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KEYWORDS Abstract The geometries, electronic structures, polarizabilities, and hyperpolarizabilities of
Dye sensitizer; organic dye sensitizer 3,4-pyridinedicarbonitrile was studied based on Hartree—-Fock (HF) and den-
Density functional theory; sity functional theory (DFT) using the hybrid functional B3LYP. Ultraviolet—visible (UV—Vis)
Vibrational spectra; spectrum was investigated by time dependent DFT (TD-DFT). Features of the electronic absorp-
Electronic structure; tion spectrum in the visible and near-UV regions were assigned based on TD-DFT calculations.

Absorption spectrum The absorption bands are assigned to m — n* transitions. Calculated results suggest that the three

lowest energy excited states are due to photoinduced electron transfer processes. The interfacial
electron transfer between semiconductor TiO, electrode and 3,4-pyridinedicarbonitrile is due to
electron injection process from excited dye to the semiconductor’s conduction band. The role of
cyanine in 3,4-pyridinedicarbonitrile in geometries, electronic structures, and spectral properties
were analyzed.

© 2010 King Saud University. Open access under CC BY-NC-ND license.

1. Introduction

* Corresponding author. Tel.: +91 0427 2345766/2345520; fax: +91

0427 2345565/2345124. The new technologic?s fo.r direct solar energy conversiog have
E-mail address: anbarasanpm@gmail.com (P.M. Anbarasan). gained more attention in the last few years. In particular,

dye sensitized solar cells (DSSCs) are promising in terms of
1319-6103 © 2010 King Saud University. efficiency and low cost (Regan and Gratzel, 1991; Gratzel,
Open access under CC BY-NC-ND license. 2001; Park and Kim, 2008). The primary feature of DSSC con-
doi:10.1016/j.jscs.2010.05.002 sists in a wide band gap nanocrystalline film grafted with a

quasi-monolayer of dye molecules and submerged in a redox
electrolyte. This elegant architecture can synchronously ad-
dress two critical issues of employing organic materials for
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the photovoltaic applications: (i) efficient charge generation
from the Frenkel excitons and (ii) long-lived electron—hole sep-
aration up to the millisecond time domain. The latter attribute
can often confer an almost quantitative charge collection for
several micrometer-thick active layers, even if the electron
mobilities in nanostructured semiconducting films are signifi-
cantly lower than those in the bulk crystalline materials. Ben-
efited from systematic device engineering and continuous
material innovation, a state of the art DSSC with a ruthenium
sensitizer has achieved a validated efficiency of 11.1% (Chiba
et al., 2006) measured under the air mass 1.5 global
(AM1.5G) conditions. In view of the limited ruthenium re-
source and the heavy-metal toxicity, metal-free organic dyes
have received surging research interest in recent years (Hara
et al., 2003; Kitamura et al., 2004; Horiuchi et al., 2004; Camp-
bell et al., 2004; Thomas et al., 2005; Hagberg et al., 2006; Li
et al., 2006; Koumura et al., 2006; Kim et al., 2006; Wang et al.,
2007, 2008; Edvinsson et al., 2007; Shi et al., 2008; Zhou et al.,
2008; Lin et al., 2009; Zhang et al., 2009; Xu et al., 2009). The
ruthenium dye and the flexibility in molecular tailoring of an
organic sensitizer provides a large area to explore for the rea-
son that of their high molar absorption coefficient, relatively
simple synthesis procedure, various structures and lower cost
(Zhang et al., 2007; Liang et al., 2007; Xu et al., 2008). More-
over, recently a rapid progress of organic dyes has been wit-
nessed reaching close to 10.0% efficiencies in combination
with a volatile acetonitrile-based electrolyte (Ito et al., 2008).
In this paper the performance of 3,4-pyridinedicarbonitrile
metal-free dye that can be used in DSSC is analyzed.

2. Experimental details

The compound 3,4-pyridinedicarbonitrile was obtained from
Sigma—Aldrich Chemical Company, USA with a stated purity
of greater than 99% and it was used as such without further
purification. The FT-Raman spectrum of 3,4-pyridinedicarbo-
nitrile has been recorded using 1064 nm line of Nd:YAG laser

Figure 1

Optimized geometrical structure of dye 3,4-pyridined-
icarbonitrile by B3LYP/6-311+ + G(d,p).

as excitation wavelength in the region 50-3500cm™' on a

Brucker model IFS 66 V spectrophotometer. The FT-IR spec-
trum of this compound was recorded in the region 400—
4000 cm ™" on IFS 66 V spectrophotometer using KBr pellet
technique. The spectrum was recorded at room temperature,
with scanning speed of 30 cm™' min~! and the spectral resolu-

tion of 2.0 cm™ .

