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Abstract. In this work, we report the structure, intermolecular forces, electronic/optical 8 

properties, and stability in solution of complexes formed between polycyclic aromatic 9 

hydrocarbons (PAH) and phosphorene nanoflakes by density functional theory modeling. 10 

PAH molecules reach a strong affinity with phosphorene by forming well-ordered domains, 11 

whose interaction strength decreases 13-21% compared to the interaction onto carbonaceous 12 

surfaces, e.g., graphene. The adsorption energies are in linear relation with the NH:NC ratio 13 

of PAHs, where NH and NC are the numbers of H and C atoms; consequently, the cohesive 14 

energy of phosphorene-graphene heterostructures is estimated in 44 meV/atom. Energy 15 

decomposition (ALMO-EDA) and electron-density-based analyses support the major role of 16 

electrostatics driving forces in the interaction mechanism, which is balanced with dispersion 17 

effects for larger PAHs. In addition, phosphorene-PAH complexes display outstanding 18 

stability in solution under polar/non-polar solvents, which is due to the high polarity of the 19 

complexes and strong overcompensation of destabilizing solvation energies with stabilizing 20 

electrostatic effects. Moreover, PAHs behave as n-dopants for phosphorene, inducing small 21 

bandgap opening and weak effects on the photophysical fingerprint of phosphorene. 22 

Nevertheless, strong electron acceptor/donor and larger PAHs (NH:NC<0.5) lead to major 23 

effects on the bandgap control, acting as active sites for orbital-controlled interactions. These 24 

findings serve as a framework for further investigation of phosphorene-based materials for 25 

remediation of PAH pollutants in water treatment technologies and uses of PAHs for 26 

phosphorene surface passivation or bandgap engineering for sensing. 27 
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1. Introduction 30 

 Polycyclic aromatic hydrocarbons (PAHs) are an important class of non-ionic organic 31 

compounds, which have been associated with carcinogenic, mutagenic, and teratogenic 32 

behavior in humans and animals[2, 3]. Specifically, PAHs are a hazardous class of pollutants 33 

with major environmental concern, whose entering to humans over threshold values occurs 34 

through the food chain by deposition from the air or by deposition and transfer from water 35 

and soil[2, 4]. In this regard, the use of low-dimensional nanomaterials has emerged as 36 

efficient substrates for new technologies of removal, control, and remediation of PAH 37 

pollutants via adsorption in the solid phase[3].  For instance, graphene and its composites 38 

(e.g., coated materials, graphene oxide, reduced graphene oxide, graphene quantum dots, 39 

among others) have a large surface and - interaction ability that improves due to the 40 

additive character of the dispersive interactions, resulting in cost-effective adsorbents with 41 

high adsorption capacity, efficiency, and reusability [5-8]. Despite the latter, PAHs have also 42 

found application in nanotechnology; e.g., PAHs serve as non-aggressive dopant molecules 43 

to modulate the electronic properties of carbon-based materials[9-12] and assist the 44 

exfoliation of graphene flakes[13]. Moreover, a bandgap opening on the range of 102-240 45 

meV triggered by PAHs turns graphene-based materials into semiconductors at room 46 

temperature [12, 14].  47 

 In the last years, phosphorene-based surfaces have emerged as new two-dimensional 48 

surfaces analogs to graphene. Phosphorene is a two-dimensional 2D layered system 49 

composed of phosphorous atoms interconnected by covalent sp3-sp3 bonding; each atom has 50 

an in-plane covalent bond with the other two atoms and a third one out-of-plane (puckered 51 

structure), leaving a lone-electron pair. Attention on phosphorene is predominantly 52 
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attributable to its high thickness-dependent charge carrier mobility (~1000 cm2 V-1 s-1) and 53 

direct semiconductor monolayer bandgap of ~1.5 eV [15, 16]. To date, several synthetic 54 

methods have been proposed to prepare phosphorene-based materials, including ultrasonic 55 

liquid-phase exfoliation, wet-chemical, microwave-assisted synthesis, and solvothermal, top-56 

down, and bottom-up methods [17]; therefore, their applications are expected to increase in 57 

the coming years. Remarkably, phosphorene shows an excellent adsorption ability, enhanced 58 

by a predominantly non-covalent attraction with adsorbates confirmed from experimental 59 

and theoretical methods [18-20]. In the case of PAHs, the experimental non-covalent 60 

functionalization of 2D phosphorene with boronic and azobenzene PAH derivatives results 61 

in materials with high chemical stability, promoting applications in oxygen chemosensing 62 

heterojunctions for optoelectronic and energy conversion[20, 21]. Furthermore, density 63 

functional theory studies have characterized adsorption energies on the order of 0.5-0.9 eV 64 

for molecules with aromatic rings such as phenylalanine, o-ethyltoluene, phenyl propane, 65 

