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Abstract 

We employed the TD-DFT method with different analyzing tools to systematically 

investigate the absorption properties of the C76H22 and C73H21 graphene quantum dots (GQD) with 

the oxygenous edge modification (oxidation with –OH and =O groups) and three types of the N-

doping defect. By analyzing the change of electronic structure, transition charge localization, non-

carbon atomic orbital component, charge transfer magnitude, and transition dipole moment, we 

found the mechanisms of the oxygenous edge modification and N-doping in modulating absorption 

properties of the GQD materials relevant to the bioimaging application. Both the edge =O/–OH 

and the doped N can make a redshift for the absorption spectra. Only the =O group modification 

can turn the S1 excitation to be a charge transfer state. The edge-modified =O and doped N alone 

is not sufficient to generate a strong intensity for the S1 transition. Their combination can regulate 

the transition dipole moment distribution and enhance the intensity of S1. The edge-oxidation and 

N-doping induced electronic effects are also related to the deformation of the GQD planar 

structure. In particular, we developed a few analysis tools, including deformation maps and 

transition dipole moment maps, to virtualize the spatial resolution of the synergic effect of the 

heterogeneous atoms, O, OH, N, as well as the edge and core carbons. These results and analysis 

tools can provide more detailed information to understand the mechanisms of different types of 

edge modifications and defects at the atomistic level. They would be very useful for synthetic 

chemists to design novel quantum dots with a higher photoluminescence quantum yield.  
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1. Introduction 

Graphene quantum dot (GQD) has promising functionalities in sensing applications,1 

bioimaging,2-4 drug delivery,5 and catalysis6 due to its low toxicity,7 water solubility,8 

biocompatibility9, and tunability of photophysical properties. One advantage of GQD lies in the 

fact that it can be easily synthesized at mild chemical conditions, and its properties can be easily 

tunable by chemical modifications and doping techniques. Despite GQD’s open bandgap and 

promising optical properties, the realization of practical devices of GQD is challenging due to its 

edge effect (edge conformation or edge functionalization),10,11 low quantum yield4, and lack of 

control on the photoluminescence mechanism8. It has been reported that the sp2 network 

modification by doping,12,13 edge modification,14 and tuning defect side6,15 could increase the 

quantum yield and change the photoluminescence (PL) energy. However, the exact mechanism is 

still under debate.  

For GQD, two widely used techniques are employed to introduce various defects in the 

quantum dots, which can alter the GQD photoluminescence properties. One is to introduce 

heteroatoms or functional groups on the GQD edge, i. e. the boundary of GQD; and it is referred 

as edge modification. The other is to introduce heteroatoms or functional groups in the graphene 

honeycombed lattice (not the edge or boundary), and it is referred as doping. Regarding the edge 

modification, previous studies showed how alkylation increased the π-conjugation and increased 

the emission quantum yield for green-blue wavelength by minimizing the non-radiative 

recombination.16 It was also reported that the blue PL in graphene quantum dots stems from the 

intrinsic σ to π* transition,17,18 and the green PL results from the edge defect states.17,19 On the 

other hand, it was found that in graphene oxide quantum dots (GOQD), the blue emission arises 

from the radiative electron-hole recombination on the isolated sp2 conjugated domains, which are 

separated by the sp3 matrix.20 Moreover, the origin of the green emission of GQD may stem from 

the generated localized state due to the charge transfer between spatially separated sp2 and sp3 

dominated states.19 Experimental and computational studies reported that the GQD edge effects 

have important roles in the induced PL phenomenon.2 Meanwhile, chemical modifications by 

electron-donating groups like –OH2 and electron-withdrawing groups, like –COOH, =O, are 

energetically favorable,21-23 and would introduce a structural defect that can modulate the spatial 

localization of electron-hole as well as the emission energy. Meanwhile, these polarized edge 

groups enhance the GQD materials’ solubility in the aqueous solution, which is crucial regarding 
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the bioimaging application. The hydroxide group functionalized graphene also has a pH-dependent 

photochemical feature.24 Beyond that, studies have been demonstrated that these oxygenous 

groups influence the overall photophysics of the GQD by changing both electronic properties and 

structural deformation.25 

Besides tuning the degree of sp3/sp2 hybridized electron by chemical modification at edges 

or surfaces, the GQD’s bandgap can be tuned by doping heteroatoms, including N15, B26, S, F27, 

