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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 n,σ* andπ,π* states. Density functional theory calculations are used to determine the energies
of the excited states. Ion and electron images produced with intense visible radiation (532-609 nm, 3× 1010

to 5 × 1012 W/cm2) show both two-photon threshold dissociation and higher order (four- to seven-photon)
ionization processes. A unique characteristic of the I+ images 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.

I. Introduction

The competition between photoionization and photodisso-
ciation is inherently interesting because it is typically a
multielectron and multicontinuum process.1 In conventional
studies with weak visible or ultraviolet radiation, a molecule
absorbs a single photon and dissociates on the lowest potential
energy surface accessible within the Franck-Condon window.
For example, in synchrotron experiments an extreme ultraviolet
photon excites a molecule, AB, to a neutral superexcited state,
AB**, which can decay either by predissociation (to form A+
B* or A+ + B-) or by autoionization (to form AB+ + e-).
Dissociative ionization (to form A+ + B + e-) occurs if the
ionic state is unbound.

Much more complex dynamics becomes possible with intense
coherent radiation. Irradiation with visible or UV lasers at
intensities sufficient to induce multiphoton absorption opens the
possibilities of ladder switching and ladder climbing mecha-

nisms. Even though absorption of a single photon may be
sufficient to dissociate the molecule, above-threshold absorption
of additional photons2 can lead to ionization and dissociation
on higher potential energy surfaces. For polyatomic molecules,
the competition between dissociation and above-threshold
absorption opens the door to population of vibrational degrees
of freedom that might not normally be accessible from the
ground state. Still richer behavior becomes possible in fields
strong enough to alter the potential energy that binds the
molecule. In such strong fields, phenomena such as bond
softening, stabilization, and field-induced tunneling become
possible.3

In this study we have investigated the multiphoton dissocia-
tion and ionization of iodobenzene in an electromagnetic field
of intermediate intensity. Alkyl and aryl iodides have been
extensively studied as models of large molecules displaying
complex photoinduced dynamics. The aryl iodides are especially
interesting because of the presence of a second chromophore
in the form of the aromaticπ-electron system. The phenyl ring
serves as an energy reservoir for the molecule, while funneling
energy into the C-I reaction coordinate. The many potential
energy surfaces generated by these two chromophores produce
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multiple paths to higher energy dissociation and ionization
channels, which compete with single-photon threshold dissocia-
tion.

Previous studies of the photodissociation of iodobenzene
using weak nanosecond lasers, performed by the research groups
of Bersohn,4-6 El-Sayed,7-13 Smalley,14 and Leone,15 revealed
two distinct reaction mechanisms: a direct dissociation caused
by excitation to an antibonding n,σ* state and an indirect
dissociation caused by a transition to aπ,π* state of the phenyl
ring that is predissociated by the n,σ* state. The former is
analogous to the Q-manifold of HI and CH3I, whereas the latter
is analogous to the1Lb (1B2u r 1A1g) transition in benzene.
These two transitions overlap in the weak A-band of iodoben-
zene, lying between 240 and 320 nm.16 An analysis of the
anisotropy of the recoiling fragments performed by El Sayed
et al.,10,12 and later confirmed by real-time measurements of
Zewail et al.,17,18 revealed that the direct, n,σ* process occurs
in less than a rotational period, whereas the indirect,π,π*
process occurs on the same time scale as rotation.

Multiphoton ionization of iodobenzene has been studied a
number of times with both nanosecond14,19 and shorter20,21

pulses. The absence of the parent ion in any of the nanosecond
studies was attributed to the very rapid predissociation of the
S1 state. Smalley et al.14 placed an upper bound of 25 fs on the
lifetime of this state, somewhat shorter than the later measure-
ments of Zewail et al.17,18

In the present paper we investigate the effects of laser fields
that are strong enough to induce multiphoton processes without
altering the potential energy surfaces. A unique aspect of these
experiments is our use of photofragment imaging,22 which
allows us to record both speed and angular distributions of a
fragment in a single measurement. We find from these measure-
ments that in the intermediate intensity regime fundamentally
different reaction mechanisms, induced by above-threshold
absorption (i.e., by absorption of additional photons above the
lowest dissociation threshold), dominate the reaction dynamics.
To compare these mechanisms with the previously observed
threshold processes, we also performed a number of measure-
ments with weak laser fields. In addition, to gain insight into
the weak field processes, we performed density functional
calculations on the low-lying electronic states of iodobenzene.

II. Methods

A. Experiments. We have used the velocity map imaging
technique22 to measure the speed and angular distributions of
iodine ions and electrons. Experiments were performed with
similar instruments located in Chicago, Kyoto, and Nijmegen.

