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Abstract: Dye-sensitized solar cells (DSSCs) have attraameenhsive attention in
developing photovoltaic devices for employing solanergy. For developing
panchromatic and efficient porphyrin sensitizetdyas been demonstrated to be an
effective approach to introduce an electron-witkading benzothiadiazole unit as an
extra electron acceptor. In contrast, the strubtursimilar benzotriazole moiety
remains relatively unknown in this respect. In thizrk, we have synthesized a novel
porphyrin dye containing an extra electron accepfobenzotriazole. Photophysical

and electrochemical investigations revealed refteshiabsorption and a narrower
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band gap induced by the benzotriazole unit. Thugasonable efficiency of 8.39%
has been achieved withlg of 17.00 mAcm? and aV, of 712 mV. On this basis, to
investigate the effect of the dihedral angle betwtl® benzotriazole and the adjacent
phenylene ring, one or two methyl groups were htddo theortho-positions of the
phenylene ring. As a result, the enlarged torsiogles induce poor electronic
coupling between the LUMO of the dyes and Ji@sulting in lower efficiencies of
6.61% and 3.62%, respectively. With the purpostitther improve the efficiencies,
coadsorption and cosensitization approaches wergdoged. And the efficiencies
have been successfully elevated to 9.32%, 8.49% 7aBdlP6, respectively. These
results demonstrate the effectiveness of incorpmyaan auxiliary benzotriazole
acceptor into porphyrin dyes on achieving extendlght-harvesting wavelength
ranges and illustrate the importance of avoidingese torsion within the acceptor
part of the porphyrin dyes. In contrast to the camin used cosensitizers with
absorption peaks lying in the absorption valleyweein the Soret band and the Q
bands of porphyrin dyes (56600 nm), the utilization of an organic dye with &do
absorption in this work has been demonstrated teeflective for improving the
efficiencies despite the fact that its absorptieakpat 450 nm largely overlaps with
the Soret band of the porphyrin dyes. These reputtgide an alternative approach

for developing cosensitizers for porphyrin dyes.

Keywords. Dye-sensitized solar cells; Porphyrin; Sensitizéenzotriazole; Steric

hindrance; Cosensitization.
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1. Introduction

Exploitation of new and clean energy sources fauril development has
become one of the major challenges in contemposagiety. In this respect,
dye-sensitized solar cells (DSSCs) are attractivé promising because of their
relatively efficient conversion of sunlight to elecity with the advantages of
flexibility, easy fabrication and low cost [1,2]. Mong the DSSC sensitizers,
porphyrins exhibit advantages of high molar absomptcoefficients with tunable
molecular structures and properties [3,4]. In thespect, a number of excellent
porphyrin sensitizers lik¢ D2-0-C8, GY50 and SM315 have been developed with
efficiencies achieved well above 10% [5-7].

Despite the excellent photovoltaic behavior, twberent drawbacks have been
observed for porphyrin dyes. The first is the mgrc absorption void in the NIR
region and the absorption valley between the Sanet Q bands in the range of
500-600 nm [8-11]. The other problem is the rekdinhigh tendency for aggregation
induced by the large conjugated framework, whicll igiad to quenching of the
excited dyes and diminished electron injection 142- To address these problems,
various approaches have been reported. For exampisertion of a
2,1,3-benzothiadiazole (BTD) unit as an auxiliarlecton acceptor has been
demonstrated to be effective for enhancing thetmer coupling between the
porphyrin core and the anchoring group, resultimg relatively panchromatic

absorption and photo-response [7,15-19]. On therdthnd, attachment of alkoxyl or
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alkyl chains to appropriate positions can improvge dsolubility and reduce
aggregation [20-25].

In contrast to the widely used BTD unit, the staually similar benzotriazole
(BTz) moiety remains relatively unknown in this pest. In fact, in some cases, the
insertion of a BTD unit unfavorably leads to wopdetovoltaic performance [26-28],
and BTz might be advantageous in these cases. diticaj the presence of an
additional nitrogen atom facilitates introductiohadlkyl chains for suppressing dye
aggregation and charge recombination [29]. Hereajncorporate a BTz unit as the
auxiliary acceptor to develop a novel porphyrin d¥®/33 (Fig. 1), using a
phenothiazine-based donor.

On the other hand, it is an effective approach d¢getbp porphyrin dyes by
borrowing concepts developed for metal-free orgalyes. It has been demonstrated
by Li and coworkers that in a certain series ofaoig dyes, a more twisted spacer
neighboring to the anchoring group is favorable ifoproving Voc and efficiencies
(Fig. 1) [30]. By considering this backgroundW34 and XW35 (Fig. 1) were
synthesized with one or two methyl groups attachedhe ortho-positions of the
phenylene ring adjacent to the BTz unit. As a testW33-XW35 exhibit power
conversion efficiencies of 8.39%, 6.61% and 3.62%spectively. These results
indicate that the more twisted spacer is unfaveré the photovoltaic behavior. To
improve the cell performance, the porphyrin dyesrewecoadsorbed with

chenodeoxycholic acid (CDCA) and cosensitized \aifbhenothiazine-based organic



83 dyePT-C6 [31], which exhibits a broad absorption peak. Thiramatically enhanced
84 efficiencies of 9.32%, 8.49% and 7.34% were acllefa XW33, XW34, and
85 XW3b5 respectively, despite the fact that the absorppieak ofPT-C6 is centered at
86 450 nm, largely overlapping with the Soret bandsth@ porphyrin dyes. These
87 successful cosensitization examples indicate tilebtoad absorption band BT-C6

88 can well compensate for the narrow Soret bandeptrphyrin dyes.

.S,
DR L
s /)—COOH
<<
R2

S N=CgHyy

\ CgHy30
CN

.R1=pR2= HoOOC
XW33: R1 =R ‘2“ LI-85: R'=R2=H, V,=0.65V, PCE=5.94%
XW34: R =H, R®=CHs PT-C6 LI-86: R'= R2= CH3, V. =0.79V, PCE=7.35%
89 XW35: R! = R?=CH;

90 Fig. 1 Molecular structures of porphyrin dyeéW33-XW35, the cosensitizePT-C6 and
91 organic dye4 1-85 andL 1-86 reported by Li and coworkers.

92 2. Experimental section
93 2.1 Materials and Instrumentation

94 All chemical reagents and solvents of analyticaldgr were purchased and used
95 without further purification unless otherwise naté&tlorine-doped SnfOconducting

96 glass (FTO glass, transparency >90% in the visialege, sheet resistance 15
97 Q/square) was purchased from the Geao Science amchiiwhal Co. Ltd of China.
98 TiO; paste (18 NR-T and 18 NR-AO) was purchased frorasblyLtd.

