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The photochemically induced reactions of a dihalogen, XY, with CO isolated together in an Ar matrix at about
15 K lead to the formation of carbonyl dihalide molecules XC(Q)Y, where X and Y may be the same or different
halogen atoms, Cl, Br, or I. In addition to the known compounds OCCl,, OCBr,, and BrC(O)Cl, the carbonyl iodide
chloride, IC(O)CI, and carbonyl iodide bromide, IC(O)Br, compounds have thus been identified for the first time as
products of the reactions involving ICl and IBr, respectively. The first product to be formed in reactions with Cly,
BrCl, or ICl is the CICO radical, which reacts subsequently with a second halogen atom to give the corresponding
carbony! dihalide [OCCl,, BrC(O)Cl, or IC(O)CI]. The analogous reaction with Br, affords, in low yield, the unusually
weakly bound BrCO* radical, better described as a van der Waals complex, Bre---CO. The changes have been
followed and the products characterized experimentally by their infrared spectra, and the spectra have been analyzed
in light of the results afforded by ab initio (Hartree—Fock and Moeller—Plesset second-order) and density functional
theory calculations.

Introduction 8 are known and they are either partially or fully character-

o fth test chemical chall ists of th ized at the present time. The two missing members are
ne of the greatest chemical challenges consists 0 eIC(O)CI and IC(O)Br.

preparation and isolation of relatively small but hitherto
unknown molecules. Several strategies typically exist for this
purpose. On the other hand, it is commonly presumed that
the apparent nonexistence of a particular member of an
otherwise well-defined series reflects the failure of conven-
tional methods of synthesis to deliver that compound,
although the literature too often falls short of such reports.
This may well be the case with the carbonyl dihalide family
XC(O)Y that includes phosgenrté.In principle, there are 10
members of this family, but as depicted in Scheme 1, only

Some of these molecules have been investigated in the
context of the mechanisms of reactions leading to the
destruction of ozone. Thus, it is known that various halogen-
containing molecules can act as reservoirs of halogen atoms.
Chlorine and bromine atoms are the prime movers in forming
reactive radicals that enter into catalytic cycles for ozone
destruction in the stratosphere, but the roles of fluorine and
iodine atoms have also been investigated, and these have
the potential to act as secondary radical sources in the earth’s
atmospheré:8

Although seemingly unrelated, an earlier study of the
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Scheme 1. Members of the Carbonyl Dihalide Family. The Formulas
in Red Correspond to Previously Unknown Species
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CIC(O)SBr? has served to point the way to a means of
completing the carbonyl dihalide family. Broad-band YV
visible irradiation was then shown to lead not only to the
partial transformation of the more stable syn form into the
anti form of the molecule but also to the formation of its
isomer BrC(O)SCI, as well as the photoevolution fragments
BrCl, BrSClI, CO, and OCS. The mechanisms prop&$ed

the various processes imply active rather than passive roles
for the stable products CO and OCS. Hence, it has alreadyp
been shown, for example, that hitherto unknown compounds

such as BrC(O)SBr can be formed under matrix conditions
by the photoactivation of a dihalogen in the presence of
ocCs?o

Here, we report similar reactions involving a dihalogen
and CO isolated together in an Ar matrix at about 15 K and
show that broad-band UWisible photolysis results in the
formation of one or more carbonyl dihalides, XC(Q)Y, where
X and Y = CI, Br, or | and may be the same or different
atoms. Hence, carbonyl iodide chloride, IC(O)CI, and car-
bonyl iodide bromide, IC(O)Br, two of the missing members
of this well-known family of molecules, have finally been
produced (by the reactions of CO with ICI and IBr,
respectively). These and the known carbonyl dihalides
OCCL, OCB-K, and BrC(O)CI, formed in similar reactions

Romano et al.

either X or Y = Cl is the familiar radical CIC& which
subsequently takes up a second halogen atom to form the
appropriate carbonyl dihalide XC(O)CI (3¢ ClI, Br, or ).

By contrast, the photoinduced reaction with, Bives rise,
initially, to the radical BrCQ which has hitherto eluded
detection; unlike its chloro counterpart, but in keeping with
the results of earlier sophisticated quantum chemical calcula-
tions* this is most aptly formulated as a weakly bound van
der Waals complex, engaging CO to & Btom.

Experimental Section

Commercial samples of ICl and IBr (Aldrich) were purified by
repeated trap-to-trap condensation in vacuo, mainly to remove the
I, impurity, the presence of which hampered photochemical studies
by its inherently high absorption cross section throughout much of
the visible and UV regions. g€and Bg (Aldrich) were used without
further purification. BrCl was produced by mixing equimolar
amounts of Gland Bg, leading to an equilibrium mixture of BrCl,
Cl,, and Be.1> CO and Ar gases (BOC, research grade) were used
without further purification.

