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Investigation of the short-time photodissociation dynamics of trans -1-
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We have obtained resonance Raman spectra and absolute Raman cross section measurements at five
excitation wavelengths within thé-band absorption for 1-bromo-2-iodoethane in cyclohexane
solution. The resonance Raman spectra have most of their intensity in the fundamentals, overtones,
and combination bands of six Franck—Condon active vibrational modes; the nominal CCI bend, C-I
stretch, C—Br stretch, C—C stretch, €iag with the Br atom attached to the €group, and CH

wag with the | atom attached to the GHjroup. The resonance Raman intensities Adohnd
absorption spectrum were simulated using a simple model and time-dependent wave packet
calculations. The simulation results and normal mode descriptions were used to find the short-time
photodissociation dynamics in terms of internal coordinate displacementsA-baad short-time
photodissociation dynamics fdrans1-bromo-2-iodoethane show that the C-I, C-Br, and C-C
bonds as well as the CCI, CCBr, HCC, ICH, and BrCH angles have significant changes during the
initial stages of the photodissociation reaction. This indicates the photodissociation reaction has a
large degree of multidimensional character and suggests that the bromoethyl photofragment receives
substantial internal excitation in so far as the short-time photodissociation dynamics determines the
energy partitioning. Comparison of our results for 1-bromo-2-iodoethane wit+tend short-time
dynamics of iodoethane, 1-chloro-2-iodoethane, and 1,2-diiodoethane and the trends observed for
their A-band absorption spectra suggest that both the C—I and C—Br bonds experience a noticeable
amount of photoexcitation. €999 American Institute of PhysidsS0021-96069)01503-2

I. INTRODUCTION tional and rotational state distributions of the methyl radical

The A-band photodissociation of iodoalkanes have beel{)hotofragment have been measured by multiphoton ioniza-

19-21 : :
extensively studied as examples of direct photodissociatiof°" (MEZI)'_ coherent al?ct)l%-?Stokes Raman _scatznng
reactions and have played an important role in better undefCARS),™ diode laser absorptiom,and other experiments.

standing photodissociation dynamics and energy partitionE€mtosecond time-resolved pump—probe experiments found
ing. TheA-band absorption spectra of gas and solution phasg]at the iodomethané-band photodissociation reaction oc-
iodoalkanes are unstructured and composed of three trangilrred in less than 100 f8:° Resonance Raman spectros-
tions (Qy, 'Q;, and3Q,).1 3 The3Q, transition gives rise COPY was used to examine the short-time photodissociation
to most of the oscillator strength of thband absorption dynamics. The resonance Raman spectra displayed long
and correlates with*l photofragments. Ground electronic overtone progressions in the nominal C—1 stretch vibrational
state iodine atom§l) can be formed in significant numbers mode and a smaller combination band progression in the
from an electronic nonadiabatic curve crossing of ¥y  nominal CH umbrella mode fundamental plus C—I stretch
state by théQ, state*'*Molecular beam experiments mea- overtone<.’~*®The contributions from electronic states other
suring photofragment anisotropies have shown that the C-than3Q, (e.g.,Q, and'Q,) and possible effects of th&,
bond cleavage associated with théand absorption of io- and'Q, nonadiabatic curve crossing on the resonance Ra-
doalkanes takes place much quicker than the rotational penan spectra were investigated using depolarization ratio
riod of the parent iodoalkane molecufe!8 measurements:3%3* Solvation and solvent effects on the
lodomethane has been the most investigated iodoalkanesonance Raman spectra and associated short-time photo-
molecule for theA-band photodissociation reaction. Mag- dissociation dynamics were also examifi&d® Different
netic circular dichroismMCD) experiments found that the theoretical models and potential energy surfaces with vary-
%Q, transition near the center of the absorption band acing degrees of sophistication have been used to elucidate the
counts for about 70%—-80% of the oscillator Strength and 'the\.band photodissocia’[ion of i0d0a|kar?§§f16 Fu||y quantum
°Q; and*Q; near the red and blue edges of the absorptiofnechanical simulations using reasonably accuadtenitio
band have the remaining oscillator Strenéﬂ‘ii.gh resolution potentia' energy surfaces were used to mode| much Of the
time-of-flight photofragment spectroscopy experiments indi-pyailable experimental data for iodomethane and it seems
cated some internal energy appears in the umbrella mod@at the major aspects of the-band photodissociation of
vibration of the methyl radical photofragmefit:*The vibra-  jodomethane have been elucidafed?
The A-band photodissociation reactions of larger iodoal-
dAuthor to whom correspondence should be addressed. kanes and dihaloalkanes have not been examined as compre-
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hensively as iodomethane. However, studies carried out oimternal coordinate motions in the normal coordinate descrip-
other iodoalkanegand dihaloalkangsnable examination of tions of the Franck—Condon active modes and/or actual
how the molecular structure and substituents modify the phoehanges in the photodissociation dynamics. The short-time
todissociation dynamics, energy partitioning to the photophotodissociation dynamics of several higher iodoalkanes
fragments and the probability 30, to Q; curve crossing. and dihaloalkanes have been determined using the results of
Time-of-flight translational spectroscopy experiments fornormal coordinate calculations and resonance Raman inten-
several different iodoalkanes indicate that as the alkyl grousity analysi€’">~"*These studies showed that the C—I bond
gets larger and/or more branched in structure then the degreteavage takes place on a time-scale similar to the vibrational
of internal excitation of the alkyl radical photofragment motions in the rest of the iodoalkane molecule and the
increases’1847-%Experimental measurements of thgll  Franck—Condon region dynamics seemed to be somewhere
ratio a function of the structure and mass of parent iodoalbetween the “soft radical” and *“rigid radical” descriptions
kane found that more | photofragment is produced as thef the photodissociation dynamics.
iodoalkane molecule increases in mass or becomes more We have obtained a partigl-band resonance Raman
branched in structur&:11%6-%3Thjs suggests that th#&), to  excitation profile and absolute Raman cross section measure-
1Q, curve crossing probability has some dependence on th@ents for 1-bromo-2-iodoethane in cyclohexane solution.
degree of internal energy deposited into the alkyl photofragTime-dependent wave packet calculations were done to
ment; less of the available energy of the photodissociation isimulate the experimental absorption spectrum and reso-
deposited into translation of the two photofragments as mor@ance Raman intensities in order to characterize the Franck—
of the available energy goes into internal excitation of theCondon region of the excited electronic state. The results of
alkyl photofragment which leads to an increased curve crosglormal coordinate calculations were used in conjunction
ing probability. with the results of the resonance Raman intensity analysis to
Two simple models for the photodissociation dynamicsfind the short-time photodissociation dynamics in easy to
of direct bond cleavage reactions have been used to explaMisualize internal coordinate changes. We compare our re-
the energy partitioning of thA-band iodoalkane photodisso- sults for 1-bromo-2-iodoethane with those found previously
ciation reactiont?*>~*"The “rigid radical” model makes the for iodoethane, 1-chloro-2-iodoethane and 1,2-diiodoethane
assumption that the alkyl radical maintains the same strudh order to investigate the effect of substitution of a hydrogen
ture during the photodissciation reaction and this leads t&tom on thes-carbon atom by a more massive halogen atom.
only internal excitation of the rotational degree of freedom ofWWe also examine how the C—I bond breaking in the Franck—
the alkyl radical***>~”On the other hand, the “soft radi- Condon region is influenced by the presence of an additional
cal” model can give rise to internal excitation of both the carbon—halogen chromophore.
vibrational and rotational degrees of freedom of the alkyl
radical. The “soft radical” model makes the assumption thatll. EXPERIMENT
the a-carbon atom is very weakly connected to the rest of the
alkyl radical so that the C-I bond breaking leads to theC

