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Abstract 

 

In the present study, we investigate the adsorption characteristics of six different ionic liquids (ILs) 

on a fully-fluorinated graphene (fluorographene, FG) surface using electronic structure studies and 

associated analysis methods. A systematic comparison of differences in IL binding energies (ΔEb) 

with fluorographene, graphene and hexagonal boron nitride surfaces indicates that fluorination 

strongly decreases the binding energy compared to the other two surfaces, hence resulting in the 

binding energetics: ΔEb (Graphene…IL) > ΔEb (Hexagonal boron-nitride…IL) > ΔEb (Fluorographene…IL). To probe the 

reasons for this difference, quantum theory of atoms in molecules (QTAIM) analysis and non-

covalent interactions (NCI) analyses were carried out. Results indicate that the stability of 

complexes of FG surface with ILs (FG…IL) arises only due to the presence of the expected weak 

non-covalent intermolecular interactions. The calculation of charge transfers by employing the 

ChelpG method shows that the interaction of ILs with FG surface generally induces a negative 

charge on the FG surface. Furthermore, these interactions lead to a decrease of the HOMO-LUMO 

energy gap (Eg) of the FG surface, enhancing its electrical conductivity. In addition, a detailed 

analysis of the global molecular descriptors including the Fermi energy level (EFL), work function 

(WF), electronic chemical potential (μ), chemical hardness (η), global softness (S) and 

electrophilicity index (ω) was carried out for both the FG surface alone and the adsorbed 

complexes showing that there are small, but meaningful, differences in the reactivity of the surface 

depending on the nature of the IL. Finally, time-dependent DFT (TD-DFT) calculations of the 

optical properties of FG surface and FG…IL complexes reveal that the absorption spectrum of the 

FG surface undergoes a red shift following IL adsorption. This study demonstrates that FG 

provides a useful complementary tool to graphene and boron nitride materials, allowing for the 

fine-tuning of the optoelectronic properties of these monolayer materials. These results will assist 

in the development of these types of ILs for applications in optoelectronics. 

 

Keywords: Ionic liquid, Fluorographene nanosheet, Optical properties, Adsorption, DFT 

calculations, Non-covalent interactions 

 

 

1. Introduction 

 Graphene, a two-dimensional (2D) material, has generated considerable interest for its 

potential for (opto)electronic applications, including as the basis for gas sensing systems [1], 

electrochemical energy storage [2] DNA sequencing [3] coating technologies [4] and functional 

composites [5]. Although graphene’s zero band gap hinders its performance in microelectronic 

device applications, a suitable band gap can be created through chemical functionalization; this 

allows for the required fine-tuning of the electronic and magnetic properties of 2-D nanomaterials 

for future applications in microelectronics [6]. Recently, covalently modified graphene derivatives 

prepared by derivatization with hydrogen, the halogens, and other atoms have attracted 

considerable interest for their potential applications in electronic devices [7-9]. Fluorographene 

(FG) is a fluorocarbon derivative of graphene: all carbon atoms are sp3 hybridized through the 
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incorporation of polar C-F bonds. The change of hybridization from sp2 in graphene, to sp3 in 

fluorographene, preserves the two-dimensional hexagonal symmetry, but significantly changes the 

physical, chemical, electrical and electrochemical properties and local structure of the material. 

This induces an opening of the band gap to a non-zero value as it involves a loss of the fully-

delocalized π electron system [10].  

 Fluorographene can be used as a tunnel barrier and as a high-quality insulator or barrier 

material for organic electronics. It can also act as a wide-gap semiconductor in light-emitting 

diodes (LEDs) and displays [11]. Fluorographene can be synthesized from graphene (e.g., 

exfoliated graphene, reduced graphene oxide (RGO), graphene grown by chemical vapor 

deposition (CVD) on silicon-on-insulator substrate) by treatment with fluorinating agents, 

including xenon difluoride (XeF2), fluorine (F2) gas, or fluoropolymers. The sp2-hybridized carbon 

atoms of the graphene lattice react with these F• equivalents, forming C-F sp3 bonds and producing 

fluorinated graphenes [12]. Fluorographene can also be readily prepared from graphene oxide via 

photochemical fluorination [13] or plasma treatment [14]. Graphene oxide has been fluorinated 

through solvothermal or hydrothermal fluorination using precursors such as BF3-etherate [15], 

hydrofluoric acid (HF) [16], hexafluorophosphoric acid (HPF6) [17], and diethylaminosulfur 

trifluoride (DAST) [18].  

     The atomic ratio of carbon to fluorine (R(C/F)) in the synthesis of fluorinated graphene affects 

the bandgap of fluorographene semiconductors which may play a vital role in emerging graphene-

based molecular electronics and optoelectronics. The R(C/F) ratio in the synthesis of fluorinated 

graphene can be controlled by tuning the reaction conditions. For example, Wang et al. [16] 

presented an easy, low-cost and effective method for the synthesis of fluorinated graphene with 

tunable RC/F by the reaction between dispersed graphene oxide and hydrofluoric acid. Their results 

showed that fluorine is grafted onto the basal plane of graphene, and the RC/F can be easily adjusted 

by modifying the reaction conditions such as fluorination temperature, reaction time, reaction pH 

and the number of equivalents of fluorinating agents. By controlling the fluorination reaction 

conditions, they obtained the R(C/F) = 2.1 for their synthesized fluorinated graphene surface. 

