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An attractive intermolecular interaction between an aliphatic C-H bond and aπ-electron system (C-H/π
interaction) was characterized on the basis of infrared spectroscopy and high level ab initio calculations.
Infrared spectroscopy was applied to several isolated methane clusters with benzene, toluene,p-xylene,
mesitylene, and naphthalene in the gas phase, and the spectral changes of the C-H stretch bands in the
methane moiety upon the cluster formation were observed. In the theoretical approach, interaction energies
of the clusters were evaluated by high-level ab initio calculations. The forbidden symmetric C-H stretch
transition weakly appeared in the IR spectra of the clusters, and it confirmed the small deformation of the
methane moiety from theTd symmetry, which was predicted by the ab initio calculations. On the other hand,
the degenerated asymmetric C-H stretch band showed complicated splitting, which is qualitatively interpreted
by a hindered rotor model. Low-frequency shifts upon the cluster formation were seen in the symmetric
C-H stretch frequency, though the magnitude of the shifts was extremely small and no clear correlation with
the interaction energy was found. On the other hand, the size of the calculated interaction energy well correlates
with the polarizability of aromatics. The S1-S0 electronic transition of the aromatic moiety was also observed,
and it showed low-frequency shifts upon cluster formation. These results support the dominance of the
dispersion interaction over the electrostatic and charge-transfer terms in the aliphatic C-H/π interaction.

Introduction

Understanding of weak intermolecular interactions is one of
the important keys to elucidate mechanisms of complicated
molecular functions in macromolecules.1 The C-H/π interaction
is a weak attractive interaction between a C-H bond and aπ
electron system, and it has been a subject of much interest as a
crucial driving force in determining crystal packing, molecular
conformation, and alignment of liquid crystal.1-3

The nature of the C-H/π interaction has been a controversial
issue.1,2 Though it has been claimed repeatedly that the C-H/π
interaction is a hydrogen bond,4-8 it has not yet been clearly
confirmed whether the magnitude and orientation dependence
of the C-H/π interaction are similar to those of the conventional
hydrogen bond or not. The acidity of a C-H bond is generally
much weaker than those of O-H and N-H bonds; therefore,
the C-H/π interactions are believed to lie in the critical region
between the weak hydrogen bond and the van der Waals
interaction.1,9,10 The acidity of a C-H bond actually shows
strong dependence on its hybridization type; while the acidity
of a C-H bond of alkane is extremely low (pKa)59 in
methane), remarkable enhancement of the acidity is seen in
alkenes and alkynes (pKa)45 and 25 in ethylene and acetylene,
respectively).11 Electron-withdrawing halo-substituents also
enhance the acidity (pKa)24 in chloroform).12 Therefore, it is
expected that the nature of the C-H/π interaction changes from
the dominance of the dispersion force (van der Waals type
interaction) to enhanced contribution of the electrostatic force

(π-hydrogen bond like interaction) with an increase of the acidity
of the C-H bond.

The π-hydrogen bond-like nature of the C-H/π interaction
of acetylene has been pointed out by theoretical calculations
and spectroscopic signatures,4,9,13-16 and it is often called
“activated” C-H/π interaction.2 The interaction between chlo-
roform and aromatics is another type of the “activated” CH/π
interaction, and it also has large electrostatic contributions.17

On the other hand, the nature of the “typical” (not activated)
C-H/π interactions between aliphatic C-H bonds andπ-elec-
tron systems, such as that in benzene-methane, is still
controversial in nature. Most of the C-H bonds in nature are
“typical” C-H bonds, and “activated” C-H bonds are rather
exceptional. Therefore understanding the nature of the “typical”
C-H/π interaction is necessary. Theoretical calculations of the
ethylene-methane cluster in the early stage insisted that the
major source of attraction was electrostatic and charge-transfer
interactions.18 However, recent high-level ab initio calculations
of the benzene-methane cluster and other C-H/π clusters show
the dominance of the dispersion force.8,10,14,17,19-26 The estimated
interaction energy of the benzene-methane cluster agrees well
with the recently reported experimental interaction energy in
the gas phase,10 and it demonstrates the high reliability of the
calculations. The dominance of the dispersion force indicates
that the “typical” C-H/π interaction should be distinguished
from a π-hydrogen bond, where the electrostatic interaction is
the major source of attraction. With respect to this point,
observation of the aliphatic C-H stretching vibration in
aromatics-methane clusters is strongly required as the frequency
shift upon cluster formation is a remarkable marker to judge
the nature of the C-H/π interaction. Unfortunately, however,
no measurement of definite frequency shifts of the aliphatic
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C-H stretching vibrations associated with the “typical” C-H/π
interaction has been reported.