a-cgrb(l)zn 15§59m being pu§hed into_the rest of the alkylStrem custom synthegisvere used to prepare samples for
radical.” The energy dlspo§; al of most |EJdoaIkanes S€€Mhe resonance Raman spectroscopy experiments. Resonance
to be nearer that given t_)y the_ soft radlcalls T7°de| than the gaman spectra were obtained for 1-bromo-2-iodoethane in
values g‘|‘v'er_1 by the ”r|g|d I"E‘:’tdICal modéLIZ cyclohexane sample solutions with concentrations ranging
The “rigid radical” and “soft radical” models are close from 0.4 M to 0.5 M. We have previously described the
to wo limits to how thea-carbon atom is bonded to the rest g, e rimental apparatus and methods used to acquire the
of the alkyl radical during the photodissociation. The "rigid \oqnance Raman spectra and the reader is referred to these
radical” model a-carbon has far too strong bonding to the | tarences for detaif®-7577-"°The excitation laser for the

rest of the alkyl radical in order to maintain a rigid alkyl .oconance Raman experiments useti00 J loosely fo-
radical structure during the photodissociation and the “soft.,caq ¢ a 1 mmdiam on the flowing liquid sample. The
radical” modela-carbon has too weak bonding to the rest of o h64s detailed in Ref. 80 were used to correct the spectra
th_e_alkyl_ radical during th_e photodissociation. Both_ thesor the reabsorption of the Raman scattered light by the
rigid radical” and “soft radical™ models of the photodis- sample solution and an intensity calibrated deuterium lamp

sociation dynamics do not realistically account for theyere ysed to correct the resonance Raman spectra for the
a-carbon atom bonding to the rest of the alkyl radical duringgengsitivity of the whole collection system as a function of

the photodissociation and more accurate models need to R,y elength. The absolute resonance Raman cross sections of

developed for direct photodissociation dynamics and energy_p,omo-2-iodoethane in cyclohexane solution were ob-

partitioning. Resonance Raman spectroscopy has been usgghe( relative to the absolute Raman cross section of the 802
to investigate the short-time photodissociation dynamics of-1 Raman band of cyclohexane solvEht?

several dihaloalkanes and higher iodoalkat?é4-"° These
studies showed that as the mass increases and/or the structme
becomes more branched, then the intensity in hominal non-"
C—I stretch combination bands with the C—I stretch over- We have used a relatively simple model and time-
tones increases relative to the C—I stretch overtone progreslependent wave packet calculati®hd’to simulate the reso-
sion intensity. This trend may arise from more mixing of thenance Raman intensities aeband absorption spectrum of

Spectroscopic grade cyclohexane solveldrich
hemical Companyand 1-bromo-2-iodoethan®9% from

CALCULATIONS
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1-bromo-2-iodoethane in cyclohexane solution so as to exmostly by the slope of the excited state surface in the
amine the major features of the short-time photodissociatioffranck—Condon region when no vibrational recurrences take
dynamics. The model and computational results given herplace(as in a direct photodissociatibnThe featureless gas
are not meant to be a comprehensive characterization of thend solution phasé@-band absorption spectra of 1-bromo-2-
resonance Raman and absorption spectra, but serve to giveéagoethane suggests that the total electronic dephasing is
modest start to better elucidate the vibrational mode-specifimostly due to direct photodissociation prior to the first vibra-
dynamics of the initial C—I bond breaking in 1-bromo-2- tional recurrence. The wave packet propagation was cut off
iodoethane. The modeling results shown here will also servafter 40 fs so as to not to allow any significant recurrences of
as a useful reference to which more thorough simulations cathe wave packet to the Franck—Condon region. THg(t))

be compared to assess the significance of effects like theverlaps decay and reach a negligible value after 30 fs for
coordinate dependence of the transition dipole moment, arthe resonance Raman peaks observed in our experimental
harmonicity, possible Duschinsky rotation of normal coordi-spectra. Thus the cut-off at 40 fs just prevents the wave-

nates, and others. packet to return to the Franck—Condon region and helps to
The A-band absorption spectrum of 1-bromo-2- better model a direct photodissociation reaction. The effects
iodoethane was simulated using the following formula: of solvent dephasing collisions on the absorption and reso-

nance Raman cross sections were simulated by an exponen-
tial decay(the exp—g(t)] term in Egs.(1) and (2) was re-
o placed by exp-tlI'/4]). The bound harmonic oscillator
X 2P Re“’ (ili(t))exdi(EL+ €)t/h] model for the excited state used here only gives us a conve-
0 nient way to simulate the region of the excited state that
determines the resonance Raman intensities and absorption
' 1) spectrum and does not imply the excited state is bound.
The potential parametefim Egs.(1) and(2)] are usually
The resonance Raman cross sections were calculated frogfated in terms of dimensionless normal coordinates. In order
this formula, to easily visualize the short-time photodissociation dynamics
in terms of bond length and bond angle changes, we con-
R (BL 09 =2iZ(Piori (B OB+ 6~ Es—e) verted the normal coog:dinate motions ir?to interngl coordinate

oa(EL)=(4me’E M?/3nhc)

