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Abstract  

A theoretical analysis of a series of imidazole-based Y-shaped chromophores, D1-D8, is performed in order to 

investigate their non(linear) optical, fluorescence, and charge-transport properties. The calculations have been 

carried out employing DFT and TD-DFT methods at CAM-B3LYP and M06-2X levels of theory. FMO analysis 

reveals that in ground state, highest occupied molecular orbital is localized on the 4,5-dimethylanilino donor 

moiety and imidazole core while lowest unoccupied molecular orbital spreads on p-linker and nitro acceptor 

moieties. Vertical absorption and fluorescence transitions are characterized as intramolecular charge transfer and 

maximum absorption and fluorescence wavelengths show that by changing the p-bridge to the imidazole C2, we 

can tune fluorescence color from cyan to orange. Calculated (hyper)polarizabilities show that elongation of π-

linker by polarizable subunits, such as double bonds or heteroaromatic rings, increases significantly the 

nonlinear response and shifts the charge-transfer band bathochromically. Calculated reorganization energies 

indicate that the studied compounds are hole-transporting materials rather than electron-transporters. 

Interestingly, D7 and D8, with higher hyperpolarizabilities, are predicted to be potent candidates for NLO-

devices while D5 and D8 molecules are expected to be promising candidates for luminescent materials and good 

hole-transport materials for organic light emitting diodes. 
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Introduction 

 Due to their ease of synthesis and structural modification, organic dyes are widely studied [1]. They 

exhibit high chemical and good thermal robustness, large optical transparency wavelength range, high 

thresholds for laser damage and good solubility in common organic solvents [2, 3]. Furthermore, they have 

considerable potential as active components in the design of devices for telecommunications, optical data 

storage and optoelectronic, such as light-emitting diodes (OLEDs), and organic photovoltaic cells [4, 5]. Both 

the (non)linear optical response of the molecule and the efficiency of charge transport within organic layers play 

a crucial role in these applications, [6, 7].  

Considerable attention has been focused over the last few decades and significant progress has been 

made in the development of new organic push-pull systems [8] exhibiting organic light emitting properties or 

large NLO susceptibilities [9-11]. A typical organic push-pull chromophore consists of strong electron donor D 

and strong electron acceptor A linked by a p-conjugated system [12]. This D-π-A arrangement ensures efficient 

intramolecular charge transfer (ICT) between the donor and acceptor moieties and generates a dipolar system 

with low-energy and intense charge transfer absorption. Chromophores containing two donor groups (D2-π-A) 

display improved intramolecular charge transfer compared to D-π-A molecules with one donor group [13]. 

 Numerous experimental and theoretical studies carried out over the past few decades have shown that 

optimal molecular hyperpolarizabilities can be achieved by tuning the electronic nature and length of the          

π-conjugated linker [14, 15] and/or the strength of the attached donor/acceptor electron groups [16]. In 

particular, the relationship between structure and property indicates that the molecular hyperpolarizability 

depends on the π-system building blocks, such as (hetero)aromatic rings and double-bonded fragments [9]. For 

the construction of suitable p-bridge in charge transfer chromophores, imidazoles have proved to be highly 

efficient five-membered heteroaromatics [17-19].  

Molecules based on imidazole typically have donor/acceptor groups connected by p-conjugated linker 

to form two main classes of Y-shaped charge transfer chromophores YCTCs [20]. The acceptor is appended to 

the imidazole C2 through an additional π-linker in the class denoted A-π-IM-(π-D)2, and two peripheral donors 

are linked at the imidazole C4 and C5 positions. In reverse orientation, the class, denoted D-π-IM-(π-A)2, has 

one donor and two acceptors In particular, 4,5-dimethyl-anilinoimidazole chromophore derivatives have been 

widely used for the construction of promising charge-transfer chromophores as suitable and robust aromatic 

systems [21, 22]. In addition, these materials exhibit respectable dipole moments, substantial nonlinearities, and 

retain significant polar order even at high temperature [23]. Furthermore, it was found that chromophores based 



on the imidazole core were extensively studied as photoluminescence materials and showed strong and tunable 

solid-state blue emissions, making them potentially applicable to OLEDs as active layers[24].  

In the present work, quantum chemical methods based on density functional theory (DFT) [25] and 

time-dependent DFT (TD-DFT) [26] have been used in order to better understand and evaluate the effects of the 

electronic nature and length of p-conjugation on (non)linear optical and charge transport properties in a series of 

substituted triaryl imidazole derivatives D1-D3 (Scheme 1a) as well as planarized imidazole derivatives, 

phenanthro[9,10]imidazoles D4-D8 (Scheme 1b). Moylan et al. [23] found that the planarization of the 4,5-

donor rings by the formation of a polycyclic phenanthrene aromatic core significantly increases the measured 

quadratic molecular hyperpolarizability [21]. The chromophore D1 [27] is the 2,4,5-triarylimidazole substituted 

with an electron-donating group (NMe2) at the para positions of the 4-aryl and 5-aryl rings and an electron-

withdrawing group (NO2) at the para position of the 2-aryl ring. Compared to D1, the positions of the 

donor/acceptor groups are inversed in D2. In D3 studied by Pokladko-Kowar et al. [28], the ethylenephenyl unit 

is added to the D1 p-linker. The 3,6-disubstituted2-phenylphenanthro[9,10]imidazole D4 is the planar analogue 

of D1. In the phenanthro[9,10]imidazole derivatives D5-D8, the NO2 group is linked to the imidazole core via 

various conjugated p-systems where double bonds as well (hetero)aromatic rings are introduced (see Scheme 

1a-b). 

 Our aim in the present contribution is to investigate the electronic and optical properties in a series of 

YCTCs D1-D8 in order to design novel potent imidazole-based compounds with substantial molecular 

hyperpolarizabilities, strong luminescence with tunable colour as well as high charge transporting characteristics 

for NLO and OLED devices.  

