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First-principles molecular dynamics has been used to investigate the structural, vibrational, and energetic
properties of formic acid, formic acid-formate anion dimers, and liquid formic acid in a periodically repeated
box with 32 formic acid molecules. We found that in liquid formic acid the hydrogen-bonded clusters mainly
consist of linear branching chains. From our simulation, we got good agreement with the available structural
and dynamical data. We also studied the proton transfer in thecis-formic acid-formate anion dimer, and we
showed that this proton transfer does not have any potential barrier. The hydrogen bonding statistics as well
as the mean lifetime of the hydrogen bonds are analyzed.

Introduction

The hydrogen bond is of great interest and importance both
as a special type of chemical bond occurring in a wide variety
of molecular complexes and also of its pervasive presence in
biochemical systems. It largely determines the physical proper-
ties of many common condensed-phase systems including water.
It represents the strongest force governing the influence of
solvents on molecular structure and reactivity. Proton transfer
within a hydrogen bond is a fundamental reaction in chemistry,
biochemistry, and related fields. Understanding the nature of
the hydrogen-bonding interaction is very important. The first
step in these processes involves the investigation of small model
molecules. Water is the prototype for the study of the hydrogen
bond, and for this reason, it has received a great deal of attention
from both the theoretical1-5 and experimental6-10 points of view.

Formic acid, the simplest carboxylic acid, is a compound
of special interest in many respects. This molecule can be
expected to act as a proton donor and acceptor. The donor
characteristic of the formyl hydrogen can appear in unconven-
tional C-H‚‚‚O-type hydrogen bonds. The complexity of the
hydrogen-bonding pattern is manifested in the condensed phase
structure of formic acid. In the gas phase, formic acid molecules
can form centrosymmetric dimers in which the two molecules
are held together by two equivalent hydrogen bonds.11 Recently
it was showed by Madeja et al.12 that, in an ultracold helium
nanodroplet, the preferred formation of formic acid dimer is a
chainlike, acyclic structure and not the cyclic isomer with two
H-bonds. X-ray- and neutron-diffraction studies of crystalline
formic acid show that the molecules form a long hydrogen-
bonded chainlike structure.13,14The molecular association in the
liquid phase has been studied by a wide variety of experimental
and theoretical methods.15-24 Several infrared15 and Raman16

spectroscopic investigations showed the existence of cyclic
dimers and the chainlike polymer structure in the liquid state.
The X-ray- and neutron diffraction experiments described the
structure of liquid formic acid in terms of hydrogen-bonded
chains.17-20

The structure of liquid formic acid has already been studied
by molecular dynamics (MD), the Monte Carlo (MC) and
Reverse MC methods.21-24 According to these studies the
frequently used optimized potentials for liquid simulations
(OPLS) potential parameter set cannot reproduce the structural
properties of liquid formic acid. Recently a new five-site pair-
potential model was developed for formic acid by fitting to an
“ab initio” dimer potential surface.23,24Results from the simula-
tions with this new pair potential showed a better agreement
with the experimental structure and thermodynamic data.
However, the flexibility and polarizability of the formic acid
molecule are not included and neither is the many-body effect.

Prompted by these considerations, we have undertaken an
“ab initio” molecular dynamic simulation of liquid formic acid.
It has been already shown that this method can be applied to
molecular liquids. Liquid water,25-27 methanol,28 ammonia,29

hydrogenfluoride,30 dimethylsulfoxide-water mixture,31 formate
ion hydration,32 and hydration problems of several ions33-38 have
been already studied by this method. During the period of
publication of this work a Car-Parrinello MD (CPMD) simula-
tion was published.39 The authors of that work inferred the
importance of heterocyclic dimer configurations in the liquid
state, which dimers are embedded into the H-bonded chain. They
did not show any dynamical results from the ab initio MD
simulation.

