
This article was downloaded by: [University of California, San Diego]
On: 07 August 2012, At: 12:16
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered
office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH, UK

Molecular Crystals and Liquid Crystals
Publication details, including instructions for authors and
subscription information:
http://www.tandfonline.com/loi/gmcl20

Synthesis and Photovoltaic Properties
of Organic Photosensitizers Based
on Phenothiazine Chromophore for
Application of Dye-Sensitized Solar Cells
Hyun Sik Yang a , Yu Seok Yang a , Yoon Soo Han b , Young Cheol Choi
c , Do Kyung Lee c , Kwang-Soon Ahn a & Jae Hong Kim a
a School of Display and Chemical Engineering, Yeungnam University,
Gyeongsan, Gyeongsangbuk-do, Republic of Korea
b Department of Advanced Energy Material Science and Engineering,
Catholic University of Daegu, Gyeongsan, Gyeongsangbuk-do,
Republic of Korea
c R&D Affairs Department, Gumi Electronics & Information
Technology Research Institute, Gumi, Gyeongsangbuk-do, Republic
of Korea

Version of record first published: 16 May 2011

To cite this article: Hyun Sik Yang, Yu Seok Yang, Yoon Soo Han, Young Cheol Choi, Do Kyung
Lee, Kwang-Soon Ahn & Jae Hong Kim (2011): Synthesis and Photovoltaic Properties of Organic
Photosensitizers Based on Phenothiazine Chromophore for Application of Dye-Sensitized Solar Cells,
Molecular Crystals and Liquid Crystals, 538:1, 149-156

To link to this article:  http://dx.doi.org/10.1080/15421406.2011.563699

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-and-conditions

This article may be used for research, teaching, and private study purposes. Any
substantial or systematic reproduction, redistribution, reselling, loan, sub-licensing,
systematic supply, or distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation
that the contents will be complete or accurate or up to date. The accuracy of any
instructions, formulae, and drug doses should be independently verified with primary
sources. The publisher shall not be liable for any loss, actions, claims, proceedings,

http://www.tandfonline.com/loi/gmcl20
http://dx.doi.org/10.1080/15421406.2011.563699
http://www.tandfonline.com/page/terms-and-conditions


demand, or costs or damages whatsoever or howsoever caused arising directly or
indirectly in connection with or arising out of the use of this material.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

] 
at

 1
2:

16
 0

7 
A

ug
us

t 2
01

2 
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We developed organic dye containing the multi-chromophororic system in a molecule
by connecting two individual chromophores with alkyl chain directly forusein
DSSCs. Each of chromophore contains phenothiazine moiety as an electron donor
and various electron acceptor=anchor to identify the effects of the number of elec-
tron acceptor and the kind of electron acceptor on the performance of DSSCs.
The molecular structure having multi-chromophoric system containing cyanoacrylic
acid moieties provided about 10% higher Jsc value than their counter parts of single-
chromophore type.

Keywords Dye-sensitized solar cells; multi-chromophoric system; organic photo-
sensitizers; phenothiazinechromophore; photovoltaic performances

Introduction

The improvement of solar energy-to-electricity conversion efficiency has continued
to be an important research area of solar cell. Among them, dye-sensitized solar cells
(DSSCs) have attracted much attention of many research groups because of their
benefits, for instance, of low-cost fabrication with decently high efficiencies com-
pared to conventional p-n junction solar cells [1,2].
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A typical DSSC is constructed with the photosensitizer absorbed wide band gap
oxide semiconductor electrode such as TiO2, electrolyte containing I�=I�3 redox cou-
ples, and Pt as a counter electrode. The photosensitizer initiates the overall operation
of DSSC with electrons excited by the absorption of photons. The Ru-dyes coded N3
and N719 have been used as photosensitizers to achieve high photo conversion effi-
ciencies up to 11% under AM 1.5 irradiation [3,4]. Although the power conversion
efficiencies achieved with the metal-free organic dyes used in DSSCs are considerably
lower than those achieved with Ru-based dyes, they are suitable for use as photosen-
sitizers, because metal-free organic dyes are environment-friendly and have high
molar extinction coefficients, customization of their molecular design, and appropri-
ate tuning of their molecular energy levels is possible [5]. Several efficient organic
dyes based on phenothiazine=phenoxazine [6] and thiophene [7] have been reported
which suggested that smartly designed metal-free organic dyes was highly competi-
tive candidates for use as photo sensitizers in DSSCs.

