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I. INTRODUCTION

The late 1990s saw a strong growth in the number of publications
involving applications of halogen bonding (as an alternative to
hydrogen bonding) in chemistry, materials and biological
chemistry.1 During the 1990s, there had been an intense effort to
define and characterize the properties of the halogen-bond interac-
tion in a wide range of complexes B 3 3 3XY isolated in the gas
phase,2�4 where B is a simple Lewis base and XY is a dihalogen
molecule. The gas phase work had the aim of providing a systematic
comparison of various properties of prototype hydrogen-bonded
and halogen-bonded complexes and, thereby, a perspective on the
fundamental similarities and differences in the nature of these two
categories of non-covalent interactions. Moreover, it facilitates
comparisons with ab initio calculations.5 Recent investigations of
halogen bonds have shown them to be geometrically perpendicular
to and energy independent of hydrogen bonds that share a common
carbonyl oxygen acceptor. This concept has also been proposed as
significant for the rational design of halogenated ligands as inhibitors
and drugs, and in biomolecular engineering.6 Furthermore, a recent
SAPT (aug-cc-pVTZ) study of H3CCl--OCH2, H3CBr--OCH2,
and FH2Cl--OCH2 and comparison with F3Cl--OCH2 and
HCCH--OH2 has stressed the importance of applying very accurate
model calculations in characterization of this type of interaction.7

The OC�Cl2 complex represents probably the simplest
halogen-bonded interaction involving a Lewis base with Cl2.
The hydrogen-bonded analogue OC�HCl has been extensively
investigated,8�15 so that a comparison of OC�Cl2 and
OC�HCl is particularly suitable for fundamental correlations
of the properties of halogen-bonded and hydrogen-bonded
systems. OC�Cl2 has been the subject of a number of previous
experimental and theoretical investigations.16�19 Ab initio
studies18 have been used to demonstrate the existence of four
conformers (i.e., those occurring at minima in the potential
energy surface of the OC/Cl2 system), namely, two linear, one
T-shaped, and one parallel conformers. Isotopic substitution was
used to conclude that the most stable form, according to
experiment, is OC�Cl2, i.e., a linear complex with Cl forming
a halogen bond to C of CO.17 Rotationally resolved infrared
absorption spectra of the ν1 fundamental band have been
recorded previously16 (up to J = 35) for OC�35Cl2, and the
R value (distance from center of mass CO to center of mass Cl2)
of 4.776 Å was established. Microwave spectra of seven isotopo-
mers of OC�Cl2 were observed and analyzed and used to
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ABSTRACT:Transitions associated with the vibrations ν1, ν1 +
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1, ν1 + ν5
1, and ν1 + ν5

1� ν5
1 of the complex OC 3 3 3Cl2 have

been rovibrationally analyzed for several isotopologues invol-
ving isotopic substitutions in Cl2. Spectra were recorded using a
recently constructed near-infrared (4.34 to 4.56 μm), quantum-
cascade laser spectrometer with cw supersonic slit jet expan-
sion. Spectral analysis allowed precise determination of the
ν5

1 intermolecular vibration of OC�35Cl2 to be 25.977637-
(80) cm�1. These results were incorporated with other pre-
viously determined data into a spectroscopic database for
generation of a five-dimensional morphed potential energy
surface. This compound-model morphed potential with radial shifting (CMM-RS) was then used to make more accurate
predictions of properties of the OC�35Cl2 complex includingDe = 544(5) cm

�1,D0 = 397(5) cm
�1, ν3 = 56.43(4) cm

�1, and νb
1 =

85.43(4) cm�1. The CMM-RS potential determined for OC�Cl2 was also used to compare quantitatively many of the inherent
properties of this non-covalent halogen bonded complex with those of the closely related hydrogen-bonded complex OC�HCl,
which has a similar dissociation energyD0.We found that in the ground state, the CObending amplitude is larger inOC�Cl2 than in
OC�HCl.
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confirm that the equilibrium geometry of the complex had the
linear arrangement OC�Cl2.

17 Substitution structures were
determined and further interpreted as involving a shortening of
the O�C bond length and a lengthening of the Cl�Cl bond
upon complexation. These results were then supported by
molecular orbital theory and consideration of electrostatic
effects.17 It was later demonstrated that the rs(Cl�Cl) distance
is very little changed from the free Cl2 value.

20

A number of morphed potentials have been generated for hydro-
gen-bonded interactions in which the initially determined ab initio
potentials were then transformed to reproduce experimental data and
thus provide more accurate predictive models for the complexes
investigated.21�24 In particular, rotationally resolved microwave and
other spectroscopic data have been reported for a range of OC�HX
complexes (X = F, Cl, Br, I), and precise ground state molecular
structures have been determined and other characteristics pre-
dicted.25�28 No morphed potentials have yet been generated for
intermolecular neutral halogen-bonded complexes, however. For
the OC�Cl2 complex, in particular, such a potential would then be
available for detailed comparison with themorphed potential gener-
ated for the previously described hydrogen bonded systems.

