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Photodissociation study of CH 3Br in the first continuum
Theodosia Gougousi, Peter C. Samartzis, and Theofanis N. Kitsopoulosa)

Department of Chemistry, University of Crete and Institute of Electronic Structure and Laser,
Foundation for Research and Technology-Hellas, 71110 Heraklion-Crete, Greece

~Received 20 October 1997; accepted 6 January 1998!

The photolysis of CH3Br is studied in the energy region of the A band between 4.94 and 5.76 eV
using ion imaging. Velocity distributions for both the bromine-atom and methyl-radical
photofragments are determined. Our results indicate that transitions to the3Q0 and 3Q1 states
dominate the absorption cross section and the partial cross section to each state is determined. The
@Br* #/@Br# branching ratio is found to be strongly dependent on the excitation energy varying
between 0.6 and 1.5. Both the bromine-atom and the methyl-radical translational energy
distributions suggest that the vibrational distribution in the nascent CH3 is nonstatistical with
appreciable excitation in thev2 umbrella mode. The lifetime of theA band is estimated att
5120640 fs. © 1998 American Institute of Physics.@S0021-9606~98!00114-7#
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I. INTRODUCTION

Methyl bromide has been the focus of much attent
recently, mainly because of its ozone depletion potenti1

Photodissociation via excitation to theA band ~first con-
tinuum! produces ground state, Br(2P3/2), and spin–orbit ex-
cited, Br(2P1/2), bromine atoms that we label as Br and Br* ,
respectively. Bromine atoms are known to be 40 times m
efficient than chlorine atoms in breaking down the atm
spheric ozone.2 Recent studies have indicated that meth
bromide produced both by natural and anthropogenic sou
is the largest reservoir of atmospheric bromide and resp
sible for as much as 10% of the global loss of stratosph
ozone.3

Unlike methyl iodide, which has been studie
extensively,4 very little work has been done on the photod
sociation of CH3Br. As pointed out by previous studies,5,6

the C–Br bond length~1.939 Å! in methyl bromide is sub-
stantially shorter than the C–I~2.132 Å! bond length in me-
thyl iodide, causing theA band absorption maximum in
CH3Br to shift to higher energies (;200 nm).7 Excitation
from the ground state can take place in three dissocia
excited states, designated as3Q0 , 3Q1 , and 1Q1 by
Mulliken.8–10 The 3Q0 state correlates asymptotically t
CH31Br* , while excitations to the3Q1 , and1Q1 states lead
to the production of CH31Br.

Experiments performed on both sides of the absorp
maximum of CH3I indicated that I* is the major product,11

and that the production of I atoms depends strongly on
extent of nonadiabatic curve crossing between the3Q0 and
the1Q1 states. In the case of methyl bromide, however, p
todissociation studies performed at 193, 2225, and 2056 nm,
showed that~i! the internal state distribution of CH3 is hotter
for the Br producing channel compared to the channel le
ing to the production of Br* , and~ii ! most of the CH3 inter-
nal energy excitation is stored in thev2 umbrella mode.

a!Electronic mail: theo@luce.iesl.forth.gr, P.O. Box 1527; telepho
1130-81-391467; fax:1130-81-391318.
5740021-9606/98/108(14)/5742/5/$15.00
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In this paper we present our results concerning the p
todissociation of CH3Br in the wavelength range betwee
251 and 215 nm. Angular and translational energy distri
tions of the Br, Br* , and CH3 photofragments are obtaine
using a velocity imaging technique. The wavelength ran
probed covers the lower-energy portion of the absorpt
spectrum of methyl bromide and provides detailed inform
tion concerning the nature of the states involved in the p
cess, their relative absorption strengths, and the@Br* #/@Br#
branching ratio.

