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The donor organic sensitizers and acceptor inorganic part (e.g. TiO, nanoparticles) gained significant
attention in the field of photo-excitation, electrochemistry and hetero-junction solar cells. In the
present study structural, electronic and charge transport parameters have been calculated with
respected to benzothiazole- and indole-based squaraine dyes as donor while Si/TiO, as acceptor then
compared with previously studied hetero-junction solar cell materials. We have optimized the ground
state geometries of benzothiazole- and indole-based squaraine dyes by density functional theory
(DFT). The geometries of neutral, cation and anion species have been optimized by restricted and
unrestricted  B3LYP/6-31G** level of theories, respectively. The  2-3-(2-ethoxy-2-
oxoethyl)benzo[d]thiazol-2(3H)-ylidene)methyl)-4-((3-(2-ethoxy-2-oxoethyl)benzo[d]-thiazol-3-ium-
2-yl)methyl-ene)-3-oxocyclobut-1-enolate (BTSQD1) has been synthesized by our group. Moreover,
we have designed derivatives of the benzothiazole- (BTSQD2 and BTSQD3 which have —-COOH and
—OCHj3 at terminal —R positions, respectively) and indole-based squaraine dyes (ISQD1-1SQD3). The
structures of the benzothiazole- and indole-based dyes investigated here are same except that in later
ones the “sulfur” has been substituted by -C(CHz),. We have compared the geometries, electronic
properties, ionization potentials, electron affinities, reorganization energies, relationship between the
energies of highest occupied molecular orbitals/lowest unoccupied molecular orbitals and open-circuit
voltages (Voc), diagonal band gaps and short circuit current densities (Js), fill factors (FF) and factors
affecting on the external quantum efficiency.
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1. INTRODUCTION

The metal free organic compounds are gaining significant attention in the field of renewable,
sustainable energy [1-4], photoexcitation and photo-electrochemical processes [5] due to cheap, easy
chemical modification, and structural flexibility [6-13]. Recently, we showed that metal free organic
materials are good candidates for solar cells to enhance the efficiency, stability and intra-molecular
charge transfer (ICT)[3, 14, 15]. To enhance the power conversion efficiency of the solar cells,
absorption spectrum of the organic compound must be broadened. Recently, a number of studies have
been carried out to fabricate the inorganic-organic hetero-junction solar cells (HJSC) to achieve the
benefits coupled with both material groups [16] which improved the stability and power conversion
efficiencies [17-19]. The efficiency of solar cell reduced due to the charge recombination and
aggregation [20-23].

Due to large absorption coefficients in the red and near-infrared, squaraine dyes are good
contenders which are being used in solar cells [24-28] and they showed enhanced efficiency [29-31].
Recently, Rao and co-workers pointed out that efficiency of bulk hetero-junction solar cell can be
improved by incorporating the squaraine dye [32]. More recently, we synthesized two hydrazone dyes,
i.e., 2-{4-[2-(2-hydroxybenzylidene)hydrazino]phenyl}ethylene-1,1,2-tricarbonitrile (HBHT1) and 2-
{4-[2-(4-hydroxybenzylidene)hydrazino]phenyl}ethylene-1,1,2-tricarbonitrile (HBHT2). We
fabricated the HISC devices (dye/Si/TiO, nanoparticles) and measured their efficiencies then discussed
the relationship between diagonal band gap of the heterojunction and open-circuit voltage (Vo),
relationship between the highest occupied molecular orbitals (HOMOS) energies/ionization potentials
and the V., diagonal band gap and short circuit current density (Jsc) and fill factor (FF) by density
functional theory (DFT) and correlated with experimental data.

In the present article we have calculated the vertical/adiabatic ionization potentials,
vertical/adiabatic electron affinities, reorganization energies, diagonal band gaps dyes/Si/TiO,
HOMOs energies, lowest unoccupied molecular orbitals (LUMOS) energies then discussed the
relationship between diagonal band gap and open-circuit voltage (Voc), relationship between the
HOMO energies/ionization potentials and the V,., diagonal band gap and short circuit current density
(Jsc) and fill factor (FF), relationship between LUMOs energies and V. and factors affecting on the
external quantum efficiency with the aim to shed light on the charge transport behavior in
benzothiazole- and indole-based squaraine dyes (see Fig. 1). Previously, it was showed that V.
strongly depends on the E_uymo [33]. Moreover, we have compared the above mentioned charge
transport parameters of the benzothiazole- and indole-based squaraine dyes with previously studied
hydrazone dyes which showed efficiency 3.6% [34] and anthra[2,3-b]thiophene derivatives (DATP-a-
DATP-f) [4]. The technical findings are motivating which would stimulate the experimentalists to use
benzothiazole- and indole-based squaraine dyes in the field of HISCs.
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BTSQD1,R=H ISQD1,R=H
BTSQD2, R = COOH ISQD2, R = COOH
BTSQD3, R = OCHs ISQD3, R = OCH3

