J. Phys. Chem. B000,104, 82878294 8287

A Comprehensive Liquid Simulation Study of Neat Formic Acid

Peaer Minary,T Pal Jedlovszky#$ Mihaly Mezei,* and Laszlo Turi* -t

Department of Physical Chemistry, &0s Lorand University, Budapest 112, P.O.Box 32, Hungary, H-1518,
and Department of Physiology and Biophysics, Mount Sinai School of Medicine, New York, New York 10029

Receied: January 14, 2000; In Final Form: June 21, 2000

An extensive liquid simulation study combining Monte Carlo and molecular dynamics techniques was
performed for liquid formic acid. We investigated thermodynamic, dynamic, and spectroscopic properties of
the liquid. The examination of several dynamic properties leads to a detailed picture of the molecular
contributions to the macroscopic properties of the liquid phase. Although the present model overestimates
the diffusion constant by about 25%, the calculated spectral densities for the translational and rotational modes
of the solvent in combination with ab initio calculated harmonic frequencies provide a valuable tool in the
qualitative assignment of several important features of the low-frequency liquid phase Raman spectrum. The
relaxation time scales also give reasonably good agreement with dielectric relaxation and NMR measurements.
Hydrogen-bonding dynamics provide interesting additional information on the dynamical time scales. The
average lifetime of the strongest types of hydrogen bonds is less than 0.5 ps. The relative population of the
dimers withtwo hydrogen bonds undergoes a significant change relative to the gas phase population, the
weight of the less stable dimers increasing substantially. Approximately 1% of the molecules participate in
hydrogen-bonding patterns which dominate the crystalline phase of the formic acid. As an extension of the
present work for the liquid phase, we have also performed calculations for the~apod equilibrium
coexistence curve predicting the critical temperature with 5% error. The application of the thermodynamic
integration method results in thermodynamic excess quantities as the excess free energy, entropy, and chemical
potential.

Introduction properties, such as thermodynamic, dynamic, and electric
properties, also reflect the hydrogen-bonding structure and the
dynamics of the liquid phase. Many of these properties have
been measured on numerous occasions in the’pHsRepro-

ducing these properties constitutes an important test for the

Understanding the nature of the hydrogen-bonding interac-
tions is a challenge of central importance in wide areas of
theoretical and experimental chemistry. The first step in this
process involves investigations of small, model molecules. N . e
Formic acid, as the simplest carboxylic acid, can be consideredappllcabIIIty of any theoretical approach for the description of

such a molecule. Besides its simplicity, formic acid possessesthe condensed phases o‘_c formic acid. ] ] )
many interesting properties. Regarding the intermolecular To explore the connection between the microscopic (atomic)

interactions, the formic acid molecule with its two oxygen atoms €vel and the macroscopically observable quantities, one clearly
has two hydrogen bond acceptor sites, while the hydroxyl N€€ds a molecular description of the investigated system.
hydrogen and the formyl hydrogen provide two hydrogen bond Theoretically, liquid simulation techniques furnish the most
donor possibilities. The donor characteristics of the formyl Viable route to gaining insight into the molecular details
hydrogen can appear in unconventionall@--O type hydrogen ~ underlying the structure, the dynamic and other physico-
bondst The rich hydrogen-bonding potential leads to a complex chemical properties of the liquid phase. Despite the broad
dimer potential energy surface with a variety of stable hydrogen- literature of the computer simulation methodoldgshe number
bonded dimerd. The complexity of the hydrogen-bonding ©f Simulation studies on pure liquid formic acid is surprisingly
patterns is manifest in the condensed phase structures of formidimited.*~*¢ The purpose of the present paper is to fill this gap
acid. While formic acid forms a well-known cyclic dimer in ~and perform a detailed simulation study of neat liquid formic
the gas phasg,infinite hydrogen-bonding chains with one acid. This work represents the final part of a series of
O—H---O and one G-H---O bonds between the monomeric Nvestigations beginning with an ab initio study for exploring
units dominate the crystalline phasghe structure of the liquid ~ the formic acid dimer potential surface in which seven stable
formic acid is, however, still the subject of intense investigations, Minima were locatedNext, a new five-site pair potential was
The most powerful experimental methods for the structural developed for formic acid by a numerical parameter fitting
problem, the X-ray and neutron scattering techniques, predict Procedure to the ab initio dimer potentidh Monte Carlo (MC)

