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The concerted dynamics involved in the molecular detachment of halogenated alkanes, i.e., CX2YZ] CX2] YZ (where X\ H, F or Cl and Y, Z\ I, Br or Cl) have been studied by femtosecond pumpÈprobe
spectroscopy. Particular emphasis has been placed on exploring the role of symmetry in the parent molecule.
For experiments carried out on product Ñuorescence was observed in two regions of the spectrum: atCH2ICl,
430 nm, corresponding to the D@] A@ transition, and at 340 nm, attributed to the G ] A transition.
Di†erences in the dissociation time for the two pathways can be understood by considering the energy
available for fragment recoil. The elimination process was found to be slower for methylene bromide than for
methylene iodide, possibly because of the di†erence in the enthalpy of reaction. When three gem-dibromo
compounds (Y, Z\ Br, X\ H, F or Cl) were compared, they were found to have signiÐcantly di†erent
dissociation times : 29.7 fs for the Ñuorinated species, 58.6 fs for the hydrogenated species, and 80.6 fs for the
chlorinated species. The di†erence in the transition state lifetime between the hydrogenated and chlorinated
species can be rationalized in terms of changes in the reduced mass, the thermodynamics of the reactions, and
the energy partitioning. The Ñuorinated compound was found to dissociate much faster than predicted by
thermodynamic and reduced mass arguments.

Introduction
In recent years, a number of groups have addressed the
dynamics involved in the formation of halogen molecules fol-
lowing high-energy excitation of halogenated alkanes.1h16
Previous papers from our group have examined the concerted
mechanism of this process.9h15 When methylene iodide

is the parent molecule, high-energy excitation pro-(CH2I2)duces molecular iodine. Coherent vibrational motion in the I2product was observed.10 Analysis of the transition state
dynamics shows that the carbonÈhalogen bonds are broken
and the interhalogen bond formed within 50 fs of the initial
excitation. The dissociation dynamics of and gem-CH2I2diiodobutane were compared ; the transition state life-(BuI2)time for is approximately twice that of AnalysisBuI2 CH2I2 .
based on a reduced mass argument indicated that the reaction
occurred faster than intramolecular vibrational relaxation
(IVR).11,13 In this study, we use the mixed halogen compound

to explore the role of symmetry in the concertedCH2ICl
elimination process. The dynamics observed for the photo-
detachment process of methylene bromide are examined and
an analysis is made of the e†ects of exchanging Ñuorine or
chlorine for the hydrogen atoms in this family of compounds.
These substitutions result in large changes in the center of
mass and in bond strengths.

Earlier work from our group investigated photolysis of
to produce using a three-photonCH2I2 CH2] I2(D@)10,11,13

excitation with a total energy of 12 eV. This reaction channel
was Ðrst investigated by Style and coworkers1,2 and later by
Okabe and coworkers.5 More recently we have compared
these results with the dynamics of a less favored dissociation
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channel with the same 12 eV excitation leading to andCH2Unlike the earlier studies on theI2(f ).14,15 CH2 ] I2(D@)
channel, the dynamics showed very clear rota-CH2] I2(f )tional anisotropy. This rotational component of the data
allowed a much clearer picture of the mechanism involved in
this dissociation process. Analysis of the rotational anisotropy
indicated that is produced with a very hot rotational dis-I2(f )tribution. It is apparent from classical mechanical modeling of
the dynamics that the symmetry of the molecule must be
broken during dissociation in order to achieve this kind of
distribution. An asynchronous concerted process does not
conserve the symmetry and is consistent with theC2vobserved dynamics. A synchronous concerted mechanism in
which the symmetry of the parent is conserved wouldC2vproduce rotationally cold products (see Fig. 1b).

