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Weakly bound 1:1 complexes formed between CO and a dihalogen molecuke B¥, BrCl, ICI, or IBr

have been investigated by matrix-isolation experiments and density functional theory (DFT) calculations.
Two families of these linear complexes exist according to whether the C or the O atom of the CO binds to
the dihalogen, and with a heteronuclear dihalogen XY, this binding may occur to either of the dihalogen
atoms, giving four possible isomeric forms. In addition to t{€0) modes of the various complexes, IR
measurements have identifieKY) modes for the complexes of the type ©€XY. The structures, vibrational
properties, and binding energetics of the complexes are analyzed in light of related studies.

Introduction of the results of these experiments shows that photolysis is
o preceded by the formation of other, distinct species recognizable

nonmetal atoms respond to photolysis has attracted much®S being loosely bound 1:1 adducts of CO and the dihalogen

attention over the years. In the past decade, for example, theand which are the focus of the present accoun.t.
La Plata group has been particularly preoccupied with carbonyl ~ van der Waals complexes such as these are important for the

sulfenyl derivatives of the type XC(O)SY, where the substituents level of detail that is accessible through experimental and
X and Y may be halogen or hydrogen atoms, &Hr theoretical studies of their structural and dynamic propefties.

C(O)CHs.1~* When isolated in a solid inert matrix at temper- Van der Waals complexes incorporating a CO molecule present
atures near 10 K, these species have a relatively rich photo-& Particular dichotomy through the possibility of forming two
chemistry involving conformational and isomeric changes as distinct isomeric structures according to whether the interaction
well as decomposition with the elimination of CO or OCS (eq €ngages the carbon or the oxygen atom. The existence of these

1). The studies have had as their targets not only the identifica-two forms has been established on the evidence of both
experimental and theoretical results. An extensively studied

How compounds containing a carbonyl function linking tw

s example is the complex between CO and HF. Both forms
X Ny @ have been detected and characterized by their IR spectra as
>c—s\ S — o) products of the photodissociation of matrix-isolated formyl
0 Y ocs + xv o fluoride, HC(O)F® the consensus of experimefitahd ab initid>
enquiries being that OGHF is slightly more stable than

tion and characterization of a variety of novel molecules so CO-+-HF. .
produced, including, for example, sulfur(ll) halides, but also a Complexes of the dihalogens and CO are not new. Structures

full mechanistic interpretation of the photochemical events. @Nd Spectroscopic properties have been determined from the
Recognition that the photoisomerization of CIC(O)SBr to Br- Microwave or high-resolution rovibrational spectra of five such

C(0)SCI hinges on the photoreversibility of reaction 1b has thus COMplexes in the gas phase, namely €CO'%47FCl--CO,!®
led to the first successful synthesis of BrC(O)SBr by broad- Brz'*CO® CIBr---CO2° and Clk--CO2* All are linear and
band UV-visible photolysis of Bf and OCS isolated together featu_re |nteract|qn between the carbor_1 atom of_ the CO and the
in an Ar matrix® The photoelimination of CO (eq 1a) also being heavier halogen in thg event_that the dihalogen is heter(_)nuclear.
photoreversible, we have been prompted to investigate the The strength of the interaction, as measured by the intermo-
reaction induced by photolysis of CO in the presence of various l€cular stretching force constant, varies in the order €Br,
simple molecules, again under matrix conditions. The reaction = BrCl = CIF < ICl, while the quadrupole coupling constants
with dihalogen molecules XY (where X and Y may be the same of the halogen atoms imply transfgr of up to 0.05e of electronic
or different halogen atoms) has been shown to yield the charge from the bound to the terminal halogen atbfor more
corresponding carbonyl halides, resulting in the first sighting Weakly bound isomers involving, say, coordination through the
of the mixed halides &CICI and G=CIBr.6 Detailed analysis ~ ©Xygen atom of CO, however, matrix isolation affords one of
the few practical methods of detection and interrogatfon.
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Here we describe the results of experiments in which CO TABLE 1. Calculated Geometric Parameters for the
has been isolated together with various dihalogens XY, where Different Complexes between CO and Gl BrCl, ICI, and

XY = Cl,, BrCl, ICI, or IBr, in solid Ar matrixes at~15 K.

