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Abstarct 

    The interaction of nucleobases (NBs) with the surface of silicon doped graphene (SiGr) 
and defective silicon doped graphene (dSiGr) has been studied using electronic structure 
methods. A systematic comparison of the calculated interaction energies (adsorption strength) of 
NBs with the surface of SiGr and dSiGr with those of pristine graphene (Gr) has also been made. 
The doping of graphene with silicon increases the adsorption strength of NBs. The introduction 
of defects in SiGr further enhances the strength of interaction with NBs. The appreciable stability 
of complexes (SiGr-NBs and dSiGr-NBs) arises due to the partial electrostatic and covalent 
(Si…O (N)) interaction in addition to π-π stacking. The interaction energy increases with the size 
of graphene models. The strong interaction between dSiGr-NBs and concomitant charge transfer 
causes significant changes in the electronic structure of dSiGr in contrast to Gr and SiGr. 
Further, the calculated optical properties of all the model systems using time dependent density 
functional theory (TD-DFT) reveal that absorption spectra of SiGr and dSiGr undergo 
appreciable changes after adsorption of NBs. Thus, the significant variations in the HOMO-
LUMO gap and absorption spectra of dSiGr after interaction with the NBs can be exploited for 
possible applications in the sensing of DNA nucleobases.      

Key words: Silicon doped graphene, defective silicon doped graphene, nucleobases and density 
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1 Introduction        

Graphene has number of unique properties including, electronic, thermal, optical, mechanical 

and transport properties.1-5 Useful applications of graphene and its derivatives in biosensors, bio-

devices, gene delivery systems and cancer therapy have been investigated.6-8 Both covalent and 

non-covalent functionalization of graphene with DNA and protein have been employed to 

develop new hybrid materials.9,10 These hybrid materials are highly useful in several fields such 

as biomolecular sensing, bioengineering and nanoelectronics.11-15 Many studies have been made 

to understand the interaction of protein motifs with carbon nanomaterials such as graphene and 

carbon nanotube.16-20 Understanding the interaction between DNA and graphene is important 

because of its applications in molecular electronics.21, 22 Graphene has potential applications in 

DNA sequencing, which helps to make personalized medicine.23, 24 The genetic information is 

stored in DNA in terms of its fundamental constituents (Guanine (G), Adenine (A), Thymine (T), 

Cytosine (C) and Uracil (U)). Several experimental and theoretical investigations have been 

conducted to unravel structure and energetics of NBs with graphene.25-31 Most of the theoretical 

studies have revealed that the order of binding of NBs varies as G > A > T > C > U and it is in 

parallel with respective variation in polarizability. The NBs interacts through dispersion 

interaction with graphene. DNA sequencing can be performed based on the variations in the 

conductivity of graphene after the adsorption of NBs. The weak non-covalent interaction is 

responsible for the change in conductivity of the graphene. In addition, theoretical studies have 

shown the potential applications of graphene pores, edge hydrogenation of graphene and 

functionalized graphene nanogaps in DNA sequencing.32-36 

The doping of graphene with atoms (B, N, P, Si and metals) is an efficient way to enhance its 

chemical reactivity.37-40 The interaction energy of cytosine with the metal doped graphene is 
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more than that of pristine graphene.41 Recently, the distinguishable  electrical signals have been 

observed for the NBs (guanine, thymine and cytosine) after interaction with the surface of 

graphene nanoribbons which are connected to aluminum electrodes through sulphur atoms.42 The 

same graphene nanoribbon could not detect adenine.42 The graphene nanoribbon doped with 

boron-nitrogen has exhibited different transmission signals for the NBs.43 In addition to the 

graphene, the theoretical study on the interaction of NBs with silicene (silicon as reactive center) 

has revealed that it can be useful for the DNA sequencing.44 The adsorption strength of NBs with 

the surface of silicene is governed by Si….H (non-covalent) and Si….O (partial covalent) 

interactions.44 The interaction energy of NBs with silicene is higher than that of graphene due to 

the differences in the structural and electronic properties of silicene when compared to 

graphene.45 Previous experimental study has been confirmed the presence of silicon impurities in 

the graphene.46 Recently, Wolfgang et. al have synthesized Si-doped graphene (SiGr). They have 

also reported that silicon exists in the elemental form.47  A SiGr with large surface area has been 

synthesized. Further results showed that it has enhanced sensing properties with reference to 

graphene.48 Silicon atom protrudes from the plane of graphene and it preserves its sp3 character. 

The presence of silicon in graphene can act as a reactive site for both nucleophiles and 

electrophile molecules.49 Theoretical studies on SiGr predicted that it can act as metal free 

catalyst.50 Other theoretical investigations have revealed that SiGr exhibits enhanced capacity to 

detect the gas molecules such as CO, NH3, NO2, N2O and NO when compared to that of 

graphene.51,52 The possible sensing of modified NBs by SiGr is evident from a recent DFT 

study.53 Therefore, silicon atom in SiGr can act as reactive site for the nucleobases of DNA. 