Table 1 Bond lengths (A), bond angles (°) and dihedral angles
(°) of the dye 3,4-pyridinedicarbonitrile.

Parameters HF/6-311+ +G(d,p) B3LYP/6-311+ +G(d,p)
Bond length (4)

Cl-C2 1.3893 1.4034
CI-N6 1.3147 1.3292
CI-H7 1.0749 1.0851
C2-C3 1.3927 1.4095
C2-Cl1 1.4383 1.4269
C3-C4 1.3817 1.3963
C3-Cl10 1.4428 1.4299
C4-C5 1.3853 1.3912
C4-H8 1.0725 1.082
C5-N6 1.3178 1.3366
C5-H9 1.0752 1.0853
CI10-N12 1.1288 1.154
CI11-N13 1.1292 1.1545
Bond angle (°)

C2-C1-N6 123.3 123.6
C2-C1-H7 119.6 119.3
N6-C1-H7 117.0 117.0
C1-C2-C3 118.0 117.9
Cl1-C2-Cl11 119.5 119.8
C3-C2-Cl11 122.4 122.1
C2-C3-C4 118.5 118.2
C2-C3-C10 121.6 121.5
C4-C3-C10 119.7 120.1
C3-C4-C5 118.1 118.7
C3-C4-H8 120.8 120.3
C5-C4-H8 120.9 120.9
C4-C5-N6 123.5 123.6
C4-C5-H9 120.0 120.1
N6-C5-H9 116.3 116.2
CI-N6-C5 118.2 117.8
Dihedral angle (°)

N6-C1-C2-C3 0.0 0.0
N6-C1-C2-C11  180.0 180.0
H7-C1-C2-C3  180.0 180.0
H7-C1-C2-C11 0.0 0.0
C2-CI-N6-C5 0.0 0.0
H7-C1-N6-C5  180.0 180.0
Cl-C2-C3-C4 0.0 0.0
C1-C2-C3-C10  180.0 —180.0
Cl11-C2-C3-C4 180.0 —180.0
C11-C2-C3-C10 0.0 0.0
C2-C3-C4-C5 0.0 0.0
C2-C3-C4-H8  180.0 180.0
C10-C3-C4-C5 —180.0 180.0
CI10-C3-C4-H8 0.0 0.0
C3-C4-C5-N6 0.0 0.0
C3-C4-C5-H9  —180.0 —180.0
H8-C4-C5-N6  180.0 180.0
H8-C4-C5-H9 0.0 0.0
C4-C5-N6—C1 0.0 0.0
H9-C5-N6-C1  —180.0 180.0
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3. Computational methods

The computations of the geometries, electronic structures,
polarizabilities and hyperpolarizabilities, vibrational frequen-
cies as well as electronic absorption spectrum for dye sensitizer
3.4-pyridinedicarbonitrile was done using Hartree—-Fock (HF)
and density functional theory (DFT) with Gaussian03 package
(Frisch et al., 2003). The DFT was treated according to hybrid
functional Becke’s three parameter gradient-corrected ex-
change potential and the Lee—Yang—Parr (B3LYP) (Becke,
1993; Miehlich et al., 1989; Lee et al., 1988), and all calcula-
tions were performed without any symmetry constraints by
using polarized Triple-Zeta 6-311+ + G(d,p) basis set. The
NBO analysis was performed using restricted Hartree—Fock
(RHF) with the same basis set. The electronic absorption spec-
trum requires calculation of the allowed excitations and oscil-
lator strengths. These calculations were done using TD-DFT
with PBEIPBEI1 functional and same 6-311+ + G(d,p) basis
set in vacuum and solution, and the non-equilibrium version
of the polarizable continuum model (PCM) (Barone and Cossi,
1998; Cossi et al., 2003) was adopted for calculating the solvent
effects.

