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Abstract Quantum chemical calculations were carried
out by using density functional theory and time-dependant
density functional theory at B3LYP/6-31G(d) and TD-
B3LYP/6-31G(d) level of theories. The absorption spectra
have been computed with and without solvent. The cal-
culated absorption spectra in ethanol, acetonitrile, and
methanol are in good agreement with experimental evi-
dences. The absorption spectra are red shifted compared to
System1. On the basis of electron injection and electronic
coupling constant, we have shed light on the nature of
different sensitizers. The coplanarity between the benzene
near anchoring group having LUMO and the bridge (N-N)
is broken in System6 and System7 that would hamper the
recombination process. The electron injection of System2—
System10 is superior to Systeml. The highest electronic
coupling constant has been observed for System6 that
followed the System7 and System8. The light-harvesting
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efficiency of all the sensitizers enlarged in acetonitrile and
ethanol. The long-range-corrected functional (LC-BLYP),
Coulomb-attenuating method (CAM-B3LYP), and BH and
HLYP functional underestimate the excitation energies
while B3LYP is good to reproduce the experimental data.
Moreover, we have investigated the effect of cyanoacetic
acid as anchoring group on the electron injection.

Keywords Dye-sensitized solar cells - Density functional
theory - Time-dependant density functional theory -
Absorption - Electron injection

1 Introduction

Dye-sensitized solar cells (DSSCs) are currently attracting
widespread academic and commercial interest for the
conversion of sunlight into electricity because of their low
cost and high efficiency [1-6]. The basic design of today’s
high performance DSSCs was developed in the early 1990
by Gritzel et al. [7, 8]. The photoactive part of these
devices consists of a wide-band-gap semiconductor cov-
ered by a monolayer of sensitizing dye. The semiconductor
is directly supported by a transparent electrode on one side
while dye is connected to the back electrode via a liquid
electrolyte or a solid hole conducting material. The initial
step of the photovoltaic process is light-induced electron
injection from the dye into the semiconductor material.
This process yields an oxidized dye and an energetic
electron. Ruthenium-based sensitizers, such as N3 [9],
N719 [10], and black dye [11], have achieved good effi-
ciencies. Efficiencies surpassing the N3-based standard
cells were also reported [12, 13]. There is increasing
interest in metal-free organic sensitizers because of the
rarity and high cost of the ruthenium metal. Moreover, high
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molar extinction coefficients of metal-free organic dyes
allow the use of thinner TiO, films, which is beneficial for
charge separation. Efficiencies of 9% have been achieved
for DSSCs using metal-free sensitizers [14, 15]. Very high
conversion efficiency (10%) and excellent stability was
also reported in a recent paper of Wang [16]. The devel-
opment of highly efficient light-harvesting systems remains
a challenging task as many aspects need improvement like
the choice of the chromophores, linker types, and con-
nection sites.

Numerous efficient organic dyes for DSSCs, such as
hemicyanine-, polyene-, thienylfluorene-, phenothiazine-,
merocyanine-, coumarin-, and indoline-based organic dyes,
have been developed and showed good DSSCs perfor-
mance [17-22]. In this regard, enormous studies have been
focused on energy-level engineering of chromophores
to attain a capability of panchromatic light harvesting
[23, 24]. Several groups focused on the electronic struc-
tures and absorption properties of dye sensitizers [25-34].

Donor—acceptor metal-free organic dyes showed prom-
ising properties [35-37]. Recently, we have synthesized
different hydrazone-based sensitizers (System1-System10)
[38, 39], see scheme 1. The intramolecular charge transfer
(ICT) process plays a vital role in achieving higher effi-
ciency, and electron transfer (ET) remains passionate topic
of research. The ICT and ET will be investigated by means
of theoretical investigations. To elucidate the experimental
evidences, quantum mechanical techniques are efficient.
The time-dependent density functional theory (TDDFT)
will be used for the electronic excited states calculations.
The electronic coupling between the reactants and the
products (VRP) will been investigated. Moreover, in the
last section, we will shed light on the absorption, electron
coupling, electron injection, and light-harvesting efficiency
of new designed sensitizer (System11) where cyanoacetic
acid has been substituted as anchoring group. Then, we will
compare the electron injection of COOH containing dyes to
the other sensitizer. By using density functional theory
(DFT) and TDDFT, we have shed light on the absorption,
electron coupling constant, light-harvesting efficiency
(LHE), and electron injection. We have also discussed the
structure—property relationship.

