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JOURNAL OF CHEMICAL PHYSICS VOLUME 120, NUMBER 7 15 FEBRUARY 2004
Direct observation of an isopolyhalomethane O–H insertion reaction
with water: Picosecond time-resolved resonance Raman „ps-TR3

…

study of the isobromoform reaction with water to produce
a CHBr2OH product

Wai Ming Kwok, Cunyuan Zhao,a) Yun-Liang Li, Xiangguo Guan, and David Lee Phillipsb)

Department of Chemistry, University of Hong Kong, Pokfulam Road,
Hong Kong, People’s Republic of China

~Received 25 September 2003; accepted 19 November 2003!

Picosecond time-resolved resonance Raman (ps-TR3) spectroscopy was used to obtain the first
definitive spectroscopic observation of an isopolyhalomethane O–H insertion reaction with water.
The ps-TR3 spectra show that isobromoform is produced within several picoseconds after photolysis
of CHBr3 and then reacts on the hundreds of picosecond time scale with water to produce a
CHBr2OH reaction product. Photolysis of low concentrations of bromoform in aqueous solution
resulted in noticeable formation of HBr strong acid.Ab initio calculations show that isobromoform
can react with water to produce a CHBr2(OH) O–H insertion reaction product and a HBr leaving
group. This is consistent with both the ps-TR3 experiments that observe the reaction of
isobromoform with water to form a CHBr2(OH) product and photolysis experiments that show HBr
acid formation. We briefly discuss the implications of these results for the phase dependent behavior
of polyhalomethane photochemistry in the gas phase versus water solvated environments. ©2004
American Institute of Physics.@DOI: 10.1063/1.1640997#
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I. INTRODUCTION

Polyhalomethanes like CH2I2 , CHBr3 , and CFCl3 and
others have been observed in the natural environment an
thought to be important sources of reactive halogens in
atmosphere and linked to ozone depletion in the troposp
and/or stratosphere.1–8 Gas and condensed phase photoche
istry and chemistry are both important for understanding
action processes in the natural environment.9–21 There has
been much recent interest in halogen activation processe
aqueous sea-salt particles10–21 and in the role of polyhalom-
ethane photochemistry in the formation of iodine aeroso22

in the atmosphere.
Photolysis of polyhalomethanes in condensed me

leads to appreciable formation of isopolyhalomethanes
to solvent induced geminate recombination of the initia
produced ~halo!alkyl radical and halogen atom photo
fragments.23–30We recently used theoretical and experime
tal methods to explore the chemical reactivity
isopolyhalomethanes31–38 and found that they act as ca
benoids towards olefins to produce cyclopropanated prod
in a manner similar to reactions of singlet methylene w
olefins.33,39,40 Singlet methylene and other carbenes li
dichlorocarbene (:CCl2) can readily react with water an
undergo O–H insertion reactions to produce CH3OH and
CHCl2(OH) products, respectively.41–50 We recently ob-
served the formation of isodiiodomethane (CH2I–I) in
largely aqueous solutions and found its lifetime becomes
ticeably shorter as the concentration of O–H bonds incre

a!Permanent address: Department of Chemistry, Northwest Normal Un
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suggesting that CH2I–I may be reacting with water.51 Further
experiments showed that ultraviolet photolysis of low co
centrations of CH2I2 in water leads to production of H
strong acid andab initio calculations showed that CH2I–I
can react with water to produce a CH2I(OH) O–H insertion
product and a HI leaving group.52 The O–H insertion/HI
elimination reaction of CH2I–I with water was also found to
be catalyzed by the presence of a second water molecule
this occurs in a manner similar to that previously found
the reaction of :CCl212H2O→CHCl2(OH)1H2O.49,50,52

These results for CH2I–I suggests that isopolyhalomethan
molecules are probably noticeably reactive with water a
may undergo O–H insertion/HX elimination reactions wi
water to form an O–H insertion product and HX leavin
group. This could possibly account for the HI strong ac
formation observed after ultraviolet photolysis of low co
centrations of CH2I2 in water.52 The 400 nm probe wave
length used in previous picosecond time-resolved resona
Raman experiments for CH2I2 in largely aqueous solvents51

could only observe the decay of the CH2I–I isomer species
but the probable CH2I(OH) product species had little if any
noticeable absorption at 400 nm and could not be obser
in these experiments.51 By using a different polyhalomethan
precursor that could produce a polyhalogenated metha
O–H insertion product, we have attempted to directly o
serve the O–H insertion reaction of an isopolyhalometh
species with water.

In this paper, we report the first direct vibrational spe
troscopic observation of an isopolyhalomethane O–H ins
tion reaction with water. Picosecond time-resolved resona
Raman (ps-TR3) spectra observed that isobromoform w
formed within several picoseconds after 267 nm photoly
of CHBr3 in an acetonitrile/0.2% water mixed solvent. Th

r-

il:
3 © 2004 American Institute of Physics
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isobromoform species was then observed to decay wit
time constant of about 230 ps and a new product was form
with about the same time constant. The experimental Ra
vibrational frequencies and relative intensities of the ps-T3

spectra for the new reaction product species were foun
agree well with that predicted for the CHBr2(OH) molecule
from ab initio calculations and this identifies the new spec
as CHBr2(OH). Ultraviolet photolysis of low concentration
of bromoform water produces noticeable amounts of H
strong acid.Ab initio calculations found isobromoform reac
with water to make a CHBr2(OH) O–H insertion reaction
product and a HBr leaving group. These results are con
tent to those of the ps-TR3 experiments that observe the r
action of isobromoform with water to form a CHBr2(OH)
product as well as the photolysis experiments that show H
acid formation. These experimental and theoretical res
indicate the ps-TR3 experiments directly observe the isobr
moform O–H insertion reaction with water to produce
CHBr2(OH) reaction product. We briefly discuss the imp
cations of these results for the phase dependent behavi
polyhalomethane photochemistry in the gas phase versus
ter solvated environments.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

