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The complexes formed by noncovalent interactions between one molecule of formic acid and two molecules
of acetylene are investigated by DFT and ab initio methods and characterized by matrix isolation spectroscopy.
Six complexes with binding energies between-3.93 and-7.98 kcal/mol (MP2/cc-pVTZ+ ZPE) are identified.
The three most strongly bound complexes are found within a range of 1 kcal/mol. The binding interactions
in these complexes are OH‚‚‚π, CH‚‚‚π, and CH‚‚‚O interactions that can be classified as weak hydrogen
bonds. The competition between these weak hydrogen bonds is discussed in detail. Matrix isolation spectroscopy
allowed for the characterization of the most strongly bound complex by its IR spectrum.

Introduction

During the past several years, the weak hydrogen bonding
involving a hydrogen atom bound to a carbon atom as hydrogen
donor has attracted attention from the scientific community. It
was found that these weak interactions play important roles in
molecular recognition, properties of condensed phases, solid-
state reactions, and crystal engineering and in determining the
shapes and stabilities of biomolecules.1-5 In contrast to the
conventional strong hydrogen bonds, which have been exten-
sively described, the nature and characteristics of weak non-
covalent interactions do not comprise a well-resolved field. Thus,
experimental and theoretical studies of CH‚‚‚O and C-H‚‚‚π
interactions are of key interest for the understanding of
biological and chemical systems.

A number of studies have been published on the weak
interactions in complexes or dimers of hydrocarbons withπ
systems such as acetylene, benzene, and ethylene.6-12 The dimer
of acetylene has been investigated both experimentally and
theoretically,13-20 and aπ-type hydrogen-bondedC2V minimum
was found, together with several first- and second-order saddle
points.21-25 The proton-transfer mechanism of strong hydrogen-
bonded systems such as the formic acid dimer has also been
extensively studied.26-33 Studies of 1:1 formic acid/acetylene
complexes were carried out using matrix isolation and theoretical
methods.34

In this work, the trimers formed by the interaction of one
molecule of formic acid with two molecules of acetylene (1:2
formic acid/acetylene complexes) are investigated using both
theoretical methods and matrix isolation techniques. The
characterization of trimer complexes is a challenge both for
theory and for experiment. These complexes consisting of three
molecules allow for a detailed analysis of the influence of a
third molecule on the properties of the dimer, e.g., of an
additional acetylene molecule on the acetylene/formic acid dimer
or of a formic acid molecule on the acetylene dimer. An
interesting feature of this system is the competition between

the strongly acidic carboxyl group, the acetylene group, and
the formyl group as hydrogen bridge donors and the carbonyl
group, the hydroxyl group, and the acetyleneπ system as
hydrogen bridge acceptors. This leads to a large number of
complexes with strong OH‚‚‚O and weak CH‚‚‚O or CH‚‚‚π
hydrogen bridges. Because of the large number of complexes
with similar binding energies, a careful search for minima on
the potential energy surface is mandatory.

Experimental Section

Matrix isolation experiments were performed by standard
techniques using an APD CSW-202 Displex closed-cycle helium
refrigerator. Spectroscopic-grade formic acid (Acros Organics)
and acetylene/deuterated acetylene were premixed with argon
in a gas mixing chamber made of glass using standard
manometric methods. Formic acid was degassed several times
by the freeze-pump-thaw method before being mixed with
argon. About 1-4 mbar of acetylene/deuterated acetylene was
mixed with 0.5-2 mbar of formic acid and diluted with 800
mbar of argon in a 2-L glass bulb. Deposition was done on a
CsI substrate held at 15 K. The matrix was annealed at 30 K
by maintaining that temperature for 20 min and then cooling to
15 K before recording the annealed spectra. Spectra were
recorded with Bruker Equinox 55 and IFS/66V FTIR spectrom-
eters at 0.5 cm-1 resolution in the range of 400-4000 cm-1,
and 128 scans were co-added.

Computational Methods

The multiple minima hypersurface (MMH) approach34-36 was
used to localize the minima for the 1:2 formic acid/acetylene
system. One thousand randomly arranged 1:2 formic acid/
acetylene clusters were generated as starting points in each case,
and a traditional gradient minimization procedure was used with
semiempirical Hamiltonians to reach minima in such hypersur-
faces. All resulting energies and geometries were processed with
two programs specifically written for this purpose. The most
relevant minima arrangements of 1:2 formic acid/acetylene
complexes were taken for further optimizations at higher levels
of theory. PM3 and AM137-39 approximate quantum mechanical
Hamiltonians were used. Because the limitations of semiem-
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pirical Hamiltonians are well-known,2,4,40-42 it is convenient to
remark that, in our case, such calculations are performed only
for providing a very early criterion for geometric discrimination
before further DFT and ab initio optimizations. Both PM3 and
AM1 methods lead to the same minima after geometrical
discrimination analysis and additional optimizations of the
geometries.

Ab initio and DFT computations were performed using the
Gaussian 98,43 Gaussian 03,44 and MOLPRO45 programs. The
equilibrium geometries and vibrational frequencies were cal-
culated at the SCF level with second-order Møller-Plesset
perturbation theory, MP2,46 and the DFT level with the B3LYP
hybrid functional.47,48 For complexesA-C, single-point cal-
culations were performed with coupled clusters49 of single and
double substitutions (with noniterative triples), CCSD(T)/
cc-pVTZ.