4. Results and discussion

4.1. The geometric structure

The optimized geometry of the 3-aminophthalonitrile is shown
in Fig. 1, and the selected bond lengths, bond angles and dihe-
dral angles are listed in Table 1. The crystal structure of the ex-
act title compound is not available, the optimized structure can
be compared with similar systems for which crystal structures
have been solved along with complete optimized bond lengths,

bond angles and dihedral angles. The optimized bond lengths
of C2-C11 and C3-C10 is 1.4383 and 1.4428 A, respectively, at
B3LYP/6-311+ + G(d,p) and also well matched with HF/6-
311+ +G(d,p).

4.2. Electronic structures and charges

Natural bond orbital (NBO) analysis was performed in order
to analyze the charge populations of the dye 3,4-pyridinedicar-
bonitrile. Charge distributions in C, N and H atoms were ob-
served because of the different electro-negativity, the electrons
transferred from C atoms to C, N atoms, C atoms to H, N
atoms to H atom. The natural charges of different groups
are the sum of every atomic natural charge in the group. These
data indicate that the cyanine and amide groups are acceptors,
while the acetic groups are donors, and the charges were trans-
ferred through chemical bonds. The frontier molecular orbitals
(MO) energies and corresponding density of state of the dye
3.4-pyridinedicarbonitrile is shown in Fig. 2. The HOMO-
LUMO gap of the dye 3,4-pyridinedicarbonitrile in vacuum
is 5.96 eV.

While the calculated HOMO and LUMO energies of the
bare TizgO74 cluster as a model for nanocrystalline are —6.55
and —2.77 eV, respectively, resulting in a HOMO-LUMO
gap of 3.78 eV, the lowest transition is reduced to 3.20 eV
according to TD-DFT, and this value is slightly smaller than
typical band gap of TiO, nanoparticles with nm size (Nazee-
ruddin et al., 2005). Furthermore, the HOMO, LUMO and
HOMO-LUMO gap of (TiO,)¢y clusters is —7.52, —2.97,
and 4.55eV (B3LYP/VDZ), respectively (Lundqvist et al.,
2006). Taking into account of the cluster size effects and the
calculated HOMO, LUMO, HOMO-LUMO gap of the dye
3,4-pyridinedicarbonitrile, Ti;307¢ and (TiO,)g clusters, we

3
' ' DOS spectrum
Occupied Orbitals ——
Virtual Orbitals ——
2.5¢ 1
2 + ol

|

DOS ()

| /ﬂl ||

1
<
o

T

-1 |

.

|

“

|

L

ol )Ub J Ik—ﬂ )

-5 5

Energy (eV)

Figure 2 The frontier molecular orbital energies and corresponding density of state (DOS) spectrum of the dye 3,4-pyridinedicarbo-

nitrile by B3LYP/6-311+ +G(d,p).
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can find that the HOMO energies of these dyes fall within the
TiO, gap.

The above data also reveal the interfacial electron transfer
between semiconductor TiO, electrode and the dye sensitizer
3,4-pyridinedicarbonitrile is electron injection processes from
excited dye to the semiconductor conduction band. This is a
kind of typical interfacial electron transfer reaction (Waston
and Meyer, 2005).

4.3. IR and Raman frequencies

Figs. 3 and 4 show the observed and calculated IR and Raman
spectra of 3,4-pyridinedicarbonitrile, respectively. Pure
Lorenzian band shapes were used to estimate the line broaden-
ing in the IR and Raman spectra with a band width (FWHM)
of 10cm™'. Comparison of the observed (FT-IR and FT-
Raman) and calculated vibrational frequencies of 3,4-pyridin-
edicarbonitrile is shown in Table 2. Comparison of the
frequencies calculated by HF and B3LYP with experimental
values reveals the overestimation of the calculated vibrational
modes due to neglect of anharmonicity. A corrective vibra-
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Figure 3 Observed and calculated FT-IR spectra of 3,4-
pyridinedicarbonitrile.
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Figure 4 Observed and calculated FT-Raman spectra of 3,4-
pyridinedicarbonitrile.

tional scaling factor of 0.9613 to B3LYP calculated frequencies
and scaling factor of 0.8982 to HF calculated frequencies were
applied to account for anharmonicity. Inclusion of electron
correlation in density functional theory to a certain extent
makes the frequency values smaller in comparison with exper-
imental values. Any way notwithstanding the level of calcula-
tions it is customary to scale down the calculated harmonic
frequencies in order to improve the agreement with the exper-
iment. The strongest IR absorption for 3,4-pyridinedicarbonit-
rile corresponds to the vibrational mode 28 near about
1614 cm™!, which is corresponding to stretching mode of
C—C bonds. The next stronger IR absorption is attributed
to vibrational mode 16 near about 867 cm™!, corresponding
to the Torsion mode of C—H bonds. In the Raman spectrum,
however, the strongest activity mode is the vibrational mode
29 near about 2345 cm ™!, which is corresponding to stretching
mode of C-N triple bond. The same vibrations computed by
HF/6-311+ + G(d,p) and also shows good agreement with
experimental data.

