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ABSTRACT: New D—zn—A'—7—A type sensitizers (JH dyes), comprised
arylamine as the electron donor, dithieno[3’,2:3,4;2",3":5,6]benzo[1,2-c]-
furazan (DTBF) in the conjugated spacer, and 2-cyanoacrylic acid as both the
acceptor and anchor, have been synthesized. The JH dyes have broad
absorption spectra covering the range of 350 to 600 nm with the highest molar
extinction coefficient up to >40000 M~ cm™". The dye-sensitized solar cells
(DSSCs) fabricated from the dyes exhibited light-to-electricity conversions
ranging from 1.42 to 6.18% under simulated AM 1.5 G illumination. Upon
adding 10 mM CDCA as the coadsorbent, the best performance cell has the
power conversion efficiency of 7.33%, which is close to that of N719-based

standard DSSC (7.56%).
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B INTRODUCTION

Dye-sensitized solar cell (DSSC) has attracted vast attention
due to its easy fabrication and high power conversion efficiency
(PCE) feasible for commercial applications."”> Over the past
years, the major compositions of DSSCs, such as the
photoelectrodes, dyes, electrolytes, and counter electrodes,
have been investigated extensively aiming at better photovoltaic
performance. Organic sensitizers can be divided into two main-
streams: metal complexes and metal-free dyes. For DSSCs
using single dye, high power cell conversion efficiencies (PCEs)
over 11.5%>* and 12.8%,>® have been achieved for ruthenium
and zinc—porphyrin dyes, respectively. In comparison, a record
high efficiency of 10.65%” was reported for a metal-free dye
recently. Though with slightly lower efficiency, metal-free
organic dyes drew great attention due to their lower cost, easy
purification and more flexibility in molecular design. Prototype
skeletons of metal-free dyes include D—z—A (D, donor; 7, 7-
conjugated bridge; A, acceptor),’ D—z—A'—7z—A """
(D),—7—A,"”* and D—7—(A),.” D—rn—A'—7—A type sensi-
tizers with incorporation of an additional electron-withdrawing
segment A’ in the conju§ated spacer, such as benzothiadia-
zole,"**> benzoxadiazole,'® benzotriazole,'”!” benzothiazole,'®
diketoerrolopyrrole (DPP),"”~*' thiadiazolo[3,4-c]-
pyridine,*>** pyrido|:3,4-b]§)yrazine,24 quinoxaline,”>*¢ isoindi-
go, 728 thiazole,*® cyano-, ® and fluoro-substituted®’ phenyl,
received considerable studies. The presence of the internal
acceptor can significantly redshift the intramolecular charge-
transfer absorption band and is beneficial to harvest sunlight of
longer wavelength. A good example is DPP17 dye”' based on
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DPP. Compared with the DPP moiety that absorbs at ~460 nm
with the molar extinction coefficient of ~15000 M~ cm™,
DPP17 absorbs at a significantly longer wavelength of 602 nm
and an impressively high molar extinction coefficient of
~69000 M~ cm™. On the other hand, the strong electron-
withdrawing group may result in charge trapping in the
conjugated spacer and hamper the electron injection efficiency
of the excited dye molecule."

In continuation of our studies on D—z—A'—7—A type
sensitizers,” ' we decided to use dithieno[3',2':3,4;2",3":5,6]-
benzo[1,2-c]furazan (DTBF)>* entity, consisting of both
electron-rich bithiophene and electron-deficient benzo[1,2-
c|furazan units, as the internal acceptor based on the following
reasons: (1) the planarized bithiophene entity in DTBF is
beneficial to electronic communication between the donor and
acceptor; (2) the electron-deficient benzo[l,2-c]furazan in
DTBF is beneficial to red shifting the absorption spectrum; (3)
the rigidity of DTBF may reduce reorganization energy of the
dye molecule during photoexcitation. While the manuscript was
in preparation, we were aware of a paper using a segment also
containing both electron-rich and electron-deficient units,
dithienopyrrolobenzothiadiazole (DTPBT).>* Compared with
an oxygen atom, a S atom in the conjugated spacer has stronger
interaction with I, and/or I;” ions than an oxygen atom and
leads to more dark currents.** ™3¢ Therefore, alleviation of dark
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current is expected with the use of DTBF. In this study, we
synthesized a series of D—n—A’'—7—A type sensitizers
consisting aryl-amine as the donor, cyanoacetic acid as the
acceptor, and DTBF as the internal acceptor. The photo-
physical and electrochemical properties of the dyes as well as
their application for DSSCs will be discussed.

B EXPERIMENTAL DETAILS

Materials. All chemicals were obtained from Alfa Lancaster, Acros
and Aldrich. The solvents were dried over sodium or CaH, and
distilled before use. The starting material S,8-dibromodithieno-
[3",2:3,4;2",3":5,6]benzo[1,2-c][1,2,5 ]oxadiazole (Br-DTBF-Br),*>
tri-n-butyl(3-(2-butyloctyl)thiophen-2-yl)stannane,>”  N,N-diphenyl-4-
(tri-n-butylstannyl)aniline,*®  10-ethyl-3-(tri-n-butylstannyl)-10H-phe-
nothiazine, 9,9-diethyl-N,N-diphenyl-7-(tri-n-butylstannyl)-9H-fluo-
ren-2-amine,”” and 9-ethyl-3-(tri-n-butylstannyl)-9H-carbazole* were
prepared according to the published procedures. TiO, paste was
purchased from Solaronix S. A., Switzerland.

Synthesis of 5,8-bis(3-(2-butyloctyl)thiophen-2-yl)dithieno-
[3,2":3,4;2",3":5,6]benzol[1,2-c][1,2,5]oxadiazole (1). Br-DTBEF-
Br (0.6 g, 1.5 mmol), PdCL,(PPh;), (0.050 g, 8 mmol %), and tri-n-
butyl(3-(2-butyloctyl)thiophen-2-yl)stannane (1.84 g, 3.4 mmol) were
dissolved in 2.0 mL of dry DMF and stirred at 80 °C overnight. The
solvent was removed under vacuum and then extracted with CH,Cl,
and deionized water. The combined organic layers were dried over
anhydrous MgSO,, evaporated and purified with column chromatog-
raphy on silica gel using CH,Cl,/hexanes (1/4, v/v) as the eluent to
give an orange solid (33% yield). 'H NMR (400 MHz, CDCL,): & 7.88
(s, 2H), 7.29 (d, Jyp; = 4.8 Hz, 2H), 6.96 (d, Jyy = 4.8 Hz, 2H), 2.78
(d, Juu = 7.2 Hz, 4H), 1.71 (s, 2H), 1.23—1.16 (m, 32H), 0.81—0.79
(m, 12H). '*C NMR (500 MHz, CDCL,): 6 145.7, 140.9, 137.8, 136.0,
131.0, 129.5, 125.4, 122.6, 122.2, 39.2, 34.0, 33.6, 33.4, 32.0, 29.8, 28.9,
26.6,23.2, 14.2. MS (MALDI, m/z): [M—H]" calcd for C,,Hs(N,0S,,
733.2; found, 733.3.