For the MP2 calculations, both Pople’s triple-ú basis set
augmented with diffuse and polarization functions, 6-311++G-
(d,p), and Dunning’s correlation consistent triple-ú basis set,
cc-pVTZ,50-52 were used to avoid problems with basis set
superposition error (BSSE). In addition, at the MP2/cc-pVTZ
level of theory, the binding energies for complexesA-C were
corrected for BSSE using the counterpoise (CP) scheme of Boys
and Bernardi.53 With these basis sets and in accordance with
our previous experience with the 1:1 formic acid/acetylene
complexes,34 significant effects of BSSE on the energies and
geometries of the complexes were not expected.

To evaluate the effect of the size of the basis set in MP2
calculations, the strongly polarized basis set 6-311++G(3df,3pd)
(381 basis functions) was used, and the results obtained were
compared to those of MP2 calculations with the cc-pVTZ (294
basis functions) and 6-311++G(d,p) (196 basis functions) basis
sets. B3LYP/6-311++G(d,p) calculations were used only for
initial geometry optimizations. The DFT results are presented
for comparison with the MP2 and CCSD(T) data. The stabiliza-
tion energies were calculated by subtracting the energies of the
monomers from those of the complexes and including ZPE
corrections to discard other than electronic terms in the energy
comparisons.

Results and Discussion
Geometries and Binding Energies.The binding in com-

plexes between formic acid and acetylene shows contributions
from the following five basic binding motifs: (i) OH‚‚‚π
interaction between the acidic H atom of formic acid and theπ
system of acetylene, (ii) CH‚‚‚π interaction between the formyl
H atom of formic acid and theπ system of acetylene, (iii)
CH‚‚‚π interaction between one acetylene H atom and theπ
system of the second acetylene molecule, (iv) CH‚‚‚O interaction
between one acetylene H atom and the carbonyl oxygen atom
of formic acid, and (v) CH‚‚‚O interaction between one
acetylene H atom and the hydroxyl oxygen atom of formic acid.

In the following discussion, we describe and quantify the
structures and binding energies of the complexes between one
molecule of formic acid and two molecules of acetylene with
respect to these binding contributions. To avoid confusion
between the two molecules of acetylene in complexes, we call
the acetylene with theπ system directly interacting with the
O-H group acetylene 1 and the second acetylene molecule
acetylene 2. In complexesD-G, the acetylene molecule with
the π system interacting with the C-H group of the formic
acid is called acetylene 1.

Six complexes (A-G) corresponding to local minima be-
tween one molecule of formic acid and two molecules of
acetylene were found at the MP2/cc-pVTZ level of theory. Four
additional structures,B1, E1, G1, andH1, were located using
DFT theory [B3LYP/6-311++G(d,p)] or MP2 with a smaller
basis set [MP2/6-311++G(d,p)], but are not minima at higher
levels of theory (Figures 1 and 2). At all levels of theory,
complexA is predicted to be the global minimum, followed by
complexesB andC (Tables 1-3). At the CCSD(T)/cc-pVTZ//
MP2/cc-pVTZ level of theory, after ZPE corrections, the
calculated binding energy for complexA is -7.44 kcal/mol,
and the binding energies for complexesB andC are-6.85 and
-6.47 kcal/mol, respectively. Thus, three stable complexes with
binding energies within 1 kcal/mol are predicted.

At the MP2 level of theory, the calculated binding energies
and geometries are not very dependent on the size of the basis
set. For complexA, using the 6-311G++(d,p), cc-pVTZ, and

Figure 1. Calculated structures with hydrogen-bond lengths and some hydrogen-bond angles of 1:2 formic acid/acetylene complexesA, B, C, and
B1. (a) MP2/cc-pVTZ, (b) MP2/6-311++G(3df,3pd), (c) MP2/6-311++G(d,p), (d) B3LYP/6-311++G(d,p).
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6-311G++(3df,3pd) basis sets, the binding energies after ZPE
corrections are-7.64,-7.98, and-8.29 kcal/mol, respectively.
B3LYP computations predict greater binding energies than MP2.
At all levels of theory and in accordance with qualitative
expectations, complexesD-G are less stable than complexes
A-C (Table 1 and Figures 1 and 2). The MP2 geometries and
binding energies calculated with the cc-pVTZ and the 6-311++G-
(3df,3pd) basis sets are quite similar. However, the geometries
obtained with the smaller 6-311++G(d,p) basis set differ
significantly from the cc-pVTZ results. The MP2/cc-pVTZ level
of theory has been established as quite adequate for calculating
properties of weakly interacting systems, as has been confirmed

by calculations of molecular systems with similar types interac-
tions, such as the 1:1 formic acid/acetylene complexes34 and
the acetylene dimers studies by Karpfen.21 The good perfor-
mance of the cc-pVTZ basis set for these systems also suggests
that this more economical basis set can be used instead of the
6-311++G(3df,3pd) basis set. For complexesA-C, the BSSE-
corrected binding energies at the MP2/cc-pVTZ level of theory
are also listed (Table 1). As expected, the BSSE contributions
are of minimal significance for the calculated binding energies.

