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The photolysis (visible and ultraviolet) of low-temperature argon matrices containing either chloroiodomethane/
ozone or bromochloromethane/ozone has been studied by FTIR spectroscopy. Codeposition of ozone and
chloroiodomethane in an argon matrix led to the formation of a weak complexCIGHO;, which, on
irradiation with near infrared/visible lighi(> 650 nm), formed iodosochloromethane £LHO. Subsequent
photolysis at shorter wavelength £ 350 nm) produced hypoiodochloromethane,CHDI, a formyl chloride

complex HC(O)C4--HlI, and a carbon monoxide complex @€HCI---HI. Subsequent PyrexA (> 290 nm)

and quartz-{ > 240 nm) filtered irradiation increased the yield of the formyl chloride and carbon monoxide
complexes. The photolysis of matrices containing bromochloromethane and ozone required much harsher
conditions, i.e. ultraviolet irradiation for tens of hours, to produce any products, the first of which being the
carbonyl complexes, HC(O)E€tHBr, HC(O)Br---HCI, and COBrCi--H,. Subsequent photolysis produced

the carbon monoxide complexes OEICI---HBr and OC--HBr---HCIl. Thus by studying the reactions of

ozone with these two disubstituted halomethanes it has been possible to extend the number of known species
having Oy bonds and to detect a number of carbenidX and carbon monoxide (HX)(HY) complexes

in which the halogen atoms (X and Y) differ.

Introduction Experimental Section

Chloroiodomethane is believed to be a possible source of The infrared spectra were recorded on a Bruker IFS 113v
atmospheric iodine and hence, like other halocarbons, it leadsFourier transform infrared spectrometer over the range-560
to the destruction of atmospheric ozone. In a matrix environ- 4000 cnT?! at a resolution of 1 crmt using a germanium-coated
ment ozone can form weak complexes with iodine-containing KBr beam splitter and an MCT detector cooled with liquid
compounds IC},CHgl,2 CFsl,3 CoHsl,* CoFHs—«l,° and (CH)- nitrogen. The matrices were scanned 500 times, the interfero-
CHI,5 which can lead to the photodissociation of the ozone part grams being coadded and converted to a single beam spectrum
of the complex and the transfer of an oxygen atom to the iodine- by a fast Fourier transform algorithm using a zero filling factor
containing compound (ZI) to form an iodoso-intermediate-(Z  of times four. The spectrum was converted to a double-beam
I0). The latter, on further photolysis, can rearrange to the absorbance spectrum. The bands observed are accutafeo
hypoiodide species (ZOI). Finally loss of the iodine atom  cm2.
can yield a carbonyi-Lewis acid complex. These photodis- Ozone was generated from research grade oxyg68.99%)
sociation processes can be achieved with longer wavelengthand oxygen-18%97.7%) supplied by British Oxygen Co. and
radiation (visible and near-infrared) than is required to bring Enritech Enrichment Technologies Ltd., respectively. Argon,

about any significant dissociation of isolated ozéne. chloroiodomethane, and bromochloromethane were used as
The ozone photolysis reactions with @H CHxX,,” (X = supplied by Aldrich, the halocarbons being degassed by multiple

Cl or Br), and CHC§® have been shown to produce a number freeze-thaw cycles with liquid nitrogen prior to use and then

of novel carbonyt-Lewis acid complexes, for instance bi--- diluted separately at species-to-argon (S/Ar) ratios in the range

HI2 by treating iodomethane with ozone. Such complexes are 1:100 to 1:600. The precursors were then separately deposited
of interest because their spectra are devoid of features attribut-for 8 h atrates of approximately 3 mmolonto the Csl cold
able to either parent species. In previous studies, the parentwindow (14 K) of a Displex closed-cycle helium cryostat (Air
halocarbon has contained two identical halogen atoms, e.g.Products DE 202 S)°? The vacuum shroud surrounding the
CHoX; (where X= Cl or Br),” whose reactions with ozone cold window can be aligned for infrared transmission studies,
have led to the formation of the complexes HC(®@)yKX and for gas deposition, and for sample photolysis. Spectra were
OC(HX),. In this study the use of halocarbons having two recorded after each matrix irradiation or warming cycle in order
different halogen atoms, CMY, is expected to produce to monitor changes caused by these processes.

complexes such as HC(O)XHY, HC(O)Y---HX, and various The matrices were photolysed for varying periods of time
OC(HX)(HY). Comparisons could then be made between the with an Oriel xenon mercury lamm 5 cmwater filter being
spectra of complexes having identical carbonyls but different placed between the lamp and sample to reduce the infrared
Lewis acids andice versa and between the spectral shifts of output of the lamp. The matrices were photolysed with various
the carbon monoxide complexes having different Lewis acid bands of near-infrared, visible, and ultraviolet radiation by use

