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Electronic and structural properties of two conformations including conjugated 

compounds of fluorene 1,3,4 thiadiazole and the electron acceptor [6,6]-phenyl C61-

butyric acid methyl ester or PCBM,(PCBM/TDA10FL) were calculated using density 

functional theory (DFT) to assess their possible application as organic 

semiconductor materials in photovoltaic devices. The studied conformations show 

some appropriate properties to be used in solar cells, as a maximum absorption 

wavelength within the maxi-mum solar spectrum, but the band gap is not the 

adequate, showing values over 4 eV. The donor behavior expected for the TDA 

oligomer changes to electron acceptor as shown the HOMO and LUMO density 

energy distribution. This led to the study of a third conjugated polymer using poly 3-

hexylthiophene as a donor, trying to prove the electro acceptor character shown by 

fluorene-1,3,4 thiadiazole. Results for the third conformation show a gap energy 

value and an absorption wavelength, which are suitable for bulk heterojunction solar 

cells, and the distribution of the HOMO and LUMO indicate that the TDA oligomer 

chain maintains an electron acceptor behavior. 
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1. Introduction 
Organic electronics is an important field of materials science dealing with the 

creation of potential materials of easy and inexpensive manufacture for solar 

photovoltaic electric power generation [1]. Recently, semiconducting polymers have 

been incorporated to semiconductors devices with important improvement because 

the use of conjugated polymers combines the optoelectronic properties of 

semiconductors with the mechanical properties and processing advantages of 

plastics [2]. 

In a solar cell, semiconducting conjugated polymers are active components in 

the photocurrent generation and power conversion process from solar light into 

electrical energy [3]. When the semiconductor is exposed to light, the energy of 

incident photons exceeding the threshold bandgap is absorbed by the electrons of 

the semiconductor that access the conduction band starting to conduct electricity. 

The π-electrons in a semiconductor polymer are weakly bonded to the atomic 

nucleus and these are mainly occupying the valence energy band. 

For each negative charge (electron), a corresponding mobile positive charge 

(hole) is created. The electrons and holes near the p/n junction are swept across in 

opposite directions by the action of the electric field, where a contact drives such 

electrons to an external circuit where they lose energy doing work and then return to 

the valence band of the material through a second selective contact closing the 

circuit. Only photons whose energy is greater than the energy bandgap are able to 

create an electron–hole pair and thus contribute to the energy conversion 

process [4]. 

http://www.sciencedirect.com/science/article/pii/S2210271X15002637#b0005
http://www.sciencedirect.com/science/article/pii/S2210271X15002637#b0010
http://www.sciencedirect.com/science/article/pii/S2210271X15002637#b0015
http://www.sciencedirect.com/science/article/pii/S2210271X15002637#b0020
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It is widely accepted that donor/acceptor interaction is a necessary condition 

to effectively dissociate the electron–hole pair (exciton) and achieve high 

photovoltaic efficiencies [5]. To break up the exciton, the relative positions of donor 

LUMO and acceptor LUMO are crucial. Usually the LUMO of the donor polymer 

needs to be 0.3–0.5 eV higher than the LUMO of the acceptor molecule [6]. 

One of the most common materials used as an electron acceptor in bulk-

heterojunction solar cells to develop a donor/acceptor interaction with conjugated 

polymers is PCBM ([6,6]-phenyl C61-butyric acid methyl ester) [5]. This molecule, as 

a soluble electron acceptor, was widely used to manufacture many kinds of efficient 

bulk heterojunction polymer blend solar cells, which have steadily improved 

efficiencies over the past decades [7]. 

Our research group [8] has developed a special interest in the fluorene-1,3,4 

thiadiazole oligomer for applications in photovoltaic devices, since this compound 

presents aromaticity and isoelectronicity with the thiophene molecule [9] ;  [10] in our 

recent studies. 

In the present work, copolymers formed by an oligomer of fluorene attached 

to 10 units of 1,3,4 thiadiazole and the electron acceptor PCBM, (PCBM/TDA10FL) 

in two different conformations, PCBM/TDA10FL-1 and PCBM/TDA10FL-2, were 

analyzed. The optimized structures, band gap energies, HOMO–LUMO distribution 

and absorption spectra were found. Also, a third conjugated system formed by poly 

3-hexylthiophene (P3HT) as a donor and 5 units of fluorene-1,3,4 thiadiazole 

(TDA5FL) was used trying to prove the electro acceptor character shown for 

fluorene-1,3,4 thiadiazole in the two different PCBM/TDA10FL conjugated systems. 