Computational Details. The present study was performed
by using the ab initio CPMD scheme. The electronic structure
was described by density functional theory. Becke’s (B) gradient
corrected exchange functional38 and Lee-Yang-Parr’s (LYP)
coorelational functional40 were used. It has been already shown
that the BLYP functional gives a reasonable description of a
hydrogen-bonded liquid, similar to water.25-27 The valence
electronic wave functions are expanded in plane waves with a
70-Ry cutoff, and the valence-core interaction was described
by the Troullier-Martins normconserving pseudopotentials.41

For the calculation of the gas-phase molecules and complexes
in the deuterated form, a cubic supercell was used with a cell
length chosen to be large enough to prevent the interaction
between the periodic images. The effect of the unit cell length
was checked by expanding the box size to about 10 Å. Only a
minor variation of the total energy (about 0.1 kJ/mol) was found.
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The formic acid-formate anion dimers were investigated as an
isolated system in a cubic box using the Martyna-Tuckerman42

method to decouple the system from its periodic images with
100-Ry planewave cutoff.

A liquidlike system was made up of N) 32 DCOOD
molecules enclosed in a cubic box at the experimental density
about 1.266 g/cm3. A classical molecular dynamics simulation
using the newly developed potential model for liquid formic
acid was used to generate the initial configuration. In the initial
configuration the formic acid molecule did not have an exact
planar configuration. The CPMD42 simulation was run using a
time step of∆t ) 0.144 fs, and the fictious electron mass (µ)
was 600 au. A continuous trajectory of 7 ps was obtained in
the microcanonical ensemble with the last 6 ps used for the
computation of average properties. The temperature was set to
300 K. Recently a series of CP and Born-Oppenheimer (BO)
molecular dynamic simulations were carried out for liquid water
to investigate the reproducibility of this method.44-48 They
showed that for structural properties size effects are rather small,
but care is required in the choice of an appropriate electron mass.
It is important in CP simulations to maintain an adiabatic
separation between electronic and ionic degrees of freedom. In
our case this could be achieved with a mass ratioµ/M (M is
the smallest atomic mass of the system) of1/6. We did not find
any energy drift in our simulation, and the conserved energy
fluctuation was about 10-7% (approximately 10-4 au).

Gas-Phase Results. a. Monomer.To verify the accuracy of
our model, we investigated thecis- and trans-formic acid
molecules and formate anion structure at different levels of
theory. The structural data could be found in the Supporting
Information. Our calculations showed a close agreement with
the BLYP, MP2, and experimental results and establish the
validity of the pseudopotentials and density functional employed.
The energy difference between the two conformers of formic
acid is also in good agreement with high level theoretical
calculations.50

b. Formic Acid Dimer. It has already been shown that
density functional theory (DFT) can provide a reasonable
representation of the dimerization process in the gas phase for
the formic acid centrosymmetric dimer.51-54 Turi has studied
the different hydrogen-bonded complexes of formic acid.52 We
performed geometry optimizations for the five most stable earlier
studied bimolecular complexes, and the results are shown in
Supporting Information and Table 1. The optimized minimum-
energy structures are shown in Figure 1. In this case we use
the same notation as in the Turi paper.52 The cyclic dimer
is denoted by II. III corresponds to an H-bonded complex that
can be found in crystal state. From Table 2it becomes evident
that the OsH and CdO bonds in structure II and III are
significantly elongated, while CsO bonds are shortened.
III, IV, V, and VIII also contain CsH‚‚‚O-type interac-
tions. Structure VIII can be characterized by two equivalent
CsH‚‚‚O-type interactions. All optimized structures were close
to the planar configuration, even if the starting structures were
nonplanar. The experimental dimerization energy of centro-
symmetric dimer (II) from NMR experiment was about 13.2
kcal/mol.55,56 Other high-level ab initio calculations (B3LYP/

aug-cc-pVTZ, MP2/aug-cc-pVDZ, CCSD(T)/aug-cc-pVDZ)51-54

for this dimer gave a dimerization energy between 13.4 and
14.5 kcal/mol. Chelli et al. reported a dimerization energy of
about 18.5 kcal/mol using a similar method as we used in our
calculations, which is about 30% larger than our result.39 The
geometric and energetic data from optimization using a plane-
wave basis set are in good agreement with the experimental
and other ab initio calculations. The characteristic frequencies
of the OH and CH stretching modes in the dimer can be found
in Table 2. It can be seen that the OH stretching mode in every
case has a red shift and that the CH has a small blue shift
compared to the monomer. We can find the most significant
red shift of OH stretching frequencies in structure II (458 cm-1).
It has already been shown that the anharmonicity also causes a
significant red shift in OH stretching frequencies.57 This is very
clear for the result of dimer VIII, where no OH hydrogen bond
can be found. The origin of the blue shift of the CsH frequency
in the CsH‚‚‚O hydrogen bond has already been studied.57-59

