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Photoisomerization reaction of CH 2BrI following A-band and B-band
photoexcitation in the solution phase: Transient resonance
Raman observation of the iso-CH 2I–Br photoproduct

Xuming Zheng and David Lee Phillipsa)

Department of Chemistry, University of Hong Kong, Pokfulam Road, Hong Kong

~Received 9 May 2000; accepted 22 May 2000!

We present nanosecond transient resonance Raman experiments that investigate the photoproduct
species formed followingA-band andB-band excitation of bromoiodomethane in room temperature
cyclohexane solutions. Density functional theory calculations were also performed for several
species that have been proposed as photoproducts for photodissociation of bromoiodomethane in the
condensed phase. Comparison of the experimental resonance Raman spectra to density functional
theory computational results and results for the closely related iso-CH2I–I and iso-CH2Br–Br
species demonstrated that the iso-CH2I–Br species is mainly responsible for a transient absorption
spectrum that appears after eitherA-band or B-band photoexcitation of bromoiodomethane in
cyclohexane solution. This is in contrast to previous results for low temperature~12 K! solids where
mainly the iso-CH2Br–I species was observed followingA-band photoexcitation of
bromoiodomethane. Further density functional theory computational results indicate that the iso-
CH2I–Br species is noticeably more stable than the iso-CH2Br–I species by about 4.1 kcal/mol. This
suggests that although both iso-CH2I–Br and iso-CH2Br–I species may be initially produced
following ultraviolet excitation of bromoiodomethane in cyclohexane solution, only the more stable
isomer has a sufficiently long lifetime to be observed in our nanosecond time-scale transient
resonance Raman experiments. We compare results for the bromoiodomethane ultraviolet
photodissociation/photoisomerization reactions in the condensed phase to those of the closely
related diiodomethane system and discuss a probable mechanism for the formation of the
iso-bromoiodomethane species in the condensed phase. ©2000 American Institute of Physics.
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I. INTRODUCTION

Dihalomethanes are of interest in atmospheric chemi
since they may be an important source of organoiodine
organobromine compounds emitted into the atmosphere1–6

A recent study attempted to assess the importance of
iodomethane, dibromomethane, and bromoiodomethan
possible sources for reactive halogens in the troposphere
in the marine boundary layer.6 Dihalomethanes are also o
interest for use in organic synthesis reactions such as cy
propanation of alkenes.7–14For example, ultraviolet photoex
citation of diiodomethane in the solution phase has long b
used for cyclopropanation of alkenes.8–11 Bromoiodo-
methane has also been used as a prototype to examine
selective electronic excitation and photochemistry.15–19

Molecular beam experiments have shown that photo
citation within theA-band andB-band absorption transition
of bromoiodomethane leads to bond selective pho
dissociation.15–17Anisotropy measurements in these molec
lar beam experiments15–17determined that the bond selectiv
photodissociation reactions occur much faster than molec
rotation ~e.g., in a direct manner!. Excitation with 210 nm
light within the B-band absorption band of bro
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moiodomethane leads to a preference for cleavage of
C–Br bond with no cleavage of the C–I bond by itself.16,17

Photoexcitation within theA-band absorption of bro-
moiodomethane leads predominantly to cleavage of the
bond15–17similar to iodoalkaneA-band photodissociation re
actions. The gas and solution phase absorption spectr
bromoiodomethane are very similar to one another.18,19

Resonance Raman spectra and an intensity analysis inv
gation found that short-time photodissociation dynam
have multidimensional character with dynamics consist
with an impulsive ‘‘semirigid’’ radical model qualitative de
scription of the photodissociation reactions~the C–I bond
lengthens while the CH2Br radical part moves toward a mor
planar structure uponA-band photoexcitation and the C–B
lengthens while the CH2I radical part moves toward a mor
planar structure followingB-band photoexcitation!.18,19 The
resonance Raman spectra and associated short-time dy
ics were consistent with the results of molecular beam
periments, which indicate a preference for C–Br bond cle
age following B-band photoexcitation and C–I bon
cleavage subsequent toA-band photoexcitation of bro
moiodomethane.

In this paper we report nanosecond transient resona
Raman experiments that examine the photoproducts
duced followingA-band andB-band photoexcitation of bro
moiodomethane in cyclohexane solution. Density functio
il:
4 © 2000 American Institute of Physics
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theory computations were also done for several species
may be formed from the ultraviolet excitation of bro
moiodomethane. Comparison of the experimental trans
resonance Raman vibrational frequencies to the results o
density functional theory computations indicates that the
CH2I–Br photoproduct is produced in noticeable amou
and is mainly responsible for the;360–400 nm transien
absorption band formed following ultraviolet photoexcitati
of bromoiodomethane in the solution phase. However, ul
violet excitation of bromoiodomethane in low temperatu
~12 K! solid state matrices led to the observation of t
iso-CH2Br–I species by Maier and co-workers using infrar
absorption and ultraviolet/visible absorption spect
scopies.20,21Thus, room temperature solution phase ultrav
let ~A-band or B-band! photoexcitation of bromoiodo
methane leads to mostly iso-CH2I–Br, while similar photo-
excitation in low temperature~12 K! solid state matrices20,21

gives mainly observation of the iso-CH2Br–I species but not
the iso-CH2I–Br species. Additional density functiona
theory calculations were done to examine the relative sta
ity of the iso-CH2Br–I and iso-CH2I–Br species. We com-
pare the results for bromoiodomethane with previous res
for diiodomethane and discuss possible mechanism~s! for the
formation of the iso-CH2Br–I and iso-CH2I–Br species that
may be consistent with the previous low temperature s
state results20,21 and our present solution phase results.

