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Abstract: The abundance of applications of alginates in aqueous surroundings created by their
interactions with water is a fascinating area of research. In this paper, computational analysis was
used to evaluate the conformation, hydrogen bond network, and stabilities for putative intermolecular
interactions between alginate dimers and water molecules. Two structural forms of alginate {alg@:
acid, alg, and sodium alginate, SA) were evaluated for their interactions with water molecules. The
density functional theory (DFT-D3) method at the B3LYP functional and the basis set 6-31++G* was
chosen for calculating the data. Hydrogen bonds were formed in the Alg-(H20), complexes, while
the SA-(H;0)n complexes showed an increase in Van der Walls interactions and hydrogen bonds.
Moreover, in the SA-(H2O)n complexes, metal-nonmetal bonds existed between the sodium atom in
SA and the oxygen atom in water (Na. .. O). All computational data in this study demonstrated that
alginate dimers and water molecules had moderate to high levels of interaction, giving more stability
to their complex structure.

Keywords: alginate; density functional theory; NBO; QTAIM; water

1. Introduction

Over the years, hydrogels have become an object of interest to be explored due to their
massive functional properties, particularly for many fields of industries [1,2]. There are
abundant definitions of hydrogel, which mostly describe hydrogels as a group of polymeric
materials with a cross-linked network developed by one or more monomers’ modest
reactions. Three-dimensional hydrogel networks are the main part providing hydrogels
with the ability to hold large amounts of water and build hydrophilic structures [3]. The
capability of having significant water content causes this material to carry a degree of
flexibility identical to natural tissue. Its hydrophilic functional groups adhered to the
polymeric backbone are responsible for absorbing water, while the Cruss—linkmtween
network chains take a role in assuring hydrogels’ resistance to dissolution. The mass
fraction of water in hydrogels can be much greater than the mass fraction of the polymer
in the hydrogel; this is also known as being in a swollen state, depending not only the
polymer or polymers’ properties but also the network joints” nature and density. Based on
its type of cross-linking and whether it is a chemical or physical nature, permanent junctions
result from chemically cross-linked networks, while transient junctions are promoted by
physical networks through the entanglements of polymer chains or physical interactions,
for instance, hydrogen bonds, hydrophobic or ionic interactions [4].
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Both natural and synthetic materials are examined, mainly to be assigned as con-
siderable candidates for hydrogels. The most commonly used natural hydrogels in the
biomedical field, especially for regenerative medicine, are alginates due to their biocompat-
ibility and low level of toxicity [5]. Moreover, these polysaccharides derived from brown
algae extraction are also widely applied as gels and thickening agents in the manufacturing
industries [6,7]. Alginate is used to manufacture hydrogels with a high ability to bind
water, drugs, and protein, so it is widely used in drug and protein delivery systems [8-12]
and wound management [13-15]. Their abundant exist‘elmin the wild allows them to
have a low extraction cost. (1 — 4) glycosidic bridges link p-D-mannuronic acid (M) and
o-L-guluf@Bic acid (G), which build the linear binary copolymers [16]. Alginate is an un-
branched copolymer composed of mannuronic acid (M block) and guluronic acid (G blo@)
arranged in an irregular pattern with varying amounts of GG, MG, and MM blocks. M
residues are linked at *C; by diequatorial linkages, while G residues are linked via diaxial
links at 1Cy [6,17]. Globally, alginate is classified into two structural forms: alginic acid
and s@ium alginate. Alginic acid possesses a carboxylic acid functional group (—COOH),
while sodium alginate is its sodium salt. The structure of alginic acid makes it difficult to
dissolve, but the form of sodium alginate makes it highly soluble in water [17].

