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Abstract: Density functional theory with dispersion-correcting effective potentials is used to examine the low-lying isomers of
the formic acid hexamer. The lowest-energy structure is a chairlike ring of six Z monomers. w-Stacked structures consisting of

a dimer and tetramer lie higher in energy.
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Résumé : La théorie de la fonctionnelle de la densité avec potentiels effectifs corrigés pour la dispersion est appliquée a 1'étude
des isomeéres de basse energie des hexameres d'acide formique. La structure dont 1'énergie est la plus basse est un cycle de
conformation « chaise » comprenant six monomeres Z. Les empilements m constitués d'un dimeére et d'un tétrameére possedent

une plus haute énergie. [Traduit par la Rédaction]

Mots-clés : hexamere d'acide formique, agrégats, liaison hydrogéne, empilements , interaction CH---O.

Introduction

The important role of formic acid in atmospheric and biochem-
ical processes has led to considerable interest in the study of
clusters of formic acid. Both experiment! and theory? show that
the lowest-energy Z (trans) monomer is more stable than the E (cis)
form by about 4 kcal/mol. The lowest-energy dimer, D in Fig. 1, has
been known for decades experimentally®-> and theoretically.®”7 It
is a strong, resonance-assisted, cyclic dimer with C,, symmetry
and consists of two Z monomers held together by a pair of short
and nearly linear O-H---O bonds. The next most stable dimer, F in
Fig. 1, has one O-H---O hydrogen bond and one C-H::-O bond.” The
most stable trimer, T in Fig. 1, is a planar complex in which the
D dimer is held to a Z monomer by an O-H---O hydrogen bond and a
C-H---O bond.® The most stable tetramer, AS2 in Fig. 1, is a w-stack
of two D dimers.® The most stable pentamer, P1 in Fig. 1, is a
booklike folded ring of five Z monomers.©

Density functional theory (DFT) is an electronic structure the-
ory with relatively modest computational demands. However,
conventional DFT with a hybrid functional, such as the ubiquitous
B3LYP,™12 cannot account correctly for dispersion interactions.'?
Recently, the use of B3BLYP combined with dispersion-correcting
potentials (DCP) that account for dispersion effects and also coun-
terpoise errors has been advocated.™ This method, referred to as
the DCP method in the rest of this work, has been shown?? to work
quite well for formic acid tetramers where m-stacking is impor-
tant and uncorrected B3LYP fails to predict correctly the order of
the low-energy structures. This brief article reports a DCP investi-
gation of formic acid hexamers.

Methods

We began by generating 59 local minima energy structures of
formic acid hexamers at the B3LYP/pcla level using the search-
and-screen method described earlier for pentamers.’> We then
added 15 other structures inspired partially by the m-stacking

structures found for the tetramers.® Energies for these 74 struc-
tures were computed with second-order Mgller-Plesset (MP2) the-
ory and the cc-pVIZ basis set.’® The results were used to rank
order the structures. The 25 structures with energies less than
5 kcal/mol above the lowest one were then further refined by
energy minimization at the B3LYP-DCP/6-31+G(d,p) level and re-
tained if a harmonic vibrational frequency computation con-
firmed that a local minimum had been obtained. Next, 14 of these
minima whose energies were within 3 kcal/mol of the lowest
energy were further optimized at the B3LYP-DCP/6-31+G(2d,2p)
level to produce 12 unique hexamer structures corresponding to
local DCP energy minima. All calculations were done with
Gaussian 03.Y7

Results and discussion

The best 12 structures are shown in Fig. 2 and their properties
are listed in Table 1. All the structures have six hydrogen bonds.
The two most stable structures, HO1 and H02, are nearly isoener-
getic and lower in energy than the other structures by more than
1.2 kcal/mol. They are both folded rings of six Z monomers. HO1 is
inversion symmetric, chair-shaped, and nonpolar, whereas the
saddle-shaped HO02 has a dipole moment of 1.1 D. The average
length of the O-H---O bonds is 164 pm in both HO1 and HO02. Both
contain two C-H---O bonds. Both can be thought of as two F dimers
stacked one above the other and held tightly together by two
side-capping monomers, each of which forms an O-H---O bond
with both the upper and lower dimers. Global optimization is a
difficult problem and it remains possible that we have missed a
structure with an energy lower than that of HO1; the latter is best
referred to as a putative global minimum.

HO03 and HO5 are bag-shaped folded rings. Both HO4 and HO7 can
be thought of as -stacked tetramers with a D dimer held to one of
the plates by a C-H:--O bond. HO6 can be visualized as a D dimer
stacked above a cyclic tetramer (CE) with one E monomer forming
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Fig. 1. The lowest-energy monomers, dimers, trimer, tetramer, and
pentamer of formic acid; see refs.’~'© O-H---O and C-H---O bonds are
shown as red dashes and blue dots, respectively.
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Fig. 2. The lowest-energy hexamers of formic acid. O-H:--O and
C-H---O bonds are shown as red dashes and blue dots, respectively.

two endocyclic C-H---O bonds. A free CE tetramer lies about
2 kcal/mol above the lowest-energy AS2 tetramer.® H10 and H12
are similar to HO6 but the endocyclic C-H:--O bonds are absent in
the tetramer moieties. There is a C-H--O bond between the
D dimer and the CE tetramer in HO6 and H10. The remaining
hexamers H08, H09, and H11 are all folded rings. HO8 and H09
contain one E monomer and H11 has two.

Conclusions

The DCP method'* has been used to obtain the structures and
properties of low-lying formic acid hexamers. The lowest-energy
structure is an inversion symmetric, chair-shaped ring of six
Z monomers. The possibility that we have failed to locate the true
global minimum energy structure should not be discounted.
w-Stacked structures consisting of a dimer and tetramer lie higher
in energy.
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Table 1. Relative energies (RE) and binding energies (BE) in kcal/mol,
rotational constants A, B, and C in MHz, and dipole moments (u) in
debye for the lowest-energy formic acid hexamers.

Isomer RE BE A B C "W

Ho1 0.00 61.92 559.0 187.9 166.8 0.00
Ho2 0.25 61.67 584.2 173.7 171.9 1.07
HO03 1.53 60.39 483.3 261.8 224.6 2.33
Ho4 1.76 60.16 506.7 243.8 224.8 0.37
HO5 1.77 60.15 444.2 263.2 213.9 2.23
Ho6 1.82 60.10 371.6 306.8 237.2 3.99
Ho7 1.83 60.09 412.1 295.6 230.2 0.35
HO8 1.87 60.05 416.9 263.2 202.7 2.74
H09 1.98 59.94 4721 260.2 233.8 2.14
H10 2.01 59.91 449.0 267.6 236.7 2.82
H11 2.02 59.90 535.6 192.5 173.6 0.14
Hi12 2.46 59.46 411.6 279.4 269.0 2.99

Note: Binding energies are with respect to undistorted Z monomers at equi-
librium. The B3LYP-DCP/6-31+G(2d,2p) energies of a Z monomer and HO1 are
-189.6106090 E,, and -1137.7623287 E,,, respectively.
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