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Weakly bound 1:1 complexes formed between CO and a dihalogen molecule XY) Cl2, BrCl, ICl, 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 theν(CO) modes of the various complexes, IR
measurements have identifiedν(XY) modes for the complexes of the type OC‚‚‚XY. The structures, vibrational
properties, and binding energetics of the complexes are analyzed in light of related studies.

Introduction

How compounds containing a carbonyl function linking two
nonmetal atoms respond to photolysis has attracted much
attention over the years. In the past decade, for example, the
La Plata group has been particularly preoccupied with carbonyl
sulfenyl derivatives of the type XC(O)SY, where the substituents
X and Y may be halogen or hydrogen atoms, CH3, or
C(O)CH3.1-4 When isolated in a solid inert matrix at temper-
atures near 10 K, these species have a relatively rich photo-
chemistry involving conformational and isomeric changes as
well as decomposition with the elimination of CO or OCS (eq
1). The studies have had as their targets not only the identifica-

tion and characterization of a variety of novel molecules so
produced, including, for example, sulfur(II) halides, but also a
full mechanistic interpretation of the photochemical events.
Recognition that the photoisomerization of ClC(O)SBr to Br-
C(O)SCl hinges on the photoreversibility of reaction 1b has thus
led to the first successful synthesis of BrC(O)SBr by broad-
band UV-visible photolysis of Br2 and OCS isolated together
in an Ar matrix.5 The photoelimination of CO (eq 1a) also being
photoreversible, we have been prompted to investigate the
reaction induced by photolysis of CO in the presence of various
simple molecules, again under matrix conditions. The reaction
with dihalogen molecules XY (where X and Y may be the same
or different halogen atoms) has been shown to yield the
corresponding carbonyl halides, resulting in the first sighting
of the mixed halides OdCICl and OdCIBr.6 Detailed analysis

of the results of these experiments shows that photolysis is
preceded by the formation of other, distinct species recognizable
as being loosely bound 1:1 adducts of CO and the dihalogen
and which are the focus of the present account.

van der Waals complexes such as these are important for the
level of detail that is accessible through experimental and
theoretical studies of their structural and dynamic properties.7

van der Waals complexes incorporating a CO molecule present
a particular dichotomy through the possibility of forming two
distinct isomeric structures according to whether the interaction
engages the carbon or the oxygen atom. The existence of these
two forms has been established on the evidence of both
experimental and theoretical results. An extensively studied
example is the complex between CO and HF.8-14 Both forms
have been detected and characterized by their IR spectra as
products of the photodissociation of matrix-isolated formyl
fluoride, HC(O)F,8 the consensus of experimental8 and ab initio15

enquiries being that OC‚‚‚HF is slightly more stable than
CO‚‚‚HF.

Complexes of the dihalogens and CO are not new. Structures
and spectroscopic properties have been determined from the
microwave or high-resolution rovibrational spectra of five such
complexes in the gas phase, namely Cl2‚‚‚CO,16,17FCl‚‚‚CO,18

Br2‚‚‚CO,19 ClBr‚‚‚CO,20 and ClI‚‚‚CO.21 All are linear and
feature interaction between the carbon atom of the CO and the
heavier halogen in the event that the dihalogen is heteronuclear.
The strength of the interaction, as measured by the intermo-
lecular stretching force constant, varies in the order Cl2 < Br2

< BrCl e ClF < ICl, while the quadrupole coupling constants
of the halogen atoms imply transfer of up to 0.05e of electronic
charge from the bound to the terminal halogen atom.21 For more
weakly bound isomers involving, say, coordination through the
oxygen atom of CO, however, matrix isolation affords one of
the few practical methods of detection and interrogation.22

Hence, we note that ab initio calculations23 support the findings
of matrix-isolation experiments identifying OC‚‚‚X2 and
CO‚‚‚X2 (X ) Cl or Br), as well as the four isomers
OC‚‚‚BrCl, OC‚‚‚ClBr, CO‚‚‚BrCl, and CO‚‚‚ClBr, by the
ν(CO) bands appearing in their IR spectra.24

* Corresponding author. Fax number:++54 221 4259485. E-mail
address: romano@quimica.unlp.edu.ar.

† Member of the Carrera del Investigador Cientı´fico del Consejo Nacional
de Investigaciones Cientı´ficas y Técnicas, Argentina.

‡ Universidad Nacional de La Plata.
§ University of Oxford.