Currently, theoretical approaches based on computational chemistry can describe
interactions that occur at the molecular or atomic level. Because of advancements in
molecular modeling, computational chemistry applications are now widely employed to
aid in many types of research in domains, such as health, energy, industry, environmental
technologies, and pharmaceuticals. Rojas et al. investigated the effect of sodium and
calcium cations on the structure of alginate [18]. Density functional theory (DFT), one of
the theoretical methods of computing, has reignited interest in the nature and location of
interactions between nanomaterials and biomolecules. The interaction of alginate (with a
GG block structure) with bivalent metals, such as Cu**, Mn%*, Ca?*, and Mg?*, has been
studied theoretically using DFT [19]. However, there has been no research on computatiorf&fi)
studies explaining how the interactions between the alginate and water molecules occur at
the molecular or atomic level.

In order to reveal the explandffin with a theoretical approach using the computational
chemistry of alginic acid-water, density functional theory with Grimm@@P3 dispersion
correction (DFT-D3) was employed in this study. DFT was used due to the inclusion of
the electron correlation’s effects with the determination of the molecular system’s prop-
erties and electron density. In this study, BSLYP-D3/6-31++G** was used to obtain more
precise calculations in the actual experiment [20]. In the most stable molecular associa-
tions in Alg-(H»O)n and SA-(H;O)n-water complexes, rmolecular interactions were
analysed not only with the DFT method but also the ral bond orbital (NBO) and
atoms-in-molecules (AIM) methods, which are mainly performed for representing the
organic compounds’ hydrogen bonds in aqueous solutions [21]. NBO analysis can observe
the intra- and intermolecular hydrogen bonds. Protons that are given to one accepting
orbital for the determination of the hydrogen bond’s direction occur in intramolecular
hydrogen bonds. Yet, protons that are moved in a comparable number for botfE}ne pairs
from acceptors happen in intermolecular hydrogen bonds [22]. Furthermore, the highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)
energies were also added tmtter understand these intermolecular interactions. Eventually,
this study could disclose the interaction between alginate an§f}yater molecules or their
atoms and support the idea of the use of alginate for hydrogel materials.

2. Results and Discussion
2.1. Optimized Structures of Alginate and Water Molecules

Optimizing a molecule structure was the first step before evaluating other parameters.
The NWChem program was applied to obtain a stable molecule and minimum energy of
dimer alginate and water structures [23]. The optimized structures of alginic acid (Alg)
and sodium alginate (SA) are presented in Figure 1. Dimer Alg and SA structure were
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L Length unit: Ang

chosen to represent the polymer due to the fact that the interaction energy and enthalpies
between dimers, trimers, and oligomers with water are almost similar [24-27]. Researchers
also used dimer structures to evaluate the polymer [24,26,28,29]. G blocks (GG) of the
alginate structure are stiffer compared to alternate blocks (GM) and M blocks (MM) due
to their diaxial connection, and hence, they are more soluble at lower pH [16,30]. Thus,
in this study, M blocks are used to examine the flexibility of alginate as it interacts with
water molecules.

oy 1.00
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Figure 1. Optimized structure and molecular electrostatic potential of dimer alg (a,b), and dimer
SA (¢,d).

The carboxylic acid and hydroxyl groups in the alginic acid and the alginate structure
are highly polar, making interactions with water molecules possible. This statement is
supported by Figures 1 and 51, which show the molecular electrostatic potential of alginic
acid, alginate and water. The blue side tofg}: red side shows the least to the greatest total
density electron. The white area suggests that electron density exceeded the upper limit of
the color scale (0.60), which meant that it was strongly negative. The MEP data demonstrate
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that the carboxylate group in the alginate form is more polar than the carboxylate group
in the alginic acid form, as evidenced by the bigger white region. In the SA structure,
metal-nonmetal interactions occur from Na atoms (Na42 and Na43) and oxygen atoms in
the carboxyl group (012 and O13). Furthermore, the polarity value was evaluated using
total dipole moment, which revealed that SA had a greater value than Alg (6.83 debye
and 4.03 debye, respectively) (Table S1). Larger dipole moments suggest higher positive
and negative charges, implying that the molecule is more polar [31]. Alginate’s ionized
carboxyl group is used to create polyelectrolyte complexes that are used in biological,
pharmaceutical, and agricultural applications [32-35].