2 Computational details

Stein et al. studied the charge-transfer excitations in a
series of coumarin-based donor-bridge-acceptor dyes. They
explained that excitation energies well reproduced by using
a range-separated hybrid functional within the generalized
Kohn—Sham approach to TDDFT [40]. The absorption and
fluorescence properties in a class of oligothiophene push—
pull biomarkers have been investigated with a long-range-
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corrected (LC) density functional method [41]. The exci-
ted-state properties in a series of coumarin solar cell dyes
were investigated with LC-BLYP [42]. The range-separa-
tion technique is based on a more physical model of the
exchange potential. The B3LYP hybrid functional under-
estimates vertical excitation energies, especially for larger
dye molecules. The B3LYP calculations showed good
agreement for the small C343 and NKX-2388 dyes [42]. It
has been already reported that the choice of the range-
separation parameter is strongly system dependent [43—46].
The long-range “Coulomb-attenuating method” (CAM-
B3LYP) has been applied to investigate the excitation
energies for TPA-based dyes [47]. In all these investigated
systems, organic sensitizers consisted electron donor and
acceptor separated from each other by conjugated units.
Tretiak and Magyar demonstrated that a good description
of the CT states can be achieved when a large fraction of
HF exchange is used [49]. Preat et al. suggested that the
percentage of the HF (exact) exchange is crucial and the
estimated absorption wavelength decreases when increas-
ing the amount of HF exchange incorporated in the func-
tional [48]. Moreover, in our recent study, we have
demonstrated that BH and HLYP is good to reproduce the
excitation energies for TPA-based sensitizers [50, 51]. The
“LC” functionals are more efficient in many cases [52] but
sometime underestimate the absorption spectra for small
molecules. Therefore, the use of conventional DFT
approaches to compute auxochromic shifts for CT dyes
remains usual [53, 54].

Guillaumont and Nakamura calculated the maximum
absorption wavelength of several organic dyes (indigo,
azobenzene, phenylamine, hydrazone, and anthraquinone)
with an average deviation close to 0.20 eV. Moreover,
B3LYP functional reproduces the experimental absorption
wavelength very well for hydrazone-based dye with an
average deviation 0.12 eV [55].

It is clearly stated that LC functionals are good to
reproduce the excitation energies for donor-bridge-acceptor
(large molecules). Moreover, Wong and Cordaro showed
that B3LYP is good choice for small molecules [42]. Thus,
we have computed the excitation energies of hydrazone-
based dyes by using B3LYP functional, which are small
molecules and the charge separation is not in the long range
from donor to acceptor like TPA- and coumarin-based dyes
[40-42, 47, 48]. The iodine/iodide couple is used as
regenerator in DSSCs, implying that the solar cells work in
solvent phase. Thus, UV/Vis data for dyes are reported in
solvent. Additionally, we have also computed the excitation
energies of System7 that is more efficient by using long-
rang corrected functionals (LC-BLYP and CAM-B3LYP)
and BH and HLYP by using time-dependant density func-
tional theory in methanol (polarizable continuum model
(PCM) was used). We found that BH and HLYP,
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LC-BLYP, and CAM-B3LYP underestimate the absorption
wavelengths for System?7, that is, 83, 135, and 79 nm,
respectively. We observed that B3LYP (PCM, methanol) is
better, accurate, and reasonable choice than BH and HLYP,
LC-BLYP, and CAM-B3LYP (PCM, methanol) to repro-
duce the experimental data (see Table 1).

