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Abstract The ground state geometries have been computed
by using density functional theory. The excitation energies
for dye sensitizers were performed by using time dependant
density functional theory. The polarizable continuum model
(PCM) has been used for evaluating bulk solvent effects at
all stages. The calculations have been carried out in metha-
nol according to the experimental set up. The long-range-
corrected functional (PCM-TD-LC-BLYP) underestimate
the absorption spectrum of parent molecule while PCM-
TDBHandHLYP is in good agreement with the experimental
data. The highest occupied molecular orbital (HOMO) is
delocalized on TPA moiety while lowest unoccupied molec-
ular orbital (LUMO) is localized on anchoring group, con-
jugated chain and the benzene ring near to the anchoring
group. The LUMO energies of all the investigated dyes are
above the conduction band of TiO,, HOMOs are below the
redox couple and HOMO-LUMO energy gaps of studied
dyes are smaller compared to TC4. The 1 and 3 are 7 and
12 nm blue shifted while 2 and 4 are 25 and 22 nm red
shifted, respectively compared to TC4. The trend of electron
injection (AG™*®), relative electron injection (AG,™°*,
and electronic coupling constant (|VRP|) has been observed
as 3>1>4>2>TC4. The improved AG™**', [VRP| and light
harvesting efficiency (LHE) of new designed sensitizers
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revealed that these materials would be excellent sensitizers.
The broken coplanarity between the benzene near anchoring
group having LUMO and the last benzene attached to TPA
unit in 1-4 consequently would hamper the recombination
reaction.
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Introduction

Dye-sensitized solar cells (DSCs) are currently attracting
considerable attention because of their high light-to-
electricity conversion efficiencies, ease of fabrication, and
low production costs [1-3]. The sensitizer is a crucial ele-
ment in DSCs, exerting significant influence on the power
conversion efficiency as well as the stability of the devices.
The Ruthenium complexes photosensitizers show a solar
energy-to electricity conversion efficiency of 10 % in aver-
age [2]. Metal free organic DSCs have advantages over
metal containing sensitizers, e.g., simple and inexpensive
preparation processes, environment friendly and high molar
extinction coefficient [4]. Different metal free dyes have
been investigated which have shown comparable efficien-
cies to metal containing sensitizers [5-9]. Until now, it
remains a severe challenge for both experiment and theory
to elucidate the fundamental properties of the ultrafast elec-
tron injection [10], and to approach the satisfied efficiency
of DSCs. Further developments to design dye will play a
crucial part in the ongoing optimization of DSCs [11], and it
depends on the quantitative knowledge of dye sensitizer.
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To improve the efficiency of the UV/vis photoinduced
intramolecular charge transfer most of the organic sensi-
tizers are made of a donor, a bridge and acceptor (DBA)
moieties. The good conjugation across the donor and an-
choring group determines the large charge transfer character
of the electronic transition. The dye aggregation and charge
recombination can lead to lower efficiency in organic sensi-
tizers [12—14]. It has been found that triphenylamine (TPA)
[15] derivatives as electron donor and the cyanoacetic acid
moiety as electron acceptor are good choices to improve the
efficiency [12, 16]. It is expected that TPA can restrain the
cationic charge from the semiconductor surface therefore
hinder the recombination. TPA also features a steric hin-
drance that can prevent unfavorable dye aggregation at the
semiconductor surface [16]. To model and design efficient
metal-free sensitizers for DSCs, appropriate DBA systems
are required whose properties can be tuned by applying the
passable structural modifications. To enhance the electron
donor ability of TPA moiety Xu et al. synthesized the TC4
where vinyl unit has been substituted at position 3 [17]. The
efficiency has been observed 4.82 % for 2-cyano-5-(4-(phe-
nyl(4-vinylphenyl)amino)phenyl) penta-2,4-dienoic acid
(TC4) [17]. Recently, we showed that substitution of vinyl
at position 3 and 3’ are more favorable toward enhancing
the electron injection and reducing the HOMO-LUMO en-
ergy gap [18]. It is well known that CH3 enhance the
electron donor ability [19]. The sensitizers that where charge
transferred from donor to acceptor moiety are good toward
high efficiency [20-22]. In our previous study we pointed
out that by replacing two hydrogens with donor group can
lead to higher efficiency, thus to augment the donor ability
of TPA unit we have replaced the two hydrogens of vinyl by
CH;. Moreover, to check the effect of bridge on the elec-
tronic properties we have extended the benzene rings; two
benzene rings between TPA moiety and anchoring group (1
and 2), three benzene rings (3 and 4). In TC4 there are two
double bonds between TPA moiety and anchoring group as
bridge. In our new designed sensitizers, we have extended
this bridge as well by increasing the double bonds up to
three (1 and 3) and four (2 and 4) to enhance the conjugation
pathway between last benzene and anchoring group, see
Fig. 1. It has been esteemed that by improving the donor
ability and elongating the bridge, efficient sensitizers would
be modeled.

