200 and 350 Torr are different

from the relative intensities for (CO),+, n = 1 - 5, found in the coincidence TOF spectra,

both the PIE and coincidence TOF measurements agree that the intensities for (CO),>3+

and (CO)o5 + are not observable at Po = 200 and 350 Torr, respectively. At P. = 150

torr, only CO+ and (CO)x+are observed. The ratio of the intensity of (CO)2+ to that of

CO+ measured at 750/_ is found to decrease from 0.03 at Po = 450 Torr to 0.004 at Po

: = 150 Torr.

The PIPECO spectra for (CO)2+ in wavelength region of 625 - 990 Jt obtained at Po

= 150, 200, and 350 Torr are comparM to the PIPECO spectrum for CO* in Figs. 2(a)

" - 2(d). The CO+ PIPECO spectrum is in general agreement with the HeI photoelectron
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Figure 2. PIPECO spectrafor (CO)2+ and (CO)3+ obtainedusing a wavelength

resolution = 1.5 A (FWHM) and an electron energy resolution ,, 80

meV

(a) Comparisonof the PIPECO spectrumfor (CO)3+ obtained at Po = 450

Torr and T = 120 K and that for (CO)2_'obtained at Po = 350 Torr and

T = 120 K in the wavelength region of 800 - 990 ./_; Co)PIPECO

spectrum for (CO)3+in the wavelength region of 620 - 990/k
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spectrum (PES) of CO.t9 The three electronic bands resolved in the CO+ PIPECO

spectrum have been assigned to the _X;+, '7_, and _X; + states of CO+. The positions

of the vibronie states observed in the HeI PES of CO are indicated by tie marks in Fig.

2(d). Weak vibronic bands attributable to the formation of CO.(X,v ---3 - 9) are also

found in the CO. PIPECO spectrum. These features arise from autoionization and are

not observed in the Hel PES of CO.

The PIE spectra for (CO)s. in the wavelength range of 650 - 975 A measured at P,

= 350, 200, and 150 Torr are depicted in Figs. 3(a), 3(b), and 3(¢), respectively. The

PIE spectrum for CO+ in the wavelength range of 700 - 910 A, which exhibits rich
t

autoionization features, are shown in Fig. 3(d) for comparison.

Figure 4(b) shows the PIPECO spectrum for (CO)s. in the wavelength range of 620 -

990 ._ obtained at Po = 450 Torr. At P, below 450 Torr, the PIPECO intensity for

(CO)a. becomes too low for the spectrum to be measured. The PIPECO spectrum for

(CO)a. in the wavelength range of 800 - 990 A is compared to that for (CO)_. measured

at P, = 350 Torr in Fig. 4(a).



Figure 3. PIE spectra for CO+ and (CO)2. obtained using a wavelength resolution

= 1.5/ (FW IM)

(a) PIE spectrum for (CO_ . obtained at Po = 350 Tori' and T = 120 K;

(b) PIE spectrum for (CO)2. obtained at Po = 200 Torr and T = 120 K;

(c) PIE spectrum for (CO)2. obtained at Po = 150 Torr and T = 120 K;

(d) PIE spectrum for CO . obtained at Po = 150 Torr and T - 298 K

,,,, i e i_lllll,prl, , Ii _l_rlI i_,_l, ...... iI_lllp, irl_



95

(a)

2 - _ '

•4- ,

(co)z

-. (b)
Po:200 Torr

-

,I ,J . ._ • I - l

_ - '_--150T_'r + "
, CO)z

4- i _. 1 co"
,,!5 tt

600 700 800 900 t000



Figure 4. PIPECO spectra for CO+ and (CO)2+ obtainedusing a wavelength

resolution ffi 1.5 ,_ (FWHM), and an electron energy resolution - 80

mev (FWHM)

(a) PIPECOspectrumfor (CO)2. obtainedat Po = 150 TorrandT = 120

K; Co)PIPECO spectrumfor (CO)_. obtainedat Po = 200 Torrand T ffi

120 K; (c) PIPECOspectrumfor (CO)2+ obtainedat Po ffi 350 Torr and

T = 120 K; (d) PIPECOspectrumfor CO"_obtained at Po ffi 150 Torr

and T = 298 K
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DISCUSSION

Dissociation mechanism and lifetimes for electronic Excited

CO*(_,_).CO Complexes

Since (CO),>2. ions are not observed at Po -- 150 Torr, the PIPECO spectrum shown

in Fig. 2(a) may be attributedmainly to the photoionizationof (CO)2. The spectrum

exhibits a broad band at photon energies below the IE for CO to CO+(_,v '- 0). The

(CO)z+coincidence intensity drops abruptly as the photonenergy is increasexito the

CO.CX,v - 0) ionization threshold. The observationis consistentwith the interpretation

that (CO)2. ions formed with internal energies above the CO.CX,v' - 0) + CO

asymptote are dissociative. The broad PIPECOband can be assigned to the formationof

(CO)z. in a bonding electronic statearising from the interactionof CO+(X) and CO. The

equilibriumintermoleculardistance in (CO)2 is expected to be significantly longer than

that in (CO)2+. Thus, the majorfractionof (CO)2+ formed by vertical ionization of

(CO)_may be viewed as CO.C._).COwhich is held togethermainly by long-range

: ion-dipole and ion-induced dipole interactions. The peak of the CO+CX).COPIPECO

band at 900 A may be taken as the vertical IE tbr (CO)2to CO.CX,v ' = 0).CO.

In addition to the CO.(X).CO PIPECO band, we anticipate to find the CO.(A).CO ,,,

and CO.(_)-CO PIPFA?Obands at photon energies below the IEs for CO to CO+_.,v ' = !

-- /
: 0) and CO+(B,v' = 0), respectively, provided that the excited dimer ions, i

CO+(/_,_).CO, are stable. The (CO)2+ PIPECO spectrum depicted in F_g. 2(a) shows
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that at photon energies above the CO+(X,v' = 0) ionization threshold, the (CO)2+

PIPECO intensities are negl_ibly small compared to the intensity of the CO+CX).CO

band. The observation supports the conclusion that CO+(_,,B).CO are dissociative in

temporal _nges shorter than 42 ps, the flight time of (CO):+. The X and _ states of

CO+ are radiative states with radiative lifetimes of --. 4 _S_'2' and 50 ns,_ respectively.

The excited CIO"'_.X,_).COdimer ions may be stabilized by radiative decay. Assuming

that the radiative lifetimes of CO+(_,,_) and CO+(A,'B).CO are identical, we estimate that

: the dissociation lifetimes of CO+(_).CO and CO+(_).CO are shorter than 4 _s and 50

ns, respectively.

The rapid dis_ciation of CO+(X,v' -- 0).CO(X,v = 0) may be rationalizedby the

stepwise mechanism:

(1)
(a)

p _
co+(_,,v' = 0).co(x,v : o) ",]-, co+(x,v') + co(x,v).

k., co+C ,v,).coCx,v: o)
/

_)

Step l(a) involves a near-resonance intramolecularcharge transferto produce a highly

vibrationaJly excited complex, CO(X,v).CO+(X,v'). The ._ state is 2.5 eV above the

state and the vibrationallyquantafor CO+C_J[)and CO(X) are ---0.27 eV._9 The sum of
Ill

• v' and v for CO(X,v).CO+(X,v ') formed by Step l(a) should be <_ 9. Vibrationally

excited dimer ions CO+(_,v ' .-- 9).CO(X,v = 0), which are in close energy resonance

• with CO+(A,v' = O)'COfX,v = 0), may result from the intramolecular quenching
11,
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process l(b). The fact that the vibrational quantum of CO.(X) is only slightly higher

than that for CO(X) may facilitate the conversion of CO+O_,v').CO(X,v --, 0) into

COfX,v).CO.f_,v ') via n_ar-resonanee intramolecular charge transfer processes. The

vibrationally excited complexes, CO(X,v).CO*IX,v') and CO.0"2,v ' --- 9).COOC,v = 0),

are expected to fall apart rapidly via vibrational predissociation processes 1(c) because

their internal energy contents are. greater than the dissociation energy of CO*_,v' =

0).COCA,v ffi 0). The vibrational predissoeiation lifetimes for dimer ions such as

CO(X,v).CO"_,v') are predicted to be shorter than 10-9s.z_ The dissociation

mechanism for CO.(B,v ' - 0).COfX,v = 0) is likely to be more complicated than that

for CO.(7.,v ' -- 0).CO0C,v = 0). However, a rc,heme similar to that summarized by

processes 2(a)-2(c)may be devised to account for the rapid dissociation of CO.(B,v ' --

0).cofx,v = 0).

Formation of Stable (CO)2+ From Fragmentation of Electronic and

Vibrationally Excited CO Cluster Ions

Th_ (CO)s+PIPECO spectrummeasuredatPo= 200Torr(Fig.2(b))revealsthe

CO*CX)'CObandaswellasa weakbandcenteredat~ 750A. "lhcintensityofthe

weak band in the wavelength region of - 700 - 790 A relative ta that of the CO+C2).CO .

band observed at Po = 350 Torr (Fig. 2(c)) is higher than that found in Fig. 2(b). A

third PIPECO band peakexl at 637 A also bex.omesevident in Fig. 2(c). The appearance

of the second and third bands in the (CO).2*PIP-ECO spectra measured at Po = 200 and
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350 Torr is consistent with the observation that the PIE spectrum in the wavelength

region < 850/k shown in Fig. 3(c) is lower than that in Fig. 3(1))which is in turn lower

than that in Fig. 3(a). It is interesting to note that the relative intensities of the three

PIPF._O bands observed in the (CO)z+ spectrum shown in Fig. 2(c) are similar to those

of the CO+(X,7.,_) bands found in the CO+ PIPECO spectrum. The second and third

bands, peaked at 750 and 637 J_, respectively, necessarily arise from fragmentation of

higher CO cluster ions. Based on the coincidence TOF spectrum observed at 350 Torr, it

is logical to conclude that (CO)z+ ions detected at the second madthird bands observed in

the (CO)z+ PIPECO spectrum of Fig. 2(c) are predominantly produced by fragmentation

of CO+(7_or B,v')'(CO),.I initially formed by photoionization of (CO)., n - 3 - 5.

Rap_.2L'_tramolecularcharge transferand quenching proces_s followed by ejection of

vibrationally excited CO molecules can be a very effective mechanism in disposing the

excess internal energy of at,.excited CO cluster ion. For example, a stable CO+(_,v ' --

0).CO(X,v = 0) dimer may be formed by the decomposition of a CO+(X,v').(CO)a ion

via the stepwise charge transfer mechanism:

(a) (2)

co -.,co(x,v).co

, (b)

_- -,.CO(X,v)+ CO+Of,v').(CO._, •

II,

=
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(a) (3)

c0+02,v').(c0)2--)co(x,v).CO+f2,v' = o).co

(b)

-*co(x,v) + co+(R,v' = o).co.

Steps 2(a) and 2(b) are similar to Steps l(a) and l(c). If CO+(X,v').(CO)2 produced in

Step 2(b) is unstable, it may further eject a vibrationally excited CO(X,v) molecule to

form a stable CO+(_,v ' = 0).COfX,v = 0) dimer ion by similar processes as

summarized in Steps 3(a) and 3(b). The conversion of CO+CX,v').(CO_ to

CO(X,v).CO+(_,v ' = 0).CO by a near-resonance charge transfer process should be

highly efficient. The formation of CO+(X,v ' = 0).CO(X,v = 0) from the unirnolecular

decomposition of CO+(B,v').(CO)3 may also be rationalized by using a scheme similar to

)Jlat shown in processes (2) and (3).

