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 Abstract: The high application of Poly(styrene-maleic acid) (PSMA) in an aqueous 
environment, such as biomedical purposes, makes the interaction between PSMA and 
water molecules interesting to be investigated. This study evaluated the conformation, the 
hydrogen bond network, and the stabilities of all the possible intermolecular interactions 
between PSMA with water (PSMA−(H2O)n, n = 1–5). All calculations were executed using 
the density functional theory (DFT) method at B3LYP functional and the 6–311G** basis 
set. The energy interaction of PSMA–(H2O)5 complex was –56.66 kcal/mol, which is classified 
as high hydrogen bond interaction. The Highest Occupied Molecular Orbital (HOMO) – 
Lowest Unoccupied Molecular Orbital (LUMO) energy gap decreased with the rise in the 
number of H2O molecules, representing a more reactive complex. The strongest hydrogen 
bonding in PSMA–(H2O)5 was formed through the interaction on O72···O17–H49 with 
stabilizing energy of 50.32 kcal/mol, that analyzed by natural bond orbital (NBO) theory. 
The quantum theory atoms in molecules (QTAIM) analysis showed that the hydrogen 
bonding (EHB) value on O72···O17–H49 was –14.95 kcal/mol. All computational data 
revealed that PSMA had moderate to high interaction with water molecules that 
indicated the water molecules were easily transported and kept in the PSMA matrix. 

Keywords: Density Functional Theory; hydrogen bonding; poly(styrene-maleic acid); 
water 

 
■ INTRODUCTION 

The increasing interest in synthetic polymers in 
various area is very high because it has uniform properties 
[1-3]. The polydispersity index of synthetic polymers can 
be close to 1, which is difficult to obtain from natural 
polymers. Therefore, synthetic polymers are more 
uniform than natural polymers. However, not all 
synthetic polymers are compatible with biological 
materials. One of the remarkable synthetic polymers is 
poly(styrene-maleic acid) (PSMA) due to its biological 
properties. The structure of PSMA can be controlled and 

manipulated, which makes PSMA is used for wide-
ranging purposes. Research showed that PSMA was 
engineered as drug carriers, such as nano-micelle and 
hydrogel [4-7]. In its structure, PSMA has many carboxyl 
groups that can play a role in hydrogen bonding 
interactions to bind water molecules, proteins, and even 
drugs [8]. Recently, intermolecular interactions have been 
studied intensively experimentally and theoretically. 

Theoretical investigations using computational 
can fully understand the nature and site of interaction 
between molecules at the level of molecules or atoms. 
The investigation with quantum mechanical 



Indones. J. Chem., 2021, 21 (6), 1537 - 1549   
        
                                                                                                                                                                                                                                             

 

 

Daru Seto Bagus Anugrah et al.   
 

1538 

calculations allows the study to provide complete ideas 
about the mechanism at the molecular level. The density 
functional theory (DFT) offers an achievable 
computational method to include the role of electrons in 
quantum computations. The DFT computation can be 
used in various fields, such as medicine, environment, and 
energy. The computation can be carried out using small 
to large molecules such as β-Cyclodextrin and polymers 
[9-13]. Ferid's research team modeled the interactions 
that occur in the urea-water complex [10]. 

Computational studies of polymers usually use 
dimer structures due to the limitations of the 
computational approach [14-15]. In addition, the 
investigation of the dimer structure did not differ 
significantly from that of the trimer and oligomers [16]. 
Computational studies were carried out to illustrate 
chitosan derivatives as gene carriers [17]. Researchers also 
succeeded in explaining the interaction of the 
polyelectrolyte complex between alginate and chitosan 
dimers [15]. Interactions between dimer chitosan and 
essential amino acids were calculated to understand and 
predict drug delivery mechanisms by Deka and 
Bhattacharyya [12]. 