Figure 1. The structures of the benzothiazole- (left) and indole-based squaraine dyes (right)
investigated in the presented study along with atom numbers.

2. COMPUTATIONAL DETAILS

In previous studies it has been proved that DFT is reasonable and accurate choice which
reproduces the experimental data of small organic compounds [4, 35-41]. Among different DFT
functionals, B3LYP is a best functional [4, 36, 39, 40, 42-44]. Guillaumont and Nakamura pointed out
that B3LYP functional is good approach which reproduces the absorption wavelengths of hydrazone,
azobenzene, anthraquinone, phenylamine and indigo dyes [45]. It has been shown that B3LYP and
TD-B3LYP functionals are good one which imitate the experimental structural, electronic, optical and
charge transport properties more accurately [46-48] e.g. hydrazones [1, 2], triphenylamines [14],
chemosensors [49], phthalocyanines [50], biologically active molecules [51], and oxadiazoles . Huong
et al. optimized the geometries of naphtho[2,3-b]thiophene at B3LYP/6-31G** and PBE0/6-31G**
levels of theories then discussed and compared their electronic and charge transport parameters with
available experimental evidences where they concluded that B3LYP/6-31G** level of theory is more
accurate and reasonable approach [52].

In the present study, DFT has been used to optimize the ground state geometries of
benzothiazole- and indole-based squaraine dyes by applying the hybrid exchange correlation functional
B3LYP [53-55] with 6-31G** basis sets [56-63]. The cation and anion geometries have been
optimized by unrestricted (U) B3LYP/6-31G** level of theory. The geometric relaxation energy of a
molecule from the neutral to the charged (cation / anion) states and from the charged (cation / anion) to
the neutral state is known as reorganization energy (A). We have computed the reorganization energies
for hole (An) and electron (A¢) by using the following equation:

Anje = Acation/anion T Axyy- (1)

where Acation/anion  Means the energy of geometry relaxation from neutral to charged states and
Axsy IS the relaxation energy of a molecule from charged (cation / anion) states to neutral one [64, 65].
Both of the terms were computed from the adiabatic potential energy surfaces [66-68]. The Ay is
calculated by using the following equation:
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M = Aeation + Ax = [E*(M)"-E°(M)"] + [E* (M) - E° (M)] @)

E® (M), E° (M)" are the energies of optimized neutral and cation species at ground state, E* (M)
is the energy of neutral state at the optimized cation species, and E* (M)" is energy of the cations state
at the geometry of the optimized neutral species. The Ae have been evaluated by using the following
equation:

Me = Aanion+ dy = [E'(N) -E° (NYT+[E*(N)-E°(N) ] 3

E® (N) and E® (N) are the energies of neutral and anion species optimized at ground state, E*
(N) is the energy of neutral molecule at the geometry of the optimized anion species, and E* (N)  is
energy of the anion species at the geometry of the optimized neutral species. The adiabatic/vertical
ionization potentials (IPa)/(IPv) and electron affinities (EAa)/(EAv) have been calculated at the
B3LYP/6-31G** level of theory as follows:

IPa=E°(M)" - E°(M) and IPv=E"(M)*-E° (M) (4)

EAa= E°(N)-E°(N)” and EAv=E°(N)-E'(N) (5)

E® (M)/E° (N), E® (M)* and E° (N are the energies of the neutral molecule at the ground state,
the energies of cation and anion states, respectively. The E* (M)* and E* (N) are the energies of cation
and anion states at the geometry of the optimized neutral molecule, respectively.

