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ABSTRACT

Photodissociation spectroscopy and dynamics

of Free Radicals, Clusters, and Ions

by

Hyeon Choi

Doctor of Philosophy in Chemistry

University of California, Berkeley

Professor Daniel M. Neumark, Chair

The photodissociation spectroscopy and dynamics of free radicals and ions is

studied to characterize the dissociative electronic states in these species. To accomplish

this, a special method of radical production, based on the photodetachment of the

corresponding negative ion, has been combined with the technique of fast beam

photofragment translational spectroscopy. The photofragment yield as a function of

photon energy is obtained, mapping out the dissociative and predissociative electronic

states. Branching ratios to various product channels, the translational energy distributions

of the fragments, and bond dissociation energies are then determined at selected photon

energies. The detailed picture of photodissociation dynamics is provided with the aid of

d initio calculations and a statistical model to interpret the observed data.

Important reaction intermediates in combustion reactions have been studied:

CCO, C2H50, and linear Cn (n=4-6).
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The spectroscopy and dissociation dynamics of the CCO radical following

excitation of the ~ 31T+ ~ 3X and Z 311- il 3X electronic transitions are

investigated. Analysis of the translational energy distribution yields the accurate value for

the C-CO bond dissociation energy and heat of formation of CCO. Consideration of the

potential energy surfaces indicates that the C(3P) +CO(X 12+) products are produced via

radiationless transitions to the ~ 32- state.

The dominant channel in ethoxy dissociation following ultraviolet excitation is

CzH@jCzH3+H@. The translational distribution for CZH3+HZ0 from ethoxy

dissociation shows that the electronically excited state of product is produced larger than

or equal to 5.5 leV.

The photofragment yield (PFY) spectra for linear carbon clusters (C., n=4-6)

consist of several continua spanning the whole visible and ultraviolet region. The product

mass distributions for dissociation of C~ clusters are dominated by C3 and its partner

fragment C.-3, although some minor channels are also identified for dissociation of C4

and C5 clusters. The PFY spectra and P(E~) distributions indicate that multi-photon

dissociation occurs at photon energies below the dissociation threshold, and that both

single- and multi-photon dissociation occur above the threshold. The one-photon

components of the P(E~) distributions can be modeled by phase space theory (PST),

suggesting that photoexcitation is followed by internal conversion to the ground state.

In addition, the photodissociation of a negative ion, 13-,and radical, 13,are also

explored. These molecules photodissociate into channels with two different

photofragment mass ratio: 1:1 and 1:2 mass ratios. Based on our detection scheme and

appearance of sharp peak in translational distribution for channel with 1:1 mass ratio, this

ii



channel is assigned as a symmetric three-body dissociation. The P(ET) distributions with

1:2 mass ratio from the photodissociation of 13-and 13show that electronic transitions

produce the 12-(~) or 12in various electronic states along with atomic I in its 2P3/2or 2P112

.. .
111

state.
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ChatMer 1. Introduction

Free radicals are chemical species with non-zero spin. Most of radicals are

chemically unstable even though they are physically stable; that is, if undisturbed by

collisions they do not spontaneously decompose. Therefore, radicals have a short lifetime

in the gaseous phase under ordinary laboratory conditions.

Some of these radicals play important roles in various chemical reactions, such as

combustion and chemistry in atmosphere. Therefore, it is very critical to characterize

these radicals. However, both the inability to generate such species purely and their high

reactivity have hindered the study of these radicals.’

In spite of these difficulties, spectroscopy on the bound states of these radicals has

been extensively investigated.z However,’ limited amount of work have been done on the

dissociative states of free radicals. Therefore, we investigate the dissociative states of free

radicals using photofragment translational spectroscopy. Through this method, we

measure the dissociation cross-section as a function of photon energy to map out the

dissociative states, identify the photofragment to determine the product channels and

branching ratio, and measure the trz&lational distribution of fragments for each channel

to study the photodissociation dynamics.

Photodissociation studies

Photodissociation experiments have become one of the most valuable tools in

chemical physics for the purpose of understanding how excited electronic states coupled

to the dissociation asymptote. These experiments and the theory developed to explain

them have yielded considerable insight into the variety of dynamical processes that



occurs subsequent to electronic excitations From these studies, one hopes to obtain the

bond dissociation energies, characterize the symmetry of the excited state, measure the

product branching ratios, and determine if the excited state undergoes direct dissociation

on an excited state surface or internal conversion to the ground state followed by

statistical decay to products.

The vast majority of photodissociation studies measure either the product

quantum-state distributions or translational energy and angular distributions of the

products. For state-specific detection of product, laser-induced fluorescence (LIF),

multiphoton ionization (MPI), and coherent anti-stokes Rarnan scattering (CARS) have

provided extremely detailed information on the dynamics of photodissociation, which are

nicely reviewed by Butler and Neumark.q However, the vast majority of photofragments

cannot be detected by these methods. There are many reasons for that. First, the identities

of all the products of the photolysis must be well known. Second, these molecules must

have optical transitions that can be efficiently probed.

transition frequencies must be well characterized.

Third, their line strengths and

For most polyatomic photofragments one or more of these conditions cannot be

satisfied. Even when they are, because of the large excess of energy disposed into the

products, a great deal of knowledge on spectroscopy of these products maybe required.

In addition, for highly internally excited molecules the density of states maybe too high

to resolve the product state distributions.

Another direction to study the photodissociation is to measure the translational

energy of photofragments, which we employ in this thesis. This technique was originally

developed by Wilson and coworkers5 and significantly improved over the last thirty



years.4@ In this method, they measured the time required for one of photofragment to

travel from the interaction region of the laser and molecular beam to the detector by using

the detector consisting of an electron-bombardment ionizer followed by mass

spectrometer. In this configuration, any neutral photofragment, including reactive

radicals, can be detected regardless of its internal energy and is thus termed as a universal

detector. Using the linear momentum conservation of the dissociation of the parent

molecule, the measured flight information of one photofragment can be converted into

the translational energy of photofragments.

Because of the universality of this detector, this translational spectrometer has

been successfully applied to study the closed-shell molecules, such as CH& and HZS,8

which successfully resolved the vibrational progression of CH3 and rovibrational state of

SH photoproduct. However, there are two problems to study the radicals with this

method: First, the dissociation inherent in the ionization process has made it difficult to

distinguish experimentally between daughter ions from electron-impact-induced

dissociative ionization and photon-induced fragmentation of primary photoproduct.

Second, there is no appropriate way to generate the pure radical source. Recently, the

several experiments have been successfully done using the pyrolysis source to produce

the high density of hydrocarbon radicals, such as CHg,10CSH5,*1CSH3,12and C2H5.H

However, for most of studies, the radicals of interest are generated by photolysis of

closed shell precursor. In this process, it can generate various radicals and chemical

reaction products along with radicals of interest.

In our experiment, we overcome these problems to use the photodetachment of

the mass-selected anion. The free radical has unpaired electron, so that corresponding

3



anions are usually stable. Therefore, we first generate stable anions with a combination of

fast electron beam and pulsed electric discharge. Only anions of interest are selected by

time-of-flight mass spectrometer and photodetached just above the detachment threshold.

In this way, we can generate the pure source of radicals in the vibrationally ground state.

Also, anions are accelerated up to 6-8keV before the detachment, so that the

photofragments generated from photodissociation of radicals also have the large kinetic

energy (1-4 keV) in the laboratory frame, which makes the detection efficiency up to

50% and independent of mass or chemical composition with a microchannel plate.11 In

our experiment, we are detecting two photofragments from one parent radical in

coincidence. In this scheme, our data collection rate must be less than one dissociation

event out of 10 laser shots. Therefore, despite of low density ( 103- 104/cm3) of radicals

produced by photodetachment of anions, our experimental scheme is very sensitive to

study the photodissociation dynamics.

Fast Photofragment Translational Spectrometer

The fast photofragment translational spectrometer, constructed for these study by

Cyr, Osborn, and Neumark,ls’lb is shown in Fig. 1. A complete description of this

apparatus is given in the PhD. Dissertation of Douglas Cyr. ‘T
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Figure 2: Schematic of fast radical beam photofragment translational spectrometer.
1. Pulsed valve, 2. Electric discharge, 3. Acceleration plates, 4. Bakker-type time-of-
flight mass spectrometer. Detachment, dissociation and detection regions are also
indicated.

Briefly, a gas mixture including precusor for ions of interest supersonically expands into

the source chamber through a pulse valve operating at 60 Hz. Ions are generated in the

throat of the ensuing supersonic expansion by either 1 keV electron beam from electron

gun or a pulsed electronic discharge. Ions formed are cooled by the supersonic expansion

to their ground vibrational state and to a rotational temperature of 35-50K.

The ion beam passes through a skimmer and is accelerated to high laboratory

energy (typically 6-8 keV). The anions of interest are selected by a Bakker type time-of-

flight mass spectrometer and photodetached with a pulsed dye laser to create the

corresponding neutral. The energy of the detachment laser is just above the threshold of

anions, so that only radicals in their vibrationally ground states are generated. The

remaining ions are deflected from the beam,
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Figure 2: Kinematics of photodissociation using the
time- and position-sensitive detector.

The radicals are collimated by another 1.0 mm pinhole and intersect a second

pulsed laser. If photodissociation occurs, fragments recoiling out of the parent radical

beam are detected with high sensitivity, without an ionization step, using microchannel

plate detectors. A beam block immediately in front of the detector stops the remaining

neutral beam. Photodissociation occurs under collisionless conditions (10-9 Torr), and two

types of experiments are performed. First, the photofragment yield spectrum is obtained

by integrating the total fragment flux as a function of photodissociation laser wavelength.

Second, at selected fixed photon energies, the dissociation dynamics are investigated by

detecting both fragments in coincidence from dissociation of a single parent radical.

In this experiment, three parameters are measured using the time- and position-

sensitive detector: the difference in fragment arrival times at the detector, ~, and the

distances from the center of the parent neutral beam to each fragment on the detector
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face, rA and rBc. These three quantities can then be ana@tically converted to the desired

experiments} quantities, namely the fragment masses (m,4 and mBc), their relatiVe

translational energy (ET), and their scattering angle @) with respect to the ~ vector of the

dissociation laser. The kinematics of the process shown in Fig. 2 are described by the

equations:

[)VOT‘A = ‘BC 1

‘BC ‘A L
(1)

ET=EO”
mAmBC . [(v0T)2+(rA+rlK)2] ,2)

(m~ + mB~)2 ~2

e = arctan(rA + ‘Bc),
VOT

(3)

where Eo, V. and L are the energy and velocity of parent neutral beam and distance from

the photolysis interaction region to the detector.

Limitation by Fragment mass resolution

We consider the fragment mass resolution. According to equation (1), fragment

masses (mA and mBc) depend on the distance (rA and rBc) from the center of the beam to

fragment and time difference (z) in their arrival at the detector. Our detector has excellent

spatial (-O. 14mm) and time resolution @.5ns), which enable us to determine the rA+rBc

and z with that accuracy. However, accuracy on the individual distance, rA and rBc, is

limited by the size of parent radical beam, which is determined by two lmm pin hole

inside the machine. Therefore, the fragment mass resolution can be determined by

following equation:
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mA rBC—z —
AmA ArBc“

(4)

Assuming z = O, equation (4) can be expressed as a function of ET by using equation (2).

mA
—= ~“(=)’” “(:)’”
AmA Ar~C mBc

(5)

In the normal experimental condition (L = 1000 mm, ArBc = 1 mm, E. = 8000 eV, ET=

leV, and mA = mBc), the fragment mass resolution (m,4/Am,4) is 11.2.

In our photodissociation study on the simple radical, such as CCO, C. (n = 4-6),

and 13,only one or two dissociation channels with very different fragment mass are

energetically possible. Therefore, the fragment mass resolution is still enough to identify

the fragment mass. However, as the number of atoms in radical increases, especially the

number of hydrogen atoms, such as in C2H50, it increases the number of dissociation

channels with similar fragment mass, which are energetically possible in our

experimental condition. In this case, our mass distribution fails to identify the fragment

mass and other supplementary method is needed, like experiments with isotope

substitution.

Summary

Photodissociation of free radicals is qualitatively different from that on closed-

shell molecule for two principal reasons. First, due to their open-shell electronic

structure, radical tend to have low-lying electronic states. This increased state number

density will results in a higher probability of surface crossings following the

photoexcitation. Therefore, photodissociation of free radicals cannot be often explained

by a single-potential energy surface and can be model systems for study of these non-
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adiabatic processes. Second, open-shell molecules often dissociate to an open-shell and a

closed-shell pair of fragments, which implies that the dissociation energies of free

radicals are typically less than for similar closed-shell molecules. The photon energy (3-6

eV) we use in our experiment is often enough to generate electronically excited

photoproducts.

In this thesis, we present photodissociation studies of CCO, linear carbon clusters

(C., n=4-6), CZH50, ls- and 1s. In Chapter 2, the photodissociation from ~ 317- ~ 32-

and F 113– E 1Aelectronic transitions of CCO radical has been studied. Especially, the

first excited singlet state ( ~ lA) of CCO radical, which has been postulated as the

reaction intermediate in hydrocarbon combustion, is produced by changing

photodetachment energy and investigate the photodissociation of CCO after the

electronic transition to the ? Ill of CCO. In Chapter 3, the photodissociation

spectroscopy and dynamics of linear carbon clusters (C~, n=4-6) are investigated. In this

study, we observe absorption overmuch of the whole visible and ultraviolet. This is due

to the vibronic and symmetry forbidden transition of linear carbon clusters, which are

very uncommon in this small size of molecules. We also find linear carbon clusters

dissociates after absorbing one or more than two photon. The P(E~) distribution from

one-photon process is successfully described by phase-space theory, indicating

dissociation occurs on the ground state after internal conversion. In Chapter 4,

photodissociation of C2H50 radicals is investigated. Surprisingly, the C2H50 radical

dominantly dissociates into C2H3 + H20. Through the analysis of P(E~) distribution, it

reveals that the isomerization of C2H50 on the excited state before the dissociation is

very important and production of electronically excited state of C2H3 products is

9



proposed. In Chapter 5 and 6, we present the photodissociation studies on 13-and Is. In

these studies, we found these two molecules undergo symmetric three-body dissociation

after the electronic excitation. Also, photodissciation studies of these molecules reveal an

abundance of non-adiabatic processes.
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Chapter 2. Photodissociation of excited triplet and sinalet states

of the CCO radical

Abstract

The triplet and singlet states of the ketenylidene (CCO) radical are investigated

using fast radical beam photofragment translational spectroscopy, in which CCO is

generated by laser photodetachment of CCO- and subsequently photodissociated, and

anion photoelectron spectroscopy. In the photodissociation experiment, two bands in

which the upper state of CCO predissociates are studied. Photodissociation from

excitation of the ~ 31_I– ~ 3X band in CCO is observed from 16,666 – 23,529 cm-l;

resonances are observed and assigned to excited vibrational levels involving all three

vibrational modes. We also report the first observation of the ~ Ill – Z 1Aband in CCO.

Here, the d 1Astate of CCO is generated by laser photodetachment at higher photon

energy than was used to generate the ~ 3Z state. The ~ 111state is approximately

located by photoelectron spectroscopy of CCO-, and the photodissociation experiment

shows that the origin of the Z lH – ti 1A band occurs around 17,170 cm-l. Kinetic

energy release spectra from both bands yield accurate values for the C—CO bond

dissociation energy and heat of formation of CCO: DO(C-CO) = 2.24 ~ 0.02 eV(51.7 i

0.5 kcal/mol) and AH0f,z9g(CCO) = 4.04 & 0.02 eV (91. 1 i- 0.5 kcal/mol). Although the

kinetic energy distributions resulting from excitation to the ~ 311and F 113states are

clearly non-statistical, consideration of the potential energy surfaces indicates that

dissociation from both states occurs via radiationless transitions to the ~ 32- state.
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1.Introduction

The ketenylidene (CCO) radical is an important reaction intermediate in

interstellar cloud formationl-3 and hydrocarbon combustion.ti There is also growing

interest in metal ketenylidene (CCO) complexes which can facilitate C-O, C-C and C-H

bond formation and cleavage in organometallic chemistry.7 Two unresolved issues are

addressed in this article. First, large uncertainties have existed in the heat of formation of

CCO, hindering our understanding of these fundamental reaction mechanisms. Secondly,

although many reactions are believed to proceed via singlet CCO species, a lack of

spectroscopic information on the singlet states of CCO has prevented the identification of

any singlet CCO radicals. In this paper, we address these two issues using a combination

of photofragment translational spectroscopy and photoelectron spectroscopy.

The CCO radical was first identified spectroscopically by Jacox etCI1.8Its infrared

spectrum was observed in a matrix isolation experiment and the CCO ground state was

tentatively assigned to be a 3X-state. In addition, an unstructured absorption was seen

near 500 nm which was attributed to CCO photodissociation, an interpretation

by the depletion of the CCO absorption when the matrix was irradiated at that

supported

wavelength. The gas phase absorption spectrum of CCO was subsequently recorded by

Devillers and Ramsay.g They observed a rotationally resolved band with origin at 11,651

cm-t and assigned it to the ~ 313– ~ 32- transition, obtaining spectroscopic constants for

both states. Laser induced fluorescence (LIF),10 microwavell and near IR spectroscopy lz-lG

were used to further establish the vibrational frequencies and spectroscopic constants for

the ~ 32- and the ~ 31_Istates.
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The photoelectron spectrum of CCO- was first taken by Oakes et aL17and the

electron affinity of CCO was determined as 1.848 * 0.003 eV. A more recent

photoelectron spectrum by Zengin et al.’s showed the electron affinity to be 2.29 f 0.02

eV; the earlier value was attributed to vibrational hot bands.

CCO is known to have several low-lying singlet states in addition to the ~ 311

state. Walch19 used polarization-configuration-interaction (POL-CI) with generalized

valence bond (GVB) theory to characterize the triplet and singlet states. Chabalowski et

al.zo also performed calculations at the multi-reference double-excitation (MRCI) method.

Cco (FI3)

Cco (A3rI)

Cco (b‘z+)

CCO (51A)

Cco (X3X-)

Cco- (x*I-I)

According to these studies, the

C (ID)+ CO (k+)
molecular orbitaI configuration . . .

(60)2 (ln)4 (7cr)2 (27c)2leads to the

C (3P)+ CO (’X+) ~ 3X-, d lA, and ~ lZ+ states, and

the ~ 31_Iand ~ lH states are derived

from the . . .(60)2 (1z)4 (70)1 (2n)3

configuration, The energy ordering

of the five electronic states is shown

in Fig. 1. While the singlet states are

not accessible by optical excitation

from the ~ 3X state, they are

accessible by anion photodetachment;

the molecular orbital configuration

Figure 1: Energetic of CCO electronic states for the ~ *II ground state of CCO
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is (...6& lrc47&2?#). Term values for the ti ‘A and ; ‘Z+ states were experimentally

determined from the CCO- photoelectron spectrum by Zengin et al;ls the higher lying

Z ’11 state was apparently too high in energy to be seen at their highest photodetachment

energy, 4.66 eV.

The heat of formation of CCO has been determined in several ways. The apparent

photodissociation at 500 nm seen by Jacox et aL8 places a lower limit of 3.7 eV on its

heat of formation. Becker and BayesJ’s observed CO chemiluminescence from the O +

CCO reaction; based on this, along with the observation of Jacox, they deduced the CCO

heat of formation to be 4.0 t 0.2 eV. Both of these values are at variance with the 1985

“literature value” 21of 2.9* 0.7 eV, obtained from the decomposition rate of C302.Z’2

However, the earlier values are in good agreement with recent values from ab initio

calculation (3.86 eV)19 and combined electron affinity and gas phase acidity

measurementslQ3 (4.0 10.2 eV). In this paper, we confirm and further refine the higher

value for the CCO heat of formation.

Although experiment and theory have established the existence of low-lying

singlet states in CCO, no optical transitions between these states have been observed.

The absence of a spectroscopic probe for singlet CCO species has hindered verification of

proposed reaction mechanisms in combustion, interstellar clouds and photolysis of C302.

For example, the ground states of C302 and CO molecules are 12+ states, so the formation

of triplet CCO from the photolysis of C302 ’32 is spin-forbidden. Triplet CCO radicals

are not observed under collisionless photolysis conditions, but are seen in the presence of

collisions, presumably due to collisional quenching of singlet CCO. 10’z’,z9
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In this paper, we investigate the photodissociation spectroscopy and dynamics of

triplet and singlet CCO using our fast radical beam photofragment translational

spectrometer. In this experiment, CCO is generated by photodetachment of CCO- and

subsequently photodissociated. In all prior investigations of this type, care was taken to

photodetach the ions at sufficiently low energy so that only ground state radicals are

produced. This scheme is used to generate CCO ~ 3Z- and we observe dissociation

upper state excited vibrational levels of the ~ 311- ~ 32- band. In addition, we

from

demonstrate that we can generate the CCO E 1Astate by photodetachment at higher

energy, and thus identify the F Ill – ti 1Atransition for the first time. This work on the

singlet state is aided considerably by photoelectron spectroscopy of CCO- at a higher

photon energy than used by Zengin et al. ,18enabling us to determine the approximate

location of the Z llT state prior to performing the

IL Experimental Details

photodissociation experiments.