DNA nucleobases, and dioxins, giving promising uses for phosphorene in pollutant removal, 66 

sensing devices, and bioinorganic interfaces [22-25]. 67 

 Considering the above, the knowledge about the interaction at Phosphorene−PAHs 68 

interfaces turn into an important concern due to their useful nanotechnological applications 69 

and pollutant remediation capability. In this framework, we employed a dispersion corrected 70 

DFT methodology to obtain quantitative data related to the adsorption behavior, adsorption 71 

mechanism, and electronic/optical properties of Phosphorene−PAH complexes in the gas 72 

phase and solution. 73 

 74 
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2. Computational Methodology 75 

 We consider PAH molecules in a wide range of H:C atom ratios (NH/NC, 1.0−0.4) and 76 

molecular weights (78−398 g/mol): benzene (C6H6), naphthalene (C10H8), pyrene (C16H10), 77 

chrysene (C18H12), benzo[a]pyrene (C20H12), coronene (C24H12) and ovalene (C32H14). 78 

Phosphorene nanoflakes (Phos, P126H30) with a surface area of 1585 Å2 (considering its 79 

electron density) were used for adsorption studies, which are relatively larger to obtain well-80 

converged adsorption energies respecting the PAHs surface (126-371 Å2). A graphene 81 

nanoflake model (Grap, C96H26) was implemented for comparison purposes. DFT 82 

calculations were performed in the ORCA 4.1 program without geometry/symmetry 83 

constraints [26]. Molecular structures were optimized with the generalized gradient 84 

approximation (GGA) PBE functional combined with the all-electron def2-SVP basis sets 85 

and DFT-D3BJ dispersion correction [27-30]. All the electronic properties were obtained 86 

with the meta-GGA B97M-V functional combined with the all-electron def2-TZVP basis 87 

sets. B97M-V is a 12-parameter combinatorically-optimized functional with an electron-88 

density based dispersion-correction from the non-local term of the VV10 functional, giving 89 

remarkable results for energetics in non-bonded interactions [31, 32]. The universal solvation 90 

model (SMD) was implemented for solvent effects, which bases on the quantum mechanical 91 

charge density of a solute molecule interacting with a continuum description of the solvent 92 

[33]. Excited states were acquired with the simplified time-dependent DFT approach 93 

combined with the meta-hybrid TPSSh functional and SMD solvent effects in n-hexane up 94 

to an energy threshold of 10 eV [34, 35]. Convergence tolerance values of 1·10−8 and 1·10−6 95 

Ha were used for energy and geometry steps. 96 

 The stability of AB complexes was assessed by their adsorption energies (Eads): 97 
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Eads=EPhos+EPAH−EPhos−PAH     (1) 98 

where EPhos, EPAH, and EPhos−PAH are the total energies of the free phosphorene, free PAHs, 99 

and the AB complex, respectively; the more positive the Eads values, the more stable the AB 100 

complex is. The counterpoise method was used to avoid the Eads overestimation due to the 101 

basis set limit [36]. Adsorption energies were further decomposed by the energy 102 

decomposition analysis based on absolutely localized molecular orbitals (ALMO-EDA) in 103 

Q-Chem5.4 [37]. In this way, Eads values are decomposed into six terms as [38, 39]: 104 

−Eads=ECT+EPOL+EELEC+EDISP+EPAULI+EPREP   (2) 105 

where ECT, EPOL, EELEC, and EDISP stand for the energy lowering due to charge transfer 106 

(charge flow between fragments), polarization (induced electrostatics), Coulombic 107 

attractions (intermolecular electrostatics), and dispersion forces (van der Waals interactions), 108 

respectively. Destabilizing forces are accounted for by EPAULI (Pauli repulsion when two 109 

fragments are close enough) and EPREP (energy penalty due to the geometric distortion of 110 

fragments to reach the complex geometry). 111 

 Non-covalent interactions were studied with the Independent Gradient Model (IGM) 112 

[40], where the ginter index uniquely defines intermolecular interaction regions: 113 

ginter=|IGM,inter|−||, where  stands for the electron density gradient and IGM,inter is 114 

an upper limit to  [40]. The atoms-in-molecules (AIM) method was used to obtain the 115 

electron density (i) at the intermolecular bond critical points (BCPs). Accordingly, covalent 116 

bonds, closed-shell interactions, and weak electrostatic interactions are characterized by ρi 117 

values of i0.10, i0.10−0.04, and i≤0.01 e/Bohr3, respectively [41]. Electron-density 118 

based analyses were performed in the Multiwfn3.8 program [42].  119 
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3. Results and discussion 120 

3.1. Adsorption strength 121 

 For reference purposes, we computed the interlayer cohesive energy of graphite 122 

(Ecoh), where the total adsorption energies of PAHs onto graphene (Eads, Table 1) are 123 

expressed per number of carbon atoms in the PAH molecule (Eads/C atom), which are in 124 

linear relation with the NH:NC ratio of PAHs. The extrapolated Eads/C atom value at the 125 