The molecular structures of all the dyes have been opti-
mized using DFT calculations with B3LYP/6-31G(d) level
of theory [56-60]. The TD-DFT has been applied to
compute the absorption spectra at the TD-B3LYP/
6-31G(d) level of theory that has been proved accurate and
reliable method [61-65]. All of the calculations were per-
formed by using Gaussian-09 program package [66]. The
polarizable continuum model (PCM) [67-70] is used for
evaluating bulk solvent effects at all stages. The PCM-
TDB3LYP/6-31G(d) level is used to explain the charge
transfer (CT). The calculations have been carried out in
ethanol, methanol, and acetonitrile solvents.

The description of the electron transfer from a dye to a
semiconductor and the rate of the charge transfer process
can be derived from the general classical Marcus theory
[71-74],

Kinjeet = |Vrp|(2/h (1/7kgT)1/2

- 1
x exp[— (AG™*" 4 7)2/4/kpT| M

In Eq. 1, Kinjec: 18 the rate constant (in Sfl) of the electron
injection from dye to TiO,, kg is the Boltzmann thermal
energy, h the Planck constant, —AG™*" is the free energy
of injection, Z is the reorganization energy of the system,
and |Vgp| is the coupling constant between the reagent and
the product potential curves. Eq. 1 revealed that larger
|Vrp | leads to higher rate constant that would result better
sensitizer. The use of the generalized Mulliken—Hush
formalism (GMH) allows evaluating IVRPI for a
photoinduced charge transfer [72, 73]. The Hsu et al.
[73] explained that IVRPI can be evaluated as
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Table 1 Calculated absorption

Q Q cai o 1a b c 2d se
wavelengths (%) in nm of Systems Assignments Aa Aa A4 Aa A
System1-System10 System1 HoL 527 528 528 465 512
System?2 H-L 536 537 537 476 523

% /. in methanol System3 HoL 538 539 539 479 522
® ). in acetonitrile System4 H-L 534 535 535 473 522
¢ J, in ethanol System5 H-L 590 591 591 519 528
4 J.in gas phase System6 H-1-L 500 500 500 473! 535
© . = experimental data; System? H-L 578 579 580 506 541
excitation from (H—L) HOMO H-L 458f
to LU MO and (H-1-L) H=L 4068
HOMO-1 to LUMO h
. HoL 462

PCM-TDBH and HLYP

System8 H-L 580 581 581 508 544

¢ PCM-TDLC-BLYP
h System9 H-L 602 603 603 520

PCM-TDCAM-B3LYP
; System10 H-L 560 561 561 491

HOMO to LUMO+1
|[VRP| = AEgp/2 (2) For this reaction path, the excited-state oxidation potential

The injection driving force can be formally expressed
within Koopmans approximation as

AERp = EYe 42 EI‘}IY(;’MO} _ [Edye +EYe 4 ETloz}

LUMO LUMO HOMO

192 conduction band edge. Though it is often

where Ecp
difficult to accurately determine EC102 because it is highly
sensitive to the conditions, for example, the pH of the
solution, thus we used ETloz —4.0 eV [75], which is
experimental value corresponding to conditions where the
semiconductor is in contact with aqueous redox electro-
lytes of fixed pH 7.0 [76, 77].

More quantitatively for a closed-shell system ESZ;O cor-
responds to the reduction potential of the dye (Egﬁ)),
whereas the HOMO energy is related to the potential of first
dye

— pdye
oxidation (i.e., ES =

ES = - [E& + ELY] (4)

%)- As a result, Eq. 3 becomes

_ [pa
ABwe = |E2S, -
The Eq. 4 can be rewritten as

AEgp = EJ5) — [2 Eo 4 B+ E“Oz} (5)

The free energy change (eV) for the electron injection
can be expressed as [76],

AGinject Edye* _ Egg)v (6)
where Egy)?* is the oxidation potential of the dye in the excited
state, and E&?’ is the reduction potential of the

semiconductor conduction band. Two models can be used

for the evaluation of ESS™ [78]. The first implies that the
electron injection occurs from the unrelaxed excited state.