The (CO)2+ PIPECO intensities observed at P, = 200 Torr and 350 Torr in file

wavelength region between the CO+CX,v' = 0) ionization threshold and the second

PIPECO band may be attributed to fragmentation of vibrationally excited cluster ions,

CO+CX,v' > 0)'(CO)n, n = 2 - 4. The formation of stable CO+CX,v' = 0).CO(X,v =

0) from CO+C2,v' > 0).(CO),, n = 2 - 4, may follow processes 3(a) and 3(b).

lm

¢

f
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Dissociation Energies For CO*(X,A,B).CO

The threshold energy for dissociative photoionization processes involving (CO),_,3

clusters, such as

(C0)3+ hv-_(C0)2+ + CO, (4)

is expected to be higher than tile lE of (CO)2 (i.e., energy required for process (5)) by

the dissociation energy of (CO)2-CO

(CO)2 + hv _ (CO)_+. (5)

This conclusion is based on the assumption that the dissociation energies for (CO)2and

(CO)s-CO are approximately equal, a valid assumption for van der Waals molecules.

Thus, the determination of the lE for CO*(X,v' = 0).CO by PIE and PIPECO

measurements should not be affected by fragmentation of higher CO cluster ions._

As pointed out previously, the Franck-Condon factors for direct ionization near the

adiabatic lE,of a van der Waals dimer such as (CO)_are poor. If ionization only

involves direct ionization, it is likely that appearance energies (AE) for (CO)_. observed

in the (CO)2. PIE and PIPECO spectra represent upper limits for the adiabatic lE of

(CO)2. Since tunable VUV radiation is used in the PIE and PIPECO measurements

described here, both direct ionization and autoionization are probed. To a first

approximation, autoionization of a dimer in an excited Rydberg state may be viewed as

an associative ionization process. 2 Autoionization has the effect of enhancing the dimer

ion yield near the IE of the van der Waals dimer. The ability of PIE and PIPF_.CO

measurements to observe the true adiabatic IEs of the rare gas dimers is mostly due to
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autoionization processes, tT,ts,_,z*The curvature of the ground state potential curve of a

van der Waals dimer with respect to variation of the intermolecular distance is expected

to be small. The diffuseness of the vibrational ground state wavefunction of a neutral van

der Waals dimer may provide finite overlap between the neutral and ion ground

vibrational state wavefunctions and allow the observation of the true adiabatic IE. The

dissociation energies for many ionized van der Waals dimers calculated using the IEs

determined by PIE measurements are in agreement with values obtained by equilibrium

mass spectrometric studies, indicating that PIE and PIPECO measurements are capable of

providing accurate IEs for van der Waals dimers, z,3 The ability to observe the true

adiabatic IE certainly depends on the sensitivity of the photoionization experiment.

The large uncertainties of (CO)2+ PIPECO data measured at Po = 200 and 150 Torr

account for part of the difference_sof the first (CO)2+ PIPECO bands in the wavelength

region of -.- 850 - 990 A shown in Figs. 2(a), 2(b), and 2(c). The PIE spectrum for

(CO)2+ observed at Po = 150 Torr (Fig. 3(c)) reveals autoionization features in close

resemblance with those found in the CO+ PIE spectrum (Fig. 3(d)), showing thai (CO)z+

are formed efficiently by autoionization of (CO)2in high Rydberg states. Considering the

fact that only the CO+(X).CO PIPECO band is observed at P, = 150 Torr, we conclude

that (CO)2+ ions observed in the PIE spectrum of Fig. 3(c) are ali in the ground

CO*(X).CO states. Steplike features are discernible near the onset of the first PIPECO

band of the (CO)2. PIPECO spectrum shown in Fig. 2(c). The resolution of the electron

energy analyzer used in this experiment is probably insufficient to resolve the vibrational

structure for (CO)z+. The steplike features found near the onset of the first PIPECO lt



105

band in the wavelength region of -- 900 - 975A most likely arise from autoionization.

The AE of 12.73 2:0.05 eV (974 5:4 A) for (CO)2. determined by the (CO)s+

PIPECO spectrum in Fig. 2(e) may be taken as an upper bound for the adiabatie IE of

(CO)v This value is lower by 0.32 eV compared to the AE for (CO)s. obtained in

previous PIE measurement.2_ We find that the PIPECO technique is more sensitive than

photoion and photoelectron measurements in determining IE because background

ionization events due to scattered light are greatly reduced in coincidence studies, Using

the IE for CO+(_,v ' = 0), z9the AE of 12.73 2:0.05 eV for (CO)2+, and the estimated

binding energy for (CO)2Y we calculate a lower limit of 29.8 2:1.0 kcal/mol for the

dissociation energy of CO.CX,v' = 0).COfX,v = 0). The lat_r value is consistent with

the estimates of > 21.258and 26 2:7 keal/mol_ for the dissociation energy of (CO)2.

determined by equilibrium mass spectrometric studies. The lower limit of 29.8 2:1.0

keal/mol determined in tiffs experiment is a factor of 2 lower than the theoretical value of

- 60 kcal/mol obtained by the ab initio calculation of Blair et al)3 The structures for

(CO)2. and (CO)2are probably different. The estimated equilibrium intermolecular

distance of .- 3.5 A3°for (CO)2is substantially greater than the calculated equilibrium rc,

, distance of 1.3 A for (CO)2+ in the ground 'X2B,,state. Based on the Franck-Condon

consideration the production of (CO)s+ near the adiab: !lc IE of (CO)2should be highly

inefficient, lt appears that the formation of (CO)2. by autoionization at photon energies ,,

below the lE for CO+(X,v ' = O)is also inefficient. The weakness of autoionization

processes is probably due to the strong competition of neutral predissociation channels.

,, '.
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The sensitivity of this experiment may not allow the Observation of the trueadiabatic IE

of (CO)2.
f

In the recent PIPECO study of rare gas dimers,18we have shown that fragmentation

of dectronic.aUyexcited cluster ions has the effect of lowering the AEs for electronically

excited PIPECO bands for the dimerions. The AEs of the second and third (CO)s+

PIPECO bands observed at Po = 350 Torrare determined to be 15.79 eV (785 A) and

18.99 eV (653 A), respectively. These values can be taken as upper limits for the IEs

for CO+(_),(CO), anti CO+(_).(CO)o, n = 4, because CO duster ions heavier than

(CO)j+ are not observed at Po= 350 Torr. Assuming that the dissociation energies of

(COb and (CO)_-CO, n = 2- 4, are identical, we estimate that the binding energies for

CO+(A).(CO)4 and C0+(1"_).(COhare > 17.5 and 17.0 kcal/mol with respectto the

dissociation limits, CO*(._,) + 4CO and CO+(_) + 4CO, respectively. Previous

measurements on the energeties of ionized van der Waals clusters2,_shows that the

stabilization of a cluster ion such as (CO)s_ is dominated by the dimeric interaction

between CO+ and a CO in the cluster. The observation of a bound CO cluster ion

strongly supports the conclusion that CO+(A).CO and CO.(_).CO are bound.

The CO.(A:'II) and CO+(BSl;+) states correspond to the removal of an electron from

the ar2p and tr2s orbitals, respectively. Based on a simple molecular orbital picture,

sigma bonding can be formed between the half filled _-2porbital of CO+(A2II) and that of ,,

CO, if CO+(A)'CO has a rectangular geometry. The calculation at the

self-consistent-field level on the isoelectronic (N2)s+ system3_indicates that a SB_ state for

+ ""
the rectangular shape (Ns)s. ion, which dissociates into N_ (A) + Ns, is bound by 1.56 li,
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eV. Similarly, a linear configuration for CO+_).CO is expected to be bound by half of

a sigma bond. This expectation is consistent with experimentalevidence obtained in this

study wlAch supports the view thatCO*(A,B).CO are bound. The 2Bz and 2As excited

potential energy surfaces for (CO)z* in a constrained C._ geometry calculated by Blair et
,j

al.13,14exhibit local minima at r_ = 1.3 - 1.4 A. These local minima are at energies
q

above the CO.(_) + CO asymptote. Based on trieFranck-Condonconsideration, it is

unlikely that the experiment can sample these potentialwells. The calculationshows that

as r_ increases from 1.3 A, the 2Bi potential surface rises to a barrierat r, --- 1.7 A and

descends repulsivelyin the rc,range of 1.7 - 2.8/kl Potential energies for the _Bs state at

,'_:> 2.8 A are not reported. The result of this experiment is in favor of a potential well

between r_ - 1.7 A and the CO*(A) + CO dissociationlimit.

Model for the Photoionization of a van der Waals Cluster

The widths of the three (CO)z*PIPECO electronic bands observed at Po - 350 Torr

are greater than the respective CO*(X,_,,B) bands. The broadening is mostly the result

of the broad Franck-Condon profile of ionization transitions between vibrational levels of

the neutral van der Waals CO dimer and CO dimer ion states. It is interesting to note

that vibronic structures similar to those resolved in the CO* PIPECO spectrum are

discernible in the (CO)2. PIPECO spectrum shown in Fig. 2(c) except that the vibronic

structures in the (CO)z. spectrum are red-shifted with respect to the corresponding !

structures in the CO* spectrum. This, together with the finding that the relative tL
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intensities of the (CO)2+ PIPF_.COelectronic bands observed in Fig. 2(c) and those of the

4- ""
CO (_,_[,B) PIPECObandsare essentially identical, supports the perturbed monomer

ion model for the photoionizationof a van der Waals duster. Namely, the formationof

CO+.(CO)°., by photoionizationof (CO),, n > 2 can be considered as a photoionization

process of CO perturbedby the presence of other CO molecules in the clusters. This

model is consistentwith the results of the PIPECOstudy on N2 clusters,s2 Previous

studies on the stability of ionized van der Waals clusters show that the interaction energy

= of the dimcr ion constitutes overwhelmingly the stabilization energy of a cluster ion.

These results have led Haberland33to suggest that a raregas cluster ion (Rg)o+ should be

viewed as (Rg)2+.R_2,n > 2. The vertical lE of the first PIPECO band (900 A) remains

_ nearly the same as P, is increased from 150 to 350 Torr, suggesting that the CO+CX)in
_=

_ CO+(X).(CO),._ initially formed by photoionization of (CO)_,n = 2 - 5 mostly
_

experiences the influence of the CO+(X).CO dimer ion potential. Table II compares the

vertical IEs for CO and those for (CO),,, 2 < n < 5 determined by the PIPECO

spectrum shown in Fig. 2(c). The differences between the vertical IEs of CO to
_

-: CO+(X,7,,_) and the corresponding vertical lEs for (CO), to CO+(X,7[,_) are in the

range of 0.23 - 0.31 eV. Assuming the validity of the model proposed here for the
_

_

photoionization of a van der Waals cluster, we estimated that the dissociation energies for
-

i CO.(A)'CO and CO+(B).CO are greater than 0.39 and 0.31 eV, respectively. .,
_ i
#

i
= t

Iii

__
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TableII.Compari_noftheverticalIEsofCO toCO+(X,_,,B,v'ffi0)and(CO),
toCO+(X,A,B,v'= 0).(CO)_.t,2 < n g 5

_, , ,. ,,, , ,,,,---- ,.,, "! ,, , ..,., , -..

VerticalIE (eV)
,,. atom

State CO +°_ CO+.(CO).(2_;n _ 5)b AE (eV)e
I III I I n L /

....._3X;+,v' = 0 14.01 13.78 .... 0.23

7,2II,v' = 0 16.55 16.16 0.39
i I )1 II I I IIIII J ....

_X;+,v ' = 0 19.71 19.40 0.3.1 _

i-- _s,,- , l ,1 . _ ..... ,, ,l,, , ,,,,, ,,,,

'References 19 and 34.

bValuesdetermined by the PIPECO spectrum shown in Fig. 2(c).