In the Chicago laboratory, a linearly polarized laser pulse
irradiated a molecular beam of iodobenzene seeded in 1 atm of
He gas and pulsed at 10 Hz (General Valve). Various lasers
were used in different wavelength regions: the second and
fourth harmonics of a Nd:YAG laser (Continuum 681C, 10 ns)
at 532 and 266 nm, respectively, a Nd:YAG-pumped dye laser
(Continuum 681C/ Lambda Physik ScanMate II, 10 ns) at 304
(frequency doubled in a KDP crystal), 560, 570, 575, and 609
nm, and an excimer-pumped dye laser (Lambda Physik LPX
200/LPD 3000, 15 ns) at 266 nm (frequency doubled in a BBO
crystal). The laser beams were focused with a 20 cm lens. The
focal diameter of the Nd:YAG laser was measured with a
scanning knife edge and was found to be.50 mm. The intensity
of the focused 532 nm radiation ranged from∼3 × 1010 to 5×
1012 W/cm2.

The molecular beam was pointed along the axis of a 71 cm
long time-of-flight mass spectrometer. The skimmed molecular

beam source, the ionization chamber, and the flight tube were
each differentially pumped. The laser was aligned perpendicular
to the flight axis and focused onto the molecular beam between
the repeller and extractor electrodes. Ions produced in this region
were accelerated and focused onto a gated microchannel plate
(MCP) assembly (Galileo 3040FM) mounted on the end of the
flight tube. The electrode voltages were typically 2.61 kV for
the repeller and 1.33 kV for the extractor.

Electrons produced on the MCP were accelerated by a 2.0
kV potential difference across the MCP onto a P47 phosphor
screen. Mass discrimination was achieved by gating the potential
on the front plate of the MCP from 0 to-500 V at the arrival
time of the detected ion. The MCP anode voltage (applied to
the phosphor) was 3.1 kV. The image produced on the phosphor
screen was captured by a CCD camera (Sensoray SX11 frame
grabber and COHO 4910 camera) and averaged in a laboratory
computer. Typically, 20 000 laser shots were averaged to
produce a two-dimensional map of the transverse recoil velocity
of the gated ions. A slice of the full three-dimensional velocity
distribution was generated by an inversion procedure developed
by Matsumi et al.23

The Kyoto apparatus is similar to that in Chicago, except for
a flight length of 60 cm and the use of 1 atm of Ar as a carrier
gas. In some of the measurements a two-color pump-and-probe
scheme, employing the fourth harmonic of a Nd:YAG laser
(Quantel, Brilliant b) as the photolysis source and a Nd:YAG-
pumped dye laser (Quantel, Brilliant b/Lambda Physik, Scan-
Mate) as the probe, was utilized to eliminate nonresonant
multiphoton ionization of the fragment I atoms.

The Nijmegen apparatus is similar to those in Kyoto and
Chicago. Iodobenzene (5% in 1 atm of He) was expanded in a
pulsed valve, skimmed, and passed along the time-of-flight axis
of the imaging spectrometer. Both I+ and photoelectron images
were measured using a 37 cm time-of-flight tube. The 532 nm
second harmonic output of a Nd:YAG laser (Spectra Physics
GCR11) was used as the dissociation/ionization source. The
electron images were acquired under exactly the same conditions
as the I+ images, except that the polarities of the repeller and
extractor plates (2.00 and 1.44 kV, respectively) were reversed,
and that the timing gate for the MCP voltage was moved closer
(∆t ≈ 50 ns) to overlap with the laser pulse to amplify
selectively the electron signal.

Four sets of experiments were performed in the three
laboratories: (i) Ion images were recorded in Chicago at 266
nm, using either the fourth harmonic of the Nd:YAG laser or a
dye laser for both the pump and probe. In addition, two-color,
pump-and-probe experiments were performed in Kyoto, using
a 304 nm dye laser as the probe. (ii) Single-color ion images
were recorded in Chicago at 304 nm using a dye laser. (iii)
Single-color ion images were recorded in all three laboratories
at 532 nm, using the second harmonic of the Nd:YAG laser
over a range of intensities. Single-color images were also
recorded in Chicago at longer (560-609 nm) wavelengths. (iv)
Electron images were recorded in Nijmegen at 532 nm.

B. Density Functional Theory Calculations.Density func-
tional theory (DFT) calculations were carried out in Ottawa,
using the Amsterdam Density Functional program (version 2.3)
derived from the work of Baerends et al.24 and developed at
the Free University of Amsterdam25-27 and at the University
of Calgary.28 All optimized geometries calculated in this study
are based on the local density approximation29 augmented with
gradient corrections to the exchange30 and correlation31 poten-
tials. These calculations include quasi-relativistic corrections to
the Hamiltonian introduced by Snijders et al.32 Schreckenbach
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et al.33 have implemented the analytic energy gradients of the
quasi-relativistic corrections. All open shell calculations were
spin unrestricted.

