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Abstract

The details of weak C–H…p interactions that control several inter and intramolecular structures have been studied experi-
mentally and theoretically for the 1:1 C2H2–CHCl3 adduct. The adduct was generated by depositing acetylene and chloroform
in an argon matrix and a 1:1 complex of these species was identified using infrared spectroscopy. Formation of the adduct was
evidenced by shifts in the vibrational frequencies compared to C2H2 and CHCl3 species. The molecular structure, vibrational
frequencies and stabilization energies of the complex were predicted at the MP2/6-3111G(d,p) and B3LYP/6-3111G(d,p)
levels. Both the computational and experimental data indicate that the C2H2–CHCl3 complex has a weak hydrogen bond
involving a C–H…p interaction, where the C2H2 acts as a proton acceptor and the CHCl3 as the proton donor. In addition,
there also appears to be a secondary interaction between one of the chlorine atoms of CHCl3 and a hydrogen in C2H2. The
combination of the C–H…p interaction and the secondary Cl…H interaction determines the structure and the energetics of the
C2H2–CHCl3 complex. In addition to the vibrational assignments for the C2H2–CHCl3 complex we have also observed and
assigned features owing to the proton accepting C2H2 submolecule in the acetylene dimer.q 1999 Elsevier Science B.V. All
rights reserved.
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1. Introduction

The importance of intermolecular interactions in
biology and material science has prompted chemists
in recent years to explore the variety of such interac-
tions. There has, therefore, been a tremendous surge
in the study of supramolecular chemistry during the
last decade [1]. The strongest of these interactions are

the hydrogen bonds involving an acidic hydrogen and
an electronegative atom bearing one or more lone
pairs of electrons [2]. Recentlyp -electrons have
been shown to act as electron donors in hydrogen
bonding with H–X groups, where X� N or O [3–
7]. The strength of such interaction should decrease
further when X stands for carbon. Despite the extre-
mely weak binding, several examples are now known
where relatively nonpolar C–H interacts withp -elec-
trons [8–14]. It has been suggested that the coopera-
tive C–H…p hydrogen bonds are the main reason for
the existence of large number of short C–H…p
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contacts, observed primarily from the X-ray structure
data [15,16–19]. Such a phenomena generates the
following questions: What is the strength of the
individual C–H…p interactions? What is the con-
tribution of the cooperativity effect to the overall
interaction scenario? In the condensed phase, the
cooperativity effect cannot be avoided and isolated
molecule techniques are necessary to study such
interactions involving individual C–H…p
contacts.

We present here a study of the interaction of C2H2

with CHCl3 using matrix isolation infrared spectro-
scopy, and post-Hartree–Fock ab initio MO and
hybrid density functional theory methods. A variety
of complexes of acetylene have been reported in the
literature, and it has been shown that acetylene can act
both as a proton donor and a proton acceptor [20–22].
For example, in acetylene–hydrogen halide
complexes, the hydrogen halides are the proton
donors and acetylene the proton acceptor [22]. The
interactions in these cases were of the H…p variety.
A number of C–H…p complexes have also been
reported in the literature, involving ethylenic and
aromatic systems [23–29]. However, in the acety-
lene–water complex, acetylene is the proton donor
[20]. Similarly chloroform has also been shown to
interact both as a proton donor or a proton acceptor.
Interactions between CHCl3 and HF result in two
types of hydrogen bonded complexes, one involving
the hydrogen of HF and another involving the
hydrogen of CHCl3 [30]. In the solid state gold
derivatives of acetylene are found to form 1:2 and
1:4 complexes with CHCl3 [13]. The enhanced charge
at p bonds of the metal acetylide facilitates this C–
H…p interaction. There is no experimental evidence
for the C2H2–CHCl3 complex so far. In earlier
studies on the CHCl3-triethyl phosphate complex,
we have shown that CHCl3 acts as a Lewis acid
[31]. It was therefore thought interesting to extend
such study to the C2H2–CHCl3 complex in order
to better understand the nature of such specific
interaction.

