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The ultraviolet photolysis of CH, was studied in water and salt water solutions using
photochemistry and picosecond time-resolved resonance Raman spectroscopy. Photolysis in both
types of environments produces mainly £BH), and HI products. However, photolysis of GlH

in salt water leads to the formation of different products/intermediates,@Hand CI,) not
observed in the absence of salt in aqueous solutions. The amount,0OEl, and HI products
appears to decrease after photolysis of,IGHn salt water compared to pure water. We briefly
discuss possible implications of these results for photolysis ofl C&hd other polyhalomethanes in

sea water and other salt aqueous environments compared to nonsalt water solvated environments.
© 2004 American Institute of Physic§DOI: 10.1063/1.1803508

I. INTRODUCTION both theoretically and experimentally and found they are car-
The photochemistry and chemistry of a range of polyhabenoid species that can react witk=C bonds in olefins to
lomethnaes such as GH, CH,Brl, CHBr;, CCl,, CFCk, produce cyclopropanated products and a halogen molecule

and others have been observed in the atmosphere and de@ving group:*>>®°~%"The experimental and theoretical re-
important sources of reactive halogens in the naturabults for the isodiiodomethane species indicated that it is
environment$~8 The photochemistry of CH, and CHBrl probably the predominant carbenoid responsible for the cy-
have been linked to the production of 10 during localizedclopropanation of olefins when employing the method of ul-
ozone-depletion events in the marine boundary layer of théraviolet photolysis of Chl, and a reaction mechanism was
tropospheré:® The photochemistry of Cii, was also re-  proposed® 626567 Other isopolyhalomethanes were also
cently linked to the formation of iodine aerosols although thefound to be able to undergo similar reactions with=C
mechanism for formation remains uncléaBoth gas and bonds of olefing?55:63.64.67

condensed phase photochemistry and chemistry are impor-  ~5rpenoids and carbenes such as singlet methylene and

tant for describing chemical reaction processes in the naturgi.horocarbene can also react via O—H insertion reactions

. —21 . . .
envwonmenﬁ Reactions relevant to the activation of halo- it the O—H bonds of water and alcoh8fs”” For ex-
gens in aqueous sea-salt particles have received much . . .
. 01 . ample, the reactions of singlet methylene and dichlorocar-
interest 2! Recent experiments have found that the waterbene with water give CyOH and CHCJOH products
dimer is present at 294 K and it was suggested that larger 9 P '

water clusters(with n=3-6) may also exist in amounts respectively’”™"" We have recer13tly used picosecond time-
comparable to ambient aerosol in the backgrounJeSOIVed resonance Raman (ps=TRxperiments to directly
tropospheré? A theoretical investigation employing com- observe the reaction of isobromoform with water to produce

plete basis set-atomic pair natural orbit basis set atomi@ CHBROH product specie€ " This indicates isopolyha-
(CBS-APNO free energies to estimate the number oflomethanes are also able to react with water to make haloge-
higher order water clusters found excellent agreement beated methanol product8.°A recent study of the ultraviolet
tween a predicted calculated concentration ok ¥4  photolysis of low concentrations of Gh in water found
water dimers/crh compared to the experimental value of 6 that this resulted in almost complete conversion into
x 10**waterdimers/crhat a temperature of 292.4 % CH,(OH), and 2HI product§® Ps-TR spectra in mixed
Ultraviolet photolysis of polyhalomethanes in the gasaqueous solvent$25% to 75% water found appreciable
phase typically results in one direct carbon-halogen bonémounts of isodiiodomethane (GHI) were produced
scission reaction to produce halomethyl radical and halogewithin several picoseconds and its decay became signifi-
atom fragment$*=*° In condensed phase environments, cantly faster with increasing water concentration suggesting
these initially produced photofragments can undergo solverthe CH,I—I species could be reacting with watéb initio
induced geminate recombination to form appreciablecalculations indicate the GiH-1 species reacts readily with
amounts of isopolyhalomethan®s™ We have recently in- water via a water catalyzed O—H insertion/H| elimination
vestigated the chemical reactivity of isopolyhalomethanesegaction followed by its CHHOH product decaying via a
water catalyzed HI elimination reaction to produce a formal-
dAuthor to whom correspondence should be addressed. dehyde product that further reacts with water to produce the
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methanedio[ CH,(OH),] final product observed in the pho- rate to =0.5 ps and a typical cross correlation time was
tochemistry experiments. found to be about 1.5 ps full width at half maximum. The
In this paper, we investigate the photochemistry ofpump and probe laser beams with magic angle polarization
CH,l, in salt water environments and compare these result¢ere loosely focused onto a flowing liquid stream of sample
to those previously found in pure water and/or water/(@bout 500um thick) with typical pulse energies and spot
acetonitrile mixed solvents. These results should help bettefizes at the sample of &) and 25Qum for the pump beam
understand the photochemistry of g@kland other polyha- and 8uJ and 150um for the probe beam. A backscattering
lomethanes found in sea water in the marine boundary layegleometry was used to excite the sample and to collect the
Photochemistry and time-resolved resonance Raman expefRaman scattered light that was then imaged through the en-
ments indicate that the Clions from salt(NaCl) can scav- trance slit of a 0.5 m spectrograph. The gratii@00
enge some of the initial CHand | photofragments produced groove/mm blazed at 250 nrof the spectrograph dispersed
after ultraviolet photolysis of the parent GH molecule to the Raman light onto a liquid nitrogen cooled CCD detector
make C, and CHCIl products/intermediates. However, mounted on the exit port of the spectrograph.
there is still substantial solvent induced geminate recombina-  Each spectrum shown for our present study was obtained
tion of the initial photofragments to make isodiiodomethanefrom subtraction of scaled probe-before-pump and scaled net
that then reacts with water to eventually produce,@bH),  solvent measurements from a pump-probe spectrum in order
and HI products. We briefly discuss the likely implications to remove the ground state GH Raman bands and residual
for the phase dependent photochemistry of,GHind other ~ solvent Raman bands, respectively. The known Raman shifts
polyhalomethanes in different natural environments that conof the solvent Raman bands were employed to calibrate the
tain substantial quantities of saltlike sea water and aqueolgPectra with an estimated uncertainty-06 cm™* in absolute
sea-salt particles and those that contain little or no saltlikérequency. Commercially available 99% G, spectro-

