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A B S T R A C T

A multicomponent salt, bis(2-amino-4,6-dimethylaminopyrimidin-1-ium gallate) trihydrate, was synthesized and 
analyzed through single-crystal X-ray diffraction. The compound crystallized with two 2-amino-4,6-dimethyla
minopyrimidin-1-ium gallate molecule along with six water molecules in an asymmetric unit. The presence of 
multiple donor and acceptor sites within the structure promotes the formation of supramolecular ladders and 
other architectural arrangements. The crystal structure was further investigated by DFT calculations to under
stand the molecular geometry, vibrational properties, Frontier molecular orbitals, Excited states, Natural bond 
orbitals and hyperpolarizability. The above calculations were performed on monomer, dimer and dimer with 
water molecules. The computed results were discussed in detail and compared with previously reported mole
cules. Consequently, molecular docking studies were performed using Glide protocol available in Maestro 
Schrodinger software. The computed and docking results were compared with similar molecules and the prop
erties were discussed in detail.

1. Introduction

2-amino-4,6-dimethylaminopyrimidine derivatives are a class of 
compounds that play a significant role in generating remarkable 
hydrogen bonding patterns. A system in this class has two nitrogen 
atoms in aromatic rings, with an electron-donating –NH2- group 
attached to the 2nd position and 2e-rich CH3 groups attached to the 4th 
and 6thpositions along with two electron-accepting (C=N) ring moieties 
(Scheme 1). The presence of an amino group makes aminopyrimidine a 
versatile molecule that interacts with various biomolecules, such as 
deoxyribonucleic acid (DNA), ribonucleic acid (RNA) and enzymes, 
through noncovalent interactions. It plays a crucial role in inhibiting 
enzymes such as CK2 [1], FGFR4 [2], IRAK4 [3], Aurora kinase [4,5], 
and caspase-1 [6] in Alzheimer’s disease treatment, as well as address
ing liver fibrotic disorders by inhibiting c-Jun N-terminal kinase [7]. The 
5-aryl-2,4-diaminopyrimidine molecule effectively targets IRAK4 [8], 
indicating its potential for treating inflammatory disorders. In genetic 

expansion, it extends the genetic alphabet [9] through pairing with 
imidazole[1,2-a]-1,3,5-triazine-2(8H)-4(3H)-dione. The hydrogen- 
bonded and fluorescent base pair [10], formed by 4-aminophthalimide 
(4AP) and 2,4-diaminopyrimidine (DAP), mimics the natural base pair 
within double-helix DNA. The combination of aminopyrimidine moi
eties in a variety of drugs [11–13], such as sulfadiazine [14], rosuvas
tatin [15], and pyrimethamine [16], has fuelled a growing interest in the 
exploration of additional bioactive compounds. The combination of 4AP 
and DAP with various biomolecules has activity against breast cancer 
[17], lung cancer [18], and gastric cancer [19] and has antioxidant [20], 
anti-inflammatory [21], enzyme inhibitory [22], antimicrobial, phyto
therapeutic [23], antibiotic resistance [24] (in mice) and DNA-binding 
effects [25].

Gallic acid (GA), the other component present in the title compound, 
is a dietary polyphenol consisting of one carboxylic acid and three hy
droxyl groups that contribute to a range of functional roles in bio
molecules. GA has various biological activities, such as antioxidant, 
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antifungal, antiviral, antimutagenic, anticarcinogenic, anti
hyperglycemic and cardioprotective effects [26,27], and acts as a source 
material for inks and paints.

Considering the importance of these compounds, several salts and 
cocrystals of 2-amino-4,6-dimethyl pyrimidine-carboxylate/carboxylic 
acid [28–36],2,6-diaminopyrimidinium-4(3H)-one sulfosalicylate mon
ohydrate, 2-amino-4,6-dimethylpyrimidine p- hydroxybenzoic acid [37] 
and 2-amino-4,6-dimethoxy pyrimidine p-aminobenzoic acid (1/1) 
[38], 2-amino-4,6-dimethyl pyrimidine with gallic acid and pimelic acid 
[39], and 2-amino-4,6-dimethylpyrimidine itaconic acid [40] have been 
considered in the literature.

In the present study, we report for the first time the dimer crystal 
structure of the trihydrate form of 2-amino-4,6-dimethylaminopyrimi
dine (AMPY) and Gallic acid (GA). We investigate the structure, crys
tal packing, and molecular and electronic properties using both 
experimental and theoretical methods.

2. Materials and methods

2.1. Synthesis of AMPYGA dimer trihydrate

Twenty milliliters of hot (ethanol/water, v/v 1:1) solutions of 2- 
amino-4,6-dimethylpyrimidine (0.03079 g, Sigma– Aldrich, Inc.) and 
gallic acid (0.04253 g, Lobachemie Pvt. Ltd.) were taken in equimolar 
ratios, mixed and warmed over a water bath for 20 min. The resulting 
hot mixture was then allowed to cool at room temperature. After one 
week, colorless prismatic crystals of the compound removed from the 
mother solution and dried in air. The chemical reaction is shown in 
Scheme 2.

2.2. Single-crystal X-ray diffraction data and refinement

The data were collected on a Bruker SMART APEX-II CCD [41] 
diffractometer at room temperature using graphite-monochromated Mo 
Kα radiation (λ = 0.71073 Å). Integration was carried out via Bruker 
SAINT, and absorption corrections were performed via the multiscan 
method via SADABS. The structures were solved via direct methods 
(SHELXS 97) and refined via full-matrix least squares on F2via SHELXL 
97 [42]. All hydrogen atoms were positioned geometrically and were 
refined via a riding model. The water hydrogens were located in the 
difference Fourier map and refined freely. The geometry of the water 

molecule was later restrained via DFIX. The programs PLATON [43], 
ORTEP (Johnson, 1976), Mercury [44] and POV-RAY [45] were used to 
generate hydrogen bond tables and graphics. CCDC reference number of 
title compound 853,461.

2.3. Crystal data

Monoclinic, space group P21/c, a = 17.420(5) Å,b = 6.764(5)Å, c =
27.959(5)Å, α = 90.000(5)◦, β = 106.265(5)◦, γ = 90.000(5)◦,V = 3163 
(3) Å3, Z = 8, D = 1.459 g/cm3,μ (Mo Kα) = 0.122 mm− 1, 70,572 re
flections collected,10,759 unique, R(int) = 0.053, R1 = 0.0574, wR2 =

0.1859, GOF = 1.02, {I > 2σ(I).

2.4. Computational details

The initial geometry is generated from the above mentioned crys
tallographic information file. Then, the structure AMPYGA was opti
mized using quantum chemical calculations with B3LYP/6-31G(d,p) 
basis set in Gaussian 09 program package [46].