2. Experimental

A Leybold Heraeus closed cycle helium
compressor cooled cryostat was used to attain the

low temperature (<12 K) required for the matrix
isolation experiments. The cryostat was housed in a
vacuum chamber where the base pressure was, 1026

torr. The details of the vacuum system and the related
experimental setup, have been described elsewhere
[32].

Acetylene (commercial grade, Asiatic Oxygen
Limited, India) was chilled to temperatures of about
<170 K, and then pumped to eliminate volatile impu-
rities. Chloroform (Spectrosol grade, BDH) was used
without any further purification. Acetylene and the
matrix gas, argon (IOLAR grade 1), were mixed in
the desired ratios using standard manometric proce-
dures. This gas mixture was then streamed through an
effusive nozzle. Vapors of chloroform, at a suitable
flow rate were simultaneously streamed through
another nozzle, so that the Ar/C2H2/CHCl3 mixture,
of the desired composition, was deposited on a KBr
substrate mounted on a cryotip. We used matrix to
sample ratios ranging from 3000:1 to 3000:0.1 for
acetylene and 3000:2 to 3000:10 for chloroform.
Deposition rates employed were<3 mmol/h, and a
deposition typically lasted for about 30 min.

Infrared spectra of the matrix isolated samples were
recorded over the range 4000 to 400 cm21, using a
BOMEM MB 100 FTIR spectrometer, operated at a
resolution of 1 cm21. The matrix was then annealed
by warming it to 35 K, maintained at this temperature
for about 15 min and then recooled to 12 K. Spectra of
the matrix, thus annealed, were then recorded. All
spectra shown in this paper were those recorded after
annealing the matrix. Spectra were also recorded where
acetylene and chloroform were deposited separately.

3. Theoretical methods

The fully optimized geometries of the C2H2, CHCl3
and the C2H2–CHCl3 adduct were calculated using the
Gaussian 92/DFT [33] and Gaussian 94 [34]
packages. MP2 [35] and B3LYP [36–39] levels of
theory, in conjunction with 6-3111G(d,p) basis sets
[40] were applied in this study. The hybrid Hartree–
Fock density functional method, B3LYP, uses the
Becke’s three parameter non-local exchange func-
tional [36,37], with the non-local correlation func-
tional of Lee et al. [38].

The vibrational frequency calculations were
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performed numerically at the MP2 level and analyti-
cally at the B3LYP level, for the reference geometries
optimized at the same level of theory. Vibrational
frequency calculations enabled us to characterize
the nature of the stationary points, and also to
assign the experimental frequencies of vibrational

modes recorded for the complex. Since MP2 level
gave one very small imaginary frequency (4i) (prob-
ably owing to the drawback of a numerical calcula-
tion), we have chosen the analytical frequencies of
B3LYP level for comparison with the frequency
values obtained from the matrix isolation spectra.
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Fig. 1. Matrix isolation infrared spectra in the region 3310–3210 cm21 and 750–730 cm21: (a) computed stick spectra; (b) C2H2/Ar (1:3000);
(c) C2H2/CHCl3/Ar (0.1:10:3000); (d) C2H2/CHCl3/Ar (1:2:3000). In the stick spectra, solid lines denote features of C2H2 monomer, short dashes
C2H2 dimer, and dotted line C2H2–CHCl3 complex.



The predicted interaction energies were corrected for
zero-point vibrational energy (ZPE) and basis set
superposition error using counterpoise method of
Boys and Bernardi [41].

4. Results and discussion

4.1. Experimental

Fig. 1 shows the spectra obtained when acetylene
and chloroform were codeposited in an argon matrix.
Also shown in this figure, is the spectrum obtained
when acetylene alone was deposited in an argon
matrix. The region spanned in this figure is that
between 3310–3210 cm21 and 750–730 cm21. In
these spectral regions, C2H2 has strong absorptions
at 3288.9, 3302.7 and at 736.8 cm21, which have
been assigned to then3, combination bandn2 1
n4 1 n5, and n5 modes respectively, of C2H2 [42].
Chloroform has no absorptions in these regions.