Gas mixtures of the dihalogen or interhalogen molecules (XY),
CO, and Ar, typically with the composition XY/CO/A+ 1:1:200,
were prepared by standard manometric methods. Each such mixture
was deposited on a Csl window cooled to ca. 15 K by a Displex
losed-cycle refrigerator (Air Products, model CS202), using the
ulsed deposition techniqd@!” Alternatively, a modified assembly
was used in some experiments with IBr to overcome its low vapor
pressure at ambient temperatures. In this case, the CO/Ar mixture
was passed throtiga U trap containing IBr cooled te45 °C before
deposition on the Csl window, continuous depositidieing carried
out at the rate of ca.-12 mmol h2.

The IR spectrum of each matrix sample was recorded at a
resolution of 0.5 cmt, with 256 scans and a wavenumber accuracy
of £0.1 cnt?, using a Nicolet Magna-IR 560 FTIR instrument
equipped with either an MCTB or a DTGS detector (for the ranges
4000-400 cnt! and 600-250 cn1?, respectively). Following
deposition and IR analysis of the resulting matrix, the sample was
exposed to broad-band UWisible radiation (200< 4 < 800 nm)
issuing from a Spectral Energy Hge arc lamp operating at
800 W. The output from the lamp was limited by a water filter to
absorb infrared radiation and to minimize any heating effects. The
IR spectrum of the matrix was then recorded at different times of
irradiation to closely scrutinize any decay of the absorptions due

involving the relevant halogen atoms, have been character-o the reactants and the growth of absorptions due to the respective

ized experimentally by their infrared (IR) spectra and
theoretically by the results of ab initio [Hartre€ock (HF)
and Moeller-Plesset second-order (MP2)] and density
functional theory (DFT) calculations. As reported re-
cently**? trapping XY and CO together in an Ar matrix
results, prior to photolysis, only in the formation of a weakly
bound adduct, XY--CO. The first product of photolysis when
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(9) Romano, R. M.; Della V@ova, C. O.; Downs, A. J.; Greene, T. M.
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5305.
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products.

All of the quantum chemical calculations were performed using
the Gaussian 98 program sysfémunder the Linda parallel
execution environment using two coupled PCs. Different ab initio
and DFT methods were tried, in combination with a 6-&* basis
set for C, O, and Cl atoms and a LANL2DZ basis'&étcluding
an effective core potential (ECP) for Br and | atoms. The ECP
chosen is that proposed by Hay and W&diyhich incorporates
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4—7 and references therein.
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Isolation of IC(O)Cl and IC(O)Br

Table 1. Wavenumbers and Assignments of the IR Absorptions 047 occCl,
Appearing after Broad-band UWisible Photolysis of an Ar Matrix ]
Containing a Mixture of CO and €kt ca. 15 K occl,
0.34
Ar matrix assignment ‘
wavenumbers reported

v[em™]  molecule  vibrational mode previously o 021

1877.1 cice »(CO) 1876.F b cico

1845.2 ocd V2 +vs +ve 1840.6% o \ occel,

1840.8 1834.71 °

1839.1 1829.51 a

1834.9 < 0.0 t=2hs

1829.8

1818.3 ocCd »(CO) (v1) 1815.58 1

1817.1 1814.78 i~ TN t=0

1815.6 1814.26

1814.2 1813.56 — T

1810.0 1810.12 1900 1800 900 800 700 600

1657.8 ocd 2vs 1652.00 Wavenumbers / cm’

1656.1 1650.98 Figure 1. Fourier transform infrared spectra of an Ar matrix containing

1654.4 1650.56 Cly and CO (CY/CO/Ar = 1:1:200) (bottom) following deposition and (top)

iggig after 2 h of broad-band UV-visible photolysis.

1010.3 ocd vy + vg 1010.08 ) . ) .

1004.2 1004.02 ICI and IBr, we carried out similar experiments with CO,
997.2 997.9g Cly, and Bg or an equilibrium CJBr, mixture (including
2‘3‘8'2 oca va{CCh) (v5) %?’377'320 BrCl as well as Gl and Bg), which revealed the formation
838.4 836.38 of known products. Accordingly, we consider first the results
gg;g gggég of these experiments.

' 835 2% (i) Cl2 + CO. A mixture of Ch, CO, and Ar, typically in
810.0 OCC} v3+ ve 809.87 the proportions 0.5:1:200, formed a solid matrix at ca.
28579-(1) ggg-gi 15 K, which displayed only IR absorptions attributable to

: : 21
5822 occ Soop (v4) 581.2P free CO (at 2138.2 cm)?! and the weakly bound van der
581.2 580.88 Waals complex O€-Cl, (at 2140.7 and 545.0/537.6 ci'+1?