II. EXPERIMENT

The experimental apparatus described in de
elsewhere12 is described here only briefly. A cold molecula
beam is produced by expanding a gas mixture~typically 10%
CH3Br in He! into the source chamber via a home-bu
pulsed nozzle~backing pressuresP0<1 atm!. The molecular
beam, which is skimmed and collimated to;0.8 mm diam-
eter, is intersected at right angles by two counterpropaga
laser beams, one used for the photolysis of CH3Br and the
other for the state-selective ionization of the desired pho
fragment. In the case of the CH3 photofragment, anonreso-
nantMPI scheme is used in order to detect all quantum sta
produced. To ensure that no photofragment escapes from
probe volume, a zero time delay between the two laser
chosen. The exact wavelength of the dissociation lase
checked by resonantly ionizing either Br or Xe through
known transition, and its polarization is always maintain
parallel to the detector plane. For the REMPI detection
bromine atoms, the bandwidth of the laser is found to
narrower than the velocity Doppler profile of the photofra
ments. Consequently, its wavelength is scanned across
profile, ensuring that all velocity components are detec
with equal probability. Details about the photodissociati
energies and the states involved in the REMPI detection
given in Table I.

The ions produced in the interaction region are acce
ated by a suitable electric field along the axis of the time-

:

2 © 1998 American Institute of Physics
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flight mass analyzer and are detected using a home-
position-sensitive ion-imaging detector. Discriminatio
against background ions is achieved by gating the dete
and the results presented in this article are obtained by
cording the81Br1 ion signal. Ion images are recorded using
CCD camera and background images are obtained by tu
the ionization laser off resonance. Details about the im
processing techniques and extraction of velocity distributi
can be found in Ref. 12

Following the pioneering work of Eppink and Parker13

we have adopted thevelocity imagingtechnique as a majo
modification in our experimental apparatus. The modificat
involves replacing the uniform extraction field assemb
which consisted of a repeller and a flat-fine-mesh grid by
electrostatic zoom lens consisting of repeller, extractor,
ground electrodes. With this arrangement, Eppink a
Parker13 report that ions with identical velocities produce
anywhere within the interaction volume can be spatially
cused to a very small ‘‘spot’’ on the detector (;150mm). In
the course of this work, because of the limited spatial re
lution offered by the microsphere plates~El Mul! used in our
detector, we have been able to achieve only moderate ‘‘
spot’’ sizes of;800mm. Even so, we find that the energ
resolution of our spectrometer is improved to about 10
from 20% when the grid is used.

III. RESULTS

Typical data images for Br, Br* , and CH3 produced by
the photodissociation of methyl bromide are presented
Figs. 1. A first look reveals obvious differences in the ang
lar distributions of the Br and Br* fragments. The Br* image
has most of the intensity at the poles and very little intens

TABLE I. Listing of the photodissociation wavelength, the measured
isotropy parameterb, and the intermediate states through which the
11) resonant ionization of the Br(2P3/2) and Br* (2P1/2) photofragments is
achieved.

Excitation
wavelength

~nm!

Intermediate
state for

Br REMPI

Intermediate
state for

Br* REMPI b~Br! b(Br* )

250.98 2D3/2
0

¯ 0.1960.02 ¯

229.22 2P3/2
0 2P1/2

0 0.3960.02 1.9460.05
220.14 4P3/2

0 2P1/2
0 20.4960.04 1.9160.05

215.00 4P3/2
0 2P1/2

0 20.1160.02 1.8660.15

FIG. 1. ~a! Image of the Br(2P3/2) produced by the photodissociation o
CH3Br at 229.22 nm.~b! Image of the Br(2P1/2) produced by the photodis
sociation of CH3Br at 229.22 nm.~c! Image of the CH3 fragment by the
photodissociation of CH3Br at 218 nm. The arrow indicates the laser pola
ization direction. Intensity at the center of the CH3 image is due to the
photodissociation of (CH3Br)N52,3,4,...clusters.
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along the equator, while the Br image is generally isotrop
In the CH3 image two distinct rings are observed that cor
spond to the production of Br and Br* .