PSMA is a versatile synthetic polymer that has 
extensive application in aqueous solutions. Therefore, the 
interactions of PSMA with water molecules are 
fascinating to be investigated computationally. In the 
present study, the stabilized interactions between the 
PSMA and water molecules were studied by DFT. PSMA 
dimer structure was chosen to represent the PSMA 
polymer. A water microsolvation approach was used by 
adding one to five water molecules. This study aims to 
investigate the intermolecular hydrogen bond interaction 
in PSMA–(H2O)n complexes by DFT/B3LYP 6–311G** 
with NBO, AIM, and NCI analyses. This research can be 
used for the development of PSMA polymer in the future. 

■ COMPUTATIONAL DETAILS 

Density Functional Theory Calculation 

In the current study, the computational calculations 
of all proposed PSMA dimers and water molecules (n = 
1–5) were completed with the density functional theory 
(DFT) by NWChem 6.8 program [16,18]. A 

microsolvation approach was conducted by adding one 
to five water molecules [15]. The lowest energy of PSMA 
dimer and water was obtained by individually structure 
optimization. The optimized molecular structure of 
PSMA dimer was then interacted with (H2O)n molecules 
to reach the lowest energy of PSMA–(H2O)n complexes. 
The stability of the molecule was evaluated by 
frequencies calculation. A positive value of frequency 
indicates that the molecule is already stable. 
Furthermore, Basis Set Superposition Error (BSSE) and 
zero-point correction to energy (ZPE) were also 
calculated to determine the interaction energy with the 
full counterpoise method [19-20]. The interaction 
energy was received by Eq. (1). 

2 n 2 n

2 n

int PSMA (H O) PSMA (H O)
BSSE _ PSMA (H O)

E E (E E )
           E

−
−

= − +
+  (1) 

EPSMA/H2O  was the lowest energy of PSMA–(H2O)n 
complexes while EPSMA and EH2O were the lowest energy 
of PSMA dimer and H2O, respectively. 
EBSSE_PSMA−(H2O)n  was BSSE energy of PSMA–(H2O)n 
complexes. All calculations were conducted by the DFT 
method with the hybrid quality of Becke's three-
parameter functional (B3LYP) and the 6–311G (d,p) 
basis set. The PSMA−(H2O)n complex interactions are 
non-covalent bonds, including hydrogen bonds [21]. 
Therefore, the calculation of the interaction energy 
helped assign the type of hydrogen bond strength. 

Reactivity of the Complexes 

In this study, Highest Occupied Molecular Orbital 
(HOMO) – Lowest Unoccupied Molecular Orbital 
(LUMO) energy was calculated to determine the 
reactivity of a molecule in the process of electron 
transfer in PSMA hydrogel [12,22]. HOMO energy is 
related to the process of releasing or donating electrons 
(ionization energy, I), while LUMO energy is related to 
the electrons' receiving process (affinity energy, A) (Eq. 
(2) and (3)) [23-24]. The energy gap of HOMO-LUMO 
energy was determined by Eq. (4). The electronegativity 
(χ) of the molecule was calculated by HOMO and 
LUMO energy values (Eq. (5)). 

HOMOI E= −  (2) 

LUMOA E= −  (3) 
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LUMO HOMOE E E∆ = −  (4) 
1 (I A)
2

χ = +  (5) 

Natural Bond Orbital (NBO) Analysis 

NBO measurements were conducted to evaluate the 
charge distribution, interaction of electron delocalization, 
and type of interaction binding energy in PSMA and 
(H2O)n by second-order perturbation theory [12-13,15]. 
The calculation was conducted by NBO 7.0 software for 
PSMA–(H2O)n complexes. The orbital stabilizing energy 
(E(2)) associated with the delocalization donor (i) → 
acceptor (j) was calculated according to Eq. (6). 

2
i,j(2)

ij i
i j

F
E E q

E E
= ∆ =

−
 (6) 

where qi is the occupancy of orbital, Fi,j
2  is NBO Fock 

matrix element, Ei is the energy of the NBO donor, and Ej 
is the energy of the NBO acceptor. 

