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ABSTRACT

To better understand and predict the propertieshefz-conjugated compound especially in view of thei as
organic solar cells, we have performed the invedim by using the DFT and TD-DFT quantum chemical
calculations. The studied compounds are based df pyrazine , the aim is first to determine the metries,
electronic and optic properties by using the dgnsitnctional theory (DFT/B3LYP) level with the aalation-
consistent basis set 6-31G(d,p). Moreover, sevplaisical parameters (HOMO, LUMO, Egap, Voc.....) were
determined from the fully optimized structures. @hsorptioni,,sis also calculated. This fundamental information
is a valuable data in designing and making prongsimaterials for organic solar cells.

Keywords: n-Conjugated molecules, TTF- pyrazine, organic so#dls, density function theory (DFT), low band-
gap, electronic properties.

INTRODUCTION

Solar energy has proven capacity to match the veontreasing energy needs [1-2]. Although sevéypés of
inorganic and organic materials, including semiaartdrs [3-4] and conducting polymers [5-6] are sddand
proposed as a promising material in the field gfamic solar cells. Especiallyjpw band gap conjugated molecules
or polymers because of their improved solar lightvesting ability [7-8].

The new organic materials based on pi-conjugatel&cutes specially carbazole or (and) thiophene ledtracted
interest and much attention because of their unijaetronic properties, their high photoluminesenoantum
efficiency, thermal stability and also their facilelor tenability [9-10].

On the other hand, many researchers have becometisetiterested synthesizing short-chain compoladed on
conjugated molecules because they are not amorpnudi€an be synthesized as well defined strucfired ?].
More, the short conjugated molecules based on lieiop and phenylene units have attracted much iattdsgcause
of their unique electronic properties, to theirthjghotoluminescence quantum efficiency and thestadility [13].
In order to obtain materials with more predomineapability, the development of novel structuresigsv being
undertaken following the molecular engineering glitks. One of the most important factors of cdlibg
physical properties is the band-gap, which is aesirtopic of research; In particular materialshwatlow band-gap
are desired in optoelectronic applications. Mangegimental and theoretical attempts have been rtmdeodify
the chemical structures [14].
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At the same time it is important to understandrthture of the relationship between the molecularctire and the
electronic properties to provide guidelines for tlevelopment of new materials. Recent work in &énea has been
focused on the synthesis and design of new molsaadmbining donor and acceptor blocks, or conjufatestems
with narrow band gaps [15]. Theoretical studiegtenelectronic structures afconjugated compounds have given
great contributions to the rationalization of thregerties of known materials and to the propentiesiiction those
of yet unknown ones. In this context, quantum cloaminethods have been increasingly applied to préidé band
gap of conjugated systems [16]. We note that thisaieknowledge of the HOMO and LUMO energy levefghe
components is crucial in studying organic solafsceébo, we can save time and money in choosingatieguate
organic materials to optimize photovoltaic devipesperties.

The HOMO and LUMO energy levels of the donor andha&f acceptor components for photovoltaic deviges a
very important factors to determine whether effecttharge transfer will happen between donor acémor. The
offset of band edges of the HOMO and LUMO levelB priove responsible for the improvement of all fihmltaic
properties of the organic solar cells.

In this paper and in order to guide the syntheskisovels materials, three compounds based on Tyf&zme and
other pi-conjugated molecules (1a, 1b and 1c) shovachemel, are designed. These compounds weayarpteby

S. Rabaca et al [17]. The geometries, electronapgmties, absorption spectra of these studied canmg® are
studied by using density functional theory (DFTY daime-dependent density functional theory (TD/DRiith the
aim to evidence the relationship between molecslaucture and optoelectronic properties. The theale
knowledge of the HOMO and LUMO energy levels of tdoenponents is basic in studying organic solaiscal the
HOMO, LUMO, Gap energy and Voc (open circuit vokagf the studied compounds have been calculatdd an
reported. The obtained properties suggest theserialatas a good candidate for organic dye-segditolar cells.