NH:NC=0 (where PAHs turn into an infinite graphene layer) gives the estimated cohesive 126 

energy of graphite [1]. The predicted cohesive energy with the B97M-V/def2-TZVP level is 127 

Ecoh54.7 meV/atom (Fig. 1a), which is in excellent agreement with the experimental 128 

reference (Ecoh525 meV/atom) [1]. Other theoretical studies have reported Ecoh values of 129 

48-49 (DFT, PBE+vdW-DF), 53 meV/atom (DFT, B97-D), 43 (gCP-PBE-D3), and 52 130 

meV/atom (force field, MMFF) [43-45]. In addition, the computed adsorption energies of 131 

benzene, naphthalene, coronene, and ovalene onto graphene are in excellent agreement with 132 

those from Redhead analyses (Table 1 in parenthesis)[1]. Consequently, the selected 133 

 

Fig. 1. a) Adsorption energy per carbon atom (Eads/C atom) of PAHs adsorbed onto graphene (Grap) and 

phosphorene (Phos) according to the NH:NC ratio of PAHs. Minimum energy structures of representative b) 

Grap−PAHs and c) Phos−PAHs complexes All the adsorption configurations in the systems are in the 

Supplementary Material. Hydrogen atoms were deleted from the molecular representations. Color code: 

carbon (grey), phosphorous (purple). 
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methodology is adequate to study Graphene−PAH interactions and, consequently, 134 

Phos−PAH complexes. On the contrary, PBE-D3/def2-TZVP calculations underestimate the 135 

adsorption energies for larger PAHs, resulting in a slightly underestimated value of Ecoh42.1 136 

meV/atom as reported with agreeing with the PBE-D3/SVP method (43 meV/atom with) 137 

[46]. 138 

 As a comparison, PAHs interact with graphene in A-B stacked − patterns4,40,41 (Fig. 139 

1b); while a bridge stacking is the minim energy conformation for Phos−PAH complexes 140 

(relative shift of the two monolayers along the lateral direction, Fig. 1c), which is also 141 

Table 1. Properties of Phos−PAH vs. Grap−PAH complexes: Adsorption energies (Eads in eV); intermolecular 

distances (dinter in Å); Conf is the code for adsorption configuration; percentage of relative occupancies (, in 

%) of the conformations (a-c) at T=298 K. aExperimental values from Redhead analysis[1].  was obtained 

by the Boltzmann distribution function Ni/N0=e−(Ei−E0)/kT, where Ni and N0 are the occupancies of the i-th and 

the first adsorption state, while Ei and E0 are the energies of the i-th and the first adsorption state. T and k are 

the absolute temperature and Boltzmann constant, respectively. 

 

molecule Graphene  Phosphorene 

  Eads dinter  Conf Eads  dinter 

benzene 0.47 3.44 
 

a 0.39 100 3.11 

  (0.5+0.08)a            

naphthalene 0.75 3.50  a 0.62 69 3.13 

  (0.8+0.1)a    b 0.60 31 3.13 

pyrene 1.12 3.53  a 0.95 83 3.15 

       b 0.91 17 3.16 

chrysene 1.27 3.55  a 1.11 99 3.09 

       b 0.93 1 3.17 

       c 0.88 0 3.22 

benzo[a]pyrene 1.39 3.55  a 1.18 99 3.19 

       b 1.01 1 3.21 

       c 0.96 0 3.21 

coronene 1.59 3.56  a 1.28 100 3.25 

  (1.3+0.2)a    b 1.14 0 3.25 

ovalene 2.07 3.57  a 1.64 94 3.26 

  (2.2+0.2)a    b 1.57 6 3.24 

       c 1.40 0 3.29 
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allowed for graphene (with minor stability) and phosphorene-graphene non-covalent 142 

heterostructures [47-51]. Rotation of PAHs with respect to the phosphorene plane gives 143 

additional bridge stacked conformations with close stabilities (conformations a, b, or c, Table 144 

1). The selected PAHs interact via physisorption at intermolecular distances of dinter=3.1−3.3 145 

Å from the Phos surface, which are slightly shorter compared to Grap−PAH complexes 146 

(dinter=3.4−3.6); the intermolecular distances increases as the PAH molecular size increases 147 

because of the expected steric repulsion. Permanent Coulombic electrostatic forces play a 148 

key role for molecular physisorption onto phosphorene, which relates to the charge polarity 149 

in adsorbates [19, 52]; conversely, non-covalent Grap−PAH complexes are stabilized by the 150 

cooperative interplay between dispersion and short-range electrostatic [44, 45, 53-55]. Since 151 

unsubstituted PAHs display a weak dipole moment (D<0.04 Debye) and adsorption on 152 

phosphorene are electrostatically dominated, the adsorption energy of the Phos−PAH 153 

complexes decreases 13−21% compared to the adsorption onto graphene (Table 1, Fig. 1a). 154 