In the present study, we probe the nature of the “typical”
C-H/π interaction by infrared (IR) spectroscopy of substituted
benzene-methane clusters in a supersonic jet in combination
with high level ab initio calculations. We measured the IR
spectra of the C-H stretching vibrations of the methane moiety
in X-methane clusters (X)benzene, toluene,p-xylene, mesi-
tylene (1,3,5-trimethylbenzene), and naphthalene). Characteriza-
tion of the nature of the C-H/π interaction was carried out on
the basis of the spectral changes upon the cluster formation.
With the substitution and change of the aromatic ring number,
electronic properties of the aromatic moiety such as multiple
moments and polarizability were varied. Correlation between
the spectral changes and variation of the electronic properties
of the aromatic moiety was examined. The interaction energies
of the clusters were evaluated by high-level ab initio calcula-
tions. The calculated interaction energies were compared with
the size of frequency shifts and with the polarizabilities of the
aromatics to reveal the origin of the attraction in the clusters.
The magnitude of electrostatic and dispersion interactions in
the C-H/π interaction was also discussed.27

Experiments

Infrared spectra of the X-methane clusters in the C-H
stretching vibrational region were measured by infrared-
ultraviolet (IR-UV) double resonance spectroscopy.9 Details
of the apparatus were described in elsewhere,9,10 and only a
brief description is given here.

Clusters in a molecular beam are irradiated by a pulsed UV
laser, of which the wavelength is fixed at the S1-S0 transition
of the cluster. The mass-selected ion signal due to the mul-
tiphoton ionization via the S1 vibronic level of the cluster is
monitored as a measure of the population of the cluster in the
ground state. A pulsed IR laser is introduced prior to the UV
laser pulse by 50 ns, and the wavelength of the IR light is
scanned over the C-H stretch region. When the IR wavelength
is resonant on the vibrational transition of the cluster, the
decrease of the vibrational ground-state population of the cluster
due to the IR absorption is detected as the decrease of the ion
signal. Thus, by scanning the IR wavelength while monitoring
the ion signal, the IR spectrum of the cluster is measured as a
depletion spectrum.

Aromatic samples were purchased from Aldrich Co. and were
used without further purification. The vapor of the aromatic
sample is seeded in a neon/methane gaseous mixture of the
stagnation pressure at 2-4 atm. The methane concentration is
adjusted to be 15-20%, and the vapor pressure of the aromatic
sample is controlled by the sample reservoir temperature for
the optimization of the cluster signal intensity. The gaseous
mixture is expanded into a vacuum chamber through a pulsed
valve with an orifice of 0.8 mm diameter. The supersonic
expansion is skimmed by a skimmer, and the resultant molecular
beam is introduced into the interaction region of a Wiley-
McLaren type mass spectrometer. Ions produced by the mul-
tiphoton ionization are mass-selected by the mass spectrometer
and are detected by a channel electron multiplier.

Theoretical Calculations

The Gaussian 03 programs were used for the ab initio
molecular orbital calculations.28 Dunning’s correlation consistent
basis sets (cc-pVDZ, aug-cc-pVDZ, and aug-cc-pVTZ)29,30and
a modified 6-311G** basis set were used. The aug(d,p)-6-
311G** basis set is a 6-311G** basis set augmented with diffuse

d functions (Rd(C) ) 0.1565 on carbon atoms and diffuse p
functions (Rp(H) ) 0.1875) on hydrogen atoms).31 Electron
correlation was accounted for by the second-order Mφller-
Plesset perturbation (MP2) method32,33 and by coupled cluster
calculations with single and double substitutions with nonit-
erative triple excitations [CCSD(T)].34 The basis set superposi-
tion error (BSSE) was corrected for all calculations by using
the counterpoise method.35,36