OO Qo=
=S OP=

1c
Schemel: Structure of the studied compounds (1a, Hnd 1c)

MATERIALS AND METHODS

DFT method of three-parameter compound of Becke {83 [18] was used in all the study of the neutad

polaronic compounds. The 6-31G (d,p) basis set usesl for all calculations[19-20]. To obtain the rgjeal

structures, we start from the optimized structwkthe neutral form. The calculations were carried using the
GAUSSIAN 03 program [21]. The geometry structuréseutral and doped molecules were optimized umgder
constraint. We have also examined HOMO and LUM@@levthe energy gap is evaluated as the differbateeen

the HOMO and LUMO energies. The ground state ersergind oscillator strengths were investigated ugiagrD

DFT, calculations on the fully optimized geometries

RESULTS
Geometric parameters:
The chemical structures of all studied moleculesthis work are displayed in schemel. All the molacu
geometries have been calculated with the hybrid \B3lfunction combined with 6-31G (d,p) basis setggis
Gaussian03 program suite, and the optimized geometries arengim Figure 1. The calculated bond lengths of
molecules 1a, 1b and 1c are listed in table 1.e&@h model inter-ring bond lengthswhich greatly contribute to
the internal energy, were compared in table 1.a$ yound in other works [22] that the DFT-optimizgbmetries
were in excellent agreement with the data obtafrad X-ray analyses.
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Table 1: geometrical parameters of studied compoursdla, 1b and 1c obtained by b3lyp/6-31G (d,p) in ¢iir neutral states

bond Iength(x) and Angle (°) gjl_
1.348
la 179.99
1,3488
1b 179.99
1c 1.349
176.9

The results of the optimized structures for ald&d compounds show that they have similar conftiongquasi
planar conformation) (Figure 1)We found that the consecutive units have dihednales6 =179.99° for all
compounds, and inter-ring distances (d1=1, 348rAL&y d1=1,349A for 1b; d1=1, 349A for 1c).

1c
Figure 1: Optimized structure of the studied compoud obtained by B3LYP/R-?1(= (d) |evel

Electronic properties:

Table 2: The HOMO, LUMO and HOMO-LUMO gaps energy (V) by B3LYP/6-31 G

Compounds| Fomo(eV) | Eumo (eV) | Eap(eV)
la -5.2779 -2.2180 3.0599
1b -5.4632 -1.6729 3.790
1c -5.1489 -2.2868 2.8621

The calculated frontier orbital energies (four qued orbital and four unoccupied orbital) and epeggps between
HOMO and LUMO are shown in Table 2. As shown in[€gh The calculated electronic parameters (Gagyoy)
HOMO) of compounds 1a, 1b, and 1c are (3.0599 2\2180 eV, -5.2779 eV); (3.790 eV, -1.6729 eV, 632 eV)
and (2.8621eV, -2.2868 eV,- 5.1489 eV)) respedtivel

Absorption Properties:
Based on the optimized molecular structures with B3/6-31G (d,p) method. We have calculated the UR&/-v
spectra of each studied compounds: 1a, 1b andidg TB-DFT method.
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Figure 2: Simulated UV-visible optical absorption spectra oach compound with the calculated data at the TD-DF B3LYP/6-31G (d,p)
level

The corresponding simulated UV-Vis absorption sgeof all compounds, presented as oscillator streagainst
wavelength, are shown in Fig. 2. We can find thiees of the absorptiolimax (nm) and oscillator strength (O.S)
along with main excitation configuration of the ditess compounds. In addition, we note that the deoabsorption
peak means that there is a distribution of eneszggllcorresponding to the-1t* transition. This interesting point is
seen both by analyzing electronic and absorptisoli® Excitation to the;State corresponds exclusively to the
promotion of an electron from the HOMO to the LUM®he absorption wavelengths arising from—S,;
electronic transition increase progressively witte tincreasing of conjugation lengths. It is reabtmasince
HOMO—LUMO transition is predominant inyS>S; electronic transition Table 3; the results areeardase of the
LUMO and an increase of the HOMO energy.