Theoretical and experimental investigations have shown the presence of defects in SiGr.46-48 The 
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understanding of the interaction of SiGr and defective silicon doped graphene (dSiGr) with NBs 

would be useful for the design of new nano-bio hybrid systems and DNA sequencing. 

 In this study, an attempt has been made to investigate the interaction of NBs with SiGr and 

dSiGr using electronic structure methods. The following points have been addressed in this 

study: 

1. To predict the adsorption strength of NBs on SiGr and dSiGr. 

2. To compare the adsorption strength of NBs on SiGr and dSiGr with that of pristine 

graphene. 

3. To unravel the changes in the electronic structure and optical properties of SiGr and 

dSiGr after adsorption of NBs. 

 2 Computational Details 

The C48H18 was chosen as a model for graphene. The one atom in C48H18 graphene model 

was doped with silicon and SiC47H18 was taken as the model for SiGr. The selection of dopant 

position was made based on the previous studies.53 Previous study has shown that the existence 

of one vacancy and two vacancy defects in SiGr.46-48 Therefore, one vacancy defect was 

introduced in SiGr by the deletion of one carbon atom. Due to one vacancy defect five 

membered rings are formed in SiGr and silicon is bonded to two five membered rings. The 

molecular formula of SiGr with one vacancy defect is SiC46H18. The deletion of two carbon 

atoms from SiGr introduces the two vacancy defect. In two vacancy defect, the formation of 

seven membered and five membered rings was observed around silicon. The molecular formula 

of two vacancy defective silicon doped graphene is SiC45H18. The defects were created based on 
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the previous study.46-48 It has been found from earlier studies that density functionals such as 

M06-2X, B3LYP-D and ωB97XD, were used to investigate the interaction of NBs with 

graphene, graphyne and graphdiyne.28, 54  We have also explored the suitability of M06-2X in 

characterizing these interactions using 6-31+G** basis set.53 Hence, all the calculations were 

performed at M06-2X/6-31+G** level of theory. The models of Graphene, silicon doped 

graphene and silicon doped graphene with defect are represented as Gr, SiGr, 5SiGr (one 

vacancy defect) and 57SiGr (two vacancy defect) in the remaining part of the text. In order to 

explore the effect of size, the models with molecular formulae such as C80H22, SiC79H22, 

SiC78H22 and SiC77H22 were selected. These models are represented as Gr-L, SiGr-L, 5SiGr-L 

and 57SiGr-L (L denoting large model) in the remaining part of text. The geometries of these 

models are optimized using M06-2X/6-31+G** method. The geometry of NBs (Guanine (G), 

Adenine (A), Thymine (T), Cytosine (C) and Uracil (U)) were also optimized at the same level 

of theory. All these calculations were carried out employing Gaussian 09 suite of programs.55 

 It is well known that the electrostatic potential (ESP) is a highly useful tool to unravel 

non-covalent interactions and chemical reactivity.56-58 The calculated electrostatic potential 

surfaces for Gr-L, SiGr-L, 5SiGr-L and 57SiGr-L are shown in Fig. 1. It can be noticed from the 

figure that the silicon has positive potential in all the models (SiGr-L, 5SiGr-L and 57SiGr-L). 

The calculated ESP isosurfaces (at 0.001 a. u.) for the NBs are given in Fig. 2. It can be observed 

that the active centers have negative potential. Hence, the NBs were placed parallel and 

perpendicular to basal plane of the graphene models. The geometries of all the complexes of Gr, 

SiGr, 5SiGr and 57SiGr with NBs were optimized using M06-2X/6-31+G** level of theory. 

Henceforth, the complexes of Gr, SiGr, 5SiGr and 57SiGr with NBs are referred to as Gr-NBs, 

SiGr-NBs, 5SiGr-NBs and 57SiGr-NBs. The interaction energies (IEs) were calculated at M06-
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2X/6-31+G** level of theory using optimized geometries of all the complexes with the aid of 

supermolecular approach  

                                        IE = EC - (EM1+ EM2)                                                         (1) 

Where IE=Interaction energy of the complex, EC = Energy of complex, EM1= Energy of graphene 

model from complex, EM2=Energy of NB from complex. All the IEs were corrected for basis set 

superposition error (BSSE) using the counterpoise method suggested by Boys and Bernadi57 as 

implemented in Gaussian 09 package.  

The charge transfer between graphene models (Gr, SiGr, 5SiGr and 57SiGr) and NBs was 

calculated by using Natural Bond Orbital (NBO) analysis at M06-2X/cc-pVDZ level of theory. 