< Insert Scheme 1 here > 

Computational details 

 All gas phase equilibrium geometries of chromophores D1-D8 were fully optimized, without any 

symmetry constraints, using the Berny analytical gradient optimization method [29] and the standard polarized 

split-valence 6-31G(d,p) basis set [30] implemented in the Gaussian 09 package  [31]. The true minima were 

checked by the absence of imaginary harmonic vibration frequencies in the Hessian Matrix. The ground states 

(S0) geometries were optimized using the long-range corrected CAM-B3LYP functional [32] which has been 

successfully used for p-conjugated systems [33]. The first excited singlet states (S1) structures were optimized 

using the TD-CAM-B3LYP method which has been proven efficient in the determination of the charge-transfer 

transition energies for organic conjugated chromophores [34]. The Coulomb-attenuating method CAM-B3LYP 



[32] and the Minnesota functional M06-2X [35] in conjunction with 6-311++G(d,p) basis set were used for 

investigating the gas phase second-order NLO behaviors of the studied chromophores. These two functionals are 

currently more preferred than the traditional functionals to predict the NLO properties of large π-conjugated 

systems with a significant CT effect [36-38]. In this work, we used the sum-over-states (SOS) method  [39] and 

the two-state model (TSM) [40], based on electronic absorption characteristics, in order to relate the NLO 

responses of the studied compounds to their linear optical properties. The electronic absorption and fluorescence 

spectra in chloroform were predicted employing single point calculations performed with the TD-CAM-B3LYP 

and TD-M06-2X methods in conjunction with the 6-31G++(d,p) basis set. The S0 and S1 optimized states were 

used for the calculation of absorption and fluorescence characteristics, respectively. These two functionals are 

found to be appropriate for calculating the absorption and fluorescence spectra of p-conjugated organic 

chromophores [41, 42]. For instance, the calculated absorption λabs and emission λflu wavelengths of D3 agree 

well with the available experimental data [28] (see Tables 4-5). Solvent dielectric effects were considered using 

the popular implicit conductor-like polarizable continuum model (C-PCM) [43] which has become an 

increasingly useful tool for predicting the electronic structures of ground and excited states of molecules in 

solution [44]. The internal reorganization energies, which is one of the important parameters for determining the 

charge transporting properties, have been calculated in the gas phase at the CAM-B3LYP/6-31G(d,p) [45] level 

for the studied YCTCs  D1-D8.  

 

Results and discussion 

Frontier molecular orbitals  

 It will be helpful to analyse the frontier molecular orbitals (FMOs) of the molecules since the relative 

ordering of the occupied and virtual orbitals gives a qualitative indication of the excitation properties and of the 

ability of electron or hole transportation [46]. A molecule with a smaller frontier orbital gap is a soft molecule 

and consequently easily polarizable. 

Figure 1 displays the contour plots of the highest occupied molecular orbitals (HOMOs) and the lowest 

unoccupied molecular orbitals (LUMOs). It turns out that the electronic cloud distribution of the HOMOs of D1-

D8 are quite similar and they are predominantly located on the strong electron-donor units as p-bonding orbitals. 

Note that, the central imidazole moiety behaves as an electron donor in all systems. However, the electronic 

cloud distribution of the LUMOs of D1-D8 are extended over the p-conjugated linker and NO2 moieties as p-

antibonding orbitals. It means that the charge transfer in D1-D8 occurs from the imidazole-to-NO2 which leads 



to an efficient intramolecular charge transference and charge separation. We note that the extended π-

conjugation lengths in D3-D8 cause a significant difference in LUMO distribution compared with that in the 

reference system D1. 

< Insert Figure 1 here > 

 

The energies of the HOMOs, LUMOs, the HOMO-LUMO energy gaps, DEH-L, for the ground state structures 

D1-D8 are calculated at the CAM-B3LYP/6-31G(d,p) level of theory and given in Table 1. The values of the 

HOMO and LUMO energies, in eV, vary in the ranges [-6.91, -5.94] and [-2.48, -1.52] respectively. We found 

that, except for D2, the HOMO energies of YCTCs are slightly changed (-6,17 eV for D1, -6,04 eV for D3, -

6,11 eV for D4, -5,96 eV for D5, -6,01 eV for D6, -5,94 eV for D7, and -6,07 eV for D8); whereas the LUMO 

energies of D3-D8 YCTCs are all lower than that of D1. The impact of the additional units in p-conjugated 

spacer is reflected in the stabilization of the LUMOs, which is responsible for the enhancement of ICT in these 

systems. Table 1 shows that the extended π-conjugation length in D7 and D8 can stabilize the LUMO energy by 

0,53 eV and 0,87 eV, respectively, resulting in the narrow HOMO-LUMO energy gap compared with the case 

for D4. This can be explained by the presence of the ending thiazole moiety which acts as an auxiliary acceptor 

group.  

< Insert Table 1 here > 

 

NBO analysis 

Molecular orbital wave functions are transformed into one- and two-center representations by the 

natural bond orbital NBO method [47]. It gives insight into the interactions between different parts of the 

molecule. The NBO method provides information about interactions of orbital spaces, both filled and virtual, 

that could improve the study of intra- and intermolecular interactions. It is also possible to analyze 

hyperconjugative interactions due to electron transfer from filled bonding orbitals (donor) to empty anti-bonding 

orbitals (acceptor) [48]. The second-order Fock matrix was performed to evaluate the donor-acceptor 

interactions on the basis of NBO. The interactions contribute to a loss of occupancy from the idealized Lewis 

structure’s localized NBO into an empty non-Lewis orbital. The stabilization energy E(2) associated with the 

delocalization i®j is calculated, for each donor (i) and acceptor (j), as :  



                                                                                                                          

(1) 

where qi is the orbital occupancy of the donor; ei, ej are the diagonal elements and Fij is the off-diagonal NBO 

Fock matrix element. In NBO analysis, strong interactions between electron-donors and electron-acceptors are 

shown by large E(2) values, and the extent of conjugation of the whole system is greater. The calculated 

stabilization energies E(2) for chromophores D1-D8 are presented in Table 2. It is important to note that the 

stabilization energies, E(2), are proportional to the inverse of HOMO-LUMO gaps, DEH-L (see Figure 2). In Table 

2 are given the natural charges of the different segments of chromophores D1-D8. The positive values for donor 

moieties well validate their electron-donating ability, while the negative values for the acceptor group NO2 

reveal its electron-withdrawing ability. Moreover, the positive values for p-linkers indicate that they play the 

role of bridges which facilitate the charge transfer from donor to acceptor segments. These results point out that 

electrons move effectively from donor to acceptor through p-conjugated spacers and a charge separation state is 

formed.  