The conformation of alginate can be identified by its dihedral angle (x) and torsion
angles phi (ip) and psi (1) [32]. The considered alginate conformation presents a value for
x of 48.964° (Table 1). The value of x could identify the conformation of both pyranose
rings. The planarity of disaccharides, oligosaccharides, and alginate pulysﬂcha rides can
be determined by ¢ and 1. The values of ¢ and U were calculated between the bonds from
each cyclic of the disaccharide moiety to its glycosidic oxygen atom [36]. The presence
of water molecules greatly affected the conformation of the Alg and SA, as indicated by
changes in x, @, and J when the number of water molecules increased (Table 1, Figure 52).
These findings support the results of the study that alginate has conformational flexibility,
which is an important factor in influencing the tendency of alginate to form macroscopic
material such as a hydrogel [37,38]. Table 1 also shows that the molecular surface volume
of Alg and SA increases with the increasing amount of water in the complexEyhich hints at
the large swelling in water for hydrogel formation. The molecular volume of the SA-H,0
complexes is larger than that of the Alg-H>O complexes due to the presence of metal atoms
(sodium, Na). The structural deformation degree of Alg and SA following complexation
was estimated using deformation energy (Eg.¢) (Table S1). Because of the presence of
water, the deformation energy of SA is higher than Alg (29.5 against 24.1 kcal /mol). These
findings cEfflirmed that water molecules interact with SA more strongly than the Ch
structure. This is in accordance with the experimental results, which found that alginic
acid is a water-insoluble polysaccharide, whereas the sodium form (SA) is a water-soluble
polysaccharide [17,39]. In addition, previous research reports have shown that alginate,
as a hydrogel substance, can interact strongly with water and has a high swelling ratio of
more than ten times its dry mass [11,40].

Table 1. Conformation and molecular volume value of complexes.

Complexes X [} 1P Molecular Surface Volume (A3)
Alg-(HO)n
0 48.964 —74.120 —112.542 367.23
1 158.751 45.423 —114.965 380.92
2 162.108 47.435 —116.299 404.53
3 152.732 34.373 —110.415 42491
4 146.237 27.335 —108.499 447
5 143.925 24970 —108.771 469
SA-(H,O)n
0 160.468 47 475 —118.119 382.27
1 164.968 47.490 —-116.093 405.12
2 179.733 76.410 —132.525 430.25
3 157.636 48.173 —121.836 445.81
4 152.083 35.460 —113.467 471.3
5 150.612 30.401 —107.584 500.1

The addition of water molecules also changed the structure of alginic acid and sodium
alginate, as seen in Table 2 and Figure S3. Dissociation of alginic acid molecules happened
as the water molecule number increased, which was pl;esent‘ed with the longer bond
lengths of O7-H39 and O11-H43, which were up to 1 A. The same results were also
reported by previous researchers [41,42]. On the other hand, Table 2 showed that sodium’s
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hydration process of carboxylic sodium salt occurred in addition to two water molecules,
which was proved by the fact that the distance between O and Na was longer than 2.3 A,
These results evaluated the interactions that occur in alginate at low and high pH. Under
acidic conditions, the alginate backbone’s carboxylate groups become protonated and form
hydrogen bonds between the alginate chains. However, under basic conditions, alginate in
carboxylate sodium salt will tend to form a sol phase [43-45].

Table 2. Bond length detail of alginate and alginate-(H,0),, complexes.

Distance (A)
Complex
(O11-H43) (07-H39) (C25=013) (C17-05)
Alg'(Hzo In
0 0.9756 0.97005 1.21721 1.42388
1 0.97657 0.97968 1.22097 1.42452
2 0.97608 097118 1.2214 1.42434
3 0.976 1.00262 1.22167 1.4255
4 1.00498 1.00171 1.22795 1.42574
5 1.02644 1.00607 1.23184 1.42676
SA-(H,O)y (012...Na*®) (O11...Na*®) (C25-013) (C24-010)
0 2.1609 2.1965 1.2507 1.2555
1 2.1888 2.1820 1.2645 1.2503
2 2.3307 2.2307 1.2882 1.2566
3 22377 23434 1.2583 1.2541
4 2.2509 2.1683 1.2671 1.2477
5 22136 2.1948 1.2648 1.2596

* The closest Na with carboxylate group.