Two different instruments, a negative ion photoelectron spectrometer and a fast

radical beam photofragment translational spectrometer, are used for this study. In both,

the CCO- anion is produced by electrical discharge of C302 molecules. C302 is

synthesized by the dehydration of malonic acid with phosphorus pentoxide, as described

by J3rauer.33Ne gas (40 psi) flows over C302 which is kept in a glass bubbler cooled

acetone/dry ice bath. The resultant mixture supersonically expands through a pulsed

and electrical discharges into the source region of the apparatus. A pulsed electrical

discharge (-700 V) forms CCO- anions; the discharge occurs in the beginning of

supersonic expansion and the CCO- anion are made and cooled to 20-50K.

16
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cco- ~ Cco ‘ C+co

Figure 2: Schematic of fast radical beam photofragment translational spectrometer. 1.
Pulsed valve, 2. Electric discharge, 3. Acceleration plates, 4. Bakker-type time-of-flight
mass spectrometer. Detachment, dissociation and detection regions are also indicated.

A detailed description of the photoelectron spectrometer is given elsewhereqs,qG

Briefly, negative ions generated in the ion source are injected into a time-of-flight mass

spectrometer using a pulsed electric field. The ions separate in time and space according

to their mass-to-charge ratio and are detected with a microchannel plate detector. The ion

of interest is selectively photodetached using the fifth harmonic (5.822 eV) of a pulsed

Nd:YAG laser. After detachment the kinetic energy of the electrons is determined by

time-of-flight analysis, as described by Xu et aL36The instrumental resolution is 8 meV at

0.65 eV and degrades as (eKE)3’2.

CCO photodissociation was studied using the fast radical beam photofragment

spectrometer shown in Fig. 2. The experimental apparatus has been described in detail

previously.qT,qgNegative ions formed in the source region are accelerated to 6 keV and

separated temporally by a time-of-flight (TOF) mass spectrometer. The CCO- ion packet

is intersected by an excimer pumped pulsed dye laser beam, photodetaching some anions
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to yield neutral CCO radicals. By changing the photodetachment energy, we can

selectively detach CCO- to make either ground ~ 3X-state only or ground ~ 3Z”state

plus d ‘A state of CCO. Any remaining ions are removed by the application of an

electrical deflection pulse. The neutral beam is then crossed by a second excimer-

pumped tunable dye laser beam. Some neutrals absorb a photon and dissociate.

These photofragments are detected by microchannel plates. The high center-of-mass

kinetic energy (6 keV) allows the fragment to be detected with high efficiency (-50%).

The overall experiment is summarized as:

Cco hv (detach)
>(370 hv (dissociate) >Ci-co (1)

Two types of experiment are performed. The photofragment yield (PFY)

spectrum is obtained by collecting the total flux of fragments as a function of the

photodissociation laser wavelength. We also probe the photodissociation dynamics by

detecting both fragments in coincidence from a single parent CCO at a fixed photon

energy for photodissociation. Using a time- and position-sensitive (TPS) wedge-and-

strip anode detectorgT to measure the separation between the fragments and the interval

between their arrival times, we obtain the kinetic energy release and scattering angle for

each dissociation event. From this the translational energy distribution P(ET) is

determined. Because of the low translational energy release for this system, a very

limited range of scattering angles is probed in this experiment, so angular distributions

are not reported.
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[11.Results

In this section, the experimental results are summarized, followed by ab initio

calculations on the CCO radical. Specifically, the photoelectron spectrum of CCO- at

5.822 eV is presented. The PFY spectra of CCO radicals are shown for the X 31_i- ~ 3Z-

and the F lH – & 1Abands. Finally, KER spectra are presented for selected Z 313- ~

32- and E *I3– i7 1Atransitions.

A. Photoelectron spectrum of CCO anion

The photoelectron spectrum of CCO- taken at 5.822 eV (21 3 nm) is shown in Fig.

3. The absolute peak positions and assignments are located in Table 1. The spectrum

consists of a series vibrationally-resolved bands corresponding to transitions to several

neutral electronic states. We observe all of the peaks reported by Zengin et al. ISexcept for

the Z ‘A (200) transition. In addition we see peaks labeled K, L and M that were not

observed previously. Peak K is assigned as the transition to the ~ 311(003) state. Peaks

L and M are too high in energy to correspond to a vibrational transition within the X 311

manifold, so we assign L and M to the origin and the (001) vibrational level of the ? ‘II

state, respectively. Note that the ~ 31_Iand ? 111neutral states result from detachment of

an electron from the 2n anion orbital and should therefore have the same photoelectron

angular distribution. This is confirmed by photoelectron spectra taken at other laser

polarization angles (not shown). From these assignments, the adiabatic electron affinity of

CCO is 2.3 10* 0.012 eV and the term values for the z 1Aand 5 ‘II states of CCO are
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0.653 f 0.017 eV and 2.775 i 0.017 eV, respectively. The error bars on the electron

affinity and ti 1Aterm value are somewhat smaller than those reported by Zengin et al. 18
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Figure 3: Photoelectron spectrum of CCO- at 5.822 eV taken at laser

polarization 0 = OO.
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Table 1. Peak position and assignments for the CCO- photoelectron spectrum.

Peak Assignment Position (eV)——__,.._-_.._.. ——— ——..-—=!~-f:?rn.%ki:.lc.rn:!): ................
A z 32- (000)
B 1 3X- (loo)
c z 3X- (200)
“D z 1A (000)
E a 1A (100)
F F lX+ @00)
G ; lX+ (loo)
H 1 3rI (000)
I ‘1 3ri (001)
J x 3rI (002)
K z 31-1(003)
L z 11-1(Ooo)

3.512
3.269

3.019
2.859

2.618

2.488

2.262

2.066

1.909

1.748

1.577
0.737

-------

1960

3976

5267

7211

8259

10082

11663

12929

14228
15607

22382

M E *rI (001) 0.584 23616

a All peak positions have an uncertainty of 12 meV.

B. Photofragment yield spectrum

With the aid of photoelectron spectrum by Sec. IIIA, we can selectively form

CCO in the ground ~ 32- state, or in a combination ~ 32- and i7 1Astates. To form

neutral CCO in its ground ~ 3X state with no vibrational excitation, we detach at 18,690

cm-l, just above the photodetachment threshold (18,630 cm-l). We can then measure the

PFY spectrum from CCO ~ 3X radicals.

To form neutral CCO in its ii 1Aelectronic state with zero quanta of vibrational

excitation, we detach at 24,210 cm-l, just above the photodetachment threshold for this

state (23,900 cm-i). At this energy, one also produces CCO in its ~ 3Z- state with the

vibrational distribution shown in the photoelectron spectrum (Fig. 3). To identify

dissociation signal from the i? 1Astate, PFY spectra are repeated at a detachment energy
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23,070 cm-l, just below the ii lAdetachment threshold. Thedifference between PFY

spectra obtained at 24,210 cm-l and 23,070 cm-l is from CCO ti 1Aradicals.

I , I , r I , , l’” I , , I“’’I’’’’ I’’’’ l’’’’i” “1’’’’ 1’’’’ 1’’”1<

A B CDE FG H IJK L MN OP

I
17000 18000 19000 20000 21000 22000 23000.

PhotonEnergy(cm-’)

Figure 4: Photofragment Yield (PFY) spectrum of CCO for the ~ 31_I- ~ 3Z-
band. Assignments of labeled peaks are given in Table 3.

The PFY spectrum obtained from CCO ( ~ 3E) is shown Fig. 4. This spectrum

covers 16,660 cm-l to 23,529 cm-l with 5.5 – 2.8 cm-l (O.1 nm) steps. Although the

signal is weak, several sharp features are observed that are assigned to transitions to

excited vibrational levels of the ~ 31_Istate (see Sec. IVA) that lie above the bond

dissociation energy. The signal is weak because of poor Franck-Condon factors

combined with low translational energy release (see Sec. IVB); the latter effect reduces

our photofragment collection efficiency. Note that no dissociation is observed until well
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above the ~ 3~ - ~ 32- origin at 11,651 cm-i,9 because the lower vibrational levels are

bound. Also, we do observe dissociation around 500 nm ( 19,994 cm-i), a result consistent

with the interpretation of the matrix experiments put forth by Jacox et al.s

1 I I I I 1 I L

17170 17180 17190

*

17080 17100 17120 17140 17160 17180 17200 17220

Photon Energy (cm-l)

Figure 5: Photofragment Yield (PFY) spectrum of CCO for ? ‘II - E 1Aorigin. Solid
line: vm~..h = 24,210 cm-l (above the z 1Athreshold). Dotted line: VD~nCh= 23,070 cm-l

(below the E 1Athreshold. Inset shows finer scan (0.005 nm step) of the ? Ill - Z *A
origin.

The PFY spectrum obtained from CCO ( d lA) is shown Fig. 5. Based on the

photoelectron spectrum in Fig. 3, the origin of the ? In – d 1Aband should occur at

17,115 t 140 cm-l.’ The main part of Fig. 5 shows spectra taken from 17,080-17,220 cm-l

at 0.1 nm(-3 cm-l) resolution. The dotted line shows data using v&mCh= 23,070 cm-1 and
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the solid line shows data using V&~Ch= 24,210 cm-l. The large peak seen at 17,170 cm-l

in the spectrum taken at the higher detachment energy is assigned to the F ‘H – d 1A

origin. The inset in Fig. 5 shows a finer scan with 0.005 nm (-O. 15 cm-l ) step and shows

partiaily resolved rotational structure. No further structure is resolved using an etalon,

with which the resolution of the laser is 0.04 cm-l. Based on our term value for the d 1A

state, 0.653 * 0.017 eV, the term value for the F III state is 2.782 * 0.017 eV.

C. Translational energy distribution of photofragments

Translational energy distributions P(ET) were obtained at selected peaks in

the ~ 311- ~ 3Z- and F 1H – E 1Aabsorption bands. Fig. 6 shows the P(ET) distribution

obtained at 19,660 cm-l (2.44 eV), the strongest peak in the ~ 31_I- ~ 3X-band. The

distribution is binned in steps of 10 meV. The photofragment mass spectrum in the inset

of Fig. 6 shows peaks at mass 12 and 28, corresponding to C+CO. The P(ET) distribution

consists of a sharp peak centered around 0.15 eV with an abrupt drop in intensity toward

higher translational energy. The maximum kinetic energy at which signal is seen is 0.20

A 0.02 eV.

Figure 7 shows the P(E~) distribution obtained from excitation of the F 111– ii 1A

band at 17,170 cm-l, marked with a * in Fig.5. The same photofragment mass spectrum

is seen as in Fig. 6. This P(ET) distribution consists of two peaks centered at 0.5 and 0.23

eV, corresponding to C + CO (v=O, 1). The higher energy peak drops off abruptly at a

maximum kinetic energy of 0.54& 0.02 eV.
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Figure 6: Translational energy distribution P(ET) of C + CO products from excitation of

1: ~ 3H - ~ 3~- transition ( hVdi~~W~t~= 2.44 eV ). Inset shows the photofragment mass

spectrum of CCO. Solid line: experimental data. The P(ET) distributions calculated from

the prior distribution and phase space theory are shown as A and ■, respectively.
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Figure 7: Kinetic Energy Release (KER) spectrum of CCO at the ~ ‘H - ti *Aorigin

transition (hvD,SS= 2.13 eV ).

D. Ab hitb calculations

Ab initio calculations were performed to better understand how the various

electronic states of CCO are coupled to the dissociation continuum. The lowest energy

dissociation channel, C(3P) + CO(lZ+), correlates with the ~ 3X state and a 311state.

The molecular orbital configuration for this 311

0311 state) is . . ..(6($2 (1x)4 (76)2 (2x)1 (80)1.

state (hereafter referred to as the

This is therefore not the ~ 311state, for

which the molecular orbital configuration is . . ..(6cr)2 (ln)4 (70)1 (2z)3; the ~ 311 state

asymptotically correlates with excited state triplet products, C(3P) + CO(311). The 80

orbital is C-C antibonding, suggesting that the ~ 311state is repulsive. These qualitative

considerations imply that adiabatic crossing occurs between the ~ 3H state and a

repulsive 3H state, as shown in Fig. 8. The object of our ab initio calculations was to

determine the effect of this crossing on the dissociation dynamics.

Calculations were performed using the CASSCF(8,8) method with a 6-3 lG* basis

within the Gaussian 92 suite of programs.Jg The active space consists of six II orbitals

(113, 21Z, 3H) and two o orbitals ( 70,80 ). Rco is optimized at each Rcc and the linear

configuration is determined to be the minimum energy configuration for all values of

Rec. The calculation predicts the crossing between the ~ 31Tstate and a repulsive 311

state to occur at Rcc = 1.774 ~ and&o = 1.142 ~, which is 5.5 eV above the ~ 3Z-

minimum for which Rcc= 1.388 ~ and Rco=l. 149 &
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Figure 8: Schematic potential energy curves for the ground and excited states
of CCO radical, illustrating correlations with the ground and excited state C +
CO products. The energy spacings from the ground state to excited states of
CCO and the C-CO bond dissociation energy are determined by our present
work. Minimum energy configurations are obtained from Ref. 18 and the

crossing point between the ~ 311and the ~ 3H is obtained from the ab initio

calculation described in the text.

At this level of calculation, the term value for the ~ 313state is 1.617eV, while

the experimental value is 1.445eV.12 Also, the calculated sum of RCCand RCOis 2.54 ~
.

for the ~ 32- state and 2.45 ~ for the ~ 311state, both of which lie close to the

experimental values of 2.52 ~ and 2.45 & respectively.B

The diabatic crossing occurs well above the onset of dissociation in the PFY

spectrum (-2.4 eV). The energy of this crossing maybe too high because of the limited

accuracy of the calculation. Moreover, the two adiabatic curves repel each other in the
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crossing region, so that the effective barrier to dissociation of the X 31_Ialong the lower

adiabatic will be somewhat less than the energy of the diabatic crossing point.

Nonetheless, the calculations certainly suggest that dissociation of the ~ 311in the energy

range probed by our experiment does not occur by coupling to the repulsive ~ 3H state.

The dissociation mechanism is discussed further in Section V.

IV. Analysis

In this section, we analyze the resonances in the photofragment yield spectrum for

the ~ 313- ~ 32-band of CCO and discuss the energetic of CCO radical dissociation.

A. Photofragment yield spectrum

Previous LIF and absorption studies of the CCO ~ 311- ~ 3X transitions,lo,l z15,16

have yielded an accurate set of spectroscopic constants for the lower vibrational levels of

the ~ 313state, including vibrational frequencies for the VI (C-O stretch), V2(CCO bend),

and V3(C-C stretch) modes, anharrnonicities for the V1and V2modes, rotational

constants, spin-orbit coupling and Renner-Teller parameters. These are listed in Table 2.

The energy level pattern due to Renner-Teller coupling in a 31_Ielectronic state is given by

Hougen.@ We can use these constants to predict the location of the higher-lying

vibrational levels, and thus assign most of the features seen in the PFY spectrum in Fig.

4. The predicted energies and assignments of the PFY resonances are listed in Table 3.
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Peak H, the most prominent peak, centered at 19,698 cm-t, is assigned to the l;

transition. This peak is actually a triplet split by 35 cm-i corresponding to the three spin-

orbit components of the ~ 311state. This splitting agrees well with that seen for several

of the lower-lying levels .9’’2’15JGTransitions involving the other two modes also contribute

to the PFY spectrum. Although this is a linear-to-linear transition, the bending mode is

active due to the large difference of bending frequency in the ~ (379.53 cm-l)lg and ~

(594.75 cm-l)’s states and strong Renner-Teller coupling in the ~ state.’s’lGSome of the

assignments are ambiguous, especially those involving the bending mode. These

problems arise in part because of a 2:1 Fermi resonance between the V2and V3modes (see

Table 2) as noted in previous studies. S’IQ16Nonetheless the agreement between the

experimental and predicted energies is generally reasonable, supporting the assignments

in Table 3.

Table 2: Fitting Parameters for calculating position of absorption (1 317- Z 3Z- of

CCO). ( Unit: cm-l )

ii 311(cm-t)

T.
—-.——

11,651.2’2
(.01 2068.69

col~l 11.45

w 601.25’’’”

QM(2 3.25

@ 1284”

Q%3 0.0
–2nz – nL=l

As. -35.614’6 -35.1667”

&m 104” 104.5”
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Table 3: Peak assignment (cm-l) for PFY spectrum of CCO. Numbers in brackets are

calculated values in cm-l based on parameters in Table 2.

Experimental peak Calculated position Assignment/E(n2,K, P)a

position (cm-l) (cm-’)

A 17035 17046 1:2: /E+(2, 1,0)

B 17756 17720 1;

c 18216 18288 1:3:

D 18353 18330 l:2;3~/ E+(2, 10)

E 18479 18414 1:2~/ E+(l,O,O)

F 18911 18982 l~2~3;/ E+(l ,0,0)

G 19012 19004 l;3&

19046 1 o)1;2;/ E+(2, ,

H 19698 19697 1:

I 20166 20288 1:3:

J

K

20277

20367

20330

20391

1:2:3~/ E+(2, 1,0)

1:2~/ E+(l ,0,0)

L 20970 20981 l$3&

21023 1~2~/ E+(2, 1,0)

M 22219 22265 1$3:

N 22298 22307 lf2;3~/ E+(2, 1,0)

a Energies E(n2,K,P) of various vibronic states are characterized by a set of

quantum numbers, n2, K(the resultant vibronic angular momentum= I~ A * 1I ),

and P(the resultant vibronic angular momentum including spin = I* Q k 1l). The
upper Renner -Teller state is expressed by E+, and the lower by E-, which is not
observed in our present work.
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B. Translational energy distributions

1. CCO thermochemistry

The P(ET) distributions in Figures 6 and 7 yield information on the CCO

dissociation energy and the partitioning of excess energy among the product degrees of

freedom. Energy conservation dictates that

hv~,, + Em~(CCO) = Do(C<O) + EmT(C + CO) + ET(C + CO), (2)

where ENT(CCO) is the initial energy of the CCO, EmT(C + CO) is the product internal

energy, and ET(C + CO) is the product translational energy. At the maximum allowed

kinetic energy, ET-, EmT(C + CO)=O. The bond dissociation energy can therefore be

determined from the P(ET) distribution provided that the value of ET- is clear.

The P(ET) spectrum for the ~ 311- ~ 32-transition shown in Fig. 6 is obtained at

hVdi~~= 19,660 cm-l (2.44 eV). The spectrum drops off abruptly on the high energy side

of the peak maximum at 0.15 eV; no signal is seen beyond ET=0.2ti 0.02 eV, and this is

taken to be ET~w. Although no rotational structure is resolved in the PFY spectrum of

CCO, we estimate a rotational temperature of 35 K from our previous study of HCCO

photodissociation$l so <ENT(CCO)> = 0.002 eV. Thus the bond dissociation energy for

C-CO is determined: Do(C<O) = 2.24 t 0.02 eV (5 1.7 * 0.5 kcal/mol) at O K.

The P(ET) distribution in Fig. 7 is obtained from excitation of the z III – z 1A

vibrational band origin at hVdiSS=2. 128 eV ( 17,170 cm-l). The abrupt drop-off in the

higher energy peak yields ET-= 0.54 A 0.02 eV. For this band, Em(CCO) includes the

term energy for the z 1Astate, 0.653 *0.017 eV. We then obtain a bond dissociation

energy for C—CO, Do(C<O) = 2.24* 0.03 eV (51.7* 0.7 kcal/mol) at O K. This
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value is in excellent agreement with that obtained from Fig. 6, supporting our selection of

ET~= in both cases. The uncertainty in DO(C-CO) is slightly higher when derived from

the data in Fig. 7 because of the uncertainty in the electronic term value of the a 1Astate.

Based on our value of D(C-CO), no dissociation signal should be observed at

excitation energies below 18,065 cm-l. However, peaks A and B in the PFY spectrum,

Fig. 4, lie below this energy. While these could be hot band transitions, Table 3 shows

that they can be assigned to transitions originating from the (000) level of the ~ 3Z- state.

It is possible that they arise from resonant two-photon excitation via the intermediate

~ 3H levels listed in Table 3. Unfortunately the dissociation signal at these energies was

too low to permit measurement of the translational energy distributions.

The heat of formation of CCO is determined from the bond dissociation energy

and heats of formation of C (AH*J,o(C) = 7.371 * 0.005 eV) and CO (AHOf,o(CO) = -

1.180 f 0.002 eV)zl. This yields AHOf,O(CCO) = 3.95 * 0.02 eV (91. 1 t 0.5 kcal/mol).

These values can be scaled to values at standard temperature (298.1.5 K). Using known

vibrational frequencies of the CCO ~ 3X state,~Qlg,14we obtain AH0f2g8(CCO) = 4.04 t

0.02 eV. This value agrees with the recent determination from the CCO- photoelectron

spectrum, ~“fzgg (CCO) = 3.99 * 0.20 eV,18but our error bars are considerably lower.

