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Introduction 

Cocrystals are neutral, single-phase crystals that 
comprise two or more molecules with different ratios 
(Akhtaruzzaman et al., 2023; Setyawan et al., 2023; 
Martínez et al., 2022; Buddhadev & Garala, 2021). 
Activated Pharmaceutical Ingredients (API) and 
conformers form cocrystals through noncovalent 
interactions, such as hydrogen bonds, π-π interactions, 
halogen bonds, and van der Waals interactions. (Liu et 
al., 2022; Martínez et al., 2022). The purpose of 
cocrystal production is to modify the physicochemical 
properties of pharmaceuticals, such as their solubility, 
dissolution rate, bioavailability, hygroscopicity, 
compressibility, and stability. Even though there are 
other ways to improve the physical and chemical 
properties of drugs, like making salts, solvates, or 
polymorphs, cocrystals are much more appealing 

because they can change drug properties by designing 
the supramolecular structure without changing the 
chemical structure of the API (Tupe et al., 2023; Bolla et 
al., 2022). Intermolecular hydrogen bonds in cocrystals 
can significantly enhance drug solubility by 
strengthening interactions with solvent molecules, 
altering crystal structure, and facilitating ionisation 
(Bolla et al., 2022). As previously explained, cocrystals 
are formed through intermolecular bonding, so it is 
essential to carry out computational screening before 
cocrystal synthesis.  

The screening predictions are a conductor-like 
screening model for real solvent, molecular 
Electrostatic Potential Surface (EPS), Hansen Solubility 
Parameter (HSP), Hirshfeld Surface Analysis, and Gibbs 
free energy for cocrystal design. The method 
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Abstract 
Background: The molecular geometric structure of p-coumaric acid-
nicotinamide has been optimised using Density Functional Theory (DFT) and 
Atom In Molecule (AIM).    Objective: To analyse the hydrogen bond of the p-
coumaric acid–nicotinamide cocrystal.    Method: Structural optimisation 
using DFT was carried out on the basis set B3LYP/6-311G++ (d,p). The electron 
density topology from the optimisation results obtained was then validated 
using the Non-Covalent Interaction (NCI) method.    Result: Optimisation 
results showed that there are intermolecular hydrogen bonds in the carbonyl 
group of p-coumaric acid and the amine group of nicotinamide, namely 
C1=O11∙∙∙O34 with length 1.804 Å. On the other hand, the results of the 
topology test with AIM showed a value of ∇2ρ = 0.1196 a.u; G = 0.0393 a.u; H 
= 0.0946 a.u; V = -0.0488 a.u which means there was an intermolecular 
Hydrogen bond with EH∙∙∙O = -64.05 a.u.    Conclusion: A hydrogen bond in 
the cocrystal of p-coumaric acid-nicotinamide is classified as an 
intermolecular hydrogen bond between the carbonyl group of p-coumaric 
acid and the amine group in the carboxyl group. 
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commonly used is to determine Gibbs free energy using 
Density Functional Theory (DFT) because it has a good 
level of accuracy in predicting molecular properties and 
chemical bonds, can model electron interactions, 
calculates hydrogen bond energy in the most stable 
conformation, and is the most efficient method (Lubbe 
et al., 2019; Nagy, 2014). The DFT method commonly 
used is B3LYP (Becke 3-parameter Lee-Yang-Parr) 
because it can model the distribution of electrons in 
hydrogen bonds, therefore allowing a deeper 
understanding of the properties of hydrogen bonds, 
such as bond length and bond strength (Kumar & 
Nanda, 2021), optimisation of prediction results, 
topology, and bond type predictions using Quantum 
Theory Atoms in Molecules (QTAIM) (Ouyang et 
al.2023). 

The free energy method for cocrystal design is a 
method that is often used in several studies. Zochedh, 
et al. (2023) used DFT/B3LYP with a basis set of 6-
31++G (d,p) to calculate the energy of syringic acid-urea 
cocrystals, including predicting Fourier Transform 
Infrared (FTIR) spectra. Ouyang et al. (2023) also used 
DFT/B3LYP with a 6-31 (d,p) basis set to calculate the 
vanillin cocrystal energy with nicotinamide and 
isonicotinamide. In a research by Chethan & Lokanath 
(2022) DFT/B3LYP was used with a base set of 6-311G 
(d,p) to calculate energy cocrystal 3-(hydroxy(2-
isopropylhydrazineyl)methyl)napthalen-2-ol–N-
(5‑bromo-2-chloropyridine-3-yl)-N-
hydroxyhydroxylamine was then used to describe the 
topology and predict the type of bond using the 
(QTAIM) method and validated using the Noncovalent 
Interaction Index (NCI). This method was also described 
by Verma et al. (2022), who predicted energy with DFT 
on B3LYP/6-311++G (d,p) and with NCI-validated 
QTAIM to predict the type of bond. 

