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A B S T R A C T   

In the present investigation, molecular docking studies have been performed using AutoDock Vina to investigate 
the role of ligand-binding affinity at the hydrophobic pocket of COVID-19. The knowledge of the binding of 
protein receptors with ligand molecules is essential in drug discovery processes. Hydroxamic acids with reported 
biological activity, have been investigated for docking to an important target, SARS-CoV-2, in order to predict 
their therapeutic efficacy. The spike protein of the coronavirus is responsible for the attachment to host cells and 
a positive-sense single-strand RNA, (+)ssRNA, is a genetic material that can be translated into protein in the host 
cell. We modeled the structure of SARS-CoV-2 with the ligands, hydroxamic acids. They show binding capability 
with both, Spike protein and (+)ssRNA. The twain exhibit negative binding energies which signify that reactions 
are spontaneous, strong, and fast. The present research proposed hydroxamic acids as molecules which can be 
used for the development of anti-virals therapeutics against SARS-CoV-2.   

1. Introduction 

The present work is an approach to design new generation candidate 
drugs to inhibit SARS-CoV-2 through a molecular modeling approach. 
For structure-based drug design, molecular docking is a key tool in 
structural molecular biology and computer-assisted drug design to find 
the strongest candidate of the drug for various diseases. This technique 
involves the computational simulation of a ligand, binding to a receptor. 
To design a biologically active compound lots of money is required, (i) 
for their synthesis, (ii) to perform the physico-chemical/biological 
characterization of the huge number of molecules, and (iii) to separate 
the active product from the thousands of synthesized molecules followed 
by its testing and modification. Therefore, in-silico studies are important 
to save time and money. Molecular docking predicts the experimental 
binding modes and affinity of small molecules within the binding site of 
the particular receptor target which is generally DNA, RNA, or some 
other biopolymer [1]. In this technique, the 3D structure of a potential 
ligand (drug) is superimposed on the receptor target site to predict the 
structure of the intermolecular complexes thus formed. It also forecasts 
the strength of the binding and the binding affinity between ligand and 
receptor using scoring functions. If the binding specificity and strength 
of this protein can be mimicked by a small molecule, then RNA/DNA 

function can be artificially modulated, by binding this molecule. 
COVID-19 is a positive sense, single-strand RNA, +ssRNA, associated 

with nucleoprotein within a capsid comprised of matrix protein and 
features the largest RNA genome known to date [2,3]. SARS-CoV-2, 
SARS-CoV, and MERS-CoV are responsible for severe respiratory 
illness. The SARS-CoV-2, is of zoonotic origin and a member of the 
coronviridae genus, specifically of Betacoronavirus based on the nucle-
otide sequence unlike the MERS-CoV [4–8]. The spike protein of SARS- 
CoV-2 is responsible for the attachment at the host cell membrane, 
where it starts infecting the host [9,10]. It is reported that the human 
receptor for COVID-19 is ACE-2/CD26 [11,12], and the virus is SARS- 
CoV-2, a severe acute respiratory syndrome coronavirus. Treatment of 
COVID-19 is done by many therapeutics including some anti-virals but 
still, more effective therapeutics are needed especially for patients with 
co-morbidities [13–15]. Structures of SARS-CoV-2 and (+)ssRNA 
[16,17], are portrayed in Fig. 1. 

N-Arylhydroxamic acids, the excellent DNA and RNA binders 
[18–25], of the general formula, R1-N-OH.R2-C––O are neutral, poly-
functional molecules. The pharmacological property of these is associ-
ated with their characteristic feature, hydroxamic acid functional group, 
-N-OH, C––O, which contains both Hydrogen-Bond Donor (HBD) and 
Hydrogen-Bond Acceptor (HBA) sites [19,20]. 
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In the present investigation, in-silico docking studies were performed, 
using AutoDock Vina, to investigate the role of N-arylhydroxamic acids 
as effective inhibitors of SARS-CoV-2 of COVID-19. 

2. Materials & methods 

2.1. Analysis of drug likeness of hydroxamic acids 

The drug-likeness of hydroxamic acids was carried out by Lipinski 
filter (http://www.scfbio-iitd.res.in/software/drugdesign/lipinski.jsp), 
according to which an orally active drug should comply to a minimum of 
four of the five laid down criteria for drug-likeness. These are molecular 
mass, H-bond donor and H-bond acceptor sites, lipophilicity, clogP 
along with molecular refractive index [21]. This rule states that if a 
molecule has Molecular Weight ≤ 500, Lipophilicity ≤ 5, HBD sites≤ 5, 
and HBA sites ≤ 2 × 5, then a molecule can act as a drug in the biological 
system and worthy testing for biological assay. All the hydroxamic acids 
investigated here fulfill this rule. 