The absorption spectra were calculated with the help of TD-DFT using M06-2X/6-31G** 

method. The theory of Atoms in Molecules (AIM) was employed to characterize the nature of 

interaction between graphene models and NBs.60 Energy decomposition analysis was carried out 

by using dispersion corrected Grimme’s functional, BLYP-D, available in Amsterdam Density 

Functional theory (ADF) package.61-63 The density of states were calculated for all the complexes 

with the help of the program GaussSum.64 The Fukui indices were calculated by employing 

generalized gradient approximation (GGA-PBE) exchange-correlation functional as proposed by 

Perdew, Burke, and Ernzerhof with DNP basis set using DMol3 program.65-66 

 3 Results and discussion 

The optimized geometries of Gr, SiGr, 5SiGr and 57SiGr are shown in supporting 

information (Fig S1). It is interesting to note that Si atom is projected out from the plane of 

graphene due to large atomic size. As a result, longer Si-C (1.74 Å) bond length is observed 

when compared to C-C (1.42 Å) bond length. These geometrical changes introduce curvature in 
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the basal plane of graphene around Si atom. These observations are in close agreement with 

previous studies.53 In one vacancy defective model (5SiGr), the planarity of graphene is retained. 

The bond length of Si-C (1.88 Å) is different from SiGr model. However, the planarity of 

57SiGrL is perturbed and it adopts concave shape due to the small size of the graphene model. In 

57SiGr, silicon is bonded to the carbon atoms of six, seven and five membered rings and these 

Si-C bond lengths are 1.85, 1.81 and 1.69 Å. The HOMO-LUMO gap of the Gr model is reduced 

from 2.4 to 2.3 eV in SiGr. The same is found to be 2.1 eV in the case of 5SiGr and it is less than 

that of Gr and SiGr models. The HOMO-LUMO gap of 57SiGr is 2.7 eV which is higher than 

the other models.   

It is well established that the binding of NBs with graphene is governed by π-π stacking 

interaction. The NBs can interact through specific atoms (nitrogen (N) and oxygen (O)) by 

forming anchoring bonds. Particularly, gold clusters form stable complexes with NBs through 

anchoring bonds between Au and N (O).67,68 The active centers which can form anchoring bonds 

of NBs are illustrated in Fig. 3. The NBs were interacted with SiGr, 5SiGr and 57SiGr in such 

geometrical orientations in which the active centers were parallel and perpendicular to basal 

plane of graphene by facing silicon. In the case of Gr, NBs were placed parallel to basal plane of 

Gr and then the geometry optimization was performed for all the systems.  The optimized 

geometries of all the complexes are depicted in Fig. S2 (supporting information). These 

geometries correspond to the minima on the potential energy surface which is confirmed by the 

frequency calculation. It can be seen from Fig. S2 that the stacking distance of NBs with the π 

cloud of Gr varies from 3.1 - 3.3 Å. It is interesting to note that the orientation of NBs in the 

SiGr complexes is perpendicular to the SiGr surface. Both Si….O (N) and N-H….π interactions 

dominate the π-π stacking interaction which are responsible for the stabilization of the SiGr-NBs. 
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The interaction (Si….O) is similar to that of NBs with the silicene.44 The shortest distance 

observed between SiGr and NBs varies from 1.79 - 1.92 Å which is shorter than those distances 

in the Gr-NBs complexes. The calculated IEs for all the complexes are presented in Table 1. 

These values reveal that the IE of guanine (G) with Gr is the highest. For graphene surface the 

order of IEs is found to be G > A > T > C > U. These results are close in agreement with 

previous reports. 25-31 It is evident from Table 1 that there is a considerable increase in the IE 

values of SiGr-NBs with reference those values for Gr-NB complexes. Cytosine (C) exhibits the 

highest binding propensity among the NBs. Analysis of results from previous studies reveals that 

the IE values are greater than the silicene and less than the silicon nano wires.44, 69 The IEs are 

found to follow the order C > G > A > T > U. This trend is in agreement with that of interaction 

of NBs with silicene. The IEs vividly illustrate that NBs strongly interact with SiGr.  

