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Hydrogen-bonded H‚‚‚π complexes of C2H2 and C2H4 were studied both computationally and experimentally.
Computationally, C2H2-C2H4 clusters ranging from 1:1 to 6:1 stoichiometries were identified. Using matrix
isolation infrared spectroscopy, the 1:1 adduct was studied in an argon matrix. Formation of these adducts
was evidenced by shifts in the vibrational frequencies of the acetylene and ethylene submolecules in the
complex. The molecular structure, vibrational frequencies, and stabilization energies of the complexes were
calculated at the HF, MP2, MP2(full), and B3LYP levels of theory by employing basis sets ranging from
6-31G(d,p) to 6-311++G(2d,2p). Both computations and experiments showed that two types of complexes
are formed, one in which acetylene acts as a proton donor to theπ cloud of ethylene and another in which
ethylene acts as the proton donor to theπ cloud of acetylene. Structures, interaction energies, and vibrational
frequencies have also been obtained for 1:2, 1:4, and 1:6 complexes of ethylene and acetylene. This work
presents a case study of hydrogen-bonded clusters formed through the H-π interaction.

Introduction

Hydrogen bonding has generated substantial interest given
its relevance in the field of chemistry and biology.1,2 Depending
upon the nature of interaction, the strength of the hydrogen bond
can vary from well over 10 kcal/mol (termed as strong H-bonds)
to instances where the interaction can be barely 1 kcal/mol (weak
H-bonds). The strong H-bonding generally occur when a
hydrogen attached to an electronegative atom (O or N) interacts
with another electronegative atom or a negative ion. Wherever
present, the strong H-bonded interactions will often strongly
influence many chemical and biochemical phenomena; however,
a complete understanding of many chemical and biochemical
processes will often demand a complete understanding of the
weaker interactions too. It is therefore not surprising that a great
deal of interest has been generated in the study of weak H-bond
intermolecular interactions. Under the class of the weak H-
bonds, the C-H‚‚‚π systems form a separate class and have
received a great deal of attention in recent times. The C-H‚‚‚π
systems present an interesting phenomenon for two reasons.
First, unlike conventional hydrogen bonded systems where the
hydrogen involved in the H-bonding is attached to an elec-
tronegative atom, here the hydrogen is attached to a carbon atom.
Not surprisingly, the hybridization of the carbon atom plays an
important role, as it significantly determines the acidity of the
hydrogens attached to it and hence its ability to form H-bonds.
Second, in conventional H-bonded systems, the proton acceptor
is an electronegative atom or ion, such as oxygen, nitrogen,
and second- and third-row donor atoms.3-6 However, in the
C-H‚‚‚π systems, the proton acceptor is theπ electron system.7

The original suggestion thatπ bonds could serve as proton
acceptors in H-bonded interactions was made by Dewar8 and
dates back to 1944, though only in recent times has this view

been put to a great deal of experimental and computational test.
For examples, the interactions between acetylene and hydrogen
halides and chloroform clearly involve theπ-electrons of
acetylene as the proton-accepting site.9,10Likewise, the H-bonds
involving theπ-electrons of ethylene and aromatic systems are
also reported.11-15

The study of C-H‚‚‚π H-bonds has generated great interest
in recent times, as these interactions appear to be the driving
force in the packing of a number of organic crystals and
proteins.16,17The C-H‚‚‚π interactions are also believed to be
important in molecular recognition.16 Given the importance of
this interaction in a number of chemical and biochemical
phenomena, it is imperative to understand the origin of these
interactions from a theoretical standpoint and also to generate
experimental data on small systems where theories can be put
to test. A number of studies are available in the literature
involving C-H‚‚‚π interactions, and they primarily involve the
π cloud of ethylene, acetylene, or aromatic ring systems.9-18