However, fully fluorinated graphene surface has also been synthesized by several research groups 

[11, 19-22], and is both thermally stable at up to 400 °C in air [11] and chemically inert. 

Liquid-phase exfoliation of 2D materials is one of the most promising routes for their production 

on a large scale [23]. Recently ionic liquids (ILs) have been used to mediate exfoliation as they 

https://phys.org/tags/insulator/
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also improve the electronic behaviour of the resulting nanosheets and so can be used as both an 

exfoliant during manufacture, and as a coating for the eventual application [10,24]. The unique 

physicochemical properties of ILs such as their low melting point (below 100 °C), wide 

electrochemical window, high ionic conductivity, nonflammability, low vapor pressure, 

hydrophobicity, high ion density, and good thermal stability have been leading to an increasing 

number of their applications in Li-ion batteries, supercapacitors, solar cells, and proton exchange 

membranes in fuel cells [25-27].  

 The interactions at the interfacial layers between ionic liquids and nanomaterials is of 

paramount importance for the synthesis (exfoliation) of these 2D sheets [10,24], and for 

determining their optoelectronic appropriateness for emerging energy applications including as 

supercapacitors [28], ionic-liquid gated transistors [29], light-emitting diodes (LEDs) and displays 

[11]. The most studied system involves the surface interactions between ionic liquids and 

graphene. The resulting complexes have been studied both using experimental [30-31] and 

computational approaches [28-31]. The effect on 32-35]. On the other hand, the surface 

morphology is obviously different in the presence of a single molecule of the IL compared to a 

cluster such as a nanodroplet. Graphene-based monolayers tend to fold in the presence of ionic 

liquid nanodroplets and this effect has been quantified through contact angle measurements by 

Atilhan and co-workers [32-33].et al [36-37]. They have also reported studies explaining this ionic 

liquid-induced folding for graphene nanoribbons (GNRs), rectangular flakes and flower-like flakes 

using classical molecular dynamics simulations. The extent of the folding and the precise 

morphologies obtained are dependent on both the structure of the ionic liquid, the size of the 

nanodroplet, and the exact morphology of the graphene-based material. However, a more detailed 

analysis of nanodroplet-based interactions with fluorographene is beyond the scope of this current 

report, although studies are currently underway by our groups to look at the effect of IL 

nanodroplet interactions with the fluorographene surface. However, before progressing to these 

more complex systems, we require a fundamental understanding of the basic details of the 

fluorographene-IL interactionstrong interactions in flake-SiO2 structure, hence synthesizing novel 

ILs was required. 

 Therefore, to fully realize the potential of ionic liquids as exfoliation solvents and electrolytes 

with FG, there is a pressing need to understand their interaction with FG at the electronic structure 
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and atomic scale. To date, however, very little is known about the nature of ionic liquid adsorption 

on fluorographene sheets.  

 We wish to report on our investigations into this potentially useful interaction. In the present 

report, we determine the specifics of the interaction of ionic liquids with fluorographene and 

compare the affinities of different ionic liquids (both 1-butyl-3-methylimidazolium [Bmim]+, and 

butyltrimethylammonium [Btma]+-based ILs) for the fluorographene surface using density 

functional theory (M06-2X/cc-pVDZ) method (Figure 1). ILs based on [Bmim]+ and [Btma]+ 

cations were selected because they have been used in the synthesis of fluorographene and other 

nanomaterials through exfoliation [10,24]. In addition, these classes of ILs have also been 

extensively used either as either the electrolyte, or as part of a composite electrode material, in 

nanomaterial-based supercapacitors, semiconductors, transistors, lithium ion batteries, fuel cells, 

and solar cells [24-29]. Finally, the emergent properties obtained in this study are compared with 

those we have previously calculated for graphene and boron nitride surfaces to show the 

complementarity of these three systems for developing innovative materials for 2-D semiconductor 

applications. 

 

2. Computational details 

   C54F72 was chosen as a suitable initial model for fluorographene (FG). This FG model contains 

54 carbon and 72 fluorine atoms. The edge carbon atoms are passivated with fluorine atoms. This 

model has been recently used by others to study the interaction between fluorographene surface 

and organic molecules [38]. All calculations are performed using the M06-2X density functional, 

which has been widely used to study the structure and energetics of similar weakly bonded systems 

[39-45]. In addition, the M06-2X functional has previously been used for investigation of 

interaction of ILs with hexagonal boron nitride [39], graphene [40] and boron nitride nanotube 

[44] surfaces in literature. This functional is more reliable than the B3LYP hybrid functional for 

predicting weak van der Waals interactions because the M06-2X functional uses 54% HF exchange 

energy, which is not well described by the non long-range corrected DFT methods. In this study, 

the M06-2X functional is applied to the system using Dunning’s correlation consistent-polarized 

valence double zeta basis set (cc-pVDZ). All geometries of the FG model, ionic liquids (ILs; 