The geometries of clusters were optimized at the MP2/aug-
(d,p)-6-311G** level. Vibrational frequencies were calculated
at the same level. The MP2 level interaction energy at the basis
set limit [EMP2(limit)] was estimated by the method of Helgaker
et al.37 from the calculated MP2 interaction energies using the
aug-cc-pVDZ and aug-cc-pVTZ basis sets. In the method of
Helgaker et al., the calculated MP2 interaction energies with
the Dunning’s correlation consistent basis sets were fitted to
the forma + bX-3 (whereX is 2 for aug-cc-pVDZ, 3 for aug-
cc-pVTZ). The EMP2(limit) was then estimated by extrapolation.
The method of Helgaker et al. was originally proposed for the
estimation of electron correlation contribution at the basis set
limit. But we have used this method for the estimation of
EMP2(limit), as the basis set dependence of the HF interaction
energy is negligible. The CCSD(T) level interaction energy at
the basis set limit [ECCSD(T)(limit)] was estimated as the sum of
the estimated EMP2(limit) and CCSD(T) correction term (the
difference between the calculated CCSD(T) and MP2 level
interaction energies using cc-pVDZ basis set).14 The electrostatic
energies of the clusters were calculated with ORIENT version
3.2.38 The electrostatic energy was obtained from the interactions
between distributed multipoles of monomers.39,40 Distributed
multipoles up to hexadecapole on all atoms were obtained from
the MP2/6-311G** wave functions of isolated monomers using
the CADPAC version 6.41

Results and Discussion

1. Optimized Structures of X-Methane Clusters. Opti-
mized structures of X-methane clusters (X)(a) benzene, (b)
toluene, (c) p-xylene, (d) mesitylene, and (e) naphthalene) are
shown in Figure 1. The optimized structures show that the
methane prefers to locate above the benzene ring in the benzene
and substituted benzene clusters (a-d), and a single C-H bond
points to the ring plane, as is expected from the C-H/π
interaction. On the other hand, the methane is placed on the
border of the two ring units in the naphthalene cluster (e). The
optimized naphthalene cluster has theCs symmetry. The angles

Figure 1. Optimized structures of X-methane clusters at the MP2/
aug(d,p)-6-311G** level.
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between the interacting C-H bond and the aromatic plane in
the clusters (a-e) are 60°, 42°, 55°, 52°, and 28°, respectively.

The interaction energies of the clusters were calculated using
the optimized structures, as listed in Table 1. In the previous
paper, we have examined the quantitative reliability of ab initio
calculations to evaluate the C-H/π interaction by the direct
comparison between the experimentally and theoretically de-
termined interaction energies of the benzene-methane cluster.10

We have found that a large basis set near saturation is necessary
for quantitative evaluation of the interaction energy and that
the MP2 calculations overestimate the attraction compared with
the more reliable CCSD(T) calculations. The estimated CCSD-
(T) level interaction energy at the basis set limit [ECCSD(T)(limit)]
of the cluster agrees well with the experimental binding energy
after zero-point vibrational energy correction.10

The polarizability of methane (2.593× 10-24 cm3) is nearly
the same as that of krypton (2.484× 10-24 cm3).42 The size of
calculated interaction energies [ECCSD(T)(limit)] of the methane
clusters are close to that of the krypton cluster with benzene
(D0<1.15 kcal/mol), which is a typical van der Waals cluster.43

The nearly same size of interaction energy suggests the
dominance of the dispersion interaction term in the C-H/π
interaction of the methane clusters.

The electrostatic energies (Ees) of the clusters are summarized
in Table 2.Etotal is the estimatedECCSD(T)(limit). Ecorr is the effect
of electron correlation on the calculated total interaction energy,
which is the difference betweenEtotal and EHF (HF level
interaction energy using the aug-cc-pVTZ basis set). The
dispersion interaction is the major contributor toEcorr. Erep ()
EHF - Ees) is mainly exchange-repulsion energy, but it also
includes some other terms.

TheEes is almost negligible in all the clusters (less than 0.1
kcal/mol). Due to the small contribution of electrostatic term,
the Hartree-Fock level interaction energy (EHF) is always
repulsive. The largeEcorr values show that dispersion is the major
source of attraction in the clusters.

