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Abstract
This work proposes a theoretical study of the geometric and optoelectronic properties of some dendritic
macromolecules consisting mainly of thiophene and carbazole. First, calculations were performed on a
basic molecule called G2TTPG2 3T using the density functional theory (DFT) and varying between 5
different quantum methods to be able to choose the most appropriate which will then be applied to the
derivatives of this molecule during the rest of this work, these derivatives were obtained by grafting the
following groups: CN, EDOT-S, OH, OHOH, EDOT, F. The objective of this work is to study the effect of this
chemical modi�cation, better explore the structure-property relationship and also to search for
compounds with the best optoelectronic properties in order to present them for synthesis. The results
obtained reveal that the substitution by some groups has reduced the energy of the gap, decreased inter-
cyclic distances and increased the value of the open circuit voltage.

1. Introduction
Endowed with excellent electronic and optical properties, organic materials based on π-conjugated
molecules have attracted a lot of attention in several �elds of application, they are used in
electroluminescent devices [1]–[3], organic transistors OFET[4]–[6], organic solar cells OPVs [7], [8] and in
organic batteries [9], [10].

Among the most important factors for determining the physical properties of a π-conjugated molecule, in
particular a polymer is the width of its band gap. Several means have been used to modulate this
parameter namely the modi�cation of the chemical structure by the insertion of charge transporters in the
skeleton of the conjugated system[11]–[15].

In order to increase the power of conversion and the e�ciency of photovoltaic devices, it tends to improve
the transfer and charge transport of the exciton and to modify the effect of the electron-donor (D) and -
acceptor (A) moieties acting as electron donor used in hetero-junction-based organic solar cell. For this
reason, we propose, in this chapter, a theoretical study of the geometry and optoelectronic properties of a
series of dendritic macromolecules composed mainly of thiophene and carbazole. Several parameters
were studied such as the energies of HOMO, LUMO, energy gap, and absorption wavelength (λmax)... �rst
of all, calculations were made by several quantum methods performed on the base molecule to be able to
choose the most appropriate one and which will be applied on the derivatives of the molecule G2TTPG2
3T [16] during the rest of this work. These derivatives were obtained by grafting the following groups: CN,
EDOT-S, OH, OHOH, EDOT, F and which are named C1, C2, C3, C4, C4, C5, and C6 respectively (Fig. 1). The
aim was to study the effect of this chemical modi�cation on the basic structure and to search for
compounds with the best optoelectronic properties in order to present them for synthesis.

The results thus obtained will allow, on the one hand, the understanding of the properties of known
materials and, on the other hand, the development and the prediction of the properties of those still
unknown.
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2. Theoretical Study Of The Molecule G2ttpg2 3t
2.1 The molecule G2TTPG2 3T

Dendritic macromolecules have unique molecular architectures for a wide variety of applications in
different types of devices (optoelectronic and electronic). They can be designed to have conjugated cores
for e�cient load transport, as well as appropriate terminal groups / chains for good transportability.
Unlike conjugated polymers, there are few reports on the applications of these dendrimers based on
thiophene in organic solar cells.

Poly-thiophene is a material that is currently attracting great interest, both theoretically and
experimentally, it is indeed an excellent model for the study of anunidimensional conductors; easy to
dope, it also has a structure that may have topological defects such as polarons and bipolarons. These
models are designed to be up to date with the evolution of the properties of potential applications in
�elds as diverse as electroanalysis, information visualization, energy production and storage. Poly-
thiophene is prepared by electro-polymerization of thiophene; it is obtained in a p-doped and conductive
form (doped PT) and can be chemically or electro-chemically reduced (neutral PT).

Being chemically stable, carbazole was incorporated as an important unit in the basic compound for its
various advantages, namely its rigidity, which greatly improves the thermal stability of organic
compounds.

Finally, the poly-thiophenes and the carbazoles can have a high mobility charge carrier and excellent
stability.

 In the schema below, we report the synthetic routes of a series of oligothiophenes substituted by several
triarylamines, based on a thiophene ring containing 3 X-shaped units as shown in Figure 2.

