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Abstract

Time-dependent density functional theory approach implemented at hybrid-B3LYP, GGA-PBE and DFTB levels of theory
was used to model photoinjection in organic-dye/TiO2 quantum-dot to explore the prospects of improvement of DSSC. The
photosensitizer used in this study consisted of six carbazole based organic dyes having acceptor as cyanoacrilic acid group
and oligothiophene n-bridge spacer. The modifications were made in the dyes by increasing length of the spacer by adding
thiophene and oxadiazole rings at different positions of the donor-acceptor bridge. The structural variations appeared to alter
the electronic and optical properties of dyes studied via energy levels and excitation spectra. The UV-Vis spectra calculated for
all the dyes in solvents exhibited a red shift in spectral peaks with increase in polarity of the solvents. The findings of the study
pointed towards photoinjection of indirect nature studied in dye-(TiO2)96 complex for six different dyes. The substitution of
oxadiazole ring in center and addition of a thiophene ring at the edge of the spacer produced two dyes which exhibited lowest
injection energies of 0.11eV and 0.17 eV along with the regeneration energies of 1.18 eV and 1.12 eV respectively. The dyes

reported herein may have promising applications in photoanode for enhancing the performance of DSSC.

1. Introduction

The provision of sustainable, renewable, human friendly and cheap energy sources is demand of utmost
priority for future living on earth. The available possibilities to obtain such sources principally points the
scientific attention towards utilization of solar energy to meet up the energy requirements [1]. There has been
several strategies and devices to harvest the solar energy out of which photovoltaic cells have been of prime
research and industrial interest. A survey of last 15 years indicates that the first and second generation solar
cells, offering respective efficiencies of 20% and 30%, have dominated the market with 30% manufacturing
annual growth rate [2-5]. However, considering the simplest synthesis, mechanism and the basic requirements
mentioned above, dye-sensitized solar cell (DSSC) is taken as most auspicious device among all generations
of solar cells [6].

The conversion of solar energy to electric energy by DSSC takes place in two steps; first is generation of
charge by photoactive specie as a result of absorption of incident photon of visible region and the second is
transportation of charge by semiconductor and electrolyte. Despite of the low production cost, the reported
efficiency of DSSC till date is 12% which is very low when compared with first and second generation
solar-cells [7]. The issue of low efficiency, if could not be addressed, may limit the utilization of DSSC in
future technology. The efficiency of DSSC relies heavily on photoanode which is basically dye-semiconductor
complex. DSSC comprises of three major parts; semiconductor coated with photosensitizer (Dye), electrolyte
and counter-electrode. The working mechanism of DSSC is sketched in figurel.
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Figure-1: Working principle, mechanism and major components of a Dye Sensitized Solar Cell

Photosensitizer which play important role in operating cycle of DSSC may be metals-containing inorganic
dyes or metals-free organic dyes. The community is inclined to build DSSC based on organic dyes due to
high cost and environmental hazards of inorganic dyes [8, 9]. The organic dyes are environmentally friendly,
low cost, having elevated extinction coefficient, affordable and available due to simple synthesis strategies.
The photosensitizers having D-n-A configuration are known to offer high efficiency [10]. In this configuration,
Donor (D) must be an electron rich specie that donates electrons, acceptor (A) is electron deficient specie
that accept electrons and these are connected by n-spacer whereas the acceptor is directly attached to surface
of semiconductors (usually TiO3). The basic purposes of the dyes are absorption of light and transfer of
charge which are strongly dependent on its structure and electronic properties [11]. There have been variety
of donor groups such as phenothiazine [12, 13], Carbazole [14, 15], triphenylamine[16] and coumarin [17].
The efficient acceptors are alkoxysilane [18] and cyanoacrilic acid [19] whereas n-spacer could have units of
different organic groups including dioxythiophene [20], benzene [21], benzothiadiazole [22] and thiophene
[23]. The organic sensitizers based on triphenylamine are proven to offer elevated photoelectric conversion
in DSSC because of its ability to restrict the dye aggregation and to facilitate the hole transferring [24].

