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A novel experimental technique to measure the energy-dependent unimolecular dissociaki®) cditeadical

species is presented. Internally-excitedsCB radicals were formed by ultraviolet photodissociation o§CH

COCI, and the subsequent decay of these radicals was detected by subpicosecond time-clocked photofragment
imaging. The CHCO radicals with different internal energies were dispersed in space by their recoil velocities,
and their decay rates were measured for each internal energy. The dissociation ratef££of @Hicals
determined were an order of magnitude smaller than those calculated byRRiogespergerKassel-Marcus

theory.

Introduction

Unimolecular reaction of small molecules is governed by
detailed dynamics on potential energy surface(s), and it is
manifested by characteristic internal state and scattering distri-
butions of the products. In the reaction of large molecules,
however, a large phase space is accessed by intramolecular mode
coupling, so that it tends to exhibit statistical behavior. In the
latter case, the dynamical influence on the internal state and
scattering distributions diminishes, and the reaction is character-
ized by its rate. Experimental investigations of the reaction of
large molecules, therefore, are directed to the measurements of
reaction rates and the comparison with statistical theories such
as Rice-RamspergerKasset-Marcus (RRKM) theory.?

Reaction rate&(E) have been measured by various energi-
zation methods of molecules, such as shock tube, infrared
multiphoton absorption, overtone excitation, electronic excitation
followed by electronic relaxation, and stimulated emission
pumping!? However, application of these methods to free
radicals has been scarce. It is noted that these reactive species
have rather low energy barriers for dissociation, so that
intramolecular vibrational energy redistribution (IVR) may
compete with the dissociation, thereby attracting much attention
to the reaction of free radicals. For investigating unimolecular
reaction of free radicals, an experimental method that allows
efficient excitation of radicals into a range of internal energies
and the measurements of the subsequent decay of radicals for
each internal energy is necessary. In the present paper, we
propose a novel experimental technique that comprises these
two features.

The method is schematically shown in Figure 1. The radicals
R, are produced by photodissociation of moleculesXRn a
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' Figure 1. (a) Dispersion of radicals by their translational energy. (b)
Energy diagram of photodissociation of acetyl chloride and secondary

molecular beam. By irradiation of the pump laser pulse, radicals dissociation of the acetyl radical.
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are ejected into space with various internal energies. With a
certain pump-probe time delay, the radicals are ionized by
multiphoton ionization by a probe laser pulse. When an atom
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X'is created in a single quantum state (e.g., the ground state),
the translational energy of R will relate with the internal energy
of R due to energy and momentum conservation laws. Then,
the radicals with small internal energy have large translational
energy and are deflected from the molecular beam, while the
radicals with larger internal energy have smaller translational
energy and remain close to the molecular beam. In this way,
the radicals R with different internal energies are dispersed in
space and detected by a two-dimensional position sensitive
detecto~5 If the radical has sufficient internal energy to —
surmount the barrier for the secondary dissociation-FA + 0 1.0kmis
B, it will decompose before being ionized by a probe laser pulse. (b)
Disappearance of the radical with a certain translational energy
is visualized by two-dimensional ion imaging, so that a series
of images taken by varying the pumprobe time delay allows

the observation of the decay of energy-dispersed radicals. Time-
resolved observation of metastable radicals produced by pho-
todissociation has already been demonstrated by Kim%tal.
The novel feature of our experiment, however, is the dispersion
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of the radicals R with different internal energy, which is the 0'Oo 45 90 135 180
key to relate the decay rate to the internal endegy Angle / degree
The ultraviolet photodissociation of acetyl chloride has been 1
studied by several workePs25 It is known that the €& Cl bond Internal Energy / kcalmol
is immediately dissociated upon photoexcitation to'{me*) ( ) 210 1|0 0 '110

state due to the surface crossing betweerliher*) localized

on the G=0 bond and(n, ¢*) localized on the G-CI bond?1415
Furthermore, North et &P.have obtained an energy barrier value
for the secondary dissociation of @EO into CH; and CO of