Fig. 1c depicts the “stepwise Ï (non-concerted) pathways
producing I and I*. These reaction channels dominate the
photodissociation. Although the energy required for the pro-
duction of ground-state molecular iodine from gem-
diiodomethane is quite modest (30 000 cm~1), molecular
iodine has only been detected when the excitation wavelengths
have been shorter than 200 nm, corresponding to an excita-
tion energy of 50 000 cm~1.1,2,4h6,8 Even at high excitation
energies, the yield for molecular detachment processes remains
below 1%. To explain the low yield of molecular products,
Kawasaki et al. have invoked the existence of a barrier that
prevents molecular detachment from the lower energy states
because of symmetry considerations.3 Cain et al. have per-
formed calculations based on a generic gem-dihalogenated
compound and conÐrmed the existence of the barrier.7 In
their work they proposed a mechanism in which the halogen
molecule twists as it leaves the carbene fragment. This process
corresponds to the asynchronous mechanism shown in Fig. 1b.
We have addressed the subject of molecular elimination from
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Fig. 1 (a) Schematics of the relevant potential energy surfaces
involved in the multiphoton excitation of Following theCX2Y2 .
absorption of the photons, multiple pathways are available for the
photodetachment process. The molecule can dissociate in a concerted
process (producing or a stepwise process (producingCX2] Y2)or (b) In the concerted mechanism, the mol-CX2] 2Y CX2Y ] Y).
ecule can either maintain symmetry during the dissociationC2vprocess (synchronous) leading to a small rotational excitation or
break the symmetry (asynchronous) resulting in a high rotationalC2vdistribution. In either case, coherent vibration of halogen molecule
would be obtained. (c) In the stepwise mechanism, the molecular
halogen is not formed within the vibrational period of the molecule ;
thus, coherent vibration of the halogen molecule would not be
obtained.

taking into account the role of symmetry in preventingCH2I2the observation of this channel at low excitation energies (\5
eV).11,13 From this analysis, it became clear that the amount
of internal energy in the halogen product, following high
energy excitation, would be sufficient to dissociate the lower
valence states.11,13 Ion pair states correlating with X`] X~
are strongly bound and therefore are the best candidates for
surviving the high internal energy deposited in the products.
The Ðndings reported in this study are consistent with this
general understanding even for mixed halogen compounds.

Huber and coworkers have studied the dissociation path-
ways of by excitation at wavelengths between 248 andCF2I2351 nm. Their Ðndings indicate that production of I and I*
constitute the major dissociation channels for the reac-
tion.17h19 Huber, Radlo†, and coworkers studied the disso-
ciation pathways of with ultrafast laser pulses. As withCF2I2diiodomethane, diÑuorodiiodomethane produces followingI2high-energy excitation ; in this case, the reaction is initiated by
absorption of two photons at 267 nm.16 This study did not
identify the electronic state of the molecular halogen nor its
vibrational or rotational energetics. Schwartz et al. have
studied the photodissociation dynamics of with femto-CH2I2second lasers in a variety of solvents.20 Their work focused on
the reaction initiated by the 310 nm pump and producing

They followed the geminate recombination of theCH2I] I.
photoproducts by measuring transient absorption at 620 nm
and found that the primary geminate recombination occurred
on a D350 fs time scale. Tarnovsky et al. studied the photo-
dissociation dynamics of in acetonitrile by femtosecondCH2I2pumpÈprobe spectroscopy.21 Their data, following a 310 nm
pump pulse and probing with wavelengths 240È1220 nm,
reproduced the initial 350 fs decay. The wide range of probe
wavelengths allowed them to estimate the rate of cooling of
the photoproduct (5È8 ps) and revealed the formation ofCH2Ithe an ion-pair isomer of Isodiiodomethane,CH2IÈI, CH2I2 .

has been observed in noble gas matrices at low exci-CH2IÈI,
tation energies.22 The initial dynamics that take place upon
excitation of have been studied by Kiefer andCH2I2coworkers (gas phase) and by Kwok and Phillips (in solution)
between 342 and 369 nm by resonance Raman scattering.23h25

Their Ðndings indicate the involvement of the IÈCÈI sym-
metric stretch, asymmetric stretch and bending vibrational
modes.

This paper is organized as follows. The Experimental
section brieÑy describes the laser system used to obtain the
measurements presented here. The section on Results and dis-
cussion provides experimental data collected to investigate
various aspects of photoinduced molecular detachment.
Experiments on allow us to explore the preferredCH2ICl
molecular detachment pathway for a molecule without C2vsymmetry. The dissociation dynamics of andCH2I2 CH2Br2are compared and analyzed with respect to the reduced mass
and reaction enthalpies. Lastly, we observe di†erences in the
transition state lifetimes for the family of compounds CX2Br2 ,
where X is H, F or Cl. The Ðnal section draws conclusions
based on our observations.