There have been numerous attempts on tuning the properties of photosensitizers having different configu-
ration [12-26]. The modifications in the configuration of the dyes thereby using different donors, acceptors
and spacers appeared to change in their efficiencies. The n-bridge length of organic dyes greatly affects the
molecular structure which causes the changes in band gaps, emission spectra and optoelectronic properties
[25, 26]. The formation of different t-spacers is an effective strategy to increase the efficiency of the dyes due
to its role in transferring the charge from donor to acceptor unit. This consideration predicts that a long
chain of oligothiophene in n-spacer could give improved results. On the other hand, n-n stacking in n-spacers
of organic sensitizers typically occurs due to sturdy intermolecular interface. The n-nt pile is beneficial to light
harvesting efficiency (LHE) due to its role in optoelectronic properties of the dyes that can be studied using
UV-Visible excitation spectrum. Mostly the n-stacked accumulation results in incompetent electron injection
that leads to inefficient light harvesting [27]. The proscription of n-rn heap taking place via preservatives
in solution of dye is usual method to get better effectiveness of organic DSSC suffering from n-n stacking
trouble. The co-adsorption of additives along with dye [28] and structural alteration of sensitizers [29] have
been found effective to avoid dye aggregation or n-n stacking and therefore lead to improved efficiency of
DSSC. The organic dyes with D-n-A design are widely studied because of their efficient photosensitizing
properties [30-32]. The hydrogen production and overall performance of DSSC is greatly affected by the
length of n-spacer [33-38].

The process of photoinjection happening through photoanode is at heart of DSSC. The incident light is



absorbed by dyes to excite electrons from their HOMO to LUMO and the excited electrons are then injected to
semiconductor. The dyes offering elevated oscillator strength are beneficial for photoinjection in photoanode
of DSSC. The light harvesting ability of organic dyes can be tuned by suitable modifications which has been
studied in this work. The injection of electron from dye to semiconductor could be done in two different
ways; direct and indirect. The injection could be direct when electron move directly from HOMO of dye
to conduction band (CB) of semiconductor which is characterized by occurrence of new peaks in spectrum.
The indirect injection of electron involves shift of electron from the LUMO of excited dye moves toward the
CB of semiconductor that is characterized by broadening of peaks in spectrum [39-41]. The adsorption of
dyes on semiconductor is carried out by dissolving the dyes in suitable solvents. The process of solvation
affects the optical properties of dyes [42, 43] due to which the choice of solvent should be made carefully. It
has been often observed that dyes show red/blue shifts on solvation in different solvents [44].

This work involves computational investigations of carbazole based new organic dyes and study on their
solvation effects to model the photoinjection for improvement in the current organic DSSCs. The dyes
studied herein follows the molecular structure (3)D-n-A in which the donor is oxidized by giving electrons
through n-bridge to the acceptor. The carbazole are electron rich species which are known as organic photo-
conductor(OPC) [45, 46] and act as donor in sensitizers creating photo-injected electrons having long life time
by delaying the charge recombination at interfaces [47, 48]. Moreover carbazole is highly stable, starburst like
twisted structure which allows efficient photo-sensitizing parameters[23, 49] and have high molar extinction
coefficient [50].

2. Computational Details

The analytical solution to the problems related to structural modifications and modeling of photoinjection in
organic dyes is a cumbersome task. Thanks to the development of different commercial codes and upgradation
of computational infrastructures in recent past, the numerical solution to such problems with high reliability,
precision and reproducibility are now possible. This work was carried out using LCAO (linear combination
of atomic orbitals) based approach implemented in DFT code ADF (Amsterdam Density Functional) version
2018 which performs DFT, time dependent DFT (TD-DFT) [51] and Density-Functional based tight binding
(DFTB) calculations [52] by computationally employing formulism of Kohn-Sham theory in fast and efficient
way [53].

In order to investigate the effects of structural modification of carbazole-donor based organic dye on pho-
toinjection, three dyes, named here as D1, D2 and D3 , shown in figure 2, were used as reference [23]. The
length of the n-spacer of carbazole-donor based organic dye with oligothiophene n-spacer having carboxylic
acid as acceptor was increased by adding thiophene units.
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Figure-02: Carbazole-Donor Based Organic Dyes (a) Dye-1(D1); (b) Dye-2(D2); (c) Dye-3(D3) [23]

In order to get structure of D1, carbazole dendritic was attached with thiophene bridge comprising of 3
thiophene rings connected with each other via carbon atoms. The carbazole dendritic was attached to
thiophene bridge at 125° in order to get non-planer structures where the third thiophene ring was connected
with carbon of cyanoacrilic acid. D1A is modified form of D1 which was obtained by adding a thiophene
ring at 4*" position of thiophene bridge.

The structure of D2 is derived from D1, it contains carbazole dendritic as donor and cyanoacrylic acid as
acceptor, with the difference of m-spacer in such a way that D2 containsan oxadiazole ring substituted in
place of 2" thiophene ring.D2A is modified form of D2 which was obtained by adding a thiophene ring at
4P position in n-spacer.

