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The absorption spectra of the (CH3)2O‚‚‚HF complex in the range of 4200-2800 cm-1 were recorded in the
gas phase at a resolutions of 0.1 cm-1 at T ) 190-340 K. The spectra obtained were used to analyze their
structure and to determine the temperature dependencies of the first and second spectral moments. The band
shape of the (CH3)2O‚‚‚HF complex in the region of theν1(HF) stretching mode was reconstructed
nonempirically. Theν1 andν3 stretching vibrations and four bending vibrations responsible for the formation
of the band shape were considered. The equilibrium geometry and the 1D-4D potential energy surfaces
were calculated at the MP2 6-311++G(2d,2p) level with the basis set superposition error taken into account.
On the basis of these surfaces, a number of one- and multidimensional anharmonic vibrational problems
were solved by the variational method. Solutions of auxiliary 1D and 2D vibrational problems showed the
strong coupling between the modes. The energy levels, transition frequencies and intensities, and the rotational
constants for the combining vibrational states necessary to reconstruct the spectrum were obtained from solutions
of the 4D problem (ν1, ν3, ν5(B2), ν6(B2)) and the 2D problem (ν5(B1), ν6(B1)). The theoretical spectra
reconstructed for different temperatures as a superposition of rovibrational bands associated with the
fundamental, hot, sum, and difference transitions reproduce the shape and separate spectral features of the
experimental spectra. The calculated value of theν1 frequency is 3424 cm-1. Along with the frequencies and
absolute intensities, the calculation yields the vibrationally averaged values of the separation between the
centers of mass of the monomersRc.-of-m., R(O‚‚‚F), and r(HF) for different states. In particular, upon
excitation of theν1 mode,Rc.-of-m. becomes shorter by 0.0861 Å, andr(HF) becomes longer by 0.0474 Å.

Introduction

Spectroscopic studies of the (CH3)2O‚‚‚HF complex of
dimethylether with hydrogen fluoride with a moderately strong
hydrogen bond were started about 40 years ago. Together with
the related complexes H2O‚‚‚HF and HCN‚‚‚HF, this complex
belongs to a few H-bonded systems whose infrared absorption
spectra can be recorded in the gas phase. Nonetheless, the studies
of spectra of the (CH3)2O‚‚‚HF complex available at present in
the literature are not numerous. To date, certain information is
obtained on the fundamental band and the first overtone band
of the νHF (νDF) stretching vibration,1-3 the δHF bending
vibration,4 and the low-frequencyνσ stretching vibration of the
hydrogen bond.5 The gas-phase studies were supplemented with
measurements of spectra of the (CH3)2O‚‚‚HF complex in low-
temperature matrices6 at T ) 12 K and in solution in liquefied
xenon7,8 at T ) 210-260 K. Analysis of the available
experimental data shows that the anharmonic interaction of the
high-frequency νHF ≡ ν1 and low-frequency modes is a
governing factor in the formation of spectra of such complexes.

It should be noted that the absorption bands associated with
the combination (sum and difference)ν1 ( ν3 transitions can
be recorded reliably by studying the (CH3)2O‚‚‚HF complex.
Here,ν3 is the intermolecular stretching vibration. These bands
were, for the first time, observed1 in the range of 3900-3100
cm-1 against a background of the wide asymmetricν1 stretching
band. The distinct maximum on the high-frequency wing of the
spectrum is assigned to theν1 + ν3 sum band, while the weak

absorption on the low-frequency wing is associated with theν1

- ν3 difference band. The frequency of theν3 mode in the
complex of HF with (CH3)2O was estimated1 to be about 170
cm-1. The spectra of mixtures of HF(DF) with dimethylether
in the far-infrared region of 50-350 cm-1 were recorded,5 and
for the (CH3)2O‚‚‚HF(DF) complexes, theν3 frequency was
found to be 185( 10 cm-1, which is close to the estimate.1 On
the basis of the temperature dependences of the absorption bands
of free molecules and complexes,5 the energy of formation of
the complexes in the gas phase ofD ) 43 kJ mol-1 ) 10.28
kcal mol-1 ) 3590 cm-1 was derived. Finally, the frequencies
of absorption bands associated with the high-frequencyν5

bending vibration of hydrogen fluoride were found to be 755
and 665 cm-1 in (CH3)2O‚‚‚HF and 550 and 490 cm-1 in
(CH3)2O‚‚‚DF.4

The ν1 band shape of the (CH3)2O‚‚‚HF complex does not
change on the whole upon transition from the gas phase to
solution in liquefied Xe,7,8 which is one of the simplest solvents.
A high-frequency maximum at 3610 cm-1 associated with the
ν1 + ν3 transition is observed against the background of the
central component of cryospectra at about 3380 cm-1. The ν1

+ ν3 band is not observed in the Ar matrix6 atT ) 12 K. Under
these conditions, a narrowν1 band of the complex is recorded
at 3350 cm-1, which reveals a certain asymmetry.

In recent decades, considerable attention has been given to
analysis of the mechanisms forming the complicatedν1 absorp-
tion band of the complex and to attempts to describe it in terms
of anharmonic models. The temperature dependence of theνHF

band shape in the (CD3)2O‚‚‚HF complex was studied7,8 in the* To whom correspondence should be addressed.
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gas phase in the temperature range of 220-360 K. Upon passage
to low temperatures, additional spectral features of the band
appeared, which facilitated the interpretation of the band
structure. The profile of the absorption band in the region of
the stretching frequency of hydrogen fluoride in the complex
was reconstructed7 with the use of a semiempirical model, taking
into account the coupling of theν1 vibration to theν3 vibration
and to the low-frequencyν6(B1) andν6(B2) bending vibrations
of dimethylether, as distinct from earlier studies1-3 where only
the interaction with theν3 vibration was considered. Along with
the fundamental v1 ) 0 f 1 transition, a set of hot transitions
with the frequencies

was taken into account, as well as the sum and difference
transitions with the frequencies

and

The rotational structure of vibrational bands was also considered.
In eqs 1-3, vk is the vibrational quantum number, andx1k is
the anharmonicity constant. The intensities of individual transi-
tions |0 v3 v6(B1) v6(B2)〉 f |1 v′3 v′6(B1)

v′6(B2)
〉 are determined by

the population of initial energy levels, the squares of the
transition dipole moments, and the electro-optical anharmonicity
constants.9

The profile of theνHF band and its temperature variations
were satisfactorily described7 in terms of this model with the
use of the spectral parametersν1 ) 3430( 5, ν3 ) 165 ( 5,
ν6(B1) ) 60 ( 5, ν6(B2) ) 30, x13) 70 ( 5, x16(B1)) 2.5, and
x16(B2) ) 1.8 cm-1. Some of the parameters were derived directly
from the experiment, and the other parameters were found from
fitting the calculated spectra to the experimental spectra. When
calculating the band shapes, the following changes in the
rotational constantB upon transitions between vibrational states
were taken into account: 0.007 (the v1 ) 0 f 1 transition),
0.005 (the v1 ) 0, v3 ) 0 f v1 ) 1, v3, ) 1 transition), and 0.009
cm-1 (the v1 ) 0, v3 ) v1 ) 1, v3 ) 0 transition). These
increments were found while analyzing the rotation-vibration
spectrum of the complex.