II. EXPERIMENT

Bromoiodomethane was synthesized according to
method given by Miyano and Hashimoto22 and its purity was
determined by nuclear magnetic resonance and UV/vis
spectroscopy~94%–98% for the samples used!. Solutions
with ;0.15 M concentration of bromoiodomethane in spe
troscopic grade cyclohexane solvent~Aldrich Chemical
Company! were used in the resonance Raman experime
The experimental apparatus and methods have been de
previously23–27so only a brief description will be given here
The excitation wavelengths for the two-color transient re
nance Raman experiments were supplied by the harmo
and/or the hydrogen Raman shifted laser lines of the harm
ics of a nanosecond pulsed Nd:YAG laser. Pump–probe
lays of ;0 and 10 ns~set using an optical delay! were used
to obtain the transient resonance Raman experiments.
pump and probe laser beams were loosely focused on
flowing liquid stream of sample using near a collinear a
backscattering geometry. The resonance Raman scatt
was acquired using reflective optics and imaged throug
depolarizer and entrance slit of a 0.5 m spectrogra
equipped with a 1200 groove/mm grating blazed at 250 n
The spectrograph grating dispersed the Raman scattered
onto a liquid nitrogen cooled charge-couple device~CCD!
detector mounted on the exit port of the spectrograph.
Raman signal was collected by the CCD detector for 18
300 s before being readout to an interfaced PC computer
10–30 of these readouts were added together to obtain
resonance Raman spectrum. Pump only, probe only,
pump–probe resonance Raman spectra were obtaine
background scan was also acquired. Subtraction of the p
only and pump only spectra from the pump–probe spect
Downloaded 06 Nov 2006 to 147.8.21.97. Redistribution subject to AIP
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was done to subtract the solvent and parent compound
man bands from the pump–probe resonance Raman s
trum and obtain the transient resonance Raman spect
The known vibrational frequencies of the cyclohexane s
vent bands were used to calibrate the Raman shifts~in cm21!
of the resonance Raman spectra.

III. CALCULATIONS

The Gaussian program suite~G98W! was used for all of
the density functional theory computations presented her28

Complete geometry optimization and vibrational frequen
computations were done analytically usingC1 symmetry us-
ing the B3LYP level of theory.28,29The electronic absorption
transition energies were calculated using time-depend
density functional theory at random phase approximat
@TD~RPA!#30 for the species investigated. Sadlej-PVTZ a
aug-cc-PVTZ basis sets were used for all of the density fu
tional theory calculations.31,32

IV. RESULTS AND DISCUSSION

A. Transient resonance Raman spectra and density
functional theory calculations

Figure 1 shows the ultraviolet absorption spectrum
bromoiodomethane in cyclohexane solution and the exc
tion wavelengths used for the pump and probe beams of
transient resonance Raman experiments are indicated a
the spectrum. TheA-band andB-band absorption transition
are primarily due to n→s* transitions localized on the C–
C–Br chromophores respectively.15–19 Photoexcitation of
bromoiodomethane within theA-band absorption results in
mainly C–I bond cleavage in the gas phase to give CH2Br
and iodine atom fragments, whileB-band excitation leads
mainly to C–Br bond cleavage~59% to CH2I1Br channel!
or cleavage of both C–Br and C–I bonds~;35% to
CH21Br1I channel and;6% to CH21IBr* !.15–17 Figure 2
presents a typical probe only resonance Raman spec
~A!, a pump only spectrum in the probe wavelength reg

FIG. 1. Absorption spectrum of bromoiodomethane in cyclohexane solu
with the pump~solid arrows! and probe~dashed arrows! excitation wave-
lengths ~in nanometers! for the transient resonance Raman experime
shown above the spectrum.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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3196 J. Chem. Phys., Vol. 113, No. 8, 22 August 2000 X. Zheng and D. L. Phillips
~B!, a pump–probe resonance Raman spectrum~C!, and the
resulting transient resonance Raman spectrum of the ph
product species~D! obtained after subtracting the pump on
and probe only spectra from the pump–probe Raman s
trum. Figure 3 shows the transient resonance Raman sp
of the photoproduct species formed following ultravio
photoexcitation with 252.7 nm~A-band!, 239.5 nm~in be-
tween A-band and B-band!, and 217.8 nm ~B-band!
pump wavelengths. The probe wavelengths for the trans
Raman spectra shown in Fig. 3 are 368.9, 341.5, and 3
nm, respectively. Similar experiments were also done w
398.0 and 416.0 nm probe wavelengths but photoprod
spectra were not seen with these probe wavelengths fol
ing ultraviolet photoexcitation of bromoiodomethane in c
clohexane solution. The transient resonance Raman sp
of the photoproduct species displayed in Fig. 3 have mos
their Raman intensity in the fundamentals, combinat
bands, and overtones of three Franck–Condon active m
whose fundamentals are at;118, 173, and 730 cm21. In
particular, the 173 and 730 cm21 vibrational modes display
noticeable intensity in their overtones and combination ba
with each other. In order to help assign the transient re
nance Raman spectra, we have done density functi
theory computations for several species that have been
posed as being photoproducts of bromoiodomethane foll
ing photoexcitation within itsA-band absorption and sever
other related compounds.