Computational details

The computations of the geometries, electronic structures, as
well as electronic absorption spectra for dye sensitizers were
performed using density functional theory (DFT) and time
dependant density functional theory (TD-DFT) with Gauss-
ian09 package [23]. The DFT was treated according to
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Fig. 1 The structures of 1-4 investigated in present study

Becke’s three parameter gradient-corrected exchange poten-
tial and the Lee-Yang-Parr gradient-corrected correlation po-
tential (B3LYP) [24-27], and all calculations were performed
without any symmetry constraints by using 6-31G** basis set.
The electronic absorption spectra require calculation of the
allowed excitations and oscillator strengths. The TDDFT has
been used to investigate the absorption properties of clusters
and molecules which has been proved to be an efficient
approach [28, 29]. The iodine/iodide couple is used as regen-
erator in DSCs, implying that the solar cells work in solvent
phase. Thus UV/Vis experimental data for triphenylamine-
based dyes are reported in solvent. The polarizable continuum
model (PCM) [30-34] is used for evaluating bulk solvent
effects at all stages. The long-range-corrected (LC) functionals
are good to reproduce the excitation energies for donor-
bridge-acceptor systems which are more efficient in many
cases [35]. The charge-transfer excitations in donor-bridge-
acceptor dyes have been computed by using LC density
functional method [36-38]. The range-separation technique
is based on a more physical model of the exchange potential.
We have computed the excitation energy of parent molecule
by LC functional (LC-BLYP) which underestimate the ab-
sorption spectra (see supporting information). The Preat et al.
described that PCM-TDBHandHLYP/6-311 + G** level of
theory is efficient to deal with the charge transfer (CT) in TPA
based systems [39]. Thus absorption and CT have been
probed at PCM-TDBHandHLYP/6-311 + G** level of theory.
The calculations have been carried out in methanol according
to the experimental set up [17].
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Results and discussion
Electronic structure

The distribution patterns of highest occupied molecular
orbitals (HOMOs) and lowest unoccupied molecular orbi-
tals (LUMOs) of investigated sensitizers at ground states
(So) are shown in Fig. 2. Generally, HOMOs are delocalized
on TPA unit while LUMOs are localized on anchoring
group, conjugated chain and the benzene ring near the
anchoring group. This revealed that these materials would
be excellent sensitizers as comprehensible charge transfer
has been observed from donor to acceptor side thus electron
injection from TPA moiety to TiO, conduction band would
be favorable.

In Table 1, HOMO energy (Eyomo), LUMO energy
(ELumo) and HOMO-LUMO energy gap (E,) have been
tabulated. The TC4 has HOMO and LUMO energies
—5.30 eV and —2.56 eV, respectively have energy gap
2.74 eV. In TC4 there are two double bonds (four carbons)
between TPA unit and anchoring group. By substituting the
vinyl hydrogens with di-methyl enhanced the donor ability
as well as two benzene rings as bridge and three double
bonds (six carbons) between TPA moiety and anchoring
group (1) leads to increasing the HOMO energy to

—4.96 eV while lowering the LUMO energy to —2.86 eV
compared to TC4 resulting in the energy gap 2.10 eV. Fur-
ther increasing the double bonds up to four and two benzene
rings as bridge (2) lower the LUMO energy to —2.93 eV
leads to energy gap 2.02 eV. The 3 is similar to 1 except one
additional benzene ring as bridge which leads to higher
HOMO energy, lower LUMO energy and decreases the
energy gap to 2.04 eV. Similarly, 4 is like 2 with the
inclusion of one additional benzene ring as bridge which
leads to higher HOMO energy (—4.91 ¢V), lower LUMO
energy (—2.94 eV) and decreases the energy gap to 1.97 eV.
Extending the bridge leads to higher HOMO and lowers the
LUMO energies while decreasing the energy gap compared
to TC4.