The atomic orbitals on iodine were described by an uncon-
tracted triple-ú Slater function basis set,34 whereas a double-ú
Slater function basis set was used for carbon and hydrogen; a
single-ú polarization function was used on all atoms. The 1s2

configuration of carbon and the 1s22s22p63s23p63d104s24p6

configuration of iodine were assigned to the core and treated
by the frozen-core approximation.24 The electron density was
fitted to a set of s, p, d, f, g, and h Slater functions centered on
all nuclei to calculate the Coulomb and exchange potentials
accurately in each SCF cycle.35

III. Experimental Results

A. 266 nm.Single-color experiments were performed using
the same laser to photodissociate iodobenzene and to ionize the
iodine fragment. These experiments were performed with either
the fourth harmonic of the Nd:YAG laser, which ionized both
spin-orbit states of iodine nonresonantly, or the second
harmonic of a dye laser tuned to detect either I(2P3/2) or I(2P1/2)
by (2 + 1) resonance-enhanced multiphoton ionization (REM-
PI). The dye laser wavelengths were 265.97 and 266.49 nm for

I(2P3/2) and 266.62 nm for I(2P1/2). The nonresonant radiation
obtained from the Nd:YAG laser had a pulse energy of 9.2 mJ,
whereas the resonant, dye pulse energy was typically 0.1-0.3
mJ/pulse. Two-color experiments were also performed, using
the fourth harmonic of the Nd:YAG laser to photodissociate
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
mJ.

The velocity map images of I+ obtained in the one-color
experiments are shown in Figure 1, and the corresponding
center-of-mass relative kinetic energy distributions are plotted
in Figure 2. Essentially equivalent results were obtained for
I(2P3/2) in the two-color experiments.

The images obtained with nonresonant radiation (Figure 1a,b)
display three distinct rings (Figure 2a) peaked at 30.9, 14.9,
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 30-31 kcal/mol (corresponding to the
outermost ring in Figure 1d) and a second one at 3.4-4.9 kcal/
mol. The latter peak is asymmetric and appears to have a
shoulder near 8 kcal/mol. The I(2P1/2) image has a single peak
at 15.4 kcal/mol (Figure 2c).

A comparison of the kinetic energy distributions in Figure 2
shows a one-to-one correspondence between the structures seen
in the nonresonant and resonant ion images. The shoulder near
4 kcal/mol and the peak at 30 kcal/mol in the nonresonant

Figure 1. 2D symmetrized (left column) and 3D back-projected (right
column) I+ ion images obtained by single-color, 266 nm photodisso-
ciation of iodobenzene. Panels a and b were obtained using the fourth
harmonic of a Nd:YAG laser. Panels c and d were obtained using a
dye laser tuned to a (2+ 1) REMPI transition of I(2P3/2). Panels e and
f were obtained using a dye laser tuned to a (2+ 1) REMPI transition
of I(2P1/2). For these and all subsequent images, the polarization vector
of the laser is vertical.

Figure 2. Kinetic energy distributions of the I+ photofragment,
extracted from the images in Figure 1. The smooth curves were obtained
from a multi-Gaussian fit. The distributions correspond to photodis-
sociation with (a) the fourth harmonic of a Nd:YAG laser and with a
dye laser tuned to a (2+ 1) REMPI transition of (b) I(2P3/2) and (c)
I(2P1/2). The arrows indicate the maximum kinetic energy available after
dissociation by a single photon.
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spectrum (panel a) correspond to the two maxima in the I(2P3/2)
distribution panel (b), whereas the peak at 14.9 kcal/mol matches
that at 15.4 kcal/mol in the I(2P1/2) distribution (panel c). The
sharp peak at 8.7 kcal/mol in the nonresonant spectrum is located
at the same energy as the broad shoulder in the I(2P3/2)
distribution.

The locations of the peaks in the I(2P3/2) spectrum are in good
agreement with the time-of-flight spectra of Freitas et al.9 The
features that we observe at 4 and 8.7 kcal/mol are not resolved,
however, in the latter data. No studies of I(2P1/2) at this excitation
energy have been reported previously.

The anisotropy parametersâ2 andâ4

defined by the Legendre series were obtained by a least-squares
fit to the angular distributions of the images. The fitted values
of â2 for I(2P3/2) are in reasonable agreement with those reported
by Freitas et al.9 For the 15.4 kcal/mol peak in the I(2P1/2)
spectrum we obtained values ofâ2 ) 2.8 ( 0.2 andâ4 ) 0.7
( 0.1. For the corresponding peak at 14.9 kcal/mol in the Nd:
YAG spectrum the anisotropy parameters wereâ2 ) 0.8( 0.1
andâ4 ) -0.4 ( 0.1.

