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Phenothiazine-Based D-A-m-A Dyes for Highly Efficient Dye
Sensitized Solar Cells: Effect of Internal Acceptor and Non-
Conjugated mr-Spacer on Device Performance

Satyawan Nagane,*! Amol Ichake, 1" Ishita Agrawal,® Aditya Sadhanala,” Richard H. Friend,

Satishchandra Ogale*®® and Prakash P. Wadgaonkar*"

Dedication ((optional))

Abstract: Three new D-A-m-A metal-free organic dyes viz. (E)-2-
cyano-3-(10-dodecyl-7-(7-(10-dodecyl-10H-phenothiazin-3-
yl)benzo[c][1,2,5]thiadiazol-4-yl)-10H-phenothiazin-3-yl)acrylic  acid
(Al-1), (E)-2-cyano-3-(10-dodecyl-7-(7-(10-dodecyl-10H-
phenothiazin-3-yl)-2-octyl-2H-benzo[d][1,2,3]triazol-4-yl)-10H-
phenothiazin-3-yl)acrylic acid (Al-2) and (E)-2-cyano-3-(10-dodecyl-
7-(6-(10-dodecyl-10H-phenothiazin-3-yl)pyridin-2-yl)-10H-
phenothiazin-3-yl)acrylic acid (Al-3) based on phenothiazine as
donor and non-conjugated T-spacer were designed and synthesized.
The incorporation of different ‘internal acceptors’ (electron traps)
such as benzothiadiazole (BTD), benzotriazole (BTA) and pyridine
were shown to allow systematic tuning of the energy levels and the
photo-physical properties. Al-1 dye showed lower electronic disorder
as compared to the other two dyes. The efficiencies achieved with
Al-1, Al-2 and Al-3 dyes were 8.5 % (Jsc = 15.42 mA/cm?, Voc =
0.78 V, FF = 68 %), 7% (Jsc = 12.8 mA/cm? Voc = 0.78 V, FF =
68 %), and 6.7 % (Jsc = 11.57 mA/cm?, Voc = 0.82 V, FF = 68.26 %),
respectively. The incorporation of non- conjugated phenothiazine as
a Tm-spacer in D-A--A dyes showed remarkable enhancement in
photovoltaic performance of DSSC devices. The sealed DSSC
devices with iodidef/tri-iodide (I7/13") based liquid electrolyte showed
promising stability under ambient condition.

Introduction

The photovoltaic research has received significant attention after
the discovery of dye sensitized solar cells (DSSCs) which have
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reached efficiencies up to 11-13 % using ruthenium-based metal
dyes and porphyrin-based organic dyes.*™ However, these
dyes face drawbacks such as poor thermal stability and tedious
synthetic steps which are the major obstacles in their
commercialization.”! Therefore, the molecular engineering
approach of organic dyes has captured great attention of
researchers.”! Towards this end, the attractive approaches
involving donor—acceptor (D-A), acceptor-donor-acceptor (A-D-
A) and donor—Tr-spacer—acceptor (D-11-A) based systems have
been adopted and worked out.**¥ D-1r-A based systems have
exhibited efficiencies of 9-10 %.*7¢ However, -1 stacking,
inefficient electron injection and intermolecular recombination
limit the photon conversion efficiency.”*"*¥! Thus, there is a
need to fine tune these systems to overcome such problems.
Hence, the engineering of molecular systems is needed to be
taken into consideration. Zhu et. al. proposed D-A-11-A strategy
for designing metal free organic sensitizers in which various
internal acceptors such as BTD, BTA, quinoxaline etc. were
incorporated.*® The metal free organic D-A-T-A dyes achieved
not only the broad band absorption but also photon conversion
efficiencies upto 11-13%.[520:2

