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Abstract 

Exploring graphene quantum dots (GQDs) is an attractive way to design novel optical and 

electrochemical sensors for fast and reliable detection of toxic heavy metals (HMs), such as 

Cd, Hg and Pb. There are two main strategies of achieving this: (i) surface modification of 

anelectrochemical working electrode by nanoscale GQDs and (ii) using a GQD solution 

electrolyte for optical sensing. Further development of these sensing technologies towards 

reaching or exceeding the WHO permissible limits implies deep understanding of the 

interaction between GQDs and HMs in different dielectric media. Solvent is expected to be 

one of the key factors affecting the binding ability of the GQDs to HMs and their electronic 

and optical properties. Here we show that the solvent-solute interaction changes the 

geometrical configuration, stability and absorption spectra of zigzag/armchair-edged GQDs 

after complexation with neutral and charged HM species. We observe physisorption behavior 

of Cd and Hg adatoms on the sp2 surface with a solvent-mediated enhancement of the binding 

energy with increasing the solvent polarity. For Pb adatoms, an opposite picture is revealed. 

We find that the solvent effect also manifests itself in weakening of the chemisorption 

strength in HM cation-π system with increasing the dielectric constant of the solvent. Thus, a 

solvent engineering strategy based on control of the dielectric permittivity can be a promising 

approach to reach the desired binding energy in the HM@GQDs and to provide high 

sensitivity and selectivity of both optical and electrochemical sensor to toxic HMs we are 

interested in. 
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1. Introduction 

Among different toxic substances affecting the growing plants, human health and animals′ 

lifecycle, a certain special role is played by heavy metals (HMs). The urgency of the problem 
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of the environmental pollution by HMs stems from their extremely high toxicity and their 

uncontrollable release into the sea water, air and biosphere. By being involved into the 

biological cycle (“soil-plant-animal-human” and “water-animal-human” biosystems),they can 

have a significant long-term negative impact on human health.  The three most hazardous and 

poisonous heavy metals are Cadmium (Cd), Mercury (Hg) and Lead (Pb).According to the 

recent official reports on the anthropogenic pollutants within European region, approximately 

3467 tonnes of lead, 204 tonnes of cadmium and 167 tonnes of mercury are realized to the 

atmosphere annually.1 When exceeding the critical concentration limit, these hazardous 

substances can cause detrimental effects on the human health and environment. In particular, 

even small concentrations of divalent mercury ions (Hg2+) are responsible for the dysfunction 

of the central nervous system, kidneys, liver, and brain.2Divalent lead (Pb2+) ions can 

damageirreversibly kidneys, brain, blood and muscles, thereby causing anemia, paralysis and 

mental-retardation.3Cadmium (Cd2+)  is another highly toxic metal, which can lead to 

pathological problems with central nervous system, kidney’s filtering system, and immune 

system.4, 5For these reasons, it is vitally important to develop techniques for reliable 

monitoring of the heavy metals in the environment, drinking water, food, and biological 

liquids. Despite high sensitivity and acceptable selectivity, conventional bulky methods for 

heavy metal detection have several drawbacks, including time-consuming sample preparation 

procedure, strong demand in training professional staff, high cost of the detection tools.6-9All 

these make the traditional heavy metals detectors non-real time, non-portable and highly 

expensive. Unlike bulky methods, sensors based of nanomaterials have attracted a great deal 

of attention because of the possibility touse them for on-site, selective and real-time detection 

of multiple heavy metals. Recent progress in the development of nanomaterials and their 

sensing applications accelerates the miniaturization of high performance sensors 

towardsimprovement of the sensitivity, detection limit, selectivity, and reproducibility.  

Being a truetwo-dimensional crystal, grapheneis revolutionary carbon-based material, which 

possesses large surface area, chemical stability, exceptionally high electrical conductivity, a 

wide electrochemical potential window and high sensitivity to adsorbates or heteroatom 

doping.10,11These features combined together create thedesired prerequisites of using  

graphene for electrochemical detection of the toxic heavy metals.To further improve  the  

functionality of graphene in terms of sensing ability, the scientific community has extensively 

investigated a new class of  low-dimensional graphene-based materials – 0D graphene 

quantum dots (GQDs).12,13Owing to their tuneable emissive properties, graphene quantum 

dots can be employed for novel applications in bio-imaging14, optical sensing15 and  detecting 
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heavymetal ions in solutions.16,17 It is important to note that emission and/or absorption 

wavelength can be tuned by changing the size and edge termination ofGQDs.18, 19Putting the 

spotlight on GQDs as a promising nano-sized sensitive material, several groups reported 

successful identification of HMs by utilizing GQDs.20-22Regarding  electrochemical sensing, 

the functionalization of gold nanoparticles with GQDs was suggested as a promising route for 

improvement of the working electrode performance towards sensitive electrochemical 

detection of heavy metal ions.20,21 Other authors reported on the fabrication of GQDs-encaged 

porous gold electrodes and GQDs-modificated glassy carbon electrodes for detection of Pb2+ 

ions.16,22On the other  hand, optical detection of [Hg2+]23,24and [Pb2+]17,25 has been also 

demonstrated using GQDs. The GQD-mediated Hg2+ ions detection in pure aqueous solutions 

using fluorescence chemosensing have been reported.24Alarge fluorescence quenching for 

GQDs was observed after complexation with divalent mercury ions.DNA aptamer-linked 

GQDs and GQD-DMA-tryptophan conjugates were utilized for Pb2+ detection by measuring 

the fluorescence quenching.17It is believed that the fluorescence quenching mechanism is 

mainly governed by the electron transfer process from the GQDs to metal 

ions.25Notwithstanding, this effect is only qualitatively explained and therefore deep 

understanding of the underlying physics behindthis quenching requires a theoretical support. 

In fact, two approaches to detect heavy metals using GQD have been reported: (i) 

modification of the working electrode surface with GQDs for the electrochemical detection of 

heavy metals and (ii) the use of GQDs for optical detection. In both cases, the target metal 

directly interacts with the GQDs, and therefore understanding the detection mechanism 

demands fundamental knowledge about the binding energy of the metal on graphene and 

about changing the electronic and optical properties of graphene under exposure to HMs.In 

our previous work, we investigated the adsorption of individual heavy metal atoms onto 

varying sized armchair- and zigzag-edged hydrogenated GQDs.19The most energetically 

preferable adsorption sites for cadmium, mercury and lead were determined and the electronic 

and optical properties of GQDs before and after complexation with HMs were discussed.It 

should be noted that the results obtained and conclusions are valid for the case when the 

physisorption or chemisorption of metals on the surface of a graphene quantum dot occurs in 

a medium with relative permittivity very close to the vacuum value of unity and any factors 

that facilitate screening of the "GQD-HM" interaction are excluded or minimized. 

Nevertheless, in many cases,commercially available GQDs are dispersed in different organic 

solvents.11,26 Due to this reason, the interaction between heavy metals and graphene quantum 

dots can occur in liquid environment and thus specific interaction between the solvent and the 
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solute substances must be considered.An important role of the solvent on the emission 

properties of nitrogen-doped GQDs has been shown earlier.27In particular, it was found that 

the solvent changes from protic (H2O), aprotic (DMF) to solvent free causea shift of the 

emission of N-doped GQDs from blue, green to yellow, respectively.The authors explained 

the observed shift of the emission peak by the influence of the solvent on the shape and 

composition of GQDs. An increase in the size of GQDs leads to a decrease in their energy gap 

and, as a consequence, a red shift in the emission peak.Zhaoet al.investigated theoretically the 

solvent effect on the absorption spectra of the GQDs consisting of 132 carbon atoms.28In 

contrast to GQD in  gas phase, a red shift (approximately ~20 nm) in the absorption 

wavelength of the GQD in solvent (toluene or dichloromethane) and a significant increase in 

its oscillator strength was observed.Niu et al. have found a similar effect in the case of the 

nitrogen doped GQD in the toluene and THF solvents.29Taking the aforementioned into 

account, we anticipate that the solvents can affect the charge transfer process between GQD 

and HMs, thereby modifying the electronic and optical properties of the interacting 

systems.To our best knowledge, this matter has not been reported yet.Here we consider the 

solvent-mediated interaction between three most toxic heavy metals (Cd, Hg, and Pb) and 

zigzag/armchair-edged graphene quantum dots. To investigate the solvent effect, we 

calculated the binding ability of GQDs to different heavy metals as well as electronic density 

of states and absorption spectra of interacting HMs@GQDs complexes in the gas phase, 

water, acetic acid and n,n-dimethylformamide (DMF).We are aiming to gain deep insights 

into the nature of the excited transitions in GQDs before and after complexation in different 

media.  

2. Theoretical Approach  

All quantum chemistry calculations reported in this paper were performed using the Gaussian 

09 Rev. D.01 program package.30The interaction of the neutral and divalent heavy metal 

species (Cd0, Hg0, Pb0 and Cd2+, Hg2+, Pb2+) with both zigzag (ZZ) and armchair 

(AC)GQDshaving similar number of carbon atoms was examined. Geometry optimization of 

the interacting systems in the gas-phase and different solvents (water, DMF, ethanol, and 

acetic acid) was done at the Becke three-parameter Lee–Yang–Parr hybrid (B3LYP) level of 

DFT31 with a 6-31G basis set for carbon and a basis set developed by the Stuttgart-Dresden-

Bonn group for the heavy metal atoms32, using the default convergence criteria. In order to 

investigate the solvent effect on the interaction between HM species and GQDs as well as the 

properties of the GQDs before and after complexation with HMs the Polarizable Continuum 

Model (PCM) method in Gaussian 09 Rev. D.01 was applied.33We consider C54H22and 
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C54H18 as representatives of armchair- and zigzag-edged GQDs, respectively (Figure 1).  The 

cohesive energy per atom is defined as the energy required for separating the pristine GQD 

into isolated free atoms. We determined this energy as follows:  
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where GQDE  is the total energy of the relaxed armchair- or zigzag-edged GQD, HCE ,  the 

energy of isolated carbon and hydrogen atoms, respectively.The indices iand kimply that the 

summation goes over all carbon (C) and hydrogen (H) atoms in GQD, while HCn , defines the 

amount of the atoms in the considered systems. 

 

Figure 1. Optimized structures of the zigzag-edged C54H18GQD (left panel) and 

armchair-edged C54H22 GQD (right panel). Small balls correspond to hydrogen atoms; large 

atoms represent carbon species belonging to GQD. 

 

         Future development of high-performance HMs detectors requires fine tuning of the 

reactivity of the GQDs with HM species.  In line with this, solution phase chemistry 

engineering may be useful in controlling the binding ability of the zigzag- and armchair-edged 

GQDs to HMs exposure and, as a consequence, in improving the sensitivity and selectivity of 

the related devices. For this reason, the investigations of the interacting systems towards 

binding energy, charge transfer process, solubility and stability are highly desired to bring an 

understanding of the controllable solvent-mediated interaction between HMs and GQDs. 

