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Concerted elimination dynamics from highly excited states

Qingguo Zhang,¤ Una Marvet and Marcos Dantus
Department of Chemistry, Michigan State University, East L ansing, Michigan 48824, USA

Photoinduced molecular detachment has been investigated for methylene
iodide and several related compounds and(CH2I2) (CH2Br2 , CH2Cl2Multiphoton excitation of these molecules at 310 nm gives rise toCF2Br2).halogens in the D@ state. Femtosecond pump-probe experiments on the dis-
sociation of these compounds indicate that the process is extremely fast
(\60 fs) and proceeds without an intermediate. In addition to the character-
istic D@] A@ Ñuorescence at 342 nm, photodissociation of also pro-CH2I2duces several Ñuorescence bands in the 260È290 nm region. The CH2I2transients show characteristic vibrational coherence. Time resolved dataI2collected by detection at 272 nm also demonstrate clear, fast decaying rota-
tional anisotropy, analysis of which reveals a distribution of rather high
rotational levels of Based on analysis of the dissociation time, rotationalI2 .
anisotropy and vibrational coherence, and on the estimated partitioning of
energy in the fragments, an concerted molecular detachment mechanismI2has been proposed.

1 Introduction
Understanding of molecular detachment processes represents an interesting and chal-
lenging area of research in the photodissociation research community. Processes of this
type include, for example, the production of from photolysis of andH2 NH3 , H2Omolecules,1 from IBr from and fromH2CO Cl2 COCl2 ,2 CH2IBr3 I2 CH2I2 .4h10
Unlike most well known photodissociation processes, where dissociation involves only
one bond, molecular detachment requires the breaking of more than one existing bond
in addition to the formation of one or more new ones. Understanding of these processes
thus presents a great challenge to both experimentalists and theoreticians, particularly
following high energy excitation. In this paper, the femtosecond time resolved dynamics
resulting from the photoinduced molecular detachment of from moleculesY2 CX2Y2(where X\ H or F and Y \ Cl, Br or I), are analysed with particular emphasis on the
photodissociation of CH2I2 .

Elimination of halogen molecules from dihaloalkanes has been investigated in
several systems.1h10 In general, this pathway is observed only at high excitation energies
([9 eV) and is usually a minor channel. Style and coworkers4,5 were perhaps among the
Ðrst to observe the 342 nm (D@] A@) emission of resulting from photolysis ofI2 CH2I2in the 125È200 nm vacuum ultraviolet region. Subsequent detailed analysis of the emis-
sion by Black6 and Okabe et al.7 revealed that the quantum yield for this channel is less
than 1% at 123.6 nm. Weak emission bands in the 250È290 and 450È490 nm regionsI2were also observed. The dissociation process wasCH2I2] CH2 X3 (3B1)] I2 D@(3%2g)found to involve an energy barrier of almost 1 eV. Fotakis et al.8 observed Ñuores-I2cence in the 260È290 and 300È340 nm regions by photodissociation of uponCH2I2excitation with two 248 nm photons. Butler et al.3 observed concerted elimination of the
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64 Concerted elimination dynamics from excited states

mixed halogen molecule IBr from excitation of at both 210 nm and 193 nm.CH2BrI
Their interpretation of the experimental data was that Rydberg and n ] r* transitions
were responsible for the IBr detachment at 193 and 210 nm, respectively.

Recently, Marvet and Dantus10 conducted femtosecond pumpÈprobe experiments
on the photodissociation of to produce Coherent vibrational motion11 of theCH2I2 I2 .
nascent fragment was observed by monitoring depletion of theI2 I2 D@(3%2g) ] A@(3%2u)emission. It was determined in this experiment that the process resulting in the forma-
tion of is concerted ; two possible mechanisms were proposed.I2This study represents a continuation of our e†ort to elucidate the photoinduced
molecular detachment mechanism of and related compounds. Dispersed Ñuores-CH2I2cence spectra following multiphoton excitation of andCH2I2 , CH2Br2 , CF2Br2 CH2Cl2revealed the D@] A@ Ñuorescence of the relevant halogen product in every case. In addi-
tion to the D@] A@ Ñuorescence at 342 nm following dissociation of severalCH2I2 , I2Ñuorescence bands in the 260È290 nm region were also observed. By monitoring the
emission at 272 nm from the photodissociation product, both coherent vibrationalI2motion and rotational anisotropy were observed in the nascent fragment. Analysis ofI2the observed vibrational coherence indicates which electronic state of produces theI2Ñuorescence at 272 nm. From the dissociation time of the molecule, the amount of
kinetic energy in the fragments can be estimated. The detachment mechanism canI2then be inferred by consideration of the partitioning of energy in the fragments.

The paper will be organised as follows. In the following section a brief description of
the experimental apparatus and techniques will be given. Presented in Section 3 are the
dispersed Ñuorescence spectra and the time resolved transients resulting from the photo-
dissociation of and along with analyses of theseCH2I2 , CH2Br2 , CF2Br2 CH2Cl2 ,
data. In Section 4, implications of the observed fast photodissociation, rotational anisot-
ropy and vibrational coherence are discussed. Based on these discussions, a mechanism
for the halogen detachment is proposed. Since the pump excitation involves a multi-
photon transition, an extension of Baskin and ZewailÏs classical treatment of time
dependent rotational anisotropy12 to the case of multiphoton transitions has been
implemented. A derivation of this is included in the Appendix.

2 Experimental
The experiments were performed using a femtosecond laser system capable of producing
60 fs pulses centered at 620 nm, with a pulse energy of 500 lJ, as described in refs. 10
and 13. Pump and probe pulses were prepared using a Mach Zhender interferometer.
The beam in one arm of the interferometer was converted to 310 nm by second harmo-
nic generation in a 0.1 mm potassium dihydrogen phosphate (KDP) crystal. Pump and
probe beams were collinearly overlapped and focused in a quartz sample cell using a 200
mm focal length lens. Fluorescence from the product molecules was focused into a
spectrometer.