Angular distributions for Br and Br* presented in Fig. 2
are obtained by appropriate reconstruction12 of the corre-
sponding data images. The anisotropy parameters~b’s! listed
in Table I are determined by fitting the functional for
I (u)}110.5b(3 cos2 u21) to the experimental angula
distributions.14,15 b(Br* ) appears to be insensitive to th
photolysis wavelength, and hence the direct measureme
the Br* angular distribution at 251 nm was deemed redu
dant. On the contrary,b~Br! displays a nonmonotonic de
crease from positive to negative values as we move from
low-energy tail toward the peak of the absorption continuu

Kinetic energy distributions~KED! that we determine by
appropriate reconstruction of the CH3 images,12 are shown in
Fig. 3. The overlaid stick spectra indicate the calculated
sitions for CH3 ~v2 , J50! and reveal several interestin
trends:~a! the relative intensity of the two peaks in the CH3

KED varies as a function of wavelength;~b! both KED cor-
responding to the formation of the Br and Br* peak atv2

max

.0; and~c! v2
max(Br).v2

max(Br* ).

IV. DISCUSSION

A. Photofragment angular distributions and the
A-band lifetime

The ground state symmetry of CH3Br is A1 while the
symmetry of the three excited states isE for the 3Q1 , 1Q1

states andA1 for the3Q0 state. Assuming a prompt dissocia
tion and an axial recoil of the photofragments, then the
citations to the3Q1 and 1Q1 states constitute perpendicula
transitions, i.e., the angular distributionI (u) of the photo-
fragments will follow a sin2 u dependence.14,15 Analogously,
the transition to the3Q0 state will be a parallel one, namel
I (u)}cos2 u. Hence, we expectb(Br* )52.0, as Br* corre-

-

FIG. 2. ~a! Angular distribution of the Br(2P3/2) photofragment at a series
of wavelengths.~b! Angular distribution of the Br(2P1/2) photofragment
obtained at a series of wavelengths.
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lates to the3Q0 state, andb(Br)521, as both the1Q1 and
the 3Q1 states correlate to Br. Although our observ
b(Br* )'1.9 is very close to the ideal value 2.0 predict
above, the angular distributions for Br differ substantia
from the expected sin2 u behavior. These deviations can b
attributed to two possible phenomena:~i! the lifetimes of the
dissociative states are sufficiently long to smear out
sin2 u distribution,14,15 or ~ii ! a sufficient amount of the Br*
produced by direct excitation is converted to Br because
nonadiabatic coupling between3Q0 and1Q1 states, thus add
ing sufficientparallel character to the otherwiseperpendicu-
lar type Br angular distribution.

The first scenario assumes that the rotational period
the electronically excited CH3Br is comparable to the time i
takes for the photofragments to separate, thus changing
orientation of the dissociation axis with respect to the dir
tion of the polarization of the photolysis laser. The coe
cient b can be related to the lifetimet of the dissociative
state via the relationship16

b'2P2~cosx f !
11v2t2

114v2t2 , ~1!

wherev'(pkT/2I)1/2 is the angular velocity of the paren
molecule, I is the moment of inertia, andx f is the angle
between the internuclear axis and the direction of the tra
tion dipole for the final state. For the Br channel that
volves a perpendicular transition, an extremely long lifetim
t yields ab value of20.25, and hence only theb~Br! at 220
nm could be accounted for by the lifetime scenario. The
fore, we conclude that the semi-isotropic angular distribut
of the Br photofragment is generally caused by nonadiab

FIG. 3. Kinetic energy distributions for the CH3 photofragment. The tic
marks indicate the calculated translational energies corresponding to
production of CH3 ~v2 , J50!, and the arrow indicates the calculated po
tions for CH3 (v25J50) for the Br and Br* channels, respectively. The
peak appearing at;1 eV for the KED at 226 nm, is due to (CH3Br)N52,3,4,...

cluster photodissociation.
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curve crossing. For the Br* channel, assuming a rotationa
temperature ofT'50 K, we obtainv'1.131012 s21, and
settingx f50° in Eq. ~1!, we find thatt5120640 fs when
b(Br* )51.960.5. This value constitutes an upper lifetim
limit of the A band in CH3Br and is comparable to the resul
of Dzvonik et al.,17 where a 70 fs upper lifetime limit was
reported for theA band in CH3I. From our determined life-
time settingx f590° ~for the Br producing channels! in Eq.
~1! we estimate thatb(Br)520.9560.5.