99 'H NMR and *C NMR spectra were recorded using a Bruker AM 400

100 spectrometer at 298 K with tetramethylsilane (TMS)the internal standard. High
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resolution mass spectroscopy (HRMS) measurements pegformed using a Waters
LCT Premier XE spectrometer. Matrix-assisted lasdesorption/ionization
time-of-flight mass spectra (MALDI-TOF-MS) were maees=d on a Shimadzu-Kratos
model Axima CFR+ mass spectrometer using dithraamlthe matrix. UV-Vis
absorption spectra were measured on a Varian Carnsp&ctrophotometer, and
fluorescence spectra were recorded on a Varian (aclpse fluorescence
spectrophotometer. The cyclic voltammograms of tlyes were carried out in
acetonitrile on a Zahner IM6e electrochemical wtatisn based on a three electrode
system using 0.1 M TBARHAdamas) as the supporting electrolyte, the seesit
attached to a nanocrystalline Ti@lm deposited on the conducting FTO glass as the
working electrode, a platinum wire as the countecteode, and a regular saturated
calomel electrode (SCE) as the reference electrbde.scan rate was fixed at 100
mV s,

Photovoltaic measurements were performed by emuogn AM 1.5 solar
simulator equipped with a 300 W xenon lamp (modael91160, Oriel). The power of
the simulated light was calibrated to 100 mW Z<msing a Newport Oriel PV
reference cell system (model 91150 WAV curves were obtained by applying an
external bias to the cell and measuring the gesenalhotocurrent with a model 2400
source meter (Keithley Instruments, Inc. USA). Tbdage step and delay time of the

photocurrent were 10 mV and 40 ms, respectivelyioAcspectra of the incident

monochromatic photon-to-electron conversion efficie (IPCE) for the solar cells
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were obtained with a Newport-74125 system (Newpwtruments). The intensity of
monochromatic light was measured with a Si detedtdewport-71640). The
electrochemical impedance spectroscopy (EIS) measents of all the DSSCs were
performed using a Zahner IM6e Impedance Analyz&HKER-Elektrik GmbH &
CoKG, Kronach, Germany), with the frequency ranfi®.4 Hz-100 kHz and the
alternative signal of 10 mV. The ZSimpWin softwaras used to fit the experimental
EIS data.

2.2 Syntheses of the dyes

Compoundsl [32], 2 [33], 5 [34] and 8 [15] were synthesized according to
literature methods.

Compound3 [35]. To a 250 mL flask was added compoun@@.0 g, 19 mmol),
MeOH (100 mL) and KI (623 mg, 3.8 mmol). The mixwras stirred at 50°C before
t-BuOOH (3.9 mL, 70% (aq), 28 mmol) was added drgewover 30 min. Then the
mixture was refluxed for 24 h. After cooling to mmdemperature, saturated 48505
(aq) was added. The mixture was extracted withletbgtate, dried over anhydrous
NaSO, and evaporated invacuo. The residue was purified by column
chromatography on silica gel with petroleum ethethyl acetate (15:1, v/v) to afford
compound3 as a white solid (3.8 g, 84%H NMR (400 MHz, CDCJ) & 7.73 (s, 2H),
3.90 (s, 3H), 2.46 (s, 6H).

Compound4 [36]. To a 250 mL three-neck flask was added comdd@u(4.5 g,

18 mmol), bis(pinacolato)diboron (5.2 g, 20 mmol),4-dioxane (60 mL),
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Pd(PPh).Cl, (519 mg, 0.74 mmol) and KOAc (5.5 g, 56 mmol). Thixture was
stirred at 90°C for 24 h under nitrogen. Water vealkled and the mixture was
extracted with dichloromethane and washed with wtigee times. The combined
organic layers were dried over 30, and evaporated imacuo. The residue was
purified by column chromatography with petroleurnest/ ethyl acetate (15:1, v/v) to
give the product as a white solid (4.0 g, 75%) NMR (400 MHz, CDCJ) & 7.61 (s,
2H), 3.89 (s, 3H), 2.43 (s, 6H), 1.40 (s, 12 H).

Compoundéa. To a 100 mL three-neck flask was added compdu(i3 g, 11
mmol), methyl 4-boronobenzoate (1.0 g, 5.6 mmol aHF (50 mL). Then
Pd(PPh)s (134 mg, 0.116 mmol) and,BRO; (6 mL, 2 M aq) were added under
nitrogen. The mixture was refluxed for 12 h undgrogen. The organic layer was
extracted with dichloromethane, washed with watdred over NaSO, and
evaporated irvacuo. The residue was purified by column chromatographysilica
gel with petroleum ether / dichloromethane (1:ly)wo give the product as a
colorless oil (1.5 g, 60%)H NMR (400 MHz, CDCJ) & 8.17 (d,J = 8.8 Hz, 2H,
phenyl), 8.08 (dJ = 8.4 Hz, 2H, phenyl), 7.67 (d,= 7.6 Hz, 1H, phenyl), 7.48 (4,
= 7.6 Hz, 1H, phenyl), 4.79 (§,= 7.2 Hz, 2H, -NE&l,-), 3.96 (s, 3H, -OMe), 2.23 —
2.08 (m, 2H), 1.46 — 1.34 (m, 4H), 1.30 — 1.20 @), 0.87 (tJ = 6.8 Hz, 3H)*°C
NMR (101 MHz, CDCY) 6 166.89, 144.44, 142.61, 141.01, 129.99, 129.69,617
129.19, 128.42, 125.43, 110.55, 57.21, 52.21, 3BUXRO0, 29.05, 28.95, 26.54, 22.60,

14.07. HRMS (ESI, m/z): [M+H] calcd for GyH»;BrN3O,, 444.1287; found,
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444.1290.

Compoundsb. It was synthesized in a similar way wéh except that compound
1 was used instead of methyl 4-boronobenzoate. @sooil (yield 61%)*H NMR
(400 MHz, CDC}) 6 8.02 (s, 1H, phenyl), 7.95 (ddi= 7.6, 1.2 Hz, 1H, phenyl), 7.65
(d,J = 7.6 Hz, 1H, phenyl), 7.42 (d,= 8.0 Hz, 1H, phenyl), 7.14 (d,= 7.6 Hz, 1H,
phenyl), 4.72 (tJ = 7.6 Hz, 2H, -NGl-), 3.95 (s, 3H, -OMe), 2.25 (s, 3H,
phenyl-CHg), 2.14 — 2.02 (m, 2H), 1.37 — 1.29 (m, 4H), 1.2B18 (m, 6H), 0.86 (1]
=6.8 Hz, 3H).13C NMR (101 MHz, CDGQ) 6 167.04, 143.83, 143.10, 141.48, 136.75,
131.63, 130.88, 130.31, 129.86, 128.90, 127.01,980%7.16, 52.16, 31.67, 30.24,
29.02, 28.92, 26.48, 22.59, 20.53, 14.06. HRMS (ESk): [M+Na] calcd for
Ca3H28BrNsNaG,, 480.1263; found, 480.1265.