5298 J. Phys. Chem. A2003,107,5298-5305

10.1021/jp034808s CCC: $25.00 © 2003 American Chemical Society
Published on Web 06/13/2003



Here we describe the results of experiments in which CO
has been isolated together with various dihalogens XY, where
XY ) Cl2, BrCl, ICl, or IBr, in solid Ar matrixes at∼15 K.
The IR spectra signal the formation of dihalogen complexes
which have been identified and characterized by theirν(CO)
and, in some cases, by theirν(XY) absorptions. The analysis is
supported by35,37Cl and79,81Br 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
reactions involving CO and XY molecules; at the same time,
the data add significantly to the information base needed for a
detailed mapping of the matrix photochemistry of carbonyl
derivatives such as XC(O)SY.1-4 Similar studies of van der
Waals complexes in which a dihalogen XY is engaged to either
OCS or CS2 are also in progress.6

Experimental and Theoretical Methods

BrCl was produced by mixing equimolar amounts of Cl2 and
Br2 (both ex Aldrich), leading to an equilibrium mixture of BrCl,
Cl2, and Br2.25 Commercial samples of Cl2 and Br2 and also of
ICl and IBr (again ex Aldrich) were purified by repeated trap-
to-trap condensation in vacuo. CO and Ar gases (BOC, research
grade) were used without further purification.

Gas mixtures were prepared by standard manometric methods.
Each such mixture was deposited on a CsI window cooled to
∼15 K by a Displex closed-cycle refrigerator (Air Products,
model CS202) using the pulsed deposition technique.22,26 The
IR spectrum of each matrix sample was recorded at a resolution
of 0.5 cm-1 and with 256 scans using a Nicolet Magna-IR 560
FTIR instrument equipped with either an MCTB or a DTGS
detector (for the ranges 4000-400 cm-1 or 600-250 cm-1,
respectively). Following deposition and IR analysis of the
resulting matrix, the sample was exposed to broad-band UV-
visible radiation (200e λ e 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 package27 under the Linda
parallel execution environment using two coupled personal
computers. The B3LYP method was employed, with a 6-31+G*
basis set for all the atoms except for iodine, to which a
LANL2DZ basis set28 including an effective core potential
(ECP) was applied. The ECP chosen is that proposed by Hay
and Wadt29 which incorporates the mass velocity and Darwin
relativistic effects. The LANL2DZ basis set corresponds to an
effective core potential30 plus a double-ú basis for iodine atoms.

For each CO/XY system involving a heteronuclear dihalogen,
the four possible complexes XY‚‚‚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 corresponded
to a genuine minimum.

The binding energies were calculated using the correction
proposed by Nagy et al.31 and expressed by eq 2:

where ∆E(corr) and ∆E are the corrected and uncorrected
binding energies, respectively, BSSE corresponds to the error

due to the basis set superposition, and the term GEOM takes
into account the geometry differences between free CO and XY
monomers and each of the subunits as they occur in the complex
dimer. These terms can be calculated through eqs 3-5:

where the superscriptsmandd 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 Benardi.32

Results and Discussion

(i) Theoretical Calculations. (a) Equilibrium Geometries.
In keeping with the results of earlier calculations,23 the only
1:1 complexes to be investigated in detail were those with
collinear CO and XY fragments. Our calculations thus confirmed
that Cl2 forms two possible complexes, each corresponding to
a potential energy minimum, viz. OC‚‚‚Cl2 and CO‚‚‚Cl2. With
BrCl, ICl, or IBr, however, four possible complexes can be
identified, namely the linear species OC‚‚‚XY, 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 experimentally.16,17,20,21For example, the calculated
(re) I‚‚‚C distance of 2.92 Å for OC‚‚‚ICl compares with the
experimentally determined one (r0) of 3.011(1) Å.21 The I‚‚‚O
distance in CO‚‚‚ICl is calculated to be 3.36 Å, whereas the
Cl‚‚‚C and Cl‚‚‚O distances in OC‚‚‚ClI and CO‚‚‚ClI are 3.27
and 3.45 Å, respectively. The I‚‚‚C distance in OC‚‚‚IBr is
predicted to be 3.07 Å, that is, 0.15 Å longer than that in
OC‚‚‚ICl.

(b) Vibrational Properties.The IR spectrum anticipated for
each of the complexes is dominated by theν(CO) andν(XY)
modes. All the other fundamentals are characterized by wave-

∆E(corr) ) ∆E - BSSE+ GEOM (2)

TABLE 1: Calculated Geometric Parameters for the
Different Complexes between CO and Cl2, BrCl, ICl, and
IBr

molecular
complex rCO ∆rCOa rXY ∆rXYb r[(CO)‚‚‚(XY)]