Synthesis of 4-(2-butyloctyl)-5-(8-(3-(2-butyloctyl)thiophen-
2-yl)dithieno [3',2":3,4;2",3":5,6]benzo[1,2-c][1,2,5]oxadiazol-
5-yl)thiophene-2-carbaldehyde (2). Phosphoryl chloride (0.16
mL, 1.7 mmol) was added dropwise into a mixture of 1 (1.03 g, 1.4
mmol) and DMF (3.05 g, 24.4 mmol) solution cooled in an ice-bath.
After being stirred for 30 min, the mixture was heated at 60 °C for 3 h.
After cooling to room temperature (RT), a sodium acetate aqueous
solution was added dropwise to the reaction mixture. The reaction
mixture was then extracted with CH,Cl,, washed with brine, dried over
MgSO,, filtered, and then evaporated under reduced pressure. The
residue was purified with column chromatography on silica gel using
CH,Cl,/hexanes (1/2, v/v) as the eluent to give an orange solid (11%
yield). "H NMR (400 MHz, CDCL,): & 9.88 (s, 1H), 8.02 (s, 1H), 7.89
(s, 1H), 7.61 (s, 1H), 7.31 (d, Juu = 5.2 Hz, 1H), 6.97 (d, Jgu = 5.2
Hz, 1H), 2.82 (dd, Juy = 7.2 Hz, 2H), 2.79 (dd, Juy = 7.2 Hz, 2H),
1.72 (s, 1H), 1.23—1.17 (m, 32H), 0.86—0.78 (m, 12H). *C NMR
(500 MHz, CDCL,): & 182.7, 145.7, 142.1, 141.8, 141.3, 139.3, 139.2,
138.8, 137.4, 135.6, 131.1, 129.3, 125.8, 124.0, 123.5, 122.8, 122.4,
39.2,39.1, 34.1, 33.7, 33.6, 33.4, 33.3, 32.0, 29.8, 26.7, 23.1, 22.8, 14.2.
MS (MALDI, m/z): [M—H]" caled for C,3HN,0,S,, 761.2; found,
761.2.

Synthesis of 5-(8-(5-bromo-3-(2-butyloctyl)thiophen-2-yl)-
dithieno[3’,2":3,4;2",3":5,6] benzo[1,2-c][1,2,5]oxadiazol-5-yl)-
4-(2-butyloctyl)thiophene-2-carbaldehyde (3). To a solution of 2
(0.61 g, 0.8 mmol) in a mixture of dichloromethane and acetic acid
(10 mL, v/v, 1/1) solution cooled in an ice-bath was added NBS (0.18
g, 1.0 mmol) in three portions in dark. After being stirred overnight at
room temperature, the mixture was quenched with saturating Na,S,0;
aqueous solution, and then extracted with CH,Cl,. The organic layer
was dried over anhydrous MgSO, and concentrated under reduced
pressure to give the crude product. The residue was purified by silica
gel column chromatography using CH,Cl,/hexanes (1/5, v/v) as the
eluent to afford a deep orange solid in 91% yield. '"H NMR (400 MHz,
CDCly): 6 9.88 (s, 1H), 8.02 (s, 1H), 7.84 (s, 1H), 7.61 (s, 1H), 6.93
(s, 1H), 2.81 (d, Juy = 7.2 Hz, 1H), 2.71 (d, Jyy = 7.2 Hz, 1H), 1.65

(s, 2H), 1.23—1.17 (m, 32H), 0.83—0.78 (m, 12H). 3C NMR (500
MHz, CDCL,): 5 182.7, 145.6, 142.2, 142.1, 142.0, 139.2, 137.2, 136.1,
136.0, 135.9, 133.6, 130.7, 124.0, 123.4, 122.9, 113.0, 39.2, 39.1, 34.2,
34.1, 33.6, 33.5, 33.4, 32.0, 29.8, 29.7, 29.0, 26.7, 26.6, 23.1, 22.8, 14.2.

Synthesis of 5-(8-(5-(4-(diphenylamino)phenyl)-3-(2-butyl-
octyl)thiophen-2-yl)dithieno [3',2:3,4;2",3":5,6]benzo[1,2-c]-
[1,2,5]oxadiazol-5-yl)-4-(2-butyloctyl)thiophene-2-carbalde-
hyde (4a). Compound 3 (0.51 g, 0.6 mmol), PACL(PPh;), (0.020 g,
3 mmol %), and N,N-diphenyl-4-(tri-n-butylstannyl)aniline (0.50 g,
0.9 mmol) were dissolved in 2.0 mL of dry DMF and stirred at 80 °C
overnight. The solvent was removed under vacuum and then extracted
with CH,Cl, and deionized water. The combined organic layers were
dried over anhydrous MgSO, and evaporated, and the residue was
purified with column chromatography on silica gel using CH,Cl,/
hexanes (1/2, v/v) as the eluent to afford a red solid in 69% yield. 'H
NMR (400 MHz, CDCL,): & 9.88 (s, 1H), 8.02 (s, 1H), 7.90 (s, 1H),
7.61 (s, 1H), 7.45 (d, Jau = 7.6 Hz, 2H), 7.29—7.25 (m, 4H), 7.12 (d,
Juu = 7.6 Hz, 4H), 7.07—7.03 (m, SH), 2.83 (d, Juy = 7.2 Hz, 2H),
2.79 (d, Juyu = 7.2 Hz, 2H), 1.75 (s, 1H), 1.25—1.19 (m, 32H), 0.84—
0.80 (m, 12H). *C NMR (500 MHz, CDCL,): § 182.6, 148.0, 147.5,
145.6, 142.2, 142.0, 141.7, 139.4, 139.2, 139.0, 137.8, 137.4, 135.7,
135.0, 129.5, 127.4, 1266, 126.1, 1253, 124.9, 124.0, 123.9, 123.5,
1234, 122.6, 122.5, 121.6, 39.1, 34.5, 34.2, 33.6, 33.5, 33.4, 32.0, 31.9,
29.8,29.7,28.9, 26.7,23.2, 23.1, 22.8, 14.2. MS-LR-MALDI (m/z): [M
+ HJ* caled for C¢;HgoN;0,S,, 1004.5; found, 1004.4.