The absorption spectra of the (CH3)2O‚‚‚HF complex in the
range of 3700-3200 cm-1 were recorded10 in a gas cell atT )
188-271 K and in a supersonic jet (mixtures of (CH3)2O, HF,
and Ar) atT e 70 K. The structural details associated with the
contributions of different vibrational transitions are the most
distinct in the spectra recorded in the supersonic jet, although
under these conditions, the bands of separate transitions overlap
to some degree. The experimental studies were supplemented
with quantum chemical calculations of the equilibrium geometry
of the monomers and the complex at the DFT and MP2 levels.
On the basis of the calculated results and the temperature
behavior of the spectra, the authors10 carefully interpreted the
structure of absorption bands and derived the frequencies of
the most important sum, difference, combination, and hot
transitions. As in the study,7 the theoretical spectra were
constructed as a superposition of the fundamental band withν1

) 3428.5 cm-1 and the vibrational bands arising due to the
coupling of the high-frequency stretch of HF to theν3

intermolecular stretch and to an intermolecular bending vibration
denoted byνδ. Thus, the authors10 somewhat simplified the

problem and did not discriminate between theν6(B1) and ν6-
(B2) vibrations occurring in the mutually perpendicular planes.
When fitting the theoretical spectra to the experimental data,
the intensities of separate bands were found by using the
technique of variable overlap integrals of the wave functions
of combining states of the low-frequency modes. The constant
of anharmonic coupling of theν1 andνδ vibrations is found to
bex1δ ) 10.5-13.0 cm-1, the estimate ofx13 is 33 ( 2 cm-1,
and the difference between the frequencies of the|000〉 f |110〉
and |000〉 f |100〉 transitions is 199 cm-1. The procedure
employed allowed the authors to construct the theoretical spectra
in good agreement with the experimental data for both the gas
cell and supersonic jet experiments.

It is evident that the simplified schemes with fixed values of
the frequencies of the intermolecular modes and the anharmo-
nicity constants and with a parametric representation of transition
intensities cannot describe, in detail, the complicated band shape
of the (CH3)2O‚‚‚HF complex. It was shown11,12 that the
complicated band shape of the H2O‚‚‚HF complex can be
described with a good accuracy in the framework of a totally
nonempirical calculation. In particular, the assignment of
structural features of the H2O‚‚‚HF spectrum was refined in
these papers. These results were confirmed by the independent
calculation and the low-temperature experiment.13 The purpose
of the present paper is to obtain additional experimental
information on the spectra of the (CH3)2O‚‚‚HF complex in the
gas phase, in particular, at higher temperatures, and to perform
a nonempirical calculation of the electro-optical parameters of
the complex necessary to reconstruct the absorption band in
the region of theν1 fundamental transition.

Experimental Section

The spectra in the range of 4200-2800 cm-1 were recorded
with Bruker IFS-113v and Bruker IFS-120 HR vacuum Fourier
spectrometers at a resolution of about 0.1 cm-1. A stainless steel
cell (L ) 20 cm) with CaF2 windows was used to record the
gas-phase spectra in the temperature interval of 190-340 K.
The partial pressures werep(HF) ∼ 5-10 Torr andp((CH3)2O)
∼ 40-60 Torr. The pressures of the components were chosen
in such a way10,12,14as to exclude the appearance of complicated
complexes containing more than two HF molecules. The
changes in the concentrations of components in the course of
the experiment did not exceed one percent.

The experimental absorption spectra of mixtures (CH3)2O/
HF recorded atT ) 190, 230, 285, and 320 K are shown in
Figures 1 and 2, together with the theoretical spectra of the
(CH3)2O‚‚‚HF complex calculated for these temperatures. The
method used to calculate the spectra and their discussion will
be presented below. The band in question of the (CH3)2O‚‚‚HF
complex lies in the region of 3900-3200 cm-1 and overlaps
the P branch of the rovibrational absorption band of free HF
molecules. The relatively weak rovibrational linesP(3)-P(8)
that fall on the high-frequency wing of theν1 band were
subtracted by using the approach described earlier.15

One can see in Figures 1 and 2 that the absorption band of
theν1 stretch in the (CH3)2O‚‚‚HF complex has a complicated
shape. It contains the intense, asymmetric central component
with a maximum at 3450-3460 cm-1, the high-frequency
component in the region of 3700 cm-1, and the weakly
pronounced low-frequency component at 3300 cm-1. For
convenience, we indicate in the figures the frequencyν1

0 of the
vibrational transition from the ground vibrational state and the
regions of formation of the sum (I and II) and difference (III
and IV) bands7,8,10 involving the stretching and bending

ν1 + x13‚v3 + x16(B1)
‚v6(B1) + x16(B2)

‚v6(B2) (1)

ν1 + νk + x1k + x13‚v3 + x16(B1)
‚v6(B1) + x16(B2)

‚v6(B2) (2)

ν1 - νk + x13‚v3 + x16(B1)
‚v6(B1) + x16(B2)

‚v6(B2) (3)
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intermolecular vibrations. The central component has a low-
frequency shoulder and an extended high-frequency wing. The
positions of the main maxima virtually do not depend on the
concentration of components of a gaseous mixture and the
temperature of a sample. As the temperature decreases, structural
features appear on the high-frequency wing of the central
component in the region of 3500 cm-1. Unfortunately, it is
practically impossible to decrease the temperature below 190
K under stationary conditions since the saturation vapor pressure
of (CH3)2O‚‚‚HF complexes becomes very low and the weak
band of the complex cannot be recorded even by the Fourier
spectroscopy technique.

Information useful for comparison of theoretical and experi-
mental results can be obtained from analysis of the first and
second spectral moments and their temperature dependences.16,17

From the experimental spectra, we evaluated the first moment
that determines the center of gravityV0 of the band

whereD(V) ) lg(I0/I) and

is the integral intensity of the band, and the second spectral
moment

that characterizes the effective width of the band∆V1/2 ) 2

xM 2
/. Integration was performed over the frequency range of

3100-3900 cm-1. The values of normalized moments for
different temperatures are presented in Table 1. The error of
evaluation ofV0 does not exceed 3 cm-1, and the inaccuracy of
the determination ofM 2

/ amounts to 15-20%. One can see
from Table 1 that the center of gravity of the band significantly
shifts to higher frequencies and that the band broadens with
increasing temperature.

Figure 1. Experimental and theoretical absorption spectra of the
(CH3)2O‚‚‚HF complex in the gas phase in the region of theν1 mode
at T ) 190 (A) and 230 K (B).

M*1 ) M0
-1 ∫V1

V2 V‚D(V)dV ) V0 (4)

M0 ) ∫V1

V2 D(V)dV

Figure 2. Experimental and theoretical absorption spectra of the
(CH3)2O‚‚‚HF complex in the gas phase in the region of theν1 mode
at T ) 285 (A) and 320 K (B).

TABLE 1: Experimental and Theoretical Values of Spectral
Moments M1

/ and M2
/ and the Effective Width ∆W1/2 of the ν1

Band of the (CH3)2O‚‚‚HF Complex at Different
Temperaturesa

T (K) M1
/ (cm-1) M2

/ (cm-2) ∆V1/2 (cm-1)

exp theor exp theor exp theor

190 3470 3478 4400 6685 130 164
230 3480 3481 5900 7200 155 170
285 3490 3485 8700 7694 180 175
320 3510 3487 12500 7949 220 178

a Note: Experimental errors ofM1
/, M2

/, and ∆V1/2 increase with
temperature and lie in the intervals of 2-3 cm-1, 15-20%, and 10-
20 cm-1, respectively.

