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Abstract

Context Micro-hydration of the aminobenzoic acid is essential to understand its interaction with surrounding water
molecules. Understanding the micro-hydration of the aminobenzoic acid is also essential to study its remediation from
wastewater. Therefore, we explored the potential energy surfaces (PESs) of the para-aminobenzoic acid-water clusters,
ABW,,,n = 1 — 10, to study the microsolvation of the aminobenzoic acid in water. In addition, we performed a quantum
theory of atoms in molecules (QTAIM) analysis to identify the nature of non-covalent bondings in the aminobenzoic acid-
water clusters. Furthermore, temperature effects on the stability of the located isomers have been examined. The located
structures have been used to calculate the hydration free energy and the hydration enthalpy of the aminobenzoic acid using
the cluster continuum solvation model. The hydration free energy and the hydration enthalpy of the aminobenzoic acid at
room temperature are evaluated to be —7.0 kcal/mol and —18.1 kcal/mol, respectively. The hydration enthalpy is in perfect
agreement with a previous experimental estimate. Besides, temperature effects on the calculated hydration enthalpy and free
energy are reported. Finally, we calculated the gas phase binding energies of the most stable structures of the ABW,, clusters
using twelve functionals of density functional theory (DFT), including empirical dispersion. The DFT functionals are bench-
marked against the DLPNO-CCSD(T)/CBS. We have found that the three most suitable DFT functionals are classified in the
following order: PW6B95D3 > MN15 > wB97XD. Therefore, the PW6B95D3 functional is recommended for further study
of the aminobenzoic acid-water clusters and similar systems.

Methods The exploration started with classical molecular dynamics simulations followed by complete optimization at the
PW6B95D3/def2-TZVP level of theory. Optimizations are performed using Gaussian 16 suite of codes. QTAIM analysis is
performed using the AIMAII program.

Keywords Aminobenzoic acid - Hydration free energy - Solvation - Non-covalent bondings - QTAIM analysis

Introduction

Para-aminobenzoic acid (also known as p—aminobenzoic
acid or 4—aminobenzoic acid) is an organic molecule with
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two functional groups: carboxyl and amino. Aminobenzoic
acid has essential applications in Biochemistry and Chem-
istry. Furthermore, it is also used in industry for synthesis.
Besides, p—aminobenzoic acid is a pollutant. Its remediation
(or removal) has been the subject of several investigations
[1-6]. Therefore, to understand the adsorption process of
p—aminobenzoic acid, studying its interactions with water
molecules surrounding it becomes crucial. Microsolvation
of p—aminobenzoic acid has received little attention. Thus,
in this work, we studied the para-aminobenzoic acid-water
clusters. This study is performed in a prelude to investigat-
ing the adsorption of p—aminobenzoic acid for wastewater
treatment. It is important to note that p—aminobenzoic
acid coexists in water in both the zwitterionic and non-
zwitterionic forms. However, the zwitterionic form is more
prevalent due to its excellent stability in water. Microsol-
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vation of the zwitterionic and non-zwitterionic forms of
p—aminobenzoic acid has received negligible considera-
tion. This work focuses on the non-zwitterionic form of
p—aminobenzoic acid.

Structures of o—aminobenzoic acid (or 2—aminobenzoic
acid) water clusters (from monomer to trimer) have been
investigated by Ghosh and Chaudhuri [7] at the B3LYP/aug-
cc-pVDZlevel of theory. For each cluster size, only one stable
configuration is reported. The most stable o—aminobenzoic
acid-water monomer and dimer structure have a cyclic
OH- - - O configuration. The most stable structure for the
o—aminobenzoic acid-water trimer has a double cyclic
OH- - - O configuration [7]. In addition to the structures, NMR
spin-spin couplings of the investigated structures have also
been reported. Besides, microhydration of o—aminobenzoic
acid in anionic protonated form has been studied by da
Silva Olivier and coworkers [8]. Microhydration has been
studied from one to five explicit water molecules at the
B3LYP/TZVP level of theory in implicit solvent (using the
polarizable continuum model, PCM). The study has exam-
ined the effects of the water molecules on the UV-Vis
spectrum of o—aminobenzoic acid in the anionic protonated
form [8]. Due to the anionic form, the structures reported by
da Silva Olivier and coworkers [8] are different from those
obtained by Ghosh and Chaudhuri [7]. It has been found
that the maximum absorption wavelength increases with the
number of explicit water molecules [8]. Rosbottom et al. [9]
have studied the interactions of p—aminobenzoic acid with
solvent molecules of water, ethanol, and acetonitrile. They
started with molecular dynamics simulations and optimized
the structures at the B3LYP/6-31 G(d) level of theory. They
identified possible fixation sites of water, ethanol, and ace-
tonitrile molecules on the p —aminobenzoic acid. They found
that the water molecules prefer to be attached to the carboxyl
group of p—aminobenzoic acid [9].

In addition to the structures of aminobenzoic acid-water
clusters, solvation enthalpy and solvation free energy of
the aminobenzoic acid has been reported by a few authors
[10-13]. Turner et al. [11] have reported the solvation
enthalpy of the p—aminobenzoic acid in the water, in
ethanol, and in acetonitrile using an experimental approach.
They have also calculated the hydration free energy of
the p—aminobenzoic acid in the solvents mentioned above
using molecular dynamics simulations. The same authors
have reported dissolution enthalpy and dissolution free ener-
gies of the p—aminobenzoic acid [11]. Recently, Li et al.
[13] have evaluated several thermodynamic properties of the
p—aminobenzoic acid using experimental approaches and
molecular dynamics simulations. Using molecular dynam-
ics simulations, the authors calculated the hydration free
energy of the p—aminobenzoic acid in several solvents:
methyl acetate, n-propyl acetate, isopropyl acetate, acetone,
and water [13].
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An exploration of the literature shows that very few
studies of the p—aminobenzoic acid-water clusters have
been reported. Furthermore, the authors must thoroughly
explore the possible structures even for the reported studies.
Thus, we explored the potential energy surfaces (PESs) of
p—aminobenzoic acid-water clusters, starting with classical
molecular dynamics simulations followed by full optimiza-
tions at the PW6B95D3/def2-TZVP level of theory. Quantum
theory of atoms in molecules (QTAIM) analysis has been
performed to understand the nature of non-covalent interac-
tions. The generated structures have been used to calculate
the hydration enthalpy and the hydration free energy of the
p—aminobenzoic acid at different temperatures.

Methodology

We start this section by presenting the cluster continuum
solvation model used in this work to compute the solvation
free energy and the solvation enthalpy of aminobenzoic acid
(see the “Solvation free energy and enthalpy” section). Then,
the methodology used to sample initial configurations is pre-
sented (see the “Geometry sampling” section). Finally, we
present the computational details, including the choice of the
computational level of theory, the software used, and details
to enhance the accuracy of the calculations (see the “Com-
putational details” section).

Solvation free energy and enthalpy

The aminobenzoic acid’s solvation free energy and the sol-
vation enthalpy are calculated using the cluster continuum
solvation model. A schematic representation of the clus-
ter continuum solvation model is given in Fig. 1, which
expresses the Eq.1. The main idea of the cluster contin-
uum solvation model is to adopt a hybrid solvation model.
The solvent molecules closer to the solute (aminobenzoic
acid) are treated explicitly using quantum mechanics, while
solvent molecules far from the solute are considered a con-
tinuum medium. The advantage of the model is that only a
few explicit water molecules are required to achieve con-
vergence. Therefore, the model will allow a considerable
saving of computational time. The cluster continuum sol-
vation model has been successfully applied in the literature
to compute the solvation free energy of the proton in solu-
tions [14-23]. Recently, we applied the cluster continuum
solvation model to calculate the solvation free energy and
enthalpy of phenol in water at different temperatures [24].