We now report new experimental results, including investigation
of ν1 (the CO stretching vibration in 37Cl2, see Figure 1) as well as
νb
1 (ν4

1 is the high frequency bending vibration but in this instance is
relabeled νb

1 to take into account coupling with nearby states), ν1 +
ν5
1 (ν5

1 is the low frequency bending vibration), and ν1 + ν5
1 � ν5

1

band spectra in different naturally occurring isotopologues of
OC�Cl2 involving substitution in the Cl2 subunit. Such rovibra-
tional spectra are analyzed and the spectroscopic constants experi-
mentally determined are included in an enhanced data set. This data
set is then used to generate a five-dimensional (5-D) compound-
model morphed with radial shifting (CMM-RS) potential energy
surface (PES) for the complex. In addition, a corresponding 5-D
CMM-RS potential has been generated for the hydrogen-bonded
complex OC�HCl, which has a D0 value of magnitude similar to
that of OC�Cl2, thus facilitating comparison of the characteristics
of the complexes. Detailed comparisons between the corresponding
5-D morphed potentials of OC�Cl2 and OC�HCl complexes are
thenperformed to give quantitative perspectives on the fundamental
similarities and differences that exist between the specified halogen
bonded interaction and that of the OC�HCl hydrogen bonded
interaction.

II. EXPERIMENTAL METHODS

The basis of the current spectrometer is described in detail else-
where29 and only a brief discussion will be presented here. In short,

two Daylight Solutions mode-hop free, quantum cascade lasers
operating over the respective frequency ranges 2140�2195 cm�1

and 2194�2280 cm�1 were employed to record the observed
spectra. The laser output was split using three CaF2 beam
splitters and directed respectively to a passive Fabry�Perot
etalon (SpectraPhysics SP495, 0.00962456 cm�1 FSR), a
N2O/CO reference cell, and a continuous wave (cw) supersonic
jet. Wavelength modulation of the laser output was achieved by
application of a sine wave to the current modulation port of the
laser head. The modulation frequency (FM) and amplitude (MA)
were adjusted to give the optimum signal-to-noise ratio in the
spectrum, with typical values FM∼200 kHz andMA∼150 MHz.
Lock-in amplifiers using first and second derivative detection
were utilized to sample the output of the respective detectors.
The output radiation from theQCL’s could be tuned through the
application of a voltage to a PZT integrated into the laser head.
The lasers were scanned using a custom LabVIEW program with
data acquisition as well as GPIB control of the laser head. Coarse
tuning is achieved using the laser head controllers and a 621B-
MIR laser wavelengthmeter. Fine tuning of the laser is controlled
by a voltage generated from the data acquisition board and
amplified to drive an integrated PZT to give spectral coverage of
∼2 cm�1. Voltage steps of 0.01 V were used to record 10 000
data points with an effective instrumental line width of 30 MHz.
The estimated absolute accuracy of measured transitions was
(0.001 cm�1.

A CaF2 window was mounted at the Brewster angle before
the laser beam entered the supersonic jet expansion to
minimize back-reflections. The slit used to generate the
expansion measured 5 in. � 25 μm and the optical beam
was positioned between 1 and 2 mm from the opening of the
slit. A mixture of 5.0% CO, 0.9% Cl2, and balance argon was
flowed through the slit, using flow meters to achieve a backing
pressure of 24 psi. The chamber was pumped to 700 mTorr by
a Leybold-Heraeus RA-2001 Roots blower backed by a SV630
rotary vane pump.

Figure 1. Normal modes for the OC�HCl and OC�Cl2 complexes.

Figure 2. Geometry of OC�Cl2 dimer in Jacobi coordinates.
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The line positions were fitted using PGOPHER.30 The ten
infrared bands were fitted using the following general expression

ν ¼ ν0 þ B0½J0ðJ0 þ 1Þ � l02� ( q0

2
½ J0ðJ0 þ 1Þ�

�D0
J ½J0ðJ0 þ 1Þ � l02�2 � B00½J00ðJ00 þ 1Þ � l002�

(
q00

2
½J00ðJ00 þ 1Þ� �D0

J ½J00ðJ00 þ 1Þ � l002�2 ð1Þ

where ν0 is the band origin, B is the rotational constant, DJ is the
centrifugal distortion constant, and q is the Coriolis coupling
constant for the respective vibrational states. The l and q terms
in eq 1 are used as appropriate, for theΣ ground and ν1 states and
Π states νb

1 and ν5
1.

III. THEORETICAL METHODS

1. Ab Initio Calculations for OC�Cl2 and OC�HCl. The
nonrelativistic ab initio interaction energies of the OC�Cl2 and
OC�HCl complexes were calculated using the MOLPRO 2009
electronic structure package.31 In this work, we have calculated
three ab initio potentials at the following levels of theory/basis
sets: (i) CCSD(T)/aug-cc-pVTZ, (ii) MP2/aug-cc-pVQZ, and
(iii) MP2/aug-cc-pVTZ. These three potentials were corrected
for the basis set superposition error (BSSE) using the counter-
poise (CP) correction of Boys and Bernardi.32 In addition, we
calculated the CCSD(T)/aug-cc-pVTZ potential without the CP
correction. For the OC�Cl2 complex, all four ab initio potentials
were calculated on a 5-D grid, as no experimental data are
currently available for ν2 the Cl2 stretching vibration in the
complex, (R, r1, θ1, θ2, ϕ) (Figure 2) including 66 720 points.
The distances from the center of mass of CO to center of mass of
Cl2, R, were chosen to have the values 4.20, 4.30, 4.50, 4.75, 5.00,
5.50, 6.00, and 7.00 Å. The CO bond lengths, r1, have the
corresponding values 1.007 132, 1.053 438, 1.128 341, 1.219 632,
and 1.299 542 Å. The angles θ1 were selected to have the values