Therefore, we started with calculation of the binding energy of the heavy metal species to a 

graphene quantum dot by the following equation:  

𝐸𝐸𝑏𝑏 = −�𝐸𝐸𝐺𝐺𝐺𝐺𝐺𝐺+𝐻𝐻𝐻𝐻 − �𝐸𝐸𝐺𝐺𝐺𝐺𝐺𝐺 + 𝐸𝐸𝐻𝐻𝐻𝐻��  (2) 

where 𝐸𝐸𝐺𝐺𝐺𝐺𝐺𝐺+𝐻𝐻𝐻𝐻 is the total energy of the GQD after complexation with HM, 𝐸𝐸𝐺𝐺𝐺𝐺𝐺𝐺 is the total 

energy of the isolated individual GQD and𝐸𝐸𝐻𝐻𝐻𝐻is the total energy of an individual neutral atom 
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or divalent ion of the HM. It should be mentioned that the binding energies have been 

corrected for the basis set superposition error (BSSE) by means of counterpoise 

method.34Solubility of GQDs with and without HMs can be estimated as a difference between 

the optimized energies of the pristine/interacting systems in the solvent (PCM calculations) 

and vacuum (gas phase calculations) by the relation: 

𝛥𝛥𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝐸𝐸𝑡𝑡𝑠𝑠𝑡𝑡−𝑃𝑃𝑃𝑃𝐻𝐻 − 𝐸𝐸𝑡𝑡𝑠𝑠𝑡𝑡−𝐺𝐺𝑃𝑃 (3) 

In all cases, the solubility of a GQDs in different liquids demandsa negativevalue of𝛥𝛥𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠.To 

gain insight into the reactivity of GQDs we calculated the global reactivity descriptors35-37, 

such as global hardness, 𝜂𝜂, and electrophilicity,𝜔𝜔, by using the relations below: 

�
𝜂𝜂 = 𝐸𝐸𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿−𝐸𝐸𝐻𝐻𝐿𝐿𝐿𝐿𝐿𝐿

2

𝜔𝜔 = (𝐸𝐸𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿+𝐸𝐸𝐻𝐻𝐿𝐿𝐿𝐿𝐿𝐿)2

4(𝐸𝐸𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿−𝐸𝐸𝐻𝐻𝐿𝐿𝐿𝐿𝐿𝐿)

(4) 

where𝐸𝐸𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 is the energy of the highest occupied molecular orbital (HOMO) and 𝐸𝐸𝐿𝐿𝐿𝐿𝐻𝐻𝐻𝐻 is the 

energy of the lowest unoccupied molecular orbital (LUMO). The charge transfer is calculated 

using the Mulliken charge analysis. 

       The main part of the paper is dedicated to an analysis of the origin of the excited 

transitions in pristine GQD s and HM@GQDS. With this aim we calculated the ultraviolet-

visible (UV-vis) absorption spectra of the zigzag and armchair-edged GQDs by using the 

time-dependent density functional theory (TD-DFT) approach at the TDDFT/B3LYP level of 

theory using 6-31G basis set, implemented in the Gaussian 09 Rev. D.01 program. 100 

excited electron states – transitions between occupied and unoccupied states – were involved 

to calculate the absorption spectra of the pristine GQDs and HM@GQDs interacting systems 

in the gas-phase and different solvents. It is worth nothing that the oscillator strengths for 

each vertical transitions in the GQDs investigated define the intensities of absorption peaks. 

We anticipate that the charge transfer process between GQDs and HM species will cause shift 

and quenching of the absorption peaks. Thus, a monitoring of the changes in optical 

properties of the GQDs is a helpful approach to estimate the binding strength between HMs 

and GQDs.  

3. Results and discussions 

This Section is organized as follows. Subsection 3.1 starts withdescribing of the theoretical 

results obtained to understand how solvent type influences the electronic and optical 

properties of the pristine zigzag- and armchair-edged GQDs. This subsection provides the 

scientific background for further discussions. Sections 3.2 describes the new insights into the 
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physical nature of the optical and electronic response of the GQDs to exposure to neutral HM 

adatoms. Subsection 3.3 then combines the results on investigations of the binding ability of 

the GQDs immersed in different media to divalent HM ions. Subsection 3.4 includes general 

discussion on how obtained results can be usedfor understanding the mechanisms underlying 

the electrochemical detection of HM ions different liquids. Here we will shed light on the 

physics underlying the phenomena of excited transitions in GQDs after complexation with 

charged HM species.  

3.1. Pristine GQDs: solvent effect 

The stability of the GQDs in different media is an important aspect of GQDs in sensing 

applications. In principle, knowledge about the stability of the GQDs can help to prepare the 

GQD solution electrolyte, providing a desired sensitivity/selectivity to HM adsorbates. Here 

we compare the cohesive energies of zigzag- and armchair-edged GQDs immersed in 

different dielectric media. Calculated results are given in Table 1.For all dielectric media, ZZ-

GQDsare more stable than AC-GQDs. In particular, cohesive energy of ZZ-GQDs is 

~0.26 eV·atom-1 greater than AC-GQDs. This difference is due to the different regularity and 

symmetry of the GQDsboundaries. In addition, our model implies an enhanced hydrogenation 

of the edges in the case of the AC-GQDs and, as a consequence, a lower energy barrier to be 

overcome before bonding breaking occurs. The calculated cohesive energy is in good 

agreement with previously reported value of the cohesive energy of carbon in graphene, 7.4 

eV per C atom.38 It should be mentioned that this energy refers to carbon atoms belonging to 

inner hexagonal rings, while the carbon species at the edgesare expected to be less 

stronglybound.As one can see in Table 1, an increase in the solvent dielectric constant shows 

small effect on the cohesive energy (decrease only by ~50 meV), indicating alowering of the 

stability of  the GQDs. It is also evidenced by the changes in the electrophilicity index. This 

parameter gives an important information about the effect of the dielectric medium on the 

GQD stability. Increase in this index with increasing the dielectric permittivity means that the 

GQDs immersed in more polar solvents are less stable and more reactive.39,40 

Changes in the cohesive energy are accompanied with changes in the solubility of GQDs (See 

Table 1). The calculated solvation energies, presented in Table 1, are negative in all cases. For 

both zigzag-edged and armchair-edged GQDs, the solvation energy is increased with 

increasing the solvent dielectric constant, reaching the maximum value for water. 

Furthermore, the solubility of GQDs in organic solvents depends on the edge configuration.If 

we comparethe solvation energy of the ZZ-GQDs with that of the AC-GQDs, we see that the 

solubility is larger for the AC-GQDs.A partial desolvation of the GQDs in organic solvents 
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leads to changes in their electronic properties. In particular, with increasing the solvent 

dielectric constant the HOMO level shifts towards more negative values for both types of 

GQDs. Since theHOMO energy is an indicator of the GQDability to donate electrons to 

appropriate acceptors, then more negative HOMO energies imply easier and faster charge 

transfer process. In other words, GQDs dispersed in solvents with high dielectric constant are 

more reactive (more electrons are available for reaction) than those in the gas-phase. In 

addition, the absolute values of EHOMO of the AC-GQDs are slightly larger in comparison 

with those of ZZ-GQDs, suggesting abetter reactivity and binding ability to possible 

adsorbates in the case of armchair-type edge termination.Despite the slight drop of the 

HOMO level in a polar solvent, the HOMO-LUMO gap and global hardness is less sensitive 

to dielectric permittivity. These findings open the way for tuning the reactivity of GQDs by 

controlling the dielectric permittivity of a solvent. 

Table 1. Computed parameters of zigzag- and armchair-edged GQDs immersed in different 

media  
Parameter Gas-phase 

ε=1 
Acetic acid 
ε=6.2528 

Ethanol 
ε=24.852 

DMF 
ε=37.219 

Water 
ε=78.355 

ZZ AC ZZ AC ZZ AC ZZ AC ZZ AC 
|Cohesive energy|,eV 7.408 7.145 7.355 7.095 7.343 7.084 7.342 7.083 7.340 7.082 

Solvation energy, eV - - -0.356 -0.411 -0.464 -0.536 -0.478 -0.552 -0.493 -0.570 
HOMO, Hartree -0.1886 -0.1922 -0.1954 -0.1998 -0.1978 -0.2025 -0.1981 -0.2028 -0.1984 -0.2032 
LUMO, Hartree -0.0826 -0.0751 -0.0893 -0.0827 -0.0917 -0.0854 -0.0921 -0.0857 -0.0924 -0.0861 
EHOMO-LUMO, eV 2.885 3.185 2.886 3.186 2.885 3.186 2.885 3.186 2.885 3.186 

Electrophilicity, eV 4.722 4.155 5.203 4.641 5.381 4.817 5.405 4.840 5.431 4.866 
Hardness, eV 1.442 1.592 1.443 1.593 1.442 1.593 1.442 1.593 1.442 1.593 

 

The optical properties of the GQDs immersed in different media here are best represented by 

the absorption spectra.The absorption spectra of zigzag- and armchair-edged GQDs are 

presented in Figure 2. Each spectrum exhibits one intense absorption band at 415 nm for ZZ-

GQDs and ~370 nm for AC-GQDs, respectively. As can be seen from Figure 2,the absorption 

wavelengthof both ZZ-GQDs and AC-GQDs dispersed in solvents is red shifted as compared 

to thosein the gas-phase (from 415 nm to 427 nm for ZZ-GQDs and from 370 nm to 378 nm 

for AC-GQDs, respectively). Furthermore, in both cases the absorption peak slightly increases 

in the intensity when passing from the gas-phase to solvents.The observed changes can be 

ascribed to the  conductor-like screening effect, which is responsible for the appearance of the 

solvent-induced dipole moments and, as a consequence, for the modification of the 

configurations of the oscillators.41-43Nevertheless, the absorption wavelengths and absorption 

intensities are almost similar in all considered solvents (acetic acid, ethanol, DMF and water). 

In fact, even the water, having the strongest polarity, has no significant effect on the optical 
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properties of the graphene quantum dots in comparison to other solvents.To understand the 

origin of theabsorption peaks we performed DOS calculations for both GQDs in different 

media. It wasrevealed that the HOMO−1 and HOMO as well as LUMO+1 and LUMO are 

degenerate π and π* orbitals in zigzag-edged GQDs (Figs. 3a and 3b, respectively). This is 

because they have the same energies, orbital compositions, and occupancy. Figs. 3a and 3b 

also illustrate the transitions from the occupied states to the empty states (since all solvents 

demonstrate similar effect on the absorption spectra of the ZZ-GQDs, here we compare only 

results of DFT calculations in the gas-phase and water). Thus, the observed absorption spectra 

of the ZZ-GQDs are originating from multilevel lowest singlet transitions between 

degenerated orbitals. In other words, the corresponding spectra are dominated by four 

different transitions:HOMO → LUMO (46%) and H−1 → L+1 (46%); H-1→ LUMO (46%) 

and HOMO → L+1 (46%). Molecular orbitals, which are involved in these transitions are 

shown in Figure S1 (Electronic Supplementary Information #2). 

 
Figure 2.  UV-vis absorption spectra of the pristine GQDs obtained in different dielectric 

media by using the PCM/TD-DFT/B3LYP/6-31G calculations of excited transitions: (left 

panel) zigzag edge termination and (right panel) armchair edge termination. 

 

Contrary to the doubly degenerate LUMO and HOMO in ZZ-GQDs, the lowest orbitals in 

AC-GQDs split into two nondegenerate orbitals (see Figs. 3c and 3d, see also Figure S1, 

Electronic Supplementary Information#2). The splitting of the LUMO and HOMO is 

responsible for a change in the nature of the electronic excitations: from doubly degenerate 

HOMO→LUMO transition to two nondegenerate transitions (369 nm and 371 nm in  gas-

phase and 377 and 378 nm in water). Therefore, the absorption spectra of AC-GQDs are 

composed of two sets of transitions with similar oscillator strengths: H-1→ L+1 (75%), 

HOMO→ LUMO (16%) as well as H-1→ LUMO (46%), HOMO→ L+1 (48%). We find also 

a weak contribution of electronic excitation at 350 nm (355 nm in water) with an oscillator 
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strength of f=0.326 (f=0.319 in water)to absorption spectra of the AC-GQDs. From the 

analysis of the electronic nature of this excitation, one can conclude that the dominant 

contribution to this transition arises from H-2→ LUMO and HOMO→ L+2.Tables S1 and S2 

(Electronic Supplementary Information#2) summarize the electronic transitions, which 

contribute to the absorption spectra of the ZZ-GQDs and AC-GQDs immersed in different 

media. 

