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A combined experimental and theoretical investigation of the ultraviolet photolysis eXiQWhere X =

Cl, Br, ) dihalomethanes in water is presented. Ultraviolet photolysis of low concentrations®i Githere

X = ClI, Br, I) in water appears to lead to almost complete conversion intg@), and HX and HI products.
Picosecond time-resolved resonance Raman (Fsspectroscopy experiments revealed that noticeable amounts
of CH.X—I isodihalomethane intermediates were formed within several picoseconds after photolysis of the
CH,XI parent compound in mixed aqueous solutions. The p$-&#periments in mixed aqueous solutions
revealed that the decay of the @1 isodihalomethane intermediates become significantly shorter as the
water concentration increases, indicating that the)CH intermediates may be reacting with water. Ab
initio calculations found that the G —I intermediates are able to react relatively easily with water via a
water-catalyzed ©H insertion/HI elimination reaction to produce @{OH) and HI products, with the
barrier for these reactions increasing as X changes from Cl to Br to I. The ab initio calculations also found
that the CHX(OH) product can undergo a water-catalyzed HX elimination reaction to make=B and

HX products, with the barrier to reaction decreasing as X changes from Cl to Br to I. The preceding two
water-catalyzed reactions produce the HI and HX leaving groups observed experimentally, ap@=@ H
product further reacts with water to make the other,(@HH), product observed in the photochemistry
experiments. This suggests that that the,XXHI intermediates react with water to form the gBH), and

HI and HX products observed in the photochemistry experiments. Ultraviolet photolysis2f Gihere X

= ClI, Br, I) at low concentrations in water-solvated environments appears to lead to efficient dehalogenation
and release of two strong acid leaving groups. We very briefly discuss the potential influence of this
photochemistry in water on the decomposition of polyhalomethanes and halomethanols in aqueous
environments.

Introduction mentally and theoretically and observed that they are carbenoid
species that can react with=€C bonds in olefins to make
cyclopropanated products and a halogen molecule leaving
ngroup?’ﬁ‘61 The results for isodiiodomethane suggested that it
is likely the predominant carbenoid responsible for the cyclo-
propanation of olefins when using the ultraviolet photolysis of
CHal, method, and a reaction mechanism was prop8é%eth!
Solvent effects on the isodiiodomethane reaction with olefins
have also been recently examined by another gféupther

A number of polyhalomethanes such as fGH CH,Brl,
CHBrs, CCly, CFCh, and others have been observed in the
atmosphere and are important sources of reactive halogens i
the natural environme#t® The formation of IO during localized
ozone-depletion events in the marine boundary layer of the
troposphere has been linked to the photochemistry of Ciid
CHBrl.”8 The formation of iodine aerosols has also been linked
to the photochemistry of Cith It is recognized that both gas- isopolyhalomethanes were found to also undergo similar reac-
and condensed-phase chemistry and photochemistry are needeﬁons with the G=C bonds of olefing1.57.60
in accurately describing chemical reaction processes in the ) ) )
natural environmerft-2 There has been increasing interest in ~ Carbenoids (as well as carbenes such as singlet methylene
reactions relevant to the activation of halogens in aqueous sea&nd dichlorocarbene) are also able to react with th¢4®onds
salt particleg0-21 of water and allcohols via eH insertion reaction&-72 We

In the gas phase, ultraviolet photolysis of polyhalomethanes "€ceéntly used picosecond time-resolved resonance Raman (ps-
typically leads to a direct carberhalogen bond cleavage to TR3) e>.(per|ments to directly observe the reachon of |sob_romo-
form halomethyl and halogen atom fragme#ts® These  form with water to form a CHBIOH product specie§:™ This
photofragments can undergo solvent-induced geminate recom-ndicates isopolyhalomethanes can also react with the4O
bination in the condensed phase to form appreciable amountsPOnds of water via ©H insertion reactions such as other
of isopolyhalomethane¥:55 We have elucidated the chemical carbenoids and carbenes such as smglet m_ethylene a_nd di-
reactivity of isopolyhalomethanes toward olefins both experi- chlorocarbene. We have also recently investigated a dihalo-

methane and observed that ultraviolet photolysis of low

* Author to whom correspondence should be addressed. Phone: 852-concentrations of CHi, in water led to almost complete
2859-2160. Fax: 852-2857-1586. E-mail: phillips@hkucc.hku.hk. conversion into ChH(OH), and 2HI productg® The ps-TR
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spectra in mixed aqueous solvents showed that appreciablecommercial picosecond mode-locked Ti:Sapphire regenerative
amounts of isodiiodomethane (@H1) were formed within amplifier laser system was utilized in the experiments. The laser
several picoseconds and its decay was substantially faster withoutput (800 nm, 1 ps, 1 kHz) was frequency doubled and tripled

increasing water concentratiéhThis suggests that the GH-I to generate the 400-nm probe and 267-nm pump excitation
species may be reacting with water. Ab initio calculations found wavelengths employed in the experiments. Fluorescence deple-
that CHl—I can react with water via a water-catalyzed-B tion of trans-stilbene was employed to find the time-zero delay

insertion/HI elimination reaction followed by its GHOH) between the pump and probe laser beams by varying the optical

product decomposing via a water-catalyzed HI elimination delay between the pump and probe beams to a point were the
reaction to form a formaldehyde product that then reacts with depletion of the stilbene fluorescence was midway to the
water to form the methanediol (GHDH),) product observed = maximum fluorescence depletion by the probe laser. The time-
in the photochemistry experimens. zero value found this way was estimated to be accurat€dtd

In this article, we examine the photochemistry of a series of ps with a typical cross correlation time of1.5 ps (fwhm).
dihalomethanes (Citb, CH,Brl, and CHCII) in water-solvated Magic angle polarization was used for the pump and probe laser
environments (e.g., pure water and/or water/acetonitrile sol- beams that were lightly focused onto about a x@®-thick
vents). We note that all three of these dihalomethanes have beeiflowing liquid stream of sample. Typical pulse energies and
observed in the marine boundary layer of the troposphere. spot sizes at the sample were Aband 25Q:m for the pump
Photochemistry experiments found that ultraviolet photolysis beam and &J and 15Q:m for the probe beam. A backscattering
of low concentrations of all three molecules in water led to geometry was employed to excite the sample and to acquire
formation of CH(OH),, as was found previously for the the Raman scattered light that was imaged through the entrance
photolysis of CHI».”® In addition, HI and HX leaving groups  slit of a 0.5-m spectrograph whose grating dispersed the light
were also produced. These results indicate that the water-onto a liquid nitrogen-cooled CCD detector.
catalyzed dehalogenation reactions of isodihalomethanes are Spectra of the photoproducts were found by subtraction of
likely a common phenomena for a range of dihalomethanes in scaled probe-before-pump and scaled net solvent measurements
water-solvated environments. Picosecond time-resolved reso-from a pump-probe spectrum so as to delete the ground-state
nance Raman spectroscopy experiments and ab initio calcula-dihalomethane Raman bands and residual solvent Raman bands,
tions were done to investigate how the water-catalyzed de- respectively. The spectra were calibrated with an estimated
halogenation reactions of GM—I isodihalomethanes vary as  uncertainty of=5 cn ! in absolute frequency using the known
X changes from CI to Br to I. We compare how changing X Raman shifts of the solvent Raman bands. The samples of
from ClI to Br to | affects the photochemistry of GKI and the dihalomethanes were prepared in solvents with varying water/
water-catalyzed reaction steps and also very briefly discuss theacetonitrile concentrations (0/100%, 25/75%, 50/50%, and 75/
potential influence of this photochemistry in water on the 25% by volume). The samples exhibited less than a few percent
decomposition of polyhalomethanes and halomethanols in decomposition during the experiments, as found from UV/vis

agueous environments. spectra taken before and after the psiTieasurements.
Ab Initio Calculations. The MP2 method was used to
Experimental and Computational Methods investigate the CkK—I (X = Cl, Br, I) + nH,O (wheren =1,
. . . ) 2, 3) and CHX(OH) + nH,O (wheren =0, 1, 2, 3) reactions.
Photochemistry Experiments.Commercially available Ch, The)6-3l+—G** EJasi)s set f(§r a(II C H O Cl. and B)r atoms and

