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 Single crystal X-ray diffraction is the only experimental technique available to elucidate the 
complete three-dimensional structure of the samples at molecular and atomic levels. But this 
technique demands defect-free single crystals. Growing good quality single crystals which are 
suitable to collect X-ray intensity data is an art rather than science. Among the various crystal 
growth methods, the most effective and commonly used is the slow evaporation method. Using 
this method, defect-free single crystals of the ground mixture of gallic acid (GA) and butyramide 
(BU) taken in a 1:1 molar ratio are obtained. The compound was subjected to experimental 
characterizations like; PXRD, FTIR, SCXRD, and TGA. Further, these results were utilized in 
the computational characterizations namely, Hirshfeld surface analysis, interaction energy 
calculations, DFT studies, and docking studies. Structural characterization revealed that the GA-
BU compound was crystallized as a cocrystal hydrate with 2:1:1 stoichiometry in a monoclinic 
crystal system and P21/n space group. Structural studies exposed the presence of various inter 
and intramolecular hydrogen bond interactions, ring synthons, DDAA environment of the water 
molecule, and π ... π stacking interactions. The contribution of the several close contacts to the 
crystal structure, the influence of different interaction energies in the packing, the HOMO-
LUMO energy gap, and the location of reactive sites were realized through computational 
studies. Further, a molecular docking study has been performed to check the antiviral activity of 
the title compound against COVID-19. 
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1. Introduction  

 

       
      Growing single crystals is an art rather than a science, which begins with the nucleation process in which 
atoms/ions/molecules of the solute dissolved in the suitable solvent start to assemble into a cluster on a microscopic scale1,2. 
The region where the initiation of nucleation takes place is called the nucleation site and as time elapses, the size of the 
crystal increases. This subsequent increase in the size of the nuclei is known as crystal growth. Both nucleation and crystal 
growth depend on the supersaturation state of the solution3,4. The solubility of the solute in a solvent depends on the 
saturation level of the solution, which depends on temperature, concentration, ionic strength of the solute, and polarity of 
the solvent. The most common crystal growth methods used to obtain good quality single crystals are slow evaporation, 
slow cooling, solvent diffusion, vapor diffusion, sublimation, and convection5. These crystal growth techniques play a very 
important role in the structure determination of the novel compounds and help in establishing the structure-function 
correlation. In nature, we come across many compounds with medicinal values which can’t be directly used as drugs6. This 
is because of the poor performance parameters such as solubility, dissolution, and bioavailability. These compounds are 
known as active pharmaceutical ingredients (APIs)7. The performance of these APIs as drugs can be enhanced by altering 
their physicochemical properties without disturbing their inherent medicinal values. This can be achieved by preparing 
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multicomponent compounds of the APIs using suitable bio-acceptable organic compounds as coformers8,9. When API and 
coformers are connected through non-covalent intermolecular interactions (such as hydrogen bonding, pi. . .pi, and van der 
Wall interactions), resulting in the formation of a supermolecule, we obtain multicomponent compound10,11. Further, two 
major regulatory agencies, the United States Food and Drug Administration (US FDA) and European Medical Agency 
(EMA) have advocated and approved the drug status for many multicomponent forms of API as drug intermediate12. 
From the literature survey and Cambridge Structural Database (CSD) analysis, we found an interesting API, a phenolic acid 
with one carboxylic acid and three phenol functional groups known as gallic acid (GA). This compound exhibits important 
biological activities like antioxidant, anti-inflammatory, antiviral, antibacterial, anticancer, and antidiabetic13-18. Further, 
gallic acid found applications in the treatment of allergic diseases like asthma and allergic rhinitis19. With four hydrogen 
bonding donor and acceptor sites, gallic acid is identified as the most suitable compound to use as one of the components 
in the preparation of multicomponent compounds. Further, it was observed that most of the drugs on the market contain 
amides because of their reduced allergenic characteristics and greater potency at lower concentrations. Also, as amide 
compounds can easily involve in the formation of various supramolecular synthons with carboxylic acid compounds, we 
selected butyramide (BU) as a coformer in our work20,21. Expected supramolecular synthons between these pure compounds 
through intermolecular hydrogen bonding interactions were illustrated in Fig. 1.  

 In the present research work, a binary compound of gallic acid and butyramide was prepared using mechanochemical 
grinding and single crystals were obtained by a slow evaporation method. Novel compound preparation has been 
characterized through PXRD and FTIR methods. The grown crystals of the title compound were then characterized using 
SCXRD and TGA techniques and finally experimental results were used to carry out theoretical analysis such as; DFT, 
Hirshfeld surface analysis followed by docking studies.  
 