580.56 i iti iai 2
in addition to weak features arising from traces oo+
570.3 OoCcl v§(CCl) (v2) 568.29 d 23 " 9 @
569.3 564.75 and CQ =° impurities.
565.7 561.12 The subsequent irradiation of the matrix with broad-band
aReference 12° Reference 24. UV —visible light (200 < 4 < 800 nm) led, however, to

the mass velocity and Darwin relativistic effects. Representative drastic changes in the IR spectrum. Table 1 lists the

levels of approximation are cited throughout this paper. Geometry Wwavenumbers of all of the new absorptions observed to

optimizations were sought using standard gradient techniques bydevelop under these conditions, together with literature data
the simultaneous relaxation of all of the geometrical parameters. for both OCC} 24 and the CICOradical® similarly isolated

The calculated vibrational properties corresponded, in all cases, toin Ar matrixes. Four of these bands, centered near 1815, 838,

potential energy minima for which no imaginary vibrational 582, and 568 cmt, are recognizable as the fundamentals
frequency was found. The wavenumbers of vibrational fundamentaIsV1 vs, va, andv,, respectively, and four others, near 1838

calculated by HF methods were scaled by a factor of 0.9 to take 1654, 1004, and 809 crh are recognizable as combinations
account of their known overestimation of experimental (anharmonic) or overtones of the OCglmolecul&® formed in what

data. . - . .
ata appeared to be a relatively efficient matrix reaction. All of
Results and Discussion them showed significant structures due, in part, to isotopic

To assist with the interpretation of the results of matrix splitting (from *CI/*'Cl) and, in part, to matrix site effects.

experiments involving CO and the interhalogen molecules 1 he first to appear, however, and plainly arising from a

different product, was a band at 1877.1dpwhich, on the

(18) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, basis of evidence of its wavenumber, must arise from the
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; ; _
Stratmann, R. E.. Burant. J. C.. Dapprich, S.: Millam, J. M. Daniels. chl_orpformy_l rad|ca_1l cica Tr_le other IR features charac
A. D.; Kudin, K. N.: Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, teristic of this speciéd were either masked by features due
V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.;  to OCC} (at 570 cn') or were too weak to be detected
Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Baboul, A. G.; Stefanov, (21) Dubost, HChem. Phys1976 12, 139-151.
B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.; Gomperts, (22) (a) Ayers, G. P.; Pullin, A. D. ESpectrochim. Acta, Part A976

R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. 32A 1629-1639. (b) Fredin, L.; Nelander, B.; RibbadaG.J. Chem.
Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Phys 1977, 66, 4065-4072.
Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, (23) (a) Fredin, L.; Nelander, B.; Ribbegard, &.Mol. Spectroscl1974
M.; Replogle, E. S.; Pople, J. &aussian 98revision A.7; Gaussian, 53, 410-416. (b) Guasti, R.; Schettino, V.; Brigot, kLhem. Phys
Inc.: Pittsburgh, PA, 1998. 1978 34, 391-398.
(19) Wadt, W. R.; Hay, P. JI. Chem. Physl985 82, 284—298. (24) Mincu, 1.; Allouche, A.; Cossu, M.; Aycard, J.-P.; Pourcin, J.
(20) Hay, P. J.; Wadt, W. Rl. Chem. Physl1985 82, 270-283. Spectrochim. Acta, Part A995 51A 349-362.
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OCBr, Table 2. Wavenumbers and Assignments of the IR Absorptions
Appearing after Broad-band Photolysis of a an Ar Matrix Containing a
OCBr, Mixture of CO and Bs at ca. 15 K
0.0404
BICO \ Ar matrix assignment
[0}
o I wavenumbers reported
p v [cm™Y molecule  vibrational mode previously
0.0381
E 2045.7 BrCO ¥(CO) 2082
@ 1816.6 OCBj »(CO) () 1816.00
2 1814.3
0.036 734.0 OCBE Vas(CBrz) (V4) 734.4
a Calculated at the MP2 level of theory with aug-cc-pVDZ basis sets.
2060 2040 1840 1820 1800" 740 720 700 Reference 14° For OCBg isolated in an Ar matrix. Reference 25).

Wavenumbers / cm’ BrC(0O)Cl

Figure 2. Fourier transform infrared spectrum of an Ar matrix containing \
Brz and CO (Bp/CO/Ar = 1:1:200) afte 2 h of broad-band UV-visible 04 occl
N 2

photolysis. | BrC(O)ClI

Scheme 2. Proposed Mechanism for the Formation of Ogidl an

Ar Matrix Doped with CO and Gl occl,

° Cl
hv C hv
a—cl + (=0 — / \ + C° — \c=o
matrix Cl o matrix cl /

(near 330 cm?Y). All of the new bands continued to grow, ‘AJ/\\‘ t=60 min
albeit at a rate that gradually tailed off, as a function of

irradiation time. Figure 1 shows two different regions of the 0.04 t= 15 min
IR spectra of such a matrix, one immediately after deposition — T T T~ t=0
and the other after broad-band BVisible irradiation for — T
2 h 00 1850 1800 900 850 800 750

