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ABSTRACT: A series of novel D—n—A type organic dyes,
namely, GnTA (n = 1—4), containing carbazole dendrons up
to fourth generation as a donor, bithiophene as z-linkage, and
cyanoacrylic acid as acceptor were synthesized and charac-
terized for applications in dye-sensitized solar cells (DSSCs).
The photophysical, thermal, electrochemical, and photovoltaic
properties of the new dyes as dye sensitizers were investigated,
and the effects of the carbazole dendritic donors on these
properties were evaluated. Results demonstrated that increas-
ing the size or generation of the carbazole dendritic donor of
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the dye molecules enhances their total light absorption abilities and unluckily reduces the amount of dye uptake per unit TiO,
area because of their high molecular volumes. The latter was found to have a strong effect on the power conversion efficiency of
DSSCs. Importantly, electrochemical impedance spectroscopy (EIS) revealed that the size or generation of the donor had a
significant influence on a charge-transfer resistance for electron recombination at the TiO,/electrolyte interface, causing a
difference in open circuit voltage (V) of the solar cells. Among them, dye G1TA containing first generation dendron as a donor
(having lowest molecular volume) exhibited the highest power conversion efficiency of 5.16% (J,. = 9.89 mA cm ™%, V.= 0.72V,

ff = 0.73) under simulated AM 1.5 irradiation (100 mW cm™2).

KEYWORDS: D—n—A dye, carbazole donor, dendrimer, dye-sensitized solar cell, charge recombination,

electrochemical impedance spectroscopy

B INTRODUCTION

Dye-sensitized solar cells (DSSCs) have emerged as one of the
promising technologies for renewable energy because of their
low cost, ease of assembly, and decent conversion efficiency."
To date, a variety of dye sensitizers including transition-metal
complexes,'* porphyrins,>~” and metal-free organic mole-
cules®™"" have been studied in order to improve the efficiency
of DSSCs and to realize the structure—property relationship.
The use of metal-free dyes is attractive primarily because of
their easy structural modifications, easy purification, and low
production cost. Although incredible improvement has been
achieved recently for organic-dyes-based DSSCs with power
conversion efficiency (#) reaching a new record of 17 = 9.8% for
C217 dye,'" this still drops behind the performance of
porphyrin dyes (n = 13%)’ and Ru-complex dyes such as
N719 (n = 11.18%)"* and CYC-B11 (5 = 11.5%),"* and the
challenging 15% efhiciency of DSSC used an organometal halide
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perovskite (CH;NH,Pb,) as a dye sensitizer.'* The common
structure of organic dyes comprises donor, m-conjugation
linkage (7-spacer), and acceptor moieties, thus creating a
D—7z—A structure.*”""'> To achieve high-performance organic
dyes, many studies have focused on improving of the following
key properties: (i) improving the light harvesting ability and
efficiency, (ii) subsiding the trend of dye aggregations, and (ii)
decreasing the charge recombination reactions at the TiO,/
dye/electrolyte interface. In the view of dye development, these
have been mainly done by engineering of its molecular
structure at either donor or z-spacer moieties.'® Many groups
have shown that introduction of long alkyl chains in the dye
molecule either on 7z-spacer or donor is found to increase the
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Scheme 1. Synthesis of the Carbazole Dendronized Dyes GnTA (n = 1—4)
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electron lifetime in DSSCs and the clampdown of dark current,
owing to a blocking effect of a long alkyl chain in preventing the
approach of acceptors to the TiO, surface.'’~>* This leads to a
large increase in open-circuit voltage (V,.), resulting in a
significant enhancement of the overall conversion efficiency (1)
of DSSCs. Structural modification of donor moiety is also
found to enlarge the molar extinction coefficients (&) or extend
the absorption spectra of the dye, anticipating to give better
performance.”> > It has been shown that increasing 7-
conjugation length of the z-spacer increases the ¢ values and
red-shifts of the absorption spectra of the dye, resulting in an
enhanced light harvesting efficiency.*>® However, it has been
reported that the greater spectral properties of the dyes have
not always led to the expected enhancements in device
performance.”®*> Moreover, the use of extended z-spacers
can result in rod-shaped molecular structures, which can
magnify aggregation between molecules and lead to recombi-
nation of the electrons to the I;7.**** The z—r stacking
interactions between the dye molecules can result in self-
quenching and decreasing of electron injection into TiO, and
the instability of the organic dyes, leading to a low overall
conversion efficiency.”>* Therefore, organic dyes with bulky
molecular structures or polymeric structures have been
investigated.””** Some of them show promising performance
in DSSCs.***! Hence, research toward the development of new
metal-free dyes has to be continued with keen interest. In the
development of OLED materials, it has been found that the
dendronization of small-molecule cores can lead to materials
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with enhanced properties including high thermal stability,
control over intermolecular interactions, high photolumines-
cence guantum yields, and efficient solution processed
devices.**> We were therefore interested in determining the
influence of the dendronization of the organic dyes for their use
as a dye sensitizer in DSSCs. In this paper, we present a series
of carbazole-dendrimer-based organic dyes that contain differ-
ent generations of carbazole dendrons (up to fourth
generation) as a donor moiety (Scheme 1). We evaluate the
effect of the size or generation of the carbazole dendritic donor
on the physical and electronic/optical properties of these new
organic dyes, as well as their photovoltaic properties.