13 i
(999%), CHélz’ CHg%rléo/C[';ZC"'d ;or_ma_lde:yde in water d the 6-311G** basis set for the | atom were used for both the
(reagent gra e),;ElD( f' ? ),_anh elﬁnlzehwa_ter were use geometry optimization and frequency calculations (analytically).
to prepare samples for use in the photochemistry and time- 3,4 frequency calculations for the GHI + 2H;0, ChHyl—I

resolved Raman experiments. Samples of the dihalomethanes_}_ 3H,0 and CHIOH + 4H,0 systems were done numerically

i i 4
were prepf(;ed with r?(l)ncerrl]tra:nonsh Olf daboqkhl’LCr M ""_ng because of limited computational resources. All of the calcula-
putinto a 10-cm path length glass holder with quartz windows ¢ tilized the Gaussian 98 program sufteRC calculations

for th.e photochemistry experiments. The dihalomethane Samplewere done to confirm that the transition states connected the
solution was excited by an unfocused 266-nm laser beagn (

mJ) from the fourth harmonic of a Nd:YAG laser in the laser appropriate reactants and produtté: The Cartesian coord

. ) - nates, total energies, and vibrational zero-point energies for the
photolysis experiments. The absorption spectra for the photo- 1 e structures are given in the Supporting Information.
lyzed samples were acquired ugia 1 cm UVgrade cell and
a Perkin-Elmer Lambda 19 UV/vis spectrometer. The pH values
of the photolyzed samples were monitored using an THERMO
Orion 420A pH meter utilizing a 8102BN combination pH Photochemistry Experiments. Figure 1 presents U¥vis
electrode that was calibrated with pH 7.00 and 4.01 standardspectra obtained following 266-nm laser photolysis for varying
buffer solutions.!3C and/or'H NMR spectra were acquired times of 1 x 1074 M CHal,, CH,Brl, and CHCII in water
using a Bruker Advance 400 DPX spectrometer érd 5-mm solvent. The parent dihalomethane absorption bands{280
sample tubes at room temperature. IR spectra were obtainechm region for CHI, and 256-300 nm region for CkBrl and

Results and Discussion

using a Bio-rad FTS 165 spectrometer utilizing a20um CH.CIl) decrease in intensity with increasing photolysis time
sample thickness and CaWwindows for the sample holder.  while those due to the lion in the 225-nm region increase in
Spectra were acquired for the sample igCrithe RO solvent, intensity as the photolysis time. In the case of BH, the

and a baseline background. The@Hsolvent spectrum and the increase in the absorption band is accompanied by an increase

baseline background spectrum were subtracted from the samplén an absorption band at about 195 nm assigned to thedsr.

in H20 spectrum so as to find the resulting sample spectrum. Examination of Figure 1 shows that there is a clear isobestic
Picosecond Time-Resolved Resonance Raman Experi- point near 253 nm between the parent absorption band(s) and

ments. The experimental apparatus and methods employed for the I~ absorption band for all three dihalomethanes, indicating

the ps-TR experiments have been described elsewhere, andthat the I~ is formed directly from the dihalomethane parent

therefore only a brief description will be given héfe’> A molecules. The pH values of the sample solutions were also
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in the parent compound and*ttoncentrations for the CiBrl
system shown at the bottom of Figure 2. The plota\§Br ]
versus —A[CH.Brl] and A[H*] versus A[Br~] have linear
relationships with slopes of about 09 0.1 and 2.2+ 0.2,
respectively. These results indicate that one iBn is released
following photolysis of low concentrations of GBrl in water.
This, combined with the changes of the pH andahd parent
CHBrl concentrations, indicates that photolysis of low con-
() centrations of ChBrl in water produces 28 Br-, and I

. : : products. These final products are likely formed from HI and
250 300 350 400 HBr leaving groups that dissociate into"tnd I~ and H" and
Br—, respectively, in water.

To probe the fate of the carbon atom from the photolysis of
the dihalomethanes at low concentrations in water, we performed
the same ultraviolet photolysis experiments and usebIMR
to examine the products produced. Figure 3 display/SIMR
spectra obtained before, during, and after almost complete
photolysis of low concentrations of GMI (where X =1, Br,

Cl) in D,O solvent. In all three cases, photolysis of the
(b) dihalomethane produces a methandiol product ACB),).
These results are in agreement with previttdsand3C NMR
300 400 experiments for the photolysis of low concentrations of di-
iodomethane (CH, and3CHjyl,) in water solutiong®

The preceding photochemistry results suggest that the major
reaction taking place after ultraviolet photolysis of low con-
centrations of CkXl where X = CI, Br, | in water is the
TI_ following overall reaction:

Absorbance

0.0

Absorbance

Absorbance

lCH CII CH,XI + hvnH,0 — CH,(OH), + HI + HX + (n — 2)H,0
2 1)

© : : :
] ——— e We note that previous experiments for &fusing a Hg lamp
250 300 350 400 source of light gave essentially the same results as for the
Wavelength (nm) unfocused nanosecond laser excitation (the reader is referred
Figure 1. Absorption spectra obtained after different 266-nm photolysis to ref 75 for details). This suggests that the photoproducts

times of about 1x 104 M CHal (a), CHBII (b), and CHCII (c) in observedl in Figures —13 are produced mostly from one
pure water. The parent dihalomethane absorption bands decrease witiphotoexcitation of the dihalomethanes. To better understand the

increasing photolysis time and new absorption bands due appear intermediates involved in the chemistry leading to the final
at about 225 nm. In the case of eBtl, a new absorption band due to  products observed in the photochemistry experiments, gs-TR
Br~ appears at about 200 nm. spectroscopy experiments were done, and this is presented in

the next section.

measured at the same time the absorption spectra were obtained Picosecond Time-Resolved Resonance Raman Spectros-
and used to findA[H*]. The molar extinction coefficients of  copy. Figure 4 presents selected psS&pectra acquired using
the dihalomethanes land Br- were used in conjunction with  a 400-nm probe wavelength after 267-nm photolysis oblgH

the absorption spectral changes to fisfCH,XI] where X = CH,Brl, and CHCII in 100% CHCN, 50% H0O/50% CHCN,
I, Br, Cl, A[l 7], andA[Br~] as the photolysis time varies. Plots and 75% HO/25% CHCN by volume solutions. The full range
of A[l] versus—A[CH2XI] where X = |, Br, Cl as well as of ps-TR spectra obtained at many more time delays used for

A[Br~] versus—A[CH2Brl] during the photochemistry experi-  following the kinetics of the intermediates species is given in
ments are depicted in the left column of Figure 2. Inspection the Supporting Information. The ps-¥Rpectra are similar to

of Figure 2 reveals that the increase in][Versus the decrease those previously obtained in various solvents for isopoly-
in [CH2XI] has a linear relationship, with slopes of about 2.0 halomethane intermediates after 267-nm photolysis of the
+ 0.1 for CHl,, 1.1 £+ 0.1 for CHBrl, and 0.9+ 0.1 for dihalomethanes in the condensed pH&gé?9.52.53.5558.7The