It was shown that both blue-shifted and red-shifted hydrogen
bonds are governed by the same interaction. These data can be
interpreted by the increased electron density (ED) on the OH
antibonding orbital and the decreased electron density on CH
antibonding orbital.

The double proton transfer in the centrosymmetric dimer has
already been studied by high-level quantum chemical calcula-
tions and CP simulations as well.61-63

c. Formic Acid-Formate Anion Dimer. The proton transfer
is one of the simplest and most fundamental steps in many
chemical and biological reactions. This transfer through hydro-
gen bonding is an important mechanism by which many
chemical and biological processes are carried out. These
processes have already been studied in thecis-formic acid-

TABLE 1: Interaction Energies (kcal/mol) of Different Type
of Formic Acid Dimer

HTa II III IV V VIII

BLYP/a 13.90 7.42 4.45 5.90 2.17
BLYP/TM 14.05 7.92 4.55 6.38 1.80

a a, aug-cc-pVTZ; TM, planewave basis with 70-Ry cutoff energy.

Figure 1. The five optimized structures of dimers of formic acid. The
numbering follows that according to Turi (ref 52).

TABLE 2: Vibrational Frequencies for Investigated Formic
Acid Dimers (Data in cm-1, Experimental Value from Refs
15 and 16)

monomer II III IV V VIII

ν(O-H)
BLYP/a 2590 2220 2593 2602 2404 2596

2330 2484 2352
BLYP/TM 2537 2078 2561 2545 2433 2548

2298 2444 2352
Exptl 2631 2068
ν(C-H)
BLYP/a 2199 2152 2188 2197 2210 2227

2243 2242 2188
BLYP/TM 2214 2224 2189 2220 2208 2240

2250 2257 2234
Exptl 2231 2210
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formate anion system using three different theoretical methods
(MP2, BLYP, and B3LYP) with a medium-sized basis set.60,61

The results show that the DFT method describes correctly the
energetic and geometric behavior of this type of systems. The
total energy varies in a very narrow range, suggesting a very
small energy barrier for the proton transfer. In our calculation
we investigated thecis-formic acid-formate anion andtrans-
formic acid-formate anion system using DFT/BLYP method
with a larger basis set (aug-cc-pVTZ) and planewave basis set
with 100 Ry. The calculated energetic and geometric results
for both studied systems can be found in Table 3, and the
structures of these systems are shown in Figure 2.

trans-Formic acid has a higher binding energy to the formate
anion than the cis conformer according to both calculations (33.4
and 31.0 kcal/mol respectively). The two methods give very
similar results, but the interaction energy in both complexes is
higher using localized basis sets. According to these results,
both complexes have a very short hydrogen bond. The stability
of the system, calculated using a planewave basis set, was
investigated using an ab initio molecular dynamics method at
100 K. Thetrans-formic acid-formate anion system was found
as a stable configuration. The potential energy and the Oh-H,
and O2-H (Oh, alcoholic oxygen; O2, carboxylic oxygen)
distances as a function of time is shown in Figure 3 for the
cis-formic acid-formate anion case. This corresponds to the
process of proton transfer from the formic acid molecule to
formate anion. It can be seen from Figure 3 that the proton does
not have any potential barrier along the reaction path.

Partial Pair Correlation Function for Liquid Phase.
According to our calculations, the intramolecular geometry of
formic acid molecule in the liquid phase is similar to the gas-
phase geometry. The CO2 and OH bond elongated by about
0.02 Å, and the COh bond shortened by about 0.01 Å. All of
the molecules in our simulation box were nearly in planar
configuration during the simulation, which is in good agreement
with our previously published neutron diffraction results19 but
did not support the results of Bertagnolli et al.18 The partial
pair correlation functions calculated from the CPMD simulation
are presented in Figure 4. Results of an analysis of the classical
MC simulation22 are also shown in comparison. The charac-
teristic value of the partial radial distribution functions are found
in Table 4.