Table 3: Transition states, assignments, the correspondingawvelength and oscillator strength for the title corpounds by TD-
DFT//B3LYP/6-31G (d, p)

Compounds| Transition | Wavelength ¢, nm) | Ea (eV)| O.S MO/character
1c S-S1 610.81 2.029 | 0.0002] HOMO—LUMO (95%)
290.13 4.273 | 0.2132] HOMO—LUMO .5 (35%)
1a S-Sl 433.92 2.857 | 0.0175] HOMO—LUMO.; (75%)
270.91 4.576 | 0.2443] HOMO—LUMO.s (31%)
1b SS1 429.88 2.884 | 0.0001| HOMO—LUMO.; (97%)
260.57 4.758 | 0.4073| HOMO.;—LUMO.4 (65%)

Table 4: Energy values of Euvmo (€V), Eqomo (eV), Eap (€V), @ and the open circuit voltage . (eV) of the studied molecules obtained by
B3LYP/6-31G (d)

PCBM G (A) PCBM G PCBM G PCBM Ge

Compounds | Fowmo (V) | Eruvo (V) | Egar (V) | Vo (€V) | o (8V) | Vo (V) | 0 (V) | Vo (V) | 0 (eV) | Vo (€V) | o (eV)

la -5,277 -2,218 3,0594 1,277 1,4B1 1,508 1,52 3814 1,322 1,188 1,573

1b -5,463 -1,672 3,79 1,463 2,027 1693 1,197 1,423,867| 1,373| 2,117

1c -5,148 -2,286 2,862 1,144 1,413 1,379 1,183 91,301,253 1,059 1,503
PCBM Gso(A) -6.100 -3.700
PCBM Gy - -3.470
PCBM G - -3.540
PCBM G - -3.790
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PCBM G.cov PCBM Ge.ps PCBM Gupz
Compounds | Fowo (€v) | Eruvo (V) | Ega (6V) | Voc (ev)| a (ev) | Voc (ev)| a (ev) | Voc (ev)| a (ev)
la -5,277 -2,218 3,0599 1,03 1,7220,978 1,784 0,997 1,762
1b -5,463 -1,672 3,79 1,223 2,271,163 | 2,327 1,183 | 2,307
1c -5,148 -2,2686 2,282 0,904 1,630,849 1,713 0,869 1,693
PCBM Gr. cov - -3.94
PCBM Grens - -4.00
PCBM Gss.o2 - -3.98

Photovoltaic Properties:

To evaluate the possibilities of electron trandfem the excited studied molecules to the condectrand of

PCBM, the HOMO and LUMO levels were compared. Tablésts the calculated frontier orbital energiéghlest

occupied molecular orbital (HOMO), lowest unoccuapigolecular orbital (LUMO), the dg energy of the studied
molecules, the open circuit voltage Voc (eV) and: ifference between both the energy levels LUMQGhef

donor and acceptor noted[26].

DISCUSSION

Firstly, by studying the different results obtainfd geometrical parameters (table 1), we have chotat the
incorporation of several groups does not changer-iing distances d1, and it is obvious that thsitm angle
constitutes a compromise between the effects ofugation on crystal packing energy, which favourglanar
structure. Then, knowing thatlectronic structures are fundamental to the imegtion and understanding of the
absorption spectraye have determined the electronic properties (tajsl€omparing the molecules 1a, 1b and 1c
by studying these properties, we have noticed ttie increased ICT characters make the energiesQi1®l
stabilized and LUMO destabilized when passing frbento 1b. Therefore, the energy gaps between HOMD a
LUMO decrease, which would make the Optical absonpspectra red shifted. The order of energy gapsci
(2.8621 eV) < 1a (3.0599 eV) < 1b (3.7903 eV).

On the other hand, it is important to examine ti@MWD and the LUMO for these compounds because th&we
ordering of occupied and virtual orbital provideseasonable qualitative indication of excitatiooperties and the
ability of electron hole transport. In general,stted in Fig. 3, the HOMO possesses an antib@gndhmaracter
between the consecutive subunits; whereas the LW¥@Ill compounds generally shows a bonding characte
between the subunits.