3. RESULT AND DISCUSSION

3.1. Geometries

In Fig. 2, we have illustrated the selected bond lengths in angstrom (A) and bond angles in
degrees (°) of benzothiazole- and indole-based squaraine dyes. The C;-C, and C3-N; bond lengths
shortened while C1-N; bond distance lengthened in ISQD1-1SQD3 compared to BTSQD1-BTSQD3.
In 1ISQD1-1SQD3, the shortening (lengthening) in C3-N; (C31-N;) bond lengths have been observed
0.015, 0.007, 0.006 A (0.015, 0.009, 0.009 A), respectively compared to their counterparts, i.e.,
BTSQD1-BTSQD3. The major alteration in the C1-N;-C3 and C3-C4-Cs bond angles has been noticed.
In 1ISQD1-1SQD3, C;-N;-C3 (C3s-C4-Cs) bond angles decreases (increases) i.e., 3.44, 3.42, 3.41° (4.94,
4.90, 4.85°) compared to the BTSQD1-BTSQD3, respectively. We have perceived no significant
alternation in bond lengths and bond angles by substituting the electron withdrawing groups (-COOH)
or electron donating groups (-OCHpy) at terminal positions (-R). The major changes in the bond lengths
and bond angles is due to the replacement of “S” by -C(CHj3),. The shortening of C3-N; bond length in
indole-based squaraine dyes is might be due to the strong electron donating behavior of dimethyl
which donates the electrons to C3; atom which attract the N; atom towards itself ultimately shortened
the C3-N; bond length resulting C1-N; bond length lengthened. The electron donating behavior altered
the bond length is in good agreement with the previously published work [69].
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Figure 2. The bond lengths (left) in A and bond angles (right) in degree (°) of benzothiazole- and
indole-based squaraine dyes optimized at B3LYP/6-31G** level of theory.

3.2. lonization potentials, electron affinities and reorganization energies

The IPa, IPv, EAa and EAv are the vital properties to compute the charge transport barriers,
which were estimated at the B3LYP/6-31G** level of theory. In semiconductors lower IP and higher
EA are key parameters to improve the charge transport ability for electron and hole, respectively. The
calculated IPa, IPv, EAa and EAvV data of all the derivatives has been tabulated in Table 1. Zhang and
co-workers pointed out that organic materials which have high EAv and small IPv might be better for
n-type and p-type charge injection, respectively [70]. From Table 1, it can be found that EAv of
BTSQD1, BTSQD2, BTSQD3, ISQD1, ISQD2 and ISQD3 are 1.15, 1.57, 1.05, 1.25, 1.67 and 1.13
eV, respectively. Usually, the EAv and EAa of the derivatives containing —COOH group are greater
than other counterparts. The EAv follow the similar tendency to that of the LUMO energies which is in
good agreement with the previous studies that the compounds with greater LUMO energies would
have the higher EAv [71]. It can be perceived from Fig. 3 that ISQD2 has the highest LUMO energy
followed by BTSQD2 among the studied compounds hence have the highest EAv, i.e., 1.67 and 1.57
eV, respectively. The IPv of BTSQD1-BTSQD3 (5.62, 5.87, 5.43 eV) is smaller than the ISQD1-
ISQD3 (5.78, 6.06, 5.53 eV), respectively. The trend of IPv is in good agreement with the HOMO
energies. The compounds having larger HOMO energies have the greater IPv values.

To investigate the charge transport behavior and the ability to carry out the charge in
semiconductors the reorganization energy is an important quantity [72, 73]. The hole/electron
reorganization energies (A(h) / Me)) of BTSQD1, BTSQD2, BTSQD3, ISQD1, ISQD2 and ISQD3 at
B3LYP/6-31G** level of theory have been given in Table 1. The calculated A(h)/A(e) of BTSQDI1-
BTSQD3 (0.282/0.276, 0.311/0.269 and 0.291/0.295) are smaller than the I1SQD1-1SQD3
(0.420/0.322, 0.461/0.328, and 0.366/0.350), respectively. The smaller A(h)/A(e) of BTSQD1-BTSQD3
than ISQD1-ISQD3are esteeming that the charge transport ability of prior compounds would be
superior. The A(e) values of all the studied compounds except ISQD3 are smaller than the diphenyl-
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naphtho-dithiophene 0.34 eV [74] and oligofuran 0.40 eV [75] revealing that studied compounds might
be proficient electron transporters as compared to the former ones. The A(h) values of BTSQDI-
BTSQD3 are smaller than 2-{4-[2-(2-hydroxybenzylidene)hydrazino]phenyl}ethylene-1,1,2-
tricarbonitrile, 2-{4-[2-(4-hydroxybenzylidene)hydrazino]phenyl}ethylene-1,1,2-tricarbonitrile [34],
benzo[2,3-b]thiophene derivatives [38]

Table 1. The vertical/adiabatic ionization potentials and electron affinities and hole/electron
reorganization energies AM(h)/A(e) at the B3LYP/6-31G** level of theory. All values in eV.

