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Abstract: (250 words) 

The ability to detect persistent nitroaromatic contaminants, e.g. DNT and TNT, with high sensitivity 

and selectivity is central to environmental science and medicinal diagnostics. Graphene-based 

materials rise to this challenge, offering supreme performance, biocompatibility, and low toxicity at 

a reasonable cost. In the first step of the electrochemical sensing process, these substrates establish 

non-covalent interactions with the analytes, which we show to be indicative of their respective 

detection limits. Employing a combination of semiempirical tight binding quantum chemistry, meta-

dynamics, density functional theory, and symmetry-adapted perturbation theory in conjunction with 

curated data from experimental literature, we investigate the physisorption of DNT and TNT on a 

series of functionalised graphene derivatives. In agreement with experimental observations, systems 

with greater planarity and positively charged substrates afford stronger non-covalent interactions than 

their highly oxidised distorted counterparts. Despite the highly polar nature of the investigated 

species, their non-covalent interactions are largely driven by dispersion forces. To harness these 

design principles, we considered a series of boron and nitrogen (co)doped two-dimensional materials. 

One of these systems featuring a chain of B–N–C units was found to adsorb nitroaromatic molecules 

stronger than the pristine graphene itself. These findings form the basis for the design principles of 

sensing materials and illustrate the utility of relatively low cost in silico procedures for testing the 

viability of designed graphene-based sensors for a plethora of analytes. 
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1 INTRODUCTION 

From explosives testing grounds to oil deposits, from dye manufactures to ore mines, nitrogen-

containing aromatic compounds (NACs), such as 2,4-dinitrotoluene (DNT) and 2,4,6-trinitrotoluene 

(TNT) (Figure 1A), are omnipresent pollutants.1 For decades, these contaminants persist in soil and 

water, resisting biodegradation and posing a serious risk to human health due to their facile absorption 

through the skin and high bioaccumulation rates.2 Consequently, detecting minute amounts of NACs 

in soil and water is of great importance to public health and safety, forensics, and anti-terrorism 

operations.3 Common modern detection methods include surface-enhanced Raman⁠ spectroscopy,4 ⁠ 

high-performance liquid chromatography (HPLC),5 ⁠ and numerous other analytical techniques.6,7,8 ⁠ 

Among them, electrochemical detection based on the reduction of nitro-groups to amino-groups9 

enables onsite real-time analysis,10 with the added benefits of low limits of detection (LOD),11 a large 

linear range, and a relatively low cost of the apparatus.12 ⁠ For these reasons, electrochemical sensors 

are among the most promising for the high-performance detection of NACs. 

 

Figure 1. (A) Common NACs. (B) Structures of graphene-based materials: pristine graphene (bold yellow), 

reduced graphene oxide (orange), hydrogenated reduced graphene oxide (carmine), N-doped graphene (light 

blue) and N- and S-(co)doped graphene (dark blue). 

The exceptional electrochemical13 ⁠ and mechanical properties14 ⁠ of various graphene-based 

materials (GBMs, Figure 1B) make them particularly attractive to produce cheap, robust, and highly 

sensitive sensors.15 Two-dimensional GBM sensors enable the detection of a broad range of 

compounds, from amino acids to metal cations;16 such devices are also used for the subsequent 
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removal of diverse aromatic contaminants from water.17-19 In 2014, reduced graphene oxide 

functionalised with 1,3,6,8-pyrenetetrasulfonic acid sodium salt and palladium nanoparticles was 

used to manufacture a sensor with a low limit of quantification of NAC explosives,20 ⁠ however, this 

functionalised substrate is not economically viable for large-scale production. Over the past decade, 

a variety of metal-free graphene-based materials – electrochemically exfoliated graphene,10 

hydrogenated graphene,21 ⁠ reduced graphene oxide,22 N,S-(co)doped nanoribbons,23 ⁠ N-doped 

graphene24 ⁠, and others25,26 – has been used to electrochemically detect DNT and TNT. Despite these 

formidable experimental efforts, a direct comparison between classes of materials is often obstructed 

by the disparate experimental conditions employed; thus, clear design principles grounded in a 

systematic understanding of NAC sensor chemistry are still lacking. 