Compoundéc. To a 100 mL Schlenk tube was added compdu(tdoOo0 g, 2.57
mmol), compound! (895 mg, 3.08 mmol) and DMF (30 mL). Then Pd(BP{%9 mg,
0.051 mmol) and KPO, (1.36 g, 6.42 mmol) were added under nitrogen. mheure
was stirred at 100°C under nitrogen for 9 h anc theured into water and extracted
with dichloromethane. The organic layer was washath water, dried over
anhydrous Ng50, and evaporated imacuo. The residue was purified by column
chromatography on silica gel with petroleum ethelichloromethane (3:2, v/v) to
give the product as a colorless oil (450 mg, 37#)NMR (400 MHz, CDCJ) & 7.84
(s, 2H, phenyl), 7.66 (d] = 7.6 Hz, 1H, phenyl), 7.02 (d,= 7.2 Hz, 1H, phenyl),

470 (t,J = 7.2 Hz, 2H, -NEly-), 3.94 (s, 3H, -083), 2.11 — 2.04 (m, 2H,
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-NCH,CH,-), 2.03 (s, 6H, phenyl48s), 1.31 — 1.27 (m, 4H), 1.27 — 1.20 (m, 6H),
0.86 (t,J = 6.4 Hz, 3H).2*C NMR (101 MHz, CDG)) & 167.19, 143.98, 142.92,
141.10, 136.99, 129.91, 129.58, 129.05, 128.65,78B24.09.55, 57.11, 53.44, 52.08,
31.63, 30.23, 29.00, 28.87, 26.42, 22.56, 20.58)34HRMS (ESI, m/z): [M+H]
calcd for G4H31BrN3O,, 472.1600; found, 472.1601.

General synthetic procedure for compounds 7a~7c.

To a 100 mL Schlenk tube was addiza-6¢ (1.0 mmol), THF/EN (24 mL/ 12
mL), Pd(PPB).Cl, (5 mol%) and Cul (5 mol%) and charged with nitnog&hen the
mixture was heated at 50°C before trimethylsilytgleme (4 mmol) was added over
15 min via a syringe. The mixture was allowed titusefor 12 h. The solvents were
evaporated and the residue was purified by silElacglumn chromatography to get
the crude product. To the crude product was add#fe/NieOH (20 mL / 20 mL) and
KOH (1 eq, 1M aq). The solution was allowed to stiroom temperature for 1 h.
Then water was added and the product was extragtibd dichloromethane. The
organic layers were separated, dried oveiS@a and evaporated ivacuo. Silica gel
column chromatography was performed to obtain thengl product.

7a. Brownish yellow solid (yield 58%, 2 stepsH NMR (400 MHz, CDC}) &
8.18 (d,J = 8.4 Hz, 2H, phenyl), 8.12 (Md,= 8.4 Hz, 2H, phenyl), 7.67 (d,= 7.2 Hz,
1H, phenyl), 7.59 (d) = 7.2 Hz, 1H, phenyl), 4.80 @,= 7.2 Hz, 2H, -NEi,-), 3.96
(s, 3H, -OMe), 3.58 (s, 1H, ethynyl), 2.24 — 2.68 @H), 1.44 — 1.34 (m, 4H), 1.33 —
1.26 (m, 6H), 0.89 — 0.85 (m, 3HFC NMR (101 MHz, CDG) § 166.88, 145.55,

10
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142.34, 141.10, 131.17, 129.97, 129.72, 128.54,3824.11.94, 83.26, 57.09, 52.22,
31.72, 30.25, 29.06, 28.98, 26.56, 22.61, 14.08MIBRESI, m/z): [M+Na] calcd for
Co4H27N3O2Na, 412.2001; found, 412.1997.

7b. Colorless oil (yield 65%, 2 stepsH NMR (400 MHz, CDCJ) 6 8.03 (s, 1H,
phenyl), 7.96 (dJ = 8.0 Hz, 1H, phenyl), 7.65 (d,= 7.2 Hz, 1H, phenyl), 7.44 (4,
= 8.0 Hz, 1H, phenyl), 7.24 (d, = 7.2 Hz, 1H, phenyl), 4.73 (8 = 7.2 Hz, 2H,
-NCH>-), 3.95 (s, 3H, -O83), 3.56 (s, 1H, ethynyl), 2.26 (s, 3H, pheny}, 2.13 —
2.03 (M, 2H, -NCHCH,-), 1.37 — 1.29 (m, 4H), 1.28 — 1.17 (m, 6H), O(8& = 6.8
Hz, 3H). *C NMR (101 MHz, CDGJ) & 167.04, 144.87, 142.83, 141.74, 136.75,
132.69, 131.65, 130.91, 130.29, 129.88, 127.00,062d4.11.57, 82.86, 79.42, 57.04,
52.16, 31.68, 30.29, 29.03, 28.94, 26.50, 22.5954014.06. HRMS (ESI, m/z)
[M+H] " calcd for GsHzgN3O», 404,2338; found, 404.2337.

7c. Colorless oil (yield 32%, 2 step$) NMR (400 MHz, CDC}) & 7.85 (s, 2H,
phenyl), 7.66 (dJ = 7.2 Hz, 1H, phenyl), 7.11 (d,= 7.2 Hz, 1H, phenyl), 4.71 d,=
7.2 Hz, 2H, -N®i,-), 3.94 (s, 3H, -O8), 3.56 (s, 1H, ethynyl), 2.11 — 2.04 (m, 2H),
2.03 (s, 6H, phenyl-83), 1.32 — 1.26 (m, 6H), 1.24 — 1.18 (m, 4H), 0.85) (= 6.8
Hz, 3H). °C NMR (101 MHz, CDGJ) 6 167.21, 145.01, 142.67, 141.43, 136.92,
131.90, 131.10, 129.60, 128.67, 125.78, 111.3%782(9.41, 57.00, 52.08, 31.64,
30.29, 29.70, 29.01, 28.90, 26.45, 22.57, 20.550414HRMS (ESI, m/z) [M+H]
calcd for GeH31N3O,, 418.2495; found, 418.2501.

General synthetic procedure for compounds 9a~9c.