 
Figure 3. DOS of pristine GQDs (shaded area) immersed in different media: (a) ZZ-GQD in 

the gas-phase, (b)ZZ-GQD in the water, (c) AC-GQD in the gas-phase, (d)AC-GQD in the 

water. Blue vertical lines denote the molecular orbitals. The excited transitions between 

available occupied and unoccupied electronic levels are shown by black arrowed lines. 

3.2.Solvent-mediated interaction between GQDs and neutral adatoms of HMs: 

geometry, electronic and optical properties. 

3.2.1. Cd0@GQD 

It has been shown beforethat theadsorption of the neutral Cd atom is the most stable at the 

hollow site on both GQDs and extended graphene.19The most favourable adsorption 

configuration in the presence of solvents, (see Table S3,Electronic Supplementary 

Information#2), is similar to that in the gas-phase. Focusing on the stability of the GQDs after 

complexation with Cd0, we noticed that the global hardness gradually decreases with 

increasing of the dielectric constant of the solvent, reaching the minimal value for water, 

Table 2. The solvation energy becomes more negative as the solvent becomes more polar. In 

line with this, the electrophilicity index of the interacting system is also increased in the 

solvated phases. Such trends imply that the solvents diminish the stability of both Cd0@ZZ-

GQDs and              Cd0@AC-GQDs, thereby raising its reactivity. There is also a 
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distinctincrease in the binding energy of neutral cadmium on ZZ-GQD (AC-GQD) ranging 

from 0.171 (0.179)eV for the gas-phase to 0.275 (0.273) eV for water, indicating a solvent-

mediated enhancement of the interaction strength. For both edge configurations, the binding 

energy follows the order of 𝐸𝐸𝑏𝑏 𝑖𝑖𝑖𝑖 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 >𝐸𝐸𝑏𝑏  𝑖𝑖𝑖𝑖 𝐷𝐷𝐷𝐷𝐷𝐷 > 𝐸𝐸𝑏𝑏 𝑖𝑖𝑖𝑖 𝑤𝑤𝑤𝑤ℎ𝑤𝑤𝑖𝑖𝑎𝑎𝑎𝑎 > 𝐸𝐸𝑏𝑏  𝑖𝑖𝑖𝑖 𝑤𝑤𝑎𝑎𝑤𝑤𝑤𝑤𝑖𝑖𝑎𝑎 𝑤𝑤𝑎𝑎𝑖𝑖𝑎𝑎>𝐸𝐸𝑏𝑏  𝑖𝑖𝑖𝑖 𝑔𝑔𝑤𝑤𝑠𝑠 −

𝑝𝑝ℎ𝑤𝑤𝑠𝑠𝑤𝑤. Interestingly, in the presence of solvent HOMO level of the ZZ-GQD and AC-GQD is 

upshifted by 0.2 eV compared to the value in the gas-phase. Furthermore, the presence of 

solvents modulates the HOMO-LUMO gap energy, decreasing its value with increasing the 

solvent dielectric constant for Cd0@ZZ-GQDs and Cd0@AC-GQDs.  

Table 2. Computed parameters of zigzag- and armchair-edged GQDs after complexation with 

Cd0 in different media 
Parameter Gas-phase 

ε=1 
Acetic acid 
ε=6.2528 

Ethanol 
ε=24.852 

DMF 
ε=37.219 

Water 
ε=78.355 

Cd0@ZZ Cd0@AC Cd0@ZZ Cd0@AC Cd0@ZZ Cd0@AC Cd0@ZZ Cd0@AC Cd0@ZZ Cd0@AC 
Binding energy, eV 0.171 0.179 0.267 0.251 0.284 0.269 0.269 0.271 0.275 0.273 

Charge on Cd 0.08 0.07 0.06 0.05 0.06 0.05 0.06 0.05 0.06 0.05 

Solvation energy, eV - - -0.637 -0.669 -0.791 0.840 -0.793 -0.861 -0.818 -0.885 
HOMO, Hartree -0.1903 -0.1943 -0.1783 -0.1779 -0.1747 -0.1745 -0.1743 -0.1742 -0.1738 -0.1738 
LUMO, Hartree -0.0841 -0.0772 -0.0895 -0.0829 -0.0916 -0.0852 -0.0918 -0.0855 -0.0921 -0.0858 
EHOMO-LUMO, eV 2.889 3.186 2.417 2.585 2.263 2.431 2.245 2.413 2.225 2.393 

Electrophilicity, eV 4.829 4.282 5.494 4.870 5.804 5.138 5.838 5.175 5.885 5.215 
Hardness, eV 1.444 1.593 1.208 1.292 1.131 1.215 1.122 1.206 1.112 1.196 

 

To further elucidate the nature of the solvent effect on the properties of the zigzag- and 

armchair-edged GQDs conjugated with Cd0, we investigate the absorption spectra of the 

aforementioned interacting systems in different media. In Fig. 4, we can find that both 

Cd0@ZZ-GQDs and Cd0@AC-GQDs in the gas-phase have a strong absorptions peaks at 415 

nm and 370 nm, respectively.Due to the physisorption nature of theinteraction between Cd 

and GQDs, these spectra are almost similar to those of pristine GQDs.  

 
Figure 4. UV-vis absorption spectra of the GQDs after complexation with Cd0 obtained in 

different dielectric media by using the PCM/TD-DFT/B3LYP/6-31G calculations of excited 

transitions: (left panel) zigzag edge termination and (right panel) armchair edge termination. 
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To reveal the origin of the electronic transitions, molecular orbital composition analysis was 

performed.  It was found that the Cd atom does not contribute to the HOMO, HOMO-1 

andLUMO, L+1, while the HOMO-2 is entirely localized on Cd atom (see Figure S2, 

Electronic Supplementary Information#2). To demonstrate detailed transitions, DOS of the 

interacting system with corresponding molecular orbital structure are presented in Fig. 5a. It is 

clearly seen that doubly degenerate excited state defines completely the absorption spectra of 

the zigzag-edged graphene quantum dots after complexation with neutral Cd atom (see 

DatasetS1, Electronic Supplementary Information#2), and the Cd-related molecular orbitals 

are not involved in electronic transitions. When thearmchair-edged GQDs interact with Cd (in 

the gas-phase), more complex molecular orbital structure is observed and hybrid orbitals 

aremostly participating in the lowest-energy excitation. Furthermore, unlike zigzag-edged 

GQDs, where the prevailing doubly degenerate levels owe their origin to the symmetry, in the 

case of the armchair-edged GQD these levels disappear completely or partially as the 

symmetry breaks. Two electronic transitions with largest oscillator strengths involve HOMO-

1 and HOMO-2 levels (Fig. 5c), which are shared by cadmium adsorbate and graphene plane 

(see Figure S2 and DatasetS1, Electronic Supplementary Information#2).While other orbitals 

involved in the excited transitions are delocalized over the planar structure of the AC-GQD. 

 
Figure 5. DOS of GQDs after complexation with Cd0 (shaded area) immersed in different 

media: (a) Cd0@ZZ-GQDs in the gas-phase, (b) Cd0@ZZ-GQDs in the water, (c) Cd0@AC-

GQDs in the gas-phase, (d) Cd0@AC-GQDs in the water. Blue vertical lines denote the 

molecular orbitals. The excited transitions between available occupied and unoccupied 

electronic levels are shown by black arrowed lines.Note that, for simplicity, here we compare 
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only two cases of the complexation of GQDs with Cd: in the gas-phase and water. Other 

solvents exhibit similar effect to water.  

 

Both Cd0@ZZ-GQDs and Cd0@AC-GQDs undergo an obvious red-shift of their absorption 

curves when the dielectric constant of the solvent is increased (Fig. 4). This red-shift is in line 

with solvent-induced HOMO-LUMO band gap shrinking, which is related to a lowering of 

the LUMO level and a contemporary rise of the HOMO.It is worth mentioning that the 

absorption intensities of the interacting systems in the solvated phases are higher than that in  

vacuum, but do not changethe own value from solvent to solvent. These results were 

confirmed by the analysis of the oscillator strengths for most probable excited transitions, 

which in addition put into evidence an electronic transition at longer wavelength, independent 

of the dielectric constant of the solvent (see Dataset S1, Electronic Supplementary 

Information#2). As was mentioned before, the interaction strength between GQDs and Cd 

adatom is enhanced with increasing the solvent polarity. In the case of water as a solvent – the 

most polar solvent among others – this effect manifests itself in the change of the molecular 

orbital structure and nature of the excited transitions (Figure 5, and Table S4). In particular, 

HOMO inCd0@ZZ-GQDs is entirely localized on the Cd atom (Figure S2, Electronic 

Supplementary Information #2). However, this orbital is not involved in electronic transitions. 

In fact, only electronic transitions between doubly degenerate occupied 

states(HOMO/HOMO-1) and empty levels (LUMO/LUMO+1) contribute tothe absorption 

spectra of Cd0@ZZ-GQDs.  

          Let us next look into the electronic transitions in the Cd0@AC-GQDs immersed in 

water solution. We can see from Fig. 5d that the absorption features observed near 378 nm 

correspond to the mixed transitions from the HOMO-1 and HOMO-2 to LUMO and 

LUMO+1.The other feature at ~441 nm with oscillator strength of 0.2511 is associated with 

the following transitions: HOMO-2→LUMO+1 (13%), HOMO-1→LUMO (86%). It should 

be noted that all mentioned molecular orbitals are energetically stabilized over GQDs, while 

Cd-induced HOMO level does not contribute significantly to excited transitions. The first 

mainabsorption feature at 378 nmappearsrathersimilarto that of Cd0@AC-GQDs in the gas 

phase, as observed in the Figs. 5c and 5d. However, the absorption curves in the latter two 

cases have entirely different origins. In the gas-phase,the electronic transitions are associated 

with the HOMO−1 and HOMO−2 hybridized orbitals, while DOS calculations in water 

suggest that wave functions of the HOMO−1 and HOMO−2 arehighly delocalized over AC-

GQD (Figure S2, Electronic Supplementary Information #2). This finding means that there is 
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a possibility to modulate the absorption intensity of Cd0@AC-GQD at desired wavelength by 

deactivating hybridized complex states via control of the dielectric permittivity of the 

medium. 

3.2.2. Hg0@GQD 

Here wediscuss solvent effect on the binding ability of graphene quantum dots with different 

edge termination towards atomicmercury (Hg0) and compare the calculated results for the gas-

phase with those for different solvents. Independently of the dielectric permittivity value for 

both ZZ-GQDs and AC-GQDs, the energetically most favourable Hg adsorption site is the 

hollow site (See Table S4, Electronic Supplementary Information#2), which is in good 

agreement with previous studies of the interaction between neutralHg with GQD and 

extended graphene.19 The binding energy of Hg on the planar surface of ZZ-GQDs and AC-

GQDs as a function of dielectric constant of the solvent is listed in Table 3.  