Across diverse sensor types, the initial interaction between an analyte and the sensor’s surface is 

one of the key factors defining their detection efficiency. Physical adsorption via non-covalent 

interactions (NCIs) affords faster sensor response and recovery compared to covalent binding 

between the 2D material and the analyte.16 In the case of NO2 detection, a quantitative relationship 

exists between the sensor’s LOD and the computed adsorption energies and band gap of the graphene 

oxide sensing material.27 Similarly, the NCIs are likely key to the detection of organic molecules with 

GBMs, since they influence the transport properties of a sensor,2829 ⁠ determine sensitivity and 

selectivity of the analytical procedure,16 ⁠and define the design principles for tailored carbon-based 

sensors.10,16 The nature of these interactions depends on the GBM and NAC structures:16 pristine 

graphene and its derivatives with a high degree of aromaticity interact with nitroaromatic compounds 

primarily via π-π stacking, while functionalised graphene-derivatives (e.g., the reduced graphene 

oxide and the heteroatom-doped graphene) form additional hydrogen bonds and other electrostatic 

interactions.30 According to the results of one Fourier transform infrared spectroscopy study, the 

adsorption of nitroaromatic molecules is weaker on graphene oxide (due to its hydrophilicity and 

reduced aromaticity) and stronger on reduced graphene oxide (due to stacking with its π-system and 

electrostatic interactions with its numerous oxygenated functional groups).30 Several computational 

studies of the interactions between various organic molecules and graphene derivatives (see Table S1 

in the ESI for a complete overview) led to similar observations. Once the nitroaromatic contaminant 

is adsorbed on the sensor surface, its electrochemical detection proceeds via a four-electron stepwise 

reduction of NO2 groups to amine functionalities.10 The ascertained electrochemical signal is thus 

largely determined by the electronic structure, i.e., the redox properties and conductivity of the sensor 

surface. Overall, both the initial adsorption and subsequent reduction of the analyte on the GBM 
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sensor define the latter’s efficiency, although the questions of whether either one of these factors 

dominates or if there is a strong correlation between them are yet to be fully clarified. 

In this paper, we aim to determine whether there is a relationship between the strength and nature 

of the non-covalent interactions between nitroaromatic analytes and graphene-based sensors, 

quantified and analysed in silico, and the reported experimental effectiveness of these sensors. Should 

such a relationship exist, it would open doors to the targeted design of more sensitive and selective 

detector materials for a broader range of analytes; in case this relationship is weak or non-existent, 

the investigative focus should shift toward subsequent steps in the sensor’s operation, i.e. the redox 

chemistry between GMBs and NACs responsible for the observed signal. 

 

2 COMPUTATIONAL METHODOLOGY 

The adsorption of DNT and TNT (Figure 1A) on various graphene substrates has been 

investigated in silico in the gas phase using a finite (nanoflake) model for graphene-based materials. 

Functionalised graphene derivatives of seven classes were constructed based on available 

experimental data, with an additional class representing materials yet to be explored, as follows 

(Table 1): 

1. Pristine graphene (G). 

2. Reduced graphene oxide obtained with the Staudenmaier procedure (rGO-ST). 

3. Reduced graphene oxide obtained with the Hummers or Hofmann procedures (rGO-HU-HO). 

4. Graphene exfoliated in a Na2SO4 solution (GO-Na2SO4). 

5. Graphene exfoliated in a LiClO4 solution (GO-LiClO4). 

6. N-doped graphene: this experimentally relevant system contains oxygenated groups introduced 

to the GBM structure during the doping process24 and is modelled by the N-doped-ox-G system. To 

elucidate the role of the nitrogen functional units alone in the interaction between N-doped graphene 

and NACs, additional models containing only pyridinic nitrogen atoms (N-doped-pyr-G) and 

graphitic and pyridinic nitrogen atoms (N-doped-mix-G) were used. 