The structure of D3 is derived from D1 by adding an oxadiazole ring at 4" position of thiophene bridge of
n-spacer. D3A is modified form of D3 which was obtained by adding an extra thiophene ring at 4*® position
and oxadiazole at 5" position in the n-spacer.
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Figure-03: Carbazole-Donor Based Modified Organic Dyes: (a) D1A (b) D2A (¢)D3A



The molecular structures of dyes comprise of 91 atoms in D1, 89 atoms in D2, 96 atoms in D3, 98 atoms
in D1A, 96 atoms in D2A and 103 atoms in D3A. The Slater type basis and fit functions were used with
number of 4 for H, 9 for C, 9 for N, 13 for S, 9 for O. The entire calculations were done without enforcing
any symmetry. The structures were pre-optimized using universal force field and then geometries were
optimized to ensure complete relaxation of the molecules/structures at minimum possible energy. In the
course of structural relaxation, the geometry updates involved ‘delocalized’ optimization coordinates with
BFGS (Broyden-Fletcher-Goldfarb-Shanno) as Hessian update algorithm.

The basis functions were in the form of Slater Type Orbitals (STOs)of quality TZP (core double zeta, valence
triple zeta, single polarized basis set) for all atoms used in the dye molecules. The exchange and correlation
functional (XC) was separately taken as standard GGA-PBE and hybrid BELYP for all cases studied in this
work. The iterative geometry improvements involved convergence criteria with changes in energy, gradients
and bond length changes as 0.02 eV, 0.02 eV/A and 0.01A whereas the SCF updates of geometry were
carried out with convergence criterion of 2.7x 10 eV. The numerical integrations were carried out with
Becke grid quality and ZlmFit density fit Quality as ‘Good’. The precision parameters involved in numerical
integration was 6.0000000000 whereas the basis and fit neglect functions were 0.1x10°7. The linear scaling
parameters of cut-off radii density fit, overlap cut-off criterion for Coulomb potential and multipole terms
were 0.1x107%, 0.1x10°7, 0.1x10™ and 0.1x10™ respectively. The entire calculations were of all-electron type
in such a way that no of core orbitals were considered for finding the orbital energies. The ADF calculates
the value of bond energy by finding the difference of energy between molecule and its fragments in the form
of spherically symmetric and spin restricted atoms [54].

(TiO2)96 quantum dot having 96 atoms of Ti and 192 atoms of O was prepared using DFTB by employing
SCC-DFTB model. The dispersion and periodicity were set as ‘none’ and the parameter set trio/org 0-1 was
used thereby setting Fermi temperature at 5 K. The default values of occupation and initial hessian were
selected. The energy convergence, gradient convergence and step convergence are 10° eV, 10 eV/A and
103 respectively. The optimization method and optimization space were employed as quasi-newton method
and cartesian space respectively.

After the geometry optimization of the structures, all electrons single point calculations were done, on the
optimized neutral dye structures without considering symmetry, in order to study electronic and optical
characteristics of photosensitizes. The UV-Vis excitation spectrum was calculated using ADF-Response
code by considering the singlet-singlet allowed transitions by utilizing Davidson method [55]. The properties
of the structures optimized at corresponding levels of theory were calculated using XC functionals GGA-
PBE and Hybrid-B3LYP. The criterion of convergence was adopted as 107 eV thereby setting the numerical
quality ‘good’ with basis set TZP. The excitation spectra were are also calculated using DFTB with model
SCC-DFTB by selecting singlet-singlet transitions with both Davidson and exact methods.

In order to study the photoinjection, the already optimized dye molecules were adsorbed on the surface
of optimized (TiO3)9s quantum dot (QD) by performing geometry optimization at DFTB level of theory
using Canonical DFTB algorithm. A complete SCC convergence was ensured with gradient convergence
of 0.01 Hartree/A and charge convergence of 10-%¢ at Fermi temperature of 300 K.The atoms of the QD
were kept fixed except the unit involved in binding with dye acceptor. Further, the entire atoms of the dyes
were allowed to relax during the optimization of QD-Dye complex. The excitation spectra on the optimized
QD-Dye complexes were calculated in single point runs to study the photoinjection by employing the stated
parameters. The electron occupation in shells and sub shells are set as ‘default’ that include both fermi and
aufbau principal and with K-space sampling as ‘gamma’. Transition charges in these calculations are pre-
calculated. From excitation spectra, photoinjection energy, recombination energy and LHE were calculated.

