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According to recent research on the application of graphene materials as sensors and 
particularly polypyrrole-graphene materials, which are especially promising, the 
functionalization of graphene with a pyrrole molecule might be considered a viable 
alternative as a NO2 and NH3 sensor. In this way, a graphene sheet simulated as a coronene 
molecule was used in order to test whether this kind of functionalization could be useful for 
detecting the NO2 and NH3 toxic gases with a relatively high sensitivity. NO2 was studied as 
an example of an electron acceptor molecule, and NH3 as an electron donor molecule. Both 
molecules were adsorbed on two different regions of the functionalized adsorbent, and the 
energy ranges found for adsorption were reported and compared with those of the pristine 
graphene. The results indicated that in the coronene-pyrrole system, pyrrole tends to lie 
almost parallel to the coronene sheet in a π-π stacking interaction between the two 
conjugated systems, being the closest distances of 3.0 and 3.2 Å. The use of Δ (ΔHOMO-LUMO) as 
a descriptor confirmed that the coronene-pyrrole system is a good option as a NO2- and NH3-
sensor; therefore, it might be an easy and suitable descriptor for characterizing the 
performance of a sensor; all calculations were made using a Density Functional formalism, 
through a functional M06-2X in combination with the 6-31G(d,p) basis set. 
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1. Introduction 
 

Since graphene was discovered in 2004 [1], the interest for 
this material has grown extensively in the last decade due to its 
unique mechanical and electronic properties and by a high 
charge carriers’ mobility [2-5]. Particularly, the graphene 
ability for adsorbing gas molecules has led to using it as a 
chemical sensor. As it is known, the operational principle of a 
graphene chemical sensor is based on changes in their electrical 
conductivity, because of gas molecules adsorbed on their 
surface and acting as electron donors or electron acceptors; one 
of the first reports about gas molecules adsorbed on pristine 
graphene was published in 2007 by Schedin, et al. [6], which 
showed that a micrometer-size sensor could detect individual 
gas molecule and confirmed experimentally the adsorption of 
NO2, NH3, H2O and CO. Besides, they explained that adsorbed 
molecules could change the local carrier charges concentration 
in graphene and therefore, its resistance. Finally, they also 

concluded that this material seems promising as a gas chemical 
detector. Since then, many investigations have been developed 
that focus on exploring the capacity of modified graphene 
materials to detect individual gases with relatively high 
sensitivity [7]. Various authors have reported recent progress 
in the field of graphene gas sensors with emphasis on the use of 
modified or functionalized graphene materials [8-10]. In this 
way, the so-called graphene-based nanomaterials (GBN) have 
recently been applied in a broad range of science and 
technology fields and are promising devices in nanomedicine, 
biosensors, energy storage, and power generation, taking 
advantage of their unique electronic structure and possibilities 
to be modified [11]. For instance, the graphene surface has been 
functionalized with organic molecules such as dialcohols, 
diamines, and dithiols [12]. Particularly, Yu et al. performed a 
DFT study of the non-covalent interaction between pristine 
graphene and some aromatic molecules including thiophene, 
benzene, and pyridine. In this study, the aromatic rings of this 
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molecules were placed on the top of the graphene surface at the 
height of 3.5 Å in both parallel and vertical orientation. The 
results demonstrated that the non-covalent interactions 
between the aromatic molecules and the graphene surface 
originate mainly from the π-π stacking effect between the two 
conjugated systems [13].  

The structural and electronic properties of the graphene-
molecule adsorption complex are strongly dependent on the 
graphene structure and the end configuration of the adsorption 
complex. In this way, it has already been shown that perfect 
graphene predicts relatively low adsorption energies compared 
to the essential requirement for gas detection by sensors [14]. 
Therefore, the sensitivity of graphene-based chemical gas 
sensors could be drastically improved by introducing appro-
priate functionalization or structural defects. In addition, the 
functionalization of pristine graphene sheets with organic 
molecules containing specific functional groups has also been 
developed [15]. Particularly, functionalized graphene sensors 
showed improved performance in comparison with those 
without functionalization in terms of selectivity, sensitivity, and 
limit of detection, which has contributed to improve the 
commercialization and technological developing of these 
devices [16]. Promising advances in increased selectivity have 
been achieved for some gases, including NH3, NO2, and a variety 
of volatile organic compounds (VOCs). Tang et al. [17] have 
summarized the recent development of functionalized grap-
hene sensors for the detection of ammonia (NH3) at room 
temperature, considering metallic nanoparticles, metal oxides, 
organic molecules, and conducting polymers. They have 
highlighted that functionalized based graphene NH3-sensors 
will have a bright perspective due to the advantages of high 
sensitivity, fast response, great selectivity, low power consump-
tion, cost-effectiveness, and operation in real-life conditions; 
these sensors are essential for industrial emission control, 
environment conservation, and human safety. 

