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Abstract The interaction between formic acid (FA) and

water was systemically investigated by atom-bond elec-

tronegativity equalization method fused into molecular

mechanics (ABEEMrp/MM) and ab initio methods. The

geometries of 20 formic acid–water complexes (FA–water)

were obtained using B3LYP/aug-cc-pVTZ level optimiza-

tions, and the energies were determined at the MP2/aug-

cc-pVTZ level with basis set superposition error (BSSE)

and zero-point vibrational energy (ZPVE) corrections. The

ABEEMrp potential model gives reasonable properties of

these clusters when compared with the present ab initio

data. For interaction energies, the root mean square devi-

ation is 0.74 kcal/mol, and the linear coefficient reaches

0.993. Next, FA in aqueous solution was also studied. The

hydrogen-bonding pattern due to the interactions with

water has been analyzed in detail. Furthermore, the

ABEEMrp charges changed when H2O interacted with the

FA molecule, especially at the sites where the hydrogen

bonds form. These results show that the ABEEMrp fluc-

tuating charge model is fine giving the overall character-

istic hydration properties of FA–water systems in good

agreement with the high-level ab initio calculations.
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1 Introduction

Formic acid (FA) is a major organic constituent in cloud

and fogwater, as well as in precipitation, and FA is one

of the simplest organic molecules and has been often

considered as a model for studying the biological sys-

tems exhibiting the organic acidic type of bonding [1].

The driving forces for the formation of atmospheric

molecular complexes are hydrogen-bonding interactions,

and atmospherically relevant hydrogen-bonding com-

plexes have been the subject of numerous theoretical

studies in recent years [2–6]. The nature of hydrogen

bonds between FA and water can explain the hydrogen-

bonding mechanism expected in the hydration of organic

acids. A significant amount of FA in the atmosphere is

present in the aqueous phase. Although previous studies

have examined complexes of water and FA using both

theoretical and experimental methods [7–14], here we do

systematic studies on this system both in the gas phase

and in the aqueous phase by the ABEEMrp fluctuating

charge model.

The FA molecule has a Cs symmetry, and its flexibility

is limited to the torsional motion of the hydroxy group

around the C–OH bond. Several chemicophysical proper-

ties of FA depend on its capability to form different types
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of hydrogen bonds (H-bond). A FA molecule can actually

act both as hydrogen-bond acceptors/donors with the two

oxygen atoms, and as hydrogen donors with the hydroxy

and formyl hydrogen atoms. The major types of inter-

molecular hydrogen bonds that occur in FA–water

complexes are C=O���Hw, H–O���Hw and O–H���Ow,

respectively. These special types of nonbonded interac-

tions have been studied by various ab initio [11, 15–17]

and density functional quantum chemical methods [7, 12,

13], and the calculations at different levels have been

carried out for FA–water systems to investigate inter-

molecular interactions, and yield theoretical structures

and other static properties. The geometry optimization

of the FA water clusters has been carried out using

SCF, MP2, and B3LYP [18] correlation methods with

the 6-31g, 6-31g(d), 6-31?g(d), 6-311??g(d,p), and

6-311??g(2d,2p) basis sets, along with analytic vibra-

tional frequency calculations have been discussed in

paper [11, 12]. DFT and MP2 levels of theory with the

large basis sets give similar results as far as the geo-

metrical and vibrational features of FA–water complexes

and their monomers are concerned in their paper. Hence,

the DFT [19, 20] method has been adopted as an

excellent compromise between computational cost and

accuracy. The Pople type basis sets [21], such as 6-31G,

6-311G, etc., and the Dunning correlation consistent

basis sets [22], such as aug-cc-pVDZ, aug-cc-PVTZ [22,

23], etc., are widely used. A careful study of the effect of

basis set and level of theory on the calculated geometries

of a series of small molecules having one or two non-

hydrogen atoms has been reported by Helgaker et al.

[24]. They found that aug-cc-pVTZ gave quite good

results.

In addition, in order to fit the parameters of the

molecular mechanics force field MM4 [25], the calcu-

lations for the acids, esters and acid dimer systems were

performed at the B3LYP/6-311??G(2d,2p) level. Other

molecular mechanics force field such as MM3 [26],

MMFF [27], CHARMM [28], and AMBER [29] have

done some research of this system. The crucial problem

in these force fields arises from the calculation of

Coulomb interactions with the fixed charges that neglect

all mutual polarizations and charge-transfer effects.

There has been steady interest since the 1970s in the

development and use of polarizable force fields [30].

Furthermore, some electrostatic protocols including

polarization effects have been widely developed in the

past few years. The first application of the fluctuating

charge model to water system and the aqueous solvation

of amides were reported by Rick et al. [31, 32]. These

models are called TIP4P-FQ and SPC-FQ, using the

TIP4P and SPC water geometries. Lately, Yang et al.

[33] reported a new water model: a transferable, inter-

molecular, seven-point approach including fluctuation

charges and flexible body (ABEEM-7P), which couples

the fluctuating partial charges calculated by atom-bond

electronegativity equalization method (ABEEM). The

ABEEM-7P model uses a slightly complicated tetrahe-

dral geometry that is similar to that with the TIP5P

model and introduces additional interaction sites, atoms,

bonds, and lone-pair electrons, to describe the charge

distribution in more detail, i.e., there are seven charged

points (three atoms, two bonds, and two lone-pair

electrons) in a monomer water, all of which are fluc-

tuating with changing environments. Furthermore, the

ABEEM/MM fluctuating charge model has been suc-

cessfully applied to the water system [33, 34], ion–

water system [35, 36], organic molecules [37], and

peptides [38, 39]. Recently, the ABEEM/MM model has

been used to perform dynamics simulations for proteins

[40].

The primary aim of this work is to carry out a sys-

temic study on the hydration of FA in terms of ab initio

methods and the ABEEMrp fluctuating charge model.