2.1.1. Hydroxamic acids and H-Bonds 
In life sciences, H-bonds are important as they are involved in the 

most specific molecular interactions of neutral molecules with the re-
ceptors and are the weak bonds, rapidly form and break [22,23]. H-bond 
interactions play a crucial role in protein–ligand stability and are also an 
important parameter to determine which amino acid residues are 
necessary for docking interactions. 

2.1.2. Hydroxamic acids and Lipophilicity, cLogP 
Lipophilicity of compounds of therapeutic interest is an important 

parameter to understand the transport process across biological barriers 
[24]. It is a physicochemical parameter that depends on both, the 

molecule itself and intermolecular interactions. Collander [25], pro-
posed that the rate of movement of organic molecules through the 
cellular material is α to lipophilicity. As per Lipinski [21,26], lip-
ophilicity should be less than “5. Substances with high LogP values are 
so hydrophobic that they partition very poorly into the aqueous com-
ponents of biological systems. Such compounds remain with the lipid 
components and are generally poorly absorbed. These are generally 
bioaccumulated into fat tissue. Compounds with lower LogP do not 
bioaccumulate because of their low affinity for lipids. 

Calculated lipophilicity, cLogP, were obtained following the Bio- 
Loom program of BioByte Company [27,28,29], and the values are 
presented in Table 1. 

Fifteen N-arylhdroxamic acids were chosen as ligands [30–34]. Their 
structure and relevant properties are focussed on in Table 1. 

2.2. Molecular docking 

The present work is an approach to screen new generation candidate 
drugs to inhibit SARS-CoV-2 through molecular docking method by 
applying the databases from Drug Bank, PubChem, Protein Data Bank, 
PDB, and software like AutoDock Vina, PyMOL 2.3.4, Chem3D Ultra 
10.0, and Marvin Sketch version 16.12.5 were employed [35] for 
analysis. 

2.2.1. Preparation of target 
The leading part of targeted bio-macromolecules structure of SARS- 

CoV-2 Spike glycoprotein holding the heterotrimer chain A, B, and C, 
and +ssRNA, were downloaded from the PDB database from www.rcsb. 
org. The crystal structure of the targeted SARS-CoV-2 spike glycoprotein 
has the PDB ID of 6VSB [36] and +ssRNA has the PDB ID of 6NUD [37]. 
The targets spike glycoprotein and +ssRNA were optimized for the 

Fig. 1. (a) Structure of SARS-CoV-2 virus: Components of the structure of the SARS-CoV-2 virus labeled with spike proteins, M− proteins, HE, E, and RNA with 
Nucleocapsid (N) proteins. (b) Structure of trimer Spike glycoprotein of SARS-CoV-2 virus showing S2 Domain and S1 Domain (PDB ID-6VSB) (c) Structure of single- 
stranded ribonucleic acid showing the nucleobases and phosphate backbone (PDB ID-6NUD). 
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Table 1 
Hydroxamic Acids: HBA, HBD Sites, and Calculated Lipophilicity.  

S. No. Hydroxamic Acid 2D Structure 3D Structure HBA HBD cLog P 

1 N-Phenyl-benzo- 3 1  2.35 

2 N-Phenyl-2-chlorobenzo- 4 1  2.89 

3 N-Phenyl-4-chlorobenzo- 4 1  2.94 

4 N-Phenyl-2,4-dichlorobenzo- 5 1  3.54 

5 N-Phenyl-4-methylbenzo- 3 4  2.98 

6 N-Phenyl-4-nitrobenzo- 6 1  1.68 

7 N-Phenyl-4-ethoxybenzo- 4 6  2.85 

8 N-Phenyl-salicylic- 4 2  2.07 

9 N-Phenyl-naphtho- 3 1  3.49 

10 N-Naphthyl-benzo- 3 1  3.31 

(continued on next page) 
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docking process. All the water molecules and heteroatom were removed 
and polar hydrogen atoms and charges were added to receptor mole-
cules before initializing the molecular docking process. For the SARS- 
CoV-2, spike glycoprotein specifically, chain A is mainly kept into the 
grid as it is the receptor-binding domain. Docking was completed by 
taking all the rotatable bonds of the complex as rotatable and receptor as 
rigid. The grid spacing of 1.0 Å with a grid box size of 40 × 40 × 40 Å 
was used that incorporates the active site of SARS-CoV-2 spike glyco-
protein and the nucleobases of (+)ssRNA. Default values were taken for 
other parameters needed for docking. The PDBQT file was generated for 
the target which was further used for the molecular docking process 
[38]. 