M*2 ) M0
-1 ∫V1

V2 (V - V0)
2‚D(V)dV (5)
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Nonempirical Calculation of the Electro-optical Param-
eters of the (CH3)2O‚‚‚HF Complex. (1) Ab Initio Calculation
of the Equilibrium Geometry of the Complex.The electronic
structure calculation of the complex was carried out using the
Gaussian03 package of codes18 at the MP2 6-311++G(2d,2p)
level with the basis set superposition error (BSSE) taken into
account by the counterpoise method.19 It is known10,20that using
the 6-311++G(2d,2p) set of atomic functions allows the
properties of molecular complexes of this type to be calculated
with good accuracy. Like the complex of water with hydrogen
fluoride, the (CH3)2O‚‚‚HF complex has two equivalent nuclear
configurations corresponding to the minimum-energy value.
Each configuration possesses the symmetry properties of the
Cs group. One of the possible configurations is shown in Figure
3. The potential energy barrier between the two nuclear
configurations equals 153 (without the BSSE correction) and
196 cm-1 (with this correction). These values were computed
at the indicated level of theory, assuming that the atoms of the
HF molecule lie on the line joining the centers of gravity of
the monomers and that the other geometrical parameters have
the equilibrium values.

The equilibrium values of interatomic distances and angles
obtained in our calculation are in good agreement with the
available literature data.10,21 For example,r(OC) ) 1.425 Å,
r(CH) ) 1.083, 1.089, 1.089 Å (for three CH bonds of a CH3

group),r(HF) ) 0.939 Å, the distanceR between the centers
of gravity of the monomers equals 3.003 Å, and the angle
between the symmetry axis of (CH3)2O and the O‚‚‚F line is
143°. For this geometry, the energy of the complex is
-254.98242722 au, and the dipole moment is 4.43 D. The
isolated HF molecule calculated at this level of theory has the
energy of-100.303060 au, the dipole moment of 1.982 D, and
the bond length of 0.9178 Å. Thus, the HF molecule increases
its bond length by 0.021 Å upon complexation with the (CH3)2O
molecule. For an isolated (CH3)2O molecule, the equilibrium
bond lengths arer(OC)) 1.416 Å,r(CH) ) 1.084, 1.092, 1.092
Å, and the energy equals-154.6647544 au. The theoretical
value of the stabilization energy of the complex is 0.0146 au)
9.17 kcal mol-1, which is in agreement with the experimental5

estimate of 10.28 kcal mol-1 and a theoretical21 value of 9.41
kcal mol-1. Thus, the method adopted here to calculate the
geometry of the (CH3)2O‚‚‚HF complex and its electronic energy
(the potential energy of vibrations) is sufficiently accurate. The
same method was used below to calculate sections of the
potential energy surface (PES).

(2) Solution of Auxiliary One- and Two-Dimensional Anhar-
monic Vibrational Problems.In this subsection, we examine
the possibility of calculating the electro-optical parameters
necessary for reconstructing the absorption spectrum of the
(CH3)2O‚‚‚HF complex in the region of the HF stretching band.
The rigorous calculation of the rovibrational parameters of this
complex should include the consideration of the hindered
rotation of its subunits and the addition of their angular momenta
to give a total angular momentum. Such a complicated problem
was beyond the scope of this study because its solution is
expedient provided that an extremely accurate potential energy

surface dependent on all of the intermolecular degrees of
freedom is available. We used a simpler approach that was
already applied for the H2O‚‚‚HF complex12 and proved to be
adequate for describing the bending and stretching vibrations.
Along with the HF stretch, we considered the intermolecular
stretch and four librations of monomers in perpendicular planes
(the in-plane librations of the B1 symmetry type and out-of-
plane librations of the B2 type). This approach allowed us to
take into account the influence of all five intermolecular degrees
of freedom on the HF stretching vibration. We used the
following vibrational coordinates. The internal vibration of HF
in the complex is described by the normal coordinateq1 of an
isolated HF molecule. The H-bond stretching vibration is
described by the normal coordinateq3 of a hypothetical diatomic
molecule obtained by placing the mass of each subunit at its
center of gravity. For simplicity, we assume that the librational
motions of two monomers in different planes are independent.
The motions of subunits in the same plane are coupled to each
other through the potential energy. The kinetic energy operators
for all four librations have the same form and are expressed in
terms of components of the angular momentum and the moment
of inertia of a subunit for the corresponding rotation axis. These
librations are described by four anglesθ1, θ2, θ3, andθ4. The
variables θ1 and θ2 describe the out-of-plane librations of
monomers in the plane of Figure 3, andθ3 andθ4 describe the
in-plane librations. The coordinates thus chosen reflect the
structure of the complex and allow us to obtain a sufficiently
exact kinetic energy operator for the large-amplitude librational
motions. The six-dimensional (6D) vibrational Hamiltonian of
a complex is represented in the form

wherep is Planck’s constant,k numbers the two mass-weighted
normal coordinates,j refers to the four angles,Mj

2 is the square
of an angular momentum component,Ij is the component of
the moment of inertia of a subunit, andV(q1,q3,θ1,θ2,θ3,θ4) is
the potential energy of a complex. In evaluating the quantities
Ij corresponding to the four librations in question, we used the
optimized geometrical parameters of monomers in the complex.

In the space of these coordinates, we obtained the variational
solutions of anharmonic problems of different dimensionality
starting with 1D problems. For these purposes, we computed
sections of the PES and the dipole moment components. The
Hamiltonians of these problems contained the corresponding
components of the total kinetic energy operator. The vibrational
wave functions sought were represented in the form of expan-
sions in basis functions. For the 1D problems, the Legendre
polynomialsPl(cos θj) (l ) 0-29) or the harmonic oscillator
functions withV ) 0-9 were taken to be the basis functions.
In the multidimensional cases, we used the products of 1D basis
functions. The energy levels and the expansion coefficients for
the wave functions were obtained by solving the systems of
secular equations. The matrix elements of kinetic energy
operators were evaluated analytically, and the matrix elements
of the potential energy were computed by Gauss-Legendre or
Gauss-Hermite quadratures. The details of the computational
procedures are reported in our earlier papers.11,12

The variational solution of the 1D anharmonic problem for
the HF stretching vibration in the complex at equilibrium values
of the other vibrational coordinates yields values of 3435 and
6609 cm-1 for the fundamental frequency and its first overtone.

Figure 3. Equilibrium geometry of the (CH3)2O‚‚‚HF complex. The
solid line Z goes through the centers of mass of (CH3)2O and HF; the
dashed line joins the O and F atoms.