Meanwhile, the ABEEMrp was investigated exten-

sively. The essence of the ABEEMrp model is to mimic

the partial charges of all atoms, r and p bonds, and

lone-pair electrons in the electrostatic interaction term

of the force field. In this paper, we put forward what,

we believe, are now the most accurate results for the

hydrogen bond interaction between the FA and water, as

obtained from the high-level QM calculations. Then, we

used the ABEEMrp fluctuating charge model to simu-

late the FA–(H2O)n (n = 1–3) clusters systemically. The

reliability of these calculations has been confirmed in

light of a comparison of geometrical and energetic

properties with QM calculations. Furthermore, we have

investigated the fine details of solvent effects on FA in

aqueous solution by molecular dynamics simulation. The

hydrogen-bonding pattern due to the interactions with

water has been analyzed in detail. The remainder of this

article is organized as follows. The methods and related

details are summarized in Sect. 2. The results are dis-

cussed in Sect. 3. Finally, Sect. 4 gives the concluding

remarks.

2 Computational methods

Based on fusing ABEEMrp model into molecular

mechanics, the potential energy function, EABEEMrp/MM, is

shown in Eq. 1:

628 Theor Chem Acc (2010) 127:627–639

123



It includes the bond stretching, angle bending, torsional

rotation, and nonbonded interaction terms, i.e., a Coulomb

term for the charge–charge interactions and a Lennard-

Jones 12-6 term for the van der Waals repulsion and

dispersion interaction. Here, kb, kh, V1, V2, V3 and m
represent the force constants of bond stretching, angle

bending, dihedral angle torsion, and improper torsion,

respectively. r, h and / are actual values of bond lengths,

bond angles, and dihedral angles. req and heq are used to

denote the equilibrium values of the bond length and

bond angle.

For van der Waals term, geometric combining rules for

the Lennard-Jones coefficients are employed: rij ¼
ðriirjjÞ1=2

and eij ¼ ðeiiejjÞ1=2
. The summation runs over all

pairs of atoms i \ j on molecules A and B or A and A for

the intramolecular interactions. Moreover, in the latter

case, the coefficient fij is equal to 0.0 for any i–j pair

connected by a valence bond (1–2 pairs) or a valence bond

angle (1–3 pairs). fij = 0.5 for 1,4 interactions (atoms

separated by exactly three bonds) and fij = 1.0 for all of the

other cases. For the Coulomb term, the partial charges qi

are obtained by atom-bond electronegativity equalization

method (ABEEMrp). The calculation detail of the charges

in the ABEEMrp model is described in reference [39, 41,

42].

The electrostatic interaction energy Eelec is expressed by

ABEEMrp model:

Eelec ¼
X

i\j

kqiqj=rij ð2Þ

In Eq. 2, qi and qj are the partial charges of sites i and j,

rij is separation of sites i and j, k is an overall correction

coefficient 0.57 [43] in the ABEEMrp model if there is

no otherwise specification. In this study, we use the

ABEEMrp method to compute the partial charges of all

atoms, bonds, lone-pair electrons and p bonds, then by

Eq. 1 compute the total energy of the system, and when

there is a change of bond, angle, dihedral angle or relative

position of molecules, we recalculate the charges

simultaneously, and then recalculate the total energy.

In the hydrogen bond interaction region [33], kij is replaced

by a kH-bond(Rij) function to describe the electrostatic

interaction between the hydrogen atom and the lone-pair

electron. In the present study, three types of kH-bond(Rij)

functions are used for H-bonds C=O���Hw, H–O���Hw,

and O–H���Ow, respectively. They are expressed as

follows:

kðRlpOw�;HÞ ¼ 0:605� 0:110

1þ exp½ðRlpO¼;H � 1:125Þ=0:147�
ð3Þ

kðRlpOw�;HÞ ¼ 0:615� 0:102

1þ exp½ðRlpOw�;H � 1:070Þ=0:133�
ð4Þ

kðRlpOw�;HÞ ¼ 0:602� 0:112

1þ exp½ðRlpOw�;H � 1:061Þ=0:140�
ð5Þ

Minimizations of isolated FA and FA–water clusters

were performed with the limited memory BFGS quasi-

newton nonlinear optimization routine. The criterion used

for convergence was the root mean square (RMS) energy

gradient less than 0.01 kcal/mol/Å. There was no any

restraint, i.e., all atoms are allowed to move freely.

Interaction energies were calculated for the FA–water

hydrogen bond by taking the energy difference between the

fragments and the complex.

Eint ¼ EðHCOOHÞ þ nEðH2OÞ � EðHCOOH���nH2OÞ ð6Þ

A classical molecular dynamics (MD) simulation was

performed in terms of the ABEEMrp/MM, starting with a

(Z)-FA molecule in a cubic box of length 18.64 Å

containing 212 H2O molecules, large enough to contain

the (Z)-FA and 0.8 nm of solvent on all sides. The system

was optimized first, and then the MD simulation was carried

out in the NVT ensemble, with periodic boundary condition

and the minimum image convention. Temperature was

kept constant at 298 K by Berendsen algorithm [44]. The

equations of motion were solved using the velocity

Verlet algorithm with a time step of 1 fs. The long-range

interactions were truncated using a molecule-based cutoff

EABEEMrp=MM ¼
X

bonds

kbðr � reqÞ2 þ
X

angles

khðh� heqÞ2 þ
X

imptors

vð1� cos 2/Þ

þ
X

torsions

V1

2
1þ cosð/iÞ½ � þ V2

2
½1� cosð2/iÞ� þ

V3

2
1þ cos(3/iÞ½ �

� �

þ
X

nonbonded

½kqiqje
2=rij þ 4fijeijðr12

ij =r12
ij � r6

ij=r6
ijÞ� ð1Þ
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distance of 9.0 Å. The system was equilibrated within

300 ps, and the following 700 ps trajectory was collected

for dynamical property analysis.