Despite the latter, PAHs are efficiently retained onto Phos; for instance, coronene and 155 

ovalene reach adsorption energies of up to 1.28 and 1.64 eV, respectively. 156 

On the other hand, the different adsorption conformations (Fig. 1c) differ in up to 157 

0.14 eV among them, where the relative occupancy () of the minimum energy 158 

conformation is at least 69% at room temperature (T=298 K). Thus, the adsorption 159 

conformations are not energetically degenerated at room temperature, allowing PAHs to bind 160 

in well-ordered domains. Indeed, molecular dynamics and DFT simulations have shown that 161 

aromatic molecules (e.g., amino acids, benzene, porphyrins, trifluorobenzene, pentacene, 162 

trihydroxybenzene, coronene, and fullerenes)  self-assemble onto phosphorene, forming two-163 
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dimensional molecular systems with high periodicity[19, 56, 57]. Therefore, conformations 164 

with the highest stability will be considered for further analyses. 165 

 Otherwise, the extrapolation to the limit NH:NC0 provides predicted cohesive energy 166 

for non-covalent Phos−Grap (phosphorene-graphene) heterostructures of Ecoh43.9 meV 167 

per C atom (Fig. 1a), with an intermolecular distance of 3.4 Å. The reported cohesive 168 

energies of Phos−Grap heterostructures have a large spread, ranging from 25 to 61 169 

meV/atom with intermolecular distances of 3.4-3.5 Å [49-51, 58, 59]. This data is a piece of 170 

valuable information because graphene-phosphorene heterostructures have opened new 171 

avenues for application in nanoelectronics, optoelectronics, 2D Dirac materials, anodes in 172 

Na/ion batteries, phosphorene protection by capping layers, and control of carrier dynamics 173 

[48-51, 58, 60, 61]. Furthermore, the adsorption energy of Phos−PAH complexes can be 174 

straightforwardly fitted to an empirical linear equation due to its dependence on the NH/NC 175 

ratio: 176 

Eads/eV(0.065NH+0.028NC−0.170)     (3)  177 

where NH and NC are the numbers of H and C atoms in PAHs, respectively. Eq. (3) provides 178 

an estimation of the adsorption energy of any neutral/non-substituted PAH adsorbed onto 179 

Phos. For example, we predicted the total adsorption energies of acenaphthene (C12H10), 180 

fluoranthene (C16H10), and fluorene (C13H10) onto phosphorene with values of 0.82, 0.93, and 181 

0.84 eV, respectively, which are in reasonable agreement with those DFT-based Eads values 182 

of 0.72, 0.89 and 0.70 eV, respectively. 183 

 184 

 185 
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3.2. Interaction Mechanism 186 

 This section aims to provide a quantitative and readily physical interpretation of the 187 

interaction mechanism. The attention is focused on the stabilizing contributions to the 188 

adsorption energies via relative single percentage contributions of stabilizing EDA terms 189 

(Ei, Fig. 2a). Accordingly, Phos−PAH complexes stabilize with an almost balanced 190 

contribution from electrostatic and dispersion driving forces, similar to the physisorption of 191 

amino acids, fullerenes, and macrocyclic metal complexes [19, 52, 62]. Electrostatics forces 192 

show a slightly larger contribution (>40%) than dispersion for PAHs with a high NH/NC ratio 193 

(EELECEDISP). Dispersion forces slightly exceed the electrostatic stabilization for PAHs 194 

with low NH/NC ratio (EELECEDISP) because of EELEC term decay more quickly when 195 

intermolecular distances increases due to its asymptotic distance dependence.  196 

In comparison, − stacking of PAHs on graphene is mainly driven by dispersion 197 

forces in 60%, while electrostatic forces contribute 34% (Fig. 2b). Then, phosphorene is 198 

 

Fig. 2. a) Energy decomposition analyses of Phos−PAH and Grap−PAH complexes with the relative single 

percentage contributions of stabilizing EDA terms (%Ei, in %). Binding analyses of representative Grap-

Pyrene and Phos-Pyrene complexes: b) δginter isosurface of intermolecular interaction regions (isosurface value 

of 0.0003 a.u.); c) electron density at intermolecular bond critical points BCPs (ρi, in e/Bohr3). 
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not a -extended system, but their high number of 3p lone pair electrons at the upper lattice 199 

could correlate with the -electrons of physisorbed aromatic systems, leading to 200 

momentary/permanent dipoles responsible for enhanced long-range effects. In this regard, 201 

the ginter isosurface plot of weak intermolecular interactions displays a comparable shape on 202 

Phos−PAH and Grap−PAH complexes, where dispersion forces play a key stabilizing effect 203 

