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Abstract

We employ the velocity map imaging tectmé to measure kinetic energy and angular
distributions ofstate selected GHv-=0,1,2,3) and Br’Ps,°Py) photofragments produced

by methyl bromide photolysis at 215.9 nm. Thesslts show unambiguously that the Br and

Br* forming channels result in different vilif@nal excitation of the umbrella mode of the
methyl fragment. Low energy structured features appear on the images which arise from
CHsBr* photodissociation near 330 nm. The excess energy of the probe laser photon is
channeled into CH vibrational excitationmost probably in the, degenerate bend.
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| INTRODUCTION

As in all methyl halides or alkyl and aryl halides, tfe— X band of CHBr,
characterized by excitation to the anti-bondwiy orbital localized along the C-Br bond,
exhibits a broad photodissociation continuumisTdiffuse band in # ultraviolet range,
environmentally relevant to atmospheric chemifryjs characterized by a prompt

dissociation via two dominant photofragmentation pathways:

CH,Br + v — CH, + Br(’R,)
CH, + Br (*R,)

The spin-orbit coupling of the halide lifts degeneracy to give rise to three optically allowed

electronic transitions to states which are, in order of increasing enerd®, ¥ and'Q
states. In the & geometry, dissociation via tﬁ(@l (with X=1 or 3) and’Q, states correlates
adiabatically to Br(2P3,2) and Br’ (ZF;,Z), respectively. These transitions can be identified

through the orientation of the transition electtipole moment relative to the C-Br bond: the

XQl transitions are perpendicular while tf@, transition is parallel. The dipole moments of
XQ1 — X arise from intensity borrowing from Rydberg states lying ~1 eV higher in eRergy,

similarly to CHsl.* Near the absorption maximum of the — X band, perpendicular and
parallel transitions of similar probability are allowgéh contrast to theA — X band in
CHzsl. The Franck-Condon region is centered around an equilibrium C-Br bond distance of

1.95+0.1A.%7 Breaking G, symmetry, induced for instance by the rocking megdeads to
coupling between'Q, and °Q, surfaces opening possible non-adiabatic transitions that

strongly influence the product branching rdtetween the two spin-orbit channels. This can
be quite different for alkyl halides of Gymmetry for which in some cases no avoided

crossing emerges, for example in HBr® or in GH-Br.°*° The curve crossing in GBr has
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been calculated to occur at aBEinternuclear distance around 2.44% Its probability has

been experimentally determin&dn all these systems, th€), state seems to be decoupled

from the °Q, state*! Many aspects of this photodissdia system have been summarized
before*?

A study carried out around the absorption maximum of Ahe X band at 202 nm
and analyzing the kinetic energy distribution of Br fragments suggested that the internal

energy of CH is imparted into th@, umbrella mode and thatehvibrational excitation was

different for the two spin-orbit channéf§The Br (2I33,2) -producing channel appears to peak

aroundv,=3, while the Br*(zPl,z)- producing channel peaks aroumgkl or 2° Similar

conclusions were reached through usepbbtofragment imaging of product Br-atoms
(Aphotolysis~ 205 nmﬁ4 and of CH by non-resonant multiphoton ionizatiokyfotolysis ~ 226 to
218 nm)’ Despite a lack of state specific detection ofsCtese studies suggest that the
umbrella mode vibratinal distribution of CH follows the general rules that are
vg™ >0 anduvy™(Br) >u,;"(Br ).

Similar conclusions have beelerived from observations in other molecules, such as
CHsl, CRBr and CHCL.***® As a function of the photolysis energy, the vibrational
distribution of the umbrella mode is not expected to change drastitMigthyl radical has a
planar equilibrium geometry, while GHn the ground electronic state of ¢B# has a
pyramidal geometry with an equilibrium angle around 11%’8A the case of dissociation of
CHal in the 4 « ¥ band, the vibrational distribution is frequently rationalized by an abrupt

change from pyramidal to planar geometry at the seam df3héQ, curve crossing, so that

any trajectory going through the non-adiabatic transition, which leads tPR),(receives
extra umbrella mode excitatidh.In other words, if the Br producing channel is populated

significantly by this non-adiabatic transitions itmbrella activity is expected to be more
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excited than that of the Br* producing channel for which the pyramidal to planar relaxation

occurs more gradually and adiabatically alongi@e surface.
Another suggested explanation not involving ti@-°Q, curve crossing relies on the

difference in slope of the potential energy surfaceQfand °Q, states as a function of the
distance between C and the center of mass of the three H atoms in the vicinity of the Franck-

Condon region. ThéQ, surface is steeper, therefore the umbrella excitation will have less

time to relax from pyramidal to planar geometry compared to trajectories followinQ,the

state**'%"n all these studies, with the exception of some methyl substituted brathitles,
has been pointed out that the methyl fragment is likely to be rotationally cold due to a weakly
bent excited state for both surfaces. This is confirmed by studies of the photodissociation of
rotationally state-selected methyl bromide between 213 nm and 238 Tine. rotational
distribution of CH photofragments extends up to N=6 for photolysis at 230 nm and slightly
higher - N=9 - when photolysis is performaid212.8nm, with almost no difference between
a Br* and Br channel This experiment has investigated mainly the production of
vibrational ground state methyl and the inflaenof deuteration. Similar work has been
performed on the extreme redng (240-280 nm) of thel « X absorption band with an
effusive molecular bearf.