AB(g) + (H20),(s) — AB(H20),(s) ey

The solvation free energy and the solvation enthalpy of
aminobenzoic acid within the cluster continuum solvation
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Fig.1 Schematic representation
of the cluster continuum
solvation model used in this
work to calculate the solvation
free energy and enthalpy of
aminobenzoic acid in water. The
representation is given for the
case of six explicit water
molecules

model can be calculated using Eqs. 2 and 3, respectively.

AGy(AB)y = AGs[AB(H20),] — AG[(H20),]
—AG,[AB], @

AH;(AB), = AH[AB(H,0),] — AH;[(H20),]
—AH,[AB], 3

where AB stands for aminobenzoic acid. The superscript s
and g are solvent and gas phases, respectively. AG4[X] and
A Hg[X] represent X’s free energy and enthalpy in the sol-
vent phase, respectively. Similar meanings for AG,[X] and
AH,[X].

Examination of Eqs.2 and 3 shows that the calculation
of the solvation free energy and enthalpy of aminobenzoic
acid is subjected to the determination of the structures of
AB(H;0),, as well as the structures of (H,O),, for differ-
ent values of n. The structures of AB(H,0),, are thoroughly
explored in this work. The free energy and the enthalpy
of AB(H,0),,, as required in Eqs.2 and 3, are calculated
as Boltzmann average over the free energy and enthalpy
of all possible configurations of the cluster. The structures
of neutral water clusters, (H>O),, have been thoroughly
explored in our previous works [25, 26] using ABCluster
as described in the “Geometry sampling” section. However,
only the most stable structures in our previous works have
been re-optimized at the PW6B95D3/def2-TZVP to compute
the solvation free energy and enthalpy of aminobenzoic acid
in this work. This has been done for tractability and could
slightly affect the calculated hydration energies. Conse-
quently, one needs to determine the structures of AB(H»>0),
for different values of n to be able to use Eqs. 2 and 3. In this
work, we have determined different structures of AB(H,0),,
forn = 1ton = 10. We started this work by sampling differ-
ent possible configurations for each value of n. The sampling
has been performed using classical molecular dynamics as
implemented in the ABCluster (see the “Geometry sampling”
section).

Geometry sampling

Initial configurations have been sampled using the ABCluster
code of Zhang and Dolg [27, 28]. ABCluster samples all pos-
sible configurations on a given molecular cluster’s potential
energy surface (PES). The sampling is performed using clas-
sical molecular dynamics with potential energy constituted
of electrostatic and Lenard-Jones interactions. The poten-
tial energy parameters are retrieved from the CHARMM
force field [29]. The sampling details using ABCluster can be
found in our previous works on molecular clusters [30-34].
Moreover, more details on the artificial bee colony algorithm
(global optimization algorithm used in ABCluster) can be
found in the initial papers of Zhang and Dolg [27, 28]. The
located configurations of different cluster sizes have been
fully optimized at the PW6B95D3/def2-TZVP level of theory
(see the “Computational details” section for more details).

Computational details

The configurations located using ABCluster are fully opti-
mized using the PW6B95D3 DFT functional. Due to non-
covalent bondings that stabilize the aminobenzoic acid-water
clusters, we had to consider the dispersive nature of the
interactions. This dispersive nature justifies the choice of
a functional including the third order Grimme’s dispersion
corrections [35] (the PW6B95D3 functional). In addition,
the PW6B95D3 functional is the most accurate for studying
clusters with non-covalent interactions in our previous works
[36-39]. Two different basis sets have been tested to optimize
the configurations: cc-pVDZ and def2-TZVP. For the accu-
racy of the energies, the def2-TZVP (a triple zeta basis set)
will be considered in the calculations of the solvation free
energy and the solvation enthalpy. Frequency calculations
have been systematically performed along with all optimiza-
tions. The frequency calculations have been performed to
confirm the location of true local minima on the PESs and
to calculate the free energy and enthalpy of the correspond-
ing structure. Optimizations and frequency calculations have
been performed using the Gaussian 16 suite of codes [40].
The tight option has been used for accurate optimization,
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and the ultrafine grid has been used for accurate integrals
calculations. Optimizations and frequency calculations have
been performed in the implicit solvation model. The solva-
tion model based on density (SMD) has been used for the
implicit solvation [41]. Thus, the structures of AB(H,0),, as
well as (H,0),, for different values of n have been calculated
in the implicit solvation model.

The gas phase binding energies of the most stable isomers
have been calculated using twelve DFT functionals, includ-
ing Grimme’s empirical dispersion [35, 42]. The functionals
include B3LYP-D3 [43], B3PW91-D3 [43], M05-D3 [44],
MO052X-D3 [45], M06-D3 [46], M062X-D3 [46], MNI15
[47], PBEIPBE-D3 [48], PBEPBE-D3 [49], PW6B95D3
[50], TPSSTPSS-D3 [51], and @B97XD [52]. The most sta-
ble structures located at the PW6B95D3/def2-TZVP level of
theory have been fully re-optimized using the above func-
tionals associated with the def2-TZVP basis set. Gaussian
16 suite of codes [40] has been used for these calcula-
tions along with tight and ultrafine options as described
above. In addition, binding energies are also calculated at
the DLPNO-CCSD(T)/CBS level of theory to serve as a
benchmark for DFT functionals. Calculations at the DLPNO-
CCSD(T)/CBS level of theory have been performed using
the Orca program [53]. We used tightpno and tightscf for
accuracy. In addition, we used the AutoAux option for
the automatic generation of auxiliary basis sets [54]. The
CBS extrapolation has been performed using the two-point
strategy involving electronic energies calculated using the
def2-TZVPP and the def2-QZVPP basis sets. Further details
on the CBS extrapolation can be found in our previous works
[38, 39].

We performed a quantum theory of atoms in molecules
(QTAIM) analysis on the most stable structures to understand
the nature of non-covalent bonding in the aminobenzoic acid-
water clusters. The QTAIM analysis uses the AIMAII code
[55]. The QTAIM analysis has been performed only on the
most stable configurations obtained at the PW6B95D3/def2-
TZVP level of theory. Regarding the relative population, the
program TEMPO [56, 57] has been used to compute the rel-
ative population of the clusters at different temperatures.

Results and discussions

In this section, we start by presenting the structures of
the aminobenzoic acid-water clusters as optimized at the
PW6B95D3/def2-TZVP level of theory. The structures are
presented along with their solvent phase relative electronic
energies, including zero point energy (ZPE) corrections (see
the “Structures and relative energies” section). After pre-
senting the stability, we examine the nature of non-covalent
bondings stabilizing the studied clusters in the “Non-covalent
bondings in ABW,, structures” section. Next, we presented
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the relative population of the clusters to highlight the struc-
tures that significantly contribute to the cluster’s population
(see the “Relative population of ABW,, structures” sec-
ton). Then, the structures, as well as their free energies
and enthalpies, are used to evaluate the absolute hydra-
tion free energy and the absolute hydration enthalpy of
the aminobenzoic acid for different ranges of temperature
(see the “Solvation free energy and solvation enthalpy” sec-
tion). Finally, we present the binding energies calculated
using twelve DFT functionals benchmarked against DLPNO-
CCSD(T). These binding energies are calculated to select the
most suitable functional for studying the interaction between
the aminobenzoic acid and water molecules (see the “Gas
phase binding energies and DFT benchmarking” section).