 

Fig. 1. Excepted supramolecular ring synthons between GA molecules (a and b), GA and BU molecules (c) and BU 
molecules (d) 

2. Results and Discussion 
 

2.1 Powder X-ray diffraction 
 

      The diffracted X-ray intensity peaks at 2θ positions (Fig. S1) of the pure compounds and that of the binary compound 
prepared were analyzed and compared. The PXRD pattern of gallic acid (GA) showed peaks at 2θ positions 8.130º, 11.995º, 
16.211º, 19.123º, 19.775º, 25.497º, 27.756º, 28.057º. Whereas, the PXRD pattern of butyramide (BU) showed diffraction 
peaks at 2θ positions 8.931º, 17.721º, and 23.598º. Distinct peaks in the PXRD pattern of the binary compound at 2θ 
positions  6.478º, 10.004º, 19.050º, 20.123º, 23.087º, 24.825º, 26.205º, 27.227º confirmed its new crystal phase. Further, 
the PXRD pattern from the crystal structure was simulated using the mercury software and is compared with the 
experimental one. The experimental and theoretical PXRD patterns were found identical and this certified the purity of the 
compound. 

2.2 Fourier transform infrared spectroscopy 
 

      The FTIR spectrum of gallic acid, butyramide coformer, and their mixture between 400-4000 cm-1 range are shown in 
Fig. S2. The characteristic absorption peaks for the functional groups were assigned and are listed in Table 1. The shift in 
the absorption bands of all the functional groups and the presence of several other bands were noticed. These observations 
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supported the formation of a novel compound and the existence of hydrogen bond interactions between gallic acid and 
butyramide. 

Table 1.  FTIR major band assignment of starting and multicomponent compounds (cmିଵ) 

Sample 𝝂𝑶ି𝑯 

(Alcohol) 
𝝂𝑶ି𝑯 
(Acid) 

𝝂𝑪ୀ𝑶 
(Acid) 

𝝂𝑪ି𝑶 
(Acid) 

𝝂𝑵ି𝑯 
(Bending) 

𝝂𝑵ି𝑯 
(Stretching) 

𝝂𝑪ୀ𝑶 
(Amide) 

GA 3345.27 3273.45 1700.25 1239.40 - - - 
BU - - - - 1637.94 3367.35 1667.24 

GA-BU 3485.83 3368.08 1697.05 1269.26 1613.94 3371.76 1643.95 
 

2.3 Single-crystal X-ray diffraction studies 
 

      A good quality needle-shaped single crystal of dimensions 0.25 ൈ 0.20 ൈ 0.31 mm of GA-BU compound, prepared by 
taking the pure components in a 1:1 molar ratio, was selected using a polarised microscope for X-ray diffraction studies, 
and the complete intensity data were collected and the crystal structure was solved. The GA-BU compound was found to 
be crystallized in a monoclinic system with a P21/n space group. Overall 292 parameters were refined with 3232 unique 
reflections converged to residual in solving crystal structure. The GA-BU compound was crystallized as a cocrystal 
monohydrate with four (2GA, 1BU, and 1H2O) molecules with an empirical formula 2(C7H5O5)·C4H9NO·H2O in the 
asymmetric unit with 2:1:1  stoichiometry. The unit cell parameters of the cocrystal hydrate are a ൌ 7.6802(3) Å, b ൌ27.1860(4) Å, c ൌ 9.7855ሺ4ሻ Å and 𝛽 ൌ 108.849ሺ7ሻº. Structural information of the GA-BU cocrystal hydrate is 
mentioned in Table S1.  The ORTEP (Oak Ridge Thermal Ellipsoid Plot) of the cocrystal hydrate molecule with hydrogen 
bonding interactions involved in the asymmetric unit is shown in Fig. 2. Two strong O5-H5…O6 (d/Å, θ /°; 2.625, 154 ) 
and O7-H7…O4 (d/Å, θ /°; 2.619, 151) hydrogen bond interactions between the two gallic acid molecules formed a 𝑅ଶଶ(8) 
motif. Further, this ring motif is connected to the BU molecule through O1-H1…O12 (d/Å, θ /°; 2.683, 166) and then the 
BU molecule is connected to the water molecule through O11-H11A…O12 (d/Å, θ /°; 2.691, 170 ) intermolecular hydrogen 
bonds. 