CDifferencesof the vertical IEs for CO to CO+(X,_,,B,v ' = 0) and (CO), to
CO+(X,A,_, v' = 0)'(CO),.1, 2 < n < 5.

PIPECO Spectrum for (CO)s+

The PIPECO spectrum for (CO)3+ shown in Fig. 4(0) closely resembles that for

(CO)2+ measured at P, = 350 Torr. The corresponding PIE spectrum for (CO)s+, which

is not shown here, is also found to be nearly identical to that depicted in Fig. 3(b). It is

most likely that the second and third (CO)s+ PIPECO bands are due to fragmentation of

higher cluster ions (CO), +, n > 3. The comparison of the PIPECO spectrum for (CO)a+

and that for (CO)2+ measured at Po = 350 Torr in Fig. 4(a) r{.vealsthat the width of the

first PIPECO band for (CO)s+ is slightly greater than that for (CO)2+. The second

(CO)3+ band centered at - 750 A also seems to be slightly broader than the second

(CO)2+ bands shown in Fig. 3(b). Nevertheless, the peak positions of the first and
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second PIPECO bands for (CO)_. and (C0)3 . are essentially identical. Furthermore, the
i

relative intensities for the three P1PECObands for (CO)3+ agrees with those for (CO)2+

of Fig. 3(b). These observations can be taken as additional support for the model for the

photoionization of a van der Waals cluster.

i
i
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CONCLUSIONS

The PIPECO spectrumfor (CO)z. has been examined as a function of Po. The

formationof (CO)2+ ii'ore fragmentationof higher excited cluster ions CO.(_,_).(CO)o.I

initially producedby photoionizationof (CO),,,n > 3 are found to be efficient. The

experiment provides evidence that the dissociation lifetimes for CO+(A).CO and

CO*(_).CO are _<4 _s and <_50 ns, respectively. Using tile upper limit of 12.73 ±

0.05 eV for the IE of (CO)2determined by the(CO)z+ PIPECO spectrum, the dissociation

epergy for CO+(X).CO is estimatedto be >_ 1.29 eV. The PIPECOspectrum for

(CO)z+ observed at Po - 350 Torr also suggests that CO.(_,,B).CO are bound. The

: comparison of the P1PECOspectrum for (CO)3. and those for (CO)2+ measured at

, different Poindicates that the formation of CO+.(CO),.I from the photoionization of (CO),

can be cmnsidemdas a perturbed monomer photoionization process and that CO. in

, CO+.(CO),._, n > 2 initially formed by photoionization mostly experiences the influence

of the CO+.CO dimer ion potential.
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SFX'_'ION IV.

A STUDY OF INTRAMOLECULAR CHARGE TRANSFER IN MIXED Ar/CO

DIMER AND TRIMER IONS USING THE PI-IOTOION-PI-IOTOELECTRON

COINCIDENCE METHOD

!
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INTRODUCTION

A "superexcited" state in generai represents a state Withenergy well above that of the

ground state such that it may readily decay into various product channels by dissociation

and/or radiation. In this sense., superexcited states of a dimer ion such as ArCO +can be

formed by the interactions of Ar+(ZP3a.la). CO, CO+(._) + Ar, and CO._) + Ar.

" .
To a first approximation, the ion-neutral complexes, CO+(X)'Ar, Ar ('zP3a.ln).CO,

CO+(b'.).Ar, and CO.(B).Ar, can be prepared by the photoionization of van der Waals

Ar.CO dimers formed in a supersonic expansion,'

At.CO+ h),--,,CO+(R)'Ar+ e, (I)

"-,,Ar+(ZPm.ta)'CO + e', (2)

--, CO+(A,B).Ar + e'. (3)

Since the excited ion-neutral complexes, Ar+(2Pm,|a)'CO and CO+(A,B).Ar, are in

" energy levels substantially higher than the Ar + CO+CX,v' = 0) asymI_,tote,they may

eventually decompose to give Ar + CO+(X,v ') via a stepwise mechanism involving

intramolecular charge transfer and vibrational predissociation. In the time scale (> 1(_s

sec) of a mass spectrometry experiment, the CO.(_',,B)'Ar may also be stabilized by a

radiative process.

" lt has been shown in previous molecular beam photoionization experiments| that the

studies of the unimolecular decomposition processes of energized ion-neutral complexes,

also referred to as ion-neutral half collision processes, provide valuable energetic and
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dynamical information for specific ion-molecule reactions which is difficult to measure by

other means. The information obtainable from such studies includes binding energies of

ion-neutral reaction complexes, upper limits of reaction barriers, and relative reactivities

of excited reactant ion states,27 Nevertheless, dimer ions formed by photoionization often

have an unknown distribution of internal energy. In such cases, information concerning

the relative reactivities of excited reactant ion states in a half reaction cannot be obtained

solely from photoionization efficiency (PIE) measurements. A more ideal experimental

approach is to incorporate a state or energy selection method into the molecular beam

: photoionization experiment such that the dissociation of ion-neutral complexes in well

defined internal states can be examined.

The photoion-photoelectron coincidence (PIPECO) techniques, which utilize the flight

time correlation of an ion-electron pair, have been used extensively in the study of the

dissociation dynamics of state or energy-selected molecular ions.s12The application of the

PIPF_£.'Omethod to dimers and clusters has been hindered by a sensitivity problem partly

due to the low concentrations of dimers and clusters formed in a supersonic beam. As a

result of the high false coincidence rate stemmed from the overwhelming monomer

photoelectron signal at photon energies above the IE of the monomer, PIPECO studies of

electronically excited dimer and cluster ions have not been carded out previously. The

PIPECO spectra for Kr_+,Xea+, and Xe3+ at photon energies below the IEs of the

corresponding atoms have been reported. _'t4 Recently, we have overcome some of the

experimental difficulties and obtained the PIPECO spectra for (CO)_.+ and (CO)3+ over a

wavelength region covering the _2_+, 72i/, and _2_+ electronic bands of CO+. _5
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The Ar+ + CO charge transfer reaction at low collision energies has been

investigated extensively using flow tube,16ion cyclotron resonance, _v,18laser-induced

fluorescence (LIF),19"21andthreshold electron-secondary ion coincidence techniques.22

The L1F experiments of Leone and co-workers19,2°show that at near thermal energies all

accessible vibrational states, v = 0- 7, of product CO+(X) are populated and the

vibrational distribution is peaked at v 5. The observed wide distribution of CO+(X)

vibrational states and the small rate constants measured in the flow tube experiment_

suggest that the Ar+ + CO charge transfer reaction may take place at relatively short

distances via a bent configuration. At collision energies below 1 eV, the rate constant

increases as the collision energy decreases,_ an observation supporting a mechanism

which involves the formation of a long-lived CO+.Ar complex. Recently, state-to-state

inelastic and charge transfer cross sections for collisions of Ar+(2P3_._r_ + CO at a

collision energy of 2 eV have been c_dculatedby the vibronic semiclassical method,z_'_

The theoretical study reveals that the vibrational distribution of product CO+ appears to

represent a compromise between energy resonance and Franck-Condon factors. The
2

hlclusion of file CO+(A) state in the calculation is shown to be important. Hoping to
_

learn about the interaction energies and the dissociation m_hanisms of the CO+(X).Ar,

Ar+(2P3a._a)'CO,and CO+(_,,B).Ar ion-neutral complexes, we have performed a
1

PIPECO study on ArCO and mixed Ar/CO trimers. The ArCO van der Waals dimer has

a near T-shape geometry. _,_7 Therefore, a near T-shape Ar+(_P3r_.lrz).COion-neutral

complex, resembling a collisional complex formed in a side-on attack, can be formed by

process (2). The study of the unimolecular decomposition of Ar+(2Pm,_a).COis expected w,
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to shed light on the collision complex mechanism for the Ar+ + CO charge transfer

reaction.
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EXPERIMENTAL

A brief description of the experimental anangement and procedures used in this

study has been reported.15The PIPECO apparatus is modified from the molecular beam

photoionization apparatus which has been described in detail previously. 2s,z9Figure 1

shows a cross-sectional view of the differential pumping arrangement of the moiecular

beam production system, photoionization region, quadrupole mass spectromet_;r(QMS),

and photoelectron e.ergy analyzer.

The ArCO molecules are prepared by supersonic expansion of the premixed Ar and

CO gases through a 62 _m diameternozzle (1) with a nozzle stagnation pressure (Po) in

the range of 76 - 350 Torr. The nozzle is cooled by cold N2gas and kept at temperature

(T) of' 120 2:3 K throughout the experiment. The mixing ratio of Ar to CO is

approximately 3. The high-intensity central portion of the supersonic jet is collimated

into the ionization chamber by a conical skimmer (2) before intersecting at 90 ° with the

dispersed vacuum ultraviolet (VUV) light beam emit',ed from the exit slit of the VUV

monochromator (McPherson Model 2253M). The wavelength resolution used in this

study is 1.SA (FWHM). The beam source chamber is evacuated by a 10 in.

: water-baffled diffusion pump (DP) and maintained a pressure of < 2 x 104 Torr, while ,,

the ionization chamber is pumped by a liquid nitrogen (LNz)-trapped 10 in. DP and has a

_;,_ssure of < 2 x 10_ Torr. In order to minimize secondary reactions involving primary

photoions, it is necessary to have the differential pumping arrangement.
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J Figure 1. Cross-sectional view of the molecular beam PIPECO apparatus L

(1) nozzle; (2) skimmer; (3) reaction cell; (4) vertical QMS; (5) steradiancy i

: analyzer; (6) spherical sector electron energy analyzer (Comstock model AC-_

901); (7) ehanneltron electron detector; (8) horizontal QMS 11_
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A constantelectrostatic field of ,,_ 1 V/crn is applied at the photoionization region

such that electrons and ions are deflected in opposite directions perpendicular to the

molecular beam axis. The electrons and ions are guided towards the electron energy

analyzer and the vertical QMS (4), respectively, by electrostatic lends.

The electronenergy analyzer, optimized for threshold photoelectron detection,

consists of a steradiancy analyzer1x'_32and a spherical sector energy analyzer (Comstock

Model AC-901) (6) arranged in series) 3 The electrons are detected by a ehanneltron

electron multiplier in the pulse counting mode. In a conventional steradiancyanalyzer, a

long tube is connected directly to the repeller plate at the photoionization region. Thus,

the long tube has the function of a drift tube which discriminates hot electrons moving in

directions out of the solid angle sustainedby the long tube. In this experiment, the

potenti_s of the long tube (5) and the simple aperture lenses above and below the tube

are optimized to transmitpreferentiallynear zero kinetic energy photoelectrons.

Although the potentialof the long tube differs substantiallyfrom that of the repeller plate,

the assembly behaves like a steradiancyanalyzer. The spherical sector energy analyzer is

used to cut out the hot photoelectrons ejected in the direction along the axis of the

steladiancy analyzer. The electron energy analyzer is housed in a chamber maintained at

a pressure of *, 2 x 10-7Torr by a 4 in. LN2-trappedDP. To minimize the patch contact

potential effects, a thin graphite coating is applied to the inner surfaces of the long tube ,,

= and spherical .sectorenergy analyzer. The electron energy resolution can be affected by '

the earth and local stray magnetic field. By shielding the electron detector chamber with
i

two layers of sheet _t-metal, the magnetic field inside the chamber is reduceA to _ 40 1t.
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milligauss. As expected, the electron energy resolutionachieved depends strongly on the

repeller field applied at the photoionization region. For a 1 V/em repeller field used in

this experiment, the electron energy resolutionis measured to be _, 50 meV (FWHM).