When acetylene and chloroform were codeposited
and the matrix then annealed, product absorption band
appeared at 3283.0, 748.2 and 743.7 cm21. These
bands appeared only when both the reagents were
codeposited. Further, these bands increased in inten-
sity as the concentration of either of the two reagents
were increased. These observations clearly indicate
that these features are the result of a complex invol-
ving chloroform and acetylene. Since these product
bands appeared at low concentrations of acetylene
and chloroform, we believe that these bands are the
result of a 1:1 complex of acetylene and chloroform.

The feature at 3283.0 cm21 can be assigned to the
n3 mode of the C2H2 submolecule in the C2H2–CHCl3
complex. This assignment implies that following
complex formation, then3 mode of the C2H2 submo-
lecule is redshifted by 5.9 cm21 from the value
obtained for free C2H2 for this mode.

The features at 743.7 and 748.2 cm21 can be
assigned to then5 mode of the C2H2 submolecule in
the C2H2–CHCl3 complex. Then5 mode in the free
C2H2 molecule is a doubly degenerate (pu) mode
which on complex formation splits into two compo-
nents owing to the loss of the cylindrical symmetry of
the C2H2 submolecule.

We also observed spectral features of C2H2 dimer at
3264.0 cm21 [42], and that of the C2H2–H2O complex
at 3240.2 and 790.0 cm21 [20], in excellent agreement
with those reported in the literature. Features of the
water complex appear, as water is an inevitable
impurity in the matrix isolation experiments.

Fig. 2 shows the infrared spectra over the region
1250 to 1210 cm21 where the C–H bending of CHCl3
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Fig. 2. Matrix isolation infrared spectra in the region 1250–
1210 cm21: (a) computed stick spectra; (b) CHCl3/Ar (6:3000);
(c) C2H2/CHCl3/Ar (0.1:10:3000); (d) C2H2/CHCl3/Ar (1:2:3000).
In the stick spectra, solid lines denote feature of CHCl3, and dotted
lines C2H2–CHCl3 complex.



(n4) is observed. This mode is recorded at
1223.6 cm21 in free CHCl3 and at 1234.2 cm21 in
the C2H2–CHCl3 complex. Complex formation has
therefore resulted in a 10.6 cm21 blue shift for this
mode. As mentioned earlier, the peak at
1234.2 cm21 was attributed to the C2H2–CHCl3
complex, as this spectral feature appeared only
when both the reagents were codeposited. Experi-
ments with CDCl3 and C2H2 were also carried out to
observe the isotopic shifts in this mode. However, the
n4 mode of free CDCl3 showed a severe multiplet

splitting, owing to matrix site effects. The complex
nature of the spectral features of free CDCl3 made it
impossible for us to discern the features corre-
sponding to this mode in the C2H2–CDCl3 complex.

No feature corresponding to the C–H stretch in the
CHCl3 submolecule could be observed, probably
because its intensity may have been too low to be
discerned. Then1, n2 and n4 modes in C2H2 which
are infrared inactive in the free molecule, may be
expected to become infrared active in the complex,
following the lowering of the symmetry in the
complex. However, none were observed, probably
because the interaction in this complex is too weak
to cause any significant perturbations in these modes.
This conclusion is borne out by our computations,
which indicate only an insignificant infrared intensity
for these modes. In addition our experimental set-up
did not permit the measurement of the five new very
low frequency vibrational modes generated as a
consequence of the complex formation. Calculated
frequencies for these modes are listed in Table 1.

4.2. Structure of the C2H2–CHCl3 complex and
interaction energies

The results of our computations indicated that a
complex involving a C–H…p interaction between
C2H2 and CHCl3, as shown in Fig. 3, corresponded
to a minimum on the potential surface. The structural
parameters and charges on the different atoms in the
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Table 1
Experimental and computed (scaled) frequencies, scaling factors and mode assignments for the C2H2–CHCl3 adduct

Experimentn (cm21) Calculatedn (cm21) Scaling factor Mode assignmnet

3288.9 3288.3 (93)a 0.961 n3 of C2H2

3283.0 3280.3 (97) 0.961 n3 of C2H2 in C2H2–CHCl3
3285.2 3282.8 (99) 0.961 n3 of C2H2 in C2H2 dimerb

