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ABSTRACT. 1,1'-Dibenzyl-[4,4'-bipyridine]-1,1'-diium nitrate [named benzyl viologen (BV) dianions]’s structure 
analysis reveals it crystallized in the monoclinic system with a P21/c space group, and each pyrdine N atom fused 
on a benzyl group and the N atom become a positive monovalent cation, the counter nitrate cations are lie at the two 
sides of the structure. In the crystal lattice, there are C-H···O hydrogen bonds and the π···π stacking interactions. 
The weak C–H∙∙∙O hydrogen bond interactions demonstrated in the de surface and dnorm-surface of the Hirshfeld 
surface analysis. The IR spectrum were tested. The NMR spectra reveal the structure is accordance with the crystal 
structure. The computed molecular orbitals shown the HOMO electron cloud is mainly located at the benzene ring. 
The AIM analysis shows that the ρBCP and ∇2ρBCP value is calculated for the C–H···O hydrogen bond interactions, 
and the interaction belongs to the typical closed-shell interactions. The molecular docking study shows the lowest 
binding energy is -5.28 kcal/mol, the interaction between BV and Lys dominated by hydrophobic interactions. 
 
KEY WORDS: Benzyl viologen, Hirshfeld surface analysis, AIM, Molecular docking 
 

INTRODUCTION 
 
Crystal engineering based on organics [1] have been fast developing in the last few years. The 
organic crystals have already applied in all aspects of life. Their potential applications including 
such as the organic optic-electric device [2], and luminescence [3], etc.  

1,1'-Dibenzyl-[4,4'-bipyridine]-1,1'-diium nitrate, named benzyl viologen (BV) dianions are 
the useful substances. Benzyl viologen dianion has been used as extramicellar probe luminescence 
to monitor association of cations to the micelle [4]. The trifluoromethyl substituents of benzyl-
based viologen have the electrochromic performance, the stability of viologen based 
electrochromic device was significantly reduced by the dimer formation, and the resultant 
aggregation of viologens, which may occur once viologen dication (V2+) was reduced to viologen 
radical cation (V+·) [5]. The viologen derivatives’ energy bands matched photocatalysis 
enhancement that is based on their electron-transfer-mediator [6]. Otherwise, the benzyl viologen 
also has a certain toxic to living organisms [7]. 

The hydrogen bonds and π-π interactions are critical in chemistry and life science [8]. The 
Hirshfeld surface analysis (HS) [9] and the atom in molecule (AIM) theory [10] are the effective 
means to research hydrogen bonds from different aspects. The Hirshfeld sufaces analysis utilized 
to identify a type and region of intermolecular interactions (which contains the hydrogen bonds). 
Hirshfeld surface analyses comprises dnorm- and shape index surfaces, and 2D fingerprint plots 
(FP). The AIM theory also can analyze the properties of hydrogen bonds. In AIM view, the main 
concept is the bond critical points (BCP), they are the evidence of hydrogen bond is the existence 
of a bond path and a BCP between the donor hydrogen and the acceptor. Researcher also 
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developed the criteria for the assessment of the hydrogen bonds [11]. Nowadays, molecular 
docking has used for understanding the principles by which small-molecule ligands recognize and 
interact with macromolecules is of great importance in pharmaceutical research and development 
[12].  

In this paper, we synthesized a benzyl viologen (BV) dinitrate, characterized it by X-ray single 
crystal diffraction, elemental analysis, infrared spectroscopy and NMR. We performed the 
Hirshfeld surface analysis, and calculated the molecular orbitals. We executed the atoms in 
molecules (AIM) analysis, also researched the molecular docking. 
 