      The parameters of various inter and intramolecular hydrogen bond interactions that contributed to the formation of GA-
BU cocrystal hydrate are listed in Table 2. The packing of molecules in the crystal structure as viewed along the 
crystallographic a, b, and c axes are shown in Fig. S3. Acid-dimers are further connected through a supramolecular ring 
synthon with graph set notation 𝑅ଵଵ (6) and formed a staircase network resulting in the formation of a hexagonal-shaped 
void supramolecular assembly down the crystallographic a-axis and is as shown in Fig. 3. Structural analysis revealed the 
involvement of the water molecule in four hydrogen bond interactions; N1- H1C…O11 (d/Å, θ /°; 2.855, 123), O10-
H10…O11 (d/Å, θ /°; 2.724, 163), O11-H11A…O12 (d/Å, θ /°; 2.691,170) and O11-H11B…O10 (d/Å, θ /°; 2.724, 159) as 
a donor in two interactions and as an acceptor in the remaining two interactions respectively. Thus the role of the water 
molecule with its DDAA environment (Fig. 4) has proved its contribution to the formation of this molecule. Further, the 
hydrogen bonding interaction of water molecules with GA and BU molecules resulted in the formation of a three-
dimensional packing network of the molecules. The detailed structural studies have shown the presence of two 𝜋…𝜋 
stacking interactions between the centroid of two gallic acid molecules. The centroid, Cg1 (of the atoms C1, C2, C3, C4, 
C5, and C6) of the one gallic acid molecule has been involved in two 𝜋…𝜋 stacking interactions with the centroid, Cg2 (of 
the atoms C9, C10, C11, C12, C13, and C14) of the second gallic acid molecule. The parameters of these two interactions 
are; Cg1… Cg2 = 3.871 Å; symmetry code:1-𝑥, 1-𝑦, 1-𝑧 and Cg1…Cg2 = 3.811 Å; symmetry code : 2-𝑥, 1-𝑦, 1-𝑧 and are 
shown in the Fig. 5. Further, bond lengths, bond angles, and torsion angles of the non-hydrogen atoms are listed in Tables 
S2, S3 and S4 respectively.  

 

Fig. 2: ORTEP of GA-BU cocrystal hydrate drawn at 50% probability with intermolecular hydrogen bonding interactions 
(blue colored dotted lines) 
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2.4 Thermogravimetric analysis 
 

     Thermogram of gallic acid - butyramide cocrystal was obtained and its thermal properties were analyzed. A three-step 
thermogram of GA-BU cocrystal hydrate which represents the weight loss versus temperature is shown in Fig. S4. Weight 
loss of 5% in the temperature range of 72-100ºC corresponds to a loss of one molecule of water, as the theoretical mass loss 
for the dehydration of one molecule of water from the crystal lattice of GA-BU is 4.06%22. The loss of crystalline water 
leads to the dissociation of cocrystal. In the second step weight loss of 67% was observed in the temperature range of 185-
318ºC. This can be attributed to the degradation/sublimation of two moles of gallic acid (theoretical weight loss is 76.75%). 
Further, the third and final step weight loss of 13% was observed in the temperature range of 319-420ºC and this indicates 
the degradation/sublimation of one mole of butyramide (theoretical weight loss is 17.81%). Finally, a total weight loss of 
90% was observed from the thermogram. Further, the presence of one molecule of water in the crystal lattice of GA-BU 
cocrystal hydrate has been confirmed from the single crystal X-ray diffraction analysis.  

Table 2. Hydrogen bond geometry of GA-BU cocrystal hydrate. 

Atoms D – H 
(Å) 

H…A 
(Å) 

D-H…A 
(Å) D-H…A (°) Symmetry 

O1-H1…O12 0.82 1.88 2.683(6) 166 - 
N1-H1B…O9 0.86 2.37 3.140(9) 149 3/2- x, 1/2+ y 3/2- z 
N1-H1C…O11 0.86 2.29 2.855(9) 123 -1+x, y, z 
O2-H2…O1* 0.82 2.38 2.748(7) 108 - 
O2-H2…O8 0.82 1.99 2.766(7) 158 3/2-x, 1/2+y, 3/2-z 
O3-H3…O2* 0.82 2.33 2.713(6) 109 - 
O3-H3…O1 0.82 1.96 2.713(6) 152 -1/2+x, 3/2-y, -1/2+z 
O5-H5…O6 0.82 1.86 2.625(6) 154 - 
O7-H7…O4 0.82 1.87 2.619(7) 151 - 
O8-H8. . .O9* 0.82 2.28 2.721(6) 114 - 
O8-H8…O10 0.82 1.97 2.733(7) 154 1/2+x, 1/2-y, 1/2+z 
O9-H9…O10* 0.82 2.26 2.698(6) 114 - 
O9-H9…O3 0.82 2.08 2.753(7) 140 3/2-x, -1/2+y, 1/2-z 
O10-H10…O11 0.82 1.93 2.724(7) 163 2-x, 1-y, 1-z 
O11-H11A…O12 0.85 1.85 2.691(8) 170 - 
O11-H11B…O10 0.85 1.91 2.724(7) 159 2-x, 1-y, 1-z 
C1-H1A…O12 0.93 2.59 3.232(8) 127 - 
C1-H1A…O5* 0.93 2.47 2.779(7) 100 - 
C14-H14…O6* 0.93 2.48 2.787(7) 100 - 