[Bmim][Y] and [Btma][Y] (Y = BF4¯, PF6¯, and Tf2N¯) and the resulting FG…IL complexes were 

optimized with this M06-2X/cc-pVDZ level of theory. Calculated vibrational frequencies were 
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determined without imaginary frequencies to ensure the obtained structures are indicative of 

FG…IL complex energy minima. The binding energies (∆Eb) were calculated using Equation 1: 

 
ILFG...IL FG BSSEb

E  = E - (E  + E ) + E              (Equation 1)       

where 
FG

E , IL
E and 

FG...IL
E denote the total energies of the FG model, ILs and 

FG...IL
E  

complexes, respectively. For optimized structures, the last term (
FG...IL

E ) was corrected according 

to basis set superposition error (BSSE) through the counterpoise procedure [46] as follows:   

 

The counterpoise correction energy (ECC) was computed through single point calculations as 

follows:  

 

In this equation, EIL(FG…IL) and EFG(FG…IL) terms are the energy of the isolated IL molecule and FG 

surface respectively in the same relaxed geometry as determined for the FG…IL complexes. In 

addition, EIL(FG*…IL) / EFG(FG…IL*) term is the energy of the IL molecule/FG surface in the relaxed 

geometry of FG…IL complex replacing atoms of the FG surface / IL molecule with ghost atoms. 

The ChelpG charge (charges from electrostatic potentials using a grid-based method) analysis [47], 

based on the representation of the electrostatic potential determined at the van der Waals surface, 

was carried out to quantify the charge transfer between FG model and ILs at the M06-2X/cc-pVDZ 

level. The optical properties of the studied systems were calculated using TD-DFT at the M06-

2X/cc-pVDZ level of theory. All the calculations were carried out using the Gaussian 09 suite of 

programs [48]. The quantum theory of atoms in molecules (QTAIM) [49] was used to characterize 

the nature and strength of interaction between FG model and ILs. The wave functions generated 

at the M06-2X/cc-pVDZ level were used for QTAIM analysis using AIM2000 package [50]. The 

sensitivity of FG model toward adsorption of ILs was further analyzed by density of states (DOSs) 

calculations using GaussSum [51]. Finally, the global molecular descriptors such as HOMO-

LUMO energy gap (Eg), Fermi energy level (EFL), work function (WF), electronic chemical 

potential (μ), chemical hardness (η), global softness (S) and electrophilicity index (ω) were 

calculated for the FG model and then the effect of IL adsorption on these parameters was 

investigated.  

3. Results and Discussions 

E  = E  + E           (Equation 2)    
FG...IL CC FG...IL, uncorrected

  

E  = E  - E  + E  - E             (Equation 3)   
CC * IL(FG...IL) * FG(FG...IL)IL(FG ...IL) FG(FG...IL )
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3.1. Structure, stability and the nature of intermolecular interactions in FG…IL complexes 

 

     To find the most stable geometries of ionic liquids (ILs), we used the method described 

previously in the literature [39-40,52-57]. In this method, the conformational space around the 

most stable geometry of [Bmim]+ and [Btma]+ cations are divided into several regions and then 

the most stable geometry of [BF4]
-, [PF6]

-, and [Tf2N]- anions was identified for each of these 

regions (see supporting information Scheme S1). There were also several other energetically low-

lying sub-configurations in each region, which involved different orientations of the anion with 

respect to the cation. For example, the [BF4]
- anion could interact with the cations through one, 

two, or three of its fluorine atoms. Finally, all of these prepared initial structures were fully 

optimized at the M06-2X/cc-pVDZ level of theory and then the most stable geometries of ILs were 

determined and are provided as Figure 1. 

     In the next step, the possible adsorption structures of these ionic liquids on the FG surface were 

investigated and then the most stable geometries of FG…IL complexes were determined. These 

ILs were allowed to approach the FG surface through all possible binding modes, including via 

the imidazolium ring, the methyl or butyl groups of [Bmim]+ and [Btma]+ cations, or the 

heteroatoms (N, O, and F atoms) of the [BF4]¯, [PF6]¯ and [Tf2N]¯ anions. Possible adsorption 

modes of the ILs on the FG surface were estimated according to the methodology used and 

described in our previous studies [39-40]. To better understand the possible adsorption 

configurations of ILs on the FG surface, the initial structures for adsorption of the [Bmim][BF4] 

ionic liquid on the FG surface are shown in Figure S1. In this method, the ILs are placed on the 

FG surface at a vertical distance of 2.7 Å using a variety of possible initial orientation. Based on 

this method, 60 different initial structures were built and then optimized at the M06-2X/cc-pVDZ 

level of theory. Then, the optimized FG…IL complexes were arranged according to their energy 

from the lowest energy to the highest energy. Finally, the lowest energy geometries for each 

FG…IL complex were identified and introduced as the most stable complexes in Figure 2. 