Quantum mechanical calculations were carried out for

FA–(H2O)n (n = 1–3) clusters. They were performed

using the Gaussian 03 program package [45]. Geometries

were optimized using the B3LYP method. For hydrogen

bonding, it is expected that both diffuse and polarization

functions may be necessary in the basis sets, thus the

geometry optimization for complexes and their monomers

was executed by using the basis sets aug-cc-pVTZ. Fre-

quency calculations were also performed at this level of

theory. Zero-point energies were computed using the har-

monic vibrational frequencies at this level of theory. Zero-

point energies taken from these frequency calculations can

be assumed to be an upper limit due to the anharmonic

nature of the potential energy surface [46]. Single-point

energy calculations were conducted by using MP2 with

aug-cc-pVTZ basis set. The basis set superposition error

(BSSE) was evaluated by using the counterpoise correction

method [47].

3 Results and discussion

In this section, we discuss the properties of the isolated FA,

FA–water clusters and FA in aqueous solution by means of

quantum mechanics (QM) methods and/or the ABEEMrp/

MM model. The calculated structures of FA and water

using DFT method at aug-cc-pVTZ basis set and from

ABEEMrp/MM model are reported in Table 1. For com-

parison, results of DFT, MP2 at 6-311??g(2d,2p) level

and the experimentally determined structures of FA and

water, as well as the results from other force field are given

in Table 1. We calculate two conformations of FA, denoted

Z and E as shown in Fig. 1. Both conformations are planer.

(Z)-FA has the acidic hydrogen aligned toward the oxygen

atom of the carbonyl group, while (E)-FA has the hydrogen

atom away from it. (Z)-FA is more stable than (E)-FA by

about 3.90 ± 0.085 kcal/mol from microwave intensity

measurements by Hocking [48]. The energy difference

between the two configurations calculated by ABEEMrp/

MM model is 3.94 kcal/mol, AMBER is 4.82 kcal/mol

[29], CHARMM is 5.97 kcal/mol [29], MMFF94 is

Table 1 Structural parameters for formic acid and water

Molecule Coordinate Expa DFTb DFTc MP2d ABEEMrp/MM MM4e MMFF94f

H2O O–H 0.957 0.964 0.961 0.958 0.9572

H–O–H 104.5 104.8 105.1 104.3 104.52

Z-formic acid C=O 1.202 1.198 1.198 1.205 1.203 1.2023 1.2165

C–O 1.343 1.345 1.346 1.350 1.341 1.3489 1.3417

C–H 1.097 1.096 1.096 1.091 1.101 1.0885

O–H 0.972 0.970 0.969 0.967 0.971 0.9671 0.9802

O=C–O 124.9 125.1 125.1 125.0 124.9 124.0 121.8

O–C–H 111 109.7 109.7 109.8 111.1 110.5

C–O–H 106.3 107.8 107.7 106.8 106.4 106.6 104.3

H–C=O 124.8 125.1 125.2 125.2 124.1

E-formic acid C=O 1.195 1.191 1.191 1.198 1.197 1.1955 1.2172

C–O 1.352 1.352 1.353 1.357 1.349 1.3490 1.3417

C–H 1.105 1.102 1.102 1.097 1.101 1.0955

O–H 0.956 0.965 0.964 0.962 0.960 0.9614 0.9761

O=C–O 122.1 122.4 122.6 122.5 121.8 122.0 124.3

O–C–H 114.6 113.5 113.6 113.5 114.4 112.3

C–O–H 109.7 110.2 110 108.9 109.3 109.4 112

H–C=O 124.0 123.9 124.0 123.8

All bond lengths are reported in angstroms, all angles are in deg
a Reference [50]: (Z)-formic geometries, and Ref. [49]: (E)-formic geometries
b Geometry optimization at the B3LYP/aug-cc-pVTZ level in this work
c Geometry optimization at the B3LYP/6-311??G(2d,2p) level from Ref. [12]
d Geometry optimization at the MP2/6-311??G(2d,2p) level from Ref. [25]
e Reference [25]
f Reference [27]
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4.89 kcal/mol [27], and MM3 is 3.98 kcal/mol [26].

Compared with other force fields, the calculated result from

the ABEEMrp/MM model is in good agreement with the

experimental value.

Seen from Table 1, comparison of the structures for the

isolated FA and water shows good agreement for the bond

lengths, bond angles between ABEEMrp/MM model and

the experimental data [49, 50]. All experimental, QM and

ABEEMrp/MM results show that the C=O bond is longer

in the Z-form than in the E-form (1.202 Å vs. 1.195 Å,

respectively), but the trend in the C–O bond length is

reversed (1.343 Å vs. 1.352 Å, respectively). These phe-

nomena can be explained by the fact that the lone pairs on

the carboxylic oxygen are better positioned for O=C–O

resonance in the Z-form, but seen from the Table 1 the

other force fields [25, 27] do not show these phenomena.

Considering all geometric parameters obtained with dif-

ferent theoretical models and basis sets, the difference

between the B3LYP/aug-cc-pVTZ calculated and experi-

mental results may be negligible. The calculated harmonic

vibrational frequencies for both conformations of FA by

DFT and ABEEMrp/MM model versus the experimental

frequencies [51] are shown in Fig. 2. Obviously, the

agreement between them is satisfactory.

The ABEEMrp/MM model makes a full consideration

on the conformational changes and gives the explicitly

quantitative charges of all molecular regions, such as

atoms, r and p bonds, and lone-pair electrons. The charges

of the isolated FA, H2O and FA–water complexes calcu-

lated by the ABEEMrp/MM model are listed in Table 2

(see Fig. 1, the structure and numbering of isolated FA and

water). The charge distributions of isolated (Z)-FA and (E)-

FA are very different from each other, which is mainly due

to the intramolecular environment changes. This is the

merit of our ABEEMrp fluctuating force field, i.e., charges

fluctuating upon the ambient environment. In addition, the

dipole moments of the two conformers are 1.413 and 3.779

D for the ABEEMrp/MM model, respectively, and are

presented in Table 3 as well as the comparison with

experimental data and other force field results. The dipole

moment of water in gas phase also listed in Table 3. Seen

from Table 3, the (E)-FA has a higher dipole moment than

the (Z)-FA, and the ABEEMrp/MM model and the DFT

method at aug-cc-pVTZ level give relatively good agree-

ment with the experimental values.