fresh water droplets and/or ice particles. scopic grade acetonitrile, and NaCl were used to prepare half
liter volume CHl, (7x 10 3M) sample solutions with vary-
II. EXPERIMENTAL DETAILS ing salt concentrations (@, 0.2\, and 0.531 NaCl) and

water concentration®%, 25%, 50% and 75% water by vol-

ume. The samples showed less than a few percent decom-
Sample solutions were prepared using commerciallyposition during the experiments as determined from UV/VIS

available CHI, (99%), *3CH,l,, formaldehyde in watefre-  spectra taken before and after the ps:TReasurements.

agent grade D,O 99.9% D, de-ionized water, and NaCl.

Samples of about (210 %)M CH,l, in water and 0.5l C. Nanosecond time-resolved resonance Raman

NaCl solution were prepared for use in the photochemistr)(nS-TR3) spectroscopy experiments

experiments. These sample solutions were put in a 10 cm The ns-TR experimental apparatus and methods have
path length glass holder with quartz windows and excited b@/

A. Photochemistry experiments

een detailed previousi§®+° so only a short description
an about 3 mJ 266 nm unfocused laser beam from the four P §/ y P

h ic of d: : umi ill be given here. The ns-TRexperiments employed two
armonic ot a N .YAG(YAG'—yttnum aiuminum garnét Nd:YAG lasers that were electronically synchronized via a
laser in the photolysis experiments. The abs_orpnon Spectrg e delay generator to control the relative timing of their
for the photolyzed samples were acquired with a 1 cm U flashlamps and) switches. The relative timing of the 266

grade cell and a Perkin EImer Lambda 19 UV/VIS spectrom, pump and 255 nm probe laser pulses was monitored

eter. ThepH O.f the photolyzed samples it u;ing ausing a fast photodiode whose output was displayed on a 500
THERMO Orion 420ApH meter using a 8102BN combina- MHz oscilloscope. The jitter was found to be5 ns. The

go?f eIecter(_je that Wis ﬁzlébrateg iNith 7108 and 4.01pH laser beams were lightly focused onto a flowing liquid
uffer solutions. Both the*C and "H NMR spectra were stream of sample using a near collinear geometry and the

acquired using a Bruker Advance 400 DPX spectrometer anﬁeaman scattered light was acquired using a backscattering
¢=5 mm sample tubes at room temperature. geometry. The Raman light was then imaged through a de-
polarizer and entrance slit of a 0.5 m spectrograph and dis-
persed by a grating onto a liquid nitrogen cooled CCD de-
tector mounted on the exit of the spectrograph. The Raman
A commercial femtosecond mode-locked Ti: sapphire resignal was accumulated for about 300 to 600 s by the CCD
generative amplifier laser was used for the experiments. Thdetector before being read out to an interfaced PC computer.
output from the lasef800 nm, 1 ps, 1 kHewas doubled and About 10-20 of these readouts were summed to obtain a
tripled to by potassium dihydrogen phosphd®P) crystals resonance Raman spectrum. Pump-only, probe-only, and
to produce the 400 nm probe and 267 nm pump excitatiopump-probe resonance Raman spectra were acquired as well
wavelengths used in the experiments. Fluorescence depleti@as a background scan. The probe-only spectrum was sub-
of transstilbene was used to determine the time-zero delayracted from the pump-probe spectrum to remove precursor
between the pump and probe laser beams by varying thend solvent Raman bands, and then the pump-only spectrum
optical delay between the pump and probe beams to a posind background scan were also subtracted in order to obtain
tion were the depletion of the stilbene fluorescence was halfthe time-resolved resonance Raman spectrum.
way to the maximum fluorescence depletion by the probe The known Raman shifts of the solvent Raman bands
laser. The time-zero determination was estimated to be accwere used to calibrate the spectra with an estimated uncer-

B. Picosecond time-resolved resonance Raman
(ps-TR?) spectroscopy experiments
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FIG. 1. Absorption spectra obtained after different 266 nm photolysis times < 2] <2 ]
of 1X107*M CH,l, in pure water(a) and in 0.8 NaCl aqueous solution ] ]
(b). The parent CHl, absorption bands in the 280—320 nm region decrease ) ]
in intensity as a new absorption band due Todppears at about 225 nm 0 e 0 e
with a clear isobestic point at 253 nm. ThHedbsorption band is essentially 0 2 4 6 8 0 2 4 _56 8 10
identical to that found for K salt dissolved in water and NaCl solutions. AI1A0°M) A[I1QA0" M)

FIG. 2. Plots ofA[17] vs —A[CH,l,] derived from the absorption spectra
shown in Fig. 1 are given for experiments done in pure water solaeand