HOMO LUMO

la

1c
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Finally and based on the optimized molecular stmast with B3LYP/6-31G (d,p) method. We have cal@adahe
UV-vis spectra of each studied compounds: 1a, Thlanusing TD-DFT method (table 3, fig 2). The cédted
wavelengthiabs of the studied compounds decreases in thenMaliporderimax (1cy imax (1a)>imax (1b),
which is the same order of the reduction of theeptr strength. This bathochromic effect from 1bltis
obviously due to a higher mean conjugation lengith ta inter-chain electronic coupling [23].

Concerning the study of Photovoltaic Properties lamalving thatgenerally, the most efficient material solar cells
are based on the bulk hetero-junction structurehefblend of pi-conjugated molecule or polymer dsnand
fullerene derivative acceptors [24-25]. Here, wadgtd and discuss the photovoltaic properties efdbmpounds
la,1b and 1c as donor blended with [6.6]-phenyl-86tyric acid methyl ester (PCBM), which is the mbroadly
used as an acceptor in solar cell devices. The BGMd the LUMO energy levels of the donor and atmrep
components are very important factors to determihether effective charge transfer will happen betwdonor
and acceptor. Figure 5 shows detailed data of atesehergy of the frontier orbitals for the studésinpounds and
PCBM derivatives. It is deduced that the naturéaror or acceptor pushes up/down the HOMO/LUMO giasr

in agreement with their electron character. To @ata@ the possibilities of electron transfer frora #&xcited studied
molecules to the conductive band of PCBM, the HOM@ LUMO levels were compared.

On the other hand and from the above analysis, veavkhat the LUMO energy levels of the studied males is
much higher than that of the ITO conduction bangee@4.7 eV).Thus, the studied molecules 1a,1blandave a
strong ability to inject electrons into ITO eleadss. The experiment phenomenon is quite consiatiémtprevious
literature [27], this latter reported that the e&mse of the HOMO levels may suggest a negativetefie organic
solar cell performance due to the broader gap ketviee HOMO level of the organic molecules and HiGgMO
level of several acceptor PCBM&an), Cre: Crs-covs Crs-pa Coa-pa Coa-pa, Cg4_D2d) (FlgureS)

Figure 4: Structure of the investigated fullerenes

As shown in table 4, both HOMO and LUMO levels loé studied molecules agree well with the requirgrfa@aman
efficient photosentizer. It should be noted that HUMO levels of the studied compounds are highantthat of
PCBM derivatives which varies in literature from.G to -3.47 eV (g (-3.47 eV), Gy (-3.54), Gg (-3.79), GgCoy

(-3.94), GgD; (-4.0), Gap2 (-3.98)) [28].

To evaluate the possibilities of electron tran$fem the studied molecules to the conductive bantthe proposed
acceptors, the HOMO and LUMO levels are comparethwing that in organic solar cells, the open cirevitage

is found to be linearly dependent on the HOMO lesklthe donor and the LUMO level of the acceptoheT
maximum open circuit voltage (Y of the BHJ solar cell is related to the differerietween the highest occupied
molecular orbital (HOMO) of the donor (our studiewlecules) and the LUMO of the electron accept@@RM
derivatives in our case), taking into account timergy lost during the photo-charge generation [@P-3he
theoretical values of open-circuit voltagg. ¥iave been calculated from the following expression

Vo = | Eromo (Donor) | — | ELumo (Acceptor) | — 0.3 (1)
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The obtained values of Voc of the studied molec(leslb and 1c ) calculated according to the égudl) range
respectively from (1.277eV, 1.463eV, 1.148eV ) REBM C60(A);( 1.508 eV, 1.693 eV, 1.379 eV) for B
C60; (1.438 eV; 1.623 eV, 1.309eV) for PCBMy(1.188 eV; 1.373 eV, 1.059 eV) for PCBMC(1.038 eV,
1.223 eV; 0.909eV) for PCBM £&i.coy; (0.978 eV; 1.163 eV; 0.849 eV) for PCBMgGs; (0.997 eV; 1.183 eV;
0.869eV) for PCBM Gu.p, (see Table 4). These values are sufficient for ssipée efficient electron injection.
Therefore, all the studied molecules can be useBHk because the electron injection process froenstindied
molecule to the conduction band of PCBM derivatiaesl the subsequent regeneration is possible iorgamic
solar cell. We noted that the best values gfare indicated for the studied compounds blendeld @4, (1.623eV)
and Gy (1.693 eV), and the higher value are given for mallelb blended with G,

Figure 6 shows detailed data of energy of the feontrbitals for studying compounds with PCBM and i
derivatives.