3.1 Properties of FA and water clusters

3.1.1 FA and one water complexes

Six configurations of the complex between FA and one

water molecule have been studied here. Three of these are

with (Z)-FA and three are with (E)-FA and all structures

are shown in Fig. 3. No imaginary vibrations were calcu-

lated in the frequency analysis of these structures. The

structural parameters from ABEEMrp/MM model and

B3LYP/aug-cc-pVTZ level calculation are listed in

Table 4. The optimized geometries of the FA complexes

with one water from ABEEMrp/MM model are in good

agreement with the high-level QM method calculations.

The most stable conformation is a cycle complex

(FAZ1) with both the water and the FA acting as hydrogen

Fig. 1 The configurations of Z

(E)-Formic acid and water. The

atoms, r and p bonds, and lone-

pair electrons sites are shown

Fig. 2 The vibrational frequencies calculated by DFT and

ABEEMrp/MM model versus the experimental frequencies for Z

(E)-Formic acid

Theor Chem Acc (2010) 127:627–639 631
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donor and acceptor, respectively, resulting in two relatively

strong hydrogen bonds. Among the six complexes of FA

with one water, this is the only one that has been observed

experimentally [8, 10]. The study by Priem et al. [10]

observed this complex using microwave spectroscopy.

They also performed ab initio calculations at the MP2/6-

311??g(3df,2p) level of theory. We designate hydrogen

bonds in which the FA is acting as a hydrogen donor to the

Table 2 Charge distributions of isolated formic acid, H2O, and formic acid–H2O complexes by the ABEEMrp/MM model

Isomer FAZ1 FAZ2 FAZ3 FAE1 FAE2 FAE3

Z-formic E-formic

C1 0.5015 0.5001 0.5012 0.5099 0.5150 0.4946 0.5084 0.5124

O2 0.0197 0.0207 0.0223 0.0224 0.0199 0.0204 0.0234 0.0251

O3 0.0097 0.0087 0.0090 0.0097 0.0147 0.0082 0.0087 0.0087

H4 0.1777 0.1613 0.1788 0.1884 0.1921 0.1597 0.1729 0.1695

H5 0.2896 0.2676 0.3362 0.2947 0.2956 0.3094 0.2751 0.2768

OW 0.0948 0.0948 0.1012 0.0974 0.0975 0.0998 0.0977 0.0977

HW1 0.2887 0.2887 0.2776 0.2624 0.3429 0.3165 0.3562 0.2437

HW2 0.2887 0.2887 0.3760 0.3546 0.2697 0.3162 0.2642 0.3737

rC1–H4 -0.1177 -0.1179 -0.1179 -0.1181 -0.1183 -0.1176 -0.1184 -0.1184

rC1–O2 -0.1252 -0.1240 -0.1249 -0.1251 -0.1256 -0.1242 -0.1240 -0.1238

rC1–O3 -0.0986 -0.0982 -0.0986 -0.0986 -0.0982 -0.0983 -0.0982 -0.0983

rO3–H5 -0.0781 -0.0779 -0.0813 -0.0783 -0.0781 -0.0810 -0.0783 -0.0783

rOw–Hw1 -0.1461 -0.1461 -0.1495 -0.1491 -0.1477 -0.1463 -0.1464 -0.1504

rOw–Hw2 -0.1461 -0.1461 -0.1467 -0.1463 -0.1487 -0.1463 -0.1491 -0.1459

lpO2-1 -0.1448 -0.1262 20.1968 -0.1408 -0.1408 -0.1337 -0.1221 20.1704

lpO2-2 -0.1406 -0.1403 -0.1412 20.1849 -0.1352 -0.1481 20.1848 -0.1433

lpO1-1 -0.1199 -0.1111 -0.1149 -0.1138 20.1445 -0.1178 -0.1064 -0.1058

lpO1-2 -0.1199 -0.1111 -0.1185 -0.1138 20.1449 -0.1178 -0.1063 -0.1059

lpOw-1 -0.1900 -0.1900 20.2547 -0.2095 -0.2049 -0.1995 -0.2122 -0.2094

lpOw-2 -0.1900 -0.1900 -0.2039 -0.2096 -0.2088 20.2404 -0.2105 -0.2094

pC1-1 -0.0140 -0.0140 -0.0138 -0.0138 -0.0137 -0.0142 -0.0138 -0.0138

pC1-2 -0.0140 -0.0140 -0.0140 -0.0138 -0.0138 -0.0142 -0.0139 -0.0138

pO2-1 -0.0128 -0.0119 -0.0124 -0.0121 -0.0122 -0.0127 -0.0112 -0.0105

pO2-2 -0.0128 -0.0119 -0.0131 -0.0121 -0.0122 -0.0127 -0.0113 -0.0104

All calculated charges in au

The remarkable changes of charges were shown in bold

Table 3 Dipole moments (D) of the gas phase for (Z),(E)-formic acid and water

Isomer Exp DFTd DFTe MP2f MM4g MM3h ABEEMrp/MM

(Z)-formic acid 1.42a 1.544 1.531 1.735 1.443 1.730 1.413

(E)-formic acid 3.79b 3.915 3.972 4.405 3.769 3.890 3.779

H2O 1.855c 1.847 1.959 2.065 1.857

a Reference [54]
b Reference [48]
c Reference [55]
d The QM results at B3LYP/aug-cc-pVTZ level
e The QM results at B3LYP/6-311??G(2d,2p) level
f The QM results at MP2/6-311??G(2d,2p) level from Ref. [25]
g Reference [25]
h Reference [26]
g The results calculated by Molecular Mechanics (MM4) from Ref. [25]
h The results calculated by Molecular Mechanics (MM3) from Ref. [26]
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water as R1 (H-bond O–H���Ow) and hydrogen bonds in

which the water is donating a hydrogen atom to the car-

bonyl oxygen atom as R2 (H-bond C=O���Hw). For FAZ1,

The R1 and R2 are 1.795 and 2.095 Å, respectively, from

ABEEMrp/MM model and 1.786 and 2.019 Å, respec-

tively, from B3LYP/aug-cc-pVTZ level calculation. Con-

sistent with the structure determined by observed moments

of inertia by Priem et al. [10] (1.810 and 2.210 Å) and in

agreement with the calculations presented both in that work

(1.779 and 2.025 Å) and in the work by Rablen et al. [11]