7. N,S-(co)doped graphene: similarly, several functionalised systems containing nitrogen and 

sulphur atoms in different oxidation states were considered (N,S-codoped-thio-G, N,S-codoped-

oxothio-G and N,S-codoped-ox-G). 

8. B- and N-(co)doped graphene: to additionally extend the established design guidelines beyond 

previously experimentally tested systems (classes 1-7 above), a series of graphene derivatives, 

increasingly (co)doped with boron and nitrogen atoms (BH-doped-G, NH-doped-G, B,N-codoped-
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Gn) up to hexagonal boron nitride (hBN)31 were considered. To the best of our knowledge, these 

systems have not yet been applied to nitroaromatics sensing. 

Pristine graphene was modelled as circumcoronene, while functionalised GBMs were modelled 

as substituted circumcoronenes with different distributions of functional groups with respect to each 

other and the polyaromatic plane, i.e. all-syn and mixed (Figure 2). For doped graphene models, 

various types of heteroatomic functionalities were considered. Geometries of DNT, TNT, and GBM 

models were first pre-optimised at a PBE-D3/def2-TZVP level of theory with the resolution of 

identity approximation (RIJCOSX) using ORCA.32 

 

Figure 2. Nanoflake models of different GBMs used in electrochemical sensing of NACs. 

A semiempirical tight-binding quantum chemistry method (GFN2-xTB) was used in the 

framework of meta-dynamics (MTD)33 with the root mean square deviation (RMSD) as a metric for 

collective variables to locate stable analyte-sensor complexes and compute their relative energies. 

Simulations were performed at 298 K for 20 picoseconds with a 1 femtosecond step using xtb 

software.33 For each complex, 400 frames were obtained. To maintain the planarity of the nanoflake 

models, they were constrained with a force constant of 10 Hartree; spherical logfermi potential was 

applied to avoid the dissociation of the non-covalent complexes. RMSDs were evaluated for 20 

structures with a scaling value of 0.02. These parameters were chosen as a good compromise between 

costly sampling of the potential energy surface and reasonable computational time.33 

For each complex, structures within 20 kJ mol–1 of the lowest energy conformer at the 

MTD(RMSD)/GFN2-xTB level were chosen for a subsequent geometry and energy refinement at a 

PBE0-D3-RIJCOSX/def2-TZVP level of theory using ORCA.32 Accurate interaction energies of 

these complexes were obtained using symmetry-adapted perturbation theory (SAPT)34 at a 
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SAPT0/jun-cc-pVDZ level with a density fitting approximation35 as implemented in the Psi4 

package.36 The same theory was employed to perform the energy decomposition analysis (EDA) of 

the computed interaction energies into physically meaningful components.37 The lowest energy 

(global minima) complexes are discussed further, while the full set of results is provided in the ESI. 

 

3 RESULTS AND DISCUSSION 

3.1 Experimental data curation 

Table 1 provides an overview of the available literature data on the experimentally measured 

performance of diverse graphene-based sensors for nitroaromatic contaminants. The information 

collected refers not only to the limits of detection of DNT and TNT in various saline aqueous 

environments, but also, where available, to the analytical characterisation of GBM structure and 

composition, used in this work to construct the model systems. 

Table 1. Reported performance of graphene-based sensors of DNT and TNT. 

Ref. NAC Electrode a Experimental conditions 
b 

LOD 
(ppm) 

Composition (atomic content, 
functional groups, etc.) 

10 DNT GC  BBS (pH 9.2) 11.26 / 
10 DNT GC 9:1 sea water (pH 8) and 

BBS (pH 9.2) 
3.17 / 

21 DNT rGO 9:1 sea water (pH 6.74) 
and BBS (pH 9.2) 

/  

21 DNT rGO-Hydr. 9:1 sea water (pH 6.74) 
and BBS (pH 9.2) 

/ Loss of aromaticity 

22,38 DNT rGO-ST BBS (pH 9.3) / C/O =24.1 
⁠22,38 DNT rGO-HU BBS (pH 9.3) / C/O =19.27  
22,38 DNT rGO-HO BBS (pH 9.3) / C/O =18.22  
10 DNT GO-LiClO4 9:1 sea water (pH 8) and 

