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Abstract

The liquid structures of short straight chain aliphatic carboxylic acids (C1-C6) and halogenated acetic acids (trifluoro
and trichloro) are analyzed with molecular dynamics simulations, three-dimensional reference interaction site model,
and density functional theory calculations. The neat acids are found to exist in multimeric ordered form consisting of
both open chain and cyclic oligomers. Introduction of water breaks the hydrogen bonding networks between adjacent
acetic acid molecules by inserting water as a bridging molecule. The electronic structure calculations confirm the

formation of chain and ring type structures in the liquid state.

Keywords: Aliphatic Carboxylic Acids; Aqueous Mixture; Molecular Solvation Theory; Three-Dimensional
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Highlights

. Liquid straight chain aliphatic carboxylic acids were studied with various computational methods

. Ordered multimeric structures were found to exist in the bulk liquids for liquid acids

. All-atom MD and united atom RISM calculations provided comparable distributions of solvent sites

. Hydrated forms of the acetic acid and perhalo acetic acids were explored

. Density functional theory calculations provide structural insights of the neat and hydrated acid clusters



1. Introduction

Carboxylic acids play an important part in chemistry and biology with wide occurrences, e.g. amino acids, fatty acids,
inorganic and organic esters, etc. The most common type of organic acids are carboxylic acids, and they generally
have higher boiling point than water owing to intermolecular hydrogen bonding. The saturated homologues of
carboxylic acids are found in nature. The unsaturated carboxylic acids have major industrial application as polymer
building blocks. The smallest of the carboxylic acid, formic acid (FA), can be found in insect stings and has interesting
stellar chemistry [1,2]. The higher homologues, viz. acetic acid (AA), propanoic acid (PA), butanoic acid (BA),
Pentanoic acid (VA), and hexanoic acid (HA), have distinctive smell and can be found in milk products, plant extracts,
and as fermentation byproducts. The aqueous solution of acetic acid is known as vinegar. The structure of liquid
carboxylic acid has received attention due to their presence in biological membranes in ester form as well as model
systems to study intermolecular hydrogen bonds in model systems [3-6]. In this manuscript, we have chosen six early
homologues of the aliphatic saturated carboxylic acids (C1-C6), trifluoroacetic acid (TFA), and trichloroacetic acid
(TCA) to model liquid state of carboxylic acid (Figure 1). Though several molecular simulations studies were reported
for formic and acetic acids under various conditions [7-9], systematic simulations studies of the liquid states of the

short chain carboxylic acids are conspicuously absent in chemical literature.
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Figure 1. Carboxylic acids used in liquid state simulations in this work, and the atom numbering used.

The simulation of liquid states is accomplished by different well-established computational techniques, e.g. molecular
dynamics simulations, Monte-Carlo simulations, first principle methods, etc. The reference interaction site model

(RISM) of liquids is based on first principle statistical mechanics of molecular solvation theory. The theoretical



framework of RISM was established in the works of Chandler and coworkers. For detailed theoretical derivations
behind the RISM formalism, see references [10-16]. Briefly, the 3D-RISM theory provides probability density of all
possible interaction sites (y) of solvent molecules around a solute of arbitrary shape at position r, as a product of the
average number density py in the bulk solution and the normalized density distribution gy(r). The total correlation
function (hy) is obtained from the direct correlation function ¢, and the site-site bulk susceptibility function () for o

solvent sites around a solute by the 3D-RISM integral equation:
hy(r) =2a f dr'ce(r — rl))(ay(r’) .

A closure relation is required to imposes a set of consistency conditions of the path-independent chemical potential p
and to obtain total and direct correlation functions via integrating an infinite chain of interactions involving intra- and
inter-molecular sites. In this study, we have used the well-established Kovalenko-Hirata (KH) closure relation for
RISM calculations [17]:

exp(— uy, (r)/(kgT) + hy,(r) — cy(r)) for g,(r) <1

9y(r) = { 1 —uy (r)/(kgT) + hy(r) — ¢, (r)  for g,(X)>1

where uy(r) is the 3D solute-solvent interaction potential, kg is the Boltzmann constant, and 7 is the temperature.