B. 304 nm.Single-color experiments were performed using
a tunable dye laser to detect I(2P3/2) at 304.67 nm and I(2P1/2)
at 304.02 nm. The images and kinetic energy distributions are
shown in Figures 3 and 4, respectively. The maximum at 23
kcal/mol and the broad feature between 5 and 10 kcal/mol in
the I(2P3/2) spectrum correspond to the peaks reported by Hwang
and El-Sayed7 at 24.8 and 10.2 kcal/mol, and the maximum for
I(2P1/2) near 7 kcal/mol corresponds to their peak at 5.7 kcal/
mol.

C. 532 nm. The velocity map images of I+ produced by
irradiating iodobenzene at 532 nm in all three laboratories show
two types of features: one or more discrete rings and an intense
central feature that has a continuous “hourglass” shape. These
features are readily evident in the image shown in Figure 5.

The corresponding kinetic energy distribution, shown in Figure
6a, displays (i) a broad peak at 30 kcal/mol, (ii) a sharp peak at
14 kcal/mol, (iii) a shoulder at 8 kcal/mol, and (iv) a sharp
maximum at zero energy. The first three features correspond to
a similar structure found in the 266 nm distributions, whereas
the last corresponds to the hourglass seen only at the visible
wavelengths. The ratio of the integrated signal produced by the
hourglass to that produced by the outer ring was found to
increase slowly with laser intensity.

The angular distributions of these features are shown in Figure
7. The smooth curves are least-squares fits of the Legendre series
in eq 1. The fitted anisotropy parameters are listed in Table 1.
In the case of the hourglass feature,â2 was found to increase
monotonically with recoil energy, as shown in Figure 8. The
qualitative shape of the hourglass feature was insensitive to laser
intensity for pulse energies ranging from 6.4 to 108 mJ. Closer
inspection, however, reveals thatâ2 increases more slowly at
higher laser intensity, as shown in Figure 8.

In Figure 9 is displayed an electron image that was recorded
under the same experimental conditions as the ion image in
Figure 5. The corresponding kinetic energy distribution in Figure
6b shows two peaks riding on top of a continuous background.
Possible assignments of the ion and electron peaks are discussed
in section V.

D. 560-609 nm.The variation of the image properties with
wavelength is shown in Figures 10 and 11. At longer wave-
lengths the hourglass feature completely dominates the image.
In Figure 10a only the outermost ring is observed. The absence
of the inner ring and shoulder at 532 nm in the Chicago and
Kyoto data is surprising. It is possibly caused by lower energy
resolution, or perhaps by differences in laser mode structure
that affect the relative intensities of competing multiphoton
processes, which are discussed in section V.

Figure 3. 2D symmetrized (left column) and 3D back-projected (right
column) I+ ion images obtained by single-color, 304 nm photodisso-
ciation of iodobenzene. Panels a and b were obtained using a dye laser
tuned to a (2+ 1) REMPI transition of I(2P3/2). Panels c and d were
obtained using a dye laser tuned to a (2+ 1) REMPI transition of
I(2P1/2).

p(θ) ) 1 + â2P2(cosθ) + â4P4(cosθ) (1)

Figure 4. Kinetic energy distributions of the I+ photofragment,
extracted from the images in Figure 3. The smooth curves were obtained
from a multi-Gaussian fit. The distributions correspond to photodis-
sociation with a dye laser tuned to a (2+ 1) REMPI transition of (a)
I(2P3/2) and (b) I(2P1/2). The arrows indicate the maximum available
kinetic energy for dissociation by a single photon.

Photodissociation and Photoionization of Iodobenzene J. Phys. Chem. A, Vol. 105, No. 11, 20012273



IV. Potential Energy Calculations

The results of the density functional theory calculations are
summarized in Figure 12 and Table 2. Shown in Figure 12 are
the highest occupied and lowest unoccupied orbitals of iodo-
benzene, along with the corresponding orbitals of benzene with
which they are correlated. The occupied 2A2, 7B2, and 4B1

orbitals haveπ, n, andπ character, respectively, whereas the
unoccupied 11A1, 3A2, and 5B1 orbitals haveσ*, π*, and π*
character. Listed in Figure 12 are the orbital energies determined
by the DFT calculations. In Table 2 are listed both the vertical
and minimum excitation energies for the 10 lowest transitions.
The differences between the singlet and triplet energies are only
lower bounds because of spin contamination of the orbitals.