. 71 . .
+
tainty of £5 cm'~ in absolute frequency. Commercially in 0.5M NacCl salt water solventc). Plots of A[H* ] obtained from theoH

available KS,0q and NaCl 99% were used to prepare ameasurements VA&[17] from the absorption spectra of Fig. 1 are presented
sample solution. This sample with 0/ ,S,0g and 0.5 for experiments done in pure water solutidm and in 0.31 NaCl salt water
NaCl in a 75% water/25% acetonitrile solution was photo-solvent(d). Best fits of the data to a linear regression are shown as lines with
lyzed to produce an authenticphs-TR’s spectrum using a the slopes of the lines indicated next to the lines. See text for more details.
method similar to that described by Hynes and Wine in Ref.
81. Commercially available 99% CH and L, and spectro-
scopic grade acetonitrile and NaCl were used to prepare hafblysis times from the UV/VIS spectra presented in Fig. 1
liter volume CHI,[(1X10°2)M] and b[(2X10 3M] and the change in the concentration of Mas determined
sample solutions with OM NaCl in a 75% water/25% ac- from the pH measurements. Plots ofA[I”] versus
etonitrile by volume solvent. UV/VIS spectra taken before — A[CH,l,] during the photochemistry experiments were
and after the ns-TRmeasurements indicated the samplesmade and are presented(® and(c) of Fig. 2. The increase
showed less than a few percent decomposition over the exa [17] versus the decrease [ICH,l,] during the photo-
periments. chemistry experiments reveals a linear relationship with a
slope of about 2 for the experiments done in pure water
solvent and a slope of about 1.4 in the salt water ND.5
NaCl) solvent. These results indicate that ultraviolet photoly-
sis of CHl, at low concentrations in water and salt water
(0.5M NaCl) solvents releases about 2land 1.4T" final
Figure 1 shows ultraviolet/visible spectra acquired fol-products, respectively. Plots of the changes in[tH&é] con-
lowing photolysis for varying times using 266 nm laser ex-centrations found from th@H measurements were plotted
citation of a (1X10 %)M CH,l, sample in pure watefA)  versus the changes in tfie"] concentrations and these are
and in salt water solution (OMb NaCl) (B). Examination of given in (b) and (d) of Fig. 2. The plots ofA[H*] versus
Fig. 1 reveals that in both cases the absorption bands due t 1~ ] have linear correlation and slopes of about 1 and 0.8,
CH,l, in the 280—320 nm region decrease in intensity whilerespectively for CHI, photolysis in pure water and in salt
those due to the’l ion in the 225 nm region increase in water (0.8 NaCl), respectively. The preceding results from
intensity as the time for photolysis increases. Inspection ofhe UV/VIS andpH photochemistry experiments presented
Fig. 1 shows there is a clear isobestic point at around 253 niim Figs. 1 and 2 indicate that photolysis of low concentra-
indicating the T is directly produced from the CH, parent  tions of CH,l, produces 2H and 21" products in pure water
molecule. TheoH of the sample solutions was also measuredand about 1.15H and 1.4I products in the 08 NaCl salt
at the same time the absorption spectra were acquired. Theater solvent. Most of the Hand I" products formed are
molar extinction coefficients for CH, and I were used to  probably from HI leaving groujs) that dissociate into H
find the concentrations of these species for each of the ph@nd I" in the aqueous solvents.

Ill. RESULTS AND DISCUSSION

A. Product analysis of CH
in water and salt water

»l, ultraviolet photolysis
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FIG. 3. 'H-NMR spectra/left column and**C-NMR spectrgright column
obtained befordtop), during (middle) and after completébottom 266 nm .

photolysis of'3CH,l, in 0.5M NaCl D,O solution. The parent C#, band
appears at about 3.9 ppm in thd-NMR spectra and about63.9 ppm in [N B T T T T

the 3C-NMR spectra. Photolysis converts th&H,l, parent band into 5.5 5.0 4.5 4.0 3.5 ppm

mainly photoproduct assigned tCH,(OD), that has a doublet around 4.7

ppm in the’H-NMR spectra and a singlet at 82.5 ppm in tHe-NMR FIG. 4. 'H-NMR spectra obtained beforgop), during (middle) and after
spectra. Another minor product is observed as a doublet around 5.0 ppm ffPmplete(bottom 266 nm photolysis of CHCI in D,0 solution. Photolysis
the 'H-NMR spectra and about 2.8 ppm in tHE€-NMR spectra assigned to  ©f CH,ICl converts the parent band into a methanediol product
CH,ICI. See text for more details. [CH,(OD),]. See text for more details.

To learn more about the fate of the carbon atom from thecmd 13CH2

CHyl, parent moleculeI after uItraV|oI|et pr:jotoly5|sb|n the Slaltspectra of authentic samples of methandiol angICH Fur-
water (0.3 NaCl solvent, we employed a carbon-13 la- yo yiraviolet photolysis appears to also convert the

beled sgmple of Chy. We th_en _repeated the ultraviol_et 13CH,ICI product into 3CH,(OD), (see bottom spectra of
;lnhotolysus expf;,nments given in Figs. 1 and_2 and obtaine ig. 3. This prompted us to also do an analogous photo-
H-NMR ‘and "C-NMR spectra before, during, and after .pemisiry experiment using GKCI in pure D, solvent and
complete photolysis of*CHl, in DO salt water (0.1 taking *H-NMR spectra before, during, and after 266 nm
NaC) solvent as shown Fig. 3. Spectra obtained in the purgy, .1y sis as shown in Fig. 4. Inspection of Fig. 4 shows that
water solvent were essgntlally the same as that reported Nraviolet photolysis of CHICI in pure D,O appears to pro-
1Ref. 80 and tPSe reader is referred to Figs. 1 and 3 for they .o methandiol CH,(OD),] product and these results are
H-NMR and “C-NMR spectra in Ref. 80 for the spectra ., qistant with those we found in the photolysis of GHN
found for photolysis of CHl, in pure water. Thé¢ H-NMR salt water as shown in Fig. 3