The optimized geometries of 5SiGr-NBs and 57SiGr-NBs are displayed in supporting 

information (Fig S2). It can be seen that the orientation of NBs are parallel to the surface of 

graphene. Also, defective models interact with NBs through Si….O (N) interaction which is akin 

to that of SiGr in addition to π-π stacking. The silicon atom in 5SiGr and 57SiGr slightly 

projected out from the plane of surface which facilitates the interaction with NBs. The planarity 

of 5SiGr is not significantly affected upon adsorption of NBs. However, the structural changes 

are observed in 57SiGr. The shortest distance between NBs and defective models (5SiGr and 

57SiGr) is more than that of SiGr. The shortest distance observed for 5SiGr-NB and 57SiGr-NB 

complexes ranges from 1.83 to 1.93 Å and 1.82 to 1.95 Å, respectively. It is possible to note 

from the Table 1 that the calculated IEs are higher than these of Gr and SiGr models. The IEs for 

the complexes of NBs with 5SiGr are appreciably higher than those values of 57SiGr model. The 

order of IEs (C > G > A > T > U) is similar to that of SiGr.  
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  The optimized geometries of all the Gr-L, SiGr-L, 5SiGr-L and 57SiGr-L are given in 

supporting information (depicted in Fig. S3). The projection of silicon atom from the plane is 

only observed in SiGr-L. Further the planarity of 5SiGr-L and 57SiGr-L is retained. The 

optimized geometries of complexes of NBs with large graphene models are depicted in Fig. 4. It 

is interesting to note that the orientation of NBs in all the models is parallel to the plane of 

graphene except in the case of SiGr-L-U. The orientation of NBs on the surface of SiGr-L is 

different with respect to that in SiGr model due to the availability of large surface area which in 

turn facilitate the stacking interaction with NBs. The NBs are stabilized by both π-π stacking and 

Si…O (N) interactions in all the models. The bending of graphene is observed in 57SiGr upon 

adsorption of NBs whereas the same is not observed in the case of SiGr-L and 5SiGr-L. The 

calculated IEs of these complexes are presented in Table 2. It can be seen that the IEs of these 

complexes significantly higher than those of small models. The stability of NBs on 5SiGr-L is 

more than these of other models. The order of interaction energy for these models is found to be 

5SiGr-L > 57SiGr-L > SiGr-L > Gr-L. The doping of graphene with silicon increases the 

strength of interaction of NBs with graphene. The defects in SiGr further enhance the strength of 

interaction with NBs.  

In order to understand the effect of electric field on the interaction, electric field was 

applied along the molecular axis (Z-direction) of complexes of 5SiGr with nucleobases. The 

calculated IEs in the presence of electric field are given in supporting information (Table S1). 

The marginal increase in the IEs is observed when electric field is applied in Z (-) direction 

whereas slight decrease is found in the case of Z (+) direction. Therefore, the influence of 

applied electric field on the IEs is marginal with reference to the values observed in the absence 

of electric filed.   
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The AIM analysis is used to understand the nature of weak interactions with the help of 

critical points.70-72 The AIM theory explains the strength of bond in terms of electron density 

(ρ(rc)) at the bond critical points (BCPs).73 The Laplacian of the electron density (∇2 ρ(rc)) at 

BCPs provides valuable information about the bonding. A negative value of ∇2 (ρ(rc)) at the BCP 

indicates that the formation of covalent bond. On the other hand, the positive value of ∇2(ρ(rc)) 

reveals the depletion of the electron density along the bond, suggesting a closed shell interaction 

(ionic interaction, hydrogen bond and π-π stacking). The molecular graphs of various complexes 

as obtained from the AIM analysis are presented in supporting information (Fig. S4). The 

presence of BCPs between the two stacked molecules is evident from supporting information. 

The ∇2ρ(rc) values at BCPs in SiGr and Gr complexes with NBs are positive. These values 

indicate the presence of non-covalent interaction between SiGr (Gr) and NBs. The electron 

density ρ(rc) at the BCP is of the order of (0.1 a.u) for covalent bonds while in the case of non-

covalent interactions, it is one order lower (0.01 a.u or even less). The calculated ρ(rc) values 

(0.07- 0.08 a.u) at BCPs involving Si and O(N) atoms in SiGr-L-NBs, 5SiGr-L-NBs and 57SiGr-

L-NBs complexes lie in between the values corresponding to the non-covalent and covalent 

interactions. Further, to understand the nature of Si….O (N) interaction, the total energy density 

(Hc) at BCP was calculated by using the following equation.  

                                                       Hc = Gc + Vc                  (3) 

Where Gc is the kinetic energy density and Vc is the potential energy density at BCP. The 

negative Hc value indicates the accumulation of charge density at BCP, a case of covalent bond. 

The more negative Hc value, greater the covalent character of interaction. The positive Hc values 

represent the non-covalent interaction. The Hc values of Si….O (N) are listed in Table 3. From 

Table 3, it can be seen that the Hc values are negative. The interaction of Si….O (N) is partially 
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electrostatic and partially covalent in nature. Therefore, NBs interacts with SiGr-L, 5SiGr-L and 

57SiGr-L through both non-covalent and partially covalent interaction in addition to the 

electrostatic interactions. The role of electrostatic interactions is also evident from these findings. 