The effects of solvation were also studied by optimizing the dyes structure in two solvents; water and me-
thanol. The number of molecules of solvents and the polarity of solvents are important factors that should
be kept in mind during these calculations. The parameters that are used in geometry optimization of dyes
and dyes-TiOqwere also utilized for relaxation of dyes in solvents. The solvent radius was set as 10.0 where
the solute factor was set as 2.7 that comprise almost 27 solvent molecules relative to one molecule of dye.



As the dyes get relaxed in solvents then their UV-Vis excitation spectrums of all the dyes were calculated
in order to study the spectral shift in dyes due to solvation.

3. Results and Discussion:

The fully relaxed structures of six photosensitizer dyes were attained at different levels of theory hybrid-
B3LYP, GGA-PBE and SCC-DFTB. The excitation spectra and photoinjection in dye-(Ti02)ggsystem for all
dyes was studied in vacuum and solvents for improving the performance of DSSC. The results on excitation
spectra and optical transitions in D1, D2 and D3 have been reported elsewhere [20]. However, the description
involving these dyes is given here for sake of completeness with addition of photoinjection as well as solvation
effects involving these three dyes. The magnitude of molecular dipole moment, calculated with analytic
integration using PBE were 1.680 for D1, 2.195 D2, 2.246 for D3,2.001 for D1A,2.027 for D2A and 1.769 for
D3A. In what follows, the calculated results and discussion to shed light on photoinjection in all 6 dyes are
described.

3.1. Structural Properties

The dyes studied in this work are of (3)D-n-A type, where donor mentioned as D is electron rich specie,
the acceptor mentioned as A is electron deficient specie and spacer connecting them is in form of n-bridge.
The dyes D1 and D1A contain carbazole dendritic as oxidizing donor specie, cyanoacrilic acid as accepter
reduction species connected via variable length r-bridge of thiophene rings. In D1, there are 3 carbazole
donors with each comprising of three rings in which 2 rings are 6-membered be nzene ring attached from
both side to nitrogen containing 5-member ring. The 1% and 2"¢ carbazole members are attached to 3'
carbazole member via their nitrogen atoms. The Donor are then attached to n-bridge consisting of three
oligothiophene units named as I, IT and IIT as shown in figures 2 and 3. The n-bridge acts as a charge transfer
channel which receives electrons from the donorto pass on to the acceptor specie which finally transports it
to the semiconductor. Oligothiophene have property of self-assembly and it enhances the transfer of charge
from donor to acceptor.

D1A have similar structure as D1 will an additional oligothiophene unit at IV position as shown in figure 3.
The respective values of length of n-spacer in D1 and D1A after optimization are 10.32 and 14.23 whereas
angle between the donor and n-spacer is 125.7°for both the dyes.

The D2 contains an oxadiazole ring between two thiophene rings. The addition of electrophilic heterocyclic
molecules with thiophene in m-spacer can produce such changes in energy levels which are favorable for
photosensitizers [55-57].0xadiazole is an efficient electron acceptor with elevated thermal stability and photo-
luminescence quantum yield [58].The oxadiazole has high compatibility with thiophene because of their
structural similarities [59]. Hence, the efficient electron accepting ability of oxadiazole and its compatibility
with thiophene can lead to tune the properties of molecules base on thiophene. The structure of D2A is
similar as D2 except an extra thiophene ring at IV position in then-spacer. The respective values of length
of m-spacer in optimized structures of D2 and D2A are 9.75 and 13.6 whereas there is an angle of 1257
between donor and m-spacer for both the dyes.

The D3 contains an oxadiazole ring at 4*® position of thiophene bridge of D1 whereas D3A has an additional
oxadiazole at V position in n-spacer. The values of length of n-spacer in optimized structures ofD3 and D3A
arel0.2, 17.4 whereas there is an angle of 1257 between donor and n-spacer for both dyes.

3.2. Optical/Electronic Properties of Dyes

The increase in the length of n-spacer is expected to enhance the oscillator strength and lessen the excitation
energy to induce transitions. A detailed analysis of energy levels, especially HOMO and LUMO, is made
to understand the effects of structural modification on optical and electronic properties of the dyes. The
(TiO2)96 was optimized with mean diameter as 2.7 nm whereas the calculated value of HOMO-LUMO gap
was 1.9 eV.

