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Above-Threshold Effects in the Photodissociation and Photoionization of lodobenzehe

I. Introduction

The competition between photoionization and photodisso-
ciation is inherently interesting because it is typically a
multielectron and multicontinuum proce’ssn conventional
studies with weak visible or ultraviolet radiation, a molecule
absorbs a single photon and dissociates on the lowest potentia
energy surface accessible within the Fran€ondon window.

Sujatha Unny, Yan Du, Langchi Zhu, Kaspars Truhins, and Robert J. Gordon*

Department of Chemistry (m/c 111), Warsity of lllinois at Chicago, 845 West Taylor Street,
Chicago, lllinois 60607-7061

Akihiro Sugita and Masahiro Kawasaki
Department of Molecular Engineering, Kyoto Warsity, Kyoto 606-8501, Japan

Y. Matsumi
Solar Terrestrial Emironment Laboratory, Nagoya Unérsity, Toyokawa 442-8505, Japan

Ralph Delmdahl and David H. Parker

Department of Molecular and Laser Physics, barisity of Nijmegen,
Toernoobeld 1, 6523 ED Nijmegen, The Netherlands

Attila Bercest
Steacie Institute for Molecular Sciences, National Research Council of Canada, Ottawa K1A 0OR6, Canada

Receied: October 17, 2000; In Final Form: Nember 30, 2000

The method of velocity map imaging is used to investigate the photoinduced dynamics of iodobenzene in
weak laser fields as well as in fields of sufficient intensity to produce multiphoton excitation without dressing
the potential energy surfaces. The speed and angular distributions of the recoiling iodine atoms observed
with weak fields at 266 and 304 nm are in good agreement with previous studies, showing evidence of
dissociation via ry* and sr,t* states. Density functional theory calculations are used to determine the energies
of the excited states. lon and electron images produced with intense visible radiatier6(®82@m, 3x 10'°

to 5 x 102 W/cm?) show both two-photon threshold dissociation and higher order (four- to seven-photon)
ionization processes. A unique characteristic of thentages obtained with intense visible radiation is a
continuous, hourglass-shaped feature peaked at zero kinetic energy, displaying highly nonstatistical speed
and angular distributions. A mechanism that is consistent with all of the observations is dissociative
autoionization of a superexcited repulsive Rydberg state.

nisms. Even though absorption of a single photon may be
sufficient to dissociate the molecule, above-threshold absorption
of additional photoriscan lead to ionization and dissociation
on higher potential energy surfaces. For polyatomic molecules,
the competition between dissociation and above-threshold
Flbsorption opens the door to population of vibrational degrees
of freedom that might not normally be accessible from the

For example, in synchrotron experiments an extreme ultraviolet ground state. Still richer behavior becomes possible in fields

photon excites a molecule, AB, to a neutral superexcited state,
AB** which can decay either by predissociation (to formtA

strong enough to alter the potential energy that binds the
molecule. In such strong fields, phenomena such as bond

B* or A* + B-) or by autoionization (to form AB + e). softening, stabilization, and field-induced tunneling become
Dissociative ionization (to form A+ B + e7) occurs if the possible
ionic state is unbound. In this study we have investigated the multiphoton dissocia-

Much more complex dynamics becomes possible with intense tion and ionization of iodobenzene in an electromagnetic field
coherent radiation. Irradiation with visible or UV lasers at of intermediate intensity. Alkyl and aryl iodides have been
intensities sufficient to induce multiphoton absorption opens the extensively studied as models of large molecules displaying
possibilities of ladder switching and ladder climbing mecha- complex photoinduced dynamics. The aryl iodides are especially

interesting because of the presence of a second chromophore

TPart of the special issue “Aron Kuppermann Festschrift’. in the form of the aromatiz-electron system. The phenyl ring
* To whom correspondence should be addressed. E-mail: rigordon@ serves as an energy reservoir for the molecule, while funneling
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Current address: Novartis Forschungsinstitut GmbH, Brunner Strasse €N€rgy into the €1 reaction coordinate. The many potential
59, A-1235 Vienna, Austria. energy surfaces generated by these two chromophores produce
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multiple paths to higher energy dissociation and ionization beam source, the ionization chamber, and the flight tube were
channels, which compete with single-photon threshold dissocia- each differentially pumped. The laser was aligned perpendicular
tion. to the flight axis and focused onto the molecular beam between
Previous studies of the photodissociation of iodobenzene the repeller and extractor electrodes. lons produced in this region
using weak nanosecond lasers, performed by the research groupgere accelerated and focused onto a gated microchannel plate
of Bersohrtt~8 El-Sayed,~12 Smalley!* and Leoné? revealed (MCP) assembly (Galileo 3040FM) mounted on the end of the
two distinct reaction mechanisms: a direct dissociation causedflight tube. The electrode voltages were typically 2.61 kV for
by excitation to an antibonding ot state and an indirect  the repeller and 1.33 kV for the extractor.
dissociation caused by a transition taa* state of the phenyl Electrons produced on the MCP were accelerated by a 2.0
ring that is predissociated by theof,state. The former is  kV potential difference across the MCP onto a P47 phosphor
analogous to the Q-manifold of HI and @lHwhereas the latter  screen. Mass discrimination was achieved by gating the potential
is analogous to thélLy (!Bz, — 'Ajg) transition in benzene.  on the front plate of the MCP from 0 te500 V at the arrival
These two transitions overlap in the weak A-band of iodoben- time of the detected ion. The MCP anode voltage (applied to
zene, lying between 240 and 320 AfnAn analysis of the  the phosphor) was 3.1 kV. The image produced on the phosphor
anisotropy of the recoiling fragments performed by El Sayed screen was captured by a CCD camera (Sensoray SX11 frame
et al.}>*2and later confirmed by real-time measurements of grabber and COHO 4910 camera) and averaged in a laboratory
Zewall et al.}"'8revealed that the direct, at, process occurs  computer. Typically, 20 000 laser shots were averaged to

