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We have obtained resonance Raman spectra and absolute Raman cross section measurements at
eight excitation wavelengths in the A-band and B-band absorptions of bromoiodomethane in
cyclohexane solution. The resonance Raman intensities and absorption spectra were simulated using
a simple model and time-dependent wave packet calculations. Normal mode vibrational descriptions
were used with the results of the calculations to find the short-time photodissociation dynamics in
terms of internal coordinates. The A-band short-time photodissociation dynamics indicate that the
C-1 bond becomes much longer, the C—Br bond becomes smallet-@eBr angle becomes
smaller, theH—C—Br angles become larger, tht¢—C—I angles become smaller, and tHe-C—H

angle becomes a bit smaller. The B-band short-time photodissociation dynamics indicate the C-Br
bond becomes much longer, the C—I bond becomes slightly longei—teBr angle becomes
smaller, theH—C—I angles become larger, tht¢—C—Brangles become smaller, and tHe-C—H

angle becomes slightly smaller. Both the A-band and B-band short-time photodissociation dynamics
appear to be most consistent with an impulsive “semi-rigid” radical model qualitative description

of the photodissociation with the GBr radical changing to a more planar structure in the A-band

and the CHI radical changing to a more planar structure in the B band. We have carried out a
Gaussian deconvolution of the A-band and B-band absorption spectra of bromoiodomethane, as well
as iodomethane and bromomethane. The absorption spectra, resonance Raman intensities, and
short-time photodissociation dynamics suggest a moderate amount of coupling of the C—l and C—Br
chromophores. ©1996 American Institute of Physids$S0021-960606)00735-(

I. INTRODUCTION the case of no solvent molecules neafby., gas phase pho-
todissociation and in this case the symmetry is not notice-
Many workers in the field of laser chemistry have beengply broken in the Franck—Condon region and the gas phase
interested in investigating bond selective excitation anthhotodissociation initially proceeds mainly along theC—I
photochemistry~*® Selective bond breaking has been dem-symmetric stretch mode combined with spreading of the
onstrated for electronic excitation to a directly dissociativeyaye packet into thé—C—I antisymmetric mode and some
staté~* and for electronic excitation to a part of the excited |_c_| bending motior?”%8%384The gas phase A-state reso-
electronic state that is repulsive in the bond to be brokéh. nance Raman spectrum of diiodomethane shows no appre-
Control of selective bond breaking using several differentigple intensity in thel—C—I antisymmetric stretch funda-
methods such as coherent radiative cont@®RC*"**and  mental or its combination bands with other mode&
optimal control theory(OCT)*~*! have also been exten- owever, when the photodissociation takes place in a solu-
sively studied theoretically and experimental demonstrationgiony phase environment there is a noticeable amount of sym-
of controlling dissociative pathways have been repoftet?  metry breaking observed that leads to appreciable resonance
These methods and simple electronic excitation of differenkaman intensity in thé—C—I antisymmetric stretch funda-
bonds attempt to circumvent or compete with intramoleculainental(and its combination bands with-C—I bend modes
vibrational energy redistribution that usually prevents selecy, giiodomethan®¥% and the I—-I—Iantisymmetric stretch
tive bond breaking in thermal, overtone excitation, and infras,nqdamental in the triiodide iof$- It appears that when

: 4648 -
red multiphoton excnatloﬁ.. Recent experiments have here is a large amount of symmetry breaking, the molecular
also shown that bond i%Ichve chemistry can be achieved igystem proceeds into the exit channel early and forms the
bimolecular reactiont? _ _ _ photoproducts early in the solution ph@8&°The amount of

Several recent studies have examined solvent-induced,metry breaking in both dilodomethane and triiodide ion
symmetry breaking in molecules, with two equivalent disso-5nhear 1o e very solvent dependent, and in the case of a
ciation channels such as diiodomethdié and triiodide  yijgdide ion there seems to be some correlation between the
ion.>"">*The diiodomethane system allows comparison withymant of symmetry breaking and the degree of vibrational
coherence seen in the diiodide photofragn?8nt?

dAuthor to whom correspondence should be addressed. In this paper we examine a prototypical example of se-
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lective bond breaking using electronic excitation of two dif- about 0.14 M concentration were prepared for use in the
ferent bonds in bromoiodomethane. We have carried out sevesonance Raman experiments. The experimental methods
eral resonance Raman experiments in order to examine thend apparatus have been given elsewHefe®-%%0 we will
excited state dynamics in the Franck—Condon region at thenly give a brief description here. Various harmonics and
vibrational mode specific level and attempt to learn morehydrogen Raman shifted laser lines from a Nd:YAG laser
about the intramolecular interactions that enhance or inhibiprovided the excitation frequencies for the resonance Raman
bond selectivity. Bond selective photodissociation of bro-experiments. The flowing liquid sample was excited by a
moiodomethane upon excitation in the A-band and B-bandaser beani~50-100yj) that was focused to approximately
absorptions has been observed in the gas phddeee and a 1 mm beam diameter. The Raman scattered light was col-
Bersohn carried out molecular beam experiments with lected by reflective optics and imaged through a depolarizer
broadband excitation of bromoiodomethane in the A bandind entrance slit of a 0.5 m spectrome(i&cton). The spec-
and found that 86% of the photodissociation reactions gave trometer used a 1200 groove/mm grating blazed at 250 nm to
atom photoproducts and 14% Br atom photoproducts. Theisperse the Raman scattering onto a liquid nitrogen cooled
anisotropy measurements from these experiments showe&TiCD (Photometrics About 30—40, 60 s scans are added up
that the A-band photodissociation is fast relative to molecubefore being read out from the CCD to an interfaced PC
lar rotation. Lee and Bersohralso elucidated that the Br compatible computer.
atoms observed in their experiments are from excitationto a The known frequencies of cyclohexane were used to
different excited electronic state with a weaker transition.calibrate the Raman shifts observed in the experimental
Butler et al>*® later performed a more thorough molecular spectra. Using a backscattering geometry helps minimize the
beam study on the photodissociation of bromoiodomethangeabsorption of the Raman scattered light by a strongly ab-
These later experimerit3 found that 210 nm excitation in sorbing sample, and the methods described in Refs. 69 and
the B-band absorption gave a definite preference for breakingo were used to correct the spectra for the remaining reab-
the stronger C—Br bond with no scission of the C—I bond bysorption. The spectra were then solvent subtracted using an
itself. Butleret al?® also observed two minor photodissocia- appropriately scaled solvent spectrum taken at the same
tion pathways leading to concerted elimination of eIectroni—spectra| region as the bromoiodomethane spectitem the
cally excited IBr and a three-body fragmentation formingmonochromator was not moved between the bro-
CH,+Br+1 when bromoiodomethane is excited at 210 nm.moiodomethane scan and the solvent $cdihe resonance
These molecular beam experiméntshave provided a large  Raman spectra were then corrected for the wavelength re-
amount of information on the photodissociation dynamics ofsponse of the detection system by using spectra taken of an
bromoiodomethane, but there has been very little vibrationahtensity calibrated deuterium lamp. Sections of the reso-
mode-specific work reported that investigates the A-banthance Raman spectra were fit to a baseline plus a sum of
and B-band photodissociation dynamics of bro-|orentzian peaks. We observed no appreciable fluorescence
moiodomethane. In this paper we report a vibrational modeynderneath the A-band or B-band resonance Raman spectra
specific investigation of the A-band and B-band short-timeof bromoiodomethane. We did observe some Rayleigh scat-
photodissociation dynamics of bromoiodomethane in solutered light background in the low-frequency region and this
tion using resonance Raman spectroscopy. was fit to a biexpotential baseline and subtracted to get the
The rest of the paper has the following structure. In Secresonance Raman spectra baseline shown in Figs. 2 and 3 as

Il we describe the experimental methods and apparatus usggkll as the baseline for integrating the resonance Raman
to obtain the resonance Raman spectra and determine theaks.

absolute Raman cross sections of bromoiodomethane. In Sec. Apsolute resonance Raman cross sections of bro-