The HOMO and the LUMO energy levels of dye for a competent injection of electron should be compatible



with the semiconductor. The LUMO of the dyes should be more negative than the CB of semiconductor
(frequently used TiO3) [60,61] and energy of HOMO ought to be lower than the oxidation and reduction
potential of electrolyte (frequently I"!/I-3 redox couple is utilized) [62]. Moreover, a small band gap is
preferred to excite electron from HOMO of dye to its LUMO in order to make the transition by providing
the small amount of energy. Table 1 clearly shows that the LUMO of all the dyes simulated in this work is
more negative than the CB of the QD. In addition to this the HOMO of these dyes are less negative than
the redox potential of electrolyte, which results in competent renewal of dyes.

The energy of HOMO level of both dyes D1 and D1A is found less than HOMO of redox electrolyte I3
(-4.8eV) that results in effective regeneration of dye whereas the energy of LUMO of both dyes is greater
than energy of LUMO of TiOy (-4.3 €V) which may cause easy injection of electron from dye to TiO5. The
energies of LUMO and HOMO of D1 and D1A, obtained by utilizing ADF/TD-DFT with the XC functional
set as GGA-PBE Hybrid- B3LYP and SCC-DFTB. The respective values of HOMO of D1 is at -5.0 €V,
-5.6eV [23], 5.2 eV and LUMO at -3.9 eV, -3.2 €V [23] and -3.9 eV with band gap -1.1 eV, -2.4 eV and -1.3
eV calculated using GGA-PBE, Hybrid-B3LYP and SCC-DFTB. In case of D1A, the respective values of
HOMO and LUMO are -4.9 €V, -5.6 eV, -5.1 ¢V and -3.8eV, -3.2eV, -3.8 eV with same band gap as that of
D1 calculated for all three functionals. The comparison indicates that the energy of HOMO increases from
D1to D1A which shows a clear increase in the energy of HOMO level with increase in length of n-bridge in
agreement with literature [63]. Likewise, the changes in energy of LUMO level are noted but very negligible
change in case of Hybrid-B3LYP are observed for both HOMO and LUMO [63-65].

The HOMO of D2 is found at -5.0 €V, -5.6 €V [23], -5.2 ¢V and LUMO at -4.1 €V, -3.5¢V [23], -3.9 eV with
band gap of 0.9 eV, -2.1 eV and -1.3 eV calculated using-PBE, Hybrid-B3LYP and SCC-DFTB respectively.
On the other hand, the HOMO of D2A is found at -5.0 eV, -5.6 eV, -5.2 ¢V and LUMO level is at -4.0
eV, -3.4 eV, -3.9 eV with a band gap of 1.0 eV, -2.2 eV, -1.3 eV calculated for three respective functionals.
The addition of electron withdrawing group oxadiazole in n-bridge has led to change in LUMO energy level
because of change in charge transfer, while the energy of HOMO remains same as the values of band gaps
for D1 are larger than D2. The decrease in value of band gap of D2 upon addition of electron withdrawing
oxadiazole group is due to lowering of its LUMO level [64]. A slight increase in band gap has taken place
when n-bridge length was increased for D2A.

The HOMO of D3 is found at -5.0 eV, 5.6 eV [64], -5.1 ¢V and LUMO is at -4.2 €V, 3.5 eV [64], -3.9 ¢V with
a band gap of 0.8 eV, -2.1 eV and -1.2 eV when calculated using the respective functionals. On the other
hand, in case of D3A the HOMO level is found at -5.0 eV, -5.6 eV, -5.1 eV and LUMO level is at -4.1 eV,
-3.5 eV, -3.9 eV with a band gap of 0.9 eV, -2.1 eV and -1.3 eV when calculated using GGA-PBE, Hybrid-
B3LYP and SCC-DFTB respectively. A decrease in value of band gap is observed on addition of electron
withdrawing oxadiazole in D3 whereas a slight increase in band gap occurs when n-bridge length increases
for D3A[64]. The comparative analysis of calculated values of HOMO, LUMO and their gap calculated using
three functionals is sketched in figure 4.
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Figure 4: HOMO and LUMO energy levels calculated under TD-DFT study for D1, D1A, D2, D2A, D3
and D3A using (A) GGA-PBE, (B) SCC-DFTB and (C) Hybrid B3LYP
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Figure 5: Images of HOMO and LUMO of D1A, D2A, and D3A found using Hybrid BSLYP