At this resolution, the threshold electron transmissionof the electron energy analyzer is

estimated to be _ 1%. The ions formed at the photoionization region pass through the

collision chamber before entering the vertical QMS chamber. The collision chamberis

maintained at a pressure of ,,, 5 x 10-7 Torr by a freon4rapped 10 in DP. The reactivity

of photoions with neutral reactants can be investigated in the collision chamber using

either the reaction gas cell (3) or a crossed ion-neutral beam arrangement. The

horizontal QMS (8) is not used in the present experiment.

The vertical and horizontal QMS chambers are connected and pumped by a 4 in.

LN2-trapped DP. The pressure in the QMS chambers is kept at _ 2 x 10"sTorr during
i

the experiment. Due to the relatively small repeller field used at the photoionization

region, the ion transmission achieved is _ 0.3.

One of the most common coincidence circuits uses a time-to-pulse- height converter

(TAC) together with a multichannel analyzer (MCA) operated in the pulse height analysis

mode.12Since the flight time for the electron is much shorter than that of the ion, the

electronic pulse signifying the detection of an electron is used to start a voltage ramp in

the TAC. The ion pulse produced by the arrival of an ion at the ion detector ,,
=

immediately followed the electron pulse, serves to stop the voltage ramp. After the

completion of the start-stop cycle, a pulse with a height proportional to the time interval

between the detections of the electron and ion is generated by the TAC and stored in the lt
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proper channel of the MCA. When the VUV lamp is a continuous light source such as

that used in our experiment, the ions which are correlatedwith the energy-selected

' electrons will appear in a narrow rangeof channels in the MCA correspondingto the

differences in flight times of the correlatedelectron-ion pairs. The detection of

uncorrelatedions will give rise to a uniformbackgroundbecause these ions arrive

randomly at the ion detector at a uniformrate. The TAC arrangeme_tis suitablefor

experiments with low counting rates because only one ion is detected for one start signal.

As a result of false coincidences due to uncorrelated ions, the probabilityof observing a

true coincidence after an electron s_ pulse is an exponentiallydecreasing functionof

time.34 Therefore, at high countrates, the TAC circuitry is paralyzed and artificially

suppress the true coincidence rate. When a TOF mass spectrometeris used in

' conjunction with the TAC coincidence arrangement, the paralyzed effect is to decrease

signals for high mass ions which have longer flight times from the photoionization region

to the ion detector. Figure 2 shows a PIPECO TOF spectrum for N2+ observed at the

ionization threshold of N2 (792 A) using the TAC arrangement. At the N2+ ion counting

rate ,, 1 x l& counts/s, the paralyzed effect is clearly evident, rl_e paralyzed effect is

expected to be less serious for dimer and cluster ions because the photoionization rates

for dimer and cluster ions (_< 104ions/s) are considerably lower than that for the
i

monomer ion. However, due to the relatively long ion flight times, we find that the : ,,

PIPECO spectrum of a dimer ion at photon energies higher than the lE of the monomer

obtained with the single electron start-single ion stop circuit is still strongly affected by

the paralyzed effect. 'tr

_1, [llllll_[_l....... II _'_ " '11r 'li "' 'I 1' ii 'lira" _[1__' ' '"[11 ...... Iq' _'I..... llll[_, .... ,,' b II'_ I_r,[I..... I'I 'rlIl'_'[I '"
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Figure 2. PIPECO TOF spectrum for Ns+ observed at the ionization threshold of N2+(792 /
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The timing logic used in this experiment for taking PIPECO TOF spectra is shown in

Fig. 3. The electronic pulse generated by the arrival of an electron at the channeltron

detector is used to trigger a multichannel scalar (MCS) which measures the TOF

distribution of ions arriving at the ion detector. The active time period 0"o)of the MCS

must be longer than the flight times of the ions of interest. During the active time period

of the MCS, the coincidence circuit will not accept other electron pulses. To avoid the

suppression of coincidence signal at a high electron counting rate, _'oshould be shorter

than the average time interval between two adjacent electron pulses which is equal to the

inverse of the electron counting rate. The lower panel of Fig. 3 compares the

hypothetical PIPECO TOF spectra of an ion obtained by the TAC and MCS arrangement.

The false coincidence background signal observed using the MCS mode is constant over

the period 1"o,while that found in the TAC mode is expected to be an exponentially decay
+

function in time. The figure emphasizes that the true coincidence signal, represented by

the net area under the ion TOF peak and above the background, is lower in the TAC

mode compared to that in the MCS mode.

" Fig. 4 shows a PIPECO TOF spectrum observed at 895 A it. the photoionization of

an At/CO molecular beam at Po _" 150 Torr using the MCS arrangement. The

spectrum was obtained when the QMS was operated as a radio frequency ion guide such

that all ions were transmitted to the ion detector. The photon energy (13.85 eV)

corresponding to 895/k is below the IEs of CO (14.014 eV).ss The formation of CO+ is

believed to be caused mostly by scattered light. Two minor peaks attributable to 02+ and
_

Ar+ are also discernible in the spectrum. The spectrum reveals that the intensifies for
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(C0)2+ and ArCO+ dimer ions are substantiallyhigher than those for higher cluster ions.

With the exception of Ar(CO)_+, the intensities for other cluster ions are found to be

within the noise level. Since the IEs for Ar dimer and cluster ions lie at higher photon

energies, they are not observed in this spectrum. The difference in/light time of the

correlated e-ArCO + pair is - 46 t_s.

A PIPECO spectrum of an ion is a plot of the ratio of the measured coincidence

intensity of an ion to the ionization photon intensity versus photon wavelength. The

PIPECO spectra presented in this report were recorded by using the QMS to ,selecta

given ion mass.
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RESULTS AND DISCUSSION

Figure 5(d) shows the PIPECO spectra for CO+ and Ar+ observed in the wavelength

region of 610 - 910 A. The CO molecule has the molecular orbital configuration 1o22_

30: 40:1 a"450:._.37 The three electronic bands resolved in the CO+ spectrum have been

assigned to the X2I;+, _,2II, and B2I;+ states of CO+,3swhich arise from the removal of

an electron from the 5a_ la-, and 4a orbital, respectively. In addition to the vibronic

states observed in the HeI photoelectron spectrum (PES) of CO,37which are indicated by

tic marks in Fig. 5(d), vibrational peaks corresponding to the formation of CO+fX,v' =

3 - 7) via autoionization are also discernible in the PIPECO spectrum for CO+. Two

peaks due to formation of Ar*(2P3t_)and Ar+(_;a) states are found in the Ar"_spectrum.

The PPECO spectra for ARCO" in the wavelength region of 620 - 940 ,/_obtained at

P. = 92, 138, and 214 Torr are depicted in Figs. 5(a), 5(b), and 5(c), respectively, to

compare with the CO+ and Ar+ spectra. The relative intensities of the two electronic

bands observed in the ARCO+ coincidence spectra are shown to depend strongly on Po.

This observation suggests that the formation of ArCO+ from fragmentation of higher

mixed Ar/CO cluster ions is significant at higher Po. The ArCO + coincidence signal
Ji

observed at Po = 214 Torr is more than 8 times greater than that at P, = 92 Torr.

Using the nozzle expansion conditions in this experiment, the Ar(COh + and Ar2CO+

ions are found to be the major cluster species which may decompose to give ArCO+. As

shown in Fig. 4, the intensity of Ar(CO)_+ is higher than that of Ar2CO+ at lower Po.



Figure 5. PIPECO spectrum for ARCO* in the wavelength region of 620 - 940/_

(a) Po = 92 Torr and T = 120 K; Oa) Po = 138 Torr and T = 120 K;

(c) Po = 214 Torr, T = 120 K, and (*) is the vibrationa3 distribution for

charge transfer product CO.(X ,v') obtained from ref. 20; (d) PIPECO

spectra for CO* and Ar . in the wavelength region of 610 - 910 A
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The mass spectrum obtained at 890 A and Po = 92 torr indicates that the sum of the
J

intensities for Ar(CO)_+ and Ar2CO+ is - 4% that of ArCO +. At Po = 214 torr, the

sum, which has nearly equal contributions from Ar(CO)2. and Ar_CO+ increases to

20% that of ARCO+.

The first ArCO + coincidence electronic band in the wavelength region of _ 850 -

940 A can be associated with the CO+(X).Ar ground state. The width of the band

observed at Po =214 Torr is greater than those found at Po = 92 and 138 Torr. This is

likely the result of fragmentation of higher cluster ions formed at Po = 214 Torr. The

structures of the first ArCO + electronic band _,hownin the s_._ctra in Figs. 5(a) and 5(b)

are similar. The greater apparent Width for the first band in Fig. 5(a)compared to that in

Fig. 5(b) is due to the larger wavelength interv_ (4 A) used in recording the sWa_trumat

Po = 92 Torr. Since the intensities for Ar(CG)_+ and Ar_CO+ are substantially smaller

than that for ArCO+ at Po = 92 Torr, the first bands of Figs. 5(a) arid 5(b) can be

attributed to process (1).

According to the ab initio quantum calculations,_,39the 5_ orbital of CO is essentially

an s-like lone pair orbital localized at the carbon atom. Stemming from the nonbonding

nature of the 5o orbital, the equilibrium distance for CO+(_) (1.115 A) differs only

slightly from that of CO(X) (1.128 A).4°Thus, the CO(X,v = 0)-_ CO+(X,v ' = 0)

Franck-Condon transition is strongly favored in photoionization as manifested by the

overwhelming CO+(X,v ' = 0) photoelectron peak in the PES of CO. Upon ionization of

an electron from the 5_ orbital, the resulting CO+(_) ion has a positive charge mainly

associated with the carbon atom. Therefore, the most stable geometry for CO+(X)'Ar is
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likely to be linear with Ar attached to the carbon end in CO+. The theoretical26and

infrared absorptionrt studies show that the van der Waals ArCO molecule has a near

T-shape configuration with Ar leaned slightly closer to the oxygen atom. The distance

between Ar and the center-of-mass of CO is predicted to be _ 3.77/_,.26 The near

T-shape configuration is in accordance with the expectation that Ar and CO are mainly

held together by long range dispersion forces. Since the most stable geometries for

ArCO and CO+(X)'Ar are anticipate,'l to be quite different, the Franck-Condon factor for

process (1) near the threshold should be poor. The observation of the steep decline in the

ArCO + intensity from the ven_JcalIE at 888 A toward the ionization threshold in Figs.

5(a) and 5(b) is consistent with this conclusion. The CO+(,X).Ar coincidence intensity

near the ionization threshold is more than 150 times lower than that at 888 A. The

vertical IE for CO+(X,).Ar is only red shifted by - 0.06 eV with respect to the IE (884

A) for CO+(X,v ' 0). The sharp drop in CO+(X).Ar coincidence intensity at 884 A is

found to coincide with the IE of CO+(X,v ' = 0), indicating that CO+(_,v ' > 0).Ar is

dissociative when formed at energies higher than the Ar + CO+(X,v ' = 0) asymptote.

It has been pointed out by NgI that the appearance energies for the dissociative

photoionization processet, of higher van der Waals clusters such as

Ar(CO)2 (or Ar2CO) + hv _ CO+(X)'Ar + CO (or Ar) + e (4)

should behigher than the ionization threshold of process (1), i.e., the IE for CO+CX).Ar.