17 £ 1 kcal/mol from the comparison of the translational energy
distributions of CHCO and Cl fragments in photofragment

translational spectroscopy (PTS8). Deshmukh et al. have Q&R |
observed Chland CO in 236 nm photodissociation of acetyl 0 10 20 30 40
chloride, which they assigned to the products of the secondary C.0.M. Tran. Energy / kcalmol™

dissociation of CHCO112 |n the present paper, the decay of

the metastable C4#€£O radical is observed in real time as a Figure 2. (a) 2D ion image of the CCO radical produced by 255

nm photodissociation of C¥£OCI. The pump-probe time delay is 10

function of its internal energy. ps, and the pump and probe laser polarization are vertical in the plane.
The image was accumulated for 1:4 1(° laser shots. (b) Angular
Experimental Section distribution of the CHCO radicals after the dissociation, with center-

of-mass translational energy release of ¥£6.2 kcal/mol. (c) Center-

A supersonic beam, 1 mm in diameter (full width at half- of-mass translational energy release in 255 nm photodissociation of
maximum; fwhm), was introduced into a time-of-flight (TOF) CHsCOCI. The internal energy of GO produced in the ClPs)
mass spectrometer in the direction parallel to the electric field channels is also indicated.
vectorl”18 A sample gas,<1.25-5% seeded in He, was )
expanded with a stagnation pressure of 700 Torr relative to the channel plate (MCP) backed by a phosphor screen. A high-
vacuum. The output from an Arlaser-pumped Ti:Sapphire ~ Voltage pulse 1800 V in height and 26800 ns in duration
laser was amplified with a regenerative amplifier pumped by a Was applied to the MCP to time-gate D" ions. Subse-

10 Hz Nd:YAG laser. The time duration and energy of the duently, a transient image on the screen was captured by a
amplified pulses were 150-200 fs and 6 mJ/pulse (at 765 nm), Peltier-cooled CCD camera (512 512 pixels) and was
respectively. Thepump pulse at 255 nm was generated by accumulated for 18 000144 000 laser shots. An inverse Abel
sequential doubling and mixing processes in B«BaB,04 f[rans_forr.n was performed on the 2D data to reconstruct the 3D
(BBO) crystals. The typical pump laser power used was about 10N distributions.

50ud/pulse. The fundamental (760 nm) of a +@BDOuJ/pulse
was used as probepulse, and the time delay between the pump
and probe pulses was varied with a micrometer-driven optical  (a) Primary C—Cl Bond Rupture in CH3COCI. The 2D
delay stage. Both pump and probe laser pulses were coaxiallyion image of CHCO produced by 255 nm photodissociation
aligned with a dichroic mirror and focusefi€{ 300 mm) onto of CH3COCI is shown in Figure 2a. The pumprobe time

the molecular beam; the probe beam focus was outside of thedelay is 10 ps. This image was obtained by subtracting the
molecular beam because of chromatic aberration. Typical cross-one-color background signals due to the pump and probe lasers
correlation between the pump and probe pulses was 350 fsfrom the two-color data. It is clearly seen that the {Ci@
(fwhm). Both the pump and probe laser polarization were radicals are ejected primarily parallel to the pump laser
aligned parallel to the imaging detector to ensure the cylindrical polarization €45 which is vertical in the figure. More
symmetry of ion distributions that is necessary for an inverse quantitatively, the angular distributioR(0), was obtained from
Abel transform of the data. an inverse Abel transform of the image, as shown in Figure 2b.

The ions produced were accelerated up to a kinetic energy The distribution was expressed well by the following standard
of 2—5 keV by an electric field and projected onto a micro- formula:

Results and Discussion
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P(6 ) = ol4n[1 + BP,(cosh)] (1)
where§ is the angle between the electric vector of the pump
laser and the recoil velocity,(X) is the second-order Legendre
polynomial, andg is an anisotropy parameter. By a least-
squares fitting of the formula to the observed dgtajas found

to be 0.9+ 0.1, which is in agreement with former repotis.