The IR spectra signal the formation of dihalogen complexes molecular

which have been identified and characterized by thé@O)
and, in some cases, by the{fXY) absorptions. The analysis is
supported by?>-3™Cl and 79-81Br isotopic shifts and also by the
results of density functional theory (DFT) calculations. Hence,

we seek to shed more light on the precursors to insertion co--

reactions involving CO and XY molecules; at the same time,

the data add significantly to the information base needed for a 9¢*

detailed mapping of the matrix photochemistry of carbonyl
derivatives such as XC(O)S¥# Similar studies of van der

Waals complexes in which a dihalogen XY is engaged to either OC:-

OCS or C3 are also in progress.

Experimental and Theoretical Methods

BrCl was produced by mixing equimolar amounts of &hd
Br, (both ex Aldrich), leading to an equilibrium mixture of BrCl,
Cl,, and Bk.2> Commercial samples of ¢and Bp and also of
ICl and IBr (again ex Aldrich) were purified by repeated trap-

complex rCO  ArCO® XY AIXYP  {[(CO)-++(XY)]
OC+-Cl, 1.1360 —1.2x 10~ 2.0535 +8.0 x 1073 3.0501
CO--Cl, 1.1377 +5x 104 2.0464 +9 x 107 3.2720
C--CIBr 1.1365 —7 x 104 2.1821 —2.5x 1073 3.0340
OC-BrCl 1.1350 —2.2x 103 2.1965 +1.19x 102  2.8872
ClBr 1.1365 —7 x 104  2.1821 —2.5x 1073 3.0340
CO-+BrCl 1.1382 —1.0x 1073 2.1839 —7 x 107 3.0118
.Cll 1.1369 —3 x 104 2.4336 +3.4x 1073 3.2666
OC+ICl  1.1343 —2.9x 1073 24522 +2.20x 102 2.9175
CO--Cll  1.1374 +2 x 104 2.4289 —1.3x 1073 3.4490
CO-ICl 1.1385 =3 x 104 2.4310 48 x 107 3.3647
Brl 1.1362 —1.0x 103 2.5601 45.7 x 103 3.1672
OC+IBr 1.1349 —2.3x 1073 2.5652 +1.08x 102  3.0661
CO-Brl 11377 +5x 104 2.5538 —6 x 107 3.3153
CO-IBr 1.1383 —1.1x 103 2.5539 —5 x 10~ 3.4438

aArCo = r'C()':omplex — COee bArXY = rXyY complex — XY free.
¢ Experimental intermolecular distanee3.011 A2

due to the basis set superposition, and the term GEOM takes
into account the geometry differences between free CO and XY

to-trap condensation in vacuo. CO and Ar gases (BOC, researchmonomers and each of the subunits as they occur in the complex

grade) were used without further purification.

dimer. These terms can be calculated through e¢s: 3

Gas mixtures were prepared by standard manometric methods.

Each such mixture was deposited on a Csl window cooled to

~15 K by a Displex closed-cycle refrigerator (Air Products,
model CS202) using the pulsed deposition techni§déThe

IR spectrum of each matrix sample was recorded at a resolution

of 0.5 cnT! and with 256 scans using a Nicolet Magna-IR 560
FTIR instrument equipped with either an MCTB or a DTGS
detector (for the ranges 406@00 cnt! or 600-250 cn1?,
respectively). Following deposition and IR analysis of the
resulting matrix, the sample was exposed to broad-band UV
visible radiation (200< 4 < 800 nm) from a Spectral Energy
Hg—Xe arc lamp operating at 800 W. The output from the lamp
was limited by a water filter to absorb infrared radiation and so
minimize any heating effects. The IR spectrum of the matrix
was then recorded at different times of irradiation.

Density functional theory (DFT) calculations were performed
using the Gaussian 98 program pacKdgender the Linda
parallel execution environment using two coupled personal
computers. The B3LYP method was employed, with a 6-G1
basis set for all the atoms except for iodine, to which a
LANL2DZ basis set® including an effective core potential

(ECP) was applied. The ECP chosen is that proposed by Hay

and Wadt® which incorporates the mass velocity and Darwin
relativistic effects. The LANL2DZ basis set corresponds to an
effective core potenti& plus a double: basis for iodine atoms.
For each CO/XY system involving a heteronuclear dihalogen,
the four possible complexes X¥CO, XY-:-OC, YX---CO, and
YX---OC were investigated. Prior to the full geometry optimiza-

tion of each system, a scan of the interatomic distance between

the two subunits was performed. After that, and using the

minimum of the potential energy curve as the starting value, a

geometry optimization with simultaneous relaxation of all the

geometric parameters was followed by a vibrational frequency
calculation to ascertain that the optimized structure correspondeds.

to a genuine minimum.