in less than a rotational period, whereas the indirect* produce a two-dimensional map of the transverse recoil velocity
process occurs on the same time scale as rotation. of the gated ions. A slice of the full three-dimensional velocity

Multiphoton ionization of iodobenzene has been studied a distribution was generated by an inversion procedure developed
number of times with both nanosecéfé® and shorte 2! by Matsumi et a3

pulses. The absence of the parent ion in any of the nanosecond The Kyoto apparatus is similar to that in Chicago, except for
studies was attributed to the very rapid predissociation of the g flight length of 60 cm and the use of 1 atm of Ar as a carrier
S, state. Smalley et &f. placed an upper bound of 25 fs onthe  gas. In some of the measurements a two-color pump-and-probe
lifetime of this state, somewhat shorter than the later measure-gcheme, employing the fourth harmonic of a Nd:YAG laser
ments of Zewail et at”1® . . . (Quantel, Brilliant b) as the photolysis source and a Nd:YAG-
In the present paper we investigate the effects of laser fields pumped dye laser (Quantel, Brilliant b/Lambda Physik, Scan-
that are strong enough to induce multiphoton processes withoutMate) as the probe, was utilized to eliminate nonresonant
altering the potential energy surfaces. A unique aspect of thesemultiphoton ionization of the fragment | atoms.
experiments is our use of photofragment imagifhigvhich The Nijmegen apparatus is similar to those in Kyoto and

allows us to re_cord both speed and an_gular distributions of a Chicago. lodobenzene (5% in 1 atm of He) was expanded in a
fragment in a single measurement. We find from these measure, ,seq valve, skimmed, and passed along the time-of-flight axis
ments that in the intermediate intensity regime fundamentally

of the imaging spectrometer. Both &nd photoelectron images
different reaction mechanisms, induced by above-threshold ging sp P J

; 7 " - were measured using a 37 cm time-of-flight tube. The 532 nm
absorption (i.e., by absorption of additional photons above the goc5nd harmonic output of a Nd:YAG laser (Spectra Physics

lowest dissociation threshold), dominate the reaction dynamics.GCRll) was used as the dissociation/ionization source. The

To compare these mechanisms with the previously observedgectron images were acquired under exactly the same conditions
threshold processes, we also performed a number of measurezg he t images, except that the polarities of the repeller and
ments with weak laser fields. In addition, to gain insight into gy ractor plates (2.00 and 1.4 kV, respectively) were reversed,
the weak field processes, we performed density functional 54 that the timing gate for the MCP voltage was moved closer
calculations on the low-lying electronic states of iodobenzene. (At ~ 50 ns) to overlap with the laser pulse to amplify

selectively the electron signal.

Four sets of experiments were performed in the three

A. Experiments. We have used the velocity map imaging laboratories: (i) lon images were recorded in Chicago at 266
techniqué? to measure the speed and angular distributions of hm, using either the fourth harmonic of the Nd:YAG laser or a
iodine ions and electrons. Experiments were performed with dye laser for both the pump and probe. In addition, two-color,
similar instruments located in Chicago, Kyoto, and Nijmegen. pump-and-probe experiments were performed in Kyoto, using

In the Chicago laboratory, a linearly polarized laser pulse @ 304 nm dye laser as the probe. (ii) Single-color ion images
irradiated a molecular beam of iodobenzene seeded in 1 atm ofwere recorded in Chicago at 304 nm using a dye laser. (iii)
He gas and pulsed at 10 Hz (General Valve). Various lasers Single-color ion images were recorded in all three laboratories
were used in different wavelength regions: the second andat 532 nm, using the second harmonic of the Nd:YAG laser
fourth harmonics of a Nd:YAG laser (Continuum 681C, 10 ns) over a range of intensities. Single-color images were also
at 532 and 266 nm, respectively, a Nd:YAG-pumped dye laser recorded in Chicago at longer (56609 nm) wavelengths. (iv)
(Continuum 681C/ Lambda Physik ScanMate Il, 10 ns) at 304 Electron images were recorded in Nijmegen at 532 nm.
(frequency doubled in a KDP crystal), 560, 570, 575, and 609  B. Density Functional Theory Calculations.Density func-
nm, and an excimer-pumped dye laser (Lambda Physik LPX tional theory (DFT) calculations were carried out in Ottawa,
200/LPD 3000, 15 ns) at 266 nm (frequency doubled in a BBO using the Amsterdam Density Functional program (version 2.3)
crystal). The laser beams were focused with a 20 cm lens. Thederived from the work of Baerends et?dland developed at
focal diameter of the Nd:YAG laser was measured with a the Free University of Amsterd&@¥?’ and at the University
scanning knife edge and was found tobB0O mm. The intensity ~ of Calgary?8 All optimized geometries calculated in this study
of the focused 532 nm radiation ranged frer8 x 109to 5 x are based on the local density approximatf@ugmented with
102 Wicn?. gradient corrections to the exchafgyand correlatiof! poten-