B EXPERIMENTAL SECTION

Materials and Methods. Solvents were purified and dried using
standard protocols. All column chromatography was performed with
the use of Merck silica gel 60 (0.0630—0.200 mm). 'H and *C NMR
spectra were recorded on a Briiker AVANCE 300 MHz spectrometer
in CDCl, or CDCl;/DMSO-d, as solvents. Infrared (IR) spectra were
measured with a PerkinElmer FT-IR spectrum RXI spectrometer.
UV—vis spectra were recorded on a PerkinElmer UV Lambda 25
spectrometer in CH,Cl,. Diffuse reflectance spectra of dye-sensitized
TiO, samples were measured at room temperature with a Shimadzu
UV-3101 spectrophotometer. Barium sulfate was used as a standard.
The measured reflectance spectra were then converted into absorption
spectra by the Kubelka—Munk method. Thermogravimetry analysis
(TGA) was performed on a Rigaku TG-DTA 8120 thermal analyzer
with heating rate of 10 °C min™' under N, atmosphere. Cyclic
voltammetry (CV) measurements were performed on an Autolab
potentiostat PGSTAT 12 with a three-electrode system (platinum
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counter electrode, glassy carbon working electrode, and Ag/Ag*
reference electrode). The experiments were carried out in CH,CL,
under Ar atmosphere with tetrabutylammonium hexafluorophosphate
(n-Bu,NPFy) as a supporting electrolyte at a scan rate of 50 mV s™".
The concentration of analytical materials and #-Bu,NPF4 were 1073
and 0.1 M, respectively. Melting points were measured using an
Electrothermal IA 9100 series digital melting point instrument and are
uncorrected. MALDI-TOF mass spectra were recorded on a Bruker
Daltonics (Bremen, Germany) Autoflex II matrix-assisted laser
desorption/ionization time of flight mass spectrometer (BIFEX).

Dye Adsorption Measurements. The quantity of dye adsorption
on TiO, films was measured as reported in the literature.*”

Synthesis. Ullmann Coupling Reaction. A mixture of Gn-NH
dendrons** (1.79 mmol), 2,5-dibromothiophene (1) (7.16 mmol),
Cul (0.89 mmol), K;PO, (447 mmol), and (+)-trans-1,2-
diaminocyclohexane (0.89 mmol) in toluene (30 ml) was degassed
with N, for § min and then stirred at reflux under N, atmosphere for
24 h. After the mixture was cooled, water (50 mL) was added, and the
mixture was extracted with CH,Cl, (50 mL X 2). The combined
organic phase was washed with water (100 mL X 2) and brine solution
(100 ml), dried over anhydrous Na,SO,, and filtered. The solvent was
removed to dryness, and the residue was purified by silica gel column
chromatography using a mixture of CH,Cl, and hexane as eluent
followed by recrystallization with a mixture of CH,Cl, and methanol.

2: as white solids (73%); mp 146—148 °C. 'H NMR (300 MHz,
CDCl,) 6 8.10 (2H, s) 7.50 (2H, d, ] = 8.4 Hz), 7.38 (2H, d, ] = 8.4
Hz), 7.15 (1H, d, ] = 3.91 Hz), 6.95 (1H, d, ] = 3.93 Hz), 1.47 (18H,
s) ppm; C NMR (75 MHz, CDCl;) & 143.94, 140.13, 128.90,
125.08, 124.03, 123.59, 116.29, 109.49, 34.79, 31.99 ppm; FTIR (KBr)
v 3074, 2971, 1833, 1756, 1613, 1557, 1437, 1375, 1303, 1239, 1208,
1184, 1048, 977, 890, 818 cm™'. MALDI-TOF (m/z) caled for
C,4H,¢BrNS: 439.0969; found 439.3000 (M").

3: as white solids (80%); mp >250 °C. 'H NMR (300 MHz,
CDCl,) 6 8.20 (2H, s), 8.17 (4H, s), 7.66-7.69 (4H, m), 7.45 (4H, d, J
=84 Hz),7.34 (4H, d, ] = 8.4 Hz), 7.28 (1H, d, ] = 3.9 Hz), 7.18 (1H,
d, ] = 3.9 Hz), 1.47 (36H, s) ppm; *C NMR (75 MHz, CDCl;) §
142.70, 141.23, 140.04, 138.53, 131.87, 129.25, 126.39, 124.27, 123.61,
123.19, 119.28, 11624, 111.46, 109.03, 34.73, 32.04 ppm; FTIR (KBr)
v 2904, 1629, 1555, 1498, 1366, 1301, 1260, 1243, 1030, 972, 873
em™, MALDI-TOF (m/z) calcd for CssHs¢BrN,S: 881.3378; found,
881.1360 (M*).

4: as white solids (84%); mp >250 °C. 'H NMR (300 MHz,
CDCL,) 5 8.51 (2H, s), 8.28 (4H, s), 8.16 (8H, s), 7.86—7.88 (4H, bs),
7.68—7.63 (8H, m), 7.45 (9H, d, ] = 8.8), 7.36—7.34 (9H, m), 1.45
(72H, s) ppm; “C NMR (125 MHz, CDCL) § 142.57, 142.00,
141.27, 140.21, 138.05, 131.01, 130.88, 129.44, 126.85, 126.07, 124.45,
123.86, 123.56, 123.13, 120.01, 119.44, 116.21, 112.10, 112.02, 111.01,
109.10, 34.73, 32.05, 29.71 ppm; FTIR (KBr) v 3432, 3050, 2963,
1036, 1557, 1497, 1366, 1319, 1295, 1271, 1239, 1041, 874, 802 cm ™.
MALDI-TOF (m/z) caled for C,,0H;;BrN,S:1766.8230; found
1767.5980 (MH").

5: as white solids (72%); mp >250 °C. 'H NMR (300 MHz,
CDCL,) 6 8.68 (2H, s), 8.62 (4H, s), 8.30 (8H, s), 8.18 (16H, s), 7.98
(3H, s), 7.82-7.91 (9H, m), 7.62-7.70 (16H, m), 7.46 (16H, d, ] = 8.4
Hz), 7.36 (18H, d, | = 8.4 Hz), 1.47, (144H, s) ppm; *C NMR (75
MHz, CDCly) & 142.56, 142.34, 142.02, 141.40, 14023, 137.81,
130.81, 130.09, 129.59, 129.07, 128.26, 127.15, 126.53, 126.07, 125.34,
124.53, 124.06, 123.83, 123.58, 123.14, 12020, 119.47, 116.24, 112.49,
112.36, 111.63, 111.07, 109.12, 34.75, 32.08, 29.75 ppm; FTIR (KBr)
v 3034, 1636, 1589, 1493, 1366, 1326, 1295, 1255, 1223, 1168, 1032,
921, 874, 802 cm™'. MALDI-TOF (m/z) calcd for C,,qH,34BrN S:
3536.7899; found 3537.8730 (MHY).