Xexd —g(t)]dt

with motions. The center of the wave packet motion in terms of
. dimensionless normal coordinates at titredter excitation to
ori1(EL)=(8me*E3E, M4/9%5c%) f (Fli(1)) the excited statdand undergoing separable harmonic dy-
‘ 0 namicsg is given by

2

xXexdi(E_+ e)t/h]exd —g(t)]dt| , 2

g,(t)=A,(1—cosw,t). 3)

whereE, is the incident photon energ¥g is the scattered

photon energyn is the solvent index of refractioM is the  The time.t, is in units of fs, the vibrational frequency,, , is
transition length evaluated at the equilibrium geomeRyis i units of fs'%, and we fixq,=0 for each modex at the
the initial Boltzmann population of the ground-state energyground electronic state equilibrium geometry. At different

level |i) which has energy;, f is the final state for the {imest the internal coordinate displacements are found from

resonance Raman process, ands the energy of the ground he dimensionless normal mode displacemenqig1)),
state energy levelf), and 5(E, +¢—Es—¢€;) is a delta

function to add up cross sections with the same frequency.
li(t))=e""H"%li} is [i(t)) propagated on the excited state si(t) = (h/2me) Y28 A o, Y2, t). (4
surface for a time. H is the excited state vibrational Hamil-
tonian. The exp—g(t)] term in Eqgs.(1) and(2) is a damping
function. This is expected to be mostly direct photodissocias; are the displacements of the internal coordindteend
tion population decay with some solvent dephasing forstretches, bends, torsions, and wags as defined by Wilson,
A-band 1-bromo-2-iodoethane in cyclohexane. Addition oveDecius, and Crogsfrom their ground electronic state equi-
a ground state Boltzmann distribution of vibrational energylibrium values. A,; is the normal-mode coefficient
levels(298 K temperature distributigrwas used to compute (ds;/9Q,) with Q,=the ordinary dimensioned normal coor-
the absorption and resonance Raman cross sections. THiate.w, is the vibrational frequency in units of ¢rh The
number of initial vibrational energy levels included in the normal coordinate analysis and vibrational assignments for
Boltzmann sum were up to=3 for vy;, v=1 for vy and  1-bromo-2-iodoethane have been recently rep8ftddee
v=0 for vg, v7, vg, andvs. supplementary materf) and we made use of these results
The ground and excited state potential energy surface® compute the normal mode vectors of 1-bromo-2-
were approximated by harmonic oscillators displacedlly  iodoethane using a modified version of the Snyder and
dimensionless normal coordinates. We assumed the Cond@thachtschneider FG prografhThe Cartesian coordinates,
approximation. The resonance Raman intensities of the firstomplete force field, and normal-mode coefficients are avail-
several overtones and combination bands are determineable as supplementary material.
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FIG. 2. Overview of the 1-bromo-2-iodoethane in cyclohexane solution
FIG. 1. Absorption spectra of bromoiodometharid), 1-bromo-2-  resonance Raman spectra which have been intensity corrected and solvent
iodoethang(B), bromoethanéC), and iodoethan€D) in cyclohexane solu-  subtracted. Asterisks) mark parts of the spectra where solvent artifacts are
tion. The excitation wavelength@ nm) for the resonance Raman experi- present and the pound sig#) labels sections where a laser line or stray
ments are shown above the 1-bromo-2-iodoethane absorption spectrum. [ight artifact are present.
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IV. RESULTS AND DISCUSSION spectra of Figs. 2 and 3 have been intensity corrected and
A. Absorption spectra solvent subtracted. Thérans-1-bromo-2-iodoethane reso-
nance Raman bands have been tentatively assigned based on

The absorption spectra of 1-bromo-2-iodoethane, broy, "o oconant Raman and infrared spectra and vibrational

moiodomethane, iodoethane, and bromoethane in CyCIOhE)z(a_ssi nments reported recerfyTable | lists the Raman
ane solution are shown in Fig. 1. Teband absorption of 9 P '

1-bromo-2-iodoethane is associated with the C—I bond it‘g:(s)m%rjg_i:)néggigf’e fc(;)fr ttggb;isdogaen;?a I:r?g\]/\?nninbgindz of
—o* transitions similar to iodoethane and other iodoal- P 9.

kanes. However, the 1-bromo-2-iodoethane absorption ba fﬁr the region between 150 cih and 2500 cm'. Most of
L - . —dng—1: b '} e A-band resonance Raman peaks can be assigned to the
extinction coefficient maximum of 670 ¢cmiM ! is substan-

tially greater than the sum of the absorption coefficients Otfundamentals, overtones andfor combination bands of six

. 11 Franck—Condon active vibrational modestns-1-bromo-
bromoethangclose to zerpand iodoethangtds cm™ M ™) %—iodoethane;ull (the nominal CCI bend vq (the nominal

over the 280 nm to 240 nm region. This suggests that there i ) .
A . . > 3 . C—I stretch), vg (the nominal C—Br stretghv (the nominal
significant interaction of the C—1 and C—Br chromophores mC—C stretch, v (the nominal CH wag with the iodine atom

1-bromo-2-iodoethane. The deconvolution of B#and of .
1-bromo-2-iodoethane shown in Fig. 1 displays contributions"’m"’lched to the Chigroup, and 5 (the nominal CH wag

from two transitions that correlate well with the C—Br bond with the bromine atom attached to the Clgroup. The

% : . nominal C—I stretch overtone progressiarvg) is the larg-
n— o™ absorption spectrum found in bromoethane and th%st rogression and forms significant combination bands with
C-I1 Rydberg transitions around 200 nm in the iodoethan prog 9

. ?he other five Franck—Condon active modes.
absorption spectrum. .

