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First-principles molecular dynamics has been used to investigate the structural, vibrational, and energetic
properties of formic acid, formic acieformate 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 igigdf@rmic 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 structure of liquid formic acid has already been studied
by molecular dynamics (MD), the Monte Carlo (MC) and
Reverse MC methodd:72*4 According to these studies the
frequently used optimized potentials for liquid simulations

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(OPLS) otential parameter set cannot reproduce the structural
biochemical systems. It largely determines the physical proper- P Hai p ) : P . . .
properties of liquid formic acid. Recently a new five-site pair-

ties of many common condensed-phase systems including water’ . 4 ) "
It represents the strongest force governing the influence of E)ot';e.n.tllalnrg'odel was dgﬁeloaed@f(;rzlg)rmllc a]?'d byhflttlng t? an
solvents on molecular structure and reactivity. Proton transfer a |n|t|9h |rr]ner potentlg surtac I hesu(tjs r(l;mt € simula-
within a hydrogen bond is a fundamental reaction in chemistry, t'(.ms with this new pair potential showed a better agreement
biochemistry, and related fields. Understanding the nature of with the expenm.er']'.tal structure. an('j. thermodynamlc dlata.
the hydrogen-bonding interaction is very important. The first However, the fle>§|b|I|ty and polar_lzabll_lty of the formic acid
step in these processes involves the investigation of small modelmc’leCUIe are not included apd ne-|ther is the many-body effect.
molecules. Water is the prototype for the study of the hydrogen ~ Prompted by these considerations, we have undertaken an
bond, and for this reason, it has received a great deal of attention @b initio” molecular dynamic simulation of liquid formic acid.
from both the theoreticht® and experiment&i’? points of view. It has been already shown that this method can be applied to
Formic acid, the simplest carboxylic acid, is a compound Molecular liquids. Liquid watet;"2” methanok® ammonia?®
of special interest in many respects. This molecule can be hydrogenf_luorldé,odlmethylsulfomdewater mlxturé,lformate
expected to act as a proton donor and acceptor. The donoron hydrationi?and hydration problems of several i8f$® have
characteristic of the formyl hydrogen can appear in unconven- been already studied by this method. During the period of
t|ona| C_H...O_type hydrogen bonds The Comp'ex|ty of the publ|cat|0n Of thIS WOI‘k a Ca‘FPar“ne”O MD (CPMD) S|mu|a‘
hydrogen-bonding pattern is manifested in the condensed phasdion was published? The authors of that work inferred the
structure of formic acid. In the gas phase, formic acid molecules importance of heterocyclic dimer configurations in the liquid
can form Centrosymmetric dimers in which the two molecules State, which dimers are embedded into the H-bonded chain. They
are held together by two equiva|ent hydrogen bo’]ﬁd@cen“y d|d nO'[. show any dynamical results from the ab initio MD
it was showed by Madeja et H.that, in an ultracold helium  Simulation.
nanodroplet, the preferred formation of formic acid dimerisa  Computational Details. The present study was performed
chainlike, acyclic structure and not the cyclic isomer with two by using the ab initio CPMD scheme. The electronic structure
H-bonds. X-ray- and neutron-diffraction studies of crystalline was described by density functional theory. Becke’s (B) gradient
formic acid show that the molecules form a long hydrogen- corrected exchange functiod&and Lee-Yang—Parr's (LYP)
bonded chainlike structufé:*The molecular association inthe  coorelational functiond® were used. It has been already shown
liquid phase has been studied by a wide variety of experimental that the BLYP functional gives a reasonable description of a
and theoretical method8:24 Several infraretP and Ramatf hydrogen-bonded liquid, similar to wat&r:?” The valence
spectroscopic investigations showed the existence of cyclic electronic wave functions are expanded in plane waves with a
dimers and the chainlike polymer structure in the liquid state. 70-Ry cutoff, and the valeneeore interaction was described
The X-ray- and neutron diffraction experiments described the by the Troullier-Martins normconserving pseudopotentiés.

strupturezof liquid formic acid in terms of hydrogen-bonded  For the calculation of the gas-phase molecules and complexes
chains!’~20 in the deuterated form, a cubic supercell was used with a cell
_ length chosen to be large enough to prevent the interaction
bakigchevrvrf]ﬁr:hucorresr)ondence should be addressed. E-mail: phetween the periodic images. The effect of the unit cell length
t Hungarian Academy of Sciences. was checked by expanding the box size to about 10 A. Only a