5.0, 15.0, 40.0, 80.0, 100.0, 140.0, 165.0, and 175.0�. The angles
θ2 were assigned the values 5.0, 15.0, 25.0, 40.0, 60.0, 80.0, and
90.0�, with the additional values 100.0, 120.0, 140.0, 155.0, 165.0,
and 175.0� obtained by symmetry. Lastly, the dihedral angle
ϕ was determined at values of 5.0, 15.0, 40.0, 80.0, 100.0, 140.0,
165.0, and 175.0�. The additional values of ϕ = 185.0, 195.0,
220.0, 260.0, 280.0, 320.0, 345.0, and 355.0� were obtained by
symmetry. The 5-D grid was supplemented with additional
points at all values of R and r1, and with ϕ = 0.0�, θ1 = 0.0,
180.0�, and θ2 = 180.0�. Additional values of θ2 = 0.0� were
obtained by symmetry. In all calculations, the bond lengths of the
Cl2 monomer component were fixed at 1.988 Å.33

For the OC�HCl complex, all four ab initio potentials were
also calculated on a 5-D grid, (R, r1, θ1, θ2, ϕ) including 51 300
points. The distances from the center of mass of CO to center of
mass of HCl, R, were chosen to have the values of 3.75, 4.00, 4.25,
4.50, 4.75, 5.00, 5.50, 6.00, 6.50, and 7.00 Å. The CO bond
lengths, r1, have the same values used for the OC�Cl2 potentials.
The angles θ1 and θ2 were selected to have the values 5.0, 15.0,
40.0, 80.0, 100.0, 140.0, 165.0, and 175.0�. Lastly, the dihedral
angle ϕ was determined at the same values used for the OC�Cl2
potentials. The 5-D grid was supplemented with additional
points at all values of R and r1, and with ϕ = 0.0�, θ1 = 0.0,
180.0�, and θ2 = 180.0�. In all calculations, the bond lengths of
the HCl monomer component were fixed at 1.274 604 Å.
2. Interpolation of the ab Initio Potentials. The full 5-D

potential of the OC�Cl2 and OC�HCl systems are given by

VðR;r1;θ1;θ2;jÞ ¼ V intðR;r1;θ1;θ2;jÞ þ VRKR
CO ðr1Þ ð2Þ

where Vint(R,r1,θ1,θ2,ϕ) is the 5-D ab initio interaction potential,
and VCO

RKR(r1) is the COmonomer RKR potential.34 In this work,
the methodology used to interpolate the 5-D ab initio potentials
of OC�Cl2 and OC�HCl is similar to the one used for the
interpolation of the 6-D ab initio potentials of OC�HF.25 The
principal difference is that the R coordinate in this work is
interpolated using the 1-D q1

2,6 radial reproducing kernel,35

Figure 3. Short wavenumbers segment of the recorded ν1 spectrum of OC�Cl2.
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whereas for OC�HF the 1-D q1
2,3 radial reproducing kernel

was used.
The calculated ab initio points, at each value of Ri and r1,j, were

fitted to the spherical expansion36,37

V int
A ðRi;r1;j;θ1;θ2;jÞ ¼ ∑

Λ

νΛ;ijðθ1;θ2;jÞ AΛðθ1;θ2;jÞ ð3Þ

The expansion coefficients38,39 νΛ,ij(θ1,θ2,ϕ) were evaluated by
an interpolating moving least-squares procedure,40 by using the
weight function25

Wςðθ1;θ2;jÞ ¼ expð�αdς2Þ
ðdςn þ εÞ ð4Þ

In eq 4, the parameters α and n control the rate of attenuation of
the weight function, and ε remove the singularity which occurs as
dς f 0, where dς is the Euclidean distance function.

The radial potential is obtain by interpolating the angular
potential on the grid of Ri points, at each value of r1,j at fixed
angular coordinates, using a 1-D radial reproducing kernel of the
form

V int
Ω ðR;r1;j;θ1;θ2;jÞ ¼

ðjVminj þ VMÞ½expð∑
i
αi;jðθ1;θ2;jÞ q2;61 ðRi;RÞÞ � 1� ð5Þ

In eq 5, |Vmin| represents the absolute value of the minimum of
VA
int(R,r1,j,θ1,θ2,ϕ) and VM is a real positive parameter. The

function q1
2,6 in eq 5 is a 1-D radial reproducing kernel.35

Table 2. Experimental Data Used in the CMM-RS fits for
OC�Cl2

a

observableb VCMM
(0) VCMM‑RS

(4) exp (this work) σk

B(GS)/10�2 cm�1 3.102 3.158 3.157c 0.002

DJ(GS)/10
�8 cm�1 3.69 3.40 3.46c 0.02

ν5
1/cm�1 24.34 25.99 25.98 0.01

B(ν5
1)/10�2 cm�1 3.121 3.175 3.175 0.002

DJ(ν5
1)/10�8 cm�1 4.1 3.8 4.0 0.2

ν1/cm
�1 2149.19 2149.56 2149.54 0.01

B(ν1)/10
�2 cm�1 3.092 3.148 3.147 0.002

DJ(ν1)/10
�8 cm�1 3.73 3.44 3.49 0.02

(ν1 + ν5
1)/cm�1 2173.13 2175.11 2175.13 0.01

B(ν1 + ν5
1)/10�2 cm�1 3.111 3.166 3.166 0.002

DJ(ν1 + ν5
1)/10�8 cm�1 4.2 3.8 4.0 0.2

(ν1 + νb
1)/cm�1 2229.04 2234.08 2234.08d 0.01

B(ν1 + νb
1)/10�2 cm�1 3.047 3.103 3.102 0.002

DJ(ν1 + νb
1)/10�8 cm�1 4.3 3.8 4.1 0.2

G 152.6 1.3
aAll data belong to the 16O12C�35Cl35Cl isotopomer. bGS =
ground state. cConstants fixed to the microwave value.17 dAccording
to the predictions of the morphed potential the ν1 + νb