Table 3. Computed parameters of zigzag- and armchair-edged GQDs after complexation with 

Hg0 in different media 
Parameter Gas-phase 

ε=1 
Acetic acid 
ε=6.2528 

Ethanol 
ε=24.852 

DMF 
ε=37.219 

Water 
ε=78.355 

Hg0@ZZ Hg0@AC Hg0@ZZ Hg0@AC Hg0@ZZ Hg0@AC Hg0@ZZ Hg0@AC Hg0@ZZ Hg0@AC 
Binding energy, eV 0.162 0.164 0.309 0.307 0.356 0.335 0.342 0.339 0.358 0.342 

Charge on Hg 0.095 0.091 0.076 0.069 0.078 0.069 0.081 0.069 0.079 0.069 
Solvation energy, eV - - -0.755 -0.805 -0.949 -0.998 -0.954 -1.022 -0.989 -1.048 

HOMO, Hartree -0.1899 -0.19378 -0.1953 -0.19980 -0.1975 -0.20216 -0.1977 -0.20247 -0.1981 -0.20282 
LUMO, Hartree -0.0837 -0.07670 -0.0892 -0.08273 -0.0914 -0.08509 -0.0916 -0.08540 -0.0920 -0.08574 
EHOMO-LUMO, eV 2.889 3.185 2.887 3.185 2.886 3.185 2.887 3.185 2.886 3.185 

Electrophilicity, eV 4.799 4.250 5.190 4.638 5.356 4.794 5.369 4.815 5.397 4.838 
Hardness, eV 1.444 1.59 1.443 1.592 1.443 1.592 1.443 1.592 1.443 1.592 

 

The calculated data suggest that Hgadatom binds strongly with GQDsin the presence of 

solvents. In particular, it is obvious that the binding energy increasedsignificantly for solvents 

with high polarity (almost 2 times enhancement), which indicates that anenhancedattractive 

interaction occurs between GQDs and Hg0.Such phenomena can be explained in terms of 

partial desolvation of both, Hg and GQDs. In this context, the reorganisation of solvent-Hg 

and solvent-GQD interactions upon complexation is responsible for the changes in the 

binding energy. In contrast to ZZ-GQD possessing zero dipole moment, the armchair-edged 

GQD has larger dipole moment and thus its solvation energy is higher. After complexation 

with Hg the dipole moment and solvation energy are increased because solventsare believed 

to optimize the adsorption geometry byminimizing the distance between Hg adsorbateand 

planar surface of the GQDs.The electrophilicity index of the Hg@ZZ-GQDs and Hg@AC-

GQDs follows clearly the solvation trend: the higher the desolvation of the interacting 

systems the higher the value of the electrophilicity index. It is worth mentioning that the 



15 
 

HOMO–LUMO energy gap and the global hardness for Hg@ZZ-GQDs and Hg@AC-GQDs 

remain virtually unchanged with increase in dielectric permittivity implying relatively high 

stability of the interacting systems and proportionally equivalent changes in the 

HOMO/LUMO levels.  

Finally, our results show that the solvent has a little influence on absorption spectra of the 

Hg@ZZ-GQDs and Hg@AC-GQDs (Fig. 6). This is similar to the case of the absorption 

spectra of the Cd0@GQDs dispersed in different media, as has been shown in previous 

section. In the gas-phase, the absorption peaks of Hg@ZZ-GQDs and Hg@AC-GQDs appear 

at the visible bands of 415 nm as well as 350 nm and 370 nm, respectively. These spectra 

display a small red shift (approximately 8 nm) and slight increase in intensity when passing 

from the gas-phase to solution (Figure 6 and Figure7). In water, the mainabsorption peak of 

Hg@ZZ-GQDs is located at 427 nm, while the absorption features of the Hg@AC-GQDs 

appear at the visible bands of 355 nm and 378 nm.  

 
Figure 6. UV-vis absorption spectra of the GQDs after complexation with Hg0 obtained in 

different dielectric media by using the PCM/TD-DFT/B3LYP/6-31G calculations of excited 

transitions: (left panel) zigzag edge termination and (right panel) armchair edge termination. 

 

Let us next shed some light on the nature of the excited electronic transitions underlying the 

bands in the absorption spectra and the role of Hg adatom in these transitions.For the 

Hg@ZZ-GQD in the gas-phase, it is found that the most intensive bandis a result of the 

configuration interaction between the HOMO→LUMO, HOMO-1→LUMO+1, HOMO-

1→LUMOand HOMO→LUMO+1 transitions. Since these transitions have identical energies, 

the excited state is accidentally degenerate.At the same time, the absorption features are 

mainly arising from the molecular orbitals, which are delocalized over the surface of the ZZ-

GQDs. Due to the weak physisorption of Hg on ZZ-GQD, the first occupied electronic state, 

which is entirely localized on the Hg adatom is only HOMO-5. It is obvious that this Hg-
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related level does not participate in the excited transitions. On the other hand, due to the 

solvent polarity effect the interaction between ZZ-GQDs with atomicmercury is enhanced 

and, as a consequence,the wave function of HOMO-2 is highly localized on Hg. However, 

even in solvent with strong polarity the excited state is still mostly composed of mixture of 

double degenerate transitions with higher oscillator strengths and the corresponding molecular 

orbitals are completely delocalized over the ZZ-GQD. 

For Hg@AC-GQD in the gas phase, there are two strong transitions between nondegenerate 

states. As can be seen in Fig. 7c, the transitions HOMO→LUMO, HOMO-1→LUMO+1, 

HOMO-1→LUMO, HOMO→LUMO+1 and, to a less extent,HOMO-2→LUMO contribute 

strongly to the absorption at ~370-372 nm. While the state at 350 nm with small oscillator 

strength is dominated by HOMO-2→LUMO and HOMO→LUMO+2 transitions. In the 

solvated phase (for example, water), the low-energy part of the absorption spectra contains a 

group of at least three electronic transitions corresponding to the HOMO→LUMO, HOMO-

2→LUMO+1, HOMO-2→LUMO, HOMO→LUMO+1, HOMO-3→LUMO and 

HOMO→LUMO+2 (Fig. 7d). In fact, electron density distribution for lowest energy 

molecular orbitals involved in excited transitions for Hg@AC-GQD in different media 

suggests a negligible role of the Hg-related states (Dataset 2, Electronic Supplementary 

Information#2).    

 
Figure 7. DOS of GQDs after complexation with Hg0 (shaded area) immersed in different 

media: (a) Hg0@ZZ-GQDs in the gas-phase, (b) Hg0@ZZ-GQDs in the water, (c) Hg0@AC-

GQDs in the gas-phase, (d) Hg0@AC-GQDs in the water. Blue vertical lines denote the 
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molecular orbitals. The excited transitions between available occupied and unoccupied 

electronic levels are shown by black arrowed lines. 

3.2.3. Pb0@GQD 

A more complex bonding picture is observed in the case of interaction between GQDs and 

neutral Pb adatom. First of all, similarly to other heavy metals (Cd and Hg) in the gas-phase, 

Pb is electron-donating adsorbant, which is able to transfer electrons to the GQD easier than 

Cd0 and Hg0 adatoms (Table 4).This difference can be understood in terms of ionization 

potential.44The ionization potential of Pb0 is approximately equal to 7.41 eV, while Cd and Hg 

have larger ionization energies of 8.99 eV and 10.43 eV, respectively.45,46 The higher the 

ionization energy, the more difficult  is to remove an electron from a metal adatom. Due to 

this reason the enhanced charge transfer from Pb to both ZZ-GQD and AC-GQD occurs. 

Secondly, our results indicate that Cd and Hg adatoms are always physisorped on the hollow 

sitesofthe surface of the GQDs with different edge termination. On the contrary, Pb adatom 

prefers to sit on bridge sites when adsorped. The bonding peculiarities for Pb on ZZ-GQD and 

AC-GQD in different media are illustrated by the optimized adsorption configurations (see 

Table S5, Electronic Supplementary Information#2). The Pb adatom has approximately the 

same local position in all cases– bridge site, independently of the dielectric constant of the 

solvent. Another important observation is that an increase in dielectric constant leads to a 

change in direction of charge-transfer. In particular, when passing from the gas-phase to 

acetic acid the charge-transfer is initially decreased to approximately zero value and then 

changes the sign for solvents with high dielectric permittivity (Table 4). Thus, solvents with 

high polarity change the electroactive behaviour of the Pb adatom on graphene quantum dots 

from electron-donating to electron-accepting. That is, such dielectric media weaken the 

interactions between GQD surfaces and Pb adsorbate, as it was confirmed by a dramatic 

decrease in the binding energy with the increase of the dielectric constant of the solvent.  

Table 4. Computed parameters of zigzag- and armchair-edged GQDs after complexation with 

Pb0 in different media 
Parameter Gas-phase 

ε=1 
Acetic acid 
ε=6.2528 

Ethanol 
ε=24.852 

DMF 
ε=37.219 

Water 
ε=78.355 

Pb0@ZZ Pb0@AC Pb0@ZZ Pb0@AC Pb0@ZZ Pb0@AC Pb0@ZZ Pb0@AC Pb0@ZZ Pb0@AC 
Binding energy, eV 0.199 0.246 0.043 0.066 0.038 0.057 0.039 0.057 0.039 0.057 

Charge on Pb 0.191 0.235 0.000 0.017 -0.022 -0.019 -0.024 -0.021 -0.026 -0.024 
Solvation energy, eV - - -0.573 -0.604 -0.764 -0.808 -0.789 -0.835 -0.816 -0.865 

HOMO, Hartree  -0.117 -0.1179 -0.125 -0.1244 -0.132 -0.1315 -0.133 -0.1325 -0.134 -0.1337 
LUMO, Hartree -0.089 -0.0863 -0.092 0.0851 -0.094 -0.0876 0.094 -0.0880 -0.095 -0.0884 
EHOMO-LUMO, eV 0.739 0.860 0.900 1.069 1.027 1.194 1.046 1.212 1.067 1.232 

Electrophilicity, eV 10.725 8.981 9.721 7.604 9.281 7.448 9.220 7.433 9.155 7.415 
Hardness, eV 0.369 0.430 0.450 0.534 0.513 0.597 0.523 0.606 0.533 0.616 
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We can argue that the modification of the Pb adsorption mechanism is due to a solvent-

mediated screening of the interaction between Pb adatoms with both ZZ-GQD and AC-GQD. 

Such phenomenon may be caused by the energy penalty that must be paid by the interacting 

system to be partially desolvated. Indeed, as we can see from Table 4, the increase in 

dielectric constant of the solvent gives rise to lowering of the solvation energy for both 

complexes Pb0@ZZ-GQD and Pb0@AC-GQD.This lowering can be reached by enhancing 

the Pb0-solvent interaction. In other words, the desolvation penalty incurred after interaction 

between Pb0 and GQDs weakens the binding ability of GQD to Pb0. It should be noted that 

the overall decrease in interaction strength between neutral lead atom and both GQDs implies 

two important results (see also Table 4): (i) solvent-induced HOMO-LUMO band gap 

widening and (ii) a decrease in electrophilicity index with increasing the dielectric constant of 

solvent. As a consequence, the global hardness gradually increases with the dielectric constant 

of the solvent, reaching the maximal value for water. This infers that the Pb0@ZZ-GQD and 

Pb0@AC-GQD systems become more stable and less reactive when being immersed in the 

solvent with high polarity. 

As may be expected, the changes in electronic properties of the Pb0@ZZ-GQD and Pb0@AC-

GQD systems in the presence of the solvent will lead to variations in their absorption spectra.  

Let's now take a closer look at the absorption curves of Pb0@ZZ-GQD and Pb0@AC-GQD in 

different media (see Figure 6). 