. . Wavenumbers / cm’

T,he |qten3|t|es of the, b,ands, due to Og@hd_ CICO Figure 3. Fourier transform infrared spectra of an Ar matrix containing
varied with the photolysis time in a way suggesting that the grci, Br,, Cl,, and CO (initial proportions BICI/CO/Ar = 2:2:1:200)
radical is an intermediate stage in the formation of OCCI following deposition and after 15 and 60 min of broad-band-t¥isible
as represented in Scheme 2. By contrast, the spectra showeff'losis
nothing to suggest that the ®ECI, van der Waals complex  yjelds, we may reasonably suppose that the other bands are
plays a specific part in promoting the reaction, in that the tgo weak to be detected.
relative intensities of the bands due to free CO and the The weak, sharp band at 2045.7 drmust originate in a
complex remained more or less constant during the experi-different species, and an analogy with the/CD experi-
ments. The results imply, therefore, that the reactions dependnents suggests the bromoformy! radical BrC®hich, to
on the photodissociation of £and the subsequent addition  the best of our knowledge, has not been observed previously.
of the resulting Clatoms to either CO or CICQwith little In that case, BrCOwould be quite unlike CICE) with a
contribution from the concerted addition of,Gb CO. »(CO) wavenumber only 93 cm lower than that of free

(i) Brp + CO. Similar studies were carried out with CO [compared with CICOfor which v(CO) is 262 cm?
matrixes formed by mixtures of BrCO, and Ar, typically  lower than that in the parent molecule]. This suggests, in
in the proportions 1:1:200. The IR spectrum of the matrix turn, only a weak interaction between the Br atom and the
immediately after deposition was dominated by two absorp- CO, which is, indeed, comparable with that in a mono-
tions, one at 2138.2 cm due to free C@ and the other at  carbonyl derivative of a noble transition metal [e.g., PdCO,
2144.1 cm? due, in keeping with an earlier repdtt!2 to PtCO, and AuCO, for which(CO) = 204526 205227 and
the OG:-Br; van der Waals complex. 20398 cm, respectively]. Hence, the product would appear

The exposure of such a matrix to broad-band-tiNsible to be more aptly described not as a bromoformyl radical but
light produced only slight changes in the IR spectrum. as a van der Waals complex in which the* Bitom is
Nevertheless, as illustrated in Figure 2, three new absorptionspartnered by CO, or even as bromine carbonyl. This
were observed to develop, all with very low intensities. These unexpected finding agrees well with the results of earlier
were located at 2045.7, 1816.6/1814.3, and 734.0'¢see high-level ab initio calculation¥, which concluded that the
Table 2). The second and third absorptions can be identifiedlowest energy form of the BrC®adical can be qualitatively
with thev(CO) andv,{CBr,) fundamentals of OCBywhich, described in just such a way, with a quasilinear structure, a
on the basis of evidence of an earlier regdsre responsible  Br::-C bond no shorter than 3.09 A (cf. 1.86 A for CI§0
for the two most intense IR bands of this molecule isolated
in an Ar matrix. With the product being formed in such low (26) Eé’ggng’ J.H.; Ogden, J. 3. Chem. Soc., Dalton Tran973 1079-

(27) Kindig, E. P.; McIntosh, D.; Moskovits, M.; Ozin, G. A. Am. Chem.
(25) Hauswirth, W.; Willner, HSpectrochim. Acta, Part 2979 35A 271~ Soc 1973 95, 7234-7241.
274. (28) Mclntosh, D.; Ozin, G. Alnorg. Chem 1977, 16, 51—59.

o2 CICO |
1

Absorbance

Q
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Isolation of IC(O)Cl and IC(O)Br