Experimental
The experimental setup for these measurements has been
described previously.13 The reaction is initiated by multi-
photon excitation of the parent molecule using a 312 nm
pump pulse. Fluorescence spectra of the product molecules
were measured by dispersion with a 0.27 m spectrometer. The
time-resolved data (transients) were obtained by Ñuorescence
depletion caused by the 624 nm probe pulse, measured as a
function of pumpÈprobe time delay. Rotational anisotropy
measurements were obtained by measuring the time-
dependent data with the polarization of the probe laser paral-
lel or perpendicular to the polarization of the pump laser. The
intensity of the probe beam was attenuated such that the
probe pulse alone did not produce any detectable Ñuores-
cence. The appropriate alkyl halide, all obtained from Aldrich
with purity exceeding 95%, was placed in a static quartz cell
and the temperature controlled such that the vapor pressure
was maintained in the range 0.1È10 Torr. This pressure range
ensured that no signiÐcant collisional relaxation occurred
within the Ñuorescence lifetime of the halogen product states
(typically D10 ns). Copper wire and sodium thiosulfate crys-
tals were added to the cells to scavenge any halogen molecules
that may be present in the sample.

Results and discussion
A. Dissociation dynamics of breaking theCH

2
ICl : C

2vsymmetry

Previous studies on showed that the dissociationCH2I2process that produces follows a mechanism inCH2] I2(f )which the symmetry is not maintained.14,15 To exploreC2vthe photodetachment process in a molecule without sym-C2vmetry, experiments were conducted on gas-phase (atCH2ICl
0 ¡C). Time-dependent data were observed from this molecule
at two wavelengths, 340 nm and 430 nm. The 430 nm Ñuores-
cence can be assigned to the D@] A@ transition of ICl.26,27
The Ñuorescence between 325 and 340 nm has been tentatively
assigned to the transition of ICl.28G(3P1) ] A(3%1)It is known that ICl decomposes readily to produce I2 .29
Therefore, spectra from neat vapor and from theI2 CH2ICl
sample were compared to ensure that the signal at 340 nm
was due to ICl not (see Fig. 2a). We assign the signal to IClI2and not to for a number of reasons. (a) The experimentalI2cell was kept at 0 ¡C. At this temperature the vapour pressure
of is D0.06 Torr,30,31 much smaller than the pressure in theI2neat cell D0.3 Torr. (b) The presence of halogen scavengingI2agents prevents the accumulation of or ICl. (c) There areI2clear spectroscopic di†erences between ICl and ÑuorescenceI2(see Fig. 2a and 2b). (d) Spectral comparisons also indicate
that Ñuorescence does not contribute signiÐcantly to theI2Ñuorescence at 430 nm (see Fig. 2b). (e) Furthermore, any con-
tamination in the time-dependent data from moleculesI2would only be observed at negative time delays where the 624
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Fig. 2 Spectra from the cell at 0 ¡C and an vapor cell, collected under 310 nm excitation, showing Ñuorescence in (a) the 320È400 nmCH2ICl I2region and (b) the 400È460 nm region. (c) Upper : experimental pumpÈprobe data (dots) from the photoinduced dissociation of detectedCH2ICl
at 340 nm. The Ñuorescence at this wavelength corresponds to the G] A transition in ICl. The displayed Ðt (line) corresponds to a transition
state lifetime of 71 ^ 4 fs. Lower : same as above except detected at 430 nm, assigned to the D@] A@ transition in ICl. The dissociation time for
this photodetachment process is 48 ^ 1 fs.

nm pulse is the pump and the 312 nm pulse is the probe.10
This contribution, if present at all, would not a†ect the results
observed for positive time delays. Based on these obser-
vations, we conclude that the source of the signal in these
experiments is ICl Ñuorescence.