Synthesis of 4-(2-butyloctyl)-5-(8-(3-(2-butyloctyl)-5-(10-
ethyl-10H-phenothiazin-3-yl)thiophen-2-yl)dithieno-
[3',2":3,4;2",3":5,6]benzo[1,2-c][1,2,5]oxadiazol-5-yl)-thio-
phene-2-carbaldehyde (4b). The synthetic method was similar to
that of 4a except that N,N-diphenyl-4-(tri-n-butylstannyl)aniline was
replaced with 10-ethyl-3-(tri-n-butylstannyl)-10H-phenothiazine.
Compound 4b was isolated as a red solid in 38% yield. '"H NMR
(400 MHz, CDCl,): 6 9.87 (s, 1H), 7.99 (s, 1H), 7.87 (s, 1H), 7.59 (s,
1H), 7.34—7.31 (m, 2H), 7.16—7.10 (m, 2H), 7.02 (s, 1H), 6.91 (t,
Jum = 7.2 Hz, 1H), 6.86 (d, Juy = 8.0 Hz, 1H), 6.82 (d, Juy = 8.0 Hz,
1H), 3.92 (q, Juy = 7.2 Hz, 2H), 2.82 (d, Jyy = 7.2 Hz, 1H), 2.76 (4,
Jum = 7.2 Hz, 1H), 1.75 (s, 1H), 1.74 (s, 1H), 142 (t, Ju = 7.2 Hz,
3H), 1.25—1.18 (m, 32H), 0.85—0.78 (m, 12H). *C NMR (500 MHz,
CDCL,): § 182.7, 145.7, 144.9, 144.5, 143.2, 142.2, 142.0, 141.7, 139.4,
139.2, 1389, 137.4, 135.7, 135.1, 128.0, 127.6, 126.1, 125.1, 124.9,
124.3, 124.0, 123.7, 122.8, 121.7, 115.3, 42.1, 39.1, 34.5, 34.2, 33.7,
33.6, 33.5, 334, 32.1, 32.0, 29.8, 29.0, 28.9, 26.7, 23.2, 23.1, 22.8, 14.2,
13.1. MS-LR-MALDI (m/z): [M + H]" caled for Ci;HN;0,S;,
986.5; found, 986.4.

Synthesis of 4-(2-butyloctyl)-5-(8-(3-(2-butyloctyl)-5-(7-(di-
phenylamino)-9,9-diethyl-9H-fluoren-2-yl)thiophen-2-yl)-
dithieno[3,2":3,4;2",3":5,6]benzo[1,2-c][1,2,5]oxadiazol-5-yI)-
thiophene-2-carbaldehyde (4c). The synthetic method was similar
to that of 4a except that N,N-diphenyl-4-(tri-n-butylstannyl)aniline
was replaced with 9,9-diethyl-N,N-diphenyl-7-(tri-n-butylstannyl)-9H-
fluoren-2-amine. Compound 4c was isolated as a red solid in 58%
yield. "H NMR (400 MHz, CDCL,): & 9.89 (s, 1H), 8.03 (s, 1H), 7.94
(s, 1H), 7.62—7.61 (m, 2H), 7.58 (s, 1H), 7.56 (d, Jyy = 8.0 Hz, 1H),
7.50 (s, 1H), 7.25 (t, Juy = 8.0 Hz, 2H), 7.23—=7.21 (m, 2H), 7.12 (d,
Juu = 8.0 Hz, 2H), 7.09 (sd, d, Juy = 1.6 Hz, 2H), 7.04—6.99 (m, SH),
2.83 (d, Juy = 7.2 Hz, 4H), 1.98 (q, Juy = 7.2 Hz, 2H), 1.90 (q, Juy =
7.2 Hz, 2H), 1.82—1.79 (m, 1H), 1.75—1.73 (m, 1H), 1.28—1.20 (m,
32H), 0.85—0.80 (m, 12H), 0.51—0.44 (m, 6H). *C NMR (500 MHz,
CDCL,): § 182.7, 1517, 151.0, 148.1, 147.7, 145.7, 145.1, 142.3, 142.1,
141.8, 139.4, 139.2, 139.0, 137.5, 135.8, 135.2, 131.7, 129.4, 126.5,
124.9, 124.1, 124.0, 123.7, 122.8, 121.8, 120.7, 120.0, 119.7, 119.3,
392, 34.5, 34.2, 33.7, 33.5, 33.4, 32.8, 32.1, 32.0, 29.9, 29.8, 29.0, 26.7,
232, 23.1, 22.8, 14.2, 8.8. MS-LR-MALDI (m/z): [M + H]* caled for
C,,HyN,0,8,, 1148.7; found, 1148.5.

Synthesis of 4-(2-butyloctyl)-5-(8-(3-(2-butyloctyl)-5-(9-
ethyl-9H-carbazol-3-yl)thiophen-2-yl)dithieno-
[3,2":3,4;2",3":5,6]benzo[1,2-c][1,2,5]oxadiazol-5-yl)-
thiophene-2-carbaldehyde (4d). The synthetic method was similar
to that of 4a except that N,N-diphenyl-4-(tri-n-butylstannyl)aniline
was replaced with 9-ethyl-3-(tri-n-butylstannyl)-9H-carbazole. Com-
pound 4d was isolated as a red solid in 36% yield. '"H NMR (400
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MHz, CDCL): 6 9.85 (s, 1H), 8.20 (s, 1H), 8.07 (d, Jz = 8.0 Hz,
1H), 7.91 (s, 1H), 7.85 (s, 1H), 7.65 (d, Juy = 8.4 Hz, 1H), 7.56 (s,
1H), 7.45 (d, Jyu = 7.6 Hz, 1H), 7.36 (d, Jiu = 8.0 Hz, 1H), 7.32 (4,
Jos = 84 Hz, 1H), 7.21 (d, Jyy = 7.6 Hz, 1H), 7.14 (s, 1H), 4.34—4.28
(9, 2H), 2.82—2.78 (m, 4H), 1.82 (s, 1H), 1.73 (s, 1H), 1.42 (t, Juy =
7.2 Hz, 3H), 1.34—1.21 (m, 32H), 0.88—0.79 (m, 12H). *C NMR
(500 MHz, CDCL,): & 182.6, 145.6, 142.1, 141.8, 141.6, 140.5, 139.9,
139.5, 139.2, 137.4, 135.5, 134.7, 127.6, 126.3, 125.8, 124.8, 123.9,
123.8, 123.6, 123.5, 122.9, 122.4, 121.3, 129.7, 119.4, 117.7, 108.8,
39.1, 39.0, 37.8, 34.6, 34.2, 33.7, 33.6, 33.5, 32.1, 32.0, 29.9, 29.8, 29.0,
289, 26.7, 26.6, 232, 23.1, 22.8, 14.2. MS-LR-MALDI (m/z): [M]*
caled for Cg;HgN30,S,, 953.4; found, 953.4.