The heat of formation of CCO- can be determined from this heat of formation, the

electron affinity of CCO and the integrated heat capacity of electron: AHofi298(CCO-) =

1.67 * 0.02 eV. The gas phase acidity of HCCO can be also calculated from the heats of

formation of H+,21CCO- and HCCO$l as follows.
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AH”..id, z98(HCCO) = AH\ 2?8(H+) + AHOJ298 ( CcO-) - AHj 298 (HCCO)

= 15.76A 0.04 eV. (3)

The enthalpy for acid association of HCCO was determined by Van Doren et al: 15.45 (

N. 12 ) eV c ~“..i~, Z98K(HCCO) <15.87 ( M. 12 ) ev. 23This is in good agreement with

“our value. )

2. Product energy distributions

From the bond dissociation energy determined above, the single peak seen in the

P(ET) spectrum in Fig. 6 corresponds entirely to C+CO(V=O); C+CO(v= 1) products are

not energetically accessible. The width of the peak in this spectrum therefore indicates

the extent of rotational excitation in the CO fragment. We find that ~R=O.25, where~R is

the fraction of available energy appearing as product rotation. In Fig. 7, however,

ENT(CCO) is sufficiently large so that the C + CO(V=l) state is energetically accessible.

This is the origin of the lower energy peak centered at 0.23 eV. Roughly 40% of the CO

product is in the v=l state. We also observe broad features to the low energy side of each

peak, which correspond to the rotational excitation of CO product. The overall

partitioning of available energy among product translation, vibration, and rotation is

~T=O.G,&O.Z and~R=O.2, respectively.

It is useful to compare the experimental distributions with those obtained from

simple statistical models. Shown in Fig. 6 along with the experimental data are the

translational energy distributions expected for a prior distribution ( A)42 and from phase

space theory (9).4345

(5) respectively:

The prior and PST distributions are calculated using Eqns. (4) and
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HJ%) = ~(% +-1)(ET)”2 J(hv-DO- Et- B. JcO(JcO+ l)) (4)
Jco

P(ET) = ~~PBO&Tcco) “(2J’+1)” WZV-–DO –ET –B. JCO(JCO +1)) (5)
Jcco Jco

where Jco and Jcco are the angular momenta of CO and CCO, B is the rotational

constant of CO fragment, and PBOlt(Jcco)is the Boltzmann distribution assuming TcOt=

35K. In Eqn. (5), J’ = Jcco when Jco 2 Jcco and J’=JcO when JCO< Jcco. Both

statistical models predict a considerably broader rotational distribution with more

rotational excitation of the CO than is observed experimentally.

We have also calculated the prior distribution expected for the singlet-singlet

transition in Fig. 7. This predicts 26% of the CO product to be in v=l, with the overall

energy partitioning given byjT=().52, ~~0. 13, and~R=0.35. The experimental distribution

shows more CO vibrational excitation and less rotational excitation. It therefore appears

that neither of the experimental P(ET) distributions can be reproduced by statistical

models. This is discussed further in the next section.

V. Discussion

In this section we consider the dissociation mechanism subsequent to excitation of

the ~ 3II and F 111 states. The PFY spectra in Figs. 4 and 5 are structured, indicating

that excitation in each case is to a bound state that undergoes predissociation. As

discussed in Section IIID and displayed in Fig. 8, the ~ 317 state correlates diabatically to

excited C(3P) + CO(311) products that lie well above the excitation energies in this study.
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In order to undergo dissociation to C(3P) + CO(lX+) products, the ~ 311 state must decay

either by coupling to the repulsive ~ 311 state, or by internal conversion to the ground

Z 3Z- state.

The PFY spectrum and P(ET) distribution in Fig. 6 shows that the onset for

dissociation from the ~ 311 state occurs at or just above the C-CO bond dissociation

energy. Given the high energy of the crossing point between the ~ 311 and ~ 313 states,

it is unlikely that predissociation via the repulsive ~ 311 state would occur so close to the

thermodynamic threshold for dissociation. On the other hand, if there were no barrier

along the reaction coordinate for dissociation of the ~ 3Z- state, internal conversion to

this state would lead to dissociation as soon as the bond dissociation energy is exceeded.

This therefore appears to be the dissociation mechanism for the ~ 311 state.

In Fig. 6, both statistical distributions result in considerably more CO rotational

excitation than is seen experimentally, indicating that dissociation on the ground state

following internal conversion is non-statistical in nature. This is qualitatively consistent

with the relatively shallow well and small number of vibrational modes, both of which

might be expected to lead to very rapid dissociation. More quantitatively, one does not

expect statistical dissociation unless the RRKM dissociation rate is considerably less than

the characteristic vibrational frequencies; this condition allows IVR to occur prior to

dissociation.ti

The RRKM dissociation rate is given by

k
G(E – Do)

~KM(E)= ~N(E) , (6)
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where G(E-DO) is the sum of states for the active degrees of freedom in the transition state

and N(E) is the reactant density of states. The ground state of CCO ( ~ 3Z- state) can

correlate with the lowest dissociation channel (C(3P) + CO(lZ+)) without orbital change,

so no barrier on ~ 3Z- state of CCO is expected. We thus take the transition state to

correspond to C+CO products. The RRKM dissociation rate is then calculated by using

the four vibrational degrees of freedom of CCO ( ~ 3Z- state) for the reactant and the two

rotational and one vibrational degrees of freedom of CO fragment for the transition state.

We find kRRW(E) = 5.04* 1012S-l, which is higher than the bend frequency on the ground

state, 2.5 1*1012 s-l. Under these circumstances it is not surprising that a non-statistical

product energy distribution is observed.

We next consider dissociation of the F ‘II state. Only the C(3P) + CO(lZ+)

channel is energetically accessible, so intersystem crossing to a triplet state must occur

prior to dissociation. As was the case with the ~ 3H state, the crossing point with the

~ 311 state is most likely too high in energy for dissociation by this state to be a viable

mechanism, and it is more reasonable to expect dissociation to occur by intersystem

crossing to the ~ 3Z- state. This may occur directly, or through one or both of the

electronic states that lie between the F 1H and ~ 32- states. Since the internal energy

on the ground state resulting from this process is considerably higher than for the ~ 3H

state level responsible for the translational energy distribution in Fig. 6, one again expects

a non-statistical product energy distribution. This is consistent with the experimental

distribution in Fig. 7, which, as discussed in Section IVB2, has considerably less energy
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in CO rotation and more energy in CO vibration than would be expected from a statistical

model.

We have previously found that the dissociation yield from the vibrationless level

of an excited electronic state is less than unity even if this level is well above the

dissociation threshold. 4147This suggests that it maybe possible to observe the

vibrational origin of the E 1H - ii 1Aband by laser-induced fluorescence. Such an

observation would be extremely useful as a probe of singlet CCO.

VI.Conclusions

This paper reports the first study of the photodissociation spectroscopy and

dynamics of the CCO radical. Photofragment yield (PFY) spectra and photofragment

kinetic energy distributions are obtained using our fast radical beam photofragment

translation spectroscopy instrument. We observe predissociation from excited vibrational

levels of the ~ 311 state that are accessed by excitation of the ~ 311-~ 32- band, and

from the ground vibrational level of the Z ]lT state via excitation of the Z iH - d 1Aband.

In both cases, the lower state of CCO is generated by laser photodetachment of CCO-.

The ~ 3Z” state is formed using a detachment energy just above the electron affinity of

CCO, while the Z 1Astate is formed at a detachment energy sufficiently high to access

this low-lying excited state of CCO. The location of the E 1H was unknown prior to this

work. We located it approximately by photoelectron spectroscopy of CCO- at a

photodetachment energy of 5.82 eV, obtaining a term value of 2.775i0.020 eV for the

37



F 1H state. This enabled us to find the

using photodissociation spectroscopy.

F lIT -ii 1Aband origin at 17,170 cm-l (2.128 eV)

The PFY spectrum for the ~ 31T- ~ 32-band consists of a series of transitions to

vibrationally excited levels of the ~ 3H state that lie above the dissociation threshold.

These transitions, reported here for the first time, can be assigned based on spectroscopic

constants from earlier absorption and laser-induced fluorescence studies of CCO. Our

observation of the F 1H - d 1A band origin represents the first observation of a transition

between singlet states of CCO, and maybe useful as a diagnostic for singlet CCO in

combustion and other applications.

Product kinetic energy distributions from excitation of the triplet and singlet

bands yield the CCO bond dissociation energy and the partitioning of available energy

among the product degrees of freedom. The bond dissociation energy is 2.24* 0.02 eV,

yielding A.H~,zg*(CCO)=4.04 * 0.02 eV. The kinetic energy distribution for the l;

transition of the triplet band shows that all the CO is in its v=O level (the only

energetically accessible level), while a mixture of CO v=O and v= 1 level results from the

origin transition of the ? ]H - ii ‘A band. In both cases, the distributions are highly non-

statistical. Nonetheless, comparison with ab initio calculations implies that the ~ 3H

and 2 ‘II states dissociate via internal conversion and intersystem crossing, respectively,

to the ground ~ 3~- state.
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Photodissociation of the ethoxy (C2H50) radical is investigated using ‘

photofragment translational spectroscopy. The ethoxy radical is generated by

photodetachment of C2H50- and subsequently dissociated by photon absorption in the

range of 270-220 nm; no dissociation is seen at higher wavelengths. The photofragment

yield (PFY) spectrum is structureless, but exhibits abrupt increases in intensity at 260 and

225 nm. The product mass distribution shows that C2H50 dissociates into a vinyl radical

(CZHS) and a water (H20) throughout the entire absorption band. The translational energy

P(ET) distributions for this channel are largely insensitive to photon energy. However, at

the two highest photon energies (5.5 1 and 5.96eV), a new feature appears at ETs 0.3eV

which is tentatively assigned as production of an excited state of C2H3.



1. Introduction

Alkoxy radicals play a significant role as reaction intermediates in hydrocarbon

combustion chemistry. The ethoxy (C2H50) radical is particularly important, as it is

believed to be a reaction intermediate in the CZH4 + OH]-i5 and C2H5 + O reactions,1b17

undergoing dissociation to CHS + CHZO and H + CHZCHO. However, the excited state

photochemistry of ethoxy radical is largely unknown. It is expected to be considerably

more complex than in the methoxy radical, for which electronic excitation at hv <4.65

eV leads solely to CH3 + O products,’s because ethoxy has many more low-lying

dissociation channels: the four given above plus CZH3+ HzO and CHSCO + Hz. In this

paper, we present the first study of the photodissociation spectroscopy and dynamics of

ethox y radical.

The electronic spectroscopy of C2H50 has been investigated in several

laboratories. The emission spectrum from the ~ 2A’+ ~ 2A” transition of the ethoxy

radical was first observed in the range of 500-330 nm after photolysis of C2H50N0. 19

Laser induced fluorescence spectra were subsequently recorded in a gas cell by two

different groups, showing the origin transition at 342.4 nm (29,204 cm-l) and a

vibrational progression in the C-O stretching mode.z’Jz’ This set of measurements yielded

a ~ 2A’ state radiative lifetime of 1-1.8 W. Rotationally resolved laser induced

fluorescence was recorded for the origin and 9: transitions.zz’QsRecently, several

additional vibrational modes of the ~ 2A” and 3 2A’ states were assigned in a laser

induced fluorescence experiment by Zhu et al.w



Rustic and Berkowitzzs found the ionization potential of ethoxy to be 10.29N.O8

eV using photoionization mass spectrometry. Photoelectron (PES) spectra for the

ethoxide anion were taken by Linebergerx’27 and Ellison28 groups and the electron affinity

of ethoxy radical was determined to be 1.712ti.004eV. In a recent PES spectrum by

Lineberger and coworkers,2T transitions to the ground ( ~ 2A”) and low-lying excited ( ~

2A’) states of C2H50 radical were resolved; these states are separated by only 355t10

cm-l and are distinguished by their photoelectron angular distributions.

An interesting property of C2H50 particularly relevant to the results presented in

this paper is the existence of chemically distinct isomers. Two stable isomers are known

in addition to ethoxy radical (CH3CH20): the 1-hydroxyethyl (CH3CHOH), and 2-

hydroxyethyl (CH2CHZOH) radicals. These chemically important species are less well-

characterized than the ethoxy radical. Anastasi et al. 29’30observed broad absorption

spectra for both radicals in the range of 300-210 nm using a pulse radiolysis/kinetic

absorption technique, although their assignment of the CH2CH20H spectrum is called

into question by the results reported here. The ionization potential of CH3CHOH was

measured to be <6.85 eV by photoionization mass spectrometry;2S a more precise value of

6.64 * 0.03 eV was recently obtained by Dyke et aL31using photoelectron spectroscopy.

Energetic of the three isomers were calculated by Schlegel and coworkerssz,ss and

Curtiss et aL34In both studies, CH3CHOH was found to be the most stable isomer,

followed by CHzCH@H and then CH3CH@, with all three isomers lying within a 0.5 eV

energy range. The study by Schlegel and coworkers32’33was primarily concerned with the

OH+ CZH1 reaction; in addition to the local minima, they calculated barrier heights for

the various isomerization and dissociation pathways associated with this reaction. They
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found the most facile reaction path to be the addition of OH to C2H4 to form CH2CH20H,

followed by isomerization to ethoxy radical over a 1.2 eV barrier and dissociation to CH3

+ CH20.

Ab initio calculations have also been applied to geometric isomers of CzH@-

anion and C2H50+ cation by Chiu et al.s5 and Curtiss et al. ,s4respectively. The ethoxide

anion was found to lie almost 1 eV below the next most stable structure (CHZCHZOH-)

while CH3CHOH+ was the most stable cation. The cation has more stable isomers than

either the neutral or anion, including protonated vinyl alcohol (CHZCHOHZ+), which lies

1.28 eV above CH3CHOH+.

In this paper, we investigate the photodissociation dynamics of C2H50 using our

fast radical beam photofragment spectrometer. Here, a beam of C2H50 neutrals is

prepared by laser photodetachment mass-selected C2H50- ions and subsequently

photodissociated by a second laser. We present a new dissociation band of ethoxy

radicals and identify dissociation products as C2H3 + H20 using our time- and position-

sensitive detector.

Il. Experimental Setup

The fast radical beam photofragmentation apparatus has been described in detail

previously .3G’s7Briefly, oxygen gas (40 psi) bubbles through ethanol (C2H50H) at O ‘C.

The resulting mixture supersonically expands through a pulsed value and electric

discharge channel into the source region of the apparatus.sg Ions are created in the

discharge channel by applying a voltage pulse of -600 V just after the valve opens, and



cool to -50 KS9during expansion. Deuterated ethoxide C2D50- was produced by the same

method.

Negative ions formed in the source region are accelerated to 6 keV and separated

temporally by a time-of-flight (TOF) mass spectrometer. The C2H50- ion packet is

intersected by an excimer-pumped pulsed dye laser beam, photodetaching some anions to

yield neutral C2Ei50 radicals. The photon energy used in these experiments, 1.80 eV, is

just above the detachment threshold for the ~ 2A’ state of the ethoxy radical,zT so both the

~ 2A” and ~ 2A’ states are populated in our radical beam, albeit with no vibrational

excitation in either state. Since ethoxide is predictedss to be the lowest energy anion

structure, no other isomers are expected in the zmion beam. This is supported by the

absence of photodetachment below the electron affinity of ethoxy radical, because any

other isomers would have considerably lower vertical detachment energies.s*,sq,Js

Any remaining ions after the photodetachment pulse are removed by application

of an electrical deflection pulse. The neutral beam is then crossed by a second excimer-

pumped tunable dye laser beam. The resulting photofragments are detected by

microchannel plates with high efficiency (-50$lo) because of the high laboratory kinetic

energy (6 keV). A beam block prevents undissociated radicals from impinging on the

detector, while the photofragments with sufficient recoil energy ET clear the beam block

and strike the detector.

Two types of experiment are performed. First, the photofragment yield (PFY)

spectrum is obtained by collecting the total flux of fragments as a function of the

photodissociation laser wavelength. Second, at selected photon energies, the

photofragments are collected in coincidence using a time- and position-sensitive detector.



By measuring the distance between the photofragments and the interval between their

arrival times, we obtain the fragment masses, translational energy release, and scattering

angle for each photodissociation event. From these we obtain the translational energy

P(ET) distributions for each product mass channel.

The fragment masses are determined by the distance of the two fragments from

the center of the detector. As a consequence, the fragment mass resolution mainly

depends on the diameter of the parent radical beam at the detector. This diameter is

around 1 mm, yielding a fragment mass resolution (m/Am) of -10.

In the coincidence experiment, the flight length from the photodissociation laser

to the detector can be varied to optimize collection of low or high translational energy

fragments. At longer flight lengths, more low energy fragments clear the beam block and

hit the detector, but more high energy fragments miss the detector because of its finite

size (40 mm diameter). In this paper, most of P(ET) distributions are obtained at 1m

flight length, while some P(ET) distributions are obtained at 2m flight length to enhance

detection of low energy product. In either case, the P(ET) distributions are generated

from the raw data using a “detector acceptance function” that accounts for these effects .40



Ill. Results

A. Photofragment Yield (PPY) Spectrum of C2H50

220 230 240 250 260 270
PhotodissociationEnergy (rim)

Figure l: Photofragment Yield (PFY) spectrum ofC2H50.

The PFYspectrum obtained from C2H50isshown in Fig. l. This spectrum covers

270 – 220 nm (4.59- 5.64 eV) with 0.04 nm steps. No additional structure is resolved

with finer step sizes. No significant dissociation signal was observed in the region of 342-

311 nm, where laser-induced fluorescence from the ~ 2A’+ ~ 2A” transition of C2H50
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radicals was previously reported.20’21’~The photofragment flux increases around 260 nm

and 225 nm.

B. Product mass distribution

t’:** —C2H50I;1 1 ---- C2D50:,

:t
:
;
:
:
:
:

) 15 20 25 30 35 4
Fragment Mass (amu)

Figure 2: Photofragment mass spectrum of C2H50 and C2D50. Solid line: with
CZH50. Dotted line: with CzD@.

Several dissociation channels are energetically accessible in the photon energy

range of Fig. 1:q’-4s

C2H50 ( ~ 2A”)+ hv + CH3C0 + H2 A,HO = -0.24 eV (1)

CH20 + CH3 = 0.40 eV (2)

CH3CH0 + H = 0.65 eV (3)

C2H3 + H20 = 0.69 eV (4)

C2H4 + OH = 1.05 eV (5)
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CZH5+ O = 3.92 eV (6)

The coincidence detection scheme works well only if the fragment mass ratio is

less than 5:1, otherwise the heavy fragment is generally blocked by the beam block

and/or the light fragment misses the detector. Consequently, channels (1) and (3) cannot

be detected in this experiment.

Figure 2 shows the product mass distribution fOr CzH@ and CzD@

photodissociation at 5. 17eV. For C2H50 photodissociation, the average photofragment

masses are 17.6 amu and 27.4 amu for the light and heavy masses, respectively, a result

which could originate from channel (4) and/or (5) given our relatively poor fragment

mass resolution. However, isotopic substitution from C2H50 to C2D50 results in a shift of

2 amu for the light mass and 3 amu for the heavy mass while showing no increase in peak

width, indicating there are two hydrogen atoms on the light fragment and three on the

heavy fragment. There is no significant change in mass distribution or isotope shift over

the range of photon energies investigated here, nor over the translational energy range at

a particular photon energy. Hence channel (4), C2H3 + HzO, appears to be the dominant

dissociation channel

c.

for which the product mass ratio is less than 5:1.

Translational Energy P(ET) distributions of C2H50 and

Figure 3 shows P(ET) distributions for C2H3+H20 from C2H50 and C2D50 at

selected photon energies using a flight length of 1 m. P(ET) distributions from C2H50 are

shown on the left side of Figure 3 and those from C2D50 are shown on the right side of

Figure 3.
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(a) C2H50<2H3+H20 (b) C2D50-C2D3+D20

01234
ET (eV)

l“’’I’’ ’’1’ ’’”l” ’’’1” “’~’”~
4.77eV

4.98eV

5.17eV

5.51eV

5.96eV

5.51eV

1234
ET (eV)

Figure 3: Translational energy distributions P(E~) of (a) C2H50 and (b) C2D50 at
excitation energies shown at the right upper corner.
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For C2H50 dissociation at hv<5. 17 eV, the P(ET) distributions show a single

feature, peaking around 0.7 eV and extending to 4 eV. This feature narrows somewhat as

the photon energy is raised. The P(ET) distributions for C2D50 dissociation at the same

photon energies have the same general shape, although the peak is slightly broader

toward high ET. For hv 25.5 leV, anew peak appears around ET = 0.3 eV. At 1 m flight

length, most of the signal at ET <0.3 eV is blocked, so the flight length was increased to

2 m to better investigate this new feature.

[“’’’’’’’’’’’:’’’’’’’’’’’’’’’’’’’’’””J
~)Iv I -----with 2m flight
1 — with lm flight

1

II
1,

.,

,, m8,*, .,, *,
1, ~m
1,

●4,, , ,,

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

% (w

Figure 4: Translational energy distributions P(EI-) of CzH@ at 5.96 eV
with the different flight length. Solid and dotted lines represent data with
lm and 2m flight lengths, respectively. Arrows indicate the maximum ET
for channels (II)-(IV).



Fig. 4 shows the P(ET) distributions of C2H50 obtained at 5.96eV at flight lengths

of 1 m (solid) and 2 m (dotted). The distribution at 2 m is now dominated by the low

energy feature, which appears to peak at an energy even lower than 0.3 eV. Note that the

error bars for the data with 2 m flight length increase dramatically above 1.0 eV due to

the poor collection efficiency of the fragments, since many of the lighter fragments (H20)

miss the detector.