Structures and relative energies

After complete optimization at the PW6B95D3/def2-TZVP
level of theory, the configurations found different from one
another have been retained. Four different configurations of
the ABW; have been located on its PES within the ZPE-
corrected electronic energy landscape of 3.2 kcal/mol. The
located structures are reported in Fig. 2. In Fig. 2, the global
minimum energy structure is ABW1_1. The second most
stable isomer of the aminobenzoic acid-water monomer lies
1.6 kcal/mol, ABW1_2. In ABW1_1, the water monomer
is a proton acceptor, while in ABW1_2, ABW1_3, and
ABW1_4, the water monomer is a proton donor. In addi-
tion, we note that when the water molecule interacts with the
amino- group, the generated isomer is less stable than that
generated when the water molecule interacts with the car-
boxyl group (see Fig. 2). For ABW{, the four structures have
been optimized at the same level of theory using the CPCM

a ABWI1_1 b ABW12 1.6
¢ ABWI3 2.0 d ABW14 32

Fig. 2 Structures and relative energies of ABW| as optimized at
the PW6B95D3/def2-TZVP level of theory. The relative energies are
reported in kcal/mol
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and the PCM solvation models. The calculated relative ener-
gies are reported in Fig. S1 of the supporting information. It
has been found that the structure’s geometry does not con-
siderably change with the solvation model. In addition, all
three solvation models (CPCM, PCM, and SMD) predicted
the same structure as the most stable. However, the relative
energy of the isomers ABW1_3 and ABW1_4 are exchanged
using CPCM and PCM (see details in the supporting
information).

To assess the influence of the computational level of theory
on the geometry of the clusters, we optimized all the struc-
tures of ABW;, ABW;, and ABW3 at the MP2/def2-TZVP
level of theory. It has been found that most of the geometries
obtained at the MP2 are identical to those obtained at the
PW6B95D3. However, there are a few geometries where the
water molecules exhibit a slight shift that does not visually
change the geometries. Regarding their energies, it has been
found that the relative energies at these two levels of theory
follow different trends. However, for each cluster size, the
most stable and the least stable structures are predicted to be
the same at MP2 and PW6B95D3 levels of theory (see Figs.
S2, S3, and S4 of the supporting information).

For the aminobenzoic acid-(water);, nine different iso-
mers are located on the cluster’s PES (see Fig. 3). The most
stable configuration, ABW2_1, has three OH- - - O hydro-

Fig.3 Structures and relative
energies of ABW; as optimized
at the PW6B95D3/def2-TZVP
level of theory. Numbers are the
calculated relative energies (in
kcal/mol). Numbers in

parenthesis are relative energies a ABW2_1
calculated at the
PW6B95D3/cc-pVDZ level of (00)

theory

gen bondings forming a cyclic configuration. The stability
of cyclic configurations for small-sized clusters perfectly
agrees with the study of neutral water clusters [26, 58]. Gen-
erally, the isomers where the water molecules are attached
to the carboxyl group are among the most stable. In contrast,
the isomers where the water molecules are attached to the
amino group have lesser stability (see Fig. 3). This stabil-
ity trend is because the carboxyl group is more hydrophilic
than the amino group. Consequently, water molecules estab-
lish more robust bondings with the carboxyl group than the
amino group. This stability trend is also noted in larger-
sized aminobenzoic acid-water clusters studied in this work.
The relative energies calculated using the two basis sets (cc-
pVDZ and def2-TZVP) follow almost the same stability trend
(see Fig. 3). Both basis sets predicted the same global mini-
mum energy structure and the same least stable structure. The
relative energies calculated using the cc-pVDZ basis set are
larger than those calculated using the def2-TZVP basis set.
This difference highlights the overestimation of the energies
calculated using the cc-pVDZ basis set.

Eleven configurations of the aminobenzoic acid-water
trimer have been identified on the PES of the cluster at the
PW6B95D3/def2-TZVP level of theory. The located isomers
and their relative energies are reported in Fig. 4. The pre-
dicted most stable isomer of the ABWj3 cluster, ABW3_1,

0.0 b ABW2.2
1.3 (6.5)

¢ ABW2.3 1.8
(6.5)

/

¢

d ABW2 4 e ABW2.5 2.2 f ABW2.6 3.5
22 (5.1) (5.6) (5.5)
- .
\ f 5
0
g ABW2.7 338 h ABW2.8 3.9 i ABW29 4.6
(5.9) (5.8) (8.8)

@ Springer



38 Page6of16

Journal of Molecular Modeling (2024) 30:38

Fig.4 Structures and relative
energies of ABW3 as optimized
at the PW6B95D3/def2-TZVP
level of theory. Numbers are the
calculated relative energies (in
kcal/mol). Numbers in
parenthesis are relative energies
calculated at the
PW6B95D3/cc-pVDZ level of
theory

a ABW3_.1 0.0

b ABW32 0.2(1.0)
(0.0)

¢ ABW3.3

f ABW3.6 2.0
(4.8)

o

i ABW3.9 29(5.1)

has a pyramidal configuration of the water molecules and
the COOH group. The second most stable isomer, ABW3_2,
exhibits a folded cyclic configuration. In most of the struc-
tures of the ABW3 cluster, the three water molecules form a
cyclic configuration interacting with the aminobenzoic acid
(see ABW3_4 to ABW3_8 in Fig. 4). Similar to the case of
ABW; and ABW;, when the water molecules interact with
the carboxyl group, the generated structure is found to be
more stable than the structure generated by the interaction
with the amino group. Regarding the effect of the basis sets,
we noted that both cc-pVDZ and def2-TZVP predicted the
same global minimum energy structure. In addition, the sta-
bility trend is the same for both basis sets (see Fig. 4).

We located seventeen structures on the PES of ABWy
cluster, reported in Fig. 5. In the most stable structure,
ABW4_1, the water molecules form a chain interacting with
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1.4 (4.8)

d ABW3_4
1.8 (4.7)

e ABW3.5
1.9 (5.1)

g ABW3.7 2.0
(4.6)

h ABW3.8 2.7
(5.4)

j ABW3_10 3.7
(5.8)

k ABW3_11
4.7 (7.1)

the aminobenzoic acid. As seen in the “Non-covalent bond-
ings in ABW),, structures” section, ABW4_1 is stabilized by
strong OH- - - O hydrogen bondings and OH. - -7 bonding
interactions. ABW4 _1 has five OH---O and two OH- - -7
bonding interactions. There are two degenerate second most
stable structures, ABW4_2 and ABW4_3, lying 0.4 kcal/mol
above the most stable configuration (see Fig. 5). The struc-
tures in which the water molecules interact with the carboxyl
group are the most stable, while those in which the water
molecules interact with the amino group are found to be the
least stable. There are structures between these two groups
in which the water molecules interact with the carboxyl and
amino groups.

The structures of larger clusters of ABW,, (n = 6 — 10)
are reported in Figs. 6, 7, and 8, respectively. Generally, the
most stable configurations are the structures where the water
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a ABW4_.1 0.0 b ABW4.2 ¢ ABW43 04 d ABW4 4 e ABW4.5 14 f ABW4.6 2.1
(0.9) 0.4 (1.9) (0.0) 1.0 (1.9) 2.7) (2.2)
0 , %"3 N
S { a P _—-s g
({ -0 R [ 2 i
\ _ %&}i{ s %O—Q ___ﬁ
/2 &
g ABW4.7 2.1 h ABW4_8 i ABW49 22 j ABW4_10 2.3 k ABW4_11 1 ABW4_.12 2.7
(3.3) 2.1(6.0) 4.7) 2.7) 2.5 (4.0) 3.1)
& o
- ﬁxﬁ,
»-e Py
m ABW4_13 n ABW4.14 28 o ABW4_.15 32 p ABW4_16 q ABW4_17
2.8(3.3) 3.9 3.3(6.1) 3.6 (6.2)