The existence of the hydrogen-bonding nature of this liquid
is clearly indicated by the very well defined peak ofgO2H1 (H1,

alcoholic hydrogen) at 1.7 Å. Integration of this peak, up to
the first minima at 2.45 Å, results in a coordination number of
0.92. This value is in good agreement with the coordination
number from classical simulation, however the peak position
shifts by about 0.05 Å to a smaller distance. The Oh-H1 peak
is smaller, and the coordination number of this peak is also
smaller than the classical simulation, so the Oh-H1‚‚‚Oh-like
hydrogen bonds are very rare in the investigated system. The
gO2H2(r) (H2, formic hydrogen) function exhibits a distinct peak
at 2.57 Å, and the coordination number is 1.6 if the integration
is carried out up to 3.5 Å. The position of this peak is also
comparable with the H2‚‚‚O2 distance of C-H2‚‚‚O hydrogen
bonds in crystalline formic acid.

The CC, CO1, and CO2 partial pair correlation functions are
in good agreement with the previous MC and RMC results.21,23

The integration numbers of these partial pair correlation
functions up to the first minimum are 12.4, 12.0, and 11.8,
respectively. The radial distribution functions calculated from
our simulation look very similar to those presented in earlier
ab initio MD work.39

Geometry of Hydrogen Bonds.A plot of the hydrogen-bond
angular distribution of the O-H-O and C-H‚‚‚O angles is
given in Figure 5. The Oh-H1-O2 and C-H2-O2 cosine
angle distributions have an average value of 152.8 and 124.7°,
respectively. Clearly the most favored arrangement of the two
hydrogen bonded molecules in the OhH1O2 case corresponds
to a linear hydrogen bond. This behavior cannot be seen on the
CH2O2 cosine angle distribution, as the bonds deviate much
more from the linear hydrogen bond than the OhH1O2 bond.
The integration of the distribution functions indicates thatæ is
larger than 130° in 90% of the hydrogen bonds. The corre-

TABLE 3: Characteristic Properties of Formic
Acid-Formate Anion System (Distance in Angstroms,
Energy in kcal/mol)

trans-Formic Acid-Formate Anion

BLYP/a 100TM

OCO 129.4 128.77 (128.9)
O‚‚‚H 1.23 1.33 (1.298)
CsOh 1.3018, 1.23 1.299, 1.242
CdO2 1.30, 1.23 1.31, 1.236
O1sH 1.23 1.14 (1.165)
O‚‚‚O 2.45 2.46 (2.45)
-∆E 26.9 23.2 (24.5)

cis-Formic Acid-Formate Anion

BLYP/a BLYP/TM

OCO 128.4 123.86, 128.4
O‚‚‚H 1.47 1.482
CsOh 1.321, 1.231 1.332, 1.251
CdO2 1.249, 1.286 1.2308, 1.288
OhsH 1.07 1.062
O‚‚‚O 2.53 2.54
-∆E 33.41 31.01

Figure 2. The optimized structure of formic acid-formate anion dimer
(A, trans-formic acid-formate anion; B,cis-formic acid-formate
anion).

Figure 3. Change of total energy and Oh‚‚‚H and O2‚‚‚H distances
during the proton transfer incis-formic acid-formate anion dimer.
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sponding value for the C-H2‚‚‚O2 interaction is 45%. We also
calculated the cosine distribution of another angle character-
izing the hydrogen bonds, namely, the angle between the
O-H or C-H and the OCO plane of acceptor molecule (Figure
5). These distributions characterize the planarity of the hydro-
gen bond. It is apparent from the cosine distribution that the
planarity is fulfilled much better than the linearity of the
hydrogen bond.