Iv. Discussion

In this section, we consider the origin of the diffuse band in the PFY spectrum and

the dissociation mechanism associated with

A. Origin of the diffuse band

excitation of this band.

in the PFY spectrum

Our PFY spectrum shows a very broad band extending from 270-220 nm, with

intensity increases at 260nm and 225nm. This band lies well to the blue of the

~ 2A’+ ~ 2A” transition, a highly structured band covering 342-311 nm which has been

seen previously using laser-induced fluorescence. It therefore appears likely that we are

observing a new electronic transition in C2H50 rather than the blue tail of the

B 2A’+ ~ 2A” transition.

The ~ 2A’+ ~ 2A” transition in ethoxy is similar to the well-studied

~‘~ e % *E transition in the methoxy (CH30) radical.lg’u Both occur in

approximately the same energy range and show significant vibrational activity in the C-O

stretch (V3in CH30, and Vlo in C2H50), and both have been assigned to excitation of a C-

0 o-bonding electron into a half-filled pm localized on the O atom. More specifically,
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the ground state of C2H50 has the electronic configuration

. . .(8a’)2(2a’’)2(9a’)2( 10a’)2(3a’’)1. The 3a” and lOa’ orbitals are O pn orbitals, the 9a’

orbital is the C-O c-orbital, and the ~ 2A’+ ~ 2A” transition corresponds to 3a’’-9a’

excitation. The PFY spectrum in Fig. 1 appears to consist of two electronic bands, with

the higher energy band commencing at 225 nm. We tentatively assign these two bands to

excitation of the 2a” (C-Ha of CH3 component in C2H50) and 8a’ (C-C a and C-O C)

electrons to the half-filled O prc orbital.

Note that the ~ 2A’ state of ethoxy is also formed at the photodetachment energy

used to generate the radicals. This state, which lies only 350 cm-l above the ground

state,zThas the electronic configuration ... (10a’ )i(3a”)2 and differs from the ~ 2A” state

only in the orientation of the half-filled O prc orbital. Hence, transitions originating from

the ~ 2A’ state should also contribute to the PFY spectrum in Fig. 1. However, based on

the above assignment, the upper state will be the same as for the transitions originating

from the ~ 2A” state. We thus expect that bands originating from the two states should

be separated by only 350 cm:l, and the excited state dynamics will be the same.

There are two additional points of interest concerning the ethoxy PFY spectrum.

First, the band in Fig. 1 is remarkably similar, although not identical, to the electronic

absorption band assigned by Anastasi et aLgO to the 2-hydroxyethyl (CH2CH20H)

radical. In their experiment, OH was reacted with C2m at pressures high enough to

collisionally stabilize the CH2CH20H adduct, which was then observed as a transient

absorption feature. However, the calculations by Schlegel et al.qz show that the

isomerization barrier for CH2CH20H+CH3CH20 is comparable to the entrance channel

barrier for addition of OH to C2m. This calculation suggests that at least some

55



isomerization to ethoxy could occur in the experiment by Anastasi et al. Such a process

would explain the similarity between our PFY spectrum, which originates solely from

ethoxy radical, and their transient absorption spectrum. Our observation of the ethoxy

band in Fig. 1 also resolves a discrepancy in the product branching ratio of the F +

C2H50H reaction, for which Anastasi et al. find a lower value for CH3CH20 production

relative to CH2CH20H and CH3CHOH than in previous work that used isotopic labeling

to distinguish among product isomers;45 Anastasi et al. obtained their branching ratios by

analyzing the transient absorption from 300-225 nm and assuming the ethoxy absorption

in this region was negligible.

Finally, we consider the absence of dissociation from the 3 2A’ state of ethoxy.

As mentioned above, this state is similar to the ~ 24 excited state of CH30, which is

known to undergo predissociation to CH3 + O when six or more quanta are excited in the

C-O stretch;~ this corresponds to 3793 cm-l of vibrational excitation in the upper state.

The 3: transition in CH30 exhibits a shorter fluorescence lifetime than lower energy ~

transitions,% consistent with the onset of predissociation for the V3=6 upper level. The

predissociation results from a crossing between the bound ~ 24 state and several

repulsive states leading to CH3+0.AT

Because of the similarity between the ~ 24 state of CH30 and B 2A’ state of

C2H50, the possibility of predissociation on the fi 2A’ state of ethoxy radical was pointed

by Inoue et al.~ In the ethoxy radical, the origin of the ~ 2A’+ ~ 2A” transition at

29,204 cm-* is 2,440 cm-l lower in energy than the A 24 e ~ *E transition in methoxy

(TO=31,644 cm-l), and the dissociation threshold for C-O bond fission is about 900 cm-l
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higher inethoxy(31,620 cm-l). As a consequence, the highest energy ethoxy transition

seen by laser-induced fluorescence24 at 32,139 cm-i results in an excited state with five

quanta in the C-O bond that lies only 520 cm-l above the CZH5+0 asymptote, while the

V3=6 level of the ~ 24 in methoxy lies 4732 cm-l above the threshold for dissociation to

CHS + O.w. Thus, if the repulsive states correlating to this asymptote are similar to those

in methoxy, considerably more excitation in the C-O stretch is needed in ethoxy for

predissociation to occur, and the Franck-Condon factors for these transitions may simply

be too small to be observable in our PFY spectrum.

B. Dissociation Mechanism

In our experiment, channel (4) (C2H50 + C2H3 + H20) is observed as a major

dissociation channel resulting from excitation of the band in Fig. 1. This result is

somewhat surprising, given that several channels (2, 3, and 6) involving simple bond

fission are accessible in this energy range. While we cannot easily detect H atom (or H2)

loss with our coincidence scheme, the mass spectra with isotopic substitution in Fig. 2

clearly indicate that channel 4 dominates over channels 2, 5, and 6.

For the ethoxy radical to dissociate into C2H3 + H20, two hydrogen atoms must

migrate from carbon atom to oxygen atom of ethoxy radical before the dissociation. If we

exclude the possibility of migration of two hydrogen atoms at the same time, the reaction

path must pass through either the 1-or 2-hydroxyethyl structures en route to the possible

transition states (TS) such as four-centered ( ~H ), three-centered ( H?> H

HzC—CH H, C—CH
) transition states, or CH2CHOH2. We consider possible dissociation mechanisms under

this assumption.



First, we consider whether the first step in the dissociation mechanism is internal

conversion of the electronically excited ethoxy radical to its ground state, followed by

isomerization through either 1- or 2-hydroxyethyl radical, formation of the hydrogenated

vinyl alcohol transition state, and dissociation:

CH3CHZO* = CH3CHZ0 +CH3CHOH + TS + C2H3 + H20 (A)

~ CH3CH20 + CH2CH20H +TS + C2H3 + H20 (B)

Based on the ab initio calculations by Schlegel and coworkers,Jz,JJ the

isomerization barriers from ethoxy radical to 1- and 2- hydroxyethyl radicals are 1.2 and

1.3 eV, respectively. However, the barriers for dissociation of ground state ethoxy

radical to CH3+CH20 and H+CH3CH0 are considerably lower, 0.8 and 1.0 eV,

respectively, so one would expect dissociation to either of these channels rather than

isomerization subsequent to internal conversion. Even if isomerization to either

hydroxyethyl radical did occur, one would expect 2-hydroxyethyl to dissociate to OH +

C2~ rather than access the transition states (TS) to C2H3 + H20 which are expected to lie

well above the transition state to OH + C2W based on the distortion of geometry, and the

1-hydroxyethyl would be far more likely to isomerize to the 2-hydroxyethyl radical or

dissociate to H + CH3CH0 than pass through the TS. We also note that C2H3 + H20 is

not seen as a product from either the OH + CZW or O + C2H5 reactions, both of which are

believed to involve ethoxy radical as a reactive intermediate, instead, channels 2 and 3

are the major products. 1,17Overall, it appears unlikely that the products we observe result

from internal conversion followed by ground state dynamics.

Alternatively, the reaction pathway can occur on electronically excited surfaces as

follows:
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CH3CH20* + CH3CHOH* + TS + C2H3 + H20 (A’)

+ CH2CH20H* + TS + C2H3 + H20 (B’)

For either A’ or B’ to occur, isomerization must happen more rapidly than either

dissociation or internal conversion in the electronically excited ethoxy and hydroxyethyl

radicals. These conditions imply that the excited states are bound with respect to

dissociation, and that the isomerization barriers between structures are relatively low.

Figure 5 shows the relative energies of ethoxy, I-hydroxyethyl, 2-hydroxyethyl radicals

using the calculations by Curtiss et aLJ4For these three isomers, we also show the energy

interval over which electronic excitation was observed based on our PFY spectrum for

ethox y radical and the absorption spectra by Anastasi et al. 29’s0for the other two radicals.

As shown in Fig. 5, the excited state of l-hydroxyethyl radical lies 4.13-5.63 eV

above the ground state and 2.51-1.01 eV below CHsCHO~. A similar species, the

isopropyl radical (CH3C(CH3)H), was found to have an ionization potential

(7.37Ml.02eV) 0.73eV higher than l-hydoxyethyl radical (6.64Ml.02eV).@ It has three

excited states which lie 2.78, 2.05, 1.20 eV below CH3C(CH3)H+ and were assigned as

3s, 3p, and 3d Rydberg states.4g Therefore, the excited state of I-hydroxyethyl radical

shown in Fig. 5 might be a Rydberg state. A Rydberg state of 1-hydroxyethyl radical can

be regarded as (CHsCHOH)+(e). The reaction paths for intramolecular hydrogen transfer

in the ground states of malonaldehyde neutral and cations were calculated by Sobolewski

et aLs’JIt is found that the barrier height (30cm-1) in the ground state of the cation is much

smaller than that ( 1100cm-l) of the neutral. Therefore, hydrogen migration from ethoxy to

l-hydroxyethyl or from l-hydroxyethyl to TS might have a small barrier on the excited

state, if this state has significant Rydberg character.
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We regard mechanisms A’ or B’ as the most likely candidates to explain our observation

of significant production of C2H3 + H20 from excitation of ethoxy radical, but further

experimental andlor theoretical investigation of the excited states involved is clearly

necessary.

Finally, we consider the low energy feature (ET S 0.3eV) in the P(ET) distributions

shown in Figs. 3 and 4 at photon energies 25.51 eV. This feature likely corresponds to

formation of C2H3 in a low-lying excited state. Two such states, the ~ 2A” and ~ 2A’

states, have been observed in absorption spectra51’52and the ~ 2A” state was theoretically

identified.ss In our experiment, the production of these three excited states is energetically

possible as follows:

C2H50 ( ~ 2A”)+ hv + C2H3( ~ 2A’) + H20( ~ lA1)

C2H3( ~ 2A”) + H20( ~ ‘Al)

C2H3( ~ 2A”) + H20( ~ lA])

C2H3( ~ 2A’) + H20( ~ lA])

A,HO = 0.69 eV (I)

= 3.17”eV (II)

= 4.85 eV (III)

< 5.90eJl (Iv)

In Fig. 4, (hv=5.96eV), the maximum ET for channels II-IV are indicated with arrows.

Channel III is the closest lying open channel, and we tentatively assign the low energy

feature to this channel. However, the dissociation energy for channel IV has not been

determined very well because only abroad absorption spectrum has been observed for

the ~ 2A’+ ~ 2A’ transition of C2H3 radical. Therefore, the channel IV cannot be

excluded as the origin of the low energy feature. In any case, the appearance of the low

energy feature in the P(ET) distributions coincides with the abrupt increase in the PFY

yield at 225 nm, indicating that the excited state of ethoxy radical accessed at that

wavelength preferentially dissociates to either III or
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V. Conclusions

The photodissociation spectroscopy and dynamics of ethoxy radicals were studied

using fast radical beam photofragment translational spectroscopy. The photofragment

yield (PFY) spectrum in the range of 270-220 nm is structureless, but clearly exhibits an

abrupt increases in intensity at 260 and 225nm. These are tentatively assigned as two

different electronic transitions. No significant dissociation signal was observed in the

region where the fluorescence from ~ 2A’+ ~ 2A” transition of C2H50 radicals was

observed, indicating that the ~ 2A ‘state of C2H50 is not dissociative.

The photofragment mass distribution shows that the major dissociation channel is

C2H3 + HzO. Most of the P(ET) distributions for C2H3 + H20 from C2H50 dissociation

shows a single feature, peaking around 0.7eV and extending up to 4 eV. However, at

photon energies beyond the onset of the second electronic band (225 nm or 5.51 e’V), a

new feature appears at ET S 0.3eV which is attributed to production to an excited state of

CZH3.

The observation of C2H3 + H20 products is surprising, because two hydrogen

atoms must move before the dissociation. We propose a dissociation mechanism in

which the excited ethoxy radicals isomerize through excited states of either the 1- or 2-

hydroxyethyl radicals and then undergo dissociation to C2H3 + H20. Confirmation of

this mechanism would be greatly aided by further ab initio work on the excited states of

ethoxy and its isomers.
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Chapter 4. PHOTODISSOCIATION OF LINEAR CARBON

CLUSTERS Cn(n=4-6\

Abstract

The photodissociation of mass-selected linear carbon clusters (C,, n = 4 – 6) is

studied using fast beam photofragment translational spectroscopy. The photofragment

yield (PFY) spectra consist of several continua spanning the whole visible and ultraviolet

region. The product mass distributions for dissociation of C. clusters are dominated by

C3 and its partner fragment C..q, although some minor channels are also identified for

dissociation of C4 and C5 clusters. Translational energy P(E~) distributions for the C3 +

C.-3 channel were measured at several photolysis energies. The PFY spectra and P(E~)

distributions indicate that multi-photon dissociation occurs at photon energies below the

dissociation threshold, and that both single- and multi-photon dissociation occur above

the threshold. The one-photon components of the P(E~) distributions can be modeled by

phase space theory (PST), suggesting that photoexcitation is followed by internal

conversion to the ground state. The PST analysis yields dissociation energies for

+ C.-3 in reasonable agreement with recent Knudsen effusion mass spectrometry

c.--+’c.

measurements.
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1. INTRODUCTION

Linear carbon clusters have been identified as key reaction intermediates in

combustion and the interstellar mediumz-s leading to the formation of fullerenesc,T and

soots These observations have motivated numerous spectroscopic studies resulting in

extensive characterization of the ground and, to a lesser extent, the low-lying electronic

states of linear carbon clusters. However, there is less information on the photochemical

and thermodynamic properties of carbon clusters. These properties are important for

understanding the evolution of carbon cluster geometries with increasing size, namely the

transformation from chains to mono- and polycyclic rings and ultimately to fullerenes

and other three-dimensional structures. In this article, we address these issues by

employing the technique of fast radical beam photofragment translational spectroscopy to

study the photodissociation of mass-selected linear carbon clusters. By measuring

photofragment yield spectra, product branching ratios, and product translational energy

distributions, our experiments probe both the energetic and dissociation dynamics of

these clusters.

Much of our understanding of carbon clusters derives from the classic paper of

Pitzer and Clementi,g who proposed that small neutral clusters are linear molecules with

cumulenic bonds. The even-numbered clusters were predicted to be open shell species

with 3Z; ground states and high electron affinities, while the odd-numbered clusters

were expected to have closed shell iZ; ground states with considerably lower electron

affinities. These predictions have generally been confirmed by experiment and theory.
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The properties of carbon clusters have been extensively reviewed by Weltner and Van

Zee10 in 1989 and by Van Orden and Saykallyll in 1998. As is described in the more

recent review, a combination of high resolution gas phase and matrix spectroscopy, anion

photodetachment spectroscopy, and electronic structure calculations has yielded

rotational constants and vibrational frequencies for the ground states of linear carbon

clusters as large as C13. Ion mobility studies provide further information on these and

larger clusters$’lz’ls showing how the geometry of carbon cluster cations and anions

evolve from linear to more complex structures as the number of atoms increases. From

the perspective of the work to be presented here, the most important results are that the

C.- anions are linear for n<9 and that photodetachment of these anions yields linear

neutral carbon clusters. ‘~lb

There has also been considerable interest in the excited states of carbon clusters.

Electronic transitions in carbon clusters have been proposed as possible candidates for the

diffuse interstellar bands.q’l’17’lsThis has motivated Maier and coworkerslg-zz to study the

ultraviolet (UV) and visible absorption spectroscopy of mass-selected carbon clusters

deposited in a cryogenic matrix, obtaining vibrationally resolved electronic transitions for

Cd, C5 and C(j. Further information on excited electronic states comes from anion

photoelectron spectroscopy, ’416which reveals states that are optically inaccessible from

the neutral ground state, and electronic structure calculations.23-28Both experiment and

theory indicate a large number of low-lying singlet and triplet states in carbon clusters, an

important property from the point of view of the current paper.

Experimental heats of formation Nlf for carbon clusters have been previously
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determined using Knudsen effusion mass spectrometry, in which the relative

concentrations of C. clusters in equilibrium with graphite at high temperature (2000-

3000K) are measured. In 1959, Drowart et al. 29obtained heats of formation of C2-C5

using this method. However, “third law” extrapolation to AHf at 298 K (or O K) requires

knowledge of the entropy of carbon clusters, and since some bend frequencies for these

species were later found to be very low (i.e. 63 cm-’ for Cs 30),the entropy was

underestimated in this early measurement.31’32 More recently, Gingerich and co-

workersqs-ss have performed improved Knudsen measurements. Using the most current

spectroscopic data on carbon clusters in their third law extrapolation, they obtained new

values of LNYffor C2-C7, and found significant differences (0.4-0.8 eV) from the original

study.

The heats of formation and reaction of carbon clusters have also been calculated

in a series of semi-empirical and ab initio studies. 2J-2S’J~*There are significant

differences in the calculated heats of formation, but because of the particular stability of

C3, dissociation of a larger cluster to at least one Cs fragment is always the lowest energy

channel. This is consistent with calculations and experiments for dissociation of carbon

cluster anions and cations,J8’qz-~where neutral C3 elimination is the dominant

photodissociation channel.

In this paper, the photodissociation of mass-selected neutral carbon clusters C4, C5

and CGis investigated for the first time, using fast beam photofragment translational

spectroscopy. Neutral carbon clusters are generated by laser photodetachment of the

corresponding mass-selected anions. The neutral clusters are then photodissociated and
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the photofragments detected. The apparatus is described in Sect. II. The experimental

results for the photodissociation of CA,Cj and Cfj clusters are presented in Sect. III and

analyzed in Sect. IV. The results show that multiphoton absorption occurs over a wide

range of photon energies, while single-photon dissociation shows statistical behavior near

the dissociation threshold. This unusual competition between single and multi-photon

processes is discussed in Sect. V.

Il. EXPERIMENTAL

Fast BeamPhotofragmentTranslationalSpectrometer

Ion Source Region

Mass Spectrometer Coincidence
= Detector
z

Photodetachment Photodissociation
Laser Laser

Figure 1. Schematic diagram of the experimental apparatus,

The experimental apparatus shown in Figure 1 has been previously described in

detail;Ag’sOonlya brief description is given here. To generate carbon cluster anions, a

pulsed free jet expansion of the gas mixture C02:C2H2:Ne (mole fraction 1:10:89) passes
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through a pulsed electric discharge assemblysl bolted onto the faceplate of the pulsed

valve. The core of the free jet passes through a 2 mm diameter skimmer and the anions

are accelerated to 6.5 keV. Mass-separation of the ions is accomplished using a collinear

Bakkersz type time-of-flight mass spectrometer. After collimation of the ion beam by a

1.0 mm pinhole, ions are photodetached by an excimer-pumped pulsed dye laser,

triggered such that it photodetaches only the ion packet with the mass-to-charge ratio of

interest. Thus a packet of mass-selected neutral radicals is produced. The remaining

ions are deflected from the beam. Table 1 lists the photodetachment energy selected for

each carbon cluster; this energy was chosen to lie just above the detachment

thresholdlb,SJ,s4so that the neutral clusters are produced in their vibrational ground states.

Table 1: Electron affinities and detachment energies used to

generate carbon clusters. (a As reported by Arnold et. al.ls’sJ.)

Literature Electron Detachment Energy

Affinity / eVa I eV

C4- ~ C4 + e- 3.882 * .010 4.025

C5- ~ C5 + e- 2.839 * .008 2.877

Cti~Cfj+e- 4.185 * .006 4.305

The radicals are collimated by another 1.0 mm pinhole and intersect a second

pulsed laser, either an excimer-pumped dye laser or an ArF excimer laser operating at

193 nm. If photodissociation occurs, fragments recoiling out of the parent radical beam

are detected with high sensitivity, without an ionization step, using microchannel plate
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detectors. A beam block immediately in front of the detector stops the remaining neutral

beam. Photodissociation occurs under collisionless conditions (10-9 Torr), and two types

of experiments are performed.