OC‚‚‚Cl2 1.1360 -1.2× 10-3 2.0535 +8.0× 10-3 3.0501
CO‚‚‚Cl2 1.1377 +5 × 10-4 2.0464 +9 × 10-4 3.2720
OC‚‚‚ClBr 1.1365 -7 × 10-4 2.1821 -2.5× 10-3 3.0340
OC‚‚‚BrCl 1.1350 -2.2× 10-3 2.1965 +1.19× 10-2 2.8872
CO‚‚‚ClBr 1.1365 -7 × 10-4 2.1821 -2.5× 10-3 3.0340
CO‚‚‚BrCl 1.1382 -1.0× 10-3 2.1839 -7 × 10-4 3.0118
OC‚‚‚ClI 1.1369 -3 × 10-4 2.4336 +3.4× 10-3 3.2666
OC‚‚‚ICl 1.1343 -2.9× 10-3 2.4522 +2.20× 10-2 2.9175c

CO‚‚‚ClI 1.1374 +2 × 10-4 2.4289 -1.3× 10-3 3.4490
CO‚‚‚ICl 1.1385 -3 × 10-4 2.4310 +8 × 10-4 3.3647
OC‚‚‚BrI 1.1362 -1.0× 10-3 2.5601 +5.7× 10-3 3.1672
OC‚‚‚IBr 1.1349 -2.3× 10-3 2.5652 +1.08× 10-2 3.0661
CO‚‚‚BrI 1.1377 +5 × 10-4 2.5538 -6 × 10-4 3.3153
CO‚‚‚IBr 1.1383 -1.1× 10-3 2.5539 -5 × 10-4 3.4438

a ∆rCO ) rCOcomplex - rCOfree. b ∆rXY ) rXYcomplex - rXYfree.
c Experimental intermolecular distance) 3.011 Å.21

∆E ) E(AB) - Em,m(A) - Em,m(B) (3)

BSSE(d,d-d,m) ) Ed,d(A) - Ed,m(A) + Ed,d(B) - Ed,m(B) (4)

GEOM(d,m-m,m) ) Ed,m(A) - Em,m(A) + Ed,m(B) - Em,m(B)

(5)
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numbers well below the low-energy threshold (250 cm-1) of
the present IR measurements and, in any case, by low intensities.
For a given unsymmetrical dihalogen XY, the different com-
plexes may be distinguished, it appears, on the basis of their
ν(CO) andν(XY) wavenumbers (see Table 2). Thus, OC‚‚‚XY
shows a blue shift inν(CO) and a red shift inν(XY) compared
with free CO and XY, respectively. On the other hand,
CO‚‚‚XY shows not a blue but a red shift inν(CO) and a
reduced red shift inν(XY). Reversing a heteronuclear XY
molecule so that coordination occurs to the less polarizable
halogen atom rather than the more polarizable one produces
the same general pattern but with much smaller shifts inν(CO)
andν(XY), suggesting that it may well be difficult in practice
to identify the complex in the presence of free XY and free
CO.

(c) Binding Energies.The binding energies,∆E, calculated
for the different complexes on the basis of eq 3 are presented
in Table 3, which also lists the two terms that contribute to the
corrected energy, viz. BSSE (eq 4) and GEOM (eq 5). The
complexes having the highest binding energies are, as might
be expected, OC‚‚‚ICl and OC‚‚‚IBr with stabilization energies
with respect to the corresponding isolated monomers of 2.55
and 1.64 kcal mol-1, respectively.

(d) NBO Analysis.Natural bond Orbital (NBO) analysis is
now accepted as a very useful guide to the bonding properties
of van der Waals complexes as interpreted in terms of “donor-
acceptor” interactions.33 NBO analysis of all the dihalogen
complexes of CO for which calculations have been performed
predicts charge transfer from the CO to the dihalogen. The

amount of charge transferred (q) depends on the complex (see
Table 3), being greatest for the OC‚‚‚ICl and OC‚‚‚IBr
complexes, for which it reaches values of∼0.06 and 0.04e,
respectively. Experimental estimates based on the nuclear
quadrupole coupling constants of the halogen atoms give a value
of 0.025(2)e for OC‚‚‚ICl.21 The largest contribution to the
stabilization energy arises from the interaction of the lone pair
of the C (for the OC‚‚‚XY complexes) or O atom (for the
CO‚‚‚XY complexes) with the unfilledσ antibonding orbital
of the dihalogen molecule. This energy lowering could be
expressed by the following second-order equations:

in whichF is the Fock operator andε’s are the orbital energies.
The calculated values for the energy lowering due to this
interaction, also included in Table 3, reach a maximum in
OC‚‚‚ICl, with a stabilization of 13.79 kcal mol-1.