We report here kinetic energy and anguthstributions of bromine and methyl
fragments recorded by the velocity map imaging technique following photodissociation of

CHsBr at 215.9 nm. The vibrational states mkthyl radicals were probed by resonant
enhanced multiphoton ionization (2+1 REMPI) via the intermediate RydbergA, state.
At this photolysis energy the direct absorptratio of parallel to pegndicular excitation is

around [ °Q, |/[ Q.+ 'Q,]=1.5° We have recorded velocity map images of individual

vibrational states of CHexcited in thev, umbrella mode up t9,=3, in contrast to previous
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experiments in which only the kinetic enemjgtribution of Br fragments were availabté®
or where CH was detected only in itground vibrational stat®or without vibrational state
selectior® The images show two features that can be assigned to formation of Br a¢eBr
are thus able to unambiguously confirm the pimberpretation of Br atm velocity maps and
photofragment images which inigated a greater degree wf-vibrational excitation in the
Br-forming channel.

We also observe for the first time, the photolysis ofBfH cation in the near UV.
This results in a highly structured velocityap image, which can be assigned to progression
of high vibrational states of the GHproduct ion. An indirect photodissociation mechanism

involving non-adiabatic coupling is proposed.

[ EXPERIMENTAL SET-UP

Methyl bromide with 99% purity containg the natural abundance of bromine
isotopes was used without further purification. A 10% ;BiHe mixture at 0.5 bar
stagnation pressure expanded supersonicaibugh a solenoid pulsed valve (General Valve
Series 9, Parker Hannifin Corp.) with a 0.8 mm orifice to produce au30@ng pulsed
molecular beam. After passing through a skimmer, the molecular beam was collimated to 1
mm and entered the ion optical region of a standard velocity mapping ion Sbiite.
molecular beam was then intersected midway between the repeller and the extractor plates by
two counter propagating laseedms both perpendicular to the time-of flight axis, which
dissociated CgBr and selectively ionized the fragmeoit choice. The ions produced were
accelerated before being mass-selected at the end of a 1-m long time-of-flight tube by gating
the gain of a 7.5 cm diameter dual midrannel plate (MCP)/phosphor imaging detector
(Burle ElectroOptics). The gating voltage pulsas applied on thednt MCP-plate and was

typically -500 V over 170 ns. The images weeeorded typically over 36000 laser shots by
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imaging software (Davis, LaVision) on a (6480) CCD camera (XC7500, Sony) coupled to

a frame grabber (PCimage SG, Matrix Visioffe repeller voltage was fixed at 5kV for the
methyl fragments so that the detector surface is 80% filled and at 3kV for the Br fragment to
enlarge the images. The optimal vetgcimapping condition corresponds to an
extractor/repeller voltage ratio of 0.7. In tkieetic energy range explored here, one pixel on
the image corresponds roughly to 30 meV shift.

The repetition rate is fixed at 10 Hz by the photodissociation laser. The 215.9 nm
photolysis beam was produced by frequedaybling the output of an Nd:YAG (Continuum
Powerlite 7010, 8 harmonic at 355 nm) pumped dye laser (Sirah) operating on Stilbene,
through a 7 mm BBO crystal. The 1 mJ/pulse outpas focused by a 50 cm focal length lens

on the molecular beam. The photofragmentsewselectively ionized by a REMPI probe

laser. Br(2P3,2) photofragment was the only specipsobed by a single laser scheme;

namely, photodissociation and detection by (2+1) REMPI vidiifg state at 215.9 nm. The

methyl photofragments were photoionized by (2+1) REMPI via #pe’A, Rydberg

state’*?® using the doubled (circa 340 nm) outpft a dye laser (Continuum ND6000)
operating on a mixture of DCM/LDS698 and pwdpby the second harmonic of an Nd:YAG
laser (Continuum Powerlite 8020). About 4 mJ/pulse of this probe laser light was focused by

a 60 cm focal length lens onto the molecular beam. Vibrationally excited states ofe@H

probed via2, two-photon transition, up to v=3. The REMPI laser for each of those transitions
was tuned to the transition maximum, which corresponds to a Q branchBrT(néDl,z)

photofragments were photoionized by (2+1) REMPI via fR8, state at 238.6 nm. To

produce this wavelength, the doubled outplui dye laser (Continuum ND6000) operating
with R640 and pumped by the second harmafian Nd:YAG laser (Continuum Powerlite

8020) was mixed with the pumpslker’'s fundamental of 1064 nm.
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In the case of methyl ion detection, iem background was observed with the REMPI

laser alone but the dissotian laser produces some background ions via a one-photon

transition to theB A, state of CH followed by absorption of a second photon ionizing

CHs.** A background is also present on the Br* image asAhe X band of CHBr is
excited not only by the photolysis laser at 215 but also by the REMPI laser at 238.6 nm.
In each case, background conttibas were recorded independgrand carefully subtracted.
Typically these sources of background wereuatb20% of the signal for methyl detection
and 50% of the signal for Br* detection. ble | summarizes the resonant states and the
corresponding REMPI wavelengths used fbspecies detected in this experiment.