P28, etc. N can be doped on the graphene in several conformations.29,30 Replacing a carbon from 

the graphene’s honeycomb motif with a nitrogen (we called it graphitic-N doping or simply N-

doping) would move the Fermi energy toward unoccupied orbitals, which produces n-type doping 

effects.31 Meanwhile, the doped nitrogen can also have the p-type doping effect when a pyridinic 

configuration is formed by C-C bond cleavage. The DFT studies show that the graphitic N could 

decrease the bandgap, and the induced charge transfer to the defected region would vary based on 

the type of N-doping.29 Many applications have been reported using the N-doped GOQD materials, 

especially for oxygen reduction15,32 and bioimaging.2 The bioimaging application33,34 requires 

strong PL quantum yield, strong capability for tissue penetration, and a long lifetime fluorescence 

signal. This drives many efforts to synthesize GOQD with red and near-infrared (NIR) emission 

properties. The N-doped graphene oxide quantum dot is one of the promising candidates regarding 

this purpose.10  

Many theoretical investigations have been carried out to illustrate how the GOQD 

electronic structure was altered by the quantum confinement effect and the defect effect.22,35 

However, regarding the N-doped graphene oxide quantum dot (NGOQD) system, to our best 

knowledge, it is still a lack of a systematical study to understand and distinguish how the different 

types of defects, such as the edge modification with =O and –OH groups and various N-doping 

conformations, independently or synergistically modulate the optical properties of the GQD 

materials by examining the molecular orbital contribution, charge transfer feature, localized 

transition dipole moment, and structural deformation.  

In this particular work, we focus on investigating the absorption properties of the 

oxygenous edge-modified graphene and nitrogen-doped graphene quantum dots using the linear-

response time-dependent density functional theory (TD-DFT).20,36 This work aims to understand 

the molecular mechanisms of different chemical factors modulating the absorption properties of 
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GQD, which can provide many useful physical insights to design GQD-based nanomaterials with 

a high PL quantum yield in the NIR wavelength range for the bioimaging application. To this end, 

we employed the strategy of variable control and performed systematical studies by separately 

investigating the effect induced by the edge modification with =O and –OH groups and the effect 

induced by doping three different types of N in the lattice of GQD. Our work not only focuses on 

analyzing the localized effect induced by the modifications and defects, i.e., perturbing the local 

binding environment; but also concentrates on understanding the consequence regarding the 

change of the electron density within the overall graphene structure, such as the charge transfer 

feature, transition dipole moment, and the modification/defect-induced deformation of the 

graphene planar structure, which may lead to a symmetry-breaking; therefore, significantly tuning 

the electronic properties of the GQD materials.  

 

2. Computational Methodologies 

Two GQD models were employed in this work. C76H22 is used to build the edge modified 

structure with caping =O or –OH groups, and C73H21 is used to construct the N-doped structures. 

The odd number of H atoms in the latter case made a closed-shell structure after doping one N-

atom. For studying the effects of oxygenous edge modification, the =O and –OH groups were 

substituted on the edge of the graphene quantum dot, C76H22 to generate the modeling graphene 

oxide (GO) and graphene hydroxide (GOH) quantum dots. In particular, we focused on four model 

structures by introducing 10 and 22 =O and –OH, named GO10, GOH10, GO22, and GOH22 

(Figure 1). For GO10 and GOH10, the oxygenous groups were added in the same positions where 

the =O and –OH were evenly distributed along the edge of the quantum dot. On the other hand, 

the N-doping effect was investigated using three structures representing three different doping 

types, labeled as GNa, GNb, and GNc, as shown in Figure 1.  Models of N-doped graphene oxide 

quantum dots (NGOQD) with varying numbers (4, 6, 8, 10, and 20) of =O groups on edge were 

also investigated (Figure S1). 

All geometries were optimized using the density functional theory (DFT)37, and excited 

state energies were calculated using the linear response time-dependent DFT (TD-DFT).38 The 

hybrid exchange-correlation functional, Perdew-Burke-Ernzerhof (PBE0)39 was employed in this 

work.  The previous benchmark calculation showed that the calculated excitation energy of the 
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graphene system using the PBE0 functional with the 6-31G* basis set40 had good agreement with 

the experiment measurement.41 Meanwhile, the PBE0 functional predicted an adequate description 

of the electronic properties of the extended systems like graphene.42-45 All the ground state and 

excited state calculations were performed with the solvation effect using the conductor like 

polarizable continuum model (CPCM).46 The absorption spectra were obtained by Gaussian 

broadening of the excited state energies with 0.08 eV thermal broadening. Several studies 

suggested that 0.08 eV broadening would show an acceptable spectral feature of the similar 

extended π-conjugated system.47 All the DFT and TD-DFT calculations were performed in the 

Gaussian16 software packages48, and all charge density distribution images were visualized using 

VMD code.49  

The charge transfer (CT) character of a system was obtained by computing the charge 

transfer length (Δ𝑟).50 With the virtual and occupied molecular orbitals in each excitation state, the 

charge transfer length (Δ𝑟) represents the electron-hole distance in each excitation evaluated with  

∆𝑟 =
∑ 𝐾!"# 	|	⟨𝜑"|𝑟|𝜑"⟩ −	⟨𝜑!|𝑟|𝜑!⟩|!"

∑ 𝐾!"#!"
                                    (1) 

where 𝜑!,	𝜑" are the occupied and unoccupied molecular orbitals, and r is the position. 𝐾!" is 

the transition coefficient of a single electron excitation calculated using the TD-DFT method.  