-1,5 4
-2,0 4
i LUMO
-2,5
-3,0 N
—_ . X
G>J 3,5 o g i
é ' ] % LICJm g PCBM  5Com
S -404 ) G POM ceo g PCBM —
e i A C0(A) PCBM  Sogm
Ll E = C76  crs-cav PCBM
0 C78-D3
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] HOMO
-5,0 —
1 1C
554 1 o=
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Figure 5: Sketch of DFT/B3LYP/6-31G (d) calculateeénergy of the HOMO, LUMO levels of studied molecule
CONCLUSION

This study is a theoretical analysis of the geometand electronic properties of the compoundsdhaseTTF-
pyrazine which displays the effect of substitutedugs on the structural and optoelectronic propertf these
materials and leads to the possibility to sugdeasse materials for organic solar cells applicatibime concluding
remarks are:

* The results of the optimized structures for thedged compounds show that they have similar con&ions
(quasi planar conformation). We found that the rficdlion of the groups does not change the geometri
parameters.

* The calculated frontier orbital energies HOMO drdldMO and energy gaps showed that the energy gapseo
studied molecules differ slightly from 3,79eV t@@2eV depending on the different structures. Theutaed band
gap Egap of the studied compound increases irottening order

1b> l1la> 1c.
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* All the studied molecules can be used as sems#tibecause the electron injection process frometuited
molecule to the conduction band of PCBM and deirrest and the subsequent regeneration are feasibileei
organic sensitized solar cell.

* The best values of Voc are indicated for the gddompounds blended with C60 (1.623eV) or C7693eV),
and higher value are given for molectieblended with C70.

* This calculation procedure can be used as a meydgem for understanding the relationships betvedectronic
properties and molecular structure and also carerbployed to explore their suitability in electrolmascent
devices and in related applications. Presumably, ftocedures of theoretical calculations can bel&yed to
predict and assume the electronic properties oprggtared and efficiency proved the other matersaid further to
design new materials for organic solar cells.

Acknowledgements

This work was supported by Volubilis Program (N° MA/248), and the convention CNRST/CNRS (Project
chimiel009). We are grateful to the Association dtaine des Chimistes Théoriciens (AMCT) for itstipent help
concerning the programs.

REFERENCES

[1] M Grétzel,Phil. Trans. R Soc. 2007, 365, 1853, 993—-1005.

[2] W Katzenstein,J. Apt, Environ. Sci. TechnpP009 43, 2, 253-258.

[3] C W Tang,Appl. Phys. Lett 1986 48, 2, 183—-185

[4] R Liu, J. Phys. Chem.,@009 113, 21, 9368-9374.

[5] O V Prezhdo, W R Duncan and V V Prezhdagc. Chem. Re2008 41, 2, 339-348.

[6] P Peumans, V Bulovic and S R Forregipl. Phys. Lett200Q 76, 19, 650—652.

[7] C J Brabec, N S Sariciftci and J C Hummelgdy. Funct. Mater.2001, 11, 1, 15-26.

[8] E Bundgaard, F C KrebSol. Energy. Mater. Sol. Cel2007, 91, 11, 954-985.

[9] H S Nalwa, "Handbook of Organic Conductive Mclles and PolymersEd. John Wiley & Sond999

[10] K Millen, G Wegner (Eds.), “ElectronicMatealThe oligomers ApproachWiley-VCH, Weinheim, New
York,1998 105-197.

[11]Y Zhou, P Peng, L Han,W TiaBynth. Mater, 2007, 157, 502-507.