H ) -
p2

2
∑

k

d2

dqk
2

+ ∑
j

Mj
2

2Ij

+ V(q1,q3,θ1,θ2,θ3,θ4) (6)
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The first value is in good agreement with the experimental10

value of 3428.5 cm-1. Possibly, this agreement is, to some
extent, a result of mutual compensation of inaccuracies intro-
duced in the 1D calculation by neglecting the influence of other
vibrations on theν1 mode. The decrease in theνHF frequency
upon complexation predicted by the 1D calculation equals 544
cm-1, which agrees with the experimental values of 505 and
529 cm-1 obtained in the studies.5,10

The solution of the 1D problem for theν6(B2) libration of
(CH3)2O at θ2 ) 0 and the equilibrium values of the other
variables gives a sequence of states which are even or odd under
the change in the sign ofθ1. The energies of the first six states
are 52.03 (the ground state even inθ1), 52.20, 147.58, 153.47,
216.21, and 251.14 cm-1. One can see that the even and odd
levels lying below the barrier of 196 cm-1 form pairs with a
small splitting, but then, the spacing between the components
increases. This means that the ground vibrational state can be
considered to be doubly degenerate due to the presence of an
effective C2V symmetry (this assumption is made in semiem-
pirical calculations), but this is not the case for the excited states.
In the same way, the following 1D anharmonic frequencies were
obtained for the other intermolecular modes. The v3 ) 0 f 1
transition frequency is equal to 189 cm-1, which is close to the
experimental estimate5 of 185 cm-1. The transitions between
the ground state and the excited states of theν6(B1) libration of
dimethylether have frequencies of 93, 204, 326 cm-1, and so
forth. The frequencies of the fundamental and first overtone
transitions between the librational states of HF are 764 and 1452
cm-1 for the in-plane libration and 635 and 1225 cm-1 for the
out-of-plane libration.

To examine the mutual influence of the vibrational degrees
of freedom of (CH3)2O‚‚‚HF, we considered a number of 2D
vibrational problems with the nonempirical potentials dependent
on two variables. The solution of the (ν3, ν6(B2)) problem
showed that, unlike the H2O‚‚‚HF complex, the behavior of the
ν6(B2) motion in (CH3)2O‚‚‚HF changes qualitatively under the
action of the other vibrations. For the system (ν3, ν6(B2)), the
frequencies of transitions from the ground state to the first six
excited states are 15.1, 52.2, 93.1, 139.4, 189.8, and 192.5 cm-1.
The first five excited states are associated with librational
excitations of the ether molecule, with increasing contributions
of excitation of theν3 mode. The transition at 192.5 cm-1 is
identified as the v3 ) 0 f 1 transition strongly perturbed by
the librational motion. Note that the librational states of different
symmetry do not form pairs. This is explained by the strong
dependence of the potential for theν6(B2) vibration on the
H-bond length, in particular, by the significant increase in the
barrier height as the intermolecular separation decreases. This
is seen well in Figure 4 where the potential energy of (CH3)2O‚
‚‚HF is shown as a function of angleθ1 and distance∆R ) R
- Re, whereRe is the equilibrium separation between the centers
of gravity of the monomers. This form of the 2D potential causes
a significant mixing of librational and stretching modes. As
compared to the case of the related complex H2O‚‚‚HF, where
this effect is weaker, the strong mixing of modes in (CH3)2O‚
‚‚HF is partially explained by the relatively small value of the
rotational constant of (CH3)2O.

For the (ν1, ν6(B2)) system, the frequencies of transitions from
the ground state to the first five excited states are 5.1, 62, 99,
152, and 208 cm-1. These are transitions to the excited states
of the ν6(B2) mode. We see that the interaction of theν1 and
ν6(B2) modes also violates the approximate degeneracy of the

neighboring librational states of different symmetry. This
interaction does not virtually affect the 1D value of theν1

frequency.
The variational solution of the 2D (ν5(B2), ν6(B2)) problem

yields the energy levels symmetric or antisymmetric with respect
to simultaneous changes of the signs of anglesθ1 andθ2. These
two modes are strongly coupled through the potential energy.
In particular, when the symmetry axis of one partner deviates
from the line joining the molecular centers of mass, the 1D
potential for rotation of the other partner loses its symmetry.
Despite the strong mixing of 1D motions, several low-lying
excited states can be associated with the predominant excitation
of the libration of one partner. The first five excited states are
associated with excitations of theν6(B2) mode. The frequencies
of transitions to these states from the ground state are 0.42, 67,
77, 120, and 155 cm-1. Note that these frequencies differ
significantly from those obtained above. Due to the interaction
with theν6(B2) mode, the fundamental frequency of theν5(B2)
mode is enhanced from the 1D value of 635 cm-1 to a value of
659 cm-1.

The results of auxiliary 1D and 2D calculations show that
the ν6(B2) vibration, which plays an important role in the
formation of theν1 band shape of the (CH3)2O (CH3)2O‚‚‚HF
complex, is strongly perturbed by theν1, ν3, and ν5(B2)
vibrations. This suggests that, unlike the case of the H2O‚‚‚HF
complex, it is necessary to solve at least the 4D problem (ν1,
ν3, ν5(B2), ν6(B2)) to derive the electro-optical parameters for
the (CH3)2O‚‚‚HF complex. To complete the picture, we note
that the solution of the 2D (ν5(B1), ν6(B1)) problem at the
equilibrium values of other variables gives the values of 34.9,
73.7, and 118.0 cm-1 for the fundamental and two overtone
frequencies of theν6(B1) mode. These values are considerably
lower than those of the 1D results. The fundamental transition
frequency of theν5(B1) mode (764.5 cm-1) is slightly above
the 1D value. A similar effect of the interaction of the in-plane
librations was observed earlier12 for the H2O‚‚‚HF complex.

(3) Solution of the Four-Dimensional Vibrational Problem
(ν1, ν3, ν5(B2), ν6(B2)). The solution of the 4D problem (ν1, ν3,
ν5(B2), ν6(B2)) presents significant difficulties. This is caused
by the necessity to compute the potential energy and dipole
moment components at a large number of points in the space
of nuclear configurations. With the use of the Legendre and
Hermite polynomialsP33(cosθj) andH11(qk) in the quadrature
method, the total number of points is as large as 67881. The
required set of values of the potential energy and dipole moment

Figure 4. Potential energy of the (CH3)2O‚‚‚HF complex as a function
of ∆R andθ1. Angle θ1 describes the librational mode of (CH3)2O in
the complex, and∆R ) R - Re is the change in the center of mass
separation relative its equilibrium value.
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components was obtained as follows. The dependence of the
potential energy on each variable was examined for typical
values of other coordinates, the regions of 4D space where the
energy should be calculated accurately were determined, and
the possibility of approximating the energy values in other
regions was examined. The resulting 4D potential surface was
constructed for-90 e θ1,θ2 e 90°, 0.60 e r(HF) e 1.3 Å,
and the distance between the centers of mass of the monomers
2.6 e R e 3.5 Å by using interpolation and extrapolation
procedures on the basis of accurate values calculated at 5790
reference points.

One more difficulty of the variational solutions of multidi-
mensional problems is associated with the large number of basis
functions. With 10 basis functions for the stretching modes and
30 functions for librations, the number of 4D basis functions is
90 000. The basis set size was minimized without a loss in
accuracy by solving a 2D problem for two librations at the
equilibrium values of the intermolecular distance andr(HF).
Then, several tens of 2D solutions including the ground state
and the states corresponding to librational excitations of each
monomer and of both monomers were chosen and multiplied
by 100 products of 1D stretching basis functions. It was found
that the 4D basis sets containing about 3000 symmetry-adapted
functions are sufficiently complete in the sense that a further
increase in the number of functions virtually does not change
the energy levels and transition frequencies of interest to us.