Recently, Yang et. al. reported phenothiazine based D-11-A
and D-A-m-A organic dyes for DSSCs. In the case of
phenothiazine based dyes, D-A-m-A system with thiophene
analogs as spacers afforded 6.4% power conversion
efficiency.”? The conjugated Tr-spacer in D-T-A dyes exhibited
long range absorption but resulted in aggregation at TiO;
surface which resulted in the decrease in Js, Vo and FF.2%24
Phenothiazine indeed acts as a strong donor having electron
rich S- and N-hetero-atoms with non-planar butterfly
conformation which helps in avoiding the molecular aggregation
and intermolecular charge injection. The incorporation of
phenothiazine into the molecular structure has several
advantages over the other specified donors and Tr-spacers.*>*"
Therefore, we selected three different internal acceptors viz.
BTD, BTA and pyridine which have different individual properties
like strong acceptor, weak acceptor, or anchoring group,
respectively, in the molecular structure.”®? These internal
acceptor units are usually called as low band gap moieties which
help in reducing the band gap of dyes and broaden their
absorption spectra.® In this work, we have designed,
synthesized and evaluated a new series of dyes based on D-A-
-A systems in which phenothiazine serves a dual role of donor
as well as t-spacer.
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Figure 1. Structures of Al dyes.

Results and Discussion
Design and synthesis of Al dyes

The molecular engineering of the dyes (Fig. 1) was inspired by
attractive properties of phenothiazine such as high electron
donating ability and good opto-electronic properties.?? Al dyes
were synthesized by well known organic transformations.
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dichloroethane, reflux; vi) cyanoacetic acid, piperidine, toluene,
reflux.

Scheme 1. Synthesis of Al dyes.
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In order to investigate the overall photovoltaic performance of
synthesized dyes, we fabricated a set of dye sensitized solar cell
(DSSC) devices. The photovoltaic performance of synthesized
dyes was measured under AM 1.5 G illumination with I/l3as
redox electrolyte and platinum coated FTO glass as a counter
electrode. The commercially available dyesol TiO, paste was
doctor bladed on cleaned FTO substrate to have mesoporous
layer for dye to adsorb on.

Scheme 1 depicts a simple approach towards the synthesis
of Al-1, Al-2 and Al-3 dyes containing phenothiazine as a donor
and T-spacer moiety with different internal acceptors. N-
alkylation of 10H-phenothiazine (1) was achieved using 1-
bromododecane in the presence of potassium hydroxide as a
base. N-alkylated phenothiazine intermediate (2) on bromination
afforded bromo-phenothiazine (3). By using n-butyl lithium and
triisopropyl borate, bromo-phenothiazine (3) was converted into
boronic acid intermediate (4). Reaction between (4) and 8/9/10
by using Suzuki coupling afforded the desired compounds 5a-c.
The intermediate 6a-c obtained by Vilsmeier-Haack formylation
provided aldehyde intermediate which on Knoevenagel
condensation with cyanoacetic acid yielded the target dyes Al-1,
Al-2 and Al-3.

UV-Vis Absorption and photoluminescence properties
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Figure 2. (a) UV-Vis absorption and (b) Photoluminescence spectra of Al dyes.
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UV-Visible absorption spectra of Al-1, Al-2 and Al-3 dyes were
shown in Fig. 2 (a). These dyes exhibited strong absorption in
UV and visible region with maximum absorption (Amax) of 486 nm
(€ = 24000 mol L cm™), 474 nm (¢ = 22000 mol L cm™) and
472 nm (¢ = 16000 mol L* cm™) for Al-1, Al-2 and Al-3,
respectively.