The pumpÈprobe data collected at these two wavelengths
from the cell at 0 ¡C are displayed in Fig. 2c. In bothCH2ICl
cases, an intense time zero enhancement and Ñuorescence
depletion at positive pumpÈprobe time delays are observed in
the signal. Fits of the transition state lifetimes for the CH2ICl
dissociation (for each product channel) are also shown in Fig.
2c. These Ðts were obtained using the Ðtting method outlined
by Marvet et al.13 and yielded 1/e times of 71 ^ 4 fs (G state)
and 48^ 1 fs (D@ state). Previously, the transition state life-
time of the analogous process in (producing in theCH2I2 I2D@ state) was determined to be 47^ 3 fs.13 The uncertainty
values obtained from the Ðtting routine are based on the
assumption that the pulse duration of the laser is known
exactly. Realistically, a ^10 fs conÐdence level should be
included due to the uncertainties in the determination of the
temporal response of our system resulting from the cross-
correlation of the pump and probe lasers and noise in the
data. In order to understand the di†erence in the lifetime for
these two compounds, we need to examine the relationship
between the reduced mass of the fragments and the energy
available for recoil in each process.

Zewail and coworkers introduced a classical model to relate
transition state lifetimes and the energy available after disso-
ciation.32,33 The dissociation time is given as(q1@2)

q1@2 \
L 1
l

ln
A4E

c
B
. (1)

where l is the terminal velocity of the fragments and c the
spectral width of the probe pulse. represents the lengthL 1parameter of the potential and E is the energy available for
recoil. Given the fact that the potential energy surfaces are not
known for the compounds being studied, absolute numbers
can not be calculated. It seems reasonable to assume that L 1is similar, within an order of magnitude, for the molecules
studied here based on relative bond strengths, molecular

geometry, the speed of the detachment mechanism, and the
large amounts of excess energy. Therefore, we assume the
potentials to be similar within this family of com-CX2YZ
pounds (where X\ H, F, or Cl and Y, Z\ Cl, Br, or I) allow-
ing us to compare the transition state lifetimes among these
compounds. Furthermore, in comparing results one can
assume that the time taken for dissociating fragments to
achieve terminal velocity is proportional to their reduced
mass.

The resulting impulsive model assumes that the parent mol-
ecule is a pseudodiatomic, breaking into the carbene radical
and the halogen molecule, and that the fragments reach ter-
minal velocity immediately following the dissociation. In this
case we can use the expression for the kinetic energy, E\
(1/2)kl2, and substitute the relevant parameters to obtain

E\ 12k
AL

q
B2

, (2)

where L is taken here as the distance the fragments must
move from each other before the bond is considered broken, q
is the dissociation time (i.e., transition state lifetime), and k is
the reduced mass calculated for the pseudodiatomic. The
kinetic energy E represents the energy available for recoil after
the enthalpy of reaction and internal energy (vibrational and
rotational energy) of the products have been subtracted from
the photon energy. In some situations, we will look at the
maximum energy available for recoil obtained by subtracting
only the reaction enthalpy from the excitation energy ; the
recoil energy is not partitioned into vibrational, rotational
and translational motion in these cases.

Assuming the excitation process and energy partitioning in
to be the same as in (both dissociation chan-CH2ICl CH2I2nels lead to products in the D@ state), the dissociation time for
is in agreement with the time that would be predictedCH2ICl

by reduced mass considerations. In addition, information
about the translational and internal energy of the fragments
can also be obtained with this model. Using eqn. (2) with a
length parameter of 2 yields a translational energy in theA�
dissociating fragments of 4278 cm~1 (0.53 eV) when the
molecular product is ICl(G) and 9361 cm~1 (1.16 eV) when it
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is ICl(D@), a di†erence of 5083 cm~1 or 0.63 eV. The energy
separation between the G and D@ states of ICl is 6491 cm~1,
or 0.8 eV.34 Thus, it appears that the majority of the excess
energy available for the halogen product ICl(D@) is partitioned
into kinetic energy and the remainder into internal energy of
the fragments. Note that these energy comparisons are not
absolute ; we do not know at this time the partitioning of the
internal energy in the carbene fragment for either pathway.
However, of the excess 0.8 eV that should have been available
as recoil for the ICl(D@) product due to the di†erence in the
potential energies, a portion of that energy goes into vibra-
tions and/or rotations rather than translational motion.