A high anisotropy indicates that the-CI bond rupture occurred
faster than molecular rotation of GHOCI. For instantaneous
dissociation,$ is given by P,(cosy), wherey is the angle
between the transition dipole momenj (n the parent molecule
and the recoil velocity. From the observed anisotropy param-
eter,y is calculated to be 3% 2°.

The speed distributionP(v), of CH;CO was obtained by
integrating the angular part of the inverse Abel-transformed data.
Then, transformation from the velocity to energy space was
performed to obtain center-of-mass translational energy distribu-
tion, P(Er), which is shown in Figure 2c. The translational

energy release has a Gaussian shape, in accord with previous

studies®10

(b) Secondary C-C Bond Rupture in CH3CO. We have
measured the ion images of @ED radicals as a function of
the pump-probe time delay up to 600 ps, and obtairi¥é&r)
at each delay time from inverse Abel transforms of the data.
Comparing theP(Er) obtained by independent measurements
at the same pumpprobe time delay, the experimental uncer-
tainty of P(Er) has been estimated to be about 10% at each
translational energy. The total signal intensity at a certain delay
time varied within a factor of 2, due to the change in the
alignment of the laser beams, so that the following normalization
procedure ofP(Er) was employed. Since the energy barrier
for the secondary dissociation of @EO has been estimated to
be 17 kcal/mok®19 the P(Et) corresponding to an internal
energy of less than 9 kcal/mol for GO should be invariant
to the pump-probe time delay. Then, the relative intensity,
I(E1 = Er = Ey,) of the particular part of the(E; < Er < Ey),
with respect to theP(Es < Er < E4) can be normalized as
follows

Je ?P(ET) dE; (metastable part)

I(E,<E;<E)= 5
/'Es P(E;) dE; (stable part)

In our analysis, we chose; = 20.2 andEs = 24.4 kcal/mol.

In Figure 3, the intensities of each translational energy range
of interest €each internal energy due to an energy conservation
law) thus obtained are plotted against the delay time.

Note that each decay in Figure 3 exhibits a bimodal feature,
either a biexponential or a single exponential with a constant,
which is attributed to the two different internal energies of the
acetyl radical. Since the counterpart Cl fragment has two
accessible spinorbit states?Ps; and?Py, separated by 2.5 kcal/
mol, each translational energy of @EO actually corresponds
to two internal energies of GI€O,

CH,COCI— CH,CO+ CI(*Ps,): E;y=Esy — Eqans

— CH,CO+ CI(*P,): E, =E, —
Eians— 2.5 kcal/mol

The fine structure branching [CI*]/([CI}+ [CI*]) in 236 hm
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Figure 3. Signal intensity of CHCO with different internal energy
observed by varying pumgprobe time delay. The error bars shown
correspond to 10% of each value. Note that each translational energy
corresponds to two internal energies of the acetyl radical due to the
two spin—orbit states of a Cl atom: (a) 1# 1 and 14.5+ 1; (b) 19

4+ 1land 16.5+ 1,214+ 1 and 18.5+ 1; (c) 23+ 1 and 20.5+ 1
kcal/mol.

due to the frequency width of the pump laser pulsey(~ 0.5
kcal/mol) was negligible.

Though there is a paucity of data on the excited electronic
state of the acetyl radical, it has been suggested that the first
excited doublet state is located at about 30 kcal/mol higher than
the ground staté2! which is not accessible in the present
experiment. Furthermore, from the electronic configuration, the
dissociation leading to the excited state of L seems
unlikely. Thus, the formation of the metastable excited
electronic state of the acetyl radical can be ruled out.

In Figure 3, it is clearly seen that the radicals with higher
internal energies decay faster. More quantitatively, the decay
rates at each internal energy have been estimated by least-
squares fitting of a single-exponential or double-exponential
decay to each plot, as shown in Figure 4. For comparison,
RRKM calculations were performed to estimate the unimolecu-
lar dissociation rate of the acetyl radical. Fundamental vibra-
tional frequencies and the vibrational frequencies at the transition
state reported by Deshmukh et!al(MP2/cc-pVTZ) were
employed. As seen in Figure 5, the decay rates observed for
each internal energy were an order of magnitude smaller than
those calculated by RRKM theory.