The molecular beam was pointed along the axis of a 71 cm tials. These calculations include quasi-relativistic corrections to
long time-of-flight mass spectrometer. The skimmed molecular the Hamiltonian introduced by Snijders etfalSchreckenbach

Il. Methods
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Figure 2. Kinetic energy distributions of the*l photofragment,
extracted from the images in Figure 1. The smooth curves were obtained
] ] ] . from a multi-Gaussian fit. The distributions correspond to photodis-
Figure 1. 2D symmetrized (left column) and 3D back-projected (right  sqciation with (a) the fourth harmonic of a Nd:YAG laser and with a

column) I" ion images obtained by single-color, 266 nm photodisso- gye |aser tuned to a (2 1) REMPI transition of (b) RPsz) and (c)

ciation of iodobenzene. Panels a and b were obtained using the fourthy2p, ) The arrows indicate the maximum kinetic energy available after
harmonic of a Nd:YAG laser. Panels ¢ and d were obtained using a gjssociation by a single photon.

dye laser tuned to a (2 1) REMPI transition of I{Ps,). Panels e and

f were obtained using a dye laser tuned to aH(2) REMPI transition 2 I
of 1(2Py,). For these and all subsequent images, the polarization vector |(“Par2) and 266.62 nm for FPu2). The nonresonant radiation

of the laser is vertical. obtained from the Nd:YAG laser had a pulse energy of 9.2 mJ,
whereas the resonant, dye pulse energy was typically@3

et al® have implemented the analytic energy gradients of the MJ/pulse. Two-color experiments were also performed, using

quasi-relativistic corrections. All open shell calculations were the fourth harmonic of the Nd:YAG laser to photodissociate

spin unrestricted. the molecule and a dye laser tuned to 304.67 nm to ionize

I(2P3;2). The pulse energies of both lasers were typically 0.2

The atomic orbitals on iodine were described by an uncon-
tracted triple¢ Slater function basis sét,whereas a doublg- mJ. ) . . )
Slater function basis set was used for carbon and hydrogen; a 1n€ velocity map images of"lobtained in the one-color
single< polarization function was used on all atoms. Thé 1s €XPeriments are shown in Figure 1, and the corresponding
configuration of carbon and the 2222p33pP3dL4S 4P F:entgr—of-mass relatllve k|netl|c energy distributions arg plotted
configuration of iodine were assigned to the core and treated " Figure 2. Essentially equivalent results were obtained for

o . 2 i , i
by the frozen-core approximatidA The electron density was  (°“Ps2) in the two-color experiments. . _
fitted to a set of s, p, d, f, g, and h Slater functions centered on The images obtained with nonresonant radiation (Figure 1a,b)

all nuclei to calculate the Coulomb and exchange potentials diSPlay three distinct rings (Figure 2a) peaked at 30.9, 14.9,
accurately in each SCF cycie. and 8.7 kcal/mol. Additionally, there is a relatively broad

shoulder near 4 kcal/mol. The kinetic energy distribution of the
I(2P3/2) fragments obtained with a dye laser (Figure 2b) shows
two peaks, one at 3631 kcal/mol (corresponding to the

A. 266 nm. Single-color experiments were performed using outermost ring in Figure 1d) and a second one at-2.9 kcal/
the same laser to photodissociate iodobenzene and to ionize thenol. The latter peak is asymmetric and appears to have a
iodine fragment. These experiments were performed with either shoulder near 8 kcal/mol. The?R;,) image has a single peak
the fourth harmonic of the Nd:YAG laser, which ionized both at 15.4 kcal/mol (Figure 2c).
spin—orbit states of iodine nonresonantly, or the second A comparison of the kinetic energy distributions in Figure 2
harmonic of a dye laser tuned to detect eith&P3f) or I(2Py/) shows a one-to-one correspondence between the structures seen
by (2 + 1) resonance-enhanced multiphoton ionization (REM- in the nonresonant and resonant ion images. The shoulder near
PI). The dye laser wavelengths were 265.97 and 266.49 nm for4 kcal/mol and the peak at 30 kcal/mol in the nonresonant