Fig.5 Structures and relative energies of ABW, as optimized at the PW6B95D3/def2-TZVP level of theory. Numbers are the calculated relative
energies (in kcal/mol). Numbers in parenthesis are relative energies calculated at the PW6B95D3/cc-pVDZ level of theory

molecules establish strong OH- - - O hydrogen bondings with
the carboxyl group. However, for the case of ABWjg clus-
ter, water molecules interact with both carboxyl and amino
groups in the most stable configuration (see Fig. 8). This is
due to the relatively large number of water molecules com-
pared to smaller-sized clusters. It has been noted that the
water molecules occupy one side of the aminobenzoic acid
in all the studied clusters. This behavior is mainly attributed

to the clusters’ stability and the number of explicit water
molecules. In this work, we have limited the study to a
maximum of ten explicit water molecules. With ten water
molecules, if the water molecules were shared on both sides
of the aminobenzoic acid, the resulting structure would be
less stable than those reported in this work. Therefore, the
water molecules prefer to be on one side for these small-sized
clusters to enhance stability. Furthermore, even the initial

a ABW6_.1 00 b ABW62 09
(0.9) (1.9)

R

h ABW6.8 3.2 (6.0)

¢ ABW6.3

g ABW6.7 3.1
(3.3)

i ABW6.9

Fig. 6 Structures and relative energies of ABWg as optimized at the
PW6B95D3/def2-TZVP level of theory. Numbers are the calculated
relative energies (in kcal/mol). Numbers in parenthesis are relative ener-

1.5 (0.0)

3.2 (4.7)

d ABW6.4 2.1 e ABW6.5
(1.9) 2.9 (2.7)

f ABW6.6 3.0
2.2)

j ABW6_.10 3.4 (2.7) k ABW6_11 3.5

4.0)
gies calculated at the PW6B95D3/cc-pVDZ level of theory. Only the

eleven first isomers are reported here. The complete list of the located
structures is provided in the supporting information
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a ABWS_1 0.0
(0.0)

b ABW82 0.3

(1.5) (1.6)

h ABW8_8

g ABW8.7 2.8(0.2) 3.0(2.6)

Fig. 7 Structures and relative energies of ABWg as optimized at the
PW6B95D3/def2-TZVP level of theory. Numbers are the calculated
relative energies (in kcal/mol). Numbers in parenthesis are relative ener-

structures generated in the gas phase by the ABCluster have
similar behavior. Regarding the basis set effects on larger
clusters, it is generally found that the predicted stability trend
using these two basis sets (def2-TZVP and cc-pVDZ) is dif-
ferent. This difference could indicate that the cc-pVDZ basis
setis not large enough to achieve accuracy. On the other hand,
one could also expect that a basis set larger than def2-TZVP
could be necessary. However, Grimme and coworkers [59]
suggested that a basis set larger than a triple zeta is generally
excessive for the description of structures and frequencies.

¢ ABW83 0.6

i ABWS9 3.1(.1)

e ABWS.S 2.7
(1.9)

d ABWS.4
2.5(3.6)

f ABWS.6 2.7
(1.9)

kK ABWS_11
3.5(4.1)

j ABWS_10 3.1
(1.5)

gies calculated at the PW6B95D3/cc-pVDZ level of theory. Only the
eleven first isomers are reported here. The complete list of the located
structures is provided in the supporting information

Non-covalent bondings in ABW,, structures

Understanding the nature of the interactions that link the
water molecules to the aminobenzoic acid is essential to
understanding its micro solvation in water. This is also impor-
tant to understand the stability of the generated clusters.
Therefore, QTAIM analysis has been performed on the most
stable configurations of ABW,, based on their structures and
their electron densities calculated at the PW6B95D3/def2-
TZVP level of theory. Bond paths, bond critical points, and

a ABW10_1
0.0 (1.6)

b ABWI102 0.1(0.0)

f ABW10.6 0.7(1.4) g ABW10_.7 0.7 (0.8)

Fig. 8 Structures and relative energies of ABWq as optimized at the
PW6B95D3/def2-TZVP level of theory. Numbers are the calculated rel-
ative energies (in kcal/mol). Numbers in parenthesis are relative energies

@ Springer

¢ ABW10.3
0.3 (2.2)

h ABW10_8
0.7 (1.0)

d ABW10_4
0.3 (0.9)

e ABWI0.S 0.6(1.1)

i ABW10.9
0.7 (1.2)

j ABWI10.10 0.8
(3.6)

calculated at the PW6B95D3/cc-pVDZ level of theory. Only the ten first
isomers are reported here. The complete list of the located structures is
provided in the supporting information
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their properties are calculated using the AIMAII program
[55]. The most stable configurations’ calculated bond paths
and critical points are reported Fig. 9. For ABW1_1 and
ABW?2_1, we have also represented the 2D contour map of
the electron density in the plane containing the phenyl group.
Atomic basins of some atoms in the plane have also been
represented. In order to determine the nature of non-covalent
bondings, properties of all bond critical points are reported
in the supporting information. These properties include the
electron density, p, the Laplacian of the electron density,
V2 p, the ellipticity, the kinetic energy, and the difference
between the bond path length and the geometrical bond
length.

The most stable structure of ABW; exhibits a strong
OH- - - O hydrogen bonding, where the water molecule acts
as a proton acceptor. At the bond critical point of OH- - - O,
the electron density is evaluated to be 0.0443ea, 3, while
V2p is 1157ea,”, highlighting a strong hydrogen bond-

d ABW4.1 0.0

ing. Similarly, the ABW2_1 and ABW3_1 are stabilized by
strong hydrogen bondings. Non-covalent bonding different
from OH. - - O appears in ABW4_1 (the reader is reminded
that this analysis applies only to the most stable configura-
tions). ABW4_1 has five OH- - - O hydrogen bondings and
one OH- - - w and O- - - C bonding interactions. Previous stud-
ies have found that there is a strong relationship between the
strength of bonding and the value of the electron density at
the corresponding bond critical point [60—67]. The higher the
electron density at a bond critical point, the stronger the cor-
responding bonding. Thus, based on the value of p at the bond
critical points, the OH- - - v and O- - - C bonding interactions
are weaker than the five OH- - - O hydrogen bondings. Similar
bonding interactions are found in ABW6_1, ABWS_1. The
isomer ABW10_1 has all types of non-covalent interactions
identified in this work. This can be ascribed to its size as com-
pared to smaller-sized clusters. The water molecules interact
both with the surface of the aminobenzoic acid, establish-

b ABW2_.1 0.0

f ABW8_.1 0.0

g ABW10_.1 0.0

Fig.9 Ciritical points and bond paths of most stable configurations of the studied ABW,,. For the ABW| and ABW>, the atomic basins, as well as

the 2D contour map of the electron density, are represented

@ Springer
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Table 1T Minimum and maximum intervals of the electron density, p,
and the Laplacian of the electron density, V2p, at bond critical points
based on the global minima energy structures of the studied clusters

p (eay™) V2p (eay”)
Bonding Min Max Min Max
OH---O 0.0023 0.0496 0.0091 0.1171
OH---N 0.0189 0.0189 0.0590 0.0590
OH-- -7 0.0045 0.0056 0.0173 0.0185
O---C 0.0030 0.0062 0.0107 0.0253

The full data of the electron density and its Laplacian at all bond critical
points is provided in the supporting information

ing OH- - - O and OH- - - N hydrogen bondings, and OH. - -
and O- - - C bonding interactions (see Fig. 9). It is worth not-
ing that similar non-covalent bondings have been recently
identified in phenol-water clusters after QTAIM analysis per-
formed at the wB97XD/aug-cc-pVDZ level of theory [24].
Asphenol has no nitrogen atom, the OH- - - N hydrogen bond-
ings have not been identified. Instead, the absence of nitrogen
leads to CH- - - O non-covalent bondings, which have been
identified as weak hydrogen bondings [24].