The spatial overlap between the laser and molecular beams was optimized using an
NO molecular beam and non-resonant multiphdtomization. To ensure detection of all
photofragments, the typical delay introduced lestwthe two lasers did not exceed 5 ns. Both
laser polarizations were parallel to the detector plane in order to maintain cylindrical
symmetry required for the inverse Abel trasfation. Reconstruan of the 3D-velocity
map led to fragment kinetic energy and dagudistributions. Thedissociation energy

assumed in this work was repet by Janssen et al. to bg=2.901+/-0.016 e\’

11 RESULTSAND DISCUSSION

Velocity map images are highly structdy reflecting two different photochemical
pathways in ChBr. The first reflects the photochemistry of t#e— X band in methyl
bromide neutral. The seconddse to the photodissociation of gBt" around 330 nm. Both
of these appear to exhibit rich electronically famhabatic behavior atiscussed in part A for

the CHBr and in part B for its cation.

A- Methyl Bromide
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Experimental | mages

Figure 1 shows typical imag obtained for m/z=15 (GH and m/z= 79 (Bj). Image
1-(a) shows a one-color experiment usingyotile photolysis laser at 215.9 nm and is
representative of some of tlgeneral observations of this work. Here one sees two sharp

concentric rings at the outer edge of the image, which arise when the methyl fragment is

unintentionally ionized via the R-branch of t(né A, 08) transition. The two outer rings

correspond to the two Br spin-orbit channels ingBiHphotolysis at 215.9 nm. For all intents
and purposes, this image is background and teongt was made to analyze its information
content. Rather, this background is subtradtedn methyl images obtained in two-color
experiments. Fig. 1 (b-e) show these resulisrdfackground subtraction. Here, one also sees
two concentric rings at the perimeter of the image, which reflect the velocity and angular

distributions of specific Wirational states of CHproduced in the 215.9 nm photolysis of
CH3Br. Here CH is detected by 2+1 REMPI via ti3p *A, Rydberg staté® One also sees

a sequence of features closer to the center of the images, which arise fsbpr@idced in
photodissociation of C#Br*, which is itself produced by 2-photon non-resonant ionization at
215.9 nm. We return to a discussiortiag process later in part B.

The images shown in Fig.1 (b-e) have been recorded with the REMPI laser tuned to

peak of the sharp Q-branches of (I&p A, , 23) system. Images recorded with or without

scanning over the Q-branch profile wei@ind to be identical, indicating that no ¢€H
rotational selectivity is possible under our conditions. Two color images &Ps;By(and
Br(®Py,) fragments, ionized by 2+1 REMPI, are also shown in Figure 1-(g) and 1-(h)
respectively.

As v, umbrella excitation increases in these experiments, the signal intensity decreases

due to a faster predissociation of £ the intermediate3p °A;, state used for REMPI
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detectior?® Consequently, the origin band image ofs&Fig. 1-(b)) is an average over 12000
laser shots compared to 36000 for the otherss predissociation combined with the other
uncertainties associated with use of a structureless Q branch for REMPI detection make it
impossible to derive the GH/, vibrational population distribution based on intensities of the
images. However, if we assume that the energy distribution of bromine fragments reflects
only umbrella mode activityywe can reconstruct the vibrational distribution. To test this
assumption we probed other \ational states, for example the symmetric CH stretch mode

vi. Normally, the excitation of symmetric the CH stretching medé372 meV), cannot be
probed via the Q branch of tH& band (at 333.9 nm) as it overlaps tR¢4)0; band:***?’

However, the translational energy released in the simultaneously detected channels is large
enough that they can be identified and sdpdran this imaging experiment. The excess
energy for the methyl fragment excited by one quantum,dbllowing dissociation at 215.9

nm, is 2.01 eV for the Br* channel and 2.47 fev'the Br one. In contrast, the excess energy

for the production of Ck{v=0)+Br is 2.385 eV. In this region of the image, each pixel

corresponds to about 30 meV of translational gneimages recorded at the peak of the
Q-branch (Fig. 1f) show no significant difference compared to those recorded @ e

branch. We also tried to probe thevibration through thé line, without success. Therefore
we conclude that the dissociation dynamds not significantly involve the symmetric
stretching mode in CiBr, in contrast to the photodissociation of £Lkh which as much as

10% of the internal energy is channeled intovheode, albeit only for the ground spin-orbit
channef®28%°

This statement seems consistent with the reported absewcactiity in experiments

in the range 212.8 nm to 235 nm detected byngliat a velocity resolution three times higher

than ours? With this high-resolution slicing, Janssen et°alere able to detect fragments
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excited in thev, rocking mode for CEBr. It is, however important to remember that this
same slicing experiment shows a strong effect of Dhisotope substitution enhancing
production of vibrationally esited methyl in contrago the lighter isotope, Cir.*°

The absence of; activity in CHBr dissociation is a somewhat different thans;CH
photodissociation, where the stretching attivobserved mainly for the I-channel is

associated with impulsive behaviof the photodissociation along tH®, surface at high

available energy. This impulsive featuis expected to be stronger in §Bi since the'Q
surface is steeper than in gH* However none of the investigations on 4BiH or CH;Cl
photodissociation has reportedva activity. Trajectory studiesnvolving potential energy
surfaces that take into accouhts coordinate might be helgfin explaining this difference
observed in the; activity of the methyl halides.