An interesting variety of new graphene materials are 
conductor polymers (CPs) [18] like polythiophene, polyaniline 
(PANI), poly-(phenylene vinylene) and polypyrrole (PPy); this 
CPs materials are being used as chemical and biochemical 
sensors due to its high sensitivities, fast response times, and 
room temperature operation. Particularly, in this CPs group, 
PPy has been widely used mainly because of its good electrical 
conductivity, environmental stability, good biocompatibility, as 
well as its facile synthesis and versatility compared to the other 
CPs [19]. Another well-known CPs are polyaniline nanofibers 
(PANI), which are adsorbed on graphene [20,21] and nano-
composites [22], which have been used as hydrogen gas sensors 
with good performance. On the other hand, Liu et al. [23] have 
reported the synthesis, transport studies, and NO2 and NH3 
sensing applications in individual single walled carbon 
nanotubes functionalized with polypyrrole nanocables 
(SWCNT/PPy); they have confirmed that this material enhances 
conductance when it is exposed to an oxidizing gas such as NO2, 
and reduced it when it was exposed to a reducing gas such as 
NH3, in concordance with the electron acceptor and electron 
donor characteristics of these species.  

Using DFT studies, Leenaerts et al. [24] showed that the CO, 
NH3, NO2, H2O, and NO molecules are physically adsorbed on 
pristine graphene. Likewise, Bonfanti et al. [25] computed at 
MP2 level the hydrogen physisorption energy (39.7 meV) in 
excellent agreement with the experiment, using a hydrogen-
coronene model; other studies confirmed that NO2 acted as an 
electron-acceptor while NH3 performed as an electron-donor, in 
agreement with the experimental findings of Schedin et al. [6]. 
Furthermore, combined DFT calculations together with in situ-
infrared spectroscopy experiments of NH3 adsorbed on reduced 
graphene oxide (RGO), have revealed that NH3 adsorption 
occurred by a physisorption process and different fragment 
species were identified [26]. Moreover, Jang et al. [27] obtained 
experimentally a NH3 gas sensor based on the PPy/graphitic 

material nanocomposites (GO and RGO), and the Raman spectra 
of PPy/RGO nanocomposites demonstrated a π-π interaction at 
the interface PPy/RGO of this nanocomposite as well as a very 
favorable response in detecting NH3 gas. They observed and 
attributed these outcomes to the effective charge transfer at the 
interface between PPy and NH3, and the interfacial interaction 
between PPy and RGO graphene sheet. 

Taking all these evidence and research into account, there 
are some aspects that could be explained throughout a 
theoretical study. For example, the relation between the change 
of conductance in the graphene material when exposed to NO2 
and NH3, or why in the Jang et al. studies of PPy/RGO nano-
composite, they related the favorable response in detecting NH3 
to an effective charge transfer at the interface PPy/NH3 and 
PPy/RGO. To our knowledge, no theoretical studies have been 
performed to clarify NO2 and NH3 interactions with pyrrole 
functionalized graphene. Therefore, in our work, graphene 
functionalization with a pyrrole monomer was carried out, 
using a coronene molecule as a graphene finite model; after 
these calculations, the formation of NO2-pyrrole/coronene and 
NH3-pyrrole/coronene adsorption complexes was considered 
to evaluate the possibilities of both systems to perform 
themselves as gas sensors for these two toxic gases. 
 
2. Experimental 
  
2.1. Software and theory 
 

The calculations were carried out using the Gaussian09 
package [28] and applying a density functional formalism 
through the correlation and exchange functional M06-2X [29] 
in combination with the 6-31G(d,p) basis set. This DFT-
functional has been recommended for applications in 
conjugated polyenes and noncovalent interactions [30] because 
it performs strikingly well in this kind of molecular system. 
 
2.2. Methodology  
 

The modeled structures were fully optimized, and their 
corresponding frequency calculations were carried out, 
confirming that a minimum energy was obtained in all 
geometries. In this study, a coronene (C24H12) molecule was 
chosen as a graphene sheet molecular model, which has been a 
strategy used in many previous works [31-38], having proven 
that coronene-based model can be considered a suitable model 
for studying this kind of process. As can be seen in Figure 1, the 
presence of hydrogen atoms is essential because they saturate 
the dangling bonds of edge carbons; this figure shows a pristine 
coronene model simulating a pristine-graphene sheet. 
 

 
 

Figure 1. Optimized geometry of pristine coronene. 
 