The optimized energy-minimized structure parameters were then 
used for further DFT calculations with suitable computational keys. Due 
to inadequacy in measuring Raman intensity using Gaussian suit, Raman 
activities were transformed into Raman intensities via the Raint program 
[47] as follows: 

Ii = 10− 12 ×(ν0 − νi)
4
×

1
νi
×RAi (1) 

where Ii is the Raman intensity, Ai is the Raman scattering activity, νi is 
the wavenumber of the normal mode and ν0 denotes the wavenumber of 
the excitation laser [48].

3. Results and discussion

3.1. Molecular geometry

In this study, the geometrical parameters were determined using X- 
ray diffraction and DFT calculations with the B3LYP/6-31G(d,p) basis 
set. The bond parameters are provided in Table 1a. In the geometry of 
the pyrimidine derivative, the typical C–N bond length within the py
rimidine ring is approximately 1.33 Å [49,50]. In this case, the C–N 
bond associated with the –NH2 group was observed to be 1.36 Å 
experimentally, while the calculated length was 1.38 Å, showing a de
viation of 0.03 Å from the typical C–N bond length. The elongation of 
the C–N bond (C4–N1 & C23–N20) in the pyrimidine rings of AMPY is 
attributed to protonation at N1 & N20 of the pyrimidine rings and 
deprotonation in GA. The C–N bond attached to the electron-donating 
methyl group (–CH3) was experimentally observed with bond length of 
1.35 Å and 1.36 Å for N1A–C6A and N1–C7, respectively. This elonga
tion relative to the typical C–N bond length in the pyrimidine ring is 
due to the inductive effect.

Regarding the carboxyl anion of dicarboxylic acid, which typically 
shows two similar C–O bond distances, the difference between them 
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can help distinguish salts from co-crystals. For example, complexes with 
ΔDC–O < 0.03 Å are considered salts, whereas those with ΔDC–O >
0.08 Å are classified as co-crystals. The observed deprotonated carbox
ylate C–O bond lengths are 1.25(2)/1.27(2) Å (ΔDC–O = 0.017 Å) in 
ring 3 (R3) and 1.25(2)/1.27(2) Å (ΔDC–O = 0.028 Å) in ring 4 (R4), 
while the calculated values are 1.29/1.27 Å (ΔDC–O = 0.0221 Å) in ring 
3 and 1.29/1.27 Å (ΔDC–O = 0.025 Å) in ring 4. These values align with 
those reported for the AMPYGA monomer in the literature [51]. The 
C–O and C––O bond lengths in the carboxylic acid (–COOH) group of 
GA suggest a resonance bond, indicating the presence of carboxylate 
ions (–COO-) in GA. Likewise, the C–C bonds in the pyrimidine rings 
and the GA ion also appear to exhibit resonance bonding.

The C–N–C bond angles at the protonated ring nitrogen of the AMPY 
cations (A & B) are increased. The crystallographic values are 120.64 
(12)◦ and 120.68(12)◦, whereas the optimized geometry values are 
121.1673◦ and 121.1648◦ for R1 and R2, respectively. The C–N–C bond 
angles at the nonprotonated ring nitrogen of the AMPY cations are 
117.73(13)◦ and 117.98(14)◦, with the corresponding calculated values 
being 118.3743◦ and 117.6074◦ for R1 and R2, respectively. Addition
ally, the O–C–O angle in the carboxylate groups of both GA anions is 
widened due to deprotonation of the GA acid. The crystallographic 
observed bond angles are 124.42(13)◦ and 123.85(13)◦, while the 
calculated angles are 122.0744◦ and 122.4983◦ in R3 and R4, respec
tively. These angles are larger than the typical O–C–O angle (120◦) 
found in carboxylic acid groups. The widening is attributed to the 
repulsion between the negatively charged oxygen atoms in the carbox
ylate ion, causing them to move further apart, which increases the 
O–C–O angle.

3.2. Supramolecular non-covalent interactions

The asymmetric unit of the compound consists of two crystallo
graphically independent AMPY cations (A and B), GA anions (A and B), 
and six water molecules. The ORTEP view of the compound is shown in 
Fig. 1. The weak interactions in AMPYGA dimmer trihydrate are given in 
Table 1b. In this multicomponent salt, the AMPY cations, GA anions and 
water molecules present in the lattice offer very good hydrogen bonding 
donor and acceptor sites for the construction of the entire supramolec
ular architecture. The network is composed of the following hydrogen 
bonding patterns. The primary interaction between the base and acid 
generates two different primary motifs, which are formed via two pairs 
of N–H•..O hydrogen bonds to render a robust R2

2(8) heterodimeric 
synthon. This motif is formed by the interaction of the protonated N1 
and 2-amino groups of the pyrimidinium moiety of the AMPY A and B 
cations with the carboxylate O1 and O2 of the GA anions of the A and B 
anions.

The GA anions undergo self-association and form two different 
centrosymmetric dimers, leading to a homo synthon of the R2

2(10) ring 
motif involving the hydroxy O4A/O4B and O5Avi (symmetry code: 1-x, 
1-y, − z)/O5Bvii (symmetry code: -x, 2-y,1-z) atoms of the symmetry- 
related GA anions (A and A shown in blue color; B and B shown in red 
color). These dimers formed via two pairs of O–H•..O hydrogen bonds 

Table 1a 
The Single crystal and DFT bond parameters of AMPYGA dimer trihydrate 
crystal.

Parameters DFT/B3LYP/6-31 g(d,p) Single crystals XRD Deviations

Bond length (Å) ​ ​ ​
O39-C50 1.29 1.25 0.04
O40-C50 1.26 1.27 0.00
O56-C67 1.29 1.25 0.04
O57-C67 1.27 1.27 − 0.01
N1-C4 1.38 1.36 − 0.02
N1-C7 1.36 1.35 0.01
N3-C5 1.33 1.33 − 0.01
C6-C7 1.38 1.37 − 0.01
N20-C23 1.37 1.36 − 0.01
N20-C26 1.36 1.35 0.01
N22-C24 1.33 1.32 − 0.01
C25-C26 1.38 1.37 − 0.02
C44-C49 1.40 1.39 − 0.01
C45-C46 1.39 1.39 0.00
C61-C62 1.40 1.39 − 0.01
C63-C64 1.40 1.39 − 0.01
C65-C66 1.39 1.38 − 0.01
C9-H13 1.10 0.96 − 0.14
O76-H77 0.99 0.93 − 0.06
Bond angle (◦) ​ ​ ​
C7-N1-C4 121.17 120.64 − 0.53
C26-N20-C23 121.16 120.68 − 0.48
C5-N3-C4 118.37 117.73 − 0.64
C23-N22-C24 117.61 117.98 0.37
O39-C50–40 122.07 124.42 2.35
O56-C67–57 122.50 123.85 1.35