The binding energies were calculated using the correction

proposed by Nagy et &k and expressed by eq 2:
AE(corr)= AE — BSSE+ GEOM )

where AE(corr) and AE are the corrected and uncorrected

AE = E(AB) — E™A) — E™B) ©)

BSSEyq_gm = E“YA) — E*A) + E*{B) — E*"(B) (4)

GEOMygm-mm = E*™A) — E™MA) + E*"(B) — E™"(B)
©)

where the superscripts andd refer to the monomers and dimer,
respectively. The first superscript refers to the geometry of the
species, and the second one refers to the basis set used to
calculate the energy at a geometry defined by the first
superscript. The terms BSSE have been calculated by applying
the counterpoise procedure developed by Boys and Beffardi.

Results and Discussion

(i) Theoretical Calculations. (a) Equilibrium Geometries.
In keeping with the results of earlier calculaticiishe only
1:1 complexes to be investigated in detail were those with
collinear CO and XY fragments. Our calculations thus confirmed
that Ch forms two possible complexes, each corresponding to
a potential energy minimum, viz. GECIl, and CG--Cl,. With
BrCl, ICI, or IBr, however, four possible complexes can be
identified, namely the linear species ©&Y, CO---XY, OC-
--YX, and CO--YX, each also corresponding to a true minimum
in the potential energy surface with no imaginary vibrational
frequencies. The calculated geometric parameters for the
optimized structures are given in Table 1. Where comparison
can be made, there is satisfactory agreement with the results of
the earlier (ab initio) calculations and also with the dimensions
determined experimentallf.17-20-21For example, the calculated
(re) 1+--C distance of 2.92 A for OC:ICI compares with the
xperimentally determined oney) of 3.011(1) A2! The I---O
istance in C®-ICl is calculated to be 3.36 A, whereas the
Cl---C and Ct--O distances in O€-Cll and CO--Cll are 3.27
and 3.45 A, respectively. The-{C distance in OG-:IBr is
predicted to be 3.07 A, that is, 0.15 A longer than that in
OC:--ICl.

(b) Vibrational PropertiesThe IR spectrum anticipated for
each of the complexes is dominated by #{€0) andv(XY)

binding energies, respectively, BSSE corresponds to the errormodes. All the other fundamentals are characterized by wave-
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TABLE 2: Calculated Wavenumbers (in cm™?) for the amount of charge transferred)(depends on the complex (see
Different Complexes between CO and Gl BrCl, ICI, and Table 3), being greatest for the ®@Cl and OG-IBr
IBr complexes, for which it reaches values ©0.06 and 0.0¢,
molecular complex »(CO)  Av(COF  »(XY)  Aw(XY)® respectively. Experimental estimates based on the nuclear
0C-++Cl, 22139 +115 498.7 —15.0 guadrupole coupling constants of the halogen atoms give a value
CO-++Cl, 21988 —3.6 5128 —0.9 of 0.025(2 for OC-+-ICI.2* The largest contribution to the
OC---CIBr 22106 +8.2 4294 -29 stabilization energy arises from the interaction of the lone pair
88::3[5' gigéé "%89'7 gg-g 4_-243;1 of the C (for the OG-XY complexes) or O atom (for the
Co,,,BrC: 51939 -85 4335 412 CO---XY_compIexes) with the u_nfilleob antibond_ing orbital
ocC:--Cll 2206.5 +4.1 3342 —4.1 of the dihalogen molecule. This energy lowering could be
OC:--+ICl 22253  +22.9 3209 -174 expressed by the following second-order equations:
CCo---Cll 2202.0 —-0.4 3395 +12
CO-++ICl 2193.2 —-9.2 336.3 —2.0 M ||g|0* K
OC:++Brl 22136  +11.2 2440 —4.3 AE. .(OCHXY) = —2 cl™ 1%y ©)
OC-++IBr 2221.3  +18.9 239.7 -8.6 no .~ €n
CO-++Brl 2199.6 —2.8 249.0 +0.7 xv c
CO-1Br 21953 -7.1 2477 —06 .
oI F %y B
2 Av(CO) = 1(CO)komplex — ¥(COMree ® AV(XY) = 1(XY) complex — AE,.(CO-++XY) = —2—=—2— @)
V(XY)free- 60§<Y - €no
numbers well below the low-energy threshold (250~ €)rof in which F is the Fock operator ands are the orbital energies.