The adsorption energies (Eads) of pyrrole molecule (Py) over 
pristine coronene sheet (C) to form the coronene-pyrrole 
adsorption complex were obtained from Equation (1); likewise, 
the adsorption energies of NH3 and NO2 molecules (Mads) over 
pristine coronene sheet (C) and coronene-pyrrole complex (Py-
C) were obtained from Equations (2) and (3).  
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Figure 2. Optimized geometry of the coronene-pyrrole adsorbent complex in a top (a) and side (b) view and polycircumcoronene-pyrrole adsorption complex in 
a top (c) and side (d) views. 
 

Notice that a positive value of the adsorption energy 
indicates that the adsorption process occurred favorably. These 
equations are shown below. 
 
𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎 = 𝐸𝐸(𝑃𝑃𝑃𝑃) + 𝐸𝐸(𝐶𝐶) − 𝐸𝐸(𝑃𝑃𝑃𝑃 − 𝐶𝐶)   (1) 
 
𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎 = 𝐸𝐸(𝑀𝑀𝑎𝑎𝑎𝑎𝑎𝑎) + 𝐸𝐸(𝐶𝐶) − 𝐸𝐸(𝑀𝑀𝑎𝑎𝑎𝑎𝑎𝑎 − 𝐶𝐶)  (2) 
 
𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎 = 𝐸𝐸(𝑀𝑀𝑎𝑎𝑎𝑎𝑎𝑎) + 𝐸𝐸(𝑃𝑃𝑃𝑃 − 𝐶𝐶) − 𝐸𝐸(𝑀𝑀𝑎𝑎𝑎𝑎𝑎𝑎 − 𝑃𝑃𝑃𝑃 − 𝐶𝐶) (3) 
 

To study the coronene-pyrrole system, pyrrole was placed 
near the sheet of coronene in a parallel and perpendicular 
position (at 3.8, 3.4, 3.0, 2.6, 2.2 and 1.8 Å). Subsequently, the 
pyrrole-coronene geometry with the best adsorption energy 
was used to study the NH3 and NO2 adsorptions for validating 
the use of the coronene (C24H12) molecule as a graphene sheet-
like molecular model.  

For evaluating if the size of the coronene sheet (C24H12) 
would be suitable to describe pyrrole adsorption, and the edge 
effects would not influence on the optimized geometry, the 
ONIOM methodology [39,40] was implemented for modeling a 
larger system, the polycircumcoronene sheet of 96 carbon 
atoms (C96H24). This methodology provides a strategy for using 
accurate (an expensive) quantum mechanics methods (QM) on 
only that part of the molecule or cluster that comprises the 
chemically active region. Therefore, the complete molecular 
system is partitioned into two or three defined subunits or 
layers. For a two-layer partition, in one of the layers, a QM 
method is used, which represents a high level of calculation; the 
other layer represents the low-level of theory and can be used 
as methods of molecular mechanics (MM), semiempirical (SE) 
or a simpler QM method.  

In our large molecular system, a QM/SE ONIOM model was 
used. The high-level of theory layer was formed by the pyrrole 
molecule and the circumcoronene sheet of 54 carbon atoms; 
this layer was treated at the QM-DFT level, using the combina-
tion of M06-2X exchange and correlation functional with the 

basis set 6-31G(d,p).  On the other hand, the outer low-level of 
theory layer (C42H24) was treated at the semiempirical (SE) 
level using the PM3 method. Figure 2 (c and d) presents the 
optimized geometry of the polycircumcoronene-pyrrole 
adsorption complex (C96H24) considering the ONIOM model 
described above, in top and side views. Notice that the high-
level layer of theory is represented by balls and sticks, and the 
lower level by tubes.   

Considering that the NO2 molecule is an electron acceptor 
and NH3 is an electron donor, these molecules were approached 
to sites with high and low electron density, respectively, which 
were identified by Hirshfeld charge analysis. The approaching 
sites included an atom, a bond line, and a center of a hexagon 
located in two different regions of the adsorbent complex: the 
free site coronene sheet and the pyrrolic ring. In each 
configuration, the adsorbate molecules were oriented in a 
parallel and perpendicular position to the coronene sheet at 3.4, 
3.0, 2.6, 2.2, and 1.8 Å of distance. For the perpendicular 
orientation, two possibilities were tested for each gas molecule, 
with two kinds of atoms pointing towards the coronene, 
nitrogen and oxygen atoms for NO2 and nitrogen and hydrogen 
atoms for NH3. The different configurations considered allowed 
us to identify the most probable distance between the 
adsorbent and adsorbate molecules and its most effective 
orientation. In addition, the corresponding adsorption energy 
has led us to decide whether the adsorption is physical or 
chemical. Finally, to know if the presence of NH3 or NO2 yielded 
changes in the electronic properties of the adsorbent, the 
difference between the gap HOMO-LUMO [24] before and after 
a gas molecule was adsorbed on the coronene-pyrrole 
adsorbent complex called Δ (ΔHOMO-LUMO), was calculated. Since 
a physisorption processes involving weak interactions is 
produced, the adsorption energy and the Δ (ΔHOMO-LUMO) are 
expressed in meV [24,25]; in this way, the calculation could 
require until four decimals. Likewise, the Hirshfeld charge 
transfers are indicated in 10-2e order [24]. 
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Table 1. Adsorption energies (Eads) in meV; the HOMO and LUMO energies, the difference (∆EHOMO-LUMO) between the pristine coronene and the coronene-pyrrole 
adsorbent complex and the magnitude of Δ (ΔHOMO-LUMO) in eV. 
Compound Eads EHOMO ELUMO ∆EHOMO-LUMO Δ (ΔHOMO-LUMO) 
Pristine coronene - -6.6203 -0.7181 5.9022 - 
Coronene-pyrrole complex 344.9 -6.3498 -0.6623 5.6875 -0.2147 
 