11
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To a 100 mL Schlenk tube was added compotafc (0.15 mmol), compound
8 (110 mg, 0.060 mmol) and THFAEL (30 mL/6 mL). Then Pd(PRJa (5 mol%) and
Cul (5 mol%) were added under nitrogen. The mixtuas allowed to stir at 60°C for
24 h. The solvents were evaporated and the resudisepurified first on a silica gel
column (PE/DCM = 2:3) and then on a preparativiesijel plate (PE/THF = 9:1) to
give the crude product, which was recrystallizearfrDCM/MeOH to giveda~9c.

9a. Dark green tar (yield 40%jH NMR (400 MHz, CDCJ) § 9.97 (d,J = 4.4
Hz, 2H, pyrrolic), 9.64 (d) = 4.4 Hz, 2H, pyrrolic), 8.91 (d,= 4.4 Hz, 2H, pyrrolic),
8.85 (d,J = 4.4 Hz, 2H, pyrrolic), 8.24 (d,= 8.4 Hz, 2H, phenyl), 8.19 (d,= 8.8 Hz,
2H, phenyl), 8.06 (d) = 7.2 Hz, 1H, phenyl), 7.82 — 7.67 (m, 5H, phenyI®8 (d,J
= 8.8 Hz, 2H, phenyl), 7.41 — 7.34 (m, 2H, phenyld9 — 6.88 (m, 8H, phenyl), 4.98
(t, J=7.2 Hz, 2H, -NGEl»-), 4.04 — 3.92 (m, 7H, -Ofs, -OCH,- and -N(H,-), 3.86 (t,
J = 6.4 Hz, 8H, -O€l,-), 2.42 — 2.31 (m, 2H), 1.97 — 1.87 (m, 2H), 1-8%.75 (m,
2H), 1.62 — 1.51 (m, 4H), 1.42 — 1.26 (m, 16H)81-11.07 (m, 9H), 1.07 — 0.94 (m,
24H), 0.94 — 0.83 (m, 18H), 0.82 — 0.72 (m, 20H§;70- 0.58 (m, 8H), 0.57 — 0.36
(m, 24H).**C NMR (101 MHz, CDGCJ) & 166.87, 159.97, 158.42, 152.00, 151.40,
150.59, 150.55, 146.01, 145.09, 143.26, 142.52,2641135.54, 132.22, 132.03,
131.72, 130.96, 130.80, 130.63, 130.06, 129.82,7B29129.16, 129.02, 128.94,
128.08, 127.39, 125.49, 125.41, 124.70, 124.57,4P24120.96, 118.20, 115.57,
115.48, 115.09, 114.78, 105.24, 101.22, 100.3274995.38, 93.03, 92.27, 68.71,

68.08, 57.06, 52.13, 47.77, 31.82, 31.79, 31.60613130.20, 29.71, 29.45, 29.35,

12
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29.23, 29.16, 29.14, 29.10, 28.73, 28.64, 26.86/8626.70, 25.72, 25.29, 22.65,
22.62, 14.12, 14.07, 14.03. MS (MALDI-TOF, m/z) [Mlcd for GsgH17éNsO;SZn,
2129.2674; found, 2129.1.

9b. Dark green tar (yield 39%JH NMR (400 MHz, CDCJ) 6 9.97 (d,J = 4.4
Hz, 2H, pyrrolic), 9.65 (dJ = 4.8 Hz, 2H, pyrrolic), 8.92 (d,= 4.8 Hz, 2H, pyrrolic),
8.86 (d,J = 4.4 Hz, 2H, pyrrolic), 8.10 — 8.03 (m, 2H, phBn®.03 — 7.96 (M, 1H,
phenyl), 7.80 — 7.74 (m, 2H, phenyl), 7.74 — 7670 € 8.4 Hz, 2H, phenyl), 7.59 (d,
J = 8.0 Hz, 1H, phenyl), 7.48 — 7.41 (m, 3H, phenylB9 — 7.32 (m, 2H, phenyl),
7.05 — 6.88 (m, 8H, phenyl), 4.91 {t= 7.2 Hz, 2H, -NE&,-), 3.99 — 3.91 (m, 7H,
-OCH3, -OCH2- and -NGH»-), 3.86 (t,J = 6.4 Hz, 8H, -OE,-), 2.39 (s, 3H,
phenyl-CHs), 2.35 — 2.24 (m, 2H), 1.97 — 1.86 (m, 2H), 1.81.72 (m, 2H), 1.51 —
1.27 (m, 22H), 1.19 — 1.09 (m, 9H), 1.07 — 0.95 2dH), 0.93 — 0.85 (m, 16H), 0.82
— 0.73 (m, 20H), 0.67 — 0.59 (m, 8H), 0.56 — 0.87 R4H)*C NMR (101 MHz,
CDCl) 6 167.13, 159.96, 158.42, 151.99, 151.43, 150.60,585 145.40, 145.10,
143.27, 143.18, 142.36, 136.90, 135.54, 132.22,0432131.70, 131.16, 130.95,
130.79, 130.61, 130.47, 130.08, 129.81, 129.62,7¥28127.38, 127.02, 126.63,
125.48, 125.41, 124.60, 124.44, 121.06, 118.25,5815115.39, 115.13, 114.78,
114.65, 105.30, 101.16, 99.79, 99.68, 95.37, 981189, 68.73, 68.08, 57.05, 52.10,
48.28, 47.77, 31.83, 31.75, 31.60, 31.51, 30.2643929.35, 29.23, 29.12, 29.09,
28.72, 28.64, 26.88, 26.69, 25.71, 25.27, 22.63712014.08, 14.04, 14.02. MS

(MALDI-TOF, m/z) [M] calcd for G3H17éNsO;SZn, 2143.2831; found, 2143.2.
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281