V. Discussion

A. Overview. We start the discussion in section V.B with
an analysis of the discrete structure observed at 266, 304, and

532 nm. These results are in general agreement with previous
weak field measurements and with the DFT calculations. We
then go on in section V.C to discuss the hourglass feature
observed at 532 nm and longer wavelengths. This feature is
the main new result of this paper and involves a qualitatively
new reaction mechanism, which we believe has not been
previously reported. We conclude in section V.D with a
discussion of the electron image, which provides a test of the
proposed mechanism.

B. Discrete Structure.The anisotropy of the outermost ring
in Figure 1a,c shows that the highest energy peak in the C6H5

+ I(2P3/2) channel at 266 nm is produced by a parallel electronic
transition. Previous studies by the groups of Bersohn, El-Sayed,
and Zewail identified the mechanism of the high-energy product
to be promotion of a nonbonding electron to an antibonding

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

TABLE 1: Ion and Electron Anisotropies at 532 nm

peak numbera i ii iii iv v vi

kinetic energy (kcal/mol) 30 14 8 1 48 12
detected species I+ ion I+ ion I+ ion I+ ion electron electron
â2 1.30( 0.06 1.16( 0.04 1.77( 0.04 1.00( 0.01 1.7( 0.2 0.8( 0.2
â4 0.63( 0.05 0.86( 0.03 0.58( 0.03 1.5( 0.2 0.9( 0.2

a Peak numbers correspond to those in Figures 6 and 7.

Figure 6. Kinetic energy distributions of the (a) I+ photofragments
and (b) photoelectrons obtained by excitation of iodobenzene at 532
nm.

Figure 7. Angular distributions of ions and electrons obtained by
excitation of iodobenzene at 532 nm. The numerals in the various panels
correspond to the features labeled in Figure 6. The smooth curves are
least-squares fits of eq 1.
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orbital by a parallel transition38

The photoexcitation step in this mechanism corresponds to
process d in the DFT calculation. The predicted vertical
excitation energy for this transition is 102 kcal/mol, which is
accessible with a single photon at 266 nm.

The maximum energy available for translation is given by9

whereD0
0 is the C-I bond dissociation energy at 0 K andEint

p

is the internal energy of the parent molecule. TakingD0
0 )

66.7( 0.7 kcal/mol37 andEint
p ) 2.0 kcal/mol at 298 K,38 the

available energy for I(2P3/2) at 266.49 nm is 42.5 kcal/mol. The
maximum translational energy of I(2P3/2) in Figure 2a,b is just
below this value. The translational energy at the peak,Epeak, is
30 kcal/mol, which is 71% ofEavl. The modification of
Trentelman et al.39 of the impulsive model of Busch and
Wilson40 predicts a maximum relative translational energy of
only 23% of Eavl. The much larger observed value ofEpeak

suggests that the geometry of the aromatic carbon atoms is not
well suited for converting the recoil energy into vibrational
modes of the phenyl ring. In any event, the very large recoil
energies support the assignment of the outer peak to a direct,
nσ* transition. It is very likely that the same mechanism applies
to the outermost ring in the 532 nm images, except that two
photons of the same total energy must be absorbed.

It is tempting to assign the mechanism36

to the production of I(2P1/2) in Figure 1e, for which the maximum
recoil energy is just belowEavl (see Figure 2c). A difficulty
with this assignment, however, is that the values ofâ2 > 2 and
â4 * 0 observed with the dye laser indicate the absorption of
more than one photon. The smaller value ofâ2 observed with
the much more intense Nd:YAG laser (Figure 1a) and the slight
shift in Epeak (Figure 2a) suggest that overlapping transitions
may be involved. The absence of a peak at 14 kcal/mol in the
532 nm images recorded in Chicago and Kyoto suggests that it
may be produced by a higher order multiphoton process than
that which produces the hourglass feature. We note that Zhang
et al.41 reported evidence from time-of-flight spectra of signifi-
cant contributions from multiphoton processes to the dissociation
of iodobenzene at 266 nm. Further experimental work is needed
to clarify this point.

Freitas et al.9 have assigned the same mechanism for the high-
energy peak at 304 nm as at 266 nm. Although we find in Figure
4a that the maximum recoil energy slightly exceedsEavl, the
excess energy lies within the uncertainty ofD0

0.42 For I(2P1/2),
however, it is quite clear that more than one photon must be

Figure 8. Variation of the anisotropy parameterâ2 with the center of
mass recoil energy of iodobenzene at 532 nm. Open and closed symbols
refer to laser pulse energies of 39.4 and 6.4 mJ, respectively.