(green regions in Fig 2b, where Phos−Pyrene and Grap−Pyrene complexes are 204 

representative cases). Nevertheless, stabilizing polar interactions are relatively higher on 205 

Phos−PAH complexes (blue regions), confirming the major role of electrostatic 206 

stabilization. Steric destabilization (red regions) also increases upon adsorption on 207 

phosphorene due to the high electron density coming from 3p orbitals of P atoms 208 

perpendicularly placed concerning the surface plane. In the same fashion, Fig. 2c gives the 209 

electron density values (i) at the intermolecular bond critical points [BCPs, points in space 210 

at which the first derivatives of the electron density vanish (r)=0], where Phos−Pyrene 211 

and Grap−Pyrene complexes shows values of up to 0.005 and 0.011 e/Bohr3, respectively, 212 

which are associated with weak (i0.01 e/Bohr3, green numbers) or medium/strong 213 

electrostatic interactions (i0.01 e/Bohr3, blue numbers), respectively. Then, EDA, ginter, 214 

and AIM analyses support the major role of electrostatics stabilization on Phos−PAH 215 

complexes. 216 

 Otherwise, short-range charge transfer (ECT) and polarization (EPOL) have minor 217 

contributions because their decays are approximately exponential to the lack of orbital 218 

overlapping (Fig. 2a). ECT contributes 10% to the stability, which is associated with the 219 

medium electron transfer in the PAH→Phos direction (0.1-0.2|e|), and higher compared to 220 

the electron flow on Grap−PAH complexes (<0.1|e|). Fig. 3a displays the electron density 221 
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difference [(r)] due to charge rearrangements upon interaction, which is split into 222 

polarization and charge-transfer steps. PAHs and adsorbents mutually polarize each other at 223 

the equilibrium distances, resulting in the on-fragment density relaxation of each species to 224 

the presence of the nuclei/electrons of each fragment, inducing multipole moments that 225 

decrease as the intermolecular distances increases. Considering the Phos−Pyrene and 226 

Grap−Pyrene complexes, intramolecular charge rearrangements occur at the polarization 227 

step, accumulating electrons at the intramolecular region characterized by an energy lowering 228 

of EPOL=-0.63 and EPOL=-0.19 eV, respectively (Fig. 3a). Consequently, EPOL has a 229 

stronger stabilizing effect in the Phos−PAH complexes compared to Grap−PAHs, which is 230 

related to the higher polarizability of phosphorene (1.4·40 Å
3/atom, where 0 is the vacuum 231 

permittivity) vs. graphene (0.5·40 Å
3/atom) [63, 64].  232 

 After polarization, virtual and occupied orbitals can be mixed, causing energy 233 

lowering by charge transfer. For instance, the Grap−Pyrene complex almost does not show 234 

 

Fig. 3. a) Electron density difference [(r)] due to polarization and charge transfer effects in representative 

Grap−Pyrene and Phos−Pyrene complexes (sky-blue: increase in electron density; red: decrease in 

electron density). b) EDA terms (per C atom) vs. NH/NC ratio, and extrapolation to NH/NC0. 
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charge redistribution due to charge transfer (Fig. 3a), resulting in weak ECT stabilization (-235 

0.06 eV); then, electron density rearrangements of Grap−PAH complexes is mainly due to 236 

polarization effects. Conversely, 3p orbitals of P atoms accumulate electron density in Phos 237 

at the charge transfer step (yellow densities), resulting in an energy lowering of ECT=-0.19 238 

eV. The accumulation of electron density in phosphorene also enhances the magnitude of 239 

electrostatic interactions with electron-deficient sites of PAHs (red densities). 240 

 Last but not less, extrapolation of EDA terms to the NH:NC0 limit indicates that 241 

dispersion effects surpass in 16% the Coulombic interactions at Phos−Grap 242 

heterostructures (EDISP>EELEC, Fig. 3b), where previous works only have highlighted the 243 

role of van der Waals forces in the stabilization [49-51, 58, 59]. Conversely, the interaction 244 

between graphene layers is always determined by dispersion forces. Remarkably, ECT 245 

effects also stabilize in 27 meV/atom in Phos−Grap heterostructures, denoting a 246 

significative charge-transfer. In this regard, we estimate a charge transfer of 0.0016 electrons 247 

per C atom in the Grap→Phos direction at the NH:NC0 limit, which agrees with values 248 

obtained from periodic DFT calculations (0.0023 electrons per C atom) [49]. Finally, 99% 249 

of destabilizing effects are due to Pauli repulsion (EPAULI) in all the systems, without larger 250 

contribution from preparation energies (EPREP). Then, Pauli repulsion is the main 251 

destabilizing force that compensates dispersion and electrostatic effects to determine the 252 

optimum equilibrium intermolecular distances. 253 

 254 

 255 
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3.3. Electronic properties 256 