2.1. Molecular dynamics (MD) simulations: All the molecular dynamics simulations were performed using the
GROMACS molecular dynamics engine [18]. The liquid states of eight carboxylic acids were simulated using the all-
atom GAFF force field parameters [19,20]. The initial solvent boxes of 512 carboxylic acid molecules were
equilibrated at 298K and 1 bar pressure with NVT and NPT equilibrium using a Berendsen thermostat without any
restraints for each carboxylic acid. 10ns production simulations were performed on the equilibrated systems. The
molecular (and atomic) distribution functions were computed from the production simulations using the standard
utility codes provided in the GROMACS suite. The acetic acid-water mixture simulations were performed at various
mole fraction compositions, viz. 0.1, 0.3. 0.5, 0.7, and 0.9 mole fractions of acetic acid in water. The water mixtures

of TFA and TCA were calculated for 0.9, 0.7, and 0.5 mole fraction ratios of the corresponding acids.

2.2. RISM-KH calculations: The lowest energy conformation of all the solutes, generated using the OpenBabel toolkit
with MMFF94 force field, was further used for all the 3D-RISM-KH calculations [21]. The 3D-RISM-KH based

excess chemical potential and partial molar volume (used as descriptors in the prediction) were calculated using the



rismld code implemented in the AMBERTOOLS suite of programs [22]. We used a united atom AMBER force field
parameter for all the liquid carboxylic acids (C2-C6 and trihalo acetic acids) in combination with the AM1-BCC
charges [23,24]. The force field parameters used for the RISM calculations are provided in Table 1. The partial atomic
charges of all non-acidic hydrogens, except for formic acid, are summed to that of the carbon atom to which the H-
atom(s) are directly bonded. The extended-RISM (X-RISM) formalism was used to calculate the susceptibility
functions of carboxylic acid molecules [25]. For the susceptibility calculations of the liquid aqueous mixtures of acetic

acid, the dielectric-RISM (D-RISM) formalism was used with the modified TIP3P forcefield parameters [26].

Table 1. Force field parameters used in the RISM simulations.

Atom Type Mass (amu) | o (A) € (kcal/mol)
O[—H, carboxylic] | 16.000 1.7210 0.2104
O[=C] 16.000 1.6612 0.2100
C[H:] 14.026 2.0580 0.1094
C[Hs] 15.034 2.0580 0.1494
Cearboxylic 12.010 1.9080 0.0860
Hormic 1.008 1.359 0.0150
Hacia 1.008 0.6288 0.02104
Onwater 16.000 1.7683 0.1520
Huater 1.008 0.6939 0.0152
F 19.000 1.7500 0.06999
Cl 35.450 1.9480 2.6500

2.3. Density functional theory (DFT) calculations: The liquid structures of acetic acid, trifluoro-, and trichloro-acetic
acids were further explored using the density functional theory. The B3LYP density functional with the correlation
consistent cc-pVTZ basis set was used for all the calculations [27-30]. All the structures were confirmed as minima

on respective potential energy surfaces through vibrational modes analysis. The dimeric and multimeric form of the
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AcOH and water mixtures were calculated using the SMD solvation model in acetic acid continuum [31]. For the TFA
and TCA systems, all the calculations are done in gas phase, as no continuum models of these acids are available for
electronic structure calculations. All the interaction energies reported involve the zero point energy. The Gaussianl6

suit of quantum chemical programs was used for all the DFT calculations [32].
3. Results and Discussion

The results and discussions are divided into four sections. The first section details the liquid structures of C1-C6
carboxylic acids obtained from the MD and RISM simulations. The second section is devoted to the structure of the
liquid trifluoro- and trichloroacetic acids. The third section details the structure of the aqueous mixtures of acetic acid
and trifluoro acetic acid. The final section focuses on the neat liquid forms and water mixtures of acetic acid, trifluoro
and trichloro acetic acid obtained using the DFT calculations. The MD simulations of the carboxylic acids were
evaluated by comparing the densities of the equilibrated pure liquids from the simulations with those reported in the
literature (Table 2). The density profiles are provided in the supplementary materials. These equilibrated systems were

further analyzed for distribution function calculations.