Molecular Cluster Analysis.To study the molecular clusters
in liquid formic acid we apply the formalism of Geiger,64 which
was originally applied to liquid water. In this treatment a cluster
is defined as a group of molecules among which any two are
connected to each other by a chain of hydrogen bonds. A
geometric criterion similar to that considered in the classical
molecular dynamics study was used for the definition of the

hydrogen bonds in liquid formic acid. According to this
definition an intermolecular hydrogen bond exists between two
molecules if the H1-O2 or H1-Oh distance is smaller than
2.5 Å and the O-H-O angle is smaller than an arbitraryæc

value. These two constraints were chosen to guarantee that the
analyzed pairs were truly hydrogen bonded. The specific
distance was based on the first minimum on the O-H radial
distribution function. Table 6 summarizes the calculated statisti-
cal properties at three different values ofæc. In this tablefi is
the fraction of molecules having exactlyi hydrogen-bonded
neighbors,nhb is the average number of hydrogen bonds in
which a molecule participates. The size of a clustern simply
defines the number of molecules belonging to it. The clusters
containing more than one molecule are called gel cluster and
are denoted byng. The number of different type of clusters
(cluster, gel cluster) are calledM and Mg respectively. We
denoted a cluster as cyclic if we start from one of the molecules
of the cluster and going along intact hydrogen bonds we go
back to the same molecule.

Figure 4. Set of site-site radial distribution functions for formic acid
from CPMD and MC calculations (line, CPMD; dashed, MC).

TABLE 4: Characteristic Parts of the Intermolecular Parts
of Site-Site Radial Distribution Functions for Liquid
Formic Acida

rmax g(rmax) rmin g(rmin) N(rmax) N(rmin)

CC 4.32 2.01 5.7 0.69 4.7 12.4
CO2 3.42 1.77 4.22 1.03 1.27 4.22
CHO 2.575 1.11 3.18 0.57 0.31 1.08
O2O2 3.42 1.85 5.02 0.81 1.36 7.60
O2O1 2.67 1.65 3.23 0.88 0.36 1.91
O2HO 1.68 3.29 2.42 0.21 0.29 0.90
O2H2 2.57 0.84 3.47 0.68 0.42 1.66
OhHO 1.92 0.18 2.37 0.11 0.01 0.1

a rmax, peak position;g(rmax), peak height;rmin, minimum position;
N(rmin), coordination number; distances are in angstroms.

Figure 5. Cosine distribution of three hydrogen bond angles charac-
terizing the geometry of hydrogen bonds: OhH‚‚‚O2 (solid line) and
CH‚‚‚O2 (dashed line) angle, angle between the OH bond and acceptor
molecule plane (dotted line), and angle between the CH bond and
acceptor molecule plane (star).

TABLE 5: Statistical Properties of the Hydrogen Bonded
Networks in Liquid Formic Acid Using the Geometric
Hydrogen Bond Definitiona