In the case of π-conjugated organic aromatic, it was reported that a ground state transition 

of ∆𝑟 > 2.0 can be considered as CT type transition50,51. Graphene and graphene oxide QDs have 

a higher density of the π-electron network as such ∆𝑟 is a good qualitative descriptor for the CT 

nature of a transition. The structural deformation of the graphene and its derivatives were 

characterized by the norm of each atom on a defined plane. Detailed methodology of the distortion 

plot is given in the supporting information.  

 

3. Result and Discussion  

The defects on the edge and interior lattice range of GQD can provide a comprehensive 

and synergic mechanism that affects the optical properties of the materials. In this work, to better 

illustrate the roles of the edge and lattice defects, we control structural variables by considering 

the edge oxygenous effect and the N-doping effect in a separate fashion, and then we combine 
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these two effects and investigate the target NGOQD materials. We focus on the defect-induced 

change of (a) geometry structure, (b) spectrum feature (peak position and intensity), (c) molecular 

orbital component and electron/hole density feature, (d) charge-transfer character, and (e) 

transition dipole moment in each analysis; and seek for their correlation to understand the 

mechanism of the defect-tuning absorption properties in chemistry language. Here the bullet points 

are highlighted. One, both the oxygenous edge modification and N-doping can make the absorption 

spectra redshifted due to the mixing of the oxygen and nitrogen atomic orbitals with graphene-

carbon molecular orbitals. Two, the electron withdrawing =O groups on edge can localize the 

charge transition and enhance the charge transfer character in excited states. Three, the role of the 

doped N atom depends on its binding environment with the carbon lattice. Four, the edge =O and 

doped N alone is insufficient to generate a strong intensity for the S1 transition. Their combination 

can regulate the transition dipole moment and enhance the S1 absorption intensity. Five, we noticed 

that the electronic effect, including the change of transition charge localization, non-carbon atomic 

orbital component, the charge transfer magnitude, and the transition dipole intensity, are related to 

the deformation of the GQD planar structure induced by the edge and lattice defects. 

 

3.1 The oxygenous edge modification effect  

To vary the edge effect, we investigated four oxygenous modified GQD with different O/C 

ratios. They are named GOH10, GO10, GOH22, and GO22, and their optimized structures are 

displayed in Figure 1e-h. Figure 2a shows their linear optical absorption spectra in an excitation-

energy window lower than 3.00 eV. The absorption spectrum of pristine graphene (G) can be 

considered as a reference. It shows two distinctive and relatively narrow absorption peaks due to 

the confinement effect, dominated mainly by the S1 and S5 excitation. Compared with the reference 

spectrum of pristine graphene, GOH10, GOH22, GO10, and GO22 display a significant redshift 

for the overall absorption pattern (Figure 2a), which agrees with experimental studies.20 

Meanwhile, we noticed that (1) the =O modification could cause a larger redshift than –OH, and 

(2) a larger redshift can be obtained by introducing more edge =O or –OH groups. For instance, in 

the S1 excitation, the peaks are redshifted to 1.70 eV, 1,62 eV, 0.27 eV, 0.18 eV for GOH10, 

GOH22, GO10, and GO22, respectively. This indicates that GO10 and GO22 can be considered 

promising candidates for the NIR bioimaging applications; however, their oscillator strengths are 
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very weak (the oscillator strength is 0.004 and 0.0002), as shown in Table 1. More engineering 

effort is needed to improve their absorption intensities.  

Here, we focus on analyzing the mechanism of the edge –OH and =O induced redshift. The 

molecular orbital (MO) component analysis demonstrates that the =O modification has a greater 

oxygen atomic orbital (AO) contribution than the –OH modification (Table 1). When the graphene 

edge is capped with more oxygenous groups, the oxygen AO contribution is increased. The 

mixture of oxygen AO significantly alters the energy levels, and the related MO energy diagrams 

can be found in Figure S2. In addition, the charge density difference maps (the electron density 

difference between the ground state and excited state) are shown in Figure 3, which provides a 

visualization tool to analyze the change of electron distribution in excited states.  For G (Figure 

3a), the two excitations (S1 and S5) have the alternating positive and negative charge density 

difference along with the conjugated C-C bonds. This result mainly stems from the HOMO-to-

LUMO (π-to-π*) transitions in the pristine graphene. Meanwhile, it is found that the –OH 

modification did not significantly alter the graphene charge density difference map (Figure 3d, e). 

In particular, little charge density difference distribution was found localized on the –OH groups. 