The parameters for the optimized geometries and vib
tional frequencies obtained from the density function
theory calculations~B3LYP with either Sadlej-PVTZ or
aug-cc-PVTZ basis sets! are shown in Tables I and II, re

FIG. 2. Example of a typical probe only 341.5 nm Raman spectrum~A!,
pump only 239.5 nm spectrum in the probe wavelength region~B!, a pump–
probe~239.5 nm/341.5 nm! Raman spectrum~C!, and the resulting transien
resonance Raman spectrum~D! of the bromoiodomethane photoproduct.
Downloaded 06 Nov 2006 to 147.8.21.97. Redistribution subject to AIP
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spectively, for the iso-CH2I–Br, iso-CH2Br–I, CH2BrI,
CH2BrI1, CH2Br, CH2I, iso-CH2I–I, and iso-CH2– Br–Br
species. Inspection of Table I shows that the iso-CH2I–Br
species has a C–I bond length very similar to that previou
found for the iso-CH2I–I species~1.960 and 1.957 Å, respec
tively! and iso-CH2Br–I species has a C–Br bond leng
similar to that computed for iso-CH2Br–Br ~1.781 and 1.768
Å, respectively!.33,34 However, the I–Br bond lengths ar
significantly different from one another in the iso-CH2I–Br
and iso-CH2Br–I species~2.790 and 2.926 Å, respectively!.

These results suggest that the nominal C–I stretch, C
stretch, and I–Br stretch vibrational modes will be useful
distinguishing the iso-CH2I–Br and iso-CH2–Br–I species
and that it may be useful to compare the iso-CH2I–Br spe-
cies to the iso-CH2I–I species and the iso-CH2Br–I species
to the iso-CH2Br–Br species. Table II presents the vibr
tional frequencies obtained from the density function
theory calculations for the iso-CH2I–Br, iso-CH2Br–I,
CH2BrI, CH2BrI1, CH2Br, CH2I, iso-CH2I–I, and
iso-CH2–Br–Br species and compares them to experime
vibrational frequencies~from resonance Raman or infrare
absorption spectra! where available. We note that th
B3LYP/Sadlej-PVTZ computed vibrational frequenci
agree very well with the Raman vibrational frequencies
the CH2BrI molecule~especially for those vibrational mode
below 1200 cm21!. In addition there is also reasonable agre
ment for the iso-CH2I–I and iso-CH2Br–Br species between
the B3LYP/Sadlej-PVTZ vibrational frequencies and the o
served Raman and infrared experimental vibratio
frequencies.33,34 This suggests that corresponding B3LY

FIG. 3. Transient resonance Raman spectrum of the bromoiodomet
photoproduct~iso-CH2I–Br! obtained for 252.7 nm pump/368.9 nm prob
~top! 239.5 nm pump/341.5 nm probe~middle! and 217.8 nm pump/341.5
nm probe ~bottom! excitation wavelengths. The asterisks mark regio
where subtraction artifacts are present. The tentative assignments o
larger transient resonance Raman bands are shown above the spectr~see
the text!.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE I. Parameters for the optimized geometry computed from
B3LYP density functional theory computations for iso-CH2I–Br,
iso-CH2Br–I, CH2BrI, CH2BrI1, CH2Br, CH2I, iso-CH2I–I, and
iso-CH2Br–Br. Bond lengths are in angstroms and bond angles are in
grees.

Parameter B3LYP computed value

Iso-CH2I–Br Using Sadlej-PVTZ basis set
C–I1 1.960
I1–Br2 2.790
C–H3, C–H4 1.093
C–I1–Br2 121.0
I1–C–H3, I1–C–H4 118.4
H3–C–H4 119.7
D~H3–C–I1–Br2!, D~H3–C–I1–Br2! 679.6

Iso-CH2Br–I Using Sadlej-PVTZ basis set
C–Br1 1.781
Br1–I2 2.926
C–H3, C–H4 1.092
C–Br1–I2 123.2
Br1–C–H3, Br1–C–H4 117.6
H3–C–H4 121.6
D~H3–C–Br1–I2!, D~H3–C–Br1–I2! 679.9

CH2BrI Using Sadlej-PVTZ basis set
C–Br 1.946
C–I 2.155
C–H3, C–H4 1.094
Br–C–I 115.3
Br–C–H3, Br–C–H4 107.4
I–C–H3, I–C–H4 107.5
H3–C–H4 111.8
Br–CIH3 2119.8
H3–CH4Br 2117.6

CH2BrI1 Using Sadlej-PVTZ basis set
C–Br 1.899
C–I 2.146
C–H3, C–H4 1.107
Br–C–I 112.0
Br–C–H3, Br–C–H4 109.3
I–C–H3, I–C–H4 104.7
H3–C–H4 108.3
Br–CIH3 2124.1
H3–CH4Br 2119.0

CH2Bra Using aug-cc-PVTZ basis set
C–Br 1.858
C–H1, C–H2 1.075
Br–C–H1, Br–C–H2 117.7
H1–C–H2 124.6
H1–CH2Br 180.0

CH2I
b Using Sadlej-PVTZ basis set

C–I 1.858
C–H1, C–H2 1.075
I–C–H1, I–C–H2 117.7
H1–C–H2 124.6
H1–CH2I 180.0

Iso-CH2I–Ib Using Sadlej-PVTZ basis set
C–I1 1.957
I1–I2 3.042
C–H3, C–H4 1.091
C–I1–I2 118.2
I1–C–H3, I1–C–H4 119.1
D~H3–C–I1–I2!, D~H4–C–I1–I2! 90.0