Quantum Theory Atom in Molecule (QTAIM) 
Analysis 

The QTAIM analysis was conducted to support 
NBO analysis by calculating hydrogen bonding energy at 
Bond Critical Point (BCP) [25]. The analysis was obtained 
by Multiwfn 3.8 program. Parameters at the BCP that 
could be collected by QTAIM calculation were electron 
density (ρ(BCP)), Laplacian of the charge density (∇2ρ), 
ellipticity index (ε), components of Laplacian in x,y,z 
(λ1,λ2,λ3), electronic energy density (H(BCP)), kinetic energy 
density (G(BCP)), potential energy density (V(BCP)), and H–
bond binding energy (EHB) [26]. The equation of each 
parameter was presented in Eq. (7–9). 

2
1 2 3∇ ρ = λ + λ + λ  (7) 

(BCP) (BCP) (BCP)H G V= +  (8)

HB (BCP)E ( 223.8 ) 0.7423 (for neutral H-bond)= − ×ρ +  (9) 

The relation between the values of ∇2ρ and H(BCP) 
could identify the type of interaction that occurs in BCP. 
A weak covalent interaction (strong electrostatic bond) is 
indicated by ∇2ρ (+) and H(BCP) (+). A strong interaction 
(strong covalent bond) is indicated by ∇2ρ (–) and H(BCP) 
(–). A medium strength (partially covalent bond) is 
indicated by ∇2ρ (+) and H(BCP) (–) [16]. An absolute ratio 
value of kinetic and potential energy density (|V/G|) is 

also a parameter that could categorize interactions. The 
value of |V/G| < 1 interprets a weak interaction, the value 
of 1 < |V/G| < 2 interprets a medium, and the value of 
|V/G| > 2 interprets a strong interaction [9,16]. 

Reduced Density Gradient (RDG) and Non-
covalent Interaction (NCI) 

RDG and NCI analyses are used to describe the 
non-covalent interactions in PSMA and PSMA–(H2O)n 
complexes, such as steric repulsion, Van der Waals 
(VdW) interactions, and hydrogen bonding [27]. RDG 
is obtained with Eq. (10). 

(r)
1 3 4 32

(r)

1RDG
2(3 )

∇ρ
=

π ρ
 (10) 

where |∇ρ(r)| is the gradient norm of the electron density 
and ρ(r)  is electron density. RDG graph and color-filled 
isosurface of the complexes are produced by Multiwfn 
3.8 and VMD software [28]. Values of RDG and ρ(r) 
provide an analysis of non-covalent interactions in each 
complex through a 2D scatter graph. Additionally, the 
second largest eigenvalue of the electron density Hessian 
matrix (λ2) at position r is an essential parameter in NCI 
analysis [29]. Based on the equation ρ(r), the sign of λ2 
changes. Thus, sign (λ2)ρ(r) versus RDG value are plotted 
on the scatter graph. Strong repulsions are indicated by 
(λ2)ρ(r) > 0 and ρ(r) > 0, while strong attractions are based 
on (λ2)ρ(r) < 0 and ρ(r) > 0. Meanwhile, VdW interactions 
(the weak interaction) are presented in the value of 
(λ2)ρ(r) and ρ(r) ≈ 0 [29-31]. 

■ RESULTS AND DISCUSSION 

Optimized Structure of PSMA and Water Molecules 

The geometry of molecules was measured at the 
level theory B3LYP/6–311G** to obtain an optimized 
structure with minimum energy. In this study, the dimer 
of PSMA was chosen to represent the PSMA polymer 
chain. Computational-based researchers also conducted 
the dimer calculation method due to the enthalpy and 
interaction energy between dimers, trimers, and 
oligomers to water were similar [15-16,32-34]. A 
microsolvation approach investigated the PSMA–
solvent interactions. One to five water molecules 
interacted with PSMA. NWChem software was used to 
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obtain the optimized structure of PSMA and water (Fig. 
1(a) and 1(c), respectively). 