the presence of open-chain structutés series of important ~ Simulation study followed, examining the thermodynamic and
structural properties of the liquid phak&The performance of
* Corresponding author. E-mail: turi@para.chem.elte.hu. Fax: (36)-1- the new pair potential is satisfactory; the computed structural
209-0602. o and thermodynamic attributes nicely reproduced the correspond-
¢,\E,|%tﬁ?,f 'S-ﬁ]riggh’g‘éfff'%edicme ing experimental results. Furthermore, the population of the
sOn leave from Central Research Institute for Chemistry of the CYCIiC, Condimer with two O-H---O hydrogen bonds has been

Hungarian Academy of Sciences, Budapest, Hungary. found relatively small in the neat liquid. As another important
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TABLE 1: Optimized Lennard-Jones Parameters and

We also note that extensions of the simple electrostatic plus
Charges for the cis-Formic Acid Monomer

Lennard-Jones type potentials are also available in the literature.

i qi (e) gi (A) ei (kd/mol) Explicit inclusion of many-body effects is possible via the
c 0.44469 3.727 0.376 application of molecular polarizabilities as illustrated recently
(c=)o —0.43236 2.674 1.214 on the examples of acetone, formaldehyde, and formic%cid.
(C-)O —0.55296 3.180 0.392 Other types of modifications of the simple van der Waals and
(CH 0.10732 0.800 0.020 charge interaction potential for formic acid were also proposed
(6-H 0.43331 0.994 0.100 by incorporating charge fluxes and atomic dipoles in the

electrostatic mode® In many cases carefully optimized all-
site effective pair potentials can be sufficient. Since our earlier
developed pairwise, additive, effective potential successfully
) ) ] v reproduces both thermodynamic and structural properties of the
branching oligomers mainly with ©H---O bonds. The smaller iquid phase, we think that the model is a reliable and economic
clusters are connected to each other by weaketH€-O choice for the present purposes. Nevertheless, one always has
interactions, thus forming a space-filling network of hydrogen {5 pe aware of the limitations of the two-body approach. This
bonds!® point will be also emphasized in the following discussion.

In the present work we consider various further aspects of
neat liquid formic acid with emphasis on the dynamic properties Results and Discussion
as computed from molecular dynamics (MD). We first attempt
to qualitatively assign the low-frequency translational and ~ Molecular Dynamics Simulations. Dynamic and Spectro-
rotational spectra of liquid formic acid. Microscopic details of Scopic PropertiesMolecular dynamics simulations were per-
the relaxation phenomena in solvation processes and NMRformed on the microcanonical ensemble with 500 formic acid
spectroscopy are also taken under inspection. The MD meth- molecules in a cubic simulation box. We applled the quaternion
Od0|ogy makes it possib|e for us to examine the hydrogen_ procedure to ensure the |'|g|d|ty of the individual molecules in
bonding dynamics. Consequences and possible implications ofour MD schemé® The classical equations of motion were
the hydrogen bond dynamics for the gas and solid phases ardntegrated by the Verlet algorittifusing a 1 fstime step. After
considered. We also extend our investigations from the pure an initial 20 ps equilibration period, we carried out a 50 ps long
liquid phase toward vapetiquid equilibrium by calculating ~ Preequilibrium run followed by a 150 ps long equilibrium
excess free energies and critical constants (temperature, densityfrajectory. The average temperature during the equilibrium run
The computed thermodynamic quantities can further verify the Was 301.5 K.
applicability of the applied model. The first dynamic property we focus on is the self-diffusion
constant. Two schemes are employed to calculaten the
literature!® The Einstein relation makes use of the long-time
limit of the mean-square displacement of the sites of the