CHCII. These results indicate that photolysis of &XHat low vibrational assignments for the intermediate formed within

concentrations in water releases twddr each CHl, and one several picoseconds and decaying on the hundreds of pico-
I~ for CHBrl and CHCII. The plots of A[H*] versusA[l ] seconds time scale are readily assigned to isodihalomethanes
shown in the right column of Figure 2 also display a linear that have been previously studied using time-resolved resonance
relationship with slopes of about 14t 0.1 for CHl,, 2.2 + Raman spectroscopy. For vibrational assignments of the iso-

0.2 for CHBrl, and 1.8+ 0.2 for CHCII. These results indicate  diiodomethane (CH—1) species formed after photolysis of
that one H is formed for each following photolysis of low CHqyl; in liquid solutions, the reader is referred to refs 47, 55,
concentrations of CHi, in water. However, about two Hare and 58 for details of the assignments. For the isobromo-
produced for eachlafter photolysis of low concentrations of iodomethane (CkBr—1) species, the reader is referred to refs
CHzBrl and CHCII in water. Why are the mixed dihalo- 46, 49, and 53 for details of the vibrational assignments.
methanes different from those of G? It is instructive to For the vibrational assignments of the isochloroiodomethane
examine the change in the Bconcentration versus the changes (CH.Cl—I) species, the reader is referred to ref 52.
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Figure 2. (Left) Plots of A[I7] versus—A[CHoal,], —A[CH2Brl], and —A[CHCII], and a plot of A[Br~] versus—A[CH_Brl] derived from the

absorption spectra shown in Figure 1. (Right) PlotsA@fi™] obtained from the pH measurements verdjk] or A[Br~] from the absorption

spectra of Figure 1. Best fits of the data to a linear regression are displayed as lines with the slopes of the lines indicated next to the lines. See text
for more details.

The CHl—I Raman band near 715 crhassigned to the vz andv, Raman bands of Ci#Br—I from 0 to 3000 ps, and the
fundamental of the nominal-@ stretch modeis), the CHBr—I v, Raman band of the G-I species from 0 to 1500 ps. In
Raman bands in the 6600 cnt?! region assigned to the Figure 5, the open circles, solid triangles, and open squares
fundamentals of the nominal-€Br stretch ¢3), and CH wag represent data obtained in 100% £HN, 50% HO/50%

(v4) modes and the Ci€I—I Raman band near 725 crh CHsCN, and 75% HO/25% CHCN by volume solutions,
assigned to the fundamental of the nominal@ stretch mode respectively. These relative integrated areas of the relevant
were integrated at different times to determine the kinetics of Raman bands were fit to a simple function (solid, dashed, and
the growth and decay of the isodihalomethane speciesX€H dotted lines in Figure 5):

I). Figure 5 presents plots of the relative integrated area of the

v3 Raman band of the GiI species from 0 to 6000 ps, the I(t) = Aexp(=t/t)) — B exp(-t/t,) 2
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Figure 3. *H NMR spectra obtained before (top), during (middle), and after complete (bottom) 266-nm photolysisl o{dJHCHBTrI (b), and
CH.CII (c) in D20 solution. In all three cases, photolysis converts the dihalomethane into a methanediol proggoDg)HSee text for more
details.

where I(t) is the relative integrated area of the relevant increases was attributed to ar-@ insertion reaction of CH—I
isodihalomethane Raman bartdis the time,t; is the decay with water’> Our present results suggest this is also likely the
time constant of the relevant isodihalomethane Raman iand, case for the CkBr—I and CHCI—I species. As the water
is the growth time constant of the relevant isodihalomethane concentration goes from 0 to 75%, the decay of the®IH
Raman band, and andB are constants. The fits to the data in species changes noticeably more (from 2260 to 130 ps) than
Figure 5 found that the Citt-1 species had decay time constants  that of the CHI—I species (from 4640 to 680 ps). This suggests
(t2) of about 4640, 1860, and 680 ps in the 100%:CN, 50% that the CHBr—I species may be more reactive toward water
H20/50% CHCN, and 75% HO/25% CHCN by volume  than the CHI—I species. To explore the relative chemical
solution_s, respectively. Similarly, the GBr—I species had reactivity of these CkX—1 (X = Cl, Br, I) species, we have
decay time constants;| of about 2260, 296, and 130 ps and  y5ne 4 systematic ab initio study of their reactions with water,
the C"iijC|2—0| SPQC'ez hidogg/caéet'lr\lnes%i;‘sgrc"){/};\%“g;bg‘:;éﬁo* and this is presented in the next section.
32, an s in the (] , (] (] , . .
and 75% H(§J/25% CHCN by volume solutions, respectively. Ab Initio Study of the C_H 2X—1 + nH;0 with n= 12,3
and CH2X(OH) + nH,O with n =0, 1, 2, 3 Reactions Where

In the pure acetonitrile solvent, the lifetime of the £H-I ! -

species decreases noticeably as X changes from | to Br andX = Cl, Br, I Figures 6-11 present the optimized geometry
then to Cl. This indicates that the GK—I becomes less stable ~ With selected bond length and bond angle parameters, and Figure
as X becomes more electronegative and is in agreement with12 shows schematic diagrams of the relative energy profiles
the relative stability of these species in low-temperature matrixes (in kilocalories per mole) obtained from MP2 calculations (using
where CHI—I started to disappear at temperatures above 100 the 6-31-G** basis set for all the C, H, O, Cl, and Br atoms

K while CH,CI—I started to disappear at only 280 K.3940 and the 6-311G** basis set for the | atom) for the reactants,
As the percentage of water increases in the solvent system, theeactant complexes, transition states, and product complexes for
isopolyhalomethane intermediate observed in the psspRctra  the reactions of CkK—1 (X = Cl, Br, ) + nH.0O wheren =

of Figure 4 decays substantially faster. This significantly faster 1, 2, 3 and CHX(OH) (X = CI, Br, I) + nH>O wheren = 0,
decay for the CHl—I species as the water concentration 1, 2, 3, 4.
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Figure 4. Stokes ps-TRspectra (using a 400-nm probe wavelength) acquired after 267-nm photolysis,f(&H CHBrl (b), and CHCII (c)

in 100% CHCN (top), 50% HO/50% CHCN (middle), and 75% kD/ 25%CHCN (bottom) solvents. Spectra were obtained at varying pump and

probe time delays as indicated to the right of each spectrum (0, 5, 10, 50, 100, 500, and 1000 ps). Assignments are indicated for some of the larger
isodihalomethane Raman bands. See text and refs 46, 47, 49, 52, 53, 55, and 58 for details of the assignments to the isodihalomethane species.

Inspection of Figures 68 shows there are some common the CHBr—I reaction system), and the <D bond length
systematic trends in the GM—I (X = CI, Br, 1) + nH,O increases (for example, the-© bond goes from 2.131 A in
reactions as the number of,®& molecules increases. For the TS1 to 2.397 A in TS3 in the Ci#Br—I reaction system) in the
reactant complexes, the <X bond length decreases (for transition states. These changes in the RC and TS structures as
example, the €Br bond goes from 1.800 A in RC1 to 1.789 the number of HO molecules increases can be mainly attributed
A'in RC3 in the CHBr—I reaction system), the Xl bond length to solvation of the terminal | atom with more hydrogen-bonding-
increases (for example, the BF bond goes from 2.883 A in like interactions while also interacting with the gigroup of
RC1 to 2.898 A in RC3 in the C#Br—I reaction system), and  the CH:X—1 species via the ©-H—C interactions as has been
the O--H—C distance decreases (for example, the-i@-C seen previously in the G-Il + nH,O reactions?
distance goes from 2.398 A in RC1 to 2.122 A in RC2 inthe  The changes in the structures taking place for the)GH
CH,Br—I reaction system). Similarly, for the transition states, + nH,O reactions as they proceed from the RCs to the TSs
the C—X bond length decreases (for example, theBE bond (shown in Figures 68) indicate that the €X bond becomes
goes from 1.768 A in TS1 to 1.762 A in TS3 in the ¢Bi—| modestly stronger, the Xl bond noticeably weakens, and the
reaction system) and the -X bond length decreases (for C—O bond becomes partially formed. These changes are
example, the Brl bond goes from 3.218 A in TS1 t0 3.074 A accompanied by thetH interactions becoming moderately
in TS3 in the CHBr—I reaction system) in the transition states. stronger that is consistent with some-Hbond formation. The
In addition, the +X—C angle increases (for example, the changes observed as the RCs go to the TSs are consistent with
I—Br—C angle goes from 10224n TS1 to 121.2 in TS3 in an O—H insertion/HI elimination reaction occurring to form a
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for TS2, and 2.397 A for TS3 in the GBr—I + nH,O
reactions. These changes in theX\—C bond angle, X1 bond
length, and the €0 bond formation all suggest that less energy
is required to proceed from the RCs to their TSs as mo@ H
molecules are added to the reaction system. This is consistent
with the lower barriers to reaction observed as morOH
molecules are involved in the GM—I + nH>O reactions.