Synthesis of (E)-3-(4-(2-butyloctyl)-5-(8-(3-(2-butyloctyl)-5-
(4-(diphenylamino)phenyl)-thiophen-2-yl)dithieno-
[37,2":3,4;2",3":5,6]benzo[1,2-c][1,2,5]oxadiazol-5-yl)thiophen-
2-yl)-2-cyanoacrylic acid (JH-1). Compound 4a (0.12 g 0.12
mmol), cyanoacetic acid (0.02 g, 0.24 mmol), ammonium acetate (3
mg, 0.04 mmol) were dissolved in 2.0 mL of acetic acid. The reaction
mixture was then vigorously stirred at 120 °C for 20 h. The solution
was cooled to RT and then poured into water. The precipitate was
filtered, washed with deionized water, dried under vacuum, and
purified with column chromatography on silica gel using acetic acid/
ethyl acetate (1/100, v/v) as the eluent to give a purple solid in 60%
yield. '"H NMR (400 MHz, d;—THF): § 8.35 (s, 1H), 8.22 (s, 1H),
8.02 (s, 1H), 7.82 (s, 1H), 7.53 (d, Jyy = 8.0 Hz, 2H), 7.27—7.25 (m,
SH), 7.11-7.0S (m, 8H), 2.71 (d, Jyy = 7.2 Hz, 2H), 2.66 ((d, Jiy =
7.2 Hz, 2H), 1.90 (s, 2H), 1.25—1.19 (m, 32H), 0.83—0.80 (m, 12H).
BC NMR (500 MHz, d.—THF): § 162.4, 152.7, 148.2, 147.7, 145.7,
142.3, 142.0, 141.8, 139.4, 139.2, 139.0, 137.8, 137.4, 135.7, 135.0,
129.5, 127.4, 126.6, 126.1, 125.3, 124.9, 124.0, 123.9, 123.5, 122.6,
122.5, 121.6, 39.1, 34.5, 34.2, 33.6, 33.5, 33.4, 32.0, 31.9, 29.8, 28.9,
26.6, 232, 23.1, 22.8, 14.2. MS-HR-MALDI (m/z): [M]* calcd for
Ce,H,(N,05S,, 1070.4331; found, 1070.4321. Anal. caled for
CeoHyN,058,: C, 71.74; H, 6.58; N, 5.23; found: C, 71.52; H,
6.61; N, 5.00.

Synthesis of (E)-3-(4-(2-butyloctyl)-5-(8-(3-(2-butyloctyl)-5-
(10-ethyl-10H-phenothiazin-3-yl)thiophen-2-yl)dithieno-
[3/,2":3,4;2",3":5,6]benzo[1,2-c][1,2,5]oxadiazol-5-yl)-thio-
phen-2-yl)-2-cyanoacrylic acid (JH-2). The synthetic method was
similar to that of JH-1 and JH-2 was isolated as a purple solid in 38%
yield. '"H NMR (400 MHz, d—THF): § 8.31 (s, 1H), 8.11 (s, 1H),
7.92 (s,1H), 7.76 (s, 1H), 7.38—7.36 (m, 2H), 7.21 (s, 1H), 7.14 (4,
Juu = 8.0 Hz, 1H), 7.10 (d, Juy = 7.6 Hz, 1H), 6.94 (d, Juy = 8.0 Hz,
1H), 6.91—6.88 (m, 2H), 3.89 (t, Juy = 6.8 Hz, 2H), 2,90 (d, Juy = 6.8
Hz, 2H), 2.84 (d, Juu = 6.8 Hz, 2H), 1.77 (s, 2H), 1.33—1.22 (m,
35H), 0.88—0.81 (m, 12H). *C NMR (500 MHz, d;—THEF): § 162.9,
152.5, 145.7, 144.9, 144.6, 143.3, 142.2, 142.0, 139.3, 139.2, 138.9,
1374, 135.7, 135.1, 128.1, 127.6, 126.1, 125.2, 124.9, 124.0, 1237,
123.6, 122.8, 121.7, 115.3, 43.5, 39.2, 34.5, 34.2, 33.7, 33.6, 33.5, 32.0,
29.9,29.8, 29.0, 28.9, 26.7, 23.2, 23.1, 22.8, 14.2. MS-HR-MALDI (m/
z): [M]* caled for C4HegN,O,Ss, 1052.3895; found, 1052.3896. Anal.
caled for CgoHggN,O;Ss: C, 68.40; H, 6.51; N, 5.32; found: C, 68.20;
H, 6.63; N, 5.18.