EXPERIMENTAL 
 
Preparation of crystal 
 
Benzyl chloride 0.10 mol (12.60 g) and 4,4’-bipyridine 0.10 mol (15.60 g) dissolved in 60 mL 
DMF, and then heated to 100 oC with stirring for 1.5 h, due to the strong reactive activity of benzyl 
chloride, two moles benzyl chloride undergo the electrophilic substitution reaction with one mole 
bipyridine, and we get the bi-substituted product, after cooled to room temperature, put the 
reaction mixture to the refrigerator and keep the temperature about 0 oC for 4 h, then filtered and 
washed with cold anhydrous ethanol 2 times. After dried we get white solid powder 9.41 g (yield 
20.3 %), this solid is benzyl viologen dichloride. The 1.00 g solid powder solved in a 16 mL 2 
mol/L solution of Co(NO3)2 (as the source of nitrate ion), we stay it for one week, after that the 
light pink crystals formed (0.24 g), which is the title compound benzyl viologen dinitrate (yield 
21%, the synthetic strategy is shown in Scheme 1). Then we choose the suitable crystal for X-ray 
diffraction. The C, H and N contents determined by elemental analysis: calcd. (%) for C24H22N4O6: 
C, 62.33; H, 4.79; N, 12.11; found (%): C, 61.69; H, 4.52; N, 11.87. IR (cm-1): 3447(s), 3127(s), 
3061(s), 2350(m), 1835(w), 1737(w), 1637(s), 1559(m), 1499(m), 1446(s), 1381(s), 1316(s), 
1221(s), 1155(m), 1036(m), 920(w), 847(m), 806(m), 745(s), 699(m), 664(w), 614(m), 550(w), 
465(w), 444(w), 400(w). 
 

 
Scheme 1. The synthetic route of BV dinitrate. 
 
 
 



Structure and characterization of 1,1'-dibenzyl-[4,4'-bipyridine]-1,1'-diium nitrate 

Bull. Chem. Soc. Ethiop. 2025, 39(5) 

989

Structure determination and physical measurements 
 
A colorless block crystal for the compound with dimensions of 0.21 mm × 0.20 mm × 0.19 mm 
was chosen for X-ray diffraction analysis. Crystal structure measurement was performed on a 
Ragaku XtaLAB Pro diffractometer by using ω scan mode at 293(2) K. Absorption corrections 
were applied with a multi-scan mode [13]. A total of 8543 reflections were obtained in the range 

of 5.30 ≤ θ ≤ 29.91º, of which 2781 were independent (Rint = 0.0313) and 2823 observed 

reflections with I > 2(I) were employed for structure determination and refinement. The structure 
was solved by direct methods with SHELXT [14] and refined by full-matrix least-squares 
techniques using SHELXL-2018 [15] within Olex2 [16]. All non-hydrogen atoms were refined 
anisotropically. All H atoms on C atoms were positioned geometrically and refined as riding. The 
final R = 0.0660, wR = 0.1799 (w = 1/σ(Fo

)+(0.0913P)2+0. 5934P] where P = (Fo
2 + 2Fc

2)/3), 
(Δ/σ)max = 0.000, S = 1.071, (Δρ)max = 0.859 and (Δρ)min = –0.526 e/Å3.  Crystallographic data for 
the structure in this work has been deposited with a copy of the data and is freely available by 
reference to deposit number (CCDC: 2281830). There are two B level alerts in the checkCIF files: 
For complex: (i) PLAT097_ALERT_2_B: Large reported max. (Positive) pesidual density 0.86 
eÅ-3. This issue of alert level B caused a residual density maximum larger. This is caused by the 
disorder of the nitrate ion, the residual density is not very large and it is acceptable. (ii) 
PLAT910_ALERT_3_B: The missing FCF reflections below theta (min) were caused by the high 
beamstop theta (min) limit set and large unit cell, and so on. The molecular graphics was prepared 
using program Diamond 3.1c [17]. The elemental analysis performed on a EurVector EA3000 
elemental analyzer. The FTIR spectrum recorded at room (298 K) on a Thermo Fisher Nicolet 
6700 FTIR spectrometer in the range of 4000–400 cm−1. The NMR tested on a Bruker AVANCE 
III HD 400M spectrometer. Other reagents were of analytical grade. 
 
Theoretical methods 
 
The calculations were performed for the compound, and the optimization with Gaussian 16 
program [18] at the ωB97XD [19, 20] level (includes dispersion correction), the 6-31++g(d) [21] 
basis set for C, H, O, N. For modeling the initial guess of BV dinitrate was obtained from the X-
ray refinement data (cif) and optimized the structure. The solvent effects were included by 
applying the self-consistent reaction field (SCRF) and solvation model based on density (SMD) 
[22] options within the program when optimizing the structure, we utilized the solvent model to 
instead the gas model, and using the keyword: “scrf = (smd, solvent = water)”.  