* University of Zurich. minor variation of the total energy (about 0.1 kJ/mol) was found.
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TABLE 1: Interaction Energies (kcal/mol) of Different Type I, 1.
of Formic Acid Dimer

HT? Il 1 v \% Vil e SORIIRIE " o )
9
BLYP/a 13.90 7.42 4.45 5.90 2.17 On i
BLYP/TM 14.05 7.92 4.55 6.38 1.80 ..o H2 s ey ||| ||| s
v

aa, aug-cc-pVTZ; TM, planewave basis with 70-Ry cutoff energy. 02

The formic acid-formate anion dimers were investigated as an
isolated system in a cubic box using the Martyifaickerman?

V.

method to decouple the system from its periodic images with ol

100-Ry planewave cutoff. w
A liquidlike system was made up of N+ 32 DCOOD )

molecules enclosed in a cubic box at the experimental density
about 1.266 g/cf A classical molecular dynamics simulation
using the newly developed potential model for liquid formic gigyre 1. The five optimized structures of dimers of formic acid. The
acid was used to generate the initial configuration. In the initial numbering follows that according to Turi (ref 52).

configuration the formic acid molecule did not have an exact o _ _ _
planar configuration. The CPM®simulation was run using a XA%LDE' 2: V'béatlonal Frgg]ugnme_s for Inlvsst||gatfed F‘;{”;'C
time step ofAt = 0.144 fs, and the fictious electron magg ( 1§Iandm11§)rs (Data in cm™, Experimental Value from Refs

was 600 au. A continuous trajectory of 7 ps was obtained in

the microcanonical ensemble with the last 6 ps used for the monomer |l I v v
computation of average properties. The temperature was set to v(O—H)

300 K. Recently a series of CP and Bet@ppenheimer (BO) BLYP/a 2590 2220 2%283 22222 2%‘5“2)4 2596

mo!ecular dynamic S|mulat|or.15.\'/vere carrled out forl:ngd water o vprm 2537 2078 2561 2545 2433 2548

to investigate the reproducibility of this methéti?® They 2098 2444 2352

showed that for structural properties size effects are rather small, gxpt 2631 2068

but care is required in the choice of an appropriate electron mass. »(C—H)

It is important in CP simulations to maintain an adiabatic BLYP/a 2199 2152 2541138 254187 zgéo 2227

separation t_)etween electronlc and ionic degrees of freeqlom. In BLYPITM 2914 2994 2180 9990 2208 2240

our case this could be achieved with a mass ratid (M is 2050 2257 2234

the smallest atomic mass of the system}/gfWe did not find Exptl 2231 2210

any energy drift in our simulation, and the conserved energy

fluctuation was about 10% (approxmate_ly 164 au). aug-cc-pVTZ, MP2/aug-cc-pVDZ, CCSD(T)/aug-cc-pVBZF*
Gas-Phase Results. a. Monomeflo verify the accuracy of  for this dimer gave a dimerization energy between 13.4 and

our model, we investigated theis- and trans-formic acid 14.5 kcal/mol. Chelli et al. reported a dimerization energy of

molecules and formate anion structure at different levels of about 18.5 kcal/mol using a similar method as we used in our
theory. The structural data could be found in the Supporting calculations, which is about 30% larger than our re¥ukhe
Information. Our calculations showed a close agreement with geometric and energetic data from optimization using a plane-
the BLYP, MP2, and experimental results and establish the wave basis set are in good agreement with the experimental
validity of the pseudopotentials and density functional employed. and other ab initio calculations. The characteristic frequencies
The energy difference between the two conformers of formic of the OH and CH stretching modes in the dimer can be found
acid is also in good agreement with high level theoretical in Table 2. It can be seen that the OH stretching mode in every
calculations® case has a red shift and that the CH has a small blue shift
b. Formic Acid Dimer. It has already been shown that compared to the monomer. We can find the most significant
density functional theory (DFT) can provide a reasonable red shift of OH stretching frequencies in structure Il (458 én
representation of the dimerization process in the gas phase foit has already been shown that the anharmonicity also causes a
the formic acid centrosymmetric dim&r:>* Turi has studied  significant red shift in OH stretching frequencfésthis is very
the different hydrogen-bonded complexes of formic &id/e clear for the result of dimer VIII, where no OH hydrogen bond
performed geometry optimizations for the five most stable earlier can be found. The origin of the blue shift of the-& frequency
studied bimolecular complexes, and the results are shown inin the C—H-:-O hydrogen bond has already been studfe&®
Supporting Information and Table 1. The optimized minimum- It was shown that both blue-shifted and red-shifted hydrogen
energy structures are shown in Figure 1. In this case we usebonds are governed by the same interaction. These data can be