(ii) Experimental Findings. (a) Cl2/CO/Ar Mixtures.The
structural and spectroscopic properties of the weakly bonded
complexes formed between CO and Cl2 molecules have been
the subject of previous experimental and theoretical stud-
ies.16,17,23,24 The complex OC‚‚‚Cl2 is linear with a Cl‚‚‚C
distance of 3.134 Å.21 Only theν(CO) spectral region has been
investigated previously, revealing a 6.28 cm-1 blue shift relative
to the case of the free CO molecule. These findings are
supported by ab initio studies,23 which find minima for two
linear structures, CO‚‚‚Cl2 and OC‚‚‚Cl2, with the latter being
slightly more stable than the former; in addition, high-energy
minima are found for two nonlinear structures, one T-shaped
and the other with an essentially parallel array of the two
molecules. A more recent study24 has involved matrix isolation
of the OC‚‚‚Cl2 complex following codeposition of Ar or N2
samples doped with Cl2 and CO at concentrations varying from
1/500 to 1/200 for Cl2 and from 1/10000 to 1/1000 for CO.
The CO‚‚‚Cl2 complex was subsequently recognized after
irradiation of the matrix. Both complexes were identified only
by theirν(CO) modes in the IR spectrum; no absorption due to
the perturbed Cl2 molecule was observed.

In the present study, a mixture of 0.5 Torr of Cl2, 1 Torr of
CO, and 200 Torr of Ar was deposited on the cooled CsI
window. The strongest feature of the IR spectrum, measured
immediately after deposition, was observed at 2138.2 cm-1,

TABLE 2: Calculated Wavenumbers (in cm-1) for the
Different Complexes between CO and Cl2, BrCl, ICl, and
IBr

molecular complex ν(CO) ∆ν(CO)a ν(XY) ∆ν(XY) b

OC‚‚‚Cl2 2213.9 +11.5 498.7 -15.0
CO‚‚‚Cl2 2198.8 -3.6 512.8 -0.9
OC‚‚‚ClBr 2210.6 +8.2 429.4 -2.9
OC‚‚‚BrCl 2221.1 +18.7 418.2 -14.1
CO‚‚‚ClBr 2199.5 -2.9 437.6 +5.3
CO‚‚‚BrCl 2193.9 -8.5 433.5 +1.2
OC‚‚‚ClI 2206.5 +4.1 334.2 -4.1
OC‚‚‚ICl 2225.3 +22.9 320.9 -17.4
CO‚‚‚ClI 2202.0 -0.4 339.5 +1.2
CO‚‚‚ICl 2193.2 -9.2 336.3 -2.0
OC‚‚‚BrI 2213.6 +11.2 244.0 -4.3
OC‚‚‚IBr 2221.3 +18.9 239.7 -8.6
CO‚‚‚BrI 2199.6 -2.8 249.0 +0.7
CO‚‚‚IBr 2195.3 -7.1 247.7 -0.6

a ∆ν(CO) ) ν(CO)complex - ν(CO)free. b ∆ν(XY) ) ν(XY)complex -
ν(XY) free.

TABLE 3: Calculated Uncorrected and Corrected Binding Energies∆E, BSSE and GEOM Corrections, Net Chargeq
Transferred, and Orbital Stabilization for the Different Complexes between CO and Cl2, BrCl, ICl, and IBr

molecular complex ∆E (kcal‚mol-1) ∆E(corr) (kcal‚mol-1) BSSE (kcal‚mol-1) GEOM (kcal‚mol-1) q (e) ∆Enσ* (kcal‚mol-1)

OC‚‚‚Cl2 +1.04 +0.77 +0.29 -0.02 0.0194 -2.66
CO‚‚‚Cl2 +0.28 +0.16 +0.12 -6 × 10-4 0.0015 -0.16
OC‚‚‚ClBr +3.44 +0.35 +3.09 -4 × 10-3 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 -7 × 10-3 0.0024 -0.47
CO‚‚‚BrCl +2.56 +0.25 +2.31 -4 × 10-3 0.0045 -0.92
OC‚‚‚ClI -0.81 +0.09 -0.90 -2 × 10-3 0.0116 -1.18
OC‚‚‚ICl +1.51 +2.55 -0.96 -0.08 0.0630 -13.79
CO‚‚‚ClI -1.13 -0.07 -1.06 -4 × 10-4 0.0004 -0.10
CO‚‚‚ICl -0.68 +0.52 -1.20 -3 × 10-3 0.0032 -0.98
OC‚‚‚BrI +0.12 +0.56 -0.43 -3 × 10-3 0.0013 -0.36
OC‚‚‚IBr +0.82 +1.64 -0.80 +0.02 0.0442 -8.74
CO‚‚‚BrI -0.63 +0.05 -0.68 -7 × 10-4 0.0013 -0.36
CO‚‚‚IBr -0.73 +0.38 -1.11 -2 × 10-3 0.0022 -0.74