To understand further the factors which predominantly responsible for the interaction, 

EDA was performed for the complexes of Gr-L, SiGr-L, 5SiGr-L and 57SiGr-L with NBs. The 

EDA decomposes the interaction energy between two monomers into several components such 

as electrostatic energy, orbital energy, Pauli repulsion and dispersion energy. The results from 

the analysis of EDA are presented in supporting information (Table S2). It can be observed from 

supporting information (Table S2), that the dispersion interaction stabilizes the NBs on the 

surface of Gr-L in accordance with previous reports.28-33 The contributions from electrostatic and 

orbital interactions are high in the stabilization of NBs with the surface of SiGr-L, 5SiGr-L and 

57SiGr-L. Therefore, both electrostatic and orbital interactions are primary determinants in the 

formation of complexes of NBs with SiGr-L, 5SiGr-L and 57SiGr-L. This is in close agreement 

with previous study which shows that the Si….O (N) interaction is partially electrostatic and 

partially covalent in nature.53 The higher IEs, electrostatic and orbital energies for SiGr, 5SiGr 

and 57SiGr compared to Gr-L are due to Si….O (N) interaction.   

Further to understand the orbital interactions, NBO analysis was performed for all the 

complexes. Second order perturbation theory analysis of Fock matrix was conducted to evaluate 

the donor-acceptor interactions. The stabilization energies (E(2)) obtained from second order 

perturbation theory analysis of Fock matrix defines the strength of interaction. The high (E(2)) are 

observed for the interaction between unoccupied orbitals of silicon (Si) and lone pair occupied 

orbital of oxygen (O) or nitrogen (N). The values of stabilization energy E(2) for the complexes 

are listed in Table S3 of supporting information. The E(2) values are directly proportional to IEs 
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of NBs with SiGr-L, 5SiGr-L and 57SiGr-L. Maximum E(2) value is observed for cytosine (C) 

with doped and defective models. The electrostatic component is responsible for the interaction 

between models of graphene with NBs.  

Further, to understand the reactivity of Si in doped and defective models, Fukui functions 

were calculated for Si atom in SiGr, 5SiGr and 57SiGr using following expressions 

            f (+) = q (N+1) ─ q (N) for nucleophilic attack               (4) 

            f (-) = q (N) ─ q (N-1) for electrophilic attack                 (5) 

          Where q is gross electronic population of atom and N is number of electrons. 

The calculated values are presented in Table 4. The f (+) value is high in the case of 5SiGr 

when compared to SiGr and 57SiGr.  The more electrophilic nature of silicon in 5SiGr is 

attributed to the IEs with respect to SiGr and 57SiGr. The f (-) values of NBs are higher for the 

atom which is interacting with silicon. These are presented in Table 5. The f (-) value for oxygen 

in cytosine (C) is more than A (N), G (O), T (O) and U (O). The high nucleophilic nature of 

cytosine is responsible for the high IEs with SiGr, 5SiGr and 57SiGr. 

The calculated NPA charges of all the complexes are given in Table 6. These values 

indicate that the charge transfer takes place from NBs to graphene models. The magnitude of 

charge transfer involving complexes of NBs with SiGr-L, 5SiGr-L and 57SiGr-L is appreciably 

higher whereas the same in the case of Gr is negligible. The strong interaction and considerable 

charge transfer may affect the electronic structure of the graphene models. Therefore, density of 

states (DOS) were calculated for all the complexes. The calculated DOS is depicted in 

supporting information (Fig. S5). It can be observed that the DOS of Gr-L do not change upon 
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the adsorption of NBs and it is due to weak interaction between NBs and Gr-L. There are no 

significant changes in the HOMO-LUMO gap of Gr-L after the adsorption of NBs. The marginal 

changes are observed in the pattern of DOS for the SiGr-L after the adsorption of NBs. It can be 

seen from Fig. S5 that the HOMO and LUMO energy levels of SiGr-L are destabilized after 

interaction of NBs and thus changes the HOMO-LUMO gap of the SiGr-L-NBs complexes. The 

values of HOMO-LUMO gap for all the complexes of SiGr-L with NBs are given in Table 7. 

The adsorption of NBs closes the HOMO-LUMO gap of SiGr-L. However, the variations in the 

HOMO-LUMO gap of SiGr-L upon adsorption of A, T and U is negligible. The DOS of 5SiGr-L 

and 57SiGr-L is altered mainly at HOMO and LUMO energy levels upon adsorption of NBs. 

The adsorption of NBs destabilizes the LUMO level of 5SiGr-L whereas in the case of 57SiGr-L, 

the HOMO is shifted to higher energy level. The HOMO-LUMO gap for the complexes of 

5SiGr-L and 57SiGr-L with NBs is presented in Table 7. The HOMO-LUMO gap of 5SiGr-L 

and 57SiGr-L undergoes changes upon the adsorption of NBs. The HOMO-LUMO gap of 

5SiGr-L increases whereas the same reduces in the case of 57SiGr-L with the interaction of NBs. 