the present IR measurements and, in any case, by low intensitiesThe calculated values for the energy lowering due to this
For a given unsymmetrical dihalogen XY, the different com- interaction, also included in Table 3, reach a maximum in
plexes may be distinguished, it appears, on the basis of theirgc...|C|, with a stabilization of 13.79 kcal mot.
v(CO) andv(XY) wavenumbers (see Table 2). Thus, O&Y (i) Experimental Findings. (a) CL/CO/Ar Mixtures.The
shows a blue shift in(CO) and a red shift im(XY) compared  structural and spectroscopic properties of the weakly bonded
with free CO and XY, respectively. On the other hand, complexes formed between CO and, @lolecules have been
CO---XY shows not a blue but a red shift i(CO) and @  the subject of previous experimental and theoretical stud-
reduced red shift inv(XY). Reversing a heteronuclear XY  jgg16.17.2324The complex O&-Cl, is linear with a Ci--C
molecule so that coordination occurs to the less polarizable gistance of 3.134 &! Only they(CO) spectral region has been
halogen atom rather than the more polarizable one producesinyestigated previously, revealing a 6.28 ¢rblue shift relative
the same general pattern but with much smaller shifi§@0O) to the case of the free CO molecule. These findings are
andv(XY), suggesting that it may well be difficult in practice  supported by ab initio studied,which find minima for two
to identify the complex in the presence of free XY and free |inear structures, C&-Cl, and OG-+Cl,, with the latter being
CO. slightly more stable than the former; in addition, high-energy
(c) Binding EnergiesThe binding energies\E, calculated minima are found for two nonlinear structures, one T-shaped
for the different complexes on the basis of eq 3 are presentedand the other with an essentially parallel array of the two
in Table 3, which also lists the two terms that contribute to the molecules. A more recent stu#hhas involved matrix isolation
corrected energy, viz. BSSE (eq 4) and GEOM (eq 5). The of the OG--Cl, complex following codeposition of Ar or N
complexes having the highest binding energies are, as mightsamples doped with €and CO at concentrations varying from
be expected, OCICl and OG-+IBr with stabilization energies  1/500 to 1/200 for Gl and from 1/10000 to 1/1000 for CO.
with respect to the corresponding isolated monomers of 2.55 The CO--Cl, complex was subsequently recognized after
and 1.64 kcal mol', respectively. irradiation of the matrix. Both complexes were identified only
(d) NBO AnalysisNatural bond Orbital (NBO) analysis is by theirv(CO) modes in the IR spectrum; no absorption due to
now accepted as a very useful guide to the bonding propertiesthe perturbed Glmolecule was observed.
of van der Waals complexes as interpreted in terms of “denor In the present study, a mixture of 0.5 Torr of,C1 Torr of
acceptor” interaction® NBO analysis of all the dihalogen CO, and 200 Torr of Ar was deposited on the cooled Csl
complexes of CO for which calculations have been performed window. The strongest feature of the IR spectrum, measured
predicts charge transfer from the CO to the dihalogen. The immediately after deposition, was observed at 2138.2%¢m

TABLE 3: Calculated Uncorrected and Corrected Binding EnergiesAE, BSSE and GEOM Corrections, Net Chargeq
Transferred, and Orbital Stabilization for the Different Complexes between CO and C}, BrCl, ICI, and IBr

molecular complex AE (kcakmol™)  AE(corr) (kcatmol™?)  BSSE (kcaimol™Y) GEOM (kcatmol™?) q(e AEn~ (kcakmol™?)