The main part of electro-optical parameters necessary to
reconstruct the absorption spectrum of the (CH3)2O‚‚‚HF
complex in the region of theν1 band was obtained from the
solution of the 4D vibrational problem (ν1, ν3, ν5(B2), ν6(B2)).
In this problem, the librations of the B1 type are ignored. A
possible inclusion of the B1-type librations should weaken the
complex since they violate the most favorable mutual orientation
of partners. For this reason, some effects of hydrogen bonding
can be overestimated in the 4D calculation. In particular, the
frequency of the intermolecular stretch and the anharmonic
coupling of vibrational degrees of freedom will be overesti-
mated, but the HF stretch frequency will be underestimated.

The zero-point energy of the system (ν1, ν3, ν5(B2), ν6(B2))
is equal to 2303.4 cm-1. The first antisymmetric 4D state lies
0.16 cm-1 above the ground (symmetric) state. The energies of
the following four pairs of states are 47.68 (55.28), 86.08
(114.05), 145.09 (188.83), and 204.65 (205.25) cm-1. The
energies of the antisymmetric states are shown in parentheses.
The first three pairs are the excited states of theν6(B2) mode.
The last pair is associated with excitations of theν3 mode. One
can see that the tunneling splitting of the librational states
increases with the increasing number of a pair. It is evident
that this set of librational energy levels is difficult to describe
by an expansion in powers of the quantum numbers. This fact
points out the vulnerability of using simple semiempirical
schemes for reconstructing the spectrum of this complex. The
v3 ) 1 state energy (204.65 cm-1) is considerably higher than
the 1D value of 189.0 cm-1 and the 2D value of 192.5 cm-1

obtained in the (ν3, ν6(B2)) problem. This increase in theν3

energy is explained by the fact that in the 4D problem, the
average value ofr(HF) is larger and, consequently, the H bond
becomes stronger. Note that the tunneling splitting of the pairs
of levels with v3 ) 1 is equal to 0.6 cm-1 both for v1 ) 0 and
for v1 ) 1.

Unlike the case of the weaker complex of HF with water,
the assignment of states associated with the excitation of theν1

and low-frequency modes encounters significant difficulties.
Judging from the expansion coefficients of the wave functions,

only a few excited states can be unambiguously associated with
excitations of 1D oscillators. Because of the significant inter-
mode interaction in the (CH3)2O‚‚‚HF complex, the 1D vibra-
tions are so strongly perturbed that none of the expansion
coefficients are predominant. In such cases, it is necessary to
examine the nodal structure of sections of the wave functions,
for example, in the (R, r) and (θ1, θ2) planes. However, for the
states involving excitations of theν1 andν3 modes, the use of
this method is difficult. In these cases, the wave functions have
extrema in several regions of the (R, r) plane. Since the degree
of mixing of 2D angular wave functions strongly depends on
values ofR and r, the nodal pattern of a 4D solution in the
plane of two angles can change from one set ofR and r to
another. Let us demonstrate this situation for the example of
the |v1v3v5(B2)v6(B2)〉 ) |1100〉 state. The 2D section of the
wave function in the (R, r) plane for the equilibrium values of
angles presented in Figure 5 is undoubtedly indicative of
simultaneous excitation of theν1 andν3 modes. Figure 6A shows
a wave function section in the (θ1, θ2) plane for the equilibrium
values ofRandr. This pattern corresponds to the doubly excited
ν6(B2) state (the first even excited state). However, the section
in the (θ1, θ2) plane calculated at the values ofRandr averaged
over this state (Figure 6B), which is more justified, does not
show any excitations of the angular oscillators. The two extrema
of the wave function with the same sign are associated with
two wells of the potential for theν6(B2) vibration. In identifying
such states, it is useful to calculate the average values ofR and
r and the probabilities of transition to the state in question from
a known initial state.

The integral intensities for transitions between vibrational
states were calculated by the formula

Here,S is the absorption intensity (in km mol-1) for a transition
between the initial statei and a final statef andν is the transition
frequency (in cm-1); 〈i|µx|f〉, 〈i|µy|f〉, and〈i|µz|f〉 are the dipole
moment components (in D). To reduce the computer time, the
last quantities were calculated in the Hartree-Fock approxima-
tion. In the analogous calculation of the spectrum of the H2O‚
‚‚HF complex,12 it was shown that the average values of a dipole
moment and the transition dipole moments computed in the
Hartree-Fock approximation are larger than the MP2 values.
However, the relative intensity values of different spectral

Figure 5. Two-dimensional section of the wave function of the|v1v3v5-
(B2)v6(B2)〉 ) |1100〉 state in the (R, r) plane for the equilibrium values
of θ1 andθ2.

S) 2.50643ν[〈i|µx|f〉2 + 〈i|µy|f〉2 + 〈i|µz|f〉2] (7)
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transitions are virtually the same in both approximations. Thus,
to reconstruct the spectrum in relative units, it suffices to
calculate the transition dipole moments in the Hartree-Fock
approximation. This fact was confirmed here in auxiliary 2D
calculations of (CH3)2O‚‚‚HF by computing the dipole moment
surface in two approximations.

Table 2 lists the frequencies and intensities for transitions
that are the most important in explaining theν1 band shape.
The parameters of transitions involving excitations of theν5-
(B2) mode are omitted since these transitions are of minor
importance in the formation of the spectrum studied. Therefore,
in what follows, the states are denoted by the quantum numbers
|v1 v3 v6(B2)〉. The symmetric and antisymmetric states of the
ν6(B2) mode are labeled by the quantum number v6(B2). This
number is even for the symmetric states and odd for the
antisymmetric states. The transitions listed in Table 2 occur
between the states of the same symmetry under a simultaneous
change of the signs ofθ1 andθ2. The calculation showed that
the electric dipole moments of transitions between the states of
different angular symmetry are significant provided the degree
of excitation of the stretching modes is the same in the initial
and final states. Otherwise, the transition dipole moment is, on
average, smaller by two orders of magnitude. For example, the
dipole moments of transitions from the ground symmetric state
|000〉 to the antisymmetric states|003〉 and |103〉 are equal to
0.1013 and 0.0017 D, respectively. The second value is small

because the domains of large values of the angular components
of the 4D wave functions are located at different values ofR
andr in the initial and final states. It follows from Table 2 that
the theoretical value of the v1 ) 0 f 1 transition frequency
(3424 cm-1) is in good agreement with the experimental value10

of 3428.5 cm-1. The table also shows that our calculation
reproduces all of the known groups10 of hot, sum, difference,
and combination transitions of a considerable intensity. Possibly,
the interaction of theν1 andν3 modes can be described by the
anharmonicity constantx13. Using the 1D and 4D values of the
ν3 frequency (189.00 and 204.65 cm-1, respectively) and the
frequencies of transitions|000〉 f |100〉, |010〉 f |110〉, |000〉
f |110〉, and|010〉 f |100〉, we obtain an estimate of 30-35
cm-1 for x13. This value is close to a value10 of 33 cm-1 and
larger thanx13 ) 20 cm-1 found for the H2O‚‚‚HF complex.12

Comparison of the frequencies of hot, sum, and difference
transitions presented in Table 2 with the data10 suggests that
the 4D frequencies of theν3 andν6(B2) modes and the coupling
between these modes and theν1 mode are somewhat overesti-
mated due to ignoring the influence of theν6(B1) and ν5(B1)
vibrations.