With an increase of the methyl substitution, the total
interaction energy of the clusters increases as shown in Table
1. Our calculations show that the contribution of electrostatic
interaction to the attraction is very small as shown in Table 2,
which indicates that the increase of the electron density of the
benzene ring by the electron donating methyl groups is not the
primary cause of the enhancement of the attraction by the methyl
substituents. The calculated interaction energies [ECCSD(T)(limit)]
have a clear correlation with experimental polarizabilities of
the aromatic moiety as seen in Figure 2, which shows that the
dispersion interaction is the major source of the attraction in
the clusters.

Although the interacting C-H bond is not perpendicular to
the benzene plane in the optimized structures (a-d), the
magnitude of the calculated tilt angle in the optimized cluster
geometry is not important. The potential energy surfaces of the
clusters are very shallow with respect to the rotation of methane.
For example, the interaction energy of the optimized structure
(a) in Figure 1, where the C-H bond is tilted, calculated at the
MP2/aug(d,p)-6-311G** level (-1.58 kcal/mol) is very close
to that of the optimized structure imposing theC3V symmetry
restriction (-1.56 kcal/mol) (Figure 3). The very small energy
difference (0.02 kcal/mol) shows that the C-H bond can change
its tilt angle very easily in the cluster. The calculated tilt angle
may largely change associated with a very small change of the
interaction energy by the choice of the calculation level. The
very weak orientation dependence of the interaction energy
suggests that the hydrogen atom is not essential to the attraction.
The large contribution of dispersion for the attraction also
supports the idea, as most of the dispersion interaction comes
from that between carbon atoms and the contribution of the
hydrogen atom is much less.

The methane does not locate above the center of a benzene
ring in the naphthalene-methane cluster (e). The benzene-
methane cluster-like structure is not a local minimum. Our

TABLE 1: Calculated Interaction Energies in X-Methane Clusters (X)Benzene, Toluene,p-Xylene, Mesitylene, and
Naphthalene)a

MP2/cc-
pVDZ

MP2/aug-
cc-pVDZ

MP2/aug-
cc-pVTZ EMP2(limit)

b
CCSD(T)/
cc-pVDZ ∆CCSD(T)c ECCSD(T)(limit)

d D0
e

C6H6-CH4 -0.649 -1.528 -1.742 -1.831 -0.333 0.316 -1.515 1.174
C6H5Me-CH4 -0.795 -1.872 -2.111 -2.211 -0.420 0.375 -1.836 1.349
C6H4Me2-CH4 -0.883 -1.922 -2.155 -2.254 -0.498 0.386 -1.868 1.472
C6H3Me3-CH4 -1.008 -2.136 -2.383 -2.487 -0.582 0.426 -2.061 1.664
C10H8-CH4 -1.107 -2.500 -2.781 -2.898 -0.500 0.607 -2.292 1.753

a Interaction energy in kcal/mol. The MP2/aug(d,p)-6-311G** level optimized geometries of the clusters (Figure 1) were used.b Estimated MP2
level interaction energy at the basis set limit by the method of Helgaker et al.c CCSD(T) correction term. The difference between the calculated
CCSD(T) and MP2 level interaction energies using the cc-pVDZ basis set.d Estimated CCSD(T) level interaction energy at the basis set limit. The
sum of EMP2(limit) and ∆CCSD(T). ECCSD(T)(limit) corresponds to-De. e Binding energy including vibrational zero-point energy (ZPE).D0 ) De -
∆ZPE (∆ZPE is the change of ZPEs by the formation of cluster).

TABLE 2: Electrostatic and Dispersion Energies of
X-Methane Clusters (X)Benzene, Toluene,p-Xylene,
Mesitylene, and Naphthalene)a

EHF
b Etotal

c Ees
d Erep

e Ecorr
f

C6H6-CH4 1.16 -1.52 -0.08 1.24 -2.67
C6H5Me-CH4 1.46 -1.84 0.06 1.40 -3.30
C6H4Me2-CH4 1.40 -1.87 -0.02 1.42 -3.27
C6H3Me3-CH4 1.55 -2.06 0.02 1.54 -3.62
C10H8-CH4 1.90 -2.29 -0.08 1.97 -4.19

a Energy in kcal/mol.b HF level interaction energy calculated using
the aug-cc-pVTZ basis set.c Estimated CCSD(T) interaction energy
at the basis set limit.d Electrostatic energy. See text.e Repulsion energy
() EHF - Ees). See text.f Correlation interaction energy () Etotal -
EHF). See text.