To have an idea about the strength of non-covalent bond-
ings in ABW,,, we extracted the minimum and the maximum
of the electron density, p, and the Laplacian of the elec-
tron density, VZp, at bond critical points of non-covalent
bondings (see Table 1). Based on the value of p at bond
critical points, it comes out from Table 1 that the hydrogen
bondings are the most robust non-covalent interactions. The
OH- - - N hydrogen bonding is less robust than the OH- - - O
hydrogen bondings. The results show that the OH--.-x
bonding interactions are the weakest non-covalent bondings
of aminobenzoic acid-water clusters. The bonding strength
trend perfectly agrees with our findings in phenol-water clus-
ters [24]. The OH---O hydrogen bondings are the most
robust non-covalent bonding identified in phenol-water clus-
ters.

Relative population of ABW,, structures

In order to assess the effects of the temperature on the stability
of the located structures, we have calculated their relative
population/probability for temperature ranging from 20 to
400 K. The probabilities are calculated using the Boltzmann
formula within the canonical distribution. The probability
of isomer k of the cluster ABW,,, P,{‘(T), can be calculated
using Eq.4.

1
Yiexp{—B (Gi(T) — G(T))}’

PN = )

where 8 = kpT, kp is the Boltzmann constant, and G;(T)
is the Gibbs free energy of isomer i at temperature 7. The
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Fig. 10 Hydration free energy and hydration enthalpy of aminobenzoic
acid at room temperature, calculated using the cluster continuum model
at the PW6B95D3/def2-TZVP level of theory

numerically evaluated relative probabilities of ABW,, clus-
ters are reported in Fig. S4 of the supporting information.
The results show that the most stable configurations dom-
inate the population of the clusters, ABW,,n =2 — 10, and
for temperatures ranging from 20 to 400 K. It has been noted
that only a few configurations around the most stable one
contribute to the population. The results show that for each
ABW,, cluster, more than one isomer contributes to its pop-
ulation. The isomers that contribute to the population of the
clusters have their relative energies within ~2.0 kcal/mol.

Solvation free energy and solvation enthalpy

The solvation enthalpy and the solvation free energy of
aminobenzoic acid in water are calculated using the cluster
continuum solvation model through Egs. 2 and 3. The calcu-
lated hydration free energy and enthalpy at room temperature
are reported in Fig. 10 for different cluster sizes n.
Examination of Fig. 10 shows that the hydration free
energy and enthalpy do not considerably change with the
cluster size change. This indicates that one explicit water
molecule is enough for the hybrid solvation of aminobenzoic
acid. Italso indicates that one water molecule is enough in the
cluster continuum solvation model. Therefore, we averaged

Table 2 Hydration free energy and enthalpy calculated using three
implicit solvation models (CPCM, PCM, and SMD) and reported in
kcal/mol

Models AHg,p, AGsory
CPCM —-5.6 4.0
PCM —-5.6 4.0
SMD —15.1 —6.6
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over the estimated values for different cluster sizes to cal-
culate the hydration free energy and the hydration enthalpy.
Thus, the hydration enthalpy and the hydration free energy
of aminobenzoic acid are numerically estimated to be —18.1
kcal/mol and —7.0kcal/mol, respectively. Previously, Turner
and coworkers [11] estimated the solvation enthalpy and the
solvation free energy of aminobenzoic acid in ethanol, ace-
tonitrile, and water. The solvation enthalpy is estimated using
an experimental technique, while the solvation free energy
is calculated using molecular dynamics simulations [11].
Turner and coworkers [11] estimated the hydration enthalpy
of aminobenzoic acid to be —17.8kcal/mol. Besides, they
estimated the hydration free energy (using molecular dynam-
ics) to be —10.1kcal/mol. The hydration enthalpy of the
aminobenzoic acid estimated in this work is found to be in
perfect agreement with the experimental estimate of Turner
and coworkers [11]. However, our estimated hydration free
energy is found to be underestimated as compared to the
reported value of Turner and coworkers [11]. Recently, Li et
al. [13] estimated the hydration free energy of the aminoben-
zoic acid in several solvents, including water, using molecular
dynamics simulations. They estimated the hydration free
energy of aminobenzoic acid in water to be —7.6kcal/mol,
in perfect agreement with our estimate. Thus, the calculated
hydration free energy of Turner and coworkers [11] could
be overestimated. Despite the agreement of the calculated
hydration enthalpy with the experiment, it is essential to dis-
cuss some possibilities that led to the agreement. There is a
high probability that the computational methodology used in
this work has led to the accuracy of the hydration enthalpy and
free energy. However, there is also a chance (that can not be
excluded) that the accuracy of the hydration free energy and
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enthalpy is a result of an error cancellation. As the hydration
enthalpy and free energy are calculated using the difference
between the energy of ABW,,, AB, and W,,, an overestima-
tion or an underestimation of individual energy could cancel
each other and lead to the accuracy of the hydration free
energy and enthalpy. Regardless of the source of the accu-
racy of the present results, the credit for the accuracy goes
to our methodology. It is important to note that the accuracy
is not accidental as this methodology has been successfully
used in our previous work to estimate accurately the solva-
tion free energy of the proton in ammonia [20], methanol
[21], and acetonitrile [23].

To assess the effect of the implicit solvation on the cal-
culated hydration free energy and enthalpy, these energies
are calculated using two more implicit models: the CPCM
and the PCM. The hydration free energy and enthalpy calcu-
lated using these models (at room temperature) are reported
in Table 2. It can be seen that the CPCM and PCM mod-
els predicted the same values for the hydration energy and
enthalpy of the aminobenzoic acid. In addition, it has been
found that the difference between the predicted values using
PCM and the ones predicted using the SMD model is consid-
erably important. Moreover, the CPCM and the PCM models
predicted a positive value (4.0kcal/mol) of the hydration free
energy. In contrast, the previous estimate based on molecular
dynamics predicted —10.1kcal/mol (as mentioned above).
On the other hand, the predicted hydration enthalpy using
PCM and CPCM (—5.6kcal/mol) is considerably far from the
experimental value of —17.8kcal/mol. Therefore, the SMD
model chosen in this work is better than the CPCM and PCM
models for the estimation of the hydration free energy and
enthalpy of the aminobenzoic acid.
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Fig. 11 Hydration enthalpy and hydration free energy of aminobenzoic acid calculated for temperatures ranging from 20 to 400 K. The hydration
enthalpy and free energy are calculated using the Eqgs. 2 and 3, respectively

@ Springer



Journal of Molecular Modeling (2024) 30:38

38 Page120f16

(L)ASOD-ONd'IA=ONd'Id ‘AXL69P=L6GM ‘€AS6TIMI=9Md :PAIROUNI} U29q ALY SAUIRU Awios “9Fed ) U0 J[qe) oY) 1y OL

'sa1810u0 Surpuiq SGI/(L)ASDD-ON I Y} 03 SOUIJAI UT Paje[nofed A1e ‘(FSIARY) 10119 parenbs ueaw 001 oY) pue ‘(X VIA) UOHRIASD WNWIXLW Y} ‘((VA) UOTIBIASD A)N[0Sqe UL Y3 Surpnjour
‘s10)d110sop [eonsnelS ‘uonejodenxs (D) 19s siseq a3o[dwod A301ens jutod-om) oY) pasn am (1)ASID-ONJId 10F UM ‘dAZL-ZJOP SI SUOIE[NOEd Y} UT PAsn J3s sIseq ay) ‘Sfeuonouny 1.4 10