The systematic red shift was observed from Al-3 to Al-
1. The incorporation of BTD as strong internal acceptor in
Al-1 resulted in ~30 nm red shift as compared to Al-2. The
pyridine based AI-3 dye showed further blue shift in
comparison with other synthesized dyes. Amongst the three
dyes, Al-1 showed broader absorption spectrum with higher
molar extinction coefficient.The red shift in Al-1 was
attributed to the presence of sulfur containing heterocyclic
BTD moiety as an internal acceptor. In the structure of BTA,
the replacement of sulfur atom from BTD by Cs-alkylated
nitrogen decreases its electron withdrawing character which
has a significant impact on optical properties of Al-2 dye.
Interestingly, we observed marginal blue shift in absorption
for AI-3 dye which correlates with discontinuation in
conjugation due to 2, 5 substitutions on pyridine moiety.
The incorporation of non-conjugated phenothiazine as a -
spacer in Al-3 showed ~20 nm red shift compared to
reported CMR401 in which phenothiazine was used as
donor and pyridine as spacer without any particular -
spacer.®!The multiple absorption peaks appeared in UV-
spectra could be accounted to existence of different
transitions in the molecules. The Density Functional Theory
(DFT) calculations demonstrated that the band at 486 nm
corresponds to HOMO-LUMO electron transition in Al-1
dye.

Fig. 2(b) presents photoluminescence (PL) spectra of
Al-1, Al-2 and AI-3 dyes. The PL measurements showed
very broad emission which correspond to presence of
internal acceptors into the dyes.®" Al-1 dye has showed
emission maxima at 663 nm when the excitation
wavelength is of 486 nm (which is a Amax in optical
absorption). When Al-2 dye excited with its absorption
maxima (409 nm), the emission occurs at 580 nm. In the
case of Al-3 dye, we observed emission at 613 nm after
applying excitation wavelength of 472 nm. The nature of PL
spectra depends on the presence of electron donating or
withdrawing ability of these moieties in the dyes.
Interestingly, Al dyes with three different electron acceptors
having phenothiazine moieties at the adjacent positions
showed systematic shift in PL spectra and gradual
decrease in full width half maxima (FWHM). Al-1 showed
highest FWHM value of 138 nm which may be attributed to
delayed fluorescence, as BTD moiety acts as strong
electron trap.*?

The incorporation of BTA in Al-2 which is comparatively
weaker electron acceptor than BTD showed lesser FWHM
of 112 nm. In AI-3, pyridine showed weak acceptor
amongst three dyes with FWHM of 100 nm. The presence
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Figure 3. PDS spectra of Al dyes. Inset shows the Urbach energies for Al
dyes as indicated.

of cyanoacrylic acid group at terminal position in dyes as
electron withdrawing (anchoring) group may play major role
in PL broadening.®®

Photothermal deflection spectroscopy

Photothermal deflection spectroscopy (PDS) is a sensitive
absorption measurement technique used to measure sub-
band gap states and quantify the electronic disorder (in
terms of Urbach energy) in a semiconductor.”
Experimental details can be found elsewhere.®® PDS
spectra for all three dyes coated on quartz substrates were
performed (Fig. 3). Al-1 dye showed the steepest fall in the
absorption below the band gap compared to Al-2 and Al-3.
These results in lower Urbach energies for the Al-1 dye
compared to Al-2 and Al-3 dyes that was reflected in the
solar cell performances. Al-1 dye based solar cells
demonstrated the minimum Urbach energy and highest
solar cells performance (as shown below) compared to Al-2
and Al-3 dyes. The Urbach energies of Al-2 and Al-3 have
small differences but, are higher than Al-1, which reflected
in their similar performance in solar cells (as shown below).
The PDS (Fig. S1) and PL (Fig. 1b) spectra of the dyes
made on quartz substrates showed a reverse trend
between Urbach energy and PL FWHM indicating the
different nature of electronic disorder experienced by
absorptive and emissive species probed using PDS and PL,
respectively.