The low frequency region of the resonance Raman spec-
tra of 1-bromo-2-iodoethane displays some dependence on
the excitation laser powéRaman bands labeled with &in

An overview of the resonance Raman spectra ofFig. 3) and suggests the presence of a transient species
1-bromo-2-iodoethane in cyclohexane solution is displayedormed during the laser pulse. Figure 4 shows a high and low
in Fig. 2. An expanded view of the 266.0 nm resonancepower spectrum with a difference spectrum of the transient
Raman spectrum is shown in Fig. 3. The resonance Ramaspecies. We did not observe any significant changes in the

B. Resonance Raman spectra
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o : bol A represents Raman bands due to
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high and low power spectra above 800 ¢mThe transient ticeable intensity in their overtones and a few combination
resonance Raman spectrum shown in Fig. 4 displays thrdeands. The transient species could be a bromoethyl radical
Franck—Condon modes; a 144 chmode, a 174 cm*  formed from theA-band photodissociation. The closely re-
mode, and a 250 cit mode. These three modes have no-lated CECF,Br radicaP! photodissociates at 248 nm and the

TABLE |. Experimental and calculated resonance Raman intensitietsafias-1-bromo-2-iodoethane in cyclohexane solution.

Intensities as absolute Raman cross sectionsq '° AZmolecule)

282.4 nm 273.9 nm 266.0 nm 252.7 nm 245.9 nm

Raman Raman

bands shift? (cm™) Expt® cald Expt® Cald Expt® cald Expf Cald Expt® cald
vy 542 2.42 1.61 2.45 2.66 2.65 3.61 2.14 3.98 4.38 3.38
2vq 1085 0.44 0.69 0.88 1.17 1.29 1.59 2.10 1.73 1.76 1.45
3y 1630 0.28 0.35 0.57 0.59 0.98 0.80 0.64 0.87 0.82 0.73
lvs+vg—vqq
4yg 2171 0.26 0.27 0.51 0.49 0.65 0.56 0.88 0.72 0.46 0.58
lvs+2vg
Vg 1233 2.08 0.26 1.97 0.46 2.84 0.66 1.99 0.80 4.08 0.71
vs+ g 1775 0.30 0.25 0.41 0.42 0.64 0.61 0.58 0.73 0.61 0.65
/vyt 3vg
vs+2vg 2332 0.19 0.15 0.26 0.29 0.39 0.37 0.88 0.48 0.54 0.40
vs+ vy 1409 0.15 0.08 0.20 0.14 0.20 0.18 0.18 0.19 0.14 0.16
2vg+2vy,
Ve 1155 0.85 0.10 0.94 0.16 3.35 0.23 1.24 0.27 1.55 0.24
Vgt Vg 1697 0.14 0.08 0.17 0.13 0.24 0.19 0.35 0.23 0.79 0.20
vet2vg 2254 0.10 0.08 0.17 0.10 0.23 0.21 0.34 0.44 0.21 0.20
lvg+3vg
vg 630 5.43 0.17 4.81 0.29 5.51 0.39 7.65 0.44 14.7 0.37
vg+ vg 1176 0.28 0.15 0.65 0.25 0.96 0.35 0.88 0.38 0.29 0.32
vgt+ vgt vy 1330 0.10 0.04 0.20 0.07 0.22 0.09 0.28 0.10 0.19 0.08
vt vg 1863 0.10 0.09 0.15 0.15 0.25 0.21 0.23 0.23 0.45 0.19
vs+ vgt vg 2411 0.05 0.07 0.07 0.09 0.10 0.13 0.20 0.16 0.14 0.14
vg+2vg 1716 0.14 0.10 0.20 0.17 0.30 0.23 0.25 0.26 0.20 0.21
vy 1044 0.76 0.15 0.76 0.26 0.95 0.37 € 0.44 0.96 0.38
vty 1592 0.19 0.12 0.14 0.21 0.37 0.30 0.41 0.35 0.38 0.31
Vi1 160 1.77 0.32 2.77 0.52 2.25 0.68 2.20 0.70 2.92 0.58
2vq, 315 0.05 0.02 0.15 0.03 0.20 0.04 0.15 0.04 0.15 0.03
vyt vg 708 0.20 0.28 0.35 0.46 0.68 0.60 1.09 0.61 1.08 0.49
Vg— V11 388 0.20 0.13 0.23 0.20 0.28 0.26 0.3% 0.25 0.25 0.20
v+ vgt vy 1941 0.07 0.11 0.24 0.20 0.22 0.23 0.32 0.28 0.23 0.19
[2v41+ 3vg

%Estimated uncertainties are abati# cm ! for the Raman shifts.

PIntensities are based on integrated areas of peaks and absolute Raman cross section mea&heeligtats values are in units of 18 A%molecule).

Estimated uncertainties are about 10% for intensities for 1.0 or higher, 15% for intensities 0.3 to 1.0, and 25% for intensities lower than 0.3.

‘These peaks are obscured by solvent subtraction artifacts and/or apparent transient Raman peaks and therefore these bands higher uncertainties for thei
integrated areas.

9The parameters of Table Il and the model described in Sec. IIl are used to calculdtédane Raman intensities.
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TABLE Il. Parameters for the calculation of resonance Raman intensities
and absorption spectrum dfans-1-bromo-2-iodoethane in cyclohexane

A-B solution?

* Ground state Excited state
* * Vibrational mode  frequency(cm™®)  frequency(cm™?) |A|

*kk *
*
vy, (CCI bend 160 160 5.6
vg (C—1 stretch 548 548 4.85

vg (C—Br stretch 630 630 1.4

* A v, (C—C stretch 1044 1044 0.85
vg (CH; wag® 1155 1155 0.61

vs (CH, wag) 1233 1233 0.98

Intensity

* Transition lengthM =0.245 A; E;=27 930 cm ¥; I'=50 cmi L.
b+ represents the CHgroup that has the iodine atom attached to it. The
other CH group has the Br atom attached to it.

and these conditions for 266 nm excitation; 1.0 mW at
10 Hz=1x10*J=1.34x10" photons for 266 nm light so
E=1.34x 10" photons, r=0.05cm, e=720 M lcm?,
¢=1.0, andN,=6.02x 10?%. The less than 5% photoconver-
sion upper limit is consistent with the absolute resonance
Raman cross section experimental measurements that
showed no significant ground state depletierg., changes
of less than 5% for powers between 0.2 mW to 1.50 mwW
We note that molecular beam studies of thdvand photo-
FIG. 4. High power 252.7 nm resonance Raman specti@inand low  dissociation of CEBrCF,l showed that stable GEF,Br
power 252.7 nm resonance Raman spectfBjrof 1-bromo-2-iodoethane in  radicals could be formed, but there were no stable
cyclohexane solution. The difference spectrum of A—B shows some featureéH CH.Br products observed from the GBICH,l
that may be due to a resonance Raman spectrum of a transient species. 2>" 2 NV 2
photodissociatiof? However, Br atom products were ob-
served from the CKEBrCH,l photodissociation and it was
suggested that they come from secondary dissociation of the