partners. of the following optical filters: 8 mm thick deep red ¢ 650
nm), 2 mm thick greeni( > 410 nm), Corning 7 mm blue/
€ Abstract published ilAdvance ACS Abstract&ebruary 15, 1997. green (550> 1 > 350 nm), Pyrex4 > 290 nm), and quartz(
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TABLE 1: The Infrared Bands/cm ~1 of Chloroiodomethane, TABLE 2: Infrared Bands/cm ~! Assigned to Ozone after
CH.CII, Trapped in a Variety of Matrices at 14 K Deposition of Mixed Isotopomer Ozone 1%0;_,1€0,, and
Ar 0, 160/ Ar L0JAr assignment Chloroiodomethane in Argon at 14 K
4448.1w  4434.6m 443565  4464.0mWvach+ Och, V1 V2 V3 nitvs  assignment
4171.3w 4165.1m 4162.3s 4168.9mMWva cH+ wch, 1105.2vw  704.0w 1039.1ms 2111.0w -186—16
3727.2m 3846.3w  3857.9mW vscht pon, 1035.7m 2108.1w ¢
3068.1m 3059.4m 3059.2vs 3070.0m vach, 1033.3m 2140.9sh ¢
2996.7w  2989.0m  2990.0m  3001.6mwwsch, 2138.5w
2582 .5w 2584.5w 2589.3W  dch, + weH, 1090.2w 687.6w 1025.6s 2090.2w 466—18
2179.0w  2180.4w  2178.5w  2183.8W dcu, + pcH, ig%g-gm 2087.3w g
1598.9m 1594.1w 1470.2w  pew :
1450.4w  14533w  14427w  1461.0w v 671.2vw  1016.4m 2059.9w  1816-18
1450.9w ig%g%mw 2057.0w c
1398.8mw 1397.8m  1396.4s  1400.7mwdcy <MW C o
1384.8w  1386.7w  1385.3sh  1384.8W wep,+ Ocicl 69%3vw  100>8m 200w 81O
1374.2w 1372.8w 1356.4w ’ ’
1322.5w 1321.6m  1323.6mw 1000.0mw ¢
: : : 1061. A4 1.4 2027.1 1881
1187.1s  1182.3s  11852vs  1186.7vS wcn, 0013w 0804w 99Lds e . tBeTie
1146.1mw 1146.6m  11457m  1141.3m 986.5br,m c
1120.6mw 1118.7mw 1140.4m 1114.3w 1040.1 667.8 W 982.2m 1818—18
1103.7w 1114.3m  1104.7mw 978.8mw c
1065.6w  1049.7w  1066.1w  1061.8w v@ 976.4mw b
1050.7w
942.7w 939.3m vea + Ocicl 2 Obscured band. Represents the isotopomer arrangement of ozone.
924.3w 922.9m 923.9wm  923.9mw ¢ Complex bands.
918.1w 917.1m 918.1sh 919.0w .
808.6wW 806.7m Pt TABLE 3: Infrared Bands/cm ~ Assigned to
792.2m 790.3s 793.9vs 792 .25 ‘ lodosochloromethane, CHCIIO, Formed after Near-Infrared
744.0s (4 > 650 nm) Photolysis of an Argon Matrix Containing
733.6vs  7336vs  73L.7s 735.6VS veo Chioroiodomethane and Ozone
540.0 5410 7%33121 5410 160,/Ar 1605180, /Ar 180,/Ar assighment
omw W AW W el 2962.0m 2966.8w 2965.9m ven
2 dcicl &~ 200 cnTl, 2960.1w 2959.1w
1215.1m 1213.2mw Och,
> 240 nm). In this way the threshold wavelength of formation gé;im
of each photoproduct was established. 1202.6m
1201.1m,sh
Results 1198.7sh,m cH,
) ) 1195.3sh,m
A. Chloroiodomethane and Ozone in Argon. The spec- 1157.7m 1156.7m 1157.2m Och,
trum of chloroiodomethane was recorded in an argon and inan ~ 748.1m 755.1m 754.1ms veel
oxygen matrix (Table 1) and is consistent with the vapor phase 723.5s 6220853;:]“ 690.0s Vo
s_pectrurf'iO recorded previously. Codeposition of chlor- 542 9w ' 539.6w Vel
oiodomethane/argon (GBII/Ar = 1:600) and ozone/argon §O 532.8w

Ar = 1:300) in matrices, and the subsequent photolysis and  528.9w
warming of these matrices, produced a variety of bands, which
have been grouped below according to their photolytic and codeposited precursors GEll and Q. Shorter wavelength
thermal behavior in the matrix. visible (@ > 450 nm) irradiation increased the band intensities
CH.ClII -+-O3 Complex. The bands formed on codeposition by a further 10%, subsequent B¥is (A > 350 nm) photolysis
of chloroiodomethane and ozone in argon matrices resemblereduced the band intensities by a further 10%, and Pyrex-filtered
those assigned previously to isolated chloroiodomethane (Tablephotolysis reduced them by yet a further 50%. Finally, quartz-
1) and ozoné? but with slight perturbations. The most obvious filtered irradiation destroyed the bands completely. The bands
shifts occur to the bands assignable to the 0zone moiety (Tabledetected (Table 3) for this group are assigned as follows. The
2), and in particular thes bands detected at 1035.7 and 1033.3 medium band at 2962.0 crhis assigned to a €H stretch. A
cm! for the complex, as compared to 1039.1 ¢nfor the group of five medium intensity bands between 1215.1 and
isolated molecule. In the experiments involvii@z—,80,, the 1201.1 cn1! are assigned to-€H bends. Two bands at 1198.7
bands (Table 2) arising fromm, v,, v3 andv; + v3 each consist and 1195.3 cmt, which appear as shoulders on the existing
of six components. The latter arise from the six possible C—H bands, are assigned to gkags. A broadening of the
isotopomers 1616—16, 16-18—18, 18-18-18, etc., which precursor band at 793.9 crindicates some perturbation of
would be expected to be present if the ozone moiety were boundthe CH rock. A medium band at 748.1 crhis assigned to a
via the central oxygen atom. If the ozone moiety were bound new C-Cl vibration. The strong precursor band at 731.7 tm
via a terminal oxygen atom, then eight components would be broadens and shifts to 723.5 c(690.0 cm! for the 20
expected. In these studies, varying the initial CH/O3s/Ar isotopomer, i.e. thé®O-shift is 33.5 cm?) and displays a
ratios had no effect on the subsequent photochemical reactionsphotochemical behavior resembling that of bands reported
only on the relative intensities of the precursor bands. Near- elsewheré;# it is assigned to an-O stretch (Figure 1). A
infrared @ > 650 nm) photolysis of argon matrices reduced further three bands were detected at 542.9, 532.8, and 528.9
the band intensities, producing new bands assigned below tocm™! and are assigned to perturbed Gribrations. The bands
the iodoso-species. detected in thé80; and®0;_,180, experiments can be assigned
lodoso-Species. Bands due to iodoso-species are formed to either'®O or180 isotopomers, indicating the presence of only
after near-infrared irradiation of argon matrices containing the one oxygen atom in the species responsible for these bands.
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2.0, TABLE 5: Infrared Bands/cm ~* Attributed to Several
Formyl Chloride Complexes, HC(O)CI-+-HI [ ---HCI] 2

] "5‘\\/,\ \J\\ 0O, 1804/Ar 1805 ,180,/JAr 180y Ar  assignment
2 o c 2985.2mw  2987.6s 2967.3w ven
2 2959.6w
< sl R 2945.0w

’ 1773.0m 1778.3s 1778.3m VYc=0

ol >~ : a 1769w 1770.6w

700 675 650 1762.8s 1761.9s

1738.7m 1739.2s
1730vw 1728.3W

Wavenumber / cm™!