Photo-excited electron dynamics for Al dyes

Fig. S2, (Supporting Information) showed PL lifetime decay
of Al-1, Al-2 and Al-3 dyes in dichloromethane solution. PL
decay measurements showed systematic enhancement in
lifetime which is attributed to the electron withdrawing ability
of individual internal acceptor. The alkyl substitution at

This article is protected by copyright. All rights reserved
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central nitrogen of BTA moiety in Al-2 dye displayed its
further advantage in electron lifetime measurements. Al-3
dye showed highest life time of 9 ns in comparison with the
other two dyes. The pyridine incorporation in dye structure
allowed tuning of band energy levels in such a way that it
could enhance the electron lifetime. Al-1 dye showed sharp
decay compared to other dyes. The observed lifetime for
Al-1, Al-2 and Al-3 are 4 ns, 7 ns and 9 ns, respectively.

o

HOMO X R el 2 1 &

Al Al-2 Al-3

Figure 4. HOMO and LUMO of Al dyes calculated from DFT.

Electrochemical properties

We studied electrochemical properties of Al-1, Al-2 and Al-
3 dyes by cyclic voltammetry (Fig. S3, Supporting
Information). Fig. S3 showed CV measurements of Al-1,
Al-2 and Al-3 dyes in dilute solution of dichloromethane in
the presence of tetrabutylammonium hexafluorophosphate
as supporting electrolyte from which the information about
redox nature of the dyes was extracted. The first oxidation
potential corresponds to the HOMO level of dyes and
reduction potential offers LUMO level of dyes. The HOMO
levels were calculated using the oxidation potential value
obtained from CV. The HOMO levels of Al-1, Al-2 and Al-3
were found to be -4.91leV, -4.88eV and -4.94eV,
respectively with respect to vacuum level, and are more
positive than the redox potential of I/l redox couple (-
4.85eV). The incorporation of different internal acceptors in
Al dyes showed slight shift in HOMO-LUMO level. The dyes
showed appropriate band levels and were in good
agreement with theoretical values which facilitate efficient
charge transfer from the LUMO of dye to the conduction
band of TiOa.

Theoretical analysis

To examine the electronic properties and specific effect of
incorporation of different internal acceptors in the dye
molecules, we performed density functional theory (DFT)
calculations using Gaussian 09 program at B3LYP/6-311G*
level. The presence of two phenothiazine’s (which has
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butterfly like structure as shown in Fig. 4) and internal
acceptors (BTD, BTA and pyridine) showed non-planarity in
to the molecular structure which resulted in significant
suppression of dye aggregation and internal charge
recombination. For Al-1, Al-2 and AIl-3 dyes, electronic
distribution of the HOMO-LUMO are shown in Figure 4.
DFT calculations demonstrated that HOMO in these dyes is
mainly located on phenothiazine moieties. The observed
electron density on donor phenothiazine is much higher
compared to Tr-spacer phenothiazine in all cases that
implies its specified role in dyes.

The LUMO level in Al-1 dye lies on BTD and
cyanoacrylic acid units. The LUMO situated on both the
moieties can effectively separate the charges and inject into
the conduction band of TiO, which resulted in higher Jsc and
ultimately in the higher power conversion efficiency (PCE).
On the other hand, the LUMO level of Al-2 and Al-3 dyes is
mainly distributed on the cyanoacrylic acid moiety. The
presence of auxiliary HOMO-LUMO levels such as
LUMO+1 in dye molecules supports the existence of
additional absorption bands in UV region.

Photovoltaic device performance

We studied the effect of incorporation of internal acceptors
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Figure 5. (a) J-V curves (b) IPCE of dyes Al with I'/l5” redox electrolyte.
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Table 1. Photovoltaic performance of Al dyes.