Suzuki Cross-Coupling Reaction. A mixture of bromides 2—5 (1.14
mmol), S-formyl-2-thiopheneboronic acid (1.25 mmol), Pd(PPh,),
(0.06 mmol), 2 M Na,COj, aqueous solution (10 ml) in THF (20 ml)
was degassed with N, for 5 min and then stirred at reflux under N,
atmosphere for 24 h. After the mixture was cooled, CH,Cl, (50 ml)
was added. The organic phase was washed with water (S0 mL X 2)
and brine solution (50 ml), dried over anhydrous Na,SO,, and filtered.
The solvent was removed to dryness, and the residue was purified by
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silica gel column chromatography using a mixture of CH,Cl, and
hexane as eluent followed by recrystallization with a mixture of
CH,Cl, and methanol.

6: as yellow solids (70%); mp 186—188 °C. '"H NMR (300 MHz,
CDCL,) 6 9.90 (1H, s), 8.10 (2H, s), 7.71 (1H, d, J = 3.9 Hz), 7.50
(4H, dd, J = 10.5 Hz, ] = 8.7 Hz), 742 (1H, d, ] = 3.9 Hz), 7.15 (1H,
d, ] = 3.9 Hz), 1.47 (18H, s) ppm; C NMR (75 MHz, CDCl;) §
182.48, 146.86, 144.18, 141.87, 140.93, 139.78, 137.31, 133.17, 125.04,
124.66, 124.18, 124.11, 123.82, 11638, 109.65, 31.81, 31.97 ppm;
FTIR (KBr) v 3455, 2979, 1653 (C=0) 1565, 1517, 1477, 1438,
1366, 1326, 1303, 1255, 1223, 1041, 881, 810 cm™'. MALDI-TOF (m/
z) caled for C,oH,NO,S,: 471.1691; found 471.3650 (M*).

7: as yellow solids (64%); mp >250 °C. 'H NMR (300 MHz,
CDCly) §9.91 (1H, s), 8.26 (2H, s), 8.22 (4H, s), 7.78 (2H, d, ] = 8.4
Hz), 7.70-7.71 (3H, m), 7.49 (5H, d, ] = 8.4 Hz), 7.33-7.40 (6H, m),
1.51 (36H, s) ppm; *C NMR (75 MHz, CDCly) & 182.49, 146.15,
142.81, 142.42, 141.02, 140.07, 139.20, 137.22, 134.83, 132.06, 126.4S,
126.34, 125.13, 124.71, 124.51, 123.69, 123.28, 119.34, 116.32, 111.63,
109.10, 34.79, 32.09, 29.75 ppm; FTIR (KBr) v 3059, 2959, 1670
(C=0), 1481, 1366, 1325, 1301, 1227, 1046, 882, 808 cm™". MALDI-
TOF (m/z) caled for CgHgoN;OS,: 913.4100; found 914.1370
(MH").

8: as yellow solids (60%); mp >250 °C. 'H NMR (300 MHz,
CDCl,) 6 9.94 (1H, s), 8.53 (2H, s), 8.28 (4H, s), 8.16 (8H, s), 7.91-
7.93 (4H, m), 7.77 (1H, d, ] = 3.9 Hz), 7.58—7.66 (9H, m), 7.40—7.47
(10H, m), 7.33 (8H, d, ] = 8.4 Hz), 1.46 (72H, s) ppm; *C NMR (75
MHz, CDCl)) & 18246, 142.69, 142.58, 141.80, 141.26, 14021,
138.63, 137.10, 131.15, 130.93, 126.94, 126.79, 126.08, 125.15, 124.86,
124.63, 123.88, 123.55, 123.15, 120.07, 119.45, 116.21, 112.17, 110.99,
109.08, 34.72, 32.03 ppm; FTIR (KBr) v 2947, 1668 (C=0), 1644,
1493, 1358, 1319, 1303, 1231, 1152, 1041, 881, 810 cm™'. MALDI-
TOF (m/z) caled for Cy55H;;oN,0S,: 1798.8951; found 1798.7978
(M).

9: as light yellow solids (61%); mp >250 °C. '"H NMR (300 MHz,
CDCl,) 6 9.96, (1H, s), 8.68 (2H, s), 8.60 (4H, s), 8.28 (8H, s), 8.15
(16H, s), 7.96-8.07 (4H, m), 7.81-7.87 (9H, m), 7.59—7.67 (17H,
m), 7.54 (2H, d, ] = 3.9 Hz) 7.42 (16H, d, ] = 8.4 Hz), 7.31 (16H, d, |
= 84 Hz), 145 (144H, s) ppm; “C NMR (75 MHz, CDCl;) §
182.47, 145.73, 142.86, 142.56, 142.16, 142.00, 141.39, 140.22, 138.22,
137.09, 135.78, 130.84, 130.13, 127.17, 127.06, 126.51, 126.04, 125.19,
124.96, 124.68, 124.07, 123.83, 123.53, 123.14, 120.17, 119.45, 116.20,
112.54, 111.58, 111.01, 109.08, 34.71, 32.03, 29.70 ppm; FTIR (KBr)
v 2955, 1676 (C=0), 1636, 1580, 1486, 1366, 1319, 1295, 1263,
1231, 1168, 1032, 914, 881, 810 cm™'. MALDI-TOF (m/z) calcd for
Cys53H,30N;508S,: 3568.8621; found 3568.5060 (M™).

Knoevenagel Condensation Reaction. A mixture of aldehydes 6—9
(0.33 mmol) and cyanoacetic acid (0.32 mmol) was vacuum-dried, and
then CHCl; (20 ml) and piperidine (0.19 mmol) were added. The
solution was stirred at reflux under N, atmosphere for 12 h. After the
mixture was cooled, the solvent was removed to dryness in vacuo. The
residue was purified by silica gel column chromatography using a
mixture of CH,Cl, and methanol as eluent followed by recrystalliza-
tion with a mixture of CH,Cl, and methanol.

G1TA: as red solids (78%); mp 220-222 °C. 'H NMR (300 MHz,
CDCl,/DMSO-dg) & 831 (1H, s), 7.87 (2H, s), 7.49 (1H, s), 7.14
(4H,s), 7.02 (1H, s), 6.94 (1H, s), 6.74 (1H, s), 1.22 (18H, s) ppm;
13C NMR (75 MHz, CDCL/DMSO-d;) & 144.08, 143.78, 139.84,
137.63, 135.52, 132.99, 124.20, 123.89, 123.53, 118.57, 116.05, 109.52,
34.56, 31.78, 29.58 ppm; FTIR (KBr) v 3424, 2955, 2201, 1644, 1613,
1517, 1469, 1350, 1303, 1239, 1041, 794 cm™'. MALDI-TOF (m/z)
caled for C;,H;0N,0,S,: 538.7228; found 538.2990 (M*).

