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The high-resolution far-infrared spectrum of the intermolecular HCl libration bandν4
1 of the OC-H35Cl

heterodimer is recorded in the gas phase by means of Fourier transform IR spectroscopy in a static multipass
absorption cell at 137 K using a synchrotron radiation source. This is the first direct observation of an
intermolecular vibration band of the OC-HCl dimer in the gas phase. The rotational structure of the band
has the typical appearance of a perpendicular band of a linear polyatomic molecule. The structure is analyzed
to yield the band originν0 ) 201.20464(27) cm-1 together with values for the upper state rotational constant,
the upper state quartic and sextic centrifugal distortion constants, and thel-type doubling constant. The
determined values for the rotational constant and the centrifugal distortion constants are used to obtain a
Morse potential for the stretching of the intermolecular distance. The results are compared to the results from
quantum-chemical calculations.

1. Introduction

To understand intermolecular interactions in general, and the
hydrogen bond in particular, quantitative information on inter-
molecular interaction potentials for isolated hydrogen-bonded
molecular complexes is very valuable. A direct source of such
detailed information is the observation and rovibrational analyses
of high-resolution infrared absorption spectra of molecular
complexes in the gas phase. These absorption spectra may help
to characterize the forces acting between the two molecular
species, as well as how the intramolecular potentials within the
units are modified by the incorporation into the bimolecular
entity.

Experimentally, two complementary methods for investigating
rotationally resolved infrared absorption spectra of molecular
complexes have been dominating. In the first method, the
molecular complexes are formed in a molecular beam from a
supersonic expansion. The molecular complexes can be cooled
to a very low temperature by means of collisionless expansion
and therefore achieve a state in which no further reaction or
decomposition is possible. The concentration of the molecular
complexes, relative to monomers, is relatively large at these
temperatures. This technique is very suitable for studies of
weakly bound molecular complexes. The second method is the
use of a long path length static absorption cell containing the
molecular complexes in equilibrium with the monomers at low
temperatures, the temperature being chosen to optimize the
concentration of the molecular complex without causing con-
densation of the monomers present. Because the kinetic energy
of the components must be less than or comparable to the
electronic binding energy of the molecular complex at the
equilibrium temperatures, this technique is mostly suitable for
studies of stronger molecular complexes as those held together
by hydrogen bonds.

A few decades ago the majority of experimental information
on the structure of molecular complexes near the equilibrium
conformation was provided from microwave (MW) studies of
molecular beams. Nowadays, a variety of rotationally resolved
far-IR, mid-IR, near-IR, and UV/VIS spectroscopic techniques
have substantially outstriped the microwave efforts. The tech-
nique of a static cell containing equilibrium gas mixtures at low
temperatures has complementary advantages. Whereas the
molecular beam techniques have proven invaluable for deter-
mining equilibrium structures of complexes and the shape of
the intermolecular potential energy surface near its minimum,
the static cell spectra can give information of a larger part of
the attractive portion of the intermolecular potential energy
surface because, at the higher temperatures in the absorption
cell, higher rotational and vibrational levels are populated. Far-
infrared spectra give direct information about intermolecular
potential surfaces. Despite this, only a few far-infrared studies
of molecular complexes have been published possibly because
the generally available light sources are rather poor in this
spectral region.

In the present work, we characterize the intermolecular
potential energy surface of the hydrogen-bonded molecular
complex between CO and HCl by means of high-resolution
Fourier transform far-infrared spectroscopy in a static absorption
cell using a synchrotron radiation light source.

The first observation of the molecular complex between CO
and HCl in the gas phase was reported by Soper et al.,1 who
used pulsed nozzle Fourier transform MW spectroscopy to
obtain accurate ground-state spectroscopic constants, a ground-
state molecular structure, and some estimates of intermolecular
bending and stretching vibrations in the molecular complex. This
work showed that the most stable complex between CO and
HCl has a linear structure at equilibrium with the atom order
OC-HCl, thus establishing the presence of a hydrogen bond
to the carbon atom of the CO molecule. The vibrationally
averaged distance between the centers of mass of the two
monomers was determined to be 4.307 Å.
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The linear OC-HCl dimer has five modes of intermolecular
vibrational motion: one stretch of the intermolecular hydrogen
bondν3, a doubly degenerate high-frequency bending vibration
ν4