In AIM calculation, when selecting model, we select a nitrate anion and four BV2+ cations that 
around it to consist a heptavalent cation (this configuration consists all the five kinds of hydrogen 
bonds), and use it to represent the crystal surroundings in the calculation. In which it exhibited 
the hydrogen bonds, for ensuring the calculated hydrogen bonds are consistent with the crystal 
structure. We directly using the crystal structure and computed the single point (not using the 
opted structure) to get the fchk file. The method and the basis sets are: “wb97xd/6-311++G(d) SP 
scrf = (smd, solvent = water)”, finally, we use the Multiwfn program [23] to research the 
topological properties of the bonds of BV dinitrate. The specific operating steps are: (1) Launch 
the multiwfn software (v 3.8) by double click the multiwfn.exe  and load the fchk file though drag 
the fchk file or input file path. (2) Input 2 and press enter key (2: Topology analysis). (3) Select 
2, press enter; then  in turn select 3,4,5,7, 8,9 (2: Search CPs from nuclear positions; 3: Search 
CPs from midpoint of atomic pairs; 4: Search CPs from triangle center of three atoms; 5: Search 
CPs from pyramid center of four atoms; 7: Show real space function values at specific CP or all 
CPs; Hint: after input 7 and press enter, the software ask you continue enter the index of the CP, 
and you can input 0, and the properties of all CPs will be outputted to CPprop.txt. 8: Generating 
the paths connecting (3,-3) and (3,-1) CPs; 9 Generating the paths connecting (3,+1) and (3,+3) 
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CPs.). 
RESULTS AND DISCUSSION 

 
Crystal structure description 
 
The structure of benzyl viologen (BV) dinitrate described in Figure 1(a) and Table 1. It crystallized 
in the monoclinic system with a P21/c space group, the lattice constants a = 6.3633(8) Å, b = 
13.1291(17) Å, c = 13.1486(14) Å, and β = 94.603(11)o. We can see each pyrdine N atom fused 
on a benzyl group and the N atom become a positive monovalent cation; the counter nitrate cations 
are lie at the two side of the structure. The C7-N1 distance is 1.500 Å, the C6-C7 distance is 1.504 
Å, the N1-C7-C6 angle is 112.25o, and the dihedral angle between benzene plane (contains atoms 
C1 to C6) and the pyridine ring plane (contains atoms N1, C8 to C12) is 105.73o.  

In crystal lattice, there are C−H···O hydrogen bonds (the C11−H11···O2#1, C12−H12···O1#2, 
C7−H7A···O1#3, C7−H7B···O1#2 and C9−H9···O2#4, in Table 2) and the π···π stacking 
interactions as color circle displayed in Figure 1(b). The distances between the center of gravity 
for the rings are 3.808 Å [Cg(1)···Cg(2)P and Cg(2)···Cg(1)Q] and 3.925 Å [Cg(2)···Cg(2)R, 
symmetry code, P = x, 3/2-y, 1/2+z; Q = x, 3/2-y, -1/2+z; R = 1-x, 1-y, 1-z]. 
 
Table 1. Crystal and refinement data obtained for BV dinitrate. 
 

CCDC 2281830 Name  Benzyl viologen dinitrate  
Empirical 
formula 

C24H22N4O6 μ/mm-1  0.103  

Formula weight 462.45 F(000)  484.0  
Crystal system Monoclinic Crystal size/mm3  0.21 × 0.20 × 0.19  
Space group P21/c Radiation  MoKα (λ = 0.71073)  

a/Å 6.3633(8) 
2Θ range for data 
collection/°  

10.594 to 59.824  

b/Å 13.1291(17) Index ranges  
-8 ≤ h ≤ 8, -16 ≤ k ≤ 17, -16 ≤ l ≤ 
17  

c/Å 13.1486(14) Reflections collected  8543  

α/° 90  Independent reflections  
2781 [Rint = 0.0313, Rsigma = 
0.0369]  

β/° 94.603(11) 
Data/restraints 
/parameters  

2781/0/159  

γ/° 90 Goodness-of-fit on F2  1.071  

Volume/Å3  1094.9(2) 
Final R indexes  
[I>2σ (I)]  

R1 = 0.0660, wR2 = 0.1799  

Z 2 Final R indexes [all data]  R1 = 0.0928, wR2 = 0.2033  
ρcalcg/cm3 1.403 Largest diff. peak/hole /e Å-3  0.86/-0.53  

 
Table 2. Hydrogen bonds of the BV dinitrate. 
 