Therefore, the IE measurement for CO+('X)'Ar should not be affected by the

fragmentation of higher cluster ions initially formed by photoionization. This expectation

is confirmed by the finding that the values tbr the lE for CO+(_).Ar determined in the

1
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spectra measured at Po = 138 and 214 torr (Figs. 5(b) and 5(c)) are identical. The

value of 13.33 + 0.06 eV (930 + 4 A) for the adiabatic IE for CO+(_)'Ar obtained by

the PIPECO measurements is in excellent agreement with that determined from the PIE

spectra of ArCO + recorded at P. = 76 and 280 torr (Figs. 6(a) and 6(b)). Using the IEs

for CO+(X)'Ar and CO+(X) and the estimated binding energy (0.017 eV)_6for Ar.CO,

we calculate a value of 0.70 + 0.06 eV for the dissociation energy of CO+(,X),Ar. This

value is substantially lower than the dissociation energies for Ar2+ (1.33 eV)41and (CO)2+

(> 1,29 eV). 15 Recently, Gislason42has performed an ab initio calculation on the

JAr.CO] + system using a method s_aailarto that of Archirel and Levy.43 Their

calculation predicts a value of 0.82 eV for the binding energy of CO+(X).Ar in the linear

Ar-C-O structure. This value is slightly higher than the experimental value reported

here.

An ab initio investigation of CO+_N2has also been reported recently by Baker and

Buckingham.44 The fact that the IEs of N2 and Ar are nearly the same makes the

comparison of the bonding in CO+.Ar and CO+.N2 interesting. The most stable structure

for CO+'N2 is predicted to have a C, symmetry with the carbon atom of CO+ attached to

a nitrogen atom _ong the N-N bond direction and an NCO angle of _ 135". The

theoretical study gives a binding energy between CO+ and N2of 0.97 eV, a value

approximately 30% higher than that for CO+(X).Ar determined in this experiment.
=

Surprisingly, the calculation shows that most of the binding bet_'_eenN2and CO+ can be

accounted for by the long range electrostatic and induction energies and there is little

_ evidence for the formation of an incipient "chemical bond". The strong long range

_
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Figure 6. PIE spectra for CO*, Ar2., and ArCO +

(a) PIE curve for ArCO . in the wavelength region of 600- 950 A

obtained at Po = 280 Torr and T = 120 K; (b) PIE curve for ARCO* in

the wavelength region of 625 - 950 ,/_obtained at Po = 76 Torr and T =

120 K; (c) PIE curve for At2. in the wavelength region of 720 - 950 ,/_

obtained at Po = 76 Torr and T = 120 K; (d) PIE curve for CO . in the

wavelength region of 700 - 910
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interactions are attributed to the peculiar charge distribution of CO+(X). The center of

charge of CO+(X) is predicted to lie 0.026 A outside of the C nucleus and the C-O bond.

The peculiar charge distribution of CO+(X) may also be responsible fox' the relatively

strong binding in CO+(X).Ar.

The i.:tensity of the second ArCO+ coincidence electronic band in the wavelength

region of ,,, 770 - 850 A relative to that of the first ArCO+ band diminishes rapidly as Po

is decreased from 214 to 92 Torr. It is most likely that the trend will continue when the

intensities of trimer and higher clusters in the Ar/CO molecular beam are further reduced

with respect to that of ArCO by lowering Po to less than 92 Torr. As shown in the

spectrum in Fig. 5(c), the ArCO+ coincidence intensity is found to decrease sharply at

the IE (787 A) for Ar+(2P3a). A minor drop in the ArCO + coincidence intensity at the IE

(778 A) for Ar+(2Pta)also seems to be evident in the spectrum. These observations

suggest that the second ArcO + coincidence electronic band originates mostly from the

formation of an Ar +(zP3a)ion by photoionization in a cluster ion and that Ar+(aPj)'CO

dimer ions formed by process (2) are dissociative in a time scale shorter than the flight I

time (ffi 46 t_s) of ArcO +.

The results of the rate constant measurement for the Ar+ + CO charge transfer

reaction t6 at low collision energies, which suggest a long-lived collision complex

mechanism for the reaction, can be taken as a support that Ar+('zPsa)and CO interact

attractively. The valence bond arguments presented by Hamilton et al2o also favor a
.

- bound Ar+(2P3a)'CO intermediate. The ab initio calculation of Gislason42obtained a

binding,energy of 0.75 eV for Ar+(2P3a)'COin a T-shape structure. Figure 7

±

J
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shows the energy level diagram of the Ar+(2Pv.2)+ CO(X,v = 0), Ar+(2Pta)+ CO(X,v

- 0), CO+(_,v '= 0 - 7) r+ At', and CO+(X,v'-- 0,1) + Ar states in the asymptotic

limits. The formation of Ar + CO+(X,v ' = O) from Ar+(2Pm) + CO(X,v = 0) is

exothermie by 1.74 eV. If the Ar+(2P3a).COdimer ion is bound by = 0.8 eV as

predicted, energy selected Ar+(2P3a).COions can be prepared in the wavelength region of

770 - 840A by the PIPECO method to match the CO+(x,v' 3 - 7) + Ar asymptote

states. The positions of the CO+(X,v' -- 0 7) + Ar asymptote states are indicated by

tic marks in Fig. 5(c)i

The rapid dissociation of Ar+(2Pj).CO(X,v = 0) initially formed by process (2) may

be rationalized by a stepwise mechanism:

Ar+(2Pj).CO(X,v = 0) -4,CO*('X,v' = 3- 7).Ar (5a)

....., Ar + CO+(X,v ') (5b)

The first step (5a) is a near resonance intramolecular charge transferprocess which

produces a vibrationally excited complex, CO+(_,v ' = 2 - 7).Ar. This vibrationally

excited dimer ion is expected to fall apart efficiently via a vibrational predissociation

process (5b) because its internal energy content is greater than the dissociation energy of

CO+(X,v' = 0).Ar. The flight time of ArCO+ (46 #s) can be assigned as an upper

bound for the dissociation lifetime of Ar*(2P_)'CO(X,v = 0). A more ideal experiment

to investigate the intramolecular charge transfer process is to measure the PIPECO ,,

intensity for CO+('X,v') produced by processes (Sa) and (5b) in the second ArCO +

electronic band. Due to overwhelming background CO+ formed by the photoionization of
tl

CO we have not been able to obtain a PIPECO spectra for CO+ produced in the vi,
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Figure 7. Energy level diagram of the Ar+(2Pm) + CO(X,v = 0), Ar+_Pla) + CO(X,v

- = 0), CO+C_,v' = 0- 7)_+ Ar, and CO+(_,,v ' = 0,1) + Ar states in the

asymptotic limits
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photoionization of ArCO in the wavelength region of 770-850 A.

The CO+_).Ar and CO+(_).Ar produced by process (3) cannot be seen in the

spectra shown in Figs. 5(a)-5(c). The CO+_).Ar and CO+_).Ar coincidence electronic

bands are also absent in the ArCO + PIPECO spectrum ",btainedat 350 Torr which is not

shown here. The absence of the CO+(A).Ar and CO+(B).Ar coincidence electronic

b_lds clearly shows the dissociative nature of the electronically excited dimer ions. The

CO+(X,_).Ar complexes may decompose via a stepwise charge transfer mechanism

similar to that summarized in process (5). In the theoretical calculations of the Ar +

CO+ and Ar + N2+ reactions, the Ar + CO+(A) (or N2+(A)) state is shown to couple

directly with the Ar + CO+(_) (or N2+(_)) state. Thus the intramolecular quenching

process,

CO*(X,v').Ar -,. CO+(_,v').Ar (6)

may proceed to give a highly vibrationally excited CO+(X,v').Ar complex prior to the

vibrational predissociation process (5b). The rapid dissociation of the CO+(_,,).Aris also

consistent with the theoretical calculation42showing that the potential for CO+(_,).Ar in a

T-shape structure is essentially repulsive and has only a well of 0.05 eV. The

CO+(_,).Ar and CO.(B).Ar complexes can be stabilized by radiative decay. If we

assume the radiative lifetimes of CO+(_, or _) and CO+_ or _).Ar to be identical, the

absence of the CO+(7,,B)'Ar coincidence bands is in accordance with the conclusion that

the dissociation lifetimes for CO+(X).Ar and CO+(B).Ar are shorter than the radiative

lifetimes of CO+(A) (,,, 4 #s)45'_andCO+(B) (,, 50 ns),47respectively.
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Evidence for the involvement of the Rydberg states of CO and Ar in the formation

ArCO + can be found in the PIE sPectrum for ArCO* plotted in Fig. 6(b). The spectrum

is obtained at P. = 76 Torr, a nozzle pressure at which negligible intensifies/br

At(CO)2+ and Ar_CO+ are observed. The PIE spectra for Ar_+ and CO+ are shown in

Figs. 6(c) and 6(d), respectively. The Ar_+ spectrum is in good agreement with that

measured previously4s'*using a similar wavelength resolution. The autoionization peaks

resolved in the Ar2+ spectrum are found to correlate with the 31_ns(n _: 6) and 3pSnd(n

> 4) Rydberg states of Ar. The comparison of the spectra in Figs. 6(b) - 6(d) clearly

illustrates that the two strong peaks at ,_ 870 and 880 A appearing in the ArCO + PIE

spectrum in Fig. 6(b) stem from the Rydberg states of CO32'band the autoionization

peaks of ArCO . in the wavelength region of 787 - 850 A are due to the excitation of thz

Ar Rydberg states. "Iaaeweak ArCO + coincidence intensities observed in the wavelength

region of 860-880 A in Fig. 5(a) indicates that autoionization of excited CO'.Ar dimers at

•_ 870 and 880 A produces energetic electrons together with the formation of CO+(X).Ar

ions. It is interesting to note that with the exception of the Rydberg states at _ 870 and

880 A, autoionization structures correlating to other CO Rydberg states appear to be very

weak in the PIE spectrum for ArCO+ shown ha Fig. 60a). The autoionization of excited

Rydberg Ar'.CO dimers in the wavelength region of _ 790 - 845 A may produce

m

1.

'The autoionization states for Ar2 in a similar wavelength region have been studied with

a higher resolution by Dehmer and Poliakoff 'sg. [

t'The high resolut/on PIE spectrum for CO+ in the wavelength region of _ 870 - 880
! A, reveals many autoionization states which have not yet been assigned in detail. U,

_

_

-m

_

. ,, ,., • ......... .. ..... _,F.....
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Ar+(_Pj).COas well as CO.(X).Ar, accompanying a slow and a fast group of electrons,

respectively.

As Po is increased front 76 Torr, the autoionization peaks found in Fig. 6(b) merge

into broader structures and the photoion yields of ArCO+ at wavelengths < 845 A rise

rapidly relative to those in the wavelength region of 845 - 930 A. The PIE spectrum for

ArCO + measured at Po = 280 Torr (Fig. 6(a)), a typical spectrum observed at a higher

Po, essentially consists of two gradual steps. Considering the PIE spectrum to be the

integral curve of the corresponding PES, we find that the relative heights of the steps are

in accord with the relative peak intensifies of the first and second ARCO* coincidence

electronic bands measured at the same P,. The PIE measurements show that

autoionization of trimers and clusters in excited Rydberg states also contributes to the

observed ARCO*intensities.

If the measured relative intensifies of cluster ions represent a fair estinaate of the

distribution of neutral clusters formed in the At/CO molecular beam, we can conclude

that ArCO. fragments mostly originate from the photoionization of Ar(COh and Ar2CO.

The higher ArcO* coincidence intensities in the wavelength region of 850- 884 A

observed at Po = 214 Torr compared to those at Po = 92 and 138 Torr may involve the

production of stable CO.(X,v ' = 0).Ar ions from vibrationally excited CO.CX,v ' >

0).(ARCO) formed by photoionization of Ar(CO_hat energies above that of the Ar + ,,

CO.0_,v ' = 0) asymptote state. A plausible mechanism for CO+('X,v' = 0).At

formation from At(CO)2 is summarized by processes (7a), (Tb), and (8).