13
and ~“C-NMR bands_ due to the pargﬁfCHzlz (3.9 and The preceding experimental photochemistry results sug-
—63.9 ppm, respectivelyare labeled in Fig. 3 and upon

ICI products were confirmed by comparison to

ppm, respectivelyand *3CH,ICI (doublet around 5 and 2.8

ppm, respectivelywere producedsee middle spectra of Fig. CH,l,+hv 4+ nH,0— CH,(OH),+ 2HI+ (n—2)H,0.
3). The assignment of spectral bands for fH€H,(OD), (2)
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However, in the salt water solution this reaction is not the
only significant one and the formation of the @8I product
lowers the amount of formation of both the gH), and

HI products which indicates another reaction is competing
with the main overall reaction given in E¢L).

We note that photochemistry experiments done with an *
unfocused nanosecond laser beam and a Hg lamp source o0&
light resulted in essentially the same results for the produc- =
tion of the products for low concentrations of gklin water
and salt water. The reader is referred to Ref. 80 for a com-
parison of the laser photolysis and the Hg photolysis experi-
ments in pure water. This indicates the photoproducts ob- ; - Y 500 ) 500
served in Figs. 1-4 are produced mainly from one-photon Raman Shift (cm™)
excitation of CHl,.

To help better understand how the ultraviolet photolysis
of CH,l, in salt water leads to mainly formation of meth-
andiol [CH,(OH),] and HI products accompanied by
CH,ICI product, we have done additional picosecond and

ty (a.n.)

ntensi

_~
o

=
nanosecond time-resolved resonance Raman (psdrl 8
ns-TR, respectively experiments in salt water environ- &
ments and compare them to results previous found in pure §
water. This is detailed in the following section. E

B. Picosecond and nanosecond time-resolved
resonance raman experiments

Figure 5 shows ps-TRspectra obtained following 267 , ; { : .
nm photolysis of CHI, in H,O/CH;CN mixed solvents with 0 500 1000 0 g0 1000
different concentrations of NaCl using a 400 nm probe exci- Raman Shift ( em )
tation wavelength. Spectra in Figsi@p-5(c) were obtained FIG. 5. Stokes ps-TRspectra(using a 400 nm probe excitation wave-
in 0.0M, 0.2M and 0.8 NaCl in 75% H0/25% CHCN length obtained following 267 nm photolysis of GH in H,O/CH;CN

: : ; ; mixed solvents with different NaCl and/or water concentrations. Spectra in
solution, respectively. Spectra in Figs(db and Fe) were @, (b). and (O were acquired in 0M, 0.M and 0.8 NaCl in

Optained using the samg NaCl concentration NO.2with 75% H,0/25% CHCN solutions respectively. Spectra (d) and (e) were
different water concentrations of 50%@&/50% CHCN and  obtained using the same salt concentration ¥DI2aCl) and different con-

75% H,0/25% CHCN solutions, respectively. The Raman centrations of water, 50%4®/50% CHCN and 75% HO/25% CHCN
bands observed for the first photoproduct spefiesn sev-  Solutions, respectively.
eral picoseconds to several hundred picosecoamdsstraight
forward to assign to the isodiiodomethane ({CH) species
and the reader is referred to Refs. 49, 52, and 59 for details The CHI-I Raman band near 715 crh assigned to
of the assignment. the fundamental C—I stretch modeg] was integrated at
Inspection of Fig. 5 shows that the GH | photoproduct  different time delays so as to determine the kinetics of the
Raman bands appear within several picoseconds and thejiowth and decay of the G-I species. Figure Gtop)
decay on the hundreds of picosecond to nanosecond timgresents plots of the relative integrated area ofith&aman
scale. As the salt concentration increases in Figs) &nd  pand from 0 to 3000 ps in the OMD (solid squarg
5(c) new photoproduct bands appear in the 500 ps to 5000 pg.2M (solid staj and 0.3 (open triangle NaCl in
time scale that are not found in the spectra obtained in purg5% H,0/25% CHCN mixed solutions. Figure @bottom)
water (a). The new photoproduct Raman bands only appeaghows plots of the relative integrated area of the
in the presence of appreciable amounts of NaCl in the aqueRaman band from 0 ps to 6000 ps in the Nb0.2NaCl
ous solution. Examination of the ps-TBpectra in Figs. @) in 50% H,0/50% CHCN (solid triangle and
and He) obtained at the same salt concentration ¥0.2 75% H,0/25% CHCN (solid stay mixed solutions. The
NaC) but with different water concentrationgwith  relative integrated areas of thg Raman bands were fit to a
50% H,0 and 75% HO, respectively reveals that the new simple functionl (t) =Ae™ /"'~ Be~"*? (dashed lines in Fig.
photoproduct Raman bands appear the same at 5000 ®&.represent these fitswherel(t) is the relative integrated
However, the decay of the GH-1 species becomes substan- area of thev; Raman band, is the time t; is the decay time
tially faster at higher HO concentration and indicates that constant of thev; Raman bandt, is the growth time con-
the CHl-1 species reacts with #0. The results shown in stant of thev; Raman band, and andB are constants. The
Figs. 5d) and He) indicate the decay of the GH-1 species fits to the data in the top of Fig. 6 found the @HI species
is not linked to the growth of the new photoproduct specieshad growth time constants of about 6, 7, and 7 ps, and
Raman bands observed at 5000 ps and some other reactiordiscay time constantg of about 650, 480, and 430 ps for the
responsible for these bands. 0.0M, 0.2M and 0.8 NacCl in 75% HO/25% CHCN so-
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Lmw Raman Shift (cm™)
=7
=l w‘ FIG. 7. Comparison of Stokes ps-TRpectra obtained following 267 nm
g . -. photolysis of } (a) and CHl, (b) in solutions of 0.M NaCl in
= *,;( V 75% H,0/25% CHCN solvent. See text for more details.
SV x
> * v
=3 A Voy.y o _