The intensity values for the fundamental and hot transitions
between the vibrational states listed in Table 2 are close to the
corresponding quantities obtained for the H2O‚‚‚HF complex.11

It should be noted that the sum and difference transitions in
(CH3)2O‚‚‚HF are also very strong. This is a result of mixing
of the librational states with different numbers of excitation
quanta due to the strong intermolecular interaction. In the
paper,10 the approach of overlap integrals (a counterpart of the
Franck-Condon factors in the vibronic spectra) was used to
determine the relative intensities of transitions. The overlap
integrals were adjustable parameters, and their variational values
for some transitions appeared to be more than unity. Such large
effective values can appear to compensate for some limitations
of the method adopted to describe the spectrum, for example,
for the consideration of only one low-frequency bending mode.
In the 4D calculation, there is no need for such an approach
since the angular and stretching motions are considered simul-
taneously. Nonetheless, we attempted to estimate these factors.
We found 2D (θ1, θ2) sections of the 4D potential at the values
of R and r averaged over the ground vibrational state (3.0269
and 0.9569 Å) and over the|100〉 state (2.9408 and 1.0043 Å).
The 2D problem (ν5(B2), ν6(B2)) was solved with these
potentials. The squares of the overlap integrals of the angular
functions obtained with the two potentials were normalized to
give 1045 for the ground state solutions and 1062 for the first
antisymmetric solutions. Then, this procedure gave estimates
of S in km mol-1 for other pairs of states. The estimates thus
obtained are in satisfactory agreement with the data of Table 2.
For example, the following results were obtained for transitions
from the|003〉 state to the states|101〉, |103〉, |105〉, and|107〉:
122 (143), 762 (740), 206 (300), and 20 (7). The corresponding
4D values are shown in parentheses. Clearly, the agreement
deteriorates upon passing to higher excited bending states.
Nonetheless, this simple procedure based on solutions of 2D
problems can be recommended for the estimation of the relative
intensities.

Table 3 presents the vibrationally averaged values of rota-
tional constants, distances between the centers of mass of the
monomers and between the O and F atoms, as well as the HF
bond length. Analysis of these data shows that the trends of
changes in the average values are consistent in the sense that,
for example, the excitation of theν3 mode causes, as expected,
a decrease inB, C, andr(HF) but increasesRc.-of-m. andR(O‚

Figure 6. Two-dimensional section of the wave function of the|v1v3v5-
(B2)v6(B2)〉 ) |1100〉 state in the (θ1, θ2) plane for the equilibrium values
of R andr (A) and for the values ofR andr averaged over the|1100〉
state (B).
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‚‚F). The values of all quantities calculated for states with v6-
(B2) ) 1 and 2 virtually coincide. However, the values ofA, B,
C, andRc.-of-m. for other pairs of symmetric and antisymmetric
states can differ significantly. Upon excitation of theν3 and
ν6(B2) modes, the rotational constantsB and C decrease by
0.002-0.006 cm-1, and the constantA increases by the same
magnitude. On the contrary, the excitation of theν1 mode
increasesB and C and decreasesA. These changes can be
partially compensated for upon excitation of theν3 andν6(B2)
modes.

Due to the anharmonicity, the average values ofRc.-of-m.
and r(HF) in the ground state are larger than the equilibrium
values presented in subsection (1) by 0.024 and 0.018 Å,
respectively. The excitation of theν6(B2) mode weakens the
hydrogen bond since the mutual orientation of partners is no
longer optimal. This leads to elongation ofRc.-of-m., but this
effect is not linear in v6(B2) since the average value ofθ1

depends on the degree of excitation ofν6(B2) in a complicated
way. These conclusions were confirmed by calculations of

average values ofP2(cos(θ1)). Excitation of the ν3 mode
increasesRc.-of-m., and excitation of theν1 mode decreases
this quantity. The increments are 0.0504 and-0.0861 Å,
respectively. Note that in the analogous calculation of H2O‚‚‚
HF,12 it was found that the excitation of theν1 mode decreases
the distance between the centers of mass by 0.046 Å. Interest-
ingly, the interatomic separationR(O‚‚‚F) is virtually indepen-
dent of excitation of theν6(B2) mode because the changes in
R(O‚‚‚F) resulting from changes inRc.-of-m. and the rotation
of the ether molecule are close in magnitude but opposite in
sign. This implies that to characterize an effective separation
between the monomers in dimers of the type R1B‚‚‚H-AR2, it
is reasonable to use the distance between the centers of gravity
rather than the distanceR(B‚‚‚A). The behavior of an average
value of R(O‚‚‚F) upon excitation of theν1 and ν3 modes
resembles the behavior of〈Rc.-of-m.〉. In particular,〈R(O‚‚‚F)〉
is decreased by 0.0546 Å upon the v1 ) 0 f 1 transition, which
is larger than a similar result of 0.041 Å obtained for H2O‚‚‚
HF.12 Our calculation shows that the decrement∆R(O‚‚‚F) )
0.22 Å adopted in the semiempirical calculation10 is overesti-
mated. The behavior of〈r(HF)〉 is opposite to that of〈Rc.-of-
m.〉. Upon the v1 ) 0 f 1 transition,〈r(HF)〉 increases by 0.0474
Å, which is larger than the corresponding increment of 0.0399
Å in H2O‚‚‚HF.12

(4) Reconstruction of the Absorption Spectrum of the (CH3)2O‚
‚‚HF Complex in the Region of theν1 Mode.The absorption
spectrum of the (CH3)2O‚‚‚HF complex was reconstructed as a
superposition of separate rovibrational bands. Along with the
contribution of the fundamental v1 ) 0 f 1 transition from the
ground state, the contributions of hot, sum, and difference
transitions with changes in the quantum numbers of theν3, ν6-
(B1), andν6(B2) modes were also considered. The transitions
between the states of theν5(B1) andν5(B2) modes were ignored
because their contributions are relatively small. The total number
of vibrational transitions was larger than 2000. In a rigorous
treatment of the rovibrational spectrum of (CH3)2O‚‚‚HF, it is
necessary to take into account that this complex is an asymmetric
top. The asymmetric top model was successfully used in the
simulation of spectra of the (CH2)2S‚‚‚HF and (CH2)2S‚‚‚DF
heterodimers recorded in the high-precision supersonic jet
expansion and cooled gas cell experiments.22,23The use of this
model is advisable since these spectra reveal traces of the