Iso-CH2Br–Bra Using aug-cc-PVTZ basis set
C–Br1 1.768
Br1–Br2 2.674
C–H3, C–H4 1.078
C–Br1–Br2 122.0
Br1–C–H3, Br1–C–H4 118.1
H3–C–H4 121.6
D~H3–C–Br1–Br2!, D~H3–C–Br1–Br2! 680.7

aFrom Ref. 34.
bFrom Ref. 33.
Downloaded 06 Nov 2006 to 147.8.21.97. Redistribution subject to AIP
Sadlej-PVTZ computations will be useful in predicting th
vibrational frequencies of the iso-CH2I–Br and iso-CH2Br–I
species. Since there are clearly three low frequency fun
mental vibrational modes in the Raman spectrum of Fig
~top! ~e.g., the;118, 173, and 730 cm21 Raman bands!, we
can rule out the CH2Br and CH2I radicals as the photoprod
uct species being responsible for the transient resonance
man spectrum of Fig. 3 because these radicals have only
low frequencyA1 vibrational mode~703 cm21 for CH2Br
and 614 cm21 for CH2I!. Similarly, the CH2BrI molecule and
the CH2BrI1 radical cation cannot be assigned to the pho
product Raman spectrum of Fig. 3 since they have only
A1 vibrational mode below 200 cm21 ~143 cm21 for CH2BrI
and 153 cm21 for the CH2BrI1 radical cation! while the pho-
toproduct Raman spectrum of Fig. 3 has two fundamen
bands below 200 cm21 ~;118 and 173 cm21!. The presence
of two low frequencyA1 fundamental bands below 20
cm21 appears to be characteristic of iso-dihalomethane s
cies. For example, iso-CH2I–I exhibits two A1 vibrational
modes below 200 cm21 ~computed to be at 128 and 9
cm21!33 as does iso-CH2Br–Br ~computed to be at 180 an
133 cm21!.34 This is also the case for the iso-CH2I–Br ~com-
puted to be at 165 and 106 cm21! and iso-CH2Br–I ~com-
puted to be at 148 and 120 cm21! species shown in Table II
Therefore we tentatively assign the transient resonance
man spectrum of the photoproduct obtained forA-band pho-
toexcitation of bromoiodomethane in cyclohexane solut
shown in Fig. 3 to an iso-bromoiodomethane species. To
down this assignment further it is instructive to compare
iso-CH2I–Br species to iso-CH2I–I and the iso-CH2Br–I
species to iso-CH2Br–Br. Figure 4 compares the transie
resonance Raman spectra for iso-CH2I–I ~middle! and
iso-CH2Br–Br ~bottom! to that found for the iso-
bromoiodomethane species~top! obtained following ultra-
violet excitation of bromoiodomethane in cyclohexane so
tion.

The B3LYP/Sadlej-PVTZ computed nominal C–
stretch vibrational mode is at 782 cm21 for iso-CH2I–Br and
755 cm21 for iso-CH2I–I, which compares reasonably we
with the experimental resonance Raman frequencies of
cm21 for the photoproduct spectrum found followingA-band
photoexcitation of bromoiodomethane in Fig. 3 and the 7
cm21 Raman band found previously for iso-CH2I–I,
respectively.33 It is interesting that the difference betwee
the computed value and the resonance Raman experim
value are almost the same for then3 nominal C–I stretch
vibration in iso-CH2I–Br ~a 52 cm21 difference! and
iso-CH2I–I ~a 54 cm21 difference!.33 The computed value
for the C–Br stretch vibration is 840 cm21 for the
iso-CH2Br–I species, and this is substantially higher than
730 cm21 experimental Raman band observed for the pho
product produced after ultraviolet excitation of br
moiodomethane in the solution phase. It is very useful
compare the halogen–halogen stretch vibrational mo
among the different iso-dihalomethane species. We note
the B3LYP computations predict this vibrational frequen
very well with excellent agreement found with the vibr
tional frequencies obtained from resonance Raman exp
ments for iso-CH2I–I and iso-CH2Br–Br ~see Table II!.33,34
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Downloaded 06 N
TABLE II. Comparison of experimental vibrational frequencies~in cm21! found from transient resonanc
Raman spectra and previously reported infrared absorption experiments~Refs. 20 and 21! to the B3LYP
calculated vibrational frequencies. The corresponding vibrational frequencies for the fully deuterated
pounds are given in parentheses.

Vibrational mode B3LYP calc Resonance Raman
Infrared

absorption

Iso-CH2I–Br ~iso-CD2I–Br! Sadlej-PVTZ basis set This work
A8 n1 , CH2 sym. str. 3115~2251!

n2 , CH2 def. 1357~1024!
n3 , C–I str. 782~646! 730
n4 , CH2 wag 671~541!
n5 , I–Br str. 165~164! 173
n6 , C–I–Br bend 106~99! 118

A9 n7 , CH2 asym. str. 3257~2430!
n8 , CH2 rock 867~693!
n9 , CH2 twist 469 ~337!

Iso-CH2Br–I ~iso-CD2Br–I! Sadlej-PVTZ basis set From Refs. 20 and 21
A8 n1 , CH2 sym. str. 3115~2248! ;3036 ~;2222!

n2 , CH2 def. 1377~1042! ¯ ~;1055!
n3 , C–Br str. 840~707! ¯ ~;708!
n4 , CH2 wag 698~560! ;631 ~;505!
n5 , I–Br str. 148~147!
n6 , C–I Br bend 120~112!