http://www.sciencedirect.com/science/article/pii/S2210271X15002637#b0025
http://www.sciencedirect.com/science/article/pii/S2210271X15002637#b0030
http://www.sciencedirect.com/science/article/pii/S2210271X15002637#b0025
http://www.sciencedirect.com/science/article/pii/S2210271X15002637#b0035
http://www.sciencedirect.com/science/article/pii/S2210271X15002637#b0040
http://www.sciencedirect.com/science/article/pii/S2210271X15002637#b0045
http://www.sciencedirect.com/science/article/pii/S2210271X15002637#b0050
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2. Computational details 

2.1. Geometry optimization 

The equilibrium geometry for conjugated molecular systems was achieved by 

geometry optimization in gas phase using the density functional theory (DFT) feature 

in the DMol3module implemented in Materials Studio Modeling 5.0 [11] with the 

gradient-corrected correlation functional Perdew–Wang 91 [12] and a double 

numerical plus polarization basis set (DNP). The force constants and vibrational 

frequencies for the stationary points were found after optimization. 

The same methodology was used for the calculations in solution phase, the 

geometry was optimized and the energy of the structures was calculated for the 

PCBM conjugated systems and the oligomer chain in order to find the solvent effect 

over the frontier orbitals position using water as solvent and COSMO [13] solvation 

model, which employs continuous solvent accessible surfaces. This solvation model 

has proved to be useful for calculations such as geometry optimizations, and other 

properties implemented in the DMol3 module. 

2.2. Excited state properties 

Electronic excitation energies and oscillator strengths are computed within the 

adiabatic approximation of time-dependent density functional theory (TD-DFT), by 

solving the time dependent Kohn–Sham equations according to the method 

implemented in Gaussian 09W [14]. The equations were solved for 6 excited states 

and were performed with the exchange potential of Becke and the correlation 

functional of Lee, Yang and Parr (B3LYP) [15], the 6-31G(d) [16] basis set and the 

SMD solvation model [17] for the solvent phase. The construction of the absorption 

http://www.sciencedirect.com/science/article/pii/S2210271X15002637#b0055
http://www.sciencedirect.com/science/article/pii/S2210271X15002637#b0060
http://www.sciencedirect.com/science/article/pii/S2210271X15002637#b0065
http://www.sciencedirect.com/science/article/pii/S2210271X15002637#b0070
http://www.sciencedirect.com/science/article/pii/S2210271X15002637#b0075
http://www.sciencedirect.com/science/article/pii/S2210271X15002637#b0080
http://www.sciencedirect.com/science/article/pii/S2210271X15002637#b0085
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spectrum of TDA5FL/P3HT and both conformations of PCBM/TDA10FL were 

performed by SpecDis software [18]. 

2.3. Electronic properties and frontier orbitals 

For the electronic properties, three different hybrid functionals based on a 

range-separated treatment of electron interactions have been used in an attempt to 

calculate the HOMO and LUMO energies as accurately as possible since there is 

not any experimental information for comparative evaluation. The functionals applied 

were CAM-B3LYP [19] LC-wPBE [20] ;  [21] and M11 [22]. 

3. Results and discussion 

3.1. Geometry optimization 

The analyzed molecular systems are constituted by a chain of 10 rings of 

1,3,4 thiadiazole with fluorene units attached to opposite sites in the main chain 

(TDA10FL). This structure was joined in two different forms to [6,6]-phenyl C61-

butyric acid methyl ester (PCBM) to find the most stable conformation. 

3.2. PCBM/TDA10FL-1 

The first conformation was constructed replacing the methyl group of PCBM 

by TDA10FL, joining the TDA10FL through a carbon of the fluorene group. 

3.3. PCBM/TDA10FL-2 

The second conformation was made trying to decrease the degrees of 

freedom present in the long chain bonds, and trying to minimize the electron 

deficiency zone as the orbitals map showed after analyzing the first conformation 

(PCBM/TDA10FL-1). The frontier orbitals mapping will be described in the next 

http://www.sciencedirect.com/science/article/pii/S2210271X15002637#b0090
http://www.sciencedirect.com/science/article/pii/S2210271X15002637#b0095
http://www.sciencedirect.com/science/article/pii/S2210271X15002637#b0100
http://www.sciencedirect.com/science/article/pii/S2210271X15002637#b0105
http://www.sciencedirect.com/science/article/pii/S2210271X15002637#b0110
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section of this paper. The molecule was constructed joining 5 units of 1, 3, 4-

thiadiazole-fluorene to the oxygen of the ester group of the PCBM through the 

carbon of the thiadiazole ring. 