All experiments were performed on neat vapour (1È10 Torr) of the relevant alkyl
halide in a quartz cell (ice baths were used when necessary). Dehydrated sodium thiosul-
fate was used as a scavenger to prevent the accumulation of molecular halogens. The
310 nm (pump) pulse initiates the reaction by multiphoton excitation of the sample
vapour. The dissociation products are detected by Ñuorescence. Spectra were taken
using the 310 nm laser only and the wavelength scale was calibrated with Hg lamp
emission. To obtain time resolved data, the probe pulse at 620 nm was used to deplete
the population of halogen molecules in the Ñuorescent state and transients were record-
ed as a function of Ñuorescence signal versus time delay between pump and probe pulses.
At each pumpÈ probe time delay, the signal was collected for 10 laser shots ; laser pulses
with intensity more than one standard deviation from the mean were discarded. Typical
transients contain data from 200 di†erent time delays and are averages of 100 scans.
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3 Results

3.A Dispersed Ñuorescence spectra

The dispersed Ñuorescence spectra resulting from multiphoton excitation of CH2I2 ,
and at 310 nm are presented in Fig. 1 Fluorescence intensityCH2Br2 , CF2Br2 CH2Cl2has not been corrected for detection efficiency of the spectrometer. Most of the spectral

features can be assigned to Ñuorescence from nascent halogen molecules resulting from
the photodissociation. One of the most striking observations is that in all cases the
principal Ñuorescent product is a halogen molecule in the D@ state.14h17 It can be seen

Fig. 1 Fluorescence spectra of diatomic halogens from multiphoton dissociation of haloalkanes at
310 nm. All spectra were obtained by gas-phase excitation at 310 nm in a static cell. (a) From

The dominant Ñuorescence is from the D@] A@ transition peaked at 342 nm. The regionCH2I2 . I2marked (i) corresponds to the f ] A, F] X and f @] B transitions. A small amount of laser scatter
was observed at 310 nm. (b) From showing the D@] A@ Ñuorescence of (c) FromCH2Br2 , Br2 .

The D@] A@ spectrum of is again observed. The product was found to be vibra-CF2Br2 . Br2tionally colder than in (d) From Again, a characteristic D@] A@ ÑuorescenceCH2Br2 . CH2Cl2 .
was observed, this time due to In this case the signal is weak. The increased signal from 280Cl2 .

towards 310 nm is due to laser scatter.
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from the spectrum that there are also bands in the 260È290 nm region ; theCH2I2 and transitions off (3%0g`)] A(3%1u), F(1&0u ] )] X(1&0g`) f @(1&0g`) ] B(3%0u`) I2Ñuoresce in this region.18,19 Comparison of the spectra produced from andCH2Br2shows that although in both cases in the D@ state is a reaction product,CF2Br2 Br2there is a di†erence in the vibrational population. As expected, formed from theBr2dissociation of is vibrationally colder. This is to be expected, since the diÑuoro-CF2Br2methyl fragment, having a lower frequency bending mode, will absorb more of the avail-
able energy than the methyl radical upon detachment.

3.B Time-resolved data

Fig. 2 shows time resolved data obtained from the dissociation of CH2I2 , CH2Br2 ,
and Each transient was obtained by multiphoton excitation at 310CF2Br2 CH2Cl2 .

nm, followed by depletion probing at 620 nm from the D@ state of the relevant diatomic

Fig. 2 Time resolved data from the multiphoton dissociation of alkyl halides at 310 nm followed
by probing at 620 nm and detection of the D@] A@ transition. (a) Dissociation of producesCH2I2Dynamics of the nascent molecule are probed by depletion at 620 nm and detected by D@I2 . I2state Ñuorescence at 340 nm. The large signal at time zero is a multiphoton e†ect (see text). The
region to the left of time zero (negative time) is when the probe pulses arrive at the sample Ðrst.
Vibrational oscillations are visible at positive time delays. This indicates that formation isI2concerted. (b) As with the data, the transient shows depletion at positive times,CH2I2 CH2Br2and a strong time zero feature. Detection was at 287 nm. (c) The transient of also showsCF2Br2depletion at positive times and a strong time zero feature. Again, detection was at 287 nm. (d) The

signal is of low intensity and therefore noisy, but depletion by the 620 nm pulse atCH2Cl2 positive times is clear.
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pump-probe data recorded at 272 nm, corresponding to the f ] A transition (seeFig. 3 CH2I2text). The data are plotted as a function of time delay between the pump (310 nm) and probe (620
nm) pulses and clearly show vibrational coherence. The transients were obtained for parallel and
perpendicular polarization between pump and probe lasers. Di†erences between the two transients