Classical liquid simulations have been performed on pure molecules. This approximation predicts 1.4610°° cné/s,
formic acid in the present work. We mention at the outset that about 40% higher than the experimental 1:04.0°° cn¥/s1?
although the techniques for treating liquid dynamics on ab initio The self-diffusion coefficient may also be calculated from the
principles have been available for more than 15 yéathe integral of the velocity autocorrelation function of the center-
size of the present system still requires the classical simulation of-mass of the individual molecules. The velocity autocorrelation
methodology. Our simulations include microcanonical ensemble function is shown in Figure 1. We found that theegral of
molecular dynamics simulations, canonical ensemble MC the autocorrelation function as a function of time (not shown)
simulations, and the application of the Gibbs ensemble Monte exhibits strong fluctuations after a very fast increase (in the first
Carlo metho@ with cavity biased particle insertio®. The 200 fs) and a more or less monotonic decrease up to 10 ps.
computational details will be given directly before the sections After 10 ps the integral function appears to contain significant
outlining the actual results. In this part of the paper we collect contribution from statistical noise. An exponential fit to the
the common features of the simulation techniques employed. decreasing part of the integral function up to 10 ps results in

In the simulations we applied the cubic simulation box and 1.30 x 10~ cn¥/s in the long-time limit for the self-diffusion
standard periodic boundary conditions with the minimum image constant with somewhat better agreement with the experimental
convention. For describing the interactions between the formic value than that obtained from the Einstein relation.
acid molecules we employed the five-site potential developed The velocity autocorrelation functions are intimately con-
earlier!” The potential consists of the sum of electrostatic and nected to the various modes of molecular motions. More
Lennard-Jones type interactions. At this point we find it precisely, the Fourier transforms of the center-of-mass velocity
necessary to note that due to an unfortunate mistake theautocorrelation function and of the angular velocity autocorre-
parameters of the potential in the original papers appearedlation functions around the three principal axes provide the

result, the role of €H---O interactions has been illustrated in
the liquid phase. The liquid structure is described as a two-
level hydrogen-bonding network consisting of small, often

Methods

incorrectly. The numbers are corrected in subsequent Effef,

spectral densities for the hindered translational and rotational

and are also listed here in Table 1. The long-range part of the motions, respectively. The computed spectral densities for the

electrostatic interaction has been treated by the Ewald m&thod
in the MD calculations and by the reaction field correction
method? in the MC simulations. The geometry of the rigid
formic acid molecules is taken from ref 17. We note that
similarly to earlier works,/1® we considered only the cis
conformer of formic acid being 2625 kJ/mol more stable in
free energy at 298.15 K than thans-formic acid?22The high
energy barrier of approximately 60 kJ/mol also prevents the
cis—trans interconversiof?

translational motions are shown in Figure 1 with a peak in the
spectrum at 50 crt and a pronounced shoulder at around 200
cm~L. To understand the origin of the two bands deeper, we
separated the center-of-mass velocity into two contributions, one
in the molecular planexy plane), the other perpendicular to
the same planez(direction). The Fourier transforms of the
corresponding components clearly indicate (see Figure 1) that
the higher wavenumber shoulder originates predominantly from
the in-plane motions, while both components contribute sig-
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] ) ) ) ) Figure 2. Rotational velocity autocorrelation functions (upper) and
Figure 1. Translational velocity autocorrelation functions (upper) and  the corresponding spectral densities (lower) for liquid formic acid. The
the corresponding spectral densities (lower) for liquid formic acid. jnset shows the orientation and the three principal axes of the formic
Spectral densities in arbitrary units. Solid line: total autocorrelation acid molecule. Spectral densities in arbitrary units. Solid line: rotation

