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Abstract Meta-hybrid density functional theory calculations
using M06-2X/6-31+G(d,p) and M06-2X/6-311+G(d,p) levels
of theory have been performed to understand the strength of
C—H-7t interactions of two possible types for benzene-
acetylene, 1,3,5-trifluorobenzene-acetylene and coronene-
acetylene complexes. Our study reveals that the C—H7t inter-
action complex where acetylene located above to the center of
benzene ring (classical T-shaped) is the lowest energy struc-
ture. This structure is twice more stable than the configuration
characterized by H atom of benzene interacting with the 7t-
cloud of acetylene. The binding energy of 2.91 kcal/mol cal-
culated at the M06-2X/6-311+G(d,p) level for the lowest en-
ergy configuration (1A) is in very good agreement with the
experimental binding energy of 2.740.2 kcal/mol for benzene-
acetylene complex. Interestingly, the C—H-7t interaction of
acetylene above to the center of the aromatic ring is not the
lowest energy configuration for 1,3,5-trifluorobenzene-acety-
lene and coronene-acetylene complexes. The lowest energy
configuration (2A) for the former complex possesses both
C—H-m interaction and C—H-F hydrogen bond, while the
lowest energy structure for the coronene-acetylene complex
involves both 7t-7t and C—H~7t interactions. C—H stretching
vibrational frequencies and the frequency shifts are reported and
analyzed for all of the configurations. We observed red-shift of
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the vibrational frequency for the stretching mode of the C-H
bond that interacts with the 7-cloud. Acetylene in the lowest-
energy structures of the complexes exhibits significant red-shift
of the C—H stretching frequency and change in intensity of the
corresponding vibrational frequency, compared to bare acety-
lene. We have examined the molecular electrostatic potential on
the surfaces of benzene, 1,3,5-trifluorobenzene, coronene and
acetylene to explain the binding strengths of various complexes
studied here.

Keywords C—H-minteractions - 7t-7t interactions -
1,3,5-trifluorobenzene - Acetylene - Hydrogen bond -
Density functional theory - Vibrational frequency shift

Introduction

Noncovalent interactions involving aromatic systems or those
between aromatic moieties have been the subject of intensive
studies over the past three decades because of their importance
for the binding properties of nucleic acids, the stability of
proteins, and the binding affinities in host-guest chemistry
[1-8]. They are also vital in the area of materials science
[1, 2, 9, 10]. The interactions such as 7t—m, C—Hm,
N-H-mt, O—H-m, S+, cation-7t, halogen bonding and hydro-
gen bonding stimulate both experimental and computational
interest [1-5, 11-23]. The C—H--7t interactions play important
role in crystal packing and in molecular recognition for nu-
merous ligand binding proteins [6—8, 24]. In our group, we
have recently studied 7t—7t, C—H--7t and cation-7t interactions
involving benzene and ring-fused benzene systems using
high-level ab initio and DFT methods [13-20]. Very weak,
noncovalent interactions dominated by dispersion forces (for
example, =—7t, C—H-7t interactions) have been a great chal-
lenge for both experiment and theory [1-3, 25-36].

Benzene dimer has received tremendous attention due to
being the simplest prototype system for t—7t and C—H-7t
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interactions [15, 16, 25-33] and also it was considered as a
good model for m—7 interactions in proteins [4].
Experimental and theoretical studies evidence the C—H-m
interactions in the T-shaped configuration of the benzene
dimer [15, 16, 25-33]. Theoretical studies [15, 34] repro-
duced the red shifts of C—H stretching frequencies reported
by experiments [35, 36] for the bent-T shaped configuration
of benzene dimer. Hobza and Havlas investigated the
C—H--7 interactions in different complexes such as
CH,4~benzene, Cl;CH-benzene, and NCH--benzene. They
calculated binding energies for the complexes and the fre-
quency shifts corresponding to the interacting C—H bonds
[37]. Kwac et al. have studied the C—H7t interactions in the
T-shaped structure of phenol-benzene complexes using
quantum chemical calculations, molecular dynamics simu-
lations and IR spectroscopy [12]. The accurate interaction
energy was reported in the gas phase for the C—H-7t inter-
actions of the benzene-methane model system by both ex-
periment and theory. The binding energy estimated using
CCSD(T) approach at the basis set limit (D,) was 1.43 kcal/
mol. However, the calculated binding energy (D) after the
zero-point vibrational energy correction was reported as
1.13 kcal/mol, which is in excellent agreement with the
experimental result of 1.03—1.13 kcal/mol [38].