 As previously noted, PAHs behave as mild n-dopants, acquiring a positive charge and 257 

introducing 0.1−0.2|e| in phosphorene per adsorbed molecule (see QPAH values, Table 2); 258 

the charge transfer decreases as the PAH size increases per number of carbon atoms 259 

(QPAH/atom, Table 2). The electron transfer in the PAH→Phos direction is consistent with 260 

the electronic chemical potential () of fragments (Table 2), and it relates to the 261 

electronegativity  through =−; =(HOMO+LUMO)/2, where HOMO and LUMO are the 262 

eigenvalues of the HOMO and LUMO, respectively [65]. In this background, the electrons 263 

move from PAHs with high chemical potential (−3.8 eV) toward phosphorene with low 264 

chemical potential (=−4.5 eV), giving a new electronic equilibrium. Because of the charge-265 

transfer process, dipole moments D of Phos−PAH complexes increase with respect to the 266 

non-polarized isolated fragments (D0, Table 1), denoting a decreased hydrophobicity to be 267 

stable under polar solvents. Further, the complexes show higher polarizabilities  compared 268 

to the free systems, improving the ability to acquire dipole moment under external electric 269 

fields (see  and free, Table 2). 270 

Table 2. Electronic properties of Phos−PAHs complexes: Mulliken charge (modified by Bickelhaup) of PAHs 

after interaction (QPAH, in |e|); QPAH per number of carbons (QPAH/atom, in |e|); chemical potential (, in eV); 

dipole moment (D, in Debye); first electric polarizability (, in a.u.);  of isolated systems (free); HOMO and 

LUMO energies (HOMO and LUMO), and HOMO-LUMO energy gap (HL). 

PAH QPAH QPAH/atom  D  free HOMO LUMO HL 

benzene 0.06 0.011 -3.73 0.70 3455 48 -5.23 -3.69 1.55 

naphthalene 0.10 0.010 -3.77 1.26 3479 237 -5.22 -3.66 1.57 

pyrene 0.11 0.007 -3.76 1.04 3519 155 -5.21 -3.64 1.57 

chrysene 0.13 0.007 -3.75 1.57 3538 471 -5.22 -3.63 1.59 

benzo[a]pyrene 0.15 0.007 -3.78 2.10 3553 254 -5.22 -3.62 1.59 

coronene 0.15 0.006 -3.77 2.14 3572 246 -5.17 -3.63 1.54 

ovalene 0.19 0.006 -3.81 2.99 3636 1111 -5.06 -3.60 1.45 

BTQBT 0.19  -3.64 2.39 3591 741 -4.85 -3.63 1.22 

PTCDA 0.00  -5.48 0.91 3611 909 -5.27 -4.56 0.70 

Phos   -4.48 0.00  3419 -5.25 -3.72 1.53 
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 Additionally, we obtained a HOMO−LUMO energy gap (HL, Table 2) or bandgap 271 

of 1.53 eV for intrinsic phosphorene, which is in the range of previous measurements 272 

(0.9−2.0 eV) [66-68]; HOMO and LUMO levels appear at −5.25 and −3.72 eV, respectively. 273 

PAHs induce a slight bandgap opening in phosphorene of 10−60 meV, which is similar to 274 

the graphene bandgap opening via PAHs adsorption (10−40 meV) [12, 69]. As an 275 

illustration, the partial density of state of the Phos−Pyrene complex shows that the slight 276 

bandgap opening is due to hybridization between 2p states of pyrene and phosphorene below 277 

the valence band (<-5.2 eV), which results because 2p states of PAHs are lower in energy 278 

(Fig. 4a). Consequently, the Phos−Pyrene complex almost does not show a contribution 279 

from pyrene to the frontier orbitals (see orbital densities in Fig 4a). Given these points, 280 

bandgap control can be achieved by larger PAHs (NH:NC<0.5) with high ionization 281 

 

Fig. 4. a) Density of states (DOS) plots and HOMO/LUMO densities of selected Phos−PAH complexes; a) 

Phos−Pyrene, b) Phos−Ovalene, c) Phos−BTQBT, d) Phos−PTCDA. The grey and green lines at DOS plot 

indicates the position of the HOMO and LUMO level, respectively; blue and red lines are the partial DOS 

of the states coming from PAH and Phos, respectively. Isosurface value of 0.003 a.u.  
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potentials, e.g., ovalene causes a bandgap closing of 90 meV because its 2p states hybridize 282 

with the phosphorene HOMO at the valence band, resulting in high localization of HOMO 283 

in ovalene for interaction with electrophiles (Fig. 4b). Boronic derivatives of pyrene have 284 

also resulted in a bandgap lowering by around 0.10 eV [20], while larger PAHs (near to the 285 