  
(a) (b) 

 
Figure 3. HOMO (a) and LUMO (b) frontier orbitals of the coronene-pyrrole adsorbent complex. 

 
The parameter Δ (ΔHOMO-LUMO), can be considered a 

descriptor associated with the potential sensor performance of 
a material. It is known that a fundamental principle of sensor 
operation is based on the change of resistance of the adsorbent 
matrix. In this case, the graphene sheet is used when the gas 
molecules are adsorbed on the latter.  
 
3. Results and discussion 
 
3.1. Coronene-pyrrole vs. polycircumcoronene-pyrrole 
adsorbent complexes 
 

About the interaction between coronene and pyrrole 
molecules, the results indicated that pyrrole tends to locate 
itself almost parallel to the sheet of coronene with a slight 
deviation of approximately 5° and a range of 3.0-3.4 Å of 
distance; in this way, a noncovalent π-π stacking interaction 
was found, as it can be seen in Figure 2a and 2b, with an 
adsorption energy of 344.9 meV (Table 1). This outcome is 
consistent with the experimental finding of Jang et al. [27] in 
PPy/RGO nanocomposite materials and other studies using 
aromatic molecules [41]. Figure 2b shows the closest distances 
between pyrrole and coronene molecule which correspond to 
2.96 (H-C), 3.16 (C-C), and 3.19 Å (N-C). On the other hand, the 
longest distance was 3.46 Å. The distances indicated above 
(Figure 2) confirm the presence of Van der Waals force in the 
coronene-pyrrole interaction.  

The optimized geometry of the polycircumcoronene-
pyrrole adsorption complex showed in Figure 2c and 2d allows 
to conclude that the arrangement of the pyrrole molecule was 
very similar to the coronene sheet. In the ONIOM model, the 
pyrrole molecule tends to locate itself almost parallel to the 
sheet of polycircumcoronene, although in somewhat greater 
angle (12°). Similarly, the closest distances between the pyrrole 
molecule and polycircumcoronene corresponded to 2.99 (H-C), 
3.52 (C-C), and 3.28 Å (N-C). On the other hand, the longest 
distance was 3.52 Å.  

The non-significant differences found in both models allow 
us to assert that, as other authors have stated, the coronene 
molecule could be a good graphene sheet molecular model for 
studying the adsorption process when an adsorbate molecule, 
such as pyrrole, has smaller dimensions than the coronene’s 
hexagons. Therefore, the subsequent adsorption studies were 
conducted using the coronene (C24H12) molecule as an 
adsorbent.  
 
3.2. Electronic properties of the coronene-pyrrole adsorbent 
complex 
 

The calculated Hirshfeld charges showed that the carbon 
and nitrogen atoms of pyrrole, exhibited negative charge values 

(-0.03e, -0.03e and -0.10e), and consequently, the coronene’s 
carbon atoms located at central hexagon and close to pyrrole, 
were deactivated in charge; in this way, a slight charge 
transferred from coronene to pyrrole via the nearest atoms of 
both molecules; however, coronene kept the negative charge in 
the carbon atoms external to the central hexagon. In general, 
the coronene-pyrrole complex has available activated and 
deactivated sites which could favor the NO2 and NH3 
adsorptions. 

Table 1 shows the HOMO and LUMO energies of pristine 
coronene and the coronene-pyrrole complex. The respective 
HOMO-LUMO gaps and the magnitude of the change produced 
by the presence of pyrrole. The HOMO-LUMO (ΔHOMO-LUMO) gap 
in this π-π complex was of 5.69 eV, smaller than the pristine 
coronene gap (5.90 eV).  