In complexA, the acidic hydrogen atom of the formic acid
molecule interacts with theπ system of one molecule of
acetylene (contribution i). The MP2-calculated distance of the
C1 carbon atom of acetylene from the acidic hydrogen atom
of formic acid (OH‚‚‚C1 distance) is 2.293 Å (2.301 Å), and
that of C2 (OH‚‚‚C2 distance) is 2.297 Å (2.307 Å) using a
cc-pVTZ [6-311++G(3df,3pd)] basis set. The carbonyl oxygen
atom of formic acid interacts with one hydrogen atom of the
second acetylene molecule (contribution iv) with a CH‚‚‚O
distance of 2.173 Å [cc-pVTZ, 2.171 Å with the 6-311++G-
(3df,3pd) basis]. Additional stabilization of the complex is due
to the C-H‚‚‚π interaction between the two acetylene molecules
(contribution iii), which corresponds to the T shape of the
acetylene dimer.21 In this case, the T is distorted by interactions

Figure 2. Calculated structures with hydrogen-bond lengths and some hydrogen-bond angles of 1:2 formic acid/acetylene complexes:D, F, G,
E1, G1, andH1. (a) MP2/cc-pVTZ, (c) MP2/6-311++G(d,p), (d) B3LYP/6-311++G(d,p).

TABLE 1: Calculated Binding Energies and ZPE-Corrected
Values of the 1:2 Formic Acid/Acetylene Complexes A-D, F,
and G (in kcal/mol)

B3LYP/
6-311++G(d,p)

MP2/
6-311G++(d,p) MP2/cc-pVTZ

complex ∆E ∆E(ZPE) ∆E ∆E(ZPE) ∆E ∆E(ZPE) ∆E(BSSE)

A -6.58 -4.95 -9.23 -7.64 -9.52 -7.98 -7.87
B -8.77 -7.18 -6.84
C -5.12 -3.80 -8.03 -6.63 -8.42 -7.05 -6.73
D -4.43 -2.98 -7.00 -5.27 -6.79 -5.47
F -3.06 -1.85 -6.02 -4.33 -5.37 -4.32
G -5.01 -3.65 -5.06 -3.93

TABLE 2: MP2 and CCSD(T) Calculated Binding Energies
for the Complexes A-Ca

MP2/
6-311G++(3df,3pd)

CCSD(T)/
cc-pVTZ//MP2/cc-pVTZ

complex ∆E ∆E(ZPE) ∆E ∆E(ZPE)

A -9.83 -8.29 -8.98 -7.44
B -8.62 -7.03 -8.44 -6.85
C -8.53 -7.16 -7.84 -6.47

a ZPE corrections are from the MP2/cc-pVTZ calculations.

TABLE 3: Calculated Binding Energies and ZPE-Corrected
Values of 1:2 Formic Acid/Acetylene Complexes B1, E1, G1,
and H1 (in kcal/mol)

B3LYP/
6-311++G(d,p)

MP2/
6-311G++(d,p)

MP2/
cc-pVTZ

complex ∆E ∆E(ZPE) ∆E ∆E(ZPE) ∆E ∆E(ZPE)

B1 -6.08 -4.55 -7.91 -6.06 Ba

E1 -4.15 -2.92 -6.63 -4.94 Ca

G1 -3.12 -1.98 Ga

H1 -4.48 -3.24 -5.03 -3.00 Da

a See Table 1.
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of the two acetylene molecules with the formic acid molecule.
The acetylene-acetylene interaction is characterized by a
CH‚‚‚C3 distance of 2.505 Å (2.496 Å) and a CH‚‚‚C4 distance
of 2.836 Å (2.815 Å) at the MP2/cc-pVTZ [MP2/6-311++G-
(3df,3pd)] level of theory. These distances are in agreement with
the expectations for weak to moderate hydrogen bonds2 and
compare well with that of the undisturbed T-shaped acetylene
dimer.21,22

ComplexesB andC provide further evidence for O-H‚‚‚π,
C-H‚‚‚π, and CH‚‚‚O interactions (Figure 1). In complexB,
the two molecules of acetylene do not interact directly (thus,
contribution iii is absent), but both interact with the formic acid
molecule via contributions iv and i. A type iv interaction is found
between the C1 H atom and the carbonyl oxygen atom.
However, the long C1H‚‚‚O distance of 2.635 Å indicates that
this interaction is rather weak. Even weaker, with a distance of
3.418 Å, is the CH‚‚‚π interaction of type ii between the formyl
H atom of formic acid and the acetyleneπ system.

Complex C shows an additional weak CH‚‚‚O interaction
between the hydroxyl oxygen atom of the formic acid molecule
and the hydrogen atom of one of the acetylene molecules
(contribution v). The other complexes,D-G, show C-H‚‚‚π
and CH‚‚‚O interactions; however, in this case, the acidic
hydroxyl hydrogen atom of the formic acid molecule is not
involved, resulting in low overall binding energies.