clearly indicate rotational anisotropy in the product.I2

halogen product. The polarisation of pump and probe pulses were aligned parallel to
each other. Fluorescence was detected at the wavelength corresponding to the maximum
intensity of the appropriate D@] A@ transition. Fig. 2 shows that in each case, the Ñuo-
rescence is depleted at positive times (probe pulse following pump, to the right of time
zero). The intense features at time zero (pump and probe pulses overlapped in time) are
due to a cooperative multiphoton e†ect which enhances the Ñuorescence signal. In this
region, the molecule absorbs 310 nm photons and 620 nm photons simultaneously,
which will enhance the Ñuorescence signal if it opens up another reaction pathway for
the production of Because this process is only possible while the transition stateY2(D@).
exists, it is possible to determine a maximum dissociation time from the temporal width
of this feature. The dissociation time of was found to be fs,13 indicatingCH2I2 qMeI2 O 47
that elimination is prompt and that no intramolecular vibrational redistribution (IVR)
takes place during dissociation. This was further conÐrmed by the dissociation time of
gem-diiodobutane which was found to be fs ;13 the increase canC3H7CHI2 , qBuI2 O 87
be completely accounted for by considering the di†erence in mass of the alkyl fragment.
Fig. 2 also clearly shows vibrational coherence in the fragment. This is an indicationI2that the process responsible for formation of the halogen molecules is concerted, since
in-phase vibrations could not result unless the molecules formed within a short time of
each other and on the same region of the product potential energy surface (PES). The
observed oscillations were Ðtted to vB 10 of the D@ state.13 While vibrational coher-I2ence in the fragment has not to date been resolved, further e†orts to do so areBr2underway. The low signal to noise ratio in both the spectral and dynamic data from the

sample is due to rather weak Ñuorescence from the nascent fragment.CH2Cl2 Cl2In order to investigate the processes producing Ñuorescence in the 260È290 nmI2region, data were obtained from the sample by detection at 272 nm and at 285CH2I2nm. The dynamics observed for 285 nm detection are very similar to those found when
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detecting the D@] A@ transition (shown in Fig. 2). However, time resolved data collected
at 272 nm was noticeably di†erent, as can be seen in Fig. 3. At this wavelength there was
no intense time zero feature, which indicates that there is no cooperative process avail-
able to produce in the state which Ñuoresces at 272 nm. The data shown in Fig. 3I2were collected by setting the polarisation of the pump (310 nm) pulses to be normal to
the optical table ; the polarisation of the probe (620 nm) pulses was then aligned either
parallel or perpendicular to the pump. Examination of the data reveals that depletion
immediately after time zero is more efficient when pump and probe pulses are polarised
perpendicular to each other than when they are parallel. This indicates that the dipole of
the probe transition is perpendicular to the dipole of the pump transition at time zero. It
is apparent from Fig. 3 that there is a considerable degree of anisotropy in the data,
most of which decays during the Ðrst 500 fs after formation of the photodissociationI2product. The fast decay indicates a high degree of rotational excitation in the frag-I2ment. Although anisotropy was observed in the data collected at 340 nm, it was not
sufficiently clear for rotational analysis because the large time zero feature overwhelms
any fast dynamics nearby.

The time dependent rotational anisotropy is extracted from the data using the
formula

r(t) \ I
A

[ I
M

I
A

] 2I
M

(1)

where is the Ñuorescence intensity when pump and probe lasers are polarised parallelI
Ato each other and the intensity when they are perpendicularly polarised. This allowsI

Mus to study the pure rotational dynamics, with no interference from vibrational oscil-
lations. The experimental r(t) curve is presented in Fig. 4. The average Ñuorescence
intensity at negative time delay (probe earlier than pump) was subtracted from the
parallel and perpendicular transients and proper normalisation of these transients at
long time delay to their respective asymptotic limits was performed (see Appendix for

Fig. 4 Time resolved anisotropy, r(t), obtained from the transients in Fig. 3. The experimental
data were Ðtted by a least-squares algorithm taking into account the three photon excitation and
the perpendicular orientation between pump and probe transition dipoles. Notice the anisotropy

is close to [1/3 at time zero and reaches the asymptotic value of [1/12.
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Fig. 5 Isotropic component of pumpÈprobe data, showing the vibrational coherence at(I
A

] 2I
M
)

272 nm in the product of photodissociation. The data were Ðtted using a least-squaresI2 CH2I2procedure to obtain a Gaussian distribution of vibrational populations centered at vB 11 of the f
state. This corresponds to an average period of 335 fs.

details). The observed data were not manipulated in any other way before evaluating
r(t). The observed r(t) is modelled using the equation

r(t) \
;
i

P( j )r( j, t)

;
j

P( j )
(2)

where the expression for r( j, t) is given in Section 4C and P( j) describes the rotational
population of the fragment, in this case a Gaussian function given byI2

P( j )\ 1
)n* j

exp
C( j [ jmax)2

(* j)2
D

(3)

Assuming a three photon excitation, a least-squares Ðt of the observed r(t) data yields a
rotational distribution having central value and a 1/e widthjmax\ 354 ^ 38
* j\ 509 ^ 52.

In order to analyse the vibrational dynamics in the absence of rotational anisotropy
the two transients were combined according to the formula20

Iisotropic\ I
A

] 2I
M

(4)

The isotropic transient is shown in Fig. 5. The vibrational modulation in the data indi-
cates that a signiÐcant portion of the iodine molecules resulting from this elimination
channel are vibrating in phase. A least squares Ðt of the pure vibrational coherence was
obtained using the spectroscopic parameters of the f state.19 The observed dynamics
were Ðtted to a Gaussian distribution of vibrational level population, centered at vmax B
11.

3 Discussion
3.A Energetics for the elimination of halogen molecules

It is clear that the photodissociation pathways of dihaloalkanes leading to molecular
halogen products require energies that are well above the thermodynamic threshold ; for
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the energy di†erence is approximately 5 eV.6,7,21,22 This indicates that there areCH2I2certain fundamental reasons why low energy excitation does not lead to molecular
product formation. One of the reasons that has been advanced is based on the symmetry
of the lower excited states of A dihaloalkane molecule has symmetryCH2I2 . CX2Y2 C2v(Fig. 6 shows the case for where X \ H and Y\ I). Transition dipole momentsCH2I2 ,
can therefore be parallel to the X, Y or Z directions (see Fig. 6). The UV absorption
spectrum of has been deconvoluted into four bands, centered around 312, 286,CH2I2250 and 211 nm. These have been assigned to transitions to states having andB1, B1, B2symmetries respectively.21,23,24 States with symmetry are expected to have aA1 B1nodal plane between the iodine atoms, preventing the formation of molecular iodine
products. Mixed alkyl halides, however, have been found to produce dihalogen products
at lower excitation energies. Butler et al.3 observed IBr from the photodissociation of

at 210 and 193 nm. The product was found to be IBr in the state. NoCH2BrI 3%1ground state product was observed. Because the symmetry of mixed dihaloalkanes is not
the symmetry constraints on the formation of molecular photoproducts discussedC2v ,

above are not applicable, which may account for the lower energy threshold and di†er-
ent electronic state of the dihalogen product.