the same notation as in the Turi pap&The cyclic dimer interpreted by the increased electron density (ED) on the OH
is denoted by II. lll corresponds to an H-bonded complex that antibonding orbital and the decreased electron density on CH
can be found in crystal state. From Table 2it becomes evidentantibonding orbital.

that the G-H and C=0O bonds in structure Il and Il are The double proton transfer in the centrosymmetric dimer has
significantly elongated, while €0 bonds are shortened. already been studied by high-level quantum chemical calcula-
I, 1Iv, V, and VIl also contain C-H:--O-type interac- tions and CP simulations as wélf;%3

tions. Structure VIl can be characterized by two equivalent  c. Formic Acid—Formate Anion Dimer. The proton transfer
C—H---O-type interactions. All optimized structures were close is one of the simplest and most fundamental steps in many
to the planar configuration, even if the starting structures were chemical and biological reactions. This transfer through hydro-
nonplanar. The experimental dimerization energy of centro- gen bonding is an important mechanism by which many
symmetric dimer (II) from NMR experiment was about 13.2 chemical and biological processes are carried out. These
kcal/mol3556 Other high-level ab initio calculations (B3LYP/  processes have already been studied incikdéormic acid-
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TABLE 3: Characteristic Properties of Formic A. B.
Acid—Formate Anion System (Distance in Angstroms,

Energy in kcal/mol)
transFormic Acid—Formate Anion :
BLYP/a 10G, © }‘H

OCO 129.4 128.77 (128.9)
O-++H 1.23 1.33(1.298)
C—0On 1.3018,1.23 1.299, 1.242
C=02 1.30, 1.23 1.31,1.236
81_(? %ig %}é (éig?) Figure 2. The optimized structure of formic acidormate anion dimer
_AE 26.9 23.2 (2'4_5) (aﬁ,iotr:?nsformic acid-formate anion; B,cis-formic acid-formate
cis-Formic Acid—Formate Anion
1.6 -

BLYP/a BLYP/TM <
OCO 128.4 123.86, 128.4 Y
O-+-H 1.47 1.482 2
C—0n 1.321,1.231 1.332,1.251 -
C=02 1.249, 1.286 1.2308, 1.288 S
Or—H 1.07 1.062
O---0 2.53 2.54
—AE 33.41 31.01

formate anion system using three different theoretical methods_77 50¢ 5 [ — ohz-H

(MP2, BLYP, and B3LYP) with a medium-sized basis &&t*

The results show that the DFT method describes correctly the " 228 ]
energetic and geometric behavior of this type of systems. The 77 230
total energy varies in a very narrow range, suggesting a very

small energy barrier for the proton transfer. In our calculation 77 232 ]

we investigated theis-formic acid-formate anion andrans 77034 DFT energy

formic acid—formate anion system using DFT/BLYP method . . , T : T , . , T
with a larger basis set (aug-cc-pVTZ) and planewave basis set 0 5000 10000 15000 20000 25000
with 100 Ry. The calculated energetic and geometric results timestep

for both studied systems can be found in Table 3, and the Figure 3. Change of total energy andy@H and 02--H distances
structures of these systems are shown in Figure 2. during the proton transfer inis-formic acid-formate anion dimer.