Fig. 1. ORTEP view of AMPYGA dimer trihydrate with displacement ellipsoids drawn at 30 % probability level.
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give rise to two different R2
2(10) ring motifs. The dimers of GA anions are 

linked by three different fused ring motifs, R4
4(11), R1

2(5) and R4
3(8). The 

generation of these motifs involves two water molecules (O4w and O6wv 

(symmetry code: -x, − 1/2 + y, 1/2-z)) and three hydroxy groups of GA 
anions A and B. These motifs are formed via several O–H•..O hydrogen 
bonds. Two different quadruple hydrogen-bonded arrays, DADA and 
DDAA, are observed above and below the GA dimers A&A and B&B, 
respectively. The generation of the DADA array involves sequences of 
fused R4

4(11), R2
2(10) and R4

4(11) ring motifs; similarly, the DDAA array is 
made up of sequences of fused ring motifsR4

3(8),R2
2(10) and R4

3(8). Each 
(GA) B anion forms an R1

2(5) ring motif, which is generated via three 
centered bifurcated Ow–Hw…O hydrogen bonds. This motif is generated 
by the hydroxy O3B and O4B (which are oriented in opposite directions 
with respect to each other) atoms of GA B and one water molecule, 
O6wv(symmetry code: -x, − 1/2 + y, 1/2-z). Thus, the two arrays are 
arranged alternatively in space. The two different quadruple arrays and 
bifurcated R1

2(5) ring motif are fused together. AMPY (A and B) are 
linked via N–H•..N hydrogen bonds involving amino N2 and N3iv 

(symmetry code: -x, 1/2 + y, 1/2-z) form a discrete unit. This discrete 
unit on the alternative sides of the multiple hydrogen bonding pattern 
links the fused ring motifs and the acid–base dimeric units (A and B) to 
form the R6

5(24) ring motif, resulting in the supramolecular hydrogen 
bonding network shown in Fig. 2.

These multiple hydrogen-bonded networks in adjacent planes 
interact through aromatic π–π stacking interactions between the 
π–clouds of the aromatic ring of the AMPY (B) cation and the GA (B) 
anion (Fig. S1). A head-to-tail and tail-to-head type of aromatic stacking 
interaction is observed between the pyrimidine ring of AMPY(B) and the 
phenyl ring of GA (B) [Cg2–Cg4ix (symmetry code –x, − 1/2 + y,1/2-z) 
and Cg2–Cg4x (symmetry code: -x,1/2 + y,1/2-z)] with an interplanar 
distance of 3.37Ǻ, 3.38Ǻ, centroid-to-centroid distance of 3.45(3)Ǻ, 3.57 
(3)Ǻ and a slip angle of 12.43◦, 19.05◦.

As the crystal lattice is rich in water molecules, several water–water 
interactions exist, as in biological macromolecules. Four water mole
cules (O1w, O2w, O3w and O5w), which are in the same plane, form a 
cyclic tetrameric water cluster (H2O)4 via two pairs of Ow–Hw…Ow 
hydrogen bonds and generates the R4

4(8) ring motif. The O•..O distance in 
the tetrameric water cluster is in the range of 2.79(3)–2.95(3) Å. All four 
water molecules in the water cluster (H2O)4 behave as both donors and 
acceptors. Two such tetrameric water clusters are linked by a cyclic 
hexameric water–carboxylate cluster (H2O)4O2 with an R4

6(12) graph 
set. This water-carboxylate cluster consists of four water molecules and 
O2Aii (symmetry code: 1-x, − 1/2 + y, 1/2-z) and O2Bviii (symmetry 

code: 1 + x,-1 + y, z) of the GA anion. This (H2O)4 O2 cluster exists in 
chair form and is similar to the hexameric water cluster11 (H2O)6. The 
O•..O distance in the hexameric water cluster is in the range of 2.70(3)– 
2.85(3) Å. The symmetry-related tetrameric water cluster further in
teracts with another water molecule, O4w (which lies in the plane 
perpendicular to the tetrameric water cluster), via Ow–Hw…Ow 
hydrogen bonds and generates a pentameric (H2O)5 cluster that extends 
as a supramolecular one-dimensional chain. The existence of O4w 
molecules facilitates the generation of two different motifs, R4

3(8) and 
R4

4(13). Three water molecules (O3w, O4w and O5w) and O2Aii (sym
metry code: 1-x,-1/2 + y,1/2-z) of the GA A anion are involved in the 
water-carboxylate cluster to form R4

3(8) motifs via Ow–Hw…Ow and 
Ow–Hw…O hydrogen bonds. Three water molecules, O2w, O4w, O5w; 
carboxylate O2Bviii (symmetry code: 1 + x, − 1 + y, z); and hydroxy O5B 
of the GA B anion, are involved in the formation of the R4

4(13) ring motif. 
The water clusters and water carboxylate clusters extend infinitely in 
space and form a supramolecular tape along the b axis. These molecules 
interlink the supramolecular hydrogen-bonded network in the adjacent 
plane (Fig. S2).

Two such supramolecular chains are linked by (H2O)5 water clusters 
and primary acid–base (A & A) heteromeric synthons via N–H•..Ow, 
Ow–Hw…O and O–H•..Ow hydrogen bonds. This interaction involves 
amino N2A of the AMPY cation and hydroxy O3A and carboxylate O2A 
(which are spaced perpendicular to the direction of the one-dimensional 
chain) and two water molecules (O1w and O2w). These interactions lead 
to the generation of a supramolecular hydrogen-bonded ladder that 
propagates along the b axis. The stringers of the supramolecular ladder 
are built by the supramolecular chain of (H2O)5 water clusters, and the 
rungs are made by the R2

2(8) ring motif formed by one of the two primary 
acid–base interactions involving the AMPY (A) cation and GA(A) anion 
(Fig. 3).

The supramolecular hydrogen-bonded ladder is stabilized by aro
matic π–π stacking interactions. The π clouds of the pyrimidine ring of 
AMPY(A) and the phenyl ring of GA(A) [Cg1-Cg3xi (Symmetry code: 1- 
x,1/2 + y,1/2-z) and Cg1-Cg3xii (Symmetry code: 1-x,1/2 + y,1/2-z)] 
interact with each other in two different manners, head to tail and tail to 
head, with inter planar distances of 3.342Ǻ and 3.38Ǻ, centroid to 
centroid distances of 3.44(3)Ǻ and 3.56(3)Ǻ and slip angles of 10.95◦

Table 1b 
The weak interactions in AMPYGA dimer trihydrate crystal

Hydrogen bonding 
interactions (◦) angle

Single crystal 
XRD

Hydrogen bonding 
interactions 
dihedral angle (◦)

Theoretical 
(◦) 
DFT

N1A…H1A…O1A 2.70 
(3)

172.00 L(1,10,39,12,-1) 
acid base

182.85

N1B..H1B..O1B 2.76 
(3)