 
Figure 8. Absorption spectra of the GQDs after complexation with Pb0 obtained in different 

dielectric media by using the PCM/TD-DFT/B3LYP/6-31G calculations of excited transitions: 

(left panel) zigzag edge termination and (right panel) armchair edge termination 

 

A general trend of these curves is the drop of absorption intensity with increasing the 

dielectric constant of the solvent according to the following order: gas-phase > acetic acid > 

ethanol> DMF > water. In the gas phase, the absorption spectrum of the Pb0@ZZ-GQD is 
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composed of a wide dominant band centred at ∼729 nm and a broad emission ranging from 

1000 to 4000 nm. As shown in Fig. 9a, the first band is mainly associated with the 

HOMO→L+6 transition (729 nm) with oscillator strength f=0.0259, while some contribution 

of the transition at 555 nm with total oscillator strength of 0.024 to the short-wavelength side 

of the main peak is coming from the multi-level excited transitions (HOMO-2→LUMO, 

HOMO-2→LUMO+1, HOMO-1→LUMO, HOMO→LUMO+10). The detailed description 

of the existing transitions and their origin is listed in Dataset S3 (Electronic Supplementary 

Information#2). The broad absorption band centred at 1468 nm is originating from a mix of 

two components: HOMO→LUMO+1 and HOMO→LUMO+3, respectively. Due to the 

strong interaction between a neutral Pb adatom and a ZZ-GQD, the absorption features are 

attributed to the transitions to/or from highly hybridized molecular orbitals (which are shared 

by both Pb adatom and ZZ-GQD).  

 
Figure 9. DOS of zigzag-edged GQDs after complexation with Pb0 (shaded area) immersed in 

different media: (a) Pb0@ZZ-GQD in the gas-phase, (b) Pb0@ZZ-GQD in acetic acid, (c) 

Pb0@ZZ-GQD in the ethanol, (d) Pb0@ZZ-GQD in the DMF, and (e) Pb0@ZZ-GQD in the 

water.  Blue vertical lines denote the molecular orbitals. The excited transitions between 

available occupied and unoccupied electronic levels are shown by black arrowed lines. 

 

It is interesting to note that after complexation of Pb with ZZ-GQD in the acetic acid (solvent 

with small polarity and low value of the dielectric permittivity), the hybrid orbitals become 

less involved in excited transitions. To be more exact, only the HOMO level (which is almost 

localized on Pb adatom, see Figure S5, Electronic Supplementary Information#2) takes part in 

the transitions (see Figure 9b and Dataset S3, Electronic Supplementary Information#2). The 

absorption spectra in this case consist of three most intensive features. The band at about 594 
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nm is attributable to the transition of the electrons HOMO to LUMO+10 (which is delocalized 

over the surface of GQD). The excited transitions across the HOMO-LUMO gap are 

schematically shown in Fig. 9b for other two absorption wavelengths at 2197 and 693 nm, 

respectively. As was mentioned before, the multi-band absorption features of the Pb0@ZZ-

GQD are highly sensitive to the solvent polarity, which provides further support for that the 

quenching of the absorption intensity of the two observed bands is mainly attributed to the 

solvent-induced screening of the attractive interaction between the Pb adsorbate and ZZ-

GQD. This is particularly the case of Pb0@ZZ-GQD immersed in ethanol, DMF and water, 

where significant weakening of the interaction strength between Pb and ZZ-GQD leads to 

blue-shift of the absorptions bands in comparison to those for acetic acid (Fig. 9, c-e). The 

solvent effect is significant also for the absorption properties of the armchair-edged GQDs 

interacted with neutral Pb adatom. The nature of the excited transitions in armchair-edged 

GQDs after complexation with Pb0 is described in the text of the Electronic Supplementary 

Information #1 (Section 1). 

3.2.4. Validation of the calculation method for estimating the weak interaction 

between neutral HMs and differently shaped GQDs 

In the absence of reliable experimental benchmark data the correct estimating of the binding 

ability of the GQDs to heavy metals is still a challenge. Therefore, it is very important to use 

different functionals and levels of theory to study this interaction, to collect more comparative 

data and to validate affordable methods for improving the benchmark parameters describing 

the HM@GQD complexation. In many cases (van der-Waals interaction, weak π- π 

interaction) B3LYP functional cannot be used to accurately model the interactions between 

two large systems, especially the weak physisorption. On the other hand, because the 

complexes composing of finite-sized GQD and single atom are comparatively small, they can 

be studied accurately using even B3LYP method, as was predicted for hydrogen adsorption 

onto graphene47, for interaction between Pt and nanometer-size graphene48 and for adsorption 

of Mn (and other transition metals) on pristine and defected graphene49. Therefore, in the 

present paper we are mainly focusing on results of the B3LYP level of theory. Furthermore, 

the correctness of the B3LYP/6-31g method for study of the interaction between heavy metals 

and graphene was also confirmed by independent VASP calculations using periodical 

boundary conditions (DFT-D3 method of Grimme, GGA-PBE)19. We revealed that the main 

trends (order of the binding energy, charge transfer, binding height and binding positions of 

the HMs on extended graphene) are in broad agreement with those determined for GQDs by 

B3LYP/6-31g method. The B3LYP/6-31G level of theory has then been validated as that 
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providing the good agreement with the results of the supercell VASP method (which 

describes the van der Waals interactions).  

           Nevertheless, to verify the propriety of our calculation we also performed additional 

comparative calculations using dispersion–corrected M06-2X DFT50,51and PBE-D3 DFT52 

functionals with the extended 6-31G(d,p) basis set. It should be mentioned that among both of 

them only the PBE-D3 method takes into account explicitly London dispersion forces (or van 

der Waals forces) by using an additional term (which is proportional to R–6), whereas the 

M06-2X functional includes implicitly some modified parameters related to Hartree-Fock 

exchange interaction. 

 A comparative analysis of the results obtained using different methods indicates that the 

geometry (binding site, binding height) is not very sensitive to functional choice (Figure S6 

and Figure S7, Electronic Supplementary Information#2).As one can see from the Figures S8-

S10 (Electronic Supplementary Information#2), the calculated binding energies exhibit same 

trends: increasing the dielectric permittivity leads to increase in the binding energy of Cd (Hg) 

and decrease in the binding energy of the neutral Pb atom. It is a remarkable finding that the 

binding-energy difference between M06-2X (PBE-D3) and B3LYP is significantly larger for 

Cd (Hg)@GQDs complexes, than for Pb@GQDs. It is obvious that M06-2X and PBE-D3 

functionals strongly overestimated the binding energies of the Cd, Hg and Pb in all considered 

solvents compared to B3LYP functional. Furthermore, according to M06-2X and PBE-D3 

calculations a change of the dielectric permittivity of the medium switches the nature of Cd 

(Hg) adsorption from physisorption to chemisorption. This may be associated with the fact 

that the dispersion-corrected DFT methods are not appropriate, to some extent, to treat 

correctly the dispersion interactions in the presence of solvent. 

           We then compare the dielectric constant-dependent behaviour of the HOMO-LUMO 

gap of the considered complexes calculated by different methods. For all considered metals, 

the M06-2X and PBE-D3 functionals predicted that a trend for HOMO-LUMO gaps with 

increase in the dielectric permittivity is in qualitative agreement with B3LYP results (see 

Figs. S11-S13, Electronic Supplementary Information#2). PBE-D3 gives smaller HOMO-

LUMO gaps of all interacting complexes in comparison to B3LYP results, while M06-2X 

significantly overestimated the value of the HOMO-LUMO gaps.Finally, it must be noticed 

that the absorption spectra of GQDs before and after complexation with HMsare very 

sensitive to the choice of the functional (Figures S14-S18, Electronic Supplementary 

Information#2), which is in line with the solvent-induced changes in the DOS structure 

(HOMO-LUMO gap). For this reason, the spectra calculated by using TD-PBE-D3/6-
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311g(d,p) method are red-shifted in the comparison to those calculated by TD-B3LYP/6-31g, 

while TD-M06-2X/6-311g(d,p) calculation results in the blue-shifted spectra.In general there 

is good agreement between the calculated spectra regarding the solvent role in the excited 

transitions in pristine GQDs and Hg@GQDs (Figures S14 and S16). On the other hand, as can 

be seen from  the Figures S15, S17 and S18 the absorption spectra of the Cd@GQDsand 

Pb@GQDs obtained byTD-B3LYP/6-31g in the presence of the solvent differ, to some 

extent, from those calculated by TD-M06-2X/6-311g(d,p) and TD-PBE-D3/6-311g(d,p). It is 

important to note that dispersion-corrected methodgives enhanced values of the oscillator 

strengths of the main electronic transitions in Pb@GQD complexes immersed in solvents with 

high polarity in comparison to TD-B3LYP/6-31g. The discrepancy between the absorption 

spectra calculated by different methodsarises becauseM06-2X and PBE-D3functionalsyield 

overestimated values of binding energies and charge transfer and, therefore, they poorly 

describe the dominant electronic transitionsin the interacting systems considered in this paper. 

3.3.Solvent-mediated interaction between GQDs and divalent HM ions: geometry,   

electronic and optical properties. 

In the preceding section we have shown that the solvent significantly affects the interaction 

strength of neutral heavy metal adatoms with zigzag-/armchair-edged GQDs. For such 

systems we predicted how the solvent effect manifests itself in their electronic structure and 

excited states. Nevertheless, in most cases the experimental determination of heavy metals in 

liquids implies that the heavy metal species considered are in charged state (usually divalent 

ions). In particular, the sensing mechanismunderlying the selective recognition of HMs 

byUV-vis absorption spectroscopy or fluorescencespectroscopy is based on collecting of 

various optical responses to specific interactions between heavy metal ions and 

GQDs.Bearing in mind the main idea of this work, the divalent HM ions (Cd2+, Hg2+, Pb2+) 

complexed with ZZ-GQDs and AC-GQDs will be subjected to a detailed examination of how 

dielectric medium with varying permittivity influences the binding affinity, electronic and 

optical properties of the interacting systems. 

3.3.1. Cd2+@GQD 

The behaviour of the divalentHM ions is not similar tothat of neutral speciesonce adsorped on 

the surface of GQDs.19In particular, it wasshownthatthe adsorption mechanism of charged 

ions is mainly governed by chemisorption, which involves a strong chemical reaction between 

the GQD and metal ions.Regarding the Cd2+ case, we anticipate thatthe bridge site isthe most 

stable configurationunder vacuum conditions for chemisorption of Cd2+ on both ZZ-GQD and 

AC-GQD, with the binding energies of 11.663 eV and 11.575 eV, respectively. From Table 5, 
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one can see that thebinding energy ofCd2+drastically decreases with increasing the dielectric 

constant of the solvent, reaching the lowest values for the solvent with the highest polarity. In 

addition, we noticed the changes in the Cd2+ adsorption site whenever the interactionoccurred 

in solvent with different dielectric permittivity (see Table. S6, Electronic Supplementary 

Information#2).Although the gas-phase calculations suggest that the binding energy of Cd2+ 

on ZZ-GQD is slightly larger than that on AC-GQD, the interaction strength in the solvent 

demonstrates an opposite trend, being always larger in the case of Cd2+on AC-GQD. Such a 

decreasing tendencyindicates solvent-mediated weakening of the chemical bonding between 

Cd2+ and GQDs and even changing of the chemisorption to physical adsorption when the 

dielectric constant of the solvent is increased. The obtained results can be understood in terms 

of the so-called cation-π interaction.53Indeed, it was shownthat solvents can modulate the 

binding affinity of the electron-rich π system to metals ions. This is mainly due to the fact that 

the energy gainfromthe interaction between charged ion and π system is compensated, to 

some extent, by the loss of solvation energy.In line with this we also found that 

thedesolvationaccompanying the Cd2+adsorptionon AC-GQD in the presence of highly polar 

solvents is slightly larger as that accompanying the adsorption of Cd2+on ZZ-GQD (Table 

5).Such changes of adsorption configurations induced by solvents agree well with an 

enhancement of the stability of the interacting systems. In particular, this is confirmed by a 

dramatic decrease in the electrophilicity index, increase in the global hardness and HOMO-

LUMO gap widening, as is shown in Table 5.  