StructuresB1, E1, G1, andH1 are artifacts of the inability
of the B3LYP functional to handle weak C-H‚‚‚π dispersive
interactions. Geometry optimization at the MP2/cc-pVTZ level
of theory results in the transformation ofB1 to B, E1 to C, G1
to G, andH1 to D (Table 3). Thus, by comparison of complex
B with structureB1, it is evident that weak C-H‚‚‚π interactions
between the formyl H atom of formic acid and theπ system of

acetylene are not reproduced by the B3LYP functional. This
result was also noted in the study of 1:1 formic acid/acetylene
complexes.34

Intramolecular Distances and Vibrational Frequencies.
The intermolecular interactions in the complexes result in a
distortion of the monomer intramolecular distances and vibra-
tional frequencies. Table 4 lists some selected bond distances
of the formic acid and acetylene monomers and theA-C, 1:2
formic acid/acetylene complexes. For the monomers, the
experimental values54,55are well reproduced by calculations at
the MP2/cc-pVTZ and MP2/6-311++G(3df,3pd) levels of
theory. The vibrational frequencies of the complexes calculated
at various levels of theory are listed in Tables 5-12. The
Dunning basis sets are expected to be most reliable, given that
excellent agreement between theory and experiment was found
at this level for the 1:1 complexes.34

The most perturbed vibrational modes in complexesA-C
are the O-H stretching vibrations of the formic acid molecules
(Tables 5-8). At the MP2/cc-pVTZ level of theory, the
frequency shifts in the complexes are-159,-145, and-183
cm-1 for trimers A-C, respectively. This result reflects the
structures of complexesA-C (Figure 1), which all exhibit
strong interactions between the OH hydrogen atom and theπ
system of acetylene 1. In complexC, with the largest frequency
shift (-183 cm-1), an additional interaction of the OH oxygen
atom with one hydrogen atom of acetylene 2 is found. The
formation of the complexes results in an elongation of the OH
bonds of nearly 0.01 Å (MP2/cc-pVTZ, Table 4).

The carbonyl stretching frequencies of the formic acid
molecules are predicted to be shifted by-18, -31, and-14
cm-1 in complexesA-C, respectively. This again reflects the
CO‚‚‚H interaction between the carbonyl oxygen atom and the

TABLE 4: Comparison of Selected Intramolecular Distances of the Formic Acid and Acetylene Monomers (M) and 1:2 Formic
Acid/Acetylene Complexes A-Ca

expt MP2/cc-pVTZ MP2/6-311++G(3df,3pd)

M M A B C M A B C

HCOOH
r(CdO) 1.202(10)b 1.203 1.209 1.211 1.205 1.202 1.207 1.209 1.204
r(O-H) 0.972(5)b 0.969 0.978 0.977 0.979 0.968 0.976 0.975 0.977
r(C-O) 1.343(10)b 1.346 1.333 1.332 1.342 1.343 1.331 1.331 1.339

C2H2 (acetylene 1)
r(C1tC2) 1.203c 1.211 1.214 1.213 1.214 1.211 1.213 1.213 1.213
r(C1-H) 1.062c 1.061 1.067 1.064 1.064 1.062 1.067 1.064 1.064
r(C2-H) 1.063 1.063 1.064 1.063 1.063 1.064

C2H2 (acetylene 2)
r (C3≡C4) 1.213 1.213 1.213 1.213 1.212 1.212
r(C3-H) 1.066 1.067 1.064 1.067 1.067 1.065
r(C4-H) 1.062 1.062 1.062 1.062 1.062 1.062

a Distances given in Å.b Reference 54.c Reference 55.

TABLE 5: Calculated Vibrational Frequencies (in cm-1) of Complex A and Frequency Shifts Relative to the Isolated Monomer
M (in Parentheses)

B3LYP/6-311++G(d,p) MP2/6-311++G(d,p) MP2/cc-pVTZ

M A M A M A assignment

3738.0 3583.2 (-155) 3797.2 3672.7 (-125) 3763.4 3604.9 (-159) O-H stretcha

1816.2 1794.0 (-22) 1807.5 1795.3 (-12) 1818.1 1800.1 (-18) CdO stretcha

1125.3 1167.3 (+42) 1142.6 1184.0 (+41) 1136.7 1183.9 (+47) C-O stretcha

3057.5 3054.3 (-3) 3132.3 3126.4 (-6) 3125.1 3119.2 (-6) C-H stretcha

3419.8 3379.2 (-41) 3455.2 3420.4 (-35) 3446.1 3397.0 (-49) C-H stretchb

3375.2 (-45) 3429.8 (-25) 3409.3 (-37)
772.7 801.3 (+29) 766.3 789.7 (+23) 753.0 786.9 (+34) CCH bendb

819.5 (+47) 795.2 (+29) 791.8 (+39)
832.1 (+59) 809.9 (+44) 802.0 (+49)
835.0 (+62) 828.8 (+63) 806.3 (+53)

a Formic acid modes in the complex.b Acetylene modes in the complex.
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acetylene H atom (contribution iv). In complexB, with a red
shift (-31 cm-1) almost twice as large as those in complexes
A and C, there is an additional CO‚‚‚H interaction of the
carbonyl group with the H atom of acetylene 2. This interaction
results in a larger increase of the CdO bond length inB than
in A andC.