∆Enσ*(OC‚‚‚XY) ) -2
〈nC|F̂|σXY

/ 〉2

εσXY
* - εnC

(6)

∆Enσ*(CO‚‚‚XY) ) -2
〈nO|F̂|σXY

/ 〉2

εσXY
* - εnO

(7)
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corresponding to theν(CO) mode of the free, uncomplexed CO
molecule.34 As shown in Figure 1, however, there was an
additional band at 2140.7 cm-1 observed only when Cl2 was
present. This was shifted by+2.5 cm-1 with respect to the case
of free CO, in close agreement with the+2.1 cm-1 shift reported
previously for the complex OC‚‚‚Cl2 isolated in an Ar matrix24

but considerably smaller than the shift of+6.29 cm-1 deter-
mined for the gaseous complex.21 The relative intensities of the
two bands were in accordance with the proportions of the two
components in the mixture. This experiment, performed under
conditions different from those in the previous study,24 provides
validation of the present methods of forming and interrogating
the complex OC‚‚‚Cl2.

In addition to the bands assigned to free and perturbed CO
depicted in Figure 1, a weak triplet could also be discerned at
545.0, 537.6, and 530.3 cm-1 (with relative intensities ap-
proximating to 9:6:1), as shown in Figure 2. This set of bands
is most plausibly assigned to the perturbed Cl2 molecule in the
OC‚‚‚Cl2 complex. The corresponding values for free Cl2

isolated in a solid Ar matrix, determined by laser-induced
fluorescence and Raman spectroscopy,35 are reported to be
549.1, 541.8, and 534.3 cm-1 for 35Cl2, 35Cl37Cl, and 37Cl2,
respectively. Theν(ClCl) mode, inactive in the free molecule,
becomes weakly active in IR absorption in the complex, where
the symmetry is reduced toC∞V, and appears to suffer a red
shift of 4.1 cm-1. In none of the previous studies has this feature
been reported. Included in Table 4 for comparison are the results
of the DFT (B3LYP/6-31+G*) calculations, which anticipate
faithfully the sense, if not the exact magnitude, of theν(CO)
and ν(ClCl) shifts induced by complexation. As noted previ-
ously,24 such shifts change markedly with the switch from the
gas to the matrix phase and also from one matrix to another,
reflecting presumably the susceptibility of the weakly bound
complex to constraint and polarization under the action of the
matrix cage.

(b) Cl2/Br2/CO/Ar Mixtures.A mixture of gaseous chlorine
and bromine gives rise to an equilibrium between these two
species and the interhalogen BrCl.25 The complexes formed
between the components of this equilibrated mixture and CO
in an Ar matrix have been described previously.24 The results

of our experiments involving codeposition of a mixture initially
made up with Cl2, Br2, CO, and Ar in the proportions
2:2:1:200 are completely consistent with those reported earlier.24

Figure 3 illustrates the IR spectrum of the matrix in theν(CO)
region. Absorption maxima at 2148.3, 2144.3, and 2140.8 cm-1

can be assigned to the species OC‚‚‚BrCl, OC‚‚‚Br2, and

Figure 1. FTIR spectrum in theν(CO) spectral region for an Ar matrix
formed by codeposition of a gaseous mixture of Cl2, CO, and Ar
(0.5:1:200).

Figure 2. FTIR spectrum in theν(Cl2) spectral region for an Ar matrix
formed by codeposition of a gaseous mixture of Cl2, CO, and Ar
(0.5:1:200).

TABLE 4: Comparison of the Experimental and Calculated
Wavenumbers (in cm-1) for the OC‚‚‚Cl2 Complex

experimental
(Ar matrix) B3LYP/6-31+G*

mode ν (cm-1) ∆ν (cm-1) ν (cm-1) ∆ν (cm-1)

ν(CO) 2140.7 +2.5 (+2.1a) 2213.9 +11.5
ν(Cl2) 35Cl-35Cl‚‚‚CO 545.0 -4.1 498.7 -15.0
ν(Cl2) 35Cl-37Cl‚‚‚CO } 537.6 -4.2

492.0 -14.8
ν(Cl2) 37Cl-35Cl‚‚‚CO 491.8 -15.0
ν(Cl2) 37Cl-37Cl‚‚‚CO 530.3 -4.0 485.0 -14.7

a Reference 19.

Figure 3. FTIR spectrum in theν(CO) spectral region for an Ar matrix
formed by codeposition of a gaseous mixture initially made of Cl2,
Br2, CO, and Ar (2:2:1:200).