282

283

284

285
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287

288

289

9c. Dark green tar (yield 35%JH NMR (400 MHz, CDC})  9.96 (d,J = 4.8
Hz, 2H, pyrrolic), 9.65 (d) = 4.8 Hz, 2H, pyrrolic), 8.91 (d,= 4.8 Hz, 2H, pyrrolic),
8.85 (d,J = 4.8 Hz, 2H, pyrrolic), 8.08 (d] = 7.2 Hz, 1H, phenyl), 7.91 (s, 2H,
phenyl), 7.80 — 7.74 (m, 2H, phenyl), 7.71J(& 8.4 Hz, 2H, phenyl), 7.51 — 7.45 (m,
2H, phenyl), 7.40 — 7.35 (m, 2H, phenyl), 7.31Jd; 7.2 Hz, 1H, phenyl), 7.05 —
6.92 (m, 8H, phenyl), 4.88 (§,= 7.2 Hz, 2H, -NE&l,-), 4.03 — 3.93 (m, 7H, -Of,
-OCH,- and -NGH.-), 3.86 (t,J = 6.4 Hz, 8H, -OEl,-), 2.31 — 2.22 (m, 2H), 2.17 (s,
6H, phenyl-Gs), 1.96 — 1.88 (m, 2H), 1.85 — 1.76 (m, 2H), 1.4B.41 (m, 4H), 1.40
—1.32 (m, 10H), 1.32 — 1.26 (M, 6H), 1.19 — 1.@8 $H), 1.08 — 0.95 (m, 24H), 0.94
—0.83 (m, 18H), 0.83 — 0.74 (m, 20H), 0.67 — QrB88H), 0.57 — 0.35 (m, 24H)y’C
NMR (101 MHz, CDCJ) 6 167.30, 159.97, 158.43, 152.00, 151.45, 150.63,514
145.12, 143.28, 143.03, 142.05, 137.18, 135.56,2B32132.08, 131.74, 130.97,
130.80, 130.63, 130.41, 130.09, 129.83, 129.42,9828128.71, 127.39, 126.29,
125.49, 125.42, 124.61, 124.45, 121.04, 118.23,5915115.44, 115.13, 114.80,
114.33, 105.33, 101.21, 99.77, 99.39, 95.41, 92037, 68.75, 68.09, 57.02, 52.05,
47.78, 31.82, 31.72, 31.60, 31.52, 30.27, 29.433R929.22, 29.11, 29.07, 28.70,
28.63, 26.89, 26.70, 26.65, 25.72, 25.26, 22.637®014.08, 14.04, 14.03. MS
(MALDI-TOF, m/z) [M] calcd for G3gH1sdNsO;SZn, 2157.2987; found, 2157.3.
General synthetic procedure for XW33~XW35.

To a Schlenk tube was added compo8a&9c (0.025 mmol), THF (20 mL) and
LiOH-H,O (42 mg, 1.0 mmol) in water (2 mL) and then chdrgdth nitrogen. The
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297
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299
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304

305

306

307

308

309

310

mixture was stirred at 60°C for 17 h under nitragéater was added and the product
was extracted with dichloromethane. The organierdayas separated and dried over
NaSOy. The solvents were evaporated and the residugpwdfsed on a preparative
silica gel plate (DCM/MeOH = 15:1) to obtain theude product, which was
recrystallized from DCM/MeOH to givEW 33~XW 35.

XW33. Dark green powders (yield 75%H NMR (400 MHz, CDC} :
DMSO-ds = 1:2)5 12.78 (br, 1H), 9.86 (dl = 4.4 Hz, 2H, pyrrolic), 9.52 (d = 4.8
Hz, 2H, pyrrolic), 8.77 (d) = 4.8 Hz, 2H, pyrrolic), 8.71 (d,= 4.4 Hz, 2H, pyrrolic),
8.34 (d,J = 8.4 Hz, 2H, phenyl), 8.16 (d,= 8.4 Hz, 2H, phenyl), 8.09 (d,= 7.2 Hz,
1H, phenyl), 7.94 (dj = 7.2 Hz, 1H, phenyl), 7.80 (d& = 10.0 Hz,J, = 1.6 Hz, 1H,
phenyl), 7.75 — 7.66 (m, 3H, phenyl), 7.48Jd&; 8.8 Hz, 2H, phenyl), 7.42 — 7.31 (m,
2H, phenyl), 7.14 — 6.98 (m, 6H, phenyl), 6.93Jd, 8.4 Hz, 2H, phenyl), 5.02 d,=
6.8 Hz, 2H), 3.95 (1) = 6.4 Hz, 4H), 3.87 () = 5.6 Hz, 8H), 2.36 (t] = 7.2 Hz, 2H),
1.85 (t,J = 6.8 Hz, 2H), 1.78 — 1.70 (m, 2H), 1.63 — 1.43 {@H), 1.39 — 1.27 (m,
16H), 1.17 — 1.06 (m, 10H), 1.03 — 0.88 (m, 46H}J80- 0.69 (m, 16H), 0.65 — 0.53
(m, 16H), 0.47 - 0.30 (m, 9H). MS (MALDI-TOF, m/z)M] calcd for
Ci35H174Ng07SZn, 2115.2518; found, 2115.2.

XW34. Dark green powders (yield 92%JH NMR (400 MHz, CDC{ :
DMSO-ds = 1:2)5 12.86 (br, 1H, -CO@), 9.85 (d,J = 4.8 Hz, 2H, pyrrolic), 9.52 (d,
J = 4.4 Hz, 2H, pyrrolic), 8.74 (d, = 4.8 Hz, 2H, pyrrolic), 8.69 (d, = 4.4 Hz, 2H,
pyrrolic), 8.24 — 8.20 (m, 1H, phenyl), 8.09 (W= 7.2 Hz, 1H, phenyl), 7.93 (d,=

15



311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

8.0 Hz, 1H, phenyl), 7.80 (d, = 8.0 Hz, 1H, phenyl), 7.75 — 7.66 (m, 3H, phenyl)
7.61 — 7.45 (m, 4H, phenyl), 7.44 — 7.34 (m, 2Herph), 7.19 — 7.00 (m, 6H, phenyl),
6.93 (d,J = 8.8 Hz, 2H, phenyl), 4.93 d,= 6.2 Hz, 2H, -NE&l,-), 4.01 — 3.92 (m, 4H,
-OCH,- and —-NGH,-), 3.86 (t,J = 5.6 Hz, 8H, -OEi,-), 2.36 (s, 3H, phenyldgs),
2.31 — 2.21 (m, 2H), 1.88 — 1.77 (m, 2H), 1.76 681(m, 2H), 1.53 — 1.39 (m, 8H),
1.38 — 1.29 (m, 10H), 1.29 — 1.23 (m, 7H), 1.14661m, 8H), 1.04 — 0.94 (m, 24H),
0.93 — 0.84 (m, 22H), 0.80 — 0.70 (m, 20H), 0.68.48 (m, 16 H), 0.41 — 0.29 (m,
8H). MS (MALDI-TOF, m/z) [M] calcd for GsdH176NsO;SZn, 2129.2674; found,
2129.3.