The changes in the structures of Figureslq as the RCs
go to their TSs indicate that the-X bond becomes weaker,
the O--H bond becomes partially formed in the-@H—0—-C
moiety of the CHX(OH) molecule, and the X-H interactions
usually become somewhat stronger. These changes are consistent
with some H-X bond formation accompanied by a HX
elimination reaction to produce a G8 product and an HX
leaving group. This was confirmed by IRC calculations for
selected reactions, and the vibrational frequencies for the
reaction coordinate were found to be 498i, 408i, and 407i*cm
respectively, for TS1, TS2, and TS3 of the §8#OH) + nH,O

'q"-n‘:.’;.ar.e..‘,.e-.-._ oo reaction system as an example. Inspection of Figure 12 reveals
7 T that the degree of stabilization appears greater for the TSs, and
0 1000 2000 3000 this leads to systematically lower barriers to reaction from the
| B A RCs to the TSs as the number of®imolecules increases: 17.6
(© kcal/mol from RC1 to TS1, 13.5 kcal/mol from RC2 to TS2,

and 5.6 kcal/mol from RC4 to TS4 for the GBt(OH) + nHO
reactions, for example. This suggests that additiongD H
molecules significantly catalyze these reactions. As the RCs go
to the TSs, the ©C—X angle, the C-O bond length, and the
2% C—X bond length tend to show smaller changes as the number
278 O\ H,0O molecules increases. For example, the@bond length
3 %M : displays a change 0f0.112 A from RC1 to TS1;-0.114 A

T e T 1900 from RC2 to TS2-0.098 A from RC3 to TS3, anet0.088 A

. from RC4 to TS4, and the €Br bond length changes by
Time Delay (ps) +0.691 A from RC1 to TS140.609 A from RC2 to TS2, and
Figure 5. Plots of the relative integrated areas of the major isodi- +0.433 A from RC4 to TS4 for the Ci#Br(OH) + nH,O
halomethane Raman bands Raman band for CH—I (a), v» Raman reactions. These changes suggest that less energy is needed to
band for CHBr—I (b), andv, Raman band for CkCl—I (c)) at different proceed from the RCs to their corresponding TSs as me@ H

) ' ; ) ) Tes . .
a‘zg}gg&eé£é°$(2)t°aggo$5%gg;@;‘éﬂéﬁO(S)fgvgt'ssgﬁ’e molecules are added and that this is consistent with the lower

Relative Integrated Area ( a.u.)

=

solid lines (100% CKCN), dashed lines (50%48/50% CHCN), and barriers to reaction as more,®& molecules are involved in the
dotted lines (75% bD/25% CHCN) represent least-squares fits to the  CH2X(OH) + nH20 — CH,O + HX + nH20 reactions.
data (see text for more details). Water Catalysis, Solvation of the HI Leaving Group, and

CH,X(OH) product and a HI leaving group. This was confirmed Variations as X Changes from Cl to Brto | in the CHoX I

for selected reactions by IRC calculations, and the vibrational + NH20 (n =1, 2, 3) and CHX(OH) +nH:0 (n=0, 1, 2,
frequencies for the reaction coordinate were found to be 386i, 3: 4) Reactionsltis illuminating to compare our present results
292i, and 133i cm, respectively, for TS1, TS2, and TS3 of 0 those previously obtained for neutral ¥®, and I"(Hz0)n
the CHBr—I + nH,O reaction system as an example. Inspection COmplexe&-8tas well as for the dissolution of HX strong acids
of Figure 12 shows that, as the number ofCHmolecules by H,O molecule$2-87 The stabilization energies of the | atom
increases, the degree of stabilization is noticeably greater for Were calculated to be about 0.5 kcal/mol ferHOH and 1.65
the corresponding transition states, and this leads to systematikcal/mol for I+-OH,, and these values are much smaller than
cally lower barriers for reaction from the reactant complexes the values for the'l anion with HO that were calculated to be
to their transition states: 13.7 kcal/mol from RC1 to TS1, 8.7 about—10.38 kcal/mdi! or —9.43 kcal/moF° The stabilization
kcal/mol from RC2 to TS2, and 2.6 kcal/mol from RC3 to TS3  energies of the (CkX—I)[H20] complexes were found to be
for the CHBrl + nH,O reactions, for example. These results in the 5.1-5.4 kcal/mol range and those of the ({OH))-
indicate that additional 0 molecules significantly catalyze [H20] were found to be in the 7:37.7 kcal/mol range. These
the CHX—I1 + nH,O — CH.X(OH) + HI + (n — 1)H.0 values are between those found for the negtrab(l?();l and
reactions. As the RCs go toward the TSs, th&X-C angle, |7 (H20), complexe®8tand suggest that solvation of arllke
the X—1 bond length, and the €0 bond formation experience ~ Moiety takes place in the (GM—I)[H20] and (CHX(OH))-
smaller changes as the number efHnolecules increases. For [H20] RCs.

example, the+Br—C angle undergoes a change of 51®m It is also instructive to compare our present results to those
RC1 to TS1, 11.9from RC2 to TS2, and 2°8from RC3 to recently reported for the dissociation of HI in® complexe$®
TS3 in the CHBr—I + nH,O reactions. Similarly, the Btl This investigation found that the stabilization of the Hi(®),

bond length shows a change of 0.335 A from RC1 to TS1, 0.280 clusters ranged from 4.02 kcal/mol for= 1 to 56.97 kcal/mol
A from RC2 to TS2, and 0.176 A from RC3 to TS3 in the for n = 5, similar to the trend observed for the(H,0),
CHBr—I + nH,O reactions. The €0 bond formation is cluster8®8land our results for the (G —1)(H20), and [CHX-
weaker with G-O bond lengths of 2.131 A for TS1, 2.228 A (OH)](H20), RCs and TSs shown in Figures 61. The average
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Figure 6. Schematic diagrams are shown for the reactants, reactant complexes, transition states (TS), product complexes (PC), and products for
the reactions of CKCI—I + nH,O wheren = 1, 2. The optimized geometries for these species were obtained from MP2 calculations (employing
the 6-3HG** basis set for all C, H, O, and Cl atoms and the 6-311G** basis set for the | atom). Selected bond length (in A) and bond angle (in

degrees) parameters are shown.

H---1 distances were computed to bel.6 A for HI(H,O),,
wheren = 0, 1, 2,~2.1 A for HI(H,0O); and ~2.5 A for
HI(H20),, wheren = 4, 5, and suggest that HI remains
nondissociated with addition of one or twe® molecules but
becomes partially dissociated into a®t, 1= “ion-pair’-like
species for the HI(kD); complex and then is mostly dissociated
in the n = 4, 5 HI(H,0), complexes$® The HX elimination
reactions of the [CEX(OH)](H2O), species are similar to the
dissociation of HI in the HI(KHO), complexes. For example,
examination of the structures for the (&B)(HX)(H20), product
complexes in Figures-911 shows that PCO with no J@
molecule and PC1 with one & molecule have HI bond

complete dissociation into4®"and X~ species similar to that
found for the HX(HO), complexes whera = 4 and 5.