W,

...... 1
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C.O..-CO + hv _ CO+(X,v ' > 0)..-CO + e (7a)
D • •

"A_ "Ar'

-,,cofx,v > o)....co+Ot,v' = o)+ e-, (Tb)
•AT'

,,

CO(X,v > 0)...CO+(X,,v ° = 0) + e" -,, COCA,v > 0) + CO+(X,v ' = 0).Ar (8)
i •

'Al'"

The size of Ar (covalent radius ,_ 1.74 A) is considerably larger than the equilibrium

bond distance of CO. In order to maximize the long range attractive forces, each CO

molecule in Ar(CO)2will interact with Ar to maintain a T-shape structure, similar to that

in ARCO, such that both the carbon and oxygen atoms are in the proximity of Ar. For

the same reason, the two CO molecules may prefer to be close to each other. Therefore,

Ar(CO)2 is expected to have a triangular geometry. Since photoionization involves a

vertical transition, the vibrationally excited CO+(X,v' > 0).(ARCO) ion formed by the

photoionization of one of the CO molecules in Ar(CO)2(process (7a)), will retain a

triangular structure. Process (Tb), a near resonance intramolecular charge transfer

reaction, should be highly efficient because the vibrational quanta for CO+(X) and CO(X)

are nearly the same. The efficient deactivation of vibrationally excited CO+(X) by CO ,,

via the charge transfer route has been demonstrated in the LIF experiment. 2°The results _
I

of the experiment imply that the complete relaxation of a vibrationally excited CO+ ion is
i,

likely to result in a single deactivation event. From the energetic consideration, both the
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CO*(X,v' > 0).(ARCO) and CO+CX,v' = 0).(Ar.CO(X,v > 0)) complexes may

decompose. The vibrationalpredissociation of CO+(_

,v' = 0).(Ar.CO(X,v > 0)) accordingto process (8) leads to the formationof a stable

CO+(v' = 0).Ar.

The second ArCO+ coincidence electronic band observed here necessarily originates

from the photoionization of an Ar atom in a cluster. The formationof a stable CO.CX,v'

= 0).Ar ion from the excited Ar+(_P_)'(CO)2trimer ion producedby photoionization

(process (%)) can also be rationalized by a similar stepwise mechanism as described

above,

CO."CO + hv --)CG".CO + e" (9a)

"At.CP,)

-+ CO...C9+(X,v ' = 2- 7) + e'. (9b)
I1 t

Ar

Step 9Co)converts the excited Ar+(2Pj).(CO)ztrimer ion into a vibrationaUy excited
,+

CO+CX,v').(ArCO) complex by a near resonance intmmolecular charge transfer process

between Ar+(_J) and a CO molecule in the trimer ion. The production of

CO+(X,v ' =0).Ar from the vibrationally excited CO+(X,v'),(ArCO) complex may

proceed via processes (713)and (8).

The previous measurements of the energetics of weakly bound cluster ionss°'s2show

o that the stabilization energy of a cluster ion has the dominant contribution frorn that of

the dimer ion interaction in the cluster ion That is an excited trimer ion such as
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Ar+(2P3a).(CO)2, which may be represented as ((Ar +(2P3a)'cO).CO, is expected to have a

stabilization energy only slightly greater than the binding energy of Ar+(2P3r2).CO. Based

on the PIPECO spectra shown in Figs. 5(a) - 5(c), the ionization threshold for the second

electronic band is estimated to lie in the range of 830-842/k. Although the proposed

mechanism for the formation of CO+(X,v ' = 0)'Ar from Ar*(2Pj).(CO)2 is a reasonable

one, we cannot exclude the formation of ArCO + from Ar+(2Pj).(ArCO). Since the latter

trimer ion may be viewed as a CO molecule attached to the Ar2+ dimer ion, the IE for

(At +(2P3t2)'A0"CO should be close to that for Ar2+. The IE for Ar2+ is well known and

has a value of 14.501 eV (855 + 1.5 ,/_ ).49 The ionization threshold of 842/k for the

second e]ectronic band determinext in Fig. 5(c) may be affected by the fragmentation of

(Ar +(2P3r2).Ar).CO. In view of the fact that the observed intensity for At(CO)2+ is

substantially high compared to that of Ar2CO+ at Po = 92 Torr, the threshold value of

830 .,k, obtained by the spectrum in Fig. 5(a), may be a better estimate of the IE for

Ar+(2P3a).(CO)2. Assigning the IE for Ar+(2P_a).(CO)2 to lie in the range of 830-842/k

and using the estimated binding energy (0.054 eV) _ for Ar(CO)2, we estimate the

dissociation energy for Ar+(2Pm).(CO)2 with respect to the Ar+(2P3a) + 2CO asymptote

to have a value in the range of 0.86 - 1.07 eV. The observation of the second ArCO +

coincidence electronic band can be taken as a strong evidence that Ar+(2P3t2)'CO is

bound. Based on the previous measurements on the energetics of similar cluster ion

_l_he binding for Ar(CO)2 is estimated to be twice that for the ArCO dimer.

_._
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systems,d the interaction energy for Ar+taP3a).CO+ CO is likely to be _ 0.1-0.2 eV.

Taking into account the estimated binding energy between Ar*(_P3a).COand CO, the

dissociation energy for Ar+(2Pm).CO is expected to fall in the range of 0.66-0.97 eV.

The latter estimateis in agreement with the theoretical value of 0.75 eV obtained by

Gislason.42

The rate constants for the relaxation of CO.(X,v ' = 1 and 4) by CO via the charge

transfer route2°are found to be equal within the experimental uncertainties,suggesting

that process (Tb) may only be weakly dependenton v'. The vibrational predissociation

process (8) may take place irt a time scale (= 10.9see)u much shorter than the ion flight

time (> 10-_see). Assuming process (7b) to be independent of v' and the rapid

dissociatiGnof CO(X,v > 0).(CO.(X,v = 0).Ar) according to process (8), the profile

for the second ArCO. coincidence electron band observed in Figs. 5(a) - 5(c) should

reflect the relative probabilities for the formationof CO.CX,v').(ArCO) in v' = 2 - 7

from Ar(CO)2, i.e., the combined relative cross sections of processes (9a) and (9b). The

cross section for process (7a) has the contributionsfrom direct ionizationand

autoionization. The energy dependence of the relative cross section for direct

photoionization of Ar(CO)_,governed by the Franck-Condon envelope for process (9a),

should have a profile similar to that of the CO*('X).Ar coincidence electronic band and

peaked close to the IE for Ar+(2P3rz).Autoionization of Ar'.(CO)2 to form

JSince the polarizabilities for Ar and CO are similar, the binding energy for Ar+'CO +
• CO should be close to that for Ar_. + Ar. The binding energy between Ar2+ and Ar is

determinded to be 0.18 eV by Dehmer and Pratt,52and Turner and Conway.53
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Ar+(2Pm).(CO)2 is expected to render strength to the ionization cross sections at energies

near the ionization threshold and smooth the energy dependence of the ionization cross

section for process (9a). As shown in Fig. 5(c), the second ARCO*coincidence band is

found to peak sharply at 810 A implying the formation of CO+C2,v' = 5).(ARCO). This

obszrvation is consistent with the finding of the LIF experiment2°showing that the

vibration distribution of CO.(X,v ') formed by the Ar+(_P3a)+ CO charge transfer

reaction at near thermal energies has a maximum at v' = 5. The position of' the

maximum in the distribution may be a measure of the crossing region of the Ar+(2P3a)+

CO and Ar + CO+(X) potential surfaces. The vibrational distribution of product

CO+(X,v ') obtained in the LIF experiment is compared to the distribution for ArCO+

: formation in the second band in Fig. 5(c). The maxima of the two distributions have

° been normalized to the same value. The lower relative ARCO* coincidence intensities

compared to the relative vibrational populations for product CO.(X,v ' = 2 - 4) observed

in the wavelength region of - 820 - 850 A can be attributed to the low Franck-Condon

factors for process (9a) near the ionization threshold. The overall good agreement of the

two distributions can be viewed as a support for the involvement of the near resonance

intramolecular charge transfer process (9b).

The vibrationally excited trimer ion CO.(X,v ' = 2 - 7).(ARCO) formed in process

(9b) may decompose according to the process,

co..-co(x,v' = 2- 7) -- co+f2,v').co + Ar. (10)

'AI"
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The PIPECO spectrum for (COb + in the wavelength region of 700 - 940 ,_ obtained

using a mixed Ar/CO molecular beam at Po = 214 Torris shown in Fig. 8(a) and

compared with the ArCO+ coincidence spectrum measuredat the same Poin Fig. 8(b).

The (CO)2+ coincidence electronic bands observed in the wavelength regions of _ 850 -

940 and ,= 700 - 760 A have been assigned to the CO+C_).CO and CO+(A).CO

electronic bands, respectively, arising from the photoionization of (CO)2.ts The (CO)2+

coincidence electronic band centered at 810 A is not found in the PIPECO spectrum for

(COb + obtained using a pure CO molecular beam. The close resemblance of the second

electronic bands resolved in Figs. 5(c) and 8(b) as illustrated in Fig. 80a) suggests that

(CO)z+ and ArCO + observed in the second electronic band are fragments from similar

cluster ions. We note that the width of the (CO)2+ band is greater than that of the

ArCO + band. The comparison of the second ArCO+ and (CO)2+ coincidence electronic

bands also brings out the steplike structures on the second band which seem to correlate

well with the positions of the CO+(_,v ' = 2 - 7) + Ar asymptotic states.

The PIE spectrum for (CO)z+ recorded at Po = 214 Torr (Fig. 9(a)) also resembles

that for ArCO + observed at the same Po. The PIE spectra for (CO)z+ plotted in Figs.

- 8(a) and 8('o) show that the PIEs for (CO)2+ in the wavelength region of 750 - 850 A

: decrease as Po is reduced, an observation similar to that found in the PIE measurement

: for ArCO+. The comparison of the Pm spectra obtained using a mixed Ar/CO (Fig.

i 9Co))and a pure CO (Fig. 9(c)) molecular beam clearly shows the effect of fragmentation

from mixed Ar/CO clusters such as Ar.(2P3a)'(CO)2, giving higher photoion yields for

o (CO)z+ in the wavelength region of 750-850 A in the PIE spectrum shown in Fig. 9(b).



Figure 8. PIPECO spectra for ArCO + and (CO)2 .

(a) PIPECO spectrum for (CO)2+ in the wavelength region of 700 - 940

./_ obtained at Po = 214 Torr and T = 120 K; (b) the comparison of the

PIPECO spectra for ARCO* (o) and (CO)2+ (4) obtained at Po = 214

Torr and T = 12(3K

|
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Figure 9. PIE spectra for (COb . in the wavelength region of 650 - 970 A

(a) Po = 214 Torr (Ar/CO mixture) and T = 120 K; (b) Po = 138 Torr

(At/CO mixture) and T = 120 K; (c) Po -200 Torr (pure CO) and T

= 120K
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In order for CO+(X,v').CO to be detected in this experiment, it has to be a stable or

a metastable dimer ion which lives longer than 42 #s, the flight time of (CO)z+. The

formation of a stable CO+(X,v')'CO ion in process (10) requires the conversion of a

substantial amount (- 0.5 - 1.7 eV) of internal vibrational energy into the translation

energies of Ar and CO+CX,v')'CO. The decay of CO+_,v ' = 2 - 7).(ARCO) according

to process (10) is likely to produce CO+(X,v')'CO with a distribution of internal energy.