XW35. Dark green powders (yield 709%H NMR (400 MHz, CDCJ:DMSO-dg
=1:2)6 12.65 (br, 1H, -CO8), 9.86 (d,J = 4.4 Hz, 2H, pyrrolic), 9.53 (d,= 4.4 Hz,
2H, pyrrolic), 8.78 (dJ = 4.4 Hz, 2H, pyrrolic), 8.72 (dl = 4.8 Hz, 2H, pyrrolic),
8.11 — 8.06 (m, 2H, phenyl), 7.84 — 7.78 (m, 2HempH), 7.76 — 7.66 (m, 3H, phenyl),
7.49 (d,J = 8.4 Hz, 2H, phenyl), 7.44 — 7.32 (m, 3H, phenyll5 — 6.99 (m, 6H,
phenyl), 6.94 (dJ = 8.4 Hz, 2H, phenyl), 4.90 (§,= 6.4 Hz, 2H, -N€El,-), 4.02 —
3.93 (M, 4H, -NE&l,- and —OG1,-), 3.88 (t,J = 5.6 Hz, 8H, —08-), 2.31 — 2.21 (m,
2H), 2.14 (s, 6H, phenyldds), 1.92 — 1.81 (m, 2H), 1.80 — 1.70 (m, 2H), 1.55.40
(m, 8H), 1.39 — 1.30 (m, 10H), 1.29 — 1.24 (m, 7HL9 — 1.08 (m, 10H), 1.07 — 0.89
(m, 44H), 0.82 — 0.71 (m, 20H), 0.68 — 0.53 (m, 166148 — 0.35 (m, 8H). MS
(MALDI-TOF, m/z) [M] calcd for G3H17dNsO;SZn, 2143.2831; found, 2143.3.

PT-C6. It was synthesized according to literature proces [31] as dark red
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352

powders*H NMR (400 MHz, CDCJ) 5 8.08 (s, 1H), 7.91 (dd] = 8.4, 2.0 Hz, 1H,
phenyl), 7.67 (dJ = 2.0 Hz, 1H, phenyl), 7.44 (d,= 8.4 Hz, 2H, phenyl), 7.32 (dd,

= 8.4, 2.0 Hz, 1H, phenyl), 7.25 (d,= 2.0 Hz, 1H, phenyl), 6.97 — 6.83 (m, 4H,
phenyl), 3.99 (tJ = 6.8 Hz, 2H), 3.89 (t) = 7.2 Hz, 2H), 1.89 — 1.74 (m, 4H), 1.53 —
1.43 (m, 4H), 1.40 — 1.32 (m, 8H), 0.94 — 0.86 @ir).

2.3 Fabrication of the solar cdlls

The FTO conducting glass was washed with a detergelution, deionized
water, acetone and ethanol successively for 20 tesnunder ultrasonication before
use. The preparation of the Ti®lectrodes and fabrication of the cells were asthpt
from that reported by Gratzel and co-workers [3The TiO, photoanode was
prepared by repetitive screen-printing. Afterwaittie, TiG films were heated with a
programmed procedure at 275°C for 5 min, 325°Gfarin, 375°C for 5 min, 450°C
for 15 min, and 500°C for 15 min. The resultingdesywere post-treated with 40 mM
TiCl, solution at 70°C for 30 min and sintered once rag@&i450°C for 30 min. Then
they were immersed in a 0.1 mM solution of the pgr;m dyes in a mixture of
CHCI; and ethanol (2:3, v/v) for 12 h at 25°C for dyeakg. For coadsorption,
chenodeoxycholic acid was added directly into tlweppyrin dye solutions. For
cosensitization, the coadsorbed photoanode wa$ talke and rinsed with ethanol,
and then immersed in a 0.3 mM solution BF-C6 in a mixture oft-BuOH and
acetonitrile (1:1, v/v) for 12 h. For the countéeatrode, HPtCk in 2-propanol was

evenly distributed on FTO glass through spin cegtand the cathode was heated at
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358

359

360
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364

400°C for deposition of platinum. Eventually, theot electrodes were sealed with
thermoplastic Surlyn, and an electrolyte solutiaswnjected through one hole in the
counter electrode to complete the fabrication & slandwich-type solar cells. The
electrolyte was composed of 0.1 M Lil, 005 M, 106 M 1,
2-dimethyl-3-propyl-imidazolium iodide (DMPIl) an®.5 M 44iert-butylpyridine
(TBP) in acetonitrile.

2.4 Theoretical calculation details

We employed density functional theory (DFT) caltiolas to optimize the
ground state geometries of the sensitizers, usiadybrid B3LYP functional [38,39]
and the 6-31G* basis set [40]. For zinc atoms e Alamos effective core potential
basis set (LANL2DZ) was used [41]. All calculatiomgere carried out using the

Gaussian09 program package [42].
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365 3. Resultsand discussion

o, i
O,
COOMe i Po(FPh)Cly KOA: i:BQCOOMe
(¢}

1,4-dioxane, 90°C

1
) n-BuLi, THF, -78°C i o
2 DMF, rt ! ii
Br CHO — > pr COOMe —)> j: :B COOMe
(o]
2 3 4

CeHw C gH17 CBHW
N MR N N R
||| IV V
B,_> Br Q O COOMe ——> COOMe
5 Ga-sc 7a~7c

XW33~XW35 a, XW33: R'=R2=H
b, XW34: R' = H, R? = CH,
366 ¢, XW35: R" = R2 = CH,

367  Scheme 1. Synthetic routes foXW33-XW35. Reaction conditions: i) K-BuOOH, MeOH; ii)
368  bis(pinacolato)diboron, Pd(PRCl,, KOAc, 1,4-dioxane; iii) for 6a and 6b: methyl
369  4-boronobenzoate dt, Pd(PPh)4 K,COs; THF/H,O; for 6¢. 4, Pd(PPH)4, KsPQ,; DMF; iv)
370  Pd(PPH).Cl,, Cul, trimethylsilylacetylene, THF/EN; v) KOH (aqg), THF/MeOH; vi) Pd(PRJx,
371  Cul, THF/EgN; vii) LIOH-H,0, THF/HO.

372 3.1 Syntheses of the porphyrin dyes

373 The synthetic routes for porphyrin dy¥&33-XW35 (Fig. 1) are depicted in
374 Scheme 1. The key intermediaieand4 were successfully obtaineth Pd-catalyzed
375 Miyaura coupling reactions under optimized condisioin high yields (>70%).
376 Afterwards, they were connected to benzotriazaleuph Suzuki-coupling reactions.

377 Subsequent Sonogashira coupling reactions yieldedethynyl-substituted acceptor
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379
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382

383
384

385

386

387

388

389

390

391

392

393

394

moieties, which were respectively attached to mtatiate 8 to accomplish the
porphyrin dye framework. Final hydrolysis of thetezs gave rise to the target
products. All the key intermediates and target dyese fully characterized with
NMR and MS (Fig. S4-S30).

3.2 Absorption and electrochemical properties

5
] — XW33
4 — XW34
- ) — XW35
e ——PT-C6
- 3-
=
mo h
T 24
w
14
0 T T
400 500 600 700 800

Wavelength / nm
Fig. 2 Absorption spectra 0fW33-35 and cosensitizé?T-C6 in THF.