An NBO analysis was done for the RCs, TSs, and PCs in
Figures 6-11. The terminal (or leaving) X atom has NBO
charges of—0.537 and—0.620 for RC1 and RC2 of the
CH.CI—I 4+ nH»0 reactions and-0.513,—0.548, and-0.610
for RC1-RC3, respectively, for the CiBr—I + nH,O reactions,
and—0.546,—0.574, and-0.628 for RC}+RC3, respectively,
for the CHI—I + nH,0 reactions. The charges on the terminal
| atom increase in the RCs as the number of water molecules
increases, consistent with solvation of arlike moiety of the
CHyX—1 species. The charge on the leaving group X atom of

distances of 1.614 and 1.619 A, respectively, that are close tothe (CHO)(HX)(H20), product complexes in Figures—41

the ~1.6 A value for a nondissociated HI molecule ane Br

shows a good correlation with the nondissociated or dissociated

distances of 1.428 and 1.441 A, respectively, that are close tocharacter of the HX leaving group. For example, PCO with no
the ~1.4 A value for a nondissociated HBr molecule. For the H,O molecule and PC1 with one;8 molecule have HI bond

(CHO)(HX)(H20), PCs withn = 2, the H--I distance becomes
intermediate in range with a value of 2.239 A for PC2 with X
= |, consistent with partial dissociation into g®I", 1= “ion-
pair’-like species similar to that found for the HI{8)s
complex& and the H--Br distance becomes intermediate in
range with a value of 1.893 A for PC2 with 3 Br, consistent
with partial dissociation into a 40, Br~ “ion-pair’-like species
similar to that found for the HBr(kD)s complex8 For the
(CHxO)(HX)(H20)4 product complexes, the -HX distances
become longer with values in the 2:2.7 A range for PC4
with X =1, inthe 2.:-2.4 A range for PC4 with X= Br, and
inthe 1.97-2.1 A range for PC4 with X= CI, consistent with

distances and | atom charges of 1.614 A aril128 and 1.619

A and —0.161, respectively, that are consistent with a nondis-
sociated HI molecule. Similarly, PCO and PC1 haveBt bond
distances and Br atom charges of 1.428 A aiidi271 and 1.441

A and —0.305, respectively, that are consistent with a nondis-
sociated HBr molecule. The (GB)(HX)(H20), PC withn =

2 and X= | has a longer M-I distance of 2.239 A for PC2
and an | atom charge 6f0.793, consistent with dissociation
into a KO, I~ “ion-pair’-like species similar to that found for
the HI(HO)s complex8® Similarly, the H--Br distance becomes
1.893 A for PC2 and a Br atom charge 60.749, consistent
with dissociation into a kO™, Br~ “ion-pair”-like species similar
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Figure 7. Schematic diagrams are shown for the reactants, reactant complexes, transition states, product complexes, and products for the reactions
of CH.Br—I + nH,O wheren = 1, 2, 3. The optimized geometries for these species were obtained from MP2 calculations (employing-tia&6-31

basis set for all C, H, O, and Br atoms and the 6-311G** basis set for the | atom). Selected bond length (in A) and bond angle (in degrees)
parameters are shown.

to that found for the HBr(k0); complex8® For the (CHO)- pared to about two or soJ4 molecules for the X= Br and |
(HX)(H,0)4 product complexes, the-HX distances become  complexes.
moderately longer with values in the 2:2.7 A range for PC4 It is worth noting some interesting differences between the

with X =1, 2.1-2.4 A for PC4 with X= Br, and 1.972.1 A dissociation of HX in the HX(KHO), complexes and the water-
for PC4 with X= ClI, and the charges on the X atoms are in catalyzed HX elimination reactions investigated in this report.
the —0.817 to—0.832 range, consistent with complete dissocia- For instance, the proton is transferred from the HX molecule
tion into HsO™and X~ species similar to that found for the to the O atom of a water molecule in the dissociation of HX in
HX(H20), complexes where = 4 and 5%° It is interesting to the HX(H.O), complexes while the proton is transferred from
note that the transition from a nondissociated HX molecule to the OH group of the CEX(OH) molecule in the [CHX(OH)]-

a dissociated kDt X~ ion pair does not occur until four J® (H20), water-catalyzed HX elimination reactions, and this
molecules in the (CkD)(HX)(H20)4 product complexes com-  results in the proton on the-€H group being shared with a
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Iso-CHI-I

n (number of water molecules)
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Figure 8. Schematic diagrams are shown for the reactants, reactant complexes, transition states, product complexes, and products for the reactions
of CHzl—I + nH,O wheren = 1, 2, 3. The optimized geometries for these species were obtained from MP2 calculations (employing+&6-31

basis set for all C, H, and O atoms and the 6-311G** basis set for the | atoms). Selected bond length (in A) and bond angle (in degrees) parameters
are shown.

H,0 molecule in the transition states (TSLS4) of the [CHX- of employing water to catalyze other reactions by utilizing an
(OH)](H20), water-catalyzed HX elimination reactions. The HI appropriate leaving group(s) would probably be useful for a
elimination and dissociation processes in the,XHI(H20), range of potential applications and of general interest for
reactions are coupled to the-®1 insertion reaction with bD. synthetic chemists.

This leads to the €0 bond formation of the KD molecule There are several interesting trends in the;KHI + nH20

being coupled to a proton transfer to anothe®Hinolecule and (n=1, 2, 3) and CHX(OH) + nH,O (n=1, 2, 3, 4) reactions

the solvation of the terminal | atom (and cleavage of thel X  as the identity of X changes from Cl to Br to I. The barriers to
bond) of the CHX—I species. This suggests that the water- reaction from the RCs to their respective TSs become larger as
catalyzed solvation and dissociation of a HX or a similar leaving X goes from Cl to Br to | in the CbkX—1 + nHO (n =1, 2,
group may be coupled to help drive other reactions. The ability 3) reactions. For example, the barriers to reaction for the
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n (number of water molecules)

Figure 9. Schematic diagrams are shown for the reactants, reactant complexes, transition states, product complexes, and products for the reactions
of CH,CI(OH) + nH,O wheren = 0, 1, 2, 3, 4. The optimized geometries for these species were obtained from MP2 calculations (employing the
6-31+G** basis set for all C, H, O, and Cl atoms). Selected bond length (in A) and bond angle (in degrees) parameters are shown.