In this study, we present our results on the acetylene-ethylene
H-π system. The study of such weak intermolecular interactions
are usually conducted in cold, isolated molecule conditions, such
as those that exist in matrix isolation or supersonic beam
experiments. We have used matrix isolation infrared spectros-
copy to identify and characterize the 1:1 complex of acetylene-
ethylene. In the computation of the structure of these acetylene-
ethylene complexes, we have used the concept of molecular
electrostatic potential (MESP) which greatly aids in predicting
sites of attack in a molecule. We believe such aids are essential
in deciding structures of larger clusters, such as those encoun-
tered in organic and bioorganic crystals. Furthermore, the use
of the MESP lays a platform for understanding molecular
recognition. In an effort to demonstrate such a utility of MESP,
we have in this work extended our computational study beyond
1:1 complexes, to involve higher complexes of acetylene and
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ethylene; the largest cluster discussed is a 1:6 ethylene-
acetylene complex.

Experimental Section

Matrix isolation experiments were performed using a Leybold
Heraeus closed-cycle helium compressor cooled cryostat. The
cryostat was housed in a vacuum chamber where the base
pressure was< 10-6 Torr. The details of the vacuum system
and related experimental setup have been described elsewhere.19

Acetylene (commercial grade, Asiatic Oxygen Limited,
Chennai, India) and ethylene (99% pure, Air Products Limited,
London) were chilled separately to temperatures of about 170
K and then pumped to eliminate volatile impurities. Acetylene,
ethylene, and the matrix gas, argon (IOLAR grade I) were mixed
in the desired ratios using standard manometric procedures. The
Ar/C2H2/C2H4 mixture of the desired composition was then
deposited through an effusive nozzle on to the cold KBr
substrate mounted on a cryotip. We used matrix-to-sample ratios
ranging from 1000:0.1 to 1000:3 for acetylene and 1000:0.3 to
1000:5 for ethylene. A deposition typically lasted for about 30
min at a rate of≈3 mmol/h.

Infrared spectra of the matrix isolation samples were recorded
over the range 4000-400 cm-1, using a BOMEM MB 100 FTIR
spectrometer, operated at a resolution of 1 cm-1. The matrix
was then warmed to 35 K, maintained at this temperature for
about 15 min, and then recooled to 12 K. Spectra of the matrix,
thus annealed, were again recorded. All the spectra shown in
this paper were those recorded after annealing the matrix.
Spectra of acetylene and ethylene deposited individually in the
argon matrix have also been recorded.

Computational Methods

The optimized geometries and the wave functions of the
individual molecules are calculated using programs GAUSSI-
AN20 and GAMESS21 while topographical analysis is done using
the program UNIPROP.22 The MESP isosurfaces and all the
geometries are visualized using the package UNIVIS-2000,23

an indigenously developed visualization package by Limaye and
Gadre.

The electrostatic potential,V(r ) generated by a molecule at
a point r is defined as

where the first term represents the contribution due to nuclei
with chargesZA located atRA while the second term arises due
to (the continuous) electronic charge density [F(r )]. The critical
points (CPs) provide valuable information about the structure
and the environment of the molecule. The details of the MESP
and the CPs can be found elsewhere.22,24The starting geometries
of the ethylene‚‚‚acetylene complexes have been fixed consider-
ing the complementarity as revealed by the CPs of ethylene
and acetylene.

The geometries thus generated are then optimized at RHF,
MP2, MP2(full), and B3LYP levels of theory with various basis
sets ranging from 6-31G(d,p) to 6-311++G (2d, 2p) using
GAUSSIAN20 and GAMESS.21 The hybrid Hartree-Fock
density functional method, B3LYP, uses the Becke’s three
parameter nonlocal exchange functional,25,26 with the nonlocal
correlation functional of Lee et al.27 Optimizations were
followed by frequency calculations to enable us to characterize
the nature of the stationary points (by checking for imaginary

frequencies) and also to assign the experimentally observed
frequencies recorded in the matrix isolation experiments. For
comparison with the experimental frequencies, we have used
the computed analytical frequencies at the B3LYP/6-31++G(d,p)
level.

Results and Discussion

Experimental Results.Figures 1 and 2 show the spectra over
the regions 3310-3220 and 760-720 cm-1, respectively,
obtained when acetylene and ethylene were codeposited in an
argon matrix. Also shown in these figures are the spectra
obtained when acetylene alone was deposited in an argon matrix.