The optimized structure of PSMA showed linear 
structure due to single bonding (C–C) in the backbone. 
The optimized structure displayed one intramolecular 
hydrogen bonding (O23···H49, α  = 2.389 Å), while the 
distance of C2–C5, C3–C4, C5–O17, and C4–O16 were 
1.521, 1.525, 1.351, and 1.353 Å, respectively. The 
theoretical data were in good agreement with 
experimental data of the monomer crystal structure [35]. 
The experimental research showed that the C−atoms' 
distances were 1.52 and 1.51 Å, and the C–O distances 
were 1.28 and 1.31 Å. The molecular electrostatic 
potential (MEP) of the PSMA structure was shown as the 
active site to conduct interactions with water molecules 
(Fig. 1(b)). The red and blue colors in the MEP figure 
indicate the highest and lowest total density electron in 
structure, which reflect the negative and positive sides, 
respectively. O17 and O23 in the PSMA structure showed 

a negative side (nucleophile), whereas H49 and H64 
presented a positive side (electrophile). The interaction 
probabilities between PSMA and (H2O)n around O17, 
O23, H49, and H64 were higher than others due to a 
difference in charge and no obstacles. O1 presented the 
negative side in the water molecule, while H2 and H3 
were the opposite (Fig. 1(d)). 

PSMA–(H2O)n Complexes Interaction 

The optimized geometry of PSMA–(H2O)n 
complexes were investigated for knowing how strong 
the interaction between PSMA structure and water 
molecules is. The most stable geometry of PSMA–
(H2O)n complexes were given in Fig. S1. The complex 
structure showed that PSMA–(H2O)n complexes were 
linked by the hydrogen bonding O–H···H and C=O···H 
through carboxylate groups. In addition to the bonds 
between molecules PSMA and water, there were also 
bonds between water–water. 

 
Fig 1. Optimized geometry and MEP of PSMA (a, b) and H2O (c, d) 
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The hydrogen bond lengths and interaction energy 
of PSMA–(H2O)n complexes were presented in Table 1. 
One hydrogen bond in the water molecule interacted with 
the carbonyl group (C=O) via a hydrogen bond (O7···H66, 
rOH = 1.904 Å). Meanwhile, the other hydrogen bond 
(O65···H64) was a bit shorter (rOH = 1.652 Å). The 
intramolecular hydrogen bond in PSMA geometry 
appeared between O23···H49 (rOH = 1.986 Å). Three 
hydrogen bonds stabilized the PSMA–(H2O)2 complex. 
The length of the intermolecular hydrogen bond varies 
from 1.886–1.986 Å, and a bond was the interaction 
between water molecules (rOH = 1.970 Å). The 
intramolecular hydrogen force in the PSMA–(H2O)n 
complex decreased when water molecules appeared. The 
distance of O23···H49 in PSMA–(H2O)2 complex was more 
extended (rOH = 2.116 Å) than PSMA–(H2O)1 complex, 
which was due to the interaction of O23 and H49 with 
water molecules. Furthermore, the addition of water 
molecules in the PSMA–(H2O)3, PSMA–(H2O)4, and 
PSMA–(H2O)5 complexes caused a cyclic formation 
involving several water molecules and PSMA molecules. 
An increase in the number of water molecules raised the 
number of hydrogen bonds and shortened the distance. 
Moreover, the data displayed all hydrogen bond lengths 
in PSMA–(H2O)n complexes ranged from 1.517 Å to 1.96 
Å, categorized as strong to medium hydrogen bonds 
[13,16]. As a comparison, the calculation with the ab 
initio methods, such as Hartree–Fock (HF) and Second-
order Møller–Plesset perturbation theory (MP2), were 
conducted to determine the optimization energy of 
PSMA–(H2O)1 (EoptPSMA···(H2O)1

) (Table S1). The energy 
from DFT was lower than HF and MP2, indicating that 
the calculation with the DFT method was more stable and 
reliable for this study. 

Hydrogen bond interaction is classified based on the 
energy value. The energy above 20 kcal/mol is classified as 
a strong bond, while the energy of 4–20 kcal/mol is classified 
as a moderate bond. A weak bond is indicated by the energy 
below 4 kcal/mol. PSMA–(H2O)5 and PSMA–(H2O)4 were 
categorized as a strong hydrogen bond, whereas the rest 
of PSMA–(H2O) complexes were classified as a moderate 
hydrogen bond interaction. The interaction energy of the 
PSMA–(H2O)n complexes escalated as the number of water 

Table 1. The interaction energy of PSMA–(H2O)n 
complexes 

Complexes Hydrogen bond (Å) 
Interaction energy 

(kcal/mol) 