The variation of the gap, that is, Δ (ΔHOMO-LUMO) was 214.7 
meV. These magnitudes indicate that, even though the 
interaction energy coronene-pyrrole is weak, the electron-
acceptor character of pyrrole has produced a slight change in 
the HOMO-LUMO gap in relation to the pristine coronene 
molecule. In this way, both orbitals, HOMO and LUMO, 
increased their respective energies, but the rise in the HOMO 
orbital (270.5 meV) was larger than LUMO (55.8 meV); 
therefore, because of this functionalization, a narrowest gap 
HOMO-LUMO occurred. The reason for the larger change in the 
HOMO orbital can be found in Figure 3, where both frontier 
orbital maps, HOMO and LUMO, are presented. Notice the π 
character of both frontier orbitals and the presence in the 
HOMO map of the whole coronene-pyrrole complex; the π-
molecular orbitals are extended not only over the coronene 
sheet but also over the pyrrole molecule. As a result of the 
interaction and the effective charge transfer produced between 
these two molecules, the HOMO domain was increased.  
 
3.3. NO2 adsorption on pristine coronene 
 

Firstly, the interaction between NO2 and pristine coronene 
was studied; the adsorption energy range obtained was around 
175-207 meV (Table 2). Figure 4 shows the most favorable 
positions. Figure 4a shows NO2 in interaction with the coronene 
molecule through oxygen atoms in the top (bottom of the 
figure) and side (top of the figure) views; in this final geometry, 
nitrogen has stayed over a C-C bond and each oxygen over the 
center of a ring; when one of the rings is the central one, the 
adsorption energy is larger (Eads = 207.12 meV) than in the case 
in which the central ring is not participating (Eads = 193.28 
meV). The N-C distance is at 3.35 Å and the O-C distance is about 
3.0-3.2 Å. 

In Figure 4b, NO2 interacts with the coronene molecule 
through its nitrogen atom, although, as well as in Figure 4a, the  
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Table 2. Adsorption energy in meV; ΔHOMO-LUMO in eV and Δ (ΔHOMO-LUMO) values in meV for NO2 adsorption. 
Adsorption complex Eads ΔHOMO-LUMO Δ (ΔHOMO-LUMO) 
NO2-Coronene 175-207 5.2303 -671.9 * 
NO2-pyrrole-coronene (Coronene free sites) 240-279 4.8186 -868.9 ** 
NO2-pyrrole-coronene (On pyrrole) 181-224 5.1111 -576.4 ** 
* Obtained in respect of pristine coronene (ΔHOMO-LUMO = 5.9022 eV).  
** Obtained in respect of coronene-pyrrole (ΔHOMO-LUMO = 5.6875 eV). 
 

  

  
(a) (b) 

 
Figure 4. The two most representative optimized geometry of NO2 adsorbed on pristine coronene molecule (a, b). 

 

 
 

  
(a) (b) 

 
Figure 5. The most stable optimized geometry for NO2 adsorption on the coronene-pyrrole system considering the NO2-entry into the free sites of coronene (a) 
and over the pyrrole ring (b). 

oxygen atoms have also kept over the two coronene hexagons, 
almost pointing to the coronene carbon atoms. The final 
geometry indicates that nitrogen has remained on the bridge at 
3.18 and 3.29 Å from the two closest carbon atoms and the O-C 
distances were slightly larger, in the range of 3.23-3.28 Å 
(Figure 3a); in this case, the NO2 molecule aligned parallel in 
relation to the coronene sheet. In Figure 3a, when the central 
hexagon is participating in the interaction with the oxygens, the 
adsorption energy is larger (Eads = 200.10 meV) than the 
geometry in which the central ring was not involved (Eads = 
179.73 meV).  

Finally, another configuration could be found, when the NO2 
molecule was located in the center of the central hexagon with 
nitrogen near the coronene sheet and oxygen atoms pointing 
upward, the adsorption energy was the smallest obtained (Eads 

= 175.01 meV). 
 
3.4. NO2 adsorption on the coronene-pyrrole adsorbent 
system 
 

Figure 5a shows a configuration in which NO2 is placed, 
over the free sites of coronene; notice that the final geometry is 
placed in parallel position with respect to the coronene plane; 
each oxygen atom of NO2, interacts with one hydrogen of the 
pyrrolic ring in a clear hydrogen bond. This configuration 