Figure 2. Plot of the polarizability of the aromatic moiety (monomer
molecule) versusECCSD(T)(limit) of the cluster. The polarizability values
are taken from ref 42.
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calculations show that dispersion is the major source of attraction
in the cluster, which suggests that the methane locates above
the border of the two benzene rings (Figure 1(e)) to maximize
the dispersion interaction.

2. Electronic Spectroscopy.In IR-UV double resonance
spectroscopy, a S1-S0 vibronic transition of the cluster is used
to monitor the ground-state population transfer due to the IR
absorption. Table 3 summarizes the S1-S0 vibronic band
positions of the X-methane clusters used to measure the present
study. All the transitions are localized in the aromatic moiety
of the clusters. In benzene and mesitylene, the origin band of
the S1-S0 transition is symmetry forbidden, and the 61

0 vibronic
band was used to monitor the ground-state population. Though
the origin band of naphthalene is an allowed transition, its
transition intensity is very weak. Then, the strong 8h1

0 band was
used to monitor. The electronic transition of the benzene-
methane cluster was first reported by Schauer and Bernstein,44

and other cluster bands are reported for the first time, to our
knowledge.

All the electronic transitions of the X-methane clusters show
low-frequency shifts upon the cluster formation. In aromatic
clusters of the van der Waals type, such as benzene-rare gas
clusters, the S1-S0 electronic transition localized in the aromatic
moiety is generally low-frequency shifted,45 while a high-
frequency shift is generally seen inπ-hydrogen-bonded clusters
such as benzene-water.46 Benzene-acetylene and benzene-
chloroform are known to show the high-frequency shifts in the
S1-S0 transition,9,47-49 and it reflects theπ-hydrogen-bond
nature of their intermolecular interactions. The low-frequency
shifts of the X-methane clusters are in contrast with the trend
of these “activated” C-H/π interaction type clusters, suggesting
the major contribution of the dispersion force in the X-methane
clusters. It is also worth noting that the magnitude of the low-
frequency shift of the electronic transition is very different in
each cluster, and no systematic trend is seen. The frequency
shift of the electronic transition arises from the stabilization
energy difference between the S0 and S1 states. Different
stabilization energies in the S1 state would be responsible to
the very different frequency shifts because the electronic
character is more remarkably perturbed by substitution effects
and vibronic coupling in the S1 state than in the S0 state.

3. Infrared Spectroscopy.Figure 4 shows the IR spectra of
the X-methane clusters (X)(a) benzene-d6, (b) toluene-d8, (c)
p-xylene-d10, (d) mesitylene-d12, and (e) naphthalene-d8) in the
C-H stretching vibrational region. To avoid the spectral
interference due to the C-H stretches of the aromatic moiety,
all-deuterated aromatic samples were used to measure these IR
spectra. Thus, all the observed bands in the spectra are due to
the C-H stretch bands of the methane moiety of the clusters.
These IR spectra correspond to the IR absorption spectra of the
clusters in the vibrational ground level of the S0 state.

Bare methane is of theTd symmetry group, and it has two
C-H stretching vibrational modes. Theν1 mode is an IR
inactive symmetric C-H stretch mode (a1), and its fundamental
frequency has been determined to be 2917 cm-1 by Raman
spectroscopy.50 The other C-H stretch mode is the triply
degeneratedν3 mode (t2). This is an IR active mode, and its
frequency is reported to be 3019 cm-1.50 In comparison with
the vibrations in bare methane, the observed bands in the
X-methane clusters are easily assigned. A weak single band
around 2910 cm-1 is attributed to the symmetric C-H stretch,
and the complicated manifold around 3020 cm-1 is assigned to
the asymmetric C-H stretches of the methane moiety.

Figure 5 shows the expansion of the IR spectra of the
X-methane clusters in the symmetric C-H stretch region. The
symmetric C-H stretch band is symmetry-forbidden in the bare
molecule, and its appearance in the clusters demonstrates that
the symmetry of the methane moiety is lowered fromTd to C3V
(or lower), where thea1 symmetry vibration is IR active. The
vibrational frequency of theν1 band of the clusters shows the
very small low-frequency shifts of 5-8 cm-1 in comparison
with that of bare methane. This indicates the elongation of the
C-H bonds of the methane moiety due to the C-H/π
interaction, though the very small frequency shifts reflect the
very small magnitude of the elongation.