Based on these problems, research on Density 
Functional Theory (DFT) analysis on p-coumaric acid-
nicotinamide cocrystals was carried out. In this 
research, the structure was optimised using the DFT 
method to determine the distance and bond energy in 
the cocrystal. Optimisation results were used to view 
topological parameters with the aim of Bader to 

determine electron density and Laplacian and confirm 
them using NCI. These results serve as the basis for 
understanding the relationship between hydrogen 
bond strength and cocrystal solubility. 

 

Methods 

The molecular structures of p-coumaric acid, 
nicotinamide, and cocrystal p-coumaric acid-
nicotinamide were optimised using the Gaussian 09 
program version 6.0 as a stepping stone. Secondly, the 
relative stability of cocrystal p-coumaric acid-
nicotinamide was investigated by calculating the 
minimum energy using the Density Functional Theory 
(DFT) method. DFT/B3LYP uses a base set of 6-311G++ 
(d,p) with the Gaussian 09 program. To eradicate the 
BSSE error, a comprehensive counterpoise procedure is 
applied to all calculations. In addition, the topological 
characteristics of the electron density in the wave 
function based on Bader's quantum theory of atoms in 
molecules (AIM) are used to examine the topological 
characteristics of the electron density in the wave 
function obtained at the B3LYP/6-311G++(d,p) level 
with the Mutiwfn software version 3.8. The Multiwfn 
results were then validated using Non-Covalent 
Interaction (NCI) and isosurface maps generated by the 
Visual Molecular Dynamics (VMD) program version 
1.9.4. 

 

Results 

Optimisation of cocrystal p-coumaric acid-
nicotinamide  

The outcomes of the optimisation process utilising 
DFT/B3LPY calculations employing a 6-311G++ (d,p) 
basis set are depicted in Figure 1 (I). Table I displays the 
bond lengths between donor and acceptor atoms in 
intermolecular hydrogen bonds, along with their 
corresponding interaction energy. 

 

Table I: Intermolecular hydrogen bond length and interaction energy within the molecular association in the p-
coumaric acid-nicotinamide cocrystal 

Material H∙∙∙O (Ǻ) Ecocrystal 

(a.u.) 
EAPI 

(a.u.) 
Ecoformer 
(a.u.) 

Interaction Energy (kcal/mol) 

p-Coumaric Acid-Nicotinamide H20∙∙∙O28 : 1,614 -979.082 -566.884 -412.149 -30.748 

 O11∙∙∙H34  : 1,804     

 

Characterisation of the intermolecular bond of 
cocrystal p-coumaric acid-nicotinamide  

The characterisation of the intermolecular bond of the 
cocrystal p-coumaric acid-nicotinamide using the 
Quantum Theory of Atomic In Molecules (QTAIM), i.e. 
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the outcomes of the AIM of Bader analysis of the p-
coumaric acid-nicotinamide cocrystal are depicted in 

Figure 1 (II). The results of the AIM of Bader analysis of 
the topological parameters are shown in Table II. 

 

Table II: The topological parameters obtained from the AIM analysis   

Material †BCP ρ ∇2ρ G H V EH∙∙∙O ε 

p-Coumaric Acid-Nicotinamide H20∙∙∙O28  0.0565 0.1279 0.0519 0.0199 -0.0719 -94.36 0.0022 

 O11∙∙∙H34   0.0316 0.1196 0.0393 0.0946 -0.0488 -64.05 0.0052 

†bond critical point (BCP), electron density(ρ), Laplacian of electron density (∇2ρ), Lagrangian kinetic Energy (G), Hamiltonian kinetic energy (H), potential energy 
density (V); Hydrogen bond energy (EH∙∙∙O ), and eliplicity of electron density (ε) 

 

Illustration of the intermolecular hydrogen bond of 
cocrystal p-coumaric acid-nicotinamide 

Illustrations of the intermolecular hydrogen bond of 
cocrystal p-coumaric acid-nicotinamide using 

Noncovalent Interaction Index (NCI) analysis are 
depicted in Figure 1 (III). These include the result of the 
NCI analysis for the isosurface maps, and the scatter 
plots. 