1 (libration of HCl), and a doubly degenerate low-frequency
bending vibrationν5

1 (libration of CO). In addition, the dimer
has the intramolecular HCl and CO stretching vibrationsν1 and
ν2. The molecular beam studies by Wang et al.2 and F. Meads
et al.3 have provided the observation and assignment of the
intramolecular bandsν1 andν2 located at 2851.67 and 2155.50
cm-1, respectively. The observed blue-shift of theν2 band
relative to the fundamental band in the CO monomer of ca.
12.23 cm-1 indicates a weakening of the intermolecular
hydrogen bond upon intramolecular vibrational excitation of the
ν2 vibration. The observed red shift of theν1 band relative to
the HCl monomer fundamental band of-34.19 cm-1 indicates
a stronger intermolecular hydrogen bond in the excited vibra-
tional state v1 ) 1. Later McKellar et al.4 reproduced these
results by means of high-resolution gas-phase IR spectroscopy
in a cooled static multipass cell. In this study, the higher
temperature in a static cell was used to extend the line
assignments to much higherJ values, and extended centrifugal
distortion parameters were determined for the ground state. The
most recent spectroscopic gas phase study of the OC-HCl dimer
was reported by R. Garnica et al.5 In this work, the high-
resolution near-infrared spectrum of the combination bandν2

+ ν5
1 was recorded using high-frequency wavelength modula-

tion diode laser supersonic jet spectroscopy. In addition, static
gas-phase spectra of the associatedν2 + ν5

1 - ν5
1 andν2 + 2ν5

2

- 2ν5
2 hot bands were observed. Garnica et al. managed to

evaluate the band origin for the intermolecular low-frequency
bending bandν5

1 to be 48.99 cm-1 together with spectroscopic
constants for theV5 level from a combined rovibrational analysis
of these bands.

The spectrum of the intermolecular high-frequency bending
vibration bandν4

1 of gas-phase OC-HCl has not yet been
observed. This band is expected to have the largest transition
moment of the intermolecular vibrations in the dimer owing to
the significant change of the molecular dipole moment upon
librational motion of the HCl molecule. In the MW study by
Soper et al.,1 the band origin ofν4

1 was estimated to be 288
cm-1 from the observed value of the measured Cl nuclear
quadrupole coupling constant. In an infrared matrix isolation
study, Andrews et al.6 observed a band at 247.1 cm-1 which
was assigned to theν4

1 mode. We report here the direct
observation and rovibrational analysis of the intermolecular HCl
librational bandν4

1 in gas-phase OC-HCl.

2. Experimental Details

The experiments were carried out at the infrared beam-line
at MAX-Lab at Lund University. A temperature controlled
200-L static absorption cell made of stainless steel is interfaced
with a Bruker IFS 120 HR Fourier transform spectrometer
(FTS). The absorption cell has a White type multipass mirror
system. The base length of the cell is 2.85 m, and the optics
was aligned to give a total optical path length of ca. 91.2 m.
The cell was equipped with two sets of 1.6 mm thick TPX
windows. TPX has turned out to work well at least down to
130 K. A computer emulated PID temperature controller controls
the current supplied to the three different resistive heaters welded
to the outside of the inner cell and maintains the cell temperature
within 0.25 K during an experiment. The cell temperature was
kept at 137 K during the experiment, which is close to the
condensation point of HCl. The partial pressures of HCl and
CO in the cell were 6 and 20 hPa, respectively.

The light source was synchrotron radiation from the storage
ring MAX-I at MAX-lab.7,8 The storage ring is a high-brightness
source of broadband infrared radiation, covering the full far-
infrared spectral region. Synchrotron radiation is very close to
a point source and is very suitable for high-resolution IR
spectroscopy.7-9 The interferometer was equipped with a 6µm
multilayer beam splitter during the measurements. The detector
was a liquid He cooled Si bolometer operating at 1.8 K (Infared
Laboratories, Inc.). The bolometer has been optimized for high-
resolution studies. An appropriate high-transmission band-pass
optical filter (0-370 cm-1) was mounted in the bolometer in
order to reduce the photonic noise level and detector nonlinearity
effects in the final spectra. The combination of optical filtering
from the bolometer, the 6µm multilayer beam splitter, and the
TPX cell windows give a band-pass in the region 50-370 cm-1.
The FTS instrument resolution (RES) is defined asRES) 0.9/
(MOPD), where MOPD is the maximum optical path difference
in the interferometer. Sample interferograms were recorded with
a resolution of 0.005 cm-1 (MOPD ) 180 cm). The recorded
sample interferograms were transformed using Mertz phase
correction and boxcar apodization. A total scan time of ca. 12
h was achieved. The ultimate signal-to-noise ratio in the
spectrum is limited not only by detector noise but also by the
difficulty in recording precisely matched sample and background
spectra. The raw spectra contain a number of interference fringes
introduced by the various optical elements of the spectrometer,
absorption cell, and transfer optics. Ideally these effects should
be canceled out when ratioing the sample and background
spectra. In reality this cancellation is seldom achieved due to
drifts in the optics during recording of the spectra. In the present
work, these effects were hard to control because of the low
temperature of the absorption cell together with the large num-
ber of reflections in the absorption cell. For this reason, no
high-resolution background spectrum was recorded. The back-
ground interferograms were recorded with a resolution of 0.08
cm-1. These were transformed and interpolated onto a wave-
number grid matching that of the sample spectra using a zero-
filling factor of 16. The background resolution proved to be
appropriate in order to cancel out the most dominant interference
fringes.