function and spectral density; dashed lines: the component perpen-around thex axis; dotted line: rotation around tlyeaxis; dashed line:
dicular to the molecular plane; dotted lines: the planar component. rotation around the axis.
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nificantly to the less hindered peak at 50 ¢mFigure 2 shows T@Ehﬁﬁ}ﬁ%ﬁ%’g}g ?L('nﬁr\n;ﬁné?dv\l/b”r? g?r,lj‘,',g,"ﬁe_%‘i%‘(ﬂ)e S

the three angular velocity autocorrelation functions and the Level222 (Experimental Frequencies Are in Parentheses)
corresponding rotational spectral densities. The calculation of

the rotational spectral densities is based on the treatment of vibrations I i Vil Vil
Heinzinger et al. on the spectroscopic properties of substituted V1 72 (68) A, 63 22 36
water?8 Librations around thex andy axes (in the principal Z; 132 8282 ﬁ% % gi
axis coordinate system) are quasidegenerate with maxima Va 206 (190) A 148 77 103
located at 200 cmt, while the peak of the in-plane libration vs 270 (230) B 196 79 108
(around thez axis) shifts toward lower wavenumbers (ap- Ve 265 (248) B 208 87 110
proximately 100 cm?). aReference 29 and references therein.

To facilitate the discussion of the spectra of liquid formic
acid, we collected the harmonic intermolecular vibrational shoulder in the translational spectrum. The out-of-plane rotation
frequencies for four different minima of the formic acid dimer around they axis (vs), the in-plane antisymmetric stretchg)
potential surface calculated at MP2/6-31G(d) level and the gasfor I, and the in-plane libration dil (ve) also contribute in
phase experimental frequencies of the most stable diingn the same region, although at slightly higher frequencies. These
Table 2 (for the numbering of the dimers see Figur@23y° frequencies correlate qualitatively with the rotational spectral
Although the experimentally observed Raman bands can bedensities for they and z axes; the former function has its
attributed to the coalescence of the manifold of peaks arising maximum around 200 cnt and the latter has also significant
from various highly collective and anharmonic molecular modes, contribution here (see Figure 2). On the other hand, we have
comparison of the gas phase dimer intermolecular frequenciesnot been able to identify such dimer intermolecular modes which
to the calculated spectral densities and the experimental spectruntould be responsible for the rotational band aroundxthgis.
turns out to be illustrative. First of all, it is noticeable that weakly This finding might imply that, in addition to the dimer
hydrogen-bonded dimers (for examp\d] andVIll ) do not intermolecular modes examined above, additional, relatively stiff
possess bands at the higher wavenumber region of 200.cm intermolecular modes should be present in the liquid phase. A
This important feature of the density spectra can be correlatedmore quantitative assignment is obviously hampered by the
reasonably with the normal modes of the two most stable dimers, harmonic approximations involved in the calculations, the lack
Il andlll . Most characteristically, the in-plane symmetric stretch of order of the liquid state, and the statistical distributions of
of the hydrogen-bonding system df (vs) appears as a the intermolecular interactions. Since the simulated spectra are
translational mode and is likely responsible for the 2000Em  very sensitive to the shape of the potential energy surface, the
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Figure 4. First two members of th€(t) series of the autocorrelation

functions of the Legendre polynomials for the dipole directiGa(t))

and for the G-H bond direction Cx(t)).

In eq 10(t) is the angle of the rotation of a molecule-fixed
vector. The first two members of the seriés< 1, 2) can be
easily related to the experimentally measured relaxation time
scales of the liquids. Figure 4 shouzi(t) and Cy(t) for the
molecular dipole and OH bond direction, respectively. Since
Cy(t) is proportional to the dipole autocorrelation function,
single-molecule correlation time) can be deduced from the
Debye-like long-time exponential decay of this correlation
function3? The fitted decay time turns out to be 6 ps, while the
integral correlation time becomes about 5 ps. The direct
comparison of the calculated single-particle correlation time and
the experimentally obtainable macroscopic dielectric relaxation
time (zp) is quite a difficult issue even in the case of a simple
exponential deca$? The Cole-Cole plots for liquid formic
acid“ reveal, however, that there exist at least two dielectric
decay domains with 2.08 and 40 GHz critical frequencies at
298 K, corresponding to macroscopic relaxation times of 74
and 4 ps, respectively. For the simplest comparison, one can
utilize the following relation of Powles for the macroscopic and