BTSQD1 BTSQD2 BTSQD3 ISQD1 1SQD2  1SQD3

IPv 5.62 5.87 5.43 5.78 6.06 5.53
IPa 5.48 5.72 5.29 5.58 5.83 5.36
EAv 115 1.57 1.05 1.25 1.67 1.13
EAa 1.29 1.71 1.20 1.42 1.83 1.30
AMh) 0.282 0.311 0.291 0.420 0.461 0.366
Me) 0.276 0.269 0.295 0.322 0.328 0.350

3.3. Electronic properties
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Figure 3. The HOMOs and LUMOs energies of donors and acceptors.

The HOMO energies (Enomo) and LUMO energies (ELumo) of Si (TiO,) are —5.43 and -3.92
eV (-7.40 and -4.20 eV), respectively [76, 77]. The HOMO and LUMO energies of the indole-based
squaraine dyes are lower than the benzothiazole-based ones. The replacement of “S” by -C(CHj3), have
significant effect to lower the Epomo rather than E uymo, i.€., Enomo 0f ISQD1-1SQD3 are 0.18, 0.19
and 0.10 eV lower than BTSQD1-BTSQD3. The Exomo and Eumo of the acceptors (Si/TiO,) are lower
than the benzothiazole- and indole-based squaraine dyes. The average Enomo and ELuymo values of the
Si/TiO, are -6.41 and -4.06, respectively revealing staggered band alignment hetero-junction which
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would be a favorable operation to transfer electrons to the cathode while holes to the anode.
Previously, we showed that Si as an acceptor would behave as Nested band alignment hetero-junction
while Si/TiO, would change the alignment to staggered band alignment hetero-junction. In the present
case, we found that Si or Si/TiO, as an acceptor both would behave as staggered band alignment
hetero-junction, see Fig. 3. For the comparison of present result with previous studies [78] , here we
will focus on the Si/TiO, as an acceptor.

The excitons formed in the donor side are dissociated at the donor—acceptor interface in hybrid
solar cells. The force requisite to overwhelmed the exciton binding energy (EBE) is delivered by the
energy level offset (ELO) of the E umo of the donor and the conduction band (CB) edge of the
acceptor material [79]. The ELO of BTSQD1, BTSQD2, BTSQD3, ISQD1, 1SQD2 and ISQD3 have
been observed 1.60, 1.33, 1.67, 1.51, 1.25 and 1.62 eV, respectively to overcome the EBE showing
that BTSQD2 and ISQD2 would be efficient materials which have smaller ELO. The ELO of the
Enomo Of the donor and the valence band (VB) edge of the acceptor material delivered dissociation of
excitons (DE) formed in the acceptor material. The ELO of BTSQD1, BTSQD2, BTSQD3, ISQD1,
ISQD2 and 1SQD3 have been observed 1.76, 1.55, 1.85, 1.58, 1.36 and 1.75 eV, respectively which
showed that for BTSQD2 and ISQD2 less energy would be prerequisite to DE. Previously, it was
pointed out that V. is directly proportional to the diagonal band gap (DBG) of the hetero-junction [80].
We have observed that the DBGs 0.59, 0.80, 0.50, 0.77, 0.99 and 0.60 eV for BTSQD1, BTSQD?2,
BTSQD3, ISQD1, 1SQD2 and ISQD3, respectively revealing BTSQD2 and ISQD2 would have
superior V. Previously, the ELO required to overcome EBE were calculated 1.30, 0.69, 1.34, 0.72,
1.33 and 0.71 eV while to overcome DE 1.36, 1.25, 1.52, 1.42, 1.48 and 1.37 eV for DATP-a-DATP-f,
respectively. The smaller/equal ELO of ISQD2 than/to most of the anthra[2,3-b]thiophene derivatives
revealing that former squaraine dye might be proficient HISC material. The DBGs of six anthra[2,3-
b]thiophene derivatives, i.e., DATP-a-DATP-f have been calculated 0.99, 1.10, 0.83, 0.93, 0.87 and
0.98 eV, respectively [4]. The superior/equal DBG value of ISQD2 to the DATP-a-DATP-f revealing
that former would be efficient HISC material. The smaller ELO of 1ISQD1-1SQD3 for EBE and DE as
well as superior DBGs than their counterparts BTSQD1-BTSQD3, respectively illuminating that
former would be efficient HISC materials than later ones. Moreover, we observed that -COOH
containing compounds (BTSQD2 and 1SQD2) would be more efficient than other compounds. By
comparing the ELO and DBGs of these dyes with HBHT1 and HBHT?2 which have ELO 0.67 and 0.77
for EBE, 0.25 and 0.57 eV for DE while DBGs 2.1 and 1.78 eV, respectively revealed that
benzothiazole- and indole-based squaraine dyes would also be good contenders for HISCs.