     It is worth mentioning that the nature of interaction of these ILs with the FG surface is different 

from those of the graphene surface-IL complexes reported in our previous work [40]. It is well 

established that the interaction of ILs with graphene surface is governed by several cooperative 

non-covalent interactions such as π···π, C-H···π and X···π (X = N, O and F atoms from anions) 

[40]. Lacking graphene’s π-system, the interactions with FG are certainly expected to be different 
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and are comprised of a series of weak interactions, including C-H···F-C, S=O···F-C, C-F···F-C 

and C (IL site)···F-C (FG surface) interactions. To illustrate the role of these non-covalent 

interactions (NCIs) on IL adsorption, the reduced density gradient (RDG) isosurface (at 0.5 a.u.) 

and the scatter plot of RDG versus sign(λ2)ρ for adsorption of ILs on the FG surface was generated 

using the NCI technique (Figure S2). These confirmed that the observed van der Waals (vdW) 

interactions between ILs and FG surface arise mainly from the cooperative C-H···F-C, S=O···F-

C, C-F···F-C and C (IL site)···F-C (FG surface) interactions. 

To obtain more insight into the exact nature and strength of these key interactions, QTAIM 

analysis [49] was used. The QTAIM parameters at the bond critical points (BCPs) and ring critical 

points (RCPs) formed between ILs and FG surface are summarized in Tables S1 and S2, 

respectively. In addition, the representation of the paths of the BCPs is shown in Figure S3. The 

accumulation of electron density (ρ(r)) at the bond critical points (BCPs) connecting the atoms is 

used to describe the strength of the bond [58]. For covalent bonds, the ρ(r) at the BCPs is of the 

order 0.1 a.u., while for the non-covalent interactions, it is at least one order of magnitude lower 

(≤ 0.01 a.u.). Accordingly, as seen from Table S1, the ρ(r) values at the BCPs between ILs and FG 

surface are about 0.01 a.u. or less, which confirms the non-covalent character of these interactions, 

these energies, between both anionic and cationic species with the FG, summarized in Table 1. 

Comparing the FG…[Bmim][Y] with the FG…[Btma][Y] (Y = BF4¯, PF6¯, and Tf2N¯) complexes 

shows some differences in behavior. For FG…[Bmim][Y], the ∑ρ(r) values for the cation are 

greater than those of anion in all cases; while in the case of FG…[Btma][Y] complexes, ∑ρ(r) 

values for interaction of the anions are greater than that of the [Btma]+ cation except in the case of 

the [Tf2N]¯ anion. This discrepancy is due to the stronger affinity of the [Bmim]+ cation than the 

[Btma]+ cation for the FG surface. Independent of the identity of the cation, the anions show the 

same order of affinity ([PF6]¯>  [BF4]¯> [Tf2N]¯). 

     The Laplacian of the electron density ( 2 ( )r ) provides further valuable information about the 

bonding interaction. A positive value of 2 ( )r indicates a local depletion of electron density at 

the BCP, suggesting a closed shell interaction. A negative value of 2 ( )r , however, indicates 

that the bond is covalent. As seen in Table S1, the sign of 2 ( )r at the BCPs between ILs and FG 

surface is positive further demonstrating the non-covalent nature of these interactions. In addition, 

to gain further insight into the nature of interactions, the H(r) values were calculated using the sum 
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of kinetic energy density G(r) and potential energy density V(r) at the BCPs between the ILs and 

the FG surface [59-61]. The positive sign of H(r) (Table S1) at the BCPs also supports the non-

covalent nature of the interactions between ILs and FG surface.  

     The most stable identified geometries of ionic liquids are provided as Figure 1. In these 

structures, the C-H bonds in the [Bmim]+ and [Btma]+ cations interact with the N, O and F atoms 

of the [BF4]
-, [PF6]

- and [Tf2N]- anions through intermolecular hydrogen bonds. The bond lengths 

of the C-H…X (X = N, O and F) hydrogen bonds are in the range of 2.061 Å to 2.935 Å in the 

[Bmim][Y] (Y = BF4¯, PF6¯, and Tf2N¯) ionic liquids and 1.997 Å to 3.255 Å in the [Btma][Y] 

(Y = BF4¯, PF6¯, and Tf2N¯) systems. It is worth noting that these hydrogen bond interactions are 

not dramatically affected upon adsorption. Small variations in the bond lengths of hydrogen bond 

interactions can be due to competing weak non-covalent interactions between the ILs and the FG 

surface.  

     The closest distance between the ILs and the nearest fluorine (F) atom of the FG surface in the 

FG…[Bmim][Y] and FG…[Btma][Y] (Y = BF4¯, PF6¯, and Tf2N¯) complexes are related to the 

strength of the C-H···F-C interactions and range from 2.294 Å to 2.528 Å for Bmim and from 

2.191 Å to 2.310 Å for Btma respectively. To illustrate the interactions between the ILs and the 

FG surface, the paths of the BCPs formed between them are presented in Figure S3. A view to the 

paths of the BCPs in the FG[Bmim][Tf2N] and FG[Btma][Tf2N] complexes indicates that the 

adsorption of these ILs on the FG surface mainly occurs through interaction of the C-H bonds of 

the [Bmim]+ and [Btma]+ cations, and the O and F atoms of [Tf2N] ¯ anion, with the F atoms of 

the FG surface. 