showed the highest adsorption energy (Eads = 279.39 meV) of 
this adsorbent complex, but also higher than pristine coronene. 
The C-N distance was between 3.0-3.1 Å and the distance 
between each oxygen and pyrrolic hydrogen was 2.42 Å. Other 
similar geometries were obtained, but they are not presented 
as figures; for example, the NO2 nitrogen is now the atom that 
forms the hydrogen bond with the hydrogens of pyrrole, but 
with lower adsorption energy (Eads = 264.90 meV) than in the 
previous geometry; the N-H distance were 2.65 and 2.67 Å and 
nitrogen kept a similar distance from the coronene sheet of 3.0-
3.2 Å but this time coordinated with four carbons. A third 
similar geometry was found. Now, in the bond hydrogen are 
participating the nitrogen, one of the oxygen atoms of the NO2 
and only one hydrogen of the pyrrole; the distances O···H and 
N···H were 2.55 and 2.66 Å, respectively, and nitrogen remained 
at 3.1 Å from coronene with an even lower adsorption energy 
(Eads = 239.88 meV).  The entry of NO2 molecule with their 
oxygen atoms pointing to the coronene sheet, made that this 
molecule rotated itself 90 degrees to acquire the above 
geometries described. Since various similar geometries 
converged with very small differences between them, for these 
configurations, the adsorption energy found was in the range of 
240-279 meV. 
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Table 3. Adsorption energy in meV; ΔHOMO-LUMO in eV and Δ (ΔHOMO-LUMO) values in meV for NO2 adsorption. 
Adsorption complexes Eads ΔHOMO-LUMO Δ (ΔHOMO-LUMO) 
NH3-Coronene 160-176 5.8927 -9.5 * 
NH3-Coronene-pyrrole (Coronene-free sites) 438-534 5.3438 -343.7 ** 
NH3-Coronene-pyrrole (On pyrrole) 193-208 5.8483 160.8 ** 
* Obtained in respect of pristine coronene (ΔHOMO-LUMO = 5.9022 eV). 
** Obtained in respect of coronene-pyrrole (ΔHOMO-LUMO = 5.6875 eV). 
 

 
  

  
 

(a) (b) (c) 
 

Figure 6. HOMO (bottom) and LUMO (top) frontier orbitals of (a) NO2-coronene, (b) NO2-coronene-pyrrole with NO2 located over coronene free sites and (c) 
coronene-pyrrole with NO2 located over a pyrrole ring. 
 

The NO2 entry on the pyrrolic ring is presented in Figure 5b; 
In this geometry, nitrogen is pointing to the pyrrolic ring and 
two orientations were obtained; In one of them (Figure 5b), 
nitrogen stayed coordinated with three carbons of the pyrrolic 
ring with an adsorption energy of 217.14 meV; however, in 
other similar configuration, nitrogen of NO2, positioned itself on 
the center of the pyrrolic ring in coordination with all the 
carbons and the nitrogen of this ring, being the adsorption 
energy of 224.21 meV. In these configurations, the distances 
between the nitrogen of NO2 and coronene’s carbons were 
between 3.0-3.2 Å and the distance N-N was 2.99 Å. Finally, in 
the other configurations, not showed, the interaction between 
NO2 and pyrrole did not occur because of the nitrogen of NO2 
but because of the oxygen’s atoms; in this geometry, one of the 
oxygen atoms remained in the center of the pyrrole ring 
coordinated with the carbon and nitrogen atoms of pyrrole, 
being the adsorption energy of 181.1 meV. 

To sum up, for NO2 entry, the adsorption energy is kept 
between 181-279 meV, which is higher than the calculated 
adsorption energy in pristine coronene molecules (175-207 
meV) (Table 2). Furthermore, the highest NO2 adsorption 
energy was found on the coronene free sites in the coronene-
pyrrole system; this latter result can be related firstly, with the 
presence of the coronene molecule of activated sites due to the 
charge transference observed from pyrrole to coronene when 
both molecules interacted; and secondly, due to the hydrogen 
bond formed between NO2 and pyrrole. The magnitude (meV) 
of the adsorption energy obtained indicates that a physisorp-
tion process occurred. 
 
3.5. Coronene-pyrrole-NO2 system as a NO2-sensor  
 

In Table 2, the ΔHOMO-LUMO and Δ (ΔHOMO-LUMO) values included 
belong to the most favored geometry for the three chosen 
systems: Coronene-NO2, coronene-pyrrole-NO2 with NO2 
adsorbed on the free sites of coronene sheets and coronene-
pyrrole-NO2 with NO2 adsorbed on the pyrrole ring. It is 
important to take into account that if the value of Δ (ΔHOMO-LUMO) 
is higher, a more significant change in the electric properties of 
these systems would be expected as the result of the adsorption 
processes.  

In the three chosen systems, the ΔHOMO-LUMO gaps are smaller 
than the corresponding reference system (without NO2 

adsorbed), indicating a reduction of the gap as a result of the 
adsorption process; this result led to increase the resistance of 
the system and it agrees with the experimental tendency of 
these adsorption systems, in which the adsorbate gas molecule 
(NO2) is an electron-acceptor. 