NH:NC0 limit) could largely affect the phosphorene bandgap due to strain effects identically 286 

to those exerted by graphene in Phos−Grap heterostructures [61]. 287 

 It is necessary to note that a bandgap opening of up to 240 meV on graphene-based 288 

substrates can be supported by the uptake of strong acceptors or donor PAHs, which control 289 

the direction/magnitude of the charge-transfer [10, 14, 69]. In the case of phosphorene,  290 

physisorption of electrophilic aromatic molecules [e.g. 3,4,9,10-perylene-tetracarboxylic-291 

dianhydride (PTCDA), 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ), 292 

tetracyano-p-quinodimethane (TCNQ)] have been used to up its work function, p-type 293 

conductance, and tune the bandgap/injection barrier height [70-72]. In contrast, nucleophilic 294 

aromatics [e.g., tetrathiafulvalene (TTF)] do not cause a significant increase in the n-type 295 

semiconductor character because its donor states are far from the conduction band edge of 296 

Phos [72]. With this in mind, we characterize the adsorption of representative acceptors and 297 

donor PAHs, i.e., PTCDA and bis[1,2,5]-thiadiazolo-p-quinobis(1,3-dithiole) (BTQBT), 298 

which physisorbed onto phosphorene with adsorption energies of 1.57 and 1.13 eV, 299 

respectively, where dispersion and electrostatic forces are almost balanced like in 300 

unsubstituted PAHs (EELECEDISP). BTQBT acts as a medium n−dopant, introducing 0.2 301 

e/molecule in phosphorene (Table 2). Due to its strong donor character, BTQBT 2p states 302 

hybridizes with phosphorene 3p states above its valence band, creating a higher HOMO level 303 

at −4.85 eV and bandgap closing of 0.3 eV (Fig. 4c). For this reason, HOMO is entirely 304 
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located on BTQBT, turning the adsorbate into an active site for orbital interactions with 305 

electrophiles. On the other hand, the LUMO level of PTCDA is lower in energy compared 306 

to the LUMO of phosphorene (−4.67 eV vs. −3.72 eV); consequently, PTCDA hybridizes 307 

and creates a new unoccupied orbital near the conduction band at −4.6 eV, which decrease 308 

the phosphorene bandgap in 0.8 eV, avoiding the charge transfer and turning PTCDA into 309 

an active site for orbital-interactions with nucleophiles to phosphorene (Fig. 4d). In this 310 

regard, the PAHs with the electrophilic or nucleophilic activity could be implemented as 311 

signal amplifiers for specific redox applications of phosphorene. Recent studies have 312 

revealed that organic and mesoporous systems lead to signal amplification on phosphorene 313 

for outstanding sensing of polychlorinated biphenyls, hemoglobin, prostate-specific antigen, 314 

and clenbuterol, also reaching high specificity, stability, reproducibility, and low detection 315 

limits[73-75]. 316 

 To establish the effects of PAHs on the photophysical fingerprint of phosphorene, it 317 

was computed the UV-Vis absorption spectrum of all the Phos−PAH complexes in n-hexane. 318 

In this regard, UV-Vis spectrophotometry measurements reveal that intrinsic phosphorene 319 

displays a wide light absorbance from the infrared region, increasing in intensity below 500 320 

nm[76]. Then, phosphorene is photophysically active in the UV-Vis region with relatively 321 

high absorption coefficients (Fig. 5a); conversely, the studied PAHs focus the photophysical 322 

activity at the low UV region with abs<350 nm (Fig. 5a). In general, Phos−PAH complexes 323 

almost resemble the absorption profile of free phosphorene, without significant changes at 324 

higher or lower energies (Fig. 5b). This weak influence is a consequence of the lack of 325 

hybridization of PAHs with phosphorene at valence/conduction bands, resulting in a weak 326 

contribution of PAH states on HOMO and LUMO (see Fig. 4). 327 
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 328 

Fig. 5. Absorption spectra of a) free phosphorene and PAHs, b) Phos−PAHs complexes.  329 

3.4. Stability in solution 330 

 With evidence about the interaction mechanisms and electronic properties, we can 331 

discuss some remarkable features of the Phos−PAH complexes in solution), displaying 332 

outstanding stability in different solvents and independent of the solvent polarity and 333 

molecular size (Fig. 6a). Solvation is an endergonic process in all the cases, i.e., resulting in 334 

lower adsorption energies than solvent-free calculations (Fig. 6a). Consequently, solvation 335 

energies are positives (ESOLV) due to the energy required to allow the solvation process; 336 

herein ESOLV is defined as ESOLV=Eads−Eads-solvent, where Eads-solvent is the adsorption energy 337 

under solvation effects. As an illustration, the high polarity of the Phos−PAHs complexes 338 

helps its dissolution and stability on polar solvents such as water (78.4,  is the solvent 339 

dielectric constant) and dimethylsulfoxide (43.8), where the stability decreases in 10%. 340 

