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Abstract

Two D-n-A-n-A organic dyes YC-1 and YC-2) with
5-phenyl-F-dibenzop,flazepine derivatives as donor, thiophenenabridge, and
isoindigo and cyanoacrylic acid as acceptors weepaged.YC-1 andYC-2 show a
panchromatic absorption between 300 nm and 800atmib solution and neat film.
The photovoltaic performances of both dyes werduetad in dye-sensitized solar
cells based on iodide/triiodide electrolyte withaumy co-sensitizer. ThéC-1 based
device displays better device performance with eperuit photocurrent density of
12.12 mA cnf, open-circuit voltage of 0.53 V, and fill factorf &8.9 %,
corresponding to overall conversion efficiency) (of 4.38 %. The inferior
performance of device based ¥-2 (4 = 1.46 %) is ascribed to short electron life
time as evidenced from electrochemical impedaneetspscopy measurement. This
research provided a potential promising donor faritorganic dyes and revealed the

influence of donor size in organic dyes for phottaio performances.

Keywords: 5-phenyl-5H-dibenzd,flazepine; Isoindigo; DeA-n-A framework;

Photovoltaic performance; Dye-sensitizer solarsgell



1. Introduction

Dye-sensitized solar cells (DSSCs) have emergeshaspromising candidate for
renewable and green energy owing to their low dabtication procedure and
attractive power conversion efficiency)([1,2]. To date, a great deal of sensitizing
dyes, including metal complexes [3-8] and organiolenules [9-12], has been
exploited to achieve high. As such, several DSSCs shgw> 10% under AM1.5
simulated solar light (100 mW ¢f [13-17]. Compared to ruthenium-based
sensitizers, organic dyes are attractive becauseh@f high molar extinction
coefficients, structural variety and possibly loast due to the absence of platinoid
ionand exciting progresses have been made recentiythase materials [18,19].

Generally, effective organic dyes for high perfonoa of DSSCs are constructed
around a donor-bridge-acceptor (DBeA) framework resulting in effective
intramolecular charge transfer [20-24]. Recenttg toncept has been extended to
D-A-n-A [24-29] architecture, in which the additionakaptor unit is favorable to the
photophysical properties of the dyes, enhancingptihatovoltaic performances and
the photostability of dye®Among these DSSCs dyes, considerable endeavors have
been made to design new-type donor moieties, sactnighenylamine [10,19,25],
carbazole [23,24], phorphyrin [26], indoline [30hda phthalocyanine derivatives
[31,32]. Triarylamine derivatives are the one ofsineffective dyes in DSSCs owing
to their good electron-donating character and galyereversible oxidation process
[33]. Conversion efficiencies in the range of 9-%® have been reported with

arylamine-based organic dyes [33]. For example, -A-DA dye (WS-9) using



indoline derivatives as the donor, cyanoacrylicdaxs the acceptor, n-hexylthiophene
unit as the conjugated spacer and the benzoth@diamit as the additional acceptor
unit achieved; = 9.04% with iodine electrolyte [34]. Hua and calers designed an
D-A-n-A motif based on arylamine organic dyes utilizigginoxaline unit as the
additional acceptor moiety (YA422), resulting ima= 10.65% with [Co(bpy)®"?*
electrolyte [35]. However, arylamine-based orgadies remain some challenges
including lack of absorption in the near-infraregjion and dye aggregation on the
TiO, film. Therefore, further red-shifted absorptionesfpa can be obtained by
grafting additional conjugated spacer between threodand acceptor units to form a
D-n-A-n-A framework owing to the expended conjugation. kimd his coworkers
demonstrated the B-A-n-A motif possessed broad absorption spectra anciesft
light-to-electricity conversions [36]. Even so, tmesearch of structure-property
relationship of this DeA-n-A motif is still overlooked.

Encouraged by the successful application of trigtenine (TPA) to DSSCs,
herein we propose the use of 5-phenftdibenzop,flazepine, PDBAz, as a novel
donor group of organic dye for DSSC. Because ofesstructural similarity with TPA,
it was expected that PDBAz would still provide achemeous properties of TPA, such
as good hole transporting ability and stericallge@ired structure limiting dye
aggregations [37-39]. Furthermore, the additiomaljegation in PDBAz would result
in red-shifted absorption, thus leading to an etgmeenhancement Jf.