Using very accurate coupled-cluster theory calculations,
Sherrill and co-workers investigated the methane-benzene,
methane-phenol, and methane-indole complexes. They
revealed that the additional electron density provided by
the 7t system of the upper benzene of the T-shaped benzene
dimer is important in stabilizing aromatic C—H-7r interac-
tions over aliphatic C—H--7t interactions in case of methane-
benzene complex [39]. C4Hg-(C4H,), complexes with n=1
and 2 were obtained experimentally and C—H-7 interac-
tions were characterized between diacetylene and benzene
in those complexes using ultraviolet and infrared spectros-
copy. Computational studies using ab initio and DFT meth-
ods complemented the experimental results [40]. The
acetylene—benzene complex is a prototype system for the
investigation of the characteristics of C—H~7t interactions
[41]. The crystal structure of the above-mentioned complex
was already reported [42]. A recent theoretical study has
focused on the X—H (X=C, Cl and Br) bonding strength and
the vibrational frequency shift (classical red-shift or
improper blue-shift) for a range of model complexes
involving X—H~7 interactions [43]. Tsuzuki and co-
workers have investigated the C—H-7t interactions in
benzene-cthylene and benzene-acetylene complexes.
The C—H-m interaction in the latter complex was
reported to be significantly different from that of
benzene-ethylene and benzene-methane complexes. The
reported experimental binding energies (Dg) for the
benzene-ethylene and benzene-acetylene complexes are
1.4+0.2 and 2.7£0.2 kcal/mol, respectively [44].
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Mishra et al. have recently reported a systematic study of
the influence of multiple fluoro-/methyl substitution to ben-
zene on C—H~t interactions involving acetylene. Furthermore,
they have assessed the performance of various recently devel-
oped density functional theory methods for calculations of
such interactions. They concluded that M05-2X, M06-2X
and wB97X-D methods are best performers based on the
reference of estimated CCSD(T)/CBS results [45]. Infrared
spectroscopy for C—H stretching vibrations of benzene-
acetylene and several aromatics-acetylene clusters was
reported experimentally [41]. Sundararajan et al. investigated
C—H-t interactions in benzene-acetylene complex using both
computation and experiment. They have explored both possi-
bility: C-H of acetylene interacts with aromatic 7t-cloud of
benzene and C—H group of benzene interacts with 7t-
electrons of acetylene [46]. It is well known that the H atoms
of'the acetylene molecule form C—H-7t interactions with the 7t-
system of the arene rings. Very recently, crystal structure study
has shown the other possibility of C—H-7t contacts: The H
atom bonded to an aromatic C atom interacts with the electron
cloud of an acetylenic C—C bond [24].

In this paper, we have systematically studied the C—H--7t
interactions between acetylene and the aromatic 7-system
(benzene, 1,3,5-trifluorobenzene [TFB], coronene).
Scheme 1 depicts the structures of model systems considered
in this study. We took into account both possibilities: (i) C—H
of acetylene interacts with aromatic 7t-cloud, and (ii) C—H of
aromatic system interacts with 7-electrons of acetylene (for
model see Scheme 1). Our aim is to understand the binding
strength of these two kinds of C—H-7t interactions and to
explain how the C—H-7t interactions vary by modifying the
m-system of benzene. We have considered one example for
substituted (three F substitution—1,3,5-trifluorobenzene) and
one example for ring fused benzene system (coronene). The
latter system allows us to explore the C—H-7t interactions of
acetylene with the six-membered ring at the center as well as
at the edge. Coronene may be considered as the simplest
model system for graphene. Hence, the interactions of metals
or organic species with coronene have been the subject of
recent theoretical interest [47—49].