 

 

Figure 1: (I) The results of geometric optimisation using DFT/B3LPY calculations: (a) p-coumaric acid, (b) 
nicotinamide and (c) p-coumaric acid-nicotinamide cocrystals. (II) AIM Molecular graph of p-Coumaric Acid-

Nicotinamide Cocrystal. The small orange marks the BCP. (III) NCI analysis results of the p-Coumaric Acid-
Nicotinamide cocrystal: (a) Isosurface map, (b) RDG scatter plot (blue = hydrogen bonds; green = van der Walls 

bonds; red = steric effect) 

 

 

Discussion 

This research investigated the interaction of p-
coumaric acid cocrystal as an API and nicotinamide as a 
coformer. Firstly, the p-Coumaric Acid and 
nicotinamide cocrystals were optimised by the DFT 

method at the theoretical level of B3LYP with a basis set 
of 6-311G++ (d,p) because the combination B3LYP/6-
311G++ (d,p) has excellent accuracy and computational 
efficiency so that it provides accurate results with 
shorter computation time (North et al., 2023; Řezáč, 

(I) (II) 

(III) 
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2020; Plumley & Dannenberg, 2011). The results of the 
optimisation are shown in Figure 1 (I). 

Figure 1 (I) (c) illustrates that the intermolecular 
hydrogen bond formed between p-coumaric acid and 
nicotinamide is present in C1-O11∙∙∙H34-N29. The length 
and angle of intermolecular bonds in free p-coumaric 
acid molecules and p-coumaric acid-nicotinamide 
cocrystals were also measured using the DFT/B3LYP 
method. Based on the calculation, results showed that 
the difference in the length of the C1-C2 bond in the free 
p-coumaric acid molecule increased from 1.466 Ǻ to 
1.467 Ǻ in the p-coumaric acid-nicotinamide cocrystal. 
The C1-O11 bond length in the free p-coumaric acid 
molecule increased from 1.206 Ǻ to 1.225 Ǻ in the p-
coumaric acid-nicotinamide cocrystal. However, the 
difference in bond length between the free p-coumaric 
acid and the p-coumaric acid-nicotinamide cocrystal 
was not more than five per cent. Yang et al. (2022) and 
Hammami & Issaoui, (2022) discovered that the 
formation of hydrogen bonds in the p-coumaric acid-
nicotinamide cocrystal does not affect intramolecular 
bonds, particularly the O-H and C-C bonds. 

 On the other hand, the intermolecular bonds in the p-
coumaric acid-nicotinamide cocrystal are also 
influenced by the total interaction energy within each 
structure, which is expressed by the equation 
(Hammami & Issaoui, 2022): 

𝐸𝑖𝑛𝑡 = 𝐸𝑐𝑜𝑐𝑟𝑦𝑠𝑡𝑎𝑙 − [𝐸𝐴𝑃𝐼 + (𝑛 × 𝐸𝐶𝑜𝑓𝑜𝑟𝑚𝑒𝑟)] 

The bond lengths and interaction energies of 
intermolecular hydrogen bonds within donor and 
acceptor atoms are shown in Table I. 

After optimising with the DFT method, the Atoms in 
Molecules (AIM) of Bader at the Bond Critical Point 
(BCP) can be used to get a better idea of how molecules 
interact in p-coumaric acid cocrystals with 
nicotinamide. This analysis was necessary because the 
theory of AIM of Bader studies molecular structure 
based on the electron density at its critical point to 
identify and characterise non-covalent interactions 
(Mojica-Sánchez, 2023). The results of the AIM of Bader 
analysis of the p-coumaric acid-nicotinamide cocrystal 
are shown in Figure 1 (II). 

AIM theory is a topological analysis of the electron 
density at the bond critical point (ρBCP) and its 
Laplacian (∇2ρBCP). This theory can be utilised to 
categorise various bond interactions observed in 
molecular systems, ranging from hydrogen bonds to 
van der Waals interactions. (Lindquist-Kleissler et al., 
2021; Lu & Chen, 2021). The utilisation of high electron 
density and Laplacian interactions enables the 
establishment of a distinct correlation between the 
topological characteristics of charge density and 

interatomic distances in many systems, including 
hydrogen bonds. (Megrouss et al., 2023).  