2.2 Computational methods

First, and in order to �nd the most appropriate method that would  be used, in the second part of this
work, to demonstrate the effect of the different substitutions on the geometric and electronic properties of
the compounds derived from the basic molecule, we performed several calculations on the G2TTPG2 3T
compound using the density functional theory (DFT) and varying between 5 different exchange-
correlation functions: B3LYP (Becke with three Lee-Yang-Parr parameters)[17], [18], B3PW91[19],
BPV86[20], [21], LSDA[22], [23] and MPW1PW91[24]–[26]. The extended atomic orbital base 6-31G (d,p)
[27]–[30]was used for all atoms. The calculations were made using the GAUSSIAN 09 program [31].

2.3 Geometric properties of G2TTPG2 3T

Table 1 represents the geometric properties obtained by the different theoretical calculation methods for
the most stable conformation of G2TTPG2 3T.
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Ci-Cj(Å) Method1
(B3LYP)

Method2
 (B3PW91)

Method3
(BPV86)

Method4
(LSDA)

Method5
(MPW1PW91)

d1 C20-
N59

1.396 1.392 1.396 1.375 1.390

d2 C1-
N58

1.396 1.392 1.396 1.375 1.390

d3 C4-
C8

1.447 1.445 1.443 1.425 1.444

d4 C13-
C15

1.447 1.445 1.443 1.425 1.444

q1 63.8 119.9 58.0 134.2 63.3

q2 112.4 64.3 126.9 140.4 120.9

q3 161.7 163.6 171.9 176.5 161.7

q4 162.9 162.5 173.5 178.2 162.8

Table 1: Geometric parameters of the most stable conformation obtained by different calculation
methods

The examination of the calculated geometrical parameters shows, that the shortening of the distances of
intercyclic bonds compared to the normal values of the simple bonds C-C or C-N highlights the effect of
conjugation within these structures.

From the table above, it can be seen that the distances between the carbazole-thiophene unit C20-N59
and C1-N58 are in the order of 1,396 Å and are similar for both B3LYP and BPV86 methods, while these
bonds become shorter for B3PW91, LSDA, MPW1PW91 methods, ranging from 1.375 Å to 1.392 Å.
Compared to the inter-cyclical distances (C4-C8 and C13-C15), which are in the order of 1.447 Å for the
B3LYP method, a decrease is noted for the other methods tested, which vary between 1.425 Å and 1.445
Å.

2.4 Electronic properties

The determination of the electronic properties is important for the choice of the functional that will be
used in the rest of this study, which is why we proceeded to the theoretical calculation of the HOMO and
LUMO values and consequently the energy gap that we will compare with that obtained by experimental
measurement [16]. This is part of the process of choosing the most appropriate quantum method for our
system. These results are presented in Table 2.

Table 2: HOMO, LUMO and Gap energies obtained by different calculation methods as well as
experimental gap of G2TTPG2 3T
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Method EHOMO(eV) ELUMO(eV) Egap (eV)

BPV86 -4.256 -2.685 1.58

LSDA -4.747 -3.117 1.63

MPW1PW91 -5.049 -1.904 3.14

B3PW91 -4.901 -2.084 2.81

B3LYP -4.800 -1.989 2.81

Exp[16]

 

    2.65

The values of the HOMO, LUMO and gap energies of the basic compound G2TTPG2 3T obtained by
quantum computation via BPV86, LSDA, MPW1PW91, B3PW91 and B3LYP methods and the gap
obtained experimentally are grouped in the table above. 

By exploiting these results, we notice that the values found from the B3LYP functional with an extended
base 6-31G (d, p) are in good concurrence with the experimental data, also, the B3LYP functional
underestimates the EHOMO values and overestimates those of ELUMO, which leads to a wide energy gap.

The value of the energy gap via the B3LYP method (2.81 eV) is the closest to the one that is measured
(2.65 eV), so we can deduce that these electronic parameters con�rm the choice of this functional which
carefully re�ects the electronic and geometric properties of the studied compound and which will
subsequently be used in the rest of this study so that we can closely examine the effects of the
introduction of substituted groups on the geometry and optoelectronic properties of this material.

Figure 4 illustrates the values of the energy gap and also the energies of the frontier orbital’s for the
different functions tested.