Enerqgy Distributions and Correlation of CHs v, excitation with Br S.O. state

Fig. 2 shows the kinetic energy probability distributions obtained from analysis of the
images of Fig. 1. This experiment yields the kinetic energy of thefil@biments as a function
of their umbrella excitation as well as the Br and @rergy distributions. This energy
mapping of the fragments allovesmore detailed study of timn-adiabatic coupling. In each
translational energy distribution for Gd), the lower kinetic energy peak corresponds to
production of Br*+CHj(v,J) while the higher energy one results from Brs@H). We fitted
each peak with a Lorentzian function. From the derived width parameters (shown in Table I)
one can see the GHragments’ translational energy dibution is at least ~30 % wider when
formed with Br atoms in comparison to thoeemed with Br*. This broadening can be
explained by a higher degree of rotational ieton of the methyl fragment in the more
energetic Br-forming channel, similar to the results of Ref. 19.

We calculated the [Br*]/[Br] branching ratio for each vibrationally state specific

channel and found that it decresses the excitation of the Gldmbrella mode increases. The

10
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decreasing [Br*]/[Br] ratio seen here is inragment with the propensity previously inferred
from Br-atom images by Gougousi eCa&nd Underwood et &Y.

Under the apparently valid assumption that only; @hhbrella motion is excited, the
sum of individual methyl distributionsheuld reflect closely the bromine fragment

distributions. Consequently, we independentlyefitthe translational energy distributions of

the Br(2P3,2) and Br*(zPl,z) fragments, using the component vibrational state specific

translational energy distributions of the €tagments and varying the relative contribution
of each CHvibrational state.

The vibrational distributions obtained in thisy are listed in the last two columns of
table | and the fits to the Br and Biistributions are displayed on Fig. 3. Here, the vibrational
distribution of the Brchannel peaks a=1 and contributions from vibrational state2 and
lower are enough to fully reconstruct the distribution. For the Br channel, it is evident that
contributions from the first three quanta in thebwella mode (observed directly in this work)
are not enough to reproduce the tratishal energy distribution; larger Glihternal energy is
clearly required. We were able to fit the Br translational distribution with reasonable
assumptions about the véiional state specific GHtranslational energy distributions for
higher values of ¥ For contributions from ¥= 4, 5 and 6, we assie the same rotational
energy distribution as that implied byetlranslational energy distribution fog=8 and used
the known vibrational energies of these stdle#t remained then only to vary the
contributions from each vibratnal state to arrive at the good fit shown in Fig. 3b.

The vibrational excitation is obviously substially hotter for the Br channel than for
the Br* channel with a maximum neaw,3 This confirms the “inverted” distribution
previously suggested by Gougousi et ahd Van Veen et af obtained by less direct means.

The combination of direct detectiof individual quantum states of Glds well as Br and Br

11



hal-00354806, version 1 - 21 Jan 2009

in this work provides the most rdiie and accurate information on the {£#kcitation in
CHsBr photodissociation and how it variestween the two spin orbit states.

TheBr/Br’ branching ratio

The Br and Br* photofragment quantum yields are related to the [Br*])/[Br] branching
ratio by the following equations:

__[B] _ 1 1o
d, = [Br]+[Br *] _1+1Fr ’]‘J and®_. =1-0, Eqg. 1
Br

Since the two-photon transition strength is kibwn for the Br and Br* REMPI detection
scheme we used, it is not possible to evaluate the overall branching ratio [Br*]/[Br] simply by
dividing the areas under the Br and Br* fragme&anslational energy distributions in Fig. 2.

However ®,. has been measured by Gougousi 8tdwn to 218 nm. Extrapolating those
results, we find ®,.= 0.58+0.05 at 215.9 nm. This leads to a branching ratio of

[Br]
[Br]

=1.38+0.15 and tab,, =0.42+0.05.

The [Br*]/[Br] ratio could depend on the GHotation and vibration. We measured images
probing through théd Q-branch, which show an increase in the [Br*]/[Br] ratio as one tunes

from the blue to the red. Thidfect has been previously obseré®dnd studied in Chi.**

The bending mode of the parent molecidenot only the promoting mode for the non-

adiabatic coupling betweel®, and °Q,, but also correlated with rotation of gftagments.
For example, for trajectories that explore bent geometries neatQh€Q, curve crossing,

larger rotational excitation of the methyl fragment is expected for@phehan for the’Q,
Br*
state!® Note that from the raticl»ﬁ in the detection of CHproduced in the origin band

(see Table Il), we can compare the yidld. = 0.82+0.04 measured at 215.9 nm in our case

*
r

12
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on a supersonic molecular beamdy,. = 0.72 measured at 213 nm by selecting the initial

parent molecule (K=J=1) Lipciuc addnssen’ These two ratios are in good agreement.