The absolute wavenumber scale of the spectra was that
determined from a calibration of the internal FTS He-Ne laser.
The accuracy of this calibration was checked by comparing line
positions from H2O in the spectra with literature values reported
by Johns.10 The water lines appear in our spectra owing to
residual water vapor in the evacuated interferometer tank. The
accuracy of these water line positions is estimated to be 0.0002
cm-1.10 Lists of line positions from the absorbance spectra were
generated using the Microcal Origin 6.0 software package
(Microcal software, Inc.). The precision of the line positions
reported in the present study is estimated to be equal to the
spectral resolution, that is, 0.005 cm-1.

3. Rovibrational Analysis

The spectrum of the HCl libration bandν4
1 of OC-HCl

shows aQ branch at 201.2 cm-1 which degrades widely at lower
wavenumbers. TheQ branch is accompanied by weaker R and
P branches; the R branch forming a band head near 203.1 cm-1,
whereas the P branch shows increasingJ-spacing toward lower
wavenumbers. This appearance is typical for a linear molecule
perpendicular band with a rather large negative value for∆B.
This is to be expected for the motion associated with the libration
mode in OC-HCl. The Q branch and the P branch are assigned
to J ) 60 and 32, respectively (Table 1). Figure 1 shows the Q
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branch assignment. For the R branch, a band head appears for
J ) 32,33. For this reason, assignments are only made up toJ
) 23 for this branch (Table 1). An additional number of weak
absorption lines are observed in the Q-branch region, some of
which probably belong to the OC-H37Cl isotopologue and some
which are likely to be hot band transitions in OC-H35Cl. The
presence of the hot band absorption lines, however, makes it

very difficult to identify the Q branch of OC-H37Cl. It is not
possible to establish a finalJ assignment for these absorption
lines.

A standard linear molecule model based on the rovibrational
energy expressions in eqs 1 and 211 is used to fit values of the
upper state spectroscopic constantsB1, DJ

1, and HJ
1. The

ground-state constantsB0, DJ
0, and HJ

0 are constrained to the
values obtained from the study by McKellar.4

From separate analyses of the Q branch and the P, R branch
system by this model, it appears that∆B as obtained from the
Q branch fit is numerically larger than∆B as obtained from
the P, R branch fit. This is an indication of the presence of
l-type doubling, and we estimate the value of thel-type doubling
constantq to be 3.43(17)× 10-5 cm-1. Including l-type
doubling in our model, we have analyzed the P-, Q-, and
R-branch transitions simultaneously. The resulting spectroscopic
constants are given in Table 2. In this fit, the ground-state
constants are also constrained to the values obtained from
McKellar.4 A total number of 94 transitions are fitted with a
standard deviation of 0.00123 cm-1 using a model including
the sextic distortion constantHJ, the l-type doubling constant
q, and its higher order correction termqJ.