Figure 1. Infrared spectra in the region 76850 cnt?! of an argon 1720.95 1721.4vs
matrix containing chloroiodomethane al¥@; after (a) deposition, (b) 1747.95s 1756.6w ' 1710' 8sh  ve_o?
near-infrared photolysisi(> 650 nm), and (c) UV-vis photolysis ’ 1748 éw ’ c°
> 350 nm) showing the development of the'fO band of iodosoch- ' 1686.2m
loromethane, CkCII*80, at 690.0 cm! in part b. 1311.0w 1311.0w Scn
TABLE 4: Infrared Bands/cm ~1 Attributed to 1307.2w 1123;%652\,\\7 1123;10281?,\\7 5
Hypoiodochloromethane, CHCIOI, Formed after Visible : ' 1142.3m cH
Irradiation ( A > 450 nmy 951 3w "
. 0—0—p
1604/Ar 160,180 /Ar 180,/Ar assignment 935.9w
1062.2m 1054 5w 1034.8m veo 9225 T Ave 799.0m  dcco
579.6sh,w 578.6w 549.7w Vol ’
5767w 554 5w 748.1m 749.3s 748.8s veal

aHC(O)Ck-+HCI. ® Band wavenumber deduced following decon-

@ Jdch, bands are too weak to be detected because of overlap from volution of the very strong band at 1721.4 ¢m

the CHCIIO bands.

4
0.50- w
8 3__/\/\ —_d
£ 0.25 o
° £ 2
a o
< 2
fJ/\\/\/_\—\‘/\‘\"\/ b 2

<] 11 b

$560 | 3600 | 3400 3200
Wavenumber /cm™'

Figure 2. Infrared spectra of an argon matrix containing chlor-

oiodomethane ant#O; after (a) deposition, (b) visible photolysit ¢

450 nm), and (c) Pyrex-filtered photolysis £ 290 nm). The spectra Figure 3. Infrared spectra recorded after Pyrex-filtered photolysis (

show the band at+3500 cn? attributed possibly to th0—H stretch > 290 nm) of chloroiodomethane in the following matrices: @)/

of hydrogen hypoiodide, HOI. Ar, (b) 103 80,/Ar, (c) *¥04/Ar, and (d) a solid oxygen matrix. The
spectra show the bands attributed to the carbonyl stretches ke

Hypoiodo-Species.Bands at 1062.2, 579.6, and 576.7¢m  and®0-isotopomers of the formyl chlorideHI complexes.

attributable to hypoiodo-species are formed after visible (

450 nm) irradiation, are increased in intensity by 20% afterUV  5) is assigned to a €H stretch. The strong bands at 1778.3

vis photolysis, and are destroyed by Pyrex-filtered irradiation and 1762.8 cm! and the weak band at 1769 ci (8O-

(Table 4). The medium band at 1062.2 ¢rwith an180-shift isotopomer bands at 1739.2 and 1721.4 &nare assigned to

of 27.4 cn! (the predicted shift for €0 is 28 cnT?) is the carbonyl stretch (Figure 3). These bands exAfitshifts

assigned to the €0 vibration. Some confusion surrounds this of between 39.1 and 42 crhy confirming their assignment to

assignment, due to the presence of an additional band at 1054.52=0 stretches. In the mixed-ozone experiment, bands were

cm! detected in the mixed-ozone experiment and also assigneddetected at 1778.3, 1770.6, 1761.9, 1738.7, 1730, and 1720.9

to a G-0 stretch. The band at 576.7 chexhibited an*€O- cm~1, these being assigned to eitHéD- or 180-isotopomers,

shift of 27.0 cm! (the predicted &1 diatomic shift is 29 cm?) confirming that only one oxygen atom is involved. Heating

and is assigned to an-@ stretch, as is the weak shoulder band the matrix to 25 K for 20 min reduced slightly the intensities

at 579.6 cml. In the mixed-ozone experiments the two bands of the bands at 1778.3 and 1762.8 ¢mwhile that of the band

detected at 578.6 and 554.5 thwere assigned to Ol stretches at 1769 cm! increased.

a
1775 1750 1725 1700
Wavenumber /cm™

of the160- and'®0-isotopomers, respectivel{#Q-shift of 24.1 The weak band at 1306.2 crhis assigned to a €H bend,
cmb). Detection of bands attributable to-0 and C-O and those at 951.3 and 935.9 chior the 180-isotopomer are
stretches in this group suggests the presence ef@-€l unit. assigned to the out-of-plane vibration. The medium band at