Table 3. Wavenumbers and Assignments of the IR Absorptions IC(O)CI
Appearing after Broad-Band UWVisible Photolysis of an Ar Matrix 04— l
Containing a Mixture of CO, BrCl, @) and B at ca. 15 K ’ IC(O)CI
Ar matrix assignment ocel, / occl,
wavenumbers reported o | l
v[ecm™ molecule vibrational mode previously °
1877.1  CICO vC=0 1876.7 S 024CICO
1840.9  OCCl V2 +vs +g 1840.6% = |
1834.9 1834.71 @
1829.8 1829.51 < t = 240 min
1817.1  OCd vC=0 (v1) 1815.58
1816.2 1814.78 t = 30 min
1814.3 1814.28 0o
1809.0 1813.56 ‘ t=0
1810.12 : : . /4 : : . :
1805.9 BrC(O)C| vC=0 1828 1900 1800 900 800 700
1802.7 Wavenumbers / cm®
1796.2 - ; : : o
Figure 4. Fourier transform infrared spectra of an Ar matrix containing
1653.2 ocd 2vs 1652'05;3 ICl and CO (ICI/CO/Ar= 1:1:200) following deposition and after 30 and
1652.5 116655005 6 240 min of broad-band U¥visible photolysis.
10100  OC + 1010.08 .
d e 1004.02 (iiiy BrCl + Cl, + Br, + CO. Gaseous mixtures of €l
997.9? and Be give rise to an equilibrium between these two
gggg ggﬂg::iz molecules and the interhalogen Bri€lthe components of
848.5 ' which cannot be separated. When a gaseous mixture,pf Cl
840.3  OCCG vaCClp (v5) 837.36 Br,, CO, and Ar, typically in the initial proportions 2:2:1:
gg?g gggég 200, was deposited at ca. 15 K, the IR spectrum of the
’ 836.02 resulting matrix showed not only the absorption at 2138.2
835.37 cm ! characteristic of free CO but also three further
6159 complex? 835.23 absorptions in this region centered at 2148.3, 2144.3, and
804.8 ' 2140.8 cmt. As reported earliet:*?these can be ascribed
796.4  BrC(O)Cl »CCl 806 to the loosely bound 1:1 adducts @@rCl, OC:--Br,, and
794.1 OC---Cl,, respectively. Bands associated with free and
792.6 y
7437  OCBs VaCBI, (v2) 734.4 complexed BrQI were also observed near 430 tth
734.4 Figure 3 depicts parts of the IR spectra recorded for the
5822 ocd 000p () ggé-gg matrix before and after broad-band BVisible photolysis,
580.56 whereas Table 3 summarizes the details of the absorptions
568.5  OCCl vsCClz (v2) 568.29 associated with the various photoproducts. To the four guest
ggﬂg species (BrCl, G| Br,, and CO) initially present in one form
546.6 Brc(O)Cl doop 547 or another were added, by photolysis, several different
546.0 products. This gave rise to a relatively complex pattern of
545.1 ; ; ;
o BrC(0)Cl . 517 IR abso_rptlons, reflgctlng bo_th the overlapping of f_eatures
510.0 due to different species [e.g., in th€CO) andv(CCI) regions
aReference 13? Reference 24¢ Gaseous molecule. References 2 and of the spectrum] and significant broademryg of the ||"1d|V|dua|
29, d Reference 25. features caused by the occupation of different sites made
o more numerous by the profusion of species now present in
and a binding energy on the order of only 1 kcal molrhe the matrix. The most prominent bands could be attributed,

calculatedr(CO) wavenumber is 2082 cth with shifts of o the pasis of the outcome of experiments involving ClI

—62 and +165 cnt! relative to free CO and CICO  gnq the results of earlier studies, to the species Gfedd
respectively, at the same level of theory. There is, thus, OCCk?* and to the mixed carbony! dihalide BrC(O)CI, the
satisfactory agreement with the corresponding experimental;p spectrum of which has been reported previotfsinly
values of 2045.7;-93, and+169 cm™. ~__ for the gaseous molecule. In light of the experiments with
The inefficiency of the photochemical reactions, in this Br,, it came as no surprise that ‘BFCO could not be
case, made it impossible to meaningf_ully investigate either detected, while the appearance of a weak band near 740 cm
the decay of the reactants or the buildup of the products. gave the only clear sign that small amounts of OOBere
There is no reason, however, to suppose that the reactions;|qq produced. The more intensgCO) band of this
with Br, differ significantly from those with Gl The marked molecule, expected at about 1816 €mwas inevitably
difference in yields must then reflect the reduced mobility ,pscured by the corresponding feature of OQEentered
of Br compared to Clatoms in an Ar matrix, so that the - pear 1815 o). Weak bands at 890, 859.5/848.5, and 815.9/

photodissociation of Bris largely hindered by the low  gna g et that also developed upon photolysis could not
probability of escape of a Batom from the matrix site of