In relation to the Δ (ΔHOMO-LUMO) values, the highest value 
was obtained for the NO2-pyrrole-coronene complex, when NO2 
was adsorbed by the free sites of coronene. It is essential to 
highlight that, even though a significant change in the gap 
HOMO-LUMO was observed in the two chosen systems, 
coronene and pyrrole-coronene, the best candidate would be 
the latter one because this system showed more favored 
adsorption sites (coronene free sites). Finally, in Figure 6, the 
HOMO and LUMO orbital maps are presented; notice the strong 
π character of both frontier orbitals in the three adsorption 
systems; however, when NO2 is located over coronene free sites 
(Figure 6b), the main contribution of the HOMO orbital comes 
from pyrrole. On the other hand, the LUMO orbital shows a 
strong contribution of NO2 along with coronene orbitals. Even 
though, the HOMO and LUMO energy levels in NO2-pyrrole-
coronene decreased respect to the corresponding coronene-
pyrrole complex and therefore the orbitals became more 
binding, the LUMO orbital decreased much more because of the 
strong overlap between the NO2 and coronene orbitals (see 
Figure 6b); therefore, the change in the topology of the frontier 
orbitals has allowed to explain the significant gap reduction in 
coronene-pyrrole-NO2 system, when NO2 approaches the free 
sites of coronene. 
 
3.6. Coronene-NH3 system 
 

The adsorption energy produced by the interaction of NH3 
with pristine coronene was between 160-176 meV (Table 3). 
Figure 7 shows the optimized geometries for the most probable 
NH3 adsorption complexes. The entry of NH3 with the nitrogen 
pointing to carbon atoms of the coronene sheet resulted in a N-
C distance of 3.11 and 3.30 Å as it can be seen in Figure 7a; in 
this geometry, with an adsorption energy of 175.5 meV, two 
hydrogen atoms of NH3, are extended over the center of two 
hexagons,  with  distances  H-C  over  2.82-2.85 Å, while the third  
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Figure 7. The two most stable optimized geometries for NH3 adsorption on pristine coronene molecule (a, b). 

 

 

 
(a) (b) 

 
Figure 8. The most stable optimized geometry for NH3 adsorption in the coronene-pyrrole system considering NH3-entry in the free sites of coronene (a) and 
over the pyrrole ring (b). 
 
one is oriented upwards. In other favorable orientation, the 
ammonia was located with its hydrogens pointing to the 
coronene’s central hexagon in a totally symmetrical arrange-
ment where ammonia’s hydrogen remained each one on a C-C 
bond line as Figure 7b shows; the C-H bond distance kept in the 
range of 2.92-2.97 Å and the adsorption energy was 169.15 
meV. Additionally, other similar geometry was found, in which 
the hydrogen arrangements were less symmetrical; in this case, 
the adsorption energy was 160.38 meV. 
  
3.7. Coronene-pyrrole-NH3 system 
 

In a similar way to NO2 adsorption, NH3 was located on the 
free sites of coronene and over the pyrrole ring. The entry of 
NH3 on the free sites of the coronene molecule by both, the 
ammonia’s hydrogen and nitrogen atoms gets similar geomet-
ries with adsorption energies of 497.8 and 533.6 meV, respect-
tively (Table 3), which were much higher than the ones 
produced by the coronene-NH3 system; in Figure 8a, the most 
stable one is presented and you can observe that two hydrogens 
of the ammonia molecule are coordinated with each of the two 
carbon atoms of the coronene sheet at a distance of 3.02 and 
2.73 Å, while the other hydrogen atom remains oriented 
upwards. In fact, the most interesting thing is the hydrogen 
bond formed at 1.90 Å, between the ammonia’s nitrogen and the 
hydrogen which is bonded to the nitrogen of pyrrole. This 
geometry can be observed in Figure 8a.  

The NH3 entry over pyrrole, throughout its hydrogen atoms 
produced a unique geometry which is shown in Figure 8b. 

Notice that each of the two hydrogen atoms of NH3 are 
coordinated with two carbon atoms of the pyrrolic ring at 2.54 
and 2.79 Å of distance. Similarly, the nitrogen of the NH3 
molecule is also coordinated with the nitrogen of pyrrole at a 
distance of 3.14 Å. The adsorption energy for this configuration 
was 208.0 meV. Finally, another configuration, the one shown 
in Figure 8b, places the NH3-nitrogens on the pyrrole ring 
center, while one of the NH3’s hydrogen stays coordinated to the 
pyrrole-nitrogens at a distance of 3.14 Å; however, for this 
geometry, the adsorption energy was lower (193.1 meV) (Table 
2). The results of NH3 adsorption indicated that the adsorption 
energies in the pyrrole-coronene system are higher (193-534 
meV) than those in the pristine coronene system (160-176 
meV). Therefore, the functionalization of coronene with pyrrole 
improves the adsorption process.  
 