the microscopic relaxation times of tlidgn exponential decay:
33

Tpi €,

T_l.i - 2¢; t+ €q) @

Taking the corresponding experimental data (the frequency

use of an effective pairwise potential presents another seriousdependent dielectric constants and the relaxation time) for the
obstacle to a more precise comparison. Experimentally, the widesecond domaift: we can approximate the “experimental” single-
distribution of interactions manifests in broad spectral bands. particle correlation time as 3.1 ps in modest agreement with

Accordingly, an earlier Raman spectroscopic wéibserved

the simulated data (note that we observe only the faster

two broad low-frequency bands centered approximately at 80 relaxation from our molecular dynamics simulations).

and 200 cm!. A very recent Raman spectroscopic sttidy
performed in the 8864000 cnt! range finds one broad band in
the low-frequency regime at around 200 ©mDespite the

Beyond its significance in neat liquids, the dipole autocor-
relation function has a prominent role in the theory of solvation
dynamics of monatomic solutes which undergo step-function

present approximations (use of an effective pairwise potential change in the charge. The functi¢€(t)}* can successfully
and the harmonic approximation) we can conclude that the reproduce the autocorrelation function of the equilibrium
general features of the calculated spectral densities agreefluctuations of the solvation enerd§Swhich, in turn, coincides
reasonably well with the experimental liquid state Raman in the linear response approximation with the nonequilibrium

spectrum.

response function of the solvation energy during the solvation

The velocity autocorrelation functions are closely related to process. The translation factor between individual rotational
the relaxation phenomena of the liquids through the molecular motions and solvation responsg,is basically equivalent with
level reorientational motions. In general, the reorientational the dipole density multiplied by a screening by the solvent
motions are characterized in terms of the autocorrelation polarity3®
functions of the Legendre polynomiais3!

C(t) = [P,(cos6(0)) P,(cos6(t))O

@)

2 -1
{53 o
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wherep is the number density of the solvenpt,is the dipole 00 T
moment, and is the static dielectric constant. In general, large
a implies that the solvation energy may relax significantly for
a slight molecular rotation in the liquid, while the dipole

autocorrelation function is only hardly influenced. The resulting |
o. = 24 value for neat formic acid is similar to those for water 50
and acetonitrileq = 19 and 20, respectively},and significantly - NN
higher than for methanolk(= 8).3* The factora also relates 20r

single-particle motions with the solvation response by providing ) L O\M® w1481 ’
the connection between the free rotational motion of the solvent N O'.H® =128fs

molecules and the solvation frequenay?(= olbil), the a0l *g‘::z T

solvation frequency «fs) defined as the curvature of the L

equilibrium response function da= 0. The free rotational -35 : L . .

. . . 0 100 200 300 400
frequency for the formic acid molecule can be approximated tfs

ii)?/;)hfo?\{ﬁgaf(?;\r?(; ;h:Xferge(srg;a:;?;?’:];gqilr':eggﬁf;z(k%? the Figur_e 5. Decay funct'ions_, fqr the fo_ur dif_ferent types of hydrogen-
: ) . - bonding interactions in liquid formic acid. The inset shows the

molecular orientation and note thaapproximately coincides  nymbering of the atoms of the formic acid molecule.
with the dipole direction). These simple relations result in an
estimate ofw; = 2.3 ps? for the average free rotational In the first step, we calculate the fraction of the hydrogen
frequency andvs = 11.3 ps! for the solvation frequency. The  bonds H(t)) that remain unbroken after a timemploying the
inertial regime of the (linear) solvation response of liquid formic method applied for methanol clusters by Haughney .ét @he
acid has, thus, qualitatively similar frequency as for acetonitrile procedure involves counting the number of bonNg& ) that
(ws = 14.0 psY), but is much slower than for waten{ = 100 break precisely after theth time step:
ps1).35 The similara. andws values indicate that the equilibrium
response function for the solvation of a monatomic solute in > >
formic acid can be expected to have similar behavior to that in H(t,) = Z N(t+1)/ ) N(t,) ®)
acetonitrile. n=m "=