We had reported that organic dyes of double-electron acceptor type as photo-
sensitizers for DSSC turned out more efficient compared to those of single-electron
acceptor type due to the increase of their electron extraction paths from electron
donor and the higher molar extinction coefficients [6(a)]. In this work, we have stud-
ied on the synthesis and characterization of the organic dyes containing different
number of chromophoresin which two chromophores were connected with an alkyl
bridge. The photo voltaic properties of the solar cells composed of organic dyes con-
taining multi-chromophoresin a molecule were measured with I-V curves, incident
photon-to-current (IPCE) efficiencies, and impedance analysis and evaluated by
comparison with that of ruthenium dye (N3).

Experimental

Materials and Synthesis. All commercially available starting materials and solvents
were purchased from Aldrich, TCI, and ACROS Co. and used without further
purification unless otherwise stated. The synthetic procedures were followed in the
literature method [8]. Structural analysis was conducted with 1H NMR spectra
were recorded on Bruker Advance NMR 300Hz spectrometer using DMSO-d6.
The redox properties of three dyes were examined using cyclic voltammetry
(Model: CV-BAS-Epsilon).

10-Hexyl-phenothiazine (1). 1H NMR (300MHz, CDCl3): d 7.20 (d, J¼ 7.5Hz,
2H), 7.15 (t, J¼ 7.5Hz, 2H), 7.0 (d, J¼ 8.1Hz, 2H), 6.93 (t, J¼ 7.3Hz, 2H), 3.85 (t,
J¼ 6.9Hz, 2H), 1.71–0.79 (m, 11H).

3,7-Dibromo-10-hexyl-phenothiazine (2). 1H NMR (300MHz, CDCl3): d 7.36
(m, J¼ 6.6Hz, 4H), 6.96 (d, J¼ 9Hz, 2H), 3.82 (t, J¼ 6.9Hz, 2H), 1.63–0.82 (m, 11H).

10-Hexyl-3,7-di(thiophen-2-yl)-phenothiazine(3). 1H NMR (300MHz, DMSO):
d 7.48 (d, 2H), 7.43 (m, 4H), 7.114 (d, J¼ 5.1Hz, 2H), 7.10 (t, J¼ 4.3Hz, 2H), 7.04
(d, J¼ 8.4Hz, 2H), 3.89 (t, J¼ 6.9Hz, 2H), 1.72–0.83 (m, 11H).

5,50-(10-Hexyl-phenothiazine)dithiophene-2-carbaldehyde (4). 1H NMR
(300MHz, DMSO): d 9.88 (s, 2H), 8.01 (d, J¼ 3.9Hz, 2H), 7.70 (d, J¼ 3.9Hz,
2H), 7.63 (m, 4H), 7.12 (d, J¼ 8.7Hz, 2H), 3.89 (t, J¼ 6.9Hz, 2H), 1.72–0.83
(m, 11H).
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(DYE 1) (5). 1H NMR (300MHz, DMSO): d 8.12 (s, 2H), 7.74 (d, J¼ 3.9Hz,
2H), 7.59 (d, J¼ 3.9Hz, 2H), 7.54 (m, 4H), 7.10 (d, J¼ 8.1Hz, 2H), 3.93 (t,
J¼ 6.9Hz, 2H), 1.71–0.81 (m, 11H).

(DYE 2) (6). 1H NMR (300MHz, DMSO): d 8.10 (s, 2H), 7.76 (d, J¼ 4.2Hz,
2H), 7.60 (d, J¼ 3.9Hz, 2H), 7.59 (m, 4H), 7.06 (d, J¼ 8.4Hz, 2H), 4.64 (s, 4H), 3.94
(t, J¼ 7.1Hz, 2H), 1.70–0.84 (m, 11H).