< Insert Table 2 here > 

< Insert Figure 2 here > 

 

Linear and nonlinear optical properties  

 In designing materials commonly used for signal processing, communication technology, optical 

memory devices, and optical switches, the understanding of (non)linear optical properties is essential [49]. 

Electromagnetic radiation interaction with a molecule polarizes the charge distribution and alters the propagated 

field. The intensity of the optical response depends on the whole material’s electronic properties. 

(Hyper)polarizability defines a molecule’s (non)linear response. Therefore, in order to determine the optical 

ability of molecular systems, these quantities are the properties that should be computed. 

The microscopic polarizability (P) induced in an isolated molecule by an electromagnetic wave incident under 

the applied electric field (E) can be expressed by the following equation:  

                                                                                                                            (2) 

where P and E are related to the polarizability and first and second-order hyperpolarizabilities, respectively, of 

the tensor quantities a, b and g. 
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The polarizability is the ability of a molecule to be polarized and the average polarizability <a> is determined 

by considering only the diagonal elements: 

                                                                                                            
                           (3) 

The first-order hyperpolarizability, b, is associated with the ICT through the p-conjugated system. b is a third 

rank tensor that can be described by a 3×3×3 matrix. Using the finite field theory approach, the value of b is 

computed by using the x, y and z components of first order hyperpolarizability b. The magnitude of b is 

calculated using following formula: 

                                                                                                                                         
(4a) 

where βi is defined as follows: 

       i, j Î {x, y, z}                                                                                                       (4b) 

Moylan and co-workers [21, 23] contributed significantly to the field of imidazole-derived CT chromophores for 

NLO. They showed that the chromophore D1 (Scheme 1) and its derivatives are characterized by substantial 

optical nonlinearities, high thermal stability, excellent solubility, and good transparency. The fluorescent 

properties of D1 derivatives have been studied by Bu et al. [22].  

To explore the influence of π-conjugated linkers on linear and NLO properties of the non planar derivatives D1-

D3 and planar derivatives D4-D8, the mean isotropic polarizability and the total first-order hyperpolarizability 

were calculated employing the popular CAM-B3LYP and M06-2X functionals in combination with the standard 

6-311++G(d,p) basis set. The dipole moment and polarizability components are collected in Table 3 and the 

components of first hyperpolarisability as well as btot and µb values are given in Table 4. Figure 3 shows that 

the CAM-B3LYP and M06-2X functionals give comparable values of ground state dipole moments and 

polarizabilities. The computed dipole moment values of D1-D8 range from 3.89(3.92) to 5.58(5.62) at the 

CAM-B3LYP(M06-2X) level as shown in Table 3. We note that the designed chromophore D8 is characterized 

by the highest value of the total dipole moment. Table 3 also shows that the main component, axx, and the mean 

polarizability, <a>, significantly increase with the size of p-conjugated spacer in the following order: D2 < D1< 

D4 < D3 < D6 < D5 < D7 < D8. 

< Insert Table 3 here > 

< Insert Table 4 here > 

< Insert Figure 3 here > 
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Table 4 recapitulates the calculated values of the components of first hyperpolarizability (b) and the molecular 

hyperpolarizability (µb) and the following order of btot has been obtained: D2 < D1 < D4 < D6 < D3 < D5 < 

D8< D7, indicating that the designed derivatives D7 and D8 are characterized by the highest NLO response. 

Literature suggests that in general, molecules with small HOMO-LUMO energy gap show large 

hyperpolarizability values [15]. This trend is correctly reproduced for all derivatives except for D6. As observed 

in Table 4, the highest btot calculated value is obtained for molecules with the extended p-conjugated systems.  

It turns out from Table 4, that the NLO response of D1-D8 is characterized by one dominant hyperpolarisability 

component, bx. We note that bx is the only significantly changing component and it is at least one order of 

magnitude greater than the other components. This means that, along the x axis, the CT excitation is basically 

unidirectional. On the other hand, A-π-IM-(π-D)2 derivatives displayed higher nonlinearities than that of 

chromophore D2 which varies in the orientation of the substituents along the imidazole ring (D-π-IM-(π-A)2). 

This implies that in the direction C4/C5→C2 imidazole is more polarizable [17]. 