Table II showed that the p-Coumaric Acid-Nicotinamide 
cocrystal using the interaction of O12-H20∙∙∙O28 and 
O11∙∙∙H34-N29 obtained an electron density value of 
0.0565 a.u. and 0.0316 a.u., respectively, and the 
Laplacian was 0.1279 a.u. and 0.1196 a.u, respectively. 
These results indicated that all laplacian values were 
positive, indicating a reduced charge in the internuclear 
zone, which is characteristic of intermolecular bonds 
(Akman et al., 2020). Besides that, Espinosa's postulate 
states that if the electron density and laplacian values 
of the topological analysis results are at 0.002-0.035 
a.u. and 0.024-0.139 a.u, respectively, it confirms the 
presence of intermolecular hydrogen bonds (Hammami 
& Issaoui, 2022). The result indicated the presence of p-
Coumaric Acid-Nicotinamide cocrystal hydrogen bonds 
on O11∙∙∙H34-N29. On the other hand, the hydrogen 
binding energy was calculated using the equation 
according to Hammami & Issaoui (2022) 

1 
𝐸𝐻⋯𝑂 = 

2 
𝑉𝐵𝐶𝑃 

 

The results showed that the hydrogen binding energy 
of O12-H20∙∙∙O28 was -94.36 kJ/mol higher than that of 
O11∙∙∙H34-N29, which was -64.05 kJ/mol. This result also 
showed that the hydrogen bonds between the hydroxyl 
groups in p-coumaric acid and the carboxyl groups in 
nicotinamide were more potent than those between 
carbonyls and amines. The obtained result differs from 
the optimisation results using the DFT method and 
Espinosa's postulates, which show the potential for 
forming hydrogen bonds between carbonyls and 
amines. This condition was due to the position of the 
carboxyl group in nicotinamide and benzene, which 
increases the strength of the intermolecular bonds.  

Illustrations, isosurface maps, and scatter plots from 
the results of the Noncovalent Interaction Index (NCI) 
analysis in Figure 1 (III) support these findings. 

Figure 1 (III) (a) showed that in the O12-H20∙∙∙O28 
interaction, there was a blue isosurface with a hole that 
resembled a doughnut, which was caused by the steric 
effect of the bond distance being too close so that in 
the middle of the hole, there was a red colour. On the 
other hand, the O11∙∙∙H34-N29 interaction was indicated 
by a type I isosurface, which showed an intermolecular 
bonding of hydrogen (Sharma et al., 2022). 

The RDG versus sign (λ2) peak electron density quantity 
reveals the type and strength of molecular interactions. 
Using Multiwfn and VMD software, the interaction of 
the chemical system's power, which shows the red's 
push and the blue's more potent attractiveness, was 
examined. If the sign (λ2) > 0 indicates a repulsive 
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interaction (non-bonded). If the sign (λ2) 0 indicates an 
attractive interaction (bonded), then the value of sign 
(λ2) is crucial in predicting the type of interaction. The 
RDG scatter plot test results in Figure 1 (III) (b) showed 
a blue colour in the λ2 scatter plot around -0.04 and -
0.05, indicating a hydrogen bond in the p-Coumaric 
Acid-Nicotinamide cocrystal. Besides that, based on 
Hammami & Issaoui (2022), one can classify atomic 
interactions into three types, namely covalent bonds if 
∇2ρ(r) <0, H(r) <0, and |V(r)|/G(r) > 2, Intermediate 
bonds (between covalent and non-covalent) if ∇2ρ(r) > 
0, H(r) <0, and 1 < |V(r)|/G(r) > 2 and closed shell bonds 
(non-covalent, H-bond and van der Waals forces) if 
∇2ρ(r) > 0, H(r) > 0, and |V(r)|/G(r) < 1. The results of 
the AIM analysis show that the bonding that occurs in 
the p-cocrystal Coumaric Acid-Nicotinamide is a non-
covalent bond with the presence of intermolecular h-
bonds that occur in the O11∙∙∙H34-N29 interaction. 

 

Conclusion 

Based on the results of the investigations with DFT and 
AIM, it can be concluded that due to optimisation, 
there are intermolecular hydrogen bonds in the 
carbonyl group of p-coumaric acid and the amine group 
of nicotinamide, namely C1=O11∙∙∙O34 with a length of 
1.804 Å. On the other hand, the results of the topology 
test with AIM showed a value of ∇2ρ = 0.1196 a.u; G = 
0.0393 a.u; H = 0.0946 a.u; V = -0.0488 a.u which means 
there is an intermolecular Hydrogen bond with EH∙∙∙O = 
-64.05 a.u. The isosurface map of NCI, where a blue 
surface indicates the presence of hydrogen bonds, 
supports this conclusion. The RDG Scatter plot results 
showed a blue colour in the spikes around -0.04 and -
0.05, indicating the presence of hydrogen bonds. These 
results demonstrate that there was a hydrogen bond 
between the carbonyl group of p-coumaric acid and the 
amine group in the carboxyl group of the p-coumaric 
acid and nicotinamide co-crystal. The results indicated 
an intermolecular hydrogen bond. 
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