In the spectral regions mentioned above, C2H2 has strong
absorptions at 3302.9, 3288.9, and at 736.8 cm-1, which have
been assigned to the combination band (ν2 + ν4 + ν5), ν3, and
ν5 modes, respectively.28 The 3302.9 and 3288.9 cm-1 features
are in fact Fermi diads involving the (ν2 + ν4 + ν5) and ν3

vibrations. For the discussions in this paper, we will refer to
the 3288.9 cm-1 feature asν3′ to indicate the occurrence of the
Fermi resonance.28b Ethylene has no absorption in this regions.

When acetylene and ethylene were codeposited and the matrix
then annealed, product absorption bands appeared at 3285.5,
3269.6, and 749.3 cm-1. These bands appearedonlywhen both

Figure 1. Matrix isolation IR spectra in the region 3310-3220 cm-1:
(A) computed stick spectra; (B) C2H2-Ar (0.2:1000); (C) C2H2-C2H4-
Ar (0.2:1:1000); (D) C2H2-C2H4-Ar (0.2:10:1000).
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the reagents were codeposited. Furthermore, these bands
increased in intensity as the concentration of either of the two
reagents was increased. These observations clearly indicate that
these features can be attributed to a complex involving acetylene
and ethylene. Since these product bands appeared at low
concentrations of acetylene and ethylene, we believe the
complex to be of a 1:1 type. The feature at 3269.6 and 3285.5
cm-1 can be assigned to theν3′ mode of the C2H2 submolecule
in the C2H2-C2H4 complex. (As discussions in later sections
will show, two types of complexes are formed giving rise to
two distinct features.) This assignment implies that, following
complex formation, theν3 mode of the C2H2 submolecule is
red shifted by 19.3 and 3.4 cm-1 from the value obtained for
free C2H2 for this mode. The feature at 749.3 cm-1 can be
assigned to theν5 mode of the C2H2 submolecule in the
C2H2-C2H4 complex.

We also observed a feature due to the C2H2-H2O complex
at 3240 cm-1,11 in excellent agreement with that reported in
the literature. Features corresponding to a complex involving
water appear, as water is an inevitable impurity in a matrix
isolation experiment.

Figure 3 shows the infrared spectra over the region 970-
940 cm-1, where the C-H bending of ethylene is observed.11

Theν7 mode appears at 947.5 cm-1 in free ethylene and at 952.7
cm-1 in the C2H2-C2H4 complex. Complex formation has
therefore resulted in a 5.2 cm-1 blue shift for this mode. Another
feature at 959.5 cm-1 was also observed, which is due to the
C2H4-H2O complex.11 No feature corresponding to the C-H

stretch in the C2H4 submolecule in the complex could be
observed, probably because its intensity may have been too low
to be discerned.

Structure and Energetics of C2H2‚‚‚C2H4 Complexes.The
MESP topography mapping has been carried out for the
individual species to understand complementary electrostatic
features. As shown in Figure 4 a negative-valued MESP
isosurface of ethylene (magnitude-21.96 kcal/mol) is observed
above and below the C-C bond of ethylene while a ring of
negative valued MESP (magnitude-18.83kcal/mol) is seen
around the C-C bond of acetylene. In all the figures the
distances are reported in Å while the MESP values are in kcal/
mol. The negative valued MESP CPs ((3,+3) CP with magni-

Figure 2. Matrix isolation IR spectra in the region 760-720 cm-1:
(A) computed stick spectra; (B) C2H2-Ar (0.2:1000); (C) C2H2-C2H4-
Ar (0.2:1:1000); (D) C2H2-C2H4-Ar (0.2:10:1000).

Figure 3. Matrix isolation IR spectra in the region 970-940 cm-1:
(A) computed stick spectra; (B) C2H4-Ar (0.6:2000); (C) C2H2-C2H4-
Ar (2:0.6:2000); (D) C2H2-C2H4-Ar (6:0.9:2000).