The_correlation time of the second rr_lem_ber of the seri_es from The mean lifetime of the hydrogen bond can then be defined
eq 1 is closely related to the longitudinal or spiattice as follows:
relaxation time ) obtainable from NMR measurements. The
assumption of isotropic rotation in the “extreme narrowing” limit © At
leads to a linear relation between the spliattice relaxation =% —[H(t,) + H(t,; )] (6)
rate and the molecular reorientational correlation tirgé?36.37 =0 2

InH()

As the initial condition we know that(0) = 1 andAt is the
time step of the simulation. Following the lines of our previous
work 21718 we can distinguish four types of H-bonds, two
The proportionality constant in eq 4 contains the square of different O—H-:-O and two G-H-+-O interactions. The defini-
the quadrupole coupling constant for the deuter®n,The tion of these hydrogen bonds requires tgn...o andrcyn---o
experimentally measured relaxation rateTgl/determined by distances be shorter than 2.5 A and the n...o andac_n...0
Kratochwill and Hert#? for deuterated formic acid (HCOOD) angles be larger than 130We found that an average formic
is 4 s'1. They assumed a value of 200 kHz férin the neat acid molecule participates in 1.85-®1---O hydrogen bonds,
liquid, which is 20% higher than in the solid phase, and obtained and 2.78 H-bonds including the-&-:-O interactions. These
6.5 ps forr,.12 Employing the experimental value of 272 kHz  numbers are consistent with earlier observation for the hydrogen-
by Ruben and Kukolicl with the same experimental relaxation bond structure of liquid formic acit® The resulting decay
rate, one receives 3.65 ps for the molecular reorientational time. functions are shown in Figure 5. It is evident that the weaker
Our computed relaxation time from the slope of the linear part C—H---O bonds break faster, and, consequently, live shorter.
of the logarithm ofCx(t), 3.8 ps, is in excellent agreement with  The calculated lifetimes are correspondingly 400 fs for the
the latter experimental figure. Thus, although the experimentally strongest @-H---O hydrogen bonds and approximately 150 fs
deducedr; values may be put in a fairly wide distribution, the  for the C-H-+-O hydrogen bonds.
present simulations produce a promising estimate for the One may also want to compare the dominant interactions in
molecular relaxation time. the gas and solid phases to those in the liquid by examining
Hydrogen-Bonding Dynamics.We have already referred (as, whether there exist molecule pairs (dimers) in the liquid phase
for example, in eq 3) to the role the intermolecular interactions with two simultaneous hydrogen bonds within the pairs. The
play in influencing the molecular reorientational motions. The classification of these pairs with double hydrogen bonds
role of the hydrogen bonds, as the strongest of this type of corresponds to those dimers which are local minima on the gas
interactions, is fundamental. In our previous work, we consid- phase dimer potential surface (see Figure 3 and ref 2). In the
ered the statistical properties of the hydrogen-bonding structuregas phasd) is the dominant dimer, while the crystalline chains
of neat liquid formic acid® The MD investigations can provide  are formed from dimeric units similar 16l . For the definition
supplementary information on the hydrogen-bonding dynamics. of dimeric interactions with two H-bonds we found that the
In particular, we should like to examine the lifetimes of the distance criteria applied for the two interactions simultaneously
individual hydrogen bonds possible in liquid formic acid, and is sufficient to sample the relevant species. Furthermore, since
as a further step, the various hydrogen-bonded dimers. Thein the optimized gas-phase dimers all hydrogerygen
hydrogen-bonding dynamics also have essential implications for distance of the €H:-++O interactions is about 2-32.6 A2 we
the aggregation of the molecules. allowed for a less stringent H-bonding distance for theHzE--O