Table 5. Computed parameters of zigzag- and armchair-edged GQDs after complexation with 

Cd2+ in different media 
Parameter Gas-phase 

ε=1 
Acetic acid 
ε=6.2528 

Ethanol 
ε=24.852 

DMF 
ε=37.219 

Water 
ε=78.355 

Cd2+-ZZ Cd2+-AC Cd2+-ZZ Cd2+-AC Cd2+-ZZ Cd2+-AC Cd2+-ZZ Cd2+-AC Cd2+-ZZ Cd2+-AC 
Binding energy, eV 11.663 11.575 0.751 0.827 0.130 0.178 0.144 0.192 0.104 0.259 

Charge on Cd 0.22 0.26 1.71 1.72 2.03 2.02 2.05 2.03 2.07 2.06 

Solvation energy, eV - - -5.103 -5.321 -6.824 -7.032 -7.101 -7.312 -7.340 -7.660 
HOMO, Hartree -0.3872 -0.3909 -0.2344 -0.2441 -0.2065 -0.2111 -0.2043 -0.2088 -0.2029 -0.2062 
LUMO, Hartree -0.3627 -0.3622 -0.1984 -0.1984 -0.1549 -0.1528 -0.1456 -0.1434 -0.1377 -0.1324 
EHOMO-LUMO, eV 0.665 0.781 0.977 1.244 1.404 1.586 1.595 1.780 1.774 2.009 

Electrophilicity, eV 156.519 134.435 35.483 29.140 17.218 15.453 14.204 12.909 12.111 10.571 
Hardness, eV 0.332 0.390 0.488 0.622 0.702 0.793 0.797 0.890 0.887 1.004 

 

To illustrate both, the role of Cd2+ ion in electronic transitions and the solvent effect on the 

optical properties of Cd2+@GQD, let's consider the absorption spectra of the interacting 

systems dispersed in different media (Fig. 10). Comparing the different spectra of the 

Cd2+@ZZ-GQD (left panel, Figure 10), one can conclude that (i) on increasing the dielectric 

constant, the absorption peak undergoes blue-shift and (ii) aconsiderable weakening of the 
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charge transfer between adsorbate and ZZ-GQD results inan intense absorption in the visible 

range. 

 
Figure 10. Absorption spectra of the GQDs after complexation with Cd2+ obtained in different 

dielectric media by using the PCM/TD-DFT/B3LYP/6-31G calculations of excited transitions: 

(left panel) zigzag edge termination and (right panel) armchair edge termination. 

 

In the absorption curve of the Cd2+@ZZ-GQD (the gas-phase case) three major peaks are 

apparent at 489 nm (oscillator strength f=0.1804), 632 nm (f=0.1198) and 832 nm (f=0.2318), 

respectively (see also Fig. 11 a).The absorption feature at 489 nm is primarily due to the 

overlapping of the two electronic transitions from the double degenerate lowest occupied 

levels to the unoccupied levels: HOMO-1 →LUMO+2 (59%) and HOMO→ LUMO+1 (37 

%). Among these molecular orbitals we found that the contribution of Cd2+ to HOMO-1 is the 

largest and is estimated to be approximately 91 % (Figure S19, Electronic Supplementary 

Information#2). In addition, a negligible small contribution of Cd2+ (7 %) to LUMO is also 

observed (Figure S19, Electronic Supplementary Information #2).  The wave functions of 

other orbitals are mainly delocalized over the surface of the ZZ-GQD. The second absorption 

peak at 632 nm reflects the single transition from GQD-related HOMO-5 to LUMO (with 

slight hybridization). Finally, the most intensive peak, which is observed at 832 nm, 

corresponds to two interband transitions: HOMO-2 →LUMO (90 %) and HOMO→ 

LUMO+1 (11 %). As can be seen from the Fig. 10 (left panel) and Fig. 11 b,  increasing  the 

dielectric constant of the environment from 1 (gas-phase case) to  6.25 (acetic acid case) leads 

to significant changes in absorption spectra and, as a consequence, to the appearance of the 

new transitions. In particular, the spectrum is composed of the dominant feature at 444 nm 

and the weak absorption bands at 543 and 817 nm. Regarding the origin of the 444 nm peak, 

the most likely absorption transitions are HOMO-9 →LUMO (66 %) and HOMO-1→ 

LUMO+2 (15 %). It is important to note that Cd2+ contributes to these levels in different 
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ways: 4 % in HOMO-9 and 77 % LUMO (Fig. S19, Electronic Supplementary Information 

#2).  

 
Figure 11. DOS of zigzag-edged GQDs after complexation with Cd2+ (shaded area) immersed 

in different media: (a) Cd2+@ZZ-GQD in the gas-phase, (b) Cd2+@ZZ-GQD in acetic acid, 

(c) Cd2+@ZZ-GQD in the ethanol, (d) Cd2+@ZZ-GQD in the DMF, and (e) Cd2+@ZZ-GQD 

in the water.  Blue vertical lines denote the molecular orbitals. The excited transitions 

between available occupied and unoccupied electronic levels are shown by black arrowed 

lines. 

 

The weak band at 543 nm can be ascribed to the following transitions: HOMO-1→LUMO+2 

(35 %) and HOMO→ LUMO+1 (66 %). A small contribution of Cd2+ to HOMO-1 (10 %) 

and LUMO-1 (3%) is revealed. At the same time the peak at 817 nm is mainly caused by 

transition from the HOMO-2 to LUMO. Moving from the acetic acid to ethanol, we noticed 

significant enhancement of the absorption intensity in visible. This is due to the appearance of 

the set of overlapped peaks with similar energies (428 nm, 429 nm, and 433 nm) and high 

oscillator strengths (Fig. 11 c). The most intensive component at 428 nm is arising from the 

configuration of the three most likely transitions, including HOMO-7→LUMO (14 %), 

HOMO-1→ LUMO+2 (42 %) and HOMO→ LUMO+1 (41 %). It should be mentioned that 

only LUMO is strongly localized at Cd2+, while other orbitals are delocalized in nature 

(Figure S19, Electronic Supplementary Information #2). The enhanced transition probability 

can be explained by the fact that double degenerate HOMO/HOMO-1 and 

LUMO+1/LUMO+2 are involved into the transitions. Another absorption feature at 429 nm 
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corresponds to similar transitions, but in this case the degenerate HOMO-8 level participates 

instead of the HOMO-7. The last one is mainly related to HOMO-7→LUMO. The Cd-related 

LUMO does not contribute to the excited states (Figure S19, Electronic Supplementary 

Information #2) with further increase in the dielectric permittivity of the solvent (case of high 

polarity: DMF and water). For polar solvents, only transitions between double degenerate 

HOMO/HOMO-1 and LUMO+1/LUMO+2 are dominant (Fig. 11 d and e).   

Moving from Cd2+@ZZ-GQD to the Cd2+@AC-GQD we see (right panel, Figure 10 and 

Figure S2, Electronic Supplementary information #1) that similarly to the previous case the 

increase in the dielectric constant of the environment causes a significant HOMO-LUMO gap 

widening, followed by the blue-shift of the absorption peak. More details of the nature of the 

excited transitions in Cd2+@AC-GQD are described in Electronic Supplementary Information 

#1 (Section 2). 

3.3.2. Hg2+@GQD 

Here the binding ability of the zigzag- and armchair-edged GQDs to divalent mercury ions in 

different media is in focus.Our results indicate that the Hg2+ ion tends to bind more frequently 

to on-top site of the ZZ-GQDs in all considered media, except the water (see the Table S7, 

Complementary Materials). While the interaction between AC-GQDs and Hg2+ions 

alwaysleads to stabilization of the mercury ions at the hollow site.Absorption of Hg2+ ion 

under vacuum conditions is accompanied by a charge transfer of ~1.9 e- from the ZZ-

GQD/AC-GQD to the mercury species (Table 6). In this way, Hg2+ adsorbate acts as an 

effective electron acceptor. Moving from the gas-phase case to the acetic acid it is obvious 

that Hg becomes more positively charged, thereby indicating the reduction of the charge 

transfer due to the solvent effect. It is interesting to note that as the polarity of the solvent 

becomes increasingly high, the vanishing of the charge transfer becomes more pronounced, 

which weakens the interaction between ZZ-GQD/AC-GQD and Hg2+ ion. This trend is also 

seen in the dependence of the binding energy on the dielectric constant: as the dielectric 

constant is increased, the binding energy decreases, reaching the minimal values for ethanol, 

DMF and water. Similarly to the Cd2+ case, this can be explained by the modification in how 

electron-rich π system of GQD interacts with the positively charged cation in the presence of 

the polar solvents.54In this context, the solvation energies are found to be larger for interacted 

systems immersed in solvents with high polarity. It should be also mentioned that the binding 

energy of Hg2+ ion in the whole range of the dielectric constant values is unexpectedly greater 

than the binding energy of Cd2+. Furthermore, Hg2+ has the lower positive charge after 

interaction with both ZZ-GQDs and AC-GQDs in the gas-phase compared to Cd2+. From the 
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theoretical point of view, the metal species with smaller ionic radius should bind with GQDs 

in charge transfer manner.55 Contrarily, as the ionic radius of the metal species becomes larger 

the electrostatic interaction should start to dominate. Since Hg2+ has higher ionic radius than 

Cd2+ (102 pm vs. 95 pm), one would expect a higher charge transfer from GQDs to Cd2+. But 

our results show the opposite trend, indicating that the charge transfer is main factor, which is 

responsible for the strong interaction between Hg2+ and GQDs, while the chemisorption of the 

Cd2+ ions is more electrostatic in nature. According to the literature, such nontrivial behaviour 

of the mercury ions interaction with other molecules can be explained by several factors, 

including (i) relativistic effects for [Hg2+]56and (ii) a presence of 5f inner orbitals for Hg2+, 

which are mainly responsible for the enhanced charge accepting ability (these orbitals are 

absent in the case of Cd2+).57We noticed also that in both cases (Hg2+@ZZ-GQDs and 

Hg2+@AC-GQDs), the electrophilicity index dramatically decreases in the presence of the 

solvent with high polarity. It can be caused by changes in the chemical potential and 

HOMO/LUMO energy positions.  Indeed, as is seen in Table 6 HOMO and LUMO energy 

levelsmove upward in the solvent phase in comparison to the gas-phase.The observed 

HOMO-LUMO gap widening and theincrease in the global hardness are in line with solvent-

induced binding energy reduction.  