Figure 4. RHF/6-31G(d,p)-optimized geometries of ethylene-
acetylene complexes along with negative-valued isosurfaces and the
MESP CPs for them.
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tude-23.97 kcal/mol) has been observed inside the isosurfaces
of ethylene. A look at these MESP features suggests two
possible structures for ethylene‚‚‚acetylene complexes. Structure
1A (Figure 5) shows the structure of a C2H2-C2H4 complex in
which the hydrogen of acetylene interacts with theπ cloud of
ethylene forming an H‚‚‚π complexsa complex where acetylene
is the proton donor. Structure1B (Figure 5) depicts another
possible structure for a H‚‚‚π complex in which ethylene acts
as the proton donor to acetylene. Both structures were found to
correspond to minima on the potential surface as verified by
vibrational frequency calculations. The distances between the
two submolecules in the complexes1A,B are shown in Figure
5. The C‚‚‚H distance in complex1A is 3.201 Å at the HF/6-
31G(d,p) level and 3.327 Å in the complex1B at the same level.
These distances are comparable with earlier results reported by
Fan et al.17 and Jemmis et al.3 for C-H‚‚‚π interactions. The
MESP-derived charges of ethylene, acetylene, and the two
complexes1A,B calculated at RHF/6-31G(d,p) level are given
in Table 1. The formation of the complexes can be inferred
from the changes in the net atomic charges in the complex
compared with the values in the uncomplexed species. Table 2
gives the MESP critical points and their nature.

Table 3 gives the ZPE-corrected as well as -uncorrected
interaction energies for the two complexes, while Table 4 gives
BSSE-corrected and -uncorrected interaction energies, computed
at the HF, B3LYP, and MP2 levels using various basis sets. At
all levels, it can be seen that complex1A is more strongly bound
than1B and not surprisingly so. The formation of complex1A
is indicated to be weakly exothermic by about 0.8-2.0 kcal/
mol at the various levels of theory used (ZPE uncorrected) and
drops to about 0.4-0.9 kcal/mol with ZPE correction. At the
MP2 (full)/6-31++G(d,p) level, the same complex is indicated
to be endothermic (Table S1 in the Supporting Information).
Complex1B is barely stabilized at the HF and B3LYP levels.
At the MP2 (full)/6-31++G(d,p) level this complex too becomes
destabilized on the application of ZPE (Table S1 in the
Supporting Information). Interestingly both complexes,1A,B,
are seen in our matrix isolation experiments. It is likely that
the barely bound1B complex is stabilized in the matrix cage
and hence is discernible in our experiments. Such weak
complexes would never survive in gas-phase experiments, and
the observation of such weak complexes in our experiments is
a clear demonstration of the advantage of the matrix isolation
technique in locating weak local minima.

A look at Tables 3, 4, and 6 [depicting the interaction energies
for the two complexes at HF, MP2, and B3LYP levels using
the 6-31G(d,p) and 6-31++G(d,p) basis sets and MP2/6-
311++(2d,2p)] brings out the effect of the different basis sets.

TABLE 1: MESP-Derived Charges of Ethylene, Acetylene, and Ethylene‚‚‚Acetylene (1:1) Complexes Calculated at RHF/
6-31G(d,p)-Optimized Geometriesa

MESP-derived charges (atoms)

molecule C H

acetylene (a) -0.259 0.259
ethylene (e) -0.280 0.140
1A -0.237 (a),-0.279 (a),-0.252 (e) 0.234 (a), 0.259 (a), 0.132 (e)
1B -0.253 (a),-0.249 (a),-0.272 (e),-0.278 (e) 0.258 (a), 0.256 (a), 0.134 (e), 0.132 (e), 0.133 (e), 0.139 (e)

a The e and a denote atoms in ethylene and acetylene, respectively. Symmetry-related charges are not reported.

Figure 5. RHF/6-31G(d,p)-optimized geometries of ethylene‚‚‚acetylene
complexes along with negative valued isosurfaces and the MESP CPs
for them.

