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In this work, we have first presented the density functional theory (DFT) based calculations, such as Quantum 

Theory of Atoms in Molecules (QTAIM) and Non-covalent interaction (NCI) analysis for the interactions of organic 

acid molecules of phosphoric acid (H3PO4) and sulphuric acid (H2SO4) molecules with two dimensional (2D)-

polyaniline (C3N) nanosheet. Thus, the most stable geometries, adsorption properties and the nature of interactions 

of acid molecules on 2D-C3N have obtained. The density functional theory (DFT) calculations were carried out with 

GAUSSIAN program package. Our results reveal that 2D-C3N nanosheet is a promising adsorbent for phosphoric 

acid as Eads of H3PO4/ C3N complex is -20 kcal/mol whereas for H2SO4/ C3N complex is about -7,78 kcal/mol in the 

gas phase. Although, the QTAIM and NCI results indicate that there is strong interaction between H3PO4 molecule 

and C3N nanosheet as partially covalent character, the weak interaction between H2SO4 molecule and C3N 

nanosheet is obtained. Furthermore, 2D-C3N nanosheet is less sensitive to both H3PO4 and H2SO4 molecules. While 

a reasonable recovery time is obtained for H3PO4 molecule about 160,57 sec., this time is very short for sulphuric 

acid molecule.  The presented atomic structure of 2D-C3N surface may use an organic surface where phosphoric 

acid and sulphuric acid molecules can be easily cleaned. 
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1. Introduction 

 

Recently, two dimensional (2D) materials have attracted 

great attention in many fields due to their unique chemical 

and physical properties [1-3]. 2D materials have the thin 

thickness and large surface to volume ratio, thus their 

electronic and magnetic properties can be tuned by the 

adsorption of molecules. After graphene discovery, 

researchers started to find the new 2D materials, which is 

analogous to graphene. On the other hand, theoretical 

studies have been predicted carbon-nitrogen C-N 

compounds such as CN, C3N, C3N2, etc. It has been found 

that the carbon-based structure with stoichiometry C3N has  

 

 

 

 

 

a layered structure containing graphitic layers . Thus, it has 

reported 2D PANI with empirical formula as C3N added to  

two-dimensional carbon family. The C3N is a semiconductor 

which is useful for many applications in solar cell devices, 

doping of transistors, anode material. Theoretical 

calculations showed that the electronic properties of 2D-

PANI can be tuned in different ways. Recently, the sensing 

ability of C3N surfaces for toxic volatile organic compounds 

such as ethanol, methanol, isopropanol and isobutanol 

molecules has been first reported [3]. In our previous work, 

melting process of gold nanoparticles on 2D-PANI 
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nanosheets was investigated by molecular dynamics 

simulations [4]. According to our knowledge,  

 

there is a few studies on Bronsted acid molecules on 

graphene sheets [5]. However, there is no a comprehensive 

knowledge about the adsorption of acid molecules on 2D-

PANI (2D-C3N) surfaces. 

The adsorption properties of organic acid molecules on 2D-

C3N nanosheet has been first reported in this work. 

 

 

2. Materials and Method 

 

In order to obtain a deeper knowledge on the interactions 

between the selected organic acid molecules on 2D-C3N 

surfaces, density functional theory (DFT) calculations has 

been carried out. All calculations were done using the 

Gaussian 09 package [6]. The results reported in this work 

were obtained with DFT calculations at the B3LYP/6-311G 

(d,p) level. The 2D-C3N nanosheet is created with 

hexagonal primitive unit cell. The planar hexagonal 

nanosheet of C3N include 32 atoms. The optimized 

structures of 2D-C3N nanosheet, organic molecules used in 

this work are shown in Fig. 1.  

.   
 

 
 

Fig.1. Optimized structures of (a) C3N (b) H2SO4 (c) H3PO4 

molecule. Here, carbon, nitrogen, hydrogen, oxygen, 

phosphor and sulphur are represented by grey, blue, White, 

red, orange and yellow spheres, respectively.  