A. Picosecond time-resolved resonance Raman
„ps-TR3

… measurements

Briefly, a femtosecond mode-locked Ti:sapphire la
~Spectra-Physics, Tsunami! pumped by a diode pumped c
laser ~Spectra-Physics, Millennia V! was used as the see
beam for the amplified laser system. The output of this
cillator was amplified by a picosecond mode regenera
amplifier ~Spectra-Physics, Spitfire! with a diode pumped
Q-switched Nd:YLF laser~Spectra-Physics, Evolution X!.
The output from the regenerative amplifier~800 nm, 1 ps, 1
kHz! was frequency doubled and tripled by KDP crystals
generate the probe~400 nm! and pump ~267 nm! laser
sources, respectively. The ground and excited states of tr
stilbene absorb in the region of the 267 nm pump and
400 nm probe laser beams, respectively, and were use
determine the time zero delay between the pump and p
laser beams in the TR3 experiments. The time zero was e
tablished by adjusting the optical delay between the pu
and probe beams to a position where the depletion of
stilbene fluorescence was halfway to the maximum fluor
cence depletion by the probe laser. The time zero accu
was estimated to be60.5 ps. Typical cross correlation tim
between the pump and probe pulses was also measure
the fluorescence depletion method and was about 1.5 ps@full
width at half maximum~FWHM!#. In order to use the lase
beams more effectively in the TR3 experiments and consid
ering that the rotational reorientation dynamics are mu
faster than the dynamics investigated in this study, para
polarization of the pump and probe laser beams was u
rather than the magic angle polarization. The pump a
probe pulses were focused onto a thin film jet stream~thick-
ness;500 mm! of the sample solution. Typical pulse ene
gies and spot sizes at the sample for the pump beam wer
mJ and 250mm and for the probe beam were 8mJ and 150
Downloaded 08 Nov 2006 to 147.8.21.97. Redistribution subject to AIP
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mm. A backscattering geometry was used to collect the
man scattered light from the excited region of the flowi
liquid stream of sample solution. The Raman scattering w
collected by an ellipsoidal mirror withf /1.4 onto the en-
trance slit of a 0.5 m spectrograph with a 1200 groove/m
ruled grating blazed at 250 nm. The grating dispersed
Raman scattering onto a liquid nitrogen cooled cha
coupled device~CCD! detector mounted on the exit port o
the spectrograph.

Each spectrum presented here was obtained from
traction of a scaled probe-before-pump and scaled net
vent measurements from a pump-probe spectrum in orde
eliminate CHBr3 ground state Raman peaks and residual s
vent Raman bands, respectively. Solvent Raman bands
used to calibrate the spectra with an estimated accurac
1/25 cm21 in absolute frequency. 99% CHBr3 and spectro-
scopic grade acetonitrile solvent were obtained commerci
and used without further purification. Half-liter volume o
CHBr3 (831022 mol dm23) samples were prepared i
acetonitrile/water mixed solvents. During the experimen
run the samples exhibited less than a few percent degrada
as indicated by the UV absorption spectra recorded be
and after the TR3 measurement.

B. Photochemistry experiments

Sample solutions were prepared using commercia
available CHBr3 ~99%! and deionized water. The 500 m
sample solution of about 931025 M CHBr3 in water was
housed in a glass holder with quartz windows and a 10
laser path length. This sample was excited by a 3 mJ 266 nm
unfocused laser beam from the fourth harmonic of a
Nd:YAG laser in the photolysis experiments. The absorpt
spectra for the photolyzed samples were obtained using
cm UV grade cell and a Perkin Elmer Lambda 19 UV/V
spectrometer. ThepH of the photolyzed samples was mon
tored using a ThermoOrion 420ApH meter equipped with a
8102BN combinationpH electrode that was calibrated wit
7.00 pH and 4.01pH buffer solutions.

C. Ab initio calculations

All calculations employed theGAUSSIAN program
suite.53 The MP2 method was employed to examine t
BrCHBr–Br1nH2O→CHBr2OH1HBr1(n21)H2O reac-
tion where n51,2,3. Both the geometry optimization an
frequency calculations were done with the 6-31G* basis set
for C, H, O, and Br atoms. IRC~intrinsic reaction coordi-
nate! calculations were done to confirm the transition sta
connected the relevant reactants and products.54 The opti-
mized geometry and vibrational frequency calculations
the CHBr2OH reaction product were found using the MP
method and a 6-31111G** basis set. This was used t
compute an estimated nonresonant Raman spectrum to
pare to the experimental preresonance Raman spectru
the CHBr2OH reaction product. The supporting informatio
provides the Cartesian coordinates, total energy, and z
point energy for each of the stationary points found from
MP2 calculations~see Ref. 55!.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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III. RESULTS AND DISCUSSION

A. Picosecond time-resolved resonance
Raman spectra

Figure 1 presents an overview of picosecond tim
resolved resonance Raman (ps-TR3) spectra obtained at dif