The 430 nm data (ICl D@] A@) exhibits some modulation in
intensity as a function of pumpÈprobe time delay that is
assigned to vibrational oscillations ; this data is shown in Fig.
3a. The displayed data has been smoothed with Ðve-point
averaging and the sloping background (see Fig. 2c lower) has
been subtracted. A fast Fourier transform (FFT) was per-
formed on the data and is shown in Fig. 3b. The results show
multiple frequencies that contribute to the signal ; clearly the
73 cm~1 frequency dominates the transient and the corre-
sponding 450 fs oscillations are evident in the data (see Fig.
3a). A longer transient with higher signal-to-noise ratio would
allow a more accurate determination of the vibrational dis-
tribution observed in the D@ÈA@ emission. Because of the short
temporal range of the data, more conÐdence can be placed on
the higher energy peaks (73, 93, and 117 cm~1). The vibra-
tional distribution observed in the FFT is consistent with
population levels v@[ 30. Here we concentrate our analysis on
the strongest feature for illustration purposes. A beat fre-
quency of 73 cm~1 corresponds to a maximum near l\ 75
for ICl(D@),27 resulting in a vibrational energy in the fragment
of 9303 cm~1, or 1.15 eV. While this is a substantial amount
of vibrational excitation, it is only 10% of the total energy and
it is far from the dissociation energy for this state (De D 4.17
eV).27 Assuming that the energy required to produce andCH2ICl(D@) is D8.4 eV (similar to see Table 1), the internalCH2I2 ,

Fig. 3 (a) Transient showing the molecular dynamics following the
multiphoton excitation of Note that the data shown haveCH2ICl.
been averaged and had the sloped background subtracted. Vibra-
tional oscillations are clear and other experimental transients that
were taken have shown similar oscillations. (b) FFT of the transient. A
wide range of vibrational excitation is obtained in this dissociation
process. The major frequencies contributing to the signal are 29, 49,
73, 93 and 117 cm~1.

Table 1 Thermodynamics of the dissociation reaction CX2Y2] CX2where X\ H, F or Cl and Y is Br or Ia] Y2(D@),

Reaction Enthalpy/cm~1 eV

(i) CH2I2] CH2(X3 )] I2(D@) 67 588 8.38
(ii) CH2Br2] CH2(X3 )] Br2(D@) 85 047 10.5
(iii) CCl2Br2] CCl2(X3 )] Br2(D@) 70 735 8.8
(iv) CCl2Br2] CCl2(A3 )] Br2(D@) 79 042 9.8
(v) CF2Br2] CF2(X3 )] Br2(D@) 68 557 8.5
(vi) CF2Br2] CF2(A3 )] Br2(D@) 88 398 11.0

a Enthalpies of formation of reactants were taken from refs. 30 and 35
and of the products from ref. 30. The value of for the D@ state ofTewas taken from ref. 34 ; singletÈtriplet splittings for the carbeneBr2fragments were taken from refs. 36 and 37. Three-photon excitation at
312 nm corresponds to 96 150 cm~1 or approximately 11.9 eV.

energy of the fragment can be estimated to be D1.3 eV.CH2We have not performed a direct spectroscopic analysis of this
fragment. There were no discernible vibrational oscillations in
the time-resolved Ñuorescence data collected at 340 nm from
the cell.CH2ICl

In addition to obtaining dissociation times, one can explore
the vectorial properties of the molecular photodetachment of
ICl(G) from These studies have been carried out byCH2ICl.
using pump and probe lasers polarized parallel or perpendicu-
lar to each other and by detecting the signal at 340 nm (not
shown). The time-dependent anisotropy measurement is
obtained with the usual formula r(t) \ (I

A
[ I

M
)/(I

A
] 2I

M
).