B. Product state distribution

The KED for the CH3 photofragment are bimodal, eac
peak corresponding to the formation of Br and Br* , respec-
tively. As pointed out above, the CH3 internal state distribu-
tion appears to be significantly hot, for both the Br and t
Br* producing channels. As rotational structure is not o
served in our data, the question we need to address conc
the partitioning of this internal energy between the rotatio
and vibrational degrees of freedom of the methyl radic
Both Hesset al.6 and van Veenet al.5 have pointed out tha
in order to induce large rotational excitation on CH3, a sig-
nificantly bent excited state is necessary. However, our
gular distribution analysis suggests that the transition dip
moment is either parallel (x f50°) or perpendicular (x f

590°) to the C–Br bond, leading us to believe that theC3v
geometry of the ground state is maintained by the exc
states. In light of this argument, we conclude that most of
excitation in the CH3 must be stored as vibrational energy.
addition, given that the dissociation axis is always perp
dicular ~or nearly so! to the H-atom plane, it is reasonable
assume that then2 umbrella mode will have the greate
probability of excitation upon photodissociation.

As in previous studies,18 Fig. 3 indicates that the amoun
of n2 excitation is greater for the channel producing Br th
for the channel producing Br* . Specifically, we note that the
Br KED peak at 1–2n2 quanta higher than the Br* KED.
Hesset al.6 have attributed this to the difference in slop
between the potential energy surfaces, stating that the ste
1Q1 state provides less time for the CH3 photofragment to
relax. In the theoretical treatment of CH3I, Morokuma and
co-workers4,19 found that the C–H bonds are situated at 9
angles with respect to the C–I bond in the1Q1 state~i.e., a
planar CH3 geometry!, and this angle increases to about 10
for the 3Q0 state~i.e., a pyramidal shaped CH3!. Their tra-
jectory calculations showed that it is easier to excite then2

mode when the CH3 is planar rather than when it is pyram
dal and consequently, dissociation on the3Q0 state generally
yields cold CH3, consistent with our observation for CH3Br.
Furthermore, Morokuma and co-workers also point out t
in the case of curve crossing, the substantial change in
geometry of the methyl group from pyramidal to plana
causes a significant amount of excitation in the CH3 umbrella
mode. This behavior is confirmed by our Br images by n
ing that the distribution of photofragments at the poles~pro-
duced by curve crossing! is noticeably wider than at the
equator~direct dissociation!.
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C. Br* /Br branching ratio

The amount of curve crossing is determined from
KED of CH3 obtained by considering only scattering ang
in the region 20°>u>220°, i.e., only the polar part of the
image, the results are plotted in Fig. 4. This procedure
justified by the conclusions presented above, mainly that
direct production of Br results in a perpendicular transiti
(b520.95) and, consequently, any contribution at the po
will arise from curve crossing. In a Landau–Zener model
probability for curve crossing is proportional to exp(2c/v)
where c is a constant related to the coupling strength
tween the states and the slope of the potential curves, av
is the photofragment velocity at the curve crossing.20 We
should point out here that in aC3v geometry, based on sym
metry alone, the coupling between the3Q0 (A1) and 1Q1

(E) is zero (A1^ E5E). We suspect that the nonzero co
pling is caused by Jahn–Teller distortion (e^ E) of the C3v
symmetry of the1Q1 state via then6 ~e symmetry! rocking
vibration.4 Figure 4 clearly contradicts the Landau–Zen
model as the observed propensity for curve crossing
creases with increasing Br kinetic energy and hence witv
as well. Indeed, ignoring the data points between 33
(;220 nm) and 3500 cm21 (;224 nm), we find that the
remaining data points fit nicely to a straight line. Deta
about the nature of the curve crossing and theirregularity
observed for excitation wavelengths between 220 and
nm will be discussed elsewhere.21