First, the photofragment yield spectrum is obtained by integrating the total

fragment flux as a function of photodissociation laser wavelength. Second, at selected

fixed photon energies, the dissociation dynamics are investigated by detecting both

fragments in coincidence from dissociation of a single parent radical. We directly

measure three parameters using the time- and position-sensitive detector: the difference

in fragment arrival times at the detector, z, and the distances from the center of the parent

neutral beam to each fragment on the detector face, rl and r2. The mass ratio of the

photofragments is determined by conservation of linear momentum,

rz

[)

Vo’c5=— I—_

m2 rl L’

(1)

where V. and L are the parent neutral beam velocity and distance from the photolysis

interaction region to the detector. The photofragment translational energy, ET is also

determined from the timing and position information and neutral parent beam energy, ISo,

E,= E, o ‘1m2 . [@o@ 2+(rl+r’)’l
(ml + mz)2 L’

(2)

In the present experimental configuration the translational energy resolution is given by

AE~ / ET = 2.2T0.
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The flight length to detector (L) can be varied to optimize collection of low or

high translational energy fragments. In this paper, P(E~) distributions for CJ are reported

at 1 m flight length, whereas those for Cs and Cfj are reported at 2 m flight length. All

data shown here are corrected with a “detector acceptance function” (DAF)19 that

accounts for the reduced acceptance of the detector for both high and low energy

fragments.

Ill. RESULTS

A. Spectroscopy

I I
-F-

1 I
~-

-–1

. V*

~ 1 1 I...-----.+-... =.<..f I I \

38000 40000 42000 44000 4[

Photolysis energy / cm-l

Figure 2. Ultraviolet photofragment yield cross-section of CS (solid
line), and electronic absorption cross-section (dashed line)
reproduced from Forney et al.zl The energy comb plotted above the

spectra corresponds to the 2; vibrational progression of the

1Z; -ilZ~ electronic transition.
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Photofragment yield (PFY) spectra were measured over several energy ranges

covering the spectral regions 17980-43550, 39990-42910, and 34500-48000 cm-l, for

C4, C5 and Cfj, respectively. A non-zero but unstructured PFY signal was observed over

virtually the entire spectral region investigated for each species, generally increasing in

intensity with photon energy. Cs was the only species for which a structured band was

observed. This is shown in Figure, superimposed on the spectrum obtained by Maier2t

in the same region and assigned to the 2; (symmetric stretch) progression of an optically

forbidden (vibronically allowed) electronic transition. The PFY and absorption spectra

are not identical; the vibrational features in the PFY spectrum appear to be superimposed

on a broader underlying continuum.

Since PFY signal is seen only when dissociation occurs, it is not surprising that

the PFY and absorption spectra of carbon”clusters are different. What is more intriguing

is that any PFY signal is seen at over such an extended range of photon enerties. Based

on the most recent experimental heats of formation by Gingerich and co-workers,JJ-js the

bond dissociation energies for Ci, C5, and C6 are 5.08 eV (40970 cm-l), 5.86 eV (47260

cm-i), and 3.62 eV (29200 cm-*), respectively. The observation of PFY signal at

energies well below these values implies that multiphoton processes are at play here, in

which dissociation occurs only after two or more photons are absorbed. Even the band in

Figure 2 begins 0.6 eV below the Gingerich’s bond dissociation energy, suggesting that it

too is from multiphoton absorption. While power dependence studies were attempted at

selected photolysis wavelengths, these were generally inconclusive because of the low

signal levels observed. Note that similar multiphoton effects were observed in the
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photodissociation of carbon cluster cations.44’dT

B. Photofragment mass distributions

Analysis of the coincidence time and position data identifies the mass spectrum of

the photofragments via Eq. (1). Quantitative branching ratios between competing

photofragment channels are determined by convoluting the raw product mass distribution

with the detector acceptance functions49 for the respective product channels. C4 primarily

dissociates to C + Cs, with Cz + Cz products ranging from 5 to 17 % over the photolysis

energy range in this study. C5 dissociates mainly to C2 + C3; the yield of the minor C +

Cd channel is approximately 10% at 5.74 and 5.96 eV and less than 1910at all other

incident photolysis energies. CGclusters exclusively dissociate to form two C3 fragments.

Overall, production of Cs is either the dominant or exclusive channel.

C. Translational energy distributions

Figures 3,4, and 5 report the P(E~) distributions obtained at selected photolysis

energies for C~ dissociation into C3 and its partner fragment (C~.3) for n = 4, 5, and 6.

The low ET cutoff for each distribution represents the minimum value for which the

detector acceptance function is non-zero; at lower values of ET, no coincident events

occur because one (or both) fragments is blocked by the beam block across the detector

face. The larger error bars at low ET reflect the amplification of the raw data in this

energy range by the detector acceptance function.
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C4—C + C3

0.0 0.5 1.0 1.5 2.0
~ (eV)

Figure 3. Photofragment translational energy P(E~) distributions for C4
dissociation into C3 + C at lm flight length .
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Three P(E~) distributions for C4 at a flight length of 1 m are shown in Figure 3.

At a photon energy of 4.59 eV, signal is seen at translational energy as high as 2.1 eV.

Distributions memured atlower photon energies (not shown) weessentially thesme. At

5.20 eV, a new feature appears at ET < 0.4eV which rises steeply toward low ET while the

high ET part of the distribution is essentially unchanged. At 5.40 eV, the new feature

broadens somewhat toward higher ET, whereas the distribution beyond 0.7 eV is very

similar to that seen at hv=4.59 eV. If the signal at 4.59 eV were due to a one-photon

process, then the maximum observed ET of -2.1 eV would imply a bond dissociation

energy of 2.5 eV, approximately 2.5 eV below the value of 5.08 eV obtained by

Gingerich.35 Thus it is reasonable to assume that two-photon processes contribute to the

P(E~) distribution. On the other hand, the sharp feature at low ET seen for hv25.20 eV is

consistent with one-photon dissociation and is assigned as such. We thus attribute the

entire signal at hv = 4.59 eV to two-photon dissociation. The signal beyond ET =0.6-0.7

eV at higher photon energies is also assigned to two-photon dissociation.

Figure 4 shows the P(E~) distribution for C5 at two different photon energies, 4.59

and 6.42 eV. The distribution at hv = 4.59 eV is broad and extends beyond ET =1.0 eV,

whereas an additional sharp peak at ET =0.08 eV appears at hv = 6.42 eV. As with C4,

the feature at low ET is assigned to one-photon dissociation whereas the entire

distribution at 4.59 eV and the high Er component of the distribution at 6.42 eV is

assigned to two-photon dissociation. These data were obtained at a flight length of 2 m.

The sharp peak at 6.42 eV is not apparent at 1 m flight length, because the translational

energy of the photofragments is so low that they are largely blocked by the beam block at
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the shorter flight length.

6.42eV

4.59eV

00. 02● 04. 06● 08● 10●

E-r(w
Figure 4. Photofragment translational energy P(E~) distributions for C5
dissociation into C3 + C2 at 2m flight length.

Figure 5 shows several P(E~) distributions for CGdissociation measured at a flight

length of 2 m. The distributions at 3.20 eV and 3.64 eV are quite similar, extending to ET

=1.3 eV. At hv=3.87 eV, a sharp feature at ET S 0.3eV appears, and this feature shifts

toward higher ET and broadens as the photon energy is raised, similar to the trends seen

for the sharp peak in C4 photodissociation. Just as for the smaller clusters, the feature at

low ET is assigned to one-photon dissociation while the high ET signal is attributed to

two-photon dissociation. At photon energies where both processes occur, the delineation
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between the one- and two-photon components is not as clear as for the smaller clusters.

However, if the two-photon component is assumed to be independent of photon energy,

as it appears to be for C4 and C5, then one can determine the two contributions using the

P(E~) distributions at hv=3.64 eV where no one-photon signal is apparent.

A c—C3+C36

\\

—

.

.

00● ● 10● 15●
0&( v)e

Figure 5. Photofragment translational energy P(E~) distributions
for CGdissociation into CS + CS at 2m flight length.
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IV. ANALYSIS

Our P(E~) distributions show contributions from single and multi-photon

dissociation, Both the form and energy dependence of one photon and multi-photon

distributions are of importance in deducing the underlying dynamics. The one-photon

distribution peaks at low ET, and shows a weak but noticeable dependence on the photon

energy, shifting toward higher ET as the photon energy is raised above the threshold for

the one-photon process. The multi-photon component of the P(ET) distributions also is

maximal at low ET and appears to be independent of the photon energy. Translational

energy distributions that peak at low ET and show a weak dependence on total energy are

often a signature of statistical dissociation on a potential energy surface with no exit

barrier. Such a distribution could result if photoexcitation is followed by internal

conversion to the ground state surface, and the resulting microcanonical ensemble lives

long enough for the available energy to be randomized among the vibrational modes of

the molecule. In order to test this possibility, both the one-photon and multi-photon

distributions are calculated using phase space theory (PST), 55a reasonable statistical

model to apply in the case of barrierless dissociation.

In PST, all product states allowed by conservation of energy and angular

momentum are assumed equally probable. Conservation of angular momentum requires

that

JAB=JA+JB+L (3)
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where JAB,JA,and JBarethe total angular momenta of parent (AB) and fragments (A

and B), and L is the relative orbital angular momentum of the photofragments. Energy

conservation and dynamical constraints (e.g. the centrifugal barrier) impose an upper

limit l~n on L assuming a V(r) = -Co/rGpotentials

L( L+l)h2 < 24x2pC01’3(E~/2)Y3,

where w is the reduced mass of the photofragments.

(4)

The resulting translational energy distributions are calculated usingsG

Here DOand nhv (we assume n=2 in modeling the multiphoton component) are

dissociation energies of C. and total energy, respectively. The energy for product

vibrational (V) and rotational (R) degree of freedom are denoted by EV,Rand the density

of state for vibrational (V) degree of freedom is denoted by pv. In equation (5), NR(JA,JB)

represents the number of possible combinations of JAand JBwhich satisfy equations (3)

and (4), weighted by a Boltzmann distribution for Jm (see Eq. 9 below).

Using energy conservation the maximum rotational angular momenta of the

fragments can be obtained:

J~ = [ (nhv - DO- ET - Ev)/BA + 0.25]1’2 -0.5

J~ = [ (nhv - DO- ET - El - Ev)/BB + 0.25]1’2-0.5

(6)

(7)

E:= BA*JA*(JA+l)
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J ~m and J ~ are the maximum angular momenta of fragment A with ET and Ev specified,

and of fragment B with En EV and E; (rotational energy of fragment A with JA)

specified, while BA and BB are the rotational constants of fragments A and B.

The vibrational density of states, pv(Ev), is calculated for all energetically

allowed vibrational levels within the harmonic oscillator approximation, using the Beyer-

Swinehart algorithms and the vibrational frequencies summarized in Table 2. NR(JA, JB),

is calculated using:sb

JAB+JA

NR(JA, JB) = ~ ~ NS(J~,J)”%1,(Jw) (9)
Jm J=IJAB-JAI

for which

Ns(JB, J) = O 1-S IJB-JI

=1- - IJB-JI+1 IJB-JI< 1~~ < JB+J

= JB+J - IJB-JI+1 l~w 2 JB+J

PBok(J~) = g,m * exp(-Bw ● Jm ~ (Jm+l)/kBT)/ QJ~,

Here NS(JB,J) is the number of product rotational states with JA, JB, and JAB

specified, T is the rotational temperature of All, and pBOltis the population of state Jm.

The rotational temperature of our beam is estimated to be 50 K. At selected energies, we

found essentially no difference in PPST(ET)distributions calculated at T=50 K or T=O K

(JAB=O),so the latter condition was assumed for all calculations reported below.
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Table 2: Constants for PST calculations. (cm-l)

Vibrational frequencies a Rotational constant a
C2 1854 1.8198
c~ 1227,2040,63b 0.4305

a Most of vibrational frequencies from Ref. 19.
b Degenerate vibrational modes.

To compare the PST distributions with experiment, the calculated distributions

were convoluted with a Monte Carlo simulation program4g’s0which simulates all the

apparatus parameters, including the ionh-adical beam angular and velocity distribution,

the finite interaction volumes, the resolution of the time and position detector, the size of

the beam block, and the area of the two-particle detector. It became apparent by

inspection that the multiphoton component of the P(ET) distributions could not be fit by

PST. The calculated distributions extended to much higher translational energies than the

experimental distributions, even assuming only two photons were absorbed. Therefore,

since this component appears independent of the photon energy, we simply added the

one-photon distribution calculated via PST at a particular photon energy to the

experimental multiplioton distribution obtained at a photon energy where no one-photon

dissociation was observed; this hybrid distribution could then be directly compared to

the experimental distribution.

To find the best one-photon PST distribution which can properly describe the

experimental data, Co and DOin equations (4) and (5) are used as variable parameters,

Varying Co from 10 to 100 eV.~b yielded only small changes in the calculated
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distributions. The value of 10 eV”~G, a reasonable number for species in this size range,58

was chosen for all calculations. The calculated distributions were more sensitive to the

dissociation energy (DO), for which optimal values are given in Table 3 along with those

obtained previously by Gingerich.ss-ss

Table 3: Measured bond dissociation energies for carbon clusters.

Photofragmentation Bond dissociation Energies / eV

Channel PST calculation, this work Gingerich et al.sb,JS

C4+C+C3 4.71 * 0.20 5.08 ~ 0.21

CS+CZ+CS 5.96 i 0.20 5.88 i 0.23

CG + C3+C3 3.32 * 0.20 3.63 ~ 0.27

Calculated and experimental P(E~) distributions are compared in Figures 6,7

(upper panel), and 8 for dissociation of C4, Cs, and CG,respectively. Each figure shows

the assumed multi-photon distribution, the Monte Carlo convoluted PST distribution, and

the sum of the two. We find excellent agreement for the C4 and C5 distributions, and for

Cfj at the two lower photolysis energies shown in Figure 8.

The agreement between experimental and simulated P(E~) distributions using

dissociation energies similar to those obtained by Gingerichsg’ss supports our statistical

hypothesis for the one-photon component of the distributions. However, for Cfj

dissociation at hv24.28 eV, the one-photon component of the experimental P(E~)

distributions clearly peaks at nonzero ET, and this is not reproduced by the PST
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I 5.40eV

5.20eV

0.0 0.2 0.4 0.6 0.8 1.0
ET(eV)

Figure 6. Comparison of experimental P(ET) distributions to calculated PST
distributions for unimolecular dissociation of the C4 into C3 + C products. The
assumed multi-photon distribution (thin solid line), the Monte-Carlo convoluted
PST distribution (dotted line), and the sum of two (dash-dotted line) are plotted with
the experimental P(E~) distribution (thick solid line),
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O.O 0.1 0.2 0.3
-

0.4 0.5
ET(eV)

Figure 7. Comparison of experimental P(ET) distribution for unimolecular
dissociation of C5 into CS + C2 products at 6.42eV to calculated PST
distribution (upper panel) and Franck-Condon (FC) vibrational distribution
(lower panel). In the upper panel, the assumed multi-photon distribution (thin
solid line), the Monte-Carlo convoluted PST distribution (dotted line), and the
sum of two (dash-dotted line) are plotted with the experimental P(E~)
distribution (thick solid line). In the lower panel, the results of the FC model
are histogrammed since only widely spaced C2 and C3 stretching vibrational
levels are populated.
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00● 02● 04

ET(eV)
06● 08●

Figure 8. Comparison of experimental P(ET) distributions to calculated PST
distributions for unimolecular dissociation of the C6 into C3 + C3 products. The
assumed multi-photon distribution (thin solid line), the Monte-Carlo
convoluted PST distribution (dotted line), and the sum of two (dash-dotted
line) are plotted with the experimental P(E~) distribution (thick solid line).
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distribution asshown intheupper panel of Fig.8. This disagreement mayreflect ground

state dissociation that is too fast for a statistical model to be applicable. It is also possible

that the dissociation dynamics are fundamentally different for CGat these higher energies,

involving, for example, a potential energy surface with a significant barrier.

Although our results are generally consistent with statistical dissociation on the

ground state, one might ask if there are excited state dissociation mechanisms that would

produce similar translational energy distributions peaking at low ET and showing little

variation with photon energy. One simple mechanism of this type is the Franck-Condon

model,59 applicable for rapid dissociation on a repulsive excited state surface, in which

the product vibrational distribution is given by a Franck-Condon projection of the

reactant geometry onto the product vibrational states. Results are given in the lower

panel of Figure 7 for photodissociation of C5; the primary Franck-Condon activity is in

the C2 stretch. Clearly, this distribution peaks at higher ET than the experimental and

statistical distributions (assuming the same bond dissociation energy). Note that any

relaxation of the Franck-Condon vibrational distribution due to dynamics on the excited

state surface is likely to increase the fraction of available energy appearing as product

translation, resulting in even poorer agreement with the experimental and statistical

distributions.
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v. DISCUSSION

The principal results from the photodissociation of linear carbon clusters are

summarized as follows:

(i) The photofragment yield cross-sections consist of several continua spanning the

(ii

whole visible and ultraviolet region.

Product branching ratios for dissociation of mass-selected carbon C. clusters are

dominated by the C3 + C.-3 channel, although some minor channels are also

identified for dissociation of C4 and C5 clusters.

(iii) Analysis of the photofragment translational energy P(E~) distributions above the

dissociation threshold comprise of single- and multi-photon contributions,

confirming that these two processes compete.

(iv) Single photon dissociation near threshold result in P(E~) distributions which are

consistent with calculated PST distributions, i.e., the product state distributions

are statistical. This implies that dissociation occurs on the ground state potential

energy surface, and that no barriers are present along the dissociation coordinates.

(v) Multi-photon dissociation results in structureless P(E~) distributions extending to

high ET which show no change with increasing photon energy.

The agreement between the single photon distributions and PST predictions

indicates that there are no significant barriers present along the minimum energy pathway

from the ground state minimum to dissociation asymptotes. Linear C4 and
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CGhave ~ 3Z~ ground states, while C5 has a ~ ‘X; ground state. For CQand C5, the

ground state surfaces adiabatically correlate with ground state products, i.e., C(3P) +

C3(X ‘Z~.) and C2(X lZ~ ) + Cs( ~ ‘~~+), so the absence of an exit barrier for ground state

dissociation is not unexpected. However, the ground state of C(j correlates to the

C3( ~ ~X~+)+ C3( d ~~u) excited state asymptote, whereas dissociation to the lowest

energy C3( ~ lX~+) + C3( ~ ‘Xg+)channel is spin-forbidden. The C3( d 3flU) state lies 2.12

eV above the C3( ~ ~Xg+)state, and it is extremely unlikely that the one photon

distributions in Figure 5 are due to the triplet product channel since this would imply a

bond dissociation energy of 1.2 eV for CG.

The C3( ~ ‘X~+)+ C3( ~ ~~~+)channel can only result from intersystem crossing

(ISC) to a low lying singlet surface. The ~’~~ state is the lowest singlet state that

correlates adiabatically to this channel. Liang et al.m calculate the ~*Z; to lie only 0.16

eV above the ~ 3Z~ ground state, while the CG-photoelectron spectrum’G indicates this

splitting is around 0.25 eV. In any case, there will be a curve-crossing between the two

states below the dissociation energy. In addition, at the excitation energies in Fig. 6 (3.2

eV and higher), the density of vibrational levels in the two Cfj electronic states is quite

high (> 10*O/cm-l), so that each triplet vibrational level will be nearly degenerate with a

singlet level. Since even a small spin-orbit interaction can result in strong mixing of

nearly degenerate singlet and triplet levels, ISC between the two states should be

reasonably rapid, consistent with our P(ET) distributions for C6 dissociation. We point

out that equal mass (i.e. C3+C3) channel has the most favorable mass
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combination for detection. As a result, fragments with ET as low as 0.050 eV can be

detected (see Fig. 5), so we would be particularly sensitive to an exit barrier for

dissociation of C&

The facile multi-photon absorption and dissociation observed for these carbon

clusters is similar to that seen in carbon clusters cations (Cn+), as discussed by Sowa et

al.4T In both cases, this phenomenon is likely related to a rather large number of low-

lying electronic states for these species. For example, nine electronically excited states,

three of which are singlets, are calculated to lie within 3 eV of the ground state in C5,N

and the photoelectron spectra of Cq-, Cs-, and CG-all show transitions to numerous low-

Iying electronic states of the neutral.14’lb While transitions to many of these excited states

from the neutral ground states are optically forbidden, Maierzl does observe several weak

transitions in his matrix absorption spectra of neutral carbon clusters that are assigned to

forbidden transitions allowed by vibronic coupling, including the band that we also

observe in Figure 2. Our observation of a finite and essentially continuous

photofragment yield across much of the visible and ultraviolet suggests that a

combination of vibronic and possibly spin-orbit coupling results in a small but finite

oscillator strength for absorption of one photon over a broad energy range, followed by

absorption of a second photon and dissociation.

There are two limits for the mechanism of subsequent photon absorption. One is

that the excited state generated by the first photon absorbs a second photon before

undergoing any significant relaxation. This results in a state with electronic energy 2hv,

which could either dissociate or absorb another photon; we did observe nonzero PFY
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signal at photon energies which would require three-photon absorption to dissociate.

Given that there appears to be a resonant (if weak) transition available from the ground

state over a wide energy range, it would not be too surprising if a similar condition held

for the one-photon excited state.