The HOMO-LUMO gap of 5SiGr-L is increased by 0.19, 0.29, 0.17, 0.26 and 0.17 eV for A, G, 

C, T and U, respectively. The reduction in the HOMO-LUMO gap of 57SiGr-L is 0.37, 0.31, 

0.02, 0.32 and 0.20 eV for A, G, C, T and U, respectively. The change in energy gap of 57SiGr-L 

after adsorption of T is negligible. The variations in HOMO-LUMO gap of 5SiGr-L and 57SiGr-

L are different for each nucleobase. The change in the HOMO-LUMO gap is high for 57SiGr-L 

compared to 5SiGr-L. The changes in HOMO-LUMO gap is significant in the case of defective 

models compared to Gr-L and SiGr-L. The reduction in HOMO-LUMO gap increases the 

number of electrons in the conduction band and thus enhances the conductivity. The increase in 

HOMO-LUMO gap leads to decrease in the conductivity. These variations leads to the change in 
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the conductivity of 5SiGr-L-NBs and 57SiGr-L-NBs compared to 5SiGr-L and 57SiGr-L. These 

results are beneficial for the chemical sensing of nucleobases and in the development new 

sensors.  

Cyclic π-delocalization in nucleobases provides an increased stability through the 

aromatic stabilization energy. Environment of nucleobases significantly influences their aromatic 

character.74 In order to understand the effect of strong interaction of SiGr and dSiGr on the 

aromaticity of NBs, the magnetic shielding of a ghost atom located at the ring center of NBs was 

calculated. The calculated nucleus-independent chemical shifts (NICS (0)) are given in 

supporting information (Table S4). The calculated values for parent nucleobase are in agreement 

with the previous results.28 The aromaticity of nucleobases increases after the interaction with 

GrL and it is corroborating with previous study. The same is found in the case of SiGr-L, 5SiGr-

L and 57SiGr-L. The NICS (0) values are high for the model 5SiGr-L compared to other models.  

Previous studies have shown that finite size of graphene exhibits the absorption in visible 

region.75,76 To understand the effect of silicon doping and defects on the optical properties of 

finite size graphene, the absorption spectra were calculated using TD-DFT method with the help 

of M06-2X/6-31G** method for Gr-L, SiGr-L, 5SIGr-L and 57SiGr-L. The calculated 

absorption spectrum of Gr-L is shown in Fig. S6 along with SiGr-L. For Gr-L, the peaks are 

observed at 324 nm (HOMO (H)-7to LUMO (L)), 358 nm (H to L+5), 384 nm (H-1 to L+1), 428 

nm (major peak) (H-1 to L) and 577 nm (H to L) and all these peaks correspond to π-π* 

transition with in Gr-L. The observed peaks for Gr-L are red shifted and one new peak is found 

at 520 nm (H to L+2) in the spectrum of SiGr-L. It is possible to note from Fig. S6 that the 

various peaks in the 5SiGr-L undergo red shifting whereas blue shifting of peaks are seen in the 

case of 57SiGr-L with reference to the spectrum of SiGr-L. The calculated absorption spectra for 
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the complexes of Gr-L and NBs are presented in Fig S7. The absorption peaks observed for the 

Gr-L-NBs complexes is similar to the pristine Gr-L. The adsorption of NBs on Gr-L does not 

change the pattern of absorption spectrum.  

The strong adsorption of NBs on SiGr-L significantly alters the absorption spectrum of 

SiGr-L. The calculated absorption spectra for SiGr-L-NBs complexes are presented in Fig S8 

and along with SiGr-L spectrum.  For SiGr-L-A, the peaks are observed at 364 (H-1 to L+7) (π-

π*), 407 (H to L+6) (π-π*(adenine (A)), 449 (H-2 to L) (π-π*), 488 (H to L+1) (π-π*), 592 (H-1 

to L) (π-π*) and 720(H to L) (π-π*) nm. The second peak (407 nm) arises from transition 

involving adenine (A). The complex SiGr-L-G has the absorption peaks at 369 nm (H-2 to L+2) 

(π-π*(guanine)), 411 nm (H-1 to L+3) (π-π*), 447 nm (H-2 to L) (π-π*), 492 nm (H to L-1) (π-

π*), 596 nm (H-1 to L) (π-π*) and 760 nm (H to L) (π-π*). The orbitals of guanine (G) have been 

involved in the transition corresponding to the peak at 369 nm. Similar changes are also observed 

in the absorption spectrum of complexes SiGr-L-C, SiGr-L-T and SiGr-L-U with reference to the 

spectrum of SiGr-L. The orbitals of NBs involved in the transitions are shown in supporting 

information (Fig. S9). The oscillator strength of the peaks in the spectrum of SiGr-L decreases 

after the adsorption of NBs.  