3. Theoretical Study Of New G2ttpg2 3t Derivatives
3.1 Computational methods

In the following part of this study, we will therefore use the DFT/B3LYP Method which has been able to
produce optimal results compared to the other methods; this calculation will be applied to the different
derivatives obtained by injecting several groups into the basic molecule G2TTPG2 3T. The base 6-31G (d,
p) was used for all calculations. The absorption energies of the studied compounds are obtained via the
ZINDO method, which is highly reliable compared to other methods and has been applied to geometries
already optimized, these calculation methods have proven their e�ciencies on other conjugated
polymers [32]. The calculations were made using the Gaussian 09 program.

3.2 Geometric structures of derived compounds
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Figure 5 illustrates the optimized structures of the new derivatives obtained from the basic compound
G2TTPG2 3T by grafting the following groups CN, EDOT-S, Omet, OmetOmet, EDOT, F. These derivatives
are respectively named C1, C2, C3, C4, C5, and C6 All the geometries of these molecular structures were
calculated with the hybrid function B3LYP combined with the base 6-31G (d,p) using the GAUSSIAN 09
program [32].

The results obtained show that the optimized structures of the compounds derived from G2TTPG2 3T
have a similar conformation (quasi-planar conformation) 

The different geometric properties of the molecules corresponding to the structures completely optimized
Ci (i=1 to 6) are presented in Tables 3 and 4. 

Table 3: Inter-cyclic distances of the studied molecules Ci (i=1 to 6) obtained by DFT /B3LYP/6-31G (d, p)
level 

Compound C1 C2 C3 C4 C5 C6

d1 N52-C1 1.396 1.399 1.393 1.396 1.397 1.387

d2 C4-C6 1.441 1.464 1.440 1.441 1.439 1.439

d3 C10-C11 1.442 1.464 1.441 1.442 1.439 1.439

d4 C15-N53 1.396 1.399 1.398 1.396 1.396 1.387

 

Table 4: Dihedral angles of the studied molecules Ci (i=1 to 6) Obtained by DFT /B3LYP/6-31G (d, p) level

qi(°) C1 C2 C3 C4 C5 C6

q1 96.9 109.4 124.2 96.9 94.5 125.5

q2 162.3 76.9 179 162.3 178.4 176.7

q3 157.6 99.4 179.2 160.1 179.5 176.7

q4 111.2 94.7 96 111.2 108.1 59.7

The analysis of the results in Table 3 allowed us to observe that the insertion of �uorine (F) induced a
slight decrease in the lengths of the N52-C1, C4-C6, C10-C11, and C15-N53 bonds, these short bonds
promote intramolecular charge transfer (ICT).

Whereas for the introduction of the 3,4-ethylenedioxythiophene (EDOT) group, the distances d1, d2, d3 and
d4 increased. The insertion of the cyano group decreases the intercyclic distances N52-C1, C15-N53 and
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increases the other distances C10-C11, C4-C6.

The data in Table 3 show that the distances di (i=1 to 4) are shorter for all the compounds, this shows a
character C = C of the d-bond for all the studied compounds. It can be deduced that the contact between
the two carbazole-thiophene fragments is crucial, which improves the ICT character for these six
compounds; this is important to shift the absorption spectra towards red. 

3.3 Electronic properties

Among the parameters that most in�uence the electronic properties of conjugated organic materials there
is the energy of the gap, which is in turn directly related to the energies of the HOMO and LUMO orbital
levels, hence the calculation of these orbital frontiers (theoretical or experimental) is essential. Figure 5
schematizes the electron density distributions of the G2TTPG2 3T molecule and its derivatives.  

For the HOMO level, it is noted that for the basic compound as well as all the other studied compounds Ci
(i=1 to 6) the electron density is incorporated into the central group.  

As regards the electron density of the LUMO orbital, it is localized on one of the two carbazole units for
compounds C1, C2, C3, C4, C5 and the basic compound G2TTPG2 3T, while for the compound C6 the
electron density of its LUMO orbital is visible on both units of carbazole, this location of the electron
density on carbazole indicates that it’s the richest part in electron π.

This shows that the transfer from an electron donating party, which is localized in the center of the
compound (unit of carbazole), to an acceptor, it’s for the C1, C2, C3 and C4 molecules.

The gap energy is among the most important parameters to determine the quality of π-conjugated
compounds. To obtain optimal results, the most cost-effective technique is to increase the aromaticity of
these compounds by introducing or attaching the nucleus by π-conjugated electron donor groups. 