The Jg is directly proportional to the external quantum efficiency (EQE) which can be assessed
by using the following equation:

EQE =17, X it X Maiss X The X Mo (7)

where 7,.., Mg » Mass» My @Nd 7., are the absorption yield, ability of an exciton to diffuse to a
D—A interface, exciton dissociation yield, efficiency of charge carrier transport throughout the device

and efficiency of charge collection at the electrodes, respectively. All the squaraine dyes are good

candidates to absorb in red region, on other hand the inorganic acceptors (Si/TiO,) would enhance the
Maws - Te 14, 1S inversely proportional to the rate of recombination. The traps and recombination sites
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would hamper the 7, and the attainment of transport depends on the mobility of the accompanying

semiconductors [81]. It is expected that long side chains would inhibit the recombination resulting
improve the 7,.and 7, . Additionally, the higher EA of BTSQD2 and ISQD2 would increase the

electron transport toward cathode. The thriving injection of holes into the anode is conceivable if the
HOMO level of the donor would be larger than anode ultimately improve the 7,.. We observed that

HOMO energy levels of benzothiazole- and indole-based squaraine dyes are greater than anode
revealing these materials would have superior 7, [43]. The smallest E_ymo have been observed for

BTSQD2 and ISQD?2 illustrating that these dyes would be effective donor materials.

4. CONCLUSIONS

From the first principles calculations, the following conclusions have been drawn:

a) The major variation in the geometrical parameters has been observed in ISQD1-1SQD3
compared to their complements. The substitution of -COOH or —OCH3; groups have no significant
affect to alter the geometry as compared to the replacement of “S” by -C(CHs), which is
lengthening/shortening the bond lengths.

b) The smaller vertical ionization potentials of BTSQD1-BTSQD3 would lead to the
reduce injection barrier which are revealing that these materials would be better hole charge
transporters.

c) The smaller hole reorganization energies of benzothiazole-based sensitizers showed that
these would be efficient hole transport materials.

d) The larger vertical electron affinities and smaller electron reorganization energies of
ISQD1-1SQD3 would lead to better electron transport materials.

e) The HOMO and LUMO energies of dyes and Si or average values of the Exomo and
ELumo of the Si/TiO; are close-fitting staggered band alignment hetero-junction solar cells.

f) The smallest energy level offset, dissociation of excitons and larger diagonal band gap
(resulting superior Vo) values of BTSQD2 and ISQD2 showed these materials would be efficient.

ACKNOWLEDGEMENT

This Project was funded by the King Abdulaziz City for Science and Technology (KACST) through
National Science, Technology and Innovation Plan (NSTIP) under grant number 8-ENE198-3. The
authors, therefore, acknowledge with thanks KACST for support for Scientific Research. Also, the
authors are thankful to the Deanship of Scientific Research (DSR), King Abdulaziz University for their
technical support.

References

1. A. Al-Sehemi, M. Al-Melfi, A. Irfan, Struct. Chem. 24 (2013) 499.
2. A. Al-Sehemi, A. Irfan, A. Asiri, Theor. Chem. Acc. 131 (2012) 1199.



Int. J. Electrochem. Sci., Vol. 10, 2015 1830

3. A.G. Al-Sehemi, A. Irfan, A.M. Asiri, Y.A. Ammar, Spectrochimica Acta Part A: Molecular and

Biomolecular Spectroscopy 91 (2012) 239.