Complexes Formed between CO and Dihalogen Molecules J. Phys. Chem. A, Vol. 107, No. 27, 20035301



OC‚‚‚Cl2, respectively, in close conformity with the earlier
values of 2147.9, 2143.9, and 2140.6 cm-1. The remaining
complex in which the CO interacts through the carbon atom,
that is, OC‚‚‚ClBr, is reported to absorb at 2138.0 cm-1, but
this was obscured in our case by the band due to free CO at
2138.2 cm-1.34

The OC‚‚‚BrCl complex can also be identified by a red shift
in the absorptions associated with theν(BrCl) mode, as shown
in Figure 4. Bands at 436.3 and 434.8 cm-1 have been reported3

for the species79BrCl and 81BrCl as formed by photolysis of
ClC(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 BrCl, Cl2,
and Br2.6 Comparison with our earlier studies3 suggests that
the weak absorptions observed at 436.4 and 434.8 cm-1 in the
spectrum of a matrix that also included CO should be assigned
to the uncomplexed BrCl molecules. The much stronger doublet
appearing at 428.4 and 427.0 cm-1, which is not present in the
spectrum of a matrix otherwise similar but containing no CO,
is attributable to the isotopomers OC‚‚‚79BrCl and OC‚‚‚81BrCl,
respectively. As can be seen in Figure 4, isotopic splitting of
the ν(BrCl) mode associated with the35/37Cl isotopes overlaps
with the modes due to different molecular aggregates of the
molecules BrCl, Cl2, and Br2. The comparison between the
experimental and DFT wavenumbers is presented in Table 5.

(c) ICl/CO/Ar Mixtures.Different gaseous mixtures of ICl,
CO, and Ar were codeposited on the cooled CsI window, and
the matrix was subsequently irradiated with broad-band UV-
visible light (200 e λ e 800 nm). In addition to the band
corresponding to free CO, new features appeared at 2157.0,
2154.0, 2145.6, 2144.2, and 2128.4 cm-1 in the ν(CO) region

of the IR spectrum of the matrix immediately after deposition.
Figure 5A shows the IR spectrum of such a matrix with ICl,
CO, and Ar in the proportions 0.5:1:200, while Figure 6A shows
the corresponding spectrum for a 1:1:200 mixture.

Taking into account the ambidentate character of the CO and
ICl molecules, we envisage four possible complexes that may
be formed in these experiments, namely OC‚‚‚ICl, OC‚‚‚ClI,
CO‚‚‚ICl, and CO‚‚‚ClI. The most intense absorptions in both
experiments are those occurring at 2157.0/2154.0 cm-1 that we
assign to theν(CO) fundamental of the OC‚‚‚ICl complex
occupying two different matrix sites, partly on the basis of the

Figure 4. FTIR spectrum in theν(BrCl) spectral region for an Ar
matrix formed by codeposition of a gaseous mixture initially made of
Cl2, Br2, CO, and Ar (2:2:1:200).

TABLE 5: Comparison of the Experimental and Calculated
Wavenumbers (in cm-1) for the OC‚‚‚BrCl Complex

experimental
(Ar matrix) B3LYP/6-31+G*

mode ν (cm-1) ∆ν (cm-1) ν (cm-1) ∆ν (cm-1)

ν(CO) 2148.3 +10.2 (+9.5a) 2221.1 +18.7
ν(BrCl) Cl-79Br‚‚‚CO 428.4 -8.0 418.2 -14.1
ν(BrCl) Cl-81Br‚‚‚CO 427.0 -7.8 416.7 -14.0

a Reference 24.

Figure 5. FTIR spectra in theν(CO) spectral region for an Ar matrix
formed by codeposition of a gaseous mixture of ICl, CO, and Ar
(0.5:1:200): (A) before photolysis; (B) after 15 min of photolysis; (C)
after 1 h of photolysis with broad-band UV-visible light (200e λ e
800 nm).

Figure 6. FTIR spectra in theν(CO) spectral region for an Ar matrix
formed by codeposition of a gaseous mixture of ICl, CO, and Ar
(1:1:200): (A) before photolysis; (B) after 30 min of photolysis; (C)
after 2 h of photolysis with broad-band UV-visible light (200e λ e
800 nm).
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predicted spectrum (see Table 2) and partly in light of the
relative stabilities predicted by the DFT calculations (see Table
3). With respect to the case of free CO, a blue shift of+18.8/
15.8 cm-1 is thus indicated for this complex.

The features at 2145.6/2144.2 cm-1, blue-shifted by 7.4/6.0
cm-1 with respect to the case of free CO, grow as the proportion
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 UV-visible radiation. Drawing on the
predictions of the DFT calculations, we attribute these absorp-
tions to the OC‚‚‚ClI complex, also occupying two different
matrix sites.