G2TA: as orange solids (82%); mp >250 °C. '"H NMR (300 MHz,
CDCl,/DMSO-dg) & 8.37 (1H, s), 8.05 (2H, s), 7.98 (4H, s), 7.56—
7.59 (3H, m), 7.42—7.44 (3H, m), 7.20 (SH, d, ] = 8.4 Hz), 7.09 (5H,
d, J = 84 Hz), 1.37 (36H, s) ppm; *C NMR (75 MHz, CDCl,/
DMSO-d,) 5 143.51, 142.73, 142.47, 140.60, 139.65, 138.00, 136.79,
136.33, 134.82, 131.69, 126.01, 125.74, 124.42, 124.19, 123.46, 122.94,
118.94, 115.97, 111.42, 108.87, 106.10, 34.48, 31.83 ppm; FTIR (KBr)
v 3429, 2961, 2213, 1613, 1481, 1366, 1292, 1260, 1235, 1161, 1030,
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Figure 1. (a) Absorption spectra of dyes GnTA recorded in CH,Cl,. (b) Absorption spectra of G1TA recorded in different solvents. (c) Absorption
spectra of dyes GnTA adsorbed on nanocrystalline TiO,. (d) Cyclic voltammograms of dyes GnTA measured in CH,Cl, and n-Bu,NPF( as

electrolyte.

873, 808 cm™!. MALDI-TOF (m/z) caled for CgHgN,0,S,:
980.4158; found 981.820 (MH®).

G3TA: as yellow solids (84%); mp >250 °C. 'H NMR (300 MHz,
CDCl,/DMSO-d;) & 8.37 (1H, s), 828 (1H, s), 8.10 (4H, s), 7.80
(8H, s), 7.74—7.78 (5H, m), 7.41-7.50 (10H, m), 7.28—7.25 (11H,
m) 7.14 (8H, d, ] = 8.4 Hz), 1.46 (72H, s) ppm; *C NMR (75 MHz,
CDCl,/DMSO-d,) 5 142.41, 141.66, 141.10, 139.97, 137.62, 130.78,
130.59, 126.71, 125.81, 124.43, 123.65, 123.44, 122.89, 119.15, 116.00,
112.16, 111.00, 108.99, 34.55, 31.90 ppm; FTIR (KBr) v 3429, 2961,
2336, 2213, 1736, 1613, 1490, 1358, 1267, 1227, 1029, 882, 816 cm™".
MALDI-TOF (m/z) calcd for CsH;50NgO,S,: 1865.8976; found
1866.8600 (MH").

G4TA: as light yellow solids (76%); mp >250 °C. 'H NMR
(CDClL,/DMSO-d;) & 8.58 (2H, s), 849 (4H, s), 8.15 (9H, s) 8.02
(16H, s), 7.97—8.87 (3H, m), 7.75 (8H, s), 7.59 (9H, d, ] = 8.4 Hz),
7.49 (10H, d, J = 8.4 Hz), 7.31 (18H, d, ] = 8.4 Hz), 7.22 (18H, d, ] =
8.4 Hz), 1.32 (144H, s) ppm; *C NMR (125 MHz, CDCL;) § 142.54,
142.07, 141.95, 141.35, 140.19, 130.82, 130.12, 126.49, 126.02, 124.71,
124.06, 123.82, 123.52, 123.12, 120.18, 119.44, 11620, 111.57, 110.98,
109.06, 34.69, 32.02, 29.71 ppm; FTIR (KBr) v 3432, 2955, 2201,
1740, 1636, 1486, 1358, 1311, 1295, 1263, 1231, 1152, 1025, 874, 810
em™, MALDI-TOF (m/z) caled for CysH,40N 40,5, 3635.8679;
found 3636.8060 (MH").

Quantum Chemical Calculation. All calculations were performed
using the Gaussian 09 code.*’ Geometry optimizations were fully
optimized using density functional theory (DFT) at the B3LYP/6-
31G(d,p) level in the gas phase. The electronic properties for the
absorption were calculated by TD-CAM-B3LYP/6-31G(d,p) in
CH,Cl, solvent (C-PCM method). Molecular volume was calculated
by the Connolly surface method implemented in Material Studio 5.5.*

DSSC Devices Fabrication and Testing. The TiO, nanocrystal-
line thin films were prepared using a previously reported procedure.*”
The double nanostructure thick film (~9 + S ym thickness) consisted
of a transparent portion (PST-18NR, JGC Catalysts and Chemical
Ltd.) and a scattering portion (PST-400C, JGC Catalysts and
Chemical Ltd.). TiO, layers were screen-printed on TiCl, treated
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FTO. Prior to dye sensitization, the TiO, electrode with cell geometry
of 0.5 X 0.5 cm” was treated with an aqueous solution of 4 X 107> M
TiCl, at 70 °C in a water saturated atmosphere, heated to 450 °C for
30 min, and then cooled to 80 °C. The Pt counter electrode was
prepared on a predrilled 8 ohm sq~!, TEC8, FTO glass (Pilkington)
via the thermal decomposition of 7 X 107> M H,PtCl, in isopropanol
solution at 385 °C. The dye-adsorbed TiO, photoanode and Pt
counter electrode were assembled into a sealed cell by heating a gasket
Meltonix 1170-25 film (25 pm thickness, Solaronix) as a spacer
between the electrodes. An electrolyte solution of Z960 electrolyte
comprising 1.0 M 1,3-dimethylimidazolium iodide (DMII), 0.1 M
guanidinium thiocyanate (GuSCN), 0.03 M L, 0.05 M Lil, and 0.5 M
tert-butypyridine (4-TBP) in the mixed solvent of acetonitrile (ACN)
and valeronitrile (VN) (85/1S, v/v) was filled through the predrilled
hole by a vacuum back-filling method. The hole was capped by using
hot-melt sealing film (Meltonix 1170-25, 25 um thickness, Solaronix)
and a thin glass cover. Finally, the Scotch 3M conducting tape and the
silver paint (SPI supplies) were coated on the electrodes to enhance
the electric contact. For each dye, five devices were fabricated and
measured for consistency and the averaged cell data were reported.
The reference cells with the same device configuration based on Ru-
complex dye N719, as the sensitizer, were also fabricated for
comparison. The A6141 electrolyte was 0.6 M butylmethylimidazo-
lium iodide (BMII), 0.03 M I,, 0.5 M 4-TBP, 0.1 M GuSCN in ACN/
VN (85/15, v/v) was for the N719 cell.