B SR RIS, A the CHI—-I species in the salt solutions rather than some

0 1000 2006 3;000 4000 5000 6000 rea_ction with NaC_I. This is consistent with previogs obser-
. vations that the lifetime of CH-1 does vary noticeably
Time Delay (ps) with the polarity of the solvert’®?and the lack of any cor-
FIG. 6. (Top) Plots of the relative integrated area of thgRaman band of relation of the CHI-| decaY time with the appearance tlme
CH,I-1 at different delay timesfrom O to 3,000 ps obtained from the ~ Of the second product species observed at longer delay times.
spectra of Figs. &—-5(d) in 75% H,0/25% CHCN solutions with different ~ The decay of the CH—1 species changes substantially with
concentrations of NaCl: QM NacCl (solid squgr}: 0.2V NaCl (solid stay the concentration of O (from 1580 ps in 0.1 NaCl
s 0 the atalses text for more detals Bottomy Pits of the relamve 07 HO/50% CHCN - to 480 ps in 0.1 NaCl
integrated area of the; Raman band of CH-1 at different delay times 75% HZO/ZS% CHCN solutions. This is very similar to
(from O to 6000 psobtained from the spectra of Figs(ds and 5e) with ~ the behavior of CH -1 as the concentration of D in-
the same OM NaCl but with different concentrations of ;B:  creases in mixed aqueous solvents in the absence of NaCl
50% H,0/50% CI—gCN (solid trianglg and 75% 50/25% CHCN (solid where the decay times were found to be about
;tz?é‘gr:aitljgtted lines represent least square fits to the @&t text for 1860 ps in 50% HO/50% CHCN and 680 ps in
75% H,0/25% CHCN solutions:®® This significantly
faster decay of the CH-1 species as the water concentra-
lutions, respectively. The fits to the data at the bottom of Figtion increases was attributed to an O—H insertion reaction of
6 found the CHI—I species had growth time constamjsof ~ CH,l—1 with H,0.8°8We observe almost identical behavior
about 10 ps and 7 ps and decay time constant about  in the salt water solutions investigated here and similarly
1580 ps and 480 ps for the 0L NaCl in attribute this to the O—H insertion reaction of the {LHI
50% H,0/50% CHCN and 75% HO/25% CHCN solu-  carbenoid species with 4@ as deduced in Ref. 80.
tions, respectively. One of the photoproducts observed in the salt water pho-
The growth time constants for the GH | species are tochemistry experiments is GKCl and this species is not
very similar in the different water and salt concentraticals  observed in the nonsalt water photochemistry experiments.
in the 6—10 ps rangeand consistent with its formation by One possibility for the formation of the GHCI product
some solvent induced geminate recombination of the initiallycould be reaction of the initially formed GHradical photo-
produced CHI radical and | atom photofragments as hasfragment with a nearby NacCl. If this occurs then one could
been found previously in organic solvents and in mixed wa-expect the other | atom photofragment could be readily scav-
ter solventg®#%°°8The decay of the CH—1 species in salt enged by CI ions from NaCl as well. Therefore, we per-
water solutions with varying concentrations of salt becomesormed 267 nm pump and 400 nm probe psSERperiments
only moderately faster with increasing salt concentratiorwith I, in a 0.8V NaCl 75% H0/25% CHCN solution and
(time constants of about 480 ps for M2NaCl and 430 ps compared this to the analogous experiment for,GHand
for 0.5M NaCl). The CHI-I species has appreciable radical these spectra are shown in Fig. 7. Ultravig267 nn) pho-
ion pair charactefe.g., such as CH"17) which would be tolysis of I, would be expected to produce two | atom pho-
expected to be perturbed by a changing solvent polarity otofragments and it would be reasonable to expect that some
dielectric properties. Thus, the modest changes in thef these may directly react with NaCl on the picosecond to
CH,I—I decay time in different salt concentrations can prob-nanosecond time scale. This is precisely what is observed in
ably be attributed to a moderate change in the stability othe ps-TR spectra obtained after photolysis gfih 0.5V
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T i " spectrum generated by photolysis of persulphate in the pres-
ence of CT' ions. This resonance Raman spectrum is in ex-
cellent agreement with that previously reported by Hynes
and Wine using a similar method in Ref. 81. The Raman
band shifts for the first three bands in FigaBare about 275
cm™}, 542 cm'!, and 808 cr! and these are in excellent
agreement with those of 272 cm %, 543+2 cm !, 808+2
cm ! reported in Ref. 81. Thus, we are confident the spec-
trum shown in Fig. 8) is due to the Cl species. Compari-
son of this CJ resonance Raman specffag. 8a)] to those
obtained at about 5—-10 ns after 266 nm photolysis, @frid
CHyl, in a 0.5M NaCl 75% water/25% acetonitrile solvent
shows that essentially the same resonance Raman bands are
200 400 600 300 1000 found in _both cases. This _indicategat; also produced after
Raman shift ( cm'l) photonS|_s of ) and CHl, in a 0.5V NacCl 7E_>% yvater/25%
acetonitrile solvent. In the spectrum shown in Figz)8some
FIG. 8. Nanosecond time-resolved resonance Raman (Ap-gjfectra of  isodiiodomethane resonance Raman bafalseled by isp