PSMA–(H2O)1 
r(O7···H66) = 1.904 

–12.517 
r(O65···H64) = 1.652 

PSMA–(H2O)2 
r(O7···H66) = 1.886 

–21.725 r(O65···H64) = 1.986 
r(O65···H68) = 1.970 

PSMA–(H2O)3 

r(O7···H66) = 1.795 

–32.655 

r(O65···H64) = 1.844 
r(O23···H67) = 1.929 
r(O65···H68) = 1.795 
r(O69···H73) = 1.710 
r(O72···H49) = 1.605 

PSMA–(H2O)4 

r(O7···H66) = 1.785 

–47.474 

r(O65···H76) = 1.766 
r(O23···H67) = 1.815 
r(O65···H68) = 1.814 
r(O69···H73) = 1.745 
r(O72···H49) = 1.543 
r(O74···H64) = 1.617 

PSMA–(H2O)5 

r(O7···H66) = 1.749 

–56.660 

r(O65···H76) = 1.760 
r(O23···H67) = 1.869 
r(O65···H79) = 1.771 
r(O69···H73) = 1.692 
r(O72···H49) = 1.521 
r(O23···H71) = 1.957 
r(O74···H64) = 1.617 
r(O78···H68) = 1.712 

molecules increased. The high water uptake is essential 
for a material to be used as a water-based material [1,36-
38]. Besides, this particular examination revealed that 
the increase in water molecules further augmented the 
hydrogen bonds formed, shortened the hydrogen bonds, 
and enhanced the interaction energy in PSMA–(H2O)n 
complexes. These data showed that water molecules are 
maintained in the PSMA matrix through strong bonds. 

The results of modeling the interaction energy of 
PSMA–(H2O)n complexes are restricted to a minimum 
of five water molecules. It was selected to represent a 
microsolvation model in the gas phase calculations [15]. 
The result may change if H2O molecules are increased 
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(e.g., 50 to 100 molecules). The changes are due to 
increased intermolecular forces, dispersion, many-body 
effect, etc. [15,39-40]. Moreover, increasing the number 
of molecules is modeled by DFT can elevate the 
computational cost. Nevertheless, this simple approach 
allowed observing the PSMA–(H2O)n complexes 
properties. The calculations using dimer structure and 
small molecules (1 to 5 molecules) had been carried out 
by researchers to study optimized structures, properties, 
and interactions mechanisms [10,13,15-16]. Therefore, 
the data in this study could still be relied upon by future 
comprehension computational investigations carried out 
with elaboration of solvation models. 

The construction of intermolecular hydrogen bonds 
in the complex structures influenced the intramolecular 
structure of PSMA. The hydration process tended to 
weaken the C=O and O–H bonds of PSMA. The increase 
in bond length indicated this. Table 2 presented C=O and 
O–H bond lengths in the PSMA structure before and after 
hydration. These results also showed that PSMA could 
dissociate in the presence of one water molecule, which 
could be seen at the O34–H64 bond length of more than 
1 Å. In addition, H64 was more easily dissociated than 
H49. 

Parameters Reactivity of the Complexes 

Molecular reactivity can be predicted by means of 
molecular orbital theory. Quantum chemical parameters 
that describe the reactivity of molecules are electron 
affinity (A), ionization energy (I), and electronegativity 
(χ). The parameters were used to determine the HOMO 
and LUMO energies. HOMO and LUMO energy 
describe the molecular ability to donate and receive 
electrons, respectively [23]. The energy gap between 
HOMO and LUMO defines the chemical activities of 
molecules. All molecular parameters are presented in 
Table 3. 