Alternatively, absorption of each photon could be followed by internal conversion

back to the ground state prior to absorption of the next photon. Thus, electronic energy is

converted into vibrational energy on the ground state surface before a second photon is

absorbed, and this process continues until nhv>DO. This model is more consistent with

the single-photon dynamics seen here; if IC to the ground state dominates just above the

dissociation threshold, then it is likely to dominate below the threshold too. It is similar

to the mechanism we have proposed for resonant multi-photon detachment of carbon

cluster anions.bl However, as discussed in Section IV, the multiphoton P(ET)

distributions appear to be non-statistical. Thus, it is not clear if absorption of the last

photon would be followed by internal conversion and then dissociation on the ground

state, or by excited state dissociation. Non-statistical dissociation on the ground state

could occur if the total energy is so high that dissociation is faster than energy

randomization; this situation could certainly arise in the case of multi-photon absorption,

yielding total energies well in excess of the bond dissociation energy.

V1. CONCLUSIONS

We have employed the technique of fast radical beam photofragment translational
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spectroscopy to study the photodissociation of mass-selected linear carbon clusters C. (n

= 4 – 6), and measured the photofragment yield cross-section, product branching ratios,

and P(E~) distributions. The results and analysis indicate somewhat surprising

photophysics for these clusters, as they appear to absorb light and dissociate over a wide

range of visible and ultraviolet wavelengths. Multi-photon absorption and dissociation

occurs at photon energies below the dissociation threshold, while both single and multi-

photon dissociation occur above threshold. The single-photon mechanism appears to

involve rapid internal conversion to the ground state followed by dissociation primarily to

the lowest energy C3 + C..3 channel.

Our results, particularly the observation of dissociation at photon energies well

below the bond dissociation energy, suggest an unprecedented level of electronic and

vibrational state mixing for species in this size regime. We attribute this to the large

number of low-lying electronic states in carbon clusters, along with the high density of

vibrational levels arising from the low frequency bends in these species. It would be of

considerable interest to attempt to track the energy flow subsequent to electronic

excitation in these clusters in order to assess the role of the low-lying electronic states.

The dominance of ground state dissociation in our experiments indicate that nanosecond

lasers are too slow for doing this, but femtosecond pump-probe measurements based on

either ionization or photoelectron detection may provide significant y more insight into

the detailed intramolecular dynamics of these species.
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Cha@er 5. Photodissociation Dvnamics of Triiodide anion (IJ)

Abstract

We have investigated the spectroscopy and dissociation dynamics of 13-in the

range of 390-290nm, utilizing the method of fast beam photofragment translational

spectroscopy. This paper reports the photofragment yield (PFY) spectrum of 13-in the gas

phase, consisting of two absorption bands that correspond to the bands seen in solution.

Two product mass ratios from the photodissociation of 13-are observed: 1:2 and 1:1 mass

ratios. The P(E~) distribution with 1:2 mass ratio from the photodissociation of 13-shows

that electronic transitions to those two absorption bands produce the 12-(~) and either

spin-orbit ground or excited state of I. Based on our detection scheme, the product

channel with 1:1 mass ratio is assigned to symmetric three-body dissociation.



1.Introduction

The triiodide ion, 13-,is a well known chemical species with unusual properties. It

is one of the classic examples of a molecule that violates the octet rule. It is also one of

relatively few closed-shell negative ions that has excited electronic states below its

electron detachment threshold. During the last several years, there has been considerable

interest in the time-resolved photodissociation dynamics of ls-. These experiments have

been performed in polar solvents and in the gas phase, and yield markedly different

results attributed to solvent effects on the short-time reaction dynamics. A better

understanding of these effects requires more detailed information on the gas phase and

solutions phase dynamics. In this paper, we present a frequency domain study of gas

phase 13-photodissociation using fast beam photofragment translational spectroscopy.

The spectroscopy of triiodide ion (13-)has been extensively studied in the

condensed phase. Its absorption spectrum consists of two broad bands centered at 290

and 360 nm,l-T henceforth referred to as the upper and lower bands. The assignment of

these two bands has proved controversial. Based on a semiempirical molecular orbital

calculation with 5p orbitals of iodine atoms, the molecular term symbol for the ground

state of 13-was obtained by Gabes et al%

m;: . . ... (m)2(ml)4(6g)2(@4(%*)4(a”*)0

From this, the two absorption bands of 13-were assigned to the cr~-+ G“ and Zg+ o.’

transitions by Gabes et al.z,s, while Mizuno et al.3 suggested that these two bands were

ascribed to the Og+ cru*transitions split by the spin-orbit coupling. Later, a

semiempirical calculation including spin-orbit interaction was performed by Okada et
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al.,1 yielding the orbital configuration of the excited states with the order of a~ and Kg

orbitals switched:

x k; :(ch)2(7cJ4(7cg)4(cYg)2(lh*)4(6u*)0

“31-Ig: (CJ.)2(ZJ4(Q4(CQ2(7L*)3(CJ.*)1

“3X: (ou)2(~)4(Q4(@y~*) 4(o”*)1

*’31-IU:(qJ2(mJ4(7cg)3(cJg)2(7Tk*)4(o.*)1

Okada et al. assigned the two bands to the transitions to intermixed spin-orbit states

between 311WUand lZWUstates, both of which are 0+ states in Hund case (c). This

assignment was supported by the electronic and magnetic circular dichroism spectra

(MCD) of triiodide in solution by Isci and Mason.T

Early photodksociation studies of 13-in solution have shown that excitation into

either band produces diiodide ions (12-)in the ground state.g’loThe resonance Raman

spectrum of 13-reveals a long progression of the symmetric stretch, indicating that the

initial motion on the excited state is along this coordinate. s’c’11Recently, femtosecond

time resolved transient absorption was used to study the photodissociation of 13-in

solution. Banin et al. 12-17observed coherent vibrational motion of 12-product anions in

their ~ 2Z~ state, following excitation to the upper band at 308nm. This coherent

vibrational motion appears as early as 500 fs after the initial excitation, shows an average

vibrational state of <v>= 12, and is irreversibly lost within 4 ps due to interaction with the

solvent molecules. Using the same technique, the quantum yield of photoproduct 12-was

obtained by Kuhne et al.’s-~ They found that the quantum yield of 1*-,which depends on

the excitation energy, is 1 at 400nm (the lower band) and 0.8 at 266nm (the upper band).
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Recent experiments have characterized 13-in the gas phase. Do et al.zl measured

the bond strength of 13-through collision-induced dissociation in a tandem mass

spectrometer, obtaining a value of 1.31–MI.06eV for dissociation to 12+1. The

photoelectron spectrum of 13-was taken by Taylor et al.” and the electron affinity of 13-

was determined as 4.226N.O 13eV (293nm). From these two experiments, one can

construct the energy diagram for 13-photodissociation shown in Fig. 1.

...............
13(~)

...............

I(2P,n)+I(’P,/’)+I-(’s)

I(2P,fl)+I(2P,,,)+I-(’S)

I(2P,.)+~(~ ‘Z:) I(2P,~)+I(2P,,2)+I-(’S)

1(’P3fl)+1;(%‘x:)

l-(]S)+ J(X ‘Z;)

Figure 1: Energetic of 13-.The most intense position of the upper
and lower absorption bands for 13-are shown in dotted lines.

Recently, Zanni et aL2s’24studied the photodissociation of ls- in the gas phase

using femtosecond photoelectron spectroscopy (FPES). In this study, 12-and 1 were

found as photoproducts at 390nm (lower band) with approximate 1:1 yield. In addition,



coherent vibrational motion of 12-(X) was recorded at a much higher vibrational quantum

number (<v>=67) than that in solution. To model the dynamics of this reaction, they used

wave packet simulations, which showed significant motionpopulation along the

symmetric stretching coordinate 500 fs after the initial excitation. Based on these

simulations, the formation of r was attributed to the three-body dissociation rather than

the lower energy 12+r channel.

The significant differences between the gas phase and solution results suggest a

more detailed photodissociation study is needed. Here, we present results using a

frequency-resolved technique that is complementary to the FPES work, namely fast beam

photofragment translational spectroscopy. We are particularly interested in the following:

First, the absorption spectrum of 13-in the gas phase has never been taken. Second, the

photodissociation processes of 13-have not been studied at multiple photon energies.

Third, experimental efforts on this reaction have been focused on detecting Ii. Therefore,

there is no information about the spin-orbit state of I as photoproduct, which prevents us

from understanding the correlation between the excited state of 13-and photoproduct.

Fourth, as pointed out by Zanni et al.,2s’Mthere are possibilities of three-body dissociation

as an alternative dissociation. In this paper, we address these four issues using our fast

radical beam photofragment translational spectrometer.

Il. Experimental Setup

Photodissociation of the triiodide anions (13-)was studied using our fast beam

photofragment spectrometer. In this experiment$5-27 argon gas (3psig) flows over iodine
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crystals (12)at room temperature. The resulting mixture supersonically expands through a

pulsed valve into the source region of the apparatus. Anions were generated by a 1 keV

electron beam, which crosses the expansion, and cooled to 20-50 K during the expansion.

Negative ions formed in the source region are accelerated to 8 keV and separated

temporally by a time-of-flight (TOF) mass spectrometer. The 13-ion packet is intersected

by a linearly polarized excimer-pumped pulsed dye laser beam and some 13-ions absorb a

photon and dissociate. A blocking strip across the center of detector prevents parent

molecules from reaching the detector, whereas photofragments with sufficient recoil

energy miss the beam block and strike the detector. These fragments are generally

detected with high efficiency (up to 50%) due to their high laboratory kinetic energy.

Two types of experiments are performed to characterize the photodissociation of

13-.First, the photofragment yield (PFY) spectrum is obtained by collecting the total flux

of fragments as a function of the photodissociation laser wavelength. To investigate the

photodissociation dynamics at a fixed wavelength, two photofragments from a parent

molecule are collected in coincidence using a time- and position-sensitive detector. In

this experiment, we measure the distance R between the two fragments on the detector,

the time difference t of their arrival, and the individual displacements of the two

fragments, rl and rz, from the detector center for each dissociation event. From these we

obtain the center-of mass translational energy ET, the scattering angle with respect to

laser polarization, 6, and the two photofragment mass ratio ml/mz via

ml r2—=—
m2 r]

8= tan-l(— ‘)
UO”T
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ET SE .&. (Vo”~)2+R2
‘M ~2 (3)

Here E. and V. are the ion beam energy and velocity, respectively, p is the

reduced mass, and 1is the flight length from the photodissociation region to the detector.

Although the relative recoil distance R is determined with high precision (IUAR=1OO),

the individual recoil distance rl and rz are less precisely determined due the finite size of

the parent beam, resulting in m/Am= 10. The energy resolution (zL?3~/E~)under the

conditions in these studies is around 2~0.

The dynamics experiment requires that two fragments be detected in coincidence.

However, the front of the detector is biased at a high negative potential, such that only

neutral fragments can be detected. Although the dissociation of ls- yields an ion and a

neutral, the experimental conditions are such that the anion fragment is typically

neutralized prior to reaching the detector. At all dissociation wavelengths, the r and 12-

products, for which the electron affinities are 3.059n and 2.524 eV?9 can be

photodetached by absorption of another photon.

In case of three-body dissociation, photodissociation of 13-generate three

fragments. However, we detect only two out of three photofragments, the consequence of

which will be further discussed in Sect. BI.B.

Ill. Results

A. Photofragment Yield (PFY) Spectrum
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The PFY spectrum of 13from416 to 246 nm, shown as the solid line with circles

in Fig. 2, was acquired with a step size of 5 nm. Every point was obtained at the same

laser power ( 0.5m.J/mm2 ) and the same parent ion density. The whole spectrum is

covered by using 11 different dyes.

The PFY spectrum shows two intense features around 360 nm and 290 nm. In the

limit that the quantum yield for dissociation is equal to 1, as we expect for gas phase lS-,

the PFY spectrum is identical to the absorption spectrum. Hence, this is the first

absorption spectrum of 13-in the gas phase.
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Figure 2: Photofragment Yield (PFY) spectrum of 13-.The solid and
circle represents our PFY spectrum in gas phase and the dotted line
represents the absorption spectrum in the ethanol.
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The PFY spectrum is compared with the absorption spectrum of aqueous 13-$

shown as a dotted line in Fig. 2. The band maxima agree well, as do the overall band

profiles for the lower band. For the upper band, however, the PFY spectrum is much

narrower than the absorption spectrum in solution. This difference might be caused by

photocletachment of Ii, energetically possible below 293nm.n On the other hand, the

upper band on the PFY spectrum is narrower to the red of the band maximum, too.

B. Photodissociation dynamics of 1{

1. Photofragment Mass Ratio (ml/m2)

Photodissociation dynamics experiments were performed at selected photon

energies marked by arrows in Fig.2. The first information we get from this experiment is

the fragment mass ratio, shown in Fig. 3 at 3.87eV (320nm). It is immediately seen that

there are two product channels occurring at this photon energy with mass ratios of 1:2

and 1:1. The fragment mass ratio in Fig. 3 shows very broad peaks around 0.5 and 1.0

because of the poor mass resolution (m/Am =10). At every photon energy we probed, a

similar product mass ratio is obtained.

As shown in Fig. 1, there are several product channels that are thermodynamically

feasible following UV excitation of 13-:

13-(~)+ hVphot..+ r (lS) + 12(X)

I(2P3D) + 1~(~ )

I*(2P,,2) + 12-(X)

I(2P3,2) + I(2Ps12)+ r(lS)

DO= .31 A 0.06 eV (channel 1)

1.85 ~ 0.06 eV (channel 2)

2.79 ~ 0.06 eV (channel 3)

2.8510.06 eV (channel 4)

I(2P3,2) + I*(2P1,2)+ l-(lS) 3.80 ~ 0.06 eV (channel 5)
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Fragment Mass Ratio (mJmJ

Figure 3: Photofragment mass ratio (ml/m2) of 13-at the photon energy
of 3.64 eV (341nm).

The energetic are based on the bond strength (1.31 i 0.06 eV) of 13-from the

collision-induced dissociation experiment by Do et aL21, the spin-orbit coupling constant

for I atom (0.943eV), and the dissociation energies for 12(1 .542eV)30 and Ii ( 1.007eV).zs

In addition to the above channels, the low-lying excited states of 12(A’ 3112uand A 3111U

)3’ and Ii ( ~ or ~‘ 211~)3233are also accessible at excitation energies used here.

However, we cannot distinguish these 12and 12-states from vibrationally excited 12-in the

X state.

Channels 1-3 are two-body dissociation channels that are possible candidates for

the products with 1:2 mass ratios, while channels 4-5 are three-body dissociation

channels. There are two kinds of three-body dissociation for the triatomic molecules with
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D-h symmetry: symmetric and asymmetric three-body dissociation. In symmetric three-

body dissociation, two identical bond lengths of triatomic molecule increase at

approximately the same rate as the dissociation proceeds. In our dynamics experiment,

only two photofragments from the parent molecule are collected in coincidence. If the

triiodide (13-)anions undergo symmetric three-body dissociation, two end atoms fly apart

and the central atom remains stationary in the center of mass frame. Thus, the central

atom follows the same trajectory of parent molecule and will hit the beam block in front

of detector. As a result, symmetric three-body dissociation of 13-can generate the 1:1

mass ratio in our experiment.

For each channel, the joint translational energy and angular distribution is given

by

P(%()) = p(J%)”(l+~(&’) .P2(COS(()))) (4)

9in which f@~) is the anisotropy parameter. For the channel with 1:1 mass ratio, ~ =

l/2”m1 (ml= mass of I atom) is used in equation (3). The limiting cases of sin20 and

cos20 angular distribution are given by ~ = -1 and +2, respectively. Generally speaking,

a parallel transition shows a positive ~ parameter while ~<0 for a perpendicular

transition.

Both mass channels show a positive ~ parameter in ag-cement with the

observation of a parallel transition in (xanthotoxin).K13 crystal by Mizuno et al.J

However, the accurate measurement of the ~ parameter is hampered because the

geometrical constraint of detector allows us to collect photofragments at very restricted

angles.
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In the following two sections, translational energy P(E~) distributions with 1:2

and 1:1 mass ratio are presented at selected photon energies.

2.1:2 mass Channel

P(E~) distributions for the 1:2 mass channel from 13-dissociation are shown in

Fig. 4. Those associated with transitions to the lower and the upper bands are shown on

the left and right sides of Fig. 4, respectively. The P(E~) distributions show two main

features at every photon energy labeled as A and B in Fig. 4. Both features move toward

higher ET with increasing photon energy.

Channels 1-3 are possibilities for the 1:2 mass channel. With our detection

scheme we cannot distinguish between 1-+ 12and I + 12-products. However, at all

excitation energies studied here, no products are seen at energies above the maximum

allowed for channel 2 (rightmost arrows in Fig. 4). We therefore attribute all products in

Fig. 4 to channels 2 and 3. The two combs in each plot show the maximum and

minimum translational energy for the two channels; at energies below the minimum, the

Ii internal energy would exceed its bond dissociation energy and it would dissociate long

before reaching the detector. Features A and B always fall within the allowed range for

channels 2 and 3, respectively, so feature A is assigned to channel 2 and feature B to

channel 3. For all excitation energies in the lower band, feature A drops abruptly at the

translational energy corresponding to the opening of channel 3.

With these assignments, average internal excitation energies of Ii product for

both channels (=i.t>) are obtained by
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Figure 4: Translational energy P(ET) distributions of 13-with 1:2 mass ratio at
selected photon energies shown at the right upper corner.
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~imt> = hVphOtO.- DO - @T>, (5)

where hVphOmand DOare photon energy and dissociation energy for each channel. The

average translational energy (~~>) for each channel is obtained by averaging the P(E~)

distribution over the range of I (or I*)+ bound Ii ( ~ ).

In photodissociation of 13-,the internal excitation energy is the sum of rotational

energy and vibrational energy of 12-product. If we neglect the rotational excitation in 12-

photoproduct, the average internal excitation energy (<fit>) of Ii can be converted into

an upper bound on a> for 12-product using the following equation:

<Ei~t> = @.<V> – @~~.(<V> + %)2+ !4 .@~~ (6)

In the equation (6), the vibrational frequency (o+) and anharmonicity (QZ.) of 12-are 110

and 0.370 cm-1, as determined from the photoelectron spectrum by Zanni et al.zg These

values of dii~t> and <v> are summarized in Table 1. In addition, we calculate the

branching ratio, channel 2/3, in Table 1. However, the Ii ions must be photodetached

prior to the detector, as we discussed in Sec. II. Therefore, these values in Table 1 might

be distorted by photodetachment efficiency of Ii product, which depend on the internal

excitation of 12-.

The <v> values in Table 1 show an interesting trend as a function of photon

energy. For channel 3, <v> increases with hv over the full range of excitation energies,

while for channel 2, <v> is approximately constant throughout the lower band and drops

once the upper band is accessed. The branching ratio (channel 2/3) decreases with hu
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throughout the lower band mainly due to the increasing range of channel 3 except at

3.64eV, while that remains around 0.3 – 0,4 over the upper band.

Table 1. Summary for 1:2 mass channel

hVphoton dli.~>(eV) <v> Branching Ratio

Channel 2 Channel 3 Channel 2 Channel 3 Channel 2/3

3.18eV 0.79 0.19 79 15 2.62

3.31eV 0.81 0.33 83 27 0.97

3.44eV 0.80 0.39 81 32 0.37

3.64eV 0.82 0.53 84 46 0.72

3.87eV 0.69 0.53 65 46 0.37

4.15eV 0.58 0.68 52 64 0.33

4.28eV 0.58 0.69 52 65 0.41

3.1:1 mass channel

As we discussed in Sec. III. B., the 1:1 mass channel corresponds to symmetric

three-body dissociation. Three-body dissociation of 13-generates three atomic

photofragments. Thus, all the available energy after the dissociation goes to translational

or possible electronic energy of photofragments. The P(E~) distributions for 1:1 mass

channel from 13-dissociation in Fig. 5 show sharp peaks along with some small features

toward low ET. The arrows in Fig. 5 indicate the expected ET in the symmetric three-body
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Figure 5: Translational energy P(ET) distributions of 13-with 1:1 mass ratio at
selected photon energies shown at the right upper corner.
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dissociation for channels 4 and 5. Positions of sharp features show excellent agreement

with arrows, providing further proof that the three-body dissociation is symmetric. Even

though channel (5) becomes energetically accessible above 3.80eV, we observe this

channel only at 4.28eV, not at 4. 15eV.

While the sharp peaks in Fig. 5 correspond to the appropriate kinetic energies for

symmetric three-body dissociation, we note that (a) the peaks are considerably broader

than the experimental kinetic energy resolution, -150 meV vs. -20 meV, and (b) there

are broad features in addition to the sharp peaks. The origin of these two aspects of the

P(E~) distributions is considered in the next section.

Finally, we analyze the branching ratio of two-body dissociation versus three-

body dissociation in Table 2 by averaging the P(E~) distribution in Figs. 4 and 5.The

production of three-body dissociation decreases in the lower band and increase in the

upper band with hv, except at 3.64eV.