Therefore, this result indicates that the oxygenous sp3 effect in the –OH groups do not alter the 

transition character; and it is still the π-to-π* MO transitions in the GOH10 and GOH22 quantum 

dots. That is why their absorption patterns are very similar to the reference (G) with a small redshift 

(Figure 2a). By contrast, for both GO10 and GO22, a significant charge density difference 

contribution localized on the edge =O groups (Figure 3b, c), which demonstrates a different 

mechanism that the oxygenous orbitals, the nonbonding lone-pair 2p orbitals and the bonding sp2 

orbitals play significant roles in tuning the excitation transitions. As a result, more complicated 

MO transition pairs are recognized beyond the π-to-π* transition. This result is consistent with the 

observation that the absorption patterns of GO10 and GO22 are different from the reference 

graphene (G) (Figure 2a). 

 Furthermore, we notice that the electron-donating –OH and electron-withdrawing =O 

groups can generate different intramolecular charge transfer characters in excited states, which is 

important for understanding the PL properties. The charge transfer (CT) in GQD can be used to 

quench the fluorescence signal generated by other organic dye molecules.52 On the other hand, the 

direct recombination of the spatially separated charges in the CT state can generate fluorescence 
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for the GQD PL applications.53 Therefore, it is necessary to investigate the CT character 

quantitively and understand how it is impacted by the oxygenous edge modification. To this end, 

we calculated the charge transfer length (CTL, ∆r) using eq. 1 for the target quantum dots (Table 

1). For instance, in S1, it is found that (1) the =O modification has a larger CTL than the –OH 

modification, and (2) CTL is increasing with increasing the number of oxygenous groups. Based 

on the literature studies, wherein the case of conjugated organic compounds, a dominated charge 

transfer state can be defined by CTL greater than 2.0 Å when calculated using the  GGA functional 

or greater than 3.0 Å when calculated using the hybrid GGA functional.50 We conclude that the S1 

in GO10 and GO22 is a charge transfer state, which indicates that the =O groups can stabilize the 

photoinduced charge separation. 

Besides, we notice that the effect of edge oxygenous modifications is not only originated 

from the electronic effect of =O and –OH, but also related to the carbon-lattice structural changes 

caused by the oxidations. Unlike a large-scale graphene sheet, GQD has a flat planar structure due 

to the sp2 hybridization of all carbons. After the oxygenous edge modifications, a significant 

structural deformation was observed for both the GOH and GO quantum dots, as shown in Figure 

1e-h. This deformation reduces the QD’s symmetry and interrupts the conjugated carbon network. 

As a result, the delocalization character of molecular orbitals can be attenuated, leading to more 

localized electrons and holes in the charge density difference maps and a larger CTL in the 

absorption process. Also, the previous studies have been demonstrated that the sp2 interruption and 

the localizations play a significant role in the PL process.18,20  

To quantitatively characterize the deformation effect, we analyzed the distribution of the 

out-of-plane carbon atoms for the GOH and GO quantum dots. As shown in Figure 4a, b, d, e, 

the spatially resolved color-coded deformation maps were used to demonstrate how the carbon 

atoms were deformed by the edge oxygenous modifications. For both the GOH and GO quantum 

dots, it is found that the deformation mainly occurred near the QD edge range. The corresponding 

histograms (Figure 4c, f) suggest that the higher O/C ratio results in a larger deformation. In 

addition, GO has a larger deformation than GOH. The average edge C-C bond length is 1.39 Å in 

GQD, which agrees with the characteristic bond length of the sp2 hybridization. Similarly, the 

average edge C-C bond lengths are 1.39 Å and 1.40 Å GOH10 and GOH22, respectively, very 

close to GQD. In contrast, the average edge C-C bond length increases to 1.41 Å and 1.45 Å in 
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GO10 and GO22, respectively. A longer bond length indicates a more interruption of the sp2 

conjugation. This result is consistent with the previous discussion, which shows the –OH groups 

slightly perturb the electronic structure of GQD, but the =O groups introduce a significant 

electronic structure change.  

 

3.2 The N-doping effect  

Nitrogen doping in graphene was reported as a very efficient method to increase the 

optoelectronic and sensing properties of the graphene QD.15,29 There are many different N-doping 

types,29 and we consider three of them in this work, which has the nitrogen binding in the graphene 

lattice with different binding environments, as shown in Figure 1b, c, d. The first one, labeled as 

GNa, is doping an N atom by replacing a non-edge C atom but preserving the three covalent bonds 

with the nearby carbons. It would allow an excess electron from N delocalized to the graphene 

lattice and can be recognized as an n-type doping effect, which is also known as the graphitic N 

doping.29,31 The second type, labeled as GNb, is a pyridinic type doping with the doped N 

connected with two carbons, which breaks the conjugated network of the graphene lattice. It shifts 

the Fermi level close to the unoccupied band, which creates a p-type doing effect.29,31,54,55 The 

third one, labeled as GNc, is doping an N atom as covalently adsorbed on the graphene plane, 

where the N atom bond with two C atoms. 