(DYE 3) (7). 1H NMR (300MHz, DMSO): d 8.91 (s, 2H), 8.20 (d, J¼ 3.9, 2H),
7.96 (d, J¼ 7.8Hz, 4H), 7.79 (d, J¼ 4.2Hz, 2H), 7.69 (m, 4H), 7.50 (t, J¼ 8.1Hz,
4H), 7.26 (t, J¼ 6.9Hz, 2H), 7.15 (d, J¼ 8.7Hz, 2H), 4.01 (t, J¼ 8.3Hz, 2H),
1.74–0.85 (m, 11H).

1,6-Bis(phenothiazine)hexane (8). 1H NMR (300MHz, CDCl3): d 7.18 (d,
J¼ 7.5Hz, 4H), 7.13 (t, J¼ 7.5Hz, 4H), 6.95 (d, J¼ 8.1Hz, 4H), 6.90 (t,
J¼ 7.3Hz,4H), 3.81 (t, J¼ 6.9Hz,4H), 1.63–1.17 (m, 8H).

1,6-Bis(3,7-dibromo-phenothiazine)hexane (9). 1H NMR (300MHz, CDCl3): d
7.33 (m, J¼ 6.6Hz, 4H), 6.90 (d, J¼ 8.4Hz, 4H), 3.77 (t, J¼ 6.9Hz, 4H),
1.59–1.11 (m, 8H).

1,6-Bis(3,7-di(thiophene)-phenothiazine)hexane (10). 1H NMR (300MHz,
DMSO): d 7.48 (d, 4H), 7.46 (m, 8H), 7.39 (d, J¼ 5.1Hz, 4H), 7.10 (t, J¼ 4.3Hz,
4H), 7.01 (d, J¼ 8.4Hz, 4H), 3.87 (t, J¼ 6.9Hz, 4H), 1.7–1.45 (m, 8H).

1,6-Bis(phenothiazino-3,7-dithiophene-2-carbaldehyde) (11). 1H NMR
(300MHz, DMSO): d 9.86 (s, 4H), 7.97 (d, J¼ 3.9Hz, 4H), 7.63 (d, J¼ 3.6Hz,
4H), 7.55 (m, 8H), 7.06 (d, J¼ 8.1Hz, 4H), 3.90 (t, J¼ 6.9Hz, 4H), 1.69–1.45
(m, 8H).

(DYE 4) (12). 1H NMR (300MHz, DMSO): d 8.13 (s, 4H), 7.74 (d, J¼ 3.9Hz,
4H), 7.56 (d, J¼ 3.9Hz, 4H), 7.48 (m, 8H), 7.07 (d, J¼ 8.1Hz, 4H), 3.90 (t,
J¼ 6.9Hz, 4H), 1.70–1.46 (m, 8H).

(DYE 5) (13). 1H NMR (300MHz, DMSO): d 7.98 (s, 4H), 7.69 (d, J¼ 4.2Hz,
4H), 7.57 (d, J¼ 3.9Hz, 4H), 7.48 (m, 8H), 7.05 (d, J¼ 8.4Hz, 4H), 4.60 (s, 8H), 4.11
(t, J¼ 7.1Hz, 4H), 1.75–7.50 (m, 8H).

(DYE 6) (14). 1H NMR (300MHz, DMSO): d 8.78 (s, 4H), 8.04 (d, J¼ 3.9,
4H), 7.92 (d, J¼ 7.8Hz, 8H), 7.69 (d, J¼ 4.2Hz, 4H), 7.60 (m, 8H), 7.44 (t,
J¼ 8.1Hz, 8H), 7.22 (t, J¼ 6.9Hz, 4H), 7.11 (d, J¼ 8.7Hz, 4H), 3.94 (t, J¼ 8.3Hz,
Hz, 4H), 1.73–1.51 (m, 8H).