Synthesis of (E)-3-(4-(2-butyloctyl)-5-(8-(3-(2-butyloctyl)-5-
(7-(diphenylamino)-9,9-diethyl-9H-fluoren-2-yl)thiophen-2-yl)-
dithieno[3’,2":3,4;2”,3":5,6]benzo[1,2-c][1,2,5]oxa-diazol-5-yl)-
thiophen-2-yl)-2-cyanoacrylic acid (JH-3). The synthetic method
was similar to that of JH-1 and the crude product was purified with
column chromatography on silica gel using ethyl acetate/dichloro-
methane (1/1, v/v) as the eluent to give JH-3 as a purple solid in 45%
yield. "H NMR (400 MHz, dy—THF): § 8.37 (s, 1H), 8.25 (s, 1H),
8.09 (s, 1H), 7.84 (s, 1H), 7.73—7.64 (m, 4H), 7.43 (s, 1H), 7.26—
7.22 (m, 4H), 7.14 (s, 1H), 7.10 (d, Jyy = 8.0 Hz, 4H), 7.04—6.94 (m,
3H), 2.96-2.93 (m, 4H), 2.08—2.03 (m, 2H), 1.99—1.95 (m, 2H),
1.35—1.22 (m, 32H), 0.88—0.83 (m, 12H), 0.40 (t, Juy = 7.2 Hz, 2H).
13C NMR (500 MHz, d;—THF): § 163.1, 153.8, 152.0, 151.1, 148.1,
147.7, 145.7, 145.1, 142.3, 142.1, 141.8, 139.4, 139.2, 139.0, 137.5,
135.8, 1352, 131.7, 129.4, 126.6, 124.9, 124.1, 124.0, 123.7, 122.7,
121.8, 120.7, 120.0, 119.7, 119.3, 39.2, 34.5, 34.2, 33.7, 33.5, 33.4, 32.8,
32.1, 32,0, 29.9, 29.8, 26.7, 23.2, 23.1, 22.8, 14.2, 8.8. MS-HR-MALDI
(m/z): [M]* caled for C,sHg,N,05S,, 1214.5270; found, 1214.5276.

Anal. caled for C,sHg,N,O;S,: C, 74.10; H, 6.80; N, 4.61; found: C,
74.29; H, 6.83; N, 4.70.

Synthesis of (E)-3-(4-(2-butyloctyl)-5-(8-(3-(2-butyloctyl)-5-
(9-ethyl-9H-carbazol-3-yl)thiophen-2-yl)dithieno-
[3/,2":3,4;2",3":5,6]benzo[1,2-c][1,2,5]oxadiazol-5-yl)-thio-
phen-2-yl)-2-cyanoacrylic acid (JH-4). The synthetic method was
similar to that of JH-1 and the crude product was purified with column
chromatography on silica gel using ethyl acetate/dichloromethane (1/
1, v/v) as the eluent to give JH-4 as a purple solid in 25% yield. 'H
NMR (400 MHz, CDCl,): § 8.25 (s, 1H), 8.13 (s, 1H), 8.07 (d, Juu =
8.0 Hz, 1H), 7.96 (s, 1H), 7.80 (s, 1H), 7.72—7.70 (m, 2H), 7.57 (t,
Jun = 8.0 Hz, 1H), 7.42 (d, Jyy = 8.0 Hz, 1H), 7.39 (t, Juy = 8.0 Hz,
1H), 7.20 (d, Jyg = 8.0 Hz, 1H), 7.12 (s, 1H), 4.34—4.28 (q, 2H),
2.83—2.78 (m, 4H), 1.82 (s, 1H), 1.73 (s, 1H), 1.42 (t, Jyy = 7.2 Hz,
3H), 1.34—1.21 (m, 32H), 0.88—0.79 (m, 12H). *C NMR (500 MHz,
de—THF): & 163.8, 153.5, 148.8, 147.4, 1457, 142.2, 1419, 1416,
140.6, 139.9, 139.5, 139.2, 127.6, 125.9, 124.8, 123.9, 123.6, 122.9,
121.3,120.7, 1194, 117.7, 109.2, 41.6, 39.8, 34.7, 33.7, 33.6, 33.5, 33.4,
32.1, 32.0, 29.9, 29.0, 28.9, 26.7, 26.7, 232, 23.1, 22.8, 14.2. MS-HR-
MALDI (m/z): [M]* caled for CgHegN,O;S, 1020.4174; found,
1020.4178. Anal. caled for CgHgN,05S,: C, 70.55; H, 6.71; N, 5.48;
found: C, 70.47; H, 6.83; N, 5.32.

Fabrication of DSSC. Dye-sensitized solar cells were fabricated
using fluorine-doped tin oxide (FTO, 158/square) glasses as substrate
for photoanode and counter electrode. The counter electrode was
fabricated by depositing a thin Pt layer with sputtering. The
photoanode used was the TiO, thin film (12 gm of 20 nm particles
as the absorbing layer and 6 ym of 100 nm particles as the scattering
layer) coated on FTO glass substrate with a dimension of 0.4 X 0.4
cm?® as the active area. The film thickness was measured by a
profilometer (Dektak3, Veeco/Sloan Instruments Inc., U.S.A.). The
TiO, thin film was immersed into the THF solution containing 0.3
mM dye sensitizers and with or without 10 mM chenodeoxycholic acid
(CDCA) as the coadsorbent, for 12 h. After rinsing with THF, the
photoanode adhered with a polyimide tape of 30 ym in thickness and
with a square aperture of 0.36 cm” was placed on top of the counter
electrode and tightly clipping them together to form a cell. Electrolyte
was then injected into the seam between two electrodes. The liquid
electrolytes containing 0.5 M lithium iodide (Lil), 0.05 M iodine (I,),
and 0.5 M 4-tert-butylpyridine in acetonitrile were prepared.

Analytical Methods. '"H and "*C nuclear magnetic resonance
(NMR) spectra were recorded on a Bruker Avance 400 and 500 MHz
spectrometer by utilizing deuterated tetrahydrofuran (dg—THF) and
CDCI, as solvents. Mass spectra (MALDI) were recorded on a 4800
MALDI TOF/TOF analyzer. Elementary analyses were performed on
a PerkinElmer 2400 CHN analyzer. Absorption spectra were recorded
on a Dynamica DB-20 probe UV/vis spectrophotometer. Fluorescence
spectra were recorded on a Hitachi F-4500 spectrophotometer. Cyclic
voltammetry experiments were performed with a CHI-621A electro-
chemical analyzer. All measurements were carried out at room
temperature with a conventional three electrode configuration
consisting of a platinum working electrode, an auxiliary electrode
and a nonaqueous Ag/AgNO; reference electrode. The photoelectron-
chemical characterizations on the solar cells were carried out using an
Oriel Class AAA solar simulator (Oriel 94043 A, Newport Corp.).
Photocurrent—voltage characteristics of the DSSCs were recorded
with a potentiostat/galvanostat (CHI650B, CH Instruments, Inc.) at a
light intensity of 100 mW/cm? calibrated by an Oriel reference solar
cell (Oriel 91150, Newport Corp.). The monochromatic quantum
efficiency was recorded through a monochromator (Oriel 74100,
Newport Corp.) at short circuit condition, and the monochromator
was scanned through the UV—vis region to generate the IPCE plots as
defined by IPCE = 1240(J,/wA), where J. is the short-circuit
photocurrent (mA/cm?), @ is the incident irradiative flux (W/cm?),
and A is the wavelength. The intensity of each wavelength was in the
range from 1 to 3 mW/cm”. Electrochemical impedance spectra (EIS)
were recorded for DSSC under illumination at open-circuit voltage
(Vo) or dark at —0.55 V potential at room temperature. The
frequencies explored ranged from 10 mHz to 100 kHz.
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Figure 1. Structures of JH dyes.