(1.775 and 2.016 Å). Moreover, our calculations agree with

those in the work [7, 12] calculated at high QM method. In

FAZ2 and FAZ3, there is one hydrogen bond of the type

R2 and R3, respectively. As one might expect, this inter-

action, R3 (H-bond H–O���Hw), is not strong, which is

2.234 from ABEEMrp/MM and 2.217 from B3LYP/aug-

cc-pVTZ level calculation. There are other three structures

of complexes with (E)-FA: FAE1, FAE2, FAE3. And all of

these structures have one hydrogen bond of type R1, R2

and R2, respectively. Among all of the intermolecular H-

bonds for these six complexes, the average H-bond lengths

(shown in Table 5) of O–H���Ow, C=O���Hw and

H–O���Hw in FA–H2O complexes are 1.840, 2.041 and

2.234 Å from ABEEMrp/MM, which are close to the

corresponding DFT values (1.801, 2.009 and 2.217 Å,

respectively).

The charges of FA–water systems with one water mol-

ecule are listed in Table 2. When compared with isolated

formic and water molecules, the charges are different for

all sites, which is consequential upon environment chan-

ges, i.e., the different position of water molecule relative to

FA affects the redistribution of the electron cloud. The

remarkable change of charges takes place at the position

where the hydrogen bond forms. For example, obvious

polarization takes place for the charges of H5, lpOw-1,

Hw2, and lpO2-1 in FAZ1 (see Fig. 3 for the notation of

charge sites of FA and H2O molecules), i.e., qH5 and

qHw2 are 0.3362 and 0.3760 versus 0.2896 and 0.2897 in

isolated molecules, and the charges of lpO2-1 (-0.1968)

and lpOw-1 (-0.2547) are more negative than those of

-0.1448 and -0.1908 in isolated FA and H2O molecules.

In the same way, this obvious polarization also takes place

for other clusters. To summarize, the fluctuating charges of

the FA and the water molecules can correctly reflect the

redistribution with the changed ambient environment and

make a compensation for the shortages of fixed-point

charge models. Meanwhile, the fluctuating charges are very

important in the calculations of the interaction energies.

Table 6 lists the interaction energies of FA–H2O com-

plexes from ABEEMrp/MM model and several ab initio

calculations [7, 12]. All of the QM studies about the FA

complexes with one water molecule show that the energy

and the relative stability order of these conformations

is FAZ1 [ FAE1 [ FAE2 [ FAZ2 [ FAE3 [ FAZ3. The

interaction energies of the FA–H2O complexes from the
Fig. 3 Formic acid complexes with one water molecules. Dashed
lines indicate hydrogen bonding

Table 4 Formic acid bond distance (Å) of HCOOH–(H2O) complexes from ABEEMrp/MM model and B3LYP/aug-cc-pVTZ level

calculations

Dimer Geometry C=O O–H H–C C–O R(1) R(2) R(3)

FAZ1 ABEEMrp/MM 1.207 0.970 1.099 1.341 1.795 2.095

B3LYP 1.210 0.990 1.096 1.326 1.786 2.019

FAZ2 ABEEMrp/MM 1.203 0.972 1.101 1.338 2.007

B3LYP 1.204 0.971 1.094 1.337 1.991

FAZ3 ABEEMrp/MM 1.202 0.971 1.100 1.340 2.234

B3LYP 1.196 0.97 1.094 1.355 2.217

FAE1 ABEEMrp/MM 1.198 0.972 1.103 1.346 1.884

B3LYP 1.196 0.978 1.103 1.34 1.815

FAE2 ABEEMrp/MM 1.198 0.961 1.105 1.345 2.039

B3LYP 1.197 0.965 1.1 1.344 1.991

FAE3 ABEEMrp/MM 1.197 0.960 1.100 1.350 2.044

B3LYP 1.194 0.966 1.1 1.346 2.034
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ABEEMrp/MM model are in agreement with the QM

calculations at the MP2/aug-cc-pVTZ//B3LYP/aug-cc-

pVTZ level. The most stable conformation is FAZ1 having

one hydrogen bond of the first type and one hydrogen bond

of the second type, and FAZ3 has the lowest interaction

energy due to the relative weak H-bond between water

hydrogen atom and the oxygen (HO) bound to the acidic

hydrogen on the FA. The energy order from ABEEMrp/

MM model agrees with the QM results, and the deviations

are within 1.0 kcal/mol.

3.1.2 FA and two water complexes

Previously, (Z)-FA is about 1,000 times more abundant

than (E)-FA at room temperature [52]. We will focus on

the Z configuration of FA when calculating structures with

more than one water molecule [7]. We have studied six

complexes of FA with two water molecules. All of these

have FA in the Z configuration and are shown in Fig. 4.

The structural parameters from ABEEMrp/MM model

and B3LYP/aug-cc-pVTZ level calculation are listed in

Table 7. As seen from the Table 7, the optimized geome-

tries of the FA complexes with two water molecules from

the ABEEMrp/MM model is in agreement with those from

the B3LYP/aug-cc-pVTZ level.

FAZ11 has been observed in laboratory experiments

using microwave spectroscopy [10]. To the best of our

knowledge, the others structures have not been investigated

using microwave spectroscopy. FAZ11 is the most stable

configure of these complexes, which forms an eight-

member ring with both the water and the FA acting as

hydrogen donor and acceptor, resulting in two relatively

strong hydrogen bonds, and the R1 is 1.703 Å, and the R2

is 1.840 Å, from the ABEEMrp/MM model, which is in

good agreement with the calculated results from the

B3LYP/aug-cc-pVTZ level (1.654 and 1.817 Å, respec-

tively), and other reported ab initio calculations, such as in

the work by Aloisio et al. [7] (1.662 and 1.841 Å) and

in the work by Zhou et al. [12] (1.663 and 1.843 Å).