The HOMO–LUMO energy gap on the 
PSMA complex decreased due to the presence of one 
water molecule (6.04 → 5.8 eV). Then, the value slightly 
increased to 6.47 eV on PSMA–(H2O)2. The addition of 
two water molecules on PSMA presented the greatest 
ΔE. The energy gap gradually declines as the water 
molecules increase. The energy gap value of PSMA–
(H2O)3, PSMA–(H2O)4, and the PSMA–(H2O)5 were 
6.44, 5.84, and 5.87 eV, respectively. A higher ΔE 
indicated that the complex was harder to transfer 
electrons. On the other hand, a lower ΔE showed the 
complex was easier to transfer electrons [41]. Compared  

Table 2. Bond length detail of PSMA and PSMA–(H2O)n complexes 

Complexes 
Bond length (Å) 

C5=O7 C21=O23 O17–H49 O34–H64 
PSMA 1.2133 1.2156 0.9738 0.9736 
PSMA–(H2O)1 1.2219 1.2320 0.9777 1.0104 
PSMA–(H2O)2 1.2225 1.2289 0.9755 0.9984 
PSMA–(H2O)3 1.2320 1.2267 0.9914 1.0114 
PSMA–(H2O)4 1.2323 1.2358 1.0256 1.0148 
PSMA–(H2O)5 1.2332 1.2350 1.0288 1.0147 

Table 3. The chemical parameters of the complexes 

Complexes 
EHOMO 

(eV) 
ELUMO 

(eV) 
ΔE 

(eV) 
A 

(eV) 
I 

(eV) 
χ 

(eV) 
0 –6.508290 –0.463756 6.044534 0.463756 6.50829 -3.48602 
1 –6.455376 –0.574396 5.880980 0.574396 6.455376 -3.51489 
2 –6.497964 –0.025598 6.472366 0.025598 6.497964 -3.26178 
3 –6.462384 –0.018804 6.443580 0.018804 6.462384 -3.24059 
4 –6.423786 –0.575764 5.848022 0.575764 6.423786 -3.49978 
5 –6.465953 –0.595711 5.870242 0.595711 6.465953 -3.53083 
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to the individual PSMA structure, the reduced energy gap 
allowed the electron to be easily transferred in the 
complex structures. 

The HOMO–LUMO results were also supported by 
the affinity energy, ionization energy, and electronegativity 
(A, I, and χ, respectively). The affinity energy for the 
complex was enhanced with the increase in water 
molecules, which indicated the stronger the PSMA and 
water molecules were attracted and bound to each other 
[42-43]. The decrease in ionization energy represented 
that the complex was easier to transfer electrons [44-45]. 
Moreover, the electronegativity value became more 
negative with the increase in water molecules, 
demonstrating that the PSMA and the water molecules 
attracted each other [45]. Thus, the promising hydrogel is 
formed from a different electronegativity material with 
the target molecule to attract it into the matrix [16,46-47]. 

NBO Analysis 

In this study, the natural orbitals involved in H–
bonding interactions were investigated by the NBO 
approach with the DFT method to support interaction 
energy data. The analysis was done because the 
interaction energy result is insufficient to identify the 
hydrogen bond strength [10,48]. The type of hydrogen 
bonding interaction was characterized by the stabilizing 
energy value (E(2)) that represented the delocalization of 
electron from a donor (i) (a lone pair orbital (LP) or an 
occupied bond (BD)) to acceptor (j) (an unoccupied anti-
bond orbital (BD*)) (Table S2) [9,13]. From the NBO 
data, it has become clear that hydrogen bonds were 
formed between the PSMA and the water molecules and 
between the water molecules themselves. Moreover, the 
result supported the previous statement on the increase in 
intermolecular hydrogen bonds as donors and acceptors 
enhance. 

The PSMA–(H2O)1 complex was stabilized by the 
carboxyl group (C=O, O–H) of PSMA and the O–H 
groups in the water molecule. NBO data proved that 
interaction between O7 lone pair donating orbital and 
O65–H66 antibonding orbital was given a weaker 
stabilizing energy compared to O65···H64 (LP(2) O65 → 
BD*(O34–H64), 34 kcal/mol). A similar report was also 

stated for the PSMA–(H2O)2. In addition, there was an 
H2O···H2O interaction in PSMA–(H2O)2 complex that 
LP(1) O65 contributed as the donor and BD*(H68–O69) 
as the acceptor with an E(2) of  7.7 kcal/mol. 