1 state is actually
perturbed involving ν1 + ν4

1 mixed with the ν1+3ν5
1 and ν1 + ν3 + ν5

1

states (see text). Indeed, this is not a pure state. The same perturbations
are observed for the states ν4

1, 3ν5
1, and ν3 + ν5

1.

Table 1. Molecular Constants for the Four Isotopomers of OC�Cl2
a

ν0 B DJ (10
8) q (105)

OC�35Cl35Cl ν1 2149.544544(54) 0.03146935(11) 3.4901(68)

OC�35Cl35Cl ν1 + ν5
1 2175.125360(66) 0.03165645(25) 3.976(18) �8.3637(96)

OC�35Cl35Cl ν1 + νb
1 2234.076429(71) 0.03102015(45) 4.102(53) �3.785(20)

OC�35Cl35Cl ν5
1 25.977637(80) 0.03174869(27) 3.951(18) �8.299(11)

OC�35Cl35Cla 0.0315665260(34) 3.4589(65)

OC�37Cl35Cl ν1 2149.553281(57) 0.03145707(13) 3.4944(90)

OC�37Cl35Cl ν1 + ν5
1 2174.89184(10) 0.03163880(76) 3.83(10) �8.507(26)

OC�37Cl35Cl ν5
1 25.86841(22) 0.0317707(19) 6.74(34) �8.637(48)

OC�37Cl35Cla 0.0315544190(43) 3.4650(81)

OC�35Cl37Cl ν1 2149.547869(59) 0.03084319(13) 3.3143(85)

OC�35Cl37Cl ν1 + ν5
1 2174.993017(95) 0.03102692(64) 3.959(83) �8.115(24)

OC�35Cl37Cla 0.0309373477(41) 3.2566(78)

OC�37Cl37Cl ν1 2149.556728(64) 0.0308360(22) 3.44(14)

OC�37Cl37Cl 0.0309309(23) 3.43(15)
aAll constants are in cm�1. Band origins of ν1 + ν5

1 � ν5
1 for OC�35Cl35Cl and OC�37Cl35Cl are 2149.14772(17) and 2149.02343(47) cm�1,

respectively. aConstrained fit with microwave data.17

Figure 4. Short wavenumbers segment of the recorded ν1 + ν5
1

spectrum of OC�Cl2.
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At each value of the 4-D grid (R,θ1,θ2,ϕ), the final interpolated
potential is then given by

V intðR;r1;θ1;θ2;jÞ ¼ ∑
j
CjðR;θ1;θ2;jÞ q̅2;j2 ðZÞ ð6Þ

where the index j runs over the interpolated r1,j points and
Cj(R,θ1,θ2,ϕ) are the expansion coefficients.

25 In eq 6 the q2,j
2 (Z)

is the 1-D orthogonalized41 angle-like reproducing kernel,35 and
the function Z is defined by

Zðr1Þ ¼ ðr1 � r1;startÞ
ðr1;end � r1;startÞ ð7Þ

3. Use of the Vibrational Adiabatic Approximation.
To simplify the 5-D potential, the stretching motions of the
COmonomer were adiabatically separated from the bending and
stretching motions of the complex using the vibrational self-
consistent-field (VSCF) calculation proposed by Bowman.42

With this separation, the 5-D potential in eq 2 becomes V(υCO)-
(R,θ1,θ2,ϕ),

41,43 (υCO is the CO vibrational quantum number),

which represents the intermolecular potential of the complex
averaged over the COmonomer vibrational state. In the VSCF, a
basis set of eigenfunctions of the free monomers are used, where
the eigenfunctions are obtained from the solution of the 1-D
radial Schr€odinger equation for the CO monomer, which is
conducted using a modified Numerov�Cooley approach.44 De-
tails of the VSCF calculation can be found in a previous
publication.25

4. Solving the 4-D Intermolecular Problem. The simplifica-
tion of the 5-D potential to 4-D by adiabatically separating the
stretching motion of the CO monomer from the bending and
stretching motions of the complex greatly reduces the computa-
tional effort required to complete the rovibrational energy
calculations. Within this approximation, the rovibrational Ha-
miltonian becomes similar to the one used for two interact-
ing linear rotors,39 where the vibrational problem is reduced to a
4-D problem. Thus, the rovibrational energy levels can be calculated
using the pseudospectral approach discussed previously.39 In the
kinetic energy expression, the rotational constant of the free
monomers were used: namely 0.243 251 cm�1 for Cl2,

45

10.440 199 2 cm�1 for HCl,8 1.922 528 955 cm�1 for CO
(υCO = 0),46 and 1.905 025 998 cm�1 for CO (υCO = 1).46