Besides, the two water molecules also form a hydrogen

bond, and the bond length (1.772 Å) by the ABEEMrp/MM

model is slightly longer than that of 1.748 Å from B3LYP/

aug-cc-pVTZ level calculations. To summarize, the average

H-bond lengths (shown in Table 5) of O–H���Ow, C=O���Hw

and H–O���Hw in FA–(H2O)2 complexes are 1.799, 1.988,

and 2.192 Å from ABEEMrp/MM, which are close to the

corresponding DFT values (1.721, 1.965, and 2.181 Å,

respectively). In addition, the bond length of C=O and C–O

is elongated to some extent due to the formation of two

hydrogen bonds.

Table 5 Average H-bond length (Å) for FA–(H2O)n (n = 1–3) cluster from ABEEMrp/MM model and B3LYP/aug-cc-pVTZ level

calculations

FA–H2O FA–(H2O)2 FA–(H2O)3

ABEEMrp/MM B3LYP ABEEMrp/MM B3LYP ABEEMrp/MM B3LYP

O–H���Ow 1.840 1.801 1.799 1.721 1.774 1.692

C=O���Hw 2.041 2.009 1.988 1.965 1.976 1.928

H–O���Hw 2.234 2.217 2.192 2.181 2.064 2.038

Table 6 Interaction energies (in kcal/mol) of HCOOH–H2O

complexes

Complex ABEEMrp/MM Ab initio Deviationd

MP2a B3LYPb B3LYPc

FAZ 1 6.79 7.14 7.0 9.1 -0.35

FAZ 2 2.94 3.33 3.0 4.3 -0.39

FAZ 3 1.91 2.10 1.3 2.4 -0.19

FAE 1 5.21 6.13 6.9 7.5 -0.92

FAE 2 4.18 3.75 3.4 4.8 0.44

FAE 3 3.15 2.53 2.5 3.8 0.62

a Energies obtained at MP2/aug-cc-pVTZ//B3LYP/aug-cc-pVTZ

level with BSSE and ZPE corrections. Zero-point-energy calculated at

B3LYP/aug-cc-pVTZ level in this work
b Reference [7]: at the B3LYP/6-311??G(2d,2p)//B3LYP/6-

311??G(d,p) lever with BSSE and ZPE corrections
c Reference [12]: at the B3LYP/6-311??G(2d,2p)//B3LYP/6-

311??G(2d,2p) lever with BSSE corrections
d The deviation of interaction energies between ABEEMrp/MM and

MP2/aug-cc-pVTZ//B3LYP/aug-cc-pVTZ level

Fig. 4 Formic acid complexes with two water molecules. Dashed
lines indicate hydrogen bonding
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From the interaction energies of FA–(H2O)2 complexes

reported in Table 8, we can found that FAZ11 has the

highest energy compared with the other conformations, and

the relative stability order of these conformations is

FAZ11 [ FAZ12 [ FAZ22 [ FAZ13 [ FAZ33 [ FAZ23

from the ABEEMrp/MM model and the MP2/aug-cc-

pVTZ//B3LYP/aug-cc-pVTZ level calculations.

3.1.3 FA and three water complexes

In the present study, eight configurations are taken into

consideration when three water molecules are bound to FA.

The graphical representations of the FA–(H2O)3 clusters

are shown in Fig. 5. The geometric parameters for these

structures are given in Table 9. Three of the structures

FAZ111, FAZ222, and FAZ333 are ring-like structures

similar to water tetramer. Another four structures FAZ112,

FAZ113, FAZ122, and FAZ133 are ring-like species simi-

lar to water trimer. The FAZ123 structure has a water

molecule on each of the three bonding sites on the FA

molecule.

As seen from the Table 9, the optimized geometries of

the FA complexes with three water molecules from the

ABEEMrp/MM model are close to those from the B3LYP/

aug-cc-pVTZ level. It is denoted that both the ABEEMrp/

MM model and B3LYP/aug-cc-pVTZ calculated structures

tend to have longer C=O and O–H, but a shorter C–O bond

lengths. FAZ123 structure has one water molecule at each

Table 7 Formic acid bond distance (Å) of HCOOH–(H2O)2 complexes from ABEEMrp/MM model and B3LYP/aug-cc-pVTZ level

calculations

Dimer Geometry C=O O–H H–C C–O R(1) R(2) R(2)0 R(3) R(4) R(W)

FAZ 11 ABEEMrp/MM 1.193 0.963 1.096 1.319 1.703 1.840 1.772

B3LYP 1.214 1.005 1.096 1.314 1.654 1.817 1.748

FAZ 12 ABEEMrp/MM 1.207 0.970 1.101 1.319 1.846 2.130 1.999

B3LYP 1.216 0.992 1.094 1.319 1.756 2.110 1.953

FAZ 13 ABEEMrp/MM 1.205 0.968 1.100 1.341 1.848 2.019 2.074

B3LYP 1.208 0.992 1.095 1.334 1.752 2.054 2.069

FAZ 22 ABEEMrp/MM 1.205 0.972 1.101 1.337 1.943 2.284 1.903

B3LYP 1.209 0.971 1.095 1.336 1.880 2.261 1.862

FAZ 23 ABEEMrp/MM 1.202 0.972 1.103 1.340 1.999 2.465 2.451

B3LYP 1.203 0.971 1.093 1.345 1.973 2.459 2.441

FAZ 33 ABEEMrp/MM 1.200 0.971 1.100 1.351 2.037 2.289 1.923

B3LYP 1.196 0.97 1.095 1.364 2.016 2.271 1.900

Table 8 Interaction energies (in kcal/mol) of HCOOH–(H2O)2

complexes

Complex ABEEMrp/MM Ab initio Deviationd

MP2a B3LYPb B3LYPc

FAZ 11 16.19 15.96 19.8 21.8 0.23

FAZ 12 10.17 10.38 14.0 14.3 -0.21

FAZ 13 8.46 9.34 12.7 12.6 -0.88

FAZ 22 10.10 9.70 13.0 13.3 0.41

FAZ 23 6.26 4.94 8.1 6.3 1.32

FAZ 33 8.26 7.40 10.3 10.1 0.86

a Energies obtained at MP2/aug-cc-pVTZ//B3LYP/aug-cc-pVTZ

level with BSSE and ZPE corrections. Zero-point-energy calculated at

B3LYP/aug-cc-pVTZ level in this work
b Reference [7]: at the B3LYP/6-311??G(2d,2p)//B3LYP/6-