The dissociation rates shown in Figure 4 were calculated by
assuming harmonic oscillators for all vibrational modes; how-
ever, the agreement with the experimental data is not much

photodissaociation of acetyl chloride has been reported to be 0.4improved by anharmonic correction of the vibrations. Anhar-

+ 0.02 by Deshmukh et al}, so that formation of CI* cannot
be neglected. Distribution of the internal energy of i@

monic correction of stretching vibrations reduces the RRKM
rate calculated; however, this correction is estimated to be within
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and Cl atoms) with the geometry at the crossing point(of
Barrier / a*) and (n, o%) calculated by the ab initio _met_hé?ipredicts
=17 kcalmol | .~ that the acetyl radical is excited around ghaxis with an energy

of 14 kcal/mol, which is considered to be an overestimation.
Since the acetyl radical is relaxed gradually to the planar

structure on thé(n, ¢*) surface, C-Cl stretching is strongly

19 kealimol

coupled with C-CI bending. This leads to smaller rotational
excitation of the acetyl radical. It is noted that an impulsive
‘ model is only applicable to the system where anisotropy of the
rimental. PES is smalt4
Kim et al. have performed femtosecond puagvobe mass
spectrometry on photodissociation of acetone, diethyl ketone,
and methyl ethyl keton&.®8 These molecules were excited by
16 18 20 29 24 tvvp-photon absorption of 307 nm light, which induced the
Eint/ kcalmol™ primary C-C bond cleavage within 1_00 fs. It was found that
Figure 4. Dissociation rate obtained from subpicosecond time-clocked t.he .metaStable GO and QHSCO radicals thus produced have
imaging by single-exponential fitting. Same symbols are used for the lifetimes of 550-900 fs Wh'Ch are about an order of magnitude
decay rate plotted in this figure and the decay curve presented in Figure/Onger than those predicted by RRKM theér§. Due to the
3, from which the rate has been determined. Variation of signal intensity difference in the primary dissociation mechanism and in
of 10% and a limited observation time up to 600 ps do not allow us to energetics between the experiment by Kim et-8land ours,
determine the decay rate in the shaded area. The solid line shows thenternal excitation of CHCO is quite different. Nonetheless,
RRKM rate calculated for a barrier hgight of 17 kc_al/n_wol and the broken poth experiments point to the discrepancy between the experi-
line for 19 kcal/mol, where no rotational excitation is assumed. mental result and statistical calculations in the dissociation of

. the CHCO radical.
a factor of 2, and cannot account for the discrepancy between H

calculation and experimental result. When Ltérsion is

approximated by a free rotor, the RRKM rate increaes.
The agreement between the observed rate and an RRKM Subpicosecond time-clocked photofragment imaging was

calculation can be improved if the barrier is higher than 17 kcal/ €mployed to measure the energy-dependent dissociatiok(Ejte

mol. Watkins and Word have suggested 17 kcal/mol by Of radical species. The GO radicals were formed by

extensive kinetics mesuremenfsand North et al. suggested  ultraviolet photodissociation of GJEOCI, and the subsequent

17 + 1 kcal/mol by PTS? On the other hand, recent ab initio ~ decay of these radicals was observed. The decay rates observed

calculations at the MP2/cc-pVTZ level have provided a larger for each internal energy were an order of magnitude smaller

barrier height of 18.7 kcal/mdf However, more accurate ab than those calculated by RRKM theory. It is likely that IVR

initio calculations (6-31++G/MP4SDTQ) predict a lower  and/or vibration-rotation energy exchange prior teCbond

barrier height of 16.3 kcal/mol (with zero-point energy correc- rupture is restricted. The present study demonstrates the

tion) 22 Thus, the barrier height is best estimated to bet1¥ potential of time-resolved photofragment imaging for the study

kcal/mol and not higher. In fact, acetyl radical w, ~ 17 of unimolecular reaction of free radical species.

kcal/mol seems decaying, indicating that the real barrier could
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