CHoX—I + nHxO (n = 1) are 8.7 kcal/mol for X= Cl, 13.7 CHxX—I + nH2O (n = 3) reactions, they are 2.6 kcal/mol for
kcal/mol for X = Br, and 17.2 kcal/mol for X=I. This trend X = Br and 5.9 kcal/mol for X=I. These calculated trends for
is the same as the number of water molecules involved in the the CHX—1 + nH,0 (n= 1, 2, 3) reactions are consistent with
reaction increases. For example, the barriers to reaction for thethe apparent reactivity of the GM—I species with water in
CHoX—1 + nH,O (n = 2) are 2.7 kcal/mol for X= ClI, 8.7 the ps-TR experiments where the reactivity follows the order
kcal/mol for X = Br, and 12.9 kcal/mol for X= I. For the of CH,Cl—I > CH,Br—I > CH,l—I. As the water concentration
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n (number of water molecules)

RC4 TS4 PC4

Figure 10. Schematic diagrams are shown for the reactants, reactant complexes, transition states, product complexes, and products for the reactions
of CH;Br(OH) + nH;O wheren = 0, 1, 2, 3, 4. The optimized geometries for these species were obtained from MP2 calculations (employing the
6-31+G** basis set for all C, H, O, and Br atoms). Selected bond length (in A) and bond angle (in degrees) parameters are shown.

goes from 0 to 75%, the decay of the &H—I changes from ps) and then CI (120 ps), indicating that the ZH-1 becomes

120 to 20 ps, the CHBr—I species changes from from 2260 to less stable as X becomes more electronegative in agreement
130 ps, and the Cit—I species from 4640 to 680 ps. In pure with the relative stability of these species in low-temperature
acetonitrile solvent, the lifetime of the GM—I species matrixes where ChH—I started to disappear at temperatures
decreases noticeably and X changes from | (4640 ps) to Br (2260above 100 K while CHCI—I started to disappear at only 26
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n (number of water molecules)

Figure 11. Schematic diagrams are shown for the reactants, reactant complexes, transition states, product complexes, and products for the reactions
of CH,l(OH) + nH,O wheren = 0, 1, 2, 3, 4. The optimized geometries for these species were obtained from MP2 calculations (employing the
6-31+G** basis set for all C, H, and O atoms and the 6-311G** basis set for the | atom). Selected bond length (in A) and bond angle (in degrees)
parameters are shown.

30 K3940|f the CH,CI—I species had a chemical reactivity its short lifetime could change significantly as the water
similar to that for CHBr—1 and CHl—1, then one could expect  concentration increases from 0 to 75%; this is the behavior that
that its short 120-ps lifetime in pure acetonitrile would not is experimentally observed in the ps-T&periments. Similarly,
change much as the concentration of water goes from 0 to 75%.the chemical reactivity of CHBr—I appears greater than that

If the chemical reactivity of ChCl—I toward water was of CHul—I where the CHBr—I species lifetime (from 2260 to
significantly greater than that of GBr—I and CHl—I, then 130 ps) becomes substantially shorter than that otl€H
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Figure 12. (a) Schematic diagrams of the relative energy profiles (in kilocalories per mole) obtained from the MP2 calculations (employing the
6-31+G** basis set for all C, H, O, ClI, and Br atoms and the 6-311G** basis set for the | atoms) for the reactiong)Xof X = I, Br, CI) +

nH,O wheren = 1, 2, (3). (b) Schematic diagrams of the relative energy profiles (in kilocalories per mole) obtained from the analogous MP2
calculations for the reactions of GM(OH) (X =1, Br, Cl) + nH,O wheren =0, 1, 2, 3, 4.

lifetime (from 4640 to 680 ps) as the water concentration | with C—O bond lengths of 2.208 A for X= Cl, 2.131 A for
increases from 0 to 75% water. X = Br, and 2.084 A for X=1in TS1 in the CHX—I + H,0O
The trends in the barriers to reaction for 841 + nH,O reactions. Similar trends for the changes in th&X-C angles,
(n=1, 2, 3) as X changes from Cl to Br to | correlate in general the X—I bond lengths, and €0 bond formation also occur for
to structural changes in the RCs and TSs in the ab initio X = Cl to Br to | as the number of ¥ molecules increases.
computational results. For example, as the RCs go toward theFor example, the CEK—1 + 2H,0O reactions have+X—-C
TSs, the +X—C angle and the XI bond length experience  angle changes of 69or X = Cl, 11.9 for X = Br, and 17.4
greater changes and the-O bond formation becomes greater for X = | and X—I bond length changes of 0.099 A for %
as X goes from Cl to Br to |. For example, the X—C angle Cl, 0.280 A for X = Br, and 0.313 A from RC2 to TS2 with
undergoes changes of 11#r X = Cl, 15.3 for X = Br, and C—0 bond lengths of 2.367 A for X Cl, 2.228 A for X =
19.6° for X = I, and the %1 bond length changes 0.316 A for  Br, and 2.159 A for X= | in TS2. These changes in the X—C
X = Cl, 0.335 A for X=Br, and 0.358 A from RC1 to TS1. bond angle, %I bond length, and the €0 bond formation
The CG-0 bond formation is greater as X goes from Cl to Brto all suggest that more energy is required to proceed from the
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RCs to their TSs as X changes from Cl to Br to | in the reaction

J. Phys. Chem. A, Vol. 109, No. 6, 200395

Water-Catalyzed HX Elimination Reaction of G¥(OH) with

system. This is consistent with the higher barriers to reaction H,O Solvent

observed as X changes from CI to Br to | in the 8HI +
nH->O reactions.

The trends in the CEK(OH) + nH,O (n = 1, 2, 3, 4)
reactions are significantly different from those of the ZH-|
+ nHO (n = 1, 2, 3) reactions as the identity of X changes
from Cl to Br to I. While the barrier height goes up for the
CHxX—I + nHO (n = 1, 2, 3) reactions as the identity of X
changes from Cl to Br to |, the barrier height for the &KOH)
+ nHO (n = 1, 2, 3, 4) reactions goes down as X changes

from Cl to Br to |. For example, the barrier to reaction decreases

from about 23 kcal/mol for %= ClI to about 18 kcal/mol for X
= Br and | for the CHX(OH) + H,0 reactions. The same trend

is observed as the number of water molecules involved in the

Step4  CHX(OH) + n(H,0) — H,CO + HX + n(H,0)

Water (and/or Acid)-Catalyzed Addition of,0 to H,CO in
H,0O Solvent

Step 5 HCO + n(H,O0) — CH,(OH), + (n — 1)H,0
Add Steps 1-5 To Obtain This Overall Reaction

CHXI + hv + n(H,0) —
CH,(OH), + HI + HX + (n — 2)H,0

reaction increases. For example, the barrier to reaction decreases Ultraviolet excitation of CHXI (where X= Cl, Br, 1) in both

from 14.4 kcal/mol for X= CI to 13.6 kcal/mol for X= Br to

7.9 kcal/mol for X= 1 for the CHX—1 + 3H,O reactions. This
trend is probably mostly due to the differing strengths of the
carbon-halogen (C-X) bonds that need to be broken in the
HX elimination reactions. This could also account for an
interesting trend in the structural properties of the product
complexes produced from the G¥K(OH) + nH,O (n =1, 2,

3, 4 and X= Cl, Br, |) reactions. Inspection of the structures
of the product complexes (PEPC4) in Figures 911 for the
CHX(OH) + nH,O (n=1, 2, 3, 4 and X= ClI, Br, I) reactions
reveals the BT X~ ion-pair-like formation in the PCs does
not occur until four HO molecules are involved in the reaction
for X = Clin contrast to two HO molecules for the PCs of X

= Br and X=I. The C-CI bond is much stronger than the
C—Br and C-1 bonds, and thus one would expect that much
more of the solvation energy of the coupled HX dissolution
reaction would be needed to drive the overall ZHOH) HX
elimination reaction. In this case, the corresponding formation
of the O™ CI~ ion pair would be expected to occur after more

gas and solution phases typically results in direct cleavage of
the C-I bond to produce CBX radical and | atom frag-
ments??-38443 This provides some evidence that step 1 in the
above reaction mechanism is the primary photochemical start
of the reaction. The initially produced GHK radical and | atom
fragments can undergo solvent-induced geminate recombination
to form a CHX-—I isomer species within a few pico-
secondgl43:47.50.5253This indicates that step 2 of the proposed
reaction mechanism happens to an appreciable extent in room-
temperature solutions. Our ps-TRexperiments show that
CH X1 is produced to an appreciable extent in largely aqueous
solutions and has a substantially shorter lifetime with increasing
water concentrations (this work and also refs 55 and 75), and
this suggests that G —I is reacting with HO molecules. This
behavior is consistent with the proposed step 3 of the reaction
mechanism. Our present ab initio calculations indicate that
CH X —1 reacts with HO via a water-catalyzed -©H insertion/

HI elimination reaction to produce GKH(OH) and HI products
consistent with the proposed step 3 of the reaction mechanism.

water molecules are involved in the reaction, compared to the The CHX(OH) and HI products do not absorb substantially at

reactions where the weaker®r and C-1 bonds are broken.
Both the trends in the barrier heights to the ZKDH) + nH,O

the 400-nm probe wavelength used in the ps-&Rperiments
done in largely aqueous solutions (this work and refs 55 and

(n=1, 2, 3, 4) reactions and the structural parameters of the 75). Thus, these species would not likely be observed under
PCs formed from these reactions as X changes from Cl to Br these conditions consistent with the ps®TBsults>>">Recent

to | are consistent with the water catalysis of the HX elimination
reactions and the coupled HX dissolution in water driving the
CH2X(OH) HX elimination reactions.