Table 2. MD simulated and reference densities (p in gm/cm?) of carboxylic acids used in this study at 298K.

Molecule p (MD Simulation)* | p (Reference)”
Formic acid (C1) 1.28 (+0.010) 1.22 (33)
Acetic acid (C2, AcOH) 1.08 (+0.012) 1.05 (33)
Propanoic acid (C3) 1.01 (+0.007) 0.99 (34)
Butanoic acid (C4) 0.97 (+0.006) 0.96 (35)
Pentanoic acid (C5) 0.94 (+0.008) 0.94 (35)
Hexanoic acid (C6) 0.92 (£0.018) 0.93 (36)
Trifluoroacetic acid (TFA) | 1.52 (£0.006) 1.53 (35)
Trichloroacetic acid (TCA) | 1.68 (+0.003) 1.61 (37)

“Error in calculation. *Reference cited.



The qualitative nature of the radial distribution function plots obtained from the MD simulations using the all-atom
GAFF force field are similar to the partial distribution plots from the RISM calculations with the united atom AMBER
force field, with reference to the positions of the peaks. There are several differences noted between the MD generated
RDFs and the RISM generated PDFs in terms of the fine structures. All the six carboxylic acids showed presence of
chain-like structures in the liquid form characterized by the -O-H1---O= interaction (H1-O1 rdf plots, Figure 2). The
first maxima in guior plots are at ~2.6A, followed by another peak around ~3A and a broad hump at ~4-6A. Other
broad regions were observed spanning to ~9A for carboxylic acids C3 to C6. The multiple peaks may signify the
presence of different clusters, e.g. chain and rings, in the liquid states held together by hydrogen bond(s) between
neighboring molecules. The intensity of the peak ~3A gradually decreases with the increasing length of the aliphatic
tail. The significant contribution of the O(=C)---H interaction in the region of 2.6-2.8A is also reported from the
diffraction studies of formic acid [38]. Further, the shoulder around 3A in the gou rdf was assigned to a cyclic dimer
structure [8]. Such cyclic structures were noted for AcOH also [39]. Interestingly, Raman spectroscopic studies have
pointed to cooperative existence of cyclic and linear dimers of AcOH with dissociated monomers in the liquid state
[40]. The local order in liquid AcOH was attributed to cyclic and linear trimers in the previous studies [41,42]. The
1D-RISM calculation also picked up such intermolecular structures with a maximum at ~2.5A and a broad hump
spanning in 3-6A region for all the six aliphatic carboxylic acids. The intermolecular interaction between H1---O atoms
(H1-O rdf plots) is complicated in nature. There is a small minimum around ~2.2A in the guio rdf plots followed by
multiple maxima around ~3-4.5A for all the six acids (Figure 2). The RISM partial distribution functions picked up
these interactions in the aforementioned region. The broad shape of the RISM peaks is expected and observed in the
previous calculations, too. The partial distribution functions of the carboxyl carbon showed comparable profiles
between the MD and RISM simulations (see the supplementary materials). Overall, the simulation profiles from the
MD and RISM simulations featured multimeric structures of the six carboxylic acids under study. These multimeric

forms can be chain like as well as ring like structures (vide infra).
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Figure 2. Radial distribution function (rdf) plots from the MD simulations (left panel) and the partial distribution

function (PDF) plots from the RISM calculations (right panels) for the six aliphatic carboxylic acids.

The MD and RISM computed distribution function plots for HI---O and H1---O1 intermolecular interactions for TFA
and TCA are similar to those of the other six acids. The H1---F interaction showed multiple minima in the 3-6A region,

in the MD simulation. The RISM computation of this distribution function yielded the first minimum at ~2.5A



followed by a broad one in 3-6A region (Figure 3). The presence of multimeric structures involving intermolecular
H--F interaction are predicted in these calculations. The H1---Cl interaction profiles showed multiple minima at 3-6A

region in the MD profile and a broad peak in the RISM calculations. The result presented here agree with the previous

report on TFA [38].
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Figure 3. Radial distribution function (rdf) plots from the MD simulations (left panel) and the partial distribution
function (PDF) plots from the RISM calculations (right panels) of trifluoro acetic acid (TFA) and trichloroacetic acid

(TCA).