Although symmetry considerations do not preclude the possibility of forming as aY2photodissociation product from or states, little evidence of this pathway has beenA1 B2found upon excitation at 248 and 193 nm.22 Pence et al. did Ðnd an unusual emission at
1.3 lm upon excitation of at 193 nm.25 They attributed this to the formation ofCH2I2highly vibrationally excited in the state, which would be expected to Ñuores-I2 B(3%0u`)
ce at this wavelength.26 If the 1.3 lm emission is indeed a result of this process, an
alternative explanation for the apparent absence of molecular halogen products on
photodissociation of is that the lower electronic states are shallow compared toCX2Y2the excess energy available for the reaction. Therefore, although their formation is pos-
sible according to symmetry considerations, these products are not observed because
they are formed with energies above their dissociation limit. In our experiments we
observed no evidence of iodine products in any of the lower valence states has a(I2dissociation energy of ca. 1.5 eV in its ground state, ca. 0.5 eV in its B state and ca. 0.3

Fig. 6 3D model of a molecule, showing the principal (X, Y , and Z) and rotational axes (a,CH2I2b, and c) as well as their transformation in symmetry. Notice that the center of mass is veryC2Vclose to the IÈI axis.
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eV in its A and A@ states). An ion-pair state, which correlates to X`] X~, would be a
good candidate for a dissociation product because these states are strongly bound. For
halogens there are eighteen of these, corresponding to the 3P, 1D and 1S terms of the X`
ion. The thermodynamic threshold for the formation of iodine in the lowest energy
ion-pair state, the D@ state, is 8.43 eV.6,21,22,26 The threshold for observation of iodine in
this state following the dissociation of measured by Okabe et al., was found toCH2I2 ,
be at 9.39 eV, indicating a 0.96 eV barrier.7 Black found the threshold to be at 8.73 eV,
indicating a lower barrier.6 In either case, the elimination of from wouldI2 CH2I2require an excitation energy of more than 8.5 eV.

In an e†ort to elucidate the nature of the parent electronic state that correlates to
dihalogen products, Okabe et al.7 compared the absorption spectrum of in theCH2I2vacuum ultraviolet region with the Ñuorescence excitation spectrum in the same region
(342 nm detection). The absorption and Ñuorescence excitation spectra both showed
broad continua, which were ascribed to CÈI r] r* transitions. Although features
assignable to Rydberg transitions appeared in the absorption spectrum, their absence
from the Ñuorescence excitation spectrum seems to exclude the involvement of Rydberg
excitation in the photoinduced detachment process.I2

3.B Predominance of the Dº ion-pair state

In this section we focus on the predominance of the state. First tier ion-pairD@(3%2g)states have equilibrium energies within 0.16 eV of each other but they also have very
di†erent spectroscopic characteristics ; for example the E] B transition occurs in the
400È436 nm region.27 The two other ion-pair families are found approximately 0.9 and
1.5 eV higher. Three photon excitation with 310 nm is equivalent to 12 eV, which trans-
lates into an excess energy of 3 eV above the observed barrier to photoinduced molecu-
lar detachment at ca. 9 eV, thus bringing all the ion-pair states within energetic reach.
The observed data for photodissociation indicates that only a small percentageCH2I2(10%, not corrected for Ñuorescence yield or detection efficiency) of Ñuorescence occurs
at wavelengths between 265 and 285 nm. These wavelengths correspond to the second
tier of ion-pair states, which correlate with X` The observed predomi-(3P0) ] X~(1S).28
nance of the D@ state strongly suggests that electronic excitation directly correlates to
this state.

The ion-pair states are known to be collisionally coupled to the D@ state,14,29 but the
mechanism for collisional coupling is not known. The collisional relaxation of many
ion-pair states is extremely efficient, to the extent that it is used as the basis for the I2laser.14 Perhaps the photodissociation process serves the role of a half-collision, thus
forming primarily D@ products.

3.C The photodissociation mechanism

In this section, we will present a detailed analysis of the photodissociationCH2I2process. As mentioned in Section 3.A, excitation of at 310 nm yields ÑuorescenceCH2I2bands that closely resemble the emission from the D@, F, f and f @ states of Thus theI2 .
following discussion will only consider dissociation pathways leading to formation of
these states. Since production of molecules in the D@, F, f and f @ states from a thermalI2sample of requires minimum energies of 8.38, 9.22, 9.20 and 10.2 eV respectively,CH2I2at least three 310 nm photons are needed in each case to supply the necessary
energy.21,22 A four photon excitation would provide 16 eV of energy, which is far above
the ionisation threshold of so we believe that a three photon excitation is moreCH2I2 ,
likely. Preliminary power dependence results also seem to support this conclusion. The
following analysis is therefore made assuming that the excitation is a three photon
process.
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If a 12 eV excitation produces in the D@, F, f and f @ states, only the three lowestI2electronic states of i.e. eV), eV), andCH2 , X3 (3B1) (T0\ 0.0 a8 (1A1) (T0\ 0.39 b8 (1B1)1.27 eV), can be produced by the photodissociation process. Table 1 lists the(T0\
possible combinations of the and states, each of which represents a distinctI2 CH2photodissociation channel of For each channel, Table 1 also presents theCH2I2 .
minimum energy required for the dissociation process, and the remaining energy avail-
able for internal and kinetic energy of the fragments.