Table 6. Computed parameters of zigzag- and armchair-edged GQDs after complexation with 

Hg2+ in different media 
Parameter Gas-phase 

ε=1 
Acetic acid 
ε=6.2528 

Ethanol 
ε=24.852 

DMF 
ε=37.219 

Water 
ε=78.355 

Hg2+-ZZ Hg2+AC Hg2+-ZZ Hg2+AC Hg2+-ZZ Hg2+AC Hg2+-ZZ Hg2+-
AC 

Hg2+-ZZ Hg2+-AC 

Binding energy, eV 14.564 14.457 1.687 1.402 0.216 0.246 0.212 0.257 0.236 0.277 

Charge on atom 0.09 0.09 0.44 0.12 1.85 2.06 2.01 2.06 2.04 2.07 

Solvation energy, eV - - -4.431 -4.308 -5.494 -5.704 -5.776 -6.003 -6.101 -6.327 
HOMO, Hartree -0.3891 -0.3990 -0.2455 -0.2387 -0.2085 -0.2108 -0.2043 -0.2085 -0.2013 -0.2062 
LUMO, Hartree -0.3646 -0.3643 -0.2225 -0.2297 -0.1834 -0.1809 -0.1731 -0.1712 -0.1616 -0.1607 
EHOMO-LUMO, eV 0.666 0.944 0.627 0.244 0.683 0.813 0.848 1.016 1.082 1.237 

Electrophilicity, eV 157.895 114.258 64.604 166.427 41.643 34.943 31.065 26.277 22.540 20.132 
Hardness, eV 0.333 0.472 0.313 0.122 0.341 0.406 0.424 0.508 0.541 0.618 

 

To understand more deeply the unusual behavior of the Hg2+@GQDs in the presence of a 

solvent, we undertook calculations of the absorption spectra and the electronic structure. A 

summary of the obtained results is provided byFigures 12 and 13. As we can see from the 

Figure 12, the changes in the dielectric permittivity of the environment leads to a significant 

modification of the absorption spectra; these changes manifest themselves in the dramatic 

decrease of the absorption intensity of both Hg2+@ZZ-GQDs and Hg2+@AC-GQDs dispersed 

in solvents with high polarity (mainly ethanol, DMF and water). While the electronic 
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transitions in the presence of the acetic acid are also affected, but to a lesser degree. In this 

case, we can only observe slight shift of the absorption peaks and the redistribution of the 

electron charge density following different electronic transitions. Analysing the absorption 

curve of the Hg2+@ZZ-GQD in the gas-phase (Figure 13a), we noticed that the lowest excited 

transition between HOMO and LUMO is forbidden, and Hg2+ does not contribute 

significantly to the energy levels, which are involved in allowed transitions. Overall, three 

main absorption peaks at 466, 625 and 820 nm are observed. The most probable transitions 

for the 446 nm-peak are HOMO-2→LUMO (12 %) and HOMO→LUMO+1 (85 %) 

transitions, while the HOMO-5→LUMO is mainly responsible for the appearance of the 625 

nm-peak. The absorption feature at the 820 nm can be ascribed to the HOMO-2→LUMO (88 

%) and HOMO→LUMO+1 (12 %) transitions. We believe that an enhanced absorption 

intensity of the Hg2+@ZZ-GQD in this case can be reasonably explained by the nature and 

composition of the orbitals participating in the electronic transitions. It's very probable, and 

maybe inevitable that the weak contribution of mercury to the main orbitals promotes 

electronic transitions with high oscillator strengths between energy levels delocalized over the 

planar structure of the ZZ-GQD. Surprisingly, the absorption spectrum in acetic acid 

undergoes significant changes. In particular, the short-wavelength part of this spectrum 

reduces in intensity compared to its counterpart in the gas-phase, while the long-wavelength 

shoulder increases in intensity. In fact, the bands at 509, 645 and 862 nm form the absorption 

pattern of the Hg2+@ZZ-GQD in acetic acid. We assign the lowest wavelength absorption 

peak at 509 nm to the following transitions: HOMO-1→LUMO+1 (39 %) and 

HOMO→LUMO+2 (45 %). It is worth mentioning that the degenerate HOMO-1/HOMO 

levels are hybrid in nature (Figure S21, Electronic Supplementary Information#2), with high 

percentage of Hg2+ (66 % / 15 %, respectively). In the same way, we assign the absorption 

peak at 645 nm to the HOMO-5→LUMO transition. LUMO is also a hybrid orbital with less 

contribution from Hg2+ (only 17 %).Finally, we associate the most intensiveabsorption band 

observed at 862 nm with HOMO-4→LUMO. Thus, we can conclude that the spectral 

differences between Hg2+@ZZ-GQDs immersed in vacuum conditions and in acetic acid (the 

solvent with dielectric permittivity as low as 6.25) can be explained by the redistribution of 

the electron density induced by both Hg effect and solvent effect. Further increase in the 

dielectric constant of the solvent leads to the increase in the contribution of the Hg2+ to 

LUMO, followed by a dramatic decrease in the absorption intensity. For polar solvents, the 

LUMO becomes completely localized at the Hg2+ (Figure S21, Electronic Supplementary 

Information#2). Since almost all electronic transitions include LUMO level (Fig.13 c-e), the 
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probability of such transitions is very low. Unlike the case of Cd2+@ZZ-GQD in polar 

solvents, herein the transitions between GQD-related double degenerate occupied and 

unoccupied energy levels (HOMO-1/HOMO→ LUMO+1/LUMO+2) are forbidden. That's 

most likely Hg-related LUMO can trap electrons efficiently, thereby making it impossible for 

electrons to reach next empty levels (LUMO+1/LUMO+2).See Electronic Supplementary 

Information #1 (Section 3) to get more details about the correlation between optical and 

electronic properties of AC-GQD interacted with Hg2+. 

 
Figure 12. Absorption spectra of the GQDs after complexation with Hg2+ obtained in 

different dielectric media by using the PCM/TD-DFT/B3LYP/6-31G calculations of excited 

transitions: (left panel) zigzag edge termination and (right panel) armchair edge termination 

 
Figure 13. DOS of zigzag-edged GQDs after complexation with Hg2+ (shaded area) immersed 

in different media: (a) Hg2+@ZZ-GQD in the gas-phase, (b) Hg2+@ZZ-GQD in acetic acid, 

(c) Hg2+@ZZ-GQD in the ethanol, (d) Hg2+@ZZ-GQD in the DMF, and (e) Hg2+@ZZ-GQD 

in the water.  Blue vertical lines denote the molecular orbitals. The excited transitions 

between available occupied and unoccupied electronic levels are shown by black arrowed 

lines. 

 

0 2000 4000 6000

Excitation energy, nm

0

1

2

3

4

In
te

ns
ity

, a
rb

.u
ni

ts

10 4 Hg 2+
@ZZ-GQD: Solvent effect

Water
Ethanol
DMF
Acetic Acid

Gas-phase

0 1000 2000 3000

Excitation energy, nm

0

1

2

3

4

In
te

ns
ity

, a
rb

.u
ni

ts

10 4 Hg 2+
@AC-GQD: Solvent effect

Water
Ethanol
DMF
Acetic Acid

Gas-phase



30 
 

In fact, we found experimentalresultswhich are, to some extent, support our findings. In 

particular, Chakraborti et al. reported that the graphene quantum dot can be used for optical 

detection of divalent mercury ions in pure aqueous solution by fluorescence chemosensing.24It 

was revealed that there is a strong quenching of the optical signal from GQDs after 

complexation with Hg2+ ions in water. At the same time, no quenching was observed in the 

case of the interaction between GQDs and Cd2+/Pb2+ in the presence of aqueous environment. 

The authors assumed that such phenomena can be explained by the strong binding of Hg2+ to 

the surface functional groups (carboxyl and hydroxyl groups at the edges of GQD).More 

importantly, our results show that even in the absence of functional groups the optical signal 

from Hg2+@ GQD can be effectively quenched via the specific interaction of the GQD with 

Hg2+ in the presence of water. What is conclusive here is that GQD demonstrates high 

selectivity towards mercury ions, since the optical signal from GQD after applying the Cd2+ 

(these data were presented above) and Pb2+ (these data will be given below) ions in water 

remains unchanged compared to that of the pristine GQDs.  

3.3.3. Pb2+@GQD 

We now focus on the effect of the dielectric constant on the interaction strength between 

zigzag- and armchair-edged GQDs with Pb2+ ions. The binding energy of a Pb2+ ion can be 

tuned by controlling the dielectric constant of the solvent (Table 7). From energy point of 

view, the most favourable adsorption configuration is noted in the case when thePb2+ ion sits 

in the hollow site of the planar structure of GQDs. The most preferred adsorption site remains 

the same even after complexation in polar solvents (see Table S8, Electronic Supplementary 

Information#2), independently of the edge termination. It is worth mentioning that the charge 

transfer from GQDs to Pb2+ is quite low, even in vacuum conditions, in comparison to Cd2+ 

and Hg2+. Taking into account the fact that ionic radius of Pb2+ (119 pm) is much larger than 

that of Cd2+/Hg2+, it is reasonable to assume that the larger Pb2+ ion prefers to bind with 

GQDs in electrostatic manner. By this we mean that the small charge transfer observed in 

Pb2+@ZZ-GQD and Pb2+@AC-GQD is responsible for the reduced binding energy of Pb2+ in 

the gas-phase. Notwithstanding, we denoted that despite overall decrease in the interaction 

strength with increase in the dielectric constant the binding energies of Pb2+ in the solvated 

phases are higher than those of Cd2+/Hg2+. In fact, a change from the gas-phase to solvated 

phase causes the change of the binding sequence from Hg2+˃Cd2+˃Pb2+ to Pb2+˃Hg2+˃Cd2+, 

respectively. Similar reordering was also observed and explained for solvent-mediated 

interaction between metal cations and benzene58and interaction of L-proline with group IIB 

(Zn2+, Cd2+, Hg2+) metal cations57.  
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Table 7. Computed parameters of zigzag- and armchair-edged GQDs after complexation with 

Pb2+ in different media 
Parameter Gas-phase 

ε=1 
Acetic acid 
ε=6.2528 

Ethanol 
ε=24.852 

DMF 
ε=37.219 

Water 
ε=78.355 

Pb2+-ZZ Pb2+-AC Pb2+-ZZ Pb2+AC Pb2+-ZZ Pb2+-AC Pb2+-ZZ Pb2+-AC Pb2+-ZZ Pb2+-AC 
Binding energy, eV 7.054 7.333 1.251 1.401 0.562 0.687 0.492 0.614 0.421 0.540 

Charge on Pb 1.126 1.085 1.416 1.375 1.507 1.465 1.519 1.478 1.532 1.492 

Solvation energy, eV - - -4.833 -4.759 -5.716 -5.634 -5.824 -5.742 -5.940 -5.858 
HOMO, Hartree -0.3782 -0.3882 -0.2393 -0.2512 -0.2196 -0.2308 -0.2173 -0.2284 -0.2150 -0.2259 
LUMO, Hartree -0.3291 -0.3219 -0.1659 -0.1605 -0.1377 -0.1317 -0.1343 -0.1283 -0.1305 -0.1247 
EHOMO-LUMO, eV 1.335 1.804 1.996 2.468 2.227 2.697 2.260 2.726 2.298 2.755 

Electrophilicity, eV 69.372 51.743 15.234 12.712 10.613 9.022 10.127 8.644 9.619 8.260 
Hardness, eV 0.667 0.902 0.998 1.234 1.113 1.348 1.130 1.363 1.149 1.377 

 

Several other aspects concerning the interaction between GQDs and divalent lead ion also 

deserve to be mentioned. First, the dependence of the electrophilicity index, global hardness 

and HOMO-LUMO gap energy on the dielectric permittivity of the solvent is, to a large 

extent, analogous to the typical dependences for Hg2+@GQD and Pb2+@GQD. Just as in 

those cases, the presence of the polar solvent makes the interacting system more stable and 

less reactive. This is evidenced by the HOMO-LUMO widening, the decrease in the 

electrophilicity index and an increase in global hardness. Note also that all mentioned 

parameters, while depending on the solvent effect, they are also very sensitive to the edge 

termination and shape of the GQD. In particular, Pb2+@AC-GQDs immersed in different 

media are found to be more stable in comparison to Pb2+@ZZ-GQDs.  