Anqular distributions and alignment in CH5

The angular distributions, (6?) of the photofragments were obtained by integrating

the Abel-inverted images over the radial fulletyi half maximum of each of the peaks shown

in Fig. 2. The angular distributions were fitted to the expression:
B
(6) 0% 2 (3cos & 1) Eq. 2

wheref3 is the photofragment recoil anisotropyrgmaeter for a given dissociation channel.
The distributions and fits are presented Figure 4 and the values for the anisotropy
parameters shown in the first two rows of Eahll Looking at the symmetry of the states
involved, one would expect, in the limit afprompt dissociation, that Br and €ptoduced
by excitation t0'Q; and®Q; states to have a perpegalar transition character arfd= -1,
while Br* and CH produced by excitation to th&), state to exhibit a parallel transition
character anl = +2.

Thep parameters derived from bromine fragmangular distributions are 1.88 for the
Br* producing channel and0.11 for the Br channel, in good agreement with previous
results’ The Br channel’s anisotropy agrees approxiehatvith the parallel transition picture
of 3Qy excitation of CHBr. The Br channel's almost dsopic angular distribution is,
however, inconsistent with perpendicular transition for GBr excitation t0°Q./*Q; states.
This can be explaindy the non-adiabatic coupling between g to the'Q, state which
gives parallel character to the othemvigerpendicular transitions. The obserpguarameters

can be rewritten as a combination of direct and indirect contributions as follows:

13
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ﬁ(BI’) = aindirectlg(SQO) +adirectﬁ( le)
aindirect + adirect =1
E(Br*) = bdirectﬁ(sQO) + hndirectﬁ( le)
lqndirect + bdirect =1

Eq. 3

Here the coefficientge is the quantum vyield fodirect excitation to theXQl states and
dissociation yielding Bffs,) atoms. Thexngirex coefficient is the probability for excitation to
the °Q, state followed by non-adiabatiatrsition and dissociation along ti€), state(s) to

form Br(®Ps;) atoms.b’'s are defined in an analogous fashi The four coefficients of Eq. 3
can be calculated taking the approximatioragiseudo-diatomic system with a dissociation

time occurring on a faster timescale than the rotational period of the parent molecule, so

that,B(SQo) and ,B(XQl) have the values of a perfect parallel and perpendicular transition
respectively, namely3(°Q,) = 2 and B(*Q,) = -1. The coefficients for Br fragments

(Table 2) show thaingrex=0.3 of the Br fragments come frof®, — *Q, non-adiabatic

coupling in agreement with results published by Gougousi ®tfahe same procedure is
applied to the Br* channel, we find that almost &l};{=0.96) Br* is produced by a direct

pathway. The excitation probability to different surfacégQO(and PXQl) and the coupling

between these surfacesi{Pand R;) can be calculated fronthe quantum yields

@, =0.58+0.05 andb,, =0.42+0.05° anda andb coefficients as follows and the results are

summarized in Table Il :

Po:l_ - P3Q AXQ - aind.q)Br
° ' a1'nchBr +chDBr*

P3QO = a1'nd CDBr + bD cDBr*
and

- lqnd.q)Br*
& lqnd.q)Br* + a'D q)Br

PXQ1 = k%nd.cDBr* +aD CDBr

Ro = Peg,

Conservation of momentum dates that the state specific angular distributions of the
CHs fragments, weighted by the Glduantum state population dibution, match those of
the Br fragments. It is evident from the valuesable Il that this is not the case. We attribute

these differences to alignment of the methyl fragment, which appears to be particularly

14



hal-00354806, version 1 - 21 Jan 2009

important for vibréionally excited CH, as well as the influencef vibrationally enhanced
predissociation in the REMPI detection used here.

Rotational alignment has beehserved before for methyl following photodissociation
of CHsl. Powis and Blac®>?found that CR produced by dissociation of GDat 266nm is
strongly aligned, rotating mainly around its &xis with K=tN, where N is the total angular
momentum excluding spin and K its projectiaong its three-fold symmetry axis. However
this alignment probably originates from rotatithpdot parent molecules present in the 300K
effusive molecular beam used ihat work. Houston and coworkétsused a supersonic
molecular beam and their exprental results on both GDand CHl conclude that CPand
CHs fragments are also aligned; however, hér® dominates reflecting rotation around an
axis perpendicular to the three-fold symmetry axis. These results were confirmed by Janssen
et al*®* who, following the treatment of Kummel and Z&temeasured the alignment
parameters from O, P, R and S branch methyl spectra ih (dOhe current case we do not
have enough polarization geometries and wavelengths to address this problem quantitatively.

Still we can take an approach which is at least sufficient to demonstrate that alignment
effects are present. In an approximate fashion, we fitted our experimental angular distribution
to a series expansion of even Legendre polynofiiakrminated at the sixth order
polynomial:

1(6) =1+ 3,P,(cosb) + B,P,(cost) + B,P,(cost) Eq. 6
In this expansion, alignment will manifest itself with nonzero valuegsfand/orfs.