Computational details

All the calculations of geometry optimizations and vibra-
tional frequencies in this work were performed using the
Gaussian 09 suite of programs [50]. A range of starting
geometries was chosen to explore various configurations
of the considered complexes. The structures of different
configurations of the complexes and the individual frag-
ments were fully optimized using the M06-2X/6-31+G(d,
p) and M06-2X/6-311+G(d,p) levels. Harmonic vibrational
frequency calculations were performed for all the optimized
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Scheme 1 a Structures of
benzene (1), 1,3,5-trifluoroben-
zene (2), coronene (3), acety-
lene. b The model system for
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geometries to assess the nature of stationary points. The
vibrational frequency calculations are useful to characterize
the C—H stretching frequency of the C—H-7t interactions in
the complexes and also to examine the frequency shift
(either red or blue shift) of these stretching modes with
respect to the free monomer. Binding energies were corrected
for basis set superposition error (BSSE) using the counter-
poise procedure proposed by Boys and Bernardi [51]. We
have adopted the Mulliken charges of acetylene fragment in
each of the complexes to analyze any charge transfer be-
tween their two components. Recently, Mishra et al. have
reported very good performance of M06-2X functional for
similar kind of C—H-7t interactions involving acetylene
with various substituted benzene systems [45]. Hence, the
theoretical levels employed in our study are adequate to
obtain very reliable results. Molecular electrostatic potential
(MESP) maps were generated using density predicted at the
M06-2X/6-311+G(d,p) level for benzene, 1,3,5-trifluoro-
benzene, coronene and acetylene. The electrostatic poten-
tials were mapped on the surface of the electron density of
the 0.002 unit. Spartan 10 software was used for the calcu-
lations of molecular electrostatic potentials and to produce
the MESP pictures [52, 53].

Results and discussion

Figure 1 depicts the structures with important geometrical
parameters for three lowest energy configurations of

benzene-acetylene complex (1A-1C), three lowest energy
configurations of 1,3,5-trifluorobenzene-acetylene complex
(2A-2C) and six lowest energy configurations of coronene-
acetylene complex (3A-3F). We have considered several
possible structures for each of the complexes. Acetylene
stands upright above to the center of the six-membered ring
in case of 1A, 2B and 3B. However, in case of 3F, the
acetylene is located above the edge six-membered ring of
coronene with slightly bent T-shaped structure. For the
above-mentioned four configurations, the hydrogen of acet-
ylene binds with the 7t-cloud. In this scenario, the C—H bond
of acetylene is treated as the hydrogen bond donor in a
C—H-mt H-bond. The aromatic C—H interacts with the 7t-
electrons of acetylene in all the remaining configurations
except 3A where both 7t-7t and C—H-7t type of interactions
coexist. The structure 3A was obtained by following the
normal mode of the imaginary frequency obtained for 3F.
Monodentate type of C—H-7t interaction is observed in
case of 1C, 2C and 3E, whereas bidentate type is seen for
1B, 3C and 3D. Structure 2A is unique since it has both
C—H-m and C—H~F hydrogen bond interactions.

Calculated binding energies for different configurations
of the complexes are listed in Table 1. We also provide the
charge of acetylene in the complex. The binding energy
trends obtained at the M06-2X/6-31+G(d,p) and M06-2X/
6-311+G(d,p) levels are exactly the same. It should be
mentioned that the values of binding energies also do not
considerably vary between these two levels. It is very clear
from the data given in Table 1 that substitution of three
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Fig. 1 Important bond
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H atoms by fluorine atoms or fusion of rings to all the C—C
bonds of benzene significantly affects the strength of
C—H-mt interactions. The configuration involving C—H of
acetylene binding to the 7t-cloud of aromatic ring is not the
lowest energy structure in case of 1,3,5-trifulorobenzene-
acetylene and coronene-acetylene complexes.