00 L9 €0l Y el S0l S9 6L 08 '8 '8 €8 001 HSINY
00 (8! €Ll 06 gce S'LT L0l 8Tl el 8¢l Vel Lel 0Ll XVIN
00 6'S 06 81 911 6 LS 69 0L 69 I'L L L8 Avin
- 6'1¢I— Ieel— VL= SIvi— geel— 88II— ceel— 8VCl— 0'LCl— 14515 8VvCl— 61El— omav
- £'86— 0°L0I— 816~ Ovil— SLOl— §'C6— 8'86— 1'001— £C0l— Cl10l— Cl10l— ¥901— Smav
8'65— 8°0L— I'LL— 8'89— 8 €LL— S0L— SCL— 0eL— 9'¢L— ceL— SeL— 89L— Mav
Lee— 81— V'Sv— Sor— 98y — L'Sy— L1v— Ovy— ey — 6'Ch— cer— Ley— I'Sv— TMaVv
8'8C— Vee— 9e— £ce— 98¢~ 4% ['ee— ['ve— 8veE— Tye— 8veE— 9ve— ['9¢— emav
L1e— cve— 09— £ec— 9'LC— c9c— LE€C— cye— Svi— Lyve— 9YC— Lve— 8°¢C— ‘mav
8- SIl— gCl— VIil— gel— 9CI— I (O ei— L1l— Iei— 6'11— €Cl— mayv
ONd'Id LodMm SSd.L IMd ddd 0d4d SININ 90N X0 SO XCSON remded dAT1ed “Mav

(L)ASDD-ONJ'I 0} PasIewyouaq s[euonouny [ JUIQJJIP dA[oM] SUISN PAJe[Nofed ‘UM gV ‘SISISn[d I9JeMm-pIoe d10ZUdqourue Jo sarsious Surpurg ¢ ajqel

pringer

Qs



Journal of Molecular Modeling (2024) 30:38

Page 13 0f 16 38

After establishing the reliability of our estimated hydra-
tion free energy and enthalpy at room temperature, we
examine the effect of temperature on the calculated values.
The aminobenzoic acid’s hydration free energy and enthalpy
as a function of temperature are reported in Fig. 11. As seen
in Fig. 11, the hydration enthalpy is less affected and exhibits
a minor change with the temperature change. Regarding the
hydration free energy of aminobenzoic acid, we noted that
it exhibits an almost linear variation with the temperature
change (see Fig. 11). This behavior of the hydration free
energy and enthalpy has been noted in our previous work on
the hydration of phenol [24]. In agreement with the current
results, we have found that phenol’s hydration free energy
increases linearly as a temperature function.

Gas phase binding energies and DFT benchmarking

In order to determine the appropriate DFT functional to
study the interaction between the aminobenzoic acid and the
water molecules, we calculated the binding energies of the
studied ABW,, clusters. The binding energies are calculated
using twelve different DFT functionals, including Grimme’s
empirical dispersions (except the MN15). The methodology
provides the functionals, and they are reported in Table 3.
The binding energy of ABW,, is calculated using Eq. 5.

AE, = E(ABW,) — E(AB) — nE(H,0), 5)

where E(X) is the electronic energy of the molecule X.
For each of the functionals, the molecules involved in Eq. 5
are fully re-optimized using the functional associated with
the def2-TZVP basis set. Basis set superposition error has
not been considered in this work. To calculate the bind-
ing energies, only the most stable configurations of ABW,
have been considered. For each DFT functional, and for
each cluster size, the most stable structure has been fully re-
optimized. After optimization, it has been found that there
is no visual difference between the geometries resulting
from different functionals. In addition, the binding ener-
gies are also calculated at the DLPNO-CCSD(T)/CBS to
serve as a benchmark for the DFT functionals. The calcu-
lated binding energies using the twelve functionals and the
DLPNO-CCSD(T) method are reported in Table 3. Statistical
descriptors, including the mean absolute deviation (MAD),
the maximum deviation (MAX), and the root mean squared
error (RMSE), are calculated in reference to the DLPNO-
CCSD(T)/CBS binding energies. The statistical descriptors
are also reported in Table 3.

It comes out from Table 3 that the MAD varies from
4.8kcal/mol to 11.6kcal/mol, while the RMSE varies from
5.5kcal/mol to 13.3kcal/mol. To easily assess the perfor-
mance of these functionals, the calculated statistical descrip-
tors are reported in Fig. 12. It can be seen that the PW6B95D3
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Fig. 12 Calculated statistical descriptors related to the studied func-
tionals, including the mean absolute deviation (MAD), the maximum
deviation (MAX), and the root mean squared error (RMSE). These val-
ues are reported in kcal/mol

functional has the smallest MAD and the smallest RMSE.
Therefore, the PW6B95D3 functional is the most suitable for
studying the aminobenzoic acid-water clusters. Besides, we
note that the PBEPBE-D3 functional has the highest MAD
and RMSE, highlighting the unsuitability of the functional
for the aminobenzoic acid-water clusters. The results show
that the first three most suitable DFT functionals are classified
in the following order: PW6B95D3 > MN15 > wB97XD. It
is worth mentioning that the most suitable DFT functional,
PW6B95D3, has a MAD of 4.8kcal/mol, which is not negli-
gible. This considerable MAD could be ascribed to the basis
set superposition error. Therefore, counterpoise corrections
should be considered to reduce the basis set superposi-
tion error for a more accurate description. The functional
PW6B95D3 is the most suitable for studying molecular clus-
ters [36-39]. Consequently, based on this work and our past
investigations, the PW6B95D3 functional is recommended
for studying molecular clusters.

Conclusions

This work thoroughly explored the potential energy sur-
faces (PESs) of aminobenzoic acid-water clusters, ABW,,,
n = 1 — 10. The exploration started with classical molec-
ular dynamics, followed by complete optimization at the
PW6B95D3/def2-TZVP level of theory. In addition, we per-
formed a quantum theory of atoms in molecules (QTAIM)
analysis to understand the nature of non-covalent bonding
in the clusters. Relative populations of the clusters as a
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function of temperature are also reported. Using the located
structures of aminobenzoic acid-water clusters, we calcu-
lated the hydration enthalpy and the hydration free energy
of the aminobenzoic acid using the cluster continuum sol-
vation model. Finally, we calculated the binding energies of
the most stable configurations using twelve DFT functionals
and DLPNO-CCSD(T), including empirical dispersion. The
binding energies are evaluated to benchmark the functionals.

Several stable structures have been located on the PESs of
ABW,,,n = 1 —10. We noted that the most stable configura-
tions are obtained when the water molecules establish strong
OH- - - O hydrogen bondings. Moreover, it has been found
that the structures where the water molecules interact with
the carboxyl group are more stable than those in which the
water molecules interact with the amino group. The QTAIM
analysis reveals that OH- - - O hydrogen bondings (with car-
boxyl group) are more robust than the OH- - - N hydrogen
bonding (with the amino group). In addition to OH- - - O and
OH- - - N hydrogen bondings, we have identified two more
non-covalent interactions: the OH- - - r and the O- - - C bond-
ing interactions. The OH.- - - O hydrogen bonding is found
to be the most robust non-covalent interactions, while the
OH.- - - 7 are found to be the weakest. Elsewhere, the study of
temperature effects on the population of the ABW,, clusters
shows that the most stable isomers dominate the population
of clusters.

The hydration free energy and the hydration enthalpy
of the aminobenzoic acid at room temperature are esti-
mated to be —7.0kcal/mol and —18.1kcal/mol. The estimated
hydration enthalpy is found to be in perfect agreement
with an experimental estimate. As for the hydration free
energy, it agrees with the estimate based on molecular
dynamics simulations. Besides, we examined the effects of
temperature on the calculated hydration free energy and
enthalpy. The results show that the hydration enthalpy is
not affected by the change in temperature, while the hydra-
tion free energy exhibits a linear variation as a function of
temperature.

To recommend the most suitable DFT functional for the
study of the aminobenzoic acid-water clusters, we calculated
the binding energy of the most stable configurations in the gas
phase. The binding energies are calculated using twelve DFT
functionals, including empirical dispersion benchmarked to
DLPNO-CCSD(T)/CBS. The def2-TZVP basis set was used
in association with the functionals. The results show that
the PW6B95D3 functional has the smallest mean abso-
lute deviation (MAD) and the slightest root mean squared
error (RMSE). In addition, we have found that the three
most suitable DFT functionals with negligible differences
are PW6B95D3 > MNI15 > wB97XD. We also noted that
the PBEPBE-D3 functional has the highest MAD and RMSE
compared to the DLPNO-CCSD(T)/CBS level of theory.
Finally, based on the current results and our previous bench-

@ Springer

marks on molecular clusters, the PW6B95D3 functional can
be considered for studying non-covalent bonding systems.
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2.