 

UV-Vis absorption spectra 

 On the basis of the optimized ground state (S0) geometries, the TD-DFT/CAM-B3LYP(M06-2X) 

methods were used to calculate the absorption properties and electron excitation characteristics of compounds 

D1-D8 in chloroform. The detailed information, namely, the maximum absorption wavelength (labs), electronic 

absorption energies (Ege), oscillator strengths (fge), transition dipole moments (μge) and the major MO 

contributions for the most relevant singlet-singlet excited states are gathered in Table 5. It is well-recognized 

that the CAM-BLYP and M06-2X functionals are suitable for calculating the electronic transition energies [41, 

42]. Indeed, the calculated absorption wavelength λabs value of D3 agrees well with the experimental value and 

the deviations are 38(30) nm at the CAM-B3LYP(M06-2X) level. From the calculated absorption spectra for 

D1-D6, the HOMO-LUMO transition configurations are predominantly responsible for the S0®S1 excitation; 

while the corresponding excitations for D7 and D8 correspond mainly to the HOMO®LUMO and HOMO-

1®LUMO. The absorption maxima are then assigned to the ICT transition. As shown in Table 5, the 

spectroscopic properties of the planar derivatives D4-D8 are interesting in a way that the absorption maxima are 

red-shifted compared to the non planar triarylimidazoles D1-D3. For instance, when passing from D1 to D4, 

there is a significant bathochromic shift of labs and an increase of the hyperpolarizability. This can be ascribed 

to the enhancement of p-conjugation due to molecule planarization in D4.  Contrariwise, when passing from D1 

to D2, there is a slight blue-shift and the hyperpolarizability is reduced (see Tables 4-5). Table 5 also shows that 



extension of the conjugation length by addition of polarizable units produces a significant red-shift in the 

absorption spectra of these molecules. Indeed, one can find that the λabs of D3-D8 show bathochromic shifts 

compared to their parent compound D1. The TD-CAM-B3LYP(M06-2X) λabs of D3-D8 have bathochromic 

shifts of 1(11), 17(20), 32(40), 5(14), 44(55) and 42(54) nm compared with that of the parent compound D1, 

respectively (Figure 4). So, when the spacer becomes longer, the delocalizability of the central chain is 

improved by adding π-electrons which allows more efficient CT and accordingly larger btot values. It is also 

found that the oscillator strengths and consequently the coefficient of the absorption maximum in D7 and D8 

compounds are significantly larger than that in D1. For an electronic transition, the oscillator strength is 

proportional to the transition moment [50]. In general, greater oscillator strength corresponds to a larger 

coefficient of experimental absorption or a stronger intensity of fluorescence. This indicates that D7 and D8 

show larger absorption intensity than that of D1. It can be concluded that extension of p-conjugated linker 

enhances the absorption strength. 

< Insert Table 5 here > 

< Insert Figure 4 here > 

 

 The molecular (non)linear optical properties are closely related to the features of charge transfer (CT). 

We used the two state model (TSM) proposed by Oudar and Chemla [40] to gain further insight into optical 

response of the studied compounds. According to this model, the αCT magnitude is proportional to the transition 

dipole moment square and inversely proportional to the excitation energy while the βCT magnitude is 

proportional to the product of the transition dipole moment and the oscillating strength and inversely 

proportional to the transition energy cube [51].  

                            (5a) 

                                                                                                                                                    (5b) 

where fge denotes the oscillator strength of the transition from the ground state to the excited state, μge is the 

transition dipole moment, and Ege represents the electron absorption energy.  
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The calculated values of αCT and βCT are tabulated in Table 4. As we can see in Figure5, <a> values are well 

correlated to the quantity  suggested by the two-state model. D8 has the largest μge and the smallest Ege, so 

its aCT value is the largest, indicating that D8 has the strongest linear optical properties. 

< Insert Figure 5 here > 

 

As seen in Figure 6, as a whole, the bCT values qualitatively reproduce the general trend of the static first-

hyperpolarizabilities btot. It can be seen in Table 5, that the improvement in b values with increasing of the p-

spacer can be attributed to the increasing of μge.fge and decreasing Ege values. The results show that the  

values of the studied chromophores follow the trend: D2< D1< D4< D6< D3< D5< D7< D8 which agrees with 

the btot values (Figure 6). This consistency implies that the crucial states we have noted before (Table 4) make 

major contributions to the β values. Therefore, the large β value of compound D8 can be primarily ascribed to 

the lower electronic absorption energy paired with stronger oscillator strength, and their strong CT 

characteristic. However, the smallest CAM-B3LY/M06-2X value of β (7859.79/7769.57 a.u.) for compound D2  

can be rationalized by the collective effects of its largest electronic absorption energy (3.65/3.66 eV), almost 

weakest oscillator strength (0.63/0.60 a.u.), and smallest transition dipole moment (2.66/2.59 a.u.). 

< Insert Figure 6 here > 

 

In order to study the electron-transition process responsible for large NLO responses and illuminate the 

origins of absorption peaks, we calculated the difference in total electron density (EDD) [52] between the 

ground (S0) and first excited state (S1), at the CAM-B3LYP/6-31++G(d,p) level using time-dependent DFT 

calculations in a chloroform solvent. To visualize the charge transfer character when we changed the π-linker of 

the chromophores, we have plotted the electronic difference density maps (EDDMs) in Figure 1. The cyan color 

specifies electron density deficiency, while the purple color specifies increased electron density. Electronic 

distributions and localizations of the first singlet excite state visualized using the EDD maps show that the 

maximum absorption of all chromophores is mainly due to intramolecular electron transitions from the donor to 

the acceptor. For instance, the charge transfer in D4 is more pronounced than in D1, leading to a higher 

hyperpolarizability. 
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UV-Vis fluorescence spectra and Stokes shifts 

 One well-known characteristic of fluorescence is that emissions usually occur at longer wavelengths 

than absorption wavelengths [53]. Such a process, known as Stokes shift, shows the loss of energy between 

absorption and emission. The fluorophore is pumped to the n-order excited state (Sn) upon absorption, followed 

by rapid relaxation to the first excited state (S1, internal conversion), then decaying back to the ground state (S0, 

fluorescence). During internal conversion, loss of excitation energy results in red-shifted emissions (versus 

absorption) and thus, Stokes shifts. Self-absorption is a common fluorescence quenching mechanism that comes 

from the overlap between the spectrum of absorption and emission. The broad overlap between the absorption 

and emission spectra gives them a small Stokes shift for most fluorescent materials, which caused reabsorption 

by the fluorophore itself. Consequently, expanding their Stokes shifts, which reduces the spectral overlap of 

absorption and fluorophore emission, is the key for minimizing the self-absorption of the fluorophores and 

enhancing their efficiency effectively. To minimize reabsorption of emitted photons, Stokes shifts, typically 

over 80 nm, are desirable [54]. For practical application, the large Stokes shift is advantageous as it can reduce 

self-quenching resulting from molecular self-absorption. 