@ Springer

can be extracted from the redox potential of the ground state,

Egy;, which has been calculated at the PCM-B3LYP-6-
31G(d) approach and the vertical transition energy
corresponding to the photoinduced intramolecular CT (ICT),

dye* _ dye 2ICT
Eox 0X ~ “max (7)

ﬁTx is the energy of the ICT. Note that this relation

is only valid if the entropy change during the light
absorption process can be neglected. For the second model,
one assumes that electron injection occurs after relaxation.

where A

Given this condition, Egy dye* s expressed as [31]:

Edye* _ dye Edye (8)

where Egii) is the 00 transition energy between the ground
state and the excited state. To estimate the 0-0
“absorption” line, we need both the S, (singlet ground
state) and the S; (first singlet excited state) equilibrium
geometries, Qgo and Qg;, respectively:

Ey_o = Eso(Qso) — Es1(Qs;)- 9)

Preat et al. concluded that the absolute difference
between the relaxed and unrelaxed AG™°® is constant
and is of the same order of magnitude than the Edye and
Eg%?* [47, 48]. Here, AG™** and Edye* have been evaluated
using Eqs. 6 and 7.

The light-harvesting efficiency (LHE) of the dye has to
be as high as possible to maximize the photocurrent
response. Here, LHE is expressed as [79]:

LHE=1-10*=1-10" (10)

where A (f) is the absorption (oscillator strength) of the dye
associated with the AICT The oscillator strength is directly
derived from the TDDFT calculations and writes:
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2 ety 2
f =5 Amax 70 = ICT| (11)
where pO-ICT is the dipolar transition moment associated
with the electronic excitation. In order to maximize f, both

JICT and UO-ICT must be large [80, 81].

“max

3 Results and discussion
3.1 Absorption

In Table 1, we have presented the computed absorption
spectra of Systeml-System10 in methanol, ethanol, and
acetonitrile. We have compared the absorption spectra of
System1 with other investigated sensitizers. By replacing
the nitro group with chloro, we have observed red shift in
the absorption spectra in acetonitrile and methanol ca.
9 nm in both the solvents. The bromo substitution at the
same position is also red shifted ca. 11 nm in acetonitrile
and methanol. But the absorption spectra for System?2 and
System3 are almost same which revealed that bromo has no
momentous consequence than chloro. The System4 where
benzyl group has been substituted as donor is 7 nm red
shifted while System5 is 63 nm red shifted in both the
solvents. In System6, anthryl is at donor side, which is 27
and 28 nm blue shifted in acetonitrile and methanol,
respectively. The System7 and System8 are 51 and 53 nm
red shifted compared to the Systeml. System9 and Sys-
tem10 are red shifted ca. 75 and 33 nm, respectively. The
computed absorption spectra are in good agreement with
the experimental evidence. The computed absorption
spectra in methanol of all the investigated sensitizers are
similar to the calculated absorption spectra in acetonitrile
and ethanol.

The absorption spectra of investigated sensitizers have
been computed at the same level of theory without con-
sidering the solvent. We have observed that all of the
investigated dyes (System2-System10) are red shifted ca.
11, 14, 8, 54, 8, 41, 43, 55, and 26 nm, respectively,
compared to System1. From Table 1, it can be seen that the
solvents are good to reproduce the experimental absorption
spectra except for System5, which is overestimated. On
other hand, the absorption spectra without solvent at the
same level of theory is underestimated except for System5
that is in good agreement with experimental evidence. It
can be seen that the assignments for absorption are HOMO
to LUMO except for System6 that has assignment
HOMO-1 to LUMO in the solvents while HOMO to
LUMO+1 without solvent. Furthermore, we have com-
puted the absorption wavelengths/excitation energies of
System7 in methanol by using the long-range-corrected
(LC) functionals. The LC-BLYP and CAM-B3LYP

underestimate the absorption spectra 135 and 79 nm,
respectively, compared to the experimental data. The BH
and HLYP functional also underestimate the absorption
spectra (83 nm). The BH and HLYP is better than LC
functionals for the hydrazone-based sensitizer but inferior
than B3LYP (see supporting information). It is expected
that hydrazone-based sensitizers are small molecules so
B3LYP is better choice for hydrazone-based sensitizers.