D−H···A D−H (Å) H···A (Å) D···A (Å) D−H···A (°) 
C11−H11···O2#1 0.93 2.41 3.325(3) 168.4 
C12−H12···O1#2 0.93 2.47 3.344(3) 156.7 
C7−H7A···O1#3 0.97 2.50 3.327(3) 143.2 
C7−H7B···O1#2 0.97 2.53 3.452(3) 158.6 
C9−H9···O2#4 0.93 2.39 3.299(3) 165.1 

#1: -x, 1-y, 2-z; #2: -x, 1/2+y, 3/2-z; #3:1-x, 1/2+y, 3/2-z; #4: 1+x, +y, +z. 
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Figure 1. (a) The structure of BV dinitrate. (Drawn at 30% ellipsoid contour probability level, 

symmetry code #1: 1-x, 1-y, 2-z). (b) The C-H···O hydrogen bonds (black dotted lines), 
π···π interactions [pink (Cg(2)···Cg(2)) dotted lines and green (Cg(1)···Cg(2)) dotted 
lines] of BV dinitrate. The green oval dashed box represent for 6-membered ring (1): 
N(1) → C(8) → C(9) → C(10) → C(11) → C(12) →; The pink oval dashed box 
represent for 6-membered ring (2)  C(1) → C(2) → C(3) → C(4) → C(5) → C(6) →; 
The white ball Cg represent for the center gravity of the ring. 
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Hirshfeld surface analysis 
 
In recent years the analysis of molecular crystal structures using software based on Hirshfeld 
surfaces has become into fashioned [24, 25], they were performed calculated and drawn using 
CrystalExplorer software [26]. Hirshfeld surface analysis comprising curveness surface, de 
surface, dnorm- and shape index-surfaces, and 2D fingerprint plots (FP).  

As shown in Figure 2(a), the hydrogen bonds result in red spots near the hydrogen bonds 
acceptor and donor atoms in dnorm surfaces, while hydrogen bonds result in red and yellow spots 
spots in de surfaces.  

 

 
 
Figure 2. The Hirshfeld surface analysis of the BV dinitrate. (a) The curveness surfaces, de 

surfaces, dnorm surfaces and shape-index surfaces mapped on Hirshfeld surface. (b) 2D 
fingerprint plots for BV dinitrate (di is the closest internal distance from a given point 
on the Hirshfeld surface and de is the closest external contacts). (c) The relative 
contributions of the intermolecular interactions. 
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The weak C–H∙∙∙O hydrogen bond interactions in the compound demonstrated in the de surface 

and dnorm-surface. It can be seen that spot “a” correspondences to C12−H12···O1. The spot “b” 
correspondences to C11-H11···O2. The spot “c” correspondences to C9-H9···O2. The pale 
yellow spot “d” on de surface correspondences to C7−H7A···O1 and the faint red spot on dnorm 
surface correspondences to C7−H7B···O1. 

By observing the fingerprint plot (Figure 2(b)), we attempt quantitatively analyze the 
significant intermolecular interactions in the crystal structure. The H∙∙∙O intermolecular 

interactions in the compound, appeared as two distinct long sharp spikes in the FP, at di + de ≈ 

0.95 + 1.25 = 2.20 Å, which is roughly close to the observed hydrogen bonds’ H∙∙∙O distance of 

2.39~2.53 Å (Table 2). In this molecule, there are two spikes appear at (di, de) ≈ (0.95 Å, 1.25 Å) 

and (de, di) ≈ (1.25 Å, 0.95 Å, Figure 2(b)), and the spikes appear in the same manner. 

The C∙∙∙C close contacts appear as a blunt spike at (de, di) ≈ (1.70 Å, 1.70 Å) in the FP, 

occurring at di + de ≈ 3.40 Å, it appear as the spike at di + de distances are close to the Cg∙∙∙Cg 

distances in crystal (3.81, 3.92 Å, Figure 2 (b)). It corresponds to the π∙∙∙π stacking interactions. 
The relative contributions of the intermolecular interactions to the Hirshfeld surface for the 
compound were calculated (the bar diagram in Figure 2(c)). The greatest contribution (41.8 %) is 
from H∙∙∙O contacts, after that it is the H∙∙∙H contacts (32.6 %), and H∙∙∙C/C∙∙∙H contacts is 15.3 %, 
then the C∙∙∙C contacts (which is stands for the π∙∙∙π intermolecular interactions, 6.2 %), the 
contribution from the H∙∙∙N/N∙∙∙H contacts is 3.0 %, finally, the C∙∙∙N contacts is 1.1 %. 
 