The calculated absorption spectra for the complexes of 5SiGr-L with NBs are displayed 

in Fig. S8 along with 5SiGr-L. It can be seen that the peaks at 430 and 630 nm for 5SiGr-L are 

blue shifted with respect to the adsorption of NBs. In all 5SiGr-L-NBs complexes, two peaks are 

observed around 400 and 600 nm. The observed peaks at 411 nm (H to L+3) (π-π*(Adenine)), 

(5SiGr-L-A), 435 nm (H to L+3) (π-π*(Guanine)) (5SiGr-L-G), 415 nm (H to L+3) (π-

π*(Thymine) (5SiGr-L-T), 410 nm (H-1 to L+3, L+4) (π-π*(Cytosine)) (5SiGr-L-C) and 418 nm 

(H to L+2, L+4) (π-π*(Uracil)) 5SiGr-L-U) have contributions from the orbitals of NBs. The 
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contour pictures of orbitals involved in the transitions are given in supporting information (Fig 

S9). 

The calculated absorption spectra of 57SiGr-L-NBs are displayed in Fig 5 and along with 

the spectrum of pristine 57SiGr-L. The red shift in the spectrum of 57SiGr-L is observed after 

the adsorption of NBs. The peaks at 557 nm (H to L+2, H to L+3) (π-π*(Guanine)) (57SiGr-L-

G), 576 nm (H to L+2) (π-π*(Cytosine)) (57SiGr-L-C), and 374 nm (H to L+8) (π-π*) (57SiGr-

L-U) arise from the transitions involving the orbitals of NBs. The remaining all transitions are 

corresponds to π-π* with 57SiGr-L. The red shift in the spectra of SiGr-L and 57SiGr-L is high 

when compared to blue shift for 5SiGr-L upon adsorption of NBs. The observed spectral changes 

in the models (SiGr-L, and 57SiGr-L) would be useful in the optical sensing of NBs.          

4 Conclusion 

The adsorption of nucleobases on the surface of graphene (Gr), silicon doped graphene 

(SiGr) and defective silicon doped graphene (dSiGr) and corresponding changes in the electronic 

structure have been studied using DFT based methods. The doping of silicon in graphene 

significantly increases the adsorption strength of nucleobases. The defects in SiGr further 

increase the strength of interaction with nucleobases. The stability of complexes arises due to the 

partial electrostatic and covalent interaction between lone pair of oxygen or nitrogen (from 

nucleobase) and unoccupied orbital of silicon (from graphene) in addition to π-π stacking. The 

size of the graphene model increases the strength of adsorption. The transfer of charge from 

nucleobases to graphene models is evident from the natural bond orbital analysis. Particularly, 

the charge transfer is significantly higher in the case of SiGr and dSiGr. The strong adsorption 

and high charge transfer causes significant changes in the electronic structure of SiGr and dSiGr 
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in contrast to graphene. The HOMO-LUMO gap of dSiGr undergoes significant changes after 

the adsorption of nucleobase. The observed changes in the HOMO-LUMO gap would be 

reflected in the conductivity of the inter-molecular complexes and hence dSiGr could be 

exploited for fast DNA sequencing as well as for the chemical sensing of individual nucleobases.  

Further, red shifts observed in the absorption spectrum of SiGr and dSiGr after the adsorption of 

nucleobases would be useful in the optical sensing of individual nucleobases and DNA. Previous 

experimental study has shown that SiGr enhances the sensing of molecules when compared to 

graphene.48 Therefore, the current findings may call for further experimental studies in this 

direction.   

Electronic supplementary information (ESI) available   

Table S1-S4 and Fig. S1-S9 are presented in the supporting information.   
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Table 1 The Calculated IEs of NBs with Graphene Models (Gr, SiGr, 5SiGr and 57SiGr) at 

M062X/6-31+G** Level of Theory 

Model Interaction Energy(kcal/mol) 

     A           G            T          C           U 

Gr -13.92 -17.84 -13.97 -13.73 -12.02 

SiGr -32.67 -42.44 -29.40 -41.54 -28.20 

5SiGr -55.06 -57.34 -47.80 -61.30 -43.90 

57SiGr -34.92 -45.49 -30.90 -50.80 -28.75 

 

Table 2 The Calculated IEs of NBs with Graphene Models (Gr-L, SiGr-L, 5SiGr-L and 57SiGr-

L) at M062X/6-31+G** Level of Theory 

Model Interaction Energy(kcal/mol) 

     A          G            T            C         U 

Gr-L -14.41 -18.07 -14.33 -14.10 -12.36 

SiGr-L -31.47 -46.72 -31.12 -47.28 -29.00 

5SiGr-L -57.83 -63.00 -50.35 -65.42 -50.35 

57SiGr-L -38.01 -51.14 -45.01 -53.52 -34.41 
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Table 3 The Laplacian of Electron Density (∇2ρ(rc)) and Total Energy Density (Hc) at BCPs of 

Si….O(N) Interaction (a.u.) 