T, = ¥,7°0%, (4)
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TABLE 3: Relative Fractions (%) and Average Lifetimes 120 T,
(fs) of Various Dimers with Two Hydrogen Bonds between - * .
the Two Connected Monomeric Units 'S 1 00 - * .
Q : L]
relative average relative average 20 .
dimer fraction (%) lifetime (fs) dimer fraction (%) lifetime (fs) <080 °
I 635 458 VI 4.4 62 .
I 9.0 01 VI 8.2 76 0.60 .
\Y) 10.4 130 Vi 29 51
Vv 1.6 62 .
0.40
L]
0.20 7 .
° L]
° L]
0.00 —* * . + e T T T
300 350 400 450 500 550 600

T/K

Figure 7. Vapor—liquid equilibrium densities of formic acid as a
function of the temperature, as resulted from Gibbs ensemble Monte
Carlo simulations with the present model. The asterisk is the estimated
critical point of the model.

InH(t)

attempted into preexisting cavities and the acceptance of such
° e 1900 attempted changes is modified to correct for this bias.
) pos o 100 Simulations were performed at 12 different temperatures,
tfs namely at 300, 325, 350, 375, 400, 425, 450, 475, 500, 525,
Figure 6. Decay functions for dimer interactions wittvo hydrogen 540’_and _550 K. The two cubic simulation boxes contained 601
bonds. For numbering see Figure 3. The inset shows a longer time formic acid molecules altogether. Molecule and volume ex-
scale decay for dimei . change steps were attempted after every pair of displacement
steps and after every 600 displacement attempt pairs, respec-

hydrogen bondsr(c)n--o < 2.7 A). The relative populations of tively. Cavity biasing has only been used at the temperatures
the dimers with two hydrogen bonds are listed in Table 3. Due below 525 K when a molecule was attempted to transfer from
to the inherent arbitrariness in defining individual hydrogen the dilute (vapor) to the dense (liquid) phase. In such cases the
bonds and subsequently doubly hydrogen-bonded dimers, théhsertion of the molecule was attgmpted into cavities of rad_lus
absolute numbers should be carefully interpreted. Nevertheless fluctuating around 3.3 A. The maximum translation and rotation
a few qualitative observations are in order. First of all, more Of @ particle in the displacement steps were 0.3 A ant| 15
than 60% of the double hydrogen-bonding interactions are of féSpectively. The maximum change of the box volume in one
type I, which, in turn, are formed by only 7% of the formic ~ SteP was 400 A The systems were equilibrated by about50
acid moleculed® The weights of the other dimers increase /> Million pairs of particle displacement steps, whereas in the
substantially relative to the gas phase. The shift in the relative production phase 15 million particle displacement pairs were
populations of the various double H-bonded species is the resultattemptEd' . . .
of the fine interplay between both energetic and entropic factors '€ calculated densities of the coexisting vapor and liquid
determining the structure and dynamics of the condensed phase hase;_are shown in Figure 7 asa function of the temperature.
As an example, the 520:1 ratio fdrandlll at 298 K calculated he critical temperature and density of thg ’T‘Ode' were estimated
for the gas phagedecreases to only 7:1 in the liquid phase. © P€Te = 554 K-andoc = 0.48 g/end by fitting a sixth-order
This particular shift of the relative weight ¢éif shows that the p(_)ly_nomlal tothe densﬂy_values at the_flve highest temperatures.
dimeric interactions, dominant in the solid phase, are already S_|m|Iar values were obtained when a fifth-order polynomial was
present in liquid formic acid (approximately 1% of the fitted to the pplnts abOVt_e_SOO K. Unfortuna_tely, we can only
molecules). The importance of the various double hydrogen- compare the simulated critical temperature with the experimental

exp — 8 i
bonded dimers is also reflected in the decay functions (Figure value of Tc 588 K7 since, to our knowledge, the

e . e experimental liquie-vapor coexistence curve, as well as the
6) and the average lifetimes collected in Table 3. The lifetimes critical density of liquid formic acid, has not been reported yet.