* Intramolecular interaction.                                     
 

 

 

 

 

Fig. 3. Three dimentional packing of the molecules through variuos supramolecular ring synthons, when viewed down the 
crystallographic 𝑎-axis 
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Fig. 4. DDAA environment water molecule in the crystal structure 

 

Fig. 5. 𝜋…𝜋 stacking interactions between GA molecules in the GA-BU cocrystal hydrate 

2.5  Hirshfeld surface analysis 

     Hirshfeld surface analysis (HSA) is one of the best methods for the investigation of intermolecular interactions in the 
crystalline environment. The presence of water molecules and coformer in the cocrystal moiety requires HSA, to understand 
the nature and individual contributions of each intermolecular interaction. Insights from HSA are even more necessary to 
understand the structural stability of the molecule through O-H…π, C-H…π, and π…π stacking interactions.  

     Computation and analysis of the Hirshfeld surface were carried out by loading the crystallographic information input 
file to the CrystalExplorer 17.5 software23. The dnorm plots were mapped with colour scale between −1.2073 au (blue) to 
1.1879 au (red) respectively. The expanded 2D fingerprint plots (FPs)24,25 was drawn in the range of 0.6 - 2.8 Å view with 
the de and di distance scales displayed on the graph axes. The calculated volume inside the Hirshfeld surface is found to be 
475.26 Å3 in the area of 441.41 Å2. 

      The analysis of 2D fingerprint plots revealed the quantitative contributions of molecular contacts to the total Hirshfeld 
surface. The H…H (38.0%) contacts have maximum and N…O (0.2%) have minimum contributions. Similarly, the O…H 
(35.8%), C…C (8.7%), C…H (8.1%), O…O (4.2%), C…O (3.7%), and N…H (1.1%) contacts also contribute to the total 
Hirshfeld surface as shown in Fig. 6. These inter contacts are highlighted on the molecular Hirshfeld surface using 
conventional mapping of dnorm (-1.2073 au to +1.1879 au), shape index (-1.0 au to +1.0 au), curvedness (-4.0 au to +0.4 au), 
di (0.4319 au to 2.3733 au), de (0.4322 to 2.3731 au) and fragment patches (0.1 au to 30 au) as shown in Fig. 7. The coloured 
regions on the molecular surfaces can be identified to analyze the specific characteristic interactions of the molecular 
surface. The regions with red and blue color on the dnorm correspond to the shorter and longer inter contacts, the white color 
indicates the contacts around the van der Waals radii. Similarly, the shape index mapped on the Hirshfeld surface indicates 
the red triangle concave regions of stacking interactions and the blue triangle convex regions of the ring atoms of the 
molecule. The root mean square value of the curvature for the surface is the curvedness (low with a flat area and high with 
sharp curvature) which divides the surface into contact patches with the nearest molecule. The flat regions of the surface 
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indicate the π…π stacking interactions26-28. The fragment patches on the molecule correspond to the different molecular 
interactions over the molecular surface. 

      The O-H…π, C-H…π, and π…π stacking interactions24 are evidently shown in FPs. The inter-contact distances 
calculated from HSA are in good agreement with the values obtained from the experimental X-ray structure studies (Table 
3). The two spikes with points at de and di in the FPs illustrate that the value of de + di to be 2.8 Å (1.7 + 1.1) for C…H 
interactions, 1.8 Å (1.1 + 0.7) for O…H interactions and 3 Å (1.7 + 1.3) for N…H interactions in the donor and acceptor 
regions of the FPs. These molecular interactions serve as a bridge between gallic acid, butyramide, and water molecules in 
the crystalline environment leading to the formation of supramolecular synthons. The intermolecular interactions are 
highlighted on the molecular Hirshfeld surface using conventional mapping of dnorm as shown in Fig. S5.  

2.6 Interaction energies and 3D energy frameworks  

      The interaction energy of the molecules can be obtained with the help of the known procedure29-31 using the 
CrystalExplorer 17.5 software. The total interaction energy was calculated by generating the molecular cluster of radii 3.8 
Å around the selected molecule (Fig. S6). The symmetry operations were employed in the energy framework calculations 
to compute the molecular wave functions and to generate electron densities of the cluster of molecules present around the 
selected molecule using the CE-B3LYP/6-31G(d,p) energy model with the scale factors to determine Etot : kele = 1.057, kpol 
= 0.740, kdis = 0.871, krep = 0.61832. 