2.2. NBO Analysis

Usually, the bonding interaction of hydrogen also consists of natural orbital to assure
the strength of the meractiun bond, which is investigated by NBO analysis. The result
could also support the strength of the hydrogen bonding interaction that was predicted
by the energy interaction [26,27]. NBO analysis is also used not tm.lym' investigating
the intramolecular and intermolecular bonding interaction but also the charge transfer or
corffffative interactions that happen in a molecular system. The stabilizing energy (E@)
for donor-acceptor interaction represents the electron delocalization from the lone pair (LP)
orbital, the occupied bond to unoccupied antibonding (BD*) orbital, the occupied bond to
unoccupied bonding (BD), the number of cores (CR), and Rydberg (RY). The donor-acceptor
interaction becomes more exhaustive when the stabilizing energy (E(Z}) is greater [46]. Thus,
the NBO analyses results of the formation of intermolecular bonds within alginic acid or
sodium alginate and water molecules are shown in Tables S3 and 54. These results indicate
that those complexes were all stabilized by hydrogen bonds, and the stabilization of their
molecular arrangements were contributed by the hydrogen bond as well as the oxygen
from both alginate and water molecules.

5 lone pair donor orbital that had an interaction with the O46-H44 anti-bonding
orbital (LP(1)O5 — BD*(046-H44) and LP(2)05 — BD*(0O46-H44)) appeared in all alginate-
water complexes as well as the Oy3 lone pair that interacted with the O46-H44 anti-bonding
orbital (LP(1)Oq3 — 0’*(046—[—@ and LP(2)013 — o*(046-H45)). The intermolecular
charge transfer disclosed by the LP(1)O13 — BD*(O46-H45) and LP(1)013 — BD*(O54-H55)
interactions thccurred in the alginate-(H>QO); complex was stabilized by the amount
of energy, 2.98 kcal /mol and 3.67 kcal/mol, respectively. Meanwhile, the intermolecular
charge transfer assigned by the same interactif#hs mentioned before also existed in the
alginate-(H,O)4 complex with energies of 3.97 kcal/mol and 2 .42 kcal /mol, respectively,
usecm stabilize the interaction, as well as in the alginate-(H>O)s complex with energies of
2.14 kecal/mol and 7.22 keal/mol, respectively. The energy of the second-order perturbation
of LP(2)046 — ¢*(047-H49) interaction that appeared in all alginate-(H,O) complexes
except with one water molecule showed that their values were increasing along with more
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water molecules added to the complex, with the highest energy found in the Alg-(H,O)5
complex at 24.73 kcal /mol. On the other hand, LP(2)05454 — BD*(O11-Hy3), which has an
energy of about 46.21 kcal/mol, proved to be the strongest and highest hydrogen bond
interactions among all complexes of the alginate and water molecules.

The protons could also be transferred easier with stronger hydrogen bonds [27], which
implies that the more molecules of water exist in the alginate-water complex, the greater the
energy that could contribute to the stability of the hydrogen-bonded structure. Thus, these
NBO analyses of alginate-water complexes provided the idea of alginate for the application
as a hydrogel that has the ability to absorb water that comes up from hydrophilic functional
groups linked to the polymeric backbone and could swell due to the water [4]. Furthermore,
a significant fraction of water with its structure could be restrainffgby the hydrogel. These
hydrogel characteristics correspond to the results gained from the NBO analysis, which
also demonstrates the structure of the water is not broken by alginate, despite water-water
interactions affording the stabilization of the alginate-water mixture.