Such deformation of the methane moiety in the clusters is
also confirmed in the optimized structures. Table 4 shows the
calculated C-H bond distances and theν1 frequencies of the
methane moiety. The C-H bond distances of the methane

Figure 3. Optimized structure of the benzene-methane cluster at the
MP2/aug(d,p)-6-311G** level with imposing theC3V symmetry restric-
tion.

TABLE 3: Vibronic Band Positions of the Observed
Clusters

S1-S0 vibronic
band

transition frequency
(cm-1)a

benzene-CH4 61
0 38567 (-39)

toluene-CH4 00
0 37432 (-43)

p-xylene-CH4 00
0 36677 (-56)

mesitylene-CH4 61
0 36974 (-27)

naphthalene--CH4 8h1
0 32444 (-11)

a Values in parentheses are frequency shifts from the corresponding
monomer bands.

Figure 4. IR spectra of X-methane clusters in the C-H stretching
vibrational region (X)(a) benzene-d6, (b) toluene-d8, (c) p-xylene-d10,
(d) mesitylene-d12, and (e) naphthalene-d8). The IR-UV double
resonance spectroscopy technique was used to measure the IR spectra
of the clusters. All the observed bands are due to the vibrations of the
methane moiety of the clusters.
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moiety in the clusters are 0.0005-0.0011 Å longer than that of
bare methane, and this is much smaller than the magnitude of
the typical elongation of the O-H bond in hydrogen bond
formation (0.01-0.1 Å).51 In the table, the C-H bond facing
the aromatic ring is called “interacting”, and other C-H bonds
are called “free”. The calculated bond distances of “interacting”
C-H bonds are not largely different from “free” C-H bonds.
In addition, Figure 3 shows that the change of H-C-H bond
angles upon cluster formation is mainly responsible for the
lowering of symmetry. These are indications that the C-H/π
interaction is not localized in the “interacting” C-H bonds, but
the interaction slightly deforms the whole methane moiety.

A low-frequency shift of a X-H stretch band is a well-known
marker of hydrogen bond formation, though previous ab initio
calculations on benzene-methane have predicted a high-
frequency shift of theν1 mode (+15 cm-1) and shortening of
the C-H bonds (-0.0008 Å) of the methane moiety.52 As
summarized in Table 4, however, the present calculations
predicted the low-frequency shifts and C-H bond distance
elongation, which are consistent with the observed IR spectra.53

The calculated frequency shifts reproduced the observed mag-
nitude of the shifts. This proves the reliability of the calculated
C-H bond distance elongation.

Figure 6 shows plots of the observed and calculated frequency
shifts of theν1 mode of the methane moiety versus the calculated
interaction energy in the X-methane clusters. The magnitude
of the observed C-H frequency shifts is extremely small, and
correlation between the observed shift and the interaction energy
(ECCSD(T)(limit)) is not clear. This is in contrast with typical
hydrogen-bonded systems, where the magnitude of the O(N)-H
stretch frequency shift well correlates to the interaction strength.51

The calculated shifts show rather better correlation to the
interaction energy, but the agreement with the observed shifts
becomes poor with an increase of the interaction energy. The
magnitude of the shifts is so small that the theoretical evaluation
of the shifts seems to be difficult.

The contribution of the charge transfer has been a contro-
versial issue on the C-H/π interaction.18 The C-H frequency
shift is a good marker also to the contribution of the charge
transfer because the charge transfer in the hydrogen bond, i.e.,
the electron density transfer from the proton accepting site to
theσ* orbital of the X-H bond, should cause the low-frequency
shift of the X-H bond. Though the low-frequency shifts of the
C-H stretch band are consistent with the contribution of the
charge transfer to the C-H/π interaction, the magnitude of the
observed shifts is extremely small. In the case of the “activated”
C-H/π interaction, for example, the C-H stretch of the
acetylene site in benzene-acetylene shows the low-frequency
shift of 22 cm-1.9,16 Moreover, typical low-frequency shifts of
the O-H stretch in ordinary hydrogen-bonded systems are of
100-400 cm-1.51 The extremely smaller magnitude of the
frequency shifts in the X-methane clusters supports the previous
suggestion by the high level ab initio calculations that the
contribution of the charge transfer is not essential in the C-H/π
interaction.8,10,14,17,19-26 As theoretical evaluation of the con-
tribution of the charge transfer, we calculated the charge
distributions in the X-methane clusters. The atomic charge
distributions of the clusters were obtained by Mulliken popula-
tion analysis and by electrostatic potential fitting with the Merz-
Singh-Kollman scheme55,56 from the calculated MP2 wave
functions of the clusters to evaluate the amount of charge
transfer from aromatics to methane. The calculated total charge
of the methane moiety is summarized in Figure 7. Though the
weak basis-set dependence is seen, all the calculations clearly
demonstrate that the total charge in the methane moiety is very
small (<0.015 au), and the magnitude of the charge transfer is
almost negligible.