FIG. 1. Stokes ps-TR3 spectra obtained following 267 nm photolysis
CHBr3 in acetonitrile/0.2% water mixed solvent using a 400 nm probe
citation wavelength. Spectra were acquired at varying pump and probe
delays as indicated to the right of each spectrum in ps. The asterisks
solvent subtraction artifacts.
Downloaded 08 Nov 2006 to 147.8.21.97. Redistribution subject to AIP
-

ferent times after photolysis of CHBr3 in acetonitrile/0.2%
water mixed solvent and the assignments of the larger
man bands due to isobromoform are indicated above
spectra. Table I compares the vibrational frequencies of
larger isobromoform Raman bands from the ps-TR3 spectra
of Fig. 1 to those previously observed in ns-TR3 spectra
obtained in cyclohexane solvent and to density functio
theory computed vibrational frequencies for isobromofo
and other possible photoproduct species.31 The CHBr3

1 cat-
ion species has no computed vibrational mode in the 60
900 cm21 region and can readily be ruled out since the e
perimental transient species has two fundamental band
858 and 641 cm21. Similarly, the CHBr2 radical and CHBr2

1

cation can also be ruled out since they have only one c
puted vibrational mode in the 600–900 cm21 region for their
A8 and A1 totally symmetric vibrational modes. This doe
not agree with the ps-TR3 spectra of the transient species th
has two fundamental bands in the 600–900 cm21 region,
respectively~e.g., 641 cm21 and 858 cm21, respectively!.
Inspection of Table I reveals that the vibrational frequenc
for the ps-TR3 spectra of Fig. 1 are in reasonably goo
agreement with those observed previously by ns-TR3 experi-
ments for isobromoform in cyclohexane solvent and fro
B3LYP/6-311G(d,p) calculations.31 In both solvents the
most intense fundamental band is the low frequencyn88
nominal Br–Br stretch that displays substantial intensity
its overtones and its combination band with the higher f
quencyn38 nominal Br–C–Br asymmetric stretch~compare
Fig. 1 spectra here with the ns-TR3 spectrum of isobromo-
form given in Fig. 3 of Ref. 31!. There is also significan
intensity in both then38 nominal Br–C–Br asymmetric
stretch andn48 nominal CH2 wag fundamentals in both th
ps-TR3 and ns-TR3 spectra. The;20 cm21 spectral resolu-
tion of the ps-TR3 experiments is noticeably larger than th
for the ns-TR3 spectrum reported in Ref. 31. Thus the sm
n68 nominal Br–C–Br bend fundamental observed at 21
cm21 in the higher resolution ns-TR3 spectrum of Ref. 31
probably appears as a small shoulder next to the very inte
n88 nominal Br–Br stretch fundamental band at about 1
cm21 in the ps-TR3 spectra of Fig. 1. Then58 nominal Br–
C–Br symmetric stretch mode that is seen at about 566 c21

-
e
rk
of the
rimen-
TABLE I. Comparison of experimental and calculated vibrational frequencies~in cm21! for the isobromoform
species and other probable photoproduct species. See Ref. 31 for more details on the description
vibrational modes and B3LYP calculations. Numbers in bold indicate vibrational modes observed expe
tally.

In acet./0.2%H2O
ps-TR3 expt.
400 nm probe

this work

In cyclohexane
ns-TR3 expt.
416 nm probe

Ref. 31

Isobromoform
B2LYP calc.
6-311G(d,p)

Ref. 31

CHBr2
B3LYP calc.
6-311G(d,p)

Ref. 31

CHB3
1

B2LYP calc.
6-311G(d,p)

Ref. 31

CHB2
1

B2LYP calc.
6-311G(d,p)

Ref. 31

A8n18 3202 A8n1 3217 A1n1 3184 A1n1 3165
n28 1237 n2 615 n2 545 n2 665

858 834 n38 848 n3 410 n3 214 n3 219
641 658 n48 685 n4 185 E n4 1163 B1 n4 818

566 n58 581 A9 n5 1190 n5 585 B2 n5 1278
214 n68 212 n6 757 n6 85 n6 900

n78 180
151 169 n88 159

n98 46
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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in the ns-TR3 spectrum in Ref. 31 is weak and may be ne
the broad 3n88 overtone band in the ps-TR3 spectra of Fig. 1
but we cannot unambiguously discern this band in
ps-TR3 spectra. The vibrational frequencies of the bands
served in the ps-TR3 spectra are somewhat different b
within 10–25 cm21 from those of the ns-TR3 spectrum in
Ref. 31. This is due to the spectra being acquired in solve
of very different polarity~e.g., very polar acetonitrile for the
ps-TR3 spectra compared to the nonpolar cyclohexane
the ns-TR3 spectrum!. We note the isobromoform species h
some ion pair character~like CHBr2

1
¯Br2)31 and one

would expect the Br–Br bond to weaken noticeably in
polar solvent-like acetonitrile. This is consistent with then88
nominal Br–Br stretch vibrational frequency changing fro
169 cm21 in cyclohexane31 to about 151 cm21 in acetonitrile
solvent ~see Fig. 1 and Table I!. The n88 overtones and its
combination bands with then38 mode appears more reso
nantly enhanced in the ps-TR3 spectra~obtained with 400 nm
excitation! compared to the ns-TR3 spectrum in Ref. 31~ob-
tained with 416 nm excitation!. This is probably due to the
ps-TR3 being more resonantly enhanced and/or solvent
fects on the resonance Raman spectra. The ps-TR3 in Fig. 1
spectra show that isobromoform is produced within seve
picoseconds after photolysis and with vibrational cooling
the first 50 ps. This is consistent with previous ps-TR3 ex-
periments that observed formation of isodiiodomethane
other isopolyhalomethanes within several picoseconds a
photolysis of polyhalomethanes in liquid solutions and so
vibrational cooling of the isopolyahlomethane product in t
first 50–100 ps.28–30,52Examination of the ps-TR3 spectra in
Fig. 1 shows that isobromoform Raman bands decreas
intensity and some smaller Raman bands begin to appe