Bands assigned to-€H bends were too weak to be detected in  748.1 cnilis assigned to the €Cl stretch, though no evidence
the presence of overlapping bands arising from iodoso-speciesfor the 37Cl band could be found. In one set of experiments,
After considerable photolysis-20 h) a weak band around 3500 weak bands were detected at 1756.6 and 1748.9 ¢HO at
cm™! was detected in thé®0; experiment and has been 1710.8 cn?), and these have been assigned to an additional
tentatively assigned to an-H stretch of H8OI (Figure 2). carbonyl stretch, most likely from a different complex from that
Formyl Chloride. Bands attributable to formyl chloride are  described above.
formed after visible photolysis and doubled in intensity after ~ Carbon Monoxide. Weak bands attributable to carbon
UV —vis photolysis, while subsequent Pyrex- and quartz-filtered monoxide complexes are formed after visible irradiation (Table
irradiation increased the intensities of the bands by a further 6, Figure 4), and these intensified steadily by-P0% with
100% and 40%, respectively. The band at 2987.6fhable each successive photolysis ¥ 350, 290, and 240 nm) cycle.
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04 L 0.3, o TABLE 7: Infrared Bands/cm ~* Assigned to
Bromochloromethane, CHBrCI, Deposited in an Oxygen
o3 Matrix and in an Ozone/Argon Matrix at 14 K
§ ‘ 0.21 (o O3/Ar assignment
E 0‘2.1 3067.0w 3077. 7w VacCH,
2 3061.4w 3040.6vw
2 0.1 c 3006.4w Vs CH,
o.n-»,\/\v M 2998.1w 2997.7w
M b 1465.8w dnce + v
o= o At T N\sa 1420.1mw 1457.1w
2800 2775 2150 2100 1415.7mw 1415.2w Och,
Wavenumber / cm™ 1411.4mw
Figure 4. Infrared spectra of argon matrices containingCH and ggégma 1371.9w Otcr + Vs
160,180 after (a) deposition, (b) visible photolysié ¢ 410 nm), 1346.9mw 1346.7w
and (c) Pyrex-filtered photolysis. The spectra showithe (2800— 1338.3mw 1321.2w
2775 le) andvco regions (2175’2075 CITTl) of the Complex OG-- 1330.0mw 1307.7w
HCI---HI. 1319.9w
TABLE 6: Infrared Bands/cm ~* Assigned to the Carbon 1230vs 11222%0013 Onear
Monoxide Complex OC:+-HCI---HlI 1197.5w Desr
0, 160yAr 1605 180 /Ar  1804Ar  assignment ﬂgggw OtcH,
2787.5m 2789.9m 2790.4m vy 1076:3a Ve + pcr,
2142.8mw  2151.5m 2152.4m 2100.8m  vco 1070.0w
2141.4m 2101.3m 2087.3m 1051.0w 1059.6w
This group consisted of a medium band at 2787.5%assigned ggg:gw veert veer
to a HCl stretch (with thé80O counterpart at 2790.4 crf) and 889.6w
two other medium bands at 2151.5 and 2141.4 rhaving 854.4w 856.8sh pcH,
180-shifts of 50.3 and 54.1 cm, respectively, assigned to<© ggg.Om gig-ém
stretches of carbon monoxide (isolated CO in an argon matrix ve 740,05 e
absorbs at 2138.4 cm).12 738vs
B. Bromochloromethane and Ozone in Argon. The 732.5s
spectra of CHBrCI in argon (CHBrCI/Ar = 1:500) and solid 613.5s 658.2w vesr
oxygen (CHBrCl/O, = 1:200) matrices are in good agreement 612vs
(Table 7) with that reported for the liquid phaSe Ultraviolet 2The band assigned to thg mode of CHBrCl absorbs at-240

(A > 240 nm) photolysis of CEBrCl in an argon matrix cm

produced no new bands. . TABLE 8: Infrared Bands/cm ~1 Attributed to the Carbonyl
The spectra recorded after codeposition of bromochlo- pyoqycts of the Photochemical ReactionX > 240 nm) of

romethane and ozone in argon matrices §B{€I/Os/Ar = 1:3: CH,BrCl with Ozone in Argon at 14 K
600) exhibited bands that could be assigned to either precursor

(Table 7). Thus, unlike the situation with iodomethaad complex eaic Oci_ Voop Yoo vew
chloroiodomethane (above) and the other single-iodine-contain-"c(©)HEr ggé;g‘;" 11%112%‘\',"\,\, gii'_gz"v‘c 7722'2?""
ing precursord;®*no initial complex was formed on deposition. 1748.9w  1302.8vW 742.4s

UV —vis (2 > 350 nm) photolysis of these matrices for 40 min HC(O)Ck--Ar 1781.5vw

produced no detectable bands, while Pyrex-filtered photolysis, "¢(©)B"HC! 1753.0m;sh 1287 4w 867.4vw s 2
for similar periods, produced only weak bands. Quartz-filtered 1279.7w '
photolysis, for~40 min, doubled the intensities of the bands, 1272.6w

in part due to the higher photon throughput of the quartz-filtered HS(O)BrA" YT 8173w

than the Pyrex-filtered arrangement). Various matrix experi- 809.1w
ments were performed in order to increase the intensities of the 805.2mw
product bands; the first, varying the deposition ratio,B!/ ggg-gmw

O3/Ar, made no difference to the photochemistry, only to the combinations

intensities of the precursor bands, due simply to the reduced or 2vs HC(O)Br 1775.7vw
increased concentrations of precursors. The most diagnostic 1190.0w
. . . veel t+ Vs HC(O)C| 1153.9w
experiments concerned photolysis at fixed wavelengths, for 1117.9w
varying time intervals; the evolution of the products with time veer + vs HC(O)Br 1090.2w
1067.0w

has been studied in order to elucidate the mechanism. The bands
listed in Tables 8 and 9 were detected after quartz-filtered
photolysis. For clarity they are grouped according to the product
species to which they can be attributed, i.e. HC(O)CI, HC(O)-
Br, COBrCI, HBr, HCI, or CO. bands at 1315.8 and 1313.6 chare assigned to GHoends,
Formyl Chloride. Bands due to formyl chloride are formed  while weak bands at 962.9 and 941.2¢rare assigned to out-
after photolysis with Pyrex- and quartz-filtered radiation (Table of-plane vibrations. A medium-weak band at 756.0 émand
8, Figure 5). They increased in intensity as the photolysis times strong bands at 745.1 and 742.4¢nfpossibly attributable to
increased up te-50 h, at which point they began to decrease 3’Cl components) are assigned te-Cl stretches. Additional,
(Figure 6). This group of bands, attributed to a formyl chloride weak combination bands were detected at 1190.0, 1153.9, and
species, is assigned as follows: the bands at 1761.8, 1756.61117.9 cnl. Detection of this first group of bands suggests
and 1748.9 cm! are assigned to carbonyl stretches. Weak that the carbonyl responsible is formyl chloride, HC(O)CI.

aObscured by a precursor band.
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1820 1BOO 1780 1760 1740

Wavenumber / cm™
Figure 5. Infrared spectrum in thec—o region of an argon matrix
containing CHBrCl and ozone after (a) deposition and (b) photolysis
with UV (4 > 240 nm) radiation for 71 h, showing bands assigned to
(i) HC(O)CI, (ii) HC(O)Br, and (iii) COBrCI.