TABLE 1: Summary of the Assigned Line Positions for theν4
1 Band of OC-H35Cl

transition
observed line position/

cm-1
observed-calculated/

cm-1 transition
observed line position/

cm-1
observed-calculated/

cm-1

P(2) 200.97798 -0.00065 Q(40) 198.66320 0.00101
P(4) 200.74001 -0.00079 Q(41) 198.52413 -0.00142
P(6) 200.49277 0.00161 Q(42) 198.38505 0.00047
P(7) 200.35988 -0.00203 Q(43) 198.23671 -0.00250
P(9) 200.09410 -0.00040 Q(44) 198.08837 -0.00097
P(13) 199.52236 -0.00157 Q(46) 197.77623 0.00044
P(14) 199.37401 0.00023 Q(47) 197.61243 0.00051
P(16) 199.06187 -0.00250 Q(48) 197.44245 -0.00075
P(17) 198.90426 -0.00082 Q(49) 197.26939 -0.00014
P(18) 198.74046 -0.00225 Q(50) 197.09014 -0.00066
P(19) 198.57666 -0.00058 Q(51) 196.90780 0.00088
P(20) 198.40978 0.00112 Q(52) 196.71928 0.00151
P(21) 198.23671 -0.00022 Q(53) 196.52149 -0.00175
P(23) 197.88439 0.00045 Q(54) 196.32369 0.00047
P(24) 197.70206 -0.00056 Q(55) 196.11972 0.00214
P(25) 197.51663 -0.00143 Q(56) 195.90648 0.00027
P(26) 197.33120 0.00099 Q(58) 195.46454 -0.00119
P(28) 196.94488 0.00033 Q(59) 195.23584 -0.00053
P(30) 196.54312 -0.00222 Q(60) 195.00096 0.00022
P(31) 196.34224 0.00169 R(0) 201.31175 -0.00145
P(32) 196.13208 -0.00019 R(1) 201.41683 -0.00197
Q(23) 200.38770 -0.00011 R(2) 201.52191 0.00049
Q(24) 200.31352 -0.00147 R(4) 201.71970 0.00197
Q(25) 200.23935 0.00054 R(5) 201.80932 -0.00206
Q(26) 200.15900 -0.00024 R(6) 201.90204 0.00001
Q(27) 200.07556 -0.00069 R(7) 201.99166 0.00201
Q(28) 199.98902 -0.00076 R(8) 202.07201 -0.00222
Q(29) 199.89940 -0.00039 R(9) 202.15546 -0.00030
Q(30) 199.80668 0.00045 R(12) 202.38415 0.00231
Q(31) 199.71088 0.00182 R(14) 202.51705 0.00012
Q(32) 199.60889 0.00068 R(15) 202.58195 0.00223
Q(33) 199.50381 0.00018 R(16) 202.64067 0.00137
Q(34) 199.39565 0.00037 R(18) 202.74883 0.00009
Q(36) 199.16695 -0.00002 R(19) 202.79828 -0.00025
Q(37) 199.04642 -0.00048 R(21) 202.88790 -0.00020
Q(38) 198.92280 0.00001 R(23) 202.96517 0.00109
Q(39) 198.79609 0.00151

Figure 1. Portion of the absorbance spectrum of theν4
1 band of

OC-H35Cl in the spectral region of the Q branch. The numbered lines
above the trace indicate the assigned Q(9) to Q(47) lines of the band
(see Table 1).

E0 ) B0J(J + 1) - DJ
0J2(J + 1)2 + HJ

0J3(J + 1)3 (1)

E1 ) ν0 + B1(J + 1) - DJ
1J2(J + 1)2 + HJ

1J3(J + 1)3 (
1/2(q + qJJ(J + 1))J(J + 1) (2)

1526 J. Phys. Chem. A, Vol. 108, No. 9, 2004 Larsen et al.



In the complete treatment of Nielsen,12,13the l-type doubling
constant is given by the following expression when|l| ) 1:

whereνi is a fundamental frequency in OC-HCl other thanν4
1,

and ê4i are the Coriolis coupling constants for the OC-HCl
complex. These depend on the masses, dimensions, and
harmonic force constants of the complex. In the following
section, we estimate the hypothetical rotational constantBe from
observed and estimated vibration-rotation interaction constants.
Together with estimates of the Coriolis coupling constants for
the couplings betweenν4

1 and the stretching vibrationsν1, ν2,
andν3 (the contribution from the Coriolis terms only makes up
approximately 1%), we obtain a value of 3.23× 10-5 cm-1 for
the l-type doubling constant which almost reproduces the
observed value within the uncertainty.

4. Modelling of the Intermolecular Stretching Potential
Energy Surface from Spectroscopic Data

To characterize the intermolecular potential energy surface
for the OC-HCl dimer using the spectroscopic data reported
in the present work, we have constructed a model for the
stretching of the intermolecular hydrogen bond in the dimer.
The Schro¨dinger equation for a rotating linear complex between
two linear molecules with an intermolecular Morse potential
function is solved in order to relate the parameters of the
Dunham expansion (the equilibrium values of the rotational
constantB and the centrifugal distortion parametersDJ andHJ)
to the Morse potential parametersD (the dissociation energy
for the molecular complex),a (a constant defining the steepness
of the potential energy surface), andre (the value of the center
of mass distance). The relations between the Dunham coef-
ficients and the Morse potential parameters are shown in the
appendix.