For good DSC sensitizers must have narrow band gap,
LUMO lying just above the conduction band of TiO, and
HOMO below the redox couple. The HOMO and LUMO
energies of bare cluster (TiO,);g are —7.23 and —4.1 eV,
respectively, having HOMO-LUMO gap of 3.13 eV [40].
Usually an energy gap more than 0.2 ¢V between the
LUMO of the dye and the conduction band of the TiO, is
necessary for effective electron injection [41]. The LUMO
energies of all the investigated dyes are above the conduc-
tion band of TiO,. The HOMO of the redox couple (I /I3")
is —4.8 eV [42]. It can be found that HOMOs of the dyes are
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Table 1 The HOMO energy

(Evomo), LUMO energy Systems Enomo Erumo Eq Systems Enomo Erumo E,
(Erumo) and HOMO-LUMO

energy gap (Eg) of TC4 and its 1 —4.96 —2.86 2.10 3 —4.92 —2.88 2.04
derivatives in eV at B3LYP/6- 2 —4.95 -2.93 2.02 4 —4.91 —2.94 1.97
31G** level of theory TC4 ~530 556 274

below the redox couple. The smaller HOMO-LUMO energy
gaps of studied dyes compared to TC4 revealed that these
dyes would be efficient for DSC. As designated by Fig. 2,
the HOMO is delocalized over the pi-conjugated system
with the highest electron density centered at the central
TPA-nitrogen atom, and the LUMO is located in anchoring
groups through the pi-bridge. It has been determined that the
HOMO-LUMO excitation induced by light irradiation
could move the electron distribution from the TPA-unit to
the acceptor moiety and the photo-induced electron transfer
from the dye to the TiO, electrode can occur efficiently by
the HOMO-LUMO transition.

Electron injection

The description of the electron transfer from a dye to a
semiconductor, the rate of the charge transfer process can be
derived from the general classical Marcus theory [43-47],

2 iy
Kinea. = |Verl 7 (/24 T)' % exp |~ (A"t 4+ 2)° /a2y T |
(1)

In Eq. (1), kinject. is the rate constant (in S!) of the
electron injection from dye to TiO,, kgt is the Boltzmann
thermal energy, / the Planck constant, - AG™*" is the free
energy of injection and ) is the reorganization energy of the
system, |Vzp | is the coupling constant between the reagent
and the product potential curves. Equation (1) revealed that
larger |Vgp | leads to higher rate constant which would result
better sensitizer. The value of |Vzp | defines the adiabatic or
non adiabatic character of the electron transfer, these two
descriptions conveniently setting the limiting cases of a
transition state formalism. The use of the generalized
Mulliken-Hush formalism (GMH) allows evaluating [VRP|
for a photoinduced charge transfer [41, 44]. Hsu et al.

explained that [VRP| can be evaluated as [45]
|[VRP| = AEgp/2. (2)

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

ABrp = |Ef 0 +2 EtI%Mo} - { Yoo+ Efono + ECS 2} 5
3)

where Eggoz is the conduction band edge. Though it is often
difficult to accurately determine E59?  because it is highly

@ Springer

sensitive to the conditions, e.g., the pH of the solution thus we
have been using EZY? =—4.0 eV [48], an experimental value
corresponding to conditions where the semiconductor is in
contact with aqueous redox electrolytes of fixed pH 7.0 [49, 50].

More quantitatively for a closed-shell system E‘%MO cor-

responds to the reduction potential of the dye (E wen ), Whereas
the HOMO energy is related to the potential of first oxidation

Ge., - EdHngO =E‘g§ ). As a result, Eq. (3) becomes,

AEgp = {E%MO —E;’;;} - {Edye —|—ET102] (4)

Equation (4) can be rewritten as
Abrp = B~ [2 B85 + By + ). (5)