BBS (pH 9.2) 
4.35 C/O =4 

high in hydroxyls and carbonyls 
10 DNT GO-LiClO4 BBS (pH 9.2) 2.73 C/O =4 

high in hydroxyls and carbonyls 
10 DNT GO-Na2SO4 9:1 sea water (pH 8) and 

BBS (pH 9.2) 
5.97 C/O =8.8 

epoxies, hydroxyls, carboxyls 
and carbonyls 

10 DNT GO-Na2SO4 BBS (pH 9.2) 5.43 C/O =8.8 
epoxies, hydroxyls, carboxyls 
and carbonyls 
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25 TNT G-sheet 9:1 sea water (pH 8) and 
BBS (pH 9.2) 

0.52 50´50 nm exfoliation of G- 
nanofibers 

⁠25  TNT G-sheet BBS / 50´50 nm exfoliation of G- 
nanofibers 

25 TNT G-ribbon 9:1 sea water (pH 8) and 
BBS (pH 9.2) 

0.14 5000´300nm (unzipping of 
CNTs) 

25 TNT G-ribbon BBS / 5000´300nm (unzipping of 
CNTs) 

26 TNT G-SL Artificial sea water ~1 Surface area = ~10.000nm2 
Length = ~100nm 

⁠26 TNT G-FL Artificial sea water ~1 Surface area = ~10.000nm2 
Length = ~100nm 

26 TNT G-ML Artificial sea water ~1 Thickness = ~5nm 
Length =~ 100nm 

26⁠ TNT Graphite 
micro-
particles 

Artificial sea water ~1 Diameter= ~10–20μm 

21 TNT rGO 9:1 sea water (pH 6.74) 
and BBS (pH 9.2) 

0.40  

21 TNT rGO-Hydr. 9:1 sea water (pH 6.74) 
and BBS (pH 9.2) 

0.50 Loss of aromaticity 

22,38 TNT rGO-ST BBS (pH 9.3) / C/O =24.1 
22,38 TNT rGO-HO 9:1 sea water (pH 8) and 

BBS (pH 9.3) 
/ C/O =18.22 

22,38 TNT rGO-HO BBS (pH 9.3) / C/O =18.22  
⁠22,38 TNT rGO-HU BBS (pH 9.3) / C/O =19.27 
10 TNT GO-LiClO4 9:1 sea water (pH 8) and 

BBS (pH 9.3) 
2.03 C/O =4 

high in hydroxyls and carbonyls 
10 TNT GO-LiClO4 BBS (pH 9.2) 6.74 C/O =4 

high in hydroxyls and carbonyls 
10 TNT GO-Na2SO4 9:1 sea water (pH 8) and 

BBS (pH 9.2) 
3.85 C/O =8.8 

epoxies, hydroxyls, carboxyls 
and carbonyls 

10 TNT GO-Na2SO4 BBS (pH 9.2) 6.54 C/O =8.8 
epoxies, hydroxyls, carboxyls 
and carbonyls 

24 TNT N-doped 
graphene 

Artificial sea water 
degassed  

0.03 Mainly pyridine-like N 

23 TNT N,S-
(co)doped 
rGO 
nanoribbon 

0.1M PBS (pH 5.5) with 
0.4M KCl 

0.0001 Oxygen containing groups, 
pyridinic and pyrrolic N, 
thiophene and oxidised 
thiophene 
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a Electrode notations: GC – glassy carbon electrode; GO-LiClO4 – graphene obtained by electrochemical 
exfoliation with lithium perchlorate; GO-Na2SO4 – graphene obtained by electrochemical exfoliation with 
sodium sulphate; rGO – obtained by thermal reduction of graphite oxide in an argon atmosphere; rGO-Hydr. 
– obtained by thermal reduction of graphite oxide in a saturated H2 atmosphere; rGO-ST – thermally reduced 
graphene oxide obtained with Staudenmaier procedure;24 ⁠ rGO-HO – thermally reduced graphene oxide 
obtained with the Hofmann procedure;24 ⁠ rGO-HU – thermally reduced graphene oxide obtained with Hummers 
procedure; G-SL – single-layered graphene nanoribbons; G-FL – few-layered graphene nanoribbons; G-ML – 
multi-layered graphene nanoribbons. 
b Experimental conditions notations: BBS – borate-buffered saline; artificial sea water – 0.5M NaCl solution; 
PBS – phosphate-buffered saline 