CF,BrCH, radicaf* photodissociates at 248 nm and 266 nmbromoethyl radicat? The CHCH,Br radical could be stabi-

and this suggests that the bromoethyl radical would also havézed in a solution environment which could allow it to ab-

an absorption band in this region. The strength of the brosorb a second photon and account for the transient we ob-
moethyl radical absorption band would also be expected tg€rve in our high power spectrum. Further experimental and
be substantially larger than the parent 1-bromo-2-iodoethan@eoretical work needs to be done to unambiguously identify
molecule (670 M tecm™ or 2.56<x107'8 cnm?/molecule) the apparent transient resonance Raman spectrum we ob-
since other related haloalkyl radic¥$3such as chlorometh- serve at higher excitation laser powers. Apart from the sev-
ylene and bromomethylene have largeband absorptions €ral transient resonance Raman bands, the resonance Raman
(14.5x 107 '8 cm¥molecule for the CKCI radical and 8.8 intensities and absolute cross section measurements given in
X 10718 cmP/molecule for the CHBr radica).®>%If the bro-  Table | should be indicative of the parent 1-bromo-2-
moethyl radical has a similar absorption cross section then it§doethane molecule. In order to learn more quantitative in-
Raman cross section could be 12 to 32 times larger than th#@rmation on the short-time dynamics of 1-bromo-2-

for the parent 1-bromo-2-iodoethane. In addition, the RamaiPdoethane, we have carried out a resonance Raman intensity
cross section for the transient compound appears distributednalysis which is detailed in the following sections.

over fewer bands compared to the 1-bromo-2-iodoethane

resonance Raman spectra which could cause the Rama) nodeling of the absorption and resonance Raman

cross section per Raman band to appear relatively larger anghectra

increase our sensitivity to the bromoethyl photoproduct. ) _
Thus, a few percent of bromoethyl radicals being formed in '€ parameters shown in Table Il were used in Ejs.
the experiment could give rise to the transient bands in th@nd (2) of Sec. Il to model the absorption spectrum and

252.7 nm, 266.0, 273.9 nm resonance Raman spectra. ygsonance Raman intensitiestodns-1-bromo-2-iodoethane.

have estimated an upper limit for the fraction of sample pho-We fit the intensities of the overtones and combination bands

toconverted to be about 4.7% for 266 nm under the condi-bUt did not try to fit the fundamental intensities because fun-

tions used for collecting the resonance Raman spectra shovfiTental bands in many-band resonance Raman spectra of
in Figs. 2 and 3. This estimate was determined using thdodoalkanes are prone to preresonant-re;onant mterfergnce
following equation from Ref. 87: effects  from hlgh'e'r energy  excited electronlc
states?%:3367.73.7n addition, we also put more emphasis on
fitting intensities of the resonance Raman spectra with exci-
Fpuise= (230E )/ (1°Np) (5  tation wavelengths near the peak of the absorption band

a1 PR T S N A N S S S
0 500 1000 1500 2000

Raman shift (cm™)
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absorption(solid line) of 1-bromo-2-iodoethane in cyclohexane solution in

the A-band region. The parameters of Table Il were used infBand the 252.7 nm
model described in Sec. Ill to compute the calculated absorption spectrum. I
since these resonance Raman spectra are less likely to have 2459 nm

any significant contributions to their intensities from the usu-
ally weak 1Q; and 3Q; transitions near the blue and red
edges of the absorption spectra of iodoalkanes.

Figure 5 displays a comparison of the calculated and
experimental absorption spectra. The calculated spectrum Vibrational Modes
ShOV\{S fa.lrly good agreement with the experimental SpeCtrurlqu. 6. Comparison of experimentgdolid bar$ and calculatedopen bars
considering that th&rans conformer accounts for about 70% resonance Raman cross sections for the 282.4 nm, 273.9 nm, 266.0 nm,
of the 1-bromo-2-iodoethane in cyclohexane solution aRs2.7 nm, and 245.9 nm-band resonance Raman spectra of 1-bromo-2-
room temperature and the probable presence of 5}@” iodoethane in cyclohexane solution. The parameters given in Table Il and
and3Q1 transitions at the red and blue edges of the absor the model described in Sec. Il were useq in conjunction with @y.to
. ) . calculate the resonance Raman cross sections.
tion spectrum. We found the intensity of the C—I stretch
mode for thegaucheconformer G-vq, ~504 cmi'l) to be
much smaller than expected compared to the correspondimroximately by the square of the absorption coefficients to
mode of thetrans conformer T-vy, ~542 cml) in the give a factor of~3 times more enhancement for ttrans
282.4 nm resonance Raman spectrgmsonant with the conformer relative to thgaucheconformer. This would lead
A-band and little affected by the transient bromoethyl bandsto about 10% of the resonance Raman intensity going into
and the preresonant 354.7 nm Raman spectrum. The C-hegaucheconformer bands which is similar to the 7%—-8%
stretch mode for the gauche conformer had about 7%—8% ofle observe for the C—I stretch mode for thauchecon-
the C—I stretch resonance Raman intensity at 282.4 nm arformer (G- vy, 504 cm %) in the 282.4 nm resonance Raman
about 13% at 354.7 nm compared to the expected 30% olspectrum. OthegaucheRaman bands are difficult to unam-
served in the nonresonant FT-Raman spectrum with 1068iguously discern in the resonance Raman spectra since they
nm. This suggests that teband absorption coefficient and are very small and nearly coincident with many of thems
resonance Raman enhancement are very different for thRaman bands. The small amount of apparent resonance Ra-
trans and gaucheconformers of 1-bromo-2-iodoethane. The man intensity~8%) and absorption intensity~18%) of the
trans conformer has the C—1 and C—Br chromophores in thegaucheconformer will lead us to slightly underestimate the
same plane and parallel to one another which is favorable tactual trans-1-bromo-2-iodoethane absolute Raman cross
significant interaction between them. However, the C—I andections by~10% to give a bit more uncertainty to these
C-Br chromophores are not in the same plane and are nateasurements.
parallel in thegaucheconformer and this likely leads to neg- A comparison of the calculated and experimental reso-
ligible interaction between the chromophores. Tdamuche nance Raman cross sectionstiEns-1-bromo-2-iodoethane
conformer of 1-bromo-2-iodoethane probably hasfdmand  is given in Fig. 6 and Table I. There is reasonable agreement
absorption coefficient very similar to that for iodoethanebetween most of the Raman intensities for the combination
(445 M tcm™l). If we assume that the 1-bromo-2- bands and overtondsee Fig. 6 and Table.IHowever, there
iodoethane gauche conformer has an absorption coefficiemere large disagreements for several of the fundamental in-
like iodoethane, we can estimate tinens conformerA-band  tensities such ass, vg, v7, vg, andv; and this is probably
absorption coefficient to be about 766 Mcm ™ [1-bromo-  due to these fundamental peaks having significant prereso-
2-iodoethane total absorptie®570 M *cm !=0.7 (rans  nant enhancement from higher energy excited states. This
absorption coefficient 0.3(445 Mt cm™1)]. The resonance view is also supported by the higher energy resonance Ra-
Raman cross sections for the two conformers will scale apman spectrdsee the 217.8 nm and 208.8 nm spectra in Fig.