0 Vs HCI
0 V, HBr
A, CO

v (V+V5) Os
O Ve COHCI

I.Ol

0.8

0.6

0.4

O.D. / Arbitrary units

OO I
Time /h

Figure 6. Plot of optical densityersustime showing the destruction
of the ozone %1 + v3) band, the formation and destruction of the
carbonyl band of HC(O)CI, and the growth of thec), vusr, andvco
bands.

TABLE 9: Infrared Bands/cm ~! Assigned to HCI, HBr, and
CO in Several Complexes, Detected after Photolysid (> 240
nm) of Ozone and Bromochloromethane in Argon Matrices

at 14 K

complex VHel VHer vco

HCI---CO 2828.5vw

OC:-+-HBr---HClI 2812.5w 2492.0w 2149.0w

2479.0w

OC:---HCl---HBr 2783.6s 2507.3s 2154.9s
HCI-+-CO-+-HBr 2500.6m 2156.7m
(COYHX 2142 5vw
Cco 2138.1w

Formyl Bromide. Formyl bromide bands behave almost
identically to the formyl chloride bands after photolysis for
varying periods of time (Figure 6), except for their weakness
under similar photolytic conditions. The weak and medium
bands detected at 1801.5 and 1753.0 mespectively, are
assigned to carbonyl stretches (Table 8, Figure 5). Weak band
at 1287.4, 1283.3, 1279.7, and 1272.6émre assigned to CH
bends. A very weak band at 867.4 cthis assigned to the out-
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HCI HBr co

0754

0.50

Absorbance

0.25-
b

O T N e =
2825 2775 2500 2480 2160 2140
Wavenumber / cm™

Figure 7. Infrared spectrum of an argon matrix containing BFCI
and ozone after (a) deposition and (b) quartz-filter&d>(240 nm)
photolysis for 160 h, showing bands in thge (2850-2750 cn1?),
vher (2510-2480 cnt?), andvco (2170-2140 cn?) regions attributed
to the various carbon monoxide complexes.

HBr and HCI. Bands attributable to HBr and HCI are
formed after UV irradiation (Table 9, Figure 7). The strong
and medium HBr bands at 2507.3 and 2500.6 mespectively,
and the weak bands at 2492.0 and 2479.0csuggest that
hydrogen bromide is present in a number of environments and
hence in different complexes (HBr isolated in argon absorbs at
2560 cnt1).2* Similarly the strong, weak, and very weak bands
at 2783.6, 2812.5, and 2828.5 tinrespectively, in theyc
region indicate that various HCI complexes are formed.

Carbon Monoxide. Like the HCI and HBr bands, bands
attributable to CO (Table 9 and Figure 7) are formed after UV
photolysis, and these increase in intensity after successive
irradiation cycles (Figure 6). The spectra of these CO com-
plexes gave rise to a strong band at 2154.9%camd weak bands
at 2149.0, 2142.5, and 2138.1 ¢ The last has been assigned
to isolated CO in an argon matriZthe others to (CQJHCI),-
(HBr), complexes. Warming of the matrix to 25 K appeared
to have no effect on any of these bands, indicating that the
complexes are formed in a thermally stable environment. This
result supports the assumption, made later, that the twe-OC
(HCI)(HBr) complexes are strongly hydrogen-bonded.

Discussion

The various bands reported above are grouped below ac-
cording to the chemical species to which they refer and their
photolytic and thermal behavior.

Precursor-:-Ozone Complex. These bands are detected after
codeposition of CRCIl and G; in argon matrices and resemble
the bands detected for the isolated precursors (Tables 1 and 2),
except for small perturbations which are most apparent for those
attributed to ozone. In the mixed isotopomer experiments, Six
sets of bands were assigned for each of the fundamental modes
(only four for the weakv; mode). These bands indicate that
ozone has retained its symmetry, i.e. is symmetric about the
central O atom, and therefore that any bonding must occur to

Shis atom. This spectral evidence, combined with the effective

photodissociation after near-infrared photolysis producing the
iodoso-species bands, confirms the assignment to modes of a

of-plane vibration, and the very weak bands at 685.2 and 681.8,y0ak 0zone-chloroiodomethane complex, which is believed

cm~1to C—Br stretches. A very weak overtone band at 1775.7
cm~! and combination bands at 1090.2 and 1067.0care
also detected.

Carbonyl Bromide Chloride. Bands attributable to carbonyl

bromide chloride (Table 8) behave, after photolysis, in a manner

similar to those of formyl chloride and formyl bromide referred
to above. A weak band at 1817.3 chis assigned to a carbonyl

stretch, while weak to medium-weak bands at 817.3, 809.1,

805.2, 800.0, and 797.5 crhare assigned to €Cl stretches;

to be very similar to those reported elsewh&re!® production

of bands due to iodoso-species occurs via a light-induced charge-
transfer mechanism, in which an oxygen atom is transferred
from ozone to the iodine atom of chloroiodomethane.

