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Photodissociation of (CH3Br)2+ was studied at 355 nm with photofragment imaging spectroscopy for the
product CH3Br+. The center-of-mass translational energy distribution is represented by a Gaussian distribution
that peaks at 25 kcal mol-1. The angular distribution is characterized by the anisotropy parameterâ ) 1.8
( 0.2. Photodissociation dynamics of the ion dimer at 355 nm is discussed.

Introduction

The photodissociation dynamics of dimer cations for NO2,
N2, CO2, and benzene in the visible region was reported by the
groups of Bowers1-3 and Nishi,4 measuring translational energy
and angular distributions of the fragments. For (N2)2+, (NO)2+,
and (CO2)2+, the facts that (a) the kinetic energy increases
linearly with the available energy and (b) the large anisotropy
parameterâ for spatial angular distribution can be accounted
for by using a simple impulsive model for a direct dissociation
path on a repulsive potential surface.1-3 For (C6H6)2+, however,
the translational energy distribution is statistical withâ ) 0,
suggesting fast energy flow among the intramolecular vibrational
modes.4 They found that the slope of the averaged translational
energy plotted against the available energy is in the order
(NO)2+, (N2)2+ > (CO2)2+ . (C6H6)2+, in other words, the
greater the number of internal degrees of freedom, the smaller
the kinetic energy release. Since a further study on the
photodissociation dynamics of the dimer of middle-size mol-
ecules is required, the photodissociation of (CH3Br)2+ has been
studied by ion-imaging spectroscopy, with which the kinetic
and angular distributions of the photofragment can be measured
simultaneously.

Experimental Section

The experimental apparatus is essentially the same as that
reported by Chandler and Houston,5 which consists of three
differentially pumped chambers and was described elsewhere.6

The molecular beam and reaction chambers are pumped by
separate 6 in. diffusion pumps. The detection chamber is
pumped with a turbo molecular pump. The three axes,
molecular beam, laser beam, and detector, are orthogonal in
the interaction region. The 118 nm light is generated by tripling
of the 355 nm output (5-10 mJ/pulse) of a Nd+:YAG laser
(Quanta Ray) in a tripling cell with 10-20 Torr of Xe gas with
a quartz lens (f ) 150 mm at 355 nm). The tripling cell is
schematically shown in Figure 1. The 118 nm light generated
is focused with a LiF lens into the interaction region so that
the pulsed molecular beam of CH3Br (2.5-10%) in Ar or He
at stagnation pressure of 700 Torr is photoirradiated by both
118 and 355 nm laser light with a pulse molecular beam head
and driver (General Valve). Due to the large difference in the
focal length of the LiF lens at 118 and 355 nm (f ) 50 and 80
mm at 118 and 355 nm, respectively), the 355 nm light is
focused further away from the interaction region. Thus,
multiphoton processes by the 355 nm light are eliminated at

the interaction region. Actually, without Xe gas in the cell, no
signals were observed. The signal ions produced in the
interaction region are accelerated into the time-of-flight (TOF)
tube by a 2 kVelectrode, fly through a field-free region of 500
mm, and strike a multichannel plate (MCP, Hamamatsu Pho-
tonics, 40 mm diameter) that is equipped with a fast phosphor
screen at the end of the TOF tube. A CCD camera (Hamamatsu
Photonics) attached with a gated image intensifier observes the
image on the phosphor screen through a lens. The image signal
from the camera is accumulated in a microcomputer over 12 800
laser pulses. In the photofragment imaging experiment, the
three-dimensional (3-D) velocity distribution is projected onto
a two-dimensional (2-D) detector. To extract a 3-D distribution
from a 2-D image, we use a filtered back-projection technique,7

which was described elsewhere.6 Velocity resolution of an
obtained image is determined by measurement of the images
of photofragments from the photodissociation of I2 and ICl at
304 nm. Time-of-flight spectra of the ions are measured by
monitoring the ion current from the phosphor plate on the MCP.