NN
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i 81V%1 =1 21 ar=l vl M 2 21 2l
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2) which have strong intensity in these fundamentals. This i©f ranges of geometry changes; the first set of geometry
not too surprising since the fundamentals Aband reso- changes have the C-Br bond becoming longer and the sec-
nance Raman spectra of other iodoalkanes have also diend set of geometry changes have the C—Br bond becoming
played significant preresonant contributions from higher ensmaller. Table Il lists the two sets of internal coordinate
ergy excited states while the intensities of the combinatiordisplacements at 10 fs after photoexcitation foans1-
bands and overtones are relatively unaffeéetf:®”">"°As  bromo-2-iodoethane. Table Ill also compares the short-time
one tunes off resonance with the higher energy excited statephotodissociation dynamics farans-1-bromo-2-iodoethane
the overtone and combination band intensities decrease vetyith iodoethanetrans-1-chloro-2-iodoethane angans-1,2-
rapidly compared to the fundamental intensities. PHeand  diiodoethane. Figure 7 presents simplified geometries for
absorption is relatively far away from the other higher en-trans-1-bromo-2-iodoethane, iodoethan&ans1-chloro-2-
ergy excited state6>10 000 cm?) and therefore only the jodoethane, anttans-1,2-diiodoethane which can be used to
preresonant fundamental intensities are strong enough to ked in visualizing the internal coordinate changes given in
noticed in theA-band resonance Raman spectra. Table Ill. In Fig. 7 and Table Ill, C represents thecarbon
Taking into account the simple model and approxima-atom to which the iodine atom is attached and B represents
tions used in our simulations, the overall agreement betweethe g-carbon atom attached to tlecarbon atom.
the calculated and experimental resonance Raman cross sec- The results of Table 11l show that 1-bromo-2-iodoethane
tions (for the overtones and combination bapead absorp-  has significant bond length changes in both the C—I and
tion spectra is fairly good. Table Il lists the best fit normal C—Br bonds in the Franck—Condon region of the photodis-
mode displacement parametdrs) for the simulations and sociation reaction. The C—C bond also has a broad range of
these parameters are given in terms of dimensionless normglost probable displacements at 10 fs and the CCBr angle
coordinates. The dimensionless normal coordinate displacgrecomes smaller. The HCB, ICH, CBH, and HBBr angles
ments(A) can be converted into internal coordinate changesave a broad range of most probable displacements at 10 fs
as a function of time so as to examine #and short-time  \yhile the C=H bond and the HCH and HBH angles do not
photodissociation dynamics tfans-1-bromo-2-iodoethane.  change very much in comparison to the changes found for
other bond lengths and bond angles. These dynamics sug-

D. Short-time photodissociation dynamics of gests that the hydrogen atoms and C—H bonds are relatively
trans -1-bromo-2-iodoethane and comparison to other rigid during the Franck—Condon region dynamics while the
dihaloalkanes carbon and halogen atoms attached to the C-C, C-I, and

The normal mode descriptions of thens-1-bromo-2- C—Br bonds experience most of the dynamical changes as-
iodoethane Franck—Condon active modes were used in Egsociated with the initial stages of the photodissociation. If the
(3) and(4) to determine the short-time photodissociation dy-C—Br bond becomes longéset A range of displacements at
namics in terms of internal coordinate motions. We havelO fs in Table Il) then the C—B bond length, BCI angle,
picked 10 fs as the time to examine the short-time photodisCBBr angle shift to noticeably more negative values than in
sociation dynamics because tfi@0(t)) overlaps which de- the case for the C—Br bond becoming smaftet B range of
termine the resonance Raman cross sections usually reagisplacements at 10 fs in Table)UIThe short-time photo-
their maxima about 5-10 fs after photoexcitation and the 1@lissociation dynamics for 1-bromo-2-iodoethane shown in
fs time allows convenient comparison to previous work onTable Il suggest that the photodissociation reaction has a
related dihaloalkanes. Since the resonance Raman intensigjgnificant multidimensional character with the C-I bond
analysis only provides the magnitude but not the sign of théreaking occurring on a time scale similar to the vibrational
Franck—Condon active normal mode displacement, there amotions of the rest of the molecule. The Table Ill dynamics
2" possible sign combinations that will be equally consistenfor 1-bromo-2-iodoethane also suggest that significant inter-
with the results of the resonance Raman intensity analysigial excitation of the bromoethyl photofragment occurs in the
For more information on the difficulty of picking the signs of lower frequency vibrational modes associated with the C—C
the normal mode displacements, the reader is referred to and C—Br bonds and the HCB, CBH, and HBBr angles in so
couple of recent review articlé§8’ far as the initial photodissociation dynamics determines the