The C-OH stretching modes of formic acid are blue-shifted
in the complexes, and the C-OH formic acid bond lengths are
consequently shorter than those in the monomer. Again, trimer
B shows a larger blue shift (+50 cm-1) than complexesA and
C (+47 cm-1 and +35 cm-1, respectively), which can be
associated with the very weak CH‚‚‚π interaction between the

TABLE 6: Calculated Vibrational Frequencies (in cm-1) and Frequency Shifts Relative to the Isolated Monomer (in
Parentheses) of Complexes B and B1

B3LYP/6-311++G(d,p) MP2/6-311++G(d,p) MP2/cc-pVTZ

M B1 M B1 M B1 assignment

3738.0 3586.4 (-152) 3797.2 3681.6 (-116) 3763.4 3618.4 (-145) O-H stretcha

1816.2 1786.1 (-30) 1807.5 1788.6 (-19) 1818.1 1787.3 (-31) CdO stretcha

1125.3 1172.8 (+48) 1142.6 1187.6 (+45) 1136.7 1186.7 (+50) C-O stretcha

3057.5 3057.7 (+0.2) 3132.3 3128.3 (-4) 3125.1 3121.4 (-4) C-H stretcha

3419.8 3370.6 (-49) 3455.2 3417.9 (-37) 3446.1 3393.7 (-52) C-H stretchb

3404.1 (-16) 3442.0 (-13) 3429.4 (-17)
772.7 791.7 (+19) 766.3 780.4 (+14) 753.0 767.6 (+15) CCH bendb

795.8 (+23) 782.6 (+16) 785.7 (+33)
838.5 (+66) 869.2 (+101) 796.2 (+43)
841.0 (+68) 872.6 (+106) 816.9 (+64)

a Formic acid modes in the complex.b Acetylene modes in the complex.

TABLE 7: Calculated Vibrational Frequencies (in cm-1) of Complex C and Frequency Shifts Relative to the Isolated Monomer
(in Parentheses)

B3LYP/6-311++G(d,p) MP2/6-311++G(d,p) MP2/cc-pVTZ

M C M C M C assignment

3738.0 3562.6 (-175) 3797.2 3650.7 (-147) 3763.4 3580.4 (-183) O-H stretcha

1816.2 1806.2 (-10) 1807.5 1798.8 (-9) 1818.1 1804.2 (-14) CdO stretcha

1125.3 1153.0 (+28) 1142.6 1168.9 (+26) 1136.7 1171.5 (+35) C-O stretcha

3057.5 3048.1 (-9) 3132.3 3121.2 (-11) 3125.1 3114.9 (-10) C-H stretcha

3419.8 3396.0 (-24) 3455.2 3434.4 (-21) 3446.1 3422.6 (-24) C-H stretchb

3400.0 (-20) 3435.7 (-20) 3424.2 (-22)
772.7 790.0 (+17) 766.3 779.9 (+14) 753.0 767.5 (+15) CCH bendb

797.4 (+25) 788.2 (+22) 771.2 (+18)
805.2 (+33) 800.9 (+35) 789.9 (+37)
813.4 (+41) 802.2 (+36) 794.3 (+41)

a Formic acid modes in the complex.b Acetylene modes in the complex.

TABLE 8: Experimental (Ar Matrix at 30 -10 K) and Calculated [MP2/cc-pVTZ and B3LYP/6-311++G(d,p)] Vibrational
Frequencies (in cm-1) of Formic Acid/Acetylene 1:2 Complex A and Frequency Shifts∆ν in the Complex Relative to the
Isolated Monomers (in Parentheses)

calculated

experimental MP2/ cc-pVTZ B3LYP/6-311++G(d,p)

monomer complexA monomer complexA monomer complexA assignment

3550.4 3395.0 (-155) 3763.4 3604.9 (-159) 3738.0 3583.2 (-155) O-H stretcha

1767.1 1747.1 (-20) 1818.1 1800.1 (-18) 1816.2 1794.0 (-22) CdO stretcha

1103.5 1145.4 (+42) 1136.7 1183.9 (+47) 1125.5 1167.3(+42) C-O stretcha

3288.8 3244.5 (-44) 3446.1 3409.3 (-37) 3419.8 3379.2 (-41) C-H stretchb

3236.9 (-52) 3397.0 (-49) 3375.2 (-45)

a Formic acid modes in the complex.b Acetylene modes in the complex.

TABLE 9: Calculated Vibrational Frequencies (in cm-1) of Complex D and Frequency Shift in the Complex Relative to the
Isolated Monomer (in Parentheses)

B3LYP/6-311++G(d,p) MP2/6-311++G(d,p) MP2/cc-pVTZ

M D M D M D assignment

3738.0 3734.3 (-4) 3797.2 3792.5 (-5) 3763.4 3757.9 (-6) O-H stretcha

1816.2 1794.4 (-22) 1807.5 1791.5 (-16) 1818.1 1797.5 (-21) CdO stretcha

1125.3 1137.8 (+13) 1142.6 1153.3 (+11) 1136.7 1147.7 (+11) C-O stretcha

3057.5 3076.2 (+19) 3132.3 3156.7 (+24) 3125.1 C-H stretcha

3419.8 3364.5 (-55) 3455.2 3408.6 (-47) 3446.1 3385.3 (-61) C-H stretchb

3389.7 (-30) 3431.4 (-24) 3409.4 (-37)
772.7 792.8 (+20) 766.3 794.4 (+28) 753.0 770.8 (+18) CCH bendb

806.9 (+34) 810.5 (+44) 791.7 (+39)
842.3 (+70) 834.7 (+68) 802.6 (+50)
846.8 (+74) 843.3 (+77) 819.3 (+66)

a Formic acid modes in the complex.b Acetylene modes in the complex.
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CH group of the formic acid and theπ system of acetylene 2
(contribution ii).