2.2.2. Preparation of ligand 
3-D structures of the compounds 1 to 15, were prepared using 

Marvin Sketch version 16.12.5. The PDB structures were generated with 
the help of Chem3D Ultra 10.0. Using the MMT algorithm for optimi-
zation of the ligands, the lowest energy conformations for further 
docking were selected. 

2.2.3. Molecular docking by AutoDock Vina 
AutoDock Vina is an automated program applied to predict ligand 

and protein interaction. This software is developed and maintained by 
Scripps Research Institute [39]. It is open-source molecular modeling 
software mainly used for protein–ligand docking. It was optimized to use 
a model containing +ssRNA and different hydroxamic acids that include 
polar hydrogen atoms, but not the hydrogen atoms bonded to carbon 
atoms. The AutoDock tool (ADT) file with AutoDock Vina was used for 
molecular docking, which uses an empirical scoring function based on 

the free energy of binding [40,41]. The docking analysis of ligands 1 to 
15, which were selected as a ligand with SARS-CoV-2 spike glycoprotein 
and +ssRNA were carried out. The Lamarckian Genetic Algorithm (LGA) 
was used among the AutoDock suite. Employing the MGL Tool 1.5.6. and 
PyMOL 2.3.4.; the analysis of docking results and binding sites was 
performed, respectively. Various interactions like hydrogen bonding, 
hydrophobic interactions, π - π stacking, and halogen bonding along 
with the distance between the ligand and target were analyzed 
thoroughly. 

2.2.4. 2-D interaction diagram for Protein-Ligand interactions 
2-D interaction diagram of protein–ligand interaction was very 

worthy for the proper visualization of the actual residues, interacted to 
the ligand molecule. Here we used a protein–ligand interaction profiler- 
PLIP for the generation of a 2-D interaction diagram [42]. The docked 
structures were saved in the form of the PDB with the help of out and 
pdbqt files of the ligand and protein from PyMOL 2.3.4. 

3. Results & discussion 

In computational chemistry and molecular modeling, scoring func-
tions are mathematical functions used to predict the binding affinity 
between two molecules after they have been docked. The smaller is the 
value of binding affinity, the greater is the affinity of the ligand to bind 
with the target. Binding free energy is the sum of all the intermolecular 
interactions that are present between the ligand and target. The docking 
score is the scoring function used to predict the binding affinity of both 
ligand and target once it is docked. Molecular docking is an important 
tool to know the protein–ligand interaction relationship. It plays a key 

Table 1 (continued ) 

S. No. Hydroxamic Acid 2D Structure 3D Structure HBA HBD cLog P 

11 N-p-Tolylbenzo- 3 4  2.73 

12 N-p-Chloro-phenyl-benzo- 4 1  2.82 

13 N-p-Chlorophenyl-2,4-dichlorobenzo- 6 1  3.88 

14 N-p-Chlorophenyl-4-chlorobenzo- 5 1  3.54 

15 N-p-Chlorophenyl-4-bromobenzo- 5 1  3.46  
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role in stabilizing the complex and energetically favored the ligand in an 
open conformational environment of protein structures [43,38]. 

In the present study, ligand-target complex interactions are derived 
from hydrophobic, van der Waals’s contacts, polar interactions through 
H-bonds and electrostatic attraction. When the ligands were analyzed 
following In-Silico computational docking tools, they successfully 
docked against the inhibitor region of SARS-CoV-2 and generated 
negative values of binding energy suggesting the high affinity for 
binding pockets of COVID-19. 