Because we know thak-band photoexcitation leads to internal excitation of the photofragments.
direct C—1 bond cleavage, we shall assume that the C—I bond It is interesting to compare our short-time photodissocia-
becomes lengthened upon photoexcitation. This reduces thmn dynamics for 1-bromo-2-iodoethane with those found
number of possible sign combinations of the normal moddor iodoethane, 1-chloro-2-iodoethane, and 1,2-diiodoethane
displacements by one-half. Since the CCI angle almost altsee Table lll. Inspection of Table Il shows some trends in
ways becomes smaller for tifeband short-time photodisso- the Franck—Condon region photodissociation dynamics as a
ciation dynamics of iodoalkan®’®’® and most p-hydrogen atom on iodoethane is replaced by more massive
dihaloethaned'"® investigated so far, we shall also assumehalogen atomsCl and |). As the molecule is changed from
that the CCI angle becomes smaller for thdand short- iodoethane to 1-chloro-2-iodoethane and finally to 1,2-
time photodissociation dynamics otransl-bromo-2- diiodoethane, the C—I bond length changes generally pro-
iodoethane. Using the two preceding assumptions about theeed from a fairly long and narrow range ©0.13 to+0.15
C-I bond and CCI angle, we are left witf216 possible A at 10 fs for iodoethane to broader ranges and shorter bond
sign combinations and their associated geometry changetength changes for 1,2-diiodoethan¢0.068 to+0.116 A
We divide these 16 possible sign combinations into two setand +0.033 to+0.068 A for the two C—I bonds There is
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TABLE Ill. Most probable A-band internal coordinate displacements tafns-1-bromo-2-iodoethane at
=10 fs assuming the C—I bond becomes longer and the CCIl angle becomes smaller. Comparison to previous
results for iodoethandrans-1-chloroethane anttans-1,2-diiodoethane.

Trans1-bromo-2-iodoethanéhis work)

Set A (the C—Br bond becomes longer Set B(the C—Br becomes shorjer
Coordinate Range of displacementg &t10 fs Coordinate Range of displacements$-=atlO fs
re +0.115 t0+0.196 A re +0.115 t0+0.196 A
rcar +0.013 t0+0.094 A rcar —0.102 t0o—0.021 A
I'ac —0.145 t0+0.047 A Iac —0.115 t0+0.077 A
Fon <=+0.006 A Ion <=+0.006 A
£ BCI —11.3°t0o—3.3° £/ BCI —7.6°to+0.5°
/HCB —10° to +11.6° /HCB —11° to +10.6°
ZICH —8.1° to +13.6° £ICH —8.8°to +12.9°
£ CBBr —11.9°to—3.4° £ CBBr —8.2°to +0.2°
£ CBH; g —11.2° to+16° /. CBH; o g -11.3° to+14.8°
£HCH —-1.2°to+1.9° £HCH —-1.6°to+1.9°
/HBH —1.9°to+2.5° /HBH —1.8°to+2.6°
/HBBr —13.2° to+14.2° £/ HBBr —13.8° to+13.6°

1-Chloro-2-lodoethanérom Ref. 77 lodoethangfrom Ref. 67
re +0.09 to+0.18 A re +0.13t0+0.15 A
reol —0.01t0—0.18 A
lec —0.024 t0+0.012 A Iac —0.06 t0—0.05 A
Ich <+0.004 A [ <+0.004 A
/BCI —7.8°to+2.5° £ BCI —6°to —3°
/HCB —0.8°to+0.8° /HCB +6° to +9°
£ICH —0.4°to+2.5° £ICH —7°to0 —3°
£/ CBCI —8.8°to +3.2° £/ CBHg —1°to +5°
£ CBHy o5 —0.7° to +2° £ CBH; o6 —3°t0 —1°
/HCH —0.6°to+1° /HCH —6° to +5°
/HBH —-0.2°to+1.1° £ HsBHg —8°to +8°
Z/HBCI —0.8° to +1.4° 2/ HgBH7 o6 —4° to +5°

1,2-Diiodoethandfrom Ref. 79

first r +0.068 t0o+0.116 A
secondr +0.033 t0+0.068 A
ree —0.138 t0+0.071 A
Fen <+0.005 A
£/ CClI —8.7°to—1.8°
£LHCC —6.8°to +7.6°
/ICH —4.6°to+7.8°
£HCH 0.0° to+2.5°

also a similar trend in the C—C bond length changes from @xcitation of the bromoethyl radic&t. However, the short-
narrower to a broader range of displacements in going frontime dynamics for 1-bromo-2-iodoethane in Table Il show
iodoethang—0.05 to—0.06 A) to 1,2-diiodoethané—0.138  the C—I bond lengths do not change very much in going from
to +0.071 A). These trends in the C—I and C—C bond length1-chloro-2-iodoethang+0.09 to +0.18 A at 10 f3$ to
changes in thé\-band short-time photodissociation dynam- 1-bromo-2-iodoethane+0.115 to+0.196 A at 10 fsbut the

ics for the dihaloethanes suggest that as the haloethyl group—C bond length changes are substantially greater for
becomes more massive there is more internal excitation df-bromo-2-iodoethané—0.145 to+0.077 A at 10 f§ than

the haloethyl radical in so far as the initial photodissociationfor 1-chloro-2-iodoethané—0.024 to +0.012 A at 10 f3,
dynamics determines the energy partitioning. This is similaand very similar to those found for 1,2-diiodoethdn.138

to trends found for the C—I bond length short-time dynamicso +0.071 A at 10 f5 Why are the C—C bond length
of iodoalkanes as the alkyl group becomes more massivehanges for the short-time photodissociation dynamics for
and/or branchefi’"">"%The trends in the C—1 and C—C bond 1-bromo-2-iodoethane and 1,2-diiodoethane very similar to
lengths for iodoethane, 1-chloro-2-iodoethane, and 1,2ene another and very different from those found previously
diiodoethane also correlate well with the results of time-of-for iodoethane and 1-chloro-2-iodoethane?

flight translational spectroscopy experiments which show In order to help elucidate the trends observed for the
that for iodoethane approximately 32%—39% of the availablel,2-dihaloethane short-time dynamics shown in Table Ill, it
energy goes into internal excitation of the ethyl radicalis useful to also examine the corresponding trends in the
photoproduct??® for 1-chloro-2-iodoethane about 42%— A-band absorption spectra. TReband maximum absorption
54% of the available energy goes into internal excitation ofcoefficients in cyclohexane solution are 445 ¢V~ for

the chloroethyl radical® and for 1-bromo-2-iodoethane iodoethane, 490 cit M~ for 1-chloro-2-iodoethane, 670
about 53%—-58% of the available energy goes into internatm *M ™! for 1-bromo-2-iodoethane and 1930 chiM !
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neous excitation of the two carbon halogen bonds to some
degree.