Ill. Experimental Results
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Figure 3. 2D symmetrized (left column) and 3D back-projected (right 00 Vv o Ty
column) I ion images obtained by single-color, 304 nm photodisso- 0 5 10 15 20 25 30 15
ciation of iodobenzene. Panels a and b were obtained using a dye laser
tuned to a (2+ 1) REMPI transition of KPs). Panels ¢ and d were E¢ (kcal/mol)
obtained using a dye laser tuned to a+21) REMPI transition of Figure 4. Kinetic energy distributions of the*l photofragment,
1(?Pr2).- extracted from the images in Figure 3. The smooth curves were obtained
. . from a multi-Gaussian fit. The distributions correspond to photodis-
spectrum (panel &) correspond to the two maxima in #i sociation with a dye laser tuned to a{21) REMPI transition of (a)

distribution panel (b), whereas the peak at 14.9 kcal/mol matchesi(2Ps;,) and (b) I€Py;). The arrows indicate the maximum available
that at 15.4 kcal/mol in the APy/;) distribution (panel ¢). The  kinetic energy for dissociation by a single photon.

sharp peak at 8.7 kcal/mol in the nonresonant spectrum is located ) L o -
at the same energy as the broad shoulder in tRBsyl) The corresponding kinetic energy distribution, shown in Figure
distribution. 6a, displays (i) a broad peak at 30 kcal/mol, (ii) a sharp peak at

The locations of the peaks in théM,,) spectrum are in good 14 k_cal/mol, (iii) a shoulder at 8 kcal/mol, and (iv) a sharp
agreement with the time-of-flight spectra of Freitas €t @he maximum at zero energy. The first three features correspond to
features that we observe at 4 and 8.7 kcal/mol are not resolved,2 Similar structure found in the 266 nm distributions, whereas

however, in the latter data. No studies 3Pi(,) at this excitation the last corresponds to the hourglass seen only at the visible
energy have been reported previously. wavelengths. The ratio of the integrated signal produced by the

The anisotropy parametefs and A4 hourglass to that produced by the outer ring was found to
increase slowly with laser intensity.
p(@) = 1+ B,P,(cos6) + (,P,(cosh) Q) The angular distributions of these features are shown in Figure
7. The smooth curves are least-squares fits of the Legendre series
defined by the Legendre series were obtained by a least-square@ eq 1. The fitted anisotropy parameters are listed in Table 1.
fit to the angular distributions of the images. The fitted values In the case of the hourglass featufg,was found to increase
of 3 for 1(?Psyy) are in reasonable agreement with those reported monotonically with recoil energy, as shown in Figure 8. The

by Freitas et a¥. For the 15.4 kcal/mol peak in the2Ry) qualitative shape of the hourglass feature was insensitive to laser

spectrum we obtained values f = 2.8+ 0.2 andfs = 0.7 intensity for pulse energies ranging from 6.4 to 108 mJ. Closer

+ 0.1. For the corresponding peak at 14.9 kcal/mol in the Nd: inspection, however, reveals that increases more slowly at

YAG spectrum the anisotropy parameters weye= 0.8+ 0.1 higher laser intensity, as shown in Figure 8.

andfp, = —0.4+ 0.1. In Figure 9 is displayed an electron image that was recorded
B. 304 nm. Single-color experiments were performed using under the same experimental conditions as the ion image in

a tunable dye laser to detectR§) at 304.67 nm and 7Py, Figure 5. The corresponding kinetic energy distribution in Figure

at 304.02 nm. The images and kinetic energy distributions are 6b shows two peaks riding on top of a continuous background.
shown in Figures 3 and 4, respectively. The maximum at 23 Possible assignments of the ion and electron peaks are discussed
kcal/mol and the broad feature between 5 and 10 kcal/mol in in section V.
the 1@P5/5) spectrum correspond to the peaks reported by Hwang  D. 560-609 nm.The variation of the image properties with
and El-Saye@at 24.8 and 10.2 kcal/mol, and the maximum for wavelength is shown in Figures 10 and 11. At longer wave-
I(?Py2) near 7 kcal/mol corresponds to their peak at 5.7 kcal/ lengths the hourglass feature completely dominates the image.
mol. In Figure 10a only the outermost ring is observed. The absence
C. 532 nm. The velocity map images of"lproduced by of the inner ring and shoulder at 532 nm in the Chicago and
irradiating iodobenzene at 532 nm in all three laboratories show Kyoto data is surprising. It is possibly caused by lower energy
two types of features: one or more discrete rings and an intenseresolution, or perhaps by differences in laser mode structure
central feature that has a continuous “hourglass” shape. Thesahat affect the relative intensities of competing multiphoton
features are readily evident in the image shown in Figure 5. processes, which are discussed in section V.



2274 J. Phys. Chem. A, Vol. 105, No. 11, 2001 Unny et al.

1* (532 nm) 1* (532 nm) 1* (532 nm)

¢

2D - side view

Figure 5. 2D symmetrized (left and center panels) and 3D back-projected (right pariet) images obtained by photodissociation of iodobenzene
at 532 nm.