In experiments, different N-doping rates or N/C ratios can be achieved from 1% to 7%.6,10 

We concentrated on a single doped N atom, and the N/C ratio is about 1.4% in this work. The 

higher doping rate with multiple doped N atoms can be very complicated by considering a 

combination of doping types and various doping positions. We focus on the quantum dots with 

one doped N atom in the graphene center, which can provide a clear picture to understand the 

fundamental roles of N in the optical properties. Figure 2b shows the absorption spectra of the 

three different N-doped graphene (GN) quantum dots. They show significantly red-shifted 

absorption spectra, but the overall spectral features are still consistent with the reference absorption 

spectrum of the corresponding pristine graphene quantum dot. This redshift observation is 

consistent with the experimental studies,10 and it suggests that the N-doping has a similar effect as 

the –OH edge modification as discussed in section 3.1. However, their mechanisms are different. 

Unlike GOH, where the –OH groups perturb the carbon MO from the edge, these three GN 
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quantum dots interrupt the bonding environment of the carbon network in the center of the plane, 

resulting in a significant change of the GQD electronic structure. The corresponding MO energy 

diagrams are shown in Figure S2. In Table 1, it is shown that the first excited state energy in all 

three cases is less than 1.00 eV. However, they are optically dark transitions, and the absorption 

peak intensity is close to zero. The three bright peaks in the range of 1.50-3.5 eV are from higher 

excitation levels.  

Even though the S1 transitions in the three N-doped GQD has negligible oscillator strength, 

it is still worthwhile studying their properties, which would provide physical insights to understand 

the N-doping effect and develop a new doping strategy to enhance the absorption intensity. By the 

orbital component analysis for the S1 transition (Table 1), it is noticed that GNa only has the 

nitrogen AO contribution in the unoccupied MO. GNb and GNc include the nitrogen AO 

contribution for both the occupied and unoccupied MO, and the contribution in the occupied MO 

is higher than unoccupied MO.  

To further investigate the N-doping electronic effect, the electron charge density difference 

maps were analyzed to discuss the electron density redistribution associated with excitations. As 

shown in Figure 5-a, g, h, it is noticed that the charge density difference can be found on the 

doped nitrogen atoms. In particular, for GNa, the N atom has an extra electron density indicating 

it acts as an electron acceptor at the excited states. By contrast, for GNb and GNc, the N atom has 

a hole density which indicates it performs as an electron donor in the excited states. Meanwhile, 

GNc has a greater hole density than GNb, and this can be because the two N-C bonds and the lone-

pair electrons from the out-of-plane N atom in GNc can have a larger impact on the C-C π bond.  

Another essential aspect regarding the N-doping induced electronic effect is to study the 

charge transfer character for each case (Table 1). First, we noticed that GNa has a smaller CTL 

than GNb and GNc, consistent with the charge density difference map analysis. In general, a 

delocalized charge density difference map has a smaller CTL, and a localized charge density 

difference map can have a larger CTL. For instance, for S1, the GNc has a strong electronic 

localization at the defect N atom, the largest CTL, 1.87 Å was found among the three quantum 

dots. Second, we notice that the calculation of CTL values for the excited states are all less than 

2.0. Therefore, we conclude that, unlike the edge =O group modification, the N-doping cannot 

generate a charge transfer predominated state. The reason can be (1) the N atom has less electron 
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negativity than the O atom, (2) only one N atom was doped, but multiple O atoms were modified 

in our study, and (3) the oxygenous edge modification creates a structural change in a higher degree 

than N.  

The observed structural deformation also echoes this structural change induced by the N-

doping. It is found that the three doping types have different impacts on the graphene planar 

structure. The corresponding deformation map is displayed in Figure 6. Note that the GNa and 

GNb slightly deform the graphene structure. Therefore, the nearby carbon-carbon conjugated 

network is slightly interrupted. Instead, the GNc can not only directly pull out the two connected 

carbon atoms but also affect their neighbors and cause a significant localized deformation in the 

planar structure (Figure 1d).  This feature in GNc is another essential reason for its strong charge 

density difference localization and forming a hole trap.   

 

3.3 N-doped graphene oxide  

The discussion above demonstrates that the N-doped GQD can modulate the electronic 

structure of the quantum dot and can induce lower energy absorptions. However, they do not have 

good aqueous solubility, and the absorption intensities for the fluorescence relevant S1 excitation 

is optically dark. Therefore, strategies are required to remove these two barriers for their 

applications in bioimaging. One solution is to integrate the oxygenous edge modification with the 

N-doping. The previous study indicated that introducing electronegative =O groups would change 

the N-doping GQD electric dipole, creating an optically active state.56 In this section, we focus on 

the GNa quantum dot with the =O group edge modification to understand the synergic effects from 

the graphene-lattice doping defect and the edge functionalization. In particular, we focus on 

investigating the chemical reason why the combination of these two defects can enhance the S1 

absorption intensity. The studies integrating the GNb and GNc with the edge modification will be 

carried out in our future work.  