     The orientation of the ionic liquids also differs between these systems. As seen in Figure 2, the 

[Bmim]+ cation in the FG…[Bmim][Y] (Y = BF4¯ and PF6¯) complexes adopts a similar 

orientation with respect to the FG surface. In both complexes, the imidazolium ring is parallel to 

the FG surface but tilts itself slightly so that the methylated imidazolium nitrogen (N) atom is 

nearer to the FG surface than the butylated nitrogen. In addition, [BF4]¯ and [PF6]¯ anions tend to 

interact with the FG surface through two and three of their fluorine atoms respectively. In contrast, 

in the FG…[Bmim][Tf2N] complex, the [Bmim]+ cation interacts with the surface through a non-

classical C-H bond with the 2-position of the ring. In this complex, the butyl group shows a 

tendency to lie in the plane of the FG surface. Moreover, an oxygen atom of the SO2 group and a 

F atom of –CF3 group in the [Tf2N]¯ anion interact with the FG surface. In the case of 
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FG…[Btma][Y] complexes, the [Btma]+ cation adopts different orientations with respect to the 

FG surface. The [Btma]+ cation in the FG…[Btma][Y] (Y = BF4¯ and Tf2N¯) complexes tends to 

be oriented parallel to the FG surface, and prefers to interact through its butyl and methyl groups, 

while in the FG…[Btma][PF6] complex it is perpendicular to the FG surface and binds using two 

of its methyl groups. The [BF4]¯ and [PF6]¯ anions interact with the FG surface through three of 

their F atoms, whereas the [Tf2N]¯ anion interacts with the FG surface via two F atoms of the –

CF3 group and one O atom of –SO2 group. 

     In order to evaluate and compare the strength of interaction of the different ILs with the FG 

surface, the binding energy (ΔEb) values were calculated at the M06-2X/cc-pVDZ level according 

to equation 1. These range from -1.68 to -2.31 kcal/mol (Table 1) and represent only very modest 

affinities. The ΔEb values for adsorption of [Bmim][Y] (Y = BF4¯, PF6¯, and Tf2N¯) ILs on the 

FG surface is higher than those of [Btma][Y] (Y = BF4¯, PF6¯, and Tf2N¯) ILs. However, the rank 

order of adsorption of [Bmim][Y] and [Btma][Y] (Y = BF4¯, PF6¯, and Tf2N¯) ILs on the FG 

surface is similar and as follows: [Y][Tf2N] > [Y][PF6] > [Y][BF4] (Y = Bmim+ and Btma+). We 

also compared the trend of these ILs for adsorption on the FG surface with respect to graphene and 

hexagonal boron-nitride surfaces. The binding energies calculated at the M06-2X/cc-pVDZ level 

for adsorption of these ILs on the graphene and hexagonal boron-nitride sheets are reproduced 

from our previous studies [39-40] and are summarized in Figure 3 for comparison purposes. The 

adsorption of ILs to the surfaces, regardless of IL identity, is generally found to be in order of 

graphene > hexagonal boron-nitride > fluorographene, indicating that fluorinating the graphene 

surface strongly decreases the binding energy of ILs. This is as expected as FG lacks the π system 

and the strong potential dipole interactions of graphene and boron nitride.  

     The charge analysis estimated using the ChelpG method revealed that upon adsorption of ILs, 

the charge of FG surface changes significantly (Table 1). According to this analysis, the negative 

sign of induced charge on the FG surface (Δq(Surface)) indicates that the charge is transferred from 

the ILs to the FG surface with the exception of FG…[Btma][PF6] complex. A comparison between 

the amount of charge transfer in the FG…IL complexes and that in the graphene…IL and 

hexagonal boron-nitride…IL complexes [39-40] shows that the amount of charge transfer in the 

FG…[Bmim][Y] (Y = BF4¯, PF6¯, and Tf2N¯) complexes is greater than that in the graphene 

(hexagonal boron-nitride)…[Bmim][Y] complexes. In addition, the amount of charge transfer in 

the FG…[Btma][Y] (Y = BF4¯, PF6¯, and Tf2N¯) complexes doesn’t show a clear trend in 
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comparison to graphene (hexagonal boron-nitride)…[Btma][Y] complexes. This observation 

indicates that the lack of a π system in FG surface can be a significant factor for determining the 

degree of charge transfer.  

 

3.2. HOMO−LUMO energy gap, density of states (DOSs) and global molecular descriptors  

     The interaction character and charge transfer between ILs and the FG surface may affect the 

electronic structure of the FG surface. To probe this, density of states (DOSs) were then calculated 

for the FG surface and all the complexes involved in this study (see Figure S4 in the Supporting 

Information for details of the calculated DOSs). The predicted DOSs showed that IL adsorption 

leads to small changes in the DOS pattern of FG surface.  

     The HOMO energy level of the FG surface is destabilized and the LUMO energy level is 

stabilized after adsorption of ILs except in the case of adsorption of ILs containing [BF4]¯ anion 

(Figure S4). The variations in the energy of the frontier molecular orbitals leads to change in the 

HOMO-LUMO energy gap (Eg) of different FG…IL complexes (Table 1). The calculated Eg 

values show that the adsorption of ILs on the FG surface decreases the HOMO-LUMO energy gap 

of FG surface, which leads to an increase in the number of electrons in the conduction band and in 

turn results in enhanced conductivity. 