OC:+-Cl, +1.04 +0.77 +0.29 —0.02 0.0194 —2.66
CO-+-Cl, +0.28 +0.16 +0.12 —6x 10* 0.0015 —0.16
OC:---CIBr +3.44 +0.35 +3.09 —4x 1078 0.0185 —2.11
OC:+-BrCl +4.44 +1.81 +2.64 —0.01 0.0431 —6.42
CO---ClBr +2.43 —0.06 +2.50 —7x 1078 0.0024 —0.47
CO-+-BrCl +2.56 +0.25 +2.31 —4x 1073 0.0045 —0.92
OC:--ClI —0.81 +0.09 —0.90 —-2x 1073 0.0116 —1.18
OC:-+IClI +1.51 +2.55 —0.96 —0.08 0.0630 —13.79
CCo--Cll —1.13 —0.07 —1.06 —4x 10 0.0004 —0.10
CO--+ICI —0.68 +0.52 —1.20 —-3x10°3 0.0032 —0.98
OC:+Brl +0.12 +0.56 —0.43 —-3x10°3 0.0013 —0.36
OC:-IBr +0.82 +1.64 —0.80 +0.02 0.0442 —8.74
CO-++Brl —0.63 +0.05 —0.68 —7x10* 0.0013 —0.36

CO--IBr —0.73 +0.38 —-1.11 —-2x 1078 0.0022 —0.74
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Figure 1. FTIR spectrum in the(CO) spectr_al region for an Ar matrix formed by codeposition of a gaseous mixture of, @O, and Ar
formed by codeposition of a gaseous mixture of, @O, and Ar (0.5:1:200)
(0.5:1:200). e
TABLE 4: Comparison of the Experimental and Calculated
corresponding to the(CO) mode of the free, uncomplexed CO  Wavenumbers (in cnt?) for the OC-+-Cl, Complex

molecule3* As shown in Figure 1, however, there was an experimental

additional band at 2140.7 crhobserved only when glwas (Ar matrix) B3LYP/6-3HG*
present. This was shifted by2.5 cnm* with respect to the case mode vem?d Av(em?d v(em?) Av(cm?
of frge CO, in close agreement Wlth.tHIQ.l CITTl shift reporyed /(CO) 21407 425 (2.1 22139 +115
previously for the complex OG:Cl; isolated in an Ar matri% (Cly) CI—3Cl-+-CO 5450 —41 4987 —-150
but considerably smaller than the shift $6.29 cn! deter- W(Cl,) 3CI-37Cl-+-CO 4920 —148
mined for the gaseous compl&xThe relative intensities of the  ,(Cl,) 37C|_35C|...Co} 537.6 —4.2 4918 —150

two bands were in accordance with the proportions of the two v(Cly) 3’CI—37Cl-+-CO 530.3 —4.0 485.0 —14.7
components in the mixture. This experiment, performed under
conditions different from those in the previous stdélprovides
validation of the present methods of forming and interrogating 06 ~
the complex O&+Cl.. ' pd
In addition to the bands assigned to free and perturbed CO
depicted in Figure 1, a weak triplet could also be discerned at OC--BrCl
545.0, 537.6, and 530.3 crh (with relative intensities ap- \
proximating to 9:6:1), as shown in Figure 2. This set of bands
is most plausibly assigned to the perturbedi@blecule in the
OC:--Cl, complex. The corresponding values for free, Cl
isolated in a solid Ar matrix, determined by laser-induced
fluorescence and Raman spectrosc&pgye reported to be
549.1, 541.8, and 534.3 crhfor 35Cly, 35CIS"Cl, and 3"Cl,,
respectively. The/(CICl) mode, inactive in the free molecule,
becomes weakly active in IR absorption in the complex, where
the symmetry is reduced t8.,, and appears to suffer a red
shift of 4.1 cnT™. In none of the previous studies has this feature
been reported. Included in Table 4 for comparison are the results 0.0
of the DFT (B3LYP/6-3%G*) calculations, which anticipate , : , : . . . .
faithfully the sense, if not the exact magnitude, of #H{€0O) 2160 2150 2140 2130 2120
and v(CICl) shifts induced by complexation. As noted previ- Wavenumbers [cm']
ously?* such Sh!fts change markedly with the SWIFCh from the Figure 3. FTIR spectrum in the(CO) spectral region for an Ar matrix
gas to the matrix phase and also from one matrix to another, {5rmed by codeposition of a gaseous mixture initially made of Cl
reflecting presumably the susceptibility of the weakly bound gy, co, and Ar (2:2:1:200).
complex to constraint and polarization under the action of the
matrix cage. of our experiments involving codeposition of a mixture initially
(b) ClL/Br,/CO/Ar Mixtures.A mixture of gaseous chlorine  made up with G, Br,, CO, and Ar in the proportions
and bromine gives rise to an equilibrium between these two 2:2:1:200 are completely consistent with those reported eétlier.
species and the interhalogen BFEIThe complexes formed  Figure 3 illustrates the IR spectrum of the matrix in #H{E€O)
between the components of this equilibrated mixture and CO region. Absorption maxima at 2148.3, 2144.3, and 2140.8'cm
in an Ar matrix have been described previouglyhe results can be assigned to the species -OBrCl, OC---Br,, and