First, to find the optimized O/C ratio for GNa, which produces the brightest S1 absorption, 

we constructed several GNa quantum dots with 4, 6, 8, 10, and 20 edge =O groups, name GNaO4, 

GNaO6, GNaO8, GNaO10, GNaO20, respectively. Their optimized geometries (Figure S1) 

suggest that they slightly deform the planar structure except GNaO20 (Figure S3). Their 

absorption spectra are shown in Figure 2c, d. The results demonstrate that the edge oxidation 
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raises three essential effects. First, the absorption peaks are further redshifted compared with GNa. 

Second, the charge density difference maps (Figure 5b-f) indicate that the oxidation initializes 

more charge localization in S1. Consequently, their S1 states have a much larger CTL than GNa, 

and the S1 can be identified as charge transfer states (Table 1). Third, it is noticed that with smaller 

O/C ratios, such as GNaO4 and GNaO6, the edge oxidation enhances the S1 oscillator strength 

significantly (Table 1). Our studies demonstrate the versatile effects of the edge =O groups in GNa 

in terms of tuning the electronic structure, enhancing the charge localization and charge transfer 

feature, as well as enhancing the transition dipole moment for the S1 excitation, which potentially 

increase the quantum yield of fluorescence emission within the NIR range.  

To illustrate the mechanism of the integration of the edge =O modification and center N 

defect in regulating the intensity of the S1 excitation, we decomposed the transition dipole moment 

into the contribution from the carbon, nitrogen, and oxygen atoms using the Multiwfn code57 

(Table 2). Figure 7 is showing the spatially resolved transition dipole moment (TDM) 

contribution of individual atoms. First, the transition dipole moment is predominated by the X-

component and predominately contributed by the edge carbons in the graphene quantum dot. For 

GO22, the TDM contribution can be found on the oxygens as well as the core and edge carbons in 

all directions. Even the overall effect is a significant cancellation, the existence of the 22 edge 

oxygens induces a redistribution of TDM among the edge and core carbons in all directions, 

compared with the G reference. On the other hand, the GNa creates a defect in the center of the 

graphene sheet. However, it shows that almost no TDM can be found on the N defect site. Instead, 

the TMD’s of its secondary bonding carbons are significantly enhanced (Figure 7c). Furthermore, 

this effect can propagate onto the edge carbons, especially along the X- and Y-directions. A similar 

result is observed in GNb (Figure S5). However, GNc shows a different pattern in the TDM map. 

It shows that its TDM is localized on the out-plane N defect (Figure S6), and smaller contributions 

can be found on carbons. This result is consistent with the discussion in section 3.2, which 

demonstrated a very localized hole-trap character on the defect site. Note that although both the 

22 edge =O groups and center GNa defect can induce atomic TDM cancellation (Figure 7b, c), 

they have different molecular mechanisms. Interestingly, when combining the N defect with the 

edge oxidation, the N’s impact on the nearby carbon is reduced (Figure 7d, e, Figure S7-S9), and 

larger TDM’s can be found on the edge carbons and oxygens (Table 2). Although high O/C ratios 

(GNaO20) can achieve small intensity improvement with respect to GNa, the edge oxidation with 
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the four =O groups converts the GNa’s dark S1 excitation state to a bright one. Similar results are 

observed by the edge oxidation with 6, 8, and 10 =O groups. This trend can be related to the 

observation that the higher O/C ratio case, GNaO20 induces a significantly larger deformation 

effect compared with the other cases with a lower O/C ratio (Figure S3).  

 

4. Conclusion 

In this work, we employed the TD-DFT method together with several analyzing tools to 

investigate both the edge oxygenous modification effect and the N-doping effect on regulating the 

optical absorption properties of graphene quantum dot materials. Our studies did not aim to 

investigate and screen all the possible influences of multiple structural factors, such as 

modification and doping site variation, doping rate variation, doping position variation, etc. 

Instead, we concentrated on the representative cases reported in the literature and identified general 

trends. Specifically, to “virtualize” the change of the electronic structures and the perturbation of 

the graphene lattice geometry induced by the edge-modification and N-doping, we highlighted the  

charge density difference map, deformation map, and transition dipole moment map to obtain the 

spatially-resolved information and mechanism regarding the absorption process in the modeled 

quantum dots. It is found that the O or N induced deformation makes the GQD planar symmetry 

broken, which not only diversifies the electronic structure and interrupts the conjugated carbon 

network, but also opens more orbital transition channels in the photoexcitation. Exploration of this 

trend did allow us to identify specific structure-to-property relations. Meanwhile, we noticed that 

the transition charge localization, non-carbon atomic orbital component, charge transfer 

magnitude, and transition dipole magnitude are all related to the change of the quantum dot’s 

structure by the edge ligands modification and doping. The main practical findings of this work 

identify individual and synergistic effects of O and N atoms as follows:  

(1) both the edge oxygenous modification and N-doping can make a redshift for the quantum 

dot’s absorption spectra, 

(2) the edge-modified =O groups can stabilize the localized charge transition and can turn the 

S1 excitation to be a charge transfer state, and  
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(3) the edge-modified =O or center-doped N alone is not sufficient to generate a strong 

intensity for the S1 transition, and their combination can regulate the transition dipole 

moment and enhance the intensity of the S1 transition.  