1l we provide an overview of the calculations used to simu-moiodomethane were measured relative to previously deter-
late the resonance Raman intensities and absorption spectfgined 802 cm* and C—H stretch vibrational modés 2900

as well as conversion of the short-time photodissociation dycm 1) of cyclohexané’?> The bromoiodomethane/
namics into easy to visualize internal coordinate dynamicseyclohexane sample solution concentrations were found by
In Sec. IV we show the results of the resonance Raman exaking absorption spectravith a Perkin-Elmer 19 UV/VIS
periments and calculations. In Sec. IV we also provide a&pectrometer before and after the Raman experiments.
discussion of the results and the short-time photodissociatioghanges of less than 5% were observed in the
dynamics of bromoiodomethane. In Sec. V we give the conpromoiodomethane/cyclohexane absorption spectra during
clusions of our resonance Raman investigation of brothe absolute Raman cross section measurements. The calcu-

moiodomethane. lation of the absolute cross sections made use of the average
concentration found from the initial and final concentrations
Il EXPERIMENT from a series of experiments at each wavelength and an as-

sumed depolarization ratio of 0.33. It appears that the elec-

Bromoiodomethane was synthesized using the methodsonic transitions are localized mostly on either the C—I bond
previously reported by Miyano and Hashim&tdThe purity ~ for the A band or the C—Br bond for the B band. Because
of the prepared bromoiodomethane was checked by NMRhese two bonds have much different polarization directions,
and UV/VIS absorption spectroscopies. The purity of thewe would expect that the depolarization ratios could be very
bromoiodomethane ranged from 94% to 98% and samples afensitive to any coupling or mixing of these transitions. We
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are currently working on obtaining accurate depolarizationlevel |i), which has energy; (the number of initial vibra-
ratio measurements for bromoiodomethane in cyclohexangonal energy levels included in the Boltzmann sum was up
(and several other solvept@nd this will be reported in the to v=4 for v, v=1 for v, and v=0 for uv,),
future® We measured the maximum molar extinction coef-&E, + ¢,— Es— ¢;) is a delta function to add together cross
ficients of bromoiodomethane in cyclohexane solution to besections with the same frequenay, is the transition length
900 Mt cm™ ! for the A band and 2870 Mcm 1forthe B evaluated at the equilibrium geometrii(t))=e"""|i)

band. that is|i(t)) propagated on the excited state surface for a
timet, H is the excited state vibrational Hamiltoniaghnis the
IIl. THEORY AND CALCULATIONS final state for the resonance Raman process, and the

, i energy of the ground-state vibrational levd). The exp
We have used a relatively simple model to calculate theffg(t)] term in Egs.(1) and(2) is a damping function that

absorption spectra and resonance Raman intensities assogfises from population decay and/or solvent dephasing, and
ated with the A-band and B-band absorption transitions Ofnis \vas modeled as an exponential function. The lack of

bromoiodomethane in order to elucidate the major differ-;n ational structure in the A-band and B-band gas, and so-
ences in the short-time photodissociation dynamics of th

. . X §ution phase absorption spectra suggests that the total elec-
dominant transitions in the A and B bands. Our present calgopic gephasing is dominated by photodissociation and/or
culations assume that the A-band and B-band absorptions agg)yent dephasing prior to the first vibrational recurrence.
uncoupled, and thus we are ignoring any cross terms bg=thermore, the lack of appreciable fluorescence in the reso-
tvvgen th_e A—pand and. B-band transitions in order to k?991ance Raman spectfat least up to 2500 cht Raman shift
things fairly simple. This model gn_d calculations are not -5 1ggests that the electronic dephasing is dominated by popu-
tended to be a complete description of the absorption andiqn decay due to photodissociation in the Franck—Condon
resonance Raman spectra_, but will SErve as a modest be,g'Fb'gion. The absorption cross sections and resonance Raman
ning to better understanding the vibrational-mode specifi¢,osq sections were computed from the preceding equations
dynamics associated with the A-band and B-band transitiongy e addition over a ground-state Boltzmann distribution of
and as a reference with which more sophisticated calculggjy aional energy levels. We have used the Gaussian decon-
tions may be compared to assess the relative importance gftion of the experimental absorption spectrum to help

processes or effects like coordinate dependence of the ragiqe the determination of the calculation parameters for fit-
sition moment, possible Duschinsky rotation of normal Coor'ting the absorption spectra.

dinates, and others. We have assumed no coordinate dependence of the tran-

'_I'he absorption spectrum and resonance Raman Cr0Sftion length (Condon approximationand have used har-
sections were calculated for the A band and B bands sepg;gnic oscillators with their potential minima displaced by

rately using a time-dependent approach to resonance Ramgfl gimensionless normal coordinatétbe displacements are

scattering®~"® with the absorption cross sections computedyefined with respect to the ground-state frequerioyap-
from the following equation: proximate the ground- and excited state surfaces. The
47e’E M2 o ground- and excited state harmonic oscillators could have
oa(EL)= W) Z P Re{ fo (ili(t) either the same frequencies or different frequencies as appro-

priate. The bound harmonic oscillator model for the excited
iI(E_+ )t state just gives a convenient method to approximate the sec-
X eXp< T) exd —g(t)]dt|, (1) tion of the excited state surface in the Franck—Condon region
that decides the resonance Raman intensities and absorption
and the resonance Raman cross sections computed from thigectrum, and does not imply that the excited state is actually

equation: bound. The analytic expressions from Mukamel and
co-workeré® were used to numerically calculate the time-
0. (EL,09) =2, > Piog; {(E)S(E .+ €—Es—e), dependent overlagi i (t)) and(fli(t)}) in Eqs.(1) and(2).
bt Typically, dimensionless normal coordinates are used to
with denote the harmonic potentials used in Ed$.and(2). We

convert the dimensionless normal coordinate motions into
internal coordinate motions that are more readily comprehen-
sible (i.e., bond length and bond angle chandasusing the
following procedure. At a time after excitation to the ex-

8me*ESE M4
UR,ief(EL): T 9n6c%

% i(E_+e)t X X
X fli(t))ex g cited electronic state, the center of the wave packet undergo-
(1) 7 . . . Inc
0 ing separable harmonic dynamics can be expressed in dimen-
2 sionless normal coordinates by

X exd —g(t)]dt| , 2

Aa(t)=A4(1-cosw,t), ()

whereE, is the incident photon energ¥g is the scattered whereA , is the displacement along normal coordinatehe

photon energyn is the solvent index of refractiom®; is the  vibrational (excited statgfrequency,w,, is in units of fs%,

initial Boltzmann population of the ground-state vibrational the time,t, is in units of fs, and we fixj,=0 for each mode
J. Chem. Phys., Vol. 105, No. 14, 8 October 1996
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TABLE |. Bromoiodomethane ground-state normal modes.

5000 T T T T T T
: g
Experiment Calculated 4000 CHyBrl in Cyclohexane ES g ]
Mode frequency(cm™t) frequency(cm %) 3000 Sy = ]
« T Q
L2 2978 2978 2000 AN 1
Vs 1374 1376 1000 1
V3 1150 1150 0
vy 616 617 3000 =
v 517 512
Vg 144 142 2000 1
vy 3053 3053
Vg 1065 1065 1000 ]
Vo 754 754

#Frequencies are from Raman peaks observed in Refs. 80—82. i '
150F Gas Phase CH;Br

_ - 100} Experiment ]
« at the ground electronic state equilibrium geometry. The ... Gaussian Fit
internal coordinate changes from their ground-state equilib- 50p 1
rium values at different times are then calculated from the ok I
d|m_enS|onIess normal mode displacemeqigt), by the fol- 300} Gas Phase CH,I A\ 1
lowing formula: k
200 1
Si(t):(h/ZWC)llzzaAaima_llzqa(t)’ (4)

wheres; are the changes in the internal coordinagiesnd 190¢

stretches, bends, torsions, and wags, as defined by Wilson, obo, ANt e o
Decius, and Crogsfrom their ground electronic state equi- 30000 35000 = 40000 45000 50000
librium values, A, is the normal-mode coefficient Wavelength (cm™ )

(9si/0Q,), Q, is the ordinary dimensioned normal coordi- _ _ _

nate, andwa is the vibrational frequency in units of ¢th EIG. 1. The absorption ‘spectra of bromoiodomethane in cyclohexane soluj

Th l-mode vectors of bromoiodomethane were calc tion, gas phase bromoiodomethane, and gas phase iodomethane are dis-

€ norma . uplayed as solid lines. Gaussian curve fits to the absorption spectra are shown

lated using an adapted version of the Snyder and Schachiy dashed lines. The excitation wavelengths for the solution phase reso-

schneider FG prograndescribed in detail in Ref. §0and nance Raman _experiments are shown as _numbers above the bro-

previously published ground-state geometries and Valencr@modomethane in cyclohexane solution absorption spectrum.

force field§* for bromoiodomethane. The force field gave a

rms frequency error of 1.93 ¢ for the nine normal mode (maximum~258 nn) also arise fromn(X)—a¢* (C—X) tran-

V|br_at|onsf 0:] bronrmrdogweth;ne and T%tb_ggi shows a COMgjtinns Examination of the position and the absorption ex-

gﬁnson 0 It e (f:a cu ?teld a(n: experime " reQuUencIes.  yinction coefficients in Fig. 1 reveals that A and B bands of
he complete force field, Cartesian coordinates, computefl,,,isqomethane are redshifted and substantially more in-

vibrational frequencies, and normal-mode coefficients ar¢,,ca than the correspondingX)—¢* (C—X) transitions in

available as supplementary mateffal. bromomethane and iodomethane, which may be due to a
degree of coupling of the C—I and C—Br chromophores in
IV. RESULTS AND DISCUSSION bromoiodomethane.