311??G(d,p) lever with BSSE and ZPE corrections
c Reference [12]: at the B3LYP/6-311??G(2d,2p)//B3LYP/6-

311??G(2d,2p) lever with BSSE corrections
d The deviation of interaction energies between ABEEMrp/MM and

MP2/aug-cc-pVTZ//B3LYP/aug-cc-pVTZ level Fig. 5 Formic acid complexes with three water molecules. Dashed
lines indicate hydrogen bonding
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bonding site, similar to the three complexes of (Z)-FA with

one water molecule. Every intermolecular bond in FAZ123

is shorter than the bond in FAZ1, FAZ2, and FAZ3, and the

geometry of the FA molecule is altered compared with the

isolate FA.

Their interaction energy values are shown in Table 10,

as well as the comparison with those from the MP2/aug-

cc-pVTZ//B3LYP/aug-cc-pVTZ level QM calculations.

The interaction energy values of FA–(H2O)3 by the

ABEEMrp/MM model are found to be in good agreement

with those from ab initio calculations, within the deviation

of 1.50 kcal/mol. The interaction energy order of these

conformations is FAZ111 [ FAZ112 [ FAZ113 [ FAZ122

[ FAZ222 [ FAZ333 [ FAZ133 [ FAZ123 from the

ABEEMrp/MM model and the MP2/aug-cc-pVTZ//

B3LYP/aug-cc-pVTZ level calculations.

For a clear comparison, the interaction energies of

FA–(H2O)n (n = 1–3) clusters from both the ABEEMrp/

MM model and ab initio methods are displayed in Fig. 6,

where the linear correlation analysis is shown in the inner

panel. The linear coefficient reaches 0.993, and the root

mean square deviation (RMSD) is 0.74 kcal/mol. These

results show that the ABEEMrp/MM model can give the

overall interaction energy properties in good agreement with

the high-level QM calculations on FA–water complexes.

In addition, the optimization of (Z)-FA in aqueous

solution has been done by ABEEMrp/MM and the explicit

ABEEM-7P water solvent model. For comparison, the

Table 9 Formic acid bond distance (Å) of HCOOH–(H2O)3 complexes from ABEEMrp/MM model and B3LYP/aug-cc-pVTZ level

calculations

Dimer Geometry C=O O–H H–C C–O R(1) R(2) R(2)0 R(3) R(W)

FAZ 111 ABEEMrp/MM 1.205 0.977 1.091 1.325 1.764 1.847 1.769

1.721

B3LYP 1.214 1.007 1.097 1.311 1.632 1.79 1.742

1.713

FAZ 112 ABEEMrp/MM 1.209 1.004 1.098 1.309 1.680 1.867 1.963 1.782

B3LYP 1.221 1.008 1.095 1.306 1.631 1.849 1.949 1.763

FAZ 113 ABEEMrp/MM 1.194 1.060 1.098 1.328 1.695 1.857 2.042 1.766

B3LYP 1.211 1.01 1.096 1.321 1.621 1.831 2.037 1.736

FAZ 122 ABEEMrp/MM 1.215 1.019 1.098 1.329 1.836 2.091 1.912 1.898

B3LYP 1.222 0.991 1.094 1.318 1.771 2.075 1.862 1.868

FAZ 123 ABEEMrp/MM 1.206 0.998 1.102 1.329 1.824 2.144 1.992 2.186

B3LYP 1.214 0.994 1.093 1.326 1.738 2.116 1.963 2.188

FAZ 133 ABEEMrp/MM 1.206 0.989 1.096 1.336 1.805 2.077 1.995 1.925

B3LYP 1.208 0.992 1.095 1.340 1.76 2.017 1.976 1.889

FAZ 222 ABEEMrp/MM 1.205 0.969 1.095 1.336 2.008 1.904

1.921

B3LYP 1.211 0.971 1.096 1.336 1.829 1.778

1.804

FAZ 333 ABEEMrp/MM 1.203 0.969 1.096 1.343 2.031 1.927

1.929

B3LYP 1.196 0.97 1.096 1.367 1.952 1.816

1.823

Table 10 Interaction energies (in kcal/mol) of HCOOH–(H2O)3

complexes

Complex ABEEMrp/MM Ab initio Deviationd

MP2a B3LYPb MP2c

FAZ 111 23.32 21.84 26.3 31.1 1.48

FAZ 112 19.64 18.71 22.7 27.3 0.93

FAZ 113 17.10 18.22 21.6 26.3 -1.12

FAZ 122 17.03 16.72 19.8 25.1 0.31

FAZ 123 11.44 12.39 15.4 19.3 -0.95

FAZ 133 14.75 15.00 17.8 23.2 -0.25

FAZ 222 16.70 16.34 19.4 24.2 0.36

FAZ 333 15.97 16.21 16.2 21.1 -0.24

a Energies obtained at MP2/aug-cc-pVTZ//B3LYP/aug-cc-pVTZ

level with BSSE and ZPE corrections. Zero-point-energy calculated at

B3LYP/aug-cc-pVTZ level in this work
b Reference [7]: at the B3LYP/6-311??G(2d,2p)//B3LYP/

6-311??G(d,p) lever with BSSE and ZPE corrections
c Reference [7]: at the MP2/6-311??G(2d,2p)//B3LYP/

6-311??G(d,p) lever with BSSE corrections
d The deviation of interaction energies between ABEEMrp/MM and

MP2/aug-cc-pVTZ//B3LYP/aug-cc-pVTZ level
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optimization of (Z)-FA in aqueous solution has been done

with B3LYP/aug-cc-PVTZ, the solution effects has been

modeled with the SCIPCM [53] (self-consistent isodensity

continuum model) method. The calculated structures of FA

by ABEEMrp/MM and DFT method are listed in

Table 11. Seen from the Table 11, the optimized geome-

tries of (Z)-FA by ABEEMrp/MM and ABEEM-7P water

solvent model are close to those from the B3LYP/aug-cc-

pVTZ level with the SCIPCM method. Only the C–O

length and the angle C–O–H increase to some extent rela-

tive to those from the SCIPCM method and this can be

explained by the strong H-bond polarization effect between

the acidic hydrogen (OH) on the FA with water oxygen.