TD-CAM-B3LYP and TD-M06-2X calculations in chloroform were performed for predicting the 

fluorescence spectra of compounds D1-D8 using TD-CAM-B3LYP singlet excited state geometries. The 

fluorescence transition energies Eflu, fluorescence wavelengths λflu, main MO assignments, and the oscillator 

strength f for the lowest singlet excited state are listed in Table 6. Pokladko-kowar et al. [28] have investigated 

the fluorescent properties of the commercial dye D3 and its derivatives. The calculated emission λflu wavelength 

values of D3, 545(557) nm are in good agreement with experimental result, 535 nm. It can be seen from the 

results that for fluorescence spectra, the LUMO¬HOMO excitation plays a dominant role for D1-D7, whereas 

the fluorescence peak of D8 originates mainly from LUMO¬HOMO and LUMO¬HOMO-1 excitations. The 

study of size and electronic nature of conjugated p-system effects suggests that the λflu values of D3-D8 show 

bathochromic shifts of 13(21), 12(11), 49(54), 38(46), 104(111) and 73(82) nm as compared with that of the 

parent compound D1. The fluorescence color can be tuned from cyan (λflu=544/547 nm) to orange (λflu=636/647 

nm). Furthermore, as shown in Table 6, the f values of D3-D8 are larger than that of D1, showing stronger 

fluorescence intensity. On the other hand, we can also note that relatively high values of Stokes shift (>100 nm) 

are obtained from all chromophores: D1 (128/134 nm), D2 (169/172 nm), D3 (140/144 nm), D4 (123/125 nm), 

D5 (145/148 nm), D6 (161/166 nm), D7 (188/190 nm) and D8 (159/162) nm (Table 6). Rather broad Stokes 

shifts, as shown in literature, typically suggest an extensive structural reorganization in the excited state [55]. A 



plot of trends in Stokes shifts and singlet excited state dipole moment of D1-D8 is showed in Figure 7. The 

increase in excited state dipole moment and consequently geometric distortion are found to be responsible for 

the increased Stokes shifts [56]. The change in geometry in excited state suggests that electronic delocalization 

along the p-spacer is improved. In conclusion, the obtained results suggest that designed fluorophores D4-D8 

can be considered as important building blocks used in OLED devices such as light-emission layers. This is 

attributed to their strong fluorescent intensity and their high Stokes shift. 

< Insert Table 6 here > 

< Insert Figure 7 here > 

 

OLED properties 

 The efficiency of an OLED is determined by charge injection and transport, charge carrier balance, 

radiative decay of excitons, and light extraction. Charge transport is, however, one of the most important 

properties of OLED performance [57]. In high-performance OLED materials, the charge transport properties 

play a crucial role. The Marcus theory [58] can explain the rate of charge transfer by the following equation: 

 

                                                                                                                 

(6) 

where T is the temperature, the Boltzmann constant is kB and V is the element of the electronic coupling matrix 

(transfer integral) between the two adjacent species, largely determined by orbital overlap. The internal 

reorganization energy of the hole/electron (lh/e) due to geometric relaxation accompanying charge transfer refers 

to the system’s energy change and it is induced by structural relaxation after electron gain or loss and obtained 

by ignoring any relaxation and changes in the environment. Low reorganization energy is useful for transport 

charges. Pursuant to Eq. (6), it is obvious that the energy of reorganization should be low enough to achieve 

greater mobility of the hole/electron. The internal reorganization energy is commonly used to determine the rate 

of charge transport [59] as the key factor and can be calculated using equation (7) [60]:  

                                                                                                                                 
(7) 

where E!
"(E!

#) and E"
!(E#

!) are the charged energy on neutral states and neutral energy used cation (anion) 

states, respectively; E+(E-) and E0 are energies for cation (anion) states and neutral state, respectively.  

Listed in Table 7, the reorganization energies for electron (λe) and hole (λh) of D1-D8 molecules were 

predicted from the single point energy at the CAM-B3LYP/6-31G(d,p) level based on the CAM-B3LYP/6-
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31G(d,p) optimized neutral, cationic, and anionic geometries. Hole reorganization energy (lh) and electron 

reorganization energy (le) were used to evaluate charge transport abilities of dyes D1-D8. The results displayed 

in Table 7 show that the calculated λe values of D1-D8 (0.465-0.625 eV) are smaller than that of tris(8-

hydroxyquinolinato)aluminium (III) (Alq3) (λe=0.702 eV), which is a typical electron transport material (ETM) 

[59]. It implies that the D1-D8  are predicted to be better ETMs than Alq3. On the other hand, the calculated λh 

values of D1-D8 (0.378-0.536 eV) are smaller than that of N,N’-diphenyl-N,N’-bis(3-methlphenyl)-(1,1’-

biphenyl)-4,4’-diamine (TPD) (λh=0.578 eV), which is a typical hole transport material (HTM) [61]. It indicates 

that D1-D8  are predicted to be better HTMs than TPD. Table 7 also shows that the λe values are comparatively 

larger than the λh values for all the studied compounds, indicating that the hole transport performance of these 

dyes is better than their electron transport ability. Among the studied derivatives, D2 is found to have the poor 

hole transfer ability since it is characterized by the highest λh value, whereas D1 is found to have the poor 

electron transfer ability since it is characterized by the highest λe value. The nearly identical λh values of D5 and 

D6 indicate that they may have the comparable hole transfer abilities. We also found that the energy differences 

(Dl) between λh and λe for the designed D2 and D7 (0.06 and 0.07 eV, respectively) are smaller than those for 

D1, D4, D5, D6 and D8 (0.11 eV; 0.23 eV; 0.15 eV and 0.19 eV respectively). This indicates that D2 and D7 

have good charge transport balance performance in comparison of the other derivatives, which makes these 

molecules potentially applicable as active emitting layers for OLEDs. The results summarized in Table 7 also 

show that the size of the p-conjugated bridge has significant effect on the reorganization energy for both 

electrons and holes. Indeed, all studied compounds D1-D8 exhibit p-character that spreads over the entire 

molecule resulting in delocalization, demonstrating their efficient charge transfer ability and the following 

sequence orders are obtained.  