4.4. Polarizability and hyperpolarizability

Polarizabilities and hyperpolarizabilities characterize the re-
sponse of a system in an applied electric field (Zhang et al.,
2004). They determine not only the strength of molecular inter-
actions (long-range intermolecular induction, dispersion
forces, etc.) as well as the cross sections of different scattering
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and collision processes, but also the nonlinear optical
properties (NLO) of the system (Sun et al., 2003; Christiansen
et al., 1999). It has been found that the dye sensitizer hemicy-
anine system, which has high NLO property, usually possesses
high photoelectric conversion performance (Wang et al., 2000).
In order to investigate the relationships among photocurrent

generation, molecular structures and NLO, the polarizabilities
and hyperpolarizabilities of 3,4-pyridinedicarbonitrile was
calculated.

Here, the polarizability and the first hyperpolarizabilities
are computed using B3LYP/6-311 + + G(d,p). The definitions

Table 2 Comparison of the observed (FT-IR and FT-Raman) and calculated vibrational frequencies of 3,4-pyridinedicarbonitrile.

Vibrational Species Experimental Scaled wavenumber IR Raman Assignments PED (%)
mode no wavenumber (cm’l) intensity active

(em™)

FT-IR FT-  HF/6-311 B3LYP/6-311

Raman + +G(d,p) + +G(d,p)

1 A’ - - 129 114 0.8 1.1 B C-C-N B C-C-N (98)
2 A’ - - 129 115 1.5 5.9 f C-C-N B C—C-N (78)
3 A" - - 187 168 9.1 0.04 y C-C-N vy C-C-N (69)
4 Al - 267 218 196 8.0 1.0 5 C-C 3 C-C (91)
5 A" - - 412 361 0.5 1.4 3 C-C + y C-C-N 8 C-C (45) + y C-C-N (35)
6 A" - - 427 384 0.8 0.9 y C-C vy C—C (74)
7 A" - 427 449 420 0.3 4.1 tC-C-N + yC-H t C-C-N (68) + y C-H (25)
8 A’ 519 - 526 485 0.8 10.0 3 C-C 3 C-C (92)
9 A" 561 - 613 559 11.2 4.9 y C-C-N + y C-H vy C-C-N (70) + y C-H (21)
10 A" 568 - 624 578 0.5 4.5 y C-C-N vy C—C-N (93)
11 A 643 - 668 616 8.1 1.9 B C-C-C B C-C-C (97)
12 A’ 666 - 682 627 0.3 0.3 B C-CN + 5 C-C B C-C-N(55) + & C-C (28)
13 A" 753 - 790 742 7.2 14.3 y C-H v C-H (95)
14 A" - 819 844 780 1.6 0.4 tCCC+oCH Tt C-C-C 81) + ® C-H (11)
15 A’ 826 839 884 829 12.1 2.8 B C-H B C-H (96)
16 A" 869 840 958 867 253 0.4 Tt C-H © C-H (69)
17 A’ 848 961 1073 966 1.1 1.3 3 C-C 5 C-C (91)
18 A" 1018 - 1129 1009 0.4 0.3 T C-H t C-H (95)
19 A’ 1024 - 1142 1076 3.1 16.6 B C-H B C-H (88)
20 A’ 1180 - 1190 1175 0.2 9.0 5 C-C & C-C (76)
21 A’ 1214 - 1253 1217 6.4 30.6 Vsym C-C Vsym C-C (54)
22 Al 1252 - 1322 1245 4.5 31.5 Rb C-C Rb C-C (73)
23 A’ 1293 - 1337 1272 43 29.9 0 C-C + gy C-C-N v C-C (59) + vgym C-C-N (30)
24 A" 1373 1339 1422 1316 1.3 0.6 y C-H vy C-H (93)
25 A’ 1466 1451 1554 1435 20.4 0.3 v C=N v C=N (98)
26 A’ 1544 - 1654 1513 10.6 17.4 v C-C v C-C (92)
27 A’ - - 1751 1579 13.4 15.9 UEIC—C Vasy C=C (74)
28 A’ 1661 — 1785 1614 36.1 65.4 Vasy C—=C Vasy C=C (97)
29 A’ 2241 2767 2599 2345 4.1 370.5 vy C-N Dasy C-N (91)
30 A’ - 2783 2605 2350 0.6 2172 v C=N v C=N (94)
31 A’ 3143 2871 3344 3169 10.5 126.0  vym C-H veym C-H (87)
32 A’ 3169 2933 3354 3175 1.3 1059  vgym C-H Vsym C—H (93)
33 A’ 3422 2961 3378 3211 0.8 125.1 o C-H v C-H (84)