Author contribution D.A.andJC.AM performed the calculations, anal-
ysed the data, and prepared the figures and tables A.M. proposed the
idea, the methodology, performed the QTAIM analysis, wrote the ini-
tial draft, and reviewed the manuscript J.C. Writing-review and editing,
supervision, funding acquisition, and software.

Funding Open access funding provided by University of the Free State.
This work is supported by the South African National Research Foun-
dation (NRF, Grant number 145414), The Central Research Fund of the
University of the Free State (Grant number 0000), and The Center for
High Performance Computing (CHPC, Grant number CHEM0947) in
South Africa.

Data availability The data used in this work is provided in the
manuscript or in the supporting information.

Declarations

Competing of interest The authors declare no competing interests.

Supporting information A complete list of the structures of ABW,
forn = 6,n = 8, and n = 10, as well as their relative energies,
are reported in Figs. S1-S3, respectively. In addition, the curves of the
relative population of the studied clusters are reported in Fig. S4.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indi-
cate if changes were made. The images or other third party material
in this article are included in the article’s Creative Commons licence,
unless indicated otherwise in a credit line to the material. If material
is not included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.

References

1. Wang H-l, Fei Z-h, Chen J-1, Zhang Q-x (2007) Effect of pH on
the adsorption of p-aminobenzoic acid on polystyrene-based adsor-
bents. Chinese J Polym Sci 25:235-244

2. Perry DA, Cordova JS, Smith LG, Son H-J, Schiefer EM, Dervishi
E, Watanabe F, Biris AS (2009) Study of adsorption of aminoben-
zoic acid isomers on silver nanostructures by surface-enhanced
infrared spectroscopy. J Phys Chem C 113:18304-18311

3. Thomas AG, Jackman MJ, Wagstaffe M, Radtke H, Syres K,
Adell J, Lévy A, Martsinovich N (2014) Adsorption studies of
p-aminobenzoic acid on the anatase TiO2 (101) surface. Langmuir
30:12306-12314

4. Xue'Y, Dong W, Wang X, Bi W, Zhai P, Li H, Nie M (2016) Degra-
dation of sunscreen agent p-aminobenzoic acid using acombination


https://doi.org/10.1007/s00894-023-05810-2
https://doi.org/10.1007/s00894-023-05810-2
MOESM1
MOESM1
MOESM1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Journal of Molecular Modeling (2024) 30:38

Page 150f 16 38

10.

11.

12.

13.

14.

15.

16.

18.

19.

20.

21.

22.

23.

24.

system of UV irradiation, persulphate and iron (II). Environ Sci
Pollut Res 23:4561-4568

Wu D, Li Y, Lu G, Lin Q, Wei L, Zhang P (2021) Removal of
aqueous para-aminobenzoic acid using a compartmental electro-
peroxone process. Water 13:2961

Zhang Y, Wang B, Fang K, Qin Y, Li H, DuJ (2021) Degradation
of p-aminobenzoic acid by peroxymonosulfate and evolution of
effluent organic matter: The effect of chloride ion. Chem Eng J
411:128462

Ghosh A, Chaudhuri P (2015) NMR spin-spin coupling constants in
microhydrated ortho-aminobenzoic acid. Mol Phys 113:497-507
da Silva Olivier D, Ito AS, Galembeck SE (2015) Microhydration
effects on geometric properties and electronic absorption spectra
of ortho-aminobenzoic acid. Spectrochim Acta A 147:328-333
Rosbottom I, Pickering JH, Hammond RB, Roberts KJ (2020) A
digital workflow supporting the selection of solvents for optimizing
the crystallizability of p-aminobenzoic acid. Org Process Res Dev
24:500-507

Benoit R, Louis C, Fre M et al (1991) Solution and ionization
of some carboxylic acids in water and dimethyl sulfoxide. Ther-
mochimica Acta 176:221-232

Turner T, Corzo D, Toroz D, Curtis A, Dos Santos M, Hammond R,
Lai X, Roberts K (2016) The influence of solution environment on
the nucleation kinetics and crystallisability of para-aminobenzoic
acid. Phys Chem Chem Phys 18:27507-27520

Dong L-B, Rudolf JD, Kang D, Wang N, He CQ, Deng Y, Huang
Y, Houk K, Duan Y, Shen B (2018) Biosynthesis of thiocarboxylic
acid-containing natural products. Nat Commun 9:2362

Li Z, Jia S, Gao Y, Wang M, Hong W, Gao Z, Gong J (2021)
Solid-liquid equilibrium behavior and thermodynamic analysis of
p-aminobenzoic acid using experimental measurement and molec-
ular dynamic simulation. J Mol Liq 323:114964

Tawa G, Topol I, Burt S, Caldwell R, Rashin A (1998) Calculation
of the aqueous solvation free energy of the proton. ] Chem Phys
109:4852-4863

Hunenberger P, Reif M (2011) Single-ion solvation; theoretical
and computational chemistry series; the royal society of chemistry,
pp 001-664

Fifen JJ, Nsangou M, Dhaouadi Z, Motapon O, Jaidane N-E (2013)
Solvation energies of the proton in methanol. ] Chem Theory Com-
put 9:1173-1181

Pliego JR Jr, Miguel EL (2013) Absolute single-ion solvation
free energy scale in methanol determined by the lithium cluster-
continuum approach. J Phys Chem B 117:5129-5135

Carvalho NF, Pliego JR (2015) Cluster-continuum quasichemical
theory calculation of the lithium ion solvation in water, acetonitrile
and dimethyl sulfoxide: an absolute single-ion solvation free energy
scale. Phys Chem Chem Phys 17:26745-26755

Ishikawa A, Nakai H (2016) Quantum chemical approach for
condensed-phase thermochemistry (III): accurate evaluation of
proton hydration energy and standard hydrogen electrode poten-
tial. Chem Phys Lett 650:159-164

Malloum A, Fifen JJ, Dhaouadi Z, Nana ESG (2017) Jaidane N-
D solvation energies of the proton in ammonia explicitly versus
temperature. J] Chem Phys 146

Malloum A, Fifen JJ, Conradie J (2018) Solvation energies of the
proton in methanol revisited and temperature effects. Phys Chem
Chem Phys 20:29184-29206

Malloum A, Fifen JJ, Conradie J (2021) Determination of the abso-
lute solvation free energy and enthalpy of the proton in solutions.
J Mol Liq 322:114919

Malloum A, Conradie J (2021) Solvation free energy of the proton
in acetonitrile. J Mol Liq 335:116032

Malloum A, Conradie J (2023) Microsolvation of phenol in water:
structures, hydration free energy and enthalpy. Mol Simul 49:403—
414

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Malloum A, Fifen JJ, Dhaouadi Z, Engo SGN, Conradie J (2019)
Structures, relative stabilities and binding energies of neutral water
clusters, (H»O)>_30. New J Chem 43:13020-13037

Malloum A, Conradie J (2021) Structures of water clusters in the
solvent phase and relative stability compared to gas phase. Poly-
hedron 193:114856

Zhang J, Dolg M (2015) ABCluster: the artificial bee colony algo-
rithm for cluster global optimization. Phys Chem Chem Phys
17:24173-24181

Zhang J, Dolg M (2016) Global optimization of clusters of rigid
molecules using the artificial bee colony algorithm. Phys Chem
Chem Phys 18:3003-3010