The fraction of CO+(X,v')'CO with internal energies lower than that of the CO+(X,v =

0) + CO asymptote state will be stable. If the fraction of stable CO+(X,v').CO formed

is not strongly dependent on the internal energy content of CO+(X,v ' = 2 - 7).(ARCO),

the profile of the second PIPECO electronic band for (CO)2+ should be governed mainly

by the relative probabilities for the formation of CO+(X,v ' = 2 - 7).(ARCO)in v' = 2 -

7. This suggestion is supported by the good agreement found between the second ArCO +

and (CO)2+ coincidence bands.

As pointed out above, we cannot rule out the production of ArCO+ from AhCO at

high P.. The observation indicating the possible formation of (CO)2+ from

Ar+(2p3rz).(CO)2suggests that stable ArCO+ ions may also be produced by the following

processes:

AI.... Ar + h_ _ Ar+(2P3a)'"Ar + e" (lla)
t I

I I Q , Ib O
ee _ e

CO CO

Ar...Ar + e (llb)
o •

,11 •

0 e

CO+C2,v' = 2- 7),
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A.r...A.r + hu-4. CO+(_,v').Ar + Ar. (12)
Q •

_b+CR,v' = 2- 7)

Again, if the fraction of stable CO+(X,v').Ar ions formed in process (12) is only weakly

dependent on the internal energy of CO+(_,v ' =2 - 7)'Ab, the profile for the second

ArCO + coincidence electronic band arisen from processes (I la), (I Ib), and (12) should

be similar to that observed in Figs. 5(a)-5(c).
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CONCLUSIONS

A molecular beam PIPECO apparatus is described. Using a new MCS coincidence

circuit, we have overcome the paralyzed effect at high false coincidence rates encountered

in using a single-electron-start-single- (or multi) ion-stop coincidence circuitry. The MCS

coincidence arrangement allows the measurement of the PES of a size-selected cluster at
,,

a concentration less than 1% that of the monomer. In the ease when the TOF peaks for

various cluster ions are well resolved in the coincidence TOF spectrum, the PIPECO

spectra for individual cluster ions can be measured simultaneously.

The PIPECO spectra for ARCO* in the wavelength range of 620 - 940 A have been

recorded at different nozzle expansion conditions. The excited Ar+(2Pj).CO and

: CO.(A,_).Ar dimer ions prepared by processes (2) and (3) are found to be dissociative

in a time scale much shorter than the flight time (46 #s) of ArCO .. A stepwise

mechanism invoking near resonance intramolecular charge transfer and vibrational

predissociation is use6 to rationalize the observation. If the radiative lifetimes for

CO.(A,B) is assumed to be identical to those for CO.(A,B)'Ar, the dissociation lifetimes

for CO+(A)'Ar and CO+(B).Ar are estimated to be shorter than 4 #s and 50 ns,

respectively. The lE for CO+('X).Ar is determined to be 13.33 5:0.06 eV. This value

makes possible the calculation of a value of 6.70 5:0.06 eV for the binding energy of

CO.(X).Ar which is in fair agreement with the theoretical value of 0.82 eV obtained by

Gislason.42 The absence of the CO.(A) .Ar coincidence electronic band is
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also consistent with the theoretical prediction that the potential surface for CO+(A) + Ar

in a T-shape structure is nearly repulsive. The formation of ArCO + from fragmentation

of cluster ions are shown to be significant. Since the observed intensities for Ar(CO)s.

and ArsCO. are substantially higher than tho_ for other mixed At/CO cluster ions in this

experiment, the ArCO . fragments should be mainly produced by process (4). The

observation of the second ARCO* and (CO)s. coincidence bands indicates that

Ar.(2Pj).(CO)s and Ar.(_Pj)'(ArCO) ions initially produced by photoionization of

Ar(CO)s _d Ar2CO are t_e precursor ions for ArCO . and (CO)s+ detected in the

wavelength region of _ 770 - 750 ,/_. A charge transfer mechanism similar to that used

to explain the rapid dissociation of excited Ar.(2P_).CO dimer ions is proposed 4o

rationalize the formation of stable ARCO*ions from the excited Ar.(2PJ)'(CO)2 parent

ions. The good agreement found in the comparison of the vibrational distribution of

CO.(X,v ') formed in the Ar.(_P3a) + CO charge transfer reaction and the profiles of the

second ArCO + and (CO)s. coincidence electronic band supports the involvement of the

near resonance intramolecu!_r charge transfer process (9b). The lE for Ar.('_3a)'(CO)2

is estimated to be in the r_ge of ,,, 14.73 - 16.85 eV, suggesting that the value for the

dissociation energy of Ar.(2P3a)'(CO)s with respect to the Ar+(2P3a)+ 2CO asymptote

state lies in the range of 0.86-1.07 eV. Taking into account the estimateA binding energy

between Ar.(_3a)'CO and CO, the dissociation energy for Ar+(_P3a)'CO is expected to

fall in the range of 0.66 - 0.97 eV, in agreement with the theoretical prediction.
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PART II.

PHOTOION-PHOTOELECTRON COINCIDENCE SPECTROSCOPY OF THE

TRANSIENT MOLECULES SO AND $20
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INTRODUCTION

Photoelectron spectroscopic measurements have provided most of the energetic

information available today on molecular cations in their ground and excited states, t,_

Combined with high level quantum calculations, photoelectron spectroscopic studies also

yield structural information on molecular ions. Due to the difficulty in the preparation of

radicals, the photoelectron Spectroscopic study of radicals remains in its infancy. The

reactive nature of radicals usually prevents the production of radicals with high purity.

However, many radicals can be produced readily in electrical discharge,

photodissociation, and thermal pyrolysis sources, coexisting with their precursors and

products resulting from secondary reactions. In order to measure unambiguously the

photoelectron spectrum (PES) of a specific radical formed in such a source, an

experimental method capable of identifying the origins of photoelectrons, must be used.

The photoion-photoelectron coincidence (PIPECO) techniques measure the time-correlated

electron-ion pairs formed in photoionization and are most suitable for measuring PESs of

radicals coexisting with other molecular species. To our knowledge, the application of

PIPECO techniques to the study of transient species"has not been made previously.

In an effort to provide thermochemical data for radicals and transient molecules

relevant to combustion chemistry, we have developed a pulsed PIPECO method for

'A transient molecule is defined to have a lifetime less than a few minutes in the pressure
range of O.1 - 1.0 Torr encountered in its production?
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radical studies. In this communication, we present preliminary results on the PIPECO

study of SO and $20. Both SO and $20 are products of the combustion of sulfur at low

oxygen pressures?
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EXPERIMENTAL

The experimental arrangement of the PIFECO apparatus has been described

previously) -7 Briefly, the apparatus consists ofa 3 m near normal incidence vacuum

ultraviolet (VUV) monochromator, a capillary discharge lamp, a VUV light detector, a

microwave discharge source for radical production, a quadrupole mass spectrometer

(QMS) for ion detection, and an electron energy analyzer for threshold photoelectron

(TPE) detection.

The transient molecules SO and $20, together with other gaseous species, are

produced by a low pressure microwave discharge of pure SO2 in a quartz tube. The

gaseous mixture formed by the discharge flows into a buffer chamber which is evacuated

by a 6" liquid-nitrogen-trapped diffusion pump system. A small fraction of the gases

enters the photoionization region as an effusive beam through a 3mm x 1.5mm slit

between the buffer and photoionization chambers. During the experiment, the buffer and

photoionization chambers are maintained at 2 X 10_ and 2.5 x 105 Torr, respectively.

Photoionization efficiency (PIE) measurements show that SO2, SO, $20, $3, $2, S, O, 02,

and SO3 are major constituents of the effusive beam. The intensity of SO2+ is greater

than those of other ions by at least a factor of five.

The energy resolution of the detection of TPEs depends strongly on the electrostatic

field at the photoionization region. In this experiment, the phote_onization region is kept

nearly field free. The coincidence detection is initiated by an electronic pulse signifying
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the arrival Of a TPE at the electron detector. The electronic pulse triggers two identical

extraction pulses, which have a width (At) of 100 ns and a height of 300 V, to extract

photoions toward the ion detector. The QM$ is used to select the ion of interest for

detection. The first and second extraction pulses are delayed by 0 and 40/zs,

respectively, with respect to the electronic pulse. Since the electron flight time from the

photoionization region to the electron detector is <_0.1 #s, in such a short time the

correlated photoion is expected to remain in the photoionization region. Thus, the first

extraction pulse serves to extract the correlated photoion as well as background ions

formed within At. The second extraction pulse draws out only background ions formed

within t1:ethe temporal range of 100 ns. The ions arriving at the ion detector are

recorded by a multichannel scaler (MCS). The difference of the ion intensities detected

due to the first and second extraction pulse represents the true coincidence signal. The

coincidence detection cycle is completed in a period of 100 #s. The electron detector

will not accept another TPE until the end of the coincidence period.

: Figure l(a) shows the PIPECO spectrum for NO+ in the wavelength region of 1200 -

1345 ,/_obtained using the pulsed PIPECO method. The counting time for each data

point is 12 s. The NO + PIPECO spectrum is in excellent agreement with the TPE

spectrum for NO (Fig. !(b)) except that the electron background present in the TPE

spectrum is not discernible in the PIPECO spectrum. The structureless electron

background, which increases gradually as the photon energy is increased, is believed to

•arise from photoelectrons ejected from the exit slit of the monochromator. The NO+

spectra show that the electron energy resolution achieved is _ 30 meV (FWHM) for a



Figure 1. PIPECO and TPE spectrum for NO+ in the wavelength region 1200 - 1345

A obtained using a wavelength resolution = 1.4 A (FWHM) and an

electron energy resolution of - 30 mev (FWHM)

(a) PIPECO spectrum for NO+; (b) TPE spectrum for NO+

/

J
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wavelength resolution of 1.4 A (FWHM). The electronenergy resolution is expected to

be better when a higher wavelength resolution is used.

The pulsed PIPFX20method is found to be superior in both sensitivity and resolution

compared to the continuous MCS PIPECO schemes.7partlybecause the electron energy

resolution and ion collection efficiency can be optimized in the pulsed PIPECO

experiment. The greatest improvement in sensitivity of the pulsed PIPECO method stems

from the substantialreductionof false coincidences as a result of the smaller 100 ns

temporal window used here compared to the 5 - 10 #s window determined by the width

of the ion time-of-flight peak in the MCS PIPECO experiments, The detailed comparison

,of the signal-to-noise ratios achieved in the pulsed and MCS PIPECO schemes will be

presented in a future publieation.
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RF__ULTS

Figure 2 shows the TPE spectrum in the wavelength region of 1030 - 1210 A for the
+

mixture produced in the discharge of pure SO2.

In this wavelength range, the TPEs result from photoionization of SO, $20, $3, S2, S,

and O2(IA_),etc. The PIE and P1PECO spectra for SO+ are depicted in Figs. 3(a) and

3(b) and those for $20. are compared in Figs. 4(a) and 4(b), respectively. The

accumulation time for each of the SO + and $2O. PIPECO spectra is ,, 4 hours. The

+ spectra shown in Figs. 2 and 3(b) have been smoothed using a three-point averaging

• routine. Because of the involvement of autoionization, the PIPECO spectra for SO+ and

$2O. are different from the HeI PESs of SO8"_°and S20_,n. ' The PIE spectrum for S50

shown in Fig. 4(a) is consistent with that reported previously. 13

4

+
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Figure 3. PIPECO and PIE spectrum for SO+ in the wavelength region of 1025 -

1210 ,_,obtained using a wavelength resolution = 1.4 A (FWHM) and an

electron energy resolution - 30 meV (FWHM)

(a) PIE spectnma for SO+; (b) PIPECO spectrum for SO+



; ..... i

173

I I I I I 1 I

i I i I ,

° _ '_"" 2 -- t , 1204.4 1

(a) :(4

- SO+ -%,_ . ,. -
V"_._ t,,,v.