We propose to establish a reliable theoretical scheme to
evaluate the dye’s excited state oxidation potential, and
quantify the electron injection onto a titanium dioxide
(TiO,) surface. The free energy change (in electron volts,
eV) for the electron injection can be expressed as [49],

inject dyex Tio2
AG — B8~ EP", 0
where E4¢" is the oxidation potential of the dye in the excited

state, and ELS” is the reduction potential of the semiconductor
conduction band. Two models can be used for the evaluation

of E‘(l)yf(* [43, 51, 52]. The first implies that the electron
injection occurs from the unrelaxed excited state. For this
reaction path, the excited state oxidation potential can be
extracted from the redox potential of the ground state, E‘v
which has been calculated from the PCM-B3LYP-6-31G**
approach using the restricted and unrestricted formalisms and
the vertical transition energy corresponding to the photoin-
duced intramolecular CT (ICT),

By = Bl -4, g

where ﬂ,fncaz 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. Given this con-
dition, E”g}}* is expressed as [52]:

oy = Egy — Eg%, (8)
where Edy ® is the 0-0 transition energy between the ground

state and the excited state. To estimate the 0-0 “absorption”
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Table 2 The absorption spectra (A,)*, AG™", oxidation potential, light harvesting efficiency and [VRP| of investigated dyes at TD-BHandHLYP/

6-311+G**//B3LYP/6-31G** level of theory

System o AGinieet EYe ESS exx f LHE AG, miect IVRP|
1 424 ~1.95 4.97 2.05 2.92 2.5978 0.9975 1.17 0.975
2 456 -1.76 496 204 272 3.0755 0.9991 1.06 0.880
3 419 ~2.00 4.96 2.00 2.96 2.7885 0.9984 1.20 1.00

4 453 ~1.78 4.96 222 2.74 3.1578 0.9993 1.07 0.890
TC4 1 ~1.66 5.22 2.34 2.88 1.5993 0.9748 1.00 0.830

AG, Mt = relative electron injection AG™! (dye)/ AG™ (TC4)

“Exp = The experimental absorption wavelengths of TC4 (425 nm) from ref. [17]

line, we need both the S (singlet ground state) and the S; (first
singlet excited state) equilibrium geometries, Qgo and Qg ,
respectively.

Though electron injection from unrelaxed excited
states has been observed in TiO, [53] and SnO, [54],
the relative contribution of an ultrafast injection path is
not clear, and most experimental groups assume that the
electron injection dominantly occurs after relaxation
[52]. Preat et al. concluded that the absolute difference
between the relaxed and unrelaxed AGiyjee. 1S constant
for TPA derivatives, and is of the same order of mag-

nitude as the E5¢ and ES" mean average error (MAE)

[55]. Here, AG™*" and ESY" have been evaluated
using Egs. (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 [56]:

LHE=1-10"=1-107, 9)

where A (f) is the absorption (oscillator strength) of the dye

. ICT . . .
associated to the A . The oscillator strength is directly

derived from the TDDFT calculations:

(10)

where p,_cr is the dipolar transition moment associated to

ICT
)“max

2
f = glfgmﬁoflcﬂza

the electronic excitation. In order to maximize f, both
and p1y_;~r must be large [57, 58].

We have presented the A,, AG™, E‘g; , E‘éyf{* , et
LHE, RLHE, and AG,™* in Table 2. The computed ab-
sorption wavelengths have been tabulated in Table 2. The
calculated absorption spectrum (Aa) of TC4 (the parent
system) is 431 nm in methanol which is in good agreement
with the experimental data 425 nm [17]. Thus the absorption
spectra of new designed dyes have been computed at TD-
BHandHLYP/6-311 + G**//B3LYP/6-31G** level of theory
by using PCM model in methanol. The 1 and 3 are 7 and
12 nm blue shifted while 2 and 4 are 25 and 22 nm red
shifted, respectively compared to TC4. In parent molecule

Fig. 3 The graph between light
harvesting efficiency (LHE) 1.000 -
along Y-axis and investigated ) /*\ */*
sensitizers (1-4, TC4 (5)) in 1 *
methanol along X-axis
0.995
0.990
m .
I
= 0.985 -
0.980
0.975 *
T T T T T T T T T
1 2 3 4 5