Dyes Jsc Voc (V) Fill Factor Efficiency
(mA/cm?) (%) Q)]
Al-1 15.42 0.78 68.0 8.5 (+0.3)
Al-2 12.8 0.78 68.0 7.0 (0.1)
Al-3 11.57 0.82 68.26 6.7 (x0.1)

in the molecular structure of dyes. The influence of different
internal acceptors on short circuit photocurrent (Jsc),
photovoltage (Voc), fill factor (FF) and power conversion
efficiency (n) was investigated through the device
characterization. We performed photovoltaic measurements
of Al dyes with 1715 electrolyte on 0.20 cm? active area. The
Al-1 dye showed efficiency of 8.5% (Jsc = 15.42 mA/cm?,
Voc = 0.78 V, FF = 68%) with significant enhancement in Jg..
In case of Al-2 and Al-3 dyes, we achieved 7% (Jsc = 12.8
mA/cm?, Vo. = 0.78 V, FF = 68%), and 6.7% (Jsc = 11.57
mA/cm?, Vo = 0.82 V, FF = 68.26%) of PCE with slight
increment in Vo but at same time linear decrease in Jsc
values. Fig. 5 (b) showed incident photon conversion
efficiency (IPCE) measurements of Al-1, Al-2 and Al-3
dyes. Interestingly, the IPCE of the Al dyes upto 500 nm
were quite similar but after that substitution of strong
electron withdrawing unit in Al-1 dye showed red shift (25
nm) in visible region. Al-2 and Al-3 dyes showed marginal
blue shift in IPCE spectra as compared to Al-1 dye and it is
clearly reflected in Jsc values. The incorporation of low band
gap components instead of extended conjugated 1-spacers
improves the photo-stability of organic dyes and is able to
facilitate charge transfer.’® The electron deficient BTD unit
acts as stronger internal acceptor compared to BTA.B? |n
BTA, extra nitrogen at centre of benzo-fused five
membered ring tuned molecular energy levels and alkyl
chain on nitrogen may suppress the charge
recombination.®**%  Photovoltaic characterization showed
significant enhancement in Js., Voc and FF which indicated
the reduction in overall charge recombination. For further
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Figure 6. Stability of Al-1 dye.
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analysis, we carried out electrochemical impedance
spectroscopy measurements to show the efficient interfacial
charge transfer in Al dyes based solar cell devices (Fig. S4,
Supporting Information).

The incorporation of pyridine into the molecular structure of
dye offered well matching energy bands with TiO, and
electrolyte. The favourable band alignment offered
substantial reduction in fundamental losses such as dye
regeneration and charge injection losses, which resulted in
higher Vo. compared to Al-1 and Al-2 dyes. The lone pair of
nitrogen in Al-3 has ability to bind with oxygen vacancies of
TiO, surface that could shift the Fermi energy level to lower
binding energy. The band bending towards lower binding
energy implies better charge transport.?®

With these attractive performances of organic Al dyes as
sensitizer in DSSCs, there is one crucial factor which needs
to be addressed viz. stability. We performed photovoltaic
measurements for six months to check the stability of
devices under ambient conditions (Fig. S5 and Table S1,
Supporting information). Al-1 dye showed very high
stability over 150 days (90% retention in solar cell device
efficiency as displayed in Fig. 6) which is certainly a major
advantage for large area solar cell devices.

Conclusions

In conclusion, we have designed, synthesized and characterized
metal-free organic phenothiazine core D-A-11-A dyes based on
three different internal acceptors viz. BTD, BTA and pyridine for
DSSCs. The incorporation of different internal acceptors allowed
to tune the energy bands and photo-physical properties
systematically. The efficiencies achieved with Al-1, Al-2 and Al-
3 dyes were 8.5%, 7.0% and 6.7%, respectively. The achieved
efficiency of DSSC devices with iodine based liquid electrolyte
showed promising stability and reproducibility. The designed D-
A-11-A strategy with non-conjugated phenothiazine as t-spacer
opens up tremendous opportunities for applications in large area
solar cells. The incorporation BTD in the molecular structure
showed lower electronic disorder which could be
advantageously exploited in other opto-electronic applications.

Experimental Section

The experimental details are given in the supporting information,
including the materials, device fabrication method, synthetic, photo-
physical, electrochemical procedure and characterization of synthesized
compounds.
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