The current density—voltage of the DSCs was measured by using a
Keithley 2400 source meter unit in a four-terminal sense configuration.
The data were averaged from forward and backward scans with a bias
step and a delay time of 10 mV and 40 ms, respectively, according to
the method of Koide and Han.** The simulated sunlight was provided
by Newport sun simulator 96000 equipped with an AM 1.5G filter. To
minimize the error of measurements, the irradiation intensity of 100
mW cm ™2 was approximated with a calibrated BS-520 Si photodiode
(Bunnkoukeiki Co., Ltd., Japan), whose spectral response was very
similar to that of the DSSCs. The spectral output of the lamp was also
matched to the standard AM 1.5G solar spectrum in the region 350—

dx.doi.org/10.1021/am500947k | ACS Appl. Mater. Interfaces 2014, 6, 8212—8222



ACS Applied Materials & Interfaces

Research Article

Table 1. Photophysical, Physical, and Electrochemical Data of the Dyes GnTA

sol

J g Aaps J 8 E,5(re) Ta E,P'/E HOMO LUMO
compd  (m)* (M 'eam™)*  (am)” (am)? Ey (o0x) (V)° (Ve (°C)4 f(ev)® (VY (V)
GITA 435 16 500 411 598 1.12, 1.45 —1.54 270 2.31/2.40 —-5.39 —3.08
G2TA 415 22900 409 585 1.06, 1.18 —1.55 273 2.40/2.44 —5.38 —2.98
G3TA 413 24 400 407 543 0.99, 1.15, 1.38 —1.65 299 2.49/2.51 —5.37 —2.88
G4TA 413 32090 407 533 0.98, 1.16 —1.69 324 2.52/2.54 —-5.36 —2.84

“Measured in CH,CL,. “Measured as dyes adsorbed on TiO,. “Obtained from CV measured vs Ag/Ag* in CH,Cl, at a scan rate of 50 mV s~ and
with n-Buy,NPF; as electrolyte. 9Obtained from TGA measured at 10 °C min~' under N,. “Calculated from E = 1240/ e Egele = E* et —
E™,, . "Estimated from HOMO = —(4.44 + E™,,..); LUMO = EgOPt + HOMO.

750 nm by the aid of a KG-S filter with spectral mismatch less than 2%
as reported by Ito et al.* Incident photon to electron conversion
efficiency (IPCE) of the device under short-circuit conditions was
performed by means of an Oriel 150 W Xe lamp fitted with a
Cornerstone 130 1/8 m monochromator as a monochromatic light
source, a Newport 818-UV silicon photodiode as power density
calibration, and a Keithley 6485 picoammeter. All measurements were
performed using a black plastic mask with an aperture area of 0.25 cm?
and no mismatch correction for the efficiency conversion data.

Electrochemical impedance spectra (EIS) were analyzed using
EA163 eDAQ potentiostat integrated with a ERZ100 eDAQ_Z100
electrochemical impedance analyzer at a bias potential of —0.7 V in
dark conditions. Nyquist plots of all DSSCs were recorded over a
frequency range of 50 mHz to 100 kHz with amplitude of 10 mV and
fitted using ZMAN software (WonTech Co. Ltd.) and equivalent
circuit R, — Rp||Qpe — Rerl|Qer- The R, denotes the ohmic series
resistance of the cell, Rp, stands for charge resistance at Pt/electrolyte
electrode and Rcr represents the charge recombination resistance at
the TiO,/electrolyte interface. The Q parameters are the constant
phase elements.

B RESULTS AND DISCUSSION

Synthesis and Characterization. Scheme 1 outlines the
synthesis of the designed organic dyes GnTA. First, coupling of
each generation of carbazole dendrons (Gn-NH)** with 2,5-
dibromothiophene (1) under Ullmann coupling conditions
using Cul/(%)-trans-1,2-diaminocyclohexane as catalyst and
K;PO, as base in toluene afforded the bromides 2—5 as white
solids in good yields. Suzuki cross-coupling of 2—5 with 5-
formylthiophene-2-boronic acid catalyzed by Pd(PPh;),/
Na,CO; (2 M, aq) in THF gave the corresponding aldehydes
6—9 in reasonable yields of 60—70%. Finally, these aldehydes
were converted to the corresponding cyanoacrylic acids by
Knoevenagel condensation with cyanoacetic acid and piperidine
in CHCI; at reflux for 12 h to give the dyes GnTA in good
yields of 76—84%. The colors of the solid products fade away as
the size of carbazole dendritic donor increased, from red for
GI1TA, to orange for G2TA, to yellow for G3TA, and finally to
light yellow for G4TA. The structures of all newly synthesized
compounds were confirmed clearly by FTIR, "H NMR, and "*C
NMR spectroscopy, as well as by MALDI-TOF MS. These dyes
show good solubility in most organic solvents, allowing dye
adsorption on TiO, film and fabrication of DSSCs to be
performed.