We have fit the absorption spectra displayed in Fig. 1 to
a sum of Gaussian functions representing the @ transi-

The absorption spectra of bromoiodomethane in cyclotions that contribute to then(X)—o*(C—X) absorption
hexane solution, bromoiodomethane in the gas phase, brvands. The iodomethane gas phase absorption was deconvo-
momethane, and iodomethane are shown in Fig. 1. The exuted into three transitions for the A ba(it; around 34 446
citation wavelengths for the resonance Raman experimentam™?, °Q, at 38 773 cm?, and'Q, at 42 632 crl), and this
are displayed above the bromoiodomethane in the cyclohexs in good agreement with the MCD measurements by
ane solution absorption spectrum. Both the gas and solutioGedanken and Row®.Similarly we have also deconvoluted
phase A- and B-band absorptions of bromoiodomethane hawbe gas phase bromomethane A-band absorption into three
no vibrational structure, and this implies that the dissociatiortransitions(®Q, around 45 260 cit, 3Q, at 48 272 cm?,
reactions take place faster than vibrational recurrences alorand’Q, at 51 372 cm?), and this is in good agreement with
any Franck—Condon active coordinate. The bro-the deconvolution given by Van Veen, Baller, and De
moiodomethane A-band absorptidgmaximum ~268 nm  Vries® Comparing the deconvolutions of bro-
has been assigned torgl)—o*(C-I) transition and the moiodomethane to the corresponding transitions in the io-
B-band absorptiofimaximum~213 nn) has been assigned domethane and bromomethane shows thaf@qgransitions
to a n(Br)—o*(C—Bp transition’ The A-band absorptions are greatly enhanced in intensity while tﬁel and the'Q,
of bromomethangmaximum ~202 nm) and iodomethane transitions do not appear to be enhanced as much in the A

A. Absorption spectra
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and B bands of bromoiodomethane. The iodomethipe
transition at 34 446 cm' has a 2422 cm' redshift in bro-
moiodomethane and th€), transition at 38 773 cAt has a
1572 cm* redshift. The bromomethan&, transition at 228.7nm 282.4nm
45 260 cm* shifts to 44 616 cm! (644 cm ! redshify, the
3Q, transition at 48 272 cmt shifts to 46 829 cri® (1443 M
cm™ ! redshif), and the'Q, transition at 51 327 citt shifts
to 48 911 cm? (2416 cm ! redshif). The*Q, and®Q;, tran-
sitions associated with the B band of bromoiodomethane are
enhanced to a greater extent than the corresponding transi-
tions of the A band relative to the same transitions in bro- M
momethane and iodomethane.

The preceding observations about the absorption spectra
of bromoiodomethane compared to iodomethane and bro-
momethane suggest that several factors influence the amount LJJ

Intensity

of oscillator strength and position of the-NQ transitions of

the two chromophore bromoiodomethane compared to the
single chromophore iodomethane and bromomethane. The
smaller enhancement in th&); transitions and the larger
intensity enhancement of thi®, and Q, transitions imply

that the large-intensity enhancement in bromoiodomethane 208.8 nm 252.7 nm
has a multiplicity selection rule. The enhancement of the

N—Q transitions is greater for the absorption band nearest T M

the quasicontinuum ~above 50000 <Ch in bro- 0 500 1000 1500 2000 O 500 1000 1500 2000

moiodomethandi.e., the3Q, transition intensity of the B R ; -1
aman Shift (cm
band changes by about a factor of 22 times greater than the ( )

3Q, transition of bromomethane, while tH€), transition in- . 2. Overview of he Aband and B-band . v of

: : . 2. Overview of the A-band and B-band resonance Raman spectra o
tensity of the A band Chgnges bY about a faCtor_Of 3 time romoiodomethane in cyclohexane solution are shown. The displayed spec-
greater than thé%Qo transition of iodomethane This sug-  tra have been intensity corrected and solvent subtracted. Solvent subtraction
gests that part of the source of the intensity enhancementtifacts are labeled by asterisks.

could come from mixing with stategaving parallel charac-

ter along either of the C—I andior C—Br bopdscated . i of the bromoiodomethane absorption bands and

within the broad quasicontinuum above 50000 ¢m . )
Robirf’ has noted that both energy and symmetry will deter-COMPArison to the absorpup n spectra of b.romomethane and
mine the extent of mixing of valence* with the conjugate iodomethane. Our Gaussian deconvolutions of the bro-

Rydberg sea of states. moiodomethane absorption spectra are mainly a convenient

; TR 3

e, some of ne nansty eancement may oo, ) SO PSR U enbuters o 10, 0
be due to mixing of the electronic states associated with th@ 1< Sorp P y
not unambiguously determined. It would be more informa-

A-band and B-band transitions of bromoiodomethane. Ir}ive and reliable to have magnetic circular dichroi€dCD)

bromoiodomethane, the C—I and C—Br chromophore transi- :
. . . easurements carried out on the A-band and B-band absorp-
tions are relatively near to one another in energy compare?'

. lon of bromoiodomethane. Furthermore, it would be very
to chloroiodomethane, where the C-I and C-CI chro- . . .
o . . helpful to have fairly accurate theoretical calculations on the
mophore transitions are more widely separated in CNer9%lectronic states associated with the A-band, B-band, and
Although the C-I transitions in the A-band absorptions of ' '

bromoiodomethane and chloroiodomethane are located at ar|1_earby Rydberg quasicontinuum  absorptions  of - bro-

most the same energand presumably the C—I associated moiodomethane.
transitions located in the broad quasicontinuum abov
50 000 cm* are at very similar energies in both molecijes
the intensity enhancement is a factor of 3 for bro-  Figure 2 shows an overview of the A-band and B-band
moiodomethane but only about 1.4 for chloroiodomethaneesonance Raman spectra of bromoiodomethane in cyclohex-
greater than the same transitions in iodomethane. This sugne solution. Figure 3 displays a larger view of the 208.8 nm
gests that part of the intensity enhancement of the A bandnd 217.8 nm B band and 252.7 and 266.0 nm A-band reso-
and/or the B band of bromoiodomethane may be due to apiance Raman spectra, with tentative spectral assignments
preciable mixing of the electronic states associated with thehown for some of the larger Raman peaks. The spectra pre-
C-1 and C-Br transitions. We also see some patterns in theented in Figs. 2 and 3 have been intensity corrected and
resonance Raman spectra that may be indicative of this mixsolvent subtracted. Solvent subtraction of the very strong cy-
ing and this will be discussed in more detail in Sec. IV D. clohexane C—H stretch peaks leaves the spectra very noisy
We should note a few caveats in our rather qualitativebetween 2800 and 3100 crhand this part of the spectra are

%. Resonance Raman spectra
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nm. Thus, we will concentrate our attention to the overtones
and combination bands that are seen in our resonance Raman
spectra.