Then to better understand the effect of the incorporation of different fragments on optoelectronic
properties, we have, in the next part, examined with precision the HOMO and LUMO energy levels for the
G2TTPG2 3T compound and its derivatives. The theoretical calculation of the HOMO and LUMO values
by the DFT/B3LYP/6-31G (d, p) method allowed us to analyze these levels and also to calculate the gap
energy which is de�ned as the difference between EHOMO and ELUMO. 

Table 5: The HOMO, LUMO and Gap energies of the studied molecules obtained by DFT /B3LYP/6-31G (d,
p) level 
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Compound EHOMO ELUMO Egap (eV)

G2TTPG2 3T -4.800 -1.989 2.81

C1 -4.880 -3.729 1.15

C2 -4.768 -1.279 3.49

C3 -4.636 -1.862 2.78

C4 -4.637 -1.722 2.91

C5 -4.690 -1.570 3.12

C6 -4.854 -2.323 2.53

Table 5 presents the values of the HOMO, LUMO and Egap energies of the studied molecules. The
energies of HOMOs range from -4,880 eV to -4,636 eV while the energies of LUMOs range from       -3.729
eV to -1.279 eV.

Concerning the gap energies, the values are classi�ed as follows: C1 (1.151eV) < C6 (2.531eV) < C3
(2.774eV) < C4 (2.915eV) < C5 (3.120eV) < C2 (3.489eV) 

We notice that the energy gap increases as we move from the compound C1 to the compound C2, this is
due to the increase in the order of the π conjugation and the substituent that acts as a donor electron in
the molecule.

By analyzing these results, it is noted that substitution by the 3,4-ethylenedioxythiophene fragment
increases the energy of the LUMO and consequently increases the gap (for the compounds C2 and C5),
whereas the introduction of the cyano group in the compound C1 decreased the energy of LUMO which
resulted in a decrease in the  gap energy.

It can be deduced from these interpretations that the best gap energy values obtained are for the two
compounds C1 (1.151 eV) and C6 (2.531 eV) which have been substituted by the cyano group and
Fluorine.

4. Absorption Properties
Our study is ongoing and we are now focusing on the absorption properties of these new G2TTPG2 3T
based compounds to see the effect of the insertion of the various groups mentioned above and to
understand the probable electronic transitions of the 6 compounds. This study is also very important
since the energy of the gap, which is a very decisive factor in predicting the optoelectronic characteristics
of a material, is closely related to the absorption wavelength. 

And for this purpose, we have determined, from the geometric optimized structures by the B3LYP
quantum chemistry method with the 6-31 G (d,p) base, the UV-visible spectra and calculated the values of
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the maximum wavelengths, the oscillation force and the excitation energies

Table 6 groups the above-mentioned parameters obtained using the ZINDO method. 

Table 6: Absorption properties for the different studied compounds obtained by the ZINDO/DFT: B3LYP/6-
31G (d,p) method

Compound λmax (nm) Energy (eV) ƒ Electronic Transitions (%)

G2TTPG2 3T 462.57 2,68 1.55 HOMO->LUMO (80%)

C1 487.66 2.54 1.12 H-8->LUMO (71%)

C2 348.13 3.56 1.61 H-4->LUMO (47%)

C3 492.91 2.51 1.40 HOMO->LUMO (86%)

C4 477.94 2.59 1.27 HOMO->LUMO (78%)

C5 496.96 2.49 1.31 HOMO->LUMO (90%)

C6 494.64 2.50 1.50 H-4->LUMO (63%)

Table 6 shows the values of the maximum absorption wavelengths (λmax). The transition character and
the oscillation force of the absorption bands in the UV-visible region for all calculated compounds.

The maximum absorption wavelengths of the different studied compounds increase in the following
order: C2 (348.13 nm) < G2TTPG2-3T (462.57 nm) < C4 (477.94 nm) < C1 (487.66 nm) <C3 (492.91 nm) <
C6 (494.64 nm) <C5 (496.96 nm)

It can be seen that the insertion of the 3.4-ethylenedioxythiophene fragment has increased the maximum
absorption wavelength and therefore shows a bathochromic shift from C2 to C5.