5. Compound-Model MorphingMethodwith Radial Shift-
ing. In the compound-model morphing method with radial
shifting (CMM-RS), the potential is generated as

VCMM�RSðRÞ ¼ C1½VMP2ðR0Þ�CPQZ þ C2f½VCCSDðTÞðR0Þ�CPTZ
� ½VCCSDðTÞðR0Þ�NO CP

TZ g þ C3f½VCCSDðTÞðR0Þ�CPTZ � ½VMP2ðR0Þ�CPTZg
ð8Þ

where

R0 ¼ R þ C4Rf

where the Cα are the unitless morphing parameters. The
reference or unmorphed potential, VCMM

(0) , is obtain by initially
choosingC1 = 1.0,C2 = 0.0,C3 = 1.0, andC4 = 0.0. Themorphing
parameters Cα are determined by using a regularized nonlinear
least-squares optimization.41 In eq 8, the parameter C1 is the
scaling parameter for the interaction energy of the dimer at the
MP2/aug-cc-pVQZ level of theory including the CP correction
for the BSSE. The second term in eq 8 corrects for BSSE at the
CCSD(T) level of theory, whereas the third term contributes
corrections for the correlation energy at the CCSD(T) level of
theory. Lastly, the radial shifting is included with the parameter
C4. The quality of the fit of the experimental data is characterized by
the root-mean-square (rms) deviation of the experimental data

GðγÞ ¼ 1
M ∑

M

k¼ 1

Oexpt
k �Ocalc

k ðCαÞ
σk

( )2
2
4

3
5
1=2

ð9Þ

In eq 9, γ is the regularized parameter, and was chosen to be 10.0.
6. Numerical Details. In the interpolating moving least-

squares procedure, an accurate representation of the interaction
potentials was obtained using 32 angular functions for the
OC�Cl2 complex and 55 angular functions for the OC�HCl
complex. For OC�Cl2 the parameters α, n, and ε in eq 4 were
chosen to be 0.85 radians�2, 4, and 10�12 radians4 (5.730 �
10�11 deg4) respectively. The corresponding values for
OC�HCl are α = 0.35 radians�2, n = 2, and ε = 10�12 radians2

(5.730� 10�11 deg2). For the radial interpolation the parameter

Table 3. Experimental Data Used in the CMM-RS Fits for
OC�HCla

observableb VCMM
(0) VCMM‑RS

(4) exp σk

B(GS)/10�2 cm�1 5.517 5.580 5.576c 0.002

DJ(GS)/10
�8 cm�1 16.7 16.0 16.0c 0.2

ν5
1/cm�1 47.52 48.99 48.99d 0.01

B(ν5
1)/10�2 cm�1 5.595 5.656 5.657d 0.002

DJ(ν5
1)/10�8 cm�1 19.5 18.5 19.1d 0.2

ν4
1/cm�1 190.52 201.21 201.20e 0.01

B(ν4
1)/10�2 cm�1 5.373 5.436 5.430e 0.002

DJ(ν4
1)/10�8 cm�1 23.0 21.1 21.4e 0.2

ν2/cm
�1 2155.27 2155.51 2155.50d 0.01

B(ν2)/10
�2 cm�1 5.488 5.551 5.548d 0.002

DJ(ν2)/10
�8 cm�1 16.9 16.2 16.1d 0.2

(ν2 + ν5
1)/cm�1 2201.82 2203.53 2203.55d 0.01

B(ν2 + ν5
1)/10�2 cm�1 5.568 5.630 5.631d 0.002

DJ(ν2 + ν5
1)/10�8 cm�1 19.8 18.7 19.2d 0.2

(ν2 + ν3 � ν3)/cm
�1 2154.40 2154.63 2154.63f 0.01

B(ν3)/10
�2 cm�1 5.387 5.452 5.457f 0.002

DJ(ν3)/10
�8 cm�1 23.6 22.3 25.9f 1.0

B(ν2 + ν3)/10
�2 cm�1 5.361 5.426 5.431f 0.002

DJ(ν2 + ν3)/10
�8 cm�1 24.4 23.0 27.0f 1.0

G 251.3 2.0
aAll data belong to the 16O12C�H35Cl isotopomer. bGS= ground state.
c From ref 8. d From ref 14. e From ref 15. fUnpublished data.

Table 4. Optimized Values for the Morphing Parameters for
OC�Cl2 and OC�HCl

OC�Cl2 OC�HCl

α Cα
(0) Cα

(4) σ Cα
(4) σ

1 1.0 1.0152 0.0015 1.0593 0.0006

2 0.0 �0.3148 0.0057 0.1216 0.0026

3 1.0 0.9626 0.0048 0.8106 0.0015

4 0.0 0.0050 0.0002 0.0041 0.0001
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VM in eq 5 was chosen to be 200 cm�1 for both complexes. For
OC�Cl2 complex the convergence of the adiabatic potential and
rovibrational energy calculations depends on the selection of the
following parameters: Rstart = 4.200 Å (the first point of the R
radial grid), Rend = 7.000 Å (the last point of the R radial grid), r1,
start = 1.000 Å (the first point of the r1 radial grid), r1,end = 1.300 Å
(the last point of the r1 radial grid), NR = 54 (the number of grid
points in the R radial direction), Nr1 = 501 (the number of grid
points in the r1 radial directions), Nθ1