3264.0 3269.5 (169) 0.961 n3of C2H2 in C2H2 dimerc

736.8 736.3 (111) 0.953 n5 of C2H2

743.7, 748.2 741.2 (113) 747.8 (123) 0.953 n5 of C2H2 in C2H2–CHCl3
744.9 736.4 (44) 744.9 (121) 0.953 n5 of C2H2 in C2H2 dimerb

757.6 754.1 (154) 759.6 (85) 0.953 n5 of C2H2 in C2H2 dimerc

1223.6 1223.8 (28) 0.982 n4 of CHCl3
1234.2 1241.8 (34) 1245.1 (34) 0.982 n4 of CHCl3 in C2H2–CHCl3

d

a Computed infrared intensities (KM/mole) are given in parenthesis.
b Mode involving C2H2 as a proton acceptor.
c Mode involving C2H2 as a proton donor.
d Unscaled lowest frequencies (cm21) of the C2H2–CHCl3 adduct are 16.2, 28.1, 28.3, 55.9, and 78.3 with negligible intensities.

Fig. 3. Optimized structure of the C2H2–CHCl3 complex computed
at the B3LYP/6-3111G(d,p) level. Values in parentheses are at the
MP2/6-3111G(d,p) level.



complex are shown in Tables 2 and 3 respectively,
computed at both MP2/6-3111G(d,p) and B3LYP/
6-3111G(d,p) levels of theory. The distance between
the hydrogen in CHCl3 and the centre of thep bond in
C2H2, (X–H5 distance in Table 2), is 2.696 A˚ at the
B3LYP level and 2.501 A˚ at the MP2 level. These are
to be compared to the MP2/6-31G(d) (2.622 A˚ ) and
DFT (2.168 Å) results reported by Mingos et al. [14].
The shorter distance of 2.501 A˚ at the MP2 level is
comparable to the experimental values found for the
derivatives of AuCxCAu [13]. In addition to this
interaction, our calculations also indicate another

possibly weaker interaction, between one of the chlor-
ines (Cl9) in CHCl3 and a hydrogen (H4) in C2H2. The
distance between these two atoms is 3.696 A˚ at the
B3LYP level, which is within the known intermole-
cular contacts of 2.8–4.0 A˚ , for this pair of atoms
[43,44]. It is possible that this secondary interaction
causes a tilt of the C–Cl bond in CHCl3 towards acet-
ylene, as seen in Fig. 3. Thus, the combined interac-
tion determines the structure and the energies of the
complex.

Table 4 gives the total energies and the zero-point
vibrational energies of the submolecules and the
complexes. Table 5 gives interaction energies for
the adduct formation. Formation of the acetylene–
chloroform adduct is exothermic by 1.82 kcal/mol at
the MP2 level after counterpoise correction. ZPE
corrections reduce this to 1.52 kcal/mol. Corre-
sponding values at the B3LYP level are 1.19 and
0.79 kcal/mol respectively. The lower interaction
energies reported by Mingos et al. should be the result
of smaller basis set used in that study [14]. However
these are considerably larger than the dimerization
energy of acetylene (0.68 and 0.38 kcal/mol respec-
tively at the B3LYP level). This is in tune with vibra-
tional frequency shifts. The greater stability of the
C2H2–CHCl3 complex compared with the C2H2

dimer stems from the nature of the interaction in the
two systems. The C2H2 dimer is stabilized only via a
C–H…p interaction, while the C2H2–CHCl3 is stabi-
lized by dual interactions as discussed earlier.

The existence of these interactions can also be
inferred from an examination of the net atomic
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Table 2
Bond distances (A˚ ) and angles (in degrees) for the C2H2–CHCl3
complex

Parameter MP2/6-3111G(d,p) B3LYP/6-3111G(d,p)