3.1. Molecular docking of N-Arylhydroxamic acids as ligand and SARS- 
CoV-2 spike glycoprotein as target 

Docking predicted the experimental binding modes and affinity of 
small molecules with the binding sites of the particular receptor target. 
In the present study, spike glycoprotein is used as the target and 
hydroxamic acids as ligands. They interact, showing different poses at 
binding sites, and are positively docked into the receptor-binding 
domain specifically to the S1 domain of the spike glycoprotein. The 
docking results show that all the N-arylhydroxamic acids docked with a 
negative dock energy value and low acquired binding energy which 
support the spontaneous ligand-target interactions. The lowest binding 
energy was found for N-phenyl-naphtho- (ligand 9), and N-naphthyl- 
benzo- (ligand 10), hydroxamic acids which are − 7.0 Kcal/mol to bind 
with spike protein. The result suggests strong and effective binding of 
these ligands, which stabilizes the target properly. Interactions involve 
are mainly supported by hydrophobic and hydrogen bondings like, 
-N–H–O-, -O–H–O-. Halogen bondings are accountable in chloro 
derivatives as -Cl-O- and π-π stacking, where rings and -C–C- bonds are 
employed. The molecular interaction study also indicates that more than 
one active site residue is involved for each ligand studied here. The 

distance between interacting residues and ligand ranges from 1.93 to 
5.31 Å. 

The detailed interaction profile of the most potent ligand, N-phenyl- 
naphtho hydroxamic acid, ligand 9 is explored in Fig. 2. The docked 
structures of other ligands in the binding pocket of spike protein resi-
dues, hydrogen-bond distance, interactions exhibited, and π-π stacking 
are presented in Fig. 3. The binding energies are depicted in Table 2 and 
details of all ligands, including predicted key residues involved in the 
interactions, distance between interacting residues, and ligand atom are 
portrayed in Table S1. 

3.2. Molecular docking of N-Arylhydroxamic acids with the genome of 
COVID-19, +ssRNA 

(+)ssRNA is the target of great importance for therapeutic in-
terventions. Many diseases are caused due to the viral infection having 
the RNA as genetic material which is the core reason for the multipli-
cation of the infected cells in the host body. In the present study, all the 
molecules interact with +ssRNA, which may eventually lead to inhibit 
the functionality of this particular genetic material. 

The molecular docking results recommended that N-arylhydroxamic 
acids interact with the adenine (A14, A15, A16, or/and A17 as per de-
mand) and uracil 14 (U14) bases of +ssRNA of COVID-19. 

The parent compound, ligand- 1, interacts with the A16 and U14 
bases via hydrogen bonding, the hydrogen atom of ligand interacted 
with the oxygen atom of the base of RNA. A17 and U14 bonded via 
-C–H, and the interactions are hydrophobic. Binding of the A15 through 
a phosphate group and U14 through the oxygen of RNA to the oxygen 
atom of the ligand is found. The binding energy is 5.9 Kcal/mol, which 
indicates that the interaction is spontaneous. Ligands-2 and 3 possess 
the same interacting residues, however, the distance of interacting bases 

Fig. 2. Interaction of N-phenyl-naphthohydroxamic acid as ligand and SARS-CoV-2 Spike glycoprotein of COVID-19 (PDB-ID: 6VSB) as a target. (a) Structure of Spike 
protein with ligand showed in a zoomed view (b) Surface representation of the interacting ligand with SARS-CoV-2 Spike glycoprotein, (c) 2D interaction diagram 
showing the interaction of SARS-CoV-2 Spike glycoprotein with a ligand having all the interacting residues. Hydrogen bonds are depicted in blue color and hy-
drophobic interactions are shown in grey-colored dashes and π-π stacking is portrayed in green-colored dashes with white balls in aromatic rings. 
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and ligand are different. All the interacting residues are the same for 
Ligands-4 and 12. The binding energy, observed is − 5.6 Kcal/mol and 
− 5.5 Kcal/mol, respectively. Ligand 5, forms a bond with A16 and A15. 
A17 forms -C–H bond and the interaction are hydrophobic. Ligand-6, 
shows the hydrogen bonding interaction with the bases A15, A16, A17, 
and U14, and the oxygen and hydrogen atoms participate in the binding. 
The smallest distance between the ligand and the base is 1.9 Aͦ and the 

largest distance is 2.9 Aͦ. The binding energy, evaluated is − 6.1 Kcal/ 
mol. In ligand-7, A16 and U14 interact through -O–H bond and A15 and 
U14 through –O–O- interaction. U14 and A17 amid -C–H, the hydro-
phobic interaction. The binding energy, observed is − 5.2 Kcal/mol. 
Ligand-8 binds through oxygen and hydrogen atoms to A15. A16 bases 
interact via -O–H, -N–H, -C–H, and H–H bonds to the ligand. This 
ligand also shows oxygen–oxygen interactions by the U14 base. In 