175.00 L(20,29,56,28,-1) 
acid base

177.22

O3A…H3A…O1W 2.70 
(3)

173.00 L(41,52,73,1,-1) 
AOH- water

179.17

O1W…H2W…O3W 2.85 
(3)

166.1 
(18)

L(73,75,79,27,-1) 172.55

O2W…H3W…O2B 2.70 
(3)

160.4 
(18)

L(56,77,76,17,-1) 
Carboxylate (B) 
water interaction

178.91

O3A…H3A…O1W 2.70 
(3)

173.00 L(39,80,79,6,-1) 
Carboxylate (A) 
water interaction

172.23

O5W…H9W…O2A 2.82 
(3)

158.1 
(18)

L(40,86,85,11,-1) 
Carboxylate (A) 
water interaction

172.65

O5W…H10W…O2W 2.79 
(3)

175(2) L(76,87,85,1,-1) 
Water interaction

165.68

Fig. 2. View of supramolecular network in AMPYGA dimer trihydrate 
extending along a axis.
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and 19.11◦, respectively. The crystal packing is further stabilized by 
weak C–H•..O interactions. The combination of several non-covalent 
interactions leads to the formation of supramolecular chains, tapes, 
and ladder-like architectures.

3.3. Vibrational assignments

The vibrational properties of the AMPYGA dimer trihydrate mole
cule were computed using the B3LYP/6-31G(d, p) basis set. This mole
cule contains 90 atoms, including six water clusters, resulting in a total 
of 264 normal modes of vibrations. Vibrational analysis was performed 
for the AMPYGA monomer, dimer, and dimer trihydrate. However, only 
the vibrational results for the AMPYGA dimer trihydrate are presented 
in Table S1.

3.3.1. NH2 group vibrations
The frequencies of the amino group are observed in the following 

ranges: 3500–3300 cm-1 for N–H stretching, 1700–1600 cm− 1 for 
scissoring and 1150–900 cm-1 for rocking deformations [52]. The 
asymmetric stretching of the H–N–H in the NH2 group attached to the 
aromatic system is typically seen between 3250 and 3550 cm− 1 [53,54]. 
In AMPY, the NH2 groups show asymmetric stretching vibrations at 
3554, 3348, 2937, and 2819 cm− 1 (modes 255, 250, 227, and 225). The 
scissoring mode of H–N–H is associated with the in-plane bending vi
bration of C–H–H, while the protonated ring nitrogen vibrates in the 
range of 1708–1700, 1658, 1657, 1488, and 1469 cm− 1 (modes 222, 
221, 219, 218, 200, and 199). The H–N–H rocking mode appears as a 
combination of in-plane aromatic C–H bending vibrations in the 1178, 
1176, 1108, and 1095 cm− 1 range (modes 163, 162, 160, and 157). The 
out-of-plane bending vibration of C–N–H, along with C––C stretching, is 
observed at 910, 886, 791, and 777 cm− 1 (modes 135, 133, 123, and 
121). The twisting of the methyl group and in-plane aromatic C–C–H 
bending occurs at 1607 cm− 1 (mode 209). The rocking mode of H–N–H 

also shows a combination of wagging, methyl group stretching, and 
trigonal ring deformation between 1268 and 1254 cm− 1 (modes 170 and 
169). Furthermore, the H–N–H rocking mode appears as a combination 
of C–C stretching and in-plane C–C–H bending vibrations at 1061, 942, 
and 939 cm− 1 (modes 153, 139, and 138).

The N–H stretching vibration of protonated aromatic ring nitrogen 
typically appears between 3500 and 1650 cm− 1, whereas in AMPY ions, 
it is observed between 2334 and 2324 cm− 1 (modes 224–223). The 
C–N–H in-plane bending vibration occurs at 1697, 1531, and 1529 cm− 1 

(modes 220, 204, 203), and it also appears as a combined mode with the 
rocking of the methyl group in the 1070, 929, and 923 cm− 1 range 
(modes 154, 137, 136). The protonated N–H group undergoes out-of- 
plane bending vibrations at 1090 and 1074 cm− 1 (modes 156 and 155).

3.3.2. Aromatic C–H group vibrations
Aromatic C–H stretching typically appears in the range of 

3000–3100 cm− 1 [55]. In the AMPYGA dimer trihydrate, the aromatic 
C–H stretching vibrations of the GA ion are observed between 3171 and 
3158 cm− 1 and 3118–3101 cm− 1 (mode nos. 244, 243, 240, and 239). 
For AMPY, the aromatic C–H stretching occurs at 3125–3122 cm− 1 

(mode nos. 242, 241). The in-plane bending vibration of aromatic C–H 
bonds typically appears between 1250 and 1000 cm− 1. In AMPY, the 
aromatic in-plane C–C–H bending vibrations occur at 1613–1607 cm− 1, 
1178–1176 cm− 1 (mode nos. 210, 209, 163, 162), while in GA ions, the 
in-plane C–C–H bending vibrations are found at 1101–1100 cm− 1 (mode 
nos. 159, 158). The in-plane C–C–H vibration in GA ions is a combined 
mode of C–O–H in-plane bending and C––C trigonal stretching vibra
tions of two GA ions, observed in the ranges of 1619–1617, 1596–1538, 
1377, and 1344 cm− 1 (mode nos. 212–211, 208–205, 181, and 176). 
Additionally, in the GA ion, the C–C–H in-plane bending vibration is 
combined with C–O–H bending vibrations within the ranges of 
1344–1327, 1307–1276, and 1240–1208 cm− 1 (mode nos. 176, 175, 
172, 171, 168–164). In AMPY, the C–C–H in-plane bending peak appears 
in combination with the scissoring mode of the methyl group at 
1428–1414 cm− 1 (mode nos. 189, 187), the rocking mode of the NH2 
group at 1108–1095 cm− 1 (mode nos. 160–157), and the rocking mode 
of the methyl group at 1011 cm− 1 (mode nos. 145). The out-of-plane 
aromatic C–C–H bending vibration [56] typically occurs around 812 
and 802 cm− 1 (mode nos. 127, 125) in AMPY, while in GA ions, it is 
observed at 841–820, 799, 790, and 641 cm− 1 (mode nos. 131, 129, 128, 
124, 122, and 110). The out-of-plane C–C–H bending in GA is also found 
in a combined mode with C–O–H out-of-plane vibration at 845 cm− 1 

(mode no. 132).