Inspection of Figs. 2 and 3 and Table Il shows that there
are very noticeable differences between the A-band and
B-band resonance Raman spectra. The B-band resonance Ra-
man spectra generally have a larger amount of intensity in
the overtone(2y,) of the nominal C—Br stretch mode, the
combination bands of the nominal C—Br stretch fundamen-
tal, and overtone with fundamentals and overtones of the
nominal C—I stretch and B-C—I bending modegv,~+vs,
vt g, vat2vg, vi—vg, 2v4tvg, 2v4tvs, 2041 2us,
vyt vt g, vytvs—rg, and 2+ st than the A-band
resonance Raman spectra. Qualitatively this observation
would suggest that photoexcitation in the B-band absorption
results in more motion along the nominal C—Br and nominal
I-C—Br bending vibrational modes than photoexcitation in
the A-band absorption. This is also consistent with the re-
sults of the molecular beam experiments that show A-band
photoexcitation leads predominantly to C—I bond cleavage
and B-band photoexcitation leads predominantly to C—Br
bond cleavage. Both the A-band and B-band resonance Ra-
_ man spectra have considerable intensity in overtones and/or

. A : combination bands o#, (the nominal C—Br stretoh s (the
1000 1500 2000_1 nominal C—I stretch and vz (the nominall-C—Br bend.
RAMAN SHIFT (Cm ) This strongly suggests that the photodissociation reactions
occurring in the A band and B bands have multidimensional
FIG. 3. An expanded view of the B-band 208.8 and 217.8 nm resonancgharacter and/or mixing of the internal coordinates in the
Raman spectra and the A-band 252.7 and 266.0 nm resonance Raman “Pfound state normal modes. In order to determine the impor-
tra. The spectra have been intensity corrected and solvent subtracted wi . . .
solvent subtraction artifacts marked by asteriéks Several larger Raman tance of these two effects and elucidate the internal coordi-
peaks in the spectra are labeled with tentative assignments. nate changes that take place during the short-time photodis-
sociation dynamics, we need to carry out a quantitative
resonance Raman intensity analysis that also makes use of
the normal mode descriptions of the Franck—Condon active

not shown. The larger Raman peaks labeled in Fig. 3 havodes.
been tentatively assigned based on previously published non-
resonant Raman and infrared speétr&@3 Almost all of the
resonance Raman peaks in Figs. 2 and 3 can be assigned
fundamentals, overtones, and combination bands,dthe
nominal C—Br stretch v (the nominal C—I stretoh and v The A-band and B-band absorption spectra and reso-
(the nominall-C—Br bend. Table Il gives the Raman shifts nance Raman intensities of bromoiodomethane were simu-
and relative intensities of the bromoiodomethane peakated using the model described in Sec. Ill and the param-
shown in the resonance Raman spectra of Figs. 2 and &ters given in Table Ill in Eqs(1) and (2). The excitation
Because fundamental Raman peaks are often susceptible w@velengths near the center of the A band and B bands were
interference effects from contributions to their intensitiesgiven more weight when determining the normal mode-
from other electronic states, we have scaled our resonanabsplacement parameters that give the best fit to the reso-
Raman intensities to the first overtone of the nominal C—Inance Raman overtone and combination band intensities.
stretch peak2ws). Our scaling standard ofi2 also provides ~Since the3Q, transitions most likely dominates both the
us a convenient method of comparing the differences in thé-band and B-band absorption spectra, and we are using a
A-band and B-band excited states relative to the nominatelatively simple single state model to simulate each band
C-1 stretch motion in each band. The A-band resonance Raeparately, we have modeled the dominant Gaussian curve
man spectra of iodomethane and higher iodoalkanes haveom the deconvolution of the A-band and B-band absorption
their fundamental intensities affected by preresonant contrispectra of bromoiodomethane. Population decay due to di-
butions from higher lying excited electronic statés®and  rect photodissociation causést least for lower final vibra-

it is very likely that the fundamental intensities of the bro- tional statey the (i|i(t)) and{f|i(t)) overlaps to decrease
moiodomethane could have similar contributions to theirvery rapidly as the wave packet leaves the Franck—Condon
fundamental intensities from some of the excited states in theegion. In addition to the population decay due to direct pho-
very strong and broad quasicontinuum of states below 20€dissociation, we used a homogeneous HWHM linewidth of

Intensity

CEOSimuIations of absorption and resonance Raman
spectra and photodissociation dynamics
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5848 Man et al.: Photodissociation dynamics of bromoiodomethane

TABLE Il. Resonance Raman intensities of bromoiodomethane in cyclohexane solution.

A. A-band excitation wavelengths

252.7 nm 266.0 nm 273.9 nm 282.4 nm
Peak Raman shifcm 1) intensity’ intensity’ intensity’ intensity’
Vs 521 298 87 132 365
2vg 1034 100 100 100 100
(1.10x10719¢ (3.45x107 19 (1.76x107 19 (6.27x107Hd

3ug 1550 23 35 48 85
4y 2050 12 26 35 87
Vy 621 191 127 129 177
2v, 1236 16 15 7 12
Ve 151 115 c c 141
2vg 289 2 c c 3
vyt s 1140 79 96 102 138
v+ 2v5 1657 43 69 84 124
vy +3vg 2163 30 53 72 116
vyt g 764 <2 20 18 17
vy +2v 893 <2 6 10 18
V4 Vg 487 31 39 58 82
s+ v 662 14 20 27 29
V5— Vg 378 16 11 <2 20
2u5+ v 1182 12 11 17 14
2u,+ v 1381 16 <2 9 29
2yt g 1758 <2 3 3 17
204+ 25 2291 6 14 31 59
vyt vst g 1283 18 9 13 40
vyt vs—vg 1002 1 38 23 26
vyt 2vg+ v 1793 3 18 21 31
vyt 20— v 1523 8 17 17 31
2v,+vgt+vg 1897 3 8 15 23

B. B-band excitation wavelengths

208.8 nm 217.8 nm 223.1 nm 228.7 nm

Peak Raman shifcm 1) intensity’ intensity’ intensity’ intensity’
Vg 521 133 295 389 477
2ug 1034 100 100 100 100
(2.52x1079)¢ (2.62x1079)¢ (1.03x1079)¢ (3.41x107 19

3vg 1550 48 47 48 21
Ayg 2050 30 35 27 12
vy 621 814 648 402 288
2v, 1236 207 98 42 20
Vg 151 73 40 111 185
2vg 289 20 15 17 19
vt 1140 209 207 152 97
vy +2vg 1657 71 70 58 26
vyt 3ug 2163 22 58 36 11
vyt g 764 112 106 53 48
v, +2vg 893 23 38 33 26
A 487 66 54 52 43
v+ Vg 662 17 46 41 35
vs— Vg 378 13 21 29 31
2v5+vg 1182 <2 <2 14 <2
2u,+ g 1381 39 50 36 41
2u,+ v 1758 112 44 13 6
2v,+2vg 2291 57 44 15 7
vt st 1283 66 41 16 10
vt vs— v 1002 19 62 42 21
vy +2v5+ v 1793 29 25 20 6
vyt 2v5—vg 1523 24 30 33 18
2v,+vst+vg 1897 27 31 19 11

4 stimated uncertainties are about 4 ¢nfor the Raman shifts.

PRelative intensities are based on integrated areas of the peaks. Estimated uncertainties are about 15% for intensities greater than 50 and 25% for intensities
below 50.

‘Rayleigh scattering from laser line was too large to observe these peaks in the 266 and 273.9 nm resonance Raman spectra.

dAbsolute Raman cross section forsdn AZmolecule.
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TABLE Ill. Parameters for calculation of resonance Raman intensities and

absorption spectra of A-band and B-band bromoiodomethane. 650 | |>" B-band Il Experiment 7
" 300::; an [ ] Calculated © T
A-Band parameters. Transition lengtl,=0.287 A; E,=27 200 cm'}; " 22
HWHM of damping functionI'=50 cm ., o050 | gm g 52 fo % >'"‘ gm h
Ground-state vibrationalExcited state vibrational b R RS ST & &
Vibrational mode  frequency(cm ™) frequency(cm %) |A] ..9200 o > > > s > > h
c T
vy 621 cm™ 621 cm* 2.65 o450 | G )
v 521 cni't 521 cnit 48 = R B T S B S
Ve 151 cmt 151 cmt 45 100 f i o 1R E 7173
o  BICIIS N R E- 1
B-Band parameters. Transition length=0.38 A; E,=41100 cm?, 50 F R > ;* : g—
HWHM of damping functionI'=50 crm %, = '
Ground-state vibrationalExcited state vibrational 0 " -
Vibrational mode  frequency(cm™?) frequency(cm™?) |A] Vibrational Mode
vy 621 cm 621 cm* 25 FIG. 4. Comparison of experimentésolid ba) and calculatedopen bay
Vg 521 cmit 521 cmit 3.0

resonance Raman intensities for the B-band 217.8 nm resonance Raman
Vg 151 cmit 151 cnit 3.6 spectrum of bromoiodomethane in cyclohexane solution. The calculated
resonance Raman intensities were computed using the B-band parameters
given in Table Il in Eqs(1) and(2) and the model described in Sec. Ill.

50 cmi ! that corresponds to an excited state lifetime of abou;S reasonable agreement between the 217.8 nm calculated
55 fs for bOth the A and B b'ands. This extra damping of theand experimental resonance Raman intensities displayed in
overlaps in order to better fit the absolute Raman cross seg-.