The binding energy for 1A (2.91 kcal/mol) is significantly
larger than that of 1B (1.40 kcal/mol) and 1C (0.52 kcal/mol).
The configuration (1B) with two aromatic hydrogen atoms
interacting with 7t-electrons of acetylene is more preferred
than the configuration with monodentate type binding (1C).
In case of 1A, acetylene is a proton donor; H of acetylene
interacts with the 7-cloud of benzene. Although both 1A and
1B are characterized by all-positive vibrational frequencies,
1B is a local minimum with smaller binding energy compared

@ Springer
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to 1A. This is in consistent with the earlier study by
Sundararajan et al. [46]. The binding energy of
2.91 kcal/mol calculated at the M06-2X/6-311+G(d,p)
level for 1A is in very good agreement with the exper-
imental binding energy of 2.7+0.2 kcal/mol for
benzene-acetylene complex [44]. Shaibasaki et al. have
estimated the CCSD(T) interaction energies of 2.8 kcal/
mol [44], while the recent study by Mishra et al. has
shown the value of 2.70 kcal/mol estimated at the
CCSD(T)/CBS [45]. It should be noted that the CCSD
(T) calculations are much more expensive than the
density functional theory calculations at the M06-2X/6-
311+G(d,p) level. The latter level yields the binding
energy very close to the experimental as well as to very
expensive CCSD(T) computational results. The binding
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Table 1 Calculated binding energies (in kcal/mol) for the benzene-
acetylene (Benzene-Ac), 1,3,5-trifluorobenzene-acetylene (TFB-Ac)
and coronene-acetylene (Coronene-Ac) complexes at two different

levels. The binding energies include the basis set superposition error
(BSSE) correction. Charge (q, in e ) of acetylene fragment in the
complex is also given

Benzene-Ac TFB-Ac Coronene-Ac

Conf.? I° e q° Conf.? ° e q¢ Conf.? I e q¢

1A 2.82 291 +0.070 2A 1.76 1.85 +0.024 3A 3.10 3.36 -0.038

1B 1.34 1.40 +0.012 2B 1.20 1.31 +0.090 3B 1.78 1.80 +0.003

1C 0.75 0.52 +0.008 2C 1.08 1.03 +0.014 3C 1.56 1.56 +0.028
3D 1.49 1.53 +0.039
3E 1.48 1.48 +0.020
3F 2.14 2.12 +0.024

* Different configurations of the complex
® The values obtained at the M06-2X/6-31+G(d,p) level
¢ The values obtained at the M06-2X/6-311+G(d,p) level

4 Total charge of acetylene species in the complex obtained at the M06-2X/6-311+G(d,p) level

energy obtained for 1A is slightly more than the results
of the C—Hm interactions (T-shaped or bent-T shaped
configurations) in the benzene dimer [15, 16, 25-30].

Tsuzuki and co-workers pointed out that both electrostat-
ic and dispersion interactions play important role in stabili-
zation of the benzene-acetylene complex of 1A.
Furthermore, the large electrostatic contribution was related
to the activation of C—H bond of acetylene and thus, the
intermolecular interaction was treated as 7t-hydrogen-bond-
like [44]. As suggested by one of the reviewers following
the importance of electrostatics in these types of complexes,
we have looked at the electrostatic potentials on the molec-
ular surfaces of benzene, 1,3,5-trifluorobenzene, coronene
and acetylene (Fig. 2). Significantly larger positive potential
(see Fig. 2) of acetylenic hydrogen atoms compared to
benzene hydrogen atoms explains that the binding energy
for 1A is greater than those predicted either for 1B or 1C.
The distance between the interacting H atom and the center
of benzene in 1A at the M06-2X/6-311+G(d,p) level
(2.393 A) is longer than that reported at the MP2/aug-cc-
pVDZ level (2.283 A) [44].

2A complex exhibits stronger binding than 2B and 2C.
This is due to the existence of both C—H-7mt and C—H~F
hydrogen bonds in case of 2A. As shown in Fig. 2, the
positive and negative potentials correspondingly for H and F
atoms in 1,3,5-trifluorobenzene strongly support the double
interaction of C—H-7t and C—HF hydrogen bonds in case
of 2A. The structure 2A is more stabilized (by 0.54 kcal/
mol) than 2B. It should be noted that configuration 2B has
been studied in the recent computational investigation [45].
The binding energy for 2B at the M06-2X/6-311+G(d,p)
level is 1.31 kcal/mol that is very close to the estimated
CCSD(T)/CBS value of 1.38 kcal/mol [45]. This again
indicates the excellent performance of M06-2X/6-311+G