A. Irfan, A.G. Al-Sehemi, S. Muhammad, Synth. Met. 190 (2014) 27.

K.J. Tielrooij, J.C.W. Song, S.A. Jensen, A. Centeno, A. Pesquera, A. Zurutuza Elorza, M. Bonn,

L.S. Levitov, F.H.L. Koppens, Nat Phys 9 (2013) 248.

6. Y.-K. Lan, C.-l. Huang, J. Phys. Chem. B 112 (2008) 14857.

7. R.T. Weitz, K. Amsharov, U. Zschieschang, E.B. Villas, D.K. Goswami, M. Burghard, H. Dosch,
M. Jansen, K. Kern, H. Klauk, J. Am. Chem. Soc. 130 (2008) 4637.

8. C.R. Newman, C.D. Frisbie, D.A. da Silva Filho, J.-L. Brédas, P.C. Ewbank, K.R. Mann, Chem.
Mater. 16 (2004) 4436.

9. J. Zaumseil, H. Sirringhaus, Chem. Rev. 107 (2007) 1296.

10. H.-Y. Chen, I. Chao, Chem. Phys. Lett. 401 (2005) 539.

11. M. Kaltenbrunner, M.S. White, E.D. Glowacki, T. Sekitani, T. Someya, N.S. Sariciftci, S. Bauer,
Nat Commun 3 (2012) 770.

12.Y. Sun, G.C. Welch, W.L. Leong, C.J. Takacs, G.C. Bazan, A.J. Heeger, Nat Mater 11 (2012) 44.

13. W.C. Sinke, M.M. Wienk, Nature 395 (1998) 544.

14. A. Irfan, A. Al-Sehemi, J. Mol. Model. 18 (2012) 4893.

15. A. Irfan, R. Jin, A.G. Al-Sehemi, A.M. Asiri, Spectrochimica Acta Part A: Molecular and
Biomolecular Spectroscopy 110 (2013) 60.

16. Y. Zhou, M. Eck, M. Kruger, Energy Environ. Sci. 3 (2010) 1851.

17. M. Antonietta Loi, J.C. Hummelen, Nat Mater 12 (2013) 1087.

18. K. Cnops, B.P. Rand, D. Cheyns, B. Verreet, M.A. Empl, P. Heremans, Nat Commun 5 (2014).

19. N.J. Jeon, J.H. Noh, Y.C. Kim, W.S. Yang, S. Ryu, S.1. Seok, Nat Mater advance online
publication (2014).

20. J. Preat, D. Jacquemin, E.A. Perpéte, Environ. Sci. Technol. 44 (2010) 5666.

21. D. Liu, R.W. Fessenden, G.L. Hug, P.V. Kamat, J. Phys. Chem. B 101 (1997) 2583.

22. B. Burfeindt, T. Hannappel, W. Storck, F. Willig, J. Phys. Chem. 100 (1996) 16463.

23. K. Sayama, S. Tsukagoshi, K. Hara, Y. Ohga, A. Shinpou, Y. Abe, S. Suga, H. Arakawa, J. Phys.
Chem. B 106 (2002) 1363.

24. L.-N. Yang, Z.-Z. Sun, Q.-S. Li, S.-L. Chen, Z.-S. Li, T.A. Niehaus, J. Power Sources 268 (2014)
137.

25. L. Liu, J. Chen, Z. Ku, X. Li, H. Han, Dyes Pigm. 106 (2014) 128.

26. G.M. Shivashimpi, S.S. Pandey, R. Watanabe, N. Fujikawa, Y. Ogomi, Y. Yamaguchi, S. Hayase,
J. Photochem. Photobiol., A: Chem. 273 (2014) 1.

27. L. Beverina, M. Crippa, M. Landenna, R. Ruffo, P. Salice, F. Silvestri, S. Versari, A. Villa, L.
Ciaffoni, E. Collini, C. Ferrante, S. Bradamante, C.M. Mari, R. Bozio, G.A. Pagani, J. Am. Chem.
Soc. 130 (2008) 1894.