Table 2. Summary for 13-photodissociation. (unit: %)

hvphoton 1:2 mass channel 1:1 mass channel

3.18eV 47 53

3031eV 57 43

3.44eV 67 33

3.64eV 55 45

3.87eV 59 41

4.15eV 52 48

4.28eV 45 55
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IV. Classical

dissociation

Trajectory calculation for symmetric three-body

of 13-

In Sect. III. B. 3, symmetric three-body dissociation of 13-is observed. To

visualize this process, classical trajectory calculation is performed on the excited state

potential energy surface, which was summarized in Table 3. This potential energy surface

was previously used for wave packet simulations by Zanni et al.24Trajectories were

computed by standard methods .34’35The numerical integration of Hamilton’s equations

used the sixth-order Gear’s method with variable step size. Initial conditions were

selected by projecting the zero-point symmetric and asymmetric stretching motion of 13-

on the ground state surface to excited state surface. Due to Franck-Condon overlap

Table 3. Parameters for the potential energy surface. (1 ~ 1 ~1 )

Ground state Dotential surface for 1~-

v~(Q1,Qs)= ~A~2(Q1–Qeq)2+~A2@Q32
Q,= r~ + r~c Q3= rd - rbc

01’=112 cm-l @b= 145 cm-l Q~~=5.358 ~ p1=63.5 amu U3=21.2 amu

Excited state potential surface for 13-

v.(r.~,rb.,r..) = ~o + Q.~ + Q~ + Q.. - (Jfb + J;. + Jz. - J.bJb. - Jb,J,. - J.. J.,)”2

Q.p=
[(1+ S@) ’E(r@)+ (1- Safl)3E(r@)]

‘E(rafl) = D@[l–e
2(l+s@)

-p@(@)]* -D@

y = [(1+ S.B)*E(r@) -(1- S.0)3E(r.P)]
3E(rafl) = {D@[l + e

.fl@(,~-r$)]* _Da,}/2

@ 2(1+ s@)
/J = r~q=3.205 ~ D&= D~C=l.014 eV ~ti= ~,C=l.181 ~-’ S&= S,C=0.50

rC~q=2.983 ~ Dc~=l.OIOeV ~m=l.OOOA-l Sca=o.oo
AEO=2.890 eV
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between the ground and excited state surface, there is an excitation energy spread in this

calculation. Therefore, the direct comparison between trajectory calculation and our

experiment, which is performed at fixed excitation energy, is difficult. However, we hope

this calculation can give us some idea about three-body dissociation of 13-.

A total of 1764 trajectories were run, of which 70 produced three-body

dissociation. In some of trajectories for three-body dissociation, distances (r,b and rbcin

Table 3) between adjacent I atoms are recorded at each step and plotted in Fig. 6. It

shows that three-body dissociation of 13-follows a symmetric stretching coordinate until

r~b(or rb~)reaches 6A and spreads along the asymmetric stretching coordinate. None of

the trajectories which reach the repulsive walls in the 12-product valleys lead to three-

body dissociation in this calculation. If we define the asymmetric three-body dissociation

as three-body dissociation through 12-,there is no asymmetric three-body dissociation

observed in trajectory calculation.

As the next step, we extract velocities of three I atoms at the end of trajectory

calculation and we use flight time (-3 lps) of these atoms in our experiment using the

laboratory velocity of parent 13-(Eti. = 8 keV) and flight length (2m). Then we obtain the

position of these I atoms at the detector. Through this process, we can deterinine what

portion of above trajectories can be detected as 1:1 mass channel in our experiment. In

Fig. 7, trajectories shown in dotted lines can be detected as 1:1 mass channel. Part of the

rest trajectories shown in solid lines can generate three I atoms, all of which can have

recoiling energies enough to miss the beam block in front of detector and hit the detector.

In this case, only two of three fragments can be detected as 1:1 or 1:2 mass channels at

low ET due to less than 100% detection efficiency of photofragments. Therefore, part of
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small feature at low ET in Fig. 5 can be explained by trajectories in solid lines, while

peaks with broader width than our instrumental resolution can be explained by some

spread along asymmetric stretching coordinate in trajectories shown in dotted lines.
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Figure 6: Classical trajectories for symmetric three-body dissociation of 13-on

potential energy surface.

120



V. Discussion

A. PFY spectrum

We studied the dissociation processes over two absorption bands of 13-in the

range of 390nm (3. 18eV) - 290nm (4.28eV). The consensus on the spectral assignment

for those two bands is that those bands are due to transitions to either lZO+.and 31To+uor

mixed states of these two. These assignments are supported by the positive value of ~

parameter in our present photodissociation experiment.

Our PFY spectrum of 13-in the gas phase, which consists of two absorption bands,

shows good agreement with the absorption spectrum of aqueous ls- as shown in Fig. 2.

Specifically, there is no difference in positions of band maxima between solution and gas

phase within our experimental error. This indicates little perturbation by solvent in these

bands. However, there is a significant difference in width of the upper band, which is

much narrower in our PFY spectrum than that in solution. As we pointed out in Sec. III.

A., photodetachment of 13-plays a role in narrowing the upper band below 293nm.

However, we still observe the band to be narrower on the red side of band maximum.

There are two possibilities for this difference. First, there might be more than one

electronic transition in the lower band, while there might be one electronic transition in

the upper band. Even though our tentative assignments for those two bands are made with

only two symmetry-allowed transitions, these assignments are based on very simple

calculations. With high level calculation, there might be more than two transitions with

reasonable oscillator strength in our experimental range. Especially, the branching ratio

into several dissociation channels shown in Tables 1 and 2 shows a big change around

3.64eV, which might be due to a new transition in the lower band.
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Second, difference in width of the upper band can be due to the shape of potential

energy surface. The photodissociation dynamics of 13-on the excited state surface was

studied using the wavepacket simulation. In those studies, the London-Eyring-Polanyi-

Sato (LEPS) potential energy surface was used for the excited state. Even though there

are some difference in LEPS potential used by Banin14 and Zanni,24 the wavefunction of

the ground state was projected onto the repulsive wall of the excited state in both cases.

In those studies, it shows the consistent results with the resonant Raman study by

Johnson et al.,11’scwhich observed the symmetric stretching motion as an initial motion

on the excited state. If we assume that the Franck-Condon region for electronic transition

only covers the repulsive wall for both upper and lower bands, the width of each band

reflects the slope of repulsive wall for those surfaces. In our PFY spectrum, we observed

that the upper band has much narrower width than the lower band. Therefore, the upper

band in the Franck-Condon

the gas phase.

region might become steeper in the condensed phase than in

B. Photodissociation dynamics of 13-

In photodissociation of 13-,we observed channels 2 and 3 as two-body

dissociation associated with the electronic transition to either upper or lower band. The

energy difference between these two bands closely resembles the spin-orbit splitting of

atomic iodine. Therefore, the lower and upper bands were originally assigned to the

excited states of 13-that correlate with channels 2 and 3, respectively. However,

pseudopotential calculations by Tasker et aLsT connect these two bands with either
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channel 3 or I + repulsive state 12-(Zllg) leading to channel 4 by examining symmetries of

excited states of ls-, which are the mixed states of lZO+Uand 3110+U.

In our experiment, we observed channels 2-4 from the electronic transition to

either of those two bands and also channel 5 at the highest excitation energy (4.28eV). In

addition, we observe the complicate behavior in branching ratio to channels 2-4 shown in

Tables 1 and 2. These observations indicate that there are various curve-crossing during

the dissociation of 13-.Therefore, a simple correlation diagram between excited states of

13-and dissociation asymptote is not appropriate for 13-dissociation.

Given this basic picture, we can compare our results with previous result in

solution and gas phase.

First, in Fig. 4, the feature A at hu S 3.64eV drops abruptly at the translational

energy corresponding to the opening of channel 3 instead of minimum translational

energy for channel 2. It suggests that once channel 3 is energetically accessible, two-body

dissociation prefers channel 3 over channel 2. Therefore, our P(E~) distributions in Fig.

4 show that the population of vibrational excited 12-product in channel 2 increases

monotonically with v and drops very rapidly before it reaches dissociation limit of 12-.

Second, we compared our vibrational excitation with that observed in solution. In

femtosecond dissociation experiments on ls- in solution,lZ-lT the 12-products were

observed in an average vibrational state of <v> = 12 after initial excitation at 308nm

(4.03eV). In our experiment at 4. 15eV, we observe much higher vibrational excitations

of 12-,that is the upper bound <v> = 52 and 65 for channel 2 and 3, respectively. This

hotter vibrational distribution of 12-product in the gas phase was also observed in the
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previous FPES study’”x at lower hv (3. 18eV) and this difference is explained by strong

coupling between the excited state surface of ls- and solvent molecule.

Third, we compare our result with the previous FPES study following 390nm

(3. 18eV) excitation.’’’” In those study, they found a vibrational quantum number of <v> =

67, or 0.70 eV of vibrational energy of Ii product and 1:1 ratio for 1-:12-photoproducts.

Our data at excitation energy of 390nm (3. 18eV) shows the upper bound <v> = 79, or

0.79 eV for channel 2. These two values shows close agreement, suggesting that most of

excess energy goes into vibration of 12-product, instead of rotation. In addition, we

observe around 1:1 ratio for two-body versus three-body dissociation in Table 2, which

shows good agreement with FPES study. However, the upper bound <v> (=15, O.19eV)

for channel 3 is very different from that observed in FPES study. In FPES study, they

measured vibrational energy by recording the coherent motion of 12-.At this excitation

energy, less than one third of 12-product corresponds to channel 3 in our experiment.

Therefore, it might be too small to detect the contribution from channel 3 in FPES signal.

Fourth, there have been some theoretical efforts to simulate the experimental

results in solution]4 and gas phase24 using wavepacket simulations on the LEPS potential.

In those studies, the single LEPS potential surface was used to reproduce the lower

absorption band and the average vibrational excitation of 12-product. As we prove in our

experiment, simulations of vibrational excitation of 12-product on the single potential

surface is clearly oversimplified.
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VI. Conclusions

We have investigated the spectroscopy and dissociation dynamics of Ii in the

range of 290-390nm, utilizing the method of fast beam photofragment translational

spectrometer. This paper reports the first photofragment yield (PFY) spectrum of 13-in

the gas phase. Two product mass ratios from the photodissocaition of 13”subsequent to the

electronic transition are observed: 1:1 and 1:2 mass ratios. Based on our detection

scheme, the product channel with 1:1 mass ratio is assigned to the symmetric three-body

dissociation.

In the PFY spectrum of 13-,two absorption bands are observed with peaks around

290 and 360 nm. Compared to the absorption bands of 13-in solution, our PFY spectrum

shows no significant solvent effect except for the band around 290nm, part of which are

affected by the photodetachment process of 13-.

We probe the photodissociation dynamics of the 13-by measuring the translational

energy of the 1:1 and 1:2 mass channel. For the 1:2 mass channel, the photodissociation

of 13-produces the 12-( ~ ) and either spin-orbit ground or the excited state of I atom.

Based on our detection scheme, we assign the 1:1 mass channel as symmetric three-body

dissociation.

ACKNOWLEDGEMENTS

This research is supported by the Director, Office of Energy Research, Office of Basic

Energy Sciences, Chemical Sciences Division, of the U. S. Department of Energy under

Contract No. DE-AC03-76SFOO098.

125



References

1R. E. Buckles, J. P. Yuk, and A. I. Popov, J. Am. Chem. Sot. 74,4379 (1952).

z W. Gabes and D. J. Stufkens, Spectrochim. Acts 30A, 1835 (1974).

s M. Mizuno, J. Tanaka, and I. Harada, J. Phys. Chem. 85, 1789 (1981).

q T. Okada and J. Hata, Mol. Phys. 43, 1151 (1981).

j K. Kaya, N. Mikami, Y. Udagawa, and T. Ito, Chem. Phys. Lett. 16, 151 (1972).

bW. Kiefer and H. J. Bernstein, Chem. Phys. Lett. 16, 5 (1972).

7M. Isci and W. R. Mason, Inorg. Chem. 24, 271 (1985).

gW. Gabes and M. A. M. Nijman-Meester, Inorg. Chem. 12,589 (1973).

gJ. C. Roy, W. H. Hanillm, and R. R, Williams Jr., J. Am. Chem. Sot. 77,2953 (1955).

10P. Fornier De Violet, R. Bonneau, and J. Jooussot-Dubien, Chem. Phys. Lett 28, 569

(1974).

11A. E. Johnson and A. B. Myers, J. Chem. Phys. 102, 3519 (1995).

12U. Banin, A. Waldman, and S. Ruhman, J. Chem. Phys. 96,2416 (1992).

ISU. Banin and S. Ruhman, J. Chem. Phys. 98,4391 (1993).

14U. Banin, R. Kosloff, and S. Ruhman, Israel J. of Chem. 33, 141 (1993).

ISU. Banin, A. Bartana, S. Ruhman, and R. Kosloff, J. Chem. Phys. 101, 8461 (1994).

ISU. Banin, R. Kosloff, and S. Ruhman, Chem. Phys. 183, 289 (1994).

ITU. Banin and S. Ruhman, J. Chem. Phys. 99,9318 (1993).

18T. Kuhne, R. Kuster, and P. Vohringer, Chem. Phys. 233, 161 (1998),

19T. Kuhne and P. Voringer, J. Chem. Phys. 105, 10788 (1996).

20T. Kuhne and P. Vohringer, J. Phys. Chem. A. 102,4177 (1998).

126



21K. Do, T. P. Klein, C. A. Pommerening, and L. S. Sunderlin, J. Am. Sot. Mass

Spectrom. 8,688 (1997).

22T. R. Taylor, K. R. Asmis, M. T. Zanni, and D. M. Neumark, J. Chem. Phys. 110,7607

(1999).

23M. T. Zanni, B. J. Greenblatt, A. V. Davis, and D. M. Neumark, Proceedings of SPIE

3271, 196 (1998).

24M. T. Zanni, B. J. Greenblatt, A. V. Davis, and D. M. Neumark, J. Chem. Phys. 111,

2991 (1999).

~ D. R. Cyr, R. E. Continetti, R. B, Metz, D. L. Osborn, and D. M. Neumark, J. Chem.

Phys. 97,4937 (1992).

~ R. E. Continetti, D. R. Cyr, R. B. Metz, and D. M. Neumark, Chem. Phys. Lett. 182,

406 (1991).

27D. L. Osborn, D. J. Leahy, D. R. Cyr, and D. M. Neumark, J. Chem. Phys. 104, 5026

(1996).

28D. Hanstorp and M. Gustafsson, J. Phys. B. 25, 1773 (1992).

29M. T. Zanni, T. R. Taylor, B. J. Greenblatt, B. Seep, and D. M. Neumark, J. Chem.

Phys. 107,7613 (1997).

soK. P. Huber and G. Herzberg, Molecular Spectra and Molecular Structure. IV.

Constants of Diatomic Molecules (Van Nostrand Reinhold Co., New York, 1979).

31R. S. Mulliken, J. Chem. Phys. 55,288 (1971).

32M. T. Zanni, V. S. Batista, B. J. Greenblatt, W. Ho Miller, ~d D. M. Neum~k, Jo

Chem. Phys, 110,3748 (1999).

NJ. Faeder, N. Delaney, P. E. Malsen, and R. Parson, Chem. Phys. Lett. 270, 196 (1997).

127



w D. G. Truhlar and J. T. Muckerman, in Atom-Molecule Collision Theory - A Guide for

the Experimentalist, edited by R. B. Bernstein (Plenum, New York, 1979), pp. .

35S. K. Kim and D. R. Herschbach, Faraday Discuss. Chem. Sot. 84, 159 (1987).

36A. E. Johnson and A. B. Myers, J. Phys. Chem. 100,7778 (1996).

37P. W. Tasker, Mol. Phys. 33, 511 (1977).

128



Chapter 6. Photodissociation Dvnamics of the Triiodine radical

M

Abstract

The excited states of 13radical are investigated using anion photoelectron

spectroscopy and fast beam photofragment translational spectroscopy. The ground and

three excited states of 13radical are characterized by photoelectron spectroscopy of 13-at

213nm. At selected photon energies (4.59, 4.96, and 5. 17eV), photodissociation of 13

radical is observed, which is the first evidence for electronic transition of 13.Two product

channels from the photodissociation of 13subsequent to the electronic transition are

observed: channels with 1:1and 1:2 fragment mass ratios. The P(E~) distributions for

products with mass ratio 1:2 shows that electronic transitions at the above photon

energies produce 12in various electronic states along with atomic I in its 2P3f2or 2P1/2

state. For the channel with mass ratio 1:1, the P(E~) distributions shows several sharp

peaks with some broad background at low translational energy. This channel is assigned
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1.Introduction

The triiodine radical (13)has been proposed to be a key intermediate in the

halogen atom recombination reaction (1+12+Iz+l).l-b In addition, the existence of stable

excited state of 13radical has been postulated to explain the efficient quenching of

I*(2Pli2) by 12leading to the nearly resonant energy transfer to the I (2PsIZ)+ 12(25cv<43)

products by a non-adiabatic processT-g.Despite the proposed key role of triiodine radical

(1s) in those reactions, only the ground state of Is radical has been proved as a stable

species by anion photoelectron spectroscopy.’o Therefore, there has been little

information on electronic excited states of Is radical and how Is radical dissociates after

electronic excitation. In this paper, we address these issues using a combination of

photoelectron spectroscopy and photofragment translational spectroscopy.

The only experimental data on 13comes from the photoelectron (PES) spectra of

13-.The PES spectrum of 13-anion was taken by Taylor et al. 10and the electron affinity of

13-was determined to be 4.226Ml.O 13eV. They observed the vibrational progression in

the ground state of Is radical and found an excited state 0.27eV above the ground state.

Simulation of the PES spectrum suggests that the Is ground state is linear and

centrosymmetric with a symmetric stretch frequency of 115+5 cm-l and is bound by

O.14eV. In another low-resolution PES spectra by Zanni et al.,11’12two more

electronically excited states of Is radical were identified and found to lie 0.68 and 1.48 eV

above the ground state of 13radical.

However, the ground and excited states of 13radical have not been assigned to

electronic states. Recently, the semiempirical DIM (diatomic in molecules) method was

used to simulate the PES spectrum of Is radical by Margulis et az.’3 In this calculation, the
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ground state of 13radical was identified as the centrosymmetric molecule with LI ( the

projection of total angular momentum on the molecular axis)= 1/2 and was bound by

0.192 eV. This assignment on the ground state differs from the ground state of the

isovalent molecule XeFz+. Photoelectron spectra of XeF2 were taken by Brundle et al. 14

and Yates et al. Is, and the ground and five excited states of XeF2+ were assigned as

2H.,3/2, 2H.,1/2, 2zg,1/2, 2Hg, 2Hu, and 2X~,I/2 StfiteS h order of increasing energy. In addition,

The PES spectrum of C13-was also taken by Kaledin et. al,lb which showed two features.

By comparing the PES spectrum with ab initio calculation,lT these two features were

assigned as the 2HUor 2Z~ states, which were nearly degenerate, and the 211gstate.

In this paper, we investigate the low-lying excited state of 13radical with anion

photoelectron spectroscopy and the higher excited states of 13radical with fast beam

photofragment translational spectroscopy, In anion photoelectron spectroscopy of 13-,

three electronically excited states of 13radical are identified with better resolution than

previously.11 We also investigate the photodissociation of 13radical at selected photon

energies (4.59, 4.96, and 5. 17eV) by preparing a pure source of 13radicals through

photodetachment of the mass-selected 13-anion. We present the first evidence of

electronic transition in 13by observing photodissociation of 13radical and identify the

several dissociation channels, including three-body dissociation of 13.

IL Experimental Setup

Two different instruments, a negative ion photoelectron spectrometer and a fast

radical beam photofragment translational spectrometer, are used for this study. In both,

argon gas (3psig) flows over iodine crystals (12)at the room temperature. The resulting
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mixture supersonically expands through a pulsed valve into the source region of the

apparatus. Anions were generated by a 1 keV electron beam, which crosses the

expansion, and cooled to 20-50 K during expansion.

In the anion photoelectron spectrometer,lg,lg negative ions generated in the ion

source pass through a skimmer into a differentially pumped region. They are extracted

perpendicular to their flow direction by a pulsed electric field and injected into a linear

reflection time-of-flight (TOF) mass spectrometer, zo’z’affording a mass resolution

(n-dAm) of 2000. The ion of interest is selectively photodetached using the fifth harmonic

(5.822 eV) of a pulsed Nd:YAG laser. The electron kinetic energy (eKE) distribution is

determined by TOF analysis in a 1 m field-free flight tube. The energy resolution is 8-10

meV at 0.65 eV and degrades as (eKE)3’2. The data in electron kinetic energy is

converted to electron binding energy (eBE) by subtracting it from the photon energy.

The anion photoelectron is plotted in e13Eas described by equation (1) where EA is the

adiabatic electron affkity and l?’ and E are the internal energies of the neutral and anion,

respectively.

eBE=hv–eKE =EA+EO– E” (1)

The angular dependence of the photodetachment intensity for polarized light and

randomly oriented molecules is given by equation (2) belowzz

do cr,O,~l

[

~+ p(eKE)——
dQ = 4X

~ (3COS2 $- 1)1 (2)

where 9 is the angle between the electric vector of the photon and the direction of

electron ejection, orOtalis the total photodetachment cross section and fleKE) is the

asymmetry parameter (-1 S~2). Each electronic state typically has a characteristic
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asymmetry parameter (B and this can be used to distinguish peaks of overlapping

electronic transitions. The asymmetry parameter of a peak can be calculated23 using

equation (3)

P= 100‘1900+100+ Iwo (3)

where I@and 1% are the intensities of the peak taken at the polarization angles 9= 0°

and 90°.