D2 < D1< D3< D7 ~ D4 < D6 < D5 < D8   (for hole transport ability). 

D1 < D4< D2 < D6 < D8 < D5 < D3 < D7   (for electron transport ability) 

Consequently, D7 is predicted as the best electron transport material; whereas D8 is predicted as the best hole 

transport material.  

< Insert Table 7 here > 

 

 Adiabatic ionization potential (AIP) and electron affinity (EA), which are both closely related to 

HOMO and LUMO, respectively, must be measured in order to determine the energy barrier for hole and 

electron injections. A smaller AIP value means easier hole injection ability for OLED materials, while a larger 



EA value facilitates electron injection [11, 82, 83]. For D1-D8, the calculated adiabatic IP and EA are listed in 

Table 7. For the creation of a hole in D7, a lower IP value is beneficial, while a higher EA denotes a greater 

capacity for charge injection in D8. 

 Stability is a valuable criterion for determining the quality of devices for charge transport and 

luminescent materials and constitutes an important index for their use. To estimate the stability of charge 

transport materials (CTMs) [6], the absolute chemical hardness (h), which can be defined as the resistance of the 

chemical system to exchange electronic charge with the environment [64], can be used. The absolute hardness, 

η, is expressed in the context of the conceptual DFT by the following equation [65]:  

                                                                                                                                                      

(8a) 

where 

 
                                                                                                                                                   

(8b) 

                                                                                                                                                      
(8c) 

The η values of investigated molecules were calculated and shown in Table 7. It is evident from the inspection 

of Table 7 that the h values of derivatives D1-D2, D4-D8 are almost equal to that of the synthesized D3. It can 

be assumed that the designed YCTCs are as stable as the D3 commercial dye and can be regarded as promising 

materials for transport of charges. This also means that the stability of these molecules is not greatly affected by 

the various kinds of p-linkers. 

 

Conclusions 

 In this paper, we studied a series of imidazole-based Y-shaped charge transfer chromophores, D1-D8, 

in order to explore them as attracting organic materials suitable for NLO and OLED devices. DFT and TD-DFT 

calculations were performed to provide a detailed understanding of (non)linear, electronic, fluorescent, and 

charge transport properties of D-series. The obtained results show that CAM-B3LYP and M06-2X functionals 

give comparable values of (non)linear optical properties. The present study reveals that planarity of the 

chromophore, extension of conjugation and modification of electronic nature of the p-spacer by addition of 

easily polarizable units increase the nonlinearity and produce a significant red shift in the absorption spectra. 

Interestingly, the αCT and bCT values, estimated using the two-state model, are well correlated to <a> and btot 
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values, respectively. Further, the larger hyperpolarizability together with higher excited state absor-ption 

coefficient values for D7 and D8 suggests a potential use of these molecules in the design of NLO devices. 

From the calculated fluorescence spectra of compounds D1-D8, high Stokes Shift values (>100 nm) are 

obtained for all chromophores, indicating an extensive structural reorganization in the excited state and strong 

fluorescent intensity is predicted. Particularly, among the D-series, the designed fluorophores D4-D8 can be 

considered as important building blocks used in OLED devices such as light-emission layers. The low values of 

reorganization energies reveal that compounds D1-D8, particularly D8, can be considered as effective hole-

transporting materials. Calculated hardness values show that the designed derivatives exhibit comparable 

resistance to charge exchange compared to the commercial dye D3. We believe that the present contribution 

may offer some guidance for the design and synthesis of novel imidazole-based YCTCs with promising NLO, 

fluorescent and OLED properties.  
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Scheme and Figure captions 

 

Scheme 1a. Chemical structures of chromophores D1-D3. 

 

Scheme 1b. Chemical structures of chromophores D4-D8. 

  

Fig. 1 The frontier orbital plots of the HOMO and LUMO of chromophores D1-D8 in ground state. Electron 

density difference maps (EDDM) of compounds D1-D8. Cyan and purple colors indicate depletion and 

accumulation of electron density, respectively. 

 

Fig. 2 Correlation between E(2) (red line) and DEH-L (blue line) values for chromophores D1-D8. 

 

Fig. 3 Comparison between CAM-B3LYP and M06-2X values of <a> and btot.  

 

Fig. 4 UV-Visible absorption spectra of chromophores D1-D8 in chloroform, calculated at TD-CAM-B3LYP/6-

31+G(d,p) level and TD-M06-2X/6-31+G(d,p) levels. 

 

Fig. 5 Correlation between <a> values (blue line) and the corresponding aCT  values (red line) for chromophores 

D1-D8. 

 

Fig. 6 Correlation between the βtot values (blue line) and the corresponding βCT values (red line) for 

chromophores D1-D8. 

 

Fig. 7 Correlation between Stokes shifts (nm) (blue) and excited state dipole moment µE (D) (red). 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 7 
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Table captions 

 

Table 1 Highest Occupied, Lowest Unoccupied Molecular orbitals energies and energy gap HOMO-

LUMO (all in eV) for YCTCs D1-D8.  

 

Table 2 Natural charges of donor, p-linker and acceptor moieties, and stabilization energies E(2) (in 

kcal.mol-1) for YCTCs D1-D8. 

 

Table 3 Components of dipole moment, total static dipole moment (µi, in a.u.), components of 

polarizability and average polarizability (aii and <a>, in a.u.) for YCTCs D1-D8. 