v — stretching; vgy, — Ssymmetric stretching; v,s, — asymmetric stretching; Rb — ring breathing; f —in plane bending; y — out-of-plane bending; @ —

wagging; T — torsion; 8 — ring deformation.

Table 3 Calculated polarizability («) of the dye 3,4-pyridinedicarbonitrile (in a.u.) by B3LYP/6-311 + + G(d,p).

o Xxy Oyy e

o 0y o Ao

129.20 —2.93 107.10 0.00005

—0.00014 47.90 94.73 72.81

Table 4 Calculated hyperpolarizability (B) of the dye 3,4-pyridinedicarbonitrile (in a.u.) by B3LYP/6-311 + + G(d,p).

ﬁ xXxx ﬁ xxy ﬁ xyy ﬁy yy ﬁ xxz ﬁ xyz

ﬁy Yz ﬂ xzz ﬁ yzz ﬁ zzz ﬁ it

—37.211 15.721 —6.553 0.112 0.626 —0.009 0.468 0.923 —0.689 0.248 0.806
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(Sun et al., 2003; Christiansen et al., 1999) for the isotropic
polarizability is

1
“:g(“XXJernyr“zz) (1)

The polarizability anisotropy invariant is

Ao — (oxy — O‘y}')2 + (oyy —20522)2 + (azz — OCXX)Z 2)

and the average hyperpolarizability is

where ayy, dyy, and o, are tensor components of polarizabil-
ity; iz, Pizi» and fz; (i from X to Z) are tensor components of
hyperpolarizability.

Tables 3 and 4 list the values of the polarizabilities
and hyperpolarizabilities of the dye 3,4-pyridinedicarbonitrile.
In addition to the individual tensor components of the
polarizabilties and the first hyperpolarizabilities, the isotropic
polarizability, polarizability anisotropy invariant and hyper-
polarizability are also calculated. The calculated isotropic
polarizability of 3,4-pyridinedicarbonitrile is 94.73 a.u. How-
ever, the calculated isotropic polarizability of JK16, JK17,

8 —1([3 4B+ B (3) dye 1, dye 2, D5, DST and DSS is 759.9, 101.5, 694.7, 785.7,
= 5 \az T Fizi T Fzii 510.6, 611.2 and 802.9 a.u., respectively (Zhang et al., 2009;
Seidl et al., 1996). The above data indicate that the donor-con-
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Figure 5

Calculated electronic absorption spectra of the dye 3,4-pyridinedicarbonitrile by TD-PBE1PBE1/6-311+ + G(d,p).

Table 5 Computed excitation energies, electronic transition configurations and oscillator strengths (f) for the optical transitions with
f > 0.01 of the absorption bands in visible and near-UV region for the dye 3,4-pyridinedicarbonitrile in acetonitrile by TD-PBE1PBE1/

6-311+ +G(d,p).

State Configurations composition (corresponding transition orbitals) Excitation energy (eV/nm) Oscillator strength (f)

2 —0.13 (31 — 34) —0.24 (31 — 35) 4.79/258.55 0.14
0.61 (33 — 34) —0.13 (33 — 35)

4 0.57 (31 — 34) 0.17 (33 — 34) 5.44/227.70 0.14
0.27 (33 — 35)

6 0.12 (27 — 34) —0.26 (31 — 34) 6.17/200.75 0.52
0.54 (33 — 35)

8 —0.13 (28 — 34) 0.60 (31 — 35) 6.47/191.57 0.29
0.12 (33 — 34) —0.12 (33 — 35)

11 —0.11 (27 — 34) 0.63 (28 — 34) 7.24/171.25 0.03
0.10 (29 — 37) 0.12 (31 — 35)
—0.12 (32 —> 36)