To understand the photodissociation process properly, we must Ðrst gain an under-
standing of how internal energy in the parent molecule becomes distributed in the frag-
ments. Most of the rotational energy about the Z axis, the symmetry axis of CH2I2 ,
remains as rotational energy in the fragment because the moment of inertia of isI2 I2signiÐcantly larger than that of (see Fig. 6 for deÐnition of the axes). Because theCH2center of mass of is extremely close to the iodine atoms, rotational motion ofCH2I2about the X axis will be manifested as translational motion of the fragment,CH2I2 CH2while rotational motion about the Y axis will be partitioned upon dissociation into I2rotation and translation. Thus gains some translational energy from the dis-CH2 CH2sociation process but the fragment essentially gains no translational motion in theI2centerÈofÈmass frame.

To estimate the amount of available energy that is partitioned into center-of-mass
translational motion of the fragments we use a dissociation time of 47 fs for the disso-
ciation of as an upper limit.19 Assuming an exponential form of repulsive poten-CH2I2tial with a 1/e length parameter L , the estimated dissociation time can be related toq1@2the amount of translational energy E as follows :

q1@2\ L
SA k

2E
B
ln
A4E

c
B

(5)

where c is the half-width of the energy distribution of the probe pulse (0.0125 eV for the
620 nm pulses) and k is the reduced mass of the and products, assuming theyCH2 I2form a pseudodiatomic (essentially the mass of the fragment). Using a lengthCH2parameter of L \ 0.35 which has been found for the translational energyÓ, CH3I,31,32is estimated to be 1.4 eV.

A quantitative evaluation of the partitioning of parent rotational energy can to some
extent be determined indirectly, from analysis of the rotational anisotropy of the frag-
ments. Since clear rotational anisotropy was observed only for Ñuorescence at 272I2nm, the following discussion will concentrate on this region.

Table 1 Possible combinations of and statesI2 CH2
I2 states CH2 states energy required/eV21,22 available energy/eV

D@(3%2g)14 X3 3B1 8.38 3.62
a8 1A1 8.77 3.23
b8 1B1 9.65 2.35

F(1&0u`)15 X3 3B1 9.22 2.78
a8 1A1 9.61 2.39
b8 1B1 10.49 1.51

f (3%0g`)19 X3 3B1 9.20 2.80
a8 1A1 9.59 2.41
b8 1B1 10.47 1.53

f @(1&0g`)19 X3 3B1 10.2 1.8
a8 1A1 10.6 1.4
b8 1B1 11.5 0.5
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Fig. 4 shows anisotropy data collected at 272 nm for dissociation of AnalysisCH2I2.of these data using a simple one photon pump and probe model for r(t) failed to repro-
duce the experimentally observed value at time zero ; one can see from Fig. 4 that the r(t)
value at time zero is close to [0.3 rather than the expected value of [0.2 for a situation
where pump and probe transition dipoles are perpendicular to each other. Although one
can simply dismiss this discrepancy based on the level of signal to noise ratio, we suspect
that it is caused by the multiphoton nature of our pump transition. A three photon
pump transition would be expected to produce a greater degree of alignment than is
expected for a single photon transition because it produces a (cos h)6 distribution in the
nascent products rather than a (cos h)2 distribution.33 The narrower initial alignment
causes the dephasing of rotational anisotropy to appear faster than it really is. In order
to model time-dependent rotational anisotropy experiments in which the excitation is a
multiphoton process, we extended the classical treatment by Baskin and Zewail12
(detailed derivation given in the Appendix).

For an m-photon pump and one photon probe experiment, if all the pump transition
dipoles are aligned parallel to each other, we Ðnd that the rotational anisotropy can be
expressed simply as follows :

r( j, t)\ 2m
2m] 3

SP2[cos g
j
(t)]T (6)

where is the time-dependent angle between the pump transition dipole at time zerog
j
(t)

and the evolving direction of the probe transition dipole of the product. P2(x) \ (3x2[
1)/2 is the second order Legendre polynomial. The average is over the rotational degrees
of freedom of the photodissociation product being probed. When the pump transition
dipole is parallel to the probe dipole at time zero, one can specialize eqn. (6). Assuming
that the product is a linear species and that its electronic and spin angular momenta can
be neglected, one Ðnds

r
A, A( j, t)\ m

2(2m] 3)
(1] 3 cos 2u

j
t) (7)

where denotes the j-dependent nutational frequency of the fragment beingu
j
\ 4pBj

probed. B is the rotational constant of the fragment. Similarly, for the situation where
the pump and probe dipoles are perpendicular to each other at time zero, one obtains

r
A, M( j, t)\ [ m

4(2m] 3)
(1] 3 cos 2u

j
t) (8)

Application of eqn. (8) to our case, i.e. a three-photon pump with perpendicular pumpÈ
probe dipole orientation, gives rise to the following expression for the j-averaged rota-
tional anisotropy :

r
A, M(t)\ [ 1

12
[ 1

4

;
j

P( j)cos 2u
j
t

;
j

P( j)
(9)

Here P( j) stands for the relative population of level j. It is obvious from eqn. (9) that
which is in close agreement with the observed value (see Fig. 4). We haver(0)\[13,Ðtted the observed rotational anisotropy data shown in Fig. 4 to eqn. (9). The best

least-squares Ðt is found for a rotational distribution centered at andjmax \ 354 ^ 38,
width *j\ 509 ^ 52. This implies that the average rotational energy of the product I2molecules is 0.3 eV.