A9 n7 , CH2 asym. str. 3271~2445! ;3165 ~;2390!
n8 , CH2 rock 945~755!
n9 , CH2 twist 429 ~309!

CH2BrI ~CD2BrI! Sadlej-PVTZ basis set From Ref. 19
A8 n1 , CH2 sym. str. 3108~2252! 2978

n2 , CH2 def. 1393~1021! 1374
n3 , CH2 wag. 1154~867! 1150
n4 , C–Br str. 612~584! 616
n5 , C–I str. 522~494! 517
n6 , I–C Br bend 143~142! 144

A9 n7 , CH2 asym. str. 3203~2385! 3053
n8 , CH2 twist 1077~764! 1065
n9 , CH2 rock 746~582! 754

CH2BrI1 ~CD2BrI1! Sadlej-PVTZ basis set
A8 n1 , CH2 sym. str. 2995~2172!

n2 , CH2 def. 1283~937!
n3 , CH2 wag. 1056~781!
n4 C–Br str. 659~629!
n5 , C–I str. 464~448!
n6 , I–C Br bend 153~152!

A9 n7 , CH2 asym. str. 3027~2235!
n8 , CH2 twist 994 ~708!
n9 , CH2 rock 433~342!

Iso-CH2I–I ~iso-CD2I–I! Sadlej-PVTZ basis set From Ref. 33 From Refs. 20 and 2
A8 n1 , CH2 sym. Str. 3131~2260! ¯ 3028 ~2213!

n2 , CH2 scissor 1340~1011! ¯ 1373 ~1041–1033!
n3 C–I str. 755 „645… 701 „640… 714Õ705 „645…
n4 , CH2 wag 619~476! 619 ~496! 622-611~498-486!
n5, I –I str. 128 „128… 128 „128… ¯

n6 , C–I–I bend 99~93! ? ~;110! ¯

A9 n7 , CH2 asym. str. 3281~2451! ¯ 3151 ~2378!
n8 , CH2 rock 865~697! ¯ ¯

n9 , CH2 twist 447 ~318! 487 ?~352 ?! ¯

Iso-CH2Br–Br ~iso-CD2Br–Br! aug-cc-PVTZ basis set From Ref. 34 From Refs. 20 and 2
A8 n1 , CH2 sym. Str. 3152~2275! ¯ 3030 ~2213!

n2 , CH2 scissor 1428~1078! ¯ 1334 ~1030!
n3 , C–Br str. 858~771! ¯ ¯ ~732!
n4 , CH2 wag 738~594! 690 684,695
n5, Br –Br str. 180 „180… 176 ¯

n6 , C–Br–Br bend 133~124! 146 ¯

A9 n7 , CH2 asym. str. 3286~2456! ¯ 3156 ~2384!
n8 , CH2 rock 966~724! 960 ¯

n9 , CH2 twist 468 ~337! 480 ? ¯
ov 2006 to 147.8.21.97. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE II. ~Continued.!

Vibrational mode B3LYP calc Resonance Raman
Infrared

absorption

CH2Br ~CD2Br! aug-cc-PVTZ basis set
A1 n1 , CH sym Str. 3172~2284!

n2 , CH2 def. 1382~1029!
n3 , C–Br str. 703~662!

B1 n4 , CH2 wag 152~118!
B2 n5 , CH asym. Str. 3325~2488!

n6 , CH2 rock 926~691!

CH2I ~CD2I! Sadlej-PVTZ basis set
A1 n1 , CH sym. Str. 3126~2252!

n2 , CH2 def. 1309~974!
n3 C–I str. 614~576!

B1 n4 , CH2 wag 234~180!
B2 n5 , CH asym. Str. 3288~2457!

n6 , CH2 rock 832~619!
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For example, the computed vibrational frequency for
nominal I–I stretch (n5) in iso-CH2–I–I is 128 cm21, which
is the same as that observed in the resonance Raman ex
ments~128 cm21!, and the Br–Br stretch (n5) was calculated
to be 180 cm21, which is very close to the 176 cm21 ob-
served in the resonance Raman spectra for iso-CH2Br–Br. It
would appear reasonable that a similar level of agreem
might be found for the I–Br stretch in the iso-CH2I–Br and
iso-CH2Br–I species. The I–Br bond is significantly diffe
ent for the optimized geometry of the iso-CH2I–Br ~2.790 Å!
and iso-CH2Br–I ~2.926 Å! species shown in Table I. Th