TABLE 2: Density Functional Theory Calculations

transition
excited
state

vertical
energy (eV)

minimum
energy (eV)

(a) 4B1 f 11A1
3B1 3.810 3.089
1B1 3.946 3.178

(b) 4B1 f 3A2
3B2 4.488 4.323
1B2 4.649 4.467

(c) 4B1 f 5B1
3A13 4.109 3.606

(d) 7B2 f 11A1
3B22 4.438 3.011
1B22 4.616

(e) 7B2 f 3A2
1B12 6.195
3B12 6.162

(f) 7B2 f 5B1
1A2 6.106 5.809
3A2 6.094 5.787

(g) 2A2 f 11A1
1A22 5.560 4.604
3A22 5.555 4.604

(h) 2A2 f 3A2
3A12 4.350 3.833

(i) 2A2 f 5B1
1B13 5.173
3B13 4.938

(j) 10A1 f 11A1
3A11 5.927 3.723

Figure 9. 2D symmetrized (left and center panels) and 3D back-projected (right panel) photoelectron images of iodobenzene at 532 nm.

n2 + hν f 3Q0(n,σ*) f C6H5 + I(2P3/2) (2)

Eavl ) hν - D0
0 + Eint

p (3)

n2 + hν f 3Q0(n,σ*) f C6H5 + I(2P1/2) (4)
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absorbed to account for the outermost peak, and probably also
for the lower energy peak.

The low-energy peaks at 266 and 304 nm (appearing at 4
kcal/mol in our data) have been assigned by El-Sayed and co-
workers7,11 to a mechanism involving the excitation of a phenyl
π-orbital followed by intersystem crossing to the nσ* surface

where ∼ designates a radiationless transition. The lowest
transition of this type is process b in the DFT calculations. The
predicted vertical transition energy is 103.5-107.2 kcal/mol,
which corresponds closely to the photon energy at 266 nm.
Vibrational excitation of the phenyl ring is expected for such a
vertical transition because of the increased equilibrium distance

of the C-I bond in the S1 state. The poor coupling between the
phenyl modes and the C-I stretch mentioned previously for
nσ* excitation could also explain the small recoil energy and
small angular anisotropy forππ* excitation. This conclusion is
consistent with the finding of Zewail et al.17,18 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 S1 state. 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
process.

C. Hourglass Feature.The hourglass feature seen in the 532
nm images is the most striking aspect of this work, and indeed
it has motivated this study. Great care was taken to rule out
possible artifacts that might have produced this effect. Analysis
with a gas chromatograph/mass spectrometer did not reveal any
impurities that might have produced the hourglass. Addition of
HI to the molecular beam demonstrated that parent HI+ or its
I+ fragment was not present under normal conditions. Likewise,
we ruled out the possibility that the parent iodobenzene ion
might have “leaked through” the mass gate.

For the photofragments to recoil very slowly, there must be
some sink for the available energy. One possibility is a van der
Waals cluster, which is known to dissociate with a broad
velocity distribution peaked near zero kinetic energy.43,44 We
ruled out this many-body mechanism by demonstrating that the
shape of the image is unaffected by variation of the time delay
between the nozzle and laser pulses or by changes in the pressure

Figure 10. Wavelength study of the 2D symmetrized I+ ion images
of iodobenzene at (a) 532 nm, (b) 570 nm, and (c) 609.15 nm.

π2 + hν f S1(π,π*) ∼ 1Q1(n,σ*) f C6H5 + I(2P3/2) (5)

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.
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and composition of the carrier gas. Moreover, it would be
difficult to understand why cluster effects are present at 532
nm and absent at 266 nm.

Another class of mechanisms that we considered is that of
field-induced effects. Broad, anisotropic images, which have
been observed in the high-intensity (∼1013 W/cm2) photoion-
ization and photodissociation of H2, were attributed to dressed-
state effects such as field-enhanced avoided crossings.45 Such
mechanisms are unlikely to be operative in the present case
because the intensity was generally much lower and, more
importantly, because the shape of the hourglass was only weakly
dependent on the intensity. Another field-induced effect that
we considered is alignment of the molecule by the electric field
of the laser.46 Although dynamical alignment may contribute
to the shape of the image, the insensitivity of the image to
intensity or expansion conditions argues against this process as
the primary mechanism.