a2 Reference 19.
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Cl,, Bry, CO, and Ar (2:2:1:200). . . . .
» =2 ( ) Figure 5. FTIR spectra in the(CO) spectral region for an Ar matrix

TABLE 5: Comparison of the Experimental and Calculated formed by codeposition of a gaseous mixture of ICI, CO, and Ar
Wavenumbers (in cntl) for the OC-+-BrCl Complex (0.5:1:200): (A) before photolysis; (B) after 15 min of photolysis; (C)
- after 1 h of photolysis with broad-band UWvisible light (200< 4 <
experimental 800 nm).
(Ar matrix) B3LYP/6-3HG*
mode viem?l) Av(em?l) wv(em?) Av(cml) CcO
»(CO) 21483 +10.2 49.5) 2221.1 +18.7 ocC-1c l
»(BrCl) CI-"Br---CO  428.4 —8.0 4182 -14.1

v(BrCl) CI-®1Br---CO 427.0 -7.8 416.7 —14.0

a Reference 24.

OC:---Cl,, respectively, in close conformity with the earlier
values of 2147.9, 2143.9, and 2140.6 @mThe remaining
complex in which the CO interacts through the carbon atom,
that is, OG--CIBr, is reported to absorb at 2138.0 chbut
this was obscured in our case by the band due to free CO at
2138.2 cmt.34
The OC--BrCI complex can also be identified by a red shift
in the absorptions associated with t@rCl) mode, as shown
in Figure 4. Bands at 436.3 and 434.8crhave been reportéd
for the specie<®BrCl and ®BrCl as formed by photolysis of
CIC(O)SBr isolated in an Ar matrix. Attempts to record the IR
spectrum of BrCl isolated in an inert gas matrix have resulted
in rather complicated spectra that may be interpreted in terms
of different molecular aggregates of the molecules BrC}, Cl 2170 2160 2150 2140 2130 2120
and Bp.® Comparison with our earlier studfesuggests that
the weak absorptions observed at 436.4 and 4348 amthe
spectrum of a matrix that also included CO should be assignedFigure 6. FTIR spectra in the(CO) spectral region for an Ar matrix
to the uncomplexed BrCl molecules. The much stronger doublet Efl’”lnggo?y (%ds‘;zfgigﬂo?;?sga?g?ﬁ g:iggJ:Ei r?foflcr:)lﬁoct:él))}sﬁsnd(c'?r
appearing at 428.4 and 427.0 chwhich is not present in the 11200 e pt : > min ;
spectrum of a matrix otherwise similar but containing no CO, ggg r?n?)ofphotolyss with broad-band Uwvisible light (200= 4 =
is attributable to the isotopomers ®€°BrCl and OG:-8BrCl, '
respectively. As can be seen in Figure 4, isotopic splitting of of the IR spectrum of the matrix immediately after deposition.
the »(BrCl) mode associated with ti&/37Cl isotopes overlaps  Figure 5A shows the IR spectrum of such a matrix with ICI,
with the modes due to different molecular aggregates of the CO, and Ar in the proportions 0.5:1:200, while Figure 6A shows
molecules BrCl, CGl, and Bp. The comparison between the the corresponding spectrum for a 1:1:200 mixture.
experimental and DFT wavenumbers is presented in Table 5. Taking into account the ambidentate character of the CO and
(c) ICI/CO/Ar Mixtures.Different gaseous mixtures of ICI,  ICl molecules, we envisage four possible complexes that may
CO, and Ar were codeposited on the cooled Csl window, and be formed in these experiments, namely -QOICI, OC---ClI,
the matrix was subsequently irradiated with broad-band-UV  CO---ICl, and CO--ClIl. The most intense absorptions in both
visible light (200 < 1 < 800 nm). In addition to the band experiments are those occurring at 2157.0/2154.0 ¢hat we
corresponding to free CO, new features appeared at 2157.0,assign to thev(CO) fundamental of the OCICI complex
2154.0, 2145.6, 2144.2, and 2128.4¢nn the v(CO) region occupying two different matrix sites, partly on the basis of the