Photophysical, Electrochemical, and Thermal Proper-
ties. Optical properties of dyes GnTA in a dilute solution of
CH,Cl, and adsorbed on TiO, films are shown in Figures 1 and
S1, and the relevant data are listed in Table 1. UV—vis
absorption spectra of the dyes in solution display three main
absorption bands appearing at ~297, 330—350, and 410—440
nm, respectively. The former absorption band (~297 nm) is
attributed to the localized 7—7* transition of the carbazole
moiety, while the absorption peaks at the longest wavelengths
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(approximately 410—440 nm) are ascribed to intramolecular
charge transfer (ICT) transitions (Figure la). This is ensured
by a blue-shift of the ICT peaks in more polar solvents, while
the positions of the 7—z* transition peaks (~297 and 330—350
nm) are almost independent of solvent polarity (Figure 1b).
The absorption spectra in CH,Cl, of dyes GnTA are slightly
blue-shifted when the generation of the carbazole dendritic
donor increased. This result agrees with the observed colors of
the dyes as stated earlier. It has been reported that the blue-
shifts in solution with the increase of generation would be due
to the higher ICT energy levels resulting from the increase of
donor moieties.>® However, increasing the size of the donor
moiety improves the molar extinction coefficients (&) of the
ICT absorption peaks of the dyes from ¢ = 16 500 M~ cm™
for GITA to € = 22900 M~} em™ for G2TA, & = 24 400 M™!
cm™! for G3TA, and to € = 32090 M™' cm™ for G4TA.
Moreover, these & values are also higher than that of the
standard Ru-complex dye N719 at 515 nm (& = 14100 M
cm™"), indicating that they are better light-harvesters.

The absorption spectra of GnTA adsorbed on TiO, films are
shown in Figure lc. The absorption maxima (1, ) of these
spectra are nearly identical. Among these dyes, GITA shows
the broadest absorption spectra. The spectrum of GITA is
blue-shifted (25 nm) compared with spectrum measured in
CH,Cl,, which is generally detected in the absorption spectra of
other organic dyes. This may be due to the H-aggregation and/
or the interaction of the anchoring groups of the dye molecules
with the TiO, surface.>’ However, such spectral blue-shifts (~6
nm) are minimal in the cases of dyes G2TA and G3TA, as the
dye aggregation is well hampered by their bulky donor moiety.

Cyclic voltammetric (CV) method was used to investigate
the electrochemical characteristics of these dyes. The relevant
CV data are presented in Table 1, and cyclic voltammograms
are shown in Figure 1d. All of the dyes exhibit multi-
quasireversible oxidation and one irreversible reduction waves.
The latter is ascribed to the reduction of the cyanoacrylic acid
unit with E,/, ranging from —1.54 to —1.69 V. The first
oxidation potentials assigned to the oxidations of the carbazole
units in the carbazole dendritic donor to give the corresponding
radical cation continuously decrease from 1.12 to 1.06, to 0.99,
and to 0.98 when the generation of the carbazole donor
increased. Multiple sweeps of the CV experiments show
identical CV curves with no extra peak at lower potential on
the cathodic scan (E,,), indicating the electrochemical stability
of the dyes GnTA. Electrochemical oxidative coupling reactions
at 3,6-poistions of the carbazole unit can be detected in some
carbazole derivatives.’> If it occurs, it can impede the
regeneration of the dye. Cyclic voltammetry in CH,Cl,
solution was used to determine the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbitals
(LUMOs) of the dyes. The HOMOs of GnTA were calculated
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Figure 2. Frontier molecular orbitals (HOMO and LUMO) of dyes GnTA computed in CH,Cl, using TD-CAM-B3LYP/6-31G(d,p) (C-PCM
method). In parentheses, molecular volumes are calculated by the Connolly surface method.

to range from —5.36 to —5.39 eV (Table 1). The HOMOs are
lower than the redox potential of the I"/I;~ electrolyte (—4.80
eV); thus, dye regeneration should be thermodynamically
favorable. Their LUMOs estimated from the HOMOs and the
energy gaps (E, ™) are in the range —2.84 to —3.08 eV. The
LUMO:s are higher than the conduction band (CB) of the TiO,
anode (—4.00 eV),> promising effective charge transfer from
the LUMO of dyes to the CB of TiO,. Hence, these dyes have
enough energetic driving force for efficient TiO, and I"/I;™-
based DSSCs. These dyes are also very attractive for other
metal oxide based DSSCs because of their high LUMO
potentials. Examples of these metal oxide semiconductors are
ZnO, Nb,0;, SrTiO;, and their composites.54 Because their CB
values are lower than that of TiO,, the DSSCs will give a higher
open-circuit voltage (V,.), leading to higher efficiency cell. It is
important to note that the energy gaps (Egele) of dyes GnTA
calculated from their oxidation and reduction onset potentials
are in the range 2.40—2.54 eV which are nearly identical to
those estimated from their optical onsets (E," = 2.31-2.52
eV), indicating that the electrochemical measurement of the
LUMO and HOMO energy levels is reliable.

The thermal properties of GnTA were examined. Their
melting points were measured to be higher than 250 °C. The
decomposition temperatures at 5% weight loss (Tsq) were
determined to be well over 270 °C (Table 1 and Figure S2). It
is obvious that the T4 is increased when the size or generation
of the carbazole dendritic donor of the dye molecules increased.
The better thermostability of the sensitizer is critical for the
lifetime of the solar cells.”>¢

Ground-State Geometry and Molecular Orbitals. To
gain insight into the geometrical, electronic, and optical
properties of these dyes, we carried out the optimized
geometries of GnTA at the B3LYP/6-31G(d,p) level while
the excited state properties were calculated using TD-CAM-
B3LYP/6-31G(d,p) level. CH,Cl, solvent was included in all
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calculation by C-PCM framework.* Their optimized ground-
state molecular structures reveal increasingly sterically hindered
structures of the dendritic donors surrounding the bisthiophene
m-linkage and cyanoacrylic acid acceptor as the generation of
the dendron increased (Figures 2 and S3). Such structural
features can affect some of the electronic and physical
properties of the material.>” The ICT behavior is analyzed in
terms of the frontier molecular orbital (FMO) contribution. To
form an effective ICT characteristicc the HOMO must be
localized on the extended donor moiety and the LUMO on the
acceptor moiety.””*® As depicted in Figure 2 and Figures S4—
S7, in the LUMO:s of all dyes, the excited electrons are localized
on the entire bisthiophene and cyanoacrylic acid moieties. In
the HOMO of G1TA, 7z-electrons are delocalized over the 3,6-
di-tert-butylcarbazole and bisthiophene z-linkage over the lone
pair electron of the N-atom of the carbazole, while in the
HOMOs of G2TA—G4TA r-electrons delocalize on the
peripheral bis(3’,6'-di-tert-butylcarbazol-N’-yl)carbazole moiety
of the carbazole dendrons. Hence, because of long-range charge
separation of the electron, the calculated oscillator strengths (f)
of the HOMO — LUMO transition of the dyes are decreased
when the generation of the carbazole donor is increased from
0.690 for G1TA to 0.162 for G2TA, 0.013 for G3TA, and 0.007
for G4TA (Table S2). The transitions with the highest
oscillator strengths (f) representing the ICT absorption
bands for each dye are the following: HOMO — LUMO for
G1TA, HOMO-4 — LUMO for G2TA, HOMO-11 - LUMO
for G3TA, HOMO-24 — LUMO for G4TA (Figure S8, Table
S2).