3.2 Radial distribution

Next, the dynamic simulation of (Z)-FA in aqueous solu-

tion based on the ABEEMrp/MM have been performed in

the present work. Radial distribution function (RDF) is a

useful tool to describe the structure of a system, particu-

larly of liquids, and the peaks of the RDF can reflect the

shell structure of the solvent. Here, the structure feature of

the water molecules surrounding the FA is described by the

RDFs of the Hw atoms of H2O molecules around the acidic

hydrogen (OH) on the FA (Fig. 7a), the oxygen atom (O2)

of the carbonyl group (Fig. 7b) and the oxygen (HO) bound

to the acidic hydrogen on the FA (Fig. 7c). The RDFs of

the Ow atoms of H2O molecules around the FA molecule

are presented in (Fig. 7d–f, respectively). The OH–Ow

RDF (solid line) shows a well-defined and more pro-

nounced first peak located at 2.1 Å corresponding to the

first hydration shell, followed by a broader second peak

centered at about 5.0 Å and the third peak is very weak at

about 6.5 Å. On the other hand, OH–Hw RDF (solid line)

is a sharp peak located at about 2.9 Å, followed by a lower

and broader second peak centered at about 5.2 Å and the

third peak is weak. The OH–Ow and OH–Hw RDF have

well-defined first peaks, indicating strong hydrogen-bond-

ing interaction between the acidic hydrogen (OH) on the

FA with water oxygen. It also implies that the FA can

influence about two solvation shells from the ABEEMrp/

MM MD simulation.

The RDFs of water molecules with respect to the oxygen

atom (O2) of the carbonyl group are shown in Fig. 7b and

f. The O2-Hw and O2-Ow distributions have well-defined

first peaks, at 2.3 and 3.3 Å, respectively, indicating strong

hydrogen-bonding interactions between the carbonyl

Fig. 6 Scatter plots comparing the MP2/aug-cc-pVTZ//B3LYP/aug-

cc-pVTZ and ABEEMrp/MM interaction energies of Formic acid–

(H2O)n (n = 1–3) complexes

Table 11 Structural parameters for (Z)-formic acid in aqueous solution

(Z)-formic acid Bond length (Å) Bond angle (�)

C=O C–O C–H O–H O=C–O O–C–H C–O–H H–C=O

ABEEMrp/MM (TIP-7P)a 1.173 1.356 1.112 0.972 125.0 109.5 103.3 125.6

DFT (SCIPCM)b 1.204 1.336 1.095 0.971 125.2 110.2 109.5 124.7

a Geometry optimization in the explicit ABEEM-7P water solvent model
b Geometry optimization at the B3LYP/aug-cc-pVTZ level. For the solvent calculations by the SCIPCM (self-consistent isodensity continuum

model) method [53]

Fig. 7 Radial distribution functions for water hydrogen atoms (Hw)

around the acidic hydrogen (OH) on the formic acid (a), the oxygen

atom (O2) of the carbonyl group (b) and the oxygen (HO) bound to the

acidic hydrogen on the formic acid (c). Radial distribution functions for

water oxygen atoms (Ow) around the acidic hydrogen (OH) on the

formic acid (d), the oxygen atom (O2) of the carbonyl group (e) and the

oxygen (HO) bound to the acidic hydrogen on the formic acid (f)
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oxygen with water hydrogen. A second peak can be dis-

tinguished at 3.8 and 5.1 Å, respectively, and the third

peaks are weak. For the RDFs of water molecules with

respect to oxygen (HO) bound to the acidic hydrogen on

the FA are shown in Fig. 7c and f. The first peak in HO–

Ow RDF located at 3.1 Å and the HO–Hw RDF appears

not very structured, which means that the first solvation

shell likely has a fluctuational character and a not very

strong hydrogen-bonding interactions between oxygen

(HO) bound to the acidic hydrogen with water hydrogen,

and this is consistent with the conclusion that is obtained

from the study on complexes of FA and water.

4 Conclusion

We have systemically studied the hydrogen bond interac-

tion of complexes between FA and water (with up to three

water molecules) by ab initio methods and the ABEEMrp
fluctuating charge force filed. The B3LYP/aug-cc-pVTZ

predicts the geometries in good agreement with the

experimental values for isolate FA molecules and the

FA–water compounds than those found with other theo-

retical levels. The ABEEMrp/MM model gives reasonable

energies and geometries of these clusters by taking the

ABEEMrp charges of all atoms, r and p bonds, and lone-

pairs into the electrostatic interaction term. For the inter-

action energies, the linear coefficient reaches 0.993, and

the RMSD is 0.74 kcal/mol when compared with the

present ab initio calculations at the MP2/aug-cc-pVTZ//

B3LYP/aug-cc-pVTZ level. Molecular dynamic simulation

of FA in aqueous solution has been carried out by

ABEEMrp/MM model. Through analysis of the RDF of

water molecule around the FA, it is drawn that there are

three hydrogen bonds patterns, and strong hydrogen-

bonding interaction between the acidic hydrogen on the FA

and the carbonyl oxygen with water hydrogen. There is a

not very strong hydrogen-bonding interaction between

oxygen bound to the acidic hydrogen with water hydrogen.

In conclusion, the ABEEMrp fluctuating charge force

field can reasonably reflect interaction between FA and

water, and this model may be developed to study the

hydration of other organic acids.

5 Supporting information available

The parameters of the ABEEM/MM fluctuating charge

model for formic acid are included in the ‘‘Electronic

Supplementary Material’’.
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