According to tRINBO results, in particular, the LP(2)046 — BD*(O47-Hyg) interaction
formed in the Alg-(H,0), Alg-(H;0)3 Alg-(H,0)4 and Alg-(H;0)5 complexes resulted in
shorter interaction distance between 046 to O47-H49 due to the higher sifjlizing energies
(Figure 53 and Table S3, respectively). The same event was also found between the lone
pair O47 and the antibonding orbital of O7-H39, which showed that the shorter its distance,
the moreffjbilizing energy that occurred. Nevertheless, increasing water molecules could
enhance the hydrogen bond between the water and alginate. Moreover, the more water
molecules existed, the more strongly water interacted with the hydrophile group of other
alginates, e.g., O46 with H49. As a result, these provided new insight into identifying
which group is more likely to be hydrophilic and also demonstrated that the majority of
alginate’s hydrophile groups could have interactions with water molecules as well as raise
the water uptake. In the NBO analysis, the stabilization energy of sodium alginate was also
evaluated (Table 54). According to the NBO analysis, some of the stabilization energy of Na
bonds in the sodium alginate . .. water interaction is more than 50 kcal / mol, which was
bigger than the alginate ... water interaction that implied the sodium alginate ... water
has stronger interaction. There was the strongest charge transfer in the SA-(H>0)s complex,
which displayed the highest value of stabilization energy for the interaction at LP(1)O12
— RY(12) Na58 (104.81 kcal/mol). Rodriguez also evaluated interactions of alginate with
bivalent metals and revealed the highest stabilization energy was 50.57 kcal/mol for a
metal-nonmetal interaction (Mn..O) [19]. Their results indicated Alg-(H»O), complexes
were stabilized by hydrogen bonds, while SA-(H,O), complexes were stabilized by metal-
nonmetal interactions and hydrogen bonds.

2.3. %nmm Theory Atom in Molecule (QTAIM)

A saddle point of electron density located ffijveen two atoms, the donor group’s
hydrogen atom and the acceptor atom that created a chemical [Efhd, is called a bond critical
point (BCP) [21]. Figure S4 illustrated BCPs on the interaction of the Alg-(H>0), complexes
and SA-(H20), complexes. The result of all parameters that are shown in Tables S5 and S6
were obtained by the multiwfn software.

Every complex showed a BCP that could be considered a weak covalent interaction
or strong electrostatic bond due to the fact £t both of their V?p and Hgcp) values were
positive (Tables S5 and S6). In Alg-H»>O, the positive v@s of Vzp and Hgcrp) were
obtained from BCP with an index of 69. In alginate-(H,0),, the positive values of V?p and
H(Bcp} were obtained from BCP with indexes of 61, 108, 83, and 98. In alginate-(H,O)3,
the positive value of Vzp and Hgcp) were obtained from BCP with indexes of 109, 118, 89,
77,100, and 84. In alginate-(H,O),, the positive value of V2p and Hpcp) were obtained
from BCP with indexes 77, 88, 124, and 118. In the alginate-(H>O)s complex, the positive
values of Vzp and Hgcp) were obtained from BCP with indexes of 114, 80, 127, 125, and
75. Other BCPs in all comff@kes could be referred to as medium-strength or partially
covalent bonds as a result of the positive values of VZp and negative values of Hgcp). Their
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I'V/G| parameters also exhibited values between 1 and 2, which meant the interaction
could be classified as medium interactions or medium hydrogen bonds as well, except
for some of them that were mentioned before as having weak covalent interactions due
to the positive values of V?p and Hgcp) and an alginate-(H,O), BCP index of 113. The
complex of alginate-(H,O) with an index of 69, alginate-(H»O), with indexes of 61, 108,
83, and 98, alginate-(H,0)3 with indexes of 109, 118, 89, 77, 100, and 84, alginate-(H,O),4
with indexes of 77, 88, and 118 and alginate-(H,O); with indexes 114, 90, and 127 had
ratios of |V/G| <1, which indicated a weak interaction between the alginate and water
molecules existed there. The hydrogen bond energy (Epg) values belong to the indexes 69
(alginate-(H,0)), 61, 108, 83, 98 (alginate-(H,0),), 109, 118, 89, 77, 100 (alginate-(H,0)3), 77,
88, 118 (alginate-(H»O)y), 114, 80, and 127 (alginate-(H,O)s) represented under 4 kcal /mol
that refer to weak hydrogen bonds. Nevertheless, the rest of the bond critical points had an
Eyp value of about 4-20 keal/mol, which demonstrated that the interaction between alginic
acid and water molecules had a moderate hydrogen bond. The BCPs for the interaction
between SA and water are shown in Table 56. Overall, the data showed that the interaction
was categorized as strong interactions. Values of V2p and Hpcp) revealed electrostatic
interactions in the SA-(H>QO), complexes. These QTAIM results supported the idea of
alginate as a hydrogel material due mostly to the fact that its interaction with water was
built by moderate to strong intermolecular bonds.