We have prepared two dyes based on theMs-A architecture with isoindigo

and cyanoacrylic acid as acceptor groups and teiophasn-linker. 2-Ethylhexyl



chains were grafted onto the isoindigo unit to emsolubility and disrupt undesirable
dye aggregation. To study the effect of molecultnucsure on photovoltaic
performance, two donor groups were used: ¥¢=1 has PDBAz while dyerC-2
uses bis-PDBA-aniline, a much bulkier donor moié@Bhart 1). Both dyes show
panchromatic absorption from 300 nm to 800 nm intsm and neat film. To study
the effect of the donor size on photovoltaic perfance,YC-1 andYC-2 were used
as sensitizer for dye-sensitized solar cells withoalide-based electrolyte. The device
using YC-1 as the sensitizer exhibited better photovoltaidgomance 4§ = 4.38%
with Jsc = 12.12 mA crif) than the cell usinyC-2 ( 7 = 1.46% withJs. = 4.84 mA
cm®) due to major difference isc Compared to the analogous TPA-based ty&:(
3.52 %, 9.89mA cmi®) [38], YC-1 shows enhanced performance in the same
condition. Density functional theory (DFT) calcudats and electrochemical
impedance spectroscopy (EIS) have been used tasiadéd the structure-property

relationship of bottyC-1 andYC-2.

2. Experimental section

2.1.Materials

Transparent conducting oxide (TCO, @9square, F-doped Sp@om Geao Science
and Educational Co. Ltd.) was used as the subdtuatie TiQ thin-film electrode.
Methoxypropionitrile (MPN) was purchased from Al Tetran-butylammonium
hexafluorophosphate (TBAR}and lithium iodide were bought from Fluka. lodine

(99.999%) was purchased from Alfa Aesar. Intermtediahas been reported in the



previous literature [40]. The starting materiall@d-methoxy-5-dibenzop,flazepine
is purchased from Energy Chemical. All other sotgsemnd chemicals used in this
work were of reagent grade and used without funtiueification.

2.2.Characterization

'H NMR and**C NMR spectra were obtained with a Brucker AM 4@@ctrometer.
Mass spectra (MS) were recorded on a Bruker AldIALDITOF instrument using
dithranol as a matrix. The UV-vis absorption andtpluminescence spectra were
measured with a Varian Cray 50. Cyclic voltammogawere performed with a
Versastat Il electrochemical workstation (Princetmplied research) using a normal
three-electrode cell with a Pt working electrodePtawire counter electrode, and
Ag/AgCI reference electrode. The photovoltaic cheazation was performed on the
setup that constitutes a 450 W xenon lamp (Or&lgchott K113 Tempax sunlight
filter (PréazisionsGlas & Optik GmbH), and a sourceter (Keithley 2400) which
applies potential bias and measures the photogedecarrent. IPCE was obtained
using a SR830 lock-in amplifier, a 300 W xenon lagipC Technology) and a
Gemini-180 double monochromator (Jobin-Yvon Ltd.Jhe electrochemical
impedance spectroscopy measurements of all the BS®Ce performed using a
Zahner IM6e Impedance Analyzer (ZAHNER-Elektrik Gmi& CoKG, Kronach,
Germany). The frequency range is 0.1 Hz-100 kHz applied voltage bias is from
-0.60 V to -0.85 V. The magnitude of the alterngtisignal is 5 mV. Intensity
modulated photovoltage spectroscopy was obtainethéywahner IM6e Impedance

Analyzer (ZAHNER-Elektrik GmbH & CoKG, Kronach, Geany) and a



light-emitting display arrayN = 457 nm, blue light). The frequency range is 0.1
Hz-100 kHz.

2.3.Fabrication of DSSCs

Four layers of Dyesol 90-T TigJpaste and a scattering layer were screen-primtea o
the FTO glass. The photoanodes was sintered ghgdiymto 500°C and kept at this
temperature before cooling. The photoanodes weraensed into 40 mM TiGl
aqueous solution at 7« for 30 min and sintered at 458G for 30 min and cooled
down to 8°C. Then the photoanodes were placed into 3x#0dye bath in DCM
solution for 6 h. The dye-sensitized photoanode®wsealed with platinized counter
electrodes by a hot-melt film (2om-thick Surlyn, Dupont). The electrolytes were
introduced to the cells via two pre-drilled holes the counter electrodes. The
electrolyte consists of 0.05 M, 10.05 M Lil, 0.5 M BMIl, 0.1 M DMPII and 0.1 M
GUuSCN in acetonitrile. The active area of all DS®03.12 cr,

2.4.Synthesis

5-(4-bromophenyl)-10-methoxy-5i-dibenzolb,flazepine (1)