. o ‘hg. 4. There is also good agreement between the calculated
tions may be due to radiationless decay to another surface ol

S . . nd experimental absolute resonance Raman cross section
solvent dephasing interactions. Although 55 fs is close to th?or the 2 peak (calc=2.40x10"° A%/molecule compared
5 P .

wbrauona:jrecurrence “"T‘be of the .?.21 C'I]andﬁ' th'si rel- (é(v) expt=2.62x10"° AZmoleculd. There is noticeably
currence does not contribute significantly to the calculateq, <o agreement between the calculated and experimental

Raman intensities because of the multidimensionality of th‘?‘elative resonance Raman intensities as well as absolute reso-

photod|ssouat|_on where the 0”“’3‘? wo vibrationally active ance Raman cross sections for the 208.8 and 228.7 nm reso-
modes have different recurrence times. The calculated rela-

. . . . ance Raman spectra. This is not unexpected sincéQke
tive Raman intensities have little dependence on the value Qtansition seems to be less dominant at these wavelengths

the homogeneous linewidth used to mimic the radiationlesa,ith the3Q, transition contributing more at 228.7 nm and the
decay to another surface and/or solvent dephasing. However transition contributing more at 208.8 nm

there is a moderate dependence of the absolute Raman cross 1 .1« is reasonable agreement between the A-band cal-

section on the homogeneous and we fit tirg dhsolute Ra- culated and experimental relative resonance Raman intensi-
in the A band and the 217.8 R s shown in Fig. 6 as well as good agreement between the
trum |_nt N and an t. € -6 M resonance Raman spe vg calculated and experimental absolute resonance Raman
trum in the B band. This procedure is very similar to one

. ; : ) cross sections for 266.0 nm, as shown in Table IV
used to find population decay time estimates from the Iowes(tcalcz3 50x10°1% A%molecule compared to expt3.45
allowed singlet states of cis-hexatrief@0 f9°! and trans- T '
hexatriene(40 f9)%2:% from fitting the absolute Raman cross

sections by varying the homogeneous linewidth. We note

that the photodissociation times of other iodoalkanes such as < '? R '
iodomethane and diiodomethane are in the range of 50-100 P
f5.53:6494-975eyeral resonance Raman studies on the A band
of iodomethane showed that at least for the first few over-
tones and combination bands, the resonance Raman intensi-
ties (and depolarization ratipsiear the center of the absorp-
tion band are not noticeably affected by the knai@3—'Q,
curve crossing®%8%However, for higher overtones there
is some disagreemefft®® It also seems unlikely that any
radiationless decay mechanism would give very similar rates
for both the A band and B band of bromoiodomethane in

Gaussian Fit
Calculated

=]

~

N

o

Absorption Cross Section (A%x10

light of the rich photochemistry of the B-band relative to the 40000 45000 . 50000

A-band photodissociation. Thus, we think that the additional Energy (cm™)

damping is most likely due to solvent dephasing that occurs _ _ o o '
on a similar time scale as the photodissociation. FIG. 5. Comparison of experiment@olid line), Gaussian fi{dotted line,

. . and calculateddashed ling B-band absorption spectra. The calculated ab-
The calculated B-band absorption curve is broad, feasgrption spectrum was determined using the B-band parameters in Table Il

tureless, and fits th@o Gaussian curve in Fig. 5 well. There in Egs.(1) and(2) and the model described in Sec. IIl.
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5850 Man et al.: Photodissociation dynamics of bromoiodomethane

absolute resonance Raman cross sections better than the

> A-band M Experiment present simulations.
0L = . QD Cal"“l‘;ff’d S While our model and simulations are not the most accu-
5 " 3"‘ % % 2° 3, @ f’ % rate description of the absorption spectrum and resonance
Bl |7 > A& ] Raman intensities of the A band and B bands of bro-
£ - A moiodomethane in cyclohexane solution, they do serve as a
o o P reasonable approximation to elucidate the major differences
5 > SR RIS o f’; . and similarities of the A-band and B-bari@, electronic
& or - i RS fog 2 % ] excited states and dynamics in the Franck—Condon region in
2 f ;" : >:3 T ;« ;v i a quantitative manner. Our model parameters used to simu-
. H ﬂ h L ﬂi ﬂ ﬂ ﬂ ﬂ ﬂ hi late the A-band and B-band absorption spectra and resonance

Raman intensities are listed in Table Ill, with the normal
mode displacementd,, given in dimensionless normal coor-
FIG. 6. Comparison of experimentédolid bay and calculatedopen bay dma.‘te.s' In order FO easily visualize the short-time photodis-
resonance Raman intensities for the A-band 266.0 nm resonance Ram&@ciation dynamics of the A and B bands of bro-
spectrum of bromoiodomethane in cyclohexane solution. The calculated Ranoiodomethane, we have used the results of normal
man intensities were found by using_ the _A—band parameters of Table Il i”coordinate calculations in conjunction with qu) and (5)
Egs.(1) and(2) and the model described in Sec. il to find the internal coordinate displacements at 15 fs after
photoexcitation. We have chosen 15 fs since at that time the
nuclei have not moved very far from the Franck—Condon
%10 *° A%moleculg. Examination of Table IV shows that region and 15 fs is relatively short with respect to the vibra-
the A-band relative resonance Raman calculated and expetional recurrence times of the Franck—Condon active normal
mental intensities appear to have better overall agreememntodes. Since our resonance Raman intensity analysis only
than the B band. This may just be a result of the A-bandprovides us the magnitude of the normal coordinate displace-
absorption having a higher degreeq), transition character ments, we need some method to find the signs of the normal
than the B-band absorption. The calculateg @&bsolute Ra- mode displacements. The problem of picking the signs of the
man cross sections are a bit too large compared to theormal coordinate displacements has been discussed in detail
A-band 252.7, 273.9, and 282.4 nm experimental valses  in several recent reviews on resonance Raman intensity
Table IV). We can achieve a somewhat better fit to theanalysis’!% For our present work on bromoiodomethane,
A-band resonance Raman absolute cross sections using pge shall use some chemical intuition to help eliminate sev-

rameters that give a noticeably sharper calculated absorptiosral of the possible sign combinations of the normal mode
but this would not be in good agreement with the Gaussiarlisplacement parameters.

deconvolution of the A-band absorption. If we had a more  The normal modes of the nominal C—I stretal) and
accurate description of the relative contributions of thesehe nominal C—Br stretctw,) have large components of both
transitions to the absorption bands based on magnetic circthe C—I| stretch and C—Br stretch internal coordinates. The
lar dichroism(MCD) measurements and/or other experimen-nominal C—I stretch(vs) normal mode has a symmetric
tal data, we would probably simultaneously model the domi{—C—Br stretch character and the nominal C—Br stretef
nant 3Q0 transition and the wavelength dependence of thenormal mode has an antisymmetiicC—Br stretch charac-
ter. This information combined with the results of the mo-
lecular beam experiments that indicate excitation in the
A-band absorption leads predominantly to direct C—I bond

Vibrational Mode

A

Absorption Cross Section (A%x1072)
- N w

o

Experiment
Gaussian Fit
Calculated

oy

25000

FIG. 7. Comparison of experiment@olid line), Gaussian fi{dotted line,
and calculateddashed ling A-band absorption spectra. The computed ab-

30000 35000

Energy (cm'1)

40000

45000

cleavage and excitation in the B-band absorption leads
mostly to direct C—Br bond cleavage can be used to choose
the most likely sign combinations of the normal coordinate
displacements. Photoexcitation within the A-band absorption
apparently leads to direct C—I bond breaking, and this im-
plies that the C—I bond is lengthening during the initial dis-
sociation. The sign oA5 should be positive in order to have
the C—1 bond lengthen during the initial photodissociation. A
positive sign forA, would make the C—Br bond lengthen
much faster than the C—1 borithis is more consistent with
C-Br bond cleavage which is not consistent with the pre-
dominant direct C—I bond breaking associated with A-band
photoexcitation. Thus, the most likely sign combinations for
the A band are positive fohg, negative forA,, andAg can

be either negative or positive. Using these possible sign com-

sorption spectrum was found by using the A-band parameters of Table Iil if?inations for the normal mode displacements, we used Eqgs.
Egs.(1) and(2) and the model given in Sec. Ill.