(.)f t_he doubly H-b_or_1ded species correlate stron_gly with the Nevertheless, the two facts that (i) the model is able to reproduce
lifetimes of the individual hydrogen bonds (see Figures 5 and the experimental critical temperature well, within about 5%, and
6). (i) it reproduces the experimental density very well, within
Vapor—Liquid Equilibrium . The vapor-liquid coexistence  about 1% at 298 K7 suggest that the curvature of this phase
curve of our formic acid model was calculated from a set of diagram is probably reproduced rather accurately by the model.
simulations using the Gibbs ensemble Monte Carlo techrfijue. The experimental determination of the vapbquid equilibrium
Simulations of this type treat the liquid and the vapor systems properties of formic acid would provide a very important and
simultaneously, and establish thermodynamic equilibrium by useful test of the present potential model. A possible good
letting the two systems to exchange both volume and molecules.agreement with the present results, which can be expected from
The key to the efficiency of the method is the fact that the two the good reproduction of the critical temperature, could verify
systems have no actual interface. Since the method tends tahat the model can indeed describe the thermodynamic properties
break down at lower temperatures (i.e., at higher densities), theof formic acid well over a very broad range of thermodynamic
systems at lower temperature were treated by the cavity-biasedstates.
variant of the method! in which analogously to the grand Excess Free EnergyThe excess free energy of liquid formic
canonical ensemble cavity biased metBbuhsertions are only acid at 298 K was calculated by the thermodynamic integration
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method® The underlying ideal gas and the liquid was connected
in the configuration space by the following path defined by the
coupling parametei:
EOXY,A) = 20X 7
Previous examples for such calculations, including an en-
hanced path for the definition oE(XN,A), can be found
elsewhereé? The excess free energy can be then obtained
from the relation
[ 1.3 N
A = [CA°TU(XY) dA (8)
As has been discussed elsewh®rim three dimensions for
a potential energy with an-12 repulsion term the exponent 4
onkin eq 7 eliminates the singularity at the= 0 end of the

integral of eq 8. The symbdll.[j indicates the Boltzmann
average of the quantity enclosed, bel(N,4) instead ofU(XN)
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have investigated several dynamic, spectroscopic, and further
thermodynamic aspects of the neat liquid. Although the agree-
ment is not quantitative between some calculated and measured
properties (i.e., the diffusion constant), the emerging picture
provides a valuable insight into the molecular contributions
underlying various, interesting properties of the liquid phase.
The qualitative assignment of the broad bands of the low-
frequency Raman spectrum based on the calculation of the
translational and rotational spectral densities is an illustrative
example. The simulated molecular reorientational times also
correlate well with the relaxation times from dielectric measure-
ments and NMR spectroscopy. A simple relation between single-
particle rotational motions and solvation respdfAsaakes it
possible to predict solvation dynamics of a monatomic solute
in neat liquid formic acid from the free rotational times of formic
acid molecules and the dipole autocorrelation function. We
Qredict the solvation dynamics of liquid formic acid in the linear
response approximation to be similar to that of acetonitrile. The
complex hydrogen-bonding structure of liquid formic acid and
its dynamics have been investigated in terms of the lifetimes
of the various types of hydrogen bonds. The average lifetime
of the stronger &H---O hydrogen bonds appears to be about
4 times longer than that for the-@H---O interactions. A similar
analysis for the double hydrogen-bonded dimers revealed that
the relative weight of the dimers characteristic of the crystalline
phase is significantly higher in the liquid phase than calculated
for the gas phast.As a straightforward extension of the
calculations for the liquid phase, thermodynamic calculations
were also performed for the vapeliquid equilibrium. The
results (vaporliquid coexistence curve, critical temperature),
on the one hand, further verify the applicability of the present
formic acid model over a broad range of thermodynamic states.
On the other hand, we could also predict experimentally not
yet available thermodynamic excess quantities as the excess free
energy, excess entropy, and the excess chemical potential at
298 K.
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