Rb f0 f1 f2 f3 f4

100 0.014 0.21 0.53 0.21 0.02
130 0.025 0.23 0.57 0.15 0.01

(0.02) (0.265) (0.558) (0.142) (0.01)
150 0.099 0.358 0.457 0.083 0.00

nhb N M ng Mg nc Mc

100 2.01 8.48 3.77 9.54 3.3 4.88 2.9
130 1.87 6.45 4.95 7.54 4.12 2.93 2.9

(1.85)
150 1.57 3.28 9.75 4.35 6.57 0.16

Rc f0 f1 f2 f3 f4 nhb n ng

130 0.409 0.451 0.12 0.023 0.015 0.77 1.63 2.81

Rd f0 F1 f2 f3 f4 nhb n ng

130 0.008 0.098 0.442 0.354 0.087 2.43 28.71 29.05

a fn, fraction of the molecule having exactlyn hydrogen bonds;nhb,
average hydrogen bond number;n, average cluster size;ng, average
gel cluster size;nc, average cyclic structure size;m, average cluster
number;mg, average gel cluster number;mc, average cyclic structure
number.b Hydrogen-bond definition: O2-HO, Oh-HO < 2.5 Å and
OHO > R. c Hydrogen-bond definition: C-H2‚‚‚O < 2.5 Å and CHO
> R. d Hydrogen-bond definition: O2-HO, Oh-HO < 2.5 Å and OHO
> R and C-H2‚‚‚O < 2.5 Å and CHO> R.
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The average cluster or gel cluster size is still below 10 when
the hydrogen bonds are defined with the most permissive
definition (æc ) 100°). The average cyclic cluster size is about
3. According to our calculation the fraction of molecule
incorporated in centrosymmetric cyclic dimer structure (dimer
II) was about 12-14% of the total number of formic acid
molecules in the simulation box. This value is about 10% smaller
than the value reported by Chelli et al.39 in earlier ab initio MD
work. This difference can be explained by the difference of the
strengths of the hydrogen bonds in dimer II, which was reported
to be about 30% stronger in the earlier ab initio MD work. A
more reasonable limiting angle (æc ) 130°), which is the same
as was applied in the earlier MC calculation, shows that the
chain often has branch points. With this definition about 15%
of the molecules are in a branched position participating in at
least three hydrogen bonds. A few examples of the various types
of molecular clusters found in the configurations obtained from
the simulations are shown in Figure 6.

To obtain comparable results with Turi et al., we also
calculated the characteristic values of the hydrogen bonded
network, for both type of hydrogen bond, namely OH‚‚‚O and
CH‚‚‚O. In Table 5, we show these data. It can be seen that in
the liquid formic acid the molecules form a space-filling
network. The same was concluded by Turi et al. MC and Chelli
et al. ab initio MD work.

Comparison of CPMD Results with the Neutron-Diffrac-
tion Data. Several neutron and X-ray diffraction experi-
ments on liquid formic acid can found in the literature.17-21 A
detailed study by Bertagnolli et al.17,18 has shown that formic
acid in the liquid state is a molecule for which the OH group is
rotated by about 50° from the molecular plane. Other results
do not agree with this conclusion.19,21 In these studies H/D
isotopic substitution was applied to obtain three different partial
pair correlation functions (RR, RH, HH, where R is the HCOO
group of the formic acid molecule). The distinct RDF, which
is characteristic for the liquid structure and does not include
the intramolecular contribution, has been calculated from the
partial site-site radial distribution functions according to the
equation

wherebR is the scattering length of theR particle andxR is the
mole fraction of theR particle.

The experimental19 and calculatedG(r) values for different
isotopic compositions are compared in Figure 7. The first peak
on the experimentalG(r) which is at around 1.85 Å can be
assigned to the distance of the O‚‚‚H hydrogen bond. The second
shoulder or small peak at around 2.7-2.8 Å contains contribu-
tion from Oh-O2 but also from C-H2, O2-H2, and H1-H1
because the scattering length of deuterium is in the same
magnitude than that of carbon and oxygen (bD ) 0.667 fm, bC
) 0.664 fm, bO ) 0.583fm). It is shown that all qualitative
features of the experimental curve are well reproduced by the
CPMD and the new classical MD24 calculation.

Dynamical Properties. The self-diffusion coefficient is a
sensitive indicator of the accuracy of the applied model. The
self-diffusion coefficient was estimated from the Einstein
relation, which uses the long time limit of the mean square
displacements of the center of mass of the molecule. The value
predicted from the simulation is about 1.26× 10-5 cm2/s, which
is about 20% higher than the experimental value for pure
HCOOD liquid at 293 K (1.04× 10-5 cm2/s).65 Because the
average displacement over 6 ps is similar in magnitude to the
molecular diameter, this value from the simulation can depend
on the simulation length and size; therefore the good agreement
between theoretical and experimental value has to be considered
fortuitous.47

The vibrational spectra of hydrogen-bonded systems are an
important source of information on the hydrogen bonding. These
spectra can be obtained directly by the Fourier transformation
of the individual atomic velocity autocorrelation functions
without any correction to the drag from the fictitious electron
mass.45 In our case this correction factor depends slightly on
the vibration mode and the correction term is in the range of
1.03-1.06. The computed spectral densities, which are calcu-
lated directly from the Fourier transformation of the velocity
autocorrelation function of formyl and acetic H, are shown in
Figure 8. The OhH1 and CH2 stretching frequencies in the
gaseous state of formic acid molecule are 2537 and 2214 cm-1.

Figure 6. Selected configuration of H-bonded formic acid cluster from
simulation.