(3) and(4) to find the internal coordinate displacements 15 fs
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Man et al.: Photodissociation dynamics of bromoiodomethane 5851
TABLE IV. Comparison of experimental and calculated resonance Raman intensities of bromoiodomethane in cyclohexane solution.
A. A-band excitation wavelengths
Peak Raman shifcm™1)2 252.7 nm 266.0 nm 273.9 nm 282.4 nm
expt. calc. expt. calc. expt. calc. expt. calc. expt. calc.
Ug 521 298 223 87 217 132 217 365 220
2v5 1034 100 100 100 100 100 100 100 100
Expt.= (1.10x10719¢ (3.45x10719¢ (1.76x10710¢ (6.27x1071Y°
Calc= (2.36x10719°¢ (3.50x10719¢ (3.36x10719° (2.63x10719°¢
3ug 1550 23 50 35 50 48 50 85 50
Avg 2050 12 24 26 25 35 26 87 25
A 621 191 96 127 92 129 92 177 93
2v, 1236 16 19 15 19 7 19 12 19
v 151 115 27 b 29 b 30 141 31
2vg 289 2 1 b 2 b 2 3 2
vyt 1140 79 85 96 84 102 84 138 83
v, +2v5 1657 43 64 69 63 84 63 124 62
v, +3vg 2163 30 45 53 45 72 44 116 43
vyt v 764 <2 11 20 12 18 12 17 12
v+ 20 893 <2 <1 6 1 10 1 18 1
V4~ Vg 487 31 4 39 5 58 5 82 6
vs+ g 662 14 24 20 26 27 27 29 28
Vs~ Vg 378 16 10 11 12 <2 13 20 14
2us+ g 1182 12 18 11 20 17 20 14 21
2u,+ v 1381 16 4 <2 4 9 4 29 4
2u,+ v 1758 <2 28 3 27 3 27 17 26
2u,+2v5 2291 6 29 14 28 31 28 59 27
vt st 1283 18 16 9 17 13 18 40 18
vt Us— g 1002 1 6 38 8 23 8 26 9
v+ 2v5+vg 1793 3 16 18 18 21 18 31 19
v+ 2v5—vg 1523 8 7 17 8 17 9 31 10
2uy+ st g 1897 3 7 8 8 15 8 23 8
B. B-band excitation wavelengths
) 200.8 nm 217.8 nm 223.1 nm 228.7 nm
Raman shift

Peak (cm™h expt. calc. expt. calc. expt. calc. expt. calc.
Vg 521 133 307 295 300 389 305 477 323
25 1034 100 100 100 100 100 100 100 100
Expt. (2.52x1079)° (2.62<1079)° (1.03x1079)°¢ (3.41x10719¢°
Calc. (1.74x1079)° (2.40x1079)° (1.72x1079)°¢ (7.90x10719¢°
3ug 1550 48 36 47 37 48 37 21 36
Avg 2050 30 12 35 13 27 14 12 13
v, 621 814 297 648 283 402 284 288 298
2, 1236 207 94 98 90 42 88 20 86
Vg 151 73 60 40 66 111 72 185 81
24 289 20 4 15 5 17 6 19 8
vt 1140 209 192 207 186 152 182 97 179
v, +2v5 1657 71 104 70 101 58 98 26 93
v, +3vg 2163 22 53 58 52 36 50 11 47
vyt vg 764 112 39 106 43 53 45 48 48
v+ 2vg 893 23 4 38 6 33 6 26 7
V4~ Vg 487 66 16 54 20 52 21 43 23
V5t vg 662 17 39 46 44 41 48 35 51
Vs— Vg 378 13 16 21 20 29 24 31 26
2us+ g 1182 <2 21 <2 24 14 26 <2 28
2u,+ v 1381 39 21 50 23 36 24 41 24
2u+ v 1758 112 100 44 95 13 91 6 86
2u,+2v5 2291 57 76 44 72 15 68 7 63
vt vt 1283 66 41 41 46 16 47 10 48
vt us— g 1002 19 17 62 21 42 24 21 25
v+ 2v5+vg 1793 29 31 25 34 20 35 6 35
v+ 2v5— v 1523 24 13 30 16 33 18 18 19
2uyt+vst g 1897 27 30 31 33 19 33 11 33

4 stimated uncertainties are about 4 ¢nfor the Raman shifts.
PRayleigh scattering from laser line was too large to observe these peaks in the 266 and 273.9 nm resonance Raman spectra.
Absolute Roman cross section for2n A%molecule.

J. Chem. Phys., Vol. 105, No. 14, 8 October 1996

Downloaded-09-Nov-2006-to-147.8.21.97.-Redistribution-subject-to-AlP-license-or-copyright,~see=http://jcp.aip.org/jcp/copyright.jsp



5852 Man et al.: Photodissociation dynamics of bromoiodomethane

TABLE V. Most probable internal coordinate displacements of bromoiodomethane in cyclohexane solution at
t=15 fs, assuming the C—I bond lengthens in the A band and the C—Br bond lengthens in the B band.

Range of displacements &t 15 f&

A band A,=-2.65 A,=-2.65
Internal coordinate As=+4.8,A¢=+4.5 As=+4.8,A=—4.5

C—H bonds <0.01 <0.01
C-I bond, atoms 1 and 4 +0.38 +0.37
C-Br bond, atoms 1 and 5 —-0.10 —-0.10
H-C-Hangle, atoms 2, 1, and 3 -1.6 -14
H-C-l angle, atoms 2, 1, and 4 -1.0 -0.4
H-C-Brangle, atoms 2, 1, and 5 +6.5 +6.9
H-C-langle, atoms 3, 1, and 4 -1.0 -0.4
H-C-Brangle, atoms 3, 1, and 5 +6.5 +6.9
I-C-Brangle, atoms 4, 1, and 5 -9.9 -12

Range of displacements &t 15 &

B band A,=+25 A,=+25
Internal coordinate As=+3.0,A¢=13.6 As=+3.0,Aq=—3.6

C—H bonds -0.01 -0.01
C-1 bond, atoms 1 and 4 +0.02 +0.01
C-Br bond, atoms 1 and 5 +0.26 +0.26
H-C-Hangle, atoms 2, 1, and 3 -0.7 -0.5
H-C-l angle, atoms 2, 1, and 4 +7.6 +8.1
H-C-Brangle, atoms 2, 1, and 5 —-2.7 -25
H-C-l angle, atoms 3, 1, and 4 +7.6 +8.1
H-C-Brangle, atoms 3, 1, and 5 —-2.7 -25
I-C-Brangle, atoms 4, 1, and 5 -8.8 -11

&/alues are for the two most probable sign combinations of the normal mode displacéseenthe text

after photoexcitation in the A band, and these internal coorecules, directly breaking the C—Br bond to form f{ldnd
dinate displacements are given in the first part of Table VBr, about 35% break both the C—Br and C-I bor{diso
Figure 8 shows the geometry of bromoiodomethane with th@pparently in a direct manneto form CH,+1+Br, and
atoms labeled with numbers and this may be used with Tablabout 6% break both C—I and C—Br bonds to form,Gidd
V to help visualize the short-time photodissociation dynam-electronically excited I1Br. Our deconvolution of the gas
ics. phase bromoiodomethane B band shows that the 210 nm
Choosing the sign combinations that are most probabl@bsorption has approximately 76% contribution fré@,
for the B band is a little more complex. The molecular beam18% contribution from'Q,, and 5% contribution fromiQ,
experiments of Lee and co-workéfsshowed that photoex- transitions. From the preceding two sentences, it is tempting
citation at 210 nm results in approximately 59% of the mol-to speculate that excitation of tH€), transition corresponds
mainly to the CHBrl—CH,l +Br channel, excitation of the
1Q, transition corresponds mostly to the ¢B#l—CH,
+1+Br channel, and excitation of th&Q, channel corre-
sponds to the CkBrl—CH,+IBr* channel. However, it is
probable that only &Q transition could correlate with the
CH,Brl—CH,+IBr* channel if the electron spin is con-
served during the photodissociation. Lee and co-wofkers
put forward a LCAO-MO least motion path model with con-
servation of electron spin for explaining the concerted elimi-
nation of electronically excited IBr. In this LCAO-MO
model the C—Br bond lengthens and theC—Br angle gets
smaller so that th@, orbitals on the Br and | atoms become
better aligned and can form the and ¢* orbitals of IBr.
Since there are three electrons in thg orbitals, the IBr
formed will have one of these electrons put into e or-
bital, and thus the IBr will only be formed electronically
excited, and this was consistent with the molecular beam