A set of preliminary Morse potential parameters can be cal-
culated for a given vibrational level according to eqs A6-A8
once the spectroscopic constantsB, DJ, andHJ are known for
that particular vibrational state. The spectroscopic constants have
to be corrected for the vibrational dependencies in order to
obtain the correct set of Morse potential parameters. We are
able to calculate the intermolecular harmonic stretching frequen-
cies, the anharmonicity constants, and the vibration-rotation
interaction constantsRe andâe according to eqs A9-A12 from
the preliminary set of Morse potential parameters. The values
of the vibration-rotation interaction constantsRe and âe are
used to correct for the dependency on the intermolecular

stretching vibration of the experimental values ofB and DJ.
The corrected spectroscopic constants are then used to calculate
improved values for the vibration-rotation interaction constants.
This procedure is repeated iteratively until the values of the
Morse potential parameters converge. The converged Morse
potential parameters for the different HCl libration states
together with the converged intermolecular harmonic stretching
frequencies, the anharmonicity constants, and the vibration-
rotation interaction constantsRe and âe are listed in Table 3.
The converged value ofRe only describes the vibrational
dependence onB of the intermolecular stretching frequencyν3.
However, together with the observed vibration-rotation interac-
tion constants for the other vibrational modes in OC-HCl
reported in (2-5), we can estimate a value for the hypothetical
equilibrium rotational constantBe according to

whereRi is the vibration-rotation interaction constants for the
ith fundamental vibration of OC-HCl andgi is one-half of the
corresponding degeneracy of the vibration. The equilibrium
value for the rotational constant is used to estimate the center
of mass distancercm at the equilibrium configuration of the
molecular complex according to

whereµOC-HCl is the reduced mass of the OC-HCl complex.
We find the center of mass distancercm at equilibrium to be
4.244 Å using the equilibrium bond lengths of CO and HCl.14

The estimated equilibrium value ofrcm seems very reasonable
compared to the vibrationally averaged distance of 4.307 Å
estimated by Soper et al.1 taking into consideration the expected
effect of vibrational averaging. The contribution of vibrational
averaging to a hydrogen bond length of ca. 0.05 Å has been
reported for several other hydrogen bonded molecular com-
plexes.15,16

The observed band center of theν4
1 mode gives direct

information on the amplitudes of the internal rotation of the
HCl molecule during the librational motion. The classical
amplitude of the HCl libration angleθHCl changes from 18.5°
in the vibrational ground state to 26.1° in the first excited HCl
librational state.

The observed negative shift of∆B together with the observed
positive shift of∆DJ is consistent with a significant weakening
of the hydrogen bond in OC-HCl upon excitation of the HCl
libration modeν4

1. The hydrogen bond elongates by 0.049 Å
upon excitation ofν4

1 according to the determined values of the

TABLE 2: Spectroscopic Constants (in cm-1) Obtained
from the Rovibrational Analysis of the HCl Libration Band
ν4

1 of OC-H35Cla

ν0 201.20464(27)b

∆B -0.0014631(13)
107 × ∆DJ 0.574(13)
1011 × ∆HJ -0.221(15)
q 0.0000343(17)
108× qJ -0.51(22)

Nc 94
σd 0.00123

a In the fit, the ground-state constants were fixed to the following
values (4): B0 ) 0.05576254 cm-1, DJ

0 ) 0.15686× 10-6 cm-1, and
HJ

0 ) -0.212× 10-11 cm-1 b Uncertainties quoted are one standard
deviation.c Number of observations.d Standard deviation of fit (cm-1).

2
Be

2

ν4
1 (1 + 4∑

i

ê4i
2

(ν4
1)2

νi
2 - (ν4

1)2) (3)

TABLE 3: Morse Parameters, Harmonic Intermolecular
Stretching Frequencies, Anharmonicity Constants, and
Vibration -Rotation Interaction Constants for the
Intermolecular Stretching Potential Determined from the
Spectroscopic Constants and the Relations between
Coefficients in the Dunham Expansion and the Morse
Potential Parameters

Parameter V4 ) 0 V4 ) 1

re/Å 4.2670 4.3157
a/Å-1 1.8679 1.9709
D/cm-1 313.3 195.9
υe/cm-1 68.4 57.1
υexe/cm-1 3.736 4.159
Re/cm-1 1.98× 10-3 2.45× 10-3