TABLE 2: MESP CPs (Values in kcal/mol) for Ethylene,
Acetylene, and Ethylene‚‚‚(Acetylene)n (n ) 1, 2, 4)
Complexes Calculated at RHF/6-31G(d,p)-Optimized
Geometries

molecule MESP (no. of MESP CPs) nature

acetylene -24.41 degenerate
ring

ethylene -23.97 (2) (3,+3)
1A -19.08,-7.47 (3,+3)

1.07 (2) (3,+1)
1B -25.98 (2) (3,+3)

-5.15,-5.02 (3,+1)
2A -26.04 (2),-23.16,-23.03,-20.65,-9.35 (3,+3)

-25.67,-22.40,-4.83,-4.58 (3,+1)
3.20, 2.13, 3.89, 9.35 (3,-1)

2B -30.49,-20.65 (2),-19.73,-9.22 (3,+3)
-5.46 (2),-0.56 (2) (3,+1)

0.56, 5.84 (3,-1)
4 -25.35 (2),-22.53 (2),-22.34,-7.28 (2) (3,+3)

-4.20(2),-21.73,-24.91,-3.83 (2), 1.13 (3,+1)
4.58 (2), 10.10, 9.98, 4.64 (3,-1)

TABLE 3: Raw Interaction Energiesa and Interaction
Energies Corrected for ZPEb in Parenthesis at HF, B3LYP,
and MP2 Levels with the 6-31++G(d,p) Basis Setc

interactn energy (∆E)

complex
HF/

6-31++G(d,p)
B3LYP/

6-31++G(d,p)
MP2/

6-31++G(d,p)

1Ad -0.82 (-0.39) -0.97 (-0.42) -1.98 (-0.90)
1Bd -0.27 (-0.071) -0.28 (-0.0014) -1.10 (-0.88)

a Raw interaction energies refer to energies not corrected for either
ZPE or BSSE.b The computed ZPE was scaled by 0.92 for HF, 0.94
for B3LYP, and 0.96 for MP2 for the application of the ZPE correction.
c All the energies are in kcal/mol (see text for details).d Mode involving
C2H2 as a proton donor (1A). e Mode involving C2H2 as a proton
acceptor (1B).

TABLE 4: Raw Interaction Energiesa and Interaction
Energies Corrected for BSSE (in Parentheses) at
HF/6-31++G(d,p), B3LYP/6-31++G(d,p), and
MP2/6-311++G(2d,2p) Levelsb

interactn energy (∆E)

complex
HF/

6-31++G(d,p)
B3LYP/

6-31++G(d,p)
MP2/

6-311++G(2d,2p)

1Ac -0.82 (-0.69) -0.97 (-0.76) -1.76 (-1.36)
1Bd -0.27 (-0.20) -0.28 (-0.16) -1.46 (-1.04)

a Raw interaction energies refer to energies not corrected for either
ZPE or BSSE.b All the energies are in kcal/mol (see text for details).
c Mode involving C2H2 as a proton donor (1A). d Mode involving C2H2

as a proton acceptor (1B).
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Although there are deviations in the numerical values of energies
with the different basis sets, the trends in the energetics are
found to be qualitatively identical for these complexes. When
we applied both the ZPE and BSSE corrections, the interaction
energy in a few cases becomes positive, indicating complex
formation to be endothermic. However, the combined applica-
tion of both these corrections has been considered to overcorrect
and the actual interaction energies may indeed be more
negative.29,30 Hence, we have not reported the interaction
energies inclusive of ZPE+ BSSE corrections. It can also be
seen that expanding to a basis with diffuse functions leads to a
qualitative similar picture with regard to complex stability.

Vibrational Assignments. Vibrational frequencies of the
different modes were calculated and compared with the experi-
mentally observed values (Table 5). The computed frequencies
were scaled on a mode by mode basis. The scaling factors were
obtained by comparing the computed frequencies for the
uncomplexed acetylene or ethylene with those obtained experi-
mentally. The scaling factors thus obtained for the different
modes of the uncomplexed reagents were then used to scale
the computed frequencies in the complex. The scaling factors
for the different modes (0.959 for C2H2 and 0.971 for C2H4)
are also given in Table 5. The scaled frequencies (presented in
Table 5 and also shown as stick spectra in Figures 1-3) can be
seen to agree with those obtained experimentally.