The r(t) obtained from these transients was Ðt assuming a
Gaussian population of rotational j levels and determining the
position and FWHM of the Gaussian, using the formulation
corresponding to multiphoton excitation.15 The r(t) was also
Ðt to a thermal distribution of rotational levels because the
observed rotational population closely resembled a Bolt-
zmann distribution. The rotational population of ICl mol-
ecules is centered at approximately j \ 10, which corresponds
to a rotational temperature of approximately 170 K. This is
dramatically lower than was previously observed in the I2(f )dissociation product from which indicates that theCH2I2 ,
dissociation of follows a di†erent photodetachmentCH2ICl
mechanism. This is not unexpected because the mol-CH2ICl
ecule carries none of the transition restrictions arising from
the symmetry of the other molecules studied.C2vThe asymmetric dissociation of symmetric molecules has
been discussed by Tamir et al.38 Their conclusion, based on
classical trajectory simulations and experimental observations,
was that asymmetric dissociation is expected from energy-rich
triatomic or pseudo-triatomic molecules of the type. ThisAB2was attributed to a larger phase space for asymmetric (i.e.,

dissociation. In dihalomethanes, an electronic sym-non-C2v)metry barrier prevents the molecular detachment reaction
from proceeding through the symmetric transition state, also
known as the least motion pathway.7 The lower energy
pathway involves rotation of the halogen moiety, thus break-
ing the symmetry of the parent.7C2v

B. Photodetachment dynamics of CX
2
Br

2

Time-resolved parallel and perpendicular transients for
are shown in Fig. 4a. The signal was detected at 287CH2Br2nm, corresponding to the D@] A@ transition of The iso-Br2 .39

tropic and anisotropic portions of the signal at posi-CH2Br2tive pumpÈprobe time delays were extracted and are shown in
Fig. 4b. The rotational anisotropy of the signal, r(t), was Ðt
using a Gaussian distribution of rotational levels, centered at

with a FWHM of 170 ^ 20. This corre-jmax \ 76 ^ 7, *
jsponds to an average rotational energy in the productBr2(D@)

of 250 cm~1 ; less than was observed in the fragment.15I2(f )However, direct comparison with the rotational excita-I2(D@)
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Fig. 4 (a) Experimental pumpÈprobe transients from the CH2Br2sample with the probe beam polarized parallel (thin line) and perpen-
dicular (thick line) to the pump beam. The data was collected at 287
nm corresponding to the D@] A@ transition of (b) The isotropicBr2 .
and anisotropic contributions were extracted from the data. Vibra-
tional modulation can not be clearly observed ; however, there
appears to be a single vibrational oscillation near time zero. This peak
is clearly seen in the perpendicular data, but is most likely masked by
the intense time zero peak in the parallel data. This vibration may be
attributable to the BrÈCÈBr bending motion (173 cm~1) or a BrÈBr
(D@) vibration (150 cm~1). The Ðt to the rotational anisotropy using a
Gaussian distribution yields and *j\ 170 ^ 20, whichjmax \ 76 ^ 7
corresponds to less rotational excitation than had been observed in
the fragment.I2(f )

tion is not possible because the rotational anisotropy at 340
nm could not be reliably analyzed.13

Using the Ðtting method outlined by Marvet et al.13
resulted in a transition state lifetime of 58.6 ^ 1.4 fs for the

photodetachment. Using eqn. (2), we can see why theCH2Br2dissociation time for is longer than for (47^ 3CH2Br2 CH2I2fs). The di†erences in reduced mass are very small, but there
are large di†erences in the thermodynamics of the reaction
(see Table 1). Assuming that excitation at 312 nm is a three-
photon process, the maximum energy available for fragment
recoil from methylene iodide is about 3.6 eV, compared to 1.5
eV for methylene bromide. Note that these values do not
account for internal energy ; however, we assume that the par-
titioning will be similar in both cases because both reactions
produce a carbene fragment. Therefore, a higher value for the
translational energy in the iodine compound is expected. As
reÑected in eqn. (2), this increase in E causes the dissociation
process to be faster for than forCH2I2 CH2Br2 .