To facilitate the discussion, Table 2 lists certain structural and spectroscopic infor-
mation for and As we can see, the B and C rotational constants of theCH2I2 , CH2 I2 .

ground state are very similar to the B rotational constant of with a value ofCH2I2 I2,
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Table 2 Structural and spectroscopic data for andCH2I2 , CH2 I2
RIhI/Ó uIhI/cm~1 HCH/degrees uHCH/cm~1 A/cm~1 B/cm~1 C/cm~1

CH2I2 X 3.579b 112.7 0.710 0.020 0.019

CH2 X3 c 134.0 963.1 73.81 8.45 7.18
CH2 a8 c 102.4 1352.6 20.14 11.16 7.06
CH2 b8 c 140 357 7.57

I2 D@15 3.5944 103.960 0.020563
I2 Fd 3.596 96.313
I2 f19 104.1447
I2 f @19 96.980

a Values calculated by the HF/3-21G method. b Z. Kisiel, L. Pszczo� lkowski, W. Caminati and
P. G. Favero, J. Chem. Phys., 1966, 105, 1778. c G. Herzberg, Molecular Spectra and Molecular
Structure III, Reprint edition, Krieger, Malabar 1991. d T. Ishiwata, T. Kusayanagi, T. Hara
and I. Tanaka, J. Mol. Spectrosc. 1986, 119, 337.

approximately 0.02 cm~1. This gives a Boltzmann distribution at room temperature
centered at jB 90. Thus for a room temperature sample of the average rotation-CH2I2 ,
al quantum number is expected to be of the order of 100. This is much smaller than the
measured rotational distribution of the products. Conservation of angular momentumI2demands that the di†erence, about 250 +, be taken up by the fragment.CH2The rotational excitation of the fragment can be accounted for if one of the twoI2CwI bond breaking processes happens faster than the other. This would exert a large
torque on the fragments, causing them to exhibit counter rotation and a high degree of
rotational excitation. The strong torque and available excess energy would break the
second CwI bond within 50 fs of the Ðrst. This corresponds to the concerted sequential
mechanism shown in Fig. 7. By contrast, if the photodissociation process proceeded by
the concerted simultaneous mechanism, one would not expect to observe rotational
excitation in either fragment.

If all of the 250 + of angular momentum were to go into the rotation of the CH2fragment, a simple BJ2 argument predits that the amount of rotational energy would be
of the order of 60 eV! This is clearly impossible ; in fact, much of the torque exerted on

will cause translational excitation. The 250 + deÐcit in angular momentum mustCH2then be accounted for by a non-zero impact parameter b using L \ kvb, where v is the
relative velocity of the fragments. Assuming an impact parameter of 2 the trans-Ó,
lational energy of the fragment can be estimated to be 2.3 eV. On the other hand, ifCH2we assume an impact parameter of 3 the estimated translational energy wouldÓ, CH2be 1.0 eV. Thus the estimated translational energy is very sensitive to the impact param-
eter, a quantity that depends critically upon the details of the dissociation mechanism,
such as at what point the second CwI bond breaks and in which direction the two
fragments Ñy apart. If comparison is made with the previous 1.4 eV estimation of the

translational energy, we Ðnd that the impact parameter is approximately 2.6CH2 Ó.
Since the IwI interatomic distance in ground state is rather close to the bondCH2I2lengths in the D@, F, f and f @ states of the molecule, signiÐcant vibrational excitation inI2the fragment is not expected. However, because the HCH angle in ground stateI2 di†ers signiÐcantly from the bond angle of particularly in the andCH2I2 CH2 , X3 b8

states, vibrational excitation should be expected in the photofragment. This couldCH2represent a signiÐcant amount of energy, especially when one considers the high vibra-
tional frequencies in electronic states.CH2For most of the pumpÈprobe data we collected, only a few vibrational oscillations
were observed (see Fig. 5). It is not certain whether one could observe more if the
signal-to-noise ratio was improved, or whether the dephasing is due to the nature of the
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Fig. 7 Schematic diagram of possible reaction mechanisms for the photoinduced molecular
detachment of from Two concerted processes are depicted. In the concerted sequentialI2 CH2I2 .
mechanism the Ðrst carbonÈiodine bond breaks and an iodineÈiodine bond is formed while the
second iodine is still attached to the carbon. This Ðrst step imparts a large torque on the CH2fragment. Subsequent breaking of the second carbonÈiodine bond completes the reaction. This
mechanism produces iodine molecules with a high degree of rotational angular momentum (see
text). The time scales given for this process are based on our experimental results. The concerted
simultaneous mechanism involves the breaking of the two carbonÈiodine bonds simultaneously
with formation of an iodineÈiodine bond. This would be expected to produce molecular iodine
products with very little rotational angular momentum in direct contrast to our experimental

Ðndings.

nascent vibrational population. For the present, we will simply model the vibrational
motion of the fragment as a classical anharmonic oscillator with the observed depha-I2sing accounted for by anharmonicity. Assuming a Gaussian distribution of vibrational
level populations, a least squares Ðt to the pure vibrational coherence data yields the Ðt
shown in Figure 5. The Ðt was obtained using a vibrational level distribution that is
centered around v\ 11 of the f state. Fits were also attempted using the parametersI2of the F and f @ states, but did not match the data as well. This suggests that the Ñuores-
cence detected at 272 nm originates from the f] A transition.

If the above arguments are correct, the fragments contain at least 1.7 eV of trans-
lational and rotational energies. Therefore, if we assume that excitation is a three-
photon process and that is formed in the f state, the formation of can beI2 CH2 (b8 )
ruled out because there is not enough energy available (see Table 1). If this is the case,
we are left with two choices, i.e. (f ) and (f ). Which of the twoCH2 (X3 ) ] I2 CH2 (a8 )] I2channels is responsible for photodissociation of to yield Ñuorescence at 272 nmCH2I2 I2remains to be investigated. Thus, much of the following discussion is meant to be taken
more as speculation than as matter of fact.