Hs Hs The A-band short-time photodissociation dynamics for
/ A / Pl iodoethan® show that the structure of the ethyl group
C B C, B, changes closer to a planar structure aboutafuarbon atom
/ / similar to the structure of the ethyl radical and this suggests
H. He H. o, there is little internal excitation of the ethyl radical photo-

Brs

Trans-1-bromo-2-iodoethane

Trans-1,2-diiodoethane

Cls

Trans-1-chloro-2-iodoethane

He
/ H:
c B:

H4/ \He

Hs

iodoethane

product in so far as the initial dynamics determine the inter-
nal excitation of the ethyl radicalAb initio work®>® has
shown the ethyl radical C—C bond length is about 1.49 A and
the iodoethane C—C bond length is 1.54 A for their ground
electronic states. Thus, the short-time dynamics for iodoet-
haneA-band photodissociation brings the C—C bond length
toward the ethyl radical structure and this suggests there is
not much excitation of the C—C bond in the ethyl photofrag-
ment. The 1-chloro-2-iodoethaeband short-time dynam-
ics do not change towards a more planar structure about the
a-carbon as much as the iodoethane and this may result in
more internal excitation of the chloroethyl radical in so far as
the initial photodissociation dynamics determines the inter-
nal excitation of the photofragments.The 1-chloro-2-
iodoethaneA-band short-time dynamics in Table Il show
that the C—C bond length does not change much but the
C—CI bond length becomes significantly shorter. This could
be mostly due to the C—I bond breaking pushing the C-C

group toward the massive chlorine atom and not due to sig-
nificant photoexcitation of the C—Cl chromophore. Since the
é’L-chIoro-2-iod0ethan@\-band absorption coefficient is very
similar to that of iodoethane there is most likely not much
interaction of the C—l and C-Cl chromophores and one
would not expect much direct excitation of the C—CI bond
when theA-band associated with the C—I bond is excited.

for 1,2-diiodoethane. Tha-band absorptions for iodoethane It is interesting to note that th&-band short-time pho-
and 1-chloro-2-iodoethane have very similar absorption cotodissociation results for 1-chloro-2-iodoethane and
efficients and appear to be predominantly due to the C—L-bromo-2-iodoethane show some correlation with the abil-
bond alone. However, there is a substantial increase in thi&y to observe stable haloethyl radicals in molecular beam
absorption coefficients for 1-bromo-2-iodoethane and 1,2experiments produced from-band photoexcitation reac-
diiodoethane that cannot be accounted for by simple additiotions. Our results for 1-chloro-2-iodoethane indicate that
of the iodoethane absorption plus bromoethane absorptioiiere is probably little direct photoexcitation of the C—Cl
for 1-bromo-2-iodoethane or the addition of two iodoethanddond and that it likely receives some displacement from the
chromophores for 1,2-diiodoethane. This additional increas&inematics of the C—I bond cleavage and the chloroethyl
in the absorption coefficients above the nominal simple adradical fragment is readily observed in molecular beam
dition of single chromophores is presumably due to signifi-experiments™ However, our results suggest that the both the
cant interaction between the two carbon—halogen chro€—-I and C—Br bonds receive some direct photoexcitation
mophores in 1-bromo-2-iodoethane and 1,2-diiodoethanelue to some interaction of the C—I and C—Br chromophores
Excitation within the A-band absorption for 1-bromo-2- in 1-bromo-2-iodoethane and the bromoethyl radical is not
iodoethane and 1,2-diiodoethane would likely excite bothdirectly observed in molecular beam experiments done with
carbon halogen chromophores to some extent. The two caf-band photoexcitatiof? Addition of fluorine atoms to sta-
bon atoms of the 1,2-dihaloethane molecule would then exbilize the radical enables the molecular beam experiments to
perience noticeable forces from the halogen atoms. Whethairectly observe CFCF,Br and CECF,l radicals from the
these forces are opposing or not opposing each other, they¢band photodissociation reactions of KCHF,Br and

will strain the carbon—carbon bond and probably give rise tdCF,CF,l, respectively’*

larger and broader range of displacements for the C—C bond Our studies of the dihaloethané&schloro-2-iodoethane,

in the haloethyl radical photofragment. This is consistentl-bromo-2-iodoethane, and 1,2-diiodoethamedicate that
with the short-time photodissociation we observe forsubstitution of a hydrogen atom attached to fhearbon of
1-bromo-2-iodoethane and 1,2-diiodoethane in Table Ill. Théodoethane by a more massive halogen atom results in sig-
substantially larger C—C displacements observed for thaificant substituent effects on theeband short-time photo-
short-time photodissociation dynamics of 1-bromo-2-dissociation dynamics. The 1,2-dihaloethane examined so far
iodoethane and 1,2-diiodoethane is probably due to simultaexhibit multidimensional dynamics with the C—1 bond break-

FIG. 7. Simplified geometries of the ground electronic stegas-1-bromo-
2-iodoethanetrans-1-chloro-2-iodoethanetrans-1,2-diiodoethane, and io-
doethane. These can be used in conjunction with Table IlI to help visualiz
the short-time photodissociation dynamics.
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ing occurring on a similar time scale as vibrational motion indoalkanes has so far only been obseritedour knowledgg

the rest of the molecule. The short-time dynamics of thefor diiodomethane where solvent induced symmetry break-

dihaloethanes appear to be somewhere in-between the simptey occurs along the ICI reaction coordindfélhe preceding

“rigid radical” and “soft radical” descriptions of the pho- uncertainties in the exact nature of the ground state normal

todissociation dynamics. The dihaloethanéschloro-2- mode descriptions, the excited state, and possible solvation

iodoethane, 1-bromo-2-iodoethane, and 1,2-diiodoethiane effects highlights the need for more experimental and theo-

vestigated showed noticeable bond length changes in thetical work to be done in order to more fully understand the

secondary carbon-halogen bond during fekand short- A-band photodissociation of 1-bromo-2-iodoethane and other

time photodissociation dynamics due to kinematics and/oflihaloethanes. Additional experimental investigations such

simultaneous excitation of both C—X chromophores. The deas magnetic circular dichroisfMCD), infrared emission,

gree of changes in the C—C bond length during Alleand  multiphoton ionization(MPI), femtosecond time-resolved

short-time  photodissociation dynamics for the 1,2-pump-—probe experimerffs®®?®-1%and others that have
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