2.4. HOMO-LUMO Energy Analysis

HOMO-LUMO energy was calculated to obtain the reactivity of electron transfer. The
capacity of a molecule to donate an electron is represented by Epjonp, and the ability to
accept an electron is staged by ELunmo. Thus, an increased HOMO energy value shows that
more molecules tend to donate an electron to the acceptor. On the other hand, affffcreasing
LUMO energy value signifies that the nffgcule tends to take up more electrons. The energy
difference between HOM(FZjergy and LUMO energy is well known as the HOMO-LUMO
energy gap (AE). The AE can be deployed to predict the chemical species’ strength and
stability [26,47,48]. A small AE corresponds to a molecule that is likely to transfer electrons
and be more reactive. In other words, it tends to be more unstable. The electronegativity
information also relates to the electrophilicity of the molecule. Thus, the molecule can be
said to be more electrophilic when it has a higher electronegativity [27]. The res§E} of the
HOMO-LUMO energy of Alg-(H,O), and SA-(H;0), complexes are sdisplayed in Table 3.

Table 3. The chemical descriptors of the system.

Enomo Erumo
Complexes (V) @V) AE (eV)
Alg-(H,0),
0 —7.19 —0.35 6.84
1 —6.96 —0.52 6.43
2 —6.98 —0.56 6.42
3 —6.99 —(.59 6.39
4 —6.96 —0.67 6.29
5 —6.95 —0.61 6.33
SA-(HyO)n
0 —6.89 —0.46 643
1 —6.98 —0.36 6.59
2 —6.96 —0.64 6.31
3 —6.86 —0.44 6.42
4 —6.89 —0.39 6.51
5 —6.77 —0.56 6.21

According to the values in Table 3, the DFT approach gives the AE value for Alg and
SA as 6.84 and 6.43, respectively. The AE value of SA was smaller than Alg. The result
indicated that the alginic acid structure had a high stabilization and rigid form compared
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with the sodium alginate structure. The presence of water molecules could decrease the
energy gap of HOMO-LUMO in Alg and SA complex structures.

2.5. Reduced Density Gradient (RDG) and Non-Couvalent Interaction (NCI) Analysis

The nature of the inter- and intra-molecular interaction of Alg-H>O complexes and
SA-H>0O complexes was examined by plotting the NCI index and RDG. By NCI-RDG
analysis, Van der Walls interactions, hydrogen bonds, and steric effects were represented
by the green, blue and red colors, respectively [46,48]). According to the 2D RDG graph of
sign (A2)p versus RDG value shown in Figure 2, on the horizontal axis, the RDG isosurface
is 0.05 th arange of —0.05 to 0.05). On the vertical axis, the density of all electrons’ (p)
[FAues ranged from —0.035 a.u to +0.02 a.u. The existing interaction could be characterized
by the value of the secondary eigenvalue of the electron density Hessian matrix (A2) and p.
The strong attraction that refers to hydrogen bonds and halogen bonds has a value of A; <0
and§Z8 0. Meanwhile, the interaction that acquires the value of A; ~ 0 and p =~ 0 is identified
asa Van der Waals (VdW) interaction. Strong repulsion or steric effeff§ in-rings and cages are
defined by values of A, > 0 and p > 0[27]. The sifJof A; changes according to the function
veliis of p;); hence the amount sign(\,)p acts as the new horizontal ordinate replacing
p- It can be seen that the hydrogen bond area increased as re water molecules added
to the Alg-(H;0)n and SA-(H>O0)n complexes. The demy of the SA-(H,O)n complexes
in the blue region is denser (more negative) than that of the Alg-(H,0), complexes. On
the SA-(H;0), graph (Figure 2a’—f'), a strong metal-nonmetal interaction on Na... O is
indicated by a blue color spike lying around —0.03 to —0.05 a.u. with a large RDG value.
The phenomena of metal-nonmetal interactions on titanium and polyacrylamide (PAM)
similarly exhibited an RDG value, with more spikes appearing in the attractive interactions
area [48].