Fig. 3 clearly shows that there is a high degree of anisotropy as a result of the CH2I2photodissociation process. If each of the transition dipoles corresponding to the three
photon pump transition had di†erent orientations, one would not expect the anisotropy
to be so clear.33 Thus, the three transition dipoles are likely to be parallel to each other,
particularly when excitation is by a femtosecond pulse because this is the most favour-
able situation for absorption. Since absorbs at 310 nm and leads to a state,21CH2I2 B1one expects resonance enhancement if the three photon process involves the state asB1



76 Concerted elimination dynamics from excited states

the Ðrst transition. If this is the case, the dissociative state reached is expected to be a B1electronic state at about 12 eV above the ground state. A transition in this moleculeB1is aligned along the IÈI direction (see Fig. 6) ; in this case the probe transition would be
perpendicular to the bond. However, as we have already discussed, formation ofI2 I2from a state of is symmetry forbidden. It is also possible that there is aB1 CH2I2two [ photon resonance enhancement transition from the ground state, in which case

(parallel to the Z axis) and (perpendicular to the plane) symmetries would beA1 B2 CH2allowed as well.
It is possible that the molecular detachment proceeds by a charge transfer type

mechanism such that one of the iodine atoms gains electron density while the other loses
it. The electron density redistribution would have the e†ect of generating a Coulombic
attraction between the two iodine atoms while at the same time weakening the two CwI
bonds. This is also supported both by the fact that the halogen states that have been
observed are all ion-pair, i.e. charge transfer, states and that molecular dissociation pro-
ducts are not observed until the excitation energy approaches the ionisation threshold of
the molecule.

To summarise the above discussion, we can construct the following picture about
how we think of the photodissociation process of at an excitation energy of 12CH2I2eV. A three (310 nm) photon transition excites molecules from the thermallyCH2I2populated ground electronic state to a dissociative state ; the transition may be of a
charge transfer type. One of the CwI bonds breaks and a bond forms between the two
iodine atoms (see concerted sequential mechanism in Fig. 7) ; this generates an enormous
amount of torque on the and moieties to tear the second CwI bond apart.CH2 I2Dissociation occurs within 50 fs of the initial excitation. The remaining energy from the
12 eV initially deposited in the molecule is distributed between the photofrag-CH2I2ments in the following fashion. The fragment gains a tremendous amount of trans-CH2lational energy and a sizeable degree of vibrational excitation but little rotational or
electronic excitation. On the other hand, the fragment is left in a highly excited elec-I2tronic state with a large amount of rotational excitation but only moderate vibrational
excitation and very little translational energy. This mechanism is quite in keeping with
the mechanism proposed by Ho†mann and coworkers,9 although the latter was pro-
posed for dissociation from low-energy potential surfaces. The concerted simul-CX2Y2taneous mechanism shown in Fig. 7 would not yield the high rotational energies
observed experimentally.

4 Conclusions
Molecular halogen detachment processes have been investigated for methylene iodide
and some related haloalkanes. It was found that multiphoton excitation of these mol-
ecules at 310 nm gives rise in every case to halogen molecules in the D@ state. Femto-
second time-resolved experiments performed on these dihaloalkanes show that the
photoinduced molecular detachment processes are extremely fast (\60 fs). Selective
detection of Ñuorescence from photodissociation products at 340 nm, 286 nmCH2I2and 272 nm reveals characteristic vibrational coherence, indicating that the reactionI2mechanism is concerted. The 272 nm transients also clearly demonstrate fast decaying
rotational anisotropy.

Least squares Ðt of the anisotropy to a Gaussian distribution of rotational level
occupations reveals a distribution of rather high rotational levels, with the distribu-I2tion center at around j\ 350 and a width of *j \ 500. This high degree of rotational
excitation has been explained by invoking the following so-called concerted sequential I2detachment mechanism (see Fig. 7). When is excited to a highly electronicallyCH2I2excited dissociative state, one of the two CwI bonds breaks and an IwI bond forms.
Then the second CwI bond ruptures, leaving rotationally excited and translationallyI2
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hot fragments. This occurs within 50 fs of the initial excitation. The high degree ofCH2rotational excitation in the product rules out the concerted simultaneous mechanismI2shown in Fig. 7 as a possible reaction pathway ; if this were the process that occurs, C2Vsymmetry would be maintained throughout the dissociation and there would be no
rotational excitation in either fragment.

Although the 272 nm Ñuorescence resulting from excitation of can in principleCH2I2be attributed to emission from any of three ion-pair states of (F, f, or f @), analysis ofI2the vibrational coherence at this wavelength suggests that the f] A transition is the
source of this Ñuorescence. The electronic state of the fragment has been deter-CH2mined to some extent for this particular dissociation channel by energetic consider-
ations. Assuming three-photon excitation of and taking into consideration theCH2I2high translational energy imparted into the fragment and the relatively high rota-CH2tional energy in the fragment, we have argued that the fragment is likely to be inI2 CH2its ground or Ðrst excited (a8 ) electronic state. Time-of-Ñight mass spectrometry fol-(X3 )
lowing photodissociation of in the molecular beam will allow us to analyse theCH2I2Ðnal electronic state of the fragments. Future experiments on will also allowCH2 CF2I2us to obtain electronic and vibrational information by detection of the UV Ñuorescence
of the CF2 fragment.