Molecular parameters of were used to try to Ðt theBr2(D@)
isotropic portion of the signal.39 Unlike the(I

A
] 2I

M
) CH2I2transients,9h11,13h15 vibrational modulation at positive times

can not be clearly seen in this data. Analysis of several scans
collected with the pump and probe lasers polarized parallel to
each other did not yield consistent results either by Fourier
transform or by modeling the vibrations as described pre-
viously for the data.13,15 However, there does appearCH2I2to be a single vibrational oscillation in the perpendicular data,
which is probably hidden underneath time zero in the parallel
data (see Fig. 4a and 4b upper). This could be due to a single
BrÈCÈBr bend oscillation, which has a frequency of this mode

in the ground state of 173 cm~1,40 or to a single BrÈBr vibra-
tion, where the frequency of this mode in the D@ state is 150
cm~1.39 The enhancement occurring at 185^ 10 fs corre-
sponds to one (perhaps two) vibrations of a mode with a fre-
quency equivalent to 185^ 12 cm~1. Conceivably, this feature
corresponds to motion of the Br atoms in the BrÈCÈBr
bending mode during the photodetachment process.

The photodissociation dynamics of the family of com-
pounds where Y\ Cl, Br or I have been investi-CH2Y2gated.13 Fluorescence corresponding to the D@] A@ transition
for the respective molecular halogen products were observed
and the dynamics in each case were similar with an intense
time zero feature and Ñuorescence depletion at positive time
delays. Here, we continue by exploring the photodissociation
dynamics of the family, where X\ H, F or Cl. Multi-CX2Br2photon excitation of and using 312CH2Br2 , CF2Br2 CCl2Br2nm pulses produces in the D@ state ; these spectra areBr2shown in Fig. 5a.

We have previously reported that spectra from theBr2(D@)
dissociation of and at 0 ¡C indicate a di†er-CF2Br2 CH2Br2ence in vibrational population of the halogen.11 However, the
vapor pressure of is 314 Torr at 0 ¡C,41 correspondingCF2Br2to a gas phase collision frequency of 2.45] 109 s~1. This is
sufficient to cause vibrational relaxation in the observed Ñuo-
rescence spectrum. In order to check this observation, spectra

Fig. 5 (a) Spectra from the multiphoton excitation of CH2Br2 ,
and showing quite similar spectral features in eachCF2Br2 , CCl2Br2case. (b) PumpÈprobe data (dots) collected at 287 nm for these three

compounds. The displayed Ðts correspond to dissociation times of
58.6^ 1.4 fs, 29.7^ 0.6 fs, and 80.6^ 4 fs, respectively. The Ñuoride
compound dissociates much faster than predicted by thermodynamics
and the di†erence in the reduced mass. The transition state lifetime of
the chlorine compound is on the order of what is predicted from

based on the change in the reduced mass and the di†erenceCH2Br2in the reaction enthalpies.
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were recorded from and at 0 ¡C and [61 ¡C,CH2Br2 CF2Br2respectively ; at these temperatures the vapor pressures are
comparable (11.5 Torr for 41 and D12 Torr forCH2Br2The spectra under these conditions reveal that, inCF2Br2).42fact, the vibrational temperature in the product isBr2(D@)
similar whether the parent molecule is orCH2Br2 CF2Br2 .43

Fig. 5b shows a comparison of the transition state lifetimes
of and The scans were collectedCH2Br2 , CF2Br2 CCl2Br2 .
consecutively, with the laser intensity kept constant as far as
possible to avoid apparent di†erences in dissociation times
resulting from saturation of the transitions. Analysis of the
time zero data, as before, yielded dissociation times of
58.6^ 1.4 fs for 80.6^ 4 fs for andCH2Br2 , CCl2Br229.7^ 0.6 fs for The dissociation time of isCF2Br2 . CF2Br2signiÐcantly faster than of the other two molecules. The enth-
alpies of reactions for and breaking into theCF2Br2 CCl2Br2ground state of and (see (iii) and (v) in Table 1)CX2 Br2(D@)
are quite similar, so this change in transition state lifetime
can not be explained by the thermodynamics of the systems
involved. The energies required to produce andCCl2 CF2fragments in the Ðrst excited (triplet) states were also calcu-
lated and are displayed in Table 1. In this case, the enthalpy of
reaction (vi) for the Ñuorine species is substantially higher
than the enthalpy of reaction (iv) for the chlorine species.
Therefore, these alternative product channels cannot provide
an explanation for the di†erence in dissociation time for

either. The anomalous dissociation time is possiblyCF2Br2due to the high electron density of the Ñuorine atoms, which is
expected to signiÐcantly a†ect the electronic states of the
parent molecule. For this reason, the data will not beCF2Br2compared with results from its analogues.