The asymmetric C-H stretch band of the X-methane clusters
shows complicated band structures in the IR spectra, as seen in

Figure 5. Expanded IR spectra of the X-methane clusters (X)(a)
benzene-d6, (b) toluene-d8, (c) p-xylene-d10, (d) mesitylene-d12, and (e)
naphthalene-d8) in the symmetric C-H stretch band of the methane
moiety. Values in parentheses are the frequency shifts from that of
bare methane (2917 cm-1).

TABLE 4: Calculated C-H Bond Distance and Symmetric
C-H Stretching (ν1) Vibrational Frequencies of the Methane
Moiety in the X-Methane Clustersa

C-H bond distance (Å)

interacting
C-H free C-H

ν1 frequency
(cm-1)b

bare CH4 1.0919 3058 (0)
benzene-CH4 1.0925 1.0926, 1.0924 3053 (-5)
toluene-CH4 1.0926 1.0927 3050 (-8)
p-xylene-CH4 1.0927 1.0928, 1.0925 3050 (-8)
mesitylene-CH4 1.0928 1.0928 3049 (-9)
naphthalene-CH4 1.0933 1.0927, 1.0930 3046 (-12)

a Geometry optimization and vibrational frequency analysis were
carried out at the MP2/aug(d,p)-6-311G** level. No scaling factor is
applied to the vibrational frequencies.b Values in parentheses are
frequency shifts from that of bare CH4.

Figure 6. Plot of the observed (closed circle) and calculated (open
triangle) frequency shifts of theν1 (symmetric C-H stretch) mode of
the methane moiety versus the calculated interaction energy in the
X-methane clusters.
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the expanded spectra in Figure 8. The asymmetric C-H
stretching vibration in bare methane is a triply degenerated mode
(t2), and lowering of the symmetry due to the cluster formation
would lift this degeneracy. In addition to the three major bands,
however, a few more bands are seen in the manifold. Therefore,
the internal rotation of the methane moiety should be responsible
for the complicated band structure. If the methane moiety is
freely rotating on the aromatic ring plane, the effective symmetry
of the methane moiety should beTd, and the symmetric C-H
stretch band should disappear. Therefore, the appearance of the
symmetric C-H stretch band indicates that the C-H bond is
bound to the aromatic ring plane even though this directionality
of the C-H bond is not essential for the magnitude of the
interaction energy. In contrast to the asymmetric C-H stretch
band, the symmetric stretch band seems to show no sign of the

internal rotation. Such a difference between the rotational
structures is qualitatively interpreted by a simple model of
hindered rotation of the methane moiety.57,58

Our previous high level ab initio calculations demonstrated
that theC3V on-top structure, which is schematically shown in
Figure 3, is the most stable structure for benzene-methane.10

Our calculations suggest that the H-C-H bond angle deforma-
tion lowers the symmetry of the methane moiety fromTd to
C3V. Then, the symmetric C-H stretching vibrational mode (a1

in Td) becomes IR active (a1 in C3V), and the asymmetric C-H
stretching vibration (t2 in Td) splits into two IR-active modes
of a1 and e. When we suppose the hindered rotation of theC3V
methane moiety around the principal axis of the benzene moiety,
as schematically shown in Figure 9, the rotational energy is
expressed by