To summarize, we conclude that using the graphitic N-doping with a lower-O/C-ratio edge 

oxygenous modification, the quantum dots can have the best redshift and bright S1 excited states. 

We believe that the reported findings may impact both computational and experimental research 

communities. Specifically, the use of deformation, charge density difference, and transition dipole 

moment maps can provide detailed information to understand the mechanism of other types of 

defects and modifications. To our best knowledge, it is not easy to achieve a precise control of the 

O/C and N/C ratio during the synthesis, and a mixture of N-doped graphene quantum dots is 

usually obtained. Our study would be very useful to encourage synthetic chemists to develop more 

advanced synthetic and separation techniques to design novel graphene quantum dots with a higher 

photoluminescence quantum yield.  
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Table 1: The excitation energy, oscillator strength, charge transfer length (∆𝑟), and C, N, and O 

atomic orbital contribution in the occupied and unoccupied molecular orbitals for selective excited 

states of the modeled quantum dots. The excitation energy is in eV, and ∆𝑟 is in Å unit.  

Name Sn Energy 

Oscillato

r 

Strength 

Charge 

transfer 

length 

∆𝑟 

MO 

Carbon Nitrogen Oxygen 

Occ Uocc Occ Uocc Occ Uocc 

G 
S1 1.78 0.7515 0.02 1.00 1.00 - - - - 

S5 2.49 1.2055 1.73 1.00 1.00 - - - - 

GO10 

S1 0.27 0.0038 3.09 0.73 0.80 - - 0.27 0.20 

S2 0.70 0.1251 4.94 0.80 0.80 - - 0.20 0.20 

S5 1.21 0.2046 0.63 0.81 0.78 - - 0.19 0.22 

GO22 

S1 0.18 0.0002 6.53 0.69 0.44 - - 0.31 0.56 

S16 0.93 0.0720 4.67 0.53 0.56 - - 0.47 0.44 

S38 1.60 0.6498 3.93 0.66 0.63 - - 0.34 0.37 

GOH10 

S1 1.70 0.7277 0.14 0.92 0.95 - - 0.08 0.05 

S4 2.21 0.1613 0.80 0.92 0.96 - - 0.08 0.04 

S5 2.34 1.0603 1.75 0.91 0.95 - - 0.09 0.05 

GOH22 

S1 1.62 0.6580 0.82 0.85 0.87 - - 0.15 0.13 

S2 1.75 0.1195 1.70 0.85 0.93 - - 0.15 0.07 

S5 2.26 0.7739 2.42 0.83 0.88 - - 0.17 0.12 

GNa 

S1 0.76 0.0000 0.00 1.00 0.84 0.00 0.16 - - 

S3 1.60 0.4467 0.80 1.00 1.00 0.00 0.00 - - 

S6 2.31 0.2155 0.38 1.00 1.00 0.00 0.00 - - 

GNb 

S1 0.65 0.0001 0.05 0.94 1.00 0.06 0.00 - - 

S2 1.53 0.4153 1.09 1.00 1.00 0.00 0.00 - - 

S3 1.73 0.4945 1.34 0.98 1.00 0.02 0.00 - - 

S7 2.36 0.5382 0.36 0.94 0.97 0.06 0.03 - - 

GNc 

S1 0.49 0.0002 1.87 0.62 0.99 0.38 0.01 - - 

S2 0.97 0.0643 0.35 0.95 0.99 0.05 0.01 - - 

S5 1.66 0.4950 1.50 1.00 0.99 0.00 0.01 - - 

GNaO4 

S1 0.40 0.1044 4.10 0.86 0.85 0.00 0.00 0.14 0.15 

S2 0.90 0.1685 1.99 0.82 0.85 0.02 0.00 0.16 0.15 

S4 1.46 0.2359 3.84 0.85 0.91 0.00 0.01 0.15 0.08 

GNaO6 S1 0.74 0.3306 5.35 0.80 0.84 0.01 0.01 0.19 0.15 
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S3 1.01 0.4792 3.97 0.79 0.84 0.01 0.01 0.20 0.15 