âe/cm-1 1.22× 10-8 2.29× 10-8

Be ) B0 + ∑
i

Rigi (4)

rcm
e ) xI e

OC-HCl - I e
HCl - I e

CO

µOC-HCl
(5)
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Morse potential parameterre. The empirical model estimates
the intermolecular harmonic stretching frequency for the ground
state to be 68.4 cm-1. This value is close to the harmonic value
of 67.5 cm-1 estimated by the modified pseudodiatomic (MPD)
approximation.17 The empirical model estimates the intermo-
lecular harmonic stretching frequency to decrease to 57.1 cm-1

upon excitation of the HCl libration, a measure of the weakening
of the hydrogen bond. The OC-HCl dimer is weakened by 117
cm-1 upon excitation of theν4

1 vibration according to the
determined values of the Morse parameterDe. However, the
estimated Morse dissociation energies are expected to be of low
accuracy because the precision of the observed higher order
centrifugal distortion constantsDJ andHJ is not very high.

5. Quantum-Chemical Calculations

5a. Equilibrium Configuration of OC -HCl. Standard ab
initio molecular orbital theory18 calculations are carried out using
the program package Gaussian 98.19 Geometry optimization
procedures are performed for CO, HCl, and OC-HCl using
MP220 and CCSD(T)21 theory in combination with correlation
consistent polarized valence double, triple-, and quadruple-ú
basis sets with and without the augmentation of additional
diffuse functions.22 Additional single-point energy calculations
on selected dimer geometries are performed in order to calculate
BSSE corrections. Harmonic vibrational frequency analyses are
performed using the MP2 level of theory combined with the
same basis sets. The results from the CCSD(T)/aug-cc-pVTZ
level of theory are given in this paper, and the results from the
other calculations are available from the authors on request.

In Table 4, the computed structural parameters obtained for
CO, HCl, and OC-HCl at the CCSD(T)/aug-cc-pVTZ level of
theory are compared with corresponding experimental geom-
etries. The predicted bond lengths are in close agreement with
experimental data for both of the monomers CO and HCl. The
center of mass distance at equilibrium for the dimer is predicted
to be 4.267 Å, assuming the monomer structures to be
unchanged during the dimer formation. This assumption seems
to be valid since the CCSD(T)/aug-cc-pVTZ level of theory
predicts the H-Cl bond length to elongate by only 0.0036 Å
and the CdO bond length to contract by only 0.002 Å upon
the complex formation. In this study, we estimate an empirical
value of rcm for the equilibrium configuration to be 4.246 Å
(see the previous section) in fairly nice agreement with the
CCSD(T)/aug-cc-pVTZ value. The CCSD(T)/aug-cc-pVTZ
level of theory thus seems to be reliable in the description of
the OC-HCl structure. Consequently, the CCSD(T)/aug-cc-
pVTZ level of theory is expected to give a reasonable value
for the electronic binding energy for the formation of the dimer
as well.

The calculated electronic equilibrium binding energy for the
OC-HCl dimer is -654 cm-1 when corrected for the BSSE
(177 cm-1) being assessed using the Counterpoise (CP) cor-
rection as suggested by Boys & Bernadi.23 The basis set limit
has not been reached for the CCSD(T)/aug-cc-pVTZ level of
theory. To estimate the basis set limit, we use the results of

Dunning,24 who has studied the basis set limit for CCSD(T)
calculations ofDe for the hydrogen-bonded dimers (H2O)2 and
(HF)2 using correlation consistent basis sets. In this work, the
BSSE corrected values ofDe for (H2O)2 and (HF)2 were
calculated using the CCSD(T) level of theory in combination
with the aug-cc-pVnZ basis sets,n ) 1-4. The conclusion of
this work was that the basis set convergence errors for (H2O)2
and (HF)2 for a specific basis set are very similar. For (H2O)2,
the CCSD(T)/aug-pVTZ level of theory yields 94% of the
complete basis set limit. Assuming this to be true also for the
OC-HCl system, we predict an electronic equilibrium binding
energyDe of -696 cm-1 in the complete basis set limit.