Figure 2 shows selected ps-TR3 spectra from Fig. 1 over
the 50–500 ps time scale over which the isobromoform
man bands substantially decrease in intensity. The spe
region between about 570 and 770 cm21 has been expande
by a factor of 5 to facilitate observation of the intens
changes of some of the smaller Raman bands in the fig
that increase in intensity as the isobromoform Raman ba
decrease in intensity. The prominent isobromoform Ram
band n38 along with one of the larger Raman bands of
second species~denoted asn8) are labeled in Fig. 2. The
inset of Fig. 2 displays a comparison of the relative intens
changes of then38 isobromoform Raman band and then8

second species Raman band as a function of delay time.
uncertainties were determined from fitting the integrated
eas of then38 isobromoform and then8 second species Ra
man bands. Inspection of the inset of Fig. 2 clearly sho
that the decay of then38 isobromoform band is correlated t
the growth of then8 second species Raman band. The lin
in the inset of Fig. 2 are best fits to the data for single ex
nential decay or growth, respectively. These fits were use
find the time constants for the decay of then38 isobromoform
Raman band and then8 second species Raman band. Then38
isobromoform Raman band was measured to have a
constant of about 229610 ps and this is almost the same
that of 205625 ps found for the growth of then8 second
species Raman band. This indicates that isobromoform
precursor of the second species.
Downloaded 08 Nov 2006 to 147.8.21.97. Redistribution subject to AIP
r

e
-

ts

r

f-

al

d
er
e

in
.

-
ral

re
ds
n

y

he
r-

s

s
-
to

e

a

To obtain a clearer view of the ps-TR3 spectrum of the
second species, an appropriately scaled 100 ps-TR3 spectrum
~composed of mostly isobromoform Raman bands and li
if any second species Raman bands! was subtracted from the
500 ps-TR3 spectrum~composed of Raman bands from bo
isobromoform and the second product species! and this
ps-TR3 spectrum of the second species by itself is shown
Fig. 3~a!. Inspection of the second species ps-TR3 spectrum
in Fig. 3~a! shows it has noticeable Raman bands at 2
361, 433, 601, 690, and 1078 cm21.

It is conceivable that the isobromoform species in t
presence of water may react or decay to give CHBr21Br
radicals or CHBr2

11Br2 ions. The isobromoform specie
could also conceivably react with water to produce a CHB3

1

cation or undergo an O–H insertion reaction to produc
CHBr2(OH) product. The CHBr2 radical, CHBr2

1 cation, and
CHBr3

1 cation were also considered as possible transient
cies resulting from ultraviolet photolysis of bromoform
(CHBr3) in acetonitrile/0.2% water solvent and their pr
dicted vibrational frequencies from B3LYP/6-311G(d,p)
calculations31 are shown in Table I. The CHBr3

1 cation has
no predicted totally symmetric vibrational mode (A1 symme-
try! in the 600–900 cm21 region and can be excluded as th
reaction product species since the experimental ps-TR3 spec-
tra have strong fundamental vibrational bands at 601 and
cm21. The CHBr2 radical and CHBr2

1 cation species both
have only one predicted totally symmetric vibrational mo
(A8 or A1 symmetry! in the 600–900 cm21 region~see Table
I! and can similarly be ruled out since the experimental sp

FIG. 2. ps-TR3 spectra acquired after 267 nm photolysis of CHBr3 in
acetonitrile/0.2% water mixed solvent at selected delay times from 50 to
ps between the pump and probe pulses. The inset displays a plot o
intensities of then38 isobromoform andn8 CHBr2OH Raman bands as a
function of delay time. The asterisks mark solvent subtraction artifacts.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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3327J. Chem. Phys., Vol. 120, No. 7, 15 February 2004 Isopolyhalomethane O–H insertion reaction with water
tra have strong fundamental vibrational bands at 601 and
cm21. The CHBr2 radical, CHBr2

1 cation, and CHBr3
1 cation

also all have no predicted totally symmetric vibrational mo
in the 1000–1100 cm21 region where the experimental spe
trum of Fig. 3 has a reasonably strong resonance Ra
band at 1078 cm21. The 1078 cm21 band is probably indica-
tive of a C–O bond as found in aliphatic alcohols~like
methanol that has a Raman band at 1034 cm21!.

Our previous work on isodiiodomethane (CH2I–I) as
explained in the Introduction gives us some reason to sus
that isopolyhalomethanes may react with water to produce
O–H insertion product. The O–H insertion reaction of is
bromoform with water would be expected to produce
CHBr2(OH) product. We thus usedab initio calculations
(MP2/6-31111G** ) to estimate the vibrational frequen
cies and relative Raman intensities of the CHBr2(OH) Ra-
man spectrum. Table II presents a comparison of the sec
species Raman vibrational frequencies in Fig. 3~a! to those
calculated for CHBr2(OH). Theab initio calculated Raman
spectrum for CHBr2(OH) is shown in Fig. 3~b! and a com-
parison to the ps-TR3 experimental spectrum of the secon
species in Fig. 3~a! displays reasonable agreement betwe
the calculated and experimental spectra for both the vib
tional frequencies and the relative intensity pattern. In p
ticular, the presence of two strong Raman vibrational mo
in the 600–800 cm21 region and one in the 1000–1200 cm21

region can be explained by the CHBr2(OH) calculated spec
trum. The experimental 1078 cm21 Raman band is down
shifted noticeably from the predicted 1140 cm21 value and
this is likely due to the effects of hydrogen bonding and
solvent polarity on the C–O bond. The experimentaln9