      The total interaction energy is found to be -277.902 kJ mol-1 with the electrostatic (-385.065 kJ mol-1), polarization (-
49.432 kJ mol-1), dispersion (-162.354 kJ mol-1), and repulsive (318.95 kJ mol-1) energy calculated by energy frameworks 
analysis. The energy frameworks of the molecule were produced for electrostatic, dispersion and total energies and 
represented in terms of different colored cylinders with a scale factor (cylinder tube size) of 100 and cut-off energy -150 
kJ/mol. These cylinders correspond to the magnitude of the interaction energy between molecular pairs and the strength of 
the molecular packing along with different directions of the molecular arrangements. The molecular cluster with red 
cylinders represents the electrostatic energy (Eelec), green color cylinders represent dispersive energy (Edis) and blue 
cylinders represent the total interaction energy of the molecule (Fig. 8). The energy framework calculations revealed that 
the electrostatic energy dominates over the dispersion and polarization energies in the crystalline environment32.  

 

Fig. 6. 2D Fingerprint plots of the title compound showing the individual contribution of each interaction to the total 
Hirshfeld surface 
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Fig. 7. dnorm (a), Shapeindex (b), curvedness (c), di surface (d), 
de surface (f), fragment patches (e) mapped on Hirshfeld 
surface of the molecule 

Fig. 8. The energy frameworks for electrostatic energy 
(a), dispersion energy (b) and total energy (c) of the 
molecule 

2.7 Density functional theory calculations 
 
      To obtain more awareness about the electronic structure of the GA-BU cocrystal hydrate, density functional theory 
calculations were performed. The results of the geometry optimization were analyzed and compared with that of the 
experimental. The optimized structure is found identical to the experimental structure (Fig. 9a) and the experimental 
geometrical parameters namely, bond lengths, bond angles, and torsion angles of the cocrystal hydrate are well correlated 
with the optimized structure with correlation coefficients of 0.9689, 0.9179, and 0.9997 (Tables S2, S3, and S4) 
respectively. The theoretical C-N bond length in the BU molecule, C9-C14, and C6-C5 bond lengths in the GA molecules 
deviated by 0.039Å, 0.041Å, and 0.045Å from the XRD results. The small deviation in the bond angles (XRD/DFT) around 
the carbon atoms (C7 and C9) of the carboxylic acid group of both the GA molecules (O4-C7-C6 = 119.9/122.5°, O5-C7-
C6 = 116.6/114.6°, O6-C8-C9 = 120.3/122.4° and O7-C8-C9 = 116.1/114.3°) shows the interaction between the GA 
molecules. Further, a small deviation in the bond angle around the carbon atom of the C=ONH2 (amide) group of the BU 
molecule (N1-C18-C17 = 120.1/117.5° and O12-C18-N1 = 119.0/121.0°) has shown its interaction with the neighboring 
GA and water molecules. For GA molecules in the GA-BU cocrystal hydrate, all the torsion angles are almost equal to 180° 
or 0° which shows the planar structure of the GA molecules, whereas the BU molecule is found to be non-planar. The 
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calculated scaled wavenumbers of vibrational IR bands of the molecules are assigned from the frequency optimization and 
are compared with the experimental results. 
 
     The frontier Kohn-Sham molecular orbital structures are obtained for both starting compounds and the novel cocrystal 
hydrate. The HOMO-LUMO energy gap of 4.8629 eV and 6.8758 eV is observed for GA and BU molecules whereas, for 
GA-BU cocrystal hydrate 4.6749 eV is observed (Fig. 9b). This result indicates that the cocrystal hydrate molecule is 
chemically more reactive and kinetically less stable when compared with that of the starting compounds. Quantum chemical 
reactive parameters of both starting molecules and the novel cocrystal hydrate are described in Table 3. Furthermore, to 
identify the electrophilic and nucleophilic active sites, a molecular electrostatic potential (MEP) map (Fig. 9c) was also 
generated on the basis of the electron density of the GA-BU cocrystal hydrate molecule. The color region 
red<orange<yellow<green<blue in the 3D MEP map is a measure of the electrostatic potential value in increasing order. 
The electrophilic (negative) active regions are mainly observed as reddish yellow colored region around the oxygen atom 
whereas, the nucleophilic (positive) active regions are observed as dark and light blue colored region around –NH2 
functional group and the hydrogen atoms as shown in the figure33. 
Table 3. HOMO/LUMO energy and related molecular properties of GA, BU and GA–BU cocrystal hydrate 

Parameter GA BU GA–BU 
EHOMO (eV) –6.7101 –7.1155 –6.2551 
ELUMO (eV) –1.8471 –0.2397 –1.5802 
Energy gap (Δ) (eV) 4.8629 6.8758 4.6749 
Ionization energy (I) (eV) 6.7101 7.1155 6.2551 
Electron affinity (A) (eV) 1.8471 0.2397 1.5802 
Electronegativity (χ) (eV) 4.2786 3.6776 3.9176 
Chemical potential (μ) (eV) –4.2786 –3.6776 –3.9176 
Global hardness (η) (eV) 2.4315 3.4379 2.3375 
Global softness (s) (eV-1) 0.4113 0.2909 0.4278 
Electrophilicity index (ω) (eV) 3.7644 1.9670 3.2830 