The optimized structures of both conformations, PCBM/TDA10FL-1 and 

PCBM/TDA10FL-2, in gas phase as well as in solvent, were obtained, and it was 

observed that the solvent does not have any influence over the structure of 

TDA10FL, which remained in a linear conformation with a little twist of the fluorene, 

as it was previously reported by the authors [8]. The main dihedral angles between 

the thiadiazole chain and the PCBM persevered without change in both, gas and 

solution phase. The bonds distances showed a difference of less than 0.001 Å. 

According to the formation energy for these molecular systems, the most 

stable conformation is PCBM/TDA10FL-2. Fig. 1 shows the optimized geometry of 

both conformations (only in gas phase) obtained with PW91/DND. 

3.4. Electronic properties and frontier orbitals 

Efficiency of organic semiconductors relies heavily in their gap energy, i.e. 

how much energy is needed to excite an electron from the Highest Occupied 

Molecular Orbital (HOMO) to the Lowest Unoccupied Molecular Orbital (LUMO), 

which plays a fundamental role in the recycling of charges. Also, the energy of the 

frontier orbital strongly influences the conduction capability of the material. 

Linking the PCBM electron acceptor to the TDA10FL oligomer is an effort to 

improve the electronic properties of the oligomer, blending two materials with relative 

preferences for positive and negative charges, and creating a driving force at the 

interface by means of the difference in electron affinities. 

http://www.sciencedirect.com/science/article/pii/S2210271X15002637#b0040
http://www.sciencedirect.com/science/article/pii/S2210271X15002637#f0005
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The results for the calculations with the three functionals in gas phase show 

that both conformations have a decrease in the energy gap compared to the 

TDA10FL chain. The first conformation, PCBM/TDA10FL-1, shows an average 

decrease of 0.3 eV while the second conformation has a poor improvement, 

decreasing 0.1 and 0.08 eV with LC-wPBE and M11 functionals respectively, while 

with CAM-B3LYP the energy gap increases by 0.07 eV. The addition of the PCBM 

slightly affects the position of the LUMO frontier orbital in the second conformation 

PCBM/TDA10FL-2 while in the first one remains almost the same. 

The calculations in solvent show a similar behavior, the energy gap 

decreases according to the results of calculations for the three different functionals 

in 0.3 eV for conformation 1 while for the second conformation, PCBM/TDA10FL-2, 

the value reduction is 0.06, 0.02 and 0.09 eV for with CAM-B3LYP, LC-wPBE and 

M11 functionals respectively. The position of the LUMO level in the energy scheme 

preserves the behavior of the gas phase with changes 
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exclusively in the second conformation as it can be observed in Fig. 2, that 

shows the gap energy and the energy of the frontier orbital HOMO and LUMO of the 

TDA10FL oligomer and the conjugated compounds in both conformations, 

PCBM/TDA10FL-1 and PCBM/TDA10FL-2, both in gas and in solution phase 

calculated with the three functionals. 

The two studied conformations were created joining a π-conjugated oligomer 

chain to the PCBM system to create the bulk heterojunctions characteristic 

architecture, considering that knowing the energy and spatial distribution of the 

frontier orbitals in a molecular system leads to predict its behavior as photovoltaic 

solar energy conversion system, because of this the electron density of HOMO and 

LUMO of both conformations has been mapped. 

The distribution of the orbitals was unexpected. In PCBM, a widely studied 

http://www.sciencedirect.com/science/article/pii/S2210271X15002637#f0010
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molecular structure that has been considered the electron acceptor of the most 

efficient organic photovoltaic systems, the HOMO density is present over the whole 

molecule, while the LUMO orbital is distributed over the oligomer chain of 

PCBM/TDA10FL for both conformations. This behavior is due to the two electron 

acceptor imine groups presented in the thiadiazole unit [23]. In consequence, when 

the thiadiazole units increase, the electron acceptor character increases as well. In 

addition, the structure has hypervalent sulfurs that have a high electron affinity [24]. 

The same comportment remains with the calculation with the three functionals, 

keeping the HOMO density above the entire PCBM molecule, contrary to the 

expected electron acceptor character as it can be observed in Fig. 3 where 

exclusively the CAM-B3LYP results are shown. 

The HOMO and LUMO electron density was calculated also in solution phase, 

and the same behavior was observed. The HOMO electron density was 

concentrated over the whole molecule of the PCMB while the LUMO orbital was in 

the oligomer of fluorene-1,3,4 thiadiazole for every calculation, regardless of which 

functional is used. See Fig. 4 where only the results for CAM-B3LYP are displayed. 