 
We have analysed these experimental data to determine potential relationships between the adsorption 

of the analyte on the sensor’s surface and the resulting detection efficacy, arriving at the following: 

• Graphene obtained by electrochemical exfoliation:10 ⁠ the limit of detection is generally lower 

for the GBMs obtained with the lithium perchlorate electrolyte relative to sodium sulphate. This trend 

is attributed to the higher content of oxygenated functional groups in GO-LiClO4 (C/O ratio = 4) than 

in GO-Na2SO4 (C/O ratio = 8.8), which gives rise to stronger NCIs between the sensor and the analyte 

and, ultimately, a lower limit of detection. 

• rGO and hydrogenated rGO:21 sensors employing non-hydrogenated rGO enable improved 

detection relative to their hydrogenated analogues, highlighting the importance of sensor’s planarity 

and π-conjugation, leading to stronger π-π stacking with the nitroaromatic analytes. 

• Graphene nanosheets and nanoribbons:25 detectors utilising nanoribbons, rich in sp2 carbon, are 

more sensitive than those based on nanosheets, further emphasising the importance of the π-π stacking 

with the analyte. 

• rGO obtained with different procedures: according to Ref. 22, the sensitivity of the sensor 

depends on the oxygen content in the graphene-based material. Specifically, in the series rGO-HO, 

rGO-HU, rGO-ST, the sensitivity of the detector improves with decreasing load of oxygen-containing 

functional groups. 

• Single-, few-, multi-layered nanoribbons and graphite nanoparticles:26 sensitivity of these 

sensors is only weakly dependent on the number of graphene layers, while the linear range of response 

is larger for graphite nanoparticles. 

• N-doped graphene:24 these sensors afford low limits of detection, potentially due to additional 

non-covalent interactions between the electron-poor nitroaromatic analyte and the electron-rich 

graphene derivative containing pyridinic nitrogen atoms. 
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• N,S-(co)doped nanoribbons:23 these sensors demonstrate the best performance, likely due to 

additional hydrogen bonding between the sensor’s functionalities and the analyte. However, 

synthesising such materials is complex, lengthy, and costly. 

 

3.2 Structures of NAC-GBM complexes 

Several finite models of graphene-based sensing materials from classes 1 to 7 were chosen for in 

silico exploration (Figure 2). Their structures sans analyte were optimised at the PBE0-D3-

RIJCOSX/def2-TZVP level of theory. To quantitatively assess the extent of the GBM’s planarity in 

the relaxed structures, we employed a geometrical measure of puckering in the parent circumcoronene 

ring (see Figure S1 and Table S2 in the ESI).39 Optimised geometries of the studied GBM models 

display the following features: 

• Pristine graphene (class 1, circumcoronene model G) is a planar π-conjugated system. 

• Reduced graphene oxide (classes 2 and 3, rGO-ST, rGO-HU-HO): a low degree of oxidation is 

introduced and the planarity and π-conjugation within the system is partially lost. 

• Exfoliated graphene oxide (classes 4 and 5, GO-Na2SO4, GO-LiClO4): due to the high extent of 

oxidation and presence of many sp3 carbons, the planarity is significantly depleted, particularly in the 

case of all-syn models. 

• N-doped graphene (class 6, N-doped-ox-G, N-doped-pyr-G and N-doped-mix-G): model GBMs 

containing only nitrogen atoms are planar π-conjugated systems, while the low degree of oxidation 

introduced in the N-doped-ox-G causes partial loss of planarity. 