Results

Figure 2shows the ion TOF spectrum, in which CH3
+, Ar+,

CH3Br+, and (CH3Br)2+ appear: CH3+ were deduced to comeX Abstract published inAdVance ACS Abstracts,January 15, 1997.

Figure 1. Schematic of the interaction region of the ion imaging
apparatus. Detection and molecular beam chambers are not shown here
and were reported previously.6

Figure 2. Time-of-flight mass spectrum following photoirradiation of
pulsed molecular beam of CH3Br (10%) in Ar (700 Torr) at 118 and
355 nm.
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from the ion-pair dissociation process of CH3Br as was reported
earlier by Munakata and Kasuya,8 Ar+ from a multiphoton
process, and CH3Br+ from photodissociation of (CH3Br)2+ as
will be discussed below. To confirm the (CH3Br)2+ dimer
dissociation pathway for CH3Br+ production, we tested various
concentrations of CH3Br (2.5-10%) in Ar for the molecular
beam. Figure 3shows a log-log plot of the CH3Br+ signal
intensity as a function of (CH3Br)2+ signal intensity. The slope
of this plot is almost unity, indicating that it is the (CH3Br)2+

which are most important to CH3Br+ photoproduction. Since
the ionization potential of CH3Br is 10.56 eV, which is slightly
higher than the photon energy of 10.483 eV at 118.27 nm, most
of the CH3Br+ signals come from dissociation of the dimer ions
but not directly from ionization of the monomers. Since CH3

+

are known to come from the ion-pair dissociation of the
monomers at 118 nm,8 the intensity of CH3+ is a measure of
the monomer concentration in the molecular beam. At various
concentrations of CH3Br in the gas reservoir for the molecular
beam, a quadratic dependence of CH3Br+ intensity on the CH3+

signal intensity was observed, which is due to the participation
of the dimers in the production of CH3Br+. Absence of the
CH3Br+ signals from CH3Br‚Ar clusters was verified by the
fact that when He gas was used as a buffer gas, there was no
marked difference in the observed image of CH3Br+ from that
observed with Ar. These results suggest little contribution of
the complex between CH3Br and the carrier gas to the formation
of CH3Br+.
The 118 nm laser light was focused at the interaction region,

whereas the 355 nm light was not focused there. When the
118 nm generation was removed by evacuating the Xe tripling
cell, none of these signals were produced. Hence, CH3Br+ were
produced by one-photon ionization of the dimer at 118 nm,
followed by one-photon dissociation at 355 nm at the interaction
region:

The images of CH3Br+ are shown in Figure 4, in which the
laser light beam was polarized in the plane as shown by an
arrow. The upper panel of Figure 4 shows a 2-D image obtained
experimentally, and the lower one shows a 3-D backprojected

image, which is an equatorial slice of the 3-D distribution. The
speed distributionV2f(V) is obtained from the radial distribution
of an image and then converted to the distribution of center-
of-mass translational energyEt as shown in Figure 5. The
energy distribution is resolved into three parts: one is the highest
energy component represented by a Gaussian distribution (peak
) 25 kcal mol-1 and fwhm) 17 kcal mol-1), the middle energy
component represented by another Gaussian (peak) 8 kcal
mol-1 and fwhm) 8 kcal mol-1), and the rest is represented
by a Boltzmann with temperature of 400 K. Since the
instrumental velocity resolution corresponds to energy resolution
of 6 kcal/mol at the peaks, fwhm are corrected for their widths.
The angular distribution at a certain speed is fitted by

whereθ is the angle between the polarization vector of the
dissociation laser and the velocity vector of the fragment.â is
an anisotropy parameter, andP2(x) is the second Legendre

Figure 3. Ion intensity of CH3Br+ as a function of (CH3Br)2+ intensity.
The total stagnation pressure is 600-760 Torr, and the concentration
of CH3Br is varied from 2.5 to 10%. The slope of the line is unity.
The x andy axes are in arbitrary units.