Proposed Reaction Mechanism for the CHXI + hy +
nH,O — CHy(OH), + HI + HX + (n — 2)H,O Overall
Reaction. We propose the following reaction mechanism for
the CHXI + hv + n(H20) — CHp(OH); + HI + HX + (n —
2)H,0 overall reaction (where X ClI, Br, 1) that we observe
for 266-nm photolysis of low concentrations of &K in
aqueous solutions: Photolysis of @ To Form CHX and |
Fragments

Step 1 CHXI + hy — CH,l + |
Solvent-Induced Geminate Recombination of the,Xtdnd |
Fragments To Form the GM—I Isomer

Step 2 CHX + 1 — CH,X—I
Water-Catalyzed ©H Insertion/HI Elimination Reaction of
CHoX—1 with H,O Solvent

Step 3
CH,X—1 + n(H,0) — CH,X(OH) + HI + (n — 1)H,0

ps-TR experiments showed that the isobromoform species
reacts with water to directly produce a CHBDPH) product
specieg?7* and this provides direct vibrational spectroscopic
evidence that isopolyhalomethanes can undergéi@nsertion
reactions with HO molecules. In so far as the GKi—I species
have similar chemical reactivity, these results for the iso-
bromoform species provide additional experimental support for
step 3 in our proposed reaction mechanism.

Our current ab initio computations indicate that &OH)
undergoes water-catalyzed HX elimination to produg€@
and HX products consistent with step 4 in the proposed reaction
mechanism. We note that the chloromethanol CKOH)]
species has been observed in low-temperature matrix isolation
experiment® and in gas-phase experimefit¥®and in all cases
was found to decompose in the dark tgd® and HCI products,
with the decomposition of chloromethanol [@EI(OH)] being
accelerated by heterogeneous processes in the gas-phase stud-
ies8990 These experimental results are consistent with step 4
of the proposed reaction mechanism and our present ab initio
calculations for the HX elimination reaction of GK(OH).

It is well-known that formaldehyde (€O) in aqueous
solution undergoes water addition to produce methanediol
[CH,(OH),],°%-%8 and this strongly supports step 5 in the
proposed reaction mechanism in that amyCB produced in
an aqueous environment will almost certainly go on to produce
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methanediol [CEH{OH),]. It is intriguing that a theoretical study HOX + H* + X~ — X, + H,O (where X= Cl and/or Br)

of this reaction indicates that it may proceed mostly through a and/or HOX + H* — X + H,0.10-20

COOperative mechanism with threQG'mO'eCUleS hydrating the Our present work indicates that photo]ysis 0f%(where
carbonyl groug* This cooperative mechanism appears similar x = Cl, Br, I) in aqueous solution releases HI and HX groups.
to the water-catalyzed G —I O—H insertion/HI elimination e speculate that if this happens in aqueous sea-salt particles
and CHX(OH) HX elimination reactions of steps 3 and 4  the Hl or HX released may cause analogous reactions to activate
examined here. Since the®O product is formed with a nearby  halogens such as by the HOXH* + I~ — XI + H,0 reaction.
solvated HX leaving group in step 4, this could possibly acid- photolysis of CHBrl in aqueous solution produces both HBr
Catalyze the water addition reaction of Step 5. We eXpeCt that and HI similar to producing 2HI groups from ultraviolet
conversion of HCO to methanediol [CH{OH);] takes place  photolysis of CHI.. In the case of CbBrl and likely CHCII,
quickly in aqueous solutions in the proposed reaction mecha- the possible activation of | would be accompanied by Cl or Br

nism. and probably cause additional ozone destruction via their known
The proposed reaction mechanism presented here helpssynergistic pathways. Ultraviolet photolysis of @tih aqueous
explain how photolysis of low concentrations of @Hl in solution does not appear to release noticeable acid groups, and

aqueous solution leads to production of-HHX leaving groups this is likely due to its inability to make an isopolyhalomethane
and a CH(OH), molecule that are the main photolysis products from its two initially produced photofragments in condensed-
observed by oufC NMR, 'H NMR, IR, UV/is, and pH phase environments. We note that the photochemistry ef CH
photochemistry results. Our current ab initio results indicate that and CHBrl was found to be responsible for most of the 10
there are low barriers to reaction for the water-catalyzed observed in the marine boundary layer of the troposphere, while
CHxX—I O—H insertion/HI elimination reactions and Gk{OH) CHsl made very little contribution even though it is present in
HX elimination reactions of steps 3 and 4. This and the known greater amounts (mean concentration of 0.43 pptv compared to
chemistry of HCO in aqueous solutions for step 5 indicate that 0.08 and 0.05 pptv for Ci, and CHBrl, respectively). We

the very reactive CbX—1 species would probably be efficiently  speculate that the aqueous-phase photochemistry ef, @Hd

converted into the HH HX and CH(OH); final products. CH_Brl that releases strong acids with the potential for halogen
Possible Implications for the Decomposition of Polyhalo- activation in se.a-salt particles could p.ossibily account fpr why
methanes and Halomethanols in Water-Solvated Environ-  the photochemistry of Ci, and CHBrl is mainly responsible