To a solution of 10-methoxykbdibenzop,flazepine (223 mg, 1.0 mmol), sodium
tert-butoxide (t-BuONa) (288 mg, 3.0 mmol) and tris@hlzylideneacetone)
-dipalladium (Pé(dba}) (11.6 mg, 0.01 mmol) in dry toluene (15 mL) was edid
tri-tert-butylphosphine (R{Bu);) (0.03 M in toluene, 1 mL, 0.03 mmol) and
1-bromo-4-iodobenzene (390 mg, 1.3 mmol). The tegumixture was refluxed for
8 h under nitrogen atmosphere. Then the reactiotiun@ was let to cool down to

room temperature and quenched with saturated agquBaHCQ (20 mL). The



organic layer was separated and the aqueous layas wxtracted with
dichloromethan€DCM) (3 x 25 mL). The combined organic layers weashed with
water, dried over anhydroddgSQO,, and then concentrated under vacuum to give the
crude productl, which was purified by column chromatography oficai gel
(PE/DCM, 5:1) to afford the pure compouticas a white solid (192 mg, 50%H
NMR (400 MHz, CDC4, TMS), (ppm): 7.82 (d,) = 7.6 Hz, 1H), 7.53 (dl = 7.2 Hz,
1H), 7.49-7.34 (m, 5H), 7.28 (d= 12.5 Hz, 1H), 7.08 (d] = 8.4 Hz, 2H), 6.25 (d]

= 8.4 Hz, 2H), 6.04 (s, 1H), 3.80 (s, 3tSCNMR (100 MHz, CDG)) &: 156.15,
147.56, 142.80, 141.12, 135.90, 134.25, 131.26,9P30130.17, 129.64, 129.61,
128.49, 127.70, 127.36, 127.18, 113.48, 109.77,18035.42.
10-methoxy-5-(4-(thiophen-2-yl)phenyl)-bl-dibenzolb,flazepine (2)

To a mixture ofl (500 mg, 1.33 mmol) and 2-(tributyltin)thiophen& mg, 2.0
mmol) in toluene (25 mL) was added Pd(PRH57 mg, 0.05 mmol) and then
refluxed for 12 h under nitrogen atmosphere. Afioled down taoom temperature
(RT) and quenched with water, the mixture was ekt with DCM (3 x 30 mL).
The combine organic layers were washed with watet dried with anhydrous
MgSQ. After filtration, the solvent was removed undacuum and the residue was
purified by silica gel column chromatography wiPE/DCM, 6/1) as eluent to obtain
2 as a white solig100 mg, 19%)*H NMR (400 MHz, CDC}, TMS), 8(ppm): 7.82 (d,
J=5.6 Hz, 1H), 7.66—7.19 (m, 9H), 7.18-6.91 (m),3441 (dJ = 5.9 Hz, 2H), 6.06
(s, 1H), 3.80 (s, 3H}*CNMR (100 MHz, CDGJ) &: 156.30, 148.06, 145.18, 143.10,

136.10, 134.49, 130.90, 130.22, 129.78, 129.74,5828127.91, 127.69, 127.31,



127.16, 126.62, 124.61, 123.00, 112.16, 102.41,0685.43.
10-methoxy-5-(4-(5-(trimethylstannyl)thiophen-2-ylphenyl)-5H-dibenzo[b,flazep
ine (3)

2.5 M n-BuLi (0.3 mL, 0.75 mmol) was added dropwise tooduson of 2 (98 mg,
0.26 mmol) in dry THF (15 mL) at —78 °C under ngem. After stirring for 2 h,
trimethylchlorotin (0.5 mL, 1.9 mmol) was added.eTteaction mixture was stirred
for additional 30 min and then gradually warmedR® and stirred for 12 h. The
reaction was quenched with water (30 mL) and tlselte@g mixture was extracted
with DCM (3 x 25 mL). The organic layers were condd and washed with water
and dried over anhydrous MgaQAfter filtration, the solvent was removed under
vacuum to give produ@ (60 mg, 32%)*H NMR (400 MHz, CDC4, TMS), 8(ppm):
7.81 (d,J = 7.8 Hz, 1H), 7.50 (dd] = 21.9, 3H), 7.39 (d] = 13.7 Hz, 5H), 7.17 (s,
1H), 7.07 (t,J = 19.0 Hz, 2H), 6.40 (d] = 8.6 Hz, 2H), 6.06 (s, 1H), 3.79 (s, 3H),
0.46-0.20 (m, 9H).

4-(thiophen-2-yl)aniline (4)

Pd(PPh)s (134 mg, 0.116 mmol) was added to a solution bfe@moanilines (2 g,
11.6 mmol) and 2-(tributyltin)thiophene (8.5 g, 22amol) in 50 mL toluene and the
mixture was heated at 110°C for 12 h under nitrcagfemosphere. After cooling to RT,
the mixture was poured into water (50 mL) and tihganic layer separated. The
agueous layer was extracted with DCM (3 x 25 mle Tombined organic layers
were washed with water and dried over anhydrous ®jgShe volatiles were

removed under vacuum to give crude proddctwhich was purified by column



chromatography on silica gel with (PE/DCM, 4/1) eédgent to obtaird as a light
yellow solid (1.8 g, 89%)*H NMR (400 MHz, CDC}, TMS), (ppm): 7.42 (dJ =
6.6 Hz, 2H), 7.15 (s, 2H), 7.02 (s, 1H), 6.69J&; 6.7 Hz, 2H), 3.73 (s, 2H).
4-(10-methoxy-5H-dibenzolb,flazepin-5-yl)-N-(4-(10nethoxy-5H-dibenzo[b,flaz
epin-5-yl)phenyl)-N-(4-(thiophen-2-yl)phenyl)anilire (5)