3.2 Electron injection

We have presented the AG™°, E%%?, Eg};?*, /ILC;, LHE,
IVRPI, and AG™°" in Table 2. It can be seen that electron
injection boosts up from System! to System?2 by replacing
nitro with chloro. Similarly, substituting bromo in place of
nitro also enhanced the electron injection. The AG™e
(AG™eY increases from —0.39 (0.195) to —0.53 (0.265)
by replacing the nitro group with chloro (System2) or
bromo (System3) at the same position, respectively. This is
might be due to the reason that nitro is more electron
withdrawing that is not favorable to promote the electron
injection from donor to acceptor side. This statement can
be verified by surveying the distribution pattern of HOMOs
and LUMOs of the Systeml-System3. In System2 and
Sytem3, the clear charge transfer has been observed from
donor to acceptor side while in Systeml1 charge is delo-
calized at nitro group and nearest benzene ring (donor side)
as well. In System4, AG™" and AGM! augmented
compared to System1-System3. It is might be due to that in
System 4 there is no electron withdrawing group e.g. Cl,
Br, and NO, like System1-System3 thus the ability from
donor side to acceptor side has been enhanced leading
towards boost up the electron injection. But the effect is not
so significant. Similarly, the substitution of naphthyl
(System5) also not improved the electron injection. We
have explained the recombination barrier on the basis of
distortion and coplanarity. The coplanarity between the
benzene near anchoring group having LUMO and the
bridge (N-N) is broken in System6, that is, 2.4° out-of-
plane distortion; thus, the positive charge may not be
directly in drop a line to the TiO, surface, consequently
hampering the recombination reaction. Might be due to this
reason, the electron injection in System6 is highest com-
pared to other Systems. The mono- and di-methoxy
substituted at benzene ring improve the donor ability. The
AG™*" of System7 and System8 reaches to —0.61 that is
higher than other studied sensitizers except System6 which
revealed that these sensitizers (System7 and SystemS)
would be more efficient than System1-System5, System9,
and System10. But when we have look on the distortion, it
has been observed that the coplanarity between the benzene
near anchoring group having LUMO and the bridge (N-N)

@ Springer
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Table 2 The AG™°, oxidation

potential, light-harvesting System AG™ Egy; E‘(i)y;* /LL?:)'( f LHE AG IVRP

efficiency, IVRPI of investigated In methanol

dyes at TD-B3LYP/6-31G(d)