The band at 2128.4 cm-1, with a 9.8 cm-1 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 CO‚‚‚ICl. A shoulder on the absorption due to free CO
appearing at 2136.5 cm-1 is then the obvious candidate for the
ν(CO) fundamental of the fourth complex CO‚‚‚ClI. Table 6
compiles the experimental and calculated wavenumbers of the
four different linear complexes formed between CO and ICl.

The absorption corresponding to theν(ICl) mode near 370
cm-1 also showed a shift on complexation. Figure 7A illustrates
the IR spectrum of an Ar matrix doped with ICl. The doublet
appearing at 376.0/368.0 cm-1 corresponds to the isotopomers
I35Cl and I37Cl, respectively, in agreement with the results of
earlier experiments.36 When ICl was mixed with CO in an Ar
matrix, a new IR band appeared at 369.6 cm-1, that is, 6.4 cm-1

red-shifted with respect toν(I35Cl) of free ICl (see Figure 7B).
This band is most plausibly assigned toν(ICl) of the OC‚‚‚ICl
complex, since it tracked the most intense feature in theν(CO)
region, viz. the doublet at 2157.0/2154.0 cm-1 associated with
what is undoubtedly the main product. All of the other
complexes were formed in substantially lower concentrations
and are expected to featureν(ICl) fundamentals at wavenumbers
much closer to those of free ICl (see Table 6), making them
that much more difficult to detect.

(d) IBr/CO/Ar Mixtures. Figure 8A illustrates theν(CO)
region of the IR spectrum of a matrix formed by codeposition
of a gaseous mixture of 0.5 Torr of IBr, 1 Torr of CO, and 200
Torr of Ar. The matrix was subsequently irradiated with broad-
band UV-visible light, first for 15 min and then for 1 h. The
corresponding spectra are shown as traces 8B and 8C, respec-
tively. No useful absorption could be associated with the
ν(IBr) mode of either free IBr or any complex with CO; this
would be expected to occur near 270 cm-1, close to the low-
energy cutoff of the present measurements.

The most prominent of the new features to be observed when
IBr was present were those at 2154.1 and 2150.8 cm-1, which
may be associated with the molecular complex OC‚‚‚IBr
occupying two different matrix sites. This is the most stable of
the four possible linear complexes according to our theoretical
predictions (see Table 3), showing a substantial blue shift with
respect to the case of free CO (+15.9/12.6 cm-1). A much
weaker pair of bands at 2145.5/2143.2 cm-1, blue-shifted by
+7.3/5.0 cm-1, belongs presumably to the second carbon-bound
isomer OC‚‚‚BrI, whereas two other weak bands at 2129.7 and
2136.5 cm-1, which were observed to develop on photolysis,
originate in CO‚‚‚IBr and CO‚‚‚BrI, respectively. As indicated
in Table 7, these results are wholly consistent with the properties
predicted by the DFT calculations.

TABLE 6: Comparison of the Experimental and Calculated
Wavenumbers (in cm-1) for the Different Possible
Complexes Formed between CO and ICl

experimental (Ar matrix) B3LYP/6-31+G*

complex mode ν (cm-1) ∆ν (cm-1) ν (cm-1) ∆ν (cm-1)

OC‚‚‚ICl ν(CO) { 2157.0 { +18.8 2225.3 +22.9
2154.0 +15.8

ν(I35Cl) 369.6 -6.4 320.9 -17.4
ν(I37Cl) 361.7 -6.4 313.9 -17.1

OC‚‚‚ClI ν(CO) { 2145.6 { +7.4 2206.5 +4.1
2144.2 +6.0

ν(I35Cl) 334.2 -4.1
ν(I37Cl) 327.1 -3.9

CO‚‚‚ICl ν(CO) 2128.4 -9.8 2193.2 -9.2
ν(I35Cl) 336.3 -2.0
ν(I37Cl) 329.1 -1.9

CO‚‚‚ClI ν(CO) 2136.5 -1.7 2202.0 -0.4
ν(I35Cl) 339.5 +1.2
ν(I37Cl) 332.2 +1.2

Figure 7. FTIR spectra in theν(ICl) spectral region for an Ar matrix
formed by codeposition of a gaseous mixture of (A) ICl and Ar
(1:200) and (B) ICl, CO, and Ar (1:1:200).

Figure 8. FTIR spectra of an Ar matrix formed by codeposition of a
gaseous mixture of IBr, CO, and Ar (0.5:1:200): (A) before photolysis;
(B) after 15 min of photolysis; (C) after 1 h of photolysis with broad-
band UV-visible light (200e λ e 800 nm).
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Conclusions

DFT calculations confirm the existence of two families of
weakly bound, linear dihalogen-CO 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 ICl or IBr, viz. OC‚‚‚IX,
OC‚‚‚XI, CO‚‚‚IX, and CO‚‚‚XI (X ) Cl or Br). The complexes
have been characterized experimentally by theν(CO) bands in
their IR spectra, and theν(XY) modes of some OC‚‚‚XY species
(XY ) Cl2, BrCl, or ICl) have also been recorded, thereby
enabling the perturbation of the acidic component to be assessed.