= 24 and Nθ2
= 40 (the

number of θ1 and θ2 points used in the grid), and Nϕ = 65 (the
number of ϕ points used in the grid). The number of radial
spectral basis functions is NF = 50. All of the summations over
spectral states are truncated so that Jmax1= 22 and Jmax2= 38 and
include all possible values of m1 and m2. The corresponding
values for OC�HCl are Rstart = 3.750 Å, Rend = 7.000 Å, r1,start =
1.000 Å, r1,end = 1.300 Å, NR = 54, Nr1 = 501, Nθ1

= Nθ2
= 24,

Nϕ = 45, NF = 50, and Jmax1 = Jmax2 = 20. For both complexes,

the tolerance used to determine the convergence of the eigen-
values in the Lanczos procedure47 was 10�12 atomic units. In the
VSCF calculation, the number of basis set used was 4. Lastly, in
eq 8 the value of Rf was chosen to be 4.750 Å for OC�Cl2 and
4.250 Å for OC�HCl.

IV. RESULTS

Absorption spectra of the OC�Cl2 complex were observed
over the wavenumber range 2145�2236 cm�1. The ν1 funda-
mental bands were rerecorded and all four OC�Cl2 isotopomers
fitted for completeness. A short wavenumber segment of the
recorded ν1 spectrum including the four isotopomers of
OC�Cl2 is presented in Figure 3. A segment of the ν1 + ν5

1

combination band for three isotopomers is also presented in
Figure 4. The isotopomers OC�35Cl35Cl, OC�37Cl35Cl, and
OC�35Cl37Cl were also assigned for the combination band ν1 +
ν5
1, which involves the intermolecular low frequency bending

vibration (Figure 1). The hot band ν1 + ν5
1� ν5

1 was also assigned
for the isotopomers OC�35Cl35Cl, OC�37Cl35Cl. Moreover,
the combination band ν1 + νb

1 was assigned only for the
OC�35Cl35Cl isotopomer. The measured transition wavenum-
bers for the bandsmention above were fitted using the expression
in eq 1. The fitting of the infrared data was made using constants
previously determined from infrared16 and microwave17 studies.
Themicrowave data were fitted and the rotational constants were
used as constrained parameters in the fits of the ground state of
OC�35Cl35Cl, OC�37Cl35Cl, andOC�35Cl37Cl for the ν1, ν1 +

Figure 5. (Left) Two-dimensional slices of the adiabatic V(0) interaction morphed potential (VCMM‑RS
(4) ), of 16O12C�35Cl35Cl. (Right) Corresponding

estimated errors relative to the potential at infinite separation. The coordinates used are the Jacobi coordinates defined in Figure 2. All contours are
in cm�1.

Table 5. Fundamental Intermolecular Vibrations for
16O12C�35Cl35Cl and 16O12C�H35Cla

16O12C�35Cl35Cl 16O12C�H35Cl

ν3/cm
�1 56.43(4) 62.88(3)

ν4
1/cm�1 85.43(4)b 201.21(4)

ν5
1/cm�1 25.99(2) 48.99(3)

aValues are predictions based in the 5-D CMM-RS potential for each
complex. b In 16O12C�35Cl35Cl the ν4

1 is relabeled νb
1; see text.
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ν5
1, and ν1 + νb

1 bands. The final molecular constants determined
are given in Table 1.

The experimental data used to morph the intermolecular
potential energy surface of OC�Cl2 are presented in Table 2
and for OC�HCl are presented in Table 3. The values of the
morphing parameters, Cα, for both complexes are given in
Table 4. The adiabatic interaction potential energy surface of
OC�Cl2, with CO in its ground vibrational state, is shown in
Figure 5. The surface is characterized by two equivalent linear
global minima OC�Cl2 having Re = 4.742(3) Å andDe = 544(5)
cm�1. Also the potential surface has two equivalent secondary
linear minima CO�Cl2, which have not been observed experi-
mentally, with Re = 4.546(6) Å and De = 329(5) cm�1. More-
over, the morphed potential predicts, for 16O12C�35Cl35Cl, aD0

value of 397(5) cm�1, ν3 = 56.43(4) cm�1 (the intermolecular
stretching vibration), and νb

1 = 85.43(4) cm�1. The isomerization
energy from the ground state of 16O12C�35Cl35Cl to the ground
state of 12C16O�35Cl35Cl is thus predicted to be 154.4(5) cm�1.
Moreover, the height of the barrier for this isomerization is

estimated to be 409(10) cm�1, defined relative to the global
minimum OC�Cl2.

V. DISCUSSION

As shown in Table 4, the morphing parameters used to
generated the 5-D CMM-RS potential for OC�Cl2 and
OC�HCl have some similarity, except for the C2 parameter
and to a lesser extend C3, which correct for correlation energy at
the CCSD(T) level of theory. Because the C2 parameter gives
corrections for the BSSE, this implies that the sign andmagnitude
of C2 gives information about how effective the CP method is for
correcting for BSSE. For the data presented in this work, the CP
method undercorrects the BSSE in OC�HCl by 12(2)%, but
overcorrects in OC�Cl2 complex by 31(2)%.