The results of this fitting procedure are presented in Table 3 and the fits to the data are
presented in Fig. 4. Values [of are -within our experimental error- zero. Howerclearly
exhibits non-zero values for most vibmatal quanta and are generally higher in;&Bt*
than in CH+Br channel. This result shows the presence of @llgnment in both channels

and that CH alignment is more important in the gHBr* channel, although the rotational

15
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temperature seems to be lower in that charhé. likely that the stronger alignment in the
CHs+Br* channel are related to its direct dissociation mechanism.

Fitting Br and Br* angular distributions in the same fashion does not indicate
significant alignment of Br. Note also that 8?{(,) with J=1/2 cannot have alignment.

The presence of alignment as well as the predissociation of theChtermediate
Rydberg stat&*? prevent us from using methyl anguthistributions to extract curve crossing
probabilities as a function of methyl fragment excitation. However, it is noteworthy that the
methyl angular distributions vary only weaklyith vibrational excitation (See table IlI)
indicating that the curve crossing probability will not change significantly. This is consistent

with the analysis of Underwood et &l..

B- Methyl bromide cation

| dentification of |on Dissociation

In order to determine the origin of the low velocity rings in the;'Ghlages we have
also obtained ion imag at m/z = 94-96 (G4Br"). These images (not shown) appear as tiny
dots at the velocity origin, as expected for ionizedBHravelling with the velocity of the
molecular beam. When the laser light used fog REMPI detection (hereafter referred to as
“the ion-dissociation laser”) isitroduced at wavelengths near 330 nm, we observe that the
CHsBr" peak is reduced by as much as ~75% it any significant change in the intensity
of "*#1Br*. This clearly shows the occurrence of the following chatfel:

CH3Br + 2 h;=215.90nm— CH3Br* + e

CHaBI" + V 32322-334 nnfvion-dissociation lasery> CHz" + BI/Br
See Fig. 5 for an energy diagram. The additional smaller-radius rings in tieir@ifjes

(Fig.s 1 c-f) correspond to this second source of CH

16
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The ground electronic stat€Eg,) of CHsBr" is formed by the removal of a
nonbonding (2e) electron from one of the halogen [maes. This state’s geometry is similar

to the neutral ground state but witslight elongation of the C-Br botdas well as a Jahn-

Teller distortion from G, geometry? The ionization energy to form GBr* ( X ’E,,,) is 10.54

eV*®%* and the spin orbit exciteX °E,,, state lies at 10.86 e¥.Two photons at 215.9 nm
(11.48 eV) are sufficient to reach the mation continuum but not enough to reach

dissociative ionization threshold (12.74 eV) leadin@te,; (1A1)+ Br(ng,z) 3941 Although it

has never been obsendhe appearance potential 6H; (1A)+ Br(zPl,z) is expected at

13.2 eV. One photon from the ion-dissociatitaser is required to dissociate B
Photoelectron spectroscopy of ¢B# shows that the first electronically excited state of
CHsBr' lies 13 eV above CHBr with a vertical excitation energy of 13.5 é%:*See Fig. 5.
This state is formed by removing an electron from the) (8ater-valence molecular orbital
associated with the C-Br bond and labelé® A Excitation to this state yields, with 100%
efficiency, the CH' fragment:* Some vibrational bands habeen observed around 12.8 eV
revealing a bound character of théAA state at energies lower than those relevant to this

work >®

The observation of highly vibrationally excited CH3"

The inner ring structure observed Kig.’s 1c-f depends only weakly on the
wavelength of the ion-dissociati laser. Fig. 6 shows the translational energy distributions
for CHsBr* photodissociation derived from each image. In order to compare results at
different photolysis wavelengths, the translatla@@ergy scale has been shifted relative to the
available energy for the experiment carried out with the ion-dissociation ldseg=8.84 eV
(322.8 nm), corresponding to the image showRi@ le. The energy scale shift was imposed

according to the following formulas:

17
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rnCH 3Br

E, (v) = Eq* (measured ) x -

+ A

Br
A=h (vref - I/)

wherev is the frequency of the ion-dissociation laser. This approach to the analysis allows us
to identify vibrational progressions of the €Hbroduct that appear iifferent experiments.
Using this analysis, we discover a progression of states at center-of-mass translational
energies: 33, 190, 376, 528 and 686 meV. Observation of this progression is additional
evidence demonstrating the multiphoton scheme of Fig. 5.

To assign these quantized features maguadditional consideration as one carmot
priori determine which states of the ¢B4" are formed by the two-photon ionization at 215.9
nm. Inspection of Fig. 6 shows that nearly alltiog¢ ion signal appears below 1.5 eV. With an
ion-dissociation laser photon 0¥ =3.84 eV, one gets an appearance energy fof€B4 at
12.88 which is in good agreement with the apageee energy of 12.74 eV expected for the A
state:

CHsBr(Ess) + v =320 8nm— (CHs' + Br) (E:=10.54 + 3.84 -12.74 eV=1.64 eV)
We are able to reproduce the progression gf &iusing a vibrational harmonic frequency of
CHs" v4=170 meV (in-plane bend) on=168 cm® (umbrella mode}® Table 4 shows this
analysis more completely. More generally, it is clear that there is a propensity for channeling
available energy into CHvibration and not into translation.
Two-photon threshold photoelectron spac shows that photoionization onto X
dominates? If A%A; was the dissociating state accessed directly byBEHbsorption of a
330 nm photon, the angular distribution would éepected to be perpendicular, yet we
observe a parallel process. Thus an indidissociation process must be important. For
example, the ™ excited electronic state seen in 4B photoelectron spectroscopy around

14.5 eV possesses E symmetry (B state on Fi§? Bhis state correlates adiabatically

18
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toCH, (X 2A"2)+Br+( *P). It has been shown in the case ofsCHthat a favorable overlap of

the orbitals makes the oscillator strength to the B stéite-t)much larger than to the A state
(o—m).*" In the same work, a parallel electronic transition has been observed in an energy
range similar to that of the A state absorpfibm addition, the coupling between the B and A
states of the cation has been proposed to rationalize experimental observations in multiphoton
ionization of CHJ.®

It is interesting to compare the kinetic energy release distributions Hfaberved in
Fig. 6 with the ones recorded by one-photon dissociative ioniZatioiThe average
translational energy observedarone photon experiment at#14.3 eV (close to the present
energy), is ~0.4 e\*? which is remarkably similar to the observations of this work.

Thus, internal conversion to the#y state would involve electron transfer from £id Br,

possibly explaining the large vidttional excitation seen in the @Hproduct.

IV Conclusion

We have measured angular and kinetic energy distributions of state selected methyl
and bromine fragments using velocity mapagimg of single and multiphoton excitation of
CHsBr at 215.9 nm. Our single photon data confprevious results on differences between
Br and Br* channels for methgroduction with y umbrella mode exciteon and show that
[Br*]/[Br] branching ratio decreasesitt umbrella mode excitation. The-state specific
imaging measurements of @Hohotofragments show that @Bt photolysis produces

vibrationally hot methyl peaking at¥1 for the Br channel and at=8 for the Br* channel.

Although absorption to the Br* producirf), state dominates thé\ — X band at this

wavelength, significant amount of Br produis observed, 18% of which comes from
*Q, -~ *Q, avoided crossing. Alignment effectobserved in methyl fragments and

predissociation of the intermediate states used for REMPI detection prevented the extraction
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of non-adiabatic probabilities from methyl data as a function.dualitatively, based on the
overall angular distriion behavior with y excitation there seems to be no significant
dependence on the methyl umbrella mode excitation on the curve crossing probability.

In addition to single photon data 2+1 excitatn scheme of CBr is detected in
methyl images, where two photons of 215.9 nm light produceBEHvhich subsequently
absorbs a photon of 320-330 nm and is excited via a parallel transition to E-symmetry excited
ionic state. Coupling of those states to the A excited state eBICHeads to production of
vibrationally hot CH" (possible in thev, degenerate bendingiode excited by the

nonadiabatic state mixing) and Br*.
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TABLES

Tablel State specific imaging results. Intermediate states througvhich resonant ionization

of photofragments has been recorded, Br*/Bid/ias shown in Fig 2, width of Lorentzian

for the translational energy and vibrationatdbutions deduced from fits shown in Fig 3.

Product Lorentzian width Vibrational
Detection Igairrrgll [Br/[Br] (in meV) g(r)pulation 1%
(in cm'l) Br Br* Br*
(2+1) REMPI 0
Br via ‘DY, ~466 - - -
at 215.9 nm 1.38+0.15
(2+1) REMPI | 3685 From®
Br via’R?, - 229+17 - -
at 238.6 nm
(1+1) REMPI
0| O of B %A, 0 1.03+0.08| 257+13| 16348 - -
At 215.9 nnf*
(2+1) REMPI
0| 0 of3p ?A, 0 452+0.9 | 15748 | 12247 0 23+3
At 333.4 nnf®
(2+1) REMPI
0-P(4)
0 , o 0 8.37+1.88| 102+2| 95+13 - -
of3p “A,
Vs At 333.9nm™
of (2+1) REMPI
CHs | 1| 2 of3p ?A, 606 1.72+0.14| 172+20  108+7 16+2 46+4
At 329.5 nnf®
(2+1) REMPI
2| 25 of3p ?A, 1288 | 0.317+0.03 169+10 | 133%11 205 31+3
At 326.1 nnf®
(2+1) REMPI
3| 22 of3p ?A, 2019 | 0.142+0.02 1759 | 125+14| 2145 0
At 322.8 nm
4 2791 No data 19+4 0
5 3602 No data 16+£3 0
6 4445 No data 8+2 0
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Table Il Measured anisotropy paramet@r,shown in Fig 4 and coefficients for direct and

non-adiabatic dissociation for both channels. See text.