The bands detected directly after codeposition of the precur-
sors, CHBrCl and ozoné! are assigned (Table 7) to modes of
the precursors. Ultraviolet irradiation for tens of hours was
required before any product bands were detected; this behavior
differs markedly from that of ozone with the mono-iodinated

the number of such bands detected suggests that other specigsrecursors in which a complex with ozone is formed after

or distinct environments may also be present.

deposition, and products are detected aft&6—20 min of near-
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infrared photolysis. Thus the presence of an iodine atom in a
halocarbon dramatically changes the photochemistry of ozone.
lodoso-Species.These bands, formed after near-infraréd (
> 650 nm) irradiation of matrices containing @&l and G;,
and destroyed by Pyrex-filtered irradiation, are assigned to
perturbed G-H stretches and bends, a—CI stretch, C-I
stretches and, most diagnostically, arQ stretch. The species
accounting for these bands is iodosochloromethaneCCH
0. Several similar iodoso-species have been reported (€IIO,
CH3l0,2 CRl0,2 CoHslO,* and HIG®) to have this Z10
structure.

Hypoiodo-Species. The hypoiodo-species bands were formed,
after UV—vis (A > 350 nm) photolysis of CKCIl and Qs in

argon matrices, at the expense of the iodoso-species bands, thus

indicating a connection between the two. The bands detected
(Table 4) are assigned to«€© and G-I stretches. On this basis

J. Phys. Chem. A, Vol. 101, No. 11, 1992079

TABLE 10: Infrared Bands/cm ~ Assigned to the Formyl
Chloride Moiety in Several Complexes

complexX VCH Vc=0 OcH veal Occl Vo-o-p
HC(O)CP® 29335 1783.5 1307.0 738.6 458.0 932.3
««+Cl,8 1780.6
«e«Br2° 1779.7 1307.9
1768.1 1302.8
1298.5
«eeHl 2987.6 1778.3 1306.2 935.9
1769
1762.8
««HBr 1761.8 1315.8 766740.3 941.2
1756.6 1313.6
1302.8
««HCI” 2960.5 1756.7 753
1754.6
1751.3

@ The complexes are listed in order of increasing perturbation; that

hypoiodochloromethane, GBI—OI. Several other hypoiodo-
species (Z0I) have been detected previously, and this inter-
conversion between the iodoso- and hypoiodo-species has bee
studied using semiempirical calculations, MOPACsee the
Photochemical Interconversion section). Of prime interest here

Carbonyl bands were also detected that could be attributed
fo other formyl chloride complexes (Tables 5 and 8), in
particular those detected near 1748.9 émfter photolysis of
both CHCII/O3; and CHBrCI/Os. They can be attributed to

is the presence of hydrogen hypoiodide and to a lesser extentine carbonyl in a more highly perturbing environment, such as

chlorine hypoiodide, CIOI, which was not detected. Interest-
ingly, the lack of any strong HOI bands detected in this

with two hydracids, the second hydracid coming from a second
carbonyl complex, or with another complex in a neighboring

experiment matches the results reported for the reaction of ozoney atrix site.

with iodomethane in argon matriceand in the gas phadé,
lending extra weight to the interconversion between the iodoso-
and hypoiodo-species proposed below. Other wotkétasing

O, as the oxygen atom source have, however, reported the
formation of HOI in the reactions with iodomethane. This can
be accounted for by the shorter wavelength<{ 280 nm)
photolysis and increased photolysis times-£Lh) required to
produce O atoms in sufficient quantity from oxygen, which may
cause iodomethane to photodissociate into, @Hd HI; the
hydrogen iodide then reacts with oxygen atoms to produce
HOL.16 This method of producing HOI is the assumed route
by which the weakyoy bands (Figure 2) were formed in the
180; experiment.

Carbonyl Complexes. Bands attributable to several
carbonyt--Lewis acid complexes were detected after Pyrex- and
quartz-filtered irradiation of argon matrices containing either
CH,CII/O3 or CH;BrCl/Os. In all cases the carbonyl stretching
bands are the most diagnostic. The various carbehgwis
acid complexes are discussed below.

(i) HC(O)CI-+-HX (where X= Br or I). The most diagnostic
bands for these two complexes occur in the carbonyl stretching
region. Thevc—o bands for the HC(O)CGi-HI complex (Table
5 and Figure 3) were detected after photolysis of,CHand
ozone in argon matrices, while those for the HC(QG)EIBr
complex (Table 8 and Figure 5) were detected after photolysis
of CH,BrCl and G in argon. In the latter case detection of
bands assignable to HBr supports the formation of a HC(O)-
Cl---HBr complex, but in the former case no bands assignable
to HI were detected. This is not unusual given the low infrared
absorption of hydrogen iodide.

The wavenumbers of thec—o bands of these formyl
chloride--Lewis acid complexes can be compared (Table 10):
HC(O)Ck-+-HCI” (1756.7, 1754.6, and 1751.3 ch), ---HBr
(1761.8 and 1756.6 cd), and---HI (1778.3, 1769, and 1762.8
cm™1). The shift in wavenumber of the carbonyl band from its
value for the uncomplexed carbonyl (isolated HC(O)Cl in argon
absorbs at 1783.5 cri® increases with the Lewis acid strength;
thus the HC(O)Ck-HCI complex exhibits the most highly
perturbed carbonyl bands.

(i) HC(O)Br---HCI. Bands attributable to this species were
detected after photolysis of ozone and bromochloromethane and
were formed in much lower intensities than those attributed to
the formyl chloride complexes. Again the most diagnostic bands
(Table 8 and Figure 5) are those assigned to the carbonyl stretch,
in particular the medium band at 1753.0 thassigned to the
complex HC(O)Bf--HCI. For comparison, thec—o bands of
the complex HC(O)Br+-HBr occur at 1756.3 and 1754.9 cir

(iii) COBrCl. Bands attributable to this complex (Table 8)
were formed after photolysis of ozone and Bl and detected
at 1817.3 cm! and between 817.3 and 797.5 tincf. the
closely similar values found for bromide chloride, COBIClI, in
the gas phas#. The bands are significantly weaker than those
of either formyl chloride or formyl bromide. Assuming that
the carbonyl stretch of each of these three compounds has a
similar infrared absorption coefficient, then formyl chloride can
be assumed to be present in the greatest quantity. This result
parallels that obtained for the gas phase reaction of bromochlo-
romethane and ozor#é,in which >70% of the product was
formyl chloride.