The predicted values ofDe andD0 are respectively 544(5) and
397(5) cm�1 for 16O12C�35Cl35Cl and 725.6(50) and 397.1-
(5) cm�1 for 16O12C�H35Cl. This indicates that the D0 values
of the two complexes are comparable, thus enhancing compar-
ison of these two interactions. The hydrogen-bonded OC�
HCl complex thus has a significantly larger zero-point energy
of 328.5(10) cm�1 compared to 147(10) cm�1 in the halogen-
bonded OC�Cl2, within the 5-dimensional model used here. In
full 6-dimensional treatment, we would expect that the correc-
tion to the zero-point energy from the Cl�Cl stretch would
be significantly smaller than a �17 cm�1 correction for the
OC�HCl complex estimated from the measured13 HCl stretch
red shift of 34.185 cm�1. The significant differences in the zero-
point energy come primarily from the mass difference between
H and Cl. Also, as will be discussed later, the bending vibrational
frequencies are larger for OC�HCl than for OC�Cl2. Thus
leading to the larger zero-point energy in OC�HCl compared to
OC�Cl2.

As shown in Table 5, the ν3 values predicted from the
morphed potentials are almost the same for 16O12C�35Cl35Cl
and 16O12C�H35Cl but that in 16O12C�35Cl35Cl is smaller by
6.45(5) cm�1 than the corresponding value for 16O12C�H35Cl,
which can be explained as being in large part due to an expected
∼10% shift from the different reduced masses. Figures 6 and 7
illustrated the angular potential and the probability densities,
restricted to contour plots near minima to simplify representa-
tion of the ν4

1 and ν5
1 states in 16O12C�H35Cl and the ν5

1 state in
16O12C�35Cl35Cl. The ν5

1 mode in 16O12C�35Cl35Cl is ex-
pected to be primarily the Cl2 bend (Figure 1) whereas ν4

1 in
this complex is expected to be complicated by possible perturba-
tions from energetically nearby π states (3ν5

1 and ν3 + ν5
1) that

will require future investigation, as discussed previously, and has
thus been relabeled νb

1. In contrast, in the 16O12C�H35Cl
complex the ν5

1 mode is primarily a CO bend (Figure 1) and
the ν4

1 mode predominantly the HCl bend. The ν4
1 can be

regarded as adiabatically separated and considered as a mode
in HCl motion where its location follows the CO bending angle.
The ν5

1 OC�HCl also indicates adiabatic separation of the HCl
and CO bending motions as likewise does the ν5

1 OC�Cl2
indicate adiabatic separation with the Cl2 bending motion being
the slower mode. Figure 6, however, does indicate that the two
bending local modes are more coupled in OC�HCl than in
OC�Cl2.

The predicted vibrational ground state structure of the
16O12C�35Cl35Cl complex from the morphed potential is
θ̅i = cos

�1(Æcos2 θiæ1/2) for i = 1 and 2, θ̅1 = 15.1�, θ̅2 = 175.4�, and
R = 4.777 Å. These structural parameters agree very well with the

Figure 6. Two-dimensional slices of the adiabatic V(0) interaction
morphed potential (VCMM‑RS

(4) ), of 16O12C�H35Cl (top) and
16O12C�35Cl35Cl (bottom). All contours are in cm�1.
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values θ̅1 = 9.9�, θ̅2 = 175.0�, and R = 4.743 Å, determined from
the microwave analysis.17 Our predicted R value is in better
agreement with the one obtained from the infrared absorption
spectram,16 R = 4.776 Å. As a comparison, the corresponding
values for 16O12C�H35Cl predicted from the morphed potential
are θ̅1 = 10.9�, θ̅2 = 162.2�, and R = 4.306 Å. These structural
parameters indicate that the amplitude of the CO bending
motion is larger in OC�Cl2 than in OC�HCl. The nature of
bending motions in the ground state is illustrated in Figure 8,
where it can be seen that the extent of the wave function in the
CO bending coordinate is indeed larger in OC�Cl2 than in
OC�HCl. However, as apparent in Figure 8 and in the values of
θ̅2, the Cl2 monomer in the halogen-bonded complex OC�Cl2
undergoes significantly smaller bending excursions than does the
HClmonomer. This effect is primarily a consequence of the mass
differences in these two systems, although a similar effect is seen
in the bending potentials. The left panels of Figure 9 show the
bending potentials for the HCl and Cl2 in the complexation with
CO. It can be seen that the curvature of the Cl2 bending potential
in the OC�Cl2 complex is also somewhat larger than that for the

HCl bending in the OC�HCl system. The right-hand panels of
Figure 9 also indicate that the CO bending potential has a lower
curvature in OC�Cl2 than in OC�HCl, consistent with the
larger amplitude CO bending motion in the OC�Cl2 complex.

In Table 6, we also present anharmonic constants for
16O12C�35Cl35Cl. This information was generated by predicting
the appropriate wavenumbers, which were then fit to the energy
expression

Gðν1;ν2;ν3;νl44 ;νl55 Þ ¼ ∑
i
ωiðνi þ di=2Þ

þ ∑
i
∑
i g j

Xijðνi þ di=2Þðνj

þ dj=2Þ þ ∑
i g j

gijlilj ð10Þ

In eq 10,ωi is the harmonic frequency, di is the degeneracy factor,
Xij are the anharmonic constants, and gij is the l-dependent term
of the bending vibrational modes. The value ofX11 of�13.36 cm�1

indicates very small change in the anharmonicity of CO in the

Figure 7. ν5
1 and ν4

1 state probability densities of 16O12C�H35Cl (top) and ν5
1 16O12C�35Cl35Cl (bottom).
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complex when compared to that of the free CO, which is
characterized by anharmonicity of�13.24 cm�1. Corresponding
values have been derived for 16O12C�H35Cl and are given in
Table 7. It is important to point out that the CO stretching

wavenumber is labeled ν1 in OC�Cl2 and ν2 in OC�HCl, as
shown in Figure 1. All the intermolecular vibration labels, namely
ν3 (intermolecular stretch), νb