 

Adsorption energies of acid molecules on 2D-C3N 

nanosheet Eads were computed as follows: 

 

Eads(molecule) = E(𝑐𝑜𝑚𝑝𝑙𝑒𝑥) − E(2𝐷−𝐶3𝑁) −

                                                             E(𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒)                                                    

                                                                                      (1) 

 

where E(complex), E(2𝐷 − 𝐶3𝑁) and E(molecule) are the 

total energies of the 2D-C3N/acid molecule as denoted 

complex and isolated energies of 2D-C3N Nanosheet and 

studied acid molecules, respectively.  

Chemical stability was mainly influenced by the highest 

occupied molecular orbital (HOMO) and the lowest 

unoccupied molecular orbital (LUMO), where the (HOMO) 

and the (LUMO) can play an important role in electrical 

properties. The LUMO represents electron-accepting, while 

the HOMO represents electron-donating ability. The HOMO 

and LUMO energies give a lot of essential quantities. Band 

gap energy can be expressed as: 

 

𝛥𝐸𝑔 = 𝐸𝐿𝑈𝑀𝑂 − 𝐸𝐻𝑂𝑀𝑂                                 (2) 

 

 

Recovery Time: 

 

An important parameter for sensors is the recovery time (τ) 

which can be described as follows: 

 

𝜏 = 𝜐−1𝑒𝑥𝑝 (−
𝐸𝑎𝑑𝑠

𝑘𝑇
)        (3) 

 

where υ is the attempt frequency, for UV vacuum light 

(υ~1012 𝑠𝑛−1)  , k is the Boltzmann constant and T is 

temperature.  

Recovery time gives the time required for the material to be   

desorbed from the adsorbents. This parameter is 

exponentially related to the adsorption energy, so their weak 

interaction results in a small amount of adsorption energy 

and a small desorption.  

In order to understand the nature of bonding between acid 

molecules on 2D-C3N nanosheet, the quantum theory of 

atoms in molecules (QTAIM) based on Bader’s theory [7] 

was performed by MULTIWFN program [8]. The 

topological parameters, the electron density of bonding 

regions were analysed in optimized geometries of 

complexes. The second tool of analysing of molecular 

interactions is non-covalent interactions (NCI) analysis 

based on reduced gradient density (RDG). The NCI/RDG 

analysis was carried out by MULTIWFN code [8]. The 

coloured maps of scatter points and isosurfaces of RDG were 

plotted by gnuplot 5.7 program [9] and visual molecular 

dynamics (VMD1.9.4) package [10], respectively. 

 

3. Results and Discussions 

 

The hexagonal 2D-C3N nanosheet was considered as an 

adsorbent of acid molecules. First, each acid molecules and 

2D-C3N were optimized separately using DFT calculation in 

gas phase. In order to investigate stable geometries, we have 

tried different positions of acid molecules on 2D-C3N 

nanosheet. The preferable adsorption geometries have been 

found as complex 1 and complex 2 structures for H3PO4 and 

complex 3 structure for H2SO4 molecule on 2D-C3N 

nanosheet. The results for those structures have been given 

in Table 1. The calculated adsorption energy of Eads, dipole 

moment µ, HOMO and LUMO energies and band gap 

energy ΔEg values have been shown in Table1. 
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Table 1. The calculated Eads adsorption energy, µ dipole 

moment, HOMO and LUMO energies ELUMO, EHOMO and 

band gap energy ΔEg values for the studied structures. 

 

 
 

It is clear in table 1 that the 2D-C3N nanosheet is a good 

adsorbent for H3PO4 molecule than H2SO4. The H3PO4 

molecule was adsorbed on the 2D-C3N nanosheet with the 

adsorption energy about -17.053 kcal/mol for complex 1 and 

-20.049 kcal/mol for complex 2 at a minimum distance of 

about 1.84, 3.07 and 2.00, 1.92Å.    The H2SO4 molecule 

was adsorbed on the 2D-C3N nanosheet with the adsorption 

energy about -7.7822 kcal/mol for complex 3 at a minimum 

distance of about 3.16, 3.18Å.  

   In table 1, the energy gap of 2D-C3N increases from 

1.205eV to 1.260 eV for complex 1, 1.209 eV for complex 

2 and 1.261 eV for complex 3 after the interaction with 

H3PO4 and H2SO4, acid molecules, respectively. It has 

pointed out that the %∆𝐸𝑔  which is the percentage change 

of energy gap of Eg after adsorption with respect to the bare 

C3N nanosheet, for complex 2, is about 0.33 % and for 

complex 3 is 4.45 %.   It is correlated with the level of 

interactions such as strong or weakly thus the adsorption 

energy and charge transfer during the adsorption process.  