Figure 4. Images of CH3Br+ ions following photoirradiation of CH3-
Br pulsed molecular beam simultaneously at 118 and 355 nm: (top)
raw image; (bottom) back-projected image. An arrow indicates the
direction of the electric vector of the dissociation laser at 355 nm.

I(V,θ) ) (1/4π)f(V){1+ âP2(cosθ)} (3)

(CH3Br)2 + hν(118.27 nm)f (CH3Br)2
+ + e- (1)

(CH3Br)2
+ + hν(354.8 nm)f CH3Br

+ + CH3Br (2)
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polynomial defined asP2(x) ) 1/2(3x2 - 1). For recoil along
the breaking dimer bond, the two limiting cases are recoil
parallel toµ or â ) 2, and recoil perpendicular toµ or â )
-1.9 Our experimental results forâ values are 1.8( 0.2 as
shown in Figure 5 as a function ofEt. Theâ value is close to
the upper limit of 2 at the higher energy region (Et > 15 kcal
mol-1), while at the lower energy region (<10 kcal mol-1) the
â value approaches 0. This lowâ value is due to a mixing of
the outer ring image with the center image. The center image
of Figure 4 is caused mostly by the 118 nm photoionization of
vibrationally hot parent CH3Br molecules and not photofragment
signals from the dimer ions, because theâ value of the center
image is 0 and its translational energy is well characterized by
a Boltzmann temperature of 400 K. Since the outermost image
or the highest energy component that is represented by the
Gaussian distribution contributes the most to the dissociation
process of the dimer ion, we will focus our discussion on the
dynamics of this major process.
The analogous experiment at 118 nm was performed for CH3I

and CH3Cl without success. A strong image signal of CH3I+

and a weak one of CH3Cl+ were observed, both of which have
only a low translational energy component. Because the
ionization potential (Ip) 9.54 eV) of the parent molecule CH3I
is lower than the photon energy, CH3I+ were produced by the
one-photon ionization at 118 nm. The photofragment ion CH3I+

could not be separated from the strong one-photon ionization
signal, even if the photofragment was produced by the ion-pair
dissociation process. Since the Ip of CH3Cl (11.28 eV) and
hence that of the dimer are much higher than the 118 nm photon
energy, the dissociation of the dimer ion was not observed for
CH3Cl. Only a multiphoton process gave a weak center image
of CH3Cl+.

Discussion

A. Bond Dissociation Energy. The largeâ value for the
outer image, that is, the high-energy component is very
suggestive of a fast direct dissociation from a repulsive surface
that is analogous to photodissociation of simple dimer ions,1-3

(NO)2+, (N2)2+, and (CO)2+. The reportedâ values are 1.3 for
(NO)2+, 1.15-1.35 for (N2)2+, and 1.0 for the high-energy
component from (CO2)2+. This feature is characteristic of the
dissociation occurring in a repulsive potential surface. For these
molecules, the energy partitioning can be accounted for by using
a simple spectator stripping model.2 In this model, the
translational energy release is given by

whereµBC is the reduced mass of the atoms at the end of the
breaking bond,µF is the reduced mass of the fragments,D0 is
the bond dissociation energy, andEvib is the vibrational energy
of the fragments which arises from geometry changes on going
from reactant to products. Since the maximum translational
energy of Figure 5 is 2.2 eV, the maximum value ofD0 for
(CH3Br)2+ is 0.86 eV based on the energy conservation.
According to Meot-Ner10 theD0 value for CH3NH2‚‚‚BrCH3 is
0.49 eV. Since the Br atom has a large ion size and its
electrostatic interaction is large, theD0 value for the Br‚‚‚Br
bond in the dimer ion should be larger than 0.49 eV. The dimer
binding energies are not expected to be vastly different among
the various species. TheD0 values for (CO2)2+, (NO)2+,
(C2H2)2+, (C2H4)2+, and (C6H6)2+ are similar to each other in
these molecules: 0.7,3 0.598( 0.06,11 0.98( 0.04,12 0.69(
0.04,12 0.663( 0.039 eV.13 Thus, we estimateD0 ) 0.7( 0.2
eV for (CH3Br)2+. Using this value and the averaged transla-
tional energy〈Et〉 of 1.08 eV (25 kcal mol-1) for the fast
Gaussian component in Figure 5, the fraction of the available
energy released into translation is estimated to be 0.39( 0.03,
which is smaller than 0.47 for (N2)2+ 1 and 0.51 for (NO)2+.2