C1–H3 1.0658 (1.0645)a 1.0638 (1.0630)
C1–C2 1.2175 (1.2162) 1.1999 (1.1993)
C2–H4 1.0660 (1.0645) 1.0640 (1.0630)
C6–H5 1.0836 (1.0848) 1.0835 (1.0821)
C6–Cl7 1.7650 (1.7652) 1.7867 (1.7863)
C6–Cl9 1.7678 (1.7652) 1.7904 (1.7863)
X–H5 2.5010 2.6955
C1–H5 2.5904 2.7943
C2–H5 2.5571 2.7282
C2–C6 3.5147 3.7127
C2–Cl9 3.7556 4.0160
H4–C6 3.7123 3.8885
H4–Cl9 3.4312 3.6957
/C2–C1–H3 179.2 (180.0) 179.3 (180.0)
/C2–C1–H4 179.8 (180.0) 179.8 (180.0)
/H5–C6–Cl7 107.8 (107.6) 107.9 (107.5)
/H5–C6–Cl9 107.1 (107.6) 107.2 (107.5)
/Cl7–C6–Cl8 111.4 (111.3) 111.3 (111.4)
/Cl7–C6–Cl9 111.2 (111.3) 111.2 (111.4)
/X–H5–C6 160.6 163.6
/C1–X–H5 91.6 93.2
/C2–X–H5 88.4 86.8
/H3–C1–H5 106.0 106.4
/H4–C2–H5 101.9 99.6

a Here, wherever relevant, the structural parameters for the
uncomplexed species are given in parentheses.

Table 3
Atomic charges on the various atoms of the C2H2–CHCl3 complex
at different levels of theory using the Mulliken scheme

Atom MP2/6-3111G(d,p) B3LYP/6-3111G(d,p)

C1 20.2892 (20.1797)a 20.2370 (20.1560)
C2 20.0769 (20.1797) 20.0733 (20.1560)
H3 0.1829 (0.1797) 0.1586 (0.1560)
H4 0.1899 (0.1797) 0.1629 (0.1560)
H5 0.3172 (0.2903) 0.3311 (0.3121)
C6 20.6686 (20.7442) 20.8036 (20.8550)
Cl7 0.1285 (0.1513) 0.1677 (0.1810)
Cl8 0.1285 (0.1513) 0.1677 (0.1810)
Cl9 0.0877 (0.1513) 0.1260 (0.1810)

a The atomic charges on the atoms for the uncomplexed species is
given in parenthesis.



charges on the atoms in the complex compared with
the values in the uncomplexed species. For example,
the H5 in chloroform involved in the H–p bonding,
shows an increase of<6% in its charge in the
complex, compared with that in free chloroform.
Such an increase in the atomic charge of the hydrogen
involved in H-bonding is typical [45,46]. The
secondary interaction involving the Cl of CHCl3 and
H in C2H2 is indicated by changes in atomic charges.
The Cl9 involved in this interaction shows large
decrease in its charge (by<30%), whereas the other
chlorines not participating in this interaction show
insiginificant changes in their charges. Likewise, H4
also shows a<4% increase in its charge in the
complex, while the other hydrogen in C2H2 shows a
negligible change.

In the earlier discussions, we have examined the
changesin the atomic charges, computed using the
Mulliken scheme. It must be noted that at the level
of theories referred earlier, the net charge on chlorine
was indicated to be positive (Table 3), possibly owing
to basis set effects and the scheme adopted to compute
charges. This point was confirmed, as a single point
calculation at the B3LYP/AUG-cc-pVTZ level, using
the geometry optimized at the B3LYP/6-3111G(d,p)
level, revealed that the Mulliken charges on chlorines

were indeed negative when the basis set was changed.
Likewise, computation of charges at the B3LYP/6-
3111G(d,p) level using the chelpg scheme of
Breneman yielded charges on chlorines that were
slightly negative.

4.3. Vibrational assignments

Vibrational frequencies of the different modes were
calculated for this complex and compared with the
experimentally observed values (Table 1). The
computed frequencies for the different modes were
scaled on a mode-by-mode basis, by comparing
these frequencies for the uncomplexed C2H2 or
CHCl3 with those obtained experimentally. The
scaling factors thus obtained for the different modes
of the uncomplexed reagents were then used to scale
the computed frequencies in the complex. Such a
mode-by-mode scaling is warranted as the different
vibrational modes in the complex may be perturbed
differently by the matrix. The scaling factors for the
different modes are also given in the table. It can be
seen that the scaled computed frequencies agree with
those obtained experimentally both in magnitude and
direction. The computed frequencies have also been
shown as a stick spectra in both Figs. 1 and 2, to
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Table 4
Total energy (hartrees) and zero point vibrational energy (kcal/mol) at MP2/6-3111G(d,p)//MP2/6-3111G(d,p) and B3LYP/6-3111G(d,p)//
B3LYP/6-3111G(d,p) levels. The number of imaginary frequencies (NIM) is given in parenthesis