Br CH; for differentv,
0 0-P(4) 0 1 2 3
Fragment| -y (1+1) (2+1) (2+1) (2+1) (2+1) (2+1)
REMPI REMPI REMPI REMPI REMPI REMPI

B for (%11111;%%12 -0.43 -0.22 -0.096 -0.52 -0.59 -0.62
Br channel F.ror;5). +0.02 +0.02 +0.012 +0.02 +0.03 +0.03

B for (11'88%i+%°165 1.35 1.35 1.82 1.54 1.74 1.62

I +0.03 +0.04 +0.04 +0.03 +0.09 +0.12
channel From~)
Br Br*

Gindirect Airect X Po1 Direct Bindirect 3 Pio
. n |recX X|rec P( Ql) , ) y irec ) in |rec3 P( 0) ) \
QO - Ql Q]_ Qo - Ql QO Ql - Qo Ql - Qo

0.296 0.703 0.32 0.18 0.96 0.04 0.68 0.07

+0.004 +0.004 +0.05 +0.04 +0.02 +0.02 +0.07 +0.05
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Tablelll : Angular distribution fits to an expansion of Legendre polynomials: Due to more
rapid predissociation for highgibrational states, higher vildranal levels have less intensity

and greater experimental uncertainty.

hal-00354806, version 1 - 21 Jan 2009

Mass Sate [ s s
0°(Q) 1.79+0.01| 0.1620.01 -0.02+0.0
0P(4)+1 | 1.32t0.03| 0.19t0.03 0.09%0.03
Chs o 1.26+0.05| 0.29+0.0§ 0.03%0.07
- 22 1.28x0.08 | 0.20x0.04  0.09+0.1
2 157+0.12 | 0.36x0.10 -0.20 +0.13
Br Py, -0.11+0.01| 0.02+0.02 0.005+0.02
0'P(4)+1 | 0.42t0.08| 0.18+0.1] 0.010.1
0°(Q) 20.03+0.01| -0.080.01 -0.03%0.01
CHs o -0.550.05| 0.08:0.04 -0.12+0.04
o 22 20.54+0.01| -0.09x0.01  0.02+0.03
2 20.62+0.02| -0.22+0.02 0.03+0.03
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TablelV : Vibrational pogression in Ckf fragment

Experimentally | v? 2 Fitted | (Exp.-Fit)
Derived® | from| from | Results”
Eae Eu
686 meV 3 5 693 meV, 7 meV
528 4 6 527 1
376 5 7 362 6
190 6 8 197 7
33 7 9 34 1

a) From observations presented in Fig. 6.

b) Vibrational quanta iw, orv,. See text.

c) based on the formula 1282 —[169.9 (v+1/2) +0.468 (v#]li2)neV. The appearance
threshold of dissociation is at 1.1973:010 eV in good agreement with €84 (°E,)
— CHs" + Br (*Pyy)

OR based on the formula 1615 — [169.9 (v+1/2) +0.350 (v3ir2ineV. The

appearance threshold of dissociatioatid.531+/-0.013 eV in good agreement with

CH3Br*(*Ey) — CHs" + Br (°Pyp)
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Figure Captions

Fig 1. Images of methyl radicals (a-f) produc&édm the 215.9 nm photolysis laser with
background (a) subtracted. The images were respectively acquired over 12000 (b) and 36000
(a,c-f) laser shots. Images of bromine fragteeproduced in (g) Br and (h) Br* states. The
images are presented in 0-255 grey scaith the darkest shade corresponding to the

maximum of the signal.

Fig 2: Kinetic energy release distributions. Tio@ panel is obtained from bromine fragment

images. The others are obtained from specific vibrational states of the methyl fragment
detected via the€3p A, , Zv,)state. The vertical dotted lines indicate the expected maximum
kinetic energy release in the methyl fragments if no methyl rotation were excited.

Br(ng,z)resuIts have been derived from imagesorded at two repeller voltages : 3kV

(diamonds) and 5 kV (circles).

Fig 3: Reconstruction of Br translational enedjgtributions from vibrationally state specific
translational energy distributions of @Ha) Br’ (2Pl,2) channel and (bBr(ZPS,Z)channeI.

See text. Diamonds correspond taages recorded at 3 kV forehrepeller plate and crossed

circle at 5 kV.

Fig 4: Angular distributions of bromine atom antethyl fragment calculated from the images
shown in Fig. 1. In each panel the circles espond to the distribution for the Br channel and
the squares correspond to the Br* channel. The solid lines corresponds to the fit using Eq. 2

with the anisotropy parameters listed in the Table II.

28



hal-00354806, version 1 - 21 Jan 2009

Fig 5: Energy diagram of the photodissociation of methyl bromide catios,iggdmetry

with adiabatic correlation tproducts shown by dotted lines.

Fig 6: Vibrational Progression of CHs" obtained from central rings in the images of Fig.

1. An energy shiftA, relative to the photodissociation of gBi" taking place at 322.8 nm
(2 REMPI wavelength) is introduced to accotmt the change in photolysis wavelength in
each image. The maximum available energy for translation is indicated by vertical lines, for

photodissociation of C#Br* to CH'+Br or CH™+Br* with a cation initial stateX °E,,

(solid lines) orX °E,, (dashed lines).
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V. Blanchet et al., Fig. 1
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V. Blanchet et al., Fig. 2
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V. Blanchet et al., Fig. 3
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V. Blanchet et al., Fig. 4
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V. Blanchet et al.,

Fig. 5
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V. Blanchet et al., Fig. 6
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