3.3.3. CH3 group vibrations
The asymmetric stretching vibration of methyl groups in aromatic 

compounds usually appears in the range of 3050–3000 cm− 1 [57]. In the 
present study, the asymmetric stretching of the methyl groups in 
AMPYGA occurred in the range of 3054–3012 cm− 1 (mode no. 
238–233). Both the calculated and experimental values are in good 
agreement with each other. The symmetric stretching (νsym) of the 
methyl group in AMPYGA occurs in the range of 2948–2940 cm− 1, 2859 
cm− 1 (mode no: 230–228, 226). The in-plane bending mode of the CH3 
group appears as a combined mode of C––N and C–C stretching and 
C–CH3 bending in the range of 1524–1469 cm− 1 (mode no:202–199). 
The scissoring mode of the CH3 group in AMPYGA ion occurs between 
1462 and 1444 cm− 1 (mode no: 198–190) and 1438–1414 cm− 1 (mode 
no: 192–187). The umbrella mode of vibration of the methyl groups 
appears at 1396, 1385, 1372, 1368, 1366, 1325 and 1324 cm− 1 (mode 
nos. 185,182,180,178,177, 174, and 173). The out-of-plane wagging 
vibration of the CH3 group occurs in the range of 1268–1254 cm− 1 

(mode no. 170–169). The rocking vibration of the methyl group occurs 
in the range of 1061–973 cm− 1 (mode no: 153–143). These assignments 
are also consistent with the literature [58,59].

Fig. 3. Supramolecular hydrogen bonded ladder formed by one dimensional 
chain of (H2O)5 water cluster and hetero synthons formed by AMPYGA (A) 
molecule along with water molecules.
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3.3.4. OH group and water molecule vibrations
The stretching vibrations of the hydroxyl groups of two GA ions 

occur at O43–H (3700 cm− 1, 259), O42–H (3640 cm− 1
, 258), O59–H 

(3602 cm− 1
, 257), and O58 (3440 cm− 1, 253). The combined O–H 

groups of water and OH groups of water and GA ions occur at 3320 cm− 1 

(249), 3318 cm− 1 (248), 3196 cm− 1 (246), and 3195 cm-1 (245). The 
H–O–H asymmetric stretching vibrations of the six water molecules are 
observed at 3733, 3726, 3725, 3721, 3708 and 3584 cm− 1 (modes no. 
264 to 260 and 256). Symmetric stretching of water molecules appears 
3523, 3417, 3375 and at 3208 cm− 1.

3.3.5. C–C, C–N, C––C and C––N vibrations
The ring carbon–carbon stretching vibrations were investigated in 

the range of 1625–1430 cm− 1 [60]. The bands of C–C in-plane bending 
and out-of-plane bending vibrations are at 989 and 983 cm− 1 and 518 
and 492 cm− 1, respectively. These assignments are again in good 
agreement with the literature [61].

C–N stretching vibrations are observed at 1298 and 1231 cm− 1 in 
the Raman spectrum [62–65]. In the present study, the C–N stretching 
vibrations appear at 1254 and 1268 cm− 1 (modes no: 169 and 170) 
along with the CNH in-plane bending of the C–NH2 group. The identi
fication of C––N vibrations is a difficult task since it falls in a compli
cated region of the vibrational spectrum. However, we obtained C––N 

stretching as a mixed vibration with C––C at 1607 and 1613 cm− 1 (mode 
no. 209, 2010) in the AMPY ring. These calculated values agree well 
with the above literature [62–65].

3.3.6. Ring vibrations
Usually, an in-plane deformation vibration occurs at higher fre

quencies than the out-of-plane vibration of 1300–1000 cm− 1 compared 
with 900–675 cm− 1 [66,67]. In the present study, the bands observed at 
816, 793 and 626 cm− 1 in the IR spectrum are attributed to ring in-plane 
bending modes. The ring out-of-plane bending mode frequencies are 
observed at 560, 548, and 362 cm− 1 in the Raman and IR spectra.

Ring stretching vibrations are very important in the spectrum of 
benzene, and its derivatives are highly characteristic of the aromatic 
ring itself. The ring carbon–carbon stretching vibrations occur in the 
region of 1400–1650 cm− 1 in benzene derivates [68].

3.3.7. C–O and C––O vibrations
The characteristic feature of carboxylic groups is a single band usu

ally observed in the 1700–1800 cm− 1 region. This band is due to the 
C––O stretching vibration. The asymmetric stretch is usually at a higher 
wavenumber than the symmetric stretch. Therefore, the C––O stretching 
mode is observed at 1660 cm− 1 in the FT-IR spectrum and at 1629 cm− 1 

(symmetric stretching vibration) in the FT-Raman spectrum.

Fig. 4. The frontier molecular orbitals (HOMO-LUMO) of AMPYGA dimer trihydrate water cluster.
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The carbonyl (C=O) band of carboxylic acid is observed at 1609 
cm− 1 for 4-amino salicylic acid [69]. In 4-amino-salicylic acid, the C––O 
stretching mode is observed at 1659 cm-1, with the strongest absorption 
in the IR spectrum [70], which is predicted at 1642 cm− 1. Nogueira [71] 
observed this band at 1649 and 1652 cm− 1in the IR and Raman spectra 
of 3-aminosalicylic acid, respectively. The C––O stretching mode is 
assigned at 1715 cm− 1 for GA [72].

3.4. Frontier molecular orbitals (FMOs) and other molecular properties

The bandgap of a molecule is defined as the energy difference be
tween the highest occupied molecular orbital (HOMO) and the lowest 
unoccupied molecular orbital (LUMO), representing the energy required 
to excite an electron from the HOMO to LUMO. The energy of an elec
tron excitation determines the properties of a molecular system or ma
terial, particularly its stability and potential chemical reactivity. A 
smaller bandgap favors electronic transport, spin dynamics, conduction, 
optical and biological activities. In this study, the HOMO-LUMO en
ergies were calculated to find the band gap of the AMPYGA dimer tri
hydrate (Fig. 4), AMPYGA dimer (Fig. S3), and AMPYGA monomer 
(Fig. S4), the values are presented in Table 2. The HOMO energies of 
these molecules are − 5.11 eV, − 5.38 eV, and − 5.68 eV, while the 
LUMO energies are − 2.18 eV, − 1.33 eV, and − 0.93 eV, yielding 
bandgap of 2.93 eV, 4.05 eV, and 4.75 eV, respectively.

As shown in Fig. S3, the HOMO184 and HOMO183 of AMPY are pri
marily located on ring 2 of GA, while HOMO182 and HOMO181 are 
located on ring 1 of GA, especially involving the 2py and 2pz orbitals due 
to electron sharing between carbon and oxygen atoms. The LUMO- 
LUMO187 are located on the 2px orbital of the carbon and oxygen atoms, 
with the LUMO closely resembling the px shape of the orbitals on the GA 
and AMPY rings. To assess the influence of water molecules, we studied 
a system without water molecules, where the same trend in the HOMO 
and LUMO was observed as in AMPYGA.6H2O, though the energy co
efficient of the 2pzy orbitals was lower in GA than in AMPY. Addition
ally, to understand the symmetric effect in the molecular environment, 
FMO studies of the AMPYGA monomer were performed. In this case, the 
energy coefficient in 2pzy is much lower, and the shape of the orbitals 
does not change compared to the AMPYGA.6H2O and AMPYGA dimers.