in which B is the rotational constant andm ) 0, (1, (2, ....
The rotational levels of|m| ) 0, (1, and(2 are denoted asΣ,
Π, and∆, respectively.57,58When the transition dipole moment
of the vibrational transition is parallel to the rotational axis, the
selection rule for the rotational transition associated with the
vibrational transition is∆m ) 0. Then, all the rotational lines
are overlapped like a Q branch, and the vibrational transition
shows a single peak. On the other hand, for the vibrational
transition by the transition dipole moment perpendicular to the
rotational axis, the rotational selection rule is∆m ) (1. The
transition energy of the rotational part is∆E ) B(2m+1). Thus,
the rotational structure due to theΠ-Σ and∆-Π rotational lines
appears with the interval of∆(∆E) ) 2B. The a1 vibrations in
C3V have the transition dipole moment parallel to the rotational
(principal) axis, and this is consistent with the single peak of
the symmetric C-H stretch band. The transition dipole moments
for the e vibrations are perpendicular to the rotational axis, and
several rotational lines would appear with the interval of 2B.
In the band manifold of the asymmetric C-H stretch, the lowest
energy band at 3003-3005 cm-1 is attributed to the a1
component, and the other two major bands at 3019-3021 and
3025-3028 cm-1 are assigned to theΠ-Σ and∆-Π rotational
lines of the e component, respectively. These assignments based
on the hindered rotor model are schematically summarized in
Figure 9.

The observed interval of theΠ-Σ and∆-Π rotational lines
is 7 cm-1 in benzene-methane and 6 cm-1 in toluene-methane,

Figure 7. Calculated total charge in the methane moiety of X-methane clusters obtained from the MP2 level wave functions: (a) atomic charges
were obtained by Mulliken population analysis and (b) atomic charges were obtained by electrostatic potential fitting.

Figure 8. Expanded IR spectra of X-methane ((X)(a) benzene-d6,
(b) toluene-d8, (c) p-xylene-d10, (d) mesitylene-d12, and (e) naphthalene-
d8) in the asymmetric C-H stretch region of the methane moiety.

E ) Bm2
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p-xylene-methane, and mesitylene-methane. This means that
the rotational constant of the hindered rotation is 3-3.5 cm-1

in these clusters. The rotational constant of bare methane is 5.24
cm-1,57 and the small reduction of the rotational constant reflects
the friction of the rotation. In benzene-methane, a few other
bands are seen in the spectrum, and it suggests the coupling
between the rotation and the torsional motions of the methane
moiety.58 With the introduction of the methyl substitution, the
spectral feature converges into the three major bands, and other
bands are suppressed. This spectral change would reflect that
the internal rotation of the methyl group becomes more hindered
with an increase in the number of the substituted group, and
the hindered rotor model becomes a better approximation. In
naphthalene-methane, on the other hand, the heavily dense band
manifold is seen in the IR spectrum, and it is difficult to assign
the bands by the simple hindered rotor model. As was shown
in Figure 1(e), two C-H bonds of the methane moiety interact
with the aromatic ring in naphthalene-methane, and even the
rotation along the molecular axis perpendicular to the phenyl
ring plane cannot be free. The more complicated potential barrier
for the methane rotation may be responsible for the heavily
dense manifold in naphthalene-methane.

Summary

The C-H/π interaction in the aromatics-methane clusters
was characterized by IR spectroscopy of the C-H stretching
vibrations of the methane moiety in combination with the high
level ab initio calculations. The weak appearance and low-
frequency shifts of the symmetric C-H stretch band in the IR
spectra of X-methane demonstrated the small deformation of
the methane moiety due to the cluster formation. No clear
correlation was found between the observed C-H frequency
shift and the interaction energy. Negligible contribution of the
charge transfer was also supported by the small C-H frequency

shifts in the IR spectra and by the calculated charge distribution.
The calculated interaction energy of the cluster showed a clear
correlation with the polarizability of the aromatic moiety,
reflecting the dominant contribution of the dispersion interaction
to the total interaction energy. Electrostatic interactions in the
clusters were very small. Observed shifts of S1-S0 electronic
transition of the clusters also suggest that the clusters are of
the van der Waals type. These results indicate that aliphatic
C-H/π interaction should be distinguished from hydrogen bond-
like interactions. The nature of aliphatic “typical” C-H/π
interaction is significantly different from that of the conventional
hydrogen bond. The asymmetric C-H stretch bands in the IR
spectra showed a complicated band structure, and the hindered
rotor model gave the qualitative assignment of the band
structure.
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