Then these wavelengths. Which result from the electronic transition of S0 → S1 (HOMO → LUMO).
increase gradually with the increase in conjugation lengths which is in turn due to the introduction of
different groups in the studied compounds.

We can then deduce that it is the C5 compound that has the longest wavelength. Which is 496.96 nm.

The obtained values from the maximum absorption λmax therefore ranging from 348.13 nm to 496.96 nm
are characteristic of the π-conjugated materials and thus make it possible to consider their use in many
applications in the �eld of optoelectronics.

5. Photovoltaic Properties
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For each device. The open circuit voltage Voc is the maximum voltage that the device can produce in an
open circuit of the heterojunction type. To show whether an effective charge transfer will occur between
donor and acceptor. it is essential to know the HOMO and LUMO energy levels for both donors and
acceptors [33].

The compounds studied C1. C2. C3. C4.C5 and C6 have a high capacity. In excited states. to inject
electrons into the ITO electrodes [32].

The acceptors used are fullerene derivatives at 56 π-electrons and which have been synthesized by Y-Abe
et al [34]. These acceptors have already been used in previous works.

On the other hand. To better evaluate the performance of a photovoltaic cell. The power conversion
e�ciency (PCE) can be calculated according to the following equation:

Hence:  Pin: density of incident power. 

Jsc: short-circuit current. 

Voc: open circuit voltage. 

FF: form factor.

From the previous equation. We note that the open circuit voltage closely in�uences the conversion
e�ciency. 

In this study. the value of the open circuit voltage will be theoretically estimated by a simple relationship
that links the HOMO energy of the donor material (Ci) and the LUMO energy of the acceptor material [35].
[36]: 

Voc = │EHOMO (Donor) │- │ELUMO (Acceptor) │- 0.3

We also note α which is determined by the difference in LUMO energy of the studied compounds and that
of the acceptors [37]:

α =ELUMO (Donor) –ELUMO (Acceptor)

Table 7: Energy values for HOMO. LUMO. Voc and a of the studied compounds with PCBM. C60 and
SIMEFC acceptors
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PCBM C60 SIMEFC

Compound EHOMO ELUMO VOC α  VOC α  VOC α 

G2TTPG2 3T -4.80 -1.98 0.70 1.81 0.71 1.80 0.76 1.75

C1 -4.88 -3 .72 0.78 0.08 0.80 0 .06 0.84 0 .02

C2 -4.76 -1.27 0.66 2.52 0.67 2.51 0.72 2.46

C3 -4.63 -1.86 0.53 1.93 0.54 1.92 0.59 1.87

C4 -4.63 -1.72 0.53 2.07 0.54 2.06 0.59 2.01

C5 -4.69 -1.57 0.59 2.23 0.60 2.21 0.65 2.17

C6 -4.85 -2.32 0.75 1.47 0.76 1.46 0.81 1.41

PCBM - -3.80

C60 - -3.78

SIMEFC - -3.74

As it can be seen in Tables 7 and 8. The theoretical values obtained from the open circuit voltage (Voc)
for all the studied compounds range from 0.53 eV to 0.84 eV. These values are approximately similar to
those obtained with macromolecules having proved their effectiveness. So they are moderately su�cient
to have an effective electron injection. Then we can deduce that all the studied molecules can be used as
electron donors in solar cells.

From the results in the tables. It is noted that compound C1 has the highest open circuit voltage value
(0.84eV). Which con�rms the results obtained previously in determining the electronic properties of the
studied compounds.

It is then understood that the decrease in the HOMO of the π-conjugated molecule and the increase in the
LUMO of the acceptor causes an increase in the Voc value which leads to a high e�ciency of the solar
cells.

From this analysis. It can be infer that these molecules can be used as electron donor materials in the
BHJ cell. Because the electron injection process will take place from the molecule to the acceptor's
conduction band.