0 I I ! I l I
I I0 9 8 7 6 5 4 ' 3 2 I O=v

.......,....IT!...........L
,- .. I I , ,
", " _1
" " II - _

o 1 _ I I _'_" 1 I
1025 1075 1125 1175 1225



r

b/

Figure 4. PIPECO and PIE spectra for $20 . in the wavelength regio_iof 1025 -

1180/i, obtained using a wavelength resolution = 1.4 ,,k(FWHM) and an

electron energy resolution - 30 meV (FWHM)

(a) PIE spectrum for $20+; (b) PIPECO spectrum for $20 .

/
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DISCUSSION

The adiabatic ionization energy (lE) for SO to SO+(XrII3a)determined by the SO+

PIE spectrum is 10.294 5:0.004 eV (1204.4 5:0.5 ]_),bin agreement with values

obtained from the HeI PES of SO.9,1° The PIE spectrum for SO+ exhibits complex

autoionization features, lt appears that most of these features can be grouped into two

progressions of vibrational bands with vibrational spacings (A_ of 800 cm! as indicated

by tic marks in Fig. 3(a). The"_H electronic band observed in the HeI PES of SO

consists of a long vibrational progression with an average A_'value of 750 - 800 cm'l. 9q°

It is most likely that the progressions resolved in the SO+ PIE spectrum are due to

Rydberg states converging to SO+(_II).

The vertical IE for SO observed in the SO+ PIPECO spectrum is 10.305 eV. The

two peaks in the PIPECO spectrum atwavelengths > 1176 A are similar to those

observed in the HeI PES of SO. The doublet structures of the two peaks have been

assigned to the formation of SO+(_2II3a,_a,v= 2 - 11). The assignments summarized in

Table I indicate that the spin-orbit splitting (A_,) for the X2H state is 371 5:20 cmt.

The uncertainty for this value is mainly contributed by the finite wavelength interval used

the experiment. The (A'_'_,)value determined here is in agreement with previous

_rhis value is determined from a PIE spectrum measured using a wavelength resolution
of 0.28 A (FWHM).

]
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Table I Progressions of vibrational bands for SO+(2II3a,la,v= 0 - 11)
___.-Z_--"_7--- _ " - -: --- -- _ "-- ,i,. -- -'- _ ,= ' " '"' ,b__'" --

"_(cm=t)• A'_(cm-t)b _(cln-I)• _'_(cm-t)b A'_.p(Cm'n)e
ii , In ,, -- - II I- i_

0 83119 83500 381
1262 1260

..... , , ., , ,., -- .., _,_ , , .. .

1 84381 84760 379
1265 1254

.,

2 85646 86014 368
1265 1277

,,,

3 86911 87291 380
1226 1236

t -- ,...... ,.,, , -

4 88137 88527 390
1260 1232

........... ,,,,, ,,, , ,,,, - _ ,i

5 89397 89759 362
1257 1266

._, , ,, , - ,, _ - _ , ,

6 90654 91025 371
1207 1217

_ ,,, -- | -

7 91861 92242 I 381........ 1197 _ 1164.....

8 93058 93406 348
1184 1192

'Peak positions of vibrational bands. Estimated uncertainty = :5:20 cre'!.

_Vibrational spacings.

cSpin-orbit ,splittingfor SO+(_H).
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Table I (Continued)

V
"_(cm'!)" &'_{cm't)b "_(cm'l)" &'_(em't)b &'F.p(cm't)c

- I ql II I I '"' '"" '" - ' " q --__

9 94242 94598d 356
1169 1178

, 10 95411 95776 365
1151 1161

.._

11 96562 96937 375

_

A_._= 1222_ Z_'F_,_=1222_ A'Fq,=371:1::20t

__. 11111_ l" lm, i ---- ii _ -- 111 . I ' 11 _ --'-- i---- _ "_ill"_ ...... .- _

aEstimated value.

•Average value for &'F.

tAverage value for z_',_.

measurements9,1°and the predicted value of 360 cm'l. t°,i4'tsCombining the values for the

adiabatic lE for SO to SO+('X2II3/2)and A'_,, we calculated a value of 10.340 5:0.005

eV for the adiabatic lE for SO to SO+(X2IIlr_.

The vibrational bands observed for SO+(_2IIm,la,V = 3 - 11) are the results of

autoionization. Based on the observatiat of the SO+(_lI3r2,;a,v = 0 - 3) PIPECO bands,

the average value for &"dis 1264 cma which is .early 100 cm"t lower than that reported

by Dyke et al.9 Nevertheless, the average z£_value of 1270 + 20 cm_ ob_rved by Leet°

is in excellent agreement with the result of this study. The A"#value decreases from

1270 to 1150 cma as v increases in the range of 0 - 11. '/'he observed trend of
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_'_ is consistent with a value of 5.5 cm"l for the anharmonicity constant.

, . ,

$20

The value of 10.584 4- 0.005 eV (1171.4 + 0.5 A) (see footnote b) for the adiabatic

IE of $20 to S20+(X2A') determined by the $20 + PIE spectrum agrees with that obtained

in the previous PIE study13. However, this value is higher than those tbund in the HeI

photoelectron spectroscopic measurements._,t2 The S_O+ PIE spectrum shows two

vibrational steps at the onset. The spacings of these steps are equal to the average zX'_

value of 430 cm"t observed in the first electronic band of the Hel PES of $20. In the

wavelength region of 1090 - 1157/_, the $20+ PIE spectrum displays quite regular

autoionization features. Some of these features are found to split into doublets in a

higher resolution PIE spectrum. The two progressions of autoionization vibrational

bands, with spacings of _, 480 cmi indicated in Fig. 4(a), are consistent with the higher

resolution PIE measurement.
d

The three peaks at wavelengths > 1!60 A found in the $20+ PIPECO spectrum,

which correspond to the three steps observed in the P_E spectrum, are similar to those in

the HeI PES of S20._2'_2These features have been assigned to the formation of

$20 +(_2A') in the v3= 0,1, and 2 vibrational states. The _'svibrational mode

corresponds mainly to S-S stretch. The $20+ PIE and PIPECO spectra rise markedly _in

the wavelength region of = 1075 - 1100 A, indicating the existence of a new electronic

-

i



180

band. According to the HeI photoelectron spectroscopic study of Frost et al., the IEs for

S_O to the first S_O+(2A') and second S_O+(_A'') excited states are 11.25 and 11.31 eV

and the _,_vibrational frequencies of 930 and 940 em"1,respectively. Using these values,

we have assigned the vibronie bands observed in the wavelength region of 1060 - 1105 A

in Fig. 4(b) to tha formation of S_O+(2A',vt= 0 - 3) and the S20*(2A",vl = 0 - 3).

Table 2 summarizes the assignments of the observed vibrational bands for the ground

X_A'and the first (_A') and second (_A") excited states of S20+. The ,',7 values for

these states determined here and from the HeI PES of $20 are in agreement.

Table II. Progressions of vibrational bands for S20+(7a"l,6a,'l,and 2a'''j)
' ..... _'=_=, "' _--"_ i " - _ = 1,, , , _:n ,i :_ :_ ± _ _ ,..

, .,., _ ,,, .,, .= ,,,, , , -- . __ _ , . -- • ........

- '" - ' (cm')" a'(cm") -(eta:')" a_(cm")li "P(cm"F _,_(cm") J, , j, J,
_ I III I

0 85426 9109_, 91558
' 485 922 915

1 85911 92013 92473
487 924 915

2 86386 92937 93388, B, . ,--- -- .,,. , .,, _

A_.vo=480 _ A_.,,_=923b A'_.,,_=915 t'
,,, : : .... ;_ ,,,, ,,. - = ,, ,

'Estimated uncertainties = :1:20 cm_.

bl,verage value for A'_.
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CONCLUSIONS

UsingthepulsedPIPECO methoddescribedinthisreport,we havemeasuredthe

PIPECO spectra for SO and $20 formed in a discharge of SO2in the wavelength region

of 1025 - 1210 A. The PIE and PIPECO spectra for SO and $20 have providextaccurate

energetic and spectroscopic data for these ions. Experiments to extend the PIPECO

measurements of ,%0 and SO to higher photon energies and to other transient molecules

are in progress. This experiment has demonstratedthat the pulsed PIPECO scheme

provides good sensitivity and resolutionand is a promising method for the study of

radicals coexisting with othermolecular species.
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GENERAL CONCLUSIONS

"the PIPECO spe, tta of Ar,+(n -2 - 4), Kt2+, Xe2+, (CO)2.3+, and (Aft'CO=, n+m

- 2,3) + van der Waals clusters was successfully obtained. These studies were the first

PIPECO spectraof van der Waals clusters reportedfor energies higher than the

corresponding monomerIE. Results from these PIPF_O studies provide valuable

informationon ionization energies (IEs) of groundand excited states of these van der

Waals dimer and trimer clusters. Upper Imunds for dissociative lifetimes of many

superexcited cluster ions were estimated. The only cluster ions studied which had

superexcited states thatwere non.dissociative, within the flight time from the

photoionization region to the ion detector, were At2+ and At3'*. A radiative model was

suggested to explain the dissociative nature of the Kr2+[II(l/2_ and Xe2+[II(l/2)d states,

and the non-dissociative (metastable) Ar2+[II(1/2)_]state observed in these experiments.

Theoreticalcalculations for the radiative lifetimes of Rg2 + II(1/2)u -4,I(1/2), (Rg ---At,

ga', Xe) support this model°

PIPECO spectra of ali cluster systems studie_ show that fragmentation of linger

clusters into dimer and trimer cluster ions is an efficient means of disposing of energy in

excess of the dissociation limit. A mechanism was suggested to explain the extreme

efficiency of such processes. The visual similarities in structureobserved for the high

pressure dimer PIPF_20 spectra and the respective monomer spectra are consistent with

the perturbed monomer ion model for photoionization of van der Waals clusters. These lt
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spectra,also supportthe interpretationthat the monomerion, within the cluster, initially

tbrmed by photoionizationexperiences mostly the influence of the dimer ion potential.

The study of mixed At/CO dimer and trimer ions provides informationon the Al"+ +

CO charge transfer reaction, which is presumed to proceed via complex formation. Good

agreement is found between the measuredvibrationaldistributionof CO+(,X,v') produced

in the Ar+(2P3a)+ CO charge transferreaction and the profile for the ArCO+

coincidence electronic band arising from dissociation of Ar(2P3rz)'(ArCO)and

Ar(_P3a)-(CO)2.This agreement is rationalizedby a near-resonantintramolecularcharge

transferbetween Ar+(_3_ and a CO molecule in the trimer ions prior to their

decomposition.

The PIPECO studies on the SO and S50 transientmolecules were successful in

providing mass-selected TPE spectra. Informationon vibrational frequencies, adiabatic

and vertical IEs, and energy separationsof spin orbit states were obtained. These values

are in agreementwith available datafrom HeI PES experiments.

In futureexperiments, the PIPECOtechnique de._ribed for the study of cluster ions

can be used for studying energy (or state).-selectedintraelusterreactions. Preliminary

experiments on the energy selected int_cluster reaction

[ffI_O)_+]"---H_O+ + OH

were carried out for energies less than the lE for H_O. Secondary reactions of state

selected H20 monomers present interference at energies higher than the IE for HzO. By

' careful choice of molecular beam conditions (nozzle diameter, skimmer diameter, nozzle

skimmer distance, stagnation temperature and pressure) it may be possible to eliminate I_
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these secondary reactions and thus study the intracluster reaction for electronic excited

states as we'll as the ground state. Studies of this type are of great chemical significance

but no reports of energy (or state)-selected intracluster reactions have been reported in the

literature.

Ik
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