 
 

 
Fig. 9. a) Optimized structure, b) HOMO-LUMO energy gap and c) Molecular potential map of GA-BU cocrystal hydrate

  
2.8 Molecular docking studies 
 

      The characteristics of the best docking pose for the cocrystal and its binding pocket is analyzed by comparing with the 
binding mode of N3 inhibitor in the active site of 6LU7. N3 inhibitor in the main protease interacts with the catalytic dyad 
(CYS-145 and HIS-41) of the main protease through hydrophobic and hydrogen bond interactions. Molecular docking 
analysis reveals that the π system of the benzene ring in GA-BU cocrystal interacts with the CYS-145 residue of the main 
protease (4.85 Å). GA-BU cocrystal strongly binds to the active pocket of the main protease (Fig. 10) with the conventional 
hydrogen bonds having the binding energy of -9.5 kcal/mol between the GA-BU-6LU7 complex. The significant 
interactions between GA-BU cocrystal and the main protease are described by five hydrogen bond interactions between 
HIS166, LEU14, GLY143, GLN189, and HIS163 residues and the OH groups of GA-BU (Table 4). Main protease and 
cocrystal binding are also stabilized by π-alkyl interaction between PRO168 residue of 6LU7 and benzene π of GA-BU 
(table and figure). 
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Table 4. Glide docking interaction details between main protease and selected GA-BU 

 

 
Fig. 10. Glide docking and interaction model between GA-BU and main protease of covid-19 

3. Conclusion 
 

      In the present study, we have prepared a binary compound of gallic acid and butyramide mechanochemical grinding 
methods. The formation of the novel compound was supported by PXRD, FTIR techniques, and confirmed by the single-
crystal X-ray diffraction method. Crystal structure studies revealed that the title compound was crystallized as a cocrystal 
hydrate in 2:1:1 stoichiometry in a monoclinic system with a P21/n space group. Further, the interactions responsible for 
the stable crystal structure of the GA-BU cocrystal hydrate through the formation of the supramolecular synthons were 
explored from the analysis of crystal structure and molecular packing. The most stable hydrogen bonding synthon with 
graph set R2

2(8) was observed between the carboxylic acid groups. The Hirshfeld surface analysis revealed the contribution 
of each individual molecular interaction to the total generated molecular Hirshfeld surface. The major percentage 
contribution is found to be 38% from H…H interactions and the minor contribution is 0.2% from N…O interactions. 
Further, the interaction energies of the molecules were calculated within the radii of 3.8 Å and the 3D energy frameworks 
were analyzed. With the total interaction energy of -277.902 kJ mol-1 the electrostatic energy (-385.065 kJ mol-1) dominates 
over the dispersion (-162.354 kJ mol-1) and the polarization (-49.432 kJ mol-1) energies in the crystalline environment. The 
HOMO-LUMO energy gap of the novel GA-BU molecule was found to be 4.6749 eV which revealed that the title compound 
possesses more kinetic and more reactive nature as compared with that of the gallic acid (API). A molecular docking study 
of the GA-BU molecule against the main protease of Covid-19 virus revealed the binding score of -9.5 Kcal/mol. The results 
suggest that GA-BU can proceed to further biological studies to test its potential against Covid-19 virus. Results of the 
present work offer a new avenue for the promising pharmaceutical applications of the GA-BU cocrystal hydrate which will 
be crucial for the development of better drugs. 

Protein 
(Amino Acid) Ligand Interaction 

Type 
Distance 

(Ȧ) 
Binding score 

(kcal/ mol) 
HIS166 OH (O9) Conventional 2.19  

 
 
 

-8.1 

LEU141 OH (O5) Conventional 2.62 
LEU141 OH (O1) Acceptor-acceptor 2.71 
GLY143 OH (O3) Conventional 2.75 
GLN189 OH (O19) Conventional 2.75 
HIS166 OH (O5) Conventional 2.19 
CYS145 Centroid of the ring π-Alkyl 4.85 
PRO168 Centroid of the ring π-Alkyl 5.10 
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4. Experimental section 
 

4.1 Preparation and crystal growth 
 

    About 0.376 grams of gallic acid is taken with 0.17424 grams of butyramide to form a mixture of 1:1 molar ratio in a 
mortar. The mixture is subjected to manual neat grinding using a pestle for about 20min. Further, the mixture was subjected 
to liquid-assisted grinding for another 20min by adding a few drops of acetonitrile liquid34-36. Then the formation of the 
binary compound (GA-BU) in the new crystal phase in comparison with the pure initial compounds was confirmed from 
the PXRD technique and the novelty of the prepared compound was further confirmed from FTIR spectroscopic technique37-