FIG. 4. Transient resonance Raman spectrum of the bromoiodomet
photoproduct~iso-CH2I–Br! obtained for 239.5 nm pump/341.5 nm prob
excitation wavelengths is shown at the top. Transient resonance Ra
spectra for iso-CH2I–I ~309.1 nm pump and 416.0 nm probe excitati
wavelengths! and iso-CH2Br–Br ~266.0 pump and 341.5 nm probe excit
tion wavelengths! are shown for comparison purposes at the middle a
bottom, respectively.
ov 2006 to 147.8.21.97. Redistribution subject to AIP
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corresponding I–Br vibrational frequencies (n5) shown in
Table II are also significantly different for the iso-CH2I–Br
~computed value of 165 cm21! and iso-CH2Br–I ~computed
value of 148 cm21! species. This indicates the I–Br stretc
vibrational mode is diagnostic of which iso-bromoiod
methane species is present. The nanosecond transient
nance Raman spectrum found for the photoproduct form
following ultraviolet photoexcitation of bromoiodomethan
in cyclohexane solution has a strong Raman fundame
band at 173 cm21 that can be easily assigned to the I–
stretch vibrational mode of the iso-CH2I–Br species~com-
puted to be at 165 cm21! but not the iso-CH2Br–I species
~computed to be at 148 cm21!. The agreement between th
calculated and experimental values of the I–Br stretch vib
tional mode for iso-CH2I–Br is very similar to that previ-
ously found for the I–I vibration in iso-CH2I–I and the
Br–Br vibration in iso-CH2Br–Br.33,34 The experimental
resonance Raman band at;118 cm21 can then be assigne
to the nominal C–I–Br bend~computed value at 106 cm21!.
We note that the agreement between the computed and
perimental values for the C–I–Br bend mode
iso-CH2I–Br ~a difference of 12 cm21! is similar to that
found for the C–I–I bend mode in iso-CH2I–I ~a difference
of 17 cm21 for iso-CD2I–I!.33 Comparison of the resonanc
Raman spectrum for iso-CH2I–I „Fig. 4 ~middle! with the
photoproduct resonance Raman spectrum we ascribe to
iso-CH2I–Br species@see Figs. 3 and 4~top!#… shows that
they have very similar intensity patterns. The intensity in t
halogen–I stretch (n5) and C–I stretch (n3) Franck–Condon
active modes is intense for both iso-CH2I–I and
iso-CH2I–Br, with both modes displaying noticeable inte
sity in their overtones and combination bands with ea
other. In summary, comparison of the B3LYP computatio
results and experimental results for the closely rela
iso-CH2I–I and iso-CH2Br–Br species to those for the iso
bromoiodomethane species indicates that the transient r
nance Raman spectrum of the photoproduct formed follo
ing ultraviolet excitation of bromoiodomethane
cyclohexane solution should be assigned to the iso-CH2I–Br
species.
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We have previously used B3LYP time-dependent r
dom phase computations~TD/RPA! to calculate electronic
transition energies and oscillator strengths for CH2I2 and ob-
tained reasonable agreement with the experimental spe
~within about 0.15–0.30 eV!.35 We have also performed
similar calculations for the electronic transitions of t
iso-CH2I–Br, iso-CH2Br–I, CH2BrI1, CH2Br, and CH2I
species and the results for the singlet transitions are show
Table III. The iso-CH2I–Br species has a very intense ele
tronic transition computed to be at 358 nm with an oscilla
strength of 0.4582. This transition corresponds well with o
assignment of the iso-CH2I–Br species to the photoproduc
transient resonance Raman spectrum formed from ultrav
excitation of bromoiodomethane in cyclohexane soluti
We performed similar transient resonance Raman exp
ments with 397.9 and 416.0 nm probe wavelengths and c
detect no transient species which would be expected to
respond to the iso-CH2Br–I species which has an intens
calculated transition at;422 nm with an oscillator strengt
of 0.5317 and an intense experimental absorption band;403
nm in low temperature~12 K! solid matrices.20,21 We also

TABLE III. Electronic absorption transition energies obtained from dens
functional theory calculations for iso-CH2I–Br, iso-CH2Br–I, CH2BrI1,
CH2Br, and CH2I. The calculated oscillator strengths are given in parent
ses.

Molecule URPA//UB3LYP/Sadlej-PVTZ

Iso-CH2I–Br Singlet transitions
373.14 nm~0.0005!
358.45 nm~0.4582!
320.19 nm~0.0166!
318.91 nm~0.0000!
302.22 nm~0.0000!
280.54 nm~0.0000!
260.51 nm~0.0002!
250.04 nm~0.0240!
210.52 nm~0.0770!

Iso-CH2Br–I
493.72 nm~0.0000!
473.45 nm~0.0308!
422.43 nm~0.5317!
304.59 nm~0.0000!
302.00 nm~0.0000!
264.94 nm~0.0000!
262.18 nm~0.0006!
238.95 nm~0.0009!
213.48 nm~0.1242!

CH2BrI1 486 nm~0.0017!
314 nm~0.0021!
276 nm~0.0003!
254 nm~0.0000!
246 nm~0.0001!

CH2Br Using aug-cc-PVTZ basis set~from Ref. 34!
255 nm~0.0011!
198 nm~0.0001!
194 nm~0.0000!

CH2I ~From Ref. 33!
316 nm~0.0001!
262 nm~0.0001!
216 nm~0.0009!
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note that experiments done with similar probe waveleng
and conditions could readily detect the iso-CH2I–I species
~for probe wavelengths of 397.9 and 416.0 nm! and
iso-CH2Br–Br species~for 341.5 nm probe wavelength!.33,34

This also indirectly supports our assignment of the trans
resonance Raman spectrum to the iso-CH2I–Br species and
not the iso-CH2Br–I species.

Comparison of the infrared vibrational frequencies o
served by Maier and co-workers20,21 for iso-CH2Br–I in low
temperature matrices to results for both density functio
theory computations and experimental spectra
iso-CH2I–I and iso-CH2Br–Br shown in Table II indicates
that their assignment of the photoproduct species
iso-CH2Br–I following ultraviolet excitation of bro-
moiodomethane is likely correct. For example, the C
stretch and CH2 wag fundamentals are both clearly seen
both the resonance Raman and infrared spectra
iso-CH2I–I, while only the CH2 wag fundamental is clearly
seen in the iso-CH2Br–Br infrared and Raman spectra an
the C–Br stretch fundamental only shows up weakly in
iso-CH2Br–Br infrared spectrum. The behavior of the o
served infrared vibrational bands attributed to t
iso-CH2Br–I species is most similar to that o
iso-CH2Br–Br. Since the C–Br bond length is almost th
same for the iso-CH2Br–I and iso-CH2Br–Br species it is
most consistent to assign the infrared spectrum observe
Maier and co-workers20,21 following excitation of bro-
moiodomethane in a low temperature solid to t
iso-CH2Br–I species as they did. This assignment is a
consistent with the density functional theory computatio
results presented here.