trans-Formic acid has a higher binding energy to the formate
anion than the cis conformer according to both calculations (33.4 alcoholic hydrogen) at 1.7 A. Integration of this peak, up to
and 31.0 kcal/mol respectively). The two methods give very the first minima at 2.45 A, results in a coordination number of
similar results, but the interaction energy in both complexes is 0.92. This value is in good agreement with the coordination
higher using localized basis sets. According to these results,number from classical simulation, however the peak position
both complexes have a very short hydrogen bond. The stability shifts by about 0.05 A to a smaller distance. The-B1 peak
of the system, calculated using a planewave basis set, wadss smaller, and the coordination number of this peak is also
investigated using an ab initio molecular dynamics method at smaller than the classical simulation, so the-®l1-:-Oy-like
100 K. Thetransformic acid-formate anion system was found hydrogen bonds are very rare in the investigated system. The
as a stable configuration. The potential energy and thetD) doznAr) (H2, formic hydrogen) function exhibits a distinct peak
and O2-H (O, alcoholic oxygen; O2, carboxylic oxygen) at2.57 A, and the coordination number is 1.6 if the integration
distances as a function of time is shown in Figure 3 for the is carried out up to 3.5 A. The position of this peak is also
cisformic acid-formate anion case. This corresponds to the comparable with the H2-:O2 distance of €H2---O hydrogen
process of proton transfer from the formic acid molecule to bonds in crystalline formic acid.
formate anion. It can be seen from Figure 3 that the proton does The CC, CO1, and CO2 patrtial pair correlation functions are
not have any potential barrier along the reaction path. in good agreement with the previous MC and RMC resthis.
Partial Pair Correlation Function for Liquid Phase. The integration numbers of these partial pair correlation
According to our calculations, the intramolecular geometry of functions up to the first minimum are 12.4, 12.0, and 11.8,
formic acid molecule in the liquid phase is similar to the gas- respectively. The radial distribution functions calculated from
phase geometry. The CO2 and OH bond elongated by aboutour simulation look very similar to those presented in earlier
0.02 A, and the C@bond shortened by about 0.01 A. All of  ab initio MD work3®
the molecules in our simulation box were nearly in planar  Geometry of Hydrogen Bonds A plot of the hydrogen-bond
configuration during the simulation, which is in good agreement angular distribution of the ©H—0O and C-H---O angles is
with our previously published neutron diffraction restftsut given in Figure 5. The @-H1-02 and C-H2—-02 cosine
did not support the results of Bertagnolli et'&The partial angle distributions have an average value of 152.8 and 124.7
pair correlation functions calculated from the CPMD simulation respectively. Clearly the most favored arrangement of the two
are presented in Figure 4. Results of an analysis of the classicahydrogen bonded molecules in thgH1O2 case corresponds
MC simulatior?? are also shown in comparison. The charac- to a linear hydrogen bond. This behavior cannot be seen on the
teristic value of the partial radial distribution functions are found CH202 cosine angle distribution, as the bonds deviate much
in Table 4. more from the linear hydrogen bond than thgHQO2 bond.
The existence of the hydrogen-bonding nature of this liquid The integration of the distribution functions indicates thas
is clearly indicated by the very well defined peakgebni (H1, larger than 130in 90% of the hydrogen bonds. The corre-
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Figure 4. Set of site-site radial distribution functions for formic acid

r(A)

r(A)

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 Acid?
I'max g(rmax) I'min g(rmin) N(rmax) N(rmin)
CcC 4.32 2.01 5.7 0.69 4.7 12.4
CcO2 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
0202 3.42 1.85 5.02 0.81 1.36 7.60
0201 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
OnHo 1.92 0.18 2.37 0.11 0.01 0.1

@ Imax Peak positiong(rmay, peak heightymin, Minimum position;
N(rmin), coordination number; distances are in angstroms.

sponding value for the €H2---O2 interaction is 45%. We also
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Figure 5. Cosine distribution of three hydrogen bond angles charac-
terizing the geometry of hydrogen bonds;H>-O, (solid line) and
CH---O; (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 Definition2

O.b fo fl 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
Nhp 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
ol fo f1 f2 f3 f4 Nhb n Ng
130 0.409 0451 0.12 0.023 0.015 0.77 163 2381

(ld fo F1 f2 f3 f4 Nhp n ng
130 0.008 0.098 0.442 0.354 0.087 2.43 28.71 29.05

af,, fraction of the molecule having exacttyhydrogen bondsp,

average hydrogen bond number;average cluster sizey, average
gel cluster sizen., average cyclic structure sizey, average cluster
number;my, average gel cluster number, average cyclic structure
number.? Hydrogen-bond definition: O2Ho, On—Ho < 2.5 A and
OHO > a. ¢ Hydrogen-bond definition: €H2:--O < 2.5 A and CHO
> a. 4 Hydrogen-bond definition: O2Ho, Oh—Ho < 2.5 A and OHO
> o and G-H2:+:O < 2.5 A and CHO> «.

hydrogen bonds in liquid formic acid. According to this
definition an intermolecular hydrogen bond exists between two
molecules if the HEO2 or H1-0Oy, distance is smaller than