ν3′ Mode of Acetylene. As mentioned earlier, theν3′ stretch
of acetylene submolecule in the complex occurs at 3269.6 and
3285.5 cm-1. The feature at 3269.6 cm-1 is assigned to theν3′
mode in the acetylene submolecule of complex1A, which agrees
well with the computed value of 3268.6 cm-1 for this complex.
The 3285.5 cm-1 feature is assigned to the acetylene submol-
ecule of complex1B, again in agreement with the computed
value of 3288.4 cm-1. The good agreement between the
experimental and computed values is clear evidence that the
complexes1A,B are of the H‚‚‚π type as shown in Figure 5.

It should be noted that theν3′ mode of the proton-accepting
acetylene submolecule in the acetylene dimer also occurs at
3285.2 cm-1, in close proximity to the value of 3285.5 cm-1,
which we report for the acetylene-ethylene complex1B. It is
therefore necessary to rule out the possibility that the 3285 cm-1

feature assigned in this work to the heterodimer of acetylene
and ethylene is not really due to the acetylene homodimer. We
therefore performed experiments with acetylene alone, where
the acetylene to matrix (Ar) ratio was 1:10000, at which dilution
no featurewas observed at 3285.2 cm-1 (1B), clearly indicating

that the acetylene homodimer was not formed at this concentra-
tion. When ethylene was added to acetylene (maintaining the
same acetylene-to-argon ratio), the 3285.5 cm-1 peak appeared.
Furthermore, this peak grew in intensity as the concentration
of ethylene was increased, therefore providing strong evidence
that the 3285.5 cm-1 feature in the above set of experiments
was really due to the acetylene-ethylene heterodimer1B.

A consideration of experimental and computed shifts in the
ν3′ stretch of the acetylene submolecule in the complexes relative
to that in the free acetylene shows a reassuring trend. In
complexes where acetylene is a proton donor, the shifts in the
ν3 mode of the acetylene submolecule are usually large. For
example, theν3′ mode of acetylene in the acetylene-water
complex is shifted by≈49 cm-1, where acetylene acts as a
proton donor.31 In complexes where acetylene is the proton
acceptor, the shifts in theν3′ mode of the acetylene submolecule
are comparatively small. For example theν3′ mode of acetylene
in the acetylene-chloroform complex is shifted only by 5.9
cm-1, where acetylene is the proton acceptor.10 In this study,
the ν3′ mode of the acetylene submolecule is shifted by 19.3
cm-1 in complex1A where acetylene is the proton donor and
by 3.4 cm-1 in complex 1B where acetylene is the proton
acceptor.

ν5 Mode of Acetylene. The ν5 mode of the acetylene
submolecule in complex1A occurs at 749.3 cm-1, which implies
a blue shift of 13.7 cm-1 from that of the free acetylene feature.
No feature was observed for the acetylene submolecule in
complex1B, as these features probably appear at almost the
same place where the free acetylene absorbs, as indicated by
our calculations, and hence could not be resolved in our
experiments.

ν7 Mode of Ethylene. Theν7 mode of the ethylene submol-
ecule in the complex occurs at 952.7 cm-1. The blue shift by
5.2 cm-1 in the ν7 mode of ethylene submolecule in the
acetylene-ethylene complex is in good agreement with that
computed for the complex. However, theν7 modes of ethylene
in the two complexes1A,B are computed to lie within 1.4 cm-1

and we therefore do not assign the experimental feature at 952.7
cm-1 specifically to either1A or 1B complex. With such small
differences it would be difficult to resolve the features due to
each of the complexes. The feature at 959.5 cm-1 is due to
ethylene-water complex.11