and PCM-B3LYP/6-31G(d) System1 —0.39 5.96 3.61 2.35 1.3189 0.9520 1.00 0.195

level of theory System2 —0.53 5.78 3.47 2.31 1.1011 0.9208 1.36 0.265
System3 —0.53 5.77 3.47 2.30 1.1060 0.9217 1.36 0.265
System4 —0.58 5.74 3.42 2.32 1.0726 0.9154 1.49 0.290
System5 —0.53 5.57 3.47 2.10 0.8800 0.8682 1.36 0.265
System6 —1.08 5.40 2.92 2.48 0.559 0.7239 2.73 0.540
System7 —0.61 5.53 3.39 2.14 0.9998 0.9000 1.56 0.305
System8 —0.61 5.53 3.39 2.14 0.9751 0.8941 1.56 0.305
System9 —0.58 5.48 3.42 2.06 0.7881 0.8371 1.49 0.290
System10 —0.58 5.63 3.42 2.21 1.0069 0.9016 1.49 0.290
In ethanol
Systeml —-0.38 5.97 3.62 2.35 1.3265 0.9528 1.00 0.190
System?2 —0.53 5.78 3.47 2.31 1.1096 0.9223 1.39 0.265
System3 —0.52 5.78 3.48 2.30 1.1146 0.9232 1.37 0.260
Systemd4 —0.58 5.74 3.42 2.32 1.0811 0.9170 1.53 0.290
System5 —0.53 5.57 3.47 2.10 0.8906 0.8713 1.39 0.265
System6 —1.08 5.40 2.92 2.48 0.5563 0.7222 2.84 0.540
System7 —0.61 5.53 3.39 2.14 1.0094 0.9021 1.60 0.305
System8 —0.60 5.53 3.40 2.13 0.9852 0.8965 1.58 0.300
System9 —0.58 5.48 342 2.06 0.7995 0.8413 1.53 0.290
System10 —0.58 5.63 342 2.21 1.0163 0.9037 1.53 0.290
In acetonitrile
System|1 —0.39 5.96 3.61 2.35 1.3233 0.9525 1.00 0.195
System2 —0.55 5.76 3.45 2.31 1.1058 0.9216 1.41 0.275
System3 —-0.53 5.77 3.47 2.30 1.1108 0.9225 1.36 0.265
Systemd4 —0.58 5.74 3.42 2.32 1.0773 0.9163 1.49 0.290
System5 —-0.53 5.57 3.47 2.10 0.8857 0.8699 1.36 0.265
System6 —1.08 5.40 2.92 2.48 0.5563 0.7222 2.73 0.540
System7 —0.61 5.53 3.39 2.14 1.0050 0.9011 1.56 0.305
System8 —0.60 5.53 3.40 2.13 0.9806 0.8954 1.54 0.300

AGH*! relative electron System9 —0.57 5.48 3.43 2.05 0.7937 0.8392 1.46 0.285

injection AG™" (dye)/AG™*"  gytem10 —0.58 5.63 3.42 221 1.0120 0.9027 1.49 0.290

(System1)

is broken in System7; thus, mono-methoxy-substituted
system is more distorted accordingly impede the recom-
bination process while di-methoxy-substituted system is
coplanar which revealed that System7 would be more
efficient than System8. In System9, benzo[1, 3]dioxo has
been substituted, which leads AG™* to —0.58 and AG™°!
0.29 revealed that benzo[l, 3]dioxo has no significant
effect to enhancing the electron injection compared to
benzyl substituted one (System4) while noteworthy effect
has been observed toward the enhancement of electron
injection compared to System1. In System10, the thiophene
has been substituted in place of benzene that has also no
considerable effect compared to System4. The AG™*" is
—0.58 and AG™**" is 0.29, which is equal to System4. The
electron injection of System2-Systeml0 is superior to

@ Springer

System1. The similar effect has been observed for elec-
tronic coupling constant (IVRPI); the highest [VRPI has
been observed for System6 that followed the System7 and
System8. The System6 has the highest electron injection
and electronic coupling constant while smallest LHE
(0.7239) compared to other sensitizers. The LHE of Sys-
tem7 and System$ is higher than System6. Generally, the
electron injection of System2-SystemS, System9, and
System10 is almost same which revealed that there would
be no significant enhancement in the efficiency by chang-
ing the substituent from chlorobenzene to thiophene. The
System6-System8 might be better sensitizers especially
System6 and System7, which can hamper the recombina-
tion and improve the efficiency. If we compare System6
and System7 by considering the LHE then it can be
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Fig. 1 The graph between light-harvesting efficiency (LHE) along
Y axis and investigated systems in methanol along X axis
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Fig. 2 The optimized structure of System11 with the atom colors

Table 3 Calculated absorption wavelengths (4,) in nm and AG™Met
oxidation potential, light-harvesting efficiency, IVRPI of investigated
dyes at TD-B3LYP/6-31G(d) and PCM-B3LYP/6-31G(d) level of
theory of System11

Parameters Parameters

Assignments H-L ;}EHTX 2.72
Aa 456 f 1.2538
AG™Et —1.40 LHE 0.9442
Egy)g 5.32 IVRPI 0.70
Egy)f* 2.60