To a solution of compound (0.35 g, 2 mmol), t-BuONa (1 g, 8.0 mmol) and
Pd(dbak (110 mg, 0.12 mmol) in dry toluene (50 mL) was at@gt-Bu} (1 M in
toluene, 0.3 mL) and (2.26 g, 6.0 mmol). The resulting mixture was neéld for 8 h

in nitrogen atmosphere. After cooling down to RIE teaction mixture was quenched
with saturated agueous NaHE@0 mL). The organic layer was separated and the
agueous layer was extracted with DCM (3 x 35 ml)e Tombine organic layers
were washed with water and dried over anhydrous ®jgShe volatiles were
removed under vacuum to give the crude prodavhich was purified by column
chromatography on silica gel with (PE/DCM, 5/1) edlaent to obtairb as a light
yellow solid (1.35 g, 87%1HNMR (400 MHz, CDC4, TMS), 6(ppm):7.66 (d, J =
5.5 Hz, 2H), 7.51 (s, 2H), 7.47 — 7.20 (m, 13H).37(s, 2H), 6.95 (s, 2H), 6.68 (d, J =
5.5 Hz, 4H), 6.50 (d, J = 5.1 Hz, 2H), 6.27 — 586 6H), 3.69 (s, 6H:*CNMR (100
MHz, DMSO) &: 155.83, 148.70, 145.06, 144.39, 142.96, 141.3% .5/, 136.07,
134.35, 131.43, 130.63, 130.09, 129.75, 128.66,4828128.08, 127.62, 127.42,
127.16, 126.55, 124.70, 124.13, 121.93, 118.084812402.96, 55.79. MALDI-MS

calcd for G3H4oN20,S [M]+, 769.281; found, 769.441.

10



4-(10-methoxy-5H-dibenzolb,flazepin-5-yl)-N-(4-(10nethoxy-5H-dibenzo[b,flaz
epin-5-yl)phenyl)-N-(4-(5-(trimethylstannyl)thiophen-2-yl)phenyl)aniline (6)

2.5 M n-BuLi (0.3 mL, 0.75 mmol) was added dropwisex solution of compounsl
(551 mg, 1 mmol) in dry THF (15 mL) at =78 under nitrogen. After stirring for 1 h
at —78°C, trimethyl tin (0.47 mL, 1.7 mmol) was added. Tieaction mixture was
stirred at —78 °C for additional 30 min and theradyally warmed to room
temperature and further stirred for 12 h. Thenrdection was quenched by adding
water (30 mL) and the resulting mixture was extdovith DCM (3 x 25 mL). The
organic layers were combined, washed with waterdaietl over anhydrous MgS0O
The volatiles were removed under vacuum to givepmmd6 asa yellow oil (320
mg) in 45%.*HNMR (400 MHz, CDC4, TMS), §(ppm): 7.77 (s, 2H), 7.47 (br, 6H),
7.34 (br, 8H), 7.08 (s, 2H), 6.77 (br, 6H), 6.28 @H), 6.06 (br, 2H), 3.78 (d,= 25.4
Hz, 6H), 0.51-0.20 (m, 9H).

Synthesis 08

A mixture of compound of7 (1.28 g, 2 mmol), Pddba} (73 mg, 0.08 mmol),
P(o-tyl)s (50 mg, 0.16 mmol), and NaG;(2.76 g, 20 mmol) in 60 mL of THF was
heated to 50 °C. After stirring for 30 min, a sauatof 5-formylthiophen-2-yl boronic
acid (0.31 g, 2 mmol) in THF (10 mL) was injectedthe mixture. The mixture was
then heated at 80 °C for 10 h. After cooling to Bid quenched with water, the
resulting solution was extracted with DCM (3 x 3Q)niThe combined organic layers
were washed with water and dried over anhydrous ®jgShe volatiles were

removed under vacuum and the residue was purifieecdbumn chromatography

11



silica gel with PE/DCM (V/V, 5/2) as eluent to ointa as a purple solig750 mg,
55%). 'HNMR (400 MHz, CDC}, TMS), §(ppm): 9.96 (s, 1H), 9.23 (d,= 8.3 Hz,
1H), 9.08 (dJ = 8.6 Hz, 1H), 7.77 (s, 1H), 7.50 (s, 1H), 7.37Xe 9.2 Hz, 1H), 7.16
(d, J = 14.7 Hz, 1H), 7.04 (s, 1H), 6.92 (s, 1H), 3.68,0 = 31.1, 9.4 Hz, 4H), 1.86
(s, 2H), 1.33 (dd] = 29.4, 18.9 Hz, 16H), 1.08-0.70 (m, 12H).