2.5 A and the G-H—0 angle is smaller than an arbitragy
value. These two constraints were chosen to guarantee that the

calculated the cosine distribution of another angle character-analyzed pairs were truly hydrogen bonded. The specific
izing the hydrogen bonds, namely, the angle between the distance was based on the first minimum on theHDradial
O—H or C—H and the OCO plane of acceptor molecule (Figure distribution function. Table 6 summarizes the calculated statisti-
5). These distributions characterize the planarity of the hydro- cal properties at three different valuesgf In this tablef; is

gen bond. It is apparent from the cosine distribution that the the fraction of molecules having exactiyhydrogen-bonded

planarity is fulfiled 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 Geig&which
was originally applied to liquid water. In this treatment a cluster are denoted byyy. The number of different type of clusters
is defined as a group of molecules among which any two are (cluster, gel cluster) are calledl and My respectively. We
connected to each other by a chain of hydrogen bonds. A denoted a cluster as cyclic if we start from one of the molecules
geometric criterion similar to that considered in the classical of the cluster and going along intact hydrogen bonds we go
molecular dynamics study was used for the definition of the back to the same molecule.

neighbors,ny, is the average number of hydrogen bonds in
which a molecule participates. The size of a clusteaimply
defines the number of molecules belonging to it. The clusters
containing more than one molecule are called gel cluster and
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Figure 6. Selected configuration of H-bonded formic acid cluster from 0 # +F
simulation. ki

2 4 6 (A
The average cluster or gel cluster size is still below 10 when ) o A ) .
the hydrogen bonds are defined with the most permissive Figure 7. The total intermolecular radial distribution function for liquid

definition (@ = 100%). The average cyclic cluster size is about formic acid from CPMD and molecular dynamics simulation and
Pec = : ge cy neutron diffraction measurement on different isotopic composition. (a)

_3. According_ to our Calculati_on th(_e fr_action of molec_ule DCOOD, (b) D/HCOOD, (c) HCOOD. D/H: the average scattering
incorporated in centrosymmetric cyclic dimer structure (dimer length of this site is 0. (Experimental data is from ref 19.)

II) was about 12-14% of the total number of formic acid

molecules in the simulation box. This value is about 10% smaller whereb, is the scattering length of the particle andx, is the

than the value reported by Chelli et3lin earlier ab initio MD mole fraction of thea particle.

work. This difference can be exp_lain_ed by the (_jifference ofthe  The experimenta? and calculateds(r) values for different

strengths of the hydrogen bonds in dimer II, which was reported jsotopic compositions are compared in Figure 7. The first peak

to be about 30% stronger in the earlier ab initio MD work. A 5 the experimentaG(r) which is at around 1.85 A can be

more reasonable limiting angle{ = 130°), which is the same  4ssigned to the distance of the-® hydrogen bond. The second

as was applied in the earlier MC calculation, shows that the spoyider or small peak at around 22.8 A contains contribu-

chain often has branch points. With this definition about 15% tjon from Q,—02 but also from &H2, 02-H2, and HEH1

of the molecules are in a branched position participating in at pecause the scattering length of deuterium is in the same

least three hydrogen bonds. A few examples of the various typesmagnitude than that of carbon and oxygep € 0.667 fm, I

of molecular clusters found in the configurations obtained from — g gg4 fm, I, = 0.583fm). It is shown that all qualitative

the simulations are shown in Figure 6. features of the experimental curve are well reproduced by the
To obtain comparable results with Turi et al.,, we also CPMD and the new classical MBcalculation.

calculated the characteristic values of the hydrogen bonded pynamical Properties. The self-diffusion coefficient is a

network, for both type of hydrogen bond, namely ®® and gensitive indicator of the accuracy of the applied model. The
CH-+-O. In Table 5, we show these data. It can be seen that in geyf_giffusion coefficient was estimated from the Einstein

the liquid formic acid the molecules form a space-filling ~rgation, which uses the long time limit of the mean square
network. The same was concluded by Turi etal. MC and Chelli gispjacements of the center of mass of the molecule. The value

et al. ab initio MD work. predicted from the simulation is about 1.2610°5 cm?/s, which

~ Comparison of CPMD Results with the Neutron-Diffrac- s about 20% higher than the experimental value for pure
tion Data. Several neutron and X-ray diffraction experi- HcooOD liquid at 293 K (1.04x 1075 cn?/s) 85 Because the
ments on liquid formic acid can found in the literatdfe* A average displacement over 6 ps is similar in magnitude to the

detailed study by Bertagnolli et &l:® has shown that formic  molecular diameter, this value from the simulation can depend
acid in the liquid state is a molecule for which the OH group is on the simulation length and size; therefore the good agreement

rotated by about S0from the molecular plane. Other results  petween theoretical and experimental value has to be considered
do not agree with this conclusidf?! In these studies H/D  fortuitous4?

