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Abstract: A new fluorescent chemosensor bearing two imidazolium groups was 

designed and investigated by DFT/TDDFT method. The fluoride-sensing mechanism of 

the chemosensor was studied by the geometry optimization, two-dimensional potential 

energy surface (PES) scan, absorption/emission spectra simulation, and frontier 

molecular orbital (FMO) analysis. The calculations show that this chemosensor displays 

an emission band at 407 nm. PES scan confirmed that the excited state proton transfer 

(ESPT) process of the chemosensor-fluoride complex is barrierless. The ESPT process 

took place in the C–H•••F hydrogen bond with C–H moiety acting as a proton donor 

and the fluoride anion acting as a proton acceptor. This process proved that addition 

of fluoride anion could lead to the formation of the carbene form of the chemosensor. 

Due to the nπ-type transition mode obtained by FMO, the carbene form has a red-shift 

emission band at 523 nm. 
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1 Introduction 

Hydrogen bond (H-bond) occurs in both inorganic molecules [1] and organic molecules. 

Especially, it plays a key role in determining the three-dimensional structures of proteins [2] 

and DNAs [3]. In these macromolecules, the H-bond between parts of the same 

macromolecule causes it to fold into a specific shape, which helps the molecule determine its 

biochemical role. According to the definition from IUPAC, H-bond is an attractive 

interaction between a hydrogen atom from an X–H group (H-bond donor) and an atom or a 

group with high electron density (H-bond acceptor) [4]. The X atom in H-bond donor or 

H-bond acceptor is always an electronegative atom, such as N, O, or F. So H-bonds involved 

N, O, or F are most frequently studied [5-7]. For some time there were researches on C–H 

moieties with electron-withdrawing groups, which were proved to be able to act as H-bond 

donors [8]. This is because the electron-withdrawing moieties lead to the electron pair in 

C–H moiety close to the carbon atom. 

Due to the fundamental roles that anions play in a wide range of chemical and 

biological processes，numerous efforts have been devoted to the design of chemosensors 

capable of selectively sensing anions. The development of selective sensors for fluoride 

anions is of particular interest because they play vital roles in a wide range of our life，such 

as food science, dental care, and the treatment of osteoporosis [9-11]. midazolium cation can 

be formed by protonation or substitution at nitrogen atom of imidazole. It has been used as 

ionic liquids and precursors to stable carbenes [12]. As mentioned above, the C–H moiety 

between two nitrogen atoms in imidazolium cation is likely to form H-bond with 

electronegative atoms or anions [13-16]. The H-bond could be strengthened or weakened 

upon excitation [17-19] and can be monitored by fluorescent spectra. Accordingly, we can 

design a fluorescent chemosensor for fluoride anions. In general, free imidazolium do not 

have visible light absorption [20-23]. To improve the photoabsorption properties of 

imidazolium cations, some groups with conjugated structures can be introduced into the 

imidazolium skeleton [24,25]. Thus, the fluoride anion can be easily discerned by virtue of 

the distinct fluorescence wavelengths that they elicit. 

Based on C–H•••F H-bond interaction, we designed a fluorescent chemosensor for 

fluoride anion, 1,1’-butane-1,4-diylbis(3-methylbenzimidazolium), (see Figure 1, abbreviated 

as b). This chemosensor can be easily synthesized by methylation of corresponding 

imidazole compound that is only slightly soluble in water. Forming imidazolium cation 

could increase the solubility of the chemosensor, which is favorable to sense the fluoride 

anions in aqueous solutions. The quantum-chemical calculations are performed to 

investigate molecular spectra and the structural parameters of the molecule. The 
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fluoride-sensing mechanism can be explained in details by this means. The mechanism is 

important for the design and synthesis of the fluorescent chemosensor. Further research on 

synthesis of this chemosensor is underway in our lab. 

 

Figure 1: Structure of chemosensor b. 

2 Computational Details 

All calculations on electronic structures were carried out using the ORCA 2.8 program [26]. 