Sensitizers
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(TC4), the AG™*" is —1.66 which augmented to —1.95 by
increasing the two benzene rings between TPA and acceptor
moieties and the double bonds up to three to further elongate
the bridge (1). The AG™* improved to —2.00 by increasing
the three benzene rings between TPA and acceptor moieties
(3). We have also observed that by increasing the double
bonds to four with the two and three benzene rings between
TPA and acceptor moieties in 2 and 4 diminish the AG™*
to —1.76 and —1.78, respectively. The AG™' of new
designed photosensitizers is superior to TC4. The AG, ™
of 2 and 4 is 1.06 and 1.07 and 1 and 3 reach 1.17 and 1.20,
respectively. In TC4, the electronic coupling constant [VRP|
is 0.830 which improved to 0.975 by increasing the two
benzene rings between TPA moiety and acceptor unit and
the double bonds up to three to further elongate the bridge
(1). The |[VRP| reaches 1.00 by increasing the three benzene
rings between TPA and acceptor moieties (3). It can be seen
from Table 2 that by increasing the double bonds to four
with two and three benzene rings between TPA moiety and
acceptor unit in 2 and 4 reduces the [VRP| to 0.880 and
0.890, respectively. Generally, the |VRP| of new designed
sensitizers (1-4) are higher than TC4. The trend of AG™*,
AG, ™ and [VRP| has been observed as 3>1>4>2>TC4.
The improved AG™*, AG,™°*'_and [VRP| over TC4 is due
to the reason that (1) di-methyl at two vinyl hydrogens at
position 3 and 3’ are greater electron donors which are
favorable to promote the electron injection and electronic
coupling constant. This can be verified by analyzing the
distribution pattern of HOMOs and LUMOs of 1-4. The
comprehensive charge transfer has been observed from
donor to acceptor moieties. (2) Enhanced bridge encour-
ages the promotion of the electron injection and elec-
tronic coupling constant. The LHE of TC4 is 0.9748
which augmented to 0.9975 in 1. The LHE further
improved to 0.9984 by increasing the three benzene
rings between TPA and acceptor moieties (3). Elongat-
ing the bridge (increasing the double bonds to four)
enhanced the LHE to 0.9991 and 0.9993 in 2 and 4,
respectively. Figure 3 illustrated the light harvesting
efficiency (LHE) on Y-axis of different investigated
sensitizers. The LHE for 1-4 is the higher than TCA4.

Undeniably, the TPA moiety shows a sizable steric
hindrance and is expected to greatly favor the detention
of the cationic charge from the semiconductor surface
and efficiently obstruct the recombination [16]. We have
explained the recombination barricade on the basis of
distortion and coplanarity. The coplanarity between the
benzene near anchoring group having LUMO and the
last benzene attached to TPA unit is broken in 1-4
compared to TC4, i.e., 34-35° out-of-plane distortion,
thus the positive charge may not be directly in drop line
to the TiO, surface, consequently hampering the recom-
bination reaction.
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Conclusions

In the framework of our present quantum chemical investi-
gation, we can draw the following conclusions:

1. The HOMOs are delocalized over the pi-conjugated
systems with the highest electron density centered at
the central TPA-nitrogen atom, and the LUMOs are
located at the anchoring groups through the pi-bridge.
Generally, HOMOs are delocalized on donor moieties
while LUMOs are localized toward anchoring groups.

2. The comprehensible charge transfer has been observed
from donor to acceptor side.

3. The elongation of the bridge leads to higher HOMO ener-
gies, lower LUMO energies and decreases the energy gap.

4. The LUMO energies are above the conduction band of
TiO,, and HOMO energies below the redox couple.

5. The calculated absorption spectrum of TC4 is 431 nm in
methanol which is in good agreement with the experi-
mental data 425 nm. The 1 and 3 are 7 and 12 nm blue
shifted while 2 and 4 are 25 and 22 nm red shifted,
respectively compared to TC4.

6. The AG™*" of new designed photosensitizers is superior
to TC4. The [VRP| of new designed sensitizers (1-4) is
also higher than TC4. The trend of AG™*", AG, ™", and
[VRP| has been observed as 3>1>4>2>TC4.

7. The enhanced bridge encourages the promotion of the
electron injection electronic, coupling constant and light
harvesting efficiency.

8. The coplanarity between the benzene near anchoring
group having LUMO and the last benzene attached to
TPA unit is broken in 1-4 compared to TC4, i.e., 34—
35° out-of-plane distortion, thus the positive charge may
not be directly in drop line to the TiO, surface, conse-
quently hampering the recombination reaction.
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