38. To obtain single crystals of the binary compound by slow evaporation method and to enhance the probability of 
nucleation during crystal growth methanol was chosen as the solvent on the basis of solubility considerations of the pure 
components of the binary compound. The supersaturated solution was prepared in a beaker and a magnetic stirrer was used 
to get a clear solution. Then the solution was kept undisturbed for slow and complete evaporation by covering the beaker 
with parafilm. Needle-shaped colorless single crystals of GA-BU having dimensions enough for the structural analysis were 
obtained in two weeks.  

 
4.2 Powder X-ray diffraction (PXRD) 
 
     As every crystalline phase of a compound exhibits a unique powder X-ray pattern, the PXRD study is the most versatile 
and reliable technique to identify the formation of a novel crystalline phase39. PXRD patterns for the pure compounds (GA 
and BU) and acetonitrile ground binary compound (GA-BU) were recorded on a PAN analytical X’Pert diffractometer using 
Cu-Kα radiation (λ = 1.54056 Å), operated at 30 mA and 40 kV. Diffraction data were collected at room temperature over 
a 2θ range of 0-50° in continuous scan mode with a step size of 0.02°. Powder diffraction patterns were plotted and analyzed 
using X’Pert HighScore Plus. 

 
4.3 Fourier transform infrared spectroscopy (FTIR) 
 
     Wavenumber values of the absorption peaks in the infrared spectrum, representing the functional groups are the IR 
signature of the compound. Therefore, the difference in the wavenumber values of the functional groups in the infrared 
spectrum between the initial compounds and the ground binary compound will prove the formation of the novel compound40. 
Hence, FTIR analysis was performed using PerkinElmer instrument, in the range of 4000 to 400 cm-1.  A resolution of 4 
cm-1 was used to record the infrared spectra of the powder samples. Absorption peaks of the functional groups were 
identified, wavenumbers were assigned and tabulated for the analysis. 
 

4.4 Single-crystal X-ray diffraction studies (SCXRD) 
 

      Good quality single crystal of the GA-BU compound was selected using a polarizing microscope. X-ray intensity data 
of the title compound were collected at 296 K on a Bruker Proteum2 CCD diffractometer with X-ray generator operating at 
45 kV and 10 mA, using Cu-Kα radiation of wavelength 1.54178 Å. Data were collected for 24 frames per set with different 
settings of φ (0° and 90°), keeping the scan width of 0.5°, exposure time of 5 s, the sample to detector distance of 45.10 
mm. The complete intensity data sets were processed using SAINT PLUS41 and the absorption correction was conducted 
with the multi-scan method. The crystal structure was solved by the direct method, the position of all non-hydrogen atoms 
was identified and refined on F2 by a full-matrix least-squares procedure using anisotropic displacement parameters by 
using SHELXS and SHELXL programs42. All the hydrogen atoms were located in difference Fourier maps and treated as 
riding on their atoms with isotropic thermal displacement parameters. The geometrical calculations were carried out using 
the crystallographic program PLATON43. The crystal packing diagrams were generated by the MERCURY software44. 

4.5 Thermogravimetric analysis (TGA) 
 

    Thermal stability is one of the important properties of the multicomponent crystals and it plays an important role in 
enhancing the performance parameters of the API45. Thermal properties like melting and decomposition points help in 
knowing the thermal stability of the crystals. These temperatures of the binary compound were identified using the 
thermogram of the GA-BU crystals, which is a graph of weight loss as a function of temperature. Further, from the same 
thermogram, one can investigate the presence of water and solvent molecules in the crystal. The value of final weight loss 
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will also help in deciding the purity of the components in the crystal. Therefore, thermogravimetric analysis was carried out 
by heating the crystals of GA-BU in the Mettler-Toledo TGA/SDTA 851e thermal analyzer under a flow of N2 (40 ml min-

1). The crystals were heated at a rate of 10°C min-1 from 30°C to 600°C with inert alumina as a reference.  