We can also compare the range of products detected here
with those detected in the reactions of dichloro- and dibro-
momethanéwith ozone; in all cases the dissociation of HX
and the formation of formyl halide is the favored product.
However, with dibromomethane, methanal was reported as a
minor product, whereas in the current studies none was detected;
instead, using CHBrCI as a precursor, evidence for carbonyl
bromide chloride was obtained.

Carbon Monoxide Complexes. The following bands at-
tributed to several carbon monoxidé.ewis acid complexes
appeared to increase in intensity while those of the carbonyl
complexes discussed above decreased, providing support for a
mechanism in which the carbonylLewis acid complex was
photodissociated and formed the carbon monoxide complex.

(i) OC---HCI---HI. The bands for this groupdetected after
photolysis of matrices containing GEll and G;—are assigned
to stretches of CO and HCI (Table 6, Figure 4), suggesting that
a complex of the form (OGJHX)m is present. In previous
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studied?® it has been suggested that it is possible to distinguish 801

between the/yc bands in the complex O&H—Cla-+-H—CIP, 3 |

the HCI in thea position absorbing between 2791.3 and 2780.5 i 1

cm™1, and in theb position between 2811.2 and 2803.0¢m § 407

Thus in this experiment theyc band at 2787.5 cit can be § i

assigned to HCI in the position of the complex. Similarly <

the wavenumber of theco band of this carbon monoxide & °]

complex can be compared with that of other carbon monexide 5 1

hydrogen halide complexes, i.e. @€l (2152, 2147.5, and o
2137.5 cm1),24OC:++(HCI), (2156.7 and 2155.6 cm),” OC:+-- 20 40 6O 80 100
(HBr)2 (2153.1 cn?),” and OG--HCI (2151 cn11).24 The band C-1-O Angle / degree

detected at 2151.5 crhin this study seems to relate to CO Figure 8. Plot of energyversus C—1—O angle calculated using
perturbed by either HCI or HI. Although no HI bands were MOPAC." The plot shows the energy path between the two species
detected, examination of the mechanism and stoichiometry of 'O?T‘]J‘:t?]‘;fr‘]'grge_tgagﬁglge ;8?) 329;98%956) Cﬁggg:)ifﬁct’rl]%dgggil&n
the reaction suggests that thesg band_s can begt be attributed ¥ the 10 unit relative 1o the rest of the molecule.

the complex OG-HCI---HI. This assignment is supported

further by the detection, discussed below, of an-GECI---- SCHEME 1
HBr complex in which thevyc) andvco bands are even more . o
perturbed than for OG-HCI-++HlI, due to the greater hydrogen CHyCIl + 03 —ATMX - oy Cl—1---0"  mokcular conplex
bond strength of HBr relative to Hl. 16K %
(ii) OC-++HClI---HBr. Bands attributed to CO, HCI, and HBr
were detected after photolysis of matrices containing®g! ‘%’50 nm
and ozone and are attributed to either the complex-®{ClI---- H o

HBr or OC--HBr---HCI (Table 9 and Figure 7). As noted b HG  /

above, the positioneithera or b—of the HCI moiety in the [CHZ'CH"A"%] - c17_1 v
complex OG:+(HCl)a:+(HCI)" can be determined by its wave- fon parr iodosochloromethane
number. For the complex OE(HBr),,725 a similar behavior

has been noted, with HBr bands in thAgosition absorbing at /> 350 nm

~2484.8 cn! and in theb position at~2509.7 cm®. Thus

the strong bands detected at 2783.6 and 2507.3' ¢émthis CH,Cl—0— hypoiodochloromethane
study are attributed to HCI in the position and HBr in théo

position, respectively, of the complex ©@HCI---HBr. The l

band attributed to CO (2154.9 ci) in this complex has, as
would be expected, a wavenumber intermediate between that ];{"71

of the CO band in the complexe®C:-+(HCl); and OG-+(HBr); [ ]
at 2156 and 2153 cm, respectively. For comparison, the
wavenumbers of the HCI bands in ta@osition of the following

complexes can be noted, @@HCI---HC|"1423-26 (2781.1 l
cm™1),” OC:+-HCl+--HBr (2783.6 cm?), and OG--HCl-+-HlI H A _

(2787.5 cm); again the trend is observed that the wavenumber a0 formy] chloride..HI complex
of HCI in the a position is more perturbed from its value

when isolated in argon (2869 cr)!* when the stronger Lewis l ho

acid is in theb position; similarly, the band due to HBr in the

b position of OG--HCI++-HBr is 2.4 cnt?! lower than that in 0
OC:-+(HBr),, due to the greater perturbation by a central HCI ﬁ OC...HCL..HI complex
as compared to a central HBr. H

(iii) OC---HBr-+-HCI. A second group of weak bands at “crH—

2812.5, 2479.0, and 2149.0 chis attributed to HCI in théd ]
position, HBr in thea position, and CO, respectively, and hence €Omplex between ozone and chloroiodomethane after codepo-

to the complex OG-HBr-+-HCI. The relative wavenumbers Sition of chloroiodomethane and ozone in argon. Photolysis of

of the HCI and HBr bands are consistent with the discussion in the matrix with near-infrared radiatior (> 650 nm) causes

the previous section. the transfer of an oxygen atom from ozone to chloroiodomethane
(iv) Other Carbon Monoxide ComplexeShe remaining HCI, via a charge-transfer type intermediate to produce iodosochlo-