A possible sink for the available energy is the bath of
vibrational states provided by the phenyl ring. A statistical
distribution of the internal energy among all vibrational degrees
of freedom predicts a most probable recoil energy very close
to zero.47 For such a mechanism to explain the data, it is
necessary to account for the lack of an hourglass at shorter
wavelengths. A possible explanation is that the repulsive nσ*
surface acts as a springboard foraboVe-threshold absorption
of additional photons, as depicted schematically in Figure 13b.
The probability of enhanced absorption should be sensitive to
wavelength, and in the case of iodobenzene one might argue
that this effect is greater for lower energy photons. As the
molecule begins to dissociate, different vibrational modes of
the upper surface enter the Franck-Condon window, leading
thereby to the population of additional degrees of freedom. Such
an effect has in fact been detected in electron images of CH3I
excited at 248 nm.48

Further thought shows that both the angular and speed
distributions are incompatible with a statistical mechanism. The
marked directionality of the hourglass is inconsistent with a
long-lived complex. Moreover, one would expect that an
ensemble of molecules that decays stochastically would have
an anisotropy that is independent of recoil speed, inasmuch as
the partitioning of energy between internal and external degrees
of freedom should be independent of survival time. That is to
say, the ratio of slow to fast fragments should be the same in
every time interval. Experimentally, however, we find thatâ2

increases with recoil energy (Figure 8). We tested the statistical
hypothesis further by using phase space theory49,50 to calculate
the kinetic energy distribution as a function of available energy.
The resulting distributions, plotted in Figure 11 for different
wavelengths, fall off much more rapidly than observed.

A related mechanism is multiphoton ionization of the
molecule, followed by photodissociation of the parent ion. A
large body of literature51 has shown that the photodissociation
of aromatic molecular ions produces a statistical kinetic energy
distribution, peaked near zero. A phase space theory calculation
assuming the same vibrational frequencies for the ion as the
molecule, but with a dissociation energy of 53.8 kcal/mol,52

again predicts a kinetic energy distribution that is much steeper
than observed.53

An interesting variation of the mechanism depicted in Figure
13b is based on the observation54 that the energy of the 532
nm photon corresponds almost exactly to theV ) 7 overtone
of the C-H stretch.55 Absorption of additional photons by
molecules in this highly excited state could conceivably populate
a unique set of states that produce the hourglass recoil
distribution. This proposal is ruled out, however, by the
observation in Figures 10 and 11 that the hourglass is present
at wavelengths that do not correspond to C-H overtone
transitions. The dependence of the shape of the central feature

Figure 12. Molecular orbital diagram depicting the energetics of the allowed HOMO-LUMO transitions in benzene (left) and iodobenzene (right).
The orbital energies were calculated by density functional theory.
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on wavelength does suggest, however, that Franck-Condon
overlap plays an important role.

Having ruled out both internal and external energy sinks as
well as collisions with another (loosely bound or free) molecule,
we are left with a three-body fragmentation as the only viable
mechanism for explaining the zero kinetic energy peak. The
mechanism that we propose is multiphotondissociatiVe ioniza-
tion (DI), with the rapidly departing electron removing most of
the available energy. This mechanism is depicted schematically
in Figure 13a. In this mechanism, the molecule absorbs six or
seven photons to reach a doubly excited, neutral Rydberg state.
The superexcited electronic configuration includes an antibond-
ing electron that causes nuclear repulsion and a Rydberg electron
that lies above the ionization threshold. The molecule can either
dissociate on the neutral potential energy surface or autoionize
to a repulsive ionic surface. We suppose further that the ionic
surface is much less repulsive than the neutral one. If the
molecule autoionizes promptly, the electron carries away most
of the available energy and the nuclear fragments recoil slowly,
whereas if the molecule survives for a long time before
autoionizing, the nuclear fragments acquire a larger fraction of
the available energy while still on the neutral surface. The

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 I 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.56 observed both discrete and continuous structure
in the velocity map images of I+ produced by visible multi-
photon excitation of I2, 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 CH3I.57 In weak-field, synchrotron studies
of the DI of H2, a structured kinetic energy distribution was
observed with a peak at zero energy.58 For this molecule the
doubly excited states have been identified as the Q1 and Q2

Rydberg states,59 and the zero kinetic peak has been attributed
to the DI mechanism. Multiphoton dissociative ionization taking
place after (2+ 1) REMPI of H2 via the E,F double-well state
has been studied in detail by Bakker et al.60 using velocity map
imaging. Multiphoton DI of NO2 has been detected by Hayden
and co-workers61 in electron-ion coincidence measurements.
These experiments suggest that DI may be a fairly common
mechanism for the decay of small, highly excited molecules.
Although for large molecules it is possible that the large density
of states of the polyatomic fragment may play some role in
partitioning the energy, DI is the only mechanism that we have
found that can account for all of the qualitative properties of
the data.

The role played by the repulsive intermediate state continues
to be an interesting question. Our experiments provide strong
evidence that, contrary to previous conclusions,16-18 the iodo-
benzene molecule may be ionized with nanosecond laser pulses.
We speculate that the “launching pad” provided by this state
facilitates the excitation of a second electron, which is required
to produce the doubly excited Rydberg state. Prompt dissociation
(or photodissociation) of the superexcited state prevents obser-
vation of the parent ion. It would be very interesting to repeat
these experiments with synchrotron radiation to see if the
hourglass effect is produced with weak-field, single-photon
excitation.