Comparing the reported bandgap value of the AMPYGA monomer 
(− 5.3912 eV) with the value obtained in this work shows that in the 
ADP + •GA- complex [73], the HOMO is localized on the GA moiety and 
the LUMO on the methyl group, suggesting that a wider energy gap 
could be due to differences in computational methods and input ge
ometry. In contrast, the present calculations were performed on the 
optimized structure using the B3LYP/6-31G(d,p) basis set, with the 
HOMO and LUMO both localized on GA. This indicates that the HOMO 
and LUMO likely occur within the same moiety, but the bandgap is 
approximately 4.75 eV, which is lower than the value for pure ADP and 
the one reported for ADP + •GA [73]. Our system also exhibits enhanced 
conductivity and potentially improved electronic and optical properties. 
The significant role of hydrogen bonding in reducing the bandgap is 
evident both in the ADP + GA- complex and in our system.

The basic molecular properties (shown in Table S2), such as chemical 
hardness (η), chemical potential (μ), electronegativity (χ), and electro
philicity index (ω), are all calculated based on the EHOMO and ELUMO 

values. The band gap energy plays a vital role in defining the physical 
properties of chemical compounds.

Chemical hardness (η) [74] is a good indicator of chemical stability 
and is a measure of resistance towards deformation of the electron cloud 
of a chemical entity. It is measured via the following relation: 

η =
1
2
(IP − EA) (2) 

whereIP and EA are the first ionization potential and the electron 
affinity of the chemical entity, respectively. According to the above 
relationship, the chemical hardness of AMPYGA.6H2O is 1.465 eV, 
which indicates a better level of chemical hardness for optical behavior 
than the other two molecules.

By using the Koopmans theorem for closed-shell molecules [75], the 
IP and EA can be expressed in terms of EHOMO and ELUMO: 

IP ≈ − EHOMO and EA ≈ − ELUMO (3) 

The chemical potential (μ) [76] of a system describes the escape 
tendency of electrons from a stable system and is given by: 

μ ≈ (IP+EA)/2 (4) 

It was calculated as − 3.61 eV, which is also high compared with that 
of other molecules, such as the AMPYGA dimer (− 3.36 eV) and the 
AMPYGA monomer (− 3.31).

According to Parr et al. [77], the electrophilicity index is defined as a 
measure of energy lowering due to maximal electron flow between the 
donor (HOMO) and acceptor (LUMO); it is given by the following 
formula: 

ω =
μ2

2 η (5) 

The calculated electrophilicity index is approximately 4.534 eV, and 
the electronegativity is 3.645 eV. Hence, this molecule has better optical 
activity than the other two molecules. Moreover, it also has a larger 
dipole moment (2.20 Debye) than that of the dimer (1.02 Debye) and the 
monomer (0.91 Debye).

3.5. Electronic excited state analysis

The excited electronic state properties were calculated using TD-DFT 
with the B3LYP/6-31G(d,p) basis set. The results obtained are provided 
in Tables 3a, 3b and 3c. In principle, if a molecule has paired electrons 
its net spin is zero then the alpha and beta electrons posses opposite 
spins (α = +1/2, β = − 1/2), which cancel each other. Thus, molecule 
has neutral charge and has a spin multiplicity (s) of one, it means that 
the highest occupied molecular orbital (HOMO) is fully occupied and 
stable.

In the HOMO (H)–LUMO (L) analysis, the highest occupied molec
ular orbital is H184, and the lowest unoccupied molecular orbital is H185. 
The first singlet (S1) excited state (ES1) involved between HOMO184, 
HOMO183, and LUMO185, with an excitation energy of 2.60 eV (480.72 
nm). The second singlet (S2) excited state (ES2) transition involves 
HOMO184, HOMO183, and LUMO185, with an excitation energy of 2.58 
eV (480.49 nm), attributed to charge exchange between the AMPY and 
GA aromatic rings. Both ES1 and ES2 involve the same MOs with only 
slight energy differences. The third and fifth excited states (ES3, 5) have 
no sublevels, resulting in π–π* transitions from ES3 (H184-L185) and ES5 
(H183-L185). The excitation energies for these transitions are approxi
mately 2.8469 eV (435.51 nm) and 2.9260 eV (423.74 nm), respec
tively, but their oscillator strengths (f) are zero. The fourth and sixth 
excited states each include two sublevels (S 4,6 → H181, 182-L185), with 
weaker oscillator strengths, indicating that the system does not readily 
promote electrons during absorption.

The comparative analysis in Tables 3 (a-c) reveals that the AMPYGA 
dimer water cluster exhibits transitions in the visible region with mod
erate oscillator strengths. The AMPYGA dimer absorbs in the UV region 

Table 2 
The calculated frontier orbitals (HOMO and LUMO) energies of AMPYGA dimer 
trihydrate, AMPYGA dimer without water and AMPYGA Monomer.

Molecule 
No

Compounds HOMO 
(eV)

LUMO 
(eV)

Band gap Eg 

(eV)

1 AMPYGA dimer hexa 
hydrate

− 5.11 − 2.18 − 2.93

2 AMPYGA dimer − 5.38 − 1.33 − 4.05
3 AMPYGA Monomer − 5.68 − 0.93 − 4.75
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with relatively simple π → π* transitions but shows strong charge 
transfer characteristics, which may enhance its stability and reactivity. 
The AMPYGA monomer, with the most complex electronic structure, 
displays diverse transitions and the highest oscillator strengths, making 
it potentially more reactive and suitable for UV applications. These 
findings indicate that the presence of water clusters significantly in
fluences the electronic properties and transition characteristics of the 
AMPYGA system, which could be crucial for designing materials with 
specific optical and electronic properties. The SCT energy level diagrams 
are presented in Fig. 5.

3.6. Natural bond orbital (NBO) analysis

NBO analyses provide an effective way to study intra- and intermo
lecular bonding interactions, offering a convenient method for exploring 
charge transfer and conjugative interactions in molecular systems. 
Previous literature has reported some electron donor/acceptor orbitals 
and the stabilization energy from second-order perturbation theory. The 

larger the E(2) value (defined below), the stronger the interaction be
tween electron donors and acceptors, indicating a greater tendency for 
electron donors to donate electrons to electron acceptors and a more 
extensive conjugation throughout the system. Delocalization of the 
electron density between Lewis-type NBO orbitals (bond or lone pair) 
corresponds to a stabilizing donor–acceptor interaction. [78–82]. The 
second-order Fock matrix was computed to evaluate the donor–acceptor 
interactions on the basis of NBO [83]. For each donor (i) and acceptor 
(j), the stabilization energy E(2) associated with delocalization i → j is 
estimated as 

E(2) = ΔEij = qi
F(i, j)2

εj − εi
(6) 

where qi is the donor orbital occupancy, εi and εj are diagonal elements 
and F (i, j) is the off-diagonal NBO Fock matrix element.