These results suggest that the TDA10FL chain was acting as an electron acceptor 

component in both conformations of the bulk heterojunction solar cell, both in 

solution and gas phase. 

3.5. Excited state properties 

Photovoltaic solar energy conversion systems owe their effectiveness to the 

wavelength match between the narrow wavelength band associated with the 

semiconductor energy gap and the broad band of the emission curve of the Sun. 

http://www.sciencedirect.com/science/article/pii/S2210271X15002637#b0115
http://www.sciencedirect.com/science/article/pii/S2210271X15002637#b0120
http://www.sciencedirect.com/science/article/pii/S2210271X15002637#f0015
http://www.sciencedirect.com/science/article/pii/S2210271X15002637#f0020
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Most conjugated polymers absorb at lower wavelengths than the maximum of 

terrestrial solar spectrum, considered between 500 and 800 nm [25]. Because of 

this, it is advantageous to join molecular systems with a high content of π-electrons, 

which are easily excitable and can pass toward the higher energy orbitals. 

The two conformations studied in this paper were joined to the PCBM system, 

the most studied electron acceptor for heterojunction polymer-based photovoltaic 

cells, in an attempt to reach the bathochromic displacement of the absorption bands 

in order to get closer to the terrestrial solar spectrum. TDA10FL was reported in a 

previous work of the author with a maximum absorption wavelength (λmax) of 

570 nm [8]. The level of theory for absorption spectra has been proved by the 

authors in previous works in good agreement with experimental 

values [26]; [27] ;  [28]. 

The absorption spectra for both conformations of the PCBM/TDA10FL have 

shown a maximum absorption wavelength of 640 nm in gas phase. The calculations 

in solvent achieve 645 and 655 nm for PCBM/TDA10FL-1 and PCBM/TDA10FL-2, 

respectively. The different structure arrangements did not account for a significant 

displacement of the λmax and this can be attributed to the fact that the conjugated 

bonds are the same number, considering that there is a general rule that 

summarizes the effects of the conjugation in the ultraviolet absorption wavelengths 

that states that a compound that contains a greater number of conjugated double 

bonds absorbs the light at longer wavelengths [29]. See Fig. 5. 

 

 

http://www.sciencedirect.com/science/article/pii/S2210271X15002637#b0125
http://www.sciencedirect.com/science/article/pii/S2210271X15002637#b0040
http://www.sciencedirect.com/science/article/pii/S2210271X15002637#b0130
http://www.sciencedirect.com/science/article/pii/S2210271X15002637#b0135
http://www.sciencedirect.com/science/article/pii/S2210271X15002637#b0140
http://www.sciencedirect.com/science/article/pii/S2210271X15002637#b0145
http://www.sciencedirect.com/science/article/pii/S2210271X15002637#f0025
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3.6. The third conformation 

Considering the unexpected behavior of the oligomer chain, a study of a new 

conjugated system was carried out. The new system is formed by poly 3-

hexylthiofene (P3HT), the donor material used  
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in the best performing polymeric solar cells [30] and a five units oligomer of 

fluorene-1,3,4 thiadiazole as the electro acceptor. In this case, only 5 units of 1,3,4-

thiadiazole (TDA5FL) were calculated, taking into consideration that the calculated 

electron affinity of the PCBM alone is 1.96 eV and the fact that this value means the 

capacity of a molecule to accept electrons. In theory, a 5-unit oligomer with electro 

affinity of 2.12 eV can behave as an electron acceptor. Linking the TDA5FL oligomer 

to P3HT (poly 3-hexylthiofene) was done trying to analyze if the electron acceptor 

character of the TDAFL chain remained. Geometry optimization was carried out with 

the same model chemistry used in the optimization of the conjugated compounds 

and it was calculated in gas phase and also using water as solvent. The presence of 

the solvent does not affect the bond lengths and angles, and the molecule remains 

in its gas phase geometry. Fig. 6 shows the optimized geometry of the conjugated 

system (TDA5FL/P3HT) only in gas phase. 

The energy of the frontier orbitals was calculated with the three range-

separated functionals CAM-B3LYP, LC-wPBE and M11, used to calculate the 

electronic properties of the previous conformations PCBM/TDA10FL-1 and 

PCBM/TDA10FL-2. Once the orbitals mapping was done, the general observation is 

that regardless of the functional  

http://www.sciencedirect.com/science/article/pii/S2210271X15002637#b0150
http://www.sciencedirect.com/science/article/pii/S2210271X15002637#f0030
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used and the presence or not of the solvent, the LUMO is localized over the 

thiadiazole rings of the oligomer and the HOMO over the double bond of the 

thiophene rings of the P3HT, see Fig. 7, confirming the electron acceptor character 

of the fluorene-thiadiazole chain. 