Higher Complexes of Acetylene and Ethylene.To find out
the possible sites of attack of the next acetylene molecule on
ethylene‚‚‚acetylene complex, MESP topography mapping has
been done for RHF optimized structures of1A,B. In the case
of complex1A the MESP minimum of ethylene increases to
-19.08 kcal/mol and the minimum around acetylene drops down
to -26.98 kcal/mol (isolated acetylene has this minimum of
-23.85 kcal/mol), suggesting that the attack of next acetylene
molecule will be favorable near acetylene inclined toward
ethylene. For complex1B the MESP minimum of ethylene drops
down to-25.98 kcal/mol while the minimum around acetylene
increases to-21.96 kcal/mol. These features suggest that the
binding of next acetylene will be favored at the ethylene side
perpendicular to the C-C bond. On the basis of these MESP
guidelines, five structures, optimized at RHF/6-31G(d,p) level,
for the 1:2 ethylene-acetylene structures were derived. Of these
structures2A,B alone have been shown with their negative-
valued MESP isosurfaces in Figure 6 and their interaction
energies in Table 6. The MESP-based approach has been ex-
tended to predict the various possible geometries of ethylene‚‚‚
(acetylene)n complexes,n ) 4 and 6. For complexes2A,B, the
negative-valued MESP isosurfaces (-12.55 kcal/mol) around

TABLE 5: Experimental and B3LYP/6-31++G(d,p)
Computed (Scaled) Frequencies, Scaling Factors, and Mode
Assignments for 1A and 1B

exptl ν
(cm-1)

calcdν
(cm-1)

scaling
factor mode assgnt

3288.9 3289.4 (93)a 0.959 ν3 of C2H2

3269.5 3268.6 (193) 0.959ν3 of C2H2 in C2H2-C2H4
b

3285.5 3288.4 (94) 0.959ν3 of C2H2 in C2H2-C2H4
c

736.8 736.5 (112) 0.959ν5 of C2H2

749.5 755.6 (85), 759.6 (97) 0.959ν5 of C2H2 in C2H2-C2H4
b

d 737.3 (116), 738.2 (106) 0.959ν5 of C2H2 in C2H2-C2H4
c

3111.7 3111.0 (28) 0.959ν9 of C2H6

d 3111.8 (21) 0.959 ν9 of C2H2 in C2H2-C2H4
b

d 3110.7 (22) 0.959 ν9 of C2H2 in C2H2-C2H4
c

947.5 946.5 (119) 0.971ν7 of C2H4

952.7 955.0 (136) 0.971ν7 of C2H2 in C2H2-C2H4
b

d 953.6 (87) 0.971 ν7 of C2H2 in C2H2-C2H4
c

a Computed infrared intensities (km/mol) are given in parentheses.
b Mode involving C2H2 as a proton donor (1A). c Mode involving C2H2

as a proton acceptor (1B). d Experimentally features are not observed.
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acetylene molecules are larger than those for the ethylene
molecule and also the MESP values at the CPs are more negative
than those for individual moieties, viz. acetylene and ethylene
(cf. Table 2). This feature is suggestive of reasonably strong
interaction with the next acetylene molecule. Figure 7 shows
the MESP isosurface generated at RHF-optimized geometries
of ethylene‚‚‚(acetylene)4 complex (4) and the RHF-optimized
geometry of ethylene‚‚‚(acetylene)6 (6). Both the structures4
and6 are in agreement with the predictions of MESP approach.
However, note that the MESP minimum for complex4 is now
smaller in magnitude (-25.35 kcal/mol.)squite comparable to
the MESP minima for the acetylene molecule. Hence, the
interaction of an acetylene molecule with complex4 is expected
to be roughly of the same strength as the interaction between
acetylene molecules.