% The methanol solvent has been used; excitation from (H—L)
HOMO to LU MO

predicted that System7 would be better because System6
has the smallest LHE, see Fig. 1. Moreover, System7 is red
shifted compared to System6. By comparing the System?7
and System8, obviously, System7 would be better sensi-
tizer that would hamper the recombination process.
Generally, AG™°t ephanced in ethanol for all of the
studied Systems. As we mentioned above, mono-methoxy
would be superior to di-methoxy that further corroborated
from the electron injection behavior of System7 and Sys-
tem8 in ethanol. From Table 2, we found that AG™* for

System7 is 1.60 that is higher than System@8, that is, 1.58 in
ethanol. Moreover, LHE of System7 is higher than the
System8, which revealed that System7 would be better
sensitizer. The LHE of investigated sensitizers in ethanol is
better than methanol.

It has been observed that AG™*" and IVRPI increased
to —0.55 and 0.275 in acetonitrile compared to —0.53 and
0.265 in methanol and ethanol in System2, respectively.
The AG™** diminished in System8 compared to System7
from methanol to acetonitrile or ethanol. Even the effect
is not so significant but it revealed that di-methoxy is
more solvent dependant. Similar effect has been observed
for System9 that showed drop off AG™*" in acetonitrile
while improved in ethanol, but the progress of AG™*" is
almost negligible. We have noticed that LHE of all the
investigated sensitizers enlarged in acetonitrile except
System6 in which it decline compared to methanol.
Recently, we have synthesized these systems and fabri-
cated. The highest efficiency has been observed for Sys-
tem7 ca. 0.37%. All other sensitizers have efficiency
0.19-0.27% for all the cases except for System6 that
showed 0.16% efficiency [38, 39]. Our predicted results
are verified by these experimental facts. The electron
injection of System7 at BH and HLYP, LC-BLYP, and
CAM-B3LYP functionals can be found in supporting
information. Here, we did not explain the electron injec-
tion because these functionals underestimate the excita-
tion energies that would mislead the electron injection
behavior.

3.3 The effect of cyanoacetic acid on electron injection

We have checked the effect of cyanoacetic acid moiety as
anchoring group on the electron injection. For this purpose,
we have designed a new sensitizer (System11) from Sys-
tem7. In the new system, the CN have been deleted and the
cyanoacetic acid moiety was substituted as electron
acceptor that is good choice to improve the efficiency
[82, 83], see Fig. 2. The absorption spectra of Systeml11 is
456 nm that is 122 nm blue shifted compared to its coun-
terpart System7. We have observed that substituting the
cyanoacetic acid as anchoring group improves not only the
LHE but also the electron injection. The electron coupling
constant is also superior to System?7 that revealed that the
new designed sensitizer might be efficient than System?7
(Table 3).

4 Conclusions
The long-range-corrected functionals underestimate the

excitation energies while B3LYP is good to reproduce the
experimental data. The computed absorption spectra in

@ Springer
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methanol and ethanol of all the investigated sensitizers are
similar to the calculated absorption spectra in acetonitrile.
The TD calculations in solvents are in good agreement with
the experimental evidence. Generally, computed absorp-
tion spectra are red shifted compared to Systeml that is
accordance with experiment. The nitro group is more
electron-withdrawing group and is not favorable to pro-
mote the electron injection from donor to acceptor. In
System4, AG™*" and AGM™** improved compared to
System1-System3. The coplanarity between the benzene
near anchoring group having LUMO and the bridge (N-N)
is broken in System7, that is, 2.4°out-of-plane distortion;
thus, the positive charge may not be directly in drop a line
to the TiO, surface, consequently hampering the recom-
bination reaction. The AG™** and IVRP! of System7 and
System8 are higher than other sensitizers except System6
that revealed that these sensitizers would be more efficient.
System7 might be superior to System8 due to the distortion
of the coplanarity, which would impede the recombination
process. The LHE of System7 is higher than System6.
Generally, the electron injection of System2-System5,
System9, and System10 is almost same, which revealed
that there would be no significant enhancement in the
efficiency. We have noticed that LHE of all the investi-
gated sensitizers enlarged in ethanol and acetonitrile. The
LHE, electron coupling constant and electron injection of
System11 is superior to System7.
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