Table 8: Energy values for HOMO. LUMO. Voc and a of the studied compounds with C60(Ind). C60(Qm)
and PCBMe acceptors
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C60(Ind) C60(Qm) PCBMe

Compound EHOMO ELUMO VOC α VOC α VOC α

G2TTPG2 3T -4.80 -1.98 0.74 1.77 0.72 1.79 0.70 1.81

C1 -4.88 -3 .72 0.82 0 .04 0.80 0 .06 0.78 0 .08

C2 -4.76 -1.27 0.70 2.48 0.68 2.50 0.66 2.52

C3 -4.63 -1.86 0.57 1.89 0.55 1.91 0.53 1.93

C4 -4.63 -1.72 0.57 2.03 0.55 2.05 0.53 2.07

C5 -4.69 -1.57 0.63 2.19 0.61 2.21 0.59 2.23

C6 -4.85 -2.32 0.79 1.43 0.77 1.45 0.75 1.47

C60(Ind) - -3.76

C60(Qm) - -3.78

PCBMe - -3.80

6. Conclusion
In this work. We managed to carry out a detailed theoretical study on a new macromolecules obtained by
insertion of different groups to a basic compound named G2TTPG2 3T. The aim was to observe the
effect of the chemical modi�cation on these materials. Thus it was possible to analyze the geometries
and electronic properties of these compounds using the DFT(B3LYP) method with the 6-31G (d. p) base.

The effect of the introduced groups on the structural and optoelectronic properties of these materials and
the possibility of proposing them for synthesis for use in photovoltaics were discussed.

The main results are as follows:

The introduction of the 3.4-ethylenedioxythiophene (EDOT) group increased the distances d1. d2. d3

and d4. While the insertion of the cyano group decreased the intercyclic lengths N52-C1. C15-N53.

The best gap energy values obtained are for the two compounds C1 (1.151 eV) and C6 (2.531 eV)
which have been substituted by the cyano group and Fluorine. 

Whereas for the compounds C2 and C5. The gap values are greater than 3. So these compounds can
be used in other applications other than solar cells.

The compound C5 has the longest wavelength which is 496.96 nm.

The theoretical values obtained from (Voc) for all the studied compounds vary from 0.536 eV to 0.84
eV. These values are moderately su�cient to have an effective injection of electrons. We note that
the best Voc are obtained for the studied compounds in couple with the SMIFE acceptor.
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The compound C1 has the highest open circuit voltage value (0.84eV).

In summary. We note that the substitution by the cyano group has:

* Reduced the gap energy.

* Decreased inter-cyclic distances.

* Increased the value of the open circuit voltage.

This chronology of theoretical calculations helps us to predict the optoelectronic properties of materials
before they are synthesized and to propose new architectures for use in photovoltaics.
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Figure 1

Chemical structure of the basic structure G2TTPG2 3T and its derivatives Ci (i=1 to 6)
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Figure 2

Synthesis of the molecule G2TTPG2 3T[16].

(i) 1 mole% CuI, 10 mole% 1,2-trans-cyclohexadiamine, NaOtBu, dioxane, 110 °C

(ii)    a 1.5 equiv. n-BuLi, THF, -78 °C; b B(OCH3)3; c 6M HCl
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(iii)        3,6-dibromocarbazole, 2.5 mole% Pd(PPh3)4, THF, 2M K2CO3, 80 °C

(iv)        25 mole% CuI, 250 mole% 1,2-trans-cyclohexadiamine, NaOtBu, dioxane, 110 °C

(v)          a 4 equiv. n-BuLi, THF, b B(OCH3)3; c 2M HCl

(vi)         5 mole% Pd(PPh3)4, 2M K2CO3, THF, 80 °C.

Figure 3

Numbering of distances and bond angles of the basic compound G2TTPG23T



Page 20/24

Figure 4

Energy diagram of the HOMO and LUMO levels of the basic molecule G2TTPG2 3T obtained by different
calculation methods



Page 21/24

Figure 5

Optimized structures of G2TTPG2 3T and its derivatives Ci (i=1 to 6) obtained by DFT /B3LYP/6-31G (d,
p) level
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Figure 6

Obtained isodensity plots of the frontier orbital HOMO and LUMO for the studied compounds Ci (i=1 to 6)
and the basic molecule obtained by

DFT /B3LYP/6-31G (d, p) level.
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Figure 7

UV-visible optical absorption spectra of the studied compound Ci(i=1 to 6) and the basic molecule
obtained by the TD-DFT: B3LYP/6-31G (d.p) method
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Figure 8

Energy diagram of the studied compounds Ci (i=1 to 6) blended with the different acceptors PCBM. C60.
SIMEFC. C60(Ind). C60(Qm) and PCBMe