Stability of Higher Complexes.To predict the stability and
the existence of the higher clusters ethylene‚‚‚(acetylene)n, a
new term, relative interaction energy (∆Erel), can be defined as
follows:

Here e and a denote ethylene and acetylene molecules,
respectively, andn(a) is the cluster ofn acetylenes. The entity
∆Erel is indicative of whether the ethylene molecule can interact
favorably with the cluster ofn acetylenes. A negative value of
∆Erel shows a favorable interaction. The homoclusters of
acetylene ((C2H2)n) of sizesn ) 2, 4, and 6 were used for
defining the relative interaction energy. The calculations at RHF/
6-311++G (d,p) level for ethylene‚‚‚(acetylene)n complexes

show that∆Erel is approximately∼-1 kcal/mol forn ) 1 and
2, while in cases ofn ) 4 and 6 the values are very low, viz.
0.038 and-0.427 kcal/mol, respectively (cf. Table 7). This
suggests that interaction energies of ethylene with 4 and 6
acetylene molecules are of the same order as that of acetylene
cluster, (C2H2)n, n ) 4 and 6 (cf. Table 7). Hence the higher
clusters of ethylene‚‚‚(acetylene)n are energetically rather
unfavorable and perhaps not seen in the experiment. It may be
noted in passing, however, that∆Erel for n ) 6 case is negative
(albeit with small numerical value) indicating that an ethylene
molecule may interact somewhat favorably with a hexameric
cluster of acetylenes.

The vibrational frequency calculations are performed for some
test cases of (ethylene)m‚‚‚(acetylene)n complexes, which are
shown in Tables S3 and S4 in the Supporting Information. The
tables give the details of scaled as well as unscaled vibrational
frequencies, and those vibrations with intensities> 20 only are
reported. The scaling factors of 0.8929 and 0.9427 (recom-
mended in the GAUSSIAN-94 package20) were used at the HF
and MP2 levels, respectively, for scaling the frequencies.

Conclusions

We have experimentally observed the 1:1 H‚‚‚π complex
between acetylene and ethylene and have found evidence for
two types of complexes; one in which acetylene interacts with
the π cloud of ethylene (acetylene acts a proton donor) and
another where ethylene acts as a proton donor. Ab initio
computations were performed at HF, MP2, and B3LYP levels

Figure 6. RHF/6-31G(d,p)-optimized geometries of ethylene‚‚‚(acet-
ylene)2 (2A,B) complexes. Negative-valued isosurfaces and the MESP
CPs for lowest energy structures have also been shown.

TABLE 6: Ab Initio Interaction Energies (in kcal/mol)
(uncorrected for BSSE and ZPE) of Ethylene‚‚‚(Acetylene)n
Complexes at the RHF/6-31G(d,p), B3LYP/6-31G(d,p), and
MP2(Full)/6-31G(d,p) Levelsa

complex
∆E(RHF)/
6-31G(d,p)

∆E(B3LYP)/
6-31G(d,p)

∆E(MP2(full))/
6-31G(d,p)

1A -1.418 -1.678 -2.234
1B -0.552 -0.737 -1.330
2A -3.232 -3.064 -5.434
2B -2.629 -1.394 -4.286
4 -6.388 -8.196
6 -11.232 -14.533

a Structures are depicted in Figures 5-7. See text for details.

∆Erel ) ∆Ee‚‚‚n(a) - ∆En(a)) Ee‚‚‚n(a) - Ee - En(a)

Figure 7. RHF/6-31G(d,p)-optimized geometries of (ethylene)m-
(acetylene)n complexes.

TABLE 7: Interaction Energies and the Relative Energies of
Ethylene‚‚‚(Acetylene)n Complexesa

RHF/6-311++ G(d, p)
ethylene‚‚‚(acetylene)n

complex ∆Eint ∆Erel

1A -0.966 (-) -0.966
2A -1.780 (-0.806) -0.973
4 -3.640 (-3.671) -0.038
6 -6.469 (-6.030) -0.427

a All the values are in kcal/mol. The interaction energies of
(acetylene)n clusters are also shown for a reference in parentheses.
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to rationalize the experimental results. Computations were also
performed to understand the formation of the higher complexes
using MESP topography mapping. The 1:2, 1:4, and 1:6
complexes of ethylene-acetylene were identified for which the
structures, interaction energies, and frequencies have been
derived.
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