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The interest in m-conjugated polymers in-
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A quantum chemical investigation has been performed to explore optical and electronic
properties of a series of different compounds based m-conjugated molecular materials with
fused rings, on imidazo[l,2-a]pyrazines. Different electron-donor side groups as side-chain
substituents were introduced in molecular backbone to investigate their effects on the
electronic structure. The HOMO and LUMO energy levels as well energy gap E, of the
studied compounds have been calculated and reported. The obtained data suggest that
studied molecules are good candidates for organic solar cells.

C ucoonp3oBaHWEeM KBAHTOBO-XUMUYECKHX METOLO0B PACCUHUTAHBLI ONTUYECKNE U 3JIEeKTPOH-
Hble CBOICTBAa COEJMHEHNI Ha OCHOBE apOMATHUUECKUX MOJEKYJ € T-COIPAKEHHBIMU CBA3H-
MU, & UMeHHO wuMugaso[l,2 alnmpasmua. Pasanunble 5JIeKTPOHO-TOHOPHBIE TPYINELI BBOIU-
JIUCHh B MOJIEKYJIAPHYIO CUCTeMY [AJ N3YUEeHUs BINAHUSA Ha DJIEKTPOHHYIO CTPYKTYPY MOJe-
KyJs. Paccuunrtansr HOMO u LUMO suepreTudecKkue ypoBHU, 4 TaKiKe NMIUPUHA 3aMPENTeHHOMN
30HBI Eg U3YUeHHBIX coefuHeHuil. PesynbraThl ucciaeroBaHUIl MO3BOJMAKT PACCMATPUBATH
9TU COeIUHEHUS B KaduecTBe MEPCIEKTUBHBIX AJSA MCIOJbL30BAHUS B OPTAHUUYECKUX COJIHEY-
HBIX dJIEMEeHTaX.

Enexmponni i pomozanv6éaniini énacmueocmi HO6UX mamepianié Ha OCHO6i umuda-
30[1.2-a[nipasuny. Komn’romepne modenwsanusn. A3axnoy, C.Amuma, M. Xamani, JI.Bed-
acum, T.Jlarxxaigpi, M.Boyupini.

3 BUKOPHCTAHHAM KBAHTOBO-XiMIiUHHX MeTOJiB pPO3paxOBAaHO OUTHUYHI i eJeKTPOHHI Biac-
TUBOCTL HUSKMU CIIOJYK Ha OCHOBI apOMATHUYHHX MOJIEKYJ 3 T-CIPSMKEHUMU 3Bif3KaMu, 30K-
pema imimaso[l,2a]nipasiny. PisHi G0KOBi €JIeKTPOHOLOHOPHI TPYNIN BBEAEHO Y MOJEKYJIAPHY
CUCTEMY [IJS1 BUBUEHHS BILIUBY HA €JEKTPOHHY CTPYKTYPY MoJekyJa. Pospaxosano HOMO i
LUMO enepretnuni piBHi, a TakoK MuUpuHy 3a60pOHeHOi 30HU Eg JOCHITIKEeHNX CIONAYK .
Pesynbratil mocaifskeHsa MOBBOMAIOTL POBTAAAATH IIi CIOJYKM SK TEPCIeKTUBHI MPU BUKO-
PHUCTAHHI B OPTraHiYHMX COHAUHUX eJIeMeHTaX.

1. Introduction stantially upon electrochemical doping. This
discovery led to the 2000 Nobel Prize in
Chemistry awarded to Alan Heeger, Alan

creased considerably after discovery that Mac Diarmid, and Hideki Shirakawa [1]. By
their electrical conductivity increases sub- the mid-1980s, several research teams in

504

Functional materials, 20, 4, 2013



A.Zahlou et al. / Electronic and photovoltaic ...

Fig. 1. Structure of the studied imidazo[1,2-a]pyrazines derivatives.

both academia and industry were investigat-
ing m-conjugated small molecules and poly-
mers to gain benefit of their unique optical
and semiconducting properties [2]. The de-
velopment of organic semiconductors has fo-
cused on organic m-conjugated molecules for
application in electronic and photonic de-
vices by virtue of their ability to afford
high operating speeds, large device densi-
ties, low cost, and large area flexible cir-
cuits. These materials which may have in-
teresting optical and electronic properties
for applications in microelectronics such as
organic field-effect transistor (OFET), light-
emitting diodes, sensors, photo-detectors
and solar cells [2].

In photovoltaic, one of the most critical
issues, besides achieving adequate efficien-
cies and life times, is to reduce the costs
associated with achieving economies of
scale. Organic solar cells, which can be
processed from solution, have great poten-
tial to reach the goal of photovoltaic tech-
nology that is economically viable for large-
scale power generation, where the organic
materials are the key elements for convert-
ing light into electricity. Organic photovol-
taic materials have many advantages com-
pared to inorganic semiconductors. They are
a subject of an increasing interest in recent
years due to their advantages of low cost,
light weight, processability of the organic
materials and potential to make flexible

Functional materials, 20, 4, 2013

photovoltaic devices in comparison with the
traditional silicon-based solar cells. The
mismatch between absorption spectra, low
band gap and the solar irradiance spectrum
is one of the main reasons for low efficiency
and high performance of the organic solar
cells devices [3, 4].