Geometry optimizations for the ground state and the first singlet electronic excited state of 

the chemosensor were performed using the density functional theory (DFT) and 

time-dependent density functional theory (TDDFT), respectively. B3P86 functional [27-30], 

Becke's three-parameter hybrid exchange functional with the non-local correlation provided 

by Perdew 86, was the more reasonable choice to be in good accordance with the 

experimental results and not time-consumption [31,32]. Then it was used in both the DFT 

and TDDFT methods in the sequential work. The triple-valence quality with one set of 

polarization functions (TZVP) [33] was chosen as basis sets throughout, which is an 

appropriate basis set for such ionic organic compounds. No constrains for symmetry, bonds, 

angles, or dihedral angles were applied in the geometry optimization calculations. To 

evaluate the solvent effect in the sensing process, water was employed as solvent in the 

SCRF calculations by using the conductor-like screening model (COSMO) method [34]. All 

of the local minima were confirmed by the absence of an imaginary mode in vibrational 

analysis calculations. 

3. Results and Discussion 

In our calculations we have started with structural optimizations of the chemosensor b, its 

fluoride complex (bf) and deprotonated structure (carbene form, bc) in the ground (S0) state. 

The structural optimizations have been done on the B3P86 level and within the TZVP basis 

set. We find that all the three molecules converge to the Ci symmetry. The structures of the 
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investigated molecules are shown in Figure 2. In chemosensor b, the C2–H bond length is 

1.097 Å . But in bf, the C2–H bond length is slightly elongated to 1.171 Å . Moreover, the 

calculated distance between H and F in bf is 1.627 Å , which is much longer than the length 

of the HF molecule (0.92 Å ) [35].The C2–H and H–F bond lengths, as well as the C2–H–F 

bond angle (160.7º), indicate the formation of an intramolecular H-bond (C2–H–F). In bf, 

both the N1–C2 and C2–N3 bond lengths are 1.352 Å , and the N1–C2–N3 bond angle is 

108.2º. In comparison with bc, the N1–C2 and C2–N3 bond lengths are respectively 1.368 Å  

and 1.369 Å , and the N1–C2–N3 bond angle is 103.4º. It is noted that bf exhibits almost the 

same geometric structure as b. The two molecules are expected to show similar 

photophysical and chemical properties. 

Figure 3 presents the optical absorption spectra calculated with TDDFT/B3LYP 

approach. The red, blue and olive colors correspond to b, bf and bc in aqueous solutions, 

respectively. The continuous lines simulate the absorption spectra from the oscillator 

strengths of the electronic transitions between the S0 and the first singlet excited (S1) states, 

where relevant bands are approximated by the Lorentz function with the parameter of the 

full width at half maximum 0.25 eV. The strongest absorption band of b in the UV-region 

centered at about 272 nm. As predicted in geometry optimizations, the absorption spectrum 

of bf should be similar with b. In Figure 3, the absorption maximum of bf is only 

blue-shifted 7 nm in comparison with b. However, bc shows two main absorption bands, 

295 and 355 nm. It indicates that bc could have different absorption mode from b or bf. 

   
b bf bc 

Figure 2: Optimized geometries of chemosensor b, bf and bc at the S0 state. (gray: C; white: 

H; blue: N; cyan: F) 

Frontier molecular orbital (FMO) theory has recently provided an elegant explanation 

for the electron process in the absorption spectra [36]. In this theory, the lowest unoccupied 

molecular orbital (LUMO) and the highest occupied molecular orbital (HOMO) play vital 

roles. As seen in Figure 4, both HOMO and LUMO of b are doubly degenerate, and they are 

delocalized over the benzimidazolium moiety. The orbital shapes show that the maximum 

absorption intensity of b is a dominant ππ-type transition from HOMOs to LUMOs. In the 

case of bc, the HOMO and LUMO are also doubly degenerate. The HOMOs of bc are mainly 
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composed of the atomic orbital on the C2, which are nonbonding orbitals including lone 

electron pairs. So the maximum absorption intensity of bc is an nπ-type transition from 

HOMOs to LUMOs. The energy of the nonbonding orbital (n orbital in Figure 5) is higher 

than that of the bonding orbitals in bc. As a consequence, we can explain that the red shift of 

the maximum absorption band of bc in the calculated absorption spectra. It may be deduced 

that there will be obvious difference between the emission spectra of b and bc. 
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Figure 3: Calculated absorption spectra of b, bf and bc. 
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Figure 4: Frontier molecular orbitals shapes of b and bc. 