Natural Atomic Orbital (NAO) and Natural Bond Orbital (NBO) an
alyses were studied using NBO version 3.1. The results are summarized 

Table 3a 
The singlet states charge transfer of AMPYGA dimer trihydrate using TD- DFT calculations.

Excited state E 
(eV)

λmax 

(nm)
Oscillator strength (f) Eigen value of the Excited states Percentage of transition (%) Transition 

State and Character
Type of transition

S1 2.5791 480.72 0.0028 − 0.34801 
0.61359

24 
75

183 → 185 
184 → 185

H− 1 → L 
H → L

π → π*

S2 2.5804 480.49 0.0022
0.60841 
0.35107

75 
24

183 → 185 
184 → 185

H− 1 → L 
H → L π → π*

S3 2.8469 435.51 0.0000 0.70695 100 184 → 186 H → L+1 π → π*

S4 2.9143 425.43 0.0012 0.67396 
− 0.18855

91 
7

181 → 185 
182 → 185

H− 3 → L 
H− 2 → L

π → π*

S5 2.9260 423.74 0.0026 0.70614 100 183 → 186 H− 1 → L+1 π → π*

S6 3.0092 412.02 0.0008 0.19042 
0.68077

7 
93

181 → 185 
182 → 185

H− 3 → L 
H− 2 → L

π → π*

Table 3b 
The singlet states charge transfer of AMPYGA dimer using TD- DFT calculations.

Excited state E 
(eV)

λmax 

(nm)
Oscillator strength (f) Eigen value of the Excited states Transition 

State and Character
Type of transition

S1 3.5626 348.01 0.0036 0.70128 154 → 155 H → L π → π*
S2 4.0062 309.48 0.0002 0.70121 154 → 156 H → L− 1 π → π*
S3 4.0519 305.99 0.0005 0.69832 153 → 155 H− 1 → L π → π*
S4 4.1676 297.50 0.0074 0.70497 152 → 155 H− 2 → L π → π*
S5 4.2557 291.34 0.0258 0.69606 154 → 157 H → L− 2 π → π*
S6 4.2776 289.84 0.0007 0.7014 151 → 155 H− 3 → L π → π*

Table 3c 
The singlet states charge transfer of AMPYGA monomer TD- DFT calculations.

Excited state E 
(eV)

λmax 

(nm)
Oscillator strength (f) Eigen value of the Excited states Transition 

State and Character
Type of transition

S1 4.4023 281.64 0.0167 0.69132 77 - > 78 H → L π → π*
​ ​ ​ ​ − 0.12184 77 - > 79 H → L+1 π → π*
S2 4.5800 278.11 0.1032 0.67274 76 - > 78 H− 1 → L π → π*
​ ​ ​ ​ − 0.13171 76 - > 79 H− 1 → L+1 π → π*
S3 4.5283 273.8 0.0376 0.29313 75 - > 78 H− 2 → L π → π*
​ ​ ​ ​ 0.45691 75 - > 79 H− 3 → L+1 π → π*
​ ​ ​ ​ − 0.34947 77 - > 79 H → L+1 π → π*
​ ​ ​ ​ 0.24788 77 - > 81 H → L+3 π → π*
S4 4.6516 266.54 0.0041 0.65974 74 - > 78 H+3 → L π → π*
​ ​ ​ ​ − 0.23792 74 - > 79 H+3 → L+1 π → π*
S5 4.6768 265.11 0.2415 0.23705 75 - > 78 H− 2 → L+3 π → π*
​ ​ ​ ​ 0.25006 75 - > 79 H− 2 → L+1 π → π*
​ ​ ​ ​ − 0.10613 75 - > 81 H− 2 → L+3 π → π*
​ ​ ​ ​ 0.12351 77 - > 78 H → L π → π*
​ ​ ​ ​ 0.57184 77 - > 79 H → L+1 π → π*
​ ​ ​ ​ 0.13166 77 - > 81 H → L+3 π → π*
S6 4.7225 262.54 0.0007 0.12911 76 - > 78 H− 1 → L π → π*
​ ​ ​ ​ 0.68468 76 - > 79 H− 1 → L+1 π → π*
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in Table 4. In this molecule the core-level population is approximately 
83.968e, the valence orbital population is around 223.24e, the natural 
minimal basis set accounts for about 307.21e. In the natural population 

(NP) analysis, the number of core electrons is approximately 83.97e, the 
number of valence Lewis electrons is 214.20e, and the Rydberg basis 
(non-Lewis) is 9.84e, resulting in a total of 298.16e.

Fig. 5. Molecular Orbitals-Singlet charge transition (MO-SCT) of AMPYGA dimer trihydrate, AMPYGA dimer and AMPYGA Monomer.

Table 4 
Second order perturbation theory analysis of fock matrix in NBO basis for AMPYGA dimer trihydrate.

Type Occupancy Donor 
NBO (i)

Occupancy Acceptor NBO (j) aE(2) kcal/mol bε(j)-ε(i) cf(i,j)

π-π* 1.78 πN1-C4 0.27 π*C6-C7 30.64 0.36 0.095
π-π* 1.78 πN3-C5 0.60 π*N1-C4 39.25 0.26 0.101
π-σ* 1.69 πC6-C7 0.01 π*C9-H13 2.02 0.70 0.037
π-π* 1.78 πN20-C23 0.27 π*C25-C26 29.33 0.37 0.094
π-π* 1.75 πN22-C24 0.58 π*N20-C23 43.10 0.26 0.103
π-π* 1.66 πC25-C26 0.35 π*N22-C24 36.72 0.27 0.089
π-π* 1.69 πC44-C49 0.41 π*C45-C46 17.36 0.27 0.063
π-π* 1.70 πC45-C46 0.44 π*C44-C49 18.56 0.30 0.069
π-π* 1.70 πC61-C62 0.44 π*C63-C64 19.85 0.27 0.068
π-π* 1.61 πC63-C64 0.40 π*C65-C66 21.35 0.29 0.070
π-π* 1.68 πC65-C66 0.45 π*C61-C62 20.19 0.29 0.070
π-σ* 1.70 πC61-C62 0.05 π*O76-H77 0.20 0.73 0.011
n-π* 1.61 nN2 0.60 π*N1-C4 108.86 0.18 0.133
n-π* 1.67 nN21 0.58 π*N20-C23 87.38 0.20 0.127
n-π* 1.97 nO76 0.45 π*C61-C62 0.07 0.54 0.006

a E(2) means energy of hyper conjugative interaction (stabilization energy).
b Energy difference between donor(i) and acceptor(j) NBO orbitals.
c F(i,j) is the fork matrix element between i and j NBO orbitals.
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The charge delocalization between the donor (i) and acceptor (j) was 
calculated, on π-π*, π-σ*, and n-π* interactions, as these significantly 
influence the molecular properties. In organic molecules, the σ-σ* 
interaction typically occurs in single bonds, while the π-π* interaction 
arises in double bonds. In these interactions, π electrons are readily 
available for delocalization with neighboring π* orbitals, strengthening 
π-π* interactions. On the other hand, σ electrons remain in core levels, 
leading to weaker delocalization in σ-σ* interactions. In AMPYGA.3H2O, 
the interaction energy between π(N22-C24) and π*(N20-C23) is 
approximately 43.10 kcal/mol, indicating strong delocalization.