Assuming the impulsive model of eq 4 that holds for the fast
dissociation process the value ofEvib is estimated to be 1.2 eV
(28 kcal mol-1), suggesting strong vibrational excitation of the
fragment(s).
B. Ionization and Dissociation Processes.The ionization

process removes an electron from a nonbondingπ orbital on a
Br atom. The resulting electron hole is delocalized between
the two Br atoms which explains the lowering of the ionization
potential (Ip) of the dimer as compared to that of the monomer.
The Ip of CH3Br is 10.53 eV, and the energy of the 118.2 nm
ionizing photon is 10.49 eV. The magnitude of the lowering
of the Ip depends on the unknown distance between Br atoms
in the neutral dimer. While the dimer structure is unknown, it
is helpful to compare this system with a simpler one. The Ip’s
of the Br atom and the Br2 molecule are 11.84 and 10.54 eV,
respectively. This lowering of 1.30 eV is probably an upper
limit to the lowering of the Ip of the CH3Br dimer. Whatever
the initial structure of the neutral dimer is, both Br atoms in
the charged dimer would come into close contact with each other
so as to maximize the stabilization energy of the resonant charge
transfer.
Once formed, the ionized dimer is dissociated by polarized

355 nm light. The velocity distribution of the fragment peaks
in a direction parallel to the electric vector of the polarized light.
The equal and opposite velocities of the CH3Br and CH3Br+

fragments make only a small angle with respect to the Br‚‚‚Br
axis because the Br atoms are more than 5 times heavier than
the CH3 groups. We can therefore state that the transition dipole
direction is parallel to the Br‚‚‚Br axis. This is what we would
expect for a (π,π*) transition, in which a bondingπ electron is
excited into theπ* hole.
The average translational energy release observed in the

photodissociation is around 1.1 eV. The rotational energy is
expected to be negligible because the center of mass of the CH3-
Br is so close to the Br atom that the repulsive force exerted
between the Br atoms cannot generate much rotational energy.
Assuming a impulsive rigid-rotor model for separation of the
two fragments, the maximum fraction of available energy
released into rotation is 17%. The bond dissociation energy of
the Br‚‚‚Br bond in the dimer is estimated to be 0.7 eV according
to the arrangement given previously. Thus, the average

Figure 5. Center-of-mass frame translational energy distributionP(Et)
(bottom) and anisotropy parameterâ(Et) (top). The translational energy
distribution is reproduced by three different distributions: two Gaussian
peaking at 25 and 8 kcal mol-1 and a Boltzmannian characterized by
a temperature of 400 K. A broken curve in the figure ofâ(Et) shows
standard errors (1σ) for â.

Et ) (µBC/µF)(Eavl - Evib)

Eavl ) hν - D0 (4)
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vibrational energy is greater than 1.7 eV, based on the
conservation of energy for the dissociation process. Impulsive
model of eq 4 predictsEvib ) 1.2 eV. This large vibrational
energy may result from the fact that the two equivalent C-Br
bonds of the charged dimer become two inequivalent bonds,
one shorter and one longer.
Using He I photoelectron-photoion coincidence measure-

ment, Lane and Powis14 reported that the direct ionization of
the neutral ground states of CH3Br at 13.8-14.5 eV prepares
highly vibrationally excited A state of the monomer CH3Br+

ions. The A-band ionization of this molecule is a removal of
a C-Br bonding electron.
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