TABLE 1: lon and Electron Anisotropies at 532 nm

peak number i ii iii iv v vi
kinetic energy (kcal/mol) 30 14 8 1 48 12
detected species *ion I™ion I™ion ITion electron electron
B2 1.30+ 0.06 1.16+ 0.04 1.77+0.04 1.00+ 0.01 1.7+ 0.2 0.8+ 0.2
Pa 0.63+ 0.05 0.86+ 0.03 0.58+ 0.03 15+0.2 0.9+ 0.2
aPeak numbers correspond to those in Figures 6 and 7.
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Figure 6. Kinetic energy distributions of the (a) Iphotofragments 0 (degrees)
and (b) photoelectrons obtained by excitation of iodobenzene at 532 Figure 7. Angular distributions of ions and electrons obtained by
nm. excitation of iodobenzene at 532 nm. The numerals in the various panels
IV. Potential Energy Calculations correspond to the features labeled in Figure 6. The smooth curves are

. . ) least-squares fits of eq 1.
The results of the density functional theory calculations are

summarized in Figure 12 and Table 2. Shown in Figure 12 are 532 nm. These results are in general agreement with previous
the highest occupied and lowest unoccupied orbitals of iodo- yeak field measurements and with the DFT calculations. We
benzene, along with the corresponding orbitals of benzene withthen go on in section V.C to discuss the hourglass feature

which they are correlated. The occupied2AB,, and 4B observed at 532 nm and longer wavelengths. This feature is
orbitals haver, n, andz character, respectively, whereas the the main new result of this paper and involves a qualitatively
unoccupied 114 3Az, and 5B orbitals haveo®, 7, and 7* new reaction mechanism, which we believe has not been

character. Listed in Figure 12 are the orbital energies determinedpreviously reported. We conclude in section V.D with a
by the DFT calculations. In Table 2 are listed both the vertical discussion of the electron image’ which provides a test of the
and minimum excitation energies for the 10 lowest transitions. proposed mechanism.
The differences between the singlet and triplet energies are only B, Discrete Structure. The anisotropy of the outermost ring
lower bounds because of spin contamination of the orbitals. i Figure 1a,c shows that the highest energy peak in g C
. . + 1(?P32) channel at 266 nm is produced by a parallel electronic

V. Discussion transition. Previous studies by the groups of Bersohn, El-Sayed,

A. Overview. We start the discussion in section V.B with and Zewalil identified the mechanism of the high-energy product
an analysis of the discrete structure observed at 266, 304, ando be promotion of a nonbonding electron to an antibonding
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3 The maximum energy available for translation is givef by

= 39.4 mJ/pulse - 0
e 6.4ml/pulse « E.i=hv— Dy + Ep’ 3)

whereD? is the C-1 bond dissociation energyt 8 K andEi?

is the internal energy of the parent molecule. Takidg§ =
66.7 & 0.7 kcal/mot” andEin® = 2.0 kcal/mol at 298 K& the
available energy for #Ps/0) at 266.49 nm is 42.5 kcal/mol. The
maximum translational energy of?Rs)) in Figure 2a,b is just
below this value. The translational energy at the pé&gkax is

30 kcal/mol, which is 71% ofEay. The modification of
Trentelman et at® of the impulsive model of Busch and
Wilson®? predicts a maximum relative translational energy of
Et (kcal/mol) only 23% of Eay. The much larger observed value Bfeax
suggests that the geometry of the aromatic carbon atoms is not
é/vell suited for converting the recoil energy into vibrational

Figure 8. Variation of the anisotropy parametgr with the center of
mass recoil energy of iodobenzene at 532 nm. Open and closed symbol

refer to laser pulse energies of 39.4 and 6.4 mJ, respectively. modes of the phenyl ring. In any event, the very large recoil
energies support the assignment of the outer peak to a direct,
TABLE 2: Density Functional Theory Calculations no* transition. It is very likely that the same mechanism applies
excited vertical minimum to the outermost ring in the 532 nm images, except that two
transition state energy (eV)  energy (eV) photons of the same total energy must be absorbed.
(a) 4B, — 11A, B, 3.810 3.089 It is tempting to assign the mechani®m
B; 3.946 3.178 ) s 5
(b) 4B, — 3A; B, 4.488 4.323 n°+ hy — °Qy(n,0*) — CH; + I(“P. 4
1B, 4.649 4.467 o(n0”) = CeHls + 1(Pur) @)
— 3
ggg é%"i?j&l 3@‘2 ijigg g:g(l)g to the production of RPy7) in Figure 1e, for which the maximum
1B, 4.616 recoil energy is just beloviEs, (see Figure 2c). A difficulty
(e) 7B, — 3A; Bi, 6.195 with this assignment, however, is that the valuegof 2 and
iBlz 6.162 B4 = 0 observed with the dye laser indicate the absorption of
() 7B.— 5B, 3ﬁ2 g-égg g-gg? more than one photon. The smaller valugBefobserved with
() 2As — 11A, 1A§2 5 560 4,604 the much more intense Nd:YAG laser (Figure 1a) and the slight
3, 5555 4.604 shift in Epeax (Figure 2a) suggest that overlapping transi;ions
(h) 2A,— 3A; A1, 4.350 3.833 may be involved. The absence of a peak at 14 kcal/mol in the
(i) 2A2,—5B; ;BB 5.173 532 nm images recorded in Chicago and Kyoto suggests that it
_ B1s 4.938 may be produced by a higher order multiphoton process than

that which produces the hourglass feature. We note that Zhang
et al*! reported evidence from time-of-flight spectra of signifi-
cant contributions from multiphoton processes to the dissociation
) 3 ) of iodobenzene at 266 nm. Further experimental work is needed

n” + hy —"Qy(n,0*) — CeHs + 1("Py)) 2 to clarify this point.