its formation. (29) Overend, J.; Evans, J. Trans. Faraday Sac1959 55, 18171825.
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Table 4. Wavenumbers and Assignments of the IR Absorptions Scheme 3. Proposed Mechanism for the Formation of IC(O)Cl and
Appearing after Broad-Band UWisible Photolysis of an Ar Matrix OCCL from the Matrix Photochemical Reaction of lodine Monochloride
Containing a Mixture of CO and ICI at ca. 15 K and Carbon Monoxide
' I
Ar matri assignment h C h
X 9 [—Cl+C=0 —» 7\ Pl — Nc=o0
wavenumbers reported matrx | [o) matrix Cl/
v[ecm™ molecule  vibrational mode previously
1877.2 cico »(CO) 1876.7 + I1—al
1840.7 ocdl Vo +vs +vg 1840.62
1834.7 1834.71 hv )
1829.1 1829.51 matrix
1815.4 ocdl »(CO) () 1815.58
1813.9 1814.78 Cl
1810.7 1814.26 c—o0 1+ 1
1808.9 1813.56 =0 + I—=I
1810.12 Cl
1801.5 IC(O)Cl  ¥(CO) o _
1799.2 Table 5. Geometric Parameters Calculated with Different Theoretical
1796.7 Approximations for Carbonyl lodide Chloride, IC(O¥CI
10103 ocd v2+ ve igéggg geometric parameter HF B3LYP MP2
997.97 r (C=0) 1.1575 1.1810 1.1985
840.3 occ vadCCl) (vs) 837.36 r (C—Cl) 1.7445 1.7727 1.7502
839.3 837.20 r(C-1) 2.1446 2.1740 2.1456
837.5 836.38 < Cl-C=0 122.9 123.2 122.7
836.6 836.22 <|-C=0 122.7 123.3 123.2
835.37 <|-C-ClI 114.4 1135 1141
835.2% . .
809.1 occy vs+ vg 809.87 aCalculations used a 6-3iG* basis set for C, O, and Cl and a
807.2 808.841 LANL2DZ pseudopotential for |. Distances)(@re measured in angstroms,
807.8% and angles €) are measured in degrees.
754.2 Ic(o)cl  vccal
;gi}l bands characteristic of OC£1and the CICOradical® were
750.1 clearly in evidence. In the absence of @l the initial deposit,
581 OCC} Soop (Va) 581.2% the intermediacy of Clatoms is plainly indicated by the
ggg-gg evolution of these products. New bands belonging, on the
569 0CCh v{(CCh) (v2) 568.20 basis of evidence of a common growth pattern, to a single
564.7% product were also observed near 1799, 752, 503, and 486
, 561.12 cm 1. The wavenumbers and signs #CI/3’Cl isotopic
504 Ic(O)Cl Ooop - . :
502 splitting suggest a molecule incorporating a—C—O
486 IC(O)Cl vCl fragment, and the obvious conclusion is that it is the hitherto
aReference 13° Reference 24. unknown carbonyl iodide chloride, IC(O)CI. The presence

of the CICO radical, together with the formation of both
be ascribed to any specific product or products but probably IC(O)Cl and OCCJ, suggests that the reaction may occur
reflect complexation on the part of at least one of the main following the two-channel mechanism represented in
products_ Scheme 3.

(iv) IClI + CO. Experiments with a gaseous mixture of The expected properties of this molecule have been
ICI and CO in different proportions with an excess of Ar simulated by ab initio (HF and MP2) and DFT calculations.
gave matrixes that initially displayed IR bands in t{€0) Table 5 lists the geometric parameters evaluated in this way,
region at 2157.0/2154.0, 2145.6/2144.2, 2138.2, 2136.5, andand Table 6 lists the corresponding wavenumbers and IR
2128.4 cm!. As described previoushf, these can be intensities of the six vibrational fundamentals. With a planar
attributed to the species QOCICI, OC---Cll, free CO, skeleton conforming t€s symmetry and a relatively narrow
CC---Cll, and CQO--ICl, respectively. Additional bands near 1-C—Cl angle near 11% the predicted structure holds no
370 cm?t due to freé® or complexeéf ICI could also be  surprises. Moreover, the IR spectrum is expected to contain
observed. The fact that there was no hint of the adduct four bands in the region 4601900 cnT?, with wavenumbers
OC:---Cl, appeared to rule out the presence of @ a and relative intensities in good agreement with those of the
significant impurity. four features belonging to the new photoproduct. The two

Irradiation with broad-band U¥visible light led to fundamentals expected to occur at lower wavenumbers
significant changes in the spectrum, as illustrated for two escaped detection presumably either (i) because of a low
regions in Figure 4. Table 4 lists the wavenumbers of the intensity in IR absorption combined with a reduced sensitivity
absorptions seen to develop in these conditions as well asof detection at this end of the spectrum (e.g., near 310tm
the proposed assignments. As in the experiments with Cl or (ii) because of falling below the threshold to detection in

the present experiments (e.g., near 200 9m
(30) (a) Wight, C. A.; Ault, B. S.; Andrews, LJ. Mol. Spectrosc1975

56, 239-250. (b) Hawkins, M.; Andrews, L.: Downs, A. J.; Drury, .S.eparate stuglles of the_ reactions induced by .the—UV
D. J.J. Am. Chem. S0od 984 106, 3076-3082. visible photolysis of OCS in the presence of ICl in an Ar
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Isolation of IC(O)Cl and IC(O)Br