Cl, produced from photolysis of persulphate in the presence ofi@is (a) are also present similar to the 400 nm psiERectra shown
and photoproducts produced after 266 nm photolysis @)land CHl, (c) in Figs. 5 and 7.

in 0.5M NaCl 75% water/25% acetonitrile solution. The spectra were ob- Th RE, tra in Fig. 7 obtained aft hotolvsis of
tained with a 355 nm probe wavelength and about 5—-10 ns after the 266 nm € ps- Spectra In Fig. 7/ obtained aiter pnotolysis o

pump laser pulse. The resonance Raman bands due mainly to the isodis in 0.5M NaCl 75% H0O/25% CHCN solution is almost
iodomethane photoproduct bands in spectrimnhave been labeled with  jdentical to that shown in the ns-'?l%xperiments shown in
is0”. See text for more details. Fig. 8 and those previously observed fos Gh Refs. 81, 84,
and 85. Thus, the product bands that form on the hundreds of
picoseconds to nanoseconds time scale in the psspBctra
NaCl 75% HO/25% CHCN solution. The fundamental vi- in Fig. 7 acquired after photolysis of, lin 0.5M NacCl
brational frequency of 265 cnt observed for the predomi- 75% H,0/25% CHCN solution are assigned to the,Cépe-
nant progression of the photoproduct is in good agreemertties. The ps-TRspectra for the Gl species produced from
with the 271-273 cm' observed previously for the €I  photolysis of } in 0.5M NaCl 75% H0/25% CHCN solu-
time-resolved resonance Raman spectrum with 355 nm dion are essentially identical to the ps-TRpectra of the
359 nm excitatio##48%In the TR experiments of Tripathi, Second photoproduct species observed after 267 nm photoly-
Schuler, and Fessend&hthe Cl, and other dihalides such sis of CHl, in 0.5M NaCl 75% H0/25% CHCN solution.
as Bp and [, were produced by OH oxidation of the halide, Therefore this second photoproduct species is also assigned
_ _ to Cl, produced from the reaction of | atoms with NacCl.
OH+X"—X+0H", 2) This is consistent with its ps-TRspectral intensity becoming
X+X =X, , where X=Cl,Br,]|. (3)  9reater and having a faster appearance time as the concen-

) ] tration of the NaCl increases in the spectra shown in Figs.
The analogous reactions for | atoms with NaCl would be the7(b) and 7c).

Intensity ( a.u.)

following: A possible mechanism that may account for fast forma-
I+Na*Cl~-—Cl+Na"l~, (4)  tion of Cl, after photolysis ofJ and CHl, in NaCl water/

acetonitrile mixed solvents could be the following:
Cl+ClI™—Cl; . (5)

- . I+ CI”—ICI™, 6
However, the I/T one electron redox potential in water is - ®

~1.3 eV while the CI/CI' one electron redox potential in ICI~+CI-—Cl; +1". 7)
water is ~2.4 eV and this makes the overall reaction |
+CI”—CI+1~ endothermic by about 1.1 eV. This indicates Reaction stef§6) would be expected to occur very fast since
the I+ CI”—CI+1~ reaction should not occur at an appre- the | atom could be scavenged by the high concentration of
ciable rate and thus is inconsistent with the fast formatiorCl™ in the solution and is forming a new I-Clbond. Reac-
observed in the ps-TRexperiments. Therefore, some other tion step(7) may also be very fast since the Ctoncentra-
mechanism than that given by Edd) and (5) must be re- tion is very high and it is forming a moderately stronger
sponsible for the formation of §l. bond (C}) than it is breaking (ICI). Photolysis of } in the

We performed additional ns-PRexperiments to produce salt water solutions did not produce any obvious Raman
an authentic Gl resonance Raman spectrum based on anbands due to ICl at either the 400 nm or 355 nm probe
other known method of photolysis of persulphate in the preswavelengths used in the ps-TRBnd ns-TR spectra shown in
ence of CI' ions similar to that done by Hynes and Wine in Figs. 7 and 8, respectively. This could suggest that I@hy
Ref. 81. At the same time we obtained spectra at about 5—1Be very short lived and not a stable species in the presence of
ns after photolysis of samples gfénd CHl, in 0.5M NaCl  CI™ ions. It is conceivable that reaction stépsand(7) both
in 75% water/25% acetonitrile solvent. These nsBRectra  occur very fast and thus there may not be enough buildup of
are shown in Fig. 8. Figure(8 displays the Gl ns-TR  the ICI” concentration to see a large signal from this species
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in the TR spectra examined thus far. The mechanism irfion reaction for the isobromoform species reaction with wa-
reaction step$6) and (7) is plausible for the fast formation ter to form a dibromomethanol (CHBDH) reaction

of Cl, after ultraviolet photolysis of,land Chl, in NaCl ~ product’®’*Recentab initio results indicate that Cf#-1 can
water/acetonitrile mixed solvents, but more experimental andindergo a water catalyzed O—H insertion/HI elimination re-
theoretical work needs to be done to clearly establish th@ction with water reasonably easii?* These previous stud-
actual mechanism of ¢l formation. This should prove an ies and our present observation of the much faster decay of
interesting area of investigation for the photolysis of iodoal-the Chl—1 species with increasing water concentration in

kanes in salt water environments. both nonsalt and salt aqueous solutions indicate that-€H
reacts mainly with water to produce an iodomethanol prod-