B. Discussion of possible photochemical
mechanism „s… for the formation of iso-CH 2I–Br from
ultraviolet excitation of CH 2BrI in the solution
phase

It appears that iso-CH2I–Br is noticeably produced fol-
lowing ultraviolet photoexcitation in room temperature c
clohexane solution~this work!, but iso-CH2Br–I is observed
after ultraviolet excitation of bromoiodomethane in low tem
perature solid state matrices.20,21 How does the ultraviolet
excitation of bromoiodomethane in the solution phase lea
the production of the iso-CH2I–Br photoproduct we see in
our transient resonance Raman spectra? To help answe
question, it is useful to examine the more extensively stud
and closely related diiodomethane molecule. Ultraviolet
citation of diiodomethane in the gas phase results in dir
C–I bond breakage to give CH2I and I or I*
photofragments.36–39 Solution phase femtosecond transie
absorption experiments for diiodomethane40–42 also show
that the initial process is C–I bond cleavage, similar to
results found for gas phase ultraviolet excitation of
iodomethane. The initial direct C–I bond cleavage of
iodomethane in the gas and solution phases is consistent
A-band resonance Raman investigations of the Fran
Condon region dynamics.43–48 The three femtosecond tran
sient absorption studies40–42 display similar behavior with a
fast rise segment of a few hundred femtoseconds due to

-
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initial C–I bond cleavage followed by a fast decay segm
~usually ascribed to some geminate recombination! and then
a slower rise component on the picosecond time scale.
interpretations offered for these femtosecond experime
varied a bit depending on their assignment of the spe
responsible for the transient absorption.40–42We recently re-
ported a nanosecond transient resonance Raman inves
tion to elucidate the species responsible for the character
;385 nm transient absorption band observed following
traviolet excitation of diiodomethane in the condens
phase.33 Comparison of our transient resonance Raman sp
tra to density functional theory computational results for s
eral proposed photoproduct species and previous infra
spectra obtained for dihalomethane isomers in low temp
ture solids clearly demonstrated that the iso-CH2I–I species
is responsible for the;385 nm transient absorption band~at
least on the nanosecond time scale!. Inasmuch as the tran
sient absorption band;385 nm seen on the ultrafast tim
scale is the same as the one observed on the nanosecond
scale, the basic mechanism proposed by A˚ kesson and
co-workers42 is probably correct. They indicated that ultr
violet excitation of diiodomethane in room temperature
lutions leads to a fast C–I bond scission to give CH2I and I
fragments which then collide with the solvent cage to g
some recombination to form a hot iso-CH2I–I photoproduct
that then cools to give a thermalized iso-CH2I–I photoprod-
uct than can be observed at later times.42 Therefore, recom-
bination of the CH2I and I photofragments within the solven
cage appears to form enough iso-CH2I–I photoproduct so it
can be observed in room temperature solutions. It is v
likely that a similar mechanism would result in the notic
able formation of iso-bromoiodomethane following ultravi
let excitation in room temperature solutions.

The situation for bromoiodomethane is somewhat m
complicated, since it has two different carbon–halogen ch
mophores~C–I and C–Br! that are responsible for its ultra
violet absorption spectrum. Molecular beam experiments
dicate that some amount of C–I and C–Br bond cleav
occurs in both theA-band andB-band absorption transitions
with more C–I bond cleavage taking place in theA band and
more C–Br bond breakage taking place in theB band.15–17

For example, Bersohn and co-workers15 found that broad-
band excitation of bromoiodomethane in theA-band absorp-
tion ~mainly the 260–320 nm region using a Hg–Xe lam
with a filter solution! results in about 86% C–I bond cleav
age to give CH2Br and I fragments and 14% C–Br bon
cleavage to give CH2I and Br fragments. Further work don
by Butler and Lee and co-workers16,17showed that 248.5 nm
excitation within theA band results in both C–I bond cleav
age~to give CH2Br and I fragments! and C–Br bond cleav-
age ~to give CH2I and Br fragments!, with the C–I bond
cleavage channel being the predominant channel by at
1.2 to 1.0.B-band~210 nm! excitation of bromoiodomethan
resulted in about 59% C–Br bond cleavage~to give CH2I
and I fragments!, ;33%–35% simultaneous C–Br and C
bond cleavage~to give CH21I1Br fragments!, and about
6% simultaneous C–Br and C–I bond cleavage~to give CH2

and electronically excited IBr fragments!.17 Assuming the
Downloaded 06 Nov 2006 to 147.8.21.97. Redistribution subject to AIP
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mechanism found for ultraviolet excitation of diiodometha
in room temperature solutions is applicable to the direct p
todissociation reactions of bromoiodomethane, we may r
sonably expect some initial formation of both th
iso-CH2I–Br and iso-CH2Br–I species following both
A-band andB-band excitation of bromoiodomethane. Sin
the C–I bond breaking is preferred forA-band excitation and
C–Br bond breaking is more preferred forB-band excitation,
one could expect that formation of the iso-CH2Br–I species
would be preferred followingA-band excitation and the
iso-CH2I–Br species would be preferred followingB-band
excitation. However, we only observe the iso-CH2I–Br spe-
cies following ultraviolet excitation of bromoiodomethane
room temperature cyclohexane solution on the nanosec
time scale. For low temperature solids~12 K!, ultraviolet
excitation of bromoiodomethane~mainly in theA band from
255 to 290 nm! leads to mostly formation of the
iso-CH2Br–I species.20,21