Table 6. Vibrational Wavenumbers (in cm) and IR Relative Intensities (in

Parentheses) Calculated for Carbonyl lodide Chloride, 1€(O)CI

vibrational mode HFE B3LYP MP2 Ar matrix assignment

2 1853.1 (90) 1879.9 (76) 1797.7 (62) 1801.5 (80) v(CO)
1799.2 (80)
1796.7 (80)

Vo 778.3 (100) 746.7 (100) 800.9 (100) 754.2 (100) vCIC
753.1 (100)
751.4 (100)
750.1 (100)

V3 509.4 (1) 508.3¢1) 522.9 1) 504 (<1) 0600p(CO)
502 (<1)

va 489.7 (2) 484.8 (2) 507.2 (2) 486:() v Cl

vs 313.6 (<1) 308.7 (1) 324.2¢1) 4(CICO)

Vg 200.1 (<1) 203.6 1) 217.3 1) O(ICCl)

a Calculated for the optimum geometries specified in TableScaled by a

matrix have revealééithe formation of a number of products,
including IC(O)CI, identifiable by their IR spectra. A primary
reaction, in this case, involves the UV photodissociation of
OCS into CO and S aton?$3? there is then a competition

between the halogen atoms generated by the dissociation ok

ICl and the S atoms to add to the CO, resulting in either the
formation of species such as OGQIC(O)CI, and CICOor
the regeneration OCS.

(v) IBr + CO. Similar experiments were carried out to
isolate IBr and CO together in an Ar matrix, typically in the
proportions IBr/CO/Ar= 1:2:400. The most prominent
features in the IR spectrum of the initial deposit were
confined to they(CO) region. They included, in addition to
the absorption of free CO, two pairs of bands, a stronger
one at 2154.1/2150.8 crh and a weaker one at 2145.5/
2143.2 cnt that can be ascribétito the adducts OG-IBr
and OC:--Brl, respectively. The subsequent irradiation of
such a matrix with broad-band UWiisible light produced
only minor changes in the spectrum, interpreted elsewhere
in terms of the formation of the less stable molecular pairs
CO--+IBr and CQ--Brl; the only other products were formed
in amounts so small that positive identification was hindered.

To increase the concentration of IBr in the matrix, a
CO/Ar mixture was passed over IBr-atl5 °C, and a matrix
was formed by the continuous deposition of the resulting
gas mixture. This had the desired effect of intensifying all
of the IR bands reflecting the presence of IBr in the initial
deposit. The exposure of the matrix to BVisible light then

factor of 0.9.
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Figure 5. Fourier transform infrared spectra of an Ar matrix containing

IBr and CO following deposition and aft@ h of broad-band UV-visible
photolysis.

Table 7. Wavenumbers and Assignments of the IR Absorptions
Appearing after Broad-band UWisible Photolysis of an Ar Matrix
Containing CO and IBr at ca. 15 K

Ar matrix assignment
wavenumbers reported
v[em™ molecule  vibrational mode previously
1814 OCBs v(CO) 1816.06
1806 IC(O)Br v(CO)
OCBp v2+vs 778.6
735 OCBp vadCBIR) 734.4
658 IC(O)Br v CBr

a2 Reference 25.

caused new bands to appear at 1814, 1806, 779, 735, and

658 cn1?, which were still weak but reproducible (see Figure
5 and Table 7). An examination of how the bands grow as
a function of irradiation time indicated two distinct products.
One, associated with the 1814, 779, and 735 ci@atures,

is readily identified on the basis of the results of our
experiments with Br and those of earlier studi®@swith
OCB-L. The second product, responsible for the shoulder at
1806 cm! and the weak band correlating with it at 658 ¢m

is then most likely to be the mixed carbonyl dihalide
IC(O)Br. None of the experiments gave any sign of the ban
at 2045.7 cm* associated with the Br-CO radical, but with

d

(31) Toba, Y.; Romano, R.; Della \dova, C. O.; Downs, A. J.
Unpublished results.

(32) (a) Hawkins, M.; Downs, A. Jl. Phys. Chenil984 88, 1527-1533;
3042-3047. (b) Hawkins, M.; Almond, M. J.; Downs, A. J. Phys.
Chem 1985 89, 3326-3334.

Table 8. Geometric Parameters Calculated with Different Theoretical
Approximations for Carbonyl lodide Bromide, IC(O)Br

geometric parameter HF B3LYP MP2
r (C=0) 1.1543 1.1782 1.1946
r (C—Br) 1.9265 1.9540 1.9819
r(C-1) 2.1519 2.1795 2.1484
< Br—-C=0 122.2 122.6 122.0
<|-C=0 122.9 1234 1234
<|-C—Br 114.9 114.0 114.6

a Calculations used a 6-31G* basis set for C and O and a LANL2DZ
pseudopotential for Br and |. Distance$ ére measured in A, and angles
(<) are measured in degrees.
such low concentrations of the photoproducts, we attach no
particular significance to this apparent omission.