The visualizations of hydrogen bonds, the VAW interactions and steric effects were
also presented with a three-dimensional (3D) RDG isosurface in Figure 3 for better under-
standing. Hydrogen bonds occurred between the water molecule and alginate and among
the water molecules, which built the area of hydrogen bonds. Interestingly, the density
of the steric effect site was also enhanced due to the new cyclic formation established by
the hydrogen bonds between the water ... water ... alginate molecules. Cyclic forma-
tions on the complex structures were illustrated by the Alg-(H,O)s structure (Figure S5).
These results hypothetically proposed that the addition of water molecules will not ex-
tend the distance between the alginate and water molecule because of the attraction force
with the hydrophile group from the alginate and other water molecules that could finally
form a cyclic formation. Cyclic formation with water molecules also occurred in previous
studies [21,49]. The Alg-(H;O)n complexes showed hydrogen bonding (O...H), which is
)wn in blue. The strong metal-nonmetal interactions on SA-(H,O), complexes were
mo detected from the 3D RDG isosurface with blue color discs (Na...Q). In addition,
Van der Waals interactions in the SA-(H;O), complexes were more numerous than the
Alg-(H,O), complexes, which was indicated by the green area being more numerous and
broader. Therefore, this indicates that alginate has a decent water uptake, which could be
investigated by the distance between the farthest water molecule and the closest alginate’s
hydrophile group.
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3. Conclusions

The interaction between alginic acid or sodium alginate and water molecules was
evaluated using the DFT method and basis set of 6-31++G** through this in silico study.
The results could support the idea of alginate as a hydrogel material as shown by the fact
that the more water molecules that were added to the complex, the higher the interaction
energy obtained became. NBO, AIM and RDG-NCI analyses were conducted to investigate
the complexes’ intermolecular hydrogen bonds. This statement was confirmed by the
AIM results as well. Furthermore, the increase in hydrogen bond interactions as the water
molecules enhanced, which appeared in RDG and NCI analyses, also reinforced the results.
This study concluded that alginate and water molecules interacted with each other through
medium to strong hydrogen bond interactions, while sodium alginate and water molecules
interacted through metal-nonmetal interactions.

4. Methods
4.1. Computational Analysis Using the Density Fum:tiaal Theory (DFT-D3) Method

All calculations in this study were fulfilled by the density functional theory (DFT-D3)
method using the hybrid of Becke's three-parameter Lee, Yang, and Parr (B3LYP) §Ziktional
and the basis set 6-31++G** [24,26]. A solvation model based on density (SMD) was used
to calculate the effect of the water as a solvent [26,50]. The MM-alginate dimer structure
was collected from PubChem (CID: 45048803). The optimization of each molecule was
conducted to gain the minimum energies. After the most stable alginate molecule, as
well as a water molecule, were found, both interacted together to obtain the complexes
of Alg-(H,0), and SA-(H,0), minimum energy. In order to clarify the stability of those
molecules and complexes, their frequencies were calculated. If the results are all positive,
stab% has been acquired.

4.2, Natural Bond Orbital (NBO)

NBO calculations were performed to estimate the interaction binding energy type, re-
activity to transport proton, and charge distribution of the complexes [26,51]. The equation
below defines the hyper conjugative interaction energy between an occupied (i) and an
unoccupied (j), applying the theory of second-order perturbation.

2

2 _ _ ]
E —&Ef;—Qij_Ef_

The orbital stabilizing energy is indicated by the value of E2, where it is influenced
by the energy of an NBO donoff§}) and the acceptor (g;), the occupancy of donating
orbitals (g;), as well as the NWock matrix element between i and j orbitals (Pfj) [20].
The NBO method could also investigate the intra- and intermolecular interactions by
providing orbital electron density with the highest possible percentage that corresponds to
a molecule’s Lewis structure precisely [27].