[12] J Cornil, D Beljonne, J L Brédas, K Mdllen,\@egner (Eds.)Wiley- VCH, Weinheim, New York998 432-
447,

[13] B Schartel, M Hennecke, Polymer Degradationd &tability, 200Q 67, 24; L Breban, L Lutsen, G
Vanhoyland, J D’'Haen, J. Manca, D Vanderzariden Solid Films2006 511, 695; Kun-Li Wang, Man-kitLeung,
Li-Ga Hsieh, Chin-Chuan Chang,Kueir-Rarn Lee, Chung Wu, Jyh-ChiangJiang, Chieh-Yu Tseng, Hui-Tang
Wang,Organic Electronics2011, 12, 1048.

[14] Q Zhang, J Feng, K Liu, D Zhu, M Yang, H Ye,Xu, Synthetic Metals2006 156, 804; Eva Bundgaard,
Frederik C KrebsSol. Energy Mat and Sol. Cel&007, 91, 954-985.

[15] J A Mikroyannidis, A N Kabanakis, S S Sharma, GHhai$na,Organic Electronics2011, 12, 774-784.

[16] S Bouzakraoui, SM Bouzzine, M Bouachrine andHsimidi, Sol, Energy Mater. & Sol. Cell2006 90, 10,
1393-1402; S Bouzakraoui, SM Bouzzine, M Bouachainé M Hamidi,J. Mol. Struct. (Theochepf005 725, 1-
3, 39-44,; H Zgou, S M Bouzzine, S Bouzakraoui, &hildi and M BouachrineChin. Chem. Lett.2008 19, 1,
123-126; SM Bouzzine, A Makayssi, M Hamidi and MuBohrine,J. Mol. Struct. (Theochem2008 851,1-3,
254-262; R Mondal, H A Becerril, E Verploegen, DnKiJ E Norton, S Ko, N Miyaki, S Lee, M F Toney..J-
Bredas, M D McGehee and Z Bab,Mater. Chem 201Q 20, 28, 5823-5834.

[17] Sandra Rabaca, Sandrina Oliveira, Isabel Gd8amManuel AlmeidaTetrahedron Letters2013 54, 6635—
6639.

[18] J A Mikroyannidis, D V Tsagkournos, P Balrafs,D SharmaJournal of Power Source2011 196, 4152.

[19] R Ditchfield, W J Hehre, J A Popl&, Chem. Phys1971, 54, 76.

[20] P C Hariharan, J A Poplsol. Phys 1974 27, 2.

[21] M J Frisch, G W Trucks, H B Schlegel, G E Saims, M A Robb, J R Cheeseman, J A Montgomery, &ven,
et al, GAUSSIAN 03, Revision B.0Gaussian, Ing Pittsburgh PA2003

[22] M Bouachrine, A Echchary, SM Bouzzine, M Amjid Hamidi, A Amine, T ZairPhys. Chem. News011,
58, 61.

[23] C Jia, J Zhang, J Bai, L Zhang, Z Wan, X YBges and Pigment2012 94, 403-409.

[24] H Derouiche, V DjaraSol. Energy Mater. Sol. Cell2007, 91, 1163.

[25] G Dennler, M C Scharber, C Brabéadv. Mater.2009 21, 1323.

59
Available online at www.scholarsresearchlibrary.com



M. Bouachrine et al J. Comput. Methods Mol. Des., 2014, 4 (3):52-60

[26] T Abram, H Zgou, L Bejjit, M Hamidi, M Bouacime, International Journal of Advanced Research in
Computer Science and Software Engineer®ij,4 4, 742-750,

[27] L Zhang, Q Zhang, H Ren, H Yan, J Zhang, Hnthal Gu,J. Solar Energy Materials & Solar Cel|2007, 92,
581-587.

[28] P Morvillo, J. Solar Energy Materials & Solar Cell2009 93, 1827-1832.

[29] A Gadisa, M Svensson, M R Andersson, O IngaAppl. Phys. Lett2004 84, 1609.

[30] C J Brabec, A Cravino, D Meissner, N S SatigifT Fromherz, M T Rispens, L Sanchez, J C Huremédv.
Funct. Mater, 2001, 11, 374.

60
Available online at www.scholarsresearchlibrary.com