Freitas et af.have assigned the same mechanism for the high-

The photoexcitation step in this mechanism corresponds to energy peak at 304 nm as at 266 nm. Although we find in Figure
process d in the DFT calculation. The predicted vertical 4a that the maximum recoil energy slightly exceétlg, the
excitation energy for this transition is 102 kcal/mol, which is excess energy lies within the uncertaintyl.*? For 1(?Py2),
accessible with a single photon at 266 nm. however, it is quite clear that more than one photon must be

orbital by a parallel transitici

e (532 nm) e (532 nm) e (532 nm)

2D-side view

Figure 9. 2D symmetrized (left and center panels) and 3D back-projected (right panel) photoelectron images of iodobenzene at 532 nm.
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Figure 11. Wavelength study of the kinetic energy distributions of
the I photofragment of iodobenzene at (a) 532 nm, (b) 560 nm, (c)
570 nm, (d) 575 nm, and (e) 609.15 nm. The curves are a phase space
calculation of the center-of-mass kinetic energy distribution for two-
photon photodissociation of the neutral molecule, normalized to the
data at 1.5 kcal/mol.

of the C-1 bond in the $ state. The poor coupling between the
phenyl modes and the-@ stretch mentioned previously for
no* excitation could also explain the small recoil energy and
small angular anisotropy fotzr* excitation. This conclusion is
consistent with the finding of Zewail et .&l8 that the low-
energy product recoils on the same time scale as the rotational
period.

The shoulder observed near 8 kcal/mol in the 266 nm dye
laser distribution, along with the corresponding maximum at
8.7 kcal/mol in the 266 Nd:YAG data and the shoulder in the
532 nm data, is more difficult to assign. One possibility is that
the double features seen at 4 and 8 kcal/mol are produced by
singlet/triplet splitting of the Sstate. But the marked variation
in relative intensities in the various spectra and the absence of
the 8.7 kcal/mol peak in the two-color pump-and-probe images
suggest that this feature may be produced by a multiphoton
Figure 10. Wavelength study of the 2D symmetrizetibn images process.
of iodobenzene at (a) 532 nm, (b) 570 nm, and (c) 609.15 nm. C. Hourglass Feature.The hourglass feature seen in the 532

nm images is the most striking aspect of this work, and indeed
absorbed to account for the outermost peak, and probably alsat has motivated this study. Great care was taken to rule out
for the lower energy peak. possible artifacts that might have produced this effect. Analysis

The low-energy peaks at 266 and 304 nm (appearing at 4 with a gas chromatograph/mass spectrometer did not reveal any
kcal/mol in our data) have been assigned by El-Sayed and co-impurities that might have produced the hourglass. Addition of
workers'11to a mechanism involving the excitation of a phenyl  HI to the molecular beam demonstrated that parerit ¢lits
sr-orbital followed by intersystem crossing to the*nsurface I* fragment was not present under normal conditions. Likewise,

we ruled out the possibility that the parent iodobenzene ion
7+ h— S, (T,7*) ~ lQl(n,o*) — CgHs + I(2P3,2) (5) might have “leaked through” the mass gate.

For the photofragments to recoil very slowly, there must be
where ~ designates a radiationless transition. The lowest some sink for the available energy. One possibility is a van der
transition of this type is process b in the DFT calculations. The Waals cluster, which is known to dissociate with a broad
predicted vertical transition energy is 103.807.2 kcal/mol, velocity distribution peaked near zero kinetic enetg§t We
which corresponds closely to the photon energy at 266 nm. ruled out this many-body mechanism by demonstrating that the
Vibrational excitation of the phenyl ring is expected for such a shape of the image is unaffected by variation of the time delay
vertical transition because of the increased equilibrium distance between the nozzle and laser pulses or by changes in the pressure

c) 609.15 nm (32 mJ/pulse)
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Figure 12. Molecular orbital diagram depicting the energetics of the allowed HOGMOMO transitions in benzene (left) and iodobenzene (right).
The orbital energies were calculated by density functional theory.

and composition of the carrier gas. Moreover, it would be  Further thought shows that both the angular and speed
difficult to understand why cluster effects are present at 532 distributions are incompatible with a statistical mechanism. The
nm and absent at 266 nm. marked directionality of the hourglass is inconsistent with a
Another class of mechanisms that we considered is that of long-lived complex. Moreover, one would expect that an
field-induced effects. Broad, anisotropic images, which have ensemble of molecules that decays stochastically would have

been observed in the high-intensity 102 W/cn?) photoion- an anisotropy that is independent of recoil speed, inasmuch as
ization and photodissociation of;Hwvere attributed to dressed-  the partitioning of energy between internal and external degrees
state effects such as field-enhanced avoided cros$irfgsch of freedom should be independent of survival time. That is to