Dye Adsorption on TiO,. It has been known that # value
of a DSSC is strongly associated with the light harvesting
efficiency (LHE) of the dye sensitizers. The LHE has been
calculated using eq 1:>

LHE(A) = 1 — 1074%(%) = | — 107¢@Wr (1)
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where Abs is the absorbance of the dye adsorbed on TiO, film
at wavelength 4, € is the molar extinction coefficient at
wavelength 4, and I is the adsorption capacity onto the TiO,
photoanode (the dye uptake). From eq 1 it is clear that both
the absorption of the dye molecule and the total amount of dye
absorbed have a major influence on the performance of the
solar cell. Then the dye uptake was determined by using UV—
vis spectrophotometry according to a reported procedure.””*
The dye adsorption profiles as a function of time for GnTA are
shown in Figure 3. In all cases, dye adsorption noticeably

180
—G1TA
_ 1604 ——G2TA
”E 1404 ——G3TA
3] —G4TA
2 o 1204
© 3
5 § 1004
3 G 80 7
o £ T
> L
a'e 607
S 0]
X
20
o0& T : - :
0 10 20 30 40 50
Dipping time (h)

Figure 3. Adsorption profiles of GnTA onto TiO, films measured over
a period of S0 h (solid line represents the numerical regression fit).

increases at the beginning and at a certain time it reaches a
steadiness value related to maximum dye uptake, which is
generally observed for the adsorytion of organic molecules into
nanoporous inorganic matrices. " FTIR spectroscopic analyses
confirm the chemical binding of the dye onto the TiO, surface.
The absorption peaks of both materials at 2956 (C—H), 2209
(C=N), 1630 (C=0), 1480 (C=C), 1385 (C=0), and 653
(Ti—O-Ti) cm™" were identified (Figure S10). In all cases,
vibration modes (1385 and 1630 cm™') of the carboxylate
group are the same and match those reported for other
dyes."®* This suggests that these dyes bind in the same way to
the TiO, surface; hence, molecular volume and amount of dye
absorbed on TiO, will play a key role to the cell performance.
Figure S9 and Table S4 show the molecular volume of each
new dye calculated by the Connolly surface method*
(Connolly radius and VDW scaling of 1.0) implemented in
Material Studio 5.5. It is noted that when the generation of the
carbazole dendritic donor increased, the molecular volumes of
the dyes increased about 2- to 3-fold. It can clearly be seen in
Figure 3 that molecular volume or bulkiness of the donor
moiety plays an important role in the dye uptakes. At
equilibrium, the smallest dye GITA (1.60 X 10" molecules
cm™?) has the greatest amount of dye adsorbed, with other dyes
then decreasing in the order G2TA (0.93 X 10'" molecules
ecm™2) > G3TA (3.39 X 10'° molecules cm™2) > G4TA (1.63 X
10" molecules cm™2). Therefore, for a TiO, of specific binding
site density and mesoscopic porosity, the amount of dye
adsorption is directly related to molecular volume.

For further study the effect the light absorption ability and
the total amount of dye present on the performance of DSSCs,
the overall LHE of dyes GnTA was calculated according to eq
1. To avoid the contribution of the TiO, nanoparticle
absorption for anatase TiO,, the total light absorption of the
dyes is integrated from 360 to 650 nm.** Figure 4 shows that
the total light absorption or integrated € values for G2-4TA are
higher than those of GITA. On the basis of only the absorption
features of these dyes, the efficiency of the DSSCs fabricated
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Figure 4. Plot of the total light absorption or integrated & and light
harvesting efficiency (LHE) from 360 to 650 nm vs the molecular
volume of the dyes.

with G2-4TA should be anticipated to be higher than that of
GI1TA. However, when the amount of dye adsorption is
considered in the calculation of the LHE, the order reverses and
GI1TA will have the highest overall light harvesting efliciency
and with other dyes then decreasing in the order G2TA >
G3TA > G4TA (Figure 4). These results strongly suggest that
molecular volumes of the dyes will play a vital role in the overall
efficiency of the DSSCs fabricated with GnTA.

DSSC Device Properties. The DSSCs containing GnTA as
active dyes were prepared, and their performance was measured
under AML.5 conditions at ~100 mW cm™. The DSSCs
comprised titanium dioxide film (which had been pretreated
with TiCl, followed by thermal treatment at ~450 °C for 30
min) with ~14 pm (~9 ym transparent + 5 pm scattering)
thickness and an active area of about 0.25 cm? the adsorbed
dye (from S X 107* M solutions), a redox electrolyte (Z960
electrolyte, 1.0 M 1,3-dimethylimidazolium iodide (DMII), 0.1
M guanidinium thiocyanate (GuSCN), 0.03 M I,, 0.0 M Li,
and 0.5 M ftert-butypyridine (4-TBP) in the mixed solvent of
acetonitrile (ACN) and valeronitrile (VN) (85/15, v/v)), and a
platinum on fluorine-doped SnO, (FTO) counter electrode.
The relevant incident monochromatic photon-to-current
conversion efficiency (IPCE) spectra and current density—
voltage (J—V) characteristics are plotted in Figure S. The
photoelectrochemical properties (average values) are summar-
ized in Table 2.