 

Table 4 Components of first-order hyperpolarisability (bi in a.u.), and molecular hyperpolarisability µb 

values (in 10-48 esu). 

 

Table 5 The maximum absorption wavelengths (lmax, in nm), excitation energies (Ege, in eV), oscillator 

strength fge, main MO contributions to the electronic transitions, electronic transition moment (µge, in 

a.u.), aCT(in a.u.) and bCT(in a.u.) of D1–D8 in chloroform. 

 

Table 6 The UV-Vis fluorescence wavelengths lflu (nm), fluorescence transition energies Eflu(eV), 

oscillator strength f, main MO contributions  to the electronic transitions, Stokes shifts (SS, nm), and 

excited state dipole moment (µE, D) of D1–D8 in chloroform.  

 

Table 7 Calculated molecular reorganization energy for hole lh, for electron le, and Dl, adiabatic 

ionization potential AIP, adiabatic electronic affinity EA and absolute hardness (all in eV) of D1–D8, 

Alq3 and TPD at the CAM-B3LYP/6-31G(d,p) level. 

 

 

 

 

  



Table 1 

 HOMO LUMO DEH-L 

D1 -6.17 -1.52 4.66 

D2 -6.91 -1.93 4.98 

D3 -6.04 -1.77 4.27 

D4 -6.11 -1.61 4.49 

D5 -5.96 -1.82 4.14 

D6 -6.01 -1.92 4.09 

D7 -5.94 -2.14 3.79 

D8 -6.07 -2.48 3.59 

 

 

Table 2 

 
NPA Charges 

E(2) 
Donor p-linker Acceptor 

D1 +0,0794 +0,1874 -0,2667 229.11 

D2 +0,0967 +0,4167 -0,5133 227.20 

D3 +0,0599 +0,2056 -0,2655 282.41 

D4 +0,0705 +0,1927 -0,2632 234.66 

D5 +0,0450 +0,2212 -0,2663 280.17 

D6 +0,0465 +0,2392 -0,2857 289.50 

D7 +0,0209 +0,2529 -0,2738 319.45 

D8 +0,0569 +0,2013 -0,2583 320.99 

 

 

 

 

 

 

 

 

 

 

 



 

Table 3 

 
CAM-B3LYP/6-311++G(d. p) 

 

M06-2X/6-311++G(d. p) 

µx µy µz µtot axx ayy azz <a> µx µy µz µtot axx ayy azz <a> 

D1 3.97 -1.48 0.01 4.24 564.45 413.15 229.21 402.27 4.00 -1.47 0.01 4.26 563.58 412.88 227.33 401.26 

D2 4.81 -1.76 0.11 5.13 526.06 391.74 213.54 377.11 4.84 -1.75 0.11 5.15 524.87 388.49 212.07 375.15 

D3 -4.08 1.44 -0.12 4.33 897.79 506.22 252.77 552.26 -4.12 1.43 -0.12 4.36 899.05 504.33 250.83 551.40 

D4 -3.67 -1.30 0.00 3.89 620.55 428.44 194.11 414.37 -3.70 -1.29 0.00 3.92 620.03 427.12 192.55 413.23 

D5 -4.08 -1.72 0.27 4.44 980.64 513.69 232.35 575.56 -4.12 -1.70 0.27 4.46 981.93 512.06 230.65 574.88 

D6 4.18 -1.22 0.03 4.36 937.98 523.11 239.88 566.99 4.19 -1.19 0.04 4.37 939.19 521.80 238.28 566.42 

D7 -4.19 -1.73 -0.12 4.53 1189.77 579.01 260.09 676.29 -4.20 -1.71 -0.12 4.54 1193.19 576.52 258.20 675.97 

D8 5.49 -0.95 0.31 5.58 1407.39 622.89 300.91 777.06 5.53 -0.94 0.31 5.62 1408.66 621.25 299.78 776.56 



Table 4 

 

 

 

 

 

 

 

a Experimental data (µb=360) for D1 in THF are taken from Ref [27]. 

 
CAM-B3LYP/6-311++G(d. p) 

 

M06-2X/6-311++G(d. p) 

    bx     by bz    btot   µb     bx    by     bz     btot    µb 

D1 12706.87 186.45 232.229 12710.36 1101.10 a 13108.55 266.41 191.86 13112.66 1143.21 a 