mechanisms are unlikely to be operative in the present casesay, the ratio of slow to fast fragments should be the same in
because the intensity was generally much lower and, more every time interval. Experimentally, however, we find tifat
importantly, because the shape of the hourglass was only weaklyincreases with recoil energy (Figure 8). We tested the statistical
dependent on the intensity. Another field-induced effect that hypothesis further by using phase space théfto calculate
we considered is alignment of the molecule by the electric field the kinetic energy distribution as a function of available energy.
of the laser® Although dynamical alignment may contribute The resulting distributions, plotted in Figure 11 for different
to the shape of the image, the insensitivity of the image to wavelengths, fall off much more rapidly than observed.
intensity or expansion conditions argues against this process as A related mechanism is multiphoton ionization of the
the primary mechanism. molecule, followed by photodissociation of the parent ion. A
A possible sink for the available energy is the bath of large body of literaturé has shown that the photodissociation
vibrational states provided by the phenyl ring. A statistical of aromatic molecular ions produces a statistical kinetic energy
distribution of the internal energy among all vibrational degrees distribution, peaked near zero. A phase space theory calculation
of freedom predicts a most probable recoil energy very close assuming the same vibrational frequencies for the ion as the
to zero*” For such a mechanism to explain the data, it is molecule, but with a dissociation energy of 53.8 kcal/fol,
necessary to account for the lack of an hourglass at shorteragain predicts a kinetic energy distribution that is much steeper
wavelengths. A possible explanation is that the repulsive n  than observe&
surface acts as a springboard fdvove-threshold absorption An interesting variation of the mechanism depicted in Figure
of additional photons, as depicted schematically in Figure 13b. 13b is based on the observatibithat the energy of the 532
The probability of enhanced absorption should be sensitive to nm photon corresponds almost exactly to the 7 overtone
wavelength, and in the case of iodobenzene one might argueof the G-H stretch®> Absorption of additional photons by
that this effect is greater for lower energy photons. As the molecules in this highly excited state could conceivably populate
molecule begins to dissociate, different vibrational modes of a unique set of states that produce the hourglass recaoll
the upper surface enter the FrarcBondon window, leading  distribution. This proposal is ruled out, however, by the
thereby to the population of additional degrees of freedom. Such observation in Figures 10 and 11 that the hourglass is present
an effect has in fact been detected in electron images of CH at wavelengths that do not correspond te-KC overtone
excited at 248 nm?8 transitions. The dependence of the shape of the central feature
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translational energy distribution is peaked near zero because
the probability of autoionization per unit time is greatest near
the turning point of the trajectory. Like some of the other
processes that we considered, this mechanism also depends on
an intermediate state to project out a specific class of excited
states (in this case an antibonding Rydberg state). The observed
intensity dependence of the hourglass feature is consistent with
an above-threshold mechanism. A quantitative assessment of
the intensity dependence of the branching ratio is difficult,
however, because the same laser pulse was used both to excite
the molecule and to ionize the iodine fragment. The latter is a
six-photon nonresonant process. Above-threshold excitation of
iodobenzene, on the other hand, is very likely to involve one
or more resonances at higher energy. At the intensities required
to ionize the | atom, above-threshold excitation of iodobenzene
is therefore likely to be strongly saturated.

How realistic is the DI mechanism? In a closely related study,
Unny et al*® observed both discrete and continuous structure
in the velocity map images offIproduced by visible multi-
photon excitation of4, with a maximum at zero kinetic energy.

In the absence of collisions and dressed-state effects, such
continuous structure for a diatomic molecule could be caused
only if a third body (i.e., an electron) carries away the excess
energy. They also observed an hourglass feature in the 532 nm
photoexcitation of CHl.57 In weak-field, synchrotron studies

of the DI of Hy, a structured kinetic energy distribution was
observed with a peak at zero enef§yror this molecule the
doubly excited states have been identified as thea@ Q
Rydberg state® and the zero kinetic peak has been attributed
3, 4 to the DI mechanism. Multiphoton dissociative ionization taking
R(A) place after (2+ 1) REMPI of K, via the E,F double-well state
Figure 13. Schematic drawings illustrating the competition between has been studied in detail by Bakker ef@lising velocity map

(a) autoionization and dissociation of a superexcited state and (b) jmaging. Multiphoton DI of NQ has been detected by Hayden
dissociation and above-threshold absorption by a valence state. The,

. ; . and co-worker® in electron-ion coincidence measurements.
potential energy curves are all hypothetical. The solid curves correspond

to neutral states, and the dashed curve corresponds to an ionic sta\te-.rhese experiments suggest that DI may be a fairly common

The solid arrows indicate photon absorption, whereas the dashed arrowMechanism for the decay of small, highly excited molecules.
depicts emission of an electron. In mechanism a, the electron carriesAlthough for large molecules it is possible that the large density
away a continuous amount of kinetic energy, so that the recoiling ion  of states of the polyatomic fragment may play some role in

neutral pair' have a kinetic energy peaked near zero. In r_nechanism bvpartitioning the energy, DI is the only mechanism that we have
the absorption of more than two photons populates an excited electronicg, . that can account for all of the qualitative properties of
state. The competition between dissociation and absorption allows athe data

variety of vibrational modes to be excited.