C. Proposed reaction mechanism for the CH  ,l,+hv uct and HI leaving group consistent with step 3 of the pro-

+n(H,0)—CH,(OH),+2HI+(n—2)H,0O overall posed reaction mechanism.

reaction in water and salt water environments Chloromethanol is known to decompose in the dark to
and formatlfon |°f Cl\ll_| élld and Cl3 products in the formaldehyde (HCO) and HCI products in both the gas
presence of salt  (NaCl) phasé®®”and in the condensed phaeg., low temperature
Based on our present experimental results and othematrice$.2® In so far as iodomethanol (GHOH) behaves
work already available in the literature, we propose the fol-such as chloromethanol (GBIOH) then one would expect
lowing reaction mechanism for the GH+hv +n(H,0) iodomethanol (CHIOH) to decay into HCO and HI prod-
— CH,(OH),+ 2HI+(n—2)H,0 overall reaction that we ucts consistent with step 4 of the proposed reaction mecha-
observe for photolysis of low concentrations of £ in nism. Recentb initio calculations showed that iodometha-

aqueous solutions with and without NaCl present: nol (CH,IOH) undergoes a water assisted HI elimination
Photolysis of CHl, to form CHl and | fragments reaction to produce $CO and HI products and this provides
Step 1 CHI,+hv— CH,l+1. further support for step 4 of the reaction mechaniStRorm-

aldehyde (HCO) is known to react with water to produce
H 89-91
fragments to form th€H,l| isomer methanedlo[CHz(OH)z]._ _ Thus one would expect thg
Sten 2 CHI 41— CHl—1 H,CO product to be efficiently converted to methanediol
P HI+1=CHl-1. [CH,(OH),] in a water solvated environment consistent
Water-catalyzed ©H insertion/HI elimination reaction of with step 5 of the proposed reaction mechanism.

Solvent induced geminate recombination of the,ICahd |

CHyl -1 with H,O solvent The proposed reaction mechanism given here helps ex-
Step 3  CHI=-I+n(H0)—CH,I(OH)+HI+(n  plain how photolysis of low concentrations of G in
—1)H,0. aqueous solutions and séaCl) aqueous solutions leads to
Water-catalyzed HI elimination reaction of GHOH) with ~ formation of significant amounts of methanediol
H,O solvent [CH,(OH),] and HI products that are observed in our
Step 4 CHI(OH)+ n(H,0)— H,CO+ HI+n(H,0). 13C-NMR, 'H-NMR, UV/VIS, and pH photochemistry re-

sults in both aqueous solutidfisand salt(NaCl) aqueous
solutions(this work, see Figs. 193The proposed reaction
Hzosstolvznt CO+N(H0)— CHo(OHY» 4 (n— 1) H-O mechanism is also consistent with the known photolysis of
ep 5 H N(H20)— CHy(OH),+(n = 1) 0. CH,l, in the gas and solution phases to make,Ciddical
Add steps 15 to obtain this overall reaction and | photofragments. The reaction mechanism is also con-
CHalo+ho +n(H,0)— CHy(OH) + 2HI+ (n—2)H,0. sistent with the direct ps-TRobservation of the Chl—|
Ultraviolet excitation of CHI, in both gas and solution intermediate and its known chemical reactivity, the known
phases is known to result in direct cleavage of the C—I bong¢hemistry of halomethanols and the known hydrolysis of
to produce CHll radical and | atom fragment§-#%4>=%Thjs  H,CO in agueous environments.
indicates step 1 in the above reaction mechanism is the pri- In salt (NaCl) water solutions, two different products
mary photochemical start of the reaction. It has been clearland/or intermediates (GHCl and Cl, ) are observed that are
experimentally shown that some of the initially producednot discernible in nonsalt aqueous solutions. This suggests
CH,l radical and | atom fragments undergo solvent inducedhese products is/are produced from some reagionith
geminate recombination to form a GHI isomer species NaCl. The formation of these products (g&8l and CL) in
within a few picosecond®*%598082Thjs establishes that salt aqueous solutions also lower the relative amounts of |
step 2 of the proposed reaction mechanism occurs to an apnd H™ produced per Ck, molecule photolyzedsee Figs.
preciable degree in room temperature solutions and out and 2. This suggests that the amount of the highly reactive
present ps-TR spectra in largely aqueous solvents showsCH,l—I species produced that then further reacts with water
this also occurs in water and salt water solutions. to eventually form 2 HI leaving groups may be less in the
Previous experimental and theoretical work indicate thapresence NaCl than in nonsalt aqueous solutions.
isopolyhalomethanes such as £HI are effective carbenoid It is conceivable that reactions of NaCl with the initially
species that can readily react with=€C bonds in olefins to produced CHI radical and | atom from the ultraviolet pho-
make cyclopropanated produts®®°-678%nd also undergo tolysis of the CHI, molecule can account for both a lower
O-H insertion reactions with water to produce halogenategield of the very reactive isodiiodomethane (&HI) inter-
methanolg®-88We have also used ps-PRxperiments to mediate and the formation of the different @8l and Ci,
directly observe this type of isopolyhalomethane O—H inserproducts. For example, the reaction of | atoms with @ia