Scheme 1. Synthetic Route of JH Dyes
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Quantum Chemistry Computation. The computation was
performed with Q-Chem4.0 software. B3LYP functional level and 6-
31G* basis set was used for optimization of molecular geometry. A
number of possible conformations were examined for each molecule
and the one with the lowest energy was used. The excited states were
calculated using time-dependent density functional theory (TD—
DFT) with the same functional level. There exist a number of previous
works that employed TD—DFT to characterize excited states with
charge-transfer character.”""** In some cases underestimation of the
excitation energies was seen.”® Therefore, TD—DFT was used to
visualize the extent of transition moments as well as their charge-
transfer characters without drawing conclusions from the excitation
energy.

B RESULTS AND DISCUSSION

Design and Synthesis of JH Dyes. The structures of new
DTBEF-based dyes are shown in Figure 1, and the synthetic
routes of the compounds are depicted in Scheme 1. The

starting material, §,8-dibromodithieno[3’,2:3,4;2",3":5,6]-
benzo[1,2-c][1,2,5]oxadiazole (Br-DTBF-Br) was prepared
from DTBF with NBS, similar to the published procedures.'”**
The Pd-catalyzed Stille cross-coupling** of Br-DTBE-Br with 2-
butyloctyl-thiophen-2-yl stannane in refluxing DMF afforded
compound 1 in 33% vyield. Subsequent formylation using
Vilsmeier—Haack reagent and bromination using NBS
generated 3. Intermediate 4 was then obtained from Pd-
catalyzed Stille cross-coupling of 3 with stannyl derivatives:
N,N-diphenyl-4-(tri-n-butylstannyl)-aniline*® for 4a, 10-ethyl-3-
(tri-n-butylstannyl)-10H-phenothiazine for 4b, 9,9-diethyl-N,N-
diphenyl-7-(tri-n-butylstannyl)-9H-fluoren-2-amine® for 4c,
and 9-ethyl-3-(tri-n-butylstannyl)-9H-carbazole™ for 4d. Fi-
nally, Knoevenagel condensation of 4 with cyanoacetic acid
produced the desired dyes, JH-1—JH-4. The new organic dyes

22615 dx.doi.org/10.1021/am5067145 | ACS Appl. Mater. Interfaces 2014, 6, 22612—22621



ACS Applied Materials & Interfaces

Research Article

were characterized by NMR, mass spectra, and elemental
analysis.

UV-Vis Absorption Properties of JH Dyes. UV—vis
absorption spectra of JH dyes in THF are shown in Figure 2,
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Figure 2. UV—vis absorption spectra of JH dyes in THF solutions of
10 uM concentration.

and the corresponding data are summarized in Table 1. The
high energy absorption peaks between 366 and 380 nm are
assigned to the 7—7* transitions, whereas the low energy peak
at 462 and 464 nm are attributed to the intramolecular charge
transfer (ICT) transitions.”’ Due to the large dimension of
DTBF, incorporating the long hydrocarbon chains at the
thienyl rings is necessary for good solubility of the dyes in
common organic solvents and suppression of dye aggregation.
However, the presence of these chains leads to large dihedral
angles (33.1—44.2°, vide infra) between DTBF and the
neighboring thienyl ring, which jeopardizes the electronic
communication between the donor and the acceptor. There-
fore, the absorption maximum of the ICT band does not differ
much among the dyes. JH-3 has an impressively high molar
extinction coefficient (&) of 4.37 X 10* M™'cm™ at 462 nm due
to its elongated conjugation.

Compared with the solution spectra, there is red shift of the
absorption spectra (Supporting Information Figure S1 and
Table 1) for the dyes adsorbed on the TiO, film, which can be
ascribed to the formation of J-aggregation.** Though dye
aggregation normally jeopardizes electron injection, there are
some examples illustrating that J-aggregation could improve the
cell performance due to improved light harvesting at longer
wavelengths.***” Aggregation of the dye molecules was also
supported by examining the spectra of the JH dyes adsorbed on
TiO, film with and without the coabsorbent, CDCA
(Supporting Information Figure S2). Addition of ~30 fold

(10 mM) of CDCA resulted in blue shift of 1,,,(TiO,) by about
6,18, 12, and 6 nm for JH-1, JH-2, JH-3, and JH-4, respectively.
However, aggregation of JH dyes still remained, as evidenced
from the incident photon-to-current conversion efficiency
(IPCE) plots of DSSCs fabricated with CDCA coadsorbent
(vide infra).

Electrochemical Properties. The electrochemical proper-
ties of the organic dyes were measured by cyclic voltammetry
(CV) in THF solutions at a concentration of 1 mM
(Supporting Information Figure S4), and the relevant data
are listed in Table 1. A quasi-reversible one-electron oxidation
is attributed to the removal of electron from the arylamine. The
HOMO (highest occupied molecular orbital) energy levels of
the compounds were calculated from the first oxidation
potential and by comparison with ferrocene (5.1 eV),*® which
was followed by the equation, Eyonmo = S.1 + Ejjy(0x). The
lowest unoccupied molecular orbital (LUMO) was obtained
from the value of E, and the zero—zero band gap (E,_)
according to the equation E; yyo = Enomo — Eo—or where Eq_
was estimated from the intersection of the absorption and
emission spectra of the dye (Suppporting Information Figure
S3). The first quasi-reversible one-electron oxidation wave
detected at about 288—566 mV more positive than ferrocene/
ferrocenium (F./F.*) is attributed to the removal of electron
from the arylamine donor. This potential decreases in the order
of JH-4 > JH-1 > JH-3 > JH-2, which is consistent with the
electron-donating power of the donor (phenothiazine the
strongest and carbazole the weakest) and the influence of near-
by thiophene on the arylamine (JH-1 is larger than JH-3). The
excited state potential (Ey_y*) of the sensitizer, estimated from
the difference between the first oxidation potential at the
ground state and the zero—zero excitation energy E,_, obtained
from the intersection of the normalized absorption and
emission spectra, ranges from —1.07 to —1.36 V (vs NHE).
Therefore, electron injection from the excited dye into the
conduction band of TiO, (conduction band edge: —0.5 V vs
NHE)* is energetically favorable. The first oxidation potentials
of the dyes (0.99 to 1.27 V vs NHE, see Table 1) are more
positive than that of the I"/I;~ redox couple (0.4 V vs NHE),"
suggesting that dye regeneration should also be energetically
favorable. The least driving force for the dye regeneration due
to the highest HOMO energy level may be the cause of the low
cell performance of JH-2 (vide infra).