The energy values calculated for HOMO, LUMO and their gap calculated using three functionals employed
in this study are listed in table 1.
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HOMO LUMO Band gap HOMO LUMO Band HOMO LUMO Ba

level (V)  Level (eV) (eV) level(eV) Level(eV)  gap(eV) Level(eV)  Level(eV)  ga
D1 -5.0 -3.9 1.1 -5.2 -3.9 1.3 -5.6 -3.2 2.4
D1A -4.9 -3.8 1.1 -5.1 -3.8 1.3 -5.6 -3.2 2.4
D2 -5.0 -4.1 0.9 -5.2 -3.9 1.3 -5.6 -3.5 2.1
D2A -5.0 -4.0 1.0 -5.2 -3.9 1.3 -5.6 -3.4 .2
D3 -5.0 -4.2 0.8 -5.1 -3.9 1.2 -5.6 -3.5 2.1
D3A -5.0 -4.1 0.9 -5.1 -3.9 1.2 -5.6 -3.5 2.1

3.3. Absorption spectra of Dyes

The allowed transitions of singlet-singlet nature were calculated using TD-DFT for D1, D1A, D2, D2A, D3
and D3A via UV-Vis spectra at GGA-PBE, SCC-DFTB and Hybrid-B3LYP levels of theory, as shown in
figure 5. In case of GGA-PBE, the main absorption peak of D1 is found at 539 nm (2.3 eV) with oscillator
strength of 1.01 and small absorption peak is found at 6391 nm with very small oscillator strength of 0.1.
For D1A the main absorption peak is at 639 nm (1.94 eV) with oscillator strength 1.08 and a peak is found
at 539 nm with oscillator strength 0.7. For SCC-DFTB calculations, the main absorption peaks for D1
and D1A are found at 652 nm (1.9 €V),516 nm (2.4 V), 688 nm (1.8 eV) and 590 nm (2.1 eV) having
oscillator strengths of 0.68, 0.44, 0.68 and 0.46 respectively. In case of Hybrid-B3LYP, the absorption peaks
are found at 495 nm (2.5 eV) and 539 nm (2.3 eV), 619 nm (2.0 eV) having oscillator strengths 0.95, 0.98
and 0.51 respectively for D1 and D1A. The spectra shows a red shift and broadening of peaks with increase
in oscillator strength when n-spacer length has increased for D1A in agreement with literature [59, 61-65].
The main absorption peak for D2 is found at 688 nm (1.8 eV) with oscillator strength 0.16 using GGA-PBE
whereas two absorption peaks are found at 619 nm (2.0 eV) and 495 nm (2.59 eV) with oscillator strength
0.38 and 0.66 respectively using SCC-DFTB. For D2A, there are two main absorption peaks at 688 nm and
563 nm with oscillator strength 0.27 and 0.24 in case of GGA-PBE where as there are three absorption peaks
at 688 nm (1.8 €V), 619 nm (2.0 V) and 539 nm (2.3 eV) having oscillator strengths 0.67, 0.45 and 0.67
respectively for SCC-DFTB. In case of Hybrid-B3LYP functional, the absorption peaks are found at 413 nm
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(3.0 V), 479 nm (2.6 eV) and 476 nm (2.6 V) with oscillator strengths 0.90, 0.59 and 0.96 respectively for
D2 and D2A.The oscillator strength has increased with increase in n-bridge length with small red shifts [63,
65-69].

There exist two absorption peaks for D3 at 774 nm (1.6 V) and 688 nm (1.8 V) with oscillator strength of
0.29 and 0.20 respectively. In case of D3A there is only one main absorption peak at 885 nm (1.4 eV) having
oscillator strength of 0.45 with GGA-PBE. However, in case of SSC-DFTB, the absorption peaks are found
at 688 nm (1.8 eV), 563nm (2.2 eV), 744 nm (1.6 eV), 619 nm (2.0 eV) with excitation respective values
of oscillator strength as 0.53, 0.81 and 0.77,0.87 for D3 and D3A. Similarly, for Hybrid-B3LYP absorption
peaks are found at 563 nm (2.2 V), 413 nm (3.0 €V) and 476 nm (2.0 eV) with respective values of oscillator
strength as 0.86, 0.90 and 0.85 for D3 and D3A.This is evident from the result that a red shift occurs and
oscillator strength also enhanced in absorption spectrum when an length of n-bridge was increased for D3A
[65-69].
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Figure-5: TD-DFT calculated UV-Vis spectrum of D1, D1A, D2, D2A, D3 and D3A from using (a) GGA-
PBE (b) SCC-DFTBand (c) Hybrid-B3LYPfunctional
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3.4. Solvation affects