mode is significantly more intense than in the predicted n

FIG. 3. The ps-TR3 spectrum of the CHBr2OH photoproduct by itself~a!
was found by subtracting an appropriately scaled 100 ps spectrum@com-
posed mostly of isobromoform Raman bands with little if any CHBr2(OH)
reaction product# from the 500 ps spectrum@composed of Raman band
from both isobromoform and CHBr2(OH) reaction product#. The asterisks
mark solvent subtraction artifacts. A MP2/6-31111G** calculated Raman
spectra for CHBr2(OH) is shown in ~B!. The Raman bands due to th
CHBr2(OH) product are indicated by their assignment in the spectra~see
Table II for details of the assignments!. The experimental ps-Tr3 spectrum of
the second product species~A! exhibits good agreement with th
MP2/6-31111G** calculated Raman spectra for CHBr2(OH) ~shown in
B!. This comparison identifies the second product species as
CHBr2(OH) molecule.
Downloaded 08 Nov 2006 to 147.8.21.97. Redistribution subject to AIP
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resonant Raman spectrum and this indicates that it rece
significant resonance or preresonance enhancement from
400 nm probe wavelength used to obtain the experime
spectrum. The low frequencyX–C–X bending and C–X
stretch vibrational bands are the most intense Raman b
in the resonance Raman and preresonance Raman spec
related species such as dihalomethanes like CH2I2 , CH2BrI,
and CH2CII ~Refs. 56–59! as well as dihaloalkyl radicals
like CHBr2 .60 A dihalomethanol with two C–X bonds and
C–O bond all connected to the same carbon atom wo
likely be expected to have its low frequencyX–C–X and
X–C–Obending modes as well as the C–X stretch and C
stretch modes being resonantly enhanced in a resonanc
preresonance Raman spectrum. This is consistent with
experimental CHBr2(OH) ps-TR3 spectrum in Fig. 3 that
shows relatively intense bands for the three low freque
bending modesn11, n10, and n9 , the two C–Br stretch
modesn8 andn7 , and the C–O stretch moden6 . The reso-
nance or preresonance enhancement of the bending m
probably accounts for why the experimental spectrum ha
fairly intensen9 resonance Raman band while the calcula
nonresonant Raman spectrum displays a relatively weakn9

band. The preceding comparison of the experimental ps-3

spectrum to the computed nonresonant Raman spectru
CHBr2(OH) and the resonance Raman intensity patterns
served for other related dihalomethanes indicates the se
species is indeed the O–H insertion product CHBr2(OH)
produced from a reaction of isobromoform with H2O. We
note that these experiments provide the first direct vib
tional spectroscopic evidence that isopolyhalomethanes
able to undergo O–H insertion reactions with water m
ecules and also to our knowledge the first direct experime
observation of a polybrominated methanol species.

B. Ab initio calculations for the reaction of
isobromoform ¿nH2O\CHBr2„OH…¿HBr¿„nÀ1…H2O
where nÄ1,2,3

We have done a preliminary exploration of the chemi
reactivity of isobromoform toward water usingab initio

e

TABLE II. Comparison of experimental and calculated vibrational freque
cies ~in cm21! for the CHBr2OH species. Numbers in bold indicate vibra
tional modes observed experimentally.

Raman bands or second species

In acet./0.2%H2O
500 ps spectrum

ps-TR3 expt.
400 nm probe

This work

CHBr2OH
MP2 calc.

6-31111G**
This work

A8 n1 3836
n2 3220
n3 1419
n4 1249
n5 1211

1078 n6 1140
690 n7 688
601 n8 597
433 n9 458
361 n10 373
284 n11 278

n12 175
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 4. Schematic diagrams of the optimized geometry and relative energies~in kcal/mol! obtained from the stationary points found for the isobromofo
1nH2O→CHBr2OH1HBr1(n21)H2O wheren51,2 reactions from the MP2/6-31G(d) calculations. The values are given in Å for bond lengths a
degrees for bond angles.
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MP2/6-31G* calculations. Figure 4 presents the optimiz
geometry with selected bond length and bond angle par
eters and a schematic diagram of the relative energy pro
~in kcal/mol! obtained from MP2 calculations for the rea
tants, reactant complexes, transition states, product c
plexes, and products for the reaction of isobromofo
1nH2O ~wheren51,2,3).

Examination of Fig. 4 shows that formation of the rea
tant complexes RC1, RC2, and RC3 leads to some C–H¯O
and Br–Br̄ H hydrogen bonding interactions between t
isobromoform molecule and the water molecule~s! that sta-
bilizes these complexes relative to their separated molecu
These C–H̄ O and Br–Br¯H hydrogen bonding interac
tions become stronger as one goes from one H2O molecule
to two H2O molecules with the C–H̄ O and Br–Br̄ H
distances going from 2.314 and 2.591 Å, respectively,
Downloaded 08 Nov 2006 to 147.8.21.97. Redistribution subject to AIP
-
es