D. Partial absorption cross sections

The total absorption cross section for CH3Br7 is pre-
sented in Fig. 5. In order to extract the partial absorpt
cross sectionse(3Q0), e(3Q1), and e(1Q1) for the three
states that comprise bandA, it is necessary to know the
relative amounts of Br vs Br* produced from each state
From the KED of CH3 in Fig. 3 we determine the branchin
ratio (@Br#direct1@Br#indirect! /@Br* #[A by fitting the experi-
mental distribution with two Gaussian functions, whe
@Br#indirect and @Br#direct represent the amount of Br produce

FIG. 4. Curve crossing probability@Br#indirect/~@Br* #1@Br#indirect! as a func-
tion of Br velocity.
e
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by curve crossing and by direct excitation, respective
Hence, the relative amount of Br* produced is given by the
relationship

@Br* #

@Br* #1@Br#indirect1@Br#direct
5

1

11A
, ~2!

and the results are listed in Table II. Using Eq.~2! and the
total cross section values from Fig. 5, we extract the con
bution of the3Q0 state at each wavelength studied. The
sults are shown in Fig. 5. Ignoring once again the data po
between 220 and 224 nm, we note that a Gaussian func
fits very well to our experimental points as well as the tw
points of van Veenet al.5 This Gaussian function represen
the absorption cross section@e(3Q0)# of the 3Q0 state. Sub-
tractinge(3Q0) from the total cross section yields a bimod
shaped distribution that we fit with two additional Gaussi

FIG. 5. Total and partial absorption cross sections of theA band for CH3Br.

TABLE II. Branching ratio@Br* #/~@Br* #1@Br#indirect1@Br#direct! for the pro-
duction of Br* and the curve crossing probability@Br#indirect/
~@Br* #1@Br#indirect!.

Excitation
wavelength~nm!

@Br#indirect

@Br* #1@Br#indirect

(60.02)

@Br* #

@Br* #1@Br#indirect1@Br#direct

(60.05)

218 0.15 0.61
220 0.14 0.54
220.25 0.22 0.46
220.50 0.23 0.50
220.75 0.32 0.48
221 0.31 0.47
222 0.30 0.40
223 0.30 0.41
224 0.23 0.48
225 0.20 0.54
226 0.19 0.50
230 0.25 0.54
235 0.27 0.50
240 0.31 0.46
245 0.38 0.46
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functions corresponding toe(3Q1) and e(1Q1). Similar
analysis has been reported by van Veenet al.5 relying, how-
ever, on only two data points available at that time~193 and
222 nm!. The greater number of data points obtained by
present experiment provide more stringent constraints,
leading to a more accurate estimation of the partial cr
sections. The assumption of the Gaussian shape, howev
weakened by theanomalyobserved between 221 and 22
nm, as obviously, the Gaussian fit fails to predict the corr
dynamical behavior in this energy region. Whether oth
such anomalous regions exist cannot be determined from
available data. Studies similar to ours, that will probe
remaining absorption spectrum of theA band, are necessar
in order to completely elucidate the detailed nature of
absorption cross section.

V. CONCLUSIONS

The photodissociation of CH3Br has been studied be
tween 4.94–5.76 eV. For the first time separate anisotr
parameters are reported for the Br and Br* products and an
estimate for the lifetime of theA band are given. Theseb’s
along with the KED of the CH3 photofragment show clearly
that there is an important contribution to the Br producti
from curve crossing between the3Q0 and the1Q1 state. We
observe higher vibrational excitation in then2 umbrella
mode of the methyl radical produced by the Br rather than
the Br* channel, which we explain in terms of the curv
crossing. Finally, by analyzing the KED and photofragme
angular distributions, we are able to extract the partial
sorption cross sections for the3Q0 , 3Q1 , and1Q1 states of
the A band.
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