On this line, Mulliken charge analysis was performed to 

obtain the charging values of 2D-C3N nanosheet Q2D-C3N(e) 

during the adsorption process of acid molecules. It has been 

found that the charge transfers from 2D-C3N nanosheet to 

phosphoric acid molecule of H3PO4 in complex 2, about 

Q2D-C3N (in complex 2) =0,0658e. However, the charge 

transfer is from acid molecule to 2D-C3N nanosheet in 

complex 3, with the value of Q2D-C3N (in complex 3) = -

0,0282e.  

 

Quantum Theory of Atoms in Molecules (QTAIM) Analysis 
 
The QTAIM method is a power tool for studying the nature 

of intermolecular interactions and structure of bonds. 

According to this theory, the critical point of electron 

density can be classified the following four categories as 

Atomic critical point (ACP); bond critical point (BCP); ring 

critical point (RCP); and cage critical point (CCP). The 

computed molecular topographical map of both complex 2 

and complex 3 with critical points is illustrated in Fig. 2. 

In QTAIM analysis, mostly, the electron density of 𝜌(𝑟) and 

laplacian ∇2𝜌(𝑟) characteristics are widely used to 

understand the bonding interactions nature. However, the 

total energy density of H(r) and the ratio of |𝑉(𝑟)| 𝐺(𝑟)⁄  are 

more remarkable parameters on bonding characteristics. It 

has been noted that for weak and medium-strength hydrogen 

bonding and van der Waals interactions due to the ∇2𝜌(𝑟) >

0, 𝐻(𝑟) > 0, |𝑉(𝑟)| 𝐺(𝑟) < 1⁄  , for covalent bonding 

characteristics correspond to ∇2𝜌(𝑟) < 0, 𝐻(𝑟) <

0, |𝑉(𝑟)| 𝐺(𝑟) > 2⁄ . The strong hydrogen bonds as the 

intermediate type of interaction related to ∇2𝜌(𝑟) >

0, 𝐻(𝑟) < 0, 1 < |𝑉(𝑟)| 𝐺(𝑟) < 2⁄ .  

The QTAIM parameters for complex 2 and complex 3,  

electron density 𝜌𝐵𝐶𝑃 , Laplacian ∇2𝜌𝐵𝐶𝑃 , potential, kinetic 

and total energy density ( 𝑉𝐵𝐶𝑃 , 𝐺𝐵𝐶𝑃  and 𝐻𝐵𝐶𝑃) in a.u, Bond 

distance (Å),  |𝑉𝐵𝐶𝑃| 𝐺𝐵𝐶𝑃⁄  ratio, at BCPs are given in Table 

2. 

 

Table 2. The QTAIM parameters of the selected complexes 

at the BCPs.  

 

   
Fig. 2. Molecular topography map for complex 2 and 

complex 3 
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In Fig 2, atomic and bond critical points are presented by 

purple and orange spheres, respectively. The cage and ring 

critical points due to green and yellow circles. 

 The topology map for complex 2 in Fig. 2 shows 

that the Bond critical Points are between the hydrogen atoms 

of H38 and H40 of phosphoric acid molecules and carbon 

atoms of C5 and C18 of 2D-C3N nanosheet, respectively. 

Other bonding can be observed between oxygen atom of 

acid molecule and C5 atom of C3N surface. In the molecular 

topography map for Complex 3, the two bonding is 
observed between oxygen atoms of sulphuric acid 

molecules and carbon atoms of nanosheet.  

The QTAIM results in Table2 give information about the 

bonding characteristics. The last column values about the 

ratio of v(r) /g(r) are 1,142561 and 1,229395 for H38-C5 

and H40-C18 interactions in complex 2, respectively due to 

the medium-strength hydrogen bonding. That means those 

interactions are strong and partially covalent character. 

However, the interaction corresponds to O36-C5 is a weak 

interaction like van der Waals type. For complex 3 both 

interactions are nearly weak and wander Waals type 

character. Thus, we can apply non-covalent interaction 

(NCI) analysis to find any other type of interactions. 