Theoretical Approach. Density functional theory (DFT)
as well as time-dependent DFT calculations at B3LYP/6-31G*
level using Q-Chem4.0 software were carried on the dye
molecules in order to correlate the molecular structures of the
dyes with the performance of DSSCs. The results for the time-
dependent approach are summarized in Supporting Informa-

Table 1. Electro-Optical Parameters of the Dyes

dye

JH-1 380 (2.16), 462 (2.17) 658 484
JH-2 390 (2.61), 464 (3.14) 690 504
JH3 386 (4.99), 462 (4.37) 698 486
JH-4 366 (1.44), 462 (1.70) 702 476

2.38
2.35
2.34
2.34

das (6 X 10* M7 em™) (nm)® e (nm)? A (TiO,) (nm)”  Ego (eV)°  Ejp(ox) (AE,) (mV)? E, (V)° Eyo* (V)° HOMO/LUMO (eV)

541 (181) 124 —114 —5.64/-3.26
288 (147) 0.99 -1.36 -5.39/-3.05
466 (113) 1.17 -117 —-5.57/-323
566 (184) 1.27 —1.07 -5.67/-3.33

“Recorded in THF solutions at 298 K. “Recorded on the TiO, film. “The band gap, Ey_, calculated from the onset of UV—vis absorption spectrum.
9Recorded in THF. Scan rate: 100 mV/s. Electrolyte: (n-C,Hy),NPF. AE,: separation between the anodic and cathodic peaks. Potentials are
quoted with reference to the internal ferrocene standard (E,/, = +265 mV vs Ag/AgNO,). °E,,: The oxidation potential vs NHE, Eg. = 0.7 V vs
NHE. E,_,*: the excited state oxidation potential vs NHE, E,_* = E_, + Ey_o.”’HOMO and LUMO energies are calculated using formula HOMO =

—[5.1 + (E,), — Eg)], LUMO = —[E,_, — HOMO].
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tion Table SI. Selected frontier orbitals of the dyes are shown
in Figure 3 and Supporting Information Figure SS. The

HOMO LUmo

JH-1

JH-2

JH-3

JH-4

Figure 3. Frontier molecular orbitals of the dyes.

HOMO in these compounds is mainly distributed from donor
group to the conjugated spacer. In comparison, the LUMO and
LUMO+1 are largely distributed from 2-cyano acrylic acid (Ac)
to the spacer, and the DTBF core has more contribution to the
latter. The lowest energy transition (S, — S;) is ~100% of
HOMO — LUMO transition for all the compounds. In
comparison, the S, — S, transitions mainly stem from
HOMO-1 — LUMO and HOMO — LUMO+1 transitions.
Both Sy — S, and S, — S, transitions confirm the charge
transfer character of the low energy band in the absorption
spectra.

The ground-state intramolecular dihedral angles between the
DTBEF core and the neighboring thiophene rings, are shown in
Supporting Information Figure S6. They range from 33.1 to
44.2°, which certainly will downgrade the charge transfer from
the donor to the acceptor. This is believed to be the main cause

that the JH dyes have similar absorption maximum (vide
supra).

Mulliken charges variation during electronic transition was
also calculated from the time-dependent DFT (TD-DFT)
results,’’ as shown in Supporting Information Table S1. The
molecules were divided into five segments: the donor group
(DG, such as TPA, Ptz, DPAF and Cbz), the thiophene (T)
between DG and DTBF, DTBEF, the thiophene (T’) between
DTBF and the acceptor, 2-cyanoacrylic acid (Ac). The
Mulliken charges for the S1 and S2 states are shown in Figure
4. For comparison, Mulliken charge analysis was also carried
out on JH-0 dye (Supporting Information Figure S6)
containing an electron-deficient benzo[1,2-c]furazan (BF)
entity. There is significant charge trapping at the BF of JH-0.
In comparison, charge trapping at the DTBF of JH dyes has
been largely alleviated for S1 state, which is beneficial to
electron injection.

Photocurrent—Voltage Characteristics. The photocur-
rent density—voltage (J—V) characteristic plots and incident
photon-to-current conversion efficiencies (IPCE) of DSSC
with JH dyes and liquid electrolyte containing 0.50 M Lil, 0.05
M I, and 0.5 M TBP in acetonitrile under AM 1.5 full sunlight
(100 mW/cm?) illumination are shown in Figure 5, and the
relevant cell performance data are listed in Table 2. The DSSCs
of JH dyes exhibited good power conversion efficiencies (5.27—
6.18%) except for JH-2 (1.42%). Though JH-2 has higher dye
density (Table 2) on TiO, compared with other dyes, it has the
lowest cell conversion efficiency, open-circuit voltage, and short
circuit current among all. The low performance of JH-2 is likely
stemmed from several factors: (1) JH-2 is less effective in
blocking the electrolytes from approaching the TiO, surface,
resulting in a higher dark current (Figure Sa) and lower open-
circuit voltage (V,.); (2) JH-2 has high-lying HOMO level,
which slowdowns dye regeneration and leads to more facile
charge recombination with the oxidized dye;52 (3) the cell of
JH-2 has slower electron transport (see electrochemical
impedance spectroscopy (EIS) under illumination, vide infra)
and/or slower electron injection.

The IPCE spectra of the DSSC (Figure Sb) with JH dyes
extend to >650 nm, suggesting that J-aggregation of the dyes
(Supporting Information Figure S1) contributes positively to
the cell performance. Such phenomenon has precedents in
literature.***”
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Figure 4. Plot of difference in Mulliken charge between ground state and excited state for dyes.
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Figure S. J—V curves (a) and IPCE plots (b) of DSSCs based on the
dyes.