3.8. Coronene-pyrrole-NH3 system as a NH3 sensor 
 

In Table 3, the ΔHOMO-LUMO and Δ (ΔHOMO- LUMO) of the most 
representative geometries are presented. Notice that the ΔHOMO-

LUMO gap of the NH3-coronene complex is practically unchanged. 
However, in the NH3-pyrrole-Coronene complexes, two 
different results are observed; (i) the entrance of NH3 over the 
pyrrolic ring which yielded the opening of the HOMO-LUMO gap 
(Δ (ΔHOMO- LUMO) = 160.8 meV) according to the electron-acceptor 
character of NH3, which would decrease the conductivity; (ii) 
the entrance  of NH3  over the free sites of coronene, which 
yielded the reduction of the HOMO-LUMO gap (Δ (ΔHOMO- LUMO) = 
-343.7 meV) contrary to  the  expected b ehavior;  this  could  be  
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Figure 9. HOMO (bottom) and LUMO (top) frontiers orbitals of (a) NH3-coronene, (b) NH3-coronene-pyrrole with NH3 located over coronene free sites and (c) 
coronene-pyrrole with NH3 located over pyrrole ring. 
 
due to the hydrogen bond formed with two of the pyrrole’s 
hydrogens and the position of the NH3 in the interface pyrrole-
coronene; in this case, this adsorption complex might increase 
the conductivity.  

The Δ (ΔHOMO-LUMO) values indicate that the increase of the 
conductivity dominates over the decrease. In this way, this 
system could be recommended as an NH3-sensor. These two 
opposite tendencies observed in Table 3 for the pyrrole-
coronene system can be related with two different topology 
features in the HOMO/LUMO maps presented in Figure 9. When 
NH3 is approached over the coronene-free sites (Figure 9b), the 
contribution of the LUMO orbital comes from coronene 
essentially and the HOMO orbital contribution comes from 
pyrrole; however, the contribution of the HOMO orbital, when 
NH3 approached over the pyrrole ring (Figure 9c), has to do 
with the whole coronene-pyrrole complex and for the LUMO 
orbital only with the coronene part. 
 
4. Conclusions 
 

The possibilities of using functionalized graphene with 
pyrrole as a sensor of NO2 and NH3 were studied taking into 
consideration a simple model of a coronene molecule. Previ-
ously, the coronene-pyrrole interaction was modelled, and it 
was found that the pyrrolic ring tended to lie almost parallel to 
the coronene sheet, in a π-π stacking interaction between the 
two conjugated systems, being the closest distances about 3.0 
and 3.2 Å. To study the adsorption process involving NH3 and 
NO2 molecules, two different sites were considered: on the free 
sites of coronene, near of the interface coronene-pyrrole, and 
over the pyrrolic ring. In both adsorption processes, the corres-
ponding energies indicated that the physisorption process had 
happened; the adsorption energy ranges when the gas 
molecules were placed on the free sites of coronene resulted 
higher than in the case in which they were placed over the 
pyrrolic ring. This result could be related to the formation of a 
hydrogen bond between the adsorbate molecules and the 
pyrrolic ring. Moreover, the comparison between the 
physisorption energies in the pristine coronene system and the 
coronene-pyrrole system yielded a more favored physisorption 
process for the latter.  

The change in the gap (HOMO-LUMO) in the NO2 adsorption 
process presented the following tendency:  
 
NO2-pyrrole-coronene (coronene free sites) > NO2-coronene > 
NO2-pyrrole-coronene (on pyrrole)   (4) 
 

Based on the above results, the graphene-pyrrole system 
could be a better option to be used as a NO2-sensor than the 
pristine graphene one. The change in the gap (HOMO-LUMO) in 
the NH3 adsorption process presented the following tendency:  
 
NH3-pyrrole-coronene (coronene free sites) > NH3-pyrrole-
coronene (on pyrrole) > NH3-coronene    (5)  
  

As in the NO2-pyrrole-coronene system, when NH3 is placed 
on the free sites of coronene, a greater change in the gap was 
observed; in both cases, as a result of the adsorption process, a 
reduction of the HOMO-LUMO gap was observed, which could 
be a descriptor related to the conductivity increase. Although 
the entry of NH3 over the pyrrole ring and over the free sites of 
coronene yielded opposite results (in the former, an opening of 
the gap was produced, and in the latter a reduction was found), 
the Δ(ΔHOMO-LUMO) indicated that the effect of the increase in 
conductivity was greater than the decreased ones. In this way, 
this system can also be recommended as a NH3-sensor. Notice 
that in the NH3-coronene (pristine), the magnitude of the 
change was non-significant; accordingly, we consider it is not 
appropriate nor advisable to use it as a NH3-sensor. These 
results allowed us to conclude that Δ (ΔHOMO-LUMO) can be an easy 
and suitable descriptor for characterizing the performance of a 
sensor.  
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