The dimensions and vibrational properties of IC(O)Br have
been calculated, again by ab initio and DFT methods, with
the results set out in Tables 8 and 9. The most intense IR
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Table 9. Vibrational Wavenumbers (in cm) and IR Relative Intensities (in Parentheses) Calculated for Carbonyl lodide Bromide, I€(O)Br

vibrational mode Hp B3LYP MP2 Ar matrix assignment
2 1861.5 (90) 1889.9 (80) 1812.1 (79) 1806 (85) v(CO)
V2 708.8 (100) 685.0 (100) 710.4 (100) 658 (100) vBIC
V3 477.0 (1) 476.3€1) 486.3 (1) 000(CO)
V4 376.4 (1) 374.8 (1) 371.3(3) v Cl
Vs 307.2 (<1) 300.0 (1) 314.6 (1) o(Brco)
ve 143.4 (<1) 145.4 1) 152.0 K1) &(ICBr)

a Calculated for the optimum geometries specified in Tableé Scaled by a factor of 0.9.

absorptions are predicted to occur near 1850 and 708,cm  counterpart, BrCQin experiments with Br In keeping with

in generally satisfactory agreement with the two bands a previous theoretical forecads$tBrCO is noteworthy for a

observed for the second photoproduct. On the basis ofBr---C bond because it is more closely related to a van der

evidence of their calculated wavenumbers and intensities,Waals complex, “bromine carbonyl” rather than “bromo-

there was significantly less chance of locating any of the formyl” being perhaps the more appropriate homenclature

other fundamentals under the conditions prevailing in our for it.

experiments. Both OCBiand IC(O)Br are formed, presum- To generate, in higher yields, molecules such as

ably, by the addition to CO of the halogen atoms created by BrC(O)Cl, IC(O)Cl, IC(O)Br, and even Oglthe most

the photodissociation of IBr, the inefficiency of the reactions promising approach would appear to be to trap out CO with

testifying to the immobilizing effect of the matrix cages on the appropriate halogen atoms (formed externally to the

the Br and t atoms, with the regeneration of IBr being the matrix, either thermally or in a discharge) in a solid noble

predominant sequel to dissociation. gas matrix. Hence, IR measurements might be expected to

afford a fuller characterization of these compounds and,

perhaps, also adduce evidence of iodine carboryldO.
Photoinduced reactions between CO and a dihalogenExperiments along these lines are currently under way in

molecule, C}, Br, ICI, or IBr, occurring in an Ar matrix at ~ our laboratories.

ca. 15 K have been shown to give rise to one or more

carbonyl dihalide molecules, XC(O)Y, where X ‘and a British Councit-Fundacim Antorchas award and a Deut-

Y = CI, Br, or I. Hence, the mixed dihalides IC(O)CI and . .
IC(O)Br have been prepared and characterized at Ieastscher Akademischer Austausch Dienst (DAAD) grant for

partially by their IR spectra, with findings endorsed by the Brltlsh;Arlgengng [‘;"r\'/d Gzrrga'\nf;?emmek c\:]ooperaélolrll,
results of quantum chemical calculations. Once formed, the roesfpec(j: I;/he y'C T .N. an | d. I. ) t'an . esuamac; €ge
phosgene molecules are quite stable. As shown in Figures 4 xtord, the Lonsejo Naciona de Investigaciones

and 5, they are formed efficiently afte h broad-band UV y Tec_nica_s (CONI,CET) (PIP 469_5)’. the Comisiod_e
visible photolysis. Investigaciones Ciefficas de la Provincia de Buenos Aires

The initial formation of van der Waals complexes of the (CIC)’ and the Facultad d_e Ciencias Exactas, Univ_ersidad
type OG--XY1L12 does not appear to have any specific Nacional de La Platrft,_ for financial support. R.M.R. is _also
influence on the photochemistry of the systems. The photo- grateful to the FundatioAntorchas and to the Royal Society

dissociation of the dihalogen is evidently the essential meansszgem'sft% f%r a dgranthforérllatgggtl?nal authors. :In a(.jdmor? '
of initiation, with the addition of the halogen atoms to CO " h. IS 1n fe te_ ot f qy Ac_>rr supkport ladowmg t'ti
then being restricted in varying degrees by matrix cage purchase of equipment, an A.1. acknowledges, wi

effects, and potentially also by the photolability of the tLharF‘ffsi a [,)tﬁ’?r? %W:/;%tg carny out her Ph'?'cﬁhes.'st in
products. The intermediacy of halogen atoms is evidenced a riata wi e €glonal Frogram o emistry

by the identification of the familiar CICOradical® in  [of Argentina, which generously sponsors Latin-American

experiments with chlorine-containing dihalogen molecules, Ph.D. students.
as well as what is probably a first sighting of its bromo 1C0484046

Conclusions
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