15 0.49 (27 — 34) 0.11 (30 — 36) 7.41/167.31 0.03
—0.44 (32 - 36)

18 0.37 (27 — 34) 0.16 (28 — 34) 7.59/163.34 0.06
0.51 (32 — 36)

20 0.10 (27 — 35) 0.67 (32 — 37) 7.97/155.44 0.08
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jugate 7 bridge-acceptor (D-n-A) chain-like dyes have stronger
response for external electric field. Whereas, for dye sensitizers
D5, DST, DSS, JK16, JK17, dye 1 and dye 2, on the basis of
the published photo-to-current conversion efficiencies, the sim-
ilarity and the difference of geometries, and the calculated iso-
tropic polarizabilities, it is found that the longer the length of
the conjugate bridge in similar dyes, the larger the polarizabil-
ity of the dye molecule, and the lower the photo-to-current
conversion efficiency. This may be due to the fact that the
longer conjugate-pi-bridge enlarged the delocalization of elec-
trons, thus it enhanced the response of the external field, but
the enlarged delocalization may be not favorable to generate
charge separated state effectively. So it induces the lower
photo-to-current conversion efficiency.

4.5. Electronic absorption spectra and sensitized mechanism

Electronic absorption spectra of 3,4-pyridinedicarbonitrile in
vacuum and solvent were performed wusing TD-
DFT(PBEIPBE1)/6-311+ + G(d,p) calculations, and the re-
sults are shown in Fig. 5. It is observed that the absorption
in the visible region is much weaker than that in the UV region
for 3,4-pyridinedicarbonitrile. The results of TD-DFT have an
appreciable red-shift in vacuum and solvent, and the degree of
red-shift in solvent is more significant than that in vacuum.
The discrepancy between vacuum and solvent effects in TD-
DFT calculations may result from two aspects. The first aspect
is smaller gap of materials which induces smaller excited ener-
gies. The other is solvent effects. Experimental measurements
of electronic absorptions are usually performed in solution.
Solvent, especially polar solvent, could affect the geometry
and electronic structure as well as the properties of molecules
through the long-range interaction between solute molecule
and solvent molecule. For these reasons it is more difficult to
make the TD-DFT calculation is consistent with quantita-
tively. Though the discrepancy exists, the TD-DFT calcula-
tions are capable of describing the spectral features of 3.,4-
pyridinedicarbonitrile because of the agreement of line shape
and relative strength as compared with the vacuum and
solvent.

The HOMO-LUMO gap of 3.4-pyridinedicarbonitrile in
acetonitrile at PBEIPBE1/6-311+ +G(d,p) theory level is
smaller than that in vacuum. This fact indicates that the sol-
vent effects stabilize the frontier orbitals of 3.4-pyridinedicar-
bonitrile. So it induces the smaller intensities and red-shift of
the absorption as compared with that in vacuum.

In order to obtain the microscopic information about the
electronic transitions, the corresponding MO properties are
checked. The absorption in visible and near-UV region is the
most important region for photo-to-current conversion, so
only the 20 lowest singlet/singlet transitions of the absorption
band in visible and near-UV region for 3,4-pyridinedicarbonit-
rile is listed in Table 5. The data of Table 5 and Fig. 6 are
based on the 6-311+ + G(d,p) results with solvent effects
involved.

This indicates that the transitions are photoinduced charge
transfer processes, thus the excitations generate charge sepa-
rated states, which should favor the electron injection from
the excited dye to semiconductor surface. Commonly, the
atom occupied by more densities of HOMO should have stron-
ger ability for detaching electrons, whereas the atom with more
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Figure 6  Isodensity plots (isodensity contour = 0.02 a.u.) of the

frontier orbitals of the dye 3,4-pyridinedicarbonitrile and corre-
sponding orbital energies (in eV) by TD-PBEIPBEI/6-
311+ + G(d,p).

occupation of LUMO should be easier to gain electrons. For
3.4-pyridinedicarbonitrile, the highest occupied molecular
orbital (HOMO) lying at —8.37 eV, is a delocalized = orbital.
The HOMO-1, lying —8.41 eV below the HOMO, is a delocal-
ized m orbital over the entire molecule. While the HOMO-2
and HOMO-3, lying —8.93, —10.37 eV below the HOMO,
respectively, are m orbitals that localized in benzene ring.
Whereas, the lowest unoccupied molecular orbital (LUMO),
lying at —2.74eV, is =* orbital that localized. The
LUMO + 1, lying about —1.72 eV above the LUMO, is also
a 7* orbital that is similar to LUMO. The HOMO-LUMO
gap of the dye 3,4-pyridinedicarbonitrile is 5.66 eV.