The C-H stretching modes of the acetylene moieties are also
perturbed in the complexes. At the MP2/cc-pVTZ level of
theory, these bands are red-shifted by-49 and-37 cm-1 in
trimer A, by -52 and-17 cm-1 in complexB, and by-24
and-22 cm-1 in complexC.

Matrix Isolation Studies. Matrix isolation experiments were
performed to identify the trimers between one molecule of
formic acid and two molecules of acetylene. The experiments
were performed by matrix isolation of mixtures of formic acid
and acetylene at various ratios in a large excess of argon at 10
K. Typical argon-to-sample ratios ranged from 600:1 to 600:
1.5 for formic acid and from 600:1 to 600:2 for acetylene. Under
these conditions (high dilution in argon and slow deposition),

mainly monomers of formic acid and acetylene were formed.
Subsequent annealing of the matrix at temperatures up to 30 K
resulted in the formation of complex mixtures of aggregates.
The main constituents of these mixtures had been identified
previously: the acetylene dimer,56-58 the formic acid dimer,28,29,32

and the 1:1 complex between acetylene and formic acid.34

Careful analysis of the IR absorptions revealed the formation
of several new bands that could not be assigned to any of the
previously known species (Table 8).

Figures 3-5 show the vibrational modes corresponding to
O-H, CdO, and C-O, respectively, stretching regions of
formic acid upon co-deposition of formic acid, acetylene, and
argon in 1:1:600 and 1:2:600 molar ratios. The blank spectrum
of formic acid is also included for comparison. All spectra
displayed in this paper were obtained after the matrix had been

TABLE 10: Calculated Vibrational Frequencies (in cm-1) of
Complex E1 and Frequency Shifts Relative to the Isolated
Monomer (in Parentheses)

B3LYP/6-311++G(d,p) MP2/6-311++G(d,p)

M E1 M E1 assignment

3738.0 3626.2 (-112) 3797.2 3713.6 (-84) O-H stretcha

1816.2 1798.0 (-18) 1807.5 1796.4 (-11) CdO stretcha

1125.3 1155.2 (+30) 1142.6 1170.3 (+28) C-O stretcha

3057.5 3052.9 (-5) 3132.3 3125.2 (-7) C-H stretcha

3419.8 3397.5 (-22) 3455.2 3436.0 (-19) C-H stretchb

3408.4 (-11) 3448.5 (-7)
772.7 783.0 (+10) 766.3 777.6 (+11) CCH bendb

790.9 (+18) 788.6 (+22)
793.8 (+21) 810.2 (+44)
807.8 (+35) 816.7 (+50)

a Formic acid modes in the complex.b Acetylene modes in the
complex

TABLE 11: Calculated MP2 Vibrational Frequencies (in
cm-1) of Complex F and Frequency Shifts Relative to the
Isolated Monomer (in Parentheses)

B3LYP/6-311++G(d,p) MP2/6-311++G(d,p)

M F M F assignment

3738.0 3734.9 (-3) 3797.2 3788.9 (-8) O-H stretcha

1816.2 1817.0 (+1) 1807.5 1805.8 (-2) CdO stretcha

1125.3 1108.9 (-16) 1142.6 1122.4 (-20) C-O stretcha

3057.5 3132.3 C-H stretcha

3419.8 3388.8 (-31) 3455.2 3435.8 (-19) C-H stretchb

3397.5 (-22) 3429.6 (-25)
772.7 788.6 (+16) 766.3 788.7 (+22) CCH bendb

801.3 (+29) 803.5 (+37)
813.6 (+41) 828.9 (+63)
829.2 (+57) 841.0 (+75)

a Formic acid modes in the complex.b Acetylene modes in the
complex.

TABLE 12: Calculated Vibrational Frequencies (in cm-1) of Complex G (or G1) and Frequency Shifts Relative to the Isolated
Monomer (in Parentheses)

B3LYP/6-311++G(d,p) MP2/6-311++G(d,p) MP2/cc-pVTZ

M G1 M G M G assignment

3738.0 3735.0 (-3) 3797.2 3795.8 (-1) 3763.4 3760.5 (-3) O-H stretcha

1816.2 1805.7 (-11) 1807.5 1798.2 (-9) 1818.1 1803.4 (-15) CdO stretcha

1125.3 1138.3 (+13) 1142.6 1150.5 (+8) 1136.7 1147.4 (+11) C-O stretcha

3057.5 3066.5 (+9) 3132.3 3141.0 (+9) 3125.1 3133.9 (+9) C-H stretcha

3419.8 3371.8 (-48) 3455.2 3452.2 (-3) 3446.1 3395.6 (-51) C-H stretchb

3416.8 (-3) 3424.4 (-31) 3440.5 (-6)
772.7 774.0 (+1) 766.3 764.8 (-2) 753.0 753.5 (+1) CCH bendb

779.4 (+7) 769.3 (+3) 759.0 (+6)
837.4 (+65) 814.1 (+48) 806.9 (+54)
842.6 (+70) 831.3 (+65) 807.9 (+55)

a Formic acid modes in the complex.b Acetylene modes in the complex.

Figure 3. Matrix isolation IR spectra in the O-H stretching region
of formic acid. (a) HCOOH/Ar) 1:600. (b) HCOOH/C2H2/Ar )
1:1:600. (c) HCOOH/C2H2/Ar ) 1:2:600.