The UV-vis absorption spectra ¥W33-XW35 in THF are shown in Fig. 2, and
the corresponding data are summarized in Tableh&.tfiree porphyrin dyes exhibit
intense Soret bands with the maxima at 469 nm,mB4and 462 nm, respectively,
and corresponding moderate Q bands at 675 nm, B7and 670 nm, respectively.
The successive blue-shifts of the absorption bdrms XW33 to XW35 indicate a
deteriorated conjugation, which can be easily ustded from the increasing steric
hindrance associated with the increasing numbeneathyl groups. Consistently, the
estimated energy band gafs.() of XW34 and XW35 are 0.01 eV and 0.02 eV
larger than that oKW 33, respectively (Table 1). It is noteworthy that tharet and Q

bands ofXW33 are both 10 nm red-shifted compared to those wbdefor our
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previously reported analogg€wW10 which does not contain the benzotriazole unit
[15]. This observation implies that the incorpavatiof the benzotriazole unit
successfully enhances the push-pull effect and #dulseves a favorable extended
spectrum. For the cosensitizBmT-C6, it exhibits a smaller absorption coefficient,
However, its absorption peak centered around 450imwery broad, which may
compensate for the relatively narrow Soret bande@porphyrin dyes in this region.
To evaluate the feasibility of electron injectiamdadye regeneration processes in
terms of energy levels, cyclic voltammetry testsaveonducted (Fig. S3), and the
estimated energy levels are illustrated in Fig.n8 dable 1. Apparently, with the
increase of steric hindrance frokW33 to XW35, slightly elevated HOMOs and
LUMOSs were observed. Fortunately, all the threeppgrin dyes have LUMO levels
(-0.91 V ~ -0.95 V) higher than the Ti@onduction band (~ -0.5 V), and HOMO
levels (0.91 V ~ 0.89 V) lower than the/Il (~ 0.4 V) redox shuttle, indicating

feasibilities of both electron injection and dygeaeration processes.

Table 1. Absorption and electrochemical dataxif/33-XW 35.

Absorptionimax®/nm Eox YV Eox /V

io2 b
bye (e/10° M cmit) A’ IO Eo eV (vs NHE) (vs NHE)
XW33 469 (427.5), 675 (126.9) 470 1.82 0.91 -0.91
XW34 464 (397.3), 672 (102.1) 465 1.83 0.90 -0.93
XW35 462 (435.5), 670 (109.0) 461 1.84 0.89 -0.95

2 Absorption maxima in THF solutions (2 x 1®).

® Absorption maxima on transparent Bifims.

¢ Estimated from the intersection wavelengthf) of the normalized UV-vis absorption and

fluorescence spectra using the equaign= 12404ier.

4 E, was measured in acetonitrile using 0.1 M tettaitylammonium hexafluorophosphate

(TBAPF) as the electrolyte (working electrode: FTO/Fye; reference electrode: SCE; counter
electrode: Pt) which was calibrated with ferrocéerescenium (Fc/F9 as an external reference.
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© Estimated from the equatidfy, = Eoy- Eo-o.

V vs. NHE
-1.54
1.0 091 -093 -0.95 LUMO
1 Tio
05{ =2
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1 () Q
0.0 < Q
™~ ™~ - -
] 37/ 1
0.54
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1 XW33 XW34 XW35
1.5-

Fig. 3 Schematic energy level diagramsxXaf/ 33-XW35.

3.3 Photovoltaic performance

Based on the results shown in the preceding secttors anticipated that
XW33-XW35 can be employed as DSSC dyes. Thus, devices abredted firstly
using the individual porphyrin dyes and then codokso with CDCA. The results are
shown in Table &and Fig. 4. Thé/,. values of devices based on the three individual
dyes vary in a small range (704 mV ~ 717 mV), imtcast to the results of Li's
system where thé&/,. values are dramatically improved by the increasestic
hindrance [30]. Electrochemical impedance spectqmgd(EIS) results under dark
conditions reveal only slightly increased electiidatimes of XW34 and XW35 in
comparison taXW33 (Fig. 4d), implying that the distortion-induced aetation of
charge recombination is not as obvious as thatreéddn Li's system. On the other
hand, drastically differends. values were observed for devices based on the thre
dyes. A relatively highls. of 17.00 mAcm? was achieved foXW33, while the

corresponding values were drastically decreasd®®8 mAcm? and 7.43 mAcm?
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for XW34 and XW35, respectively. This large difference was unambigplyp
reflected in their IPCE spectra (Fig. 4b) with segsgively lowered IPCE plateaus. As
a result, the achieved power conversion efficienerere found to be in a descending
order of 8.39% > 6.61% > 3.62% W 33-35, respectively. Notably, the efficiency
achieved foilXW33 is higher than that obtained for our previouslyarted individual
dye XW11 (7.8%) and comparable ¥W 10 (8.6%) [15], and is also higher than that
of 5.05% obtained for the reported similar sensitibHC-1 [43]. These results
clearly indicate the effectiveness of incorporatithg benzotriazole unit and the
validity of the molecular design. On the other hatite decreasing efficiencies
obtained forXW34 and XW35 show a trend opposite to that observed for thes dye
reported by Li and coworkers [30], which will besdissed in more details in section

3.4.

Table 2. Photovoltaic parameters of the solar cells seesitby XW33-XW35 in the absence or
presence of CDCA under simulated AM 1.5 G full gyintl (100 mW-crf). The active area is
0.12 cni. The data are based on five parallel devices. l@ecolumn shows the dye loading

amounts.

Dyes Vo Jsc FF PCE Dye loading

[mV] [MA-cm?| [%] [%] [nmol-cm?]

XW33 712+1 17.00 +0.29 69.3+0.3 8.39 £0.12 114

XW33 + CDCA 72142 18.71 £ 0.46 68.7 +0.8 9.27 £0.15 97
XW34 717 +2 13.28 +0.09 69.5 +0.4 6.61 +0.06 120

XW34 + CDCA 729+2 14.85 +0.55 68.5+1.0 7.42 £0.19 89

XW35 7041 7.43£0.12 69.3+0.6 3.62 £0.05 96

XW35 + CDCA 719+3 8.24+0.71 69.4+1.0 4.11+0.29 53
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Fig. 4 a)J-V curves, b) IPCE spectra, c) capacitance and d}rete lifetimes of the DSSCs
based orXW33-XW35 in the absence or presence of CDCA coadsorption.