In purely experimental terms, one of the clearest guides to
the strength of the intermolecular interaction is provided by the
change in theν(CO) wavenumber,∆ν(CO), brought about by
complexation. Theblue shift characterizing complexes of the
type OC‚‚‚XY can be understood in terms of the slight C‚‚‚O
antibonding character of the lone pair orbital localized mainly
on the carbon atom of the CO.24 The magnitude of∆ν(CO) (in
cm-1), recorded in experiments with Ar matrixes, increases in
the order OC‚‚‚Cl2 (+2.5) < OC‚‚‚Br2 (+5.4)24 < OC‚‚‚BrI
(+7.3/5.0) e OC‚‚‚ClI (+7.4/6.0) < OC‚‚‚BrCl (+10.2) <
OC‚‚‚IBr (+15.9/12.6)< OC‚‚‚ICl (+18.8/15.8). The calculated
binding energies follow a broadly similar pattern, although they
may well understimate the importance of Coulombic terms,
which add appreciably to the stability of the complexes formed
by dipolar dihalogens, such as BrCl and ICl. Theν(CO) shifts
may also be compared with those reported for other weak
complexes in which CO coordinates through its carbon atom,
but to an acidic HX molecule, where X) F,8,13Cl,13 Br,13 OH,37

or OOH.37 These display∆ν(CO) values ranging from
+24 cm-1 for OC‚‚‚HF (in an Ar matrix)8 to +9 cm-1 for
OC‚‚‚HOH (in an O2 matrix).37

When CO coordinates through its oxygen atom to an acidic
partner, ν(CO) suffers ared shift reflecting the fractional
C‚‚‚O bonding character of the oxygen lone pair. Because this
pair lies deeper in energy than the carbon lone pair, CO‚‚‚XY
interactions are significantly weaker than OC‚‚‚XY interactions,
with a much smaller degree of charge transfer (see Table 3)
and correspondingly smaller wavenumber shifts,∆ν(CO). On
the basis of the present and earlier24 studies of CO‚‚‚XY species
isolated in Ar matrixes,∆ν(CO) (in cm-1) increases in
magnitude in the following order: CO‚‚‚ClI (-1.7) ∼
CO‚‚‚BrI (-1.7) < CO‚‚‚ClBr (-3.3)24 < CO‚‚‚Cl2 (-4.4)24

< CO‚‚‚Br2 (-5.5)24 < CO‚‚‚BrCl (-7.0)24 < CO‚‚‚IBr (-8.5)
< CO‚‚‚ICl (-9.8). Irrespective of how the CO binds, the
heteronuclear dihalogens ICl, IBr, and BrCl emerge as the
strongest acids, as long as the more polarizable halogen is the
immediate receptor. On the other hand, there is evidence that
dipole-dipole interactions make a larger contribution to the
stability of CO‚‚‚XY than to that of their OC‚‚‚XY isomers.
Accordingly, reversal of a heteronuclear dihalogen such as ICl,

IBr, or BrCl so that its dipole is opposed to that of its CO partner
results in aggregates of marginal stability and minimal∆ν(CO)
values.

The present studies have afforded the first experimental
measurements of theν(XY) wavenumbers for some complexes
of the type OC‚‚‚XY. Hence, the predictedredshift of this mode
induced by complexation has been confirmed, with∆ν(XY)
values (in cm-1) of -4.1 cm-1 for OC‚‚‚Cl2, -6.4 cm-1 for
OC‚‚‚ICl, and -7.9 cm-1 for OC‚‚‚BrCl. Only in the case of
Cl2 is there a significant body of information regarding its
vibrational wavenumber in complexes with different bases.
The data reveal∆ν(Cl2) values ranging from-7 cm-1 for
H2CO‚‚‚Cl2 to -85 cm-1 for C2Me4‚‚‚Cl2.38 CO is a weaker
base than any other previously studied in this context, with a
proton affinity of 593 kJ mol-1, cf. 718 kJ mol-1 for H2CO.39

The measured∆ν(Cl2) of -4.1 cm-1 for OC‚‚‚Cl2 is therefore
consistent with the pattern of earlier results. It need not come
as a surprise, however, to find that the correlation between
∆ν(Cl2) and proton affinity is not particularly close, since
Coulombic terms make a relatively minor contribution to the
binding of Cl2 complexes.
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