Synthesis 0B

Compound3 (150 mg, 0.275 mmol), compou8d200 mg, 0.3 mmol), Pd(PBh (13
mg, 0.011 mmol) and 15 mL toluene were mixed togeth a 25 mL flask and the
mixture was heated at 110 °C for 12 h. The mixiweas then cooled down to room
temperature and extracted with DCM (3x10 mL). Thebined organic layers were
washed with water and dried over anhydrous MgSIhe volatiles were removed
under vacuum and the residue was purified by coleshmomatography on silica gel
with PE/EA (V/V, 7/1) as eluent to obtathas a black solid (120 mg, 44%HNMR
(400 MHz, CDC}, TMS), 3(ppm): 9.92 (s, 1H), 9.17 (dd,= 23.9, 8.4 Hz, 2H), 7.84
(d,J=7.9 Hz, 1H), 7.76 (d] = 3.6 Hz, 1H), 7.61 — 7.30 (m, 15H), 7.10Jg; 3.3 Hz,
1H), 7.03 (s, 1H), 6.95 (s, 1H), 6.44 (= 8.6 Hz, 2H), 6.07 (s, 1H), 3.81 (s, 3H),
3.71 (d,J = 15.6 Hz, 4H), 1.88 (s, 2H), 1.47-1.04 (m, 168))3-0.59 (m, 12H).
¥CNMR (100 MHz, CDGJ) 6: 182.38, 168.39, 155.94, 153.58, 148.44, 146.16,
145.71, 145.21, 141.29, 140.57, 138.36, 134.32,3433130.49, 130.13, 129.51,
128.46, 127.64, 126.37, 123.91, 122.93, 122.23,2122120.22, 119.50, 118.51,
118.07, 112.14, 105.30, 104.42, 102.14, 55.42,3443Y.80, 30.86, 28.86, 23.09,
14.13, 14.09, 10.84. MALDI-MS calcd forglsaN30sS, [M]*, 976.426; found,

12



976.549.

Synthesis ofl0

Compound6 (160 mg, 0.208 mmol), compourdl(162 mg, 0.25 mmol), Pd(PBPh
(12 mg, 0.01 mmol) and 15 mL toluene were mixecetogr in a 25 mL flask and the
mixture was heated at 110 °C for 12 h. The mixweas then cooled down to room
temperature and extracted with DCM (3x10 mL). Thebined organic layers were
washed with water and dried over anhydrous MgSIe volatiles were removed
under vacuum and the residue was purified by colehmomatography on silica gel
with PE/EA (V/V, 7/1) as eluent to obtaltD as a black solid (110 mg, 38%H
NMR (400 MHz, CDC}) &(ppm): 9.91 (s, 1H), 9.20 (d,= 8.4 Hz, 1H), 9.14 (d] =
8.2 Hz, 1H), 7.77 (br, 4H), 7.72 (s, 2H), 7.63—7(80 24H), 6.84 (ddJ) = 120.7, 49.3
Hz, 9H), 6.32 (s, 5H), 6.07 (s, 2H), 3.82 (s, 6813 (s, 4H), 1.35 (dd] = 41.3, 20.1
Hz, 18H), 1.03-0.73 (m, 12H}3CNMR (100 MHz, CDCI3)s: 182.69, 168.63,
168.43, 156.23, 153.61, 149.35, 149.22, 149.12,4746146.05, 145.54, 145.17,
143.45, 142.93, 141.72, 140.96, 138.60, 137.66,0636135.62, 134.47, 133.38,
130.69, 130.48, 130.05, 129.79, 129.71, 128.32,5P27127.00, 126.85, 126.58,
126.20, 124.80, 124.28, 122.98, 120.46, 118.46,581204.44, 102.59, 55.43, 43.95,
37.81, 30.86, 28.88, 28.83, 24.31, 23.09, 14.151(1410.86, 10.84.MALDI-MS
calcd for GoHgaNsOsS, [M]+, 1364.584; found, 1364.832.