 

Non-Covalent Interaction (NCI)- Reduced Gradient 

Density (RDG) Analysis      

 

NCI analysis method can be regarded as an extension of the 

QTAIM theory for visual study. RDG analysis is able to find 

noncovalent interactions which is determined through the 

sign of the second density Hessian eigenvalue of 𝜆2. 

The interactions can be defined as attractive if  

 2 0sign    (namely, strong attraction) and weak van 

der Waals interaction if  2 0sign   , and strong 

repulsive interactions if  2 0sign    and (steric effect 

in ring). The plot of RDG versus (sign λ2) ρ(r) and RDG 

isosurface map for complex 2 and complex 3 are shown in 

Fig. 3. And Fig.4, respectively.   

 

In Figs 3 and 4, RDG scatter plots and isosurface maps for 

complex 2 and complex 3 are visualized the interactions by 

different colours. The strong interactions in partially 

covalent character between H and C atoms as shown by blue 

circles in Fig. 3b correspond to cross sign placed at blue 

region part of Fig. 3a. The weak interactions are shown by 

green circle between O and C atoms in Figure 3b correspond 

to cross sign pointed out in Fig. 3a. 

 

 

 

 

 

Fig. 3. (a) RDG scatter plot and (b) RDG isosurface map for 

complex 2  

 

The RDG scatter plots and isosurface map are shown for 

complex 3 in Fig. 4 where we observe the weak interactions 

in partially van der Waals type between Oxygen and C atoms 

of phenyl ring as shown by green circles in Fig. 4b 

correspond to cross sign placed at green region part in Fig. 

4a.  The third interaction cannot be seen in QTAIM Figures 

of Fig.2. Because it is rather weak and between the sulphur 

and carbon atoms. The weak interactions are shown by green 

circle in Fig. 4b 
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Fig. 4. (a) RDG scatter plot and (b) RDG isosurface map for 

complex 3  

 

The recovery time is calculated under UV vacuum light at 

room temperature for complex 2 and complex 3 as given in 

Table 3. Those values are the time values in second to 

recover of acid molecules from the 2D-C3N nanosheet. 

 

Table 3. Recovery time (τ) values for complex 2 and 

complex 3 

 

Complex 𝝉𝑼𝑽 𝒗𝒂𝒄𝒖𝒖𝒎 𝒍𝒊𝒈𝒉𝒕(sec) 

H3PO4/2D-C3N 

complex 2 
160,57 

H2SO4/2D-C3N 

complex 3 
1.66 x 10−7 

 

 

The recovery time of H2SO4 molecule is very short time to 

desorb from 2D-C3N surfaces. However, the desorption time 

obtained for H3PO4 molecule is a reasonable value about 

160,57 sec. 

 

4.        Conclusion 

 

In this study, DFT calculations are performed to understand 

the adsorption behaviours of organic acid molecules of 

H3PO4 and H2SO4 on new generation organic nanosheet of 

C3N. obtained. The exothermic adsorption process was 

determined for both H3PO4 and H2SO4 acid molecules with 

the negative adsorption energy values about -17.053, - 

20.049, -7.7822 kcal/mol in the gas phase for complex 1, 

complex 2 and complex 3, respectively.  

The closest distances show that H3PO4 adsorption through 

hydrogen atoms with carbon atoms of nanosheet is 

thermodynamically more favourable than interaction from 

oxygen site at both positions of complex 1 and complex 2. 

The percentage change of band gap values show that 2D-

C3N nanosheet has less sensing performance in detecting 

both acid molecules. Therefore, 2D-C3N nanosheet doesn’t 

suit for potential applications as both H3PO4 and H2SO4 

sensor in studied configurations. The calculated Recovery 

Time value for H2SO4 molecule is too short to desorb of 

H2SO4 molecule from 2D-C3N surfaces at room temperature. 

However, the value of 160sec is a reasonable recovery time 

for H3PO4. 

We conclude that the presented atomic structure of 2D-C3N 

surface may have a great attention to use an organic surface 

where phosphoric acid and sulphuric acid molecules can be 

easily cleaned. 

And we hope that the current theoretical work may play an 

important role in guiding related experimental researches.  
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