We would like to thank Professor S. Stolte and Dr S. Baskin for helpful discussions.
This work was partially supported by a Camille and Henry Dreyfus New Faculty
Award. M.D. is a Beckman Young Investigator and a Packard Science and Engineering
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Appendix
In this appendix, a brief formulation of the rotational anisotropy

r(t) \
;
j

P( j)r( j, t)

;
j

P( j)
(A1)

will be presented for experiments with an m-photon pump transition and one-photon
probe. In eqn. (A1), r( j, t) is the anisotropy speciÐc to a particular j level with population
P( j) of the fragment being probed. The following derivation assumes that all dipoles of
the pump transition are parallel to each other. Extension of eqn. (8) from Baskin and
Zewail12 to such cases, gives

Id( j, t)P S[1] 2P2(cos a)]m[1 ] 2P2(cos d)P2[cos g
j
(t)]P2(cos a)]T (A2)

where a denotes the angle between the polarization of the pump pulse and the pump
transition dipole, d the angle between the pump and probe polarizations and theg

j
(t)

angle between the pump and the probe transition dipoles. Since the probe dipole rotates
with the fragment being probed, is dependent on the rotational quantum number jg

j
(t)

and is a function of time. The average is over certain rotational degrees of freedom, such
as the angle a. The second order Legendre polyomial P2(x) \ (3x2[ 1)/2.

Note that Thus, raising the Ðrst term in eqn. (A2) to the1 ] 2P2(cos a)\ 3 cos2a.
power of m accounts for the transition probability of the m-photon pump excitation.
Substituting which is independent of a, eqn. (A2) can be recastm \P2(cos d)P2[cos(

j
(t)],

as

Id( j, t)P
1
2
P
0

n
da sin a[1 ] 2P2(cos a)]m[1] 2mP2(cos a)]

\ a ] bm (A3)
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where the average over a in eqn. (A2) is now explicit. The integral yields two terms, one
of which is linear with m and the other independent of it. The coefficients a and b can be
evaluated in terms of m :

a \ 2
3m

2m] 1

b \ 8m
3m

(2m] 1)(2m] 3)
(A4)

When the polarisations of pump and probe are parallel to each other d \ 0, which gives
d) \ 1. When the pump and probe are polarised perpendicular to each other, onP2(cos

the other hand, we have d \ n/2 and d) \ [1/2. Recalling that andP2(cos Id \ a ] bm
g), the result ism \P2(cos d)P2(cos

I
A
( j, t) P a ] bP2[cos g

j
(t)]

I
M
( j, t) P a [ b

2
P2[cos g

j
(t)] (A5)

The time-dependent anisotropy is then obtained by substitution of eqn. (A5) into eqn.
(A1) to give

r( j, t)\ b
2a

SP2[cos g
j
(t)]T \ 2m

2m] 3
SP2[cos g

j
(t)]T (A6)

For the case of m\ 1, i.e. one-photon pump and one-photon probe, (A6) reduces to the
well known expression for r(t).12 It is interesting to note that the anisotropy increases
with the number of photons involved in the transition. This can be attributed to the
sharpening of the initial alignment when all transition dipoles in a multiphoton tran-
sition are parallel to each other.

In order to express the time dependent angle between the pump dipole (at t \ 0) and
the evolving probe dipole g(t), knowledge of the initial relative orientation between these
two dipoles is necessary. The following treatment will concentrate on two particular
cases, g(0)\ 0 and g(0)\ p/2. The former has a probe dipole parallel to the pump dipole
at time zero ; this is the (p, p) case. When g(0)\ p/2, the probe dipole is perpendicular to
the pump dipole at time zero ; this is the (p, o) case.

We will assume that the fragment being probed is a linear species and that its elec-
tronic and spin angular momenta are negligible compared with its rotational angular
momentum. With these assumptions in mind, we can write (see Baskin and Zewail12 for
details)

cos g
j
A, A(t) \ cos u

j
t

cos g
j
A, M(t) \ cos t0 sin u

j
t (A7)

where is the rate of nutation of the fragment with a rotational quantumu
j
\ 4pBj

number j about its total angular momentum j and B is the rotational constant of the
fragment. The quantity in eqn. (A7) denotes the initial angle about the Ðgure axis.t0Substituting eqn. (A7) for the parallel case into eqn. (A6), we Ðnd the rotational anisot-
ropy for the (p, p) case to be

r
A, A( j, t)\ 1

2
m

2m] 3
(1] 3 cos 2u

j
t) (A8)

Substitution of eqn. (A7) for the perpendicular case to eqn. (A6) and noting that averag-
ing cos2 over (from 0 to 2p) yields 1/2, we obtain the rotational anisotropy for thet0 t0
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(p, o) case to be

r
A, M( j, t)\ [ 1

2
m

2m] 3
(1] 3 cos 2u

j
t) (A9)

This Ðnal expression is very similar to eqn. (A8) except for a factor of [1/2. The
overall reduction in alignment arises from di†erences in the initial population being
described by cos2mh for parallel transitions or sin2mh for perpendicular transitions.33

The overall experimentally measurable rotational anisotropy r(t) can be evaluated as
an average of the j-dependent r( j, t) in eqn. (A6), eqn. (A8), or eqn. (A9) using eqn. (A1).
If the j-dependent rotational anisotropy r( j, t) in eqn. (A1) is substituted with the expres-
sion in eqn. (A8) or (A9), we obtain the following expressions of rotational anisotropy
for the (p, p) and the (p, o) cases :

r
A. A(t)\ 1

2
m

2m] 3
] 3

2
m

2m] 3

;
j

P( j) cos 2u
j
t

;
j

P( j)

r
A, M(t)\ [ 1

4
m

2m] 3
[ 3

4
m

2m] 3

;
j

P( j)cos 2u
j
t

;
j

P( j)
(A10)

The asymptotic limits at t \ O are m/[2(2m] 3)] for the (p, p) case and [m/
[4(2m] 3)] for the (p, o) case.
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