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

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*® 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-

(2 = 0,8)%:Xsbs 0,9 5(r) lated directly from the Fourier transformation of the velocity

G(r) = autocorrelation function of formyl and acetic H, are shown in
(mebu)2 Figure 8. The @H1 and CH2 stretching frequencies in the

o gaseous state of formic acid molecule are 2537 and 2214.cm
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Figure 8. The spectral densities of acetic and formic hydrogen of 0.85 1
formic acid calculated from velocity autocorrelation function of these

0.80

hydrogens.

The corresponding frequencies for the optimized dimers are 0.75 4

found in Table 2. We could not detect any important contribution :

around 2406-2600 cntt in the spectra. We can conclude that 0.70

almost all of the acetic hydrogens are involved in hydrogen 1

bonds. The maximum height position in thgHl spectra is at 0.65 —— 77T
about 2186-2190 cnt? (the corrected value is about 2290 0 200 400 600 800 1000
2300 cn1l). These data correspond to our finding about the time(fs)

structure of liquid formic acid, which has a branching chainlike Figure 10. H-bond lifetime autocorrelation function for formic acid
structure. There is some hint in the spectra below 2000'cm  (solid, O+-H < 2.5 A and OH-+-O > 130; dotted, ®H < 2.5 A and
(the corrected value is about 2100 ch pointing to strong OH:---O > 150).
hydrogen bonds.

The reorientation process in the system can be described by0.2 ps). The H-bond lifetime obtained by this method is about
the orientational correlation function(@, which is defined in 4.5-5.5 ps. For liquid ethanol, which has similar H-bonded

the following way pattern, the H-bond lifetime using the same method was about

3.5 ps®®7@ Fort < 0.2 ps,C(t) decays rapidly due to the
Ci(t) = [P,(cos@(0)))P,(cos@(t)))T librational motion, and this decay depends largely on the H-bond

criteria.

whereP, is a Legrende polynomial ari{t) is the angle through

which a molecular fixed vector rotates in a timerhe GQH1 Summary

vector is of particular interest here, since the correlation time

of the second member of the series) from eq 2 is related to We have performed gas-phase DFT and planewave CPMD

the spin-lattice relaxation time measured by the NMR experi- calculations on formic acid and formic aeifbrmate anion

ments. The experimental value fos is between 4.2 and 6.5 dimers and CPMD simulations on liquid formic acid using a
ps6566 The corresponding,©H(t) and C;OHY(t) are shown in periodic box of 32 formic acid molecules. We found that for

Figure 9. Our computed relaxation time of 5.07 ps is in a good the stable formic acid and formic acid dimers the two methods
agreement with the experimental value. For comparison, the give nearly the same energetic and structural results. We also
classical OPLS simulation of liquid formic acid gives a value showed that the proton transfer in this-formic acid-formate
of about 12.5 ps, considerably higher than than the experimentalanion system is almost barrierless. We observed a good
value. agreement with the recent neutron scattering experidfent.
In addition to the H-bond static properties, we calculated the The comparison with experimental dynamical properties for
survival propability or lifetime of the H-bonds in a similar way  liquid formic acid also shows a general agreement. Analysis of
to Rapapof’ and Starr et a8 In these works the definition  the hydrogen-bonded clusters revealed that the liquid phase
of H-bond lifetime based on the time correlation function consists of short branching chains, where the molecules are
[C(®)]. In these correlation functions the dynamical variable connected by OH-O hydrogen bonds. We also observed about
is 1 if the molecule pair is connected by hydrogen bond and 12—14% cyclic dimer in our simulation box. The calculated
zero otherwise. The resultin@(t) functions with different hydrogen bonded lifetime is very close to the calculated lifetime
angle criteria are shown in Figure 10. It is clear from this figure in liquid methanol or ethanol, which have a similar H-bonded
that theC(t) functions decay exponentially at large timés>( pattern.
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