     The calculated HOMO-LUMO energy gap is a main feature in determining the electrical 

conductivity (σ) of a material because the energy required for removing an electron from the 

outermost shell is equivalent to Eg value. The classic relationship is described by the following 

equation [55[59]: 

g

B

-E
σ exp( )              (Equation 4)

2k T
  

where Eg is the HOMO-LUMO energy gap, kB is the Boltzmann constant, and T is the temperature 

in Kelvin. According to this equation, a larger HOMO-LUMO energy gap at a given temperature 

leads to less electrical conductivity and vice versa. Comparing the Eg values of the FG…IL 

complexes shows that the electrical conductivities of FG…[Bmim][Y] (Y = BF4¯, PF6¯, and 

Tf2N¯) complexes are predicted to be greater than FG…[Btma][Y] complexes. The amount of 

decrease in the HOMO-LUMO energy gap of FG surface with adsorption of ILs is provided as 

∆Eg in Table 1. The adsorption of [Bmim][Y] (Y = BF4¯, PF6¯, and Tf2N¯) ILs decreases the 

HOMO-LUMO energy gap of FG surface more than the adsorption of [Btma][Y] (Y = BF4¯, PF6¯, 
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and Tf2N¯) ILs. The smallest decrease in the HOMO-LUMO energy gap of the FG surface is 

observed for the adsorption of ILs containing [BF4]¯ anion and the greatest decreases are achieved 

by adsorption of ILs containing [Tf2N]¯ anion; this is in complete agreement with the observed 

trend of IL adsorption with FG surfaces: the greater the binding energy, the greater is the decrease 

in the Eg of FG surface (more negative values of ∆Eg) upon IL adsorption. The Fermi energy level 

of the FG surface rises upon adsorption of ILs. The most significant shifts in the Fermi energy 

level are achieved via adsorption of [Bmim][Tf2N] and [Btma][Tf2N] ILs.  

The minimum energy required to remove an electron from the Fermi level to the vacuum 

level of a surface is defined as the Work Function (WF) of the surface and is calculated 

according to the following equation: 

 

 

where Einf is the electrostatic potential at infinity (vacuum level),a nd EFL is the Fermi level energy 

of the system [5559]. Einf is assumed to be approximately zero as any error does not have a 

significant impact on the analysis of the relative values of the WF of the surface and its complexes. 

The canonical assumption for the position of Fermi level (at T = 0 K) for any given molecule is 

the exact center of the energy gap (Eg) [59]. This is because the energy of the center of the Eg is 

the chemical potential of the system (μ). The chemical potential of a free gas of electrons is equal 

to its Fermi level so the Fermi level is equal to the value at the center of the Eg [62]. The work 

function changes (∆WF) were calculated by subtracting the work function of the FG surface from 

that of the corresponding FG…IL system. The greatest decrease in WF was observed for the 

adsorption of [Bmim][Tf2N] and [Btma][Tf2N] ILs. Finally, a negative ∆WF value (Table 1) may 

arise from a donation of charge from the IL to the FG surface, which correlates with an increase 

in the electrical conductivity of FG surface upon exposure to the IL as has been previously shown. 

. According to our results, the EF value of FG surface increases upon IL adsorption. Therefore, the 

potential barrier for electron emission from the FG surface is decreased due to the reduction in the 

work function. Thus, the emission from the FG surface will be facilitated by adsorption of ILs. A 

significant improvement in the field emission properties of the FG surface is observed when 

[Bmim][Y] (Y = BF4¯, PF6¯, and Tf2N¯) ILs are adsorbed on the FG surface.  

     To better understand the effect of IL adsorption on the electronic properties of the FG surface, 

the properties such as chemical potential (µ), chemical hardness (η), global softness (S), and 

inf FLWF = E  - E                 (Equation 5)
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electrophilicity index (ω) [63-65] were also calculated for FG surface (Figure 4, Table S3) and the 

different FG…IL complexes according to Koopmans’ theorem [66].  

     The μ value of the FG surface increases with improved adsorption of ILs; the μ value of the 

[Bmim] complexes is greater than for the [Btma] ILs. In addition, the predicted chemical hardness 

(η) of FG surface decreases with greater adsorption of ILs. To explain the observed reactivity 

trends, we could say that a high HOMO-LUMO energy gap (Eg) indicates greater stability and 

lower reactivity of the chemical system and a soft molecule with a small energy gap will be more 

polarizable than hard molecules with a large energy gap. According to this criterion, the 

FG…[Btma][Y] complexes are predicted to be harder (more η value) and have lower reactivity 

than FG…[Bmim][Y] complexes due to their higher Eg values. In addition, the relative 

electrophilic nature of a molecule is evaluated using a global molecular descriptor known as 

electrophilicity index (ω). This descriptor measures the stabilization in energy when the system 

gains an additional electronic charge (∆N) from the environment. A good electrophile is 

determined by a high value of μ and a low value of η. Our results in Figure 4 show that the ω value 

of FG surface generally decreases upon adsorption of ILs and the FG…[Btma][Y] complexes are 

better electrophiles than FG…[Bmim][Y] complexes. 