The harmonic frequency analysis at the MP2/cc-pVQZ level
of theory yields a ZPE contribution of 388 cm-1 for the
electronic binding energy (see Table 5). However, with the
present study of theν4

1 band, all of the vibrational frequencies
of the OCsHCl dimer in the gas phase have been determined
experimentally (see Table 5) except for the weak intermolecular
stretching band. We use the harmonic frequency of 68.4 cm-1

and the corresponding anharmonicity constant of 3.736 cm-1

estimated from our empirical model to estimate the zero point
energy for this intermolecular stretching mode. This allows us
to calculate an empirical ZPE contribution for the dimer of 274
cm-1 leading to an estimate of the electronic binding energy
D0 of -422 cm-1.

5b. Potential Energy Surface Away from the Equilibrium
Configuration. To give rough estimates of the spectroscopic
constants and how these constants change upon the HCl
librational motion, we have computed the interaction energy
between CO and HCl on a two-dimensional grid of points at
the CCSD(T)/aug-cc-pVTZ level of theory.

The angleθHCl defining the internal rotation of the HCl
molecule around its center of mass is varied from 0° to 30° in
steps of 10° and the distancercm between the centers of mass
of the two monomers from 4.10 to 4.40 Å in steps of 0.05 Å
(see Figure 2). The CO and HCl bond lengths are kept fixed at
their computed equilibrium values. The CO monomer is directed
toward the center of mass of the HCl molecule.

We assume a Born Oppenheimer type separation between
the HCl libration and the center of mass stretch. For each value
of the center of mass distancercm, the computed interaction
energies for the different values of the angleθHCl are fitted to
a fourth-order polynomial. It is assumed that the intermolecular
potential energy surface is symmetric aroundrcm so that seven
grid points (θHCl ) 0°, (10°, (20°, and(30°) are used for
each value ofrcm. These polynomials are then used to calculate
the energies of the three lowest libration states. The experimental
B value of ground-state HCl is used. The contribution from the

TABLE 4: Computed and Experimental Equilibrium
Structural Parameters (in Å) of CO, HCl, and OCsHCl

CO HCl OC-HCl

rCO rHCl rCO rHCl rCH rcm

CCSD(T)/
aug-cc-pVTZ

1.136 1.279 1.134 1.283 2.365 4.267

exp 1.128a 1.275a 4.244b

a Reference 14.b From the empirical model presented in this work.

TABLE 5: Harmonic Frequencies (cm-1) Computed for
HCl, CO, and OC-HCl at the MP2/cc-pVQZ Level of
Theory and Experimental Gas Phase Frequencies

method ν5
1 ν3 ν4

1 ν2 ν1 νCO νHCl

MP2/cc-pVQZ 65 86 312 2142 2972 2128 3050
exp 49a (68)ab 201ab 2155ac 2852ad 2143ae 2886ae

a Reference 5.b This work. c References 2-4. d References 3 and 4.
e The HITRAN molecular spectroscopic database.25

Figure 2. Illustration of the two structural parametersrcm (the center
of mass separation of HCl and CO) andθHCl (the HCl libration angle)
which are used to describe the geometry of the molecular complex
OC-HCl.
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fourth degree term in the potential is obtained from first-order
perturbation theory. Three different potential energy curves for
rcm are obtained from these calculations. The firstrcm curve
goes through the minima of the libration potential curves, giving
the energy of the hypothetical equilibrium state. The other two
curves give the energies of the librational ground state and the
lowest HCl libration excited state, respectively. These are
obtained by addition of the respective libration energy to the
energy at the minimum of the libration potential at the given
rcm with θHCl ) 0. Morse potential curves are then fitted to the
four rcm potential curves and from the solutions to the center of
mass vibration for these potentials, we obtain estimates of the
libration transition energy, the intermolecular harmonic stretch-
ing frequencies, and the centrifugal distortion constants of the
two lowest libration states using the equations listed in the
appendix. The calculated values are given in Table 6.

The theoretical values for the rotational constants and the
intermolecular harmonic stretching frequencies in the different
HCl libration states are close to the values obtained from the
empirical model. The predicted values for the rotational
constants agree within 0.6% of the experimental values. It must
be noted that the calculations are made for the CO molecule
fixed at its equilibrium orientation while the empirical potential
is obtained for a vibrational average of the CO orientation. The
calculations are therefore expected to give a somewhat higher
interaction energy than the empirical potential. No BSSE
corrections are applied to the calculated energies. The BSSEs
are expected to decrease with increasing center of mass distance;
we therefore expect the calculations to overestimate the energy
variation with distance to some extent. We note that the
quantum-chemical calculations predict the rotational constant
to decrease ca. 2.9% upon excitation of the HCl libration mode
which is close to the observed decrease of ca. 2.7%. The
predicted values for the intermolecular harmonic stretching
frequencies are approximately 12% larger than the values
obtained from our empirical model. The quantum-chemical
calculations predict the decrease of the intermolecular harmonic
stretching frequency to be ca. 16%, from 77.0 cm-1 in the
vibrational ground state to 64.7 cm-1 in the first excited HCl
libration state, whereas the empirical model gives a decrease
of 17%.