D2 7764.09 290.09 29.74 7769.57 809.59 7849.93 393.07 18.28 7859.79 819.99 

D3 -30725.84 753.14 238.27 30735.99 2774.25 -33670.08 778.68 210.87 33679.74 3069.29 

D4 -16856.33 -808.21 -429.07 16881.15 1336.31 -17501.07 -832.48 -379.11 17524.96 1447.20 

D5 -35544.96 -1538.06 171.35 35578.63 3247.35 -38538.16 -1506.42 206.80 38568.15 3540.84 

D6 25856.89 -380.36 -398.55 25862.76 2384.56 27771.85 -419.35 -340.01 27777.09 2572.23 

D7 -49212.86 -2306.75 632.68 49270.95 4434.12 -54032.18 -2129.67 606.35 54077.54 5064.34 

D8 41911.74 127.36 -89.01 41912.03 5047.73 45412.67 191.59 -90.55 45413.16 5510.60 



Table 5 

 Method  labs Ege fge Major MO contributions µge
x µge

y µge
z µge aCT bCT 

D1 CAM-B3LYP 401 3.091 0.592 H®L (86%), H-1®L(8%) 2.796 -0.065 0.001 2.79 2.531 0.056 

M06-2X 402 3.081 0.563 H®L (90%), H-1®L(6%) -2.729 0.055 -0.003 2.73 2.419 0.053 

D2 CAM-B3LYP 340 3.647 0.632 H®L (71%), H-1®L(19%) 2.514 -0.863 0.031 2.65 1.938 0.035 

M06-2X 338 3.663 0.601 H®L (79%), H-1®L(10%) 2.441 -0.855 0.033 2.59 1.827 0.032 

D3  CAM-B3LYP 
b 405 3.059 1.498 H®L (59%), H-1®L(18%) -4.469 0.135 -0.018 4.46 6.503 0.233 

M06-2X 
b 413 3.003 1.292 H®L (72%), H®L+1(9%) 4.189 -0.144 0.012 4.19 5.850 0.200 

D4 CAM-B3LYP 421 2.948 0.708 H®L (88%), H®L+1(2%) -3.115 -0.321 -0.003 3.13 3.327 0.087 

M06-2X 422 2.939 0.688 H®L (91%), H-1®L(4%) -3.074 -0.318 -0.002 3.09 3.251 0.084 

D5 CAM-B3LYP 436 2.846 1.564 H®L (60%), H®L+1(14%) -4.728 -0.269 0.064 4.74 7.883 0.321 

M06-2X 442 2.807 1.387 H®L (72%), H®L+1(10%) -4.484 -0.235 0.052 4.49 7.181 0.281 

D6 CAM-B3LYP 409 3.033 1.196 H®L (65%),  H®L+1(10%) 4.002 -0.285 -0.002 4.01 5.308 0.172 

M06-2X 416 2.979 0.961 H®L (78%), H®L+1(8%) 3.619 -0.244 0.001 3.63 4.428 0.132 

D7 CAM-B3LYP 448 2.765 1.786 H®L (48%), H®L+1 (16%) -5.121 -0.371 0.070 5.14 9.539 0.434 

M06-2X 457 2.712 1.487 H®L (64%), H®L+1(13%) -4.722 -0.285 0.053 4.73 8.251 0.353 

D8 CAM-B3LYP 446 2.779 1.971 H®L (29%), H®L+1 (23%) 5.377 -0.202 -0.013 5.38 10.417 0.494 

M06-2X 456 2.720 1.343 H®L (53%), H®L+1(21%) -4.487 0.132 0.007 4.49 7.406 0.299 

    b Experimental data (labs=443nm) for D3 in THF are taken from Ref [28]
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                                    Table 6 

 Method  lflu Eflu f Major MO contributions SS µE 

D1 CAM-B3LYP 532 2.333 0.843 H®L (91%), H-1®L(5%) 128 12.49 

M06-2X 536 2.314 0.815 H®L (94%), H-1®L(3%) 134 12.45 

D2 CAM-B3LYP 509 2.434 0.585 H®L+1 (85%), H-1®L(10%) 169 15.01 

M06-2X 512 2.421 0.558 H®L (89%), H-1®L(8%) 172 14.92 

D3  CAM-B3LYP c 545 2.275 1.879 H®L (73%), H®L+1(9%) 140 12.48 

M06-2X c 557 2.225 1.739 H®L (82%), H®L+1(6%) 144 12.43 

D4 CAM-B3LYP 544 2.279 1.033 H®L (91%), H-1®L(2%) 123 11.69 

M06-2X 547 2.258 1.008 H®L (94%), H-1®L(3%) 125 11.63 

D5 CAM-B3LYP 581 2.133 2.039 H®L (79%), H®L+1(7%) 145 13.25 

M06-2X 590 2.101 1.943 H®L (86%), H®L+1(5%) 148 13.14 

D6 CAM-B3LYP 570 2.175 1.799 H®L (77%), H®L+1(7%) 161 12.90 

M06-2X 582 2.131 1.651 H®L (84%), H®L+1(5%) 166 12.75 

D7 CAM-B3LYP 636 1.951 2.291 H®L (66%), H®L+1(14%) 188 13.31 

M06-2X 647 1.917 2.141 H®L (76%), H®L+1(10%) 190 13.14 

D8 CAM-B3LYP 605 2.051 2.121 H®L (43%), H®L+1 (27%) 159 15.74 

M06-2X 618 2.007 1.849 H®L (58%), H®L+1(22%) 162 15.76 

                                                     c Experimental data (lflu=535 nm) for D3 in THF are taken from Ref [28] 
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Table 7 

  lh  le  Dl AIP EA h 

D1 0.517 0.625 0.108 5.880 0.737 2.572 

D2 0.536 0.593 0.057 6.639 1.175 2.732 

D3 0.474 0.526 0.052 5.726 1.101 2.313 

D4 0.391 0.618 0.227 5.874 0.862 2.506 

D5 0.383 0.528 0.145 5.694 1.208 2.243 

D6 0.385 0.578 0.193 5.757 1.314 2.222 

D7 0.391 0.465 0.074 5.659 1.524 2.068 

D8 0.378 0.566 0.188 5.819 2.014 1.903 

Alq3  0.769 0.702 0.067 6.343 2.945 1.699 

TPD  0.578 0.879 - 5.871 0.259 3.065 

 

 

 

 

 

 



Figures

Figure 1

The frontier orbital plots of the HOMO and LUMO of chromophores D1-D8 in ground state. Electron
density difference maps (EDDM) of compounds D1-D8. Cyan and purple colors indicate depletion and
accumulation of electron density, respectively.



Figure 2

Correlation between E(2) (red line) and ΔEH-L (blue line) values for chromophores D1-D8.



Figure 3

Comparison between CAM-B3LYP and M06-2X values of <α> and βtot.



Figure 4

UV-Visible absorption spectra of chromophores D1-D8 in chloroform, calculated at TD-CAM-B3LYP/6-
31+G(d,p) level and TD-M06-2X/6-31+G(d,p) levels.



Figure 5

Correlation between <α> values (blue line) and the corresponding αCT values (red line) for chromophores
D1-D8.



Figure 6

Correlation between the βtot values (blue line) and the corresponding βCT values (red line) for
chromophores D1-D8.



Figure 7

Correlation between Stokes shifts (nm) (blue) and excited state dipole moment µE (D) (red).
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