The emission and absorption characteristics of organic molecules are known to change by the process of
solvation. The frequency, shape and intensity of peaks in the spectrum of florescent molecules changes
when environment of the molecules changes from gaseous to liquid phase upon using solvents of different
polarity [42, 70-75]. The properties of solvents and their interaction with solute molecules are responsible
for the changes in electronic and optical properties of the molecules. Abundant studies are available on
the relationship of solvent parameters and optical properties of photo-active solute molecules [42, 43, 76].
Different optoelectronic parameters as polarizabilities, refractive indices and electronic permittivity can be
calculated by using different strategies developed on the basis of solvent action. Bakhshiev theory [42] is one
of these methods to calculate the shift in spectrum upon the solvation by using the following relations;

v=u—u (1)

Umax = Umaz, + Olf(a) + CZf (’I’L) (2)

Where wmaxis maximum wavenumber in solvent and e, is maximum wavenumber in gaseous state
andf (n), f(e) are solvent factors depending on refractive index and electronic permittivity, respectively.
The solute-solvent interaction can be effectively studied by solvatochromatic effect which is defined as the
shift in spectrum (Stokes shifts) that usually depends upon relationship between polarity of solvent and
emission spectrum of photoactive specie [77,78].

1.8x10°

16x10° [ (a) in Methandl —D1 I @inwater —D1
1.6x10° | ——D1A|

1.4x10° .
1.4x10°

1.2¢10° .
1.2%10

1.0x10°

Molar Absorption Coefficient (a.u)
Molar Absorption Coefficient (a.u)

1.0x10°

8.0x10° 80x10°
6.0¢10° 6.0x10°
4.0x10° 4.0x10°
2.0¢10° 2.0x10°
0.0 0.0

1.0 15 20 25
Energy (eV) Energy(eV)

Figure-6: TD-DFT calculated UV-Vis spectra of D1, D1A, D2, D2A, D3 and D3A (a) in Methanol and
(b) in Water by using SCC-DFTB

In order to get the understanding of the behavior of dyes in different solvents of varied polarity, the absorption
spectrum of all dye were studied in methanol and water using TD-DFT at SCC-DFTB level of theory by
utilizing parameters set org/tiorg-0-1 and solute factor of 2.7. The UV-Vis spectra calculated for all the dyes
in methanol and water solvents is given in figure 6. The analysis exhibited a red shift in spectral peaks as
the polarity of solvent is increased which depends upon properties of solvents and hydrogen bonding between
solvent-solute and solute-solute molecules [42, 79, 80]. The amount of solvent has also affected the oscillator
strength in addition to excitation energy of the photoactive species.

3.5. Photoinjection in TiO;-Dye Complex

As the light shines on the surface of dye, the electron from the HOMO of dye are excite to its LUMO
after which the electron is moved to the conduction band of semiconductor TiOs [80]. This transfer of
electron could be of two types: direct photoinjection and indirect photoinjection. The indirect transfer
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involves transition HOMO-dye to LUMO-dye toCB-TiOy whereas the direct transfer comprises of transition
HOMO-dye to CB-TiOs. These two processes are sketched in figure 7.

LUK
g Indirect photoinjection
Conduction Band
tor
Direct photoinjectinn OMO
Dye
Valence Band
Serviconductor

Figure 7: The schematic of charge transfer from dye to Semiconductor TiO9

The direct photoinjection is usually indicated by appearance of an additional peak in excitation spectrum
where no additional peaks are observed in indirect photoinjection [39, 40, 81-83]. In this work a (TiO2)esQD
having 288 atom and size 2.7 nm is utilized to model the photoinjection in (TiO2)gg-D complex where D =
D1, D1A, D2, D2A, D3 and D3A. In order to prepare the series of complexes, the dyes were adsorbed on
the surface of (TiOz)gg in dissociative monodentate mode in which OH and O of the anchoring group were
attached with respective oxygen and titanium atoms on surface of (TiO2)9s[39, 84]. SCC-DFTB approach
was utilized in order to get optimized geometries of dye-(TiO2)gs complex with parameters utilized in these
simulations are org/trio 0-1. The relaxed geometries of the complex were obtained by allowing the dye and
its anchoring TiO4 units to take part in geometry optimization whereas the rest of TiO5 units were kept fixed
in order to lessen the computational cost. UV-Vis excitation spectra were then obtained for the optimized
complex at SCC-DFTB level of theory in order to model the photoinjection in the mentioned complexes.
The spectra obtained for all six complexes show small red shift and broadening of peaks in comparison to
the bare dyes. The behavior of all dyes is changed after absorption on (TiO2)gswhereas the extent of red
shift in the adsorbed dyes is also different. The values of red shift for D1 and D1A are 0.26 eV and 0.21
eV respectively. D2 exhibited largest red shift of 0.85 eV whereas D2A, D3 and D3A show red shift of 0.14
eV, 0.04 eV and 0.1 eV respectively. The spectra of the adsorbed dyes shows a red shift that attribute to
hybridization of orbits in density orbit stabilization [84]. This behavior points to the indirect photoinjection
in these dyes. The excitation spectra of bare dyes and dyes attached to TiO2QD are given in figure 8.
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Figure-8: SCC-DFTB calculated excitation spectra for bare dyes and the dyes adsorbed on (TiO3)9QD in
the form of QD-D system whereas D = D1, D1A, D2, D2A, D3 and D3A.