TABLE 2: Values of Frequenciesν (cm-1) and Intensities S (km mol-1) for the |v1v3v6(B2)〉 f |v′1v′3
v′6(B2)〉 Transitions Involved in the Formation of the ν1 Band

initial state final state ν S initial state final state ν S initial state final state ν S

|000〉 |100〉 3424 1045 |001〉 |101〉 3424 1062 |010〉 |100〉 3220 132
s |102〉 3500 159 s |103〉 3502 150 s |102〉 3296 38
s |104〉 3561 16 s |105〉 3572 9 s |110〉 3459 755
s |110〉 3664 62 s |111〉 3664 64 s |112〉 3531 159
s |112〉 3735 3 s |113〉 3736 2 s |114〉 3578 12
|002〉 |100〉 3377 136 |003〉 |101〉 3369 143 |011〉 |101〉 3219 137
s |102〉 3452 505 s |103〉 3447 740 s |103〉 3297 39
s |104〉 3513 498 s |105〉 3517 300 s |111〉 3459 799
s |106〉 3561 52 s |107〉 3596 7 s |113〉 3531 106
s |110〉 3616 4 s |111〉 3609 5 s |115〉 3608 2
s |112〉 3687 45 s |113〉 3681 47 |012〉 |102〉 3255 30
s |114〉 3735 8 s |115〉 3758 3 s |104〉 3316 84
|004〉 |100〉 3339 35 |005〉 |101〉 3310 13 s |106〉 3363 17
s |102〉 3414 397 s |103〉 3388 269 s |110〉 3419 121
s |104〉 3474 253 s |105〉 3458 605 s |112〉 3490 389
s |106〉 3522 479 s |107〉 3538 287 s |114〉 3538 247
s |112〉 3649 16 s |113〉 3622 3 |013〉 |103〉 3245 69
s |114〉 3697 23 s |115〉 3699 45 s |105〉 3315 52
|006〉 |102〉 3355 117 |007〉 |103〉 3313 38 s |107〉 3394 23
s |104〉 3415 342 s |105〉 3383 223 s |111〉 3407 109
s |106〉 3463 436 s |107〉 3463 702 s |113〉 3479 537
s |108〉 3541 287 s |109〉 3571 178 s |115〉 3556 165

TABLE 3: Vibrationally Averaged Values of Rotational
ConstantsA, B, and C and the DistancesRc.-of-m., R(O‚‚‚F),
and r(HF) in the |v1 v3 v6(B2)〉 States

state
A

(cm-1)
B

(cm-1)
C

(cm-1)
Rc.-of-m.

(Å)
R(O‚‚‚F)

(Å)
r(HF)
(Å)

|000〉 0.3192 0.1192 0.0918 3.0269 2.6420 0.9569
|001〉 0.3191 0.1193 0.0919 3.0254 2.6419 0.9569
|002〉 0.3245 0.1158 0.0894 3.0774 2.6478 0.9555
|003〉 0.3215 0.1179 0.0909 3.0481 2.6455 0.9562
|004〉 0.3234 0.1168 0.0901 3.0652 2.6476 0.9556
|005〉 0.3213 0.1182 0.0911 3.0453 2.6466 0.9560
|010〉 0.3206 0.1160 0.0898 3.0773 2.6793 0.9555
|011〉 0.3202 0.1163 0.0899 3.0735 2.6790 0.9556
|012〉 0.3257 0.1130 0.0876 3.1240 2.6840 0.9543
|013〉 0.3218 0.1155 0.0894 3.0864 2.6812 0.9551
|100〉 0.3163 0.1254 0.0958 2.9408 2.5874 1.0043
|101〉 0.3164 0.1254 0.0957 2.9419 2.5877 1.0043
|102〉 0.3181 0.1242 0.0949 2.9606 2.5933 1.0024
|103〉 0.3187 0.1237 0.0946 2.9662 2.5926 1.0025
|104〉 0.3233 0.1202 0.0921 3.0155 2.6017 1.0001
|105〉 0.3218 0.1211 0.0928 3.0029 2.6013 1.0001
|110〉 0.3171 0.1226 0.0940 2.9823 2.6208 1.0010
|111〉 0.3174 0.1221 0.0937 2.9885 2.6237 1.0020
|112〉 0.3204 0.1201 0.0922 3.0203 2.6311 0.9998
|113〉 0.3197 0.1208 0.0927 3.0090 2.6263 0.9993
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rotational structure. The absorption spectra of the (CH3)2O‚‚‚
HF complex are less structured and can be described in a simpler
way. In the present paper, individual rovibrational bands were
calculated in the approximations of a symmetric top or a linear
rotator with a rotational constantsB equal to the half-sum of
the real constantsB andC presented in Table 3. The choice of
the form and parameters of separate spectral lines is also a
difficult task which requires the consideration of many mech-
anisms of the line broadening and line shift, including the
vibrational relaxation effects because of the presence of a large
number of closely spaced vibrational levels. This may be the
subject of a separate study. In this calculation, we represented
the rovibrational lines in the form of a Lorentzian with the half-
width at half-maximumb0 ) 1 cm-1. In fact, this choice ofb0

is a method to smooth the fine structure, which, as a rule, is
not seen in the experimental spectra. In this case, the spectra
calculated in the approximations of a symmetric top and a linear
rotator virtually coincide.

The main part of the vibrational energy levels, the transition
frequencies and intensities, and the rotational constants of
combining states were derived from the above 4D calculation.
When reconstructing the spectrum, it is also necessary to take
into account theν6(B1) in-plane vibration. Otherwise, the number
of low-frequency states is too small. Test calculations showed
that the energy barrier is absent for theν5(B1) and ν6(B1)
vibrations, at least, at not too short separations between the
monomers. Therefore, the description of these vibrations can
be simpler than that for the (ν5(B2), ν6(B2)) pair. We did not
solve the 4D problem (ν1, ν3, ν5(B1), ν6(B1)) but obtained
variational solutions of the 2D problem (ν5(B1), ν6(B1)) at
different values ofRc.-of-m. andr(HF), in particular, at the
average values of these distances in the ground state and the v1

) 1 excited state of the system (ν1, ν3, ν5(B2), ν6(B2)). Similar
calculations were carried out for H2O‚‚‚HF. Comparison of the
results thus obtained with the solutions of a more rigorous
problem for H2O‚‚‚HF12 showed that it is possible to satisfac-
torily estimate the energies of excited states of theν6(B1) mode
by taking several low-lying states of the system (ν5(B1), ν6-
(B1)) at Rc.-of-m. andr(HF) averaged over the ground state of
the more rigorous problem. The anharmonicity constantx16(B1)

can be obtained from the difference between these energy states
and the analogous 2D energies found atRc.-of-m. andr(HF)
averaged over the v1 ) 1 excited state. For the (CH3)2O‚‚‚HF
complex, this consideration yielded a set of slightly divergent
energy levels of theν6(B1) mode with the fundamental frequency
of 26.7 cm-1 and the upper estimate ofx16(B1) ) 7.5 cm-1. The
intensities of hot transitions from theν6(B1) levels were obtained
by using the above procedure based on the overlap integrals of
2D angular wave functions. It appeared that here, unlike the
case of theν6(B2) states, the diagonal overlap integrals are close
to unity and the squares of nondiagonal integrals are negligible.
In considering the transitions involving both the changes in the
states of the 4D system (ν1, ν3, ν5(B2), ν6(B2)) and the hot
transitions from theν6(B1) states, the energy levels and transition
frequencies were evaluated by the additive scheme and the
intensities by the recipe proposed earlier.12 The final set of
transitions used to reconstruct the spectrum may be incomplete
since it does not contain transitions between symmetric and
antisymmetric states of theν6(B1) mode. To derive the intensities
for such transitions, it is necessary to solve the 4D problem
(ν1, ν3, ν5(B1), ν6(B1)).

With the set of electro-optical parameters thus obtained, the
absorption spectrum of the (CH3)2O‚‚‚HF complex in the region
of the ν1 band was calculated for different temperatures. The

theoretical spectra reconstructed forT ) 190, 230, 285, and
320 K are shown in Figures 1 and 2. The theoretical spectra
were normalized so that their integral optical densities coincide
with the experimental values. The theoretical spectra were
shifted above to avoid an overlap with the experimental curves,
but they were not shifted along the frequency axis.