4.6  Hirshfeld surface studies, interaction energies, and 3D energy frameworks 

    Hirshfeld surface analysis (HSA) is an excellent tool to study the intermolecular interactions exhibited by the molecule 
in the crystalline environment.  HSA serves as a key method for the calculation and the graphical visualization of the 
intermolecular interactions. The results obtained from HSA are very unique for each crystal structure. The HSA for the title 
cocrystal molecule was carried out by loading the crystallographic information file (CIF) to the CrystalExplorer23 software. 
The electron distribution of the molecule was calculated using the sum of the spherical atom electron density to construct 
the molecular Hirshfeld surface. The molecular Hirshfeld surface mapped with 3D dnorm and 2D fingerprint plots (FPs) were 
produced based on de and di values, and the van der Waal's atomic radii (r) governed by the equation (1) given below, which 
enables to identify the regions of specific importance related to the intermolecular interactions. Here di is the distance from 
a given point on the Hirshfeld surface to the nearest nucleus inside the surface and de is the distance from a point to the 
nearest nucleus outside the surface. The colored spots on the dnorm surface represent different intermolecular interactions. 
The red region corresponds to the shorter contacts, the blue colored region represents the longer inter contacts whereas, the 
white region corresponds to the contacts around the van der Waal's radii. The fingerprint plot tells the contribution of each 
individual intermolecular interaction to the surface which can be recognized through color codes (frequency of presence) 
ranging from blue color (few points) through green color to red color (many points)46-48. HSA also helps to understand the 
stability of the crystal structure through O-H…π, C-H…π, and π…π stacking interactions. The di, de, shape index, 
curvedness surfaces and fragment patch of the Hirshfeld surface generated further shed light on the π-stacking interactions49.   𝑑௡௢௥௠ = 𝑑௜ − 𝑟௜௩ௗ௪𝑟௜௩ௗ௪ + 𝑑௘ − 𝑟௘௩ௗ௪𝑟௘௩ௗ௪  

(1) 

     Further, the molecular interaction energies in the crystalline environment were calculated from the monomer wave 
functions using CE-B3LYP/6-31G(d,p) for the 3D energy framework studies. 

The molecular interaction energies such as electrostatic, polarization, dispersive, and repulsive energies were also computed 
which leads to the total interaction energy as given by  𝐸௧௢௧ = 𝐸௘௟௘ + 𝐸௣௢௟ + 𝐸ௗ௜௦ + 𝐸௥௘௣ 𝐸௧௢௧ = 𝑘௘௟௘𝐸௘௟௘ᇱ + 𝑘௣௢௟𝐸௣௢௟ᇱ + 𝑘ௗ௜௦𝐸ௗ௜௦ᇱ + 𝑘௥௘௣𝐸௥௘௣ᇱ  

where, 𝐸௘௟௘ᇱ  represents the electrostatic energy, 𝐸௣௢௟ᇱ  is the polarization energy,  𝐸ௗ௜௦ᇱ  is the dispersion energy and 𝐸௥௘௣ᇱ  is the 
repulsive energy. k’s in the above equation are the scale factors corresponding to the molecular energies obtained from the 
generated wave function using density functional theory. Further, the interaction energies were employed to construct ‘3D-
energy frameworks’ and to visualize the packing of the molecules in the molecular crystal structures50. 

4.7 Density functional theory (DFT) calculations 
 

      DFT calculations have been performed for both initial molecules and GA-BU cocrystal hydrate molecule using Gaussian 
1651 and visualized through Gaussview 6.0.1652. The geometry and frequency optimization were carried out in the gas phase 
at B3LYP/6-311+G(d,p) level of theory without any constraints by using the coordinates extracted from the cif file. The 
Khon-Sham molecular orbitals, molecular electrostatic potential (MEP) map, and molecular energies were obtained from 
the optimized geometry. Further, the ground state molecular energy gap and related reactive parameters are calculated using 
Koopman's approximation53 and the results of the initial molecules were compared with that of the cocrystal hydrate 
molecule.  

4.8 Molecular docking studies 

     World health organization has affirmed the Covid-19 as an escalating disease on 12th March 202054-56. Several scientific 
communities are conducting studies on COVID-19 virus concerning a novel therapeutic agent to treat infected patients in 
worldwide. In this work, our effort is to test the potential of GA-BU cocrystal as an antiviral agent, through molecular 
docking (MD) analysis. MD study was carried out using MGL tools 1.5.657 with AutoDock Vina58-59 to detect the preferred 
binding sites. CIF of GA-BU was used for the ligand preparation and the molecule is prepared, optimized and energy 
minimized. Further, the three-dimensional structure of the main protease (PDB ID:6LU7 is the first deposited main protease 
structure of the novel COVID-19 which serves as a potential target for the inhibition of COVID-19) was downloaded from 
the PDB. The initial preparation of the protein structure was performed by removing water and N3 inhibitor using Biovia 
Discovery Studio 2019 visualizer60. Then using AutoDock Tools nonpolar hydrogen atoms were added and energy was 
minimized to the main protease. The atomic potential binding site was defined using grid size of x = -11.575, y = 14.611 
and z = 65.164. The binding affinity of the GA-BU was observed as a negative score with the unit of kcal/mole. The ligand 
interactions were visualized and analyzed using Biovia Discovery Studio 2019 visualizer. 
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