Vanommeslaeghe K, Hatcher E, Acharya C, Kundu S, Zhong S,
Shim J, Darian E, Guvench O, Lopes P, Vorobyov I et al (2010)
CHARMM general force field: a force field for drug-like molecules
compatible with the CHARMM all-atom additive biological force
fields. J Comput Chem 31:671-690

Malloum A, Fifen JJ, Conradie J (2018) Structures and spec-
troscopy of the ammonia eicosamer, (NH3),=20. J Chem Phys
149:024304

Malloum A, Fifen JJ, Conradie J (2019) Exploration of the potential
energy surface of the ethanol hexamer. J] Chem Phys 150:124308
Malloum A, Fifen JJ, Conradie J (2020) Large-sized ammonia clus-
ters and solvation energies of the proton in ammonia. J Comput
Chem 41:21-30

Malloum A, Fifen JJ, Conradie J (2020) Theoretical infrared spec-
trum of the ethanol hexamer. Int J Quantum Chem 120:e26234
Malloum A, Conradie J (2020) Global and local minima of proto-
nated acetonitrile clusters. New J Chem 44:17558-17569
Grimme S, Antony J, Ehrlich S, Krieg H (2010) A consistent
and accurate ab initio parametrization of density functional disper-
sion correction (DFT-D) for the 94 elements H-Pu. J Chem Phys
132:154104

Malloum A, Fifen JJ, Conradie J (2020) Binding energies and
isomer distribution of neutral acetonitrile clusters. Int J Quantum
Chem 120:e26221

Malloum A, Fifen JJ, Conradie J (2020) Exploration of the potential
energy surfaces of small ethanol clusters. Phys Chem Chem Phys
22:13201-13213

Malloum A, Conradie J (2021) Accurate binding energies of ammo-
nia clusters and benchmarking of hybrid DFT functionals. Comput
Theor Chem 1200:113236

Malloum A, Conradie J (2022) Non-covalent interactions in
dimethylsulfoxide (DMSO) clusters and DFT benchmarking. J Mol
Liq 350

Frisch MJ, et al (2016) Gaussian™ 16 Revision A.03. Gaussian Inc.
Wallingford CT

Marenich AV, Cramer CJ, Truhlar DG (2009) Universal solvation
model based on solute electron density and on a continuum model
of the solvent defined by the bulk dielectric constant and atomic
surface tensions. J Phys Chem B 113:6378-6396

Grimme S (2006) Semiempirical GGA-type density functional
constructed with a long-range dispersion correction. ] Comp Chem
27:1787-1799

Becke AD (1993) Density-functional thermochemistry. III. The
role of exact exchange. J Chem Phys 98:5648-5652

Zhao Y, Schultz NE, Truhlar DG (2005) Exchange-correlation
functional with broad accuracy for metallic and nonmetallic com-
pounds, kinetics, and noncovalent interactions. J Chem Phys
123:161103

Zhao Y, Schultz NE, Truhlar DG (2006) Design of density func-
tionals by combining the method of constraint satisfaction with
parametrization for thermochemistry, thermochemical kinetics,
and noncovalent interactions. J Chem Theory Comput 2:364—
382

@ Springer



38

Page 16 of 16

Journal of Molecular Modeling (2024) 30:38

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Zhao Y, Truhlar DG (2008) The MO06 suite of density function-
als for main group thermochemistry, thermochemical kinetics,
noncovalent interactions, excited states, and transition elements:
two new functionals and systematic testing of four M06-class
functionals and 12 other functionals. Theor Chem Acc 120:215-
241

Yu HS, He X, Li SL, Truhlar DG (2016) MN15: a Kohn-Sham
global-hybrid exchange-correlation density functional with broad
accuracy for multi-reference and single-reference systems and non-
covalent interactions. Chem Sci 7:5032-5051

Adamo C, Barone V (1999) Toward reliable density functional
methods without adjustable parameters: the PBEO model. ] Chem
Phys 110:6158-6170

Perdew JP, Burke K, Ernzerhof M (1996) Generalized gradient
approximation made simple. Phys Rev Lett 77:3865

Zhao Y, Truhlar DG (2005) Design of density functionals that are
broadly accurate for thermochemistry, thermochemical kinetics,
and nonbonded interactions. J Phys Chem A 109:5656-5667

Tao J, Perdew JP, Staroverov VN, Scuseria GE (2003) Climbing the
density functional ladder: nonempirical meta-generalized gradient
approximation designed for molecules and solids. Phys Rev Lett
91

Chai J-D, Head-Gordon M (2008) Long-range corrected hybrid
density functionals with damped atom-atom dispersion corrections.
Phys Chem Chem Phys 10:6615-6620

Neese F (2012) The ORCA program system. Wiley Interdiscip Rev
Comput Mol Sci 2:73-78

Stoychev GL, Auer AA, Neese F (2017) Automatic generation of
auxiliary basis sets. J Chem Theory Comput 13:554-562

Keith TA (2019) TK Gristmill software. Overland Park KS, USA
11:16. (https://aim.tkgristmill.com)

Fifen JJ, Nsangou M, Dhaouadi Z, Motapon O, Jaidane N-E (2013)
Structures of protonated methanol clusters and temperature effects.
J Chem Phys 138:184301

Fifen JJ, Agmon N (2016) Structure and spectroscopy of hydrated
sodium ions at different temperatures and the cluster stability rules.
J Chem Theory Comput 12:1656-1673

@ Springer

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Gadre SR, Yeole SD, Sahu N (2014) Quantum chemical investiga-
tions on molecular clusters. Chem Rev 114:12132

Bursch M, Mewes J-M, Hansen A, Grimme S (2022) Best-practice
DFT protocols for basic molecular computational chemistry.
Angew Chem Int Ed 61

Boyd RJ, Choi SC (1986) Hydrogen bonding between nitriles
and hydrogen halides and the topological properties of molecular
charge distributions. Chem Phys Lett 129:62-65

Carroll MT, Bader RF (1988) An analysis of the hydrogen bond in
BASE-HF complexes using the theory of atoms in molecules. Mol
Phys 65:695-722

Espinosa E, Molins E, Lecomte C (1998) Hydrogen bond strengths
revealed by topological analyses of experimentally observed elec-
tron densities. Chem Phys Lett 285:170-173

Grabowski SJ (2001) Ab initio calculations on conventional and
unconventional hydrogen bonds study of the hydrogen bond
strength. J Phys Chem A 105:10739-10746

Domagata M, Grabowski SJ, Urbaniak K, Mloston G (2003)
Role of C-H...S and C-H...N hydrogen bonds in organic crystal
structures the crystal and molecular structure of 3-methyl-2,4-
diphenyl-(1,3)-thiazolidine-5-spiro-2‘-adamantane and 3-methyl-
2,4,5,5-tetraphenyl-(1,3)-thiazolidine. J Phys Chem A 107:2730-
2736

Grabowski SJ, Sokalski WA, Leszczynski J (2005) How short can
the H...H intermolecular contact be? New findings that reveal the
covalent nature of extremely strong interactions. J Phys Chem A
109:4331-4341

Domagata M, Grabowski SJ (2005) CH...N and CH...S hydrogen
bonds influence of hybridization on their strength. J Phys Chem A
109:5683-5688

Knop O, Boyd RJ, Choi S (1988) Sulfur-sulfur bond lengths, or can
a bond length be estimated from a single parameter. ] Am Chem
Soc 110:7299-7301

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.


https://aim.tkgristmill.com

	Hydration of p-aminobenzoic acid: structures and non-covalent bondings of aminobenzoic acid-water clusters
	Abstract
	Introduction
	Methodology
	Solvation free energy and enthalpy
	Geometry sampling
	Computational details

	Results and discussions
	Structures and relative energies
	Non-covalent bondings in ABWn structures
	Relative population of ABWn structures
	Solvation free energy and solvation enthalpy
	Gas phase binding energies and DFT benchmarking

	Conclusions
	References