Molecule MP2 B3LYP
Total energy ZPE (NIM) Total energy ZPE (NIM)

C2H2 277.11323 16.6 (0) 277.35665 17.0 (0)
CHCl3 21417.52730 13.0 (0) 21419.37967 12.4 (0)
C2H2–CHCl3 21494.64654 29.9 (1)a 21496.73866 29.8 (0)
C2H2–C2H2 2152.22946 33.8 (0) 2154.71460 34.3 (0)

a Value of this imaginary frequency is 4i.

Table 5
Interaction energies (kcal/mol) calculated at MP2/6-3111G(d,p) and B3LYP/6-3111G(d,p) levels

Reaction MP2 B3LYP
ECPa ECP 1 ZPEb ECP

a ECP 1 ZPEb

C2H2 1 CHCl3! C2H2–CHCl3 2 1.82 2 1.52 2 1.19 2 0.79
2 C2H2! C2H2–C2H2 2 1.05 2 0.45 2 0.68 2 0.38

a ECP: interaction energy corrected for counterpoise.
b ECP 1 ZPE: interaction energy corrected for counterpoise and zero-point vibrational energy.



indicate the agreement between the computed and
experimental values.

4.3.1.n3 mode of C2H2

As mentioned earlier, then3 stretch of the C2H2

submolecule in the complex is observed at
3283.0 cm21. This value agrees well with the scaled
computed value of 3280.3 cm21 for this mode in the
complex, as shown in Table 1. The good agreement
between the experimental and computed value lends
credence to the computationally derived structure of
the complex, which is indicated to be of the H–p
type, with acetylene being the proton acceptor.

Further, a consideration of the experimentally
observedshifts in then3 stretch of C2H2 submolecule
in the complex also supports the computationally
predicted structure of the complex. The shift in the
n3 mode of the C2H2 submolecule in the complex is a
good indicator of the nature of interaction in the
complex. In complexes where acetylene is the proton
donor, the shifts in then3 mode of the C2H2 sub-
molecule are large. For example, then3 mode of
C2H2 in the acetylene–water complex is shifted by
<49 cm21, where the C2H2 acts as a proton donor
[20]. The small shift (5.9 cm21) in the n3 mode of
the C2H2 submolecule in the C2H2–CHCl3 complex,
indicates that C2H2 acts as aproton acceptorin the
complex. The CHCl3 would then be the proton donor
in this complex, as also evidenced by the blue shift in
then4 mode of the CHCl3 submolecule.

4.3.2.n5 mode of C2H2.
The n5 mode of the C2H2 submolecule in the

complex, occurs at 743.7 and 748.2 cm21. As
mentioned earlier, the double degeneracy of this
mode in free C2H2 is split in the complex, as the
cylindrical symmetry of C2H2 is broken as a result
of complex formation. This observation is borne out
by our computations, with the scaled computed
frequency for this mode in the complex occurring at
741.2 and 747.8 cm21.

The H–p complex of C2H2–CHCl3 can be
compared with the H–p complexes of acetylene
with hydrogen halides, reported in the literature
[22]. The perturbations in then5 mode of C2H2

submolecule was larger in the C2H2–hydrogen halide
complexes than in the C2H2–CHCl3 complex. Pertur-
bations in then3 mode of C2H2 were not reported in

the earlier work to compare the shifts in this mode.
While a quantitative correlation cannot be made
between the shifts in the vibrational modes of the
submoleclules in the complex and the stability of
the complex, it can be inferred that the C2H2–CHCl3
complex is probably weaker than the complexes of
C2H2 with hydrogen halides. This trend is of course
not surprising given the greater acidities of the
hydrogen halides compared with CHCl3.