ments. Ultraviolet photolysis at wavelengths greater than 260 for the formation of 10 in the marine boundary layer, while the
nm of CH:XI (where X = CI, Br, I) in the gas phase leads CHsl molecule (which does not have the isopolyhalomethane
mostly to cleavage of the-€l bond to form CHX radical and chemistry and its strong acid release) does not have much
| fragments with a near unity quantum yie®38 In contrast, contribution to the 10 being formed from the photochemistry
our present investigation found that 266-nm ultraviolet pho- of these halogenated methanes. Ultraviolet photolysis of several
tolysis of low concentrations of Gl in aqueous solution polyhalomethanes in aqueous solutions has been observed to
results in conversion of the parent molecule into-HHX and release strong acids with reasonable quantum ylé&*>via
CH,(OH), products. This indicates that the photochemistry of their isopolyhalomethane chemistry. Therefore, we think it
CHoXI (X = ClI, Br, 1) displays significant phase dependence would be useful to undertake additional studies to better
with substantially different reactions occurring in aqueous understand how this water-solvated chemistry may actually
solution compared to the gas phase. The reaction mechanisninfluence the chemistry of the natural environment (particularly
shown in the preceding section that includes the-Onsertion/ for reactions that are acid-catalyzed or affected by pH such as
HI elimination reactions of CEX—I| with water and the halogen activation in heterogeneous environments).
subsequent HX elimination reactions of @HOH) with water Halomethanols such as bromomethanol and chloromethanol
in conjunction with the known hydrolysis of formaldehyde can could possibly be formed in the atmosphere by reaction of
explain how the ultraviolet photolysis of GMI in aqueous hydroxymethyl radicals (CHDH) with atomic or molecular
solution dehalogenates to produce thetHHX and CH(OH), halogens in the gas pha%&hus, halomethanols may possibly
products. The water-catalyzed reactions ofz&H1 with water act as a halogen reservoir in the atmospletaloromethanol
and the subsequent GK(OH) reaction of CHX(OH) HX decays into HCI and pCO products and has a lifetime of at
elimination reactions may be noticeable sources of halogens andfeast a 100 s (and probably much longer) because of homoge-
or aid formation in the natural environment. These types of neous decomposition in the gas phase and also to decay much
water-catalyzed HX elimination reactions of isopolyhalo- faster on surface®:9°Our current ab initio calculations for the
methanes and halomethanols have not been considered to oufeaction of halomethanols (GM(OH)) indicate that their
knowledge for the water-solvated photochemistry of polyhalo- decomposition can be greatly accelerated even by reaction with
methanes (from natural and/or man-made sources) that haveone water molecule and further accelerated by addition@ H
been observed in the natural environment. molecules, suggesting that decomposition of halomethanols will
A range of isopolyhalomethanes has been observed afterbe sensitive to the humidity of the atmosphere and decompose
ultraviolet photolysis of their respective polyhalomethane in very fast in solvated water environments (like the interfacial
largely aqueous solutio’8.737> These isopolyhalomethanes and/or bulk regions of water and ice particles). It may be
may be able to react with water to release strong acids as wasworthwhile to study the reaction rates for halomethanols with
found here for the CbK—I reactions with water. This suggests HO in the gas phase, on surfaces, and in bulk aqueous solutions
that the pH in the solvated aqueous environment around theso as to better understand their decomposition in the natural
parent polyhalomethane becomes more acidic and may possiblyenvironment. Our present and recent ab initio work for the
influence reactions associated with the activation of halogens CH,l—I reactions with wateP coupled with the direct observa-
in aqueous sea-salt particles where several proposed reactiotion of the O-H insertion reaction of isobromoform to produce
schemes depend on g2t For halogen activation processes the CHBpOH moleculé®7“indicate that halomethanols can be
on agueous sea-salt particles, it has been proposed thamdH produced in noticeable amounts from the photochemistry of
X~ can help activate the halogen atom via reactions such aspolyhalomethanes in solvated aqueous environments. This new
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photochemical route to produce halomethanols can be used to  (7) Carpenter, L. J.; Sturges, W. T.; Penkett, S. A.; Liss, PJ.S.

; ; ; in Geophys. Res., D: Atmo$999 104, 1679-1689.
exadmlne tZe rrt]alatlvely gnknown chemistry of halomethanols in (8) Alicke, B.. Hebstreit, K. Stutz, J.: Platt, Wature1999 397, 572
condensed-phase environments. 573

-(9) O’Dowd, C. D.; Jimenez, J. L.; Bahreini, R.; Plagan, R. C.; Seinfeld,
Conclusions J. H.; Hamerl, K.; Pirjola, L.; Kulmala, M.; Jennings, S. G.; Hoffmann, T.
Nature2002 417, 632—-636.

A combined experimental and theoretical examination of the br éig) \(/)V%f:g, E-;Cg%g(ijstry of Atmospheredrd ed.; Oxford University
ultraviolet photolysis of CEXI (where X = ClI, Br, I) dihalo- (11) Fan, S. F. Jacob, D. Blature 1992 359, 522-524.

methanes _in water was given. Ultraviolet photolysis of low  (12) Mozurkewich, M.J. Geophys. Res., D: Atmo$995 100 (7),
concentrations of CgXI (where X = ClI, Br, 1) in water was 14199-14207.
found to give almost complete conversion into £BH), and (13) Vogt, R.; Crutzen, P. J.; Sander, ature 1996 383 327-330.

HX and HI products. Picosecond time-resolved resonance (4)(1511)2?83%’_ R.; Crutzen, P. 1. Geophys. Res., D: Atma99§ 101

Raman (ps-TR spectroscopy experiments showed thapCHI ~(15) Oum, K. W.; Lakin, M. J.; DeHaan, D. O.; Brauers, T.; Finalyson-
isodihalomethane intermediates were made within several Pitts, B. J.Sciencel998 279, 74-77.

picoseconds after photolysis of the @ parent compound in 39§1%8"f‘é§'lroyv C. T.; McLinden, C. A.; McConnell, J. Glature1999

mixed aqueous so_Iutions. The decay of the;KHI intermedi- _ (17) Vogt, R.; Sander, R.; Glasow, R. VV.; Crutzen, Rl Atmos. Chem.
ates became noticeably shorter as the water concentrationi999 32, 375-395.
increased, suggesting that they may be reacting with water. Ab  (18) Behnke, W.; Elend, M.; Kiger, U.; Zetzsch, CJ. Atmos. Chem.

L . s T . 1999 34, 87—99.
initio calculations indicate that the G¥—I intermediates can (19) Knipping, E. M.: Lakin, M. J.: Foster, K. L.: Jungwirth, P.: Tobias,

react relatively easily with water via water-catalyzed-i D. J.; Gerber, R. B.; Dabdub, D.; Finalyson-Pitts, BSdience200Q 288
insertion/HI elimination reactions to form GM(OH) and Hl 301-306.

products. The barrier for these reactions was found to inCreaselo£22)14':ég?|1ylsfgpitts’ B. J.; Hemminger, J. £.Phys. Chem. 2000
as X changes from Cl to Br to I. The ab initio calculations also (’21) Foster, K. L. Plastridge, R. A. Bottenheim, J. W.; Shepson, P.

indicate that the CBX(OH) product can undergo a water- B; Finalyson-Pitts, B. J.; Spicer, C. VBcience2001, 291, 471-474.
catalyzed HX elimination reaction to producg@+0 and HX (22) Kawasaki, M.; Lee, S. J.; Bersohn, R.Chem. Phys1975 63,

r . The barrier for these reactions was foun r 09-814.
products e barrier for these reactions was found to decreasé’ (23) Schmitt, G.; Comes, F. J. Photochem198Q 14, 107—123.

as X changes from Cl to Br to I. The preceding two water- (24) Kroger, P. M.; Demou, P. C.; Riley, S.I.Chem. Physl976 65,
catalyzed reactions can account for the HI and HX leaving 1823-1834.

groups observed experimentally. TheG4+0O product reacts (25) Koffend, J. B.; Leone, S. RChem. Phys. Lett1981 81, 136—

further with water t.o form the pther CXOH), product observed (ée) Cain, S. R.: Hoffman, R Grant, B. Phys. Cher.981 85, 4046-
in the photochemistry experiments. These results suggest thaygs_
that the CHX—I intermediates react with water to form the (27) Lee, S. J.; Bersohn, R. Phys. Chem1982 86, 728-730.
CH(OH),; and HI and HX products measured in the photo- 41(()31§)4E(;Jéler' L. J; Hintsa, E. J.; Lee, Y. T. Chem. Phys1986 84,
chemistry experiments. Ultravplet photoly5|s ong-H.(whelrg 29) Butler, L. J.: Hintsa, E. J.: Lee, Y. T. Chem. Phys1987, 86,
X = Cl, Br, I) at low concentrations in water results in efficient 2051-2074.

dehalogenation and release of two strong acid (HI and HX)  (30) Wannenmacher, E. A. J.; Felder, P.; Huber, JJ.RChem. Phys.

leaving groups. The potential effect of this photochemistry of 1993%19%986‘%9_7-': der - Huber. J. R.Cherm. Phvel993 98 1999-
CHoXI dihalomethanes in water on their decomposition in 2050) aum, G.; Felder, P.; Huber, J. R Chem. PhysL993 98,

aqueous and possibly natural environments was very briefly (3é) Marvet, U.; Dantus, MChem. Phys. Lettl996 256, 57—62.
discussed. (33) zhang, Q.; Marvet, U.; Dantus, M. Chem. Phys199§ 109,
4428-4442.
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