(d,p) level for these types of complexes involving C—H-7t
interactions. The distance between interacting H of acety-
lene and the center of six-membered ring of 1,3,5-trifluor-
obenzene reported at the MP2/aug-cc-pVDZ level is
2.287 A [45], which is considerably smaller than the value
of 2.453 A obtained at the M06-2X/6-311+G(d,p) level. The
complexes 2C and 1C have the same type of C-H-m
interactions where the H atom of aromatic ring is involved
in the binding. The binding energy of 2C is greater than that
of 1C. This could be explained by higher positive potential
for the hydrogen atoms of 1,3,5-trifluorobenzene compared
to the hydrogen atoms of benzene (Fig. 2). Large negative
potential above and below the center of benzene ring com-
pared to the ring of 1,3,5-trifluorobenzene explains that the
binding energy for 1A is greater than that of 2B.

The structure 3A is substantially more stable than other
configurations in this category of coronene-acetylene com-
plexes because it possesses both 7t-7t and C—H-7t interac-
tions. As shown in Fig. 2, high positive potential of
acetylenic hydrogen atoms and the high negative potential
above and below the outer ring of coronene could evidence
for C—H- interactions in 3A. The classical T-shaped con-
figuration formed by the C—H of acetylene interacting with
central ring of coronene (3B) and the edge ring of coronene
(3F structure) are considerably less stable than 3A. The
complex 3B has smaller binding energy (by 0.32 kcal/mol)
than 3F. The former one is a minimum, but the latter one is
not. The negative potential above and below of the central
ring is significantly lower compared to the edge ring. This
explains why 3F has larger binding energy than 3B. In case
of 3C, 3D and 3E, the H of coronene (it is a proton donor)
interacts with the 7t-electrons of acetylene. It is interesting to
note that, unlike the case of benzene-acetylene complex,
the difference in binding energies among these three
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Fig. 2 Molecular electrostatic
potential maps generated

using density at the M06-2X/6-
311+G(d,p) level for benzene,
1,3,5-trifluorobenzene, coro-
nene and acetylene. Electrostat-
ic potentials are mapped on the
surface of the electron density
of the 0.002 unit. The red sur-
face corresponds to a region of
negative electrostatic potential,
whereas the blue color corre-
sponds to the positive potential.

83.515
62.122
40.729

-87.630

The numbers of positive and Benzene
negative potentials are given in
kJ/mol

95.429
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configurations is very small (< 0.09 kcal/mol). To the best of
our knowledge, there is no experimental and/or theoretical
data for coronene-acetylene complex to be compared in this
paper. Figure 2 depicts that the hydrogen atoms of acetylene
have higher positive potential than the hydrogen atoms of
coronene. Therefore, the complexes 3B and 3F have larger
binding energies than the complexes 3C, 3D and 3E.

We have adopted the Mulliken charges for acetylene
fragment in each of the complexes. As shown from the data
provided in Table 1, the charge of acetylene in the complex
is positive in all the cases, except 3A. This positive charge
indicates that the electron transfer takes place from acety-
lene molecule to the aromatic moiety in the complex.
However, the electron charge of 0.038 ¢ transferred from
coronene to acetylene in case of 3A. It is important to
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1,3,5-trifluorobenzene

Coronene
171.081
139.310
107.539

-

-83.088
Acetylene

mention that there is no relationship between the charge of
acetylene in the complex and the binding energies.
Configurations 1A, 2B, 3B and 3F have the C—H~m
interactions of same type — H of acetylene binds directly
above the center of aromatic six-membered ring. Among
these four structures, the prototype benzene-acetylene com-
plex (1A) shows stronger binding than other three. The
distance between the interacting H atom of acetylene and
the center of the six-membered ring involved in binding of
acetylene is in good correlation with the binding energy. The
complex with the shortest such distance has the highest
binding energy and vice versa. The trend of binding energy
is 1A (2.91)>3F (2.12)>3B (1.80)>2B (1.31 kcal/mol) and
the inter-moiety distance follows the trend 1A (2.39)<3F
(2.42)<3B (2.43)<2B (2.45 A). The bond length of
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interacting C—H is slightly elongated in all these four com-
plexes. It should be mentioned that 3F is characterized as
transition state while other three structures are minima on
their respective potential energy surface. However, 3F
exhibits stronger binding than 3B. This could be attributed
to more electron density at the edge ring than the central
ring. As shown in Table 1, the charge of acetylene in 1A and
2B is notably higher than that in 3B and 3F. Thus, coronene-
acetylene complex behaves different than benzene-acetylene
and 1,3,5-trifulorobenzene-acetylene complexes. The bond
length of C—H of acetylene in 3A is elongated marginally
(by 0.001 A), compared to free acetylene. In majority of the
configurations, the C—C bond length of acetylene remains
the same as that of free acetylene. It is elongated to a small
extend upon forming the clusters of 1A, 2A, 3A and 3F (see
Fig. 1).