The geometries of the S1 states of b, bf and bc were optimized at the TDDFT/B3P86 

/TZVP level of theory. The COSMO salvation model was used to evaluate the solvent effect 

of water. For the S1 optimization process of three molecules, we used the initial 
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configurations obtained from the S0 optimized geometries. The results of b and bc showed 

similar structures. For bf, the C2–H bond is shortened to 1.171 Å  and the H–F bond is 

lengthened to 1.627 Å  compared with its S0 state. The transfer of the proton from C2 to F is 

energetically favorable for bf in the S1 state. In order to confirm this process, the potential 

energy surface (PES) for the excited state proton transfer (ESPT) in bf is constructed and the 

results are displayed in Figure 6. In the PES, energy variation has been observed 

simultaneously as a function of the reaction coordinates C2–H and H–F distances. The S1 

surface reveals a barrierless way for the ESPT process (white arrows in Figure 6). In this 

process the H–F bond is shortened and the C2–H bond is lengthened. So, we surmise that 

there is the ESPT process from C2 to the F for the fluoride complex bf. 

E
n

e
rg

y

π

π*

π

π*

n
hv

hv

b bc
 

1.0 1.2 1.4 1.6 1.8

1.0

1.2

1.4

1.6

1.8

H
-F

 b
o
n
d
 l
e
n
g
th

 (
Å

)

C2-H bond length (Å)

0

10.00

20.00

30.00

60.00

90.00

120.0

150.0

180.0

220.0

260.0

300.0

340.0

374.0

Energy (kJ/mol)

*

*

 

Figure 5: Energy levels of frontier 

molecular orbitals of b and bc.  

 

 

Figure 6: PES for the ESPT process of bf. 

(The black and white asterisks respectively 

refer to the S0 and S1 optimized geometries 

of bf.) 

The S1–S0 vertical excitation energies of b and bc were simultaneously calculated to 

estimate their emission spectra (see Figure 7). For both b and bc, it is observed that, after 

relaxation to their S1 state, the energies of the first electronic transitions decrease significantly. 

The chemosensor b displays an emission band with a maximum at 407 nm. For bc, this band 

is red-shifted to 523 nm. It can clearly be observed that the emission wavelength of bc are 

much longer than that of b. The emission wavelength difference of b and bc could be easily 

observed in the fluorescence spectra. 

The results we presented confirm the fluoride-sensing mechanism of the designed 

fluorescence chemosensor b. Figure 8 provides the detailed information of the sensing 

mechanism. In the S0 state, the the C2–H moiety of b can capture the fluoride anion to form 

an H-bond. The fluoride complex bf absorbs the photon with a proper wavenumber, and is 
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excited to the S1 state. At the same time, the C2–H bond is weakened and the H–F bond is 

strengthened by the electronic excitation. As reported, intermolecular H-bond strengthening 

and weakening could lead to red-shifts and blue-shifts in the electronic spectra [17–19]. 

ESPT takes place in bf, with C2–H moiety acting as a proton donor and the fluoride anion 

acting as a proton acceptor. Thus, bf in the S1 state can be seen as bc binding a HF molecule. 

It could easily lose the HF molecule to form the carbene bc, whose emission band is 

red-shifted. 
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Figure 7: Calculated emission spectra of b and bc. 
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Figure 8: Sensing mechanism for the chemosensor b for fluoride anion. 

4. Conclusion 

In summary, we have designed a fluoride chemosensor based on C–H•••F H-bond 

interaction. The fluoride-sensing mechanism of the chemosensor was described detailedly 
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by the DFT/TDDFT calculations. The results of geometry optimization showed that the 

chemosensor-fluoride complex had very different structures in S0 and S1 states and there 

could be an ESPT process. The ESPT process was further confirmed through elucidation of 

the PES across the reaction coordinate. The calculated data of frontier orbitals and vertical 

transition energies was used to explain the difference in the chemosensor’s fluorescent 

spectra before and after adding fluoride anions. Due to the difference of emission band 

between the chemosensor and its carbene form, the designed chemosensor can be used to 

sense fluoride anion by monitoring the changes in its fluorescence spectrum. 
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