Fig. 3. Surface representation and 2D interaction diagram. Docked structures of Hydroxamic Acids with the target SARS-CoV-2 Spike glycoprotein of COVID-19 
(PDB-ID: 6VSB). 
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ligand-9, interaction with the nucleobases through hydrogen bonding 
takes place. Here the residue involves is A16 via the -O–H bonding and 
the oxygen atom of the ligand is participating in the interaction. A15 and 
A17 are also attached to the ligand through -C–H bonding, involving 
hydrophobic and -O–O- interactions, respectively. U14 is also involved 
via -O–H and -C–H bonding. The binding energy, calculated is − 6.1 
Kcal/mol. Ligand-10 having the interacting residue A15 which forms 
hydrogen bonding via -O–H and oxygen atom of ligand. A16 also forms 
-O–H bond where PO2 of RNA and hydrogen of the ligand are involved. 
A17 and U14 via -C–H bonds are responsible for the hydrophobic in-
teractions. Ligand-11 interacted through H-bonding with the residue 
A16, where the oxygen atom of ligand involves. A15 binds through its 
oxygen to the oxygen atom of the ligand. A17, U14, and A15 bind via 
-C–H bond through hydrophobic interactions. Ligand-13 shows the 
same residues as ligand-15, except for A17 which is absent in this case. 
In ligand-14, nucleobases A16 and U14 interact through -O–H bond 
and H-bonding. U14 interacts through the oxygen and phosphate 
groups. U14 and A17 amid -C–H, the hydrophobic interaction. Ligand- 
15 shows that A15 and A16 interact through -O–H and hydrogen bonds, 
A15 and U14 through oxygen and phosphate group through -O–O- 
bonding interaction. U14 and A17 amid C–H, the hydrophobic 
interaction. 

Fig. 3. (continued). 

Table 2 
Binding Energies of Hydroxamic Acids Employing AutoDock Vina Spike Protein 
(PDB ID-6VSB) and +ssRNA (PDB ID-6NUD) of COVID-19.  

S. No. Hydroxamic Acid Binding Energy (kcal/mol) 

Spike Protein +ssRNA 

1 N-Phenyl-benzo- − 6.0 − 5.9 
2 N-Phenyl-2-chlorobenzo- − 6.0 − 5.7 
3 N-Phenyl-4-chlorobenzo- − 6.1 − 5.5 
4 N-Phenyl-2,4-dichloro-benzo- − 6.2 − 5.2 
5 N-Phenyl-4-methylbenzo- − 6.6 − 5.5 
6 N-Phenyl-4-nitrobenzo- − 6.5 − 6.1 
7 N-Phenyl-4-ethoxybenzo- − 6.0 − 5.2 
8 N-Phenyl-salicylic- − 6.1 − 6.0 
9 N-Phenyl-naphtho- − 7.0 − 6.1 
10 N-Naphthyl-benzo- − 7.0 − 6.0 
11 N-p-Tolylbenzo- − 6.0 − 5.2 
12 N-p-Chloro-phenyl-benzo- − 5.9 − 5.6 
13 N-p-Chloro-phenyl-2,4-dichloro-benzo- − 6.3 − 5.9 
14 N-p-Chlorophenyl-4-chlorobenzo- − 6.1 − 5.7 
15 N-p-Chlorophenyl-4-bromo-benzo- − 6.2 − 5.7  
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Overall results demonstrate that all the N- arylhydroxamic acids 
interact with the +ssRNA base. The binding energies are tabulated in 
Table 2. The best molecular docked structure for ligand-9, N-phenyl- 
naphthohydroxamic acid is presented in Fig. 4, and all other ligands 
with the target are demonstrated in Fig. 5. The interacting bases with the 
ligand atom and the distance between them along with the type of 

interactions are summarized in Table S2. 
In comparison to all the hydroxamic acids, both of the naphthyl 

derivatives possess the lowest binding energy of − 6.1 Kcal/mol and the 
highest binding affinity towards a single-strand of (+)ssRNA. The above 
observations suggest that N-arylhydroxamic acids are wonderful ligands 
interacting with + ssRNA effectively and can be further used as 

Fig. 4. Molecular Docked Structures +ssRNA with ligand docked. (a) Structure of +ssRNA with N-phenyl-naphthohydroxamic acid docked. (b) Surface represen-
tation and interaction of docked ligand as N-phenyl-naphthohydroxamic acid with target +ssRNA of COVID-19 (PDB-ID: 6NUD). 