Previous study demonstrated that increasing the number
of methyl substitution in benzene enhances the strength of
C—H-t interactions between methane and benzene [54]. It
was shown that increasing the number of methyl substitu-
tion increased the strength of C—H-7t interactions between
acetylene and benzene, but decreased the binding strength
by increasing the number of fluoride substitution to benzene
[45]. Such a behavior is different from the case of 7-7t
stacking interactions where the binding strength enhanced
by adding substituents regardless of their nature [55-60]. In
the present paper, we clearly observe that the strength of
C-H of acetylene interaction with the aromatic 7-system
considerably decreased in cases of TFB-acetylene and
coronene-acetylene complexes with reference to benzene-
acetylene. Interestingly, the difference in binding energy
between two different binding modes (H of acetylene inter-
acting with aromatic 7t-system versus H of aromatic system
interacting with 7t-electrons of acetylene) decreases while
we move from benzene-acetylene (reference system) to
TFB-acetylene then to coronene-acetylene complexes.

IR frequencies: C—H stretching frequency and vibrational
frequency shift

Fujii et al. reported, using experimental infrared (IR) spectros-
copy, that the asymmetric C—H stretching vibration of the
acetylene moiety exhibits a remarkable low-frequency shift
(red shift) upon the cluster formation with the aromatic mol-
ecules [41]. Since one has an experimental evidence for
benzene-acetylene complex, we decided to provide the data
of C—H stretching frequencies with their intensities and the
frequency shift for both acetylene and the aromatic systems
forming the complex. Table 2 lists the above-mentioned data.
For 1A, the asymmetric C—H stretching frequency of acety-
lene is red-shifted by 17 cm™ compared to the bare acetylene
and this is in good agreement with the experimental report of
the red-shift of 22 cm™ [41]. It is worth mentioning that the

calculated intensity of the corresponding frequency is consid-
erably larger compared to free acetylene. Unlike the small
value of red-shift of 2.3 cm™ reported at the MP2/6-31G(d)
level [43], the magnitude of the red-shift (17 cm™) obtained at
the M06-2X/6-311+G(d,p) level is relatively large and close to
the experimental value of 22 cm™. Similar to previous studies
[41,45], we observe a concomitant increase of bond length (by
0.003 A) of interacting C—H bond of acetylene upon forma-
tion of the complex 1A (see Fig. 1). Fujii et al. also mentioned
that the C—H stretching frequencies of benzene were hardly
perturbed by cluster formation with acetylene [41]. In line
with the experimental observation [41], the computed data
reveal very small blue-shift (24 cm ") for the benzene C—H
stretching frequencies in case of 1A. Interestingly, the C—H
stretching frequencies of benzene in complexes 1B and 1C are
red-shifted to a small extent, compared to free benzene. Such
characteristic IR frequency shifts will be useful for experimen-
talists in identifying the complexes of 1B and 1C where the
interactions of hydrogen atom(s) of benzene with the 7t-
electron cloud of acetylene occur. As shown in Fig. 1, the
bond lengths of interacting C—H bonds of benzene are not
altered upon complex formation (for 1B and 1C). The C—H
stretching frequencies of acetylene are red-shifted in 1B, while
they are blue-shifted in 1C compared to the free acetylene.