Absorbance

Wavenumbers [em’]
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TABLE 6: Comparison of the Experimental and Calculated oC--T*Cl

Wavenumbers (in cnt?) for the Different Possible ’°cl

Complexes Formed between CO and ICI \ ol
experimental (Ar matrix)  B3LYP/6-3tG 034 /

oc-17Cl

complex mode v(cm?) Av(cm?l) v(cm) Av(cm?)
2157.0 {—|—18.8

OC:+-ICl v(CO) { 22253  +22.9

2154.0 +15.8
(1%5Cl) 369.6 —6.4 3209 —17.4
w(I7Cl) 361.7 -6.4 3139 -17.1 2 02l
2145.6 +7.4 =
0C-+Cll ¥(CO) {2144'2 {+6.0 22065  +4.1 s
»(135CI) 334.2 -4.1 °
w(137Cl) 3271 -39 2
CO-+ICl ¥(CO) 2128.4 -9.8 21932 -9.2 <
p(13Cl) 3363  —2.0 0.14
v(17Cl) 3291  —1.9

CO-+-Cll »(CO) 2136.5 -1.7 22020 0.4
v(135Cl) 3395 +1.2
»(I¥7CI) 332.2 +1.2 A

predicted spectrum (see Table 2) and partly in light of the 001 T T T

relative stabilities predicted by the DFT calculations (see Table 400 380 360 340

3). With respect to the case of free CO, a blue shift-d8.8/ Wavenumbers [cm’ ]

15.8 cn* is thus indicated for this complex. Figure 7. FTIR spectra in the/(ICl) spectral region for an Ar matrix

The features at 2145.6/2144.2 thnblue-shifted by 7.4/6.0  formed by codeposition of a gaseous mixture of (A) ICI and Ar
cm~* with respect to the case of free CO, grow as the proportion (1:200) and (B) ICI, CO, and Ar (1:1:200).
of the dihalogen molecule in the mixture increases. There is
also a slight intensification of these bands on exposure of the
matrix to broad-band U¥visible radiation. Drawing on the
predictions of the DFT calculations, we attribute these absorp-
tions to the O -Cll complex, also occupying two different
matrix sites.

The band at 2128.4 cm, with a 9.8 cm! red shift with
respect to the case of free CO, first grows and then decays as
a function of irradiation time. Accordingly, it may be assigned
to a complex in which CO coordinates through the O atom,
namely CQO--ICl. A shoulder on the absorption due to free CO
appearing at 2136.5 crhis then the obvious candidate for the
v(CO) fundamental of the fourth complex G&CII. Table 6
compiles the experimental and calculated wavenumbers of the
four different linear complexes formed between CO and ICI.

The absorption corresponding to th@CIl) mode near 370
cm~1 also showed a shift on complexation. Figure 7A illustrates
the IR spectrum of an Ar matrix doped with ICI. The doublet
appearing at 376.0/368.0 cihcorresponds to the isotopomers
135CI and PB’Cl, respectively, in agreement with the results of
earlier experiment¥ When ICI was mixed with CO in an Ar
matrix, a new IR band appeared at 369.6 ¢nthat is, 6.4 cm? Wavenumbers [cm’]
red-shifted with respect to(1%Cl) of free ICI (see Figure 7B).  Figure 8. FTIR spectra of an Ar matrix formed by codeposition of a
This band is most plausibly assignedCl) of the OG--ICI gaseous mixture of IBr, CO, and Ar (0.5:1:200): (A) before photolysis;
complex, since it tracked the most intense feature in{&O) (B) after 15 min of photolysis; (C) aftel h of photolysis with broad-
region, viz. the doublet at 2157.0/2154.0 Tnassociated with band UV-visible light (200=< 4 < 800 nm).
what is undoubtedly the main product. All of the other )
complexes were formed in substantially lower concentrations _ | € most prominent of the new features to be observed when
and are expected to featuréiCl) fundamentals at wavenumbers ~ |Br was present were those at 2154.1 and 2150.8'cmhich
much closer to those of free ICI (see Table 6), making them May be associated with the molecular complex -@Br
that much more difficult to detect. occupying two different matrix sites. This is the most stable of