The nonbonding interaction between the -NH2 group and the adja
cent GA exhibits a maximum delocalization energy of approximately 
108.86 kcal/mol, involving n-π* transitions like nN2 → π*N1-C4. This 
indicates that these interactions are vital for the molecule’s stability and 
reactivity. These results provide important insights into the electronic 
interactions within the molecule, highlighting the significance of π-π* 
and n-π* interactions in its overall stability.

3.7. Hyperpolarizability analysis

Theoretical investigations play a substantial role in understanding 
quantitative structure–property relations (QSPRs), which can assist in 
the design of novel nonlinear optical (NLO) materials. For a molecule to 
be NLO active, it is important to have high hyperpolarizability (β0) 
values. The first-order hyperpolarizability β0 is given by 

β0 =
(

β0
2
x + β0

2
y + β0

2
z

)2
(7) 

In AMPYGA.3H2O, the hyperpolarizability value is approximately 
15.59 × 10− 30 esu, indicates a slight NLO activity [84–86]. The 
AMPYGA dimer indicates lower NLO response than the AMPYGA.3H2O 
and monomer has certainly increased response than the dimer structure, 
among these three monomer has greater hyperpolarizability, and also it 
has the highest polarizability, suggesting that it is more easily distorted 
by an external electric field than the other structures. The AMPYGA 
dimer trihydrate also has the lowest polarizability, probably due to the 
stabilizing effects of the water molecules; moreover, it has the highest 
dipole moment, indicating a greater separation of charge within the 
molecule, which is likely influenced again by the presence of water 
molecules. The AMPYGA monomer has the lowest dipole moment 
(0.9126 Debye), suggesting that it has the least charge separation. This 
study clearly indicates that the derivatives of AMPY have a reasonable 
NLO response while compare with standard urea (0.3728 × 10− 30 esu) 
[87]. The calculated β0 values of these three compounds obtained via 
finite field approach method are given in Table 5.

3.8. Docking studies

Schrodinger maestro packages’ Glide docking technique was used to 
examine the compounds’ binding efficiency. Breast cancer protein [88] 
(PDB ID: 5DXE) was generated using the protein prep wizard after being 
directly obtained from the RCSB database. It involves cleaning up the 
protein structure, replacing missing hydrogen atoms, and getting rid of 
water molecules [89]. Therefore, the ligand molecules were prepared for 

docking using the lig prep module [89,90]. Protein and ligand molecules 
are examined via glide docking according to two criteria: (i) grid-based 
energetic ligand docking; and (ii) desired interaction. Thus, the receptor 
grid manufacturing wizard was used to create the grid in the macro 
structure’s active region. The Glide technique has three modules: (i) 
High throughout virtual screening (HTVS), (ii) standard precision (SP) 
docking, and (iii) additional precision (XP) docking. All three com
pounds underwent additional precise docking. The xp-score feature in 
Glide was then used to examine the compounds’ binding affinities.

Initially redocking procedure was performed to examine the docking 
protocol, the ligand ESTRADIOL(EST) was retrieved from the protein 
(5DXE) and redocked using Glide docking program. The 2d, 3d inter
action with the active site residues of crystal structure 5DXE is depicted 
in Fig. 6a and Fig. 6b. The RSCB PDB crystal structure 5DXE [88], which 
was produced using NGL viewer [91], is the source of the 3D interaction 
of EST that is displayed in Fig. S5 and Fig. S6. The way, EST interacts 
with the agonist configuration of protein crystal structure 5DXE. The 
chemical does exhibit hydrogen bond (H-bond) contact with His524 in 
the helix (H) 11, which is the crucial interaction keeping H11 of EST in 
the agonist conformation, according to the analysis of the docking ex
periments [88]. The dynamics of H11 are decreased by this contact with 
His524. Furthermore, H11, H8, H6, beta-sheet, and H3 are held together 
by a sequence of hydrophobic contacts involving His524, Ile424, 
Leu428, Leu391, Phe404, and Leu346. This stabilizes H3 and H11 in the 
agonist conformation. Potential perturbations of H3 and H11 are 
increased when there is no H-bond interaction with His524 and or 
cluster of interactions [88]. The title compound yields the good docking 
score of − 9.6 and it showed the very strong interaction with Gly 521 
helix (H) 11and Glu 353 of H3. Albeit, the absence of H-bond interaction 
with His 524, the compound formed H-bond with Gly521, this interac
tion may control the dynamic of H11. Further, hydrophobic interaction 
with, His 524, Leu 391 Arg 394, Leu 346, Ile424, Leu384, Leu387, 
Met388, Phe404 together with H-bond interaction reduce the pertur
bation of H11 and H3. The development of the agonist conformation was 
caused by the stability of H11 and H3.

4. Conclusion

In the multicomponent AMPYGA dimer trihydrate system, the pres
ence of six water molecules plays a vital role. The formation of tetra
meric and hexameric water clusters and hexameric water–carboxylate 
clusters, facilitated by strong O–H•..O, N–H⋅O, and N–H•..N hydrogen 
bonds result in the formation of a supramolecular ladder. The occur
rence of numerous hydrogen bonds significantly enhances the chemical 
hardness and electronic properties since they influence the electronic 
distribution, molecular structure, and lowering of molecular symmetry. 
The molecule has excellent biological activity by enhancing its molec
ular interactions, binding affinity, and ability to adapt its shape to fit its 
target, thereby assisting in the design of more effective drugs. This is 
especially valuable in targeted therapy and advanced imaging tech
niques. Compared with AMPYGA without water molecules, hydrogen 
bonding in the AMPYGA dimer trihydrate molecule plays a crucial role 
in achieving significant chemical properties, which in turn favors 
desirable electronic behavior. The dimer trihydrate organic molecules 
have a lower band gap (− 2.93 eV) than the dimer and monomer (− 4.05 
eV and − 4.75 eV, respectively). This reduction in the band gap en
hances electron delocalization, thereby increasing the molecular sta
bility and molecular rigidity. Molecular docking study revealed that title 
compound has an agonist nature with the cancer target (5DXE) based on 
its crucial interaction. It serves as a key parameter in optimizing the 
potency and selectivity of drug candidates for therapeutic applications.
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