In PSMA–(H2O)3 complex, LP(1) O65, LP(2) O65, 
LP(2) O69 contributed as the donors and BD*(H68–
O69) and BD*(O72–H73) as the acceptors in the 
interaction between water molecules and participated to 
the stabilization by 6.50, 14.15, and 27.52 kcal/mol, 
respectively. The carbonyl group of the PSMA structure 
contributed to intermolecular hydrogen bond 
interactions through LP(1) O7 → BD*(O65–H66), LP(2) 
O7 → BD*(O65–H66), LP(1) O23 → BD*(O65–H67), 
and LP(2) O23 → BD*(O65–H67) which the calculated 
secondary perturbation energies were 9.28, 9.41, 3.66, 
and 8.52 kcal/mol, respectively. The carboxyl group via 
O–H also participated in the hydrogen bonding as 
acceptors, while oxygen in water molecules had a role as 
donors. The energies of LP(1) O65 → BD*(O34–H64) 
and LP(2) O65 → BD*(O34–H64) were about 4.97 and 
12.17 kcal/mol, respectively. In addition, LP(2) O72 → 
BD*(O17–H49) provided a stronger stabilization of 
39.50 kcal/mol, which is classified as a strong hydrogen 
bond. 

The PSMA–(H2O)4 and the PSMA–(H2O)5 
complex showed hydrogen bond interactions that 
resemble the PSMA–(H2O)3 because the two carboxylate 
groups in PSMA interacted with water molecules. The 
most considerable hydrogen bonding occurred on LP(2) 
O72 → BD*(O17–H49) in the PSMA–(H2O)4 and the 
PSMA–(H2O)5 complex with energy stability of 48.33 
and 50.32 kcal/mol, respectively. The increase in energy 
stability of O72···H49–O17 in the PSMA–(H2O)3, the 
PSMA–(H2O)4, and the PSMA–(H2O)5 complexes 
caused an increase in the length of the H49–O17 bond 
and a shorter interaction distance (Table 1 and 2, 
respectively). The bond length in the range of 1.5–1.6 Å 
and energy stability of >20 kcal/mol made the 
interaction in O72···H49 was categorized as a strong 
hydrogen bonding system [13]. High stabilization 
energy means that the stronger the hydrogen bonding 
interaction, the easier the proton transfer [10,49-51]. 
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The NBO data could also explain the increase in 
length of C5=O7 in the PSMA–(H2O)1 to PSMA–(H2O)5 
complexes by an increase in the stability energy on LP(1) 
O7 → BD*(O65–H66). Furthermore, the energy was in 
line with the increase in water molecules (n). Fig. 2 
displayed the good correlation between E(2) of O7···H66 
and (H2O)n with an R2 = 0.994. Therefore, it can be 
inferred that the hydrogen bond interaction of the 
PSMA···H2O complex was strong, which was great for 
maintaining water inside its three-dimensional matrix 
[38,52]. 

QTAIM Analysis 

The QTAIM analysis was conducted due to the 
study of hydrogen bonding interaction type at BCP. 
Therefore, essential topological parameters, such as ∇2ρ, 
ρ, G, H, V, and ratio |V/G|, were crucial to identify the H–
bond critical points (3,–1) achieved from QTAIM 
computation [9]. The Multiwfn program calculated the 
QTAIM calculation. The BCP of PSMA–(H2O)n 
complexes were presented in Fig. 3, whereas the 
parameters were displayed in Table S3. 

According to BCP visualization, new hydrogen 
bonding was formed in PSMA–(H2O)n complexes when 
water molecules were added. All BCP presented positive 
value from ∇2ρ, and major BCP showed negative value 
from H(BCP). There were small portions of BCP that 
showed positive values from H(BCP). Therefore, the 

PSMA–(H2O)n complexes were considered weak to 
medium interactions. It was also supported by the value 
of the |V/G| ratio at most BCPs in the range of 1−2, while 
the minority presented |V/G| < 1. The QTAIM 
calculation supported the claim that the hydrogen bond 
of O7···H66 enhanced with the increase in the number 
of water molecules. The same thing was found in the 
O72···H49 bond in PSMA–(H2O)3, PSMA–(H2O)4, and 
PSMA–(H2O)5. The results showed that the hydrogen 
bond energy in the complex was in the range of –2.3407 
to –14.946 kcal/mol. The results showed similar hydrogen  