Infrared spectroscopy 
 
The strong vibrations at 3127 cm-1 attributed to the C-H stretching vibration of benzene ring [27]. 
The vibrations at 1737 cm-1 may ascribed to the C-C stretching vibration of dipyridine ring. The 
vibrations at 1637 cm-1 may be due to the inplane antisymmetric stretching vibration of the 
dipyridine ring. The vibrations at 1559 cm-1 may cause by the inplane symmetric stretching 
vibration of the dipyridine ring. The vibrations at 1499 and 1446 cm-1 may be caused by the 
symmetric and antisymmetric stretching vibrations of the nitrate ion. The vibrations at 1381 cm-1 
may be because the rocking vibration of the dipyridine ring and the symmetric strenching 
vibration of nitrate ion. While the vibrations at 745 and 699 cm-1 may the C-H antisymmetric 
stretching vibrations of the benzene rings. 
 
NMR spectra 
 
From Figure 3(a), we can see there are sharp peaks on the spectrum, the peak’s the chemical shift 
(δ) sited at 0.0 is the reference material (TMS), and the peaks at 2.51 and 3.39 ppm are the 
deuterated solvent DMSO and the trace amount of water in DMSO. The peak at 5.95 ppm is 
attribute to the methylene hydrogen atom (2H, -CH2-). The peak at 7.46 ppm is hydrogen atoms 
of the substitute benzene ring, which is the meta-(m) and para-(p) site hydrogen atoms of benzene 
ring (3H). The peak at 7.61 ppm is also the hydrogen atoms of the benzene ring, which is the 
ortho-(o) site hydrogen atoms of benzene ring (2H). The peak at 8.76 ppm is the hydrogen atoms 
of the pyridine ring, which is the meta-(m) site hydrogen atoms of pyridine N atom (2H). The 
peak at 9.51 ppm is the hydrogen atoms of the pyridine ring, which is the ortho- (o) site hydrogen 
atoms of pyridine N on the pyridine ring (2H). The integration is 1:1.5:1:1:1, which is in 
accordance with the compound 2H:3H:2H:2H:2H. 

Figure 3(b) suggested the chemical shift at 63.33 ppm is methylene CH2-’s peak. The chemical 
shift at 127.08 ppm is attribute to the pyridine N’s meta (m) site carbon atoms on the pyridine 
ring. The chemical shift at 128.76 ppm was corresponding to the substituted benzene ring’s meta 
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(m) position carbon atom. The chemical shift at 129.13 ppm was due to the substituted benzene 
ring’s ortho (o) site carbon atom. The chemical shift at 129.37 ppm was result of the substituted 
benzene ring’s para (p) site carbon atom. While the chemical shift at 133.97 ppm was 
corresponding to the substituted benzene ring’s ipso (i) site of the carbon atom. The chemical shift 
at 133.97 ppm was corresponding to the substituted benzene ring’s ipso (i) site of the carbon atom’ 
peak. 
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Figure 3. The 1H (a) and 13C (b) spectra of BV dinitrate in solvent DMSO-d6. 
 
Molecular orbital 
 
For computing the electron cloud, the modeling the initial guess of BV dinitrate was obtained 
from the X-ray refinement data (cif). We opted the model neutral structure in calculation. The 
calculation covered 56 atoms, 242 electrons, 712 basis functions, 1198 primitive gaussians, 121 
α electrons and 121 β electrons for the model of compound. As the model does not have a single 
electron, the spin multiplicity is 1. The total molecular energy is –1597.501 a.u., the energies of 
HOMO and LUMO are –0.334 and –0.046 a.u., respectively, with the ΔE(ELUMO–EHOMO) 
value to be –0.288 a.u., which shows the complound is stable [28] in ground state. The HOMO 
(H) and LUMO (L) of BV dinitrate, from Figure 4 we can see the LUMO electron cloud is mainly 
located at the 4,4'-bipyridine, and the HOMO electron cloud is mainly sited at the benzene ring. 
 