In order to model the mechanism and determine the driving force for photoinjection, the relevant param-
eters were calculated for the series of dye-(TiO2)gs complexes. The energy required for photoinjection is
[?]Ginj(eV)= Erumo-Ecsm whereas the energy of electron recombination is [?]Grec(€V)= Ecm-Enomo.
The findings indicated that D2-(TiO2) g6 system required minimum energy of -0.11 eV for electron injection
with high recombination energy of 1.18 eV which reveals that electron injection is more favorable than elec-
tron recombination. The complex D2A-(TiO3)gg requires -0.17 eV for electron injection as second minimum
value which is less than the recently reported carbazole based organic dyes [85]. The values calculated for
all dye-(TiO2) gscomplexes are given in table 3.
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Table-3: Table-3: Table-3: Table-3: Table-3: Table-3: Table-3:
Photoinjec- Photoinjec- Photoinjec- Photoinjec- Photoinjec- Photoinjec- Photoinjec-
tion tion tion tion tion tion tion
parameters parameters parameters parameters parameters parameters parameters
calculated calculated calculated calculated calculated calculated calculated
fOI‘(TiOQ)g@QD— fOI'(TiOQ)gGQD— fOI‘(TiOQ)gGQD— fOI‘(TiOQ)g(}QD— fOI‘(TiOQ)gﬁQD— fOI‘(TiOg)gﬁQD— fOI"(TiOQ)gGQD—
Dcomlexes(D Dcomlexes(D Dcomlexes(D Dcomlexes(D Dcomlexes(D Dcomlexes(D Dcomlexes(D
= D1, D1A, = D1, D1A, = D1, D1A, = D1, D1A, = D1, D1A, = D1, D1A, = D1, D1A,
D2, D2A, D2, D2A, D2, D2A, D2, D2A, D2, D2A, D2, D2A, D2, D2A,
D3 and D3 and D3 and D3 and D3 and D3 and D3 and
D3A) D3A) D3A) D3A) D3A) D3A) D3A)
System VBM (eV) HOMO (eV) CBM (eV) LUMO (eV) [?]Gipj (eV) [?]Grec (€V)
D1-(TiO2) -6.07 -5.22 -4.1 -3.91 -0.19 1.12

96

D1A-(TiOs) -6.07 -5.14 -4.1 -3.85 -0.25 1.04

96

D2-(TiO9) -6.07 -5.28 -4.1 -3.99 -0.11 1.18

96

D2A-(TiO3) -6.07 -5.22 -4.1 -3.93 -0.17 1.12

96

D3-(TiO») -6.07 -5.19 -4.1 -3.90 -0.20 1.09

96

D3A-(TiO3) -6.07 -5.14 -4.1 -3.89 -0.21 1.04

96

4. Conclusions

A group of carbazole based organic dyes was simulated by increasing the w- bridge length by adding an
additional oligothiophene ring in 3different dyes. The increase n- bridge length significantly altered the optical
and electronic properties of dyes. The addition of an extra oligothiophene ring resulted in increase of light
harvesting efficiency whereas the absorption spectrum of the dyes exhibited redshift. Except the D3A, all the
dyes exhibited absorption in visible region of light. The photoinjection of these dyes was studied by attaching
the dyes with (TiO2) 96QDin monodentate mode. The spectra calculated for (TiO3) g-Dye complexes
indicated absence of any new peak which points to indirect photoinjection in the studied configurations.
The findings indicated thatD2 offered least electron injection energy -0.11eV and least recombination rate
due to high recombination energy calculated among all the dyes.
energy of -0.17 eV. These dyes could have promising applications in photoanode for enhancing the efficiency

of DSSC.

After D2, D2Aexhibitedless injection
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