After coadsorption with CDCA, devices based onth# three dyes showed
slightly improvedV,. and obviously improveds resulting in elevated efficiencies of
9.27%, 7.42% and 4.11%, respectively. EIS measuremandicated prolonged
electron lifetimes induced by coadsorption with GO (-ig. 4d). Meanwhile, dye
loading amounts were estimated by comparing ahsorpf desorbed dye solutions
with that of their standard solutions. As expected,competing adsorption of CDCA
caused diminished porphyrin dye uptake (Table R)\i¢w of the improved/,. and
prolonged electron lifetimes, it can be concludbdt tthe presence of CDCA is
favorable for forming a more compact adsorptionefagn TiQ and thus reduces
charge recombination, and CDCA is also favorable $oppressing the dye

aggregation on the Tidilm.
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3.4 Theoretical analysis

In order to reveal the underlying reason for thiisigly different photovoltaic
performance of the three dyes, density functiohaoty (DFT) calculations were
employed to obtain the optimized ground state geweseof the dyes, and the
calculated frontier molecular orbitals of HOMO abdMO are shown in Fig. 5. As
expected, the increasing steric hindrance indugethé introduced methyl groups
causes dramatically aggravated torsion betweenddfizzhe adjacent phenylene ring,
which can be clearly evidenced by the increasimgdlial angles of 30.5°, 48.3° and
77.2° for XW33-XW 35, respectively. Meanwhile, the LUMO electron distitions
are also seriously affected. As can be clearly meskin Fig. 5, while the LUMO
electrons oiXW33 are reasonably distributed over the porphyrin @ré the whole
acceptor part including the anchoring carboxyliougr, those oXW34 and XW35
seem to be separated from the anchoring group bedasuhe relatively large dihedral
angles. Especially forXW35, there is very little electron distribution on the
carboxylic anchor, which is indicative of poor d@leaic coupling between the LUMO
of XW35 and the TiQ, resulting in poor electron injection [44], whiamay account
for the drastically lowered)s. values observed foXW34 and XW35. This

observation is in sharp contrast to the resultented by Li and coworkers [30].
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HOMO LUMO optimized structure
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482
483 Fig.5 Calculated frontier molecular orbitals and thémjzed geometries ofW33-XW 35.

484 3.5 Cosensitization
485 Table 3. Photovoltaic parameters for the cosensitizedr ss#iis under simulated AM 1.5 G full

486  sunlight (100 mW-cif). The active area is 0.12 &nThe data are based on five parallel devices.
487  The last two columns show the dye loading amounts.

Dyes Voc Jse FF PCE Porphyrin PT-C6
[mV] [MA-cm?| [%0] [%0] loading loading
[nmol-cm?  [nmol-cm?]
PT-C6 735+2 1371029 68613 6.91+0.12 - 339
XW33+CDCA +PT-C6 733+3 1893+0.11 67.2+0.5 9.32+0.09 41 137
XW34+CDCA +PT-C6 737+3 17.12+0.21 67.3+0.7 8.49+£0.12 26 166
XW35+CDCA +PT-C6 740x4 1450+0.11 68.6+0.5 7.34+£0.05 16 191
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Fig. 6 a)J-V curves, b) IPCE spectra, ¢) capacitance and djretelifetimes of devices based
on XW33-35 in the absence or presencéPdfC6 as the cosensitizer.

To further improve the photovoltaic performancepessally to compensate for
the intrinsic drawback oKW34 and XW35, a stepwise cosensitization method was
carried out using a previously reported metal-fseganic dyePT-C6 [31], which was
selected in this work because of its relativelyhhif. of 735 mV as well as its broad
absorption. In addition, it is easily synthesizedl dhe possibility of using it as a
cosensitizer for porphyrin dyes has been elucidgt®8f As shown in Table 3 and Fig.
6, all the cosensitized devices exhibit further ioyed V. andJsc as compared with
those coadsorbed with CDCA. As a result, improv&E® of 9.32%, 8.49% and
7.34% are achieved foXW33-XW35, respectively. It is noteworthy that more
pronounced enhancement of efficiencies was obsefoedKW34 and XW35 as

compared witlKW33. To further insight into these results, dye logdaimounts were
27
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estimated by desorbing the dyes from Jighotoanodes into basic THF solutions
followed by measuring the absorbance. Althoughdie-loading amounts reveal a
dominating role ofPT-C6 instead of theXW porphyrin dyes in the cosensitization
systems, the role of the porphyrin dye is stilligpggnsable because typical porphyrin
characters in the long wavelength range of 650 G-t can be clearly observed in
the IPCE spectra (Fig. 6b). In addition, EIS analysdicates further prolonged
electron lifetimes upon cosensitization (Fig. 6djence, the finally achieved
efficiencies are higher than those based solelyP®rC6 or the corresponding
porphyrin dyes, which may be ascribed to the dgnsatked dye adsorbing layer and
the broad absorption peak BT-C6, although its peak largely overlaps with the Soret

band of the porphyrin dyes.

4. Conclusions

In conclusion, porphyrin sensitizexXdV33-XW 35 featuring an alkyl-substituted
benzotriazole unit as the auxiliary acceptor hasenbdesigned, synthesized and used
as DSSC sensitizers, among whikKW 33 exhibits the highest performance of 8.39%.
Introduction of the electron-withdrawing benzotosz unit induces red-shifted
absorption, which is favorable for light-harvestiniche steric hindrance associated
with the ortho-methyl groups inKXW34 and XW 35 induces enlarged torsion angles,
leading to slightly prolonged electron lifetimesdaretarded charge recombination.

However, the aggravated torsion induces poor @eitticoupling between the LUMO
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electrons and Tig) resulting in poor electron injection, and Idwvalues. As a result,
lower efficiencies of 6.61% and 3.62% were obtairfed XW34 and XW35,
respectively. By coadsorption with CDCA and coskeretion with a
phenothiazine-based organic dy&-C6, elevated efficiencies of 9.32%, 8.49% and
7.34% were achieved fotW33-XW 35, respectively.

These results demonstrate the effectiveness ofpocating a benzotriazole unit
as the auxiliary acceptor in extending the absomptand elucidate the importance of
avoiding severe torsion within the acceptor parthef porphyrin dyes. Furthermore,
cosensitization with the spectrally broad and mgletovoltaged cosensitiz&T-C6
is effective in achieving higher efficiencies degphe fact that its absorption peak at
450 nm largely overlaps with the Soret band of pleephyrin dyes, which is in
contrast to most commonly used cosensitizers wlats®rption peaks lie in the
absorption valley between the Soret band and theui@s of porphyrin dyes. These
results provide further insight into developingi@ént cosensitizers for porphyrin

dyes.
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682 Highlights:

683 1. Absorption of porphyrins extended by introduciag auxiliary benzotriazole
684 acceptor.

685 2. The importance illustrated for avoiding sevemsibn within the acceptor part.
686 3. The narrow Soret band of porphyrins compenségeda broad band of the
687 cosensitizer.

688 4. An achieved efficiency of 9.32%.
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