2,3 P ;
FIG. 8. Geometry of bromoiodomethane with each atom labeled with areSL'“tS_ of Butleg,et al: .T'herefore, It Is .mOSt likely that
number 1 through 5. excitation of the'Q; transition at 210 nm in gas phase bro-
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moiodomethane will correlate with the GBrl—CH,+IBr* predict that theH—C—H angle should become larger instead
channel as well as the GBrl—CH,+1+Br channel. This of smaller. This suggests that ti&-C—H angles move to-
would be consistent with both the Gaussian deconvolution ofvard the planar geometry of the ground state,BiHradical
the gas phase absorption spectrum and the molecular beaaha slower rate than thd—C—Brangles. The “soft” radical
results. A curve crossing from tH€, to the'Q, state could model in its simplest version assumes that all of the radical
account for the molecules that were initially excited via thefragment atoms are very loosely bound to one another to
3Q, transition, but end up in the GBrl—CH,+1+Br chan-  about the same amount and does not account for the “stiff-
nel, and this would resolve the apparent differences betweemess” of the different bondgforce constanys The C—H
our deconvolution of the gas phase absorption spectrum arstretch andH—C—H bend motions have significantly higher
the observed photoproduct branching ratios observed by Lefeequencies than motions associated with the C, I, and Br
and co-workerg:®> We note that the curve crossing from the atoms, and it seems that the-C—H bend and C—H stretch
3Q, to the'Q; state is well known for the photodissociation motions are relatively uncoupled from the initial stages of
of iodomethane in the A bar}:*"19-13However, work the C—I bond cleavage. It also appears that the higher-
done on the A band of bromomethane showed no apparefittquency H-C—1 bend changes slower than the lower-
curve crossing of théQ, and Q, state€® Although our  frequencyl-C—Br bend during the initial part of the C—I
deconvolution of the bromoiodomethane absorption specbond dissociation. The A-band photodissociation short-time
trum and tentative assignments of the photodissociatiodynamics seem more consistent with a “semirigid” radical
channels to the optical transitions suggest the curve crossingodel in which C—I bond breaking pushes the carbon atom
of the 3Q, and 'Q, states is important for the B-band bro- into a semirigid radica{with appropriate force constants for
moiodomethane photodissociation channels, we cannot urthe radical groupsimilar to a model suggested by Riley and
ambiguously determine this and additional experimental dat&Vilson!'4
such as MCD measurements are needed to completely re- The B-band bromoiodomethane early-time photodisso-
solve this issue. ciation dynamics revealed by Table V shows some similari-
Now back to choosing the signs of the normal modeties as well as some differences with the A-band photodisso-
displacements for the B band of bromoiodomethane. Sinceiation dynamics. Examination of Table V shows that at 15
there is predominantly C—Br bond breaking in the B bandfs the C—Br bond lengthens substantighy0.26 A), the C—I
one would expect there to be significant lengthening of thébond lengthens slightly+0.01 to +0.02 A), the 1-C—Br
C-Br bond, and this implies that th¥, should be positive in  angle becomes small¢r8.8° to —11°), the H—C—langles
sign. Furthermore, since there appears to be some probabilihbecome largef+7.6° to 8.1, and the H-C—-Bangles be-
of having the C—I bond breaking as well, we could alsocome smaller(—2.5° to 2.73. The C—H bondg—0.01 A)
expect that the C—I bond may also be lengthening as well agnd the H-C—Hangle(—0.5° to—0.7°) change slightly. The
the C—Br bond. In order for the C—I bond to lengthen in theB-band short-time photodissociation dynamics like the A
Franck—Condon region, the sign Af needs to be positive. band are more qualitatively consistent with a “semirigid”
Thus, the most probable sign combinations of the normatadical model of the photodissociation than a “soft” radical
coordinate displacements for the B band of bro-model of the photodissociation. However, as the C—I bond
moiodomethane appears to be positive Ay, positive for  breaks in the A band then the C—Br bond becomes shorter,
A5, and Ag may be either positive or negative in sign. We while as the C—Br bond breaks in the B band then the C-I
note that in both the A-band and B-band photodissociatiolond becomes longer. In the B band, both the C—Br and C-I
dynamics of bromoiodomethane, the choice of signAgf  bonds are becoming longer, although the C—Br bond length-
only changes the magnitude but not the sign of the internakéns to a much greater extent compared to the C—I bond. As
coordinate displacements. The most probable internal cooboth C—1 and C—Br bonds lengthéweakening the bondls
dinate displacements at 15 fs after photoexcitation are giveand the 1-C—Brangle becomes smaller, there may be a
in the last part of Table V. chance for intramolecular electronic energy transfer so that
The A-band photodissociation shows that the C—I bondoth the C—I and C—Br bonds break in addition to the pre-
lengthens significantly+0.37 to+0.38 A), the C—Br bond dominant C—Br bond breaking associated with the B band of
shortens(about —0.10 A), the I-C—Brangle becomes sig- bromoiodomethane.
nificantly smaller(—9.9 to —12°), the H-C—Brangles be- It is interesting to compare our results for bro-
come larger(+6.5° to +6.9°, the H-C—langles become moiodomethane with the short-time photodissociation dy-
slightly smaller(—0.4° to —1.0°, the H-C—Hangle be- namics derived from resonance Raman intensity analysis of
comes smallef—1.4° to 1.6y, and the C—H bonds change iodomethand®90:98.99.115-11"Ragonance Raman studies on
very little. These A-band short-time dynamics are consistenthe A-band absorption of iodomethane have shown that the
with direct C—1 bond breaking and the GBf fragment resonance Raman spectra have a long overtone progression
changing toward a more planar structure. The changes in th&f the nominal C—I| stretch mod@v ;) and a much smaller
C-I bond length, thdH—C—-Br angles, theH-C—I1 angles, progression of combination bands of this mode with the me-
and the I-C—Brangle are all qualitatively consistent with a thyl umbrella mod€v,+nw;). This implies that most of the
“soft” radical model of the photodissociation dynamics in initial A-band photodissociation dynamics involves length-
which the carbon atom is pushed into the rest of the radicatning of the C—I bond with some methyl umbrella motion
fragment. However, the “soft” radical model would also occurring as the C—I bond is broken. Our A-band and
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B-band short-time photodissociation dynamics are somewhaton of iodomethane or bromomethane. Our B-band bro-
similar in that as the C—X bond lengthens, the, @Hadical moiodomethane resonance Raman spectra and inferred short-
moves toward a more planar structure. However, the shortime photodissociation dynamics are also most consistent
time photodissociation dynamics of bromoiodomethane apwith an unbound valence excited state. We do note that the
pears to have more multidimensionality as well as asymmeB-band absorption of bromoiodomethane could be influ-
try than the photodissociation dynamics of A-bandenced by the nearby Rydberg states corresponding toghe 6
iodomethane, which seems close to pseudotriat¢arieven  Rydberg transitions of iodomethane. It is possible that the
pseudodiatomicin character. The short-time photodissocia- unbound state that predissociates the bound Rydberg transi-
tion dynamics of bromoiodomethane also appears to haveéons in the B state of iodomethane could also cross the
significant changes in both the C—Br and C-I bond lengthshearby B-band transitions of bromoiodomethane and be re-
while there is apparently no corresponding change in thaponsible for the three different dissociation channels asso-
C—-H bond length in the iodomethane short-time photodissoeiated with the B-band absorption of bromoiodomethane. It
ciation dynamics. Several polarization-resolved resonanceould also be quite interesting to compare the Rydberg
Raman studies have been performed for the iodometharteansitions and predissociation dynamics of iodomethane
A-band absorption in order to investigate the composition ofwvith those found in bromoiodomethane to see the changes
the A-band absorption and the effects of tF@,—1Q, induced by the presence of the C—Br chromophore.
curve crossing on the resonance Raman spttfed 99115 There appears to be little quantitative resonance Raman
A recent study with higher resolution and better signal towork reported for bromomethane. The A-band absorption of
noise than previous studies showed that the 266 nm restoromomethane is very weak and very close to the Rydberg
nance Raman depolarization ratios may arise mainly frontransitions below 200 nm, so it may be fairly difficult to
simple interference between parallel and perpendiculaattribute the resonance Raman intensity solely to A-band
sources of Raman scattering and curve crossing dynamidgansitions without a careful resonance Raman excitation
appear to have only a small contribution to the resonancerofile to determine possible contributions from other states.
Raman spectré& We are currently taking depolarization ra- However, such a resonance Raman study would be interest-
tio measurements for bromoiodomethane in solution in ordeing to compare to bromoiodomethane and iodomethane.
to find out more about the composition of the A-band and  Butler et al>® have previously proposed a model for
B-band absorption spectra, and perhaps the extent of coelectronic energy transfer to help understand the very differ-
pling of the C—Br and C—I| chromophores, and these resultent results found for the photodissociation of 1,ZBrl
will be reported in the futuré® and bromoiodomethane. We will only briefly describe the
In addition to the extensive and elegant resonance Ramodel and the reader is referred to Refs. 3 and 125 for the
man work on the A-band absorption of more complete and original description. Essentially, as some
iodomethan&?°0:98.99.115-11%hare are several in depth and of the electronic energy goes into the kinetic energy making
excellent resonance Raman studies on the B band dhe C—Br bond longer, there will be some C—Br bond length
iodomethané!®-12*The iodomethane B-state absorption sys-where the electronic energy of the C—Br bond will equal the
tem from 191 to 201 nm is composed o§ Rydberg vi- energy required to excite the—o* transition on the C—I
bronic transitions that are rotationally diffuse due to very fastoond, with the chance for a near-resonant energy transfer
predissociatiorthowever, not so fast as to lose vibronic reso-taking place that would give another state that has an elec-
lution). Therefore the B state is quasibound instead of unitronically excited C—I bond and a vibrationally excited C—Br
bound like the lower lying A state of iodomethane. Thebond. The intramolecular electronic energy transfer could
B-state Rydberg transitions show a strong origin, a moderatproceed by an electron exchange and/or a dipole—dipole in-
progression in the totally symmetric umbrella bending modderaction. The dipole—dipole mechanism is probably more
(v, and a few weaker bands corresponding to the C—Hikely, and it could compete with the C—Br bond breaking
stretch(v,), the C—I stretci{v;), and methyl rockyg) vibra-  according to rough calculations carried out by Buitrl.
tional modes. Careful and extensive Raman polarization antbr the 1,2-GF,Brl molecule® In the 1,2-GF,Brl molecule
excitation profile measuremeft®1?! have found that the the C—I and C—Br chromophores are nearly parallel to one
B-state origin and the nex vibronic band have lifetimes of another(which presumably would greatly allow the dipole—
0.5+/—0.1 ps (1.2 ps for CRI). Further studie¥? found dipole interaction electronic energy trangfewhile in bro-
vibrationally specific subrotational period lifetimes for sev- moiodomethane the angle between the C—I and C—Br chro-
eral other bands: one quantum of the C—I strétefi has a mophores is 113° and gets smaller during the initial
lifetime of ~1.5 ps(~5.0 ps for CR), two quantum of the dissociation(possibly close to 90° near the resonant energy
C—I stretch(2uv3) has a lifetime of~0.5 ps, and one quantum transfer regiop which would make the dipole—dipole inter-
of the C—H stretci»,) has a lifetime of~0.06 ps(~0.6 ps  action term much smaller and the near-resonant electronic
for CD4l). The vibrational mode-specific lifetimésr predis-  energy transfer probability would be much smaller in bro-
sociation rateswere attributed to the multidimensional reac- moiodomethane. It is quite interesting to note that Qe
tion coordinate in the curve crossing region of B-state andransition appears to be correlated with the
unbound surfac®? The B-band absorption of bro- CH,Brl—CH,+IBr* channel and simultaneous C—I and
moiodomethane has no vibronic structure and appears to @—Br bond cleavage, while tH, transition appears to be
an unbound valence transition similar to the A-band absorpprimarily correlated with the CHBrl—CH,l+Br channel