• N,S-(co)doped graphene (class 7, N,S-codoped-thio-G, N,S-codoped-oxothio-G, and N,S-

codoped-ox-G): the presence of defects and sp3 carbon atoms distorts the planarity and bonding 

pattern in the circumcoronene skeleton, particularly in the case of the oxidised species. 

Next, 30 complexes of model graphene derivatives with DNT and TNT analytes were 

investigated at the MTD(RMSD)/GFN2-xTB level. Multiple stable conformations for each complex 

were located and subsequently refined at the PBE0-D3-RIJCOSX/def2-TZVP level. Finally, they 

were ranked according to electronic energies at the same level of theory. The three-dimensional 

structures of these lowest-energy NAC-GBM complexes are shown in Figure 3 below. 
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Figure 3. Three-dimensional structures of the most stable adsorption geometries of the DNT-GBM and TNT-

GBM complexes (PBE0-D3/def2-TZVP). 

In all investigated systems, the nature of the interactions between NACs and GBMs is physisorption, 

i.e. no directional covalent bonding is established. In the case of highly planar nanoflakes, the NAC 

molecule is adsorbed parallel to the circumcoronene plane, while distorted GBMs give rise to tilted 

adsorption geometries. The bonding pattern of the nanoflake is generally maintained in the adsorption 

complexes, except for the N,S-codoped-thio-G system, in which the connectivity changes in the 

defect-rich zone upon interaction with the analyte. 

 

3.3 Non-covalent interactions in NAC-GBM complexes 

Analyte-surface interaction energies in the located stable complexes were further refined using 

symmetry-adapted perturbation theory, which is considered to provide reliable energetics for non-

covalent interactions (see Figure S2 in the ESI, which shows good qualitative agreement between 

PBE0 and SAPT0 results).34,35 According to our results (Table 2), the interaction energies between 

the nitroaromatic pollutants and various investigated graphene derivatives from classes 1 to 7 fall 

between -140 and -60 kJ mol–1, and generally follow similar trends for DNT and TNT (see Figure S3 

in the ESI). Relative to adsorption on pristine graphene, stronger interactions are established with 

G rGO-ST rGO-HU-HO-all-syn

GO-Na2SO4-all-syn GO-LiClO4-all-syn

N-doped-pyr-G

N,S-codoped-ox-G

DNT

GO-Na2SO4-mixed GO-LiClO4-mixed

N-doped-ox-GN-doped-mix-G

N,S-codoped-oxothio-GN,S-codoped-thio-G

rGO-HU-HO-mixed G rGO-ST rGO-HU-HO-all-syn

GO-Na2SO4-all-syn GO-LiClO4-all-syn

N-doped-pyr-G

N,S-codoped-ox-G

TNT

GO-Na2SO4-mixed GO-LiClO4-mixed
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N,S-codoped-oxothio-GN,S-codoped-thio-G

rGO-HU-HO-mixed

BH-doped-G NH-doped-G B,N-codoped-G1

B,N-codoped-G3 hBNB,N-codoped-G4

B,N-codoped-G2 BH-doped-G NH-doped-G B,N-codoped-G1

B,N-codoped-G3 hBNB,N-codoped-G4

B,N-codoped-G2
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positively charged GBMs (N-doped and N,S-codoped substrates), while multiple oxygenated 

functionalities (GO-Na2SO4 and GO-LiClO4) result in weakened adsorption. Furthermore, GBMs 

with a higher extent of planarity in the π-conjugated core ensure better adsorption of NACs (Figure 

4A). These theoretical observations are in good agreement with the factors that determine the 

experimental performance of the GBM sensors discussed above. 

Table 2. SAPT0/jun-cc-pVDZ interaction energies (in kJ mol–1) of the PBE0-D3/def2-TZVP global minima 

for the studied NAC-GBM complexes. 