Water (and/or acid) catalyzed addition of,@ to H,CO in
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reaction(6) to make an ICI product where the ICl subse- The reaction mechanism elucidated in Ref. 80 and briefly
quently reacts with a Cl ion via reaction(7) to make the discussed here in Sec. IllC can account for how ultraviolet
Cl, species can possibly explain the formation of thg ClI photolysis of CHl, in agueous environments leads to appre-
species. The Gl species was observed in the Bxperi-  Ciable production of HI and C}{OH), products. We note
ments(see Figs. 7 and 8 as well as the discussion of the laghe water catalyzed reactions of isopolyhalomethanes and
part of Sec. IlIB. Similarly, the formation of the CHCI their reaction products may be noticeable sources of halo-
product observed in the NMR photochemistry experimentgens and/or strong acids in the natural environment and this
(see Fig. 3 can conceivably be produced from one or morephase dependent water solvated photochemistry has not yet
of the following reactions of CKl radicals with species been considered in modeling the photochemistry of polyha-
known to be present in the system (NaCIl,@Tl;): lomethanes in the natural environment.

CH,l, and other polyhalomethanes such as,B# and

CH,I"+ NaCl— CH,ICI+Na, ®) CH,ICI have been observed in sea water and in the marine

CH,lI°'+ ClI- —CH,ICl+e™, (99  boundary layer of the troposphere and their production at-
tributed mostly to biogenic sources such as microalgaé?

CHal"+Cl; — CH,ICI+CI™. (10 The measured surface sea water levels oflgldnd CHIBr

Using our present 400 nm probe wavelength, we could nowere found to be lower than those computed from seaweed
directly follow the decay of the CH radical nor the forma- Production anggah|s is likely due to photodissociation in the
tion of the CHICI species in the ps-TRexperiments since Water columri®**However, the levels of Cil and CHICI
both species do not absorb appreciably at this Wave|engt|¢_alculated from measured emission rates and biomass gstl-
Thus, we cannot clearly establish the most likely reaction fofmates could not account for the high levels of these species
the formation of the CHICI species. However, it is very in surface coastal waters and this may be due to additional
likely that one of the reactions of a GHadical with species ~marine sources for these compourtdis? Our present results
known to be present in the salt water reaction system profor photolysis of CHlI, in salt(NaCl) water with comparable
duces the CHICI products observed in the NMR photo- salt concentrations as sea water found that noticeable
chemistry experiments of Fig. 3. We note that reactip®  amounts of CHICI are producedsee NMR photochemistry
[CH,I"+Cl, —CH,ICI+CI™] is quite similar to the Cl results of Fig. 3 This would be a different marine source of
+Cly —Cl,+CI~ reaction in agueous solution recently CHICl and can potentially account for the higher than ex-
studied by Barker and co-worket5In both reactions, a radi- pected levels of CHCI found in surface coastal waters. Fur-
cal (either CHI or Cl) reacts with the Gl species to break ther work is needed to better estimate the actual contribution
its bond and produce a new bond in the neutral specie8f this different photochemical route to formation of ¢l
(CH,CII or Cl,) product and a halogen ion leaving group in surface sea water. We note that the relatively intense ab-
(I” or CI"). One may expect the GHradical reaction may sorption of CHI, at wavelengths longer than 300 nm in the
occur more easily since it is forming a stronger b@@d-Cl  sunlight region leads this molecule to have a very short life-
bond in CHCII) than in the reaction to make a Qbproduct.  time in the natural environment since it is readily photodis-
Reaction(10) provides a decomposition pathway for the, CI sociated. However, the GHCl species has a substantially
intermediate that produces GEll and I~ products that have weaker absorption that is in the ultraviolet around 260 nm
been observed in the NMR and UV/VIS photochemistry ex-with very little absorption in the sunlight region. Thus, the
periments. CH,ICI species would have a noticeably longer lifetime in
the natural environment. This suggests that anylCHpro-
duced from photolysis of CHl, in sea water may still be

D. Discussion of the water catalyzed O—H discernible long after the disappearance of the precursor
insertion /HI elimination reactions and likely CH,l, species. It would be interesting to examine the pho-
implications for decomposition of polyhalomethanes tolysis of CHl, in the natural environment and see if this

in water and salt water environments correlates with noticeable formation of GI€l in surface

The ultraviolet photolysis of CH, in the gas phase pri- coastal waters. The formation of Gl could potentially
marily undergoes direct C—I bond cleavage to producgICH serve as a marker for salt water photolysis of GH/ersus
radical and | atom photofragments with a near unity quantunphotolysis of CHIl, in nonsalt water environments such as
yield 2*=26 However, we have observed that ultraviolet pho-pure water or ice particles, or in the gas phase whergl CH
tolysis of low concentrations of CHf, in aqueous environ- is likely not directly produced from photolysis of GH.
ments without salt present leads to conversion of the parent Our present results and comparison of the ultraviolet
molecule into HI and CH(OH), products with an appre- photolysis of CHI, in nonsalt and salt aqueous environ-
ciable photoquantum yieldRef. 80. Corresponding ultra- ments also has some interesting implications for photolysis
violet photolysis of CHI, in salt water solutions also leads of polyhalomethanes in aqueous sea salt particles. At rela-
to conversion of the parent molecule mostly into HI andtively low concentrations to moderate concentrations of salt
CH,(OH), products but also noticeable amounts of fl61  comparable to sea water, there will still be significant forma-
and C|, species(this work). These results clearly indicate tion of isopolyhalomethanes and their associated reactions
the ultraviolet photochemistry of G, displays substantial with water to release strong acidsXH Using CHl, as an
phase dependence with greatly different reactions takingxample, the HI strong acid and methanedicGH,(OH),]
place in aqueous environments compared to the gas phaggoducts produced by Gy, photolysis will be accompanied
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