3.3. Optical properties 

     UV–vis spectroscopy has proven to be an effective optical characterization tool for 

understanding the electronic structure of semiconductor materials [67]. Fluorographene has drawn 

growing attention due to its hydrophobic surface, sp3 architecture, and outstanding properties [68]. 

Wang and co-workers have shown that the fluorination of graphene leads to a blue shift for the 

characteristic π → π* electron transition of the C=C from 269 nm to 251 nm and 247 nm [16], 

demonstrating that the bandgap is opened by the introduction of C-F covalent bonds in graphene. 

They also observed that additional new peaks arise as the extent of fluorination increases. Mazánek 

and co-workers have also synthesized a series of fluorinated graphene surfaces with various 

degrees of fluorine substitution [69]. They found that the position of absorption peaks is dependent 

on the extent of fluorination. 

     In this study, we computationally investigated the UV-vis spectrum of fully fluorinated 

graphene and analyzed the effect of ionic liquid adsorption on the optical properties of the 

fluorographene surface. The UV-vis absorption spectra were calculated using the TD-M06-2X/cc-
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pVDZ level and shown in Figure 5. The computed wavelengths (λ), excitation energies (E), 

oscillator strength (f), excitation coefficients, main transitions, and different excitation states of 

both the fluorographene (FG) surface and FG…IL complexes were determined (Table S4). 

According to these calculated parameters, the UV-vis absorption spectrum of a fully-substituted 

FG surface shows an intense absorption band at λ = 179 nm corresponding to an electronic 

transition of HOMO-1 → LUMO, which corresponds to electronic transitions from nonbonding 

electrons of a F atom to the antibonding orbital of C-F (n → σ*(C-F)) of the FG surface (Figure 5 

and Table S4). The calculated spectra of FG…[Bmim][Y] and FG…[Btma][Y] (Y = BF4¯, PF6¯, 

and Tf2N¯) complexes are similar in shape to that of the FG surface (Figure 5); the IL adsorption 

does not greatly change the absorption spectrum of FG surface and only leads to small red shifts 

in the absorption band at λ = 179 nm, this is to be expected as the weak FG…IL interaction would 

not be expected to have a significant effect on the optical behavior of the material. 

     The absorption spectra of the FG…[Bmim][Y] (Y = BF4¯ and PF6¯) complexes are 

characterized by two absorption bands, except while those of the FG…[Bmim][Tf2N¯] and all the 

FG…[Btma][Y] (Y = BF4¯ and PF6¯) complexes show only one absorption band. The absorption 

spectra of the FG…[Bmim][BF4] and FG…[Bmim][PF6] complexes are characterized by two 

absorption bands at 180 nm and 201 nm for FG…[Bmim][BF4] complex and slightly more red 

shift peaks of 181 nm and 205 nm for FG…[Bmim][PF6]. In these complexes, the stronger 

absorption bands (λ = 180.3 nm and 180.7 nm) are related to HOMO-5 → LUMO electronic 

transitions, while weaker absorption bands (λ = 201 nm and 205 nm) are associated with HOMO 

→ LUMO transitions. The only absorption band observed for the FG…[Bmim][Tf2N] complex is 

located at 180.0 nm and is associated with the HOMO-13 → LUMO electronic transition. The 

main transition configurations for the FG…[Btma][Y] complexes are shown in Figure 5. A 

comparison between the strength and red-shift of the absorption bands of these complexes 

indicates that the FG…[Btma][PF6] complex has a weaker absorption band (E = 6.83 eV) with a 

higher wavelength (181.4) in comparison to either the FG…[Btma][BF4] or the 

FG…[Btma][Tf2N] complexes. The absorption bands in the FG…[Btma][BF4], FG…[Btma][PF6] 

and FG…[Btma][Tf2N] complexes are associated with the HOMO-2→LUMO, HOMO-

3→LUMO and HOMO-12→LUMO transitions, respectively. 

    

4. Conclusions 
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     The adsorption of [Bmim][Y] and [Btma][Y] (Y = BF4¯, PF6¯, and Tf2N¯) ionic liquids (ILs) 

on the fluorographene (FG) surface and the corresponding changes in the FG electronic structure 

have been investigated using DFT based methods. Binding energy (ΔEb) calculations show that the 

fluorination of graphene surface significantly decreases the adsorption strength of ILs with respect 

to graphene and hexagonal boron nitride surfaces such that for almost any IL, the binding affinities 

follow a predictable trend: ΔEb (Graphene…IL) > ΔEb (Hexagonal boron-nitride…IL) > ΔEb (Fluorographene…IL). The 

low binding energy of ILs in the FG…IL complexes arises due to the presence of a series of weak 

non-covalent interactions, including C-H···F-C, S=O···F-C, C-F···F-C and C (from IL)···F-C 