J. Chem. Phys., Vol. 105, No. 14, 8 October 1996

Downloaded-09-Nov-2006-to-147.8.21.97.-Redistribution-subject-to-AlP-license-or-copyright,~see=http://jcp.aip.org/jcp/copyright.jsp



Man et al.: Photodissociation dynamics of bromoiodomethane 5855

and cleavage of only the C—Br bond. This brings up theincludes coupling of the dominant A-band and B-band tran-
possibility that the near-resonant electronic energy transfer isitions in order to examine the effect of coupling of the C-I
substantially more efficient folQ states thariQ states and and C—Br chromophores on the resonance Raman intensities,
the transfer region occurs where the C—Br bond has enougind this may substantially improve the agreement between
kinetic energy to go on to break and the electronic energyhe simulations and the resonance Raman experimental in-
transferred to the C—I bond gives simultaneous bond cleavensities. We also plan to carry out additional resonance Ra-
age leading to the formation of the GHI—Br channel and man experiments including depolarization ratio measure-
the CH+IBr* channel, depending on the relative positionsments in the future to explore solvent effects on the short-
of the | and Br at the time of electronic energy transfer.  time photodissociation dynamics of bromoiodomethane.
We would like to propose a hypothesis for the B-bandThese experiments would explore the possibility of solvent-
bromoiodomethane photodissociation. The photoexcitatiomduced and/or solvent-dependent mixing of electronic
of bromoiodomethane via the dominal@, transition (ap-  states, as well as the solvent dependence of bond selective
proximately 76% of initially excited molecules at 210 nm photochemistry. Comparison of the absorption spectra of
according to our deconvolution of the gas phase absorptioBromoiodomethane in the gas phase and in cyclohexane so-
spectrum leads predominantly to C-Br bond cleavage|ution shown in Fig. 1 shows that there appears to be signifi-
(about 59% or slightly less of initially excited molecules at cant changes in the relative positions and intensities of the
210 nm according to molecular beam resuléd some electronic transitions upon solvation, particularly for the
curve crossing to théQ, surface(about 17% or slightly B-band transitions. This suggests that there may be notice-
more of the initially excited molecules at 210 prithe mol-  able solvation and solvent-dependent effects on the mixing
ecules that are on th&®, surface from either initial photo- of electronic states and/or bond selective photodissociation
excitation (about 18% of initially excited molecules at 210 dynamics and photochemistry. Bromoiodomethane has the
nm) or curve crossing from th&Q, surface(17% or slightly  opportunity to examine the electronic mixing and bond se-
more at 210 nmproceed to either the GH1+Br channel  |ective photochemistry in a wide range of molecular environ-
(about 33%—-35% of the |n|t|aIIy excited molecules at Zloments ranging from the gas phaéecﬂated mo|ecu|ésto
nm) or the CH+IBr* channel(<6% of initially excited condensed phase nonpolar solvents, and even polar solvents
molecules at 210 njindepending on the relative positions of sych as methanol and acetonitrile.
the | and Br at the time of electronic energy transfer between |n contrast to iodomethane, bromoiodomethane has not
the C—Br and C-I chromophores. TH®, transition has peen nearly as extensively studied, either experimentally or
such a small percentage of initially excited molecules at 21@heoretically. This is somewhat surprising since bro-
nm that we can only speculate that it probably leads to C—Bmoiodomethane has a very similar structure, and the same
bond cleavage though other channels cannot be ruled out. number of atoms as iodomethane and bromoiodomethane
can be considered one of the prototypes for bond selective
electronic  excitation and  photochemistry.  Bro-
moiodomethane also has many facets of its photodissociation
and its electronic states in the A and B bands that would be
The short-time photodissociation dynamics shown invery interesting to understand in more detail. For example,
Table V for the A band and B band of bromoiodomethanewavelength-dependent studies of the B band can help reveal
suggests that their is a small amount of coupling of the C—the wavelength dependence of the three different photodis-
and C—Brn—g* transitions, since both the C—Br and C—-I sociation channels quantum yields, explore how important a
bonds change in the Franck—Condon of each of the A and BQ, curve crossing to th&Q, state(or possibly othersmay
bands. Our simulations of the A-band and B-band resonandge, and shed more light on the mechanism that breaks both
Raman intensities antf), transitions of the absorption spec- the C—I and C—Br(presumably simultaneouslyn the two
tra assumed that the transitions were completely uncoupleahinor dissociation channels. It would also be very intriguing
and each transition was modeled separately. While our simue further elucidate the mechanism and sources of the ab-
lations appear to do a somewhat reasonable job of simulatingprption intensity enhancement and redshifts of the A and B
the major features of the A-band and B-band resonance R&ands of bromoiodomethane relative to the single chro-
man intensities and absorption spectra, there are sevemalophore iodomethane and bromomethane molecules. Many
wavelength-dependent trends in the resonance Raman inteof the experimental techniques such as molecular beam
sities that we are unable to model using uncoupled transiexperiments®~1%51%magnetic circular dichroistMCD),°
tions. For example, in the B-band resonance Raman spectraultiphoton ionization MPI),107126-128nfrared emissiort%®
the 2u,, 2v,+ s, and 2,+2us relative intensities increase coherent anti-Stokes Raman scattei@\RS),*?° diode la-
greatly as the excitation energy increases. This may indicateer absorptiod®® femtosecond time-resolved pump-probe
that the C—Br character of the transition becomes greater axperiments® and others that have proved so useful to study
the excitation energy increases. Similarly, the A-band transiiodomethane A-band photodissociation are readily applicable
tions of 3v5, 4v5, andv,+3vs increase fairly strongly as the to the bromoiodomethane system. The bromoiodomethane
excitation energy decreases. This could indicate that the C—+holecular system appears ripe for a wide variety of experi-
character of the A band increases as the excitation energyental and possibly theoretical work by many different re-
decreases. We plan to develop a model in the future thaearch groups to help create a much more detailed under-

D. Coupling of the C—I and C—Br chromophores and
future prospects for investigating bromoiodomethane
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