Class Model GBM DNT TNT 

1 G -104.8 -119.9 

2 rGO-ST -92.5 -86.7 

3 rGO-HU-HO-all-syn -85.5 -95.6 

3 rGO-HU-HO-mixed -91.7 -111.2 

4 GO-Na2SO4-all-syn -96.4 -102.6 

4 GO-Na2SO4-mixed -86.7 -94.4 

5 GO-LiClO4-all-syn -81.3 -107.5 

5 GO-LiClO4-mixed -80.3 -64.6 

6 N-doped-ox-G -92.1 -97.0 

6 N-doped-pyr-G -106.6 -114.5 

6 N-doped-mix-G -141.3 -139.0 

7 N,S-codoped-ox-G -75.0 -82.3 

7 N,S-codoped-thio-G -87.6 -101.5 

7 N,S-codoped-oxothio-G -102.5 -108.0 

8 BH-doped-G -98.7 -107.7 

8 NH-doped-G -98.7 -80.1 

8 B,N-codoped-G1 -105.7 -114.6 

8 B,N-codoped-G2 -114.3 -121.2 

8 B,N-codoped-G3 -98.4 -106.5 

8 B,N-codoped-G4 -83.5 -99.2 

8 hBN -65.4 -73.7 

 

A complete picture of non-covalent interactions between nitroaromatic contaminants and 

graphene-based sensors encompasses not only structural and total interaction energy features, but also 

an energy decomposition analysis of the latter (see Figure S4 in the ESI). Dispersion constitutes the 
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largest attractive – and, ultimately, the definitive – contribution to the SAPT0 total interaction 

energies of the studied NCIs, and is only partially countered by exchange repulsion. Moreover, 

dispersion is greatest in complexes formed by more planar substrates – pristine and N-doped 

graphenes – due to closer contact between the analyte and the sensor surface. Interestingly, the 

electrostatic component is stabilising in all systems – both neutral and positively charged – and is a 

combination of several effects: (i) π-π interactions between electron-deficient NACs and graphene’s 

π-system, and (ii) electrostatic interactions between nitro-groups and functional units (substituents 

and dopant atoms) in the GBM. The nature of these interactions – attractive or repulsive – is specific 

to a given complex; however, as noted before, electrostatic effects are secondary to dispersion in all 

studied systems. 

 

Figure 4. (A) The relationship between SAPT0/jun-cc-pVDZ interaction energies of NAC-GBM complexes 

and planarity of the corresponding graphene substrates. (B) Experimentally measured limits of detection of 

DNT and TNT in saline aqueous environments (Table 1) plotted against computed SAPT0/ jun-cc-pVDZ 

interaction energies in NAC-GBM complexes (Table 2). 

 

3.4 The role of adsorption in the overall sensing performance 

Does the strength of the initial adsorption of the analyte on the sensor surface directly define the 

resulting sensor performance? To address this question, we explored the relationship between the 

computed interaction energies of the nitroaromatic pollutants with model graphene-based materials 

on one side and the experimentally determined limits of detection of the corresponding 

electrochemical sensors on the other (Figure 4B). Such an analysis is limited by the availability of 

experimental data and its homogeneity, i.e. the differences in the experimental conditions. 
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Furthermore, computed results correspond to finite models of graphene sensors in vacuo and therefore 

do not capture the full complexity of the real-life systems. Nonetheless, there is overall qualitative 

agreement between the NCI strengths and the sensor’s limits of detection: highly planar and positively 

charged GBMs afford stronger adsorption and result in lower LODs, while exceedingly distorted 

graphene oxide materials carrying multiple oxygenated functional groups lead to weaker adsorption 

and poorer sensor performance. Interestingly, the N,S-(co)doped substrate, which demonstrated 

outstanding sensing of TNT in a phosphate-buffered saline (Table 1), does not establish the strongest 

interactions with NACs compared to other tested GBMs. This potentially indicates the limitations of 

comparing the results of experimental studies conducted under conditions that are too dissimilar; 

based on our computational data alone, expensive and challenging to synthesise (co)doped graphenes 

are unlikely to substantially outperform cheaper and simpler analogues. 