Photodissociation of 13radical was studied using the fast radical beam

photofragment translational spectrometer. In this instrument,24’25negative ions formed in

the source region are accelerated to 8 keV and separated temporally by a time-of-flight

(TOF) mass spectrometer. The I; ion packet is intersected by a pulsed beam from KrF

excimer laser (248nm) photodetaching some of anions to yield neutral Is radicals. Any

remaining ions are removed by the application of an electrical deflection pulse. The 13

neutral packet is then intersected by linearly polarized pulsed dye laser beam and some of

13neutrals absorb a photon and dissociate. Part of 13-ion can photodissociate instead

photodetch at 248nm. However, any photofragments from ls- are blocked by lmm

pinhole installed before the second laser.

A block strip across the center of detector prevents parent molecules from

reaching the detector, whereas photofragments with sufficient recoil energy miss the

beam block and strike the detector. These fragments are generally detected with high

efficiency (up to 50%) due to their high laboratory kinetic energy.

In the photodissociation experiment, two photofragments from a parent molecule

are collected in coincidence using a time- and position-sensitive detector at a fixed
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wavelength and the dissociation dynamics are investigated. We measure the distance R

between the two fragments on the detector, the time difference% of their arrival, and the

individual displacements of the two fragments, rl and rz, from the detector center for each

dissociation event. From these we obtain the center-of mass translational energy ET, the

scattering angle with respect to laser polarization, 8, and the two photofragment mass

ratio m l/mz via

% _~2(l_~o~——— ~) (4)
m2 q

6 = tan-] (—‘) (5)
Vo”r

E~~EO.&. (vO”~)2+R2
M ~2 (6)

Here E. and V. are the ion beam energy and velocity, respectively, # is the reduced mass

of photofragment, and 1is the flight length from the photodissociation region to the

detector. Although the relative recoil distance R is determined with high precision

(WAR=1OO), the individual recoil distance rl and r2 are less precisely determined due the

finite size of the parent beam, resulting in m/Am = 10. The energy resolution (AET/ET)

under the conditions in these studies is around 2%.

Ill. Results

A. Photoelectron spectrum of 13-anion

Fig. 1 shows the anion photoelectron spectra of ls- taken at 213nm (5.822eV).

These spectra taken at two polarization angles have been normalized with respect to laser

shots to facilitate comparison of peak intensities. All features in the 6=90° spectrum
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(solid line) are much more intense than the features in the 6=0° spectrum (dotted line).

The four main features are labeled as X, A, B, and C in the spectra. The two additional

features labeled with an asterisk (*) are due to photodetachment of r, which is formed

from the photodissociation of the parent 13-anion.

8

z -
* ..-. . “.

1 I I t I t * J

3.0 3.5 4.0 4.5 “5.0 5.5
electron Binding Energy (eV)

Figure 1: Photoelectron spectrum of 13-anion at 5.822eV taken at laser
polarization $ = 90° (the solid line) and 0° (the dotted line).

Absolute peak positions and the asymmetry parameters (~) for corresponding

peaks are listed in Table 1. In the previous PES spectrum at 4.657eV,10 vibrational

structure in the ground state (peak X) was resolved, but the first excited state (peak A)

showed no such structure.’0 The additional features we observe here, B and C, do not

exhibit vibrational structure either.
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Table 1. Peak position and asymmetry parameter (~) for the
13-photoelectron spectrum.

Peak Position Asymmetry Splitting from the origin of

(eV) parameter (~) ~ state of 13(eV).

x 4.254 -0.48 0.028

A 4.533 -0.41 0.307

B 4.869 -0.88 0.643

c 4.933 -0.69 0.707

We first consider the assignment of peaks X and A. Based on the semiempirical

calculation with the spin-orbit coupling, the ground state molecular orbital configuration

for the 13-anion is determined to be ...(CJU)2(@4(@4 (cr~)2(X.*)4.26Removal of an electron

from the highest occupied molecular orbital leaves a 13radical in 211uspin-orbit states

(211u,~J2and 211u,lf2).In addition, the similar asymmetry parameters for peaks X and A in

Table 1 suggests that photoelectrons for these two features might be removed from the

same orbital of 13-.Therefore, peaks X and A are tentatively assigned to 2HU,312and

2HU,1J2states, respectively. This tentative assignment shows good agreement with results’

+ 14is However, it is contradictory to calculation by Margulis eton isovalent species XeFz . ‘

al.,ls which assigned the ground state as the state with f12=l/2. Also, the asymmetry

parameters for peaks X and A showed photon energy dependence and were found to be

0.24 and -0.21 at 266nm, which were misreported in the previous paper.

Peak B shows a little more negative asymmetry parameter than that for peak C.

However, part of peak C is overlapped by peak B, indicating that the asymmetry

parameter for peak C might be much less negative than that of peak B. This difference in

asymmetry parameter suggests these two peaks can be assigned to electronic states
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originated by removing a electron from different orbitals of ls-. Removal of an electron

from the second and third highest occupied molecular orbital leaves a 13radical in 2Z~,1f2,

and 21T~spin-orbit states (211g,312,211~,1tz).Therefore, peaks B, and C are tentatively

assigned as 2Z~,1/2,and one of 211~spin-orbit states (211~,312,211~,11z).In the absence of an

accurate calculation, we cannot make any more specific assignments on the electronic

states of 13.

B. Photodissociation of 13radical

Using the dissociation energy of 1310and the well-known energetic of 1227and 1,28

the energy diagram for 13photodissociation along with three excited states of 13observed

in our PES spectrum is shown in Fig. 2. In the photodissociation experiment, the 13

radical is generated by photodetaching the 13-anion. For most system studied on this

instrument, the energy of photodetachment is just above threshold, so that only radicals

their vibrationally ground state are produced. However, the PES of 13-10shows an

extended progression in a low frequency vibration, so detachment just above threshold

in

does not produce sufficient 13to carry out the experiment. Instead, we detach at 5.00eV,

well above the energy needed to populate the entire ground state Franck-Condon

envelope of vibrational levels, and the three excited states, too. The excited states lie well

above the lowest 1+12asymptote, and we assume they dissociate in the 10p.s delay

between the detachment and dissociation pulses.
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Figure 2: Energetic of 13.The relative energies of three excited states of 13observed in
our PES spectra are shown in solid lines.
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1. Photofragment Mass Ratio (ml/m2)

The photodissociation experiment with Is neutral is performed at selected photon

energies: 4.59, 4.96, and 5.1’7 eV. At these excitation energies, dissociation events are

observed and this is the first evidence of the electronic transition of Is radical.

The first information we get from this experiment is the fragment mass ratio

through equation (4). In Fig. 3, the fragment mass ratio obtained at 4.59eV shows very

broad peaks around 0.5 and 1.0 because of the poor mass resolution (m/Am =10). However,

it clearly shows that there are two product channels occurring at this photon energy:

channels with 1:2 and 1:1 mass ratios.

I I I I I I

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Fragment Mass Ratio (ml/mJ
Figure 3: Photofragment mass ratio (ml/m2) of 13at photon energy
of 4.59 eV (270nm).

shown in Fig. 2, there are several product channels that are thermodynamically

As

feasible:
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13(x ) + hvphoton ~ I(2Ps,2) + Iz (X 1E: )

I*(2P1/2)+ 1*(X 1Z; )

I(2pq/2) +12 (B 3~u,~ )

I*(2PI,2) + 1*(B 3HU,0)

I(2P31*) + I(2P3(*) + I(2P3/*)

1*(2P,/2) + 1(2P3/2) + 1(2P3/2)

I*(*PI/z) + I*(2P1/*)+ I(2p3/2)

Do =0.14* 0.06 eV (channel 1)

1.08 i- 0.06 eV (channel 2)

2.10 t 0.06 eV (channel 3)

3.04 * 0.06 eV (channel 4)

1.69 * 0.06 eV (channel 5)

2.6310.06 eV (channel 6)

3.57 k 0.06 eV (channel 7)

I*(2P1/2)+ I*(2P1/*)+ I*(2p112) 4.51 ~ 0.06 eV (channel 8)

In addition to the above channels, the low-lying excited states of 1*(A’ 3112Uand A 3111U)

are also accessible at excitation used here. However, we cannot distinguish I (or I*) + 12

(A’ 311ZUand A 3111u)from I (or I*) + vibrationally excited 1*in the X state.

Channels 1-4 are two-body dissociation and channels 5-8 are three-body

dissociation channels. In our dynamics experiment, only two photofragments from the

parent molecule are collected in coincidence. Therefore, the two-body dissociation of 13

generates the channel with 1:2 fragment mass ratio. However, if the 13radicals undergo

symmetric three-body dissociation, the two end atoms fly apart at approximately the

same speed and the middle one follows the same trajectory of parent molecule and will

hit the beam block in front of detector. As a result, symmetric three-body dissociation of

13can generate the channel with 1:1 mass ratio in our experiment. Therefore, we assign

peaks around 0.5 and 1.0 in Fig. 3 as two-body dissociation and symmetric three-body

dissociation of 13radical, respectively. In the photodissociation experiment of 13-,29two-
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and symmetric three-body dissociation were observed, yielding a similar distribution for

fragment mass ratio.

At every photon energy we probed, a similar product mass ratio is obtained. For

each channel, the joint translational energy and angular distribution is given by

P(E~,(3) = p(E~).(l+~(Ez-) .(3cos2e-1)/2) (7)

Here, ET is the translational energy release, 6 is the angle between the photofragment

recoil velocity vector and the laser polarization, and ~(ET) is the anisotropy parameter.

For the channel with 1:1 mass ratio, ~= 1/2 mr (mI = mass of I atom) in equation (6) as

discussed previously. The limiting cases of sin2e and COS2(3angular distributions are

given by ~ = -1 and +2, respectively. Generally speaking, a parallel transition yields

fl>O, whereas ~eO for a perpendicular transition.

We find ~>0 for both mass channels, suggesting that the electronic transition is a

parallel transition. However, accurate measurement of the ~ parameter is hampered

because the geometrical constraint of detector allows us to collect photofragments only

at very restricted angles.

2. 1:2 mass channel

For the channel with 1:2 mass ratio, P(E~) distributions are shown in Fig. 4 (a)-

(c). The P(E~) distributions show several trends with increasing photon energy. At the

lowest excitation energy (4.59eV)j three features labeled as A, B, and C in Fig. 4 (a) are

visible. As the photon energy increases, the feature C remains at the same ET and features

B and C moves to the higher ET. Also, with increasing excitation energy, another feature,

labeled as C’ in Fig. 4 (b) and (c), becomes visible between features A and B,
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At every excitation energy, channels 1-4 are energetically possible. The four

combs in each plot show the maximum and minimum translational energies for channels

1-4; at energies below the minimum, the 12internal energy would exceed its bond

dissociation energy and it would dissociate long before reaching the detector. Then we

compare those ranges with appearances of features A, B, C, and C’. Through this

comparison, the feature A is assigned as channel 1 because of the nice agreement

between the range of channel 1 and the feature A. For the same reason, the feature B can

be assigned as either channel 2 or channel 3. However, we cannot distinguish channel 3

from 2, because the ranges of channel 3 is overlapped by that of channel 2. Therefore, we

assign feature B as a combination of channels 2 and 3. At the two highest excitation

energies (4.96 and 5. 17eV), the feature C’ can be assigned as channel 4. However, the

range of channel 4 overlaps that of the feature C at the lowest excitation energy (4.59

eV). Therefore, it is not clear whether channel 4 is produced at that excitation energy.

The assignment of the feature C is not clear, because there is no stable 12+ I channel in

those energy range. Therefore, the origin of feature C is related to three-body dissociation

and considered in the next section.
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Figure 4: Translational energy P(E~) distributions of 13at photon energies shown
at the right upper corner of each plot: (a)-(c) with 1:2 mass ratio and (d)-(f) with
1:1 mass ratio.
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1:1 mass channel

Fig. 4 (d)-(f) shows the P(E~) distributions for the 1:1 mass channel. Our P(ET)

distributions shows several sharp peaks along with broad feature around ET= 1.OeV. The

three-body dissociation of 13generates three I atoms, in which all the available energy

goes to the translational or possible electronic energy of photofragments. At every photon

energy we probed, channels 5-8 are energetically possible for the three-body dissociation

of 13.The expected ET for each channel is marked by arrow in Fig. 4 (d)- (f). Positions of

sharp features show excellent agreement with positions of arrows, providing further proof

that the three-body dissociation is symmetric and the ground state of 13radical is linear

and centrosymmetric. It is clear that channels 5 and 6 are active at every excitation

energy. Channel 7 becomes visible at hv> 4.96eV and channel 8 is not seen at any energy

used here.

While the sharp peaks in Fig. 4 (d)-(f) correspond to the appropriate kinetic

energies for symmetric three-body dissociation, we note that (a) the peaks are

considerable y broader than the experimental kinetic energy resolution, -300meV vs.

-20meV, and (b) there are broad features in addition to the sharp peaks. The similar

behavior was observed in the previous photodissociation study of 13-,29in which

symmetric three-body dissociation was observed with the same instrument as we use in

this study. Therefore, we compare our results with three-body dissociation of 13-.

First, in Ii dissociation, they observed the broader peaks (-150meV) than

instrumental resolution (-20meV), which correspond to symmetric three-body

dissociation. Using classical trajectory calculations, it was demonstrated that trajectories

for symmetric three-body dissociation do not exactly follow symmetric stretching
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coordinate leading to broadening of peaks. However, the width (-300meV) of peaks in

three-body dissociation of 13is much wider than that (- 150meV) of 13-.This difference

can be explained by the initial condition of 13-and 13parent molecules. As discussed in

the first paragraph of Sect. III. B;, the vibrationally hot 13radical is generated in the

photodetachment process, while only the vibrationally cold 13-was prepared through the

supersonic expansion. Therefore, peaks for symmetric three-body dissociation of 13might

be broadened by a combination of the small spread of symmetric three-body dissociation

along the asymmetric stretching coordinate and the generation of vibrationally excited 13

radical in the photodetachment process. .

Second, broad features were observed at low ET in both 1:1 mass channel from 13-

and 13dissociation. In our classical trajectory calculation of ls-, some trajectories, which

produce three-body dissociation, spread so much along asymmetric stretching coordinate

during the dissociation that some of those can be detected as 1:1 or 1:2 mass channels in

experimental setup. However, none of trajectories reach the repulsive wall of 12-product

valley, thus can be still assigned as symmetric three-body dissociation. In that sense,

broad features at low ET in 13-photodissociation were assigned as those types of

symmetric three-body dissociation.

However, in photodissociation study with 13,broad features around 1.OeV in Fig.

4 (d)-(f) are much larger than those in 13-dissociation and are similar in width and

position of feature C in Fig. 4 (a)-(c). Part of P(Ez-)distribution in 1:2 mass channel are

assigned as channel 3 and 4, which produce the predksociative B state of 12product.

Therefore, part of 12product in the B state, which undergoes the radiation decay to the

ground state of 12,can be detected as 1:2 mass channel leading to feature C’ in Fig. 4 (b)
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(a)

and (c), while rest of 12in the B state can predissociate and produce the asymmetric three-

body dissociation through process (a).

Iq-+ I +IZ(B) predisscciation>1+1+1

I*+ Iz (B) predissociation >1*+1+1

In addition, various repulsive states of 12,which correlate with two I atoms in the spin-

orbit ground or excited states, are energetically accessible. Therefore, there is no 12

product valley in the potential energy surface of 13involving these repulsive states. In that

sense, broad features around 1.OeV in Fig. 4 (d)-(f) and feature C in Fig. 4 (a)-(c) are

tentatively assigned as asymmetric three-body dissociation.

Iv. Discussion

In anion photoelectron spectroscopy of 13-,the ground and three low-lying excited

states of 13are observed. The existence of low-lying excited states of 13was postulated by

Leone and Houston in the quenching experiment (I*+Iz+I+Iz(v=25 -43)).7-9As shown in

Fig. 2, three excited states of 13radical observed in our PES spectrum lie above the first

dissociation limit (1+12(X)) and below the second dissociation limit (1*+12(X)). From the

dissociation asymptote of I(2P312)+12(X),two electronic states can be generated: states

with either $2 = 3/2 or 1/2. Therefore, two of the four states observed in the PES spectrum

can adiabatically correlate with I(2P3f2)+12(X),suggesting that either of other two states

might correlate with 1*+12(X). Therefore, one of the three excited states observed in PES

spectrum might be responsible for the efficient quenching of I* by 12in 1*+12reaction.

We investigate higher excited state in the range of 4.59-5.17 eV above the ground

state of 13by fast beam photofragment translational spectroscopy. First, consider the
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nature of the electronic state of 13in that range. Our photodissociation experiment shows

that the electronic transition of 13radical at photon energies of 4.59, 4.96, and 5. 17eV is a

parallel transition, suggesting the excited state of 13in those photon energy ranges has the

same value of Q as the ground state of 13.

At every excitation energy, we observe multiple dissociation channels. However,

it is very difficult to calculate the branching ratio for these various dissociation channels

for following reasons: 1) some of dissociation channels share the same range of ET and 2)

it is difficult to estimate the effect of asymmetric three-body dissociation on 1:2 and 1:2

mass channel in Fig.4. However, some general trends are observed. First, at every

excitation energy, the lowest dissociation channels for 2-body (1+12(X)) and 3-body

dissociation (1+1+~ are not dominant channels. As shown in Fig.4, at every excitation

energy, feature B (channel 2 and 3) is larger than feature A (channel 1) and the peaks for

channel 5 are much smaller than peaks for channels 6 and 7. This indicates that 13

dissociation at those excitation energy preferentially produce the excited state of product.

Second, a peak for channel 8 (1*+1*+1*) was not observed in Fig. 4 (d)-(f). In the

potential energy curve of 12,only repulsive states of 12correlate with 1*+1*. Therefore,

there is no 12product valley in potential energy surfaces of 13for channel 8. This might

cause the majority of dissociation of 13on those potential energy surfaces to undergo the

asymmetric three-body dissociation, which is consistent with our tentative assignment on

the broad features at low ET in Fig. 4.

Photodissociation of 13radical shows the interesting dissociation dynamics,

However, most of processes cannot be fully understood for lack of theoretical
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information on the excited states of 13radical. We hope that this study encourages people

to pursuit the potential energy surface of the excited state of 13radical.
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Appendix

Fortran Code for Phase-Space theory calculation

program pst_c2c3

c This program is designed to calculate p(ET)ditribution using PST
c theory, especially for C5-~ C2+C3

real pst(10000), Eavl 1(100), Eav12(300)
real amu(lO), rho(10000)
integer llmax(5),imu(10)

open(unit= 12, file= ’pst.out’)
write(*,*) ‘excitation energy in eV ?’
read(*,*) Eext
write(*,*) ‘Dissociation Energy in eV ?’
read(*,*) Do
write(*,*) ‘step size in cm-1 ?’
read(*,*) step
write(*,*) ‘peak height’
read(*,*) peak

c Lennard-Jones potential is used to find the centrifugal barrier.
write(*,*) ‘value of C6 in eV A*6 ?’
read(*,*) multi
write(*,*) ‘Cheking progress every rr step?’
read(*,*) rr

c rotational constant and vibrational frequencies for C3

B1 = 0.4305
amu(l) = 1224.5
arnu(2) = 2040.02
arnu(3) = 63.41
amu(4) = 63.41

c rotational constant and vibrational frequencies for C2
B2 = 1.8198
amu(5) = 1854.71

rumass = 14.4
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do i= 1,5
imu(i) = Nint(amu(i)lstep)
enddo

Eavl = (Eext-Do)*8065.479
nmax = Nint(Eavl/step)

pstmax = 0.0
do nl = 1,nmax
pst(nl) = 0.0
enddo

do ij = 1, nmax
rho(ij) = 0.0
enddo
rho(0) = 1.0

doii=l,5
do jj = imu(ii), nmax

rho~j) = rho(jj)+rho(jj-imu(ii))
enddo

enddo
write(*,*) nmax
do j = O, nmax

Eavll(j) = Eavl - j*step* 1.0
kmax = sqnt(Eavll(j)/B 1+0.25)-0.5

if (Nint(j/rr)-j/rr.eq. O.0) write(*,*) j, Eavl 1(j)

do k = O, kmax

Eav12(k) = Eavll(j) - Bl*k*(k+l .0)
kkmax = sqrt(Eav12(k)/B2+0 .25)-O.5

do kk = O, kkmax
Et= Eav12(k) - B2*kk*(kk+l .0)
m = Nint(Et./step)

C6 = multi
llmax=sqfi(910.3748368 *mmms*c6**0.33* (Eti8065.479)**0.66+0.25 )-.5

if (llmax.le.abs(k-kk)) goto 100
if (llmax.ge.abs(k+kk)) then
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pst(m) = pst(m) + (1 + k + kk - abs(k-kk))”rho~)
else

pst(m) = pst(m) + (llmaxo - abs(k-kk) + l)%ho(j)
endif

if (pst(m).gt.pstmax) pstmax = pst(m)

100 enddo

enddo
enddo

write(*,*) pstmax
do nn=l ,nmax
write( 12,*)nn*step/8065 .479,pst(nn)*peaMpstmax
enddo

stop
end
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