 
 
Figure 4. The HOMO and LUMO of BV dinitrate (H = HOMO, L = LUMO). 
 
Atoms in molecules (AIM) 
 
The topology analysis proposed by Bader was initially used for researching electron density in 
"atoms in molecules" (AIM) theory [10, 29]. In AIM theory, it based on the parameters at a bond 
critical point (BCP is the corresponding electron density analysis, position (3, -1)). Popelier 
insisted that the hydrogen bond’s electron density at BCP (ρBCP) should be in the scope of 0.002–
0.035 a.u. and the electron density Laplacian value (∇2ρBCP) should be confined in the region from 
0.024 to 0.139 a.u. [30]. 

The general view of Figure 5 shows the existence of a BCP in each hydrogen bond (C–H···O 
bond). The electron density (ρBCP) and Laplacian electron density (∇2ρBCP) of BCP in the 
compound are listed in Table 3. 
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Figure 5. The abridged general view of hydrogen bonds BCP (pink ball) from the four quaternary 

model of the BV dinitrate. (Other BCPs were omitted for clarity). 
 

The larger value of ρBCP and ∇2ρBCP is found for the C–H···O, suggesting that hydrogen bond 
interaction are the stronger. The ρBCP value (from 0.008 to 0.011 a.u.) for the C–H ···O hydrogen 
bonds are all in the suggested interval of 0.002–0.035 a.u. [30, 31] for the hydrogen bond. The 
sum of Hessian matrix eigenvalues of electron density λ1, λ2, and λ3 is ∇2ρBCP. The numeric value 
of ∇2ρBCP for C–H···O interactions are in the region of 0.0285–0.0391 a.u. for hydrogen bonds. 
Bader et al. believed that for the closed-shell interactions, the ∇2ρBCP value is positive [29, 32]. 
Clearly, based on Table 3, the C–H···O hydrogen bonds we studied are remained with the typical 
closed-shell interactions. 

 
Table 3. The distance d(D···A), interaction energies (Eint), the electron density (ρBCP), the Laplacian of 

electron density (∇2ρBCP), and the eigenvalues of Hessian at BCP (λ1, λ2 and λ3) of BV dinitrate. And 
the local properties at BCP: the potential energy density, V(b), the Lagrangian kinetic energy density, 
G(b), as well as the total energy density H(b) of the title compound were computed at ωB97XD/6-
311+G(d) level. The strength of bond, interaction energy (Eint), is obtained based on the electron 
density ρBCP fitting formula which usted the Lu et al. proposed fitting formula: Eint = -223.08 × ρBCP 
+ 0.7423 [33]. [The symmetry codes (#1, #2 and #3) are the same as Table 2. The unit of d is Å, the 
unit of Eint is kcal·mol-1, |V(b)/G(b)| is an ratio, no unit, other units are atom unit (a.u.).]. 

 
Interaction C11−H11···O2#1 C12−H12···O1#2 C7−H7A···O1#3 C7−H7B···O1#2 C9−H9···O2#4 
d(D···A) 3.325(3) 3.344(3) 3.327(3) 3.452(3) 3.299(3) 

Eint -1.1316 -0.9977 -1.221 -1.0647 -1.6000 
ρBCP 0.0084 0.0078 0.0088 0.0081 0.0105 

∇2ρBCP 0.0353 0.0312 0.0309 0.0285 0.0391 
λ1 -0.0082 -0.0078 -0.0084 -0.0072 -0.0109 
λ2 -0.0074 -0.0070 -0.0077 -0.0061 -0.0105 
λ3 0.0509 0.0460 0.0470 0.0418 0.0604 

V(b) -0.0054 -0.0048 -0.0054 -0.0052 -0.0067 
G(b) 0.0071 0.0063 0.0066 0.0062 0.0082 
H(b) 0.0017 0.0015 0.0011 0.0010 0.0015 

|V(b)/G(b)| 0.7606 0.7619 0.8182 0.8387 0.8171 
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Morrison [34], and Espinosa [35] et al. [36] suggested bond interactions are classified 
according to the |V(b)|/G(b) ratio. The ratio |V(b)|/G(b) < 1, the bonded interaction is regarded as 
the closed shell, when |V(b)|/G(b) > 2, it is considered as the typically covalent interaction; and 
when 1 < |V(b)|/G(b) < 2, it is the intermediate character. As it is presented in Table 3 , the mean 
Lagrangian kinetic energy density is a bit larger than the mean potential energy density for the  
C–H···O interactions. It brings about the total energy density H(b) is drawn near to 0 and the 
|V(b)|/G(b) ratio is in the range from 0.7606 to 0.8387, and it is less than 1.0. So, the C–H···O 
interactions are the closed shell for the model of the compound in another view of the perspective. 