Assembly of DSSCs. The TiO2 paste was coated on the pre-cleaned FTO (TEC8,
Pilkington, 8X=&, Thickness of 2.3mm) coated glass substrate using
doctor-blade, and sintered at 500�C for 30min. The other TiO2 paste was
re-coated over the sintered layer using ca. 250 nm size of TiO2 particle as
scattering layer, and then sintered again at 500�C for 30min. The prepared TiO2

film was dipped in 0.04M of TiCl4 aqueous solution at 70�C for 30min. For dye
adsorption, the annealed TiO2 electrodes were immersed in dye solution (0.5mM
of dye in DMF; TPA series, N3=N719) at 50�C for 3 hours. The dye-adsorbed
TiO2 electrode and Pt counter electrode were assembled using 60 mm-thick Surlyn
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(Dupont 1702) as a bonding agent. A liquid electrolyte was introduced through a
pre-punctured hole on the counter electrode.

Results and Discussion

Synthesis and Electo-optical Properties of Organic Dyes

Hitherto, it was known that the multi-anchors=acceptors with cyanoacrylic acid moi-
eties inorganic dyes exhibit a strong electron-withdrawing capability and abundant
electronic coupling at the interface of the TiO2 particles, leading to efficient electron
injection from the LUMO level of the dye to the conduction band of the TiO2[6(c)].
In the further pursuit of these objectives, we synthesized organic dyes containing dif-
ferent number of chromophores in a molecule as shown in Figure 1. In the case of
DYE 4�DYE 6, two chromophores were connected with an alkyl bridge so that
the organic dye contains four anchors=acceptors in a molecule. Organic dyes with
a single electron acceptor with thiophene bridge in a molecule were also synthesized
for comparison purposes in DYE 1�DYE 3.

The absorption spectra of the dyes were recorded in the DMSO solution and on
the TiO2 film state (B) are shown in Figure 1. In the solution state, kmax of
multi-chromophores were well corresponded to single-chromophoric dyes, respect-
ively. The dye absorption band on the TiO2 film can be shifted due to dye aggre-
gation through molecular p-p stacking [9] It is noteworthy that the absorption
spectra of DYE 3 and DYE 6 on the TiO2 film state show significant red-shift
(Dkmax¼ 50 nm) to compare with those in their solution state, due to the J-type
aggregation on the TiO2 surface. Furthermore, in the case of DYE 2 and DYE 5,
the absorption showed blue-shift in 10 nm and 65 nm on TiO2 surface compare with
those of solution state, due to the H-type aggregation, respectively. It is interesting
that the same chromophore produces same spectral shift on the TiO2 surface, thus
they may have similar aggregation property on their solid state. The aggregation

Figure 1. Chemical structures of organic dyes.
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properties of multi-chromophoric system of organic dyes are now in progress in
details.

Photovoltaic Performances of the DSSCs with Organic Dyes

The photovoltaic properties of DSSCs prepared frommulti-chromophoresare shown
in Figure 3 and summarized for comparison in Table 1. The dye, DYE 4 containing
cyanoacrylic acidas the multi-chromophoric dye showed better photo voltaic per-
formance to compare with that of single-chromophoric dye in Jsc value as shown
in Table 1 which results were well consistent with the incident photon-to-current
efficiency (IPCE) spectra of the DSSCs as shown in Figure 3(B). However, the elec-
tron injection efficiency of DYE 2 (DYE 5) and DYE 3 (DYE 6) may be very loweven
though they have longer wavelength absorption properties than that of DYE 1 as
shown in IPCE results (Fig. 3(b)). Furthermore, in case of DYE 5 and DYE 6, they

Figure 3. (A) Current density-voltage characteristics for DSSCs containing organic dyes under
illumination of simulated solar light (AM 1.5, 100mW=cm2). (B) IPCE curves for DSSCs
based on organic dyes. �Sample condition : Blocking layer, TiO2 paste : B32, Organic Dye
0.5mM – PMII(0.7M)þLiI (0.2M)þ I2 (0.05M)þTBP (0.5M) in ACN=VN 85:15 – Pt
electrode solution (7mM), 60mm surlyn, Dr. blade (2 T).