The AcOH-water mixtures have evolving Hl(carboxylic)---O(water) hydrogen bonds with the increasing
concentration of the water in the mixtures studied using the MD simulations, as evident from Figures 4 and 5. The
HI1---O(=C) rdf has the highest intensity with maximum water concentration, probably due to disruption of the AcOH
clusters by the H1---O(water) interactions and making the carbonyl oxygen relatively more available for intermolecular
interactions. The water hydrogens interactions with both the oxygens of AcOH increase with the increasing water
concentrations with the first maxima arising around ~2 A. The findings are in line with the previous reports on the
mixture of AcOH with water. These findings are in line with the experimental findings [43]. The intermolecular H-
bonding between the carboxylic ends in the dimeric structures of AcOH in hydrated conditions were reported to be
linear by Imbreti and co-workers [43]. The stabilization of strong dipole dimeric acetic acid structures by hydration
was supported by the RISM-SCF calculations, too [44]. The RISM computations of the mixture qualitatively agrees
with the MD simulation profiles (Figure 5). A close inspection of Figure 5 also reveals some interesting differences

between the MD rdfs and the RISM computed partial distribution functions. The maxima in the PDFs for the 1:1
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mixture of AcOH-water is moved toward the distance shorter than for other concentrations. The effect of increasing
water concentration was not well resolved from the PDFs obtained using the RISM formalism. The maxima of the

PDFs for H1---O(water) follow the pattern similar as observed from the MD simulations.
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Figure 5. Partial distribution function (PDF) plots from the RISM calculations of the AcOH-water mixture.

The simulations of the TFA-water and TCA-water mixtures were conducted for three concentrations of acids, viz. 0.9,
0.7, and 0.5 mole in the corresponding mixture. The intermolecular hydrogen bonding between carboxylic acid and
water molecule increases with increasing water concentrations, as evident from the rdf plots. The F---H(water)
interaction did not show much dependence on the water concentration, with a double peak maximum between 3.5-
4.4A (Figure 6). The weakening of the dimer structure of TFA in the presence of water molecules were previously
reported from the large-angle X-ray scattering and NMR experiments [45]. For the TCA, the acid-water hydrogen
bonds are shifted towards longer separation for higher water concentrations (Figure 7), although the overall peak
positions between TFA-water and TCA-water mixtures appear in a similar separation. The CI---H(water) interactions
are not as well defined as for the fluorinated acid with broad shoulders spanning between 3-6 A. The RISM computed

maxima on the PDFs are in good agreement with the MD computed data, although the effect of increasing water

concentrations was not resolved in the RISM computed PDFs.
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Figure 6. Radial distribution function (rdf) plots from the MD simulations (left panel) and the partial distribution

function (PDF) plots from the RISM calculations (right panels) of trifluoro acetic acid (TFA).
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We have used the hybrid B3LYP density functional to explore possible multimeric forms of the AcOH, TFA, and
TCA as well as the water bound structures. The intermolecular H(carboxylic)---O(=C) distances were found in the
range of 1.64-1.77A, depending on the number of AcOH units involved (Figure 8). The most stable dimeric structure
of AcOH in the liquid state is the cyclic structure (A2_2). We were able to obtain two different forms of the trimeric
structures. One of the trimers (A3 1) was an open chain structure held together by H-bonds involving carboxylic acid
groups and a possible interaction between O(=C) and methyl hydrogens. The other trimeric form (A3_2) has a cyclic
structure of H-bonds among carboxylic ends. These two structures differ by ~2 kcal/mol in the stabilization energy
favoring the later. The non-symmetrical tetrameric form (A4) of the AcOH was also found to be cyclic using the DFT
calculations. The water molecule can effectively work as a bridging unit between neighboring AcOH molecules by
providing an extended H-bond network. The DFT optimized structures of the hydrated AcOH monomers and dimers
have water making hydrogen bonds with neighboring AcOH molecules. This calculation supports the hypothesis that
water molecules disrupt the H-bonding network between the AcOH molecules by inserting themselves into the ring
and/or chain structures of carboxylic acid multimers. There are reports on the structure of the hydrated acetic acid
monomers and dimers from quantum chemical calculations in the gas phase using DFTB-D and post-Hartree-Fock
methods [46-48]. These reports suggest the cyclic dimer as the predominant form. The stability of microhydrated
AcOH molecules were also reported from DFTB-D dynamics calculations [49]. The experimental association free
energy of the AcOH dimers were reported to be in the range of 0-2 kcal/mol [50-52]. We have obtained a range of 0-
4.4 kcal/mol of free energy of association from our DFT calculations in the liquid continuum model for the AcOH