Synthesis oy C-1

Compound9 (200 mg, 0.19 mmol), 2-cyanoacetic acid (200 md gmol),
ammonium acetate (320 mg) in acetic acid (30 mLjewseated to 120 °C under
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nitrogen atmosphere for 24 h. After cooling dowrr@om temperature, the mixture
was poured into water. The precipitate was filteodtl and purified by column
chromatography on silica gel using DCM/€PH (15/1,V/V) as eluent to provide
YC-1 as a dark solid (80 mg, 38%JINMR (400 MHz, DMSO-d6, TMS)3(ppm):
9.14-8.90 (m, 2H), 8.21 (s, 1H), 8.05 (s, 1H), 7(@6J = 7.4 Hz, 2H), 7.62 (d, J =
24.3 Hz, 4H), 7.54-7.22 (m, 8H), 7.16 (d, J = 88 BH), 7.05 (s, 1H), 6.93 (s, 1H),
6.27 (d, J = 7.9 Hz, 1H), 6.19 (s, 1H), 3.75 (s,),38162 (s, 4H), 1.76 (s, 2H),
1.10-1.31 (m, 20H), 0.85 (d, J = 23.8 Hz, 8H). MAUDS calcd for GsHe4N6OsS,
[M]*, 1044.432; found, 1044.519.

Synthesis oy C-2

Compound 10 (150 mg, 0.11 mmol), 2-cyanoacetic acid (183 md) mol),
ammonium acetate (290 mg) in acetic acid (25 mLjewseated to 120 °C under
nitrogen atmosphere for 24 h. After cooling to rot@mperature, the mixture was
poured into water. The precipitate was filtered @ifhd purified by column
chromatography on silica gel using DCM/€®H (15/1,V/V) as eluent to provide
YC-2 as a dark solid (63 mg, 40HNMR (400 MHz, DMSO-d6, TMS)$ (ppm):
8.99 (s, 2H), 8.23 (s, 1H), 8.09 (s, 1H), 7.70 (@& 22.6, 7.4 Hz, 2H), 7.53 (s, 1H),
7.48 — 7.18 (m, 14H), 7.14 (s, 1H), 6.98 (s, 1H386(s, 1H), 6.69 (d, J = 7.1 Hz, 4H),
6.55 (d, J = 7.0 Hz, 1H), 6.27-6.09 (m, 5H), 3.326H), 3.60 (s, 4H), 1.75 (s, 2H),
1.19 (d, J = 75.3 Hz, 20H), 0.96-0.63 (m, 8H). MALMS calcd for GHgsNeOsS,

[M] ", 1431.589; found, 1431.755.
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3. Results and discussion
3.1. Synthesis and characterized

The synthetic routes of the two dy¥€-1 andYC-2 are described icheme 1
Intermediatesl and 5 were prepared by the Buchwald-Hartwig aminatioa the
palladium-catalyzed cross-coupling of amines (1aHdry iminostilbene o#) with
aryl halides (4-bromoiodobenzene br. Typical Stille coupling reactions between
aryl bromide { and 4-bromoaniline) and tributyl(thiophen-2-ylystane were carried
out to afford compoun@ in moderate yield (19%) and compouddn high yield
(89%). Intermediate? and5 were reacted with Sn(GHCI to give compoun@® and
6 in yield of 32% and 45%, respectively. Compoudidvas obtained via Suzuki
coupling reaction between intermedi&tand 5-formylthiophen-2-ylboronic acid in a
yield of 55%. The key aldehyde precursors9oéand 10 were synthesized through
Stille coupling of3 (or 6) and 8 in 44% and 38% yields, respectively. Finally,
Knoevenagel condensation of these aldehydes wiimaacetic acid gave the dyes
YC-1 andYC-2. Both target dyes were characterisedBNMR and TOF-Mass.
3.2. Photophysical properties

The UV-vis absorption spectra ¥C-1 andYC-2 are shown irFigure 1 and the
corresponding data are listed Table 1L Panchromatic absorption with two typical
bands is observed forC-1 and YC-2 both in solution and on neat film. The
absorption band between 340 nm and 470 nm with nfaximum extinction
coefficient ¢) of ~ 3-5 x 1¢ M™ cm™ is attributed to the localized aromatien*
transitions, while the band at 470-800 nm: 2-4 x 1d M™ cm™) is ascribed to the
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intramolecular charge transfer transition (ICT)][4LC-2 exhibits a 31 nm red shift
of the absorption band at long-wavelength botholntgon and neat film compared to
YC-1, ascribed to the larger donor group¥Yi€-2. Additionally, YC-2 displays a
lower ¢ at long-wavelength thaviC-1 pointing to a lower oscillator strength for the
ICT transition. Compared to the absorption in soluta similar absorption bands
with slight hypochromic shiftqa. 18 nm) are observed in neat film. This result can b
presumably explained by the formation of H-typeraggtes [41].

When both the dyes were adsorbed ontaqutGhick TiO, films, similar absorption
bands with remarkable blue shift are observed (@3or YC-1 and 40 nm folYC-2)
compared to that achieved in solutidghigure 2 andTable 1). According to previous
reports, this blue shift is caused by the deprdionaof the dyes on Ti®©film and
formation of H-aggregates [41,42].