Figure 2. (A) Absorption spectra of the organic dyes in the DMF solution (B) Normalized
absorption spectra of the organic dyes that were adsorbed onto the TiO2 films.
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showed strong aggregation properties on the TiO2 surface which also may diminish
the Jsc value in DSSC.

It is generally known the multi-electron anchoring system such as DYE 4�DYE

6 shows relatively low open circuit voltage (Voc) to compare with that of
mono-anchoring system in the DSSC. Nazeeruddin et al. [10] had reported that,
for photosensitizers containing multi-protonated carboxylic groups, the anchoring
groups created a more positive charge on the TiO2 surface, leading to the increased
recombination rate and lower Voc value because the recombination reaction lowers
the Fermi level of TiO2 and decreases the gap between the redox couple of iodine=
tri-iodide and the Fermi level. The electron recombination dynamic experiment for
the multi-chromophoric dye system was conducted with the impedance analysis as

Table 1. Photo voltaic Performance of DSSCs and Performances of the
mercurochrome and N3=Organic dye DSSCs and the electron transport properties
in their photoanodes determined by impedance analysis. The cell areas are
0.24 cm2. (Scattering layer; 250 nm, 4 mmþTiCl4)

dyes Jsc=mAcm�2 Voc=V FF g=% R1 (X)a R2 (X)b C1 R3 (X)c C2 sd (ms)

N3 14.6 0.67 0.60 5.9 15.53 4.07 1.15 17.5 0.00135 15.9
DYE 1 8.8 0.57 0.65 3.2 15.67 6.50 6.99 16.5 5.871 1.1
DYE 2 3.2 0.51 0.70 1.2 15.15 6.99 1.17 47.6 2.713 1.6
DYE 3 4.5 0.56 0.71 1.8 16.31 7.48 1.64 32.1 6.261 1.4
DYE 4 9.8 0.57 0.61 3.4 14.86 6.88 7.54 14.6 7.460 1.2
DYE 5 3.1 0.51 0.68 1.1 15.89 6.55 1.19 48.7 2.371 1.5
DYE 6 3.4 0.54 0.71 1.3 14.97 7.83 9.59 40.8 3.789 1.4

aR1 is FTO Interface resistance.
bR2 is due to the resistance at the interface between the counter electrode and the electrolyte.
cR3 is possibly originated from the backward charge transfer from TiO2 to the electrolyte

and the electron conduction in porous TiO2 film.
ds is life time of an electron in DSSC.

Figure 4. (A) Measured impedance spectrum of DSSC at forward bias applied condition
under dark. Fitted curve calculated using circuit shown in the inset. (B) Displays of
Bode-phase for DSSC cell.
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shown in Figure 4 and summarized in Table 1. The Bode-phase spectrafor DSSCs
are also shown in Figure 4(B) to calculate the electron life time in DSSC.

The multi-chromophoric dyes, DYE 4�DYE 6 shows almost same R3 and elec-
tron life time values in DSSC to compare with those of single-chromophoric dyes,
DYE 1�DYE 3, respectively which means the recombination kinetics of multi-
electron acceptors system are similar with those of mono-chromophoricsystem.

On the other hand, the p-conjugatedorganic dyes tend to p-stack due to thes-
trong intermolecular interactions between p-electrons. In the case of DYE 5 and
DYE 6, it was observed that organic dyes aggregate strongly on the TiO2 surface
as shown in Figure 2 which could diminish the photovoltaic properties in DSSC.

Conclusions

We developed new multi-chromophoric dye system by connecting two chromo-
phores with alkyl chain covalently for use in DSSCs. The solar energy-to-electricity
conversion efficiency of 3.4% was achieved in a DSSC containing cyanoacrylic acid
as the multi-chromophoric dye which enhanced the Jsc value in 10% from that of the
mono-electron acceptor system. The dye aggregation of multi-chromophoric system
affect photo voltaic properties in DSSC significantly which should be controlled to
improve the overall efficiencies of DSSCs.
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