 
Molecular docking 
 

Molecular docking is an efficient technique providing important information about the binding 
mechanism, affinity and activity of drug candidates to their protein targets such as lysozyme [37]. 
Lysozyme (Lys) is a small globular monomeric protein, the most widely studied one following 
human/bovine serum albumin. Lys is composed of 129 amino acid residues with six tryptophan 
(Trp), three tyrosine (Tyr) residues and four disulfide bonds and is known as a highly functional 
protein in our body system [38]. Lys shows antibacterial action by hydrolyzing the bond in the 
middle of Nacetylglucosamine and N-acetylmuramic acid of the bacterial cell wall. Hen egg Lys 
is 60% sequence homologous to human Lys [39] and is suitable for use as a model protein for 
studying protein-ligand interactions [37]. 

The molecular modeling study is performed on AutoDock 4.2 suite of programs [40]. The 
Lamarckian genetic algorithm (LGA) in AutoDock 4.2 is used to study the interaction between 
hen egg lysozyme (Lys) and BV. The Lys structure acquired from the RSCB Protein Data Bank 
(website: https://www.rcsb.org/, PDB ID 6LEV). Before docking, we removed four types of small 
molecules: NDP, EA0, PO4

3- and water molecules. The protein contains chain A and chain B, we 
also removed the repeated B chain with PyMol molecular graphic system [41]. For docking study 
of Lys in the presence of BV ligand, ten independent docking runs carried out. The visualization 
of the docked position has been drawn with PyMol. 

 

 
Figure 6. Docking interaction of Lys-BV binding. 
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The obtained docking result for Lys-BV interaction is given in Figure 6. In docking results, 
10 conformers obtained and among which the conformer with the lowest binding free energy has 
found, and the lowest binding energy is -5.28 kcal/mol, the inhibition constant (Ki) is 135.11 μM 
and the RMSD Reference is 70.21. The BV molecule is surrounded by 8 amino acid residues of 
Lys within 4 Å (Figure 6), there are 5 hydrophobic residues (LEU473, PHE437, VAL479, TRP477 
and ILE492) and 3 hydrophilic residues (CYS475, TYR508 and ARG510) [37]. Therefore, it may 
be conferred that the interaction between BV and Lys is dominated by hydrophobic interactions.  

Generally, there are variances theoretical or empirical results as the X-ray structure of the 
protein from crystals is dissimilar from the aqueous system used, which affect the 
microenvironment of ligand [42]. Therefore, the results from docking studies can provide a 
suitable structural basis to correlate the experimental results of Lys-BV system. 
 

CONCLUTION 
 
We synthesized the 1,1'-dibenzyl-[4,4'-bipyridine]-1,1'-diium nitrate, and the structure analysis 
reveals it crystallized in the monoclinic system with a P21/c space group. In the crystal lattice, 
there are C-H···O hydrogen bonds and the π···π stacking interactions. In Hirshfeld surface 
analysis, the weak C–H∙∙∙O hydrogen bond interactions demonstrated in the de surface and dnorm-
surface. The NMR spectra is accordance with the crystal structure.  

The HOMOs of the compound are mainly located at the benzene ring. The AIM analysis 
shows that the ρBCP and ∇2ρBCP value is found for the C–H···O hydrogen bond interaction. The 
ρBCP value (from 0.008 to 0.011 a.u.) for the C–H···O hydrogen bond. The numeric value of ∇2ρBCP 
for C–H···O interactions are in the region of 0.0285–0.0391 a.u. for hydrogen bonds. They 
belongs to the typical closed-shell interactions, the ∇2ρBCP value is positive. The molecular 
modeling study shows the lowest binding binding energy (of 10 conformers) is -5.28 kcal/mol. 
Moreover, the interaction between BV and Lys dominated by hydrophobic interactions. This 
research has some scientific merit in exploring BV compounds. 
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