Once the unexpected electron acceptor character of the TDA5FL was 

determined, the properties of interest in an organic solar cell of the new 

conformation were analyzed and the results of the electronic properties and 

absorption spectra are presented. 

Energy gap provides a reasonable indication of the excitation properties of a 

system; thus, the smaller the energy gap, the larger the excitation capability of the 

http://www.sciencedirect.com/science/article/pii/S2210271X15002637#f0035
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material and its contribution to the performance of semiconductor devices. A 

comparison between the energy gap of the TDA5FL/P3HT conjugated system and 

the P3HT molecule was carried out with the aim to determine if the bond of the 

electron acceptor TDA5FL improves this important property in a semiconductor. This 

comparison was analyzed exclusively for the solution phase. The conjugated system 

presents an average decrease in the energy gap of 1.6 eV with the three different 

functionals in comparison to the single molecule of P3HT, see Fig. 8. 

3.7. Comparison of the studied systems 

Table 1 presents a comparison of the HOMO, LUMO and gap energy of the 

PCBM/TDA10FL-1, PCBM/TDA10FL-2 and the third conformation TDA5FL/P3HT. It 

can be observed that the functional affects the value of the frontier orbitals, but the 

average gap energy 

 

http://www.sciencedirect.com/science/article/pii/S2210271X15002637#f0040
http://www.sciencedirect.com/science/article/pii/S2210271X15002637#t0005
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 is lower in the third conformation with values of 0.20 eV and 0.40 eV for 

PCBM/TDA10FL-1 and PCBM/TDA10FL-2 respectively, calculated in gas phase. 

The analysis for the solution phase shows that the third conformation has a lower 

gap energy value of 0.60 eV and 0.50 eV for the PCBM/TDA10FL-1 and 

PCBM/TDA10FL-2 respectively. The most important information generated from this 
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part of the study is that the TDA5FL/P3HT presents an 

 
 
 

 

 improvement in the energy gap value which is minor than the two original 

conformations studied, and that the functional has important influence over the 

frontier orbitals energy value. 

Considering the potential of the TDA5FL/P3HT conjugated system as an 

organic semiconducting material for photovoltaic conversion, an analysis of the 

absorption spectrum in gas phase was done with the same methodology used to 

calculate the PCBM/TDA10FL-1 and PCBM/TDA10FL-2 spectra. The results show 

that the main absorption band corresponds to the excitation of one electron from the 

HOMO-1 to LUMO with an absorption maximum wavelength at 587 nm, see Fig. 9. 

A comparison with the absorption of this conjugated system and the absorption 

spectrum of the two previous studied conformations of PCBM/TDA10FL shows that 

http://www.sciencedirect.com/science/article/pii/S2210271X15002637#f0045
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TDA5FL/P3HT presents a hypsochromic displacement in the UV spectra, however it 

remains within the maximum of terrestrial solar spectrum. 

4. Conclusions 
Two different conjugated compounds were studied for their potential use in 

photovoltaic devices: PCBM/TDA10FL-1 and PCBM/TDA10FL-2, and their 

properties were calculated in gas and solution phase. The geometry of both 

compounds was not affected by the solvent effect, remaining without changes. The 

energy gap does not improve with the difference of conformation, and it even shows 

an increase in solution phase. The most stable conformation is PCBM/TDA10FL-2. 

Both compounds absorb in the visible spectrum range from 640 to 655 nm both in 

gas and in solution phase. 

The electron donor expected character of the TDA10FL does not agree with 

the HOMO–LUMO distribution in the conjugated system, taking an electron acceptor 

behavior even when joined to the most studied electron acceptor in bulk 

heterojunction organic cells. 

The attempt to prove the electron acceptor behavior of the oligomer chain led 

to a third conformation, TDA5FL/P3HT that absorbs within the UV–visible spectrum, 

at a wavelength of 587 nm and presents an energy gap value of 3.99 and 3.64 eV 

for gas and solution phase respectively, calculated with CAM-B3LYP, and 6.00 and 

5.66 eV with LC-wPBE, and 5.64 and 5.31 eV with M11. The third conformation’s 

HOMO–LUMO distribution reveals that the electron acceptor character in the 

fluorene-1,3,4 thiadiazole remains, independently of the functional used to calculate 

the frontier orbitals mapping. 
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This third conformation is a molecular system recommended to be used in 

photovoltaic devices, in contrast to the two first conformations studied, that even 

when these show a suitable maximum absorption wavelength, their energy gap is 

not the most adequate for this kind of devices. 
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