With respect to the centrifugal distortion constantsDJ and
HJ, the agreement between theory and experiment is less

conspicuous. The absolute values of the quartic centrifugal
distortion constants are predicted ca. 25% smaller than the
observed ground state and upper state values possibly because
the calculations overestimate the interaction energy. However,
both experiment and theory show an increase of theDJ constant
of ca. 35% upon the HCl librational motion. The predicted
values of the sextic centrifugal distortion constantsHJ have the
same order of magnitude as the empirical values. The ab initio
calculations predict the value of this constant to decrease upon
excitation ofν4

1 which is also confirmed by the rovibrational
analysis.

The discrepancy between the predicted and observed HCl
libration frequency may be due to both the lack of the BSSE
correction and the fact that CO was kept at its equilibrium
orientation.

6. Conclusions

The spectrum of the intermolecularν4
1 high-frequency

bending mode in gas-phase OC-HCl is recorded using the high-
brightness infrared radiation from the MAX-I storage ring at
MAX-lab. A rovibrational analysis of theν4

1 band yields spec-
troscopic constants for the upper HCl librational state which
are used to construct a model for the stretching of the inter-
molecular hydrogen bond in the dimer. The empirical model is
in good agreement with results from CCSD(T) theory combined
with the correlation-consistent aug-cc-pVTZ basis set indicating
that this level of theory gives a rather accurate description of
the molecular complex.
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Appendix

Centrifugal Distortion Parameters of a Linear Complex
between Two Linear Molecules with an Intermolecular
Morse Potential. The vibrational Hamiltonian of the complex
between two linear molecules is given by

I1 andI2 are the moments of inertia of the two molecules.D, a,
and re are the Morse potential parameters andµ is the re-
duced mass:µ ) MAMB/(MA + MB) whereMA andMB are the
masses of the two molecules andr is the distance between the
centers of mass of the two molecules. We introduce the Morse
variableú

and expand

TABLE 6: Intermolecular Harmonic Stretching
Frequencies, Libration Frequencies, Rotational Constants,
Centrifugal Distortion Constants, Equilibrium Dissociation
Energies, and Equilibrium Center of Mass Separations in
OC-HCl as Obtained from the CCSD(T)/Aug-cc-pVTZ
Level of Theory and the Empirical Model

CCSD(T)/aug-cc-pVTZ experimental

ν3/cm-1 77.0 68.4a

(V3 ) 1, V4 ) 1) r
(V3 ) 0, V4 ) 1)/cm-1

64.7 57.1a

ν4
1/cm-1 243.7 201.2

B0/cm-1 0.05550 0.05576254
B1/cm-1 0.05396 0.054299
DJ

0/cm-1 1.18× 10-7 1.5686× 10-7

DJ
1/cm-1 1.59× 10-7 2.14× 10-7

HJ
0/cm-1 -9.51× 10-13 -2.12× 10-12

HJ
1/cm-1 -2.11× 10-12 -4.33× 10-12

De/cm-1 654 325a

re/Å 4.267 4.246b

∆re/Å -0.053 -0.054a

a Results from the empirical model described in Section 4.b Equation
5 (see section 4).

Ĥ ) [- h2

8π2µ
1
r ( ∂

∂r)2
r + D[1 - exp(-a(r - re))]

2 +

h2

8π2

J(J + 1) - l2

(I1 + I2 + µr2)] (A1)

ú ) exp(-a(r - re)) (A2)

h2

8π2

J(J + 1) - l2

I1 + I2 + µr2
(A3)

Intermolecularν 4
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as

whereI ) I1 + I2 andR ) (J(J + 1) - l2)h2/(8π2)). Both sides
of eq A4 are expanded in powers of (r - re) up to and including
(r - re)2. This determinesA, B, andC.

When these substitutions are made in eq A1, the resulting
Hamiltonian has the same form as the standard Hamiltonian
for a diatomic molecule with a Morse potential. The energy
levels are given by

A, B, andC are significantly smaller thanD. By expanding and
identification of coefficients, we obtain the following expres-
sions for the spectroscopic constants:
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8π2µ
(A5)
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