In cases of 2A and 2C, one of the C—H stretching fre-
quencies of TFB is considerably red-shifted compared to the
corresponding C—H stretching frequency of the isolated
species. The notable red-shifts (—26 and —24 cm™ ") observed
for these configurations could be attributed to the interaction
of H atom of TFB with the 7t-cloud of acetylene. The length
of C—H bond of TFB involved in C—H-7t interaction with
acetylene is slightly elongated as expected for the red-shift.
Interestingly, the C—H stretching frequencies of acetylene in
2A are also considerably red-shifted (—18 and —16 cm™"),
with simultaneous elongation of the C—H bonds. This could
be reasoned to the strong C—H-F hydrogen bond in addition
to the C—H-t interaction (H atom of TFB interacts with
acetylene). Though, C—H stretching frequencies of acety-
lene in 2B and 2C are red-shifted, the magnitudes of the
shifts are smaller compared to 2A. Similar to 1A, the C—H
stretching frequencies of aromatic moiety in 2B are slightly
blue-shifted. However, C—H stretching frequencies of acet-
ylene in 2B are red-shifted compared to the free molecule. It
should be noted that the magnitudes of red-shifts in 2B are
smaller (4 and 3 cm ') than the case of 1A (17 and 11 cm ™).
The vibrational frequency data indicate that three configu-
rations for 1,3,5-trifluorobenzene-acetylene complex could
be easily distinguished. The asymmetric C—H stretching
frequency of acetylene is IR active. The intensity of this
frequency tremendously increased upon forming complexes
of same type 1A, 2B and 3B. It remains similar in 2B and
3B, but 1A has quite larger intensity than these two
complexes.
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Table 2 C—H stretching frequencies (v, in cm']), intensities (Int. in
km/mol), and frequency shifts (Av, in cm™) for the complexes and the
corresponding frequencies and intensities for the individual fragments

obtained at the M06-2X/6-311+G(d,p) level. See Fig. 1 for nomencla-
ture of the complexes and Ac means acetylene

vey o Int ven  Int. AV vey  Int. AV vey  Int AV vey  Int. AV vey  Int AV?
1A 1B 1C
1C-H 3181 (©0) 3185 (0) 4 3178 (0.3) -3 3175 (0.8) —6
1C-H 3191 (0) 3194 () 3 318 (0.3) -5 3184 (0) -7
1C-H 3191 (©) 3194 () 3 3190 (1) -1 3187 (8 —4
1 C-H 3205 (18) 3208  (12) 3 3201 (18) —4 3198 (18) =7
1C-H 3205 (18) 3208 (12) 3 3202 (12) -3 3201 (4) 4
1C-H 3215 (0) 3217 (02) 2 3211 (1) -4 3210 (2 -5
Ac C-H 3434 (101) 3417 (218) -—-17 3429 (103) -5 3445  (105) 11
AcC-H 3543 (0) 3532 (2)  —11 3538 (0.6) -5 3546 (0) 3
2A 2B 2C
2 C-H 3238  (0) 3212 (34) 26 3241 (0) 3 3214 (45) —24
20-H 3239 (9) 3244 (6) 5 3242 (12) 3 3244 (5) 5
20-H 3239 (9) 3252 (7) 13 3242 (12) 3 3248 (6) 9
AcC-H 3434 (101) 3416 (115) —18 3430 (175) —4 3429 (104) -5
AcC-H 3543 (0) 3527 (0.5 —16 3540 (3) -3 3538 (0) -5
3A 3B 3C 3D 3E
3C-H 3176 (0) 3175 (©) -1 3177 (© 1 3175 () -1 3175 () -1 3165 (3) -l
3C-H 3176 (2) 3175 (2 -1 3177 @ 1 3176 (@ 0 3176 () 0 3166 (0) 10
3 C-H 3177 (1) 3176 (1) -1 3178 (1) 1 3176 (1) -1 3176 (0.2) -1 3167  (8) -10
3C-H 3177 (0) 3176 (0) -1 3178 (©) 1 3176 () -1 3176 (4 -1 3167 (3) -10
3C-H 3181 (1) 3178  (0.7) 3 3181 (0.7) O 3180 (04) -1 3180 (2) -1 3185 (1) 4
3C-H 3181  (0) 3178  (0) -3 3181  (0) 0 3184 (0) -3 3180 (0) -1 3185 (0.5) 4
3C-H 3193 (8) 3192 (6) -1 3193 (7) 0 3192 (10) -1 3191 (7) -2 3196 (I13) 3
3C-H 3193 (0) 3192 (0) -1 3194 () 1 3192 (© -1 3192 (3) -1 3196 (1) 3
3C-H 3194 (0) 3193 (0) -1 3194 (0 0 3193 (0 -1 3193 () -1 319 (17) 2
3C-H 3194 (43) 3193 (43) —1 3194 (40) 0 3193 (44 -1 3192 (23) -2 3201 (19 7
3C-H 3198 (34) 3195 (36) -3 3198 (32) 0 3197 (1) -1 3195 (35) -3 3202 (I18) 4
3C-H 3198 (0) 3195 (0) -3 3198 (0 0 3197 () -1 3197 (0.3) -1 3205 (0.2) 7
AcC-H 3434 (101) 3421 (48) —13 3427 (172) -7 3428 (101) —6 3425 (103) -9 3429 (102) -5
AcC-H 3543 (0) 3530 (0.1) —13 3538 (1) -5 3537 (2) -6 3534 (2) -9 3538 (1) -5