m-

-
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n

RC1 to 2.027 and 2.468 Å, respectively, in RC2. As the th
H2O molecule is added to the reaction system in RC3, t
trend is continued with the C–H̄O distance decreasing fur
ther to 1.929 Å. It is important to note that the number
Br–Br̄ H hydrogen bonding interactions increases to two
RC3 with Br–Br̄ H distances of 2.314 and 2.591 Å, respe
tively. These changes in the C–H̄O and Br–Br̄ H hydro-
gen bonding interactions correlate with the stabilizati
energy changing from about 9.7 kcal/mol for RC1 to 20
kcal/mol for RC2 and to 31.3 kcal/mol for RC3 relative
their separated molecules. This explains the greater stabi
tion energy of the reactant complexes as the number of H2O
molecules increases. These reactant complexes can the
dergo O–H insertion reactions via transition states that re
in CHBr2(OH)1HBr products. As the reactant complexe
~RC1 and RC2! proceed to their transition state~TS1 and
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TS2, respectively!, the C–O and H–Br bonds become n
ticeably stronger than in the reactant complexes to bec
2.133 and 2.120 Å, respectively, in TS1; 2.275 and 2.3
2.426 Å respectively in TS2; and 2.660 and 2.369, 2.401
respectively, in TS3. At the same time, the Br–Br bon
become weaker than in the reactant complexes and
Br–Br bond lengths become 2.969 Å in TS1, 2.930 Å
TS2, and 2.828 Å in TS3. As the molecular systems proc
from their transition states towards their products, the C
and H–Br bonds strengthen to fully form. IRC~intrinsic re-
action coordinate! calculations confirmed that the transitio
states connected their respective reactant complex to
products.

The addition of a second and third H2O molecule to the
reaction leads to significantly more stabilization of the re
tant complex as well as its transition state so that the ba
to reaction decreases from 10.8 kcal/mol from RC1 to TS1
4.9 kcal/mol from RC2 to TS2 and then to only 2.5 kcal/m
from RC3 to TS3. Thus the second and third H2O molecules
appear to help significantly catalyze the O–H insertion/H
elimination reaction. Inspection of the optimized structu
for RC1 and TS1 compared to RC2 and TS2 and RC3
TS3 reveals that TS2 and TS3 have two significant hydro
bonding interactions from the H2O molecules while there is
only one similar interaction in RC1, RC2, and TS1. Th
stabilizes TS2 and TS3 more and leads to a lower bar
from RC3 to TS3 and RC2 to TS2 than for RC1 to TS1 a
helps to explain how the second and third H2O molecules
helps catalyze these reactions. Ourab initio results here are
similar to those found previously for the isodiiodometha
(CH2I–I) reactions with H2O and 2H2O ~Ref. 52! and for
the dichlorocarbene (:CCl2) reactions with H2O and
2H2O.49,50

It is interesting to compare our present results to th
recently obtained for the dissociation of HBr in H2O
complexes61–64 and to X2(H2O)n clusters where X25Cl2,
Br2, or I2.65,66 The stabilization of the HBr(H2O)n clusters
changed from 4.2 kcal/mol forn51 to 54.7 kcal/mol forn
55.63 This trend in the stabilization energies as the num
of H2O molecules increases is similar to that found
X2(H2O)n clusters65,66and our results presented here for t
isobromoform (H2O)n reactant complexes and their O–
insertion/HBr elimination reactions. A natural bond ord
~NBO! analysis on the terminal~or leaving group! Br atom
shows some interesting changes as the number of H2O mol-
ecules increases with the terminal Br atom of isobromofo
having NBO charges of20.58,20.62, and20.71 for RC1,
RC2, and RC3, respectively, for the isobromoform1nH2O
→CHBr2OH1HBr1(n21)H2O wheren51,2,3 reactions.
These charges are consistent with the isobromoform spe
having an ion pair CHBr2

1
¯Br2 character that takes o

more ionic character, longer Br–Br bond lengths, and gre
stabilization energy as the number of H2O molecules in-
crease. The charges on the terminal Br atom increase no
ably as the reactant complexes RC1, RC2, and RC3 pro
to their respective transition states and have values
20.806 for TS1,20.822 for TS2, and20.760 for TS3. As
the number of H2O molecules increases there tends to be l
change in the negative charge of the leaving Br atom as
Downloaded 08 Nov 2006 to 147.8.21.97. Redistribution subject to AIP
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reaction goes from its reactant complex to its transition s
for the isobromoform1nH2O→CHBr2OH1HBr1(n
21)H2O where n51,2,3 reactions. For example, th
charges change by20.226 from RC1 to TS1, by20.201
from RC2 to TS2, and by only20.053 from RC3 to TS3.
These smaller changes in the charge distribution on the
leaving atom as the number of water molecules increa
suggests less energy is needed for redistribution of the ch
to the leaving group as the reaction proceeds from the re
tant complex to its corresponding transition state for
isobromoform1 nH2O → CHBr2OH 1 HBr 1 (n21)H2O
wheren51,2,3 reactions. This appears to correlate with g
erally smaller structural changes occurring and lower re
tion barrier heights~e.g., from reactant complex to transitio
state! as the number of H2O molecules increases in thes
reactions~see Fig. 4!. These trends in the smaller changes
the charge and structure as the number of water molec
increase are consistent with water catalysis of these O
insertion/HBr elimination reactions and the building up
the H2O solvation shell of the Br2 leaving group helping to
drive these reactions.