Moreover, complexes destabilize in 18-23% under solvation with medium/low polar 341 

solvents such as dichloromethane (8.9) and n-hexane (1.9), denoting that the high 342 

polarity is not high enough to avoid its stability on low-polar solvents due overcompensation 343 

of solvation destabilization from intermolecular forces.  344 
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 As has been noted from EDA calculations (section 3.2), the stability of Phos−PAH 345 

complexes shows a strong dependence on electrostatic forces (above 40%). In this regard, 346 

EELEC term in solution tracks the energy penalty due to the destabilizing solvation energies 347 

because Coulomb potential V is inversely proportional to the solvent dielectric constant (); 348 

hence, EELEC contains the energy penalty due to positive ESOLV values in solution. 349 

Consequently, EELEC energy decreases under solvation but always reaching negative values 350 

that stand for strong stabilizing or attractive effects even in solution (Fig. 6b). Therefore, 351 

electrostatic energy overcompensates all the energy penalty due to the solvation process, i.e., 352 

EELEC>ESOLV, explaining the high stability of Phos−PAH complexes even under low-353 

polar solvents such as dichloromethane and n-hexane as noted above. 354 

 It is important to highlight that the United States Environmental Protection Agency 355 

has selected several PAHs for monitoring, e.g., acenaphthene, acenaphthylene, fluoranthene, 356 

fluorene, naphthalene, pyrene, benzo[a]pyrene, chrysene, among others[2]. Under those 357 

circumstances, the high stability of Phos−PAH complexes under polar solvents indicates that 358 

 

Fig. 6. a) Adsorption energies of Phos−PAH complexes in solvents (Eads, in eV). b) Stabilizing electrostatic 

energy under different solvents (EELEC, in eV). 
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phosphorene-based adsorbents could be used to develop chemical/physical technologies to 359 

treat PAH-polluted waters. Furthermore, water molecules display weak adsorption energy to 360 

phosphorene (80−180 meV/molecule) [77, 78]; therefore, water molecules can be easily 361 

replaced by PAH molecules upon co-adsorption, where the displacement efficiency can be 362 

regulated by oxygen-containing groups as established for graphene nanoadsorbents [5]. In 363 

these cases, the effect of pH on the adsorption stability is almost negligible due to the lack of 364 

functional groups in PAHs [79].  365 

 On the other hand, phosphorene-layered materials can be oxidized underwater, and 366 

aerobic conditions, and new synthetic techniques are developed to improve their stability for 367 

future technologies [77]. In this regard, interaction with organic systems (e.g., C60 fullerenes, 368 

hexamethylenediamine, linear alkanes) and  Phos/MXene (Ti3C2) heterostructures in air-369 

water interfaces help to protect phosphorene thin films from oxidation when they were 370 

exposed to air and water, retaining their original form and inhibiting the agglomeration of 371 

phosphorene nanosheets in solvents [73, 80-82]. In this way, the strong PAHs physisorption 372 

could be implemented as non-covalent protective molecules for phosphorene passivation 373 

techniques, allowing further functionalization for specific technological uses. Specifically, 374 

medium size PAHs are excellent candidates for such application (NH/NC0.5), mainly 375 

because they almost retain the electronic properties of the substrate, i.e., causing weak 376 

changes in the bandgap and photophysical signature of intrinsic phosphorene. Note that 377 

molecular passivation techniques of phosphorene have also allowed increasing its sensitivity, 378 

selectivity, and flexibility for toxic gaseous detection and biosensing[83, 84]. 379 

 380 
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4. Conclusions 381 

 Using a first-principles strategy, we have concluded that non-ionic/unsubstituted 382 

PAHs reach a strong affinity with phosphorene, which decreases 13-21% compared to the 383 

interaction strength with graphene. The reached adsorption can be expressed as 384 

Eads/eV(0.065NH+0.028NC−0.170), where NH and NC are the number of H and C atoms in 385 

PAHs, respectively. In this way, the cohesive energy of Phos−Grap heterostructures is 386 

estimated in 44 meV/atom. ALMO-EDA, ginter, and AIM analyses support the major role of 387 

electrostatics interactions upon adsorption on phosphorene, balanced with dispersion forces 388 

as the NH:NC ratio of PAHs decreases (larger size). Moreover, PAHs behave as n-dopants but 389 

inducing small bandgap openings (10−60 meV) and weak effects on the photophysical 390 

fingerprint of phosphorene. However, strong acceptor/donor and larger PAHs (NH:NC<0.5) 391 

lead to major effects on the bandgap control. Finally, Phos−PAH complexes display 392 

outstanding stability in different solvents and are independent of the solvent polarity, which 393 

is favored by the high polarity and strong overcompensation of solvation energies due to 394 

electrostatic effects. Our findings suggest a framework for further investigating phosphorene-395 

based materials for remediation of PAH pollutants, phosphorene surface passivation, or 396 

bandgap engineering. 397 
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