BCP ∇
2ρ(rc)             Hc 

Si…N in SiGr-L-A -0.08 -0.03 

Si…O in SiGr-L-G -0.11 -0.02 

Si…O in SiGr-L-T -0.08 -0.02 

Si…O in SiGr-L-C -0.12 -0.02 

Si…O in SiGr-L-U -0.10 -0.02 

Si…N in 5SiGr-L-A -0.08 -0.02 

Si…O in 5SiGr-L-G -0.10 -0.02 

Si…O in 5SiGr-L-T -0.08 -0.01 

Si…O in 5SiGr-L-C -0.11 -0.02 

Si…O in 5SiGr-L-U -0.09 -0.01 

Si…N in 57SiGr-L-A -0.08 -0.03 

Si…O in 57SiGr-L-G -0.11 -0.02 

Si…O in 57SiGr-T -0.09 -0.11 

Si…O in 57SiGr-C -0.12 -0.02 

Si…O in 57SiGr-U -0.08 -0.02 
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Table 4 The f(+) Values for Silicon Atom in SiGr-L, 5SiGr-L and 57SiGr-L 

Model f(+) 

SiGr-L 0.017 

5SiGr-L 0.073 

57SiGr-L 0.010 

 

Table 5 The f(-) Values for the Active Center in Nucleobase Interacting with SiGr-L, 5SiGr-L 

and 57SiGr-L 

Nucleobase f(-) 

N in Adenine 0.114 

O in Guanine 0.131 

O in Thymine 0.140 

O in Cytosine 0.224 

O in Uracil 0.154 
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Table 6 The Calculated Charge Transfer for Different Complexes using NBO Analysis 
Employing M06-2X/cc-pVDZ Method (a.u.)  
 
 

Model NB Charges 

     A 0.003 

G 0.007 

Gr-L T 0.000 

C 0.003 

U -0.001 

A 0.260 

     G 0.281 

SiGr-L T 0.234 

C 0.282 

U 0.226 

 A 0.270 

 G 0.260 

5SiGr-L T 0.240 

 C 0.270 

 U 0.234 

 A 0.251 

 G 0.261 

57SiGr-L T 0.230 

 C 0.270 

 U 0.231 
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 Table 7 The Calculated HOMO-LUMO Gap for Different Complexes at M06-2X/6-31+G** 

Level of Theory 

                

 

 

         

 

 

 

 

 

 

 

 

 

 

 

Model HOMO-LUMO  
gap (eV) 

Gr-L          3.09 

Gr-L-A 3.08 

Gr-L-G 3.07 

Gr-L-T 3.08 

Gr-L-C 3.07 

Gr-L-U 3.08 

SiGr-L 3.09 

SiGr-L-A 3.06 

SiGr-L-G 2.96 

SiGr-L-T 3.06 

SiGr-L-C 2.94 

SiGr-L-U 3.05 

5SiGr-L 2.46 

5SiGr-L-A 2.65 

5SiGr-L-G 2.75 

5SiGr-L-T 2.63 

5SiGr-L-C 2.72 

5SiGr-L-U 2.63 

57SiGr-L 3.12 

57SiGr-L-A 2.75 

57SiGr-L-G 2.81 

57SiGr-L-T 3.08 

57SiGr-L-C 2.67 

57SiGr-L-U 2.82 
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                       Gr-L 

 

                    SiGr-L 

 

                  5SiGr-L 

 

                  57SiGr-L 

 

Fig. 1 The calculated ESP isosurface of Gr-L, SiGr-L, 5SiGr-L and 57SiGr-L at isovalue 0.001 

a. u. (blue and red colors represents positive and negative potentials respectively)  
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                          A 

        

                             G 

       

                           T 

           

                              C 

                                   

                                                          U 

 

Fig. 2 The calculated ESP isosurface of NBs (A, G, T, C and U) at isovalue 0.001 a. u. 
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                                                   A                                                            G                                 

 

                                                          

                                    T                                         C                                           U 

 

Fig. 3 Optimized geometries of A, G, T, C and U at M06-2X/6-31+G** level of theory and the 

active centers are encircled. 
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                 Side View                                                                             Top View 

 

 

 

 

 

Gr-L-A 

 

 

 

 

 

 

 

Gr-L-G 
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Fig. 4 The optimized geometries of the complexes of Gr-L, SiGr-L, 5SiGr-L and 57SiGr-L with 

NBs at M062X/6-31+G** method. 
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Fig. 5 The simulated absorption spectrum of the complexes of nucleobases with 57SiGr-L at 

M06-2X/6-31G** level of theory. 
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