C. Observation of HBr formation following ultraviolet
photolysis of CHBr 3 in water

Since the precedingab initio calculations predict that the
O–H insertion reaction of isobromoform with water will re
lease a HBr leaving group, we did additional photochemis
experiments to measure thepH and UV/VIS absorption
spectra following photolysis of CHBr3 in aqueous solution.
Figure 5~top! shows the UV/VIS spectra obtained followin
varying times~0, 1.2, 10, 20, 35, 55, 80, 100, 120, and 1
min! of 266 nm ultraviolet photolysis of CHBr3 in water.
Note at 0 min the CHBr3 parent absorption is strongest an
the Br2 absorption is the weakest while at 130 min t
CHBr3 absorption is weakest and the Br2 absorption is the
strongest one shown in the top part of Fig. 5. The CHB3

parent absorption band;230 nm decreases in intensity an
produces a characteristic absorption band;195 nm due to
Br2 as the photolysis times increase. ThepH of the solution
was also measured during these photochemistry experim
each time an absorption spectrum was obtained. The ex
tion coefficient for Br2 was used to find the concentration
Br2 from the UV/VIS absorption spectra and thepH value
was used to determine the concentration of H1 for each of
the photolysis times shown in Fig. 5. This enabled a plot
the changes in@H1# versus the changes in@Br2# to be made
as a function of photolysis time. This is shown at the botto
of Fig. 5 where the changes in the@H1# and@Br2# from the
start of photolysis are denoted byD@H1# and D@Br2#, re-
spectively, in the figure. A linear regression was done
make a best-fit line to the data as indicated in Fig. 5. T
best-fit line had a slope very close to 1 with a coefficie
.0.99. This indicates that H1 and Br2 are produced in equa
amounts during ultraviolet photolysis of CHBr3 in aqueous
solution consistent with production of a HBr leaving grou
that spontaneously dissociates into H1 and Br2 in aqueous
solution. The intercept with the ordinate is close to zero
has a finite value of about 0.006 due to the uncertainty in
UV/VIS absorption andpH measurements used to determi
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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theD@H1# andD@Br2# ~the uncertainty in these points is i
the 0.003–0.006 range similar in size to the intercept valu!.
The results of these photochemistry experiments demons
that ultraviolet photolysis of CHBr3 in water leads to produc
tion of HBr strong acid consistent with the isobromofor
1nH2O→CHBr2(OH)1HBr1(n21)H2O where n51,2
reactions are deduced from theab initio calculations of
Sec. III B.

D. Implications for the phase dependent behavior
of polyhalomethanes and possible effects
on the photochemistry of polyhalomethanes
in the natural environment

The ultraviolet photolysis for wavelengths.250 nm of
most polyhalomethanes in the gas phase leads predomin
to a direct carbon-halogen bond cleavage and formation
haloalkyl radical and halogen atom fragments with a n
unity photon quantum yield.67–77 However, ultraviolet pho-
tolysis of CHBr3 in water appears to lead to formation

FIG. 5. ~Top! Absorption spectra acquired after 266 nm photolysis of
31025 M CHBr3 in water. The parent CHBr3 absorption bands in the 220–
230 nm region decrease in intensity as a new absorption band at;195 nm
due to Br2 appears with a clear isobestic point with the parent bands.
Br2 absorption band is almost identical to that found for KBr salt dissolv
in water ~not shown!. ~Bottom! Plot of @Br2# vs @H1# deduced from the
above Br2 spectra andpH measurements taken during the same exp
ments. The line is a linear best-fit to the data and has a slope of abou
Downloaded 08 Nov 2006 to 147.8.21.97. Redistribution subject to AIP
te
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Br2 ~see Fig. 5! via the spontaneous dissociation of an H
leaving group probably formed from the O–H insertion/H
elimination reaction of isobromoform with water~refer to the
ps-TR3 experimental andab initio calculated results de
scribed in Secs. III A and III B!. This suggests the photo
chemistry of CHBr3 exhibits significant phase dependen
with very different reactions taking place in a solvated wa
environment compared to the gas phase. To our knowle
the water-catalyzed reactions of isopolyhalomethanes
isobromoform have not been considered for the water
vated photochemistry of polyhalomethanes~like CH2I2 ,
CH2BrI, CH2Br2 , CHBr3 , CCl4 , CCl3F, and others! that
have been observed in the natural environment from nat
and/or man-made sources.1–8 These O–H insertion reaction
of isopolyhalomethanes are expected to be strongly ph
dependent and not likely to occur in the gas phase. A s
vated environment like that found in the interfacial or bu
regions of liquids or solids is needed to produce signific
amounts of isopolyhalomethanes via solvent induced rec
bination of the initially produced photofragments.25–30Isopo-
lyhalomethanes are unstable species with short lifetime
most temperatures relevant to the natural environment
would not travel far before isomerizing back to the pare
molecule and/or undergoing secondary dissociation to m
haloalkyl radical and halogen atom fragments. Wat
catalysis of the O–H insertion reaction would only occ
when two or more water molecules are in the immedi
volume of the short-lived isopolyhalomethane molecule~un-
likely in the gas phase!. Although the preceding reason
make gas phase O–H insertion reactions for isopolyhalo
ethanes very unlikely to occur, isopolyhalomethane reacti
with water can occur appreciably in solvated environme
as we have demonstrated here for the isobromoform spe

Our present study suggests that ultraviolet photolysis
polyhalomethanes in solvated aqueous environments w
release the halogens as HX leaving groups instead of X
oms as typically found in the gas phase. This suggests
the pH in the solvated aqueous environment around the p
ent polyhalomethane becomes more acidic and may h
some influence on reactions associated with the activatio
halogens in aqueous sea-salt particles since many rea
schemes presented depend onpH.9–21For halogen activation
on aqueous sea-salt particles, reactions like HOX1H1

1X2→X21H2O ~where X5Cl and/or Br! and/or HOX2

1H1→X1H2O have been proposed as the key activat
step where H1 and X2 helps activate the halogen atom.12–20