In this paper, thirteen compounds based
on imidazo[1l,2-a]pyrazines (1, 2, 3, 4, 5, 6,
7, 8,9, 10, 11, 12 and 13 (shown Fig. 1),
are designed. The geometries, electronic
properties, absorption and emission spectra
of these studied compounds are studied by
using density functional theory (DFT) and
time-dependent density functional theory
(TD/DFT) with the goal to find potential
sensitizers for use in organic solar cells.

2. Theoretical methodology

DFT method of three-parameter com-
pound of Becke (B3LYP) [5] was used in
the study of the neutral and polaronic
compounds. The 6-31G (d) basis set was
used for all calculations [6]. To obtain the
charged structures, we start from the op-
timized structures of the neutral form.
The calculations were carried out using
Gaussian 03 program [7]. Geometry struc-
tures of the neutral and doped molecules
were optimized under no constraint. We
have also examined HOMO and LUMO lev-
els; the energy Egyp is evaluated as the
difference between fhe HOMO and LUMO
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Fig. 2. Optimized structure of the studied compounds (1 to 13) obtained by BSLYP/6-31G (d) level.

energies. The ground state energies and os- 3. Results and discussion

cillator strengths were investigated using The result of the optimized structures

TD/DFT, calculations on the fully optimized obtained by B3LYP/6-31G (d) (Fig. 2) shows

geometries. In fact, these calculation meth- that they have similar conformations (quasi
ods have been successfully applied to other planar conformation). We found that the
conjugated molecules [8]. modification of several groups attached to
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imidazo[1,2-a]pyrazine does not change the
geometric parameters.

Table 1 lists the calculated frontier or-
bital energies and energy Egap between
highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital
(LUMO) and the Egap energy of the studied
molecules.

Electronic structures are fundamental
for interpretation and understanding of the
absorption spectra. It is deduced that the
substitution of imidazo[l,2-a]pyrazine in
the molecule 1 by different other substi-
tuent groups, push up/down the
HOMO/LUMO energies in agreement with
their electron acceptor/donor character. As
shown in Table 2, the HOMO and LUMO
energies of 1 to 13 change significantly.
This implies that different side substituent
structures play key role in electronic prop-
erties and the effect of slight structural
variations, especially the effect of the mo-
tifs branched to the imidazo[l,2-a]pyrazine
on the HOMO and LUMO energies is clearly
seen. In addition, the energies of E,,, of
the studied molecules differ slightly ﬁ'om
3.915 eV to 4.806 eV depending on the dif-
ferent structures.

It is known that the architecture of pho-
toactive layer is one of the principle factors
of the efficiencies of solar cells. The most
efficient technique to generate free charge
carriers is bulk heterojunction where the 7-
conjugated compounds donors are blended
with fullerene derivatives as acceptor [9].
In our study, PCEM and derivatives (Cg,
Cr0, Cr6, Cr8~Cav, Crg—Ds, Cgq—Dj) were
included for comparison purposes.

As shown in Table 1, both HOMO and
LUMO levels of the studied molecules agree
well with the requirement for an efficient
photosensitizer. It should be noted that the
LUMO levels of the studied compounds Mi
(i = 1-13) are higher than that of PCEM
derivatives which varies from -4.0 to
—8.47 eV (Cgg (—3.47 eV), Cyo (—3.54), Cyq
(—3.79), Crg—Coy (-8.94), Crg—Dg (—4.0),
Cg4—D, (=3.98)) [10].

The maximum open circuit voltage (V)
of the BHJ solar cell is related to the dif-
ference between the highest occupied mo-
lecular orbital (HOMO) of the donor (our
studied molecules) and the LUMO of the
electron acceptor (PCEM derivatives in our
case), taking into account the energy lost
during photo-charge generation [11]. The

Table 1. Theoretical electronic properties of the studied compounds calculated from the optimized
structures by B3LYP/6-31G. Isodensity plots of the frontier orbital HOMO and LUMO of the
studied compounds obtained at BSLYP/6-31(d) level
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Table 2. Absorption spectra data obtained by
TD-DFT methods for the Molecules (1 to 13)
of the studied compounds at BSLYP/6-31G
(d) optimized geometries

T S R R St
1 308.92 | 0.2093 | 339.95 31.03
2 321.44 | 0.0324 - -

3 376.36 | 0.0061 - -

4 351.83 | 0.0157 - -

5 354.27 | 0.1128 | 391.95 37.68
6 298.92 | 0.2545 - -

7 300.85 | 0.2577 | 331.48 30.63
8 306.19 | 0.1783 | 348.58 42.39
9 311.09 | 0.2448 | 334.48 23.39
10 289.82 | 0.0733 | 332.33 42.51
11 309.77 | 0.1851 436.01 126.24
12 311.53 | 0.2122 | 342.43 30.90
13 297.67 | 0.0824 | 332.99 35.32

theoretical values of open-circuit wvoltage
V,c have been calculated from the following
expression:

V. .= (1)

oc

= |EgopdDonodl - |EpyydAccepton| — 0.8.