4.3.3.n4 mode of CHCl3
Then4 mode of the CHCl3 submolecule was found

to be blue shifted by 10.6 cm21 in the complex. Our
computations indicate this mode to be blue shifted by
<020 cm21 (Table 1). While our computations and
experiments agree on the direction of shift, the
computed shifts are almost twice that observed in
our experiments. Further, the doubly degeneraten4

mode in free CHCl3 is indicated, by our computations,
to split in the complex as a result of the lowering of
the symmetry. We were, however, able to discern only
one of the two components in our spectra.

5. C2H2 dimer

In addition to the features assigned to the C2H2–
CHCl3 complex, we also observed features arising
from the existence of C2H2 dimer. The features at
3285.2 and 3264.0 cm21 were observed when C2H2

alone was deposited in the matrix and the matrix
then annealed. These features arise from the C2H2

dimer. The experimentally observed features agree
well with the computed values for the dimer (Table
1). The feature at 3285.2 cm21 is assigned to then3

mode of the C2H2 submolecule in the C2H2 dimer,
where the C2H2 is the protonacceptor. The feature
near 3265 cm21, already reported in an earlier matrix
isolation work [42], corresponds to then3 mode of the
protondonatingC2H2 submolecule. This assignment
implies a red shift of 3.7 cm21 in the proton accepting
submolecule and a red shift of 24.9 cm21 in the proton
donating submolecule. These shifts are consistent
with the observation that proton accepting C2H2

submolecules show small shifts in this mode, (as in
the C2H2–CHCl3 complex), while the proton donating
C2H2 submolecules display large shifts. An earlier gas
phase microwave and infrared work had arrived at a
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T-shaped structure for the dimer of C2H2 and had
assigned the transition in the 3271–3274 cm21 region
to then3 mode in the proton donating C2H2 submole-
cule [47]. The same article (through a note added in
proof) indicated that another transition in the region
3279–3285 cm21 corresponded to the proton
accepting C2H2 submolecule in the dimer. While the
gas phase and the matrix isolated frequencies are
different, and not surprisingly so, both studies indicate
the proton donating submolecule to have a larger shift
than the proton accepting unit.

We also observed features caused by the dimer in
the n5 bending region of C2H2. A feature at
744.9 cm21 appeared when C2H2 alone was deposited,
and probably belongs to the C2H2 dimer. Our compu-
tations indicate that this feature, corresponds to then5

mode of the proton accepting C2H2 in the dimer (Table
1). Our calculations indicate then5 mode to be split in
the dimer and is predicted to occur at 744.9 and
736.4 cm21. The experimentally observed feature at
744.9 cm21 can be assigned to the higher component
of the split doublet in the dimer. The lower frequency
component of the split doublet, indicated by our
calculations to appear at 736.4 cm21, is shifted negli-
gibly from the feature of free C2H2 and is probably
therefore not discerned in our spectra. The features
corresponding to the dimer where the C2H2 is the
proton donor occurs at 757.6 cm21 and is already
reported in the literature [42].

The shifts in then3 mode of C2H2 in the C2H2–
CHCl3 and C2H2–C2H2 are comparable in keeping
with the values of experimental gas phase acidities
of acetylene and chloroform.

6. Conclusions

We have experimentally observed and computa-
tionally proved the existence of a C–H…p complex
between C2H2 and CHCl3, where C2H2 acts as a proton
acceptor. The good agreement between computed and
experimental frequencies in the complexes lends
credence for the structure predicted by ab initio MO
and hybrid density functional calculations. Our
computations indicate that in addition to the C–
H…p interaction in this complex, there also appears
to be another stabilization interaction between the H
in C2H2 and one of the chlorine atoms in the CHCl3.

The combined matrix isolation infrared spectroscopy
and theoretical studies on 1:1 adduct of acetylene and
chloroform give new insights into complexes formed
by weakly interacting molecules. The existence of two
stabilizing interactions between acetylene and chloro-
form molecules may serve as a case study encoura-
ging future investigations to look for such possibilities
in supermolecules.

In the course of this work, we have also been able to
identify features of the acetylene dimer corresponding
to the proton donating and proton accepting submole-
cule. While the assignment for the proton donating
submolecule in the dimer exists in the literature, this
work has identified features of the proton accepting
submolecule. These assignments are corroborated by
our computations.
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