3.3. Electrochemical property

To investigate the possibility of electron transfewm the dyes to Tig) cyclic
voltammetry was carried out to estimate the redateitials ofYC-1 andYC-2 and
the data are summarized Table 1 The oxidation potentials ofC-1 andYC-2 are
located at 0.81 V and 0.72 V (Fc/Fes 0.46 Vvs Ag/AgCl, Fc/F¢ is 0.63 Vvs NHE
[43]) versus Ag/AQCI electrode, respectiveRigure 3). Both the values of oxidation
potential fC-1: 0.98 V vs NHE, YC-2: 0.89 Vvs NHE) are higher than that of
iodide/triiodide (0.35 Ws NHE) [18,42], indicatingYC-1 and YC-2 can provide
ample driving force for the dye regeneration. Coragato YC-1, the additional
10-Methoxy iminostilbene and triphenylamine unisYiC-2 decrease its oxidation
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potential by 90 mV owing to increased donor ahil@y the other hand, the zero-zero
transition energies.g) are estimated to be 1.67 Y¢-1) and 1.56 V YC-2) based
on the absorption thresholds. Estimated from olodgbotentials andk,.o, the optical
reduction potentials of both dyes are determinedete0.69 V and —0.67 W NHE)
for YC-1 and YC-2, respectively. Both dyes show almost the same ctextu
potentials due to the same acceptor units. Theapteduction potentials lie above
the conduction band of T«d-0.5 Vvs NHE) [44],favoring the injection of electrons
from the dyes to the TiO
3.4. Theoretical calculations

In order to investigate the relationship betweeectebnic distribution and
molecular structure, density functional theory (DFE&lculations were performed to
optimize the geometry of both dyes based on Gauf¥laat B3LYP/6-31G(d) level.
As shown inFigure 4, a similar pattern of highest occupied moleculdoitals
(HOMOSs) are observed at thiophene and 5-phenyl-thidrdop,flazepine units for
YC-1 and YC-2. Conversely, the lowest unoccupied molecular albi{LUMOS)
display a different electron population. R6C-1, the LUMO is delocalized across the
anchoring group, isoindigo, thiophene and 5-phé&mAdibenzob,flazepine moieties,
while the LUMO of YC-2 is only located at anchoring group. This larger
HOMO-LUMO overlap inYC-1 points to a more effective intermolecular charge
transfer inYC-1 compared to/C-2.
3.5. Photovoltaic performance

The performance o¥C-1 and YC-2 as sensitizer for dye-sensitized solar cells
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were evaluated at 100 mW &munder simulated AM1.5G solar light. The
current-density-voltageJ{V) curves of the devices are shownHigure 5 and the
performance parameters are summarizedahle 2 The DSSCs based onC-1
showed a short-circuit photocurrent densily) (of 12.12 mA cn¥, an open-circuit
voltage Voo of 0.53 V, and a fill factor (FF) of 68.9%, casponding to an overafl

of 4.38%.YC-2-based DSSCs exhibited)a of 4.84 mA crit’, aVoc of 0.48 V, and an
FF of 63.4%, achieving of 1.46%. All the photovoltaic parameters of hé-1 are
higher than those o¥C-2, in particular the difference in short-circuit cemt is
striking. The latter is mainly attributed to theda difference of IPCE between the
two dyes in the 450-650 nm interval, where thensity of incident photon flux is the
highest.

To gain further insight into the influence of maléar structure on the current
density of the devices, the incident photo-to-aur@onversion efficiency (IPCE) of
the devices were measurdegure 6). Both dyes show two well-separated peaks at
349 nm and 419 nm and one broad peak between 5dndr800 nm. The shape of
the spectra is reminiscent of the absorption spewith a blue shift as observed in the
absorption spectra of the Ti@lms. Importantly the IPCE o¥YC-1 based device is
about 61 %, 48 % and 31 % at 349 nm, 419 nm 559raspectively whileYC-2
based device exhibits IPCE of only 51 %, 38 % abddat the same wavelengths.
Therefore the IPCE of théC-1 based device is about 10 % higher across the whole
visible wavelength range than that¥o€-2 based device. This result is ascribed to the
better light harvesting properties ¥C-1 (higher epsilon) tharyC-2, which was
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expected from the absorption spectfag(re 1). Consequently, the higher IPCE
values ofYC-1 results in the much highdg compared to/C-2.
3.6. Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) wasedaout to explore the
electron recombination dynamics in the devices. Niggquist plots and bode plots of
DSSCs based oviC-1 andYC-2 were recorded in dark with applied bias of 0.55 V
and the results are shown in Figdrand Figures.