S4 1.11 0.2499 6.42 0.79 0.82 0.01 0.00 0.20 0.18 

GNaO8 

S1 0.57 0.0403 8.02 0.75 0.79 0.01 0.03 0.24 0.18 

S3 1.36 0.3258 1.76 0.79 0.79 0.01 0.02 0.20 0.18 

S5 1.53 0.4128 4.12 0.85 0.79 0.00 0.02 0.15 0.19 

GNaO10 

S1 0.40 0.0608 6.38 0.77 0.77 0.00 0.00 0.23 0.23 

S3 1.16 0.1845 3.15 0.77 0.74 0.00 0.04 0.23 0.22 

S7 1.69 0.2558 2.14 0.82 0.77 0.01 0.01 0.17 0.22 

GNaO20 

S1 0.12 0.0001 6.07 0.71 0.45 0.01 0.00 0.28 0.58 

S8 1.13 0.1862 4.79 0.64 0.63 0.01 0.00 0.34 0.37 

S13 1.51 0.3121 2.17 0.66 0.66 0.01 0.00 0.34 0.34 

  



 

 23 

Table 2: The X, Y, and Z components of the transition dipole moments (TDM) decomposed on 

the edge carbons, core carbons, modified oxygens, and doped nitrogen for the S1 states of the 

considered quantum dots. The unit is a.u.  

 Edge Carbon Oxygen Core Carbon Nitrogen Total 

Name X Y Z X Y Z X Y Z X Y Z X Y Z 

G -6.50 0.05 0.09 – – – -0.82 -0.12 0.00 – – – -7.32 -0.07 0.09 

GO10 0.29 -0.81 -0.69 0.41 -0.10 -0.46 0.30 1.11 -0.54 – – – 1.01 0.20 -1.69 

GO22 0.24 -0.17 -0.24 1.44 1.40 0.06 -0.71 -1.20 -0.24 – – – 0.98 0.03 -0.42 

GOH10 5.89 -0.23 0.35 0.81 0.44 0.06 0.64 -0.09 0.00 – – – 7.34 0.12 0.42 

GOH22 -5.31 -0.21 0.49 -1.84 -0.39 0.12 -0.10 0.71 0.09 – – – -7.24 0.10 0.70 

GNa 0.00 0.00 0.00 – – – 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

GNb 0.25 -0.14 0.01 – – – 0.04 -0.02 0.00 0.01 0.00 0.00 0.29 -0.17 0.01 

GNc -1.81 -1.93 -0.95 – – – 1.86 2.06 1.33 1.98 2.21 1.38 0.06 0.12 0.39 

GNaO4 4.49 1.45 -0.33 0.68 -0.02 -0.16 0.98 0.74 0.15 0.02 -0.02 -0.00 6.15 2.17 -0.34 

GNaO6 4.67 2.88 0.32 0.97 0.84 0.00 -0.69 -0.83 -0.72 -0.21 -0.22 -0.11 4.95 2.89 -0.40 

GNaO8 1.67 -0.01 -0.17 0.04 -1.18 -0.44 2.36 1.45 0.52 0.28 0.30 0.15 4.06 0.25 -0.09 

GNaO10 -1.78 -1.38 0.22 -1.16 -0.93 0.03 -0.99 -0.48 0.13 0.00 0.00 0.00 -3.93 -2.80 0.38 

GNaO20 -0.04 0.02 0.02 -1.17 -0.90 -0.29 0.61 0.59 0.30 0.00 0.00 0.00 -0.60 -0.29 0.03 
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Figure 1: The optimized geometries of GQD, N-doped GQD, and GQD with edge oxygenous 

modification. The graphene quantum dot model is G, C76H22 (a). Figures b, c and d are the three 

different N doping types, name GNa, GNb, and GNc, respectively. The edge modifications with 

different numbers of the -OH and =O groups include GO10 (e), GO22 (f), GOH10 (g), and GOH22 

(h).  
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Figure 3: The charge density difference maps of selective excited states in the graphene (a), 

graphene oxide, GO10 (b) and GO22 (c), and graphene hydroxide GOH10 (d) and GOH22 (e) 

quantum dot. The maps were calculated by subtracting the excited state electron density from the 

ground state electron density, where Green color represents the positive holes, and dark turquoise 

represents the negative electrons. 
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Figure 4: The deformation maps of GO10 (a), GO22 (b), GOH10 (d), and GOH22 (e). The color-

coded magnitude of the deformation from the graphene plane was mapped onto each atom in the 

quantum dots. The deformation values were obtained by equation S1. The gray line indicates the 

edge carbons of the quantum dots. Figures c and f are showing the normalized histograms of the 

deformation distance distribution. 
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Figure 5: The charge density difference maps for the selective excited states in the GNa (a), GNb 

(g), and GNc (h) quantum dots as well as the oxidized GNa quantum dots with different O/C ratios: 

GNaO4 (b), GNaO6 (c), GNaO8 (d), GNaO10 (e), and GNaO20 (f). The maps were calculated by 

subtracting the excited state electron density from the ground state electron density, Green color 

represents the positive holes and dark turquoise represents the negative electrons. 
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Figure 6: The deformation maps of the GNa, GNb, and GNc quantum dots. The color-coded 

magnitude of the deformation from the graphene plane was mapped onto each atom in the quantum 

dots. The deformation distance values are obtained by equation S1. The gray line indicates the 

edge carbons of the quantum dots.  

 

  