Fig. 5. Molecular docked structures of Hydroxamic Acids showing binding sites with target +ssRNA of COVID-19 (PDB-ID: 6NUD).  
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therapeutic agents against the +ssRNA genome of COVID-19. 
Hydroxamic acids are bioactive molecules [44–47], and follow the “ 

Lipinski Rule of 5 ” [48], thus showing drug-likeness. Considering the 
values of lipophilicity calculated, the ligands show good transportability 
for oral and intestinal absorption and a good ability to cross the protein 
membrane. The accommodated H-bonds are also favorable. The 
hydroxamic acids studied are effective against SARS-CoV-2 spike 
glycoprotein, which is a viral component that helps in the internaliza-
tion of the COVID-19 as well as they also interact with (+)ssRNA. All the 
ligands show negative docked energy onto the target spike protein and 
(+)ssRNA which exhibit the importance of these ligands. The outcome 
findings also indicate that the optimized hydrophobic interactions play 
an important role in stabilizing the ligand energetically at the interface 
of a protein structure. The interactions which are made or broken on 
binding are mainly hydrophobic effects and hydrogen bonds, in some 
cases π - π interactions and halogen bonds are active. The negative and 
lower values of binding energies demonstrate that the ligands bind 
spontaneously, strongly and fast, and appropriately with the virus dur-
ing docking simulation. The lower the binding energy, the more stable is 
the complex. All the molecules exhibited well-established bonds with 
more than one amino acid and more than one active-site residue of each 
ligand. Binding poses and distance measurement of hydroxamic acid 
complexes with (+)ssRNA reveal that these ligands are in close prox-
imity with the active site of coronavirus. Distance range from 1.4 to 3.0 
Å. This confirms the tight binding between the small molecule and 
target. The novelty is the two-fold nature of the ligands These are potent 
against both, the spike protein and (+)ssRNA of coronavirus and thus, 
can be investigated further as the therapeutic agents against the SARS- 
CoV-2 of the COVID-19 target. 

4. Conclusion 

Docking is a molecular modeling technique that is used to predict 
how a protein interacts with the ligand. The present investigation shed a 
light on the potential interactions between hydroxamic acids and SARS- 
CoV-2 indicating the involvement of multiple interactions such as H- 
bonds, hydrophobic interactions, van der Waals forces, π − πstacking and 
halogen bonds, mostly depending on the binding sites of SARS-CoV-2 
and the ligands. All ligands show better binding strength to SARS- 
CoV-2 and thus hold a promising potential to be explored for their 
anti-SARS-CoV-2 activity. These are worth further investigations in 
terms of both in-vitro and in-vivo studies. Based on docking scores it is 
concluded that all the hydroxamic acids display a better binding 
strength to SARS-CoV-2. 
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organic compounds between higher alcohols and water, Acta Chem. Scand. 5 
(1951) 774–780. 

[26] C.A. Lipinski, F. Lombardo, B.W. Dominy, P.J. Feeney, Experimental and 
computational approaches to estimate solubility and permeability in drug 
discovery and development settings, Adv. Drug Deliv. Rev. 46 (2001) 3–26. 

[27] A.J. Leo, Calculating log POa from structures, Chem. Rev. 93 (1993) 1281–1305. 
[28] clogP@biobyte.com. 

Y. Thakur and R. Pande                                                                                                                                                                                                                      

https://doi.org/10.1016/j.chemphys.2021.111354
https://doi.org/10.1016/j.chemphys.2021.111354
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0005
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0010
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0010
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0010
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0010
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0015
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0015
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0015
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0015
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0015
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0020
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0020
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0020
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0025
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0025
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0025
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0030
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0030
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0035
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0035
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0035
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0035
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0035
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0040
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0040
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0040
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0040
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0040
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0045
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0045
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0045
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0050
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0050
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0055
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0055
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0055
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0060
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0060
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0060
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0065
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0065
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0065
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0065
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0070
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0070
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0070
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0070
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0070
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0070
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0080
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0080
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0080
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0080
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0090
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0090
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0090
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0095
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0100
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0100
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0110
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0110
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0115
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0115
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0120
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0120
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0125
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0125
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0125
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0130
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0130
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0130
http://refhub.elsevier.com/S0301-0104(21)00265-2/h0135


Chemical Physics 551 (2021) 111354

10

[29] K. Marciniec, J. Bafeltowska, M.J. Maślankiewicz, E. Buszman, S. Boryczka, 
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