Figure 4. Matrix isolation IR spectra in the CdO stretching region
of formic acid. (a) HCOOH/Ar) 1:400. (b) HCOOH/C2H2/Ar )
1:1:600. (c) HCOOH/C2H2/Ar ) 1:2:600. FAD, nonsymmetrical
(acyclic) formic acid dimer; FCD, cyclic formic acid dimer.
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annealed at 30 K. At higher acetylene concentrations, two new
peaks were observed in the O-H stretching region at 3395.0
and 3384.0 cm-1. Because the intensity of these bands increased
with increasing acetylene concentration more than that of the
1:1 complexes, they were tentatively assigned to the O-H
stretching vibration of formic acid in a 1:2 complex of formic
acid and acetylene. The doublet structure could be caused by
matrix site effects, similarly to the triplet structure observed
for the O-H stretching vibration of formic acid in an argon
matrix.59 The experimental frequency shift (-155 cm-1) is in
excellent agreement with the calculated frequency shifts [-159
cm-1 with MP2/cc-pVTZ and-155 with B3LYP/6-311++G-
(d,p)] for complexA (Table 8).

In the CdO stretching region, increasing acetylene concentra-
tion results in an increase of the intensity of the band at 1747
cm-1 assigned to the less stable, unsymmetrical formic acid
dimer. In addition, this absorption broadens significantly. This
indicates that, in addition to the formic acid dimer, a new species
assigned to the 1:2 complex of formic acid and acetylene is
formed under these conditions. The intensity of this band
depends on the acetylene concentration, in agreement with the
assignment to the CdO stretching vibration of the 1:2 complex
A. The good agreement between the experimental frequency
shift (-20 cm-1) and the calculated values [-18 cm-1 with
MP2/cc-pVTZ and-22 with B3LYP/6-311++G(d,p)] further
confirms the formation of complexA.

In the C-O stretching region, a new band appears at 1145.4
cm-1 at higher acetylene concentration. By comparison with
the calculated frequencies, this band is also assigned to the 1:2
complexA. The experimental frequency shift (+42 cm-1) is in
excellent agreement with the B3LYP/6-311++G(d,p) (+42) and
MP2/cc-pVTZ (+47) values.

When acetylene and formic acid are co-deposited, two new
bands in the acetylene C-H stretching region at 3244.5 and
3236.9 cm-1 are observed in addition to the previously assigned
absorptions56-58 (Figure 6). The intensity of these new absorp-
tions increases as the acetylene concentration increases, in
agreement with the expectation for a formic acid/acetylene 1:2
complex. The experimental frequency shifts (-44 and -52
cm-1) are in reasonable agreement with the calculated shifts
for complexA [-37, -49 cm-1 with MP2/cc-pVTZ and-41,
-45 cm-1 with B3LYP/6-311++G(d,p), Table 8]. In the CCH
bending region of acetylene, the 1:2 complex absorptions are
too weak to be observed.

Analysis of the Intermolecular Interactions in the Trimers.
To quantify the contributions of intermolecular interactions in
trimers A-C, we sequentially removed one of the three

monomers (formic acid or one of the two acetylene molecules)
from each of the trimers. The energies of the remaining partial
structures (remaining dimers) were calculated (MP2/cc-pVTZ)
in the geometries of the parent trimers (Figure 7). These partial
structures were then compared with the optimized dimers to
analyze the influence of the third molecule in the trimer on the
dimer structures. From that analysis, we obtained a detailed
picture of the noncovalent interactions in an aggregate consisting
of three components.

In trimer A, the first partial structure is formed by removing
acetylene 2 and thus consists of formic acid and the remaining
acetylene 1 (partial structure i) interacting via noncovalent bond
contribution i. Analogously, partial structure ii is formed by
removing acetylene 1 and consists of formic acid and acetylene
2 interacting via contribution iv. Finally, partial structure iii
results from removing the formic acid molecule and represents
the (more or less distorted) T-shaped acetylene dimer interacting
via contribution iii. Partial structures i-iii in trimers B andC
are formed analogously by sequentially removing acetylene 2,
acetylene 1, and the formic acid molecule.

Several nonadditive contributions have to be taken in to
account that might contribute to the stabilization of the trimers
(Table 13). These nonadditive contributions are obtained by

Figure 5. Matrix isolation IR spectra in the C-O stretching region
of formic acid. (a) HCOOH/Ar) 1:600. (b) HCOOH/C2H2/Ar )
1:1:600. (c) HCOOH/C2H2/Ar ) 1:2:600.

Figure 6. Matrix isolation IR spectra in the C-H stretching region of
acetylene. (a) C2H2/Ar ) 1:300. (b) HCOOH/C2H2/Ar ) 1:1:600. (c)
HCOOH/C2H2/Ar ) 1:2:600.

Figure 7. Dimers of complex A. Partial structure i: Formic acid and
acetylene 1. Partial structure ii: Formic acid and acetylene 2. Partial
structure iii: acetylene 1 and acetylene 2.
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subtracting all dimer binding energies from the trimer binding
energy. As can be seen from Table 13, the nonadditive contri-
butions are small.