1 (high frequency bend that we are
currently unable to correct for possible coupling with nearby
π states and will treat as ν4

1 in the current calculations), and
ν5
1 (low frequency bend), correspond to the same vibration for

both complexes, as illustrated in Figure 1. It is observed that the
values of X11 in OC�Cl2 and X22 in OC�HCl are the same within
error. This indicates a very small change in the anharmonicity for
CO on complexation in both relative to that of the free CO.
Comparing the values of the remaining Xij in Tables 5 and 6, it
can be seen that the magnitude of Xij terms are in general larger
for OC�HCl than for OC�Cl2, except for the terms X33 and
X35. It is noteworthy that the anharmonicity in the intermolecular
stretch (X33) is smaller in magnitude for OC�HCl than for
OC�Cl2. In addition, the value of X34 for OC�HCl is∼3 times
the value of X34 in OC�Cl2, which could be a consequence of
additional coupling, as discussed previously. This difference in
the magnitude of X34 between the complexes could in part be a
consequence of the attenuated motion of Cl2 compared with that
of HCl in their complexes with CO.

As shown in Table 8, the generated CMM-RS potential of
OC�Cl2 is considerably deeper than previously determined
potentials for the OC�Cl2 system. In addition, the Re value
for the OC�Cl2 complex is in good agreement with previous
predictions. Lastly, the prediction from the morphed poten-
tial for ν3 = 56.43(4) cm�1 and νb

1 = 85.43(4) cm�1 in

Figure 8. Ground state probability densities in the θ1�θ2 plane. The
wave function for OC�Cl2 is in blue and the wave function for
OC�HCl is in red.

Figure 9. Two-dimensional slices of the adiabatic V(0) interaction morphed potential (VCMM‑RS
(4) ), of 16O12C�H35Cl (top panels) and

16O12C�35Cl35Cl (bottom panels). All contours are in cm�1.
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16O12C�35Cl35Cl can be compared with previous pre-
dictions18 of ν3 = 61.9 cm�1 and νb

1 = 97.8 cm�1.

VI. CONCLUSIONS

Combination and hot bands of the intermolecular bending
vibrations associated with CO stretching have been recorded in a
supersonic jet and analyzed for different isotopomers of
OC�Cl2. The band origin of the ν5

1 (low frequency intermole-
cular bending, see Figure 1) vibration of OC�35Cl2 has been
precisely determined from this data to be at 25.977 637(80) cm�1.
Such information has been combined with previously generated
spectroscopic data as the basis for generation of a 5-D CMM-RS
potential of OC�Cl2 capable of enhanced accuracy in predict-
ability of its properties. This potential is also be available for a
quantitative comparison with the corresponding 5-D CMM-RS
potential for the hydrogen bonded OC�HCl.

The concept of the halogen bond has recently been the subject
of renewed interest that is currently leading to a refined definition
of the interaction by an IUPAC Task Group (project 2009-032-
1-200) and its proposed significance for the rational design of
halogenated ligands as inhibitors and drugs, and in biomolecular
engineering as well as materials science.6,48�50 In the pre-
vious literature, the halogen bond has been described as parallel-
ing the hydrogen bond in the gas phase with the only significant
difference being a propensity to greater nonlinearity in the
hydrogen bond. The current comparison between the morphed
potentials of OC�Cl2 and OC�HCl (which are determined to
have comparable D0 values) thus give further perspectives to this
conclusion. Although these D0 are comparable in both complexes,

the De is significantly larger in OC�HCl. The difference comes
primarily from large amplitude zero-point bending motion, which
weakens the bond. Comparison of the respective potentials is
indicative of the halogen component havingmore restricted angular
amplitude and greater directionality in the case of OC�Cl2 whereas
the hydrogen bond potential is characterized by a greater degree of
coupling. The latter is further supported by determination of
respective anharmonic coupling terms in both systems. These
results also correlate with the significantly greater contribution of
zero-point energy in the case of OC�HCl (329(1) cm�1) relative
to OC�Cl2 (147(10) cm�1). Furthermore, the predicted vibra-
tional ground state structure of the 16O12C�35Cl35Cl complex from
the morphed potential is θ̅i = cos�1(Æcos2 θiæ1/2)θ̅2 = 175.4�,
whereas the corresponding value for OC�HCl is θ̅2 = 162.2�.
The values of θ̅1 are more comparable indicating that the amplitude
of the CO bending motion is slight floppier in OC�Cl2 than in
OC�HCl.

Electrostatic forces are expected to make minor contributions
to the bonding of this complex in which polarizability and the
resulting London dispersive forces are expected to dominate.
Electrostatic forces, however, are expected to make significant
contributions in OC�HCl. The current studies are also consis-
tent with previous microwave studies that conclude that there is
limited electron transfer and change in the Cl2 bond length on
complexation in OC�Cl2.

The results here, thus confirm previous gas phase and con-
densed phase investigations2,48�50 that conclude that halogen
bonds can be strong, specific with remarkable directionality.
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