In order to help learn more about this difference in rea
tion outcome with the condensed phase environment,
have done some additional density functional theory com
tations to explore the relative stability of the iso-CH2I–Br
and iso-CH2Br–I isomers and the bromoiodomethane par
molecule. Our B3LYP/Sadlej-PVTZ computations indica
that the energy for the iso-CH2I–Br molecule is about 43.0
kcal/mol above that for the parent bromoiodomethane m
ecule and the energy for the iso-CH2Br–I molecule is about
47.1 kcal/mol above that for the parent bromoiodometha
molecule~see Fig. 5!. The iso-CH2I–Br isomer is noticeably
more stable than the iso-CH2Br–I isomer~by about 4.1 kcal/
mol!. A straightforward explanation for why our room tem
perature solution phase experiments on the nanosecond
scale only observe the iso-CH2I–Br species and not the
iso-CH2Br–I species is that their different relative stabili
results in significantly different lifetimes in solution. For ex
ample, the iso-CH2I–Br species probably has a substantia
longer lifetime ~and is observable on the nanosecond ti

FIG. 5. Simple schematic diagram of the relative energies for the optim
equilibrium geometries of iso-CH2I–Br, iso-CH2Br–I, and CH2BrI. The
optimized geometry for iso-CH2I–Br and iso-CH2Br–I obtained from the
density functional theory calculations~B3LYP/Sadlej-PVTZ! are shown at
the top part.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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scale! while the iso-CH2Br–I has a much shorter lifetime
~and is not observed noticeably on the nanosecond t
scale!. This is consistent with the observed relative stabil
of iso-dihalomethanes found by Maier and co-workers fr
warming low temperature photoiosmers held in a polyeth
ene film.21 They found that iso-CH2I–I started to disappea
above 100 K while iso-CH2Br–I and iso-CH2Cl–I had much
lower stability and began to disappear at much lower te
peratures;26–30 K for iso-CH2Cl–I, for example!.21 The
iso-CH2Br–I species predominantly observed in the lo
temperature~12 K! solid state experiments following broad
band ultraviolet excitation of bromoiodomethane~mainly of
the A-band!20,21 appears reasonably consistent with t
broadband excitation of theA band of bromoiodomethan
molecular beam results of Bersohn and co-workers,15 which
show mostly C–I bond cleavage~86%! compared to C–Br
bond cleavage~;14%!. However, it is intriguing that no
discernible perturbation of the infrared absorption spectra
transient absorption spectrum for the iso-CH2Br–I photo-
product by the expected minor iso-CH2I–Br photoproduct
was reported. The colder and more rigid low temperat
sold state matrices appear to efficiently trap the initia
formed iso-bromoiodomethane species, while only the m
stable isomer is observed in room temperature cyclohex
solutions on the nanosecond time scale. Our current res
indicate that the iso-CH2I–Br species is substantially mor
stable than the iso-CH2Br–I species and this is also consi
tent with our present density functional theory results. T
solvent caging also appears substantially different for
low temperature solids compared to room temperature
uids.

It would be very interesting to examine the waveleng
dependent behavior~A band versusB band! of the ultraviolet
photodissociation reaction of bromoiodomethane in b
room temperature liquids and low temperature solids.
note that details of the mechanism of formation of is
bromoiodomethane photoproducts could be directly pro
using ultrafast time-resolved experiments~such as transien
absorption and/or vibrational spectroscopies! such as has
been done for the closely related diiodomethane system.40–42

These types of investigations would be interesting to elu
date how much bond selective photochemistry~e.g., relative
formation of iso-CH2Br–I and iso-CH2I–Br species as a
function of wavelength! survives as a function of time sca
and molecular environment. Such studies would also be g
for probing the details of solvent–solute interactions a
solvent-induced caging effects on photodissociati
photoisomerization reactions in condensed phase envi
ments.

ACKNOWLEDGMENTS

This work was supported by grants from the Resea
Grants Council~RGC! of Hong Kong, the Hung Hing Ying
Physical Sciences Research Fund, the Committee on
search and Conference Grants~CRCG! from the University
of Hong Kong, and the Large Items of Equipment Allocati
1993–94 from the University of Hong Kong.
Downloaded 06 Nov 2006 to 147.8.21.97. Redistribution subject to AIP
e

l-

-

r

e

re
ne
lts

e
e
-

-

h
e
-
d

i-

od
d
/
n-

h

e-

1Th. Class and K. Ballschmiter, J. Atmos. Chem.6, 35 ~1988!.
2S. Klick and K. Abrahamsson, J. Geophys. Res. B97, 12 683~1992!.
3K. G. Heumann, Anal. Chim. Acta283, 230 ~1993!.
4R. M. Moore, M. Webb, R. Tokarczyk, and R. Wever, J. Petrol.101,
20 899~1996!.

5L. Carpenter, East Atlantic Spring Experiment~EASE! 1997 campaign.
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