28. Y.-S. Yen, H.-H. Chou, Y.-C. Chen, C.-Y. Hsu, J.T. Lin, J. Mater. Chem. 22 (2012) 8734.

29. L. Liu, J. Chen, Z. Ku, X. Li, H. Han, Dyes Pigm. 106 (2014) 128.

30. G.M. Shivashimpi, S.S. Pandey, R. Watanabe, N. Fujikawa, Y. Ogomi, Y. Yamaguchi, S. Hayase,
J. Photochem. Photobiol., A: Chem. 273 (2014) 1.

31. C.H. Lee, H.J. Yun, M.R. Jung, J.G. Lee, S.H. Kim, J.H. Kim, Electrochim. Acta
http://dx.doi.org/10.1016/j.electacta.2014.06.073.

32. B. Ananda Rao, M. Sasi Kumar, G. Sivakumar, S.P. Singh, K. Bhanuprakash, V.J. Rao, G.D.
Sharma, ACS Sustainable Chemistry & Engineering 2 (2014) 1743.

33. C.J. Brabec, A. Cravino, D. Meissner, N.S. Sariciftci, T. Fromherz, M.T. Rispens, L. Sanchez, J.C.
Hummelen, Adv. Funct. Mater. 11 (2001) 374.

34. A.G. Al-Sehemi, A. Irfan, M.A.M. Al-Melfi, A.A. Al-Ghamdi, E. Shalaan, J. Photochem.
Photobiol., A: Chem. 292 (2014) 1.

35. A. Irfan, Mater. Chem. Phys. 142 (2013) 238.

S



Int. J. Electrochem. Sci., Vol. 10, 2015

36
37
38
39
40

41.
42.

43.
44,
45.
46.
47.
48.
49.
50.
51.
52.
53.
54,
55.
56.

S7.

58.
59.

60.

61.
62.
63.
64.

65.
66.
67.

68.
69.
70.
71.

72.
73.

74.
75.
76.

1831

. A. Irfan, Comp. Mater. Sci. 81 (2014) 488.

. A. Irfan, J. Theor. Comput. Chem. 13 (2014) 1450013.

. A. Irfan, Optik - Intern. J. Light Elect. Optics 125 (2014) 4825.

. A. Irfan, A.G. Al-Sehemi, M.S. Al-Assiri, J. Fluorine Chem. 157 (2014) 52.

. A. Irfan, A.G. Al-Sehemi, M.S. Al-Assiri, Comp. Theor. Chem 1031 (2014) 76.

A. Irfan, A.G. Al-Sehemi, S. Muhammad, Journal of Quantum Chemistry 2014 (2014) 6.

R.S. Sanchez-Carrera, V. Coropceanu, D.A. da Silva Filho, R. Friedlein, W. Osikowicz, R.
Murdey, C. Suess, W.R. Salaneck, J.-L. Brédas, J. Phys. Chem. B 110 (2006) 18904.

A. Irfan, A.G. Al-Sehemi, M.S. Al-Assiri, J. Mol. Graphics Modell. 44 (2013) 168.

A. Irfan, A.G. Al-Sehemi, A. Kalam, J. Mol. Struct. 1049 (2013) 198.

D. Guillaumont, S. Nakamura, Dyes Pigm. 46 (2000) 85.

A. Al-Sehemi, A. Irfan, A. Asiri, Theor. Chem. Acc. 131 (2012) 1.

C. Zhang, W. Liang, H. Chen, Y. Chen, Z. Weli, Y. Wu, J. Mol. Struct. (TheoChem) 862 (2008) 98.
A. Irfan, R. Cui, J. Zhang, L. Hao, Chem. Phys. 364 (2009) 39.

R. Jin, A. Irfan, Comp. Theor. Chem 986 (2012) 93.

A. Irfan, N. Hina, A. Al-Sehemi, A. Asiri, J. Mol. Model. 18 (2012) 4199.

A.G. Al-Sehemi, A. Irfan, A.M. El-Agrody, J. Mol. Struct. 1018 (2012) 171.

V.T.T. Huong, H.T. Nguyen, T.B. Tai, M.T. Nguyen, J. Phys. Chem. C 117 (2013) 10175.

P.J. Stephens, F.J. Devlin, C.F. Chabalowski, M.J. Frisch, J. Phys. Chem. 98 (1994) 11623.

A.D. Becke, J. Chem. Phys. 98 (1993) 5648.