*Difference of harmonic C-H stretching frequency in the complex minus the corresponding frequency in the free molecule: a negative value

indicates red-shift and a positive value indicates blue-shift

Though the C—H stretching frequencies of acetylene in
all the configurations from 3A to 3E are red-shifted compared
to free acetylene, they are red-shifted slightly larger in 3A than
in other four configurations. In all the configurations, the
C—H bond lengths of acetylene are slightly increased or no
change is observed compared to the free acetylene. We
neglect 3E and 3F from the discussion since those structures
possess one imaginary frequency. It is worth mentioning
that the intensity of asymmetric C—H stretching frequen-
cy of acetylene in 3A is substantially smaller than that in
free acetylene and other complex structures. The C—H
stretching frequency data and the vibrational frequency
shifts provided in Table 2 will aid experimentalists to char-
acterize different configurations of complexes studied in this

@ Springer

paper. Like in the case of benzene dimer [32, 33, 35, 36],
different configurations of these complexes may be found
experimentally.

Conclusions

In this study, we examined the strength of C—H-7t interac-
tions of two possible types for benzene-acetylene, 1,3,5-
trifluorobenzene-acetylene and coronene-acetylene com-
plexes using M06-2X/6-31+G(d,p) and M06-2X/6-311+G
(d,p) computational approaches. Configurations 1A, 2B, 3B
and 3F have the C—H-t interactions of same type (H of
acetylene binds directly above the center of aromatic six-
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membered ring). Among these four structures, the prototype
benzene-acetylene complex (1A) shows stronger binding than
other three. The binding energy of 2.91 kcal/mol calculated at
the M06-2X/6-311+G(d,p) level for 1A is in very good agree-
ment with the experimental binding energy of 2.7+0.2 kcal/
mol for benzene-acetylene complex [44]. In case of 1,3,5-
trifluorobenzene-acetylene complex, 2A exhibits stronger
complexation energy than 2B and 2C because of the existence
of both C—H--7t and C—H--F hydrogen bonds. Owing to both
m-rt and C—H -7t interactions, the structure 3A is substantially
more stable than other configurations in the pool of coronene-
acetylene complexes. The classical T-shaped configuration
formed by the C—H of acetylene interacting with central ring
of coronene (3B) and the edge ring of coronene (3F structure)
are considerably less stable than 3A. The pictures of molecular
electrostatic potentials obtained for the ligands are used to
explain the binding strengths of different complexes. In agree-
ment with experimental report [41], the asymmetric C—H
stretching frequency of acetylene in 1A is red-shifted by
17 cm™" compared to the bare acetylene. For the lowest energy
configuration of 2A in TFB-acetylene complex, we obtained
notable red-shift for one of the C—H stretching frequencies of
1,3,5-trifluorobenzene and the C—H stretching frequencies of
acetylene. The C—H stretching frequencies of acetylene in all
the configurations (from 3A to 3E) are red-shifted compared to
free acetylene. However, they are red-shifted slightly larger in
the lowest-energy structure 3A than in other four configurations.
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