Bearing in mind the specific electronic properties of the Pb2+@ZZ-GQDs and Pb2+@AC-

GQDs, we then consider their absorption spectra with the aim to understand the role of Pb2+ in 

the excited transitions. The absorption spectra of the considered systems immersed in 

different media are given in Fig. 14. As shown in Fig. 14 (left panel) and Fig. 15a, the 

absorption spectrum of  Pb2+@ZZ-GQD in the gas-phasecontains several very weak, barely 

resolved features at 595 nm, 1188 nm and 1383 nm (a full list of the allowed transitions can 

be found in Dataset S6, Electronic Supplementary Information#2). The most intense 

component at 1188 nm with oscillator strength of 0.0085 can be ascribed to a HOMO-

1→LUMO+1 transition. In this case, the wave function of the HOMO-1 level is delocalized 

over the planar structure of the GQD, while LUMO-1 is shared by GQD and Pb2+ (Figure 

S23, Electronic Supplementary Information#2). The weak band at 595 nm is believed to arise 

from the combination of two electronic transitions: HOMO-3→LUMO (69%) and 

HOMO→LUMO+3 (12%). According to the orbital composition analysis among these levels 

only LUMO is a hybrid orbital (ZZ-GQD: 17%, Pb: 83%).The lowest observed feature 

appears at 1383 nm and is originating from the following electronic transitions: HOMO-
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1→LUMO (11%) and HOMO→LUMO+1 (88 %). It should be mentioned that Pb2+@ZZ-

GQD in vacuum conditions has a twofold degenerate HOMO and a twofold degenerate 

LUMO and the solvent effect favours remaining of this degeneracy.Contrary to the gas-phase 

case, as shown in Fig. 14 (left panel), the acetic acid environment causes an obvious increase 

in the absorption intensity and the blue-shift of the absorption wavelengths (479 nm, 786 nm 

and 803 nm). In principle, the nature of the observed absorption features are very similar to 

the gas-phase, including the electronic transitions between occupied orbitals(that related 

purely to GQD) and lowest unoccupied energy levels (hybridized in nature). Further increase 

in the dielectric constant of the solvent is accompanied by anincrease in the HOMO-LUMO 

energy gap. Due to this reason, the absorption spectrum undergoes an additional blue shiftfor 

solvents with the highest polarity (Fig. 15 c-e). Furthermore, we noticed a dramatic 

enhancement of the oscillator strengths for the electronic transitions in Pb2+@ZZ-GQD 

dispersed in ethanol, DMF and water. Compared to the acetic acid, the intensive band ranging 

from 450 to 700 nm appears in the absorption spectra of the Pb2+@ZZ-GQD in solvents with 

high polarity. As shown in Fig. 15c and Fig. 15d, the zigzag-edged GQD after complexation 

with Pb2+ in the presence of ethanol (or DMF) shows resolved peaks at 443 (443), 449 (445) 

and 456 (454) nm, respectively. All these features are due to the transition from a π-orbital of 

GQD to a hybrid orbitals.The peak at 443 nm is mainly due to two overlapped 

transitions:HOMO-1→LUMO+4 and HOMO→LUMO+2. The feature at 449 nm corresponds 

to transition from HOMO-2 to LUMO, while the peak at 456 nm can be assigned to the 

following transitions: HOMO-2→LUMO, HOMO-1→LUMO+2 and HOMO→LUMO+4. 

The highest blue-shift of the absorption spectra is observed in water (Figure 15e). In this case, 

Pb2+@ZZ-GQD exhibits acombination of a very dense absorption bands at 438, 440 and 450 

nm, respectively.  These features are mainly arising from the transition from π-symmetric 

GQD-based occupied molecular orbitals (degenerate HOMO and HOMO-2) to hybrid 

molecular orbitals (double degenerate LUMO/LUMO+1 and triple degenerate 

LUMO+2/LUMO+3/LUMO+4). The detailed description of all excited states is presented in 

Dataset S6(Electronic Supplementary Information#2). To summarize the obtained results of 

solvent effect on the optical properties Pb2+@ZZ-GQD we emphasize that the order of blue-

shifting is water > DMF > ethanol> acetic acid> vacuum.Our data also clearly show that the 

enhancement of absorption intensity follows the same trend. Therefore, it is reasonable to 

assume that solvent-induced weakening of the electrostatic interaction between GQD and Pb2+ 

favours the appearance of a strong absorption bands in visible. As the dielectric constant of 

the solvent increases, the density of unoccupied electronic states increases also and more 
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allowed levels become available for occupation and thus can be involved in electronic 

transitions.Similar picture was observed for the armchair-edged GQDs interacted with Pb2+. 

Related discussions are described in Electronic Supplementary Information #1 (Section 4). 

 
Figure 14. Absorption spectra of the GQDs after complexation with Pb2+ obtained in different 

dielectric media by using the PCM/TD-DFT/B3LYP/6-31G calculations of excited transitions: 

(left panel) zigzag edge termination and (right panel) armchair edge termination 

 

 
Figure 15. DOS of GQDs after complexation with Pb2+ (shaded area) immersed in different 

media: (a) Pb2+@ZZ-GQD in the gas-phase, (b) Pb2+@ZZ-GQD in acetic acid, (c) Pb2+@ZZ-

GQD in the ethanol, (d) Pb2+@ZZ-GQD in the DMF, and (e) Pb2+@ZZ-GQD in the water.  

Blue vertical lines denote the molecular orbitals. The excited transitions between available 

occupied and unoccupied electronic levels are shown by black arrowed lines. 

3.4. Role of the solvent-mediated interaction between HMs and GQDs in 

electrochemical detection of the HMs 

          The aforementioned discussion illustrates mostly some important aspects of the solvent-

controlled optical sensing of the heavy metals by the graphene quantum dots. Meanwhile, 

knowledge about the solvent-mediated interaction between heavy metals and differently 
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shaped/sized GQDs can be also useful for elucidating the nature of the sensing mechanisms 

underlying the electrochemical detection of the HMs. Let us next to shed some light on how 

this method works. The electrochemical detection of metal ions starts from their adsorption on 

the surface of the electrode. Immediately after, the adsorbed ions are reduced to neutral 

species at a certain potential, and then the anodic stripping current related to the reoxidation 

of neutral metal atoms is measured to determine the amount of HM ions adsorbed on the 

electrode surface. Therefore, the main strategy to enhance the sensitivity of this method is to 

increase the adsorption capacity of the working electrode towards specified HM ions.  In this 

regard, the GQDs can modify the surface of the typical working electrodes (glassy carbon, 

graphite, so on), thereby leading to improvement of the electrochemical performance. In other 

words, the role of GQDs is to enhance the anodic current density under stripping conditions 

via the improved interaction between the modified working electrode and metal ions. Here 

and further when we are discussing the electrochemical detection of the HMs using the 

modified electrode we mean that the surface modification of the working electrode is 

associated with two consequent preparation steps: (i) nano-sized GQDs should be initially 

dissolved into specific solvent and sonicated to prepare a uniform suspension and (ii) then the 

suspension can be dropped onto the surface of working electrode (for instance, GCE). After 

complete evaporation of the solvent at room temperature, the GQD-modified working 

electrode can be used in electrochemical cell.  

           Our DFT calculations suggest the different adsorption ability of the GQDs to heavy 

metal ions (Cd2+, Hg2+ and Pb2+). This difference will be responsible for the different 

stripping behaviors for studied heavy metal ions. Keeping in mind the fact that the presence of 

the solvent weakens the interaction strength between GQDs and all HM ions in comparison to 

vacuum conditions (see Tables 5-7), we anticipate that the Cd2+ has the highest priority to be 

adsorbed on GQDs in the presence of the acetic acid (binding energy follows sequence Cd2+> 

Hg2+ > Pb2+). Thus, the acetic acid as a supporting electrolyte in electrochemical cell is 

expected to be more favorable medium for selective detection of the Cd2+ compared to others. 

On the other hand, we noticed that further increase in the dielectric permittivity of the 

medium (and pH of the solvent) leads to a rapid drop in the binding energy of Cd2+ and Hg2+ 

ions, while the binding energy of Pb2+ undergoes slower solvent-induced change. In 

particular, GQDs immersed in ethanol, DMF and/or water exhibit highest adsorption capacity 

toward Pb2+ than that toward other metal ions. This means that during reversible adsorption of 

the different metal ions onto modified electrode the selective preconcentration of Pb2+ at a 

working electrode will be the highest. When a negative potential is applied to the GQD-
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modified electrode more Pb2+ ions will be available to be plated as neutral Pb species on the 

electrode. As a result, the GQD modified electrode will exhibit higher stripping peak currents 

toward Pb2+. In fact, reliable controlling the solvent parameters (permittivity, content, pH) is 

powerful tool to tune adsorption capacity, accumulation time of metal ions, preconcetration of 

the target HMs and anodic stripping peak current.Our findings show that the understanding of 

the nature of the solvent-mediated interaction between HM ions and GQDs is crucial for 

design of high-performance and highly-selective electrochemical sensor and for optimization 

of the conditions for the detection. 

4. Conclusions  

In summary, in order to gain deep insights into the nature of the excited states in 

HMs@GQDs we investigate the electronic and optical properties of the GQDs before and 

after complexation with neutral and divalent heavy metal species in the presence of different 

solvents (acetic acid, ethanol, DMF and water) by performing DFT and TD-DFT calculations. 

Our calculations of the ground state geometry indicate that the independently of the solvent 

effect and GQD edge termination the physisorped (weakly bounded) neutral Cd and Hg 

adatoms prefer to sit on the hollow site of the GQDs, while the Pb adatoms tend to bindvia the 

bridge site in a stronger manner. Most interestingly, the binding energy of the Cd and Hg 

slightly increased with increasing the dielectric constant of the solvent, while the binding 

energy of Pb is found to decrease. The weak interaction between Cd/Hg and GQDs does not 

cause any important changes in the absorption spectra of the Cd@GQDs or Hg@GQDs in 

comparison to those of pristine GQDs. This is due to the fact that neither Cd/Hg-related 

molecular orbitals nor hybrid orbitals are found to be involved in electronic transitions for 

almost all cases, except the electronic transitions in Cd@AC-GQD in the gas-phase case. At 

the same time, we relate the strong quenching of the absorption spectrum of the GQDs after 

complexation with Pb to the both, dominating role of Pb-related HOMO level in excited 

transitions and solvent-induced shift of this level. In terms of sensing applications it means 

that GQD solution combined with UV-vis absorption spectroscopy technique can effectively 

detect only neutral Pb atoms, and is seem to be blind to Cd and Hg. 

       It was also shown that the binding energy of the chemisorped divalent Cd2+, Hg2+ and 

Pb2+ ions is very sensitive to the dielectric permittivity of the solvent, demonstrating a 

dramatic decrease with increasing the solvent polarity. Solvent-mediated weakening of the 

interaction strength leads to a drastic change in the absorption properties of the HMs@GQDs. 

In particular, we foundthat the increase in the dielectric permittivity causes strengthening of 

the intensity of the transitions in relation to vacuum for Cd2+@GQDs are Pb2+@GQDs. In 
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Hg2+@GQDs the transitions between GQD-related doubly degenerate occupied and 

unoccupied energy levels are forbidden and only the Hg-related LUMO is involved in most 

likely transitions, which is believed to be a reason for the significant quenching of the 

absorption intensity in the presence of solvents with high polarity. Our results on optical 

sensing of the heavy metals ions are in good agreement with experimental findings and show 

the GQDs are a promising sensing materials for selective detection of Hg2+ ions in aqueous 

solutions. Furthermore, nanoscale GQDs are expected to be a promising materials for surface 

modification of the electrochemical working electrode. By choosing the proper electrolyte, it 

is possible to control the electrochemical performance of working electrode by tuning the 

adsorption capacity, accumulation time of metal ions, preconcetration of the target HMs.This 

study brings in fundamental understanding of the nature of the interaction between HMs and 

GQDs in the presence of solvents and elucidates the role of both the solvent and HM in 

electronic transitions. We believe that the precise control of the binding energy of the metal 

adsorbate on the nanographene surface and tuning the dielectric permittivity and pH of the 

solvent will provide the required background for the development of fast and real-time 

sensors for detection of HMs in waste water and bio-liquids.  
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