The role played by the repulsive intermediate state continues
on wavelength does suggest, however, that Fra@mndon to be an interesting question. Our experiments provide strong
overlap plays an important role. evidence that, contrary to previous conclusiéid® the iodo-

Having ruled out both internal and external energy sinks as benzene molecule may be ioniz_ed with nanos_econd Iaser pulses.
well as collisions with another (loosely bound or free) molecule, We speculate that the “launching pad” provided by this state
we are left with a three-body fragmentation as the only viable facilitates the excitation o_f a second electron, which is rqulrgd
mechanism for explaining the zero kinetic energy peak. The t© produce.the d_ou.bly excited Rydberg state. Prompt dissociation
mechanism that we propose is multiphottissociatie ioniza- (or_photodlssouatmq) of the superexcned_state prevents obser-
tion (DI), with the rapidly departing electron removing most of Vation of the parent ion. It would be very interesting to repeat
the available energy. This mechanism is depicted schematicallythese experiments with synchrotron radiation to see if the
in Figure 13a. In this mechanism, the molecule absorbs six or hourglass effect is produced with weak-field, single-photon
seven photons to reach a doubly excited, neutral Rydberg state€xcitation.

The superexcited electronic configuration includes an antibond- What produces the anisotropy of the hourglass? The angular
ing electron that causes nuclear repulsion and a Rydberg electrordistribution is likely to be caused by a combination of the
that lies above the ionization threshold. The molecule can eitherexcitation and decay processes. In the axial recoil limit, a
dissociate on the neutral potential energy surface or autoionizesequence af parallel anch perpendicular transitions produces
to a repulsive ionic surface. We suppose further that the ionic an angular distributidi that varies as c30 sir?"9. Form >
surface is much less repulsive than the neutral one. If the nthe distribution is aligned along the electric vector of the laser.
molecule autoionizes promptly, the electron carries away most In the dissociation process, molecules that recoil very slowly
of the available energy and the nuclear fragments recoil slowly, lose some of their anisotropy. (In the classical Iffior a single
whereas if the molecule survives for a long time before photon,f; is reduced by a factor of 4.) According to the DI
autoionizing, the nuclear fragments acquire a larger fraction of model, the rapid fragments come from molecules that dissociate
the available energy while still on the neutral surface. The promptly on the neutral surface, whereas the slow fragments
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TABLE 3: Mechanisms for Electron Production in good agreement with our density functional theory calcula-

no. of electron energy tions and with previous time-of-flight measurements. Qualita-
mechanisrh photons at 532 nm (kcal/mol) tively new behavior was observed in fields strong enough to
dissociation produce multiphoton excitation without inducing tunneling
Phi— Ph+ I, I* 2 effects. The signature of this behavior is a continuous, hourglass-
(1a) Ph— Ph" 4 28 shaped feature peaked at zero kinetic energy, which was
(1b) I—1% 5 27.5 observed at wavelengths between 532 and 609 nm.
o=t 5 49.3 The production of low-energy neutral and/or ionic fragments
'On(gf‘g?n_, Phi* 4 14 requires the existence of a sink for most of the energy absorbed
dissociative ionization from the field. The highly nonstatistical energy and angular
(3a) Phl— Pht + | 5 15 distribution of the fragments rule out the possibility that the
(3b) Phi— Ph+ I* 6or? 15 vibrational states of the phenyl ring fulfill that role. A mech-

anism that explains all of the data is three-body dissociative
ionization, in which the electron carries off most of the kinetic
energy. Contrary to reports of previous studies, we find that
multiphoton ionization of the parent molecule competes
effectively with two-photon threshold dissociation and pre-
recoil energy, as observed. dissociation. An electron image confirmed the occurrence of
D. Electron Images.Velocity distributions of the electrons ~ Multiphoton ionization, but did not by itself conclusively
can be useful for identifying the photoionization mechanism. €stablish the three-body dissociative ionization mechanism.
There are three possible sources of electrons: (1) photodisso- . i
ciation of iodobenzene into neutral fragments, followed by post- _ Acknowledgment. We thank Prof. A. Suits, Dr. Willem
ionization of either the | atom or the phenyl radical, (2) Siebrand, and Dr. Tamar Seideman for fruitful dISCl_JSSIonS..
ionization of the parent molecule, and (3) dissociative ionization R-J-G- gratefully acknowledges support by the Chemical Sci-
to produce either iodine or phenyl ions. The energetics of these €NCeS; Geosciences and Biosciences Division of the Office of
multiphoton processes are listed in Table 3, which should be Basic Energy Sciences, Office of Science, U.S. Department of
compared with the kinetic energy distributions shown in Figure ENergy, under Grant DE-FG02-98ER14880.
6b. By accident, the energies available to the electron in several
of these processes are indistinguishable. For example, the

a] and I* denote IPs;) and 1@Py)y), respectively? For wavelengths
greater than 563 nm.

originate from ions that take much longer to dissociate.
Consequentlyf; is expected to increase monotonically with
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