The solar energy to electricity conversion efficiency () un-
der AM 1.5 white-light irradiation can be obtained from the
following formula:

_ Jsc[mA em Vo [VIff
n(%) = I)[mW cm2] x

100 (4)

where [ is the photon flux, J. is the short-circuit photocurrent
density, and ¥, is the open-circuit photovoltage, and ff repre-
sents the fill factor (Zhang et al., 2007). At present, the J,., the
V,e and the ff are only obtained by experiment, the relation-
ship among these quantities and the electronic structure of
dye is still unknown. The analytical relationship between V.
and Ey ymo may exist. According to the sensitized mechanism
(electron injected from the excited dyes to the semiconductor
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conduction band) and single electron and single state approx-
imation, there is an energy relationship:

eVoe = ELumo — Ecs (5)

where Ecp is the energy of the semiconductor’s conduction
band edge. So the V,. may be obtained applying the following
formula:

v, = oo = Ec) (©

It induces that the higher the E; ypmo, the larger the V.. The
results of organic dye sensitizer JK16 and JK17 (Zhang et al.,
2009a), DST and DSS also proved the tendency (Zhou et al.,
2008) (JK16: Erumo = —2.73eV, V,.=0.74V; JKIT:
ELUMO = —-2.87 eV, Vm. = 0.67 V, DSS: ELUMO = -291 eV,
V,e =0.70V; D-ST: E umo = —2.83eV, V,.=0.73V).
Certainly, this formula expects further test by experiment and
theoretical calculation. The Jy. is determined by two processes,
one is the rate of electron injection from the excited dyes to the
conduction band of semiconductor, and the other is the rate of
redox between the excited dyes and electrolyte. Electrolyte ef-
fect on the redox processes is very complex, and it is not taken
into account in the present calculations. This indicates that
most of excited states of 3,4-pyridinedicarbonitrile have larger
absorption coefficient, and then with shorter lifetime for the ex-
cited states, so it results in the higher electron injection rate
which leads to the larger J. of 3,4-pyridinedicarbonitrile. On
the basis of above analysis, it is clear that the 3,4-pyridinedicar-
bonitrile has better performance in DSSC.

5. Conclusions

The geometries, electronic structures, polarizabilities, and
hyperpolarizabilities of dye 3,4-pyridinedicarbonitrile was
studied by using ab initio HF and DFT with hybrid func-
tional B3LYP, and the UV-Vis spectra were investigated by
using TD-DFT methods. The NBO results suggest that 3,4-
pyridinedicarbonitrile is a (D-n-A) system. The calculated iso-
tropic polarizability of 3,4-pyridinedicarbonitrile is 94.73 a.u.
The calculated polarizability anisotropy invariant of 3,4-
pyridinedicarbonitrile is 72.81 a.u. The hyperpolarizability of
3,4-pyridinedicarbonitrile is 0.80 (in a.u). The frequency of
strongest IR absorption for 3.4-pyridinedicarbonitrile is
1614cm™" and the frequency of strongest Raman activity
for 3,4-pyridinedicarbonitrile is 2345 cm™'. The electronic
absorption spectral features in visible and near-UV region
were assigned based on the qualitative agreement to TD-
DFT calculations. The absorptions are all ascribed to
n — 1* transition. The three excited states with the lowest ex-
cited energies of 3,4-pyridinedicarbonitrile is photoinduced
electron transfer processes that contributes sensitization of
photo-to-current conversion processes. The interfacial elec-
tron transfer between semiconductor TiO, electrode and dye
sensitizer 3,4-pyridinedicarbonitrile is electron injection pro-
cess from excited dye as donor to the semiconductor conduc-
tion band. Based on the analysis of geometries, electronic
structures, and spectrum properties of 3,4-pyridinedicarbonit-
rile, the role of cyanine in phthalonitrile is as follows: it en-
larged the distance between electron donor group and

semiconductor surface, and decreased the timescale of the
electron injection rate, resulted in giving lower conversion effi-
ciency. This indicates that the choice of the appropriate con-
jugate bridge in dye sensitizer is very important to improve
the performance of DSSC.
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