4.3. Quantum Theory Atom in Molecule (QTAIM) Analysis

QTAIM analysis was done by Multiwfn software, which calculates hydrogen bomm;
energy at the BCP index; its results are usually used to support the NBO analysis [27]. The
theory of atoms-in-molecules also contemplates the nature of intermolecular hydrogen
bonds that exist in the most stable complexes [21]. Valuable parameters such as
Laplacian and ellipticity are the results of QTAIM analysis. Ellipticity (¢)Eknown as the
measure of a “double bond” or 7t character. The Laplacian (V2p) defines the local charge
concentration or depletion and has thiequatiun below as the parameters at the BCP;

61
Vzp = 1‘\.1 =F AZ =F /\.3
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where Ay, A2, and A3 represent the density at the critical point. The data were also made
more accurate by electronic energy density (Hpcp)), which was calculated with the follow-
ing equation;

Hery = Gier) + Visep)

Ggcp) represents the kin@ energy density, and Viscp) defines the potential energy
density. With the result of V2 pand Hygcp), the type of interaction could be predicted [52-54].
A weak covalent interaction, which means a strong electrostatic bond, is the result of V2p
(+) and Hpcp) (+) strong interaction or strong covalent bond is provided by VZp (—)
and Higcp) (—). A medium-strength or parﬁamcovalent bond is the result of Vzp (+) and
Hepy (—). The ratio of |V/G| wasused asa able parameter to classify the different
interactions. If |V/GI| <1,it re to the weak interactions, while 1 < IV/G | < 2 refers to
the medium interactions, and | V/G| > 2 refers to the strong interactions [27].

4.4. HOMO-LUMO Energy Analysis

A HOMO-LUMO energy analysis calculation was employed to evaluate the electron
transfer reactivity of the molecule. The results were gathered from Multiwfn software [48,55].

4.5. Reduced Density Gradient (RDG) and Non-Covalent Interaction (NCI)

NCI-RDG analysis was conducted based on previous literaturdfflp]. RDG-NCI analysis
was used to identify the intramolecular interactions as well as the nature of the weak
interactions that occur between water molecules and alginate. The infofgfhtion about
non-covalent interactions, such as hydrogen bonds, tends to be provided by the NCI index,
while the reduced density gradient (RD%‘-; determined by this following equation.

Vo
RDG = : /3 | .i;)a
2(3}1'2) Py

The complexes’ non-covalent interaction could be defined by the RDG value. The sign
of (Az)pm and NCI-RDG plots were derived from the Multiwfn program, and the RDG

versus sign (A2)g(;) of all complexes were displayed in scatter graphs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpicom /article /10.3390/ gels8110703 /51, Figure S1: Optimized structure and molecular
electrostatic potential of water (a and b, respectively); Figure 52: Conformation of optimized SA and
Alg dimers structures. Water molecules and sodium ions precluded on complexes for facilitating
the visualization; Figure S3: Optimized structure of Alg- In=1-5 and SA-(Hy0)p-1.5 complexes;
Figure 54: The molecular graphs of Alg-(H2O)n complexes (a—e) and SA-(H,O)n complexes (a’-e’).
The BCP are represented by the unadorned orange sphere and the red circle indicates the presence of
water molecule; Figure 55: Optimized structure of Alg-(H20)5 (a) and cyc]j Alg-(H,0) structure
(b—d); Table S1: Dipole moment; Table 52: Deformation energy; Table S3: Selected intermolecular
acceptor-donor interactions and second-offl perturbation stabilization energies of the H-bonded
complexes in alginic acid-water; Table S4: Selected intermolecular acceptor-donor interactions and
second-order perturbation staffflization energies of the Na-bonded complexes in sodium alginate-
water; Table S5: The analysis of [fle bond critical points of the different Alg-water complexes by
QTAIM; Table S6: The analysis of the bond critical points of the different SA-water complexes
by QT
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