According to Figure 5, it is obvious that DSSC performance
can be directly related to the molecular volume of the dye
molecules. The 7 values decrease in the order of GITA (17 =
5.16%) < G2TA (= 3.81%) < G3TA (17 = 2.55%) < G4TA (n
= 1.75%). G1TA-based cell exhibits the highest 7 because of its
high J. (9.89 mA cm™2), V. (0.72 V), ff (0.73), and wide IPCE
spectrum (>70% in the range 360—490 nm with a maximum of
84% at 385 nm). These parameters are decreasing when the
generation of the carbazole dendritic donor of the dye
increased. In addition, the broader and increased tendency of
IPCE spectra is consistent with the measured ] increasing in
the order of G4TA (3.99 mA cm™2) < G3TA (5.70 mA cm™2)
< G2TA (7.73 mA cm™) < GI1TA (9.89 mA cm™2). These are
also reliable with the red-shift observed in the UV—vis
absorption spectra of GnTA adsorbed on TiO, films (Figure
1c). Considering the similar decrease in J,. value and the
amount of dye uptake per unit TiO, area (Table 2) ongoing
from GITA to G4TA due to their high molecular volumes,
although G4TA has the highest light absorption ability or
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Figure 5. (a) IPCE plots and (b) I-V characteristics of the DSSCs
fabricated with GnTA and N719.

largest integrated & values (Figure 4), we do not see
improvement of the #. Hence, the worse device performance
for the G4TA-based DSSC can be due to poor light harvesting
ability associated with low dye uptake. The high 5 of G1TA-
based cell compared to other dyes is also derived from its high
V.o suggesting that charge recombination between the injected
electrons in the conductor band of TiO, and electron acceptors
in the electrolyte in the cell is well diminished.'”~>* The V,
values of the DSSCs are decreasing in the order of GITA (0.72
V) > G2TA (0.69 V) > G3TA (0.66 V) > G4TA (0.63 V). This
argument is further verified by electrochemical impedance
spectroscopy (EIS) studies. In general, the V. of a DSSC is
related to the electron transport at the interfaces or electron
lifetime in the cell.%° EIS measurements were carried out under
dark conditions to describe correlation of V,. with dye
molecular structure. The equivalent circuit is shown in Figure
6. Figure 7a shows the Nyquist plots of the DSSCs. The small
semicircle located in the high-frequency region is related to the
charge transfer at Pt counter electrode/electrolyte, while the
large semicircle located in the middle-frequency region is
associated with the charge transfer at the TiO,/electrolyte
interface.%®

Oct
Figure 6. Equivalent circuit for the DSSCs.
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Figure 7. (a) Nyquist plots and (b) Bode-phase plots of the DSSCs
fabricated using dyes GnTA and N719.

GITA shows a significantly larger charge recombination
resistance (Ror) value than the other dyes, implying the slow
rate of charge recombination or small charge recombination at
the TiO,/electrolyte interface, with a consequent high V,_ for
this dye. The values of R exhibit a trend GI1TA (94.98 Q) >
G2TA (5391 Q) > G3TA (4421 Q) > G4TA (39.35 Q). The
Rer values of these dyes appear to agree with their V.. The low
Rer indicates the high charge loss in the TiO,/electrolyte
interface and consequently lower V.. The difference in V. of
these DSSCs can also be elucidated by the electron lifetime.
Figure 7b shows the Bode plot for the DSSCs. The lower
frequency peaks corresponding to the large semicircle (right) in
the Nyquist plots of dyes GnTA are shifted to higher frequency
when the molecular volume of the dye increased. This relates to
a decrease in the electron lifetime (7) of the fabricated
DSSCs.”” The 7 of these GnTA-based cells follows the trend
GITA (11. 90 ms) > G2TA (8.09 ms) > G3TA (7.64 ms) >

Table 2. Performance Parameters of the DSSCs Fabricated with GnTA and N719

dye dye uptake (molecule cm™2) Joo (mA cm™)
GITA 1.60 x 10V 9.89
G2TA 9.30 X 10 7.73
G3TA 3.39 x 10'¢ 5.70
G4TA 1.63 x 10% 3.99
N719 6.85 X 106 15.54

“Measured by desorption method."
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Voe (V) ff n (%) Rer (Q) 7 (ms)
0.72 0.73 5.10 94.98 11.90
0.69 071 3.81 5391 8.09
0.66 0.68 2.55 4421 7.64
0.63 0.69 175 39.35 7.39
0.77 0.68 8.19 162.44 17.22
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Figure 8. Schematic illustration of the connection of the molecular shapes of (a) GITA, (b) G2TA, (c) G3TA, and (d) G4TA and the amount of

I,” ions near the surface of TiO,.

GA4TA (7.39 ms), consistent with the trend of V. From EIS
results, it is evident that the large size of carbazole dendritic
donor in G4TA could not prevent the I;~ ions reaching the
TiO, surface, thus leading to the enlarged charge recombina-
tion or dark current and shortened electron life time. It is
believe that with a maximum amount of dye adsorbed on TiO,
film, a bigger size of carbazole dendritic donor or high
molecular volume of the dye molecules appears to raise the
chances of the electrolyte being close to the TiO, surface. As
depicted in Figure 8, the larger molecules will leave more
emptiness space near the surface of TiO, and/or larger pores
between them, allowing the I~ ions to fill up and contact with
the TIO,.

B CONCLUSION

In summary, we have demonstrated the design strategy and
synthesis of novel D—z—A type organic dyes (GnTA)
containing carbazole dendrons up to fourth generation as a
donor, bithiophene as m-linkage, and cyanoacrylic acid as
acceptor for use as dye sensitizers in dye-sensitized solar cells
(DSSCs). They display blue-shifted absorption and negatively
shifted oxidation potentials when the size or generation of the
carbazole dendritic donor increased. Results also demonstrate
that increasing the size or generation of the carbazole dendritic
donor of the dye molecules enhances their total light
absorption abilities and unluckily reduce the amount of dye
uptake per unit TiO, area because of their high molecular
volumes. The latter has a strong effect on the power conversion
efficiency of DSSCs. Electrochemical impedance spectroscopy
reveals that increasing the size or generation of the carbazole
dendritic donor of the dye molecules appears to enhance charge
recombination at the TiO,/electrolyte interface, leading to a
lower open-circuit voltage of the solar cell. Among the four
synthesized dye molecules, GI1TA containing the first
generation dendron as a donor (having the lowest molecular
volume) exhibits the maximum power conversion efficiency of
5.16% (J. = 9.79 mA cm™2, V. = 0.72 V, ff = 0.73) under
simulated AM 1§ irradiation (100 mW cm™2). This report
offers a useful strategy for the future development of other
simple organic photosensitizers for efficient DSSCs.
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