Figure 7. The total intermolecular radial distribution function for liquid
formic acid from CPMD and molecular dynamics simulation and
neutron diffraction measurement on different isotopic composition. (a)
DCOOD, (b) D/HCOOD, (c) HCOOD. D/H: the average scattering
length of this site is 0. (Experimental data is from ref 19.)

G(r) )
(2 - δRâ)xRxâbRbbgRâ(r)

(∑
R

xRbR)2
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The corresponding frequencies for the optimized dimers are
found in Table 2. We could not detect any important contribution
around 2400-2600 cm-1 in the spectra. We can conclude that
almost all of the acetic hydrogens are involved in hydrogen
bonds. The maximum height position in the OhH1 spectra is at
about 2180-2190 cm-1 (the corrected value is about 2290-
2300 cm-1). These data correspond to our finding about the
structure of liquid formic acid, which has a branching chainlike
structure. There is some hint in the spectra below 2000 cm-1

(the corrected value is about 2100 cm-1) pointing to strong
hydrogen bonds.

The reorientation process in the system can be described by
the orientational correlation function Cl(t), which is defined in
the following way

wherePl is a Legrende polynomial andθ(t) is the angle through
which a molecular fixed vector rotates in a timet. The OhH1
vector is of particular interest here, since the correlation time
of the second member of the series (τ2) from eq 2 is related to
the spin-lattice relaxation time measured by the NMR experi-
ments. The experimental value forτ2 is between 4.2 and 6.5
ps.65,66 The correspondingC1

OH1(t) andC2
OH1(t) are shown in

Figure 9. Our computed relaxation time of 5.07 ps is in a good
agreement with the experimental value. For comparison, the
classical OPLS simulation of liquid formic acid gives a value
of about 12.5 ps, considerably higher than than the experimental
value.

In addition to the H-bond static properties, we calculated the
survival propability or lifetime of the H-bonds in a similar way
to Rapaport67 and Starr et al.68 In these works the definition
of H-bond lifetime based on the time correlation function
[C(t)]. In these correlation functions the dynamical variable
is 1 if the molecule pair is connected by hydrogen bond and
zero otherwise. The resultingC(t) functions with different
angle criteria are shown in Figure 10. It is clear from this figure
that theC(t) functions decay exponentially at large times (t >

0.2 ps). The H-bond lifetime obtained by this method is about
4.5-5.5 ps. For liquid ethanol, which has similar H-bonded
pattern, the H-bond lifetime using the same method was about
3.5 ps.69,70 For t < 0.2 ps, C(t) decays rapidly due to the
librational motion, and this decay depends largely on the H-bond
criteria.

Summary

We have performed gas-phase DFT and planewave CPMD
calculations on formic acid and formic acid-formate anion
dimers and CPMD simulations on liquid formic acid using a
periodic box of 32 formic acid molecules. We found that for
the stable formic acid and formic acid dimers the two methods
give nearly the same energetic and structural results. We also
showed that the proton transfer in thecis-formic acid-formate
anion system is almost barrierless. We observed a good
agreement with the recent neutron scattering experiment.19

The comparison with experimental dynamical properties for
liquid formic acid also shows a general agreement. Analysis of
the hydrogen-bonded clusters revealed that the liquid phase
consists of short branching chains, where the molecules are
connected by OH‚‚‚O hydrogen bonds. We also observed about
12-14% cyclic dimer in our simulation box. The calculated
hydrogen bonded lifetime is very close to the calculated lifetime
in liquid methanol or ethanol, which have a similar H-bonded
pattern.

Figure 8. The spectral densities of acetic and formic hydrogen of
formic acid calculated from velocity autocorrelation function of these
hydrogens.

Cl(t) ) 〈Pl(cos(Θ(0)))Pl(cos(Θ(t)))〉

Figure 9. Reorientational time correlation function for the O-H bond
direction.

Figure 10. H-bond lifetime autocorrelation function for formic acid
(solid, O‚‚‚H < 2.5 Å and OH‚‚‚O > 130; dotted, O‚‚‚H < 2.5 Å and
OH‚‚‚O > 150).
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Supporting Information Available: Geometry optimiza-
tions for five bimolecular complexes and results. This material
is available free of charge via the Internet at http://pubs.acs.org.
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