The work described here indicates ultraviolet photolysis
CHBr3 at low concentrations in a water-solvated enviro
ment releases some HBr. We speculate that if this happen
aqueous sea-salt particles the HBr released may cause a
gous reactions to activate halogens such as by the H
1H11Br2→XBr1H2O reaction. We note that the absor
tion cross section of bromoform is very low in the spect
region that penetrates the atmosphere to seawater and
marine boundary layer. For example, the absorption cr
section of bromoform at 350 nm is less than 10223 cm2.
Thus there may not be enough flux of ultraviolet light for t
photolysis of bromoform to release enough HBr to have
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noticeable impact in the lower troposphere. The ultravio
photolysis of bromoform and two other trihalomethanes
254 nm in aqueous solution (,1026 M concentrations! has
been reported to completely convert the halogens into ha
ions with a photoquantum yield of 0.43.78 This suggests tha
photochemical release of Br2 ~and/or HBr! could be reason-
ably efficient after a photon of light is absorbed by brom
form. In other water solvated environments like the surfac
interfacial and bulk regions of small liquid water or ic
particles in clouds that are at higher elevations in the tro
sphere and/or stratosphere, a higher flux of ultraviolet p
tons will be available. In these higher elevation enviro
ments, the ultraviolet photolysis of bromoform and oth
polyhalomethanes may be more likely to release noticea
amounts of strong acids~like HBr or HX!.

Ultraviolet photolysis of several polyhalomethanes
aqueous solutions has been observed to release strong
via their isopolyhalomethane chemistry~here and in Ref.
52!. In particular, polyhalomethanes like CH2I2 and CH2BrI
have a significant absorption cross section in the sunl
spectral region that reaches seawater and the water solv
photochemistry of these polyhalomethanes may release
ticeable amounts of HX strong acid~like HI and/or HBr!.
The photochemistry of CH2I2 and CH2BrI in the marine
boundary layer has been linked to tropospheric ozone de
tion and formation of iodine oxide~IO!.7,8 It is not clear how
much the gas phase versus water-solvated photochemist
CH2I2 and CH2BrI in the marine boundary layer contribute
to this phenomena. We do note that the gas phase ph
chemistry of CH2I2 and CH2BrI would primarily release an I
atom while the water solvated photochemistry would rele
mostly a HI strong acid that spontaneously dissociates to1

and I2 in water. This strongly phase dependent photoche
istry of CH2I2 and CH2BrI and the possible acid catalyze
halogen activation that may occur in condensed phase e
ronments does suggest the role of water-solvated photoch
istry deserves to be explored further in relation to the mar
boundary layer tropospheric ozone depletion and forma
of iodine oxide~IO!.7,8 It is very early in the understandin
the photochemistry and chemistry of polyhalomethanes
water-solvated environments and a great deal more rese
is needed before an evaluation of the potential role of iso
lyhalomethane chemistry in the natural environment can
ally be done. We think it would be worthwhile for a numb
of research groups with differing areas of expertise to pur
further research to better understand how this water solv
photochemistry and chemistry may actually influence or
fect the chemistry of the natural environment.

Halomethanols like bromomethanol and chlorometha
can be formed in the atmosphere by reaction of hydroxy
ethyl radicals (CH2OH) with atomic or molecular halogen
in the gas phase and may possibly act as a halogen rese
in the atmosphere. We note that isopolyhalmethane O
insertion/HX elimination reactions with water~like the reac-
tion of isobromoform with water studied here! provide an-
other route to formation of halogenated methanols.
Downloaded 08 Nov 2006 to 147.8.21.97. Redistribution subject to AIP
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IV. CONCLUSION

We have presented the first direct vibrational spect
scopic observation of an isopolyhalomethane O–H inser
reaction with water. Picosecond time-resolved resonance
man (ps-TR3) spectra showed that isobromoform was pr
duced within several picoseconds following 267 nm photo
sis of CHBr3 in an acetonitrile/0.2% water mixed solven
The ps-TR3 spectra showed the isobromoform species
cayed with a time constant of about 230 ps and a new pr
uct was directly produced with almost the same tim
constant. Comparison of the experimental Raman vibratio
frequencies and relative intensities for the new reaction pr
uct species to the calculated Raman spectrum for
CHBr2(OH) molecule fromab initio calculations showed
that they were in good agreement with each other and
was used to assign the new product species as CHBr2(OH).
Ab initio calculations showed that isobromoform can re
with water via an O–H insertion/HBr elimination reaction
make a CHBr2(OH) product and a HBr leaving group. HB
strong acid production was observed experimentally follo
ing ultraviolet photolysis of low concentrations of brom
form in aqueous solution. Theab initio calculation results are
consistent with those of the ps-TR3 experiments that ob-
served the reaction of isobromoform with water to form
CHBr2(OH) product and the photochemistry experimen
that found HBr acid formation following ultraviolet photoly
sis of bromoform in water.

The investigation here indicates that ultraviolet photo
sis of bromoform in solvated aqueous environments wo
release some halogens as a HBr leaving group instead o
Br atoms as typically found in the gas phase for ultravio
wavelengths.220 nm. This and a similar previous observ
tion of HI following ultraviolet photolysis of CH2I2 in
water52 suggests that ultraviolet photolysis of polyhalom
ethanes in aqueous solutions may release significant amo
of halogens as HX strong acids instead of as X atoms
lowing ultraviolet photolysis of polyhalomethanes in the g
phase. This indicates significant phase dependence in
photochemistry of polyhalomethanes with very different
actions occurring in aqueous solvated environments c
pared to gas phase environments. This different behavio
aqueous solutions suggests thepH in the solvated aqueou
environment around the parent polyhalomethane beco
more acidic. This could conceivably influence reactions
sociated with the activation of halogens in aqueous sea
particles because many reaction schemes presented de
on pH although much further research is needed to elucid
the role of the water solvated polyhalomethane photoch
istry in the natural environment.
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