(d) IBr/CO/Ar Mixtures. Figure 8A illustrates thev(CO) the four possible linear complexes according to our theoretical
region of the IR spectrum of a matrix formed by codeposition Predictions (see Table 3), showing a substantial blue shift with
of a gaseous mixture of 0.5 Torr of IBr, 1 Torr of CO, and 200 respect to the case of free C@15.9/12.6 cm?). A much
Torr of Ar. The matrix was subsequently irradiated with broad- weaker pair of bands at 2145.5/2143.2 ¢rblue-shifted by
band U\~visible light, first for 15 min and then for 1 h. The ~ +7.3/5.0 cm, belongs presumably to the second carbon-bound
corresponding spectra are shown as traces 8B and 8C, respedgsomer OC--Brl, whereas two other weak bands at 2129.7 and
tively. No useful absorption could be associated with the 2136.5 cm?, which were observed to develop on photolysis,
v(IBr) mode of either free IBr or any complex with CO; this originate in CO-+IBr and CO--Brl, respectively. As indicated
would be expected to occur near 270 dinclose to the low- in Table 7, these results are wholly consistent with the properties
energy cutoff of the present measurements. predicted by the DFT calculations.

OC-IBr CO

Absorbance

T T T T 1
2160 2150 2140 2130 2120
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TABLE 7: Comparison of the Experimental and Calculated
Wavenumbers (in cnm?) for the ¥(CO) Mode of the Different
Possible Complexes Formed between CO and IBr

B3LYP/6-3tG*

experimental (Ar matrix)

complex v (cm™) Av (cm™) v(em?)  Av(cm?)
2154.1 +15.9

OC:-IBr {2150.8 {-1—12.6 2221.3 +18.9
21455 +7.3

OC:--+Brl {2143.2 {+5.0 2213.2 +10.8

CO---IBr 2129.7 —8.5 2195.3 -7.1

CO:--Brl 2136.5 -1.7 2199.6 —-2.8

Conclusions

DFT calculations confirm the existence of two families of
weakly bound, linear dihalogerCO complexes with interac-
tions occurring to either the carbon or the oxygen atom of the
CO. Matrix-isolation experiments validate the expectations of
the calculations in revealing the formation of no less than four
such isomers when the dihalogen is ICI or IBr, viz. ©CX,
OC::-Xl, CO---IX, and CO--XI (X = Cl or Br). The complexes
have been characterized experimentally byt{@0) bands in
their IR spectra, and thgXY) modes of some O€-XY species
(XY = Cly, BrCl, or ICI) have also been recorded, thereby
enabling the perturbation of the acidic component to be assesse

Romano and Downs

IBr, or BrCl so that its dipole is opposed to that of its CO partner
results in aggregates of marginal stability and minicha{CO)
values.

The present studies have afforded the first experimental
measurements of th€XY) wavenumbers for some complexes
of the type OC--XY. Hence, the predictedkd shift of this mode
induced by complexation has been confirmed, with(XY)
values (in cm?) of —4.1 cnr?! for OC:+-Cl,, —6.4 cnt? for
OC:--ICl, and =7.9 cnr! for OC:+-BrCl. Only in the case of
Cl, is there a significant body of information regarding its
vibrational wavenumber in complexes with different bases.
The data revealAv(Cly) values ranging from—7 cm?! for
H,CO-+-Cl, to —85 cn1?! for C;Mey ++Cl,.38 CO is a weaker
base than any other previously studied in this context, with a
proton affinity of 593 kJ mol?, cf. 718 kJ mot? for H,CO3°
The measuredv(Cly) of —4.1 cn for OC-+-Cl; is therefore
consistent with the pattern of earlier results. It need not come
as a surprise, however, to find that the correlation between
Av(Cly) and proton affinity is not particularly close, since
Coulombic terms make a relatively minor contribution to the
binding of Cb complexes.
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