 

3.5 Performance of B,N-(co)doped GBMs 

Armed with the established relationships between the detection limit of a sensor, planarity of the 

sensing material, and the strength of its non-covalent interactions with the analyte, we proceeded to 

investigate another class (class 8 in section 2) of graphene-like materials doped with boron and 

nitrogen atoms. Systems with distinct quantities and arrangements of B and N atoms within the 

graphene lattice, as well as the fully doped graphene analogue, flat hexagonal boron nitride (hBN, 

Figure 2), were investigated using the computational approach described above. These species 

generally retain their planarity upon physisorption of the nitroaromatic molecule (Figure 3), while the 

interaction energies in the formed complexes, computed at the SAPT0/jun-cc-pVDZ level of theory, 

fall within the range of –120 to –60 kJ mol–1 (Table 2). Interestingly, the strongest interactions are 

achieved with the species B,N-codoped-G2, which contains a chain sequence of B–N–C units; 

arranging B and N atoms in a ring (e.g. B,N-codoped-G3) and/or increasing the dopant content (e.g. 

B,N-codoped-G4) weakens NAC’s physisorption, and the ∆ESAPT0 for the flat hexagonal boron nitride 

is only ca. –70 kJ mol–1. Similar to the systems from classes 1-7, dispersion is the main driving force 

behind the analyte-sensor interactions (see Figure S4 in the ESI). 

 

4 CONCLUSIONS 

The non-covalent interactions responsible for the physisorption of nitroaromatic pollutants on 

the surface of graphene-based electrochemical sensors are a crucial factor defining detector 

performance. Employing a combination of semiempirical tight binding in the framework of meta-
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dynamics to explore the structural space of physisorption with density functional theory and 

symmetry-adapted perturbation theory to assess its energetics, we have computed and analysed these 

interactions for a series of finite models of various graphene-based materials with the prototypical 

nitroaromatic contaminants dinitro- and trinitrotoluene. In general, GBMs capable of stronger analyte 

binding are characterised by lower detection limits. The interaction energy is found to depend on the 

extent of the substrate’s planarity and to be largely driven by dispersion rather than electrostatic 

interactions. Stronger adsorption and lower LODs are found in sensors featuring pristine and N-doped 

graphene, while highly oxidised non-planar derivatives demonstrate relatively weaker binding and 

poorer performance. Moreover, analysis of the geometric and electronic structure of the sensor 

material alone provides useful insights into its detection potential at a comparatively low 

computational cost. These findings forge a path toward deeper understanding of the fundamental 

physical forces underlying electrochemical sensing with GBMs, which lays the groundwork for 

conceptual design guidelines of better sensors for a wider scope of analytes. As a first step on this 

path, we investigated the non-covalent interactions of nitroaromatic molecules with boron- and 

nitrogen-(co)doped GBMs, which to date have not been tested for the detection of NACs. A substrate 

containing a chain pattern of B–N–C units within the graphene framework yielded interaction energy 

values approximately 20 kJ mol–1 stronger than NACs on pristine graphene. At the same time, flat 

hexagonal boron nitride was found to provide only intermediate stabilisation of the analyte on its 

surface. 

While this study sheds light on the role of non-covalent interactions in the sensing process, our 

conclusions are subject to several caveats. On one hand, more homogeneous experimental data is 

necessary to deduce clearer relationships between a given sensor’s physico-chemical properties and 

its sensitivity. On the other hand, further theoretical assessments are needed (and are underway) to 

estimate the validity of the finite models of sensing materials, evaluate the contribution of 

environmental effects (e.g., solvation and applied external electric fields), and elucidate the 

importance of the subsequent steps in electrochemical sensing (i.e., the redox properties of the GBM). 

To enable these future steps, this work provides a solid starting point toward a deeper understanding 

of how the chemistry and physics of graphene-based materials in environmental sensing applications 

can be rationalised and modulated in silico. 

 

ELECTRONIC SUPPLEMENTARY INFORMATION 
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Additional discussion of the literature and analysis of the computed data, the full set of computed 

interaction energies, as well as absolute and relative electronic energies and optimised Cartesian 

coordinates of all studied species. 
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