 
Fig 2. Correlation of the E(2) of O7···H66 versus the 
number of H2O molecules within PSMA–(H2O)n 
complexes 

 
Fig 3. BCP for (a) PSMA–(H2O)1, (b) PSMA–(H2O)2, (c) PSMA–(H2O)3, (d) PSMA–(H2O)4, and (e) PSMA–(H2O)5 
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bonding values in previous computational studies 
[9,16,53] (Table S4). In addition, both NBO and QTAIM 
analyses showed the strongest intermolecular hydrogen 
bond at O72···H49 in PSMA–(H2O)5 complex. The QTAIM 
results successfully demonstrated that PSMA was a 
potential polymeric material as a hydrogel due to its 
ability to make medium hydrogen bonds with water 
molecules. 

RDG and NCI Analyses 

The NCI study described intra-intermolecular 
interactions and assessed the nature of weak interactions 
in PSMA–(H2O)n complexes. The NCI index gave 
additional information regarding non-covalent 
interaction based on RDG [54]. The 2D RDG graph of 
sign (λ2)ρ(r) versus RDG value was plotted in Fig. 4. Blue, 
green, and red colors in the RDG graph represented the  

 
Fig 4. RDG's scatter graphs of PSMA and PSMA–(H2O)n complexes; n = 1–5 

 
Fig 5. Three-dimensional RDG isosurfaces of PSMA and PSMA–(H2O)n complexes; n = 1–5 
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hydrogen bond, the VdW interaction, and the steric effect, 
respectively. Visualization of non-covalent interaction 
was performed with a three-dimensional (3D) RDG 
isosurface (Fig. 5) to provide a deeper understanding. In 
the 3D RDG graph, green, blue, and red represented the 
VdW interaction, H-bond, and steric effect. 

The PSMA graph emphasized that VdW interaction 
and steric effect were dominant in the structure (Fig. 
4(a)). The intramolecular bond of O23···H49 was shown 
as VdW interaction (green color) (Fig. 5(a)). The steric 
effect occurred due to the presence of phenyl rings of the 
PSMA structure. On the other hand, the PSMA–(H2O)n 
complexes became denser in the blue and green areas (Fig. 
4(b–e)). The trends indicated an increase in the number 
of hydrogen bonds and VdW interaction. Fig. 5(b–e) 
supported the explanation by showing more blue and 
green colors. The computational investigation revealed 
that PSMA was able to interact strongly with water 
molecules. These results also reinforced the previous 
experimental research that stated the PSMA hydrogel 
with polyethylene glycol as a crosslinker could swell up to 
14.58% [8]. The other research of PSMA hydrogel 
presented the total water absorption ratio in the range of 
13.6–71 g/g [55]. 

■ CONCLUSION 

The in silico study of PSMA–(H2O)n complexes were 
carried out to evaluate the interaction between PSMA and 
(H2O)n (n = 1–5). The calculation was conducted by the 
DFT method and 6–311G** basis set. By the structure 
optimization of PSMA dimer, water, and PSMA–(H2O)n 
complexes, serial properties of those complexes were 
attained. The hydration affects the intramolecular structure 
of PSMA. The interaction between PSMA and water 
molecules was conducted at carboxyl groups. The increase 
in the number of water molecules enhanced the interaction 
energy and reactivity of PSMA–(H2O)n complexes. The 
intermolecular hydrogen bonds in the complexes were 
evaluated by NBO, AIM, and RDG–NCI analyses. The 
easiest electron lone-pairs donating was found on PSMA–
(H2O)5 complex through LP(2) O72 → BD*(O17–H49) 
with the stabilizing energy of 50.32 kcal/mol. The AIM 
results also approved the statement. Moreover, the RDG 

and NCI analyses supported the results by improving 
hydrogen bond interactions as the water molecule 
increased. The examination categorized the hydrogen 
bond between PSMA and water as the medium to the 
strong bond interaction. All data presented indicate 
PSMA is a potential polymer to be developed in an 
aqueous solution 
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