Based on reduced mass arguments, the ratio of the disso-
ciation times of and is expected to be D2.CCl2Br2 CH2Br2The experimental result was 1.4. The di†erence can be
explained by the fact that the enthalpy required to form CCl2and from is lower than the energy needed toBr2(D@) CCl2Br2produce and from the dissociation of asCH2 Br2(D@) CH2Br2 ,
shown in Table 1. This di†erence in reaction enthalpies results
in making more energy available for partitioning into frag-
ment recoil (including internal energy as well as translational
motion) in the former reaction. Thus, with an increase in the
recoil energy, the dissociation time for is faster thanCCl2Br2anticipated based purely on the reduced mass di†erence (see
eqn. (2) and the vs. discussion). The electronicsCH2I2 CH2Br2of both reactants and products are also expected to play a role
in the transition state lifetime. The assumption that the disso-
ciation can be treated as a pseudodiatomic separation with no
redistribution of energy during the reaction is rather inna•� ve
the case of Here the masses of the two fragments areCCl2Br2 .
comparable and the CÈBr and CÈCl vibrational frequencies
are similar. Therefore, vibrational excitation in the products
may also play a role in the relative dissociation times of

andCCl2Br2 CH2Br2 .

Conclusions
Molecular photodetachment experiments were carried out on

Product Ñuorescence was observed in two regions ofCH2ICl.
the spectrum: 430 nm, assigned to the D@] A@ transition, and
340 nm, attributed to the G ] A transition. Di†erences in the
dissociation times for the two pathways can be understood
from available recoil energy arguments. Analysis of the aniso-
tropy in the time-resolved data reveals that there is very little
rotational excitation in the molecular product, being approx-
imately equal to a thermal distribution centered at j B 10.
This is very di†erent from the results on the dissociation of

in which signiÐcant rotational excitation was observedCH2X2in the products and indicates a di†erent reaction pathway.
This di†erence is not unexpected in light of a symmetry
barrier to the formation of an interhalogen bond from mol-

ecules with symmetry. A barrier of this type would tend toC2vfavor an asynchronous concerted mechanism of the type pro-
posed for highly excited ion-pair states of in which the sym-I2metry of the molecule is broken during dissociation. No such
restriction exists in the case of so that there is noCH2ICl
barrier to a synchronous concerted mechanism of the type
previously described.13,15 The asynchronous concerted
mechanism would be expected to produce a high degree of
rotational excitation in the products ; an impulsive disso-
ciation retaining the geometry of the parent molecule would
not. Therefore, it seems reasonable that the asynchronous
concerted mechanism is the pathway when the parent mol-
ecule has symmetry and that the synchronous concertedC2vmechanism, least motion pathway, is preferred when it does
not. Based on the results presented here, this appears to be the
case ; however, more studies are required to conÐrm the gener-
ality of the observation.

The molecular detachment process was found to be slower
for methylene bromide than for methylene iodide. The reason
for this may be the di†erence in reaction enthalpy, more
energy is available for recoil for Measurements of theCH2I2 .
reaction dynamics for three homodisubstituted dibromome-
thanes (X\ H, F, Cl) yielded signiÐcantly di†erent disso-
ciation times : 29.7 fs for the Ñuorinated species, 58.6 fs for the
hydrogenated species, and 80.6 fs for the chlorinated species.
The di†erence in dissociation time between the hydrogenated
and chlorinated analogues can be rationalized in terms of dif-
ferences in reduced mass, reaction enthalpies, and vibrational
excitation of the product. The Ñuorinated compound wasCX2found to dissociate much faster than predicted by thermody-
namic and reduced mass arguments.

In conclusion, the concerted elimination of halogen mol-
ecules from halogenated alkanes occurs following an ultrafast
concerted process. In most cases the halogen molecules are
formed in the D@ state and the di†erences in the transition
state lifetimes can be rationalized from analyzing the available
energy for recoil and the changes in the reduced mass.
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