EIS Analysis. EIS is commonly used to characterize the
kinetics of the DSSC by analyzing the variation in the
impedance associated with different interfaces of the cells.>®
In this work, the Nyquist plots were measured at the V_ of the
DSSCs under 1.5 AM full sunlight, and under a forward bias of
0.55 V in the dark, respectively, as shown in Figure 6b and c.
The Nyquist plots of the DSSCs are fitted with Z-view software
using appropriate equivalent circuit model shown in Figure 6a.
From low to high impedance, the two semicircles correspond to
the resistance (R1) at Pt/electrolyte interface and the resistance
(R2) at the TiO, film/electrolyte interface. R1 values are
similar for all dyes, as Pt counter electrode was used in all cases.
The R2 value depends on the competition between
regeneration of iodide/triiodide by the redox couple, charge
transport, and charge recombination of the electrons injected
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Figure 6. (a) Equivalent circuit model and Nyquist plots of the DSSCs
based on the dyes under 100 mW cm™? illumination (b) and in the
dark (c).

into the TiO, conduction band with the oxidized dyes or
electrolytes. The rate of regeneration is normally faster than
that of the charge recombination. Under illumination condition,
JH-2 is found to have the largest R2 values (70.4 Q) than the
others (16.9—34.0 Q), as shown in Figure 6b, where the
electron transfer rate of JH-2 at the TiO, and electrolyte
interface have shifted to a higher frequency (f) as shown in the
Bode phase plot (Supporting Information Figure S7). The
electron lifetime (7,), estimated from the equation, 7, = 1/
(27f), decreases in order of JH-1 (13.37 ms) > JH-3 (11.05 ms)

Table 2. DSSCs Performance Parameters of the Dyes and with or without Coadsorbent of 10 mM CDCA

dye Jsc (mA/cm?) Voe (V)
JH-1 12.60 + 0.35 0.70 = 0.02
JH-1/CDCA 12.86 + 0.24 0.72 = 0.02
JH-2 3.23 £ 046 0.60 + 0.05
JH-2/CDCA 4.36 + 0.94 0.63 + 0.03
JH-3 10.92 + 0.30 0.69 + 0.01
JH-3/CDCA 1144 + 0.18 0.71 = 0.01
JH-4 12.43 + 0.63 0.68 + 0.01
JH-4/CDCA 1429 + 0.24 0.70 = 0.01
N719 15.05 + 0.30 0.76 + 0.01

ff PCE (%) dye loading (#mol/cm?)

0.71 + 0.04 6.18 + 0.10 0.15
0.72 + 0.01 6.65 + 0.03 0.15
0.72 + 0.02 142 + 035 0.22
0.69 + 0.02 191 + 045 0.18
0.70 + 0.02 527 £ 0.07 0.18
0.69 + 0.02 5.60 + 0.12 0.17
0.72 + 0.02 598 + 0.13 0.20
0.73 + 0.01 7.33 £ 0.01 0.17
0.66 + 0.01 7.56 + 0.03
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> JH-4 (7.51 ms) > JH-2 (0.73 ms). Shorter electron lifetime of
DSSC with JH-2 implies that the charge injected into the TiO,
conduction band more readily recombine with the oxidized dye
or I;~ ions. As aforementioned, the higher HOMO level of JH-
2 (vide supra) likely retards dye regeneration and leads to more
electron recombination with the oxidized dye. In both cases, a
lower J. value and IPCE are expected, as observed.

In the dark condition, the R2’ value of the DSSCs decreases
in the order of JH-1 (3005.6 Q) > JH-3 (6952 Q) > JH-4
(428.9 Q) > JH-2 (147.5 Q), which is consistent with the order
of V,. value. More planar arylamine donor (JH-2 and JH-4)
seems to be less effective in dark current suppression. Dark
current suppression also appears to be less efficient for the dye
with a longer skeleton (JH-3).

Device Performance with Coabsorbed CDCA. It is
common to add coadsorbent during dye soaking to improve the
cell efficiency for two purposes: (1) antiaggregation of the dyes
due to dilution effect; (2) dark current suppression due to
coverage of exposed TiO, surface.**> Therefore, we also tested
DSSCs with 10 mM of chenodeoxycholic acid (CDCA) as the
coadsorbent though J-aggregation of the JH dyes was found to
have contribution to the solar light-to-electricity conversion at
the longer wavelength (vide supra). This observation suggests
that addition of CDCA mainly removes those aggregates
harmful to electron injection, such as dyes not anchored on
TiO,. The J—V plots and IPCE spectra are shown in Figure 7,
and the relevant data are listed in Table 2.
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Figure 7. ]-V curves (a) and IPCE plots (b) of DSSCs based on the
dyes with CDCA as coabsorbent (10 mM).

The efficiencies of all the DSSCs have been improved, and
they decrease in the order of JH-4 (7.33%) > JH-1 (6.65%) >
JH-3 (5.60%) > JH-2 (1.91%). The cell efficiencies of JH-4 and
JH-1 reach 97 and 88% of N719-based standard cell (7.56%),
respectively. Both V. and ], values were increased upon
addition of CDCA for all dyes, suggesting that CDCA helped
with alleviation of dye aggregation and/or dark current
suppression. Dark current suppression is more evident for
JH-3 and JH-4 upon CDCA addition based on prominent
increment of the recombination resistance in the dark (EIS in

the dark, see Figure 8b) for JH-3 (1705.1 Q vs 695.2 Q) and
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Figure 8. Nyquist plots of the DSSCs based on the dyes with CDCA
as coabsorbent (10 mM) under 100 mW cm™? illumination (a) and in
the dark (b).

JH-4 (1342.1 Q vs 428.9 Q). It is interesting to note that the
PCE values are higher for JH-3 and JH-4 from ~500 nm and
above when CDCA is added. This observation suggests that
addition of CDCA mainly removes those aggregates harmful to
electron injection. The ], value decreases slightly for JH-1,
indicating 10 mM of CDCA is already high enough to compete
with the dye for the TiO, adsorption sites.

B CONCLUSIONS

Dipolar metal-free organic dyes containing a rigid planar entity
possessing both electron rich and electron deficient units,
dithieno[3,2":3,4;2”,3":5,6 |benzo[1,2-c]furazan (DTBF), have
been synthesized and successfully used as the sensitizers for
dye-sensitized solar cells (DSSCs). J-aggregation of the dyes in
the film state contributes to the photocurrent, and the cells
exhibit good conversion efficiency up to ~82% of N719-based
standard DSSC (7.56%). Upon addition of CDCA as the
coadsorbent, the best cell efficiency can be boosted to 7.33%,
which is close to that of the standard cell.
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