In all complexes, partial structure i contributes most to the
trimer energies. The “strongest” O-H‚‚‚π interaction between
formic acid and acetylene1 (contribution i) dominates the
interaction in the trimer. In trimersB and C, where partial
structure i contributes 59% to the total binding energy, an
additional CH‚‚‚O interaction between the carbonyl oxygen atom
and one of the H atoms of acetylene 1 can be found (contribution
iv). This increases the binding energy of this partial structure
in trimersB andC compared to that inA (48.5%).

Partial structure ii contributes differently to the three tri-
mers: 28.1% in complexA (only contribution iv), 38.0% in
complexB, and 20.5% in complexC. In B, the interaction of
type iv is most important, but in this case, it is accompanied by
a very weak interaction of type ii.

In complexB, a type iii interaction between the acetylene
molecules is not possible, and only a very small repulsive
interaction (1.2%) is observed. This is a consequence of
repulsions between the closest hydrogen atoms in the two
acetylene molecules.

For complexA, it is interesting to compare the calculated
binding energies and geometries of the acetylene dimer from
partial structure iii with those of the well-knownC2V acetylene
dimer (Table 14).21 The presence of formic acid results in a
small destabilization of partial structure iii compared to the
undistorted acetylene dimer by around 0.25 kcal/mol. For the
C2V acetylene dimer, the CH‚‚‚C3 (and CH‚‚‚C4) distance is
2.727 Å at the MP2/cc-pVTZ level of theory, whereas for partial
structure iii, the CH‚‚‚C3 distance is 2.505 Å, and the CH‚‚‚C4
distance 2.836 Å.

Figure 8 shows the formic acid/acetylene dimers (left-hand
side) compared to several partial structures i and ii (right-hand
side). A comparison between these structures reveals interesting
similarities between the partial structures and the dimers. Thus,
the O-H‚‚‚π bidentate 1:1 complex is very similar to partial
structure i, and the structures of the CH‚‚‚OdC bidentate and
monodentate 1:1 complexes agree well with partial structures
ii of the B andB1 trimers, respectively.

Conclusion

Formic acid/acetylene is an interesting system to study
noncovalent interactions, because a variety of “nonclassical”
hydrogen bonds can be formed where four acidic hydrogen
atoms (OH and CH at formic acid, two CH at acetylene)
compete for the two oxygen atoms in formic acid and the
acetyleneπ system as hydrogen-bond acceptors. The introduc-
tion of an additional acetylene molecule into the trimer
complexes results in a number of energetically close-lying
complexes that were analyzed at the B3LYP and MP2 levels
of theory with large basis sets. The deficit of the B3LYP method
and MP2 calculations with smaller basis sets to account for
intermediate-range dispersive interactions results in the produc-
tion of four artificial minima,B1, E1, G1, andH1, that disappear
at the higher level of theory.

The interaction between the acidic H atom of formic acid
and the acetyleneπ system (contribution i) provides 50-60%
of the binding energies of the most stable complexes,A-C,
and thus dominates the noncovalent interactions in these systems
(Table 13). Contributions ii and iii add between 15 and 29%.
Only in complex B, where no “T-acetylene” interaction is
present, is contribution iii slightly repulsive. Other interactions
are less important for the stabilization of the complexes, but
might influence the structure. Thus, complexB is only slightly
stabilized by an additional very weak CH‚‚‚π interaction
compared toB1. This interaction results in a considerable
structural change (Figure 1). The most stable 1:2 complex,A,
could also be characterized in argon matrix, as evidenced by
the shifts in the vibrational frequencies of the formic acid and
the acetylene fundamental modes. The experimental frequency
shifts are in good agreement with the calculated shifts, sup-
porting the appearance of the global minimum complex in the
matrix.

TABLE 13: MP2/cc-pVTZ Energies of Trimers A -C and
Their Partial Structures i, ii, and iii (in kcal/mol)

A B C
acetylene/formic acid

2:1 complexE(t) -9.52 -8.77 -8.42

partial structure i,E(i) -4.62 (48.5%) -5.18 (59.1%) -4.97 (59.0%)
partial structure ii,E(ii) -2.67 (28.1%) -3.33 (38.0%) -1.73 (20.5%)
partial structure iii,

E(iii)
-1.39 (14.6%) +0.11 (1.2%) -1.35 (16.0%)

E(t) - [E(i)+ E(ii) +
E(iii)]

-0.84 (8.8%) -0.37 (4.2%) -0.37 (4.4%)

TABLE 14: Calculated Binding Energies (in kcal/mol) of
the Acetylene Dimera and the C2W Acetylene Dimer

MP2/6-311++G(3df,3pd) MP2/cc-pVTZ

acetylene dimera -1.61 -1.39
C2V acetylene dimerb -1.86 -1.63

a ComplexA, partial structure iii.b Reference 21.

Figure 8. Comparison of 1:1 complexes of formic acid and acetylene
with the partial structures of the 1:2 complexes. Left side: 1:1
complexes. Top, MP2/6-311++G(d,p); center, MP2/cc-pVTZ; bottom,
MP2/6-311++G(d,p). Right side: Partial structures i and ii from 1:2
complexesB andB1, respectively. Top, partial structure i of complex
B, MP2/cc-pVTZ; center, partial structure ii of complexB, MP2/
cc-pVTZ; bottom, partial structure ii of complexB1, MP2/6-311++G-
(d,p).
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