dimers (Table 3).
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Figure 8. SMD//B3LYP/cc-pVTZ optimized geometries of the lowest energy multimers of the liquid acetic acid (A)

and water(W) bound structures. The interaction energies, in kcal/mol, are provided in parentheses. Atom color code:

white, Hydrogen; gray, Carbon; black, Oxygen.

The most stable dimers of the TFA and TCA molecules are cyclic ones, like the AcOH units, as obtained from the
DFT calculations. The H-bonding distances between the three acids, viz. AcOH, TFA, and TCA, are comparable. The
tetrameric form of the TFA was symmetric, while the same for TCA has a non-planar ring structure involving the
carboxyl terminal H-bond network. In these gas phase calculations, all the lowest energy structures of the hydrated
TFA and TCA monomeric and multimeric units have hydrogen bonding involving the carboxyl end of the acid and
water molecules but not involving the halide atom and water hydrogen atoms. The DFT optimized geometries are

summarized in Figures 9 and 10. The free energy of association for the tetrameric TFA is found to be favorable via

the DFT calculations.
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Figure 9. B3LYP/cc-pVTZ optimized geometries of the lowest energy multimers of the liquid trifluoro acetic acid

(TFA) and water (W) bound structures. The interaction energies, in kcal/mol, are provided in parentheses. Atoms are

labeled for clarity.
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Figure 10. B3LYP/cc-pVTZ optimized geometries of the lowest energy multimers of the liquid trifluoro acetic acid

(TFA) and water(W) bound structures. The interaction energies, in kcal/mol, are provided in parentheses. Atoms are

labeled for clarity.

Table 3. Interaction energetics (in kcal/mol) computed using the B3LYP/cc-pVTZ method.

System AH AG System AH AG
A2 14 -4.8 4.4 TFA2W1 1 -24.1 -5.0
A2 2¢ -10.6 -0.3 TFA2W1 2 -17.7 -0.5
A3 14 -10.3 8.4 TFA2W2_1  -31.0 -3.6
A3 2¢ -12.3 6.7 TFA2W2 2 -30.9 -2.6
A4¢ -20.2 11.0 TFA2W2 3 -334 -54
A1IW1 14 -6.1 2.4 TCA2 1 -14.6 -4.0
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24
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0.1

Computed at the SMD/B3LYP/cc-pvTZ level with the acetic acid continuum model.

4. Conclusion

In this report, we have used different computational chemistry methods, e.g. molecular dynamics simulations, RISM
calculations, and DFT methods to explore the liquid states of straight chain aliphatic carboxylic acids (C1-C6) and
trifluoro- and trichloro acetic acid. Further, water mixtures of the acetic acid and tri-halo acetic acids were also
examined. We have used the united atom AMBER force field for the RISM calculations. The all-atom MD simulations
were done using the GAFF force field with the AM1-BCC atomic charges. The molecular simulations and RISM
calculations are qualitatively comparable. The aliphatic carboxylic acids make chain and ring like structures in the
liquid states. Upon introduction of the water into pure liquid acid medium, these multimeric acid forms are destroyed
as water molecule(s) is inserted between neighboring carboxylic acids. The water molecules make H-bond bridges
between -COOH groups. The presence of chain-like and ring-like multimeric structures in pure liquid acids as well as

hydrated forms is further verified using the DFT calculations. The RISM methods failed to resolve the effect of

increasing water concentration on the carboxylic-acid structure.
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