(from FG surface), between ILs and FG surface, as highlighted by non-covalent interaction (NCI) 

plots and further confirmed by QTAIM analysis. Furthermore, a comparison between the 

adsorption strength of ILs on the FG surface shows that [Bmim][Y] ILs show higher affinity for 

FG than their [Btma][Y] counterparts. The rank order of adsorption is also dependent on the anion 

as follows: [X][Tf2N] > [X][PF6] > [X][BF4] (X = Bmim+ and Btma+). The degree of charge 

transfer from the ILs to the FG surface is evident from the ChelpG charge analysis. Density of 

states (DOSs) calculations indicate that the presence of non-covalent interactions and charge 

transfer leads to variations of the HOMO and LUMO energy levels of the FG surface. The HOMO-

LUMO energy gap (Eg) of the FG surface significantly decreases, meaning leading to an 

enhancement in electrical conductivity upon adsorption of ILs. The greater the amount of binding 

energy, the greater the decrease in the Eg value of the FG surface with adsorption of ILs. According 

to our results, the FG…[Btma][Y] complexes have bigger Eg values, higher η values and lower 

reactivities than the FG…[Bmim][Y] complexes. Electronic property calculations show that the 

adsorption of ILs increases the μ value of FG surface, while the η and ω values of FG surface 

decrease upon adsorption of ILs. Finally, a comparison of the UV-vis absorption spectra of FG 

and FG…IL complexes shows that IL adsorption leads to small red shifts in the λ = 179.4 nm 

absorption band of the FG spectrum. The insights obtained from this current study will be useful 

in future optoelectronic device design using fluorographene semiconductors. 
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Figure Caption 

Figure 1. Optimized geometries of fluorographene (FG) model and ionic liquids at M06-2X/cc-

pVDZ level: (i) top view and (ii) side view. 

Figure 2. The most stable geometries of FG…IL complexes optimized at the M06-2X/cc-pVDZ 

level. Each complex is shown from both a top-down, and side-on view for clarity. 

 

Figure 3. Comparison of binding energies of fluorographene, graphene and hexagonal boron-

nitride surfaces with ILs calculated at the M06-2X/cc-pVDZ level. The binding energies for 

adsorption of ILs on the graphene and hexagonal boron-nitride surfaces have been taken from our 

previous studies [39-40]. 

 

Figure 4. Comparison of Eg, -µ, η and ω values (in eV) of FG surface and different FG…IL 

complexes. 

Figure 5. The UV-vis absorption spectra of fluorographene surface and its complexes with ILs 

computed at the TD-M06-2X/cc-pVDZ level of theory. 
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27 
 

Figure 4. 
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Figure 5. 
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Table 1. Thermodynamic parameters of the studied systems: ΔEb is the BSSE corrected binding energy; ∑ρ(r)(cation…FG) is 

the sum of the electron density at the BCPs between the cations of the ionic liquids and the FG surface; ∑ρ(r)(anion..FG) is 

the same but for the anionic counterions; Δq(Surface) is the calculated charge transfer on the FG surface in the FG…IL 

complexes compared to the unassociated FG surface; ε(HOMO) and ε(LUMO) are the energy of the orbitals, and the Eg is the 

calculated HOMO-LUMO energy gap of the FG and FG…IL complexes; ∆Eg represents the decrease in the Eg for the FG-

IL complexes relative to FG alone; EFL represents the Fermi energy level; WF is the work function of the FG surface and 

FG…IL complexes; and ∆WF is the change of work function of FG surface upon the IL adsorption. 

Structure ΔEb (kcal/mol) ∑ρ(r)(cation…FG) ∑ρ(r)(anion..FG) 
aΔq(Surface) (e) ɛ(HOMO) (eV) ɛ(LUMO) (eV) bEg (eV) c∆Eg (eV) EFL (eV) WF (ev) d∆WF (eV) 

Fluorographene     -10.86 -1.65 9.21  -6.25 6.25  

FG[Bmim][BF4] -2.02 0.0782 0.0558 -0.0898 -9.12 -1.57 7.55 -1.66 -5.34 5.34 -0.91 

FG[Bmim][PF6] -2.28 0.0825 0.0760 -0.0401 -9.29 -1.81 7.48 -1.73 -5.55 5.55 -0.7 

FG[Bmim][Tf2N] -2.31 0.0798 0.0544 -0.1824 -8.79 -1.79 7.0 -2.21 -5.29 5.29 -0.96 

FG[Btma][BF4] -1.68 0.0629 0.0786 -0.0843 -10.57 -1.5 9.07 -0.14 -6.03 6.03 -0.22 

FG[Btma][PF6] -1.98 0.0556 0.079 0.0294 -10.59 -1.8 8.79 -0.42 -6.19 6.19 -0.06 

FG[Btma][Tf2N] -2.18 0.0931 0.0746 -0.0022 -8.94 -1.82 7.12 -2.09 -5.38 5.38 -0.87 

a The charge on the fluorographene (FG) surface is zero before adsorption of ILs.  

b Eg = ɛ(LUMO) – ɛ(HOMO).  

c ∆Eg = Eg(FG-IL) – Eg(FG).  

d ∆WF = WF(FG-IL) – WF(FG) 
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