What produces the anisotropy of the hourglass? The angular
distribution is likely to be caused by a combination of the
excitation and decay processes. In the axial recoil limit, a
sequence ofmparallel andn perpendicular transitions produces
an angular distribution62 that varies as cos2mθ sin2nθ. For m >
n the distribution is aligned along the electric vector of the laser.
In the dissociation process, molecules that recoil very slowly
lose some of their anisotropy. (In the classical limit62 for a single
photon,â2 is reduced by a factor of 4.) According to the DI
model, the rapid fragments come from molecules that dissociate
promptly on the neutral surface, whereas the slow fragments

Figure 13. Schematic drawings illustrating the competition between
(a) autoionization and dissociation of a superexcited state and (b)
dissociation and above-threshold absorption by a valence state. The
potential energy curves are all hypothetical. The solid curves correspond
to neutral states, and the dashed curve corresponds to an ionic state.
The solid arrows indicate photon absorption, whereas the dashed arrow
depicts emission of an electron. In mechanism a, the electron carries
away a continuous amount of kinetic energy, so that the recoiling ion-
neutral pair have a kinetic energy peaked near zero. In mechanism b,
the absorption of more than two photons populates an excited electronic
state. The competition between dissociation and absorption allows a
variety of vibrational modes to be excited.
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originate from ions that take much longer to dissociate.
Consequently,â2 is expected to increase monotonically with
recoil energy, as observed.

D. Electron Images.Velocity distributions of the electrons
can be useful for identifying the photoionization mechanism.
There are three possible sources of electrons: (1) photodisso-
ciation of iodobenzene into neutral fragments, followed by post-
ionization of either the I atom or the phenyl radical, (2)
ionization of the parent molecule, and (3) dissociative ionization
to produce either iodine or phenyl ions. The energetics of these
multiphoton processes are listed in Table 3, which should be
compared with the kinetic energy distributions shown in Figure
6b. By accident, the energies available to the electron in several
of these processes are indistinguishable. For example, the
maximum energy available in the ionization of phenyl by four
photons is 28 kcal/mol, whereas the energy available in the
ionization of I(2P3/2) by five photons is 27.5 kcal. Similarly,
both mechanisms 2 and 3 release 14-15 kcal/mol. These
coincidences could be avoided by using a different photon
energy.

The high-energy peak in the electron image corresponds to
the ionization of I(2P1/2) (mechanism 1c). The ionization of
I(2P3/2) and C6H5 produces a broad, weak feature near 28 kcal/
mol. The inner peak near 12 kcal/mol could be explained by
either ionization of the parent molecule or by DI, with several
kilocalories per mole of available energy appearing as a
vibration. In either case, this peak is conclusive evidence of
above-threshold ionization of the molecule. The angular distri-
butions of the peaks at 12 and 48 kcal/mol have pronouncedâ4

values (Table 1) that show the multiphoton nature (i.e., from
combined parallel and perpendicular transitions) of the excitation
and dissociation processes.

The electron image also contains a sharp, narrow peak at zero
kinetic energy with a broad high-energy tail (Figures 6b and
9). The peak at zero kinetic energy could be caused by direct
excitation to a repulsive ionic potential energy surface, whereas
the tail might have contributions from a DI mechanism. The
broad tail distorts the relative intensities and angular distributions
of the weaker peaks at higher energy. In conclusion, we find
that the electron image is consistent with, but does not confirm,
the DI mechanism. Further work, probably at wavelengths>600
nm, is required.

VI. Conclusions

We have used the method of velocity map imaging to explore
the photodissociation and photoionization dynamics of iodo-
benzene at low (∼109 W/cm2) and intermediate (∼3 × 1010 to
5 × 1012 W/cm2) laser intensities. In weak fields we observed
photodissociation products attributed to nσ* andπ,π* channels,

in good agreement with our density functional theory calcula-
tions and with previous time-of-flight measurements. Qualita-
tively new behavior was observed in fields strong enough to
produce multiphoton excitation without inducing tunneling
effects. The signature of this behavior is a continuous, hourglass-
shaped feature peaked at zero kinetic energy, which was
observed at wavelengths between 532 and 609 nm.

The production of low-energy neutral and/or ionic fragments
requires the existence of a sink for most of the energy absorbed
from the field. The highly nonstatistical energy and angular
distribution of the fragments rule out the possibility that the
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-
dissociation. An electron image confirmed the occurrence of
multiphoton ionization, but did not by itself conclusively
establish the three-body dissociative ionization mechanism.
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