The obtained values of V. of the studied
molecules calculated according to the equa-
tion (1) range from 1.407 eV to 2.603 eV
(see Table 1). These values are sufficient for
a possible efficient electron injection to
PCEM derivatives. Therefore, all the stud-
ied molecules can be used as sensitizers. We
noted that the best values of V. are indi-
cated for the studied compounds (1-13)
blended with Cgy or Crpy and higher value
are given for molecule 2 blended with Cg,
(2.603 eV).

The frontier molecular orbital (MO) con-
tribution is very important in determining
the charge-separated states of the studied
molecules because the relative ordering of
occupied and virtual orbital provides a rea-
sonable qualitative indication of excitations
properties [12]. In general, as shown in
Table 1, the HOMOs of these molecules in
the neutral form possess m-bonding charac-
ter and m-antibonding character between the
consecutive subunits while the LUMOs pos-
sess m-antibonding character and m-bonding
character between the subunits whereas it is
the opposite in the case of doped forms.
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We have calculated UV-visible spectra of
the studied compounds using TD-DFT start-
ing with optimized geometry obtained at
B3LYP/6-31(d) level. As illustrated in
Table 2, we can find the values of calcu-
lated wavelength A, (abs) and oscillator
strengths f. Excitation to the S; state cor-
responds almost exclusively to the promo-
tion of an electron from the HOMO to the
LUMO orbital. The absorption wavelengths
arising from Sy — S; electronic transition
increase progressively with the increasing
of conjugation lengths. It is reasonable,
since HOMO — LUMO transition is predomi-
nant in S5 — S§; electronic transition; the
results are a decrease of the LUMO and an
increase of the HOMO energy. Data in Table
2 shows that there is a bathochromic shift
when passing from Molecule 10 (289.82 nm)
to Molecule 3 (376 nm). This effect is obvi-
ously due to the aromaticity, conjugation
and substitution effects in the several stud-
ied compounds. Those interesting points are
seen both in the studying the electronic and
absorption properties.

In order to study the emission photolu-
minescence properties of the studied com-
pounds M;, TD/BSLYP method was applied
to the geometry of the lowest singlet ex-
cited state optimized at the CIS level with
3-21G basis set [13]. As illustrated in Table
2, this could be regarded as electron transi-
tion process that is the reverse of the ab-
sorption corresponding mainly to the
LUMO-HOMO electron transition configura-
tion. Moreover, the observed red-shifted
emission of the PL spectra is in reasonable
agreement with the obtained results of ab-
sorption. We can also note that relatively
high values of the Stokes Shift (SS) are
obtained for Molecule 11 (126.24 nm). In
fact, the Stokes Shift, which is defined as
the difference between the absorption and
emission maximums (EVA-EVE), is usually
related to the band widths of both absorp-
tion and emission bands [14].

4. Conclusions

This study is a theoretical analysis of the
geometries and electronic properties of vari-
ous compounds based on pyrazine which dis-
plays the effect of substituted groups on
the structural and optoelectronic properties
of these materials and leads to the possibil-
ity to suggest these materials for organic
solar cells application. The concluding re-
marks are:

The results of the optimized structures
for all studied compounds are that they

Functional materials, 20, 4, 2013
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have similar conformations (quasi planar
conformation). We found that the modifica-
tion of several groups does not change the
geometric parameters. The calculated fron-
tier orbital energies HOMO and LUMO and
energy Egap showed that the energy Egap of
the studied molecules differ slightly from
4.806 eV to 3.99 eV depending on the differ-
ent structures.

The energy Egqp of molecule 3 is much
smaller than that of the other compounds.

The Molecule 11 witch have a relatively
high value of A,,,, (absorption), A, ,, (emis-
sion) and the Stokes Shift (SS) is expected
to have the most outstanding photophysical
properties.

All the studied molecules can be used as
sensitizers because the electron injection
process from the excited molecule to the
conduction band of PCEM and derivatives
and the subsequent regeneration are feasible
in the organic sensitized solar cell. The best
values of V,. are obtained for the studied
compounds (1-13) blended with Cgq or Cr,
and the higher value are given for molecule
2 blended with Cgq (2.603 eV).

This calculation procedure can be used as
a model system for understanding the rela-
tionships between electronic properties and
molecular structure and also can be em-
ployed to explore their suitability in elec-
troluminescent devices and in related appli-
cations. Presumably, the procedures of
theoretical calculations can be employed to
predict and assume the electronic properties
on yet prepared and efficiency proved the
other materials, and further to design new
materials for the organic solar cells.
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