HBr, and CO bands are assigned (Tables 6 and 9) by analogy®™ethane, CkCI—1O. Visible (2 > 350 nm) photolysis causes
with previous result® Interestingly, the medium intensity HBr & COnversion of the iodoso-species into hypoiodochloromethane,

band at 2500.6 cr# would be expected to belong to either of CH,CI—-0I. On shorter wavelength irradiation, the hypoiodo-
the OG--HXa+-HXP complexes involving HCl and HBr in bands increase in intensity at the expense of iodoso-bands, thus

eithera or b positions; however the wavenumber is intermediate démonstrating a link between iodosochloromethane and hy-
between the two, and comparison of the relative intensities poiodochloromethane. The interconversion between the iodoso-

suggests that the bands arise from a third complex having a(XC—10) and hypoiodo-species (X€OI) has been the subject
different geometric arrangement, i.e. HBEO-+-HCI. of semiempirical calculations. Using MQPAC[he change in
the CG-1-0 angle between the two species was shown to range
from 99 for the iodoso-species to 2&r the hypoiodo-species,
revealing an energy barrier (Figure 8). This transition between
CH.CIl with O3 The first step in the photochemical the two can be viewed as a consequence of reduction of the
interconversion (see Scheme 1) is the formation of a weak C—I—0 angle until a new €0 bond is formed and then rupture

Photochemical Interconversion
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SCHEME 2 bands assignable to Bf&makes this mechanism seem unlikely.
CHBrCl . 0 Previously, an unidentified band at 817 chwas detected in
bromochloromethane the photochemical reaction of 0zone with CHCGind CHBg-
Cl,2° and this may be attributed to the radical CHCIHowever,

14K in Ar due to the low intensity, any reaction producing this band must
be minor. A final possibility is that an oxygen atom could add
directly to the carbon atom of GIBrCl to form a five-centered

A > 240 nm

-

intermediate, which could subsequently rearrange to form a
variety of products. This possibility has not been considered
" ’ al in any _great_detail due to the broad range of previous studies in
>c=o0,_ >c=0, >c=0, which insertion into the €X bond (X= H or halogen) seems
cl “H—Br Br H—Cl Br Hy to be the prevalent mechanism.
formyl chloride complex  formyl bromide complex  carbonyl bromide chloride Previousab initio calculations carried out for the reaction of
complex CH,Cl,/CH,Br,” with oxygen atoms predicted that the carbonyl
product HC(O)X--HX would be favored over the products
hv l hv COXz*+*Hz and COH---X,. This calculation fits our experi-
mental results in that the overwhelming product is HC(O)-
0=C-_ o=C-. o Cl---HBr, with low concentrations of HC(O)B+HCI and
CL\H*Br H=Br /H"C’O‘\H_CI COBrClF--H; being formed but no methanal. Interestingly, for
Br the reaction of dibromomethahand diiodometharfewith O
carbon monoxide complexes atoms, methanal is formed as an additional product, whereas in

the cases of CHl, and CHCII, formyl iodide was not detected
of the existing C-1 bond to form XC-Ol. This proposed  directly. Thus there is some measure of disagreement with
transformation from XCG10 to XC—Ol is corroborated by a  theoretical work. Further calculations, e.g. onBFCI, CHy-
calculated increase of the-@ bond length from 2.12 to 2.82  CIl and CHl,, might yield interesting results.
A and decrease of the-@0 bond length from 3.09 to 1.40 A. After long periods of photolysis another type of product is
An alternative mechanism involving radicals has been progosed formed, which has been attributed to carbon monoxide
for the conversion of CHO to CH;Ol, in which the former  hydracid complexes, formed after dissociation of the formyl
dissociates into the radicals @Hand IO, with subsequent  halide complexes. The detection of the carbon monoxide
rotation of 10 and recombination producing the hypoiodo- complexes confirms that the carbonyl complexes dissociate via
species, ChDI. At this stage no evidence is available to elimination of molecular CO and HX.
distinguish between the two.

Further Pyrex-filtered photolysis destroyed the bands at- Conclusions
tributed to the hypoiodo-species and produced the formyl
chloride complexes. Since the-© bond is already in place
in the hypoiodo-species, the mechanism to form the carbonyl
simply involves the rupture of the-@ bond and the formation
of a new H-1 bond to form the complex HC(O)&kHI. This
same photolysis wavelength and the subsequent shorter UV
irradiation led to the production of the carbon monoxide
complex OC--HCl---HlI.

CH2BrCl with O 3. Unlike the reaction between ozone and
CH.CII, which is wavelength-dependent, that between ozone
and CHBrCl is time-dependent (Figure 6 and Scheme 2). Thus
for photolysis times of 850 h, carbonyl complexes are formed,
but the latter decay to form the carbon monoxide complexes
on longer photolysis (56150 h). There was no evidence for
the formation of species having-Br—0O or C—O—Br bonds.
There are several possible reactions that could lead to the (1) Hawkins, M.; Andrews, L.; Downs, A. J.; Drury, D.d.Am. Chem.
observed products in this study, the most likely of which involve Socé? SIja%v?(?ngozAG-_ionSdzréws Linorg, Chem.1985 24, 3285-3290
the insertion of O atoms (from ozone or oxygen) into one of (3) Andrews, L.; Hawkins, M.; Withnall, Rlnorg. Chem.1985 24,
the C-H, C—CI! or C—_Br bonds. It woulq seem likely that an 4234;420?;2r.k R.J. H. Dann, J. RL Phys. Chemi996 100 532538
O atom would insert into the €Br bopd n pref_er_enc_e o the 8 Dann, J. R. Ph.D. Thésis,Ljniveyrs'ity College London, 1996.
C—Cl bond on bond energy grounds; but no distinction can be (5} schriver-Mazzuoli, L.; de Sakca.; Lugez, C.. Camy-Peyret, C.;
made between any of these possibilities, except that insertionschriver, A.J. Phys. Chem1995 102, 690-701.

into the C-H bond would produce HC(O)CI, HC(O)Br, and (7) Lugez, C.; Schriver, A.; Schriver-Mazzuoli, L.; Lasson, E.; Nielson,
C. J.J. Phys. Chem1993 97, 11617-11624.

The reactions of ozone with chloroiodomethane and bromo-
chloromethane have produced several novel carbonyl and carbon
monoxide complexes of the form HC(O)XHY and OG---
HY---HX. Chloroiodomethane also produced some iodoso- and
hypoiodo-species. Interestingly the final carbonyl and carbon
monoxide Lewis acid complexes produced were very similar,
despite initial differences in the reaction pathway (i.e. formation
of —10 bonds).
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