Discussion

The experimental spectra presented in Figures 1 and 2 show
the gradual disappearance of separate spectral details and the
broadening of the band shape with increasing temperature. These
changes are reflected by the temperature behavior of the first
and second spectral moments. The theoretical spectra reproduce
both the overall shape of the experimental spectra and their
position on the frequency axis. The calculation predicts the main
spectral features. The peak with the lowest frequency in the
central part of the spectra is associated with theP branch head
of the fundamental transition. Its relative intensity decreases
with temperature. The peaks associated with the|00v6(B1)〉 f
|10v6(B1)〉, |00v6(B2)〉 f |10v6(B2)〉 hot transitions, and similar
transitions from the states with v6(B1) * 0 and v6(B2) * 0 are
located at higher frequencies. In our opinion, the theoretical
values of the|00v6(B2)〉 f |10v6(B2)〉 transition frequencies are
overestimated. For example, our frequency value for the|00v6-
(B2)〉 f |10v6(B2)〉 transition from the v6(B2) ) 2 level (see
Table 2) is higher by 12.5 cm-1 than the value derived by
simulating the experimental spectra.10 This fact gives rise to a
high-frequency shift of hot transitions from theν6(B2) excited
states relative to the fundamental transition and to an appreciable
shift of the central maximum of the spectrum and its broadening,
especially at higher temperatures. This computational effect
stems from the overestimation of the intermode coupling in the
4D calculation without taking into account the in-plane vibra-
tions that weaken the hydrogen bond.

To verify this supposition, we solved the 3D problem (ν1,
ν5(B2), ν6(B2)) at values ofRc.-of-m. larger than its average
value (3.0269 Å) in the ground state. The calculations showed
that the difference between the frequencies of the transitions
|002〉 f |102)〉 and |000〉 f |100)〉 (the anharmonic coupling
constant for theν1 andν6(B2) modes), whose 4D value equals
27.8 cm-1, decreases with increasingRc.-of-m. We found from
test calculations thatRc.-of-m. should increase by about 0.07
Å, with the zero-point vibration of theν5(B1) andν6(B1) modes
taken into account. Upon such elongation of the H bond, the
difference of frequencies of the|002〉 f |102)〉 and |000〉 f
|100)〉 transitions drops to 15 cm-1, which is close to a value
of xsδ found in the simulation.10 Then, we calculated the spectra
with a set of parameters where the frequencies of the first three
hot transitions from theν6(B2) levels were estimated by using
the anharmonicity constant equal to 15 cm-1, with the intensities
and all the other parameters being unchanged. It appeared that
the spectra thus reconstructed are in much better agreement with
the experimental data.

According to our calculation, the high-frequency maximum
I is formed by the|00vδ〉 f |11v′δ〉 transitions with vδ ) v6(B1)
and v6(B2). Here, v′6(B1) ) v6(B1), and v′6(B2) ) v6(B2) and
v6(B2) ( 2. Recall that in our notation, the symmetric and
antisymmetric states have different quantum numbers. Therefore,
the quantum numbers of neighboring states of the same
symmetry differ by two. The|01vδ〉 f |12v′δ〉 transitions also
contribute to the absorption in this region. These contributions
become larger with temperature. It is worth noting that the
intensityS(eq 7) for the|010〉 f |120〉 transition at a frequency
of 3686 cm-1 equals 101 km mol-1, which is almost twice as
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high as the intensity for the|000〉 f |110〉 transition. The
contributions to the spectrum in region II are primarily made
by the |00v6(B2)〉 f |10v6(B2) + 2〉 and |01v6(B2)〉 f |11v6-
(B2) + 2〉 transitions, as well as by combinations of these
transitions with hot transitions from theν6(B1) levels. For the
reason discussed above, the calculated values of the correspond-
ing frequencies are somewhat overestimated. Region III is
formed by the|00v6(B2)〉 f |10v6(B2) - 2〉 and |01v6(B2)〉 f
|11v6(B2) - 2〉 transitions. Finally, absorption region IV at
frequencies below 3300 cm-1 is formed by the|01v6(B2)〉 f
|10 v′6(B2)〉 transitions with v′6(B2) ) v6(B2) and v6(B2) + 2.
Thus, our interpretation of the experimental spectra coincides,
on the whole, with the conclusions of previous studies7,8,10and
supplements them by emphasizing the role of the|01vδ〉 f |12
v′δ〉 transitions at higher temperatures.

The temperature behavior of the first and second spectral
moments evaluated from the theoretical spectra is in agreement
with the experimental findings. However, there are some
discrepancies. The theoretical values ofM1

/, M2
/, and∆V1/2 are

larger than the experimental data atT ) 190 and 230 K. The
reason lies in the shift and broadening of the central maximum
and the increased spacing between regions I and IV of the
spectrum caused by overestimating the intermode coupling in
the 4D calculation. At higher temperatures, the theoretical values
of M1

/, M2
/, and ∆V1/2 are smaller than the experimental

counterparts. Possibly, this fact is explained by an insufficient
number of transitions from excited states taken into account in
reconstructing the spectrum. Only transitions from the states of
the 4D system (ν1, ν3, ν5(B2), ν6(B2)) lying below 450 cm-1

were identified and considered. Transitions from the higher lying
states may contribute to the shoulders and wings of the central
part of spectrum and to the subbands I and IV.

Conclusions

The absorption spectra of the (CH3)2O‚‚‚HF complex in the
ν1 region were recorded in the gas phase within a wide
temperature interval ofT ) 190-340 K at a resolution of 0.1
cm-1. They are used to analyze both separate features of the
band shape and integral spectral characteristics. The temperature
dependences of the first and second normalized spectral mo-
ments are reliably determined. The spectra studied are recon-
structed nonempirically by solving a number of 1D-4D
vibrational Schro¨dinger equations in the space of two stretching
and four bending coordinates. These equations are solved by
the variational method with the potential energy surfaces
calculated at the MP2 6-311++G(2d,2p) level, with the basis
set superposition error taken into account. The sufficiently
complete set of the vibrational energy levels, transition frequen-
cies and absolute intensities, and the rotational constants was
derived. The theoretical spectra reconstructed with these electro-
optical parameters are in good agreement with the experimental
data. They reproduce both the overall shape and separate
components of the spectra. The fundamental frequency value
of 3424 cm-1 obtained in the calculation is close to the
experimental value10 of 3428.5 cm-1.

The calculation shows that the intermolecular interaction in
the (CH3)2O‚‚‚HF complex is considerably stronger than that
in the related H2O‚‚‚HF complex. This conclusion is confirmed
by the behavior of the potential energy surfaces, the largerν1

frequency shift upon complexation, and the higher intensities
of the sum and difference transitions as compared to the
corresponding characteristics of H2O‚‚‚HF. In the (CH3)2O‚‚‚
HF complex, unlike the case of the H2O‚‚‚HF complex, the
frequencies of hot transitions from excitedν6(B2) levels are

higher than the fundamentalν1 frequency. This distinction is
explained by the stronger intermode coupling in (CH3)2O‚‚‚HF
and the smaller rotational constant of (CH3)2O. Among the
results obtained, of interest are the vibrationally averaged values
of geometrical parameters and rotational constants evaluated
for many states using the 4D wave functions. To conclude, we
note that it is desirable to carry out a more complete 6D
calculation of this complex involving the HF stretch and five
intermolecular degrees of freedom to obtain more accurate
electro-optical parameters.
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