C. Lee, W. Yang, R.G. Parr, Phys. Rev. B 37 (1988) 785.

E. Cho, C. Risko, D. Kim, R. Gysel, N. Cates Miller, D.W. Breiby, M.D. McGehee, M.F. Toney,
R.J. Kline, J.-L. Bredas, J. Am. Chem. Soc. 134 (2012) 6177.

T. Sajoto, S.P. Tiwari, H. Li, C. Risko, S. Barlow, Q. Zhang, J.-Y. Cho, J.-L. Brédas, B. Kippelen,
S.R. Marder, Polymer 53 (2012) 1072.

Y. Miyata, T. Nishinaga, K. Komatsu, J. Org. Chem. 70 (2005) 1147.

Y. Miyata, M. Terayama, T. Minari, T. Nishinaga, T. Nemoto, S. Isoda, K. Komatsu, Chem Asian
J. 2 (2007) 1492.

O. Gidron, A. Dadvand, Y. Sheynin, M. Bendikov, D.F. Perepichka, Chem. Commun. 47 (2011)
1976.

C.-C. Wu, W.-Y. Hung, T.-L. Liu, L.-Z. Zhang, T.-Y. Luh, J. Appl. Phys. 93 (2003) 5465.

A. Irfan, A.G. Al-Sehemi, S. Muhammad, J. Zhang, Aust. J. Chem. 64 (2011) 1587.

A. Irfan, J. Zhang, Y. Chang, Theor. Chem. Acc. 127 (2010) 587.

N.E. Gruhn, D.A. da Silva Filho, T.G. Bill, M. Malagoli, V. Coropceanu, A. Kahn, J.-L. Brédas, J.
Am. Chem. Soc. 124 (2002) 7918.

J.R. Reimers, J. Chem. Phys. 115 (2001) 9103.

A. Irfan, R. Cui, J. Zhang, Theor. Chem. Acc. 122 (2009) 275.

V. Coropceanu, T. Nakano, N.E. Gruhn, O. Kwon, T. Yade, K.-i. Katsukawa, J.-L. Brédas, J. Phys.
Chem. B 110 (2006) 9482.

Y. Li, L.-Y. Zou, A.-M. Ren, J.-K. Feng, Comp. Theor. Chem 981 (2012) 14.

A. Irfan, R. Cui, J. Zhang, L. Hao, Chem. Phys. 364 (2009) 39.

Y. Zhang, X. Cai, Y. Bian, X. Li, J. Jiang, J. Phys. Chem. C 112 (2008) 5148.

A.R. Chaudhry, R. Ahmed, A. Irfan, A. Shaari, H. Maarof, A.G. Al-Sehemi, SAINS MALAYSIANA,
in press (2014) xxx.

R.A. Marcus, Reviews of Modern Physics 65 (1993) 599.

J.L. Brédas, J.P. Calbert, D.A. da Silva Filho, J. Cornil, Proceedings of the National Academy of
Sciences 99 (2002) 5804.

Y. Yi, L. Zhu, J.-L. Brédas, J. Phys. Chem. C 116 (2012) 5215.

S. Mohakud, A.P. Alex, S.K. Pati, J. Phys. Chem. C 114 (2010) 20436.

C.-Y. Liu, Z.C. Holman, U.R. Kortshagen, Nano Lett. 9 (2008) 449.



Int. J. Electrochem. Sci., Vol. 10, 2015 1832

77. C.Y. Kuo, W.C. Tang, C. Gau, T.F. Guo, D.Z. Jeng, Appl. Phys. Lett. 93 (2008) 033307.

78. A.G. Al-Sehemi, A. Irfan, S.M. Aljubiri, K.H. Shaker, J. Saudi. Chem. Soc.
http://dx.doi.org/10.1016/j.jscs.2012.08.004.

79. M. Wright, A. Uddin, Sol. Energy Mater. Sol. Cells 107 (2012) 87.

80. M.C. Scharber, D. Miihlbacher, M. Koppe, P. Denk, C. Waldauf, A.J. Heeger, C.J. Brabec, Adv.
Mater. 18 (2006) 789.

81. V.D. Mihailetchi, H.X. Xie, B. de Boer, L.J.A. Koster, P.W.M. Blom, Adv. Funct. Mater. 16
(2006) 699.

© 2015 The Authors. Published by ESG (www.electrochemsci.org). This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/4.0/).



http://www.electrochemsci.org/