Estimated from the fitting of the EIS spectra wath electrochemical model [38,45],
the series resistanceRs], charge transfer resistances at the Pt/elec&rahterface
(Rce) and dye/TiQ/electrolyte interfaceRe) were calculatedTable 3). TheRsand
Rce corresponding to the arc in high frequency rediéigure 4 inse) show almost
the same value in both DSSCs owing to the samdretkc and electrolyteR.ec
corresponds to the middle arc in low frequencyaegnd indicates that tH&e. of
YC-1 based device is distinctly higher than tha¥@F2 based device.

The intermediate frequency peak in the EIS Bodetspis assigned to the
recombination at the Tifelectrolyte interface. As seen frorRigure 8, the
intermediate frequency peak ¥€C-1 based device shows a lower frequency than that
of YC-2 based device. Based on this result [46], the r@rdifetimes ¢, 1/(2xf)) are
assessed to be 12.5 ms and 7.2 m¥ @1 andYC-2, respectivelyYC-1 possesses
a longerz in titania films, which could be attributed to awler rate of charge
recombination and highev,.. Additionally, the radius of the intermediate anc
Figure 8 describes the charge transfer impedance at thgelgbtrolyte interface [42].
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YC-1 shows a larger arc thafC-2, implying thatYC-1 has a more difficult charge
transfer than YC-2, which results in a higher etacttdensity in the titania film
leading to superior performance for its correspogdievice. Likewise, this result

could be derived from Nyquist pldEigure 7).

4. Conclusions

In conclusion, two DeA-n-A dyes based on 5-phenyH&dibenzop,flazepine
donor group were synthesized and characterized p@md to the reported dyH31,
which uses a triphenylamine donor groC-1 and YC-2 showed red-shifted
absorption and enhancement of molar extinction fimbefit due to extended
conjugation. YC-2 possesses stronger donor ability as shown by twedsed
oxidation potential compared ¥C-1. The influence of the different donor groups on
the photovoltaic performance of sensitized cells waplored.YC-1 exhibited the
best power conversion efficiency of 4.38%.& 12.12 mA ciit, Vo = 0.53 V and FF
= 68.89) for the DSSCs without any co-sensitizemjcw is almost three folds the
efficiency of YC-2. This result is attributed to the more effecti@&Tland longer
lifetime of electron injected in the titania §iC-1 as evidenced by DFT and EIS,
leading to an improvement of photocurrent and operuit voltage, and, thus power
conversion efficiency. This research illustratet): $-phenyl-Bi-dibenzop,flazepine
could be a promising donor moiety in DSSCs dyey;T{ie balance between spatial
structure and intermolecular charge transfer péalsy role for the high efficiency in
sensitizer. Future work will be focus on optimiZe8SCs with the co-sensitizer and
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cobalt electrolyte to further improve the perforroan
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Tables Captions

Table 1 Photophysical data ofC-1 andYC-2
Table 2 Photovoltaic performance parameters of sensittedld
Table 3 Parameters evaluated from fitting the EIS spexfttdC-1 andYC-2 based

DSSCs
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Table 1

Absorption/nm(10° M 'cm™)

Dye %E, eV PEONV  CETOyy
Neatfim  On TiO 9

415 (0.45), 402,

YC-1 410, 563 1.67 0.98 -0.69
585 (0.45) 562
392 (0.48), 414,

YC-2 391, 600 1.56 0.89 -0.67
616 (0.35) 576

3 estimated from the edge-absorption speétcajculated from onset oxidation peaks,es -Erc/rct0.63

V; € calculated from the formulatioe <O

= E%-E>
Table 2
Dye JdmAcm? VoV FF PCE/%
YC-1 12.12 0.53 68.89 4.38
YC-2 4.84 0.48 63.35 1.46
Table 3

Dye Rs (Q) Rce (Q) Rrec (Q) Te (ms)

YC-1 16.11 56.47 96.55 12.5

YC-2 16.96 41.48 63.23 7.2
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Figures Captions

Chart 1 molecular structure dD-1, YC-1 andYC-2

Scheme 1synthesis o¥C-1 andYC-2

Figure 1 UV-vis absorption spectra dC-1 andYC-2 in CHCk solution (10° M) and as neat
films

Figure 2 UV-vis absorption spectra §fC-1 andYC-2 were measured on T3@Ims

Figure 3 CV curves ofYC-1 andYC-2 were measured in CHEg3olution (inset the CV curve of
ferrocene)

Figure 4 Electron distributions of MOs (¥:C-1, b: YC-2)

Figure 5 J-V curves ofY C-1 andYC-2 based sensitized cells

Figure 6 IPCE curves of¥C-1 andYC-2 based sensitized cells

Figure 7 Nyquist plots ofY C-1 andYC-2 based dye sensitized cells

Figure 8 Bode plots offC-1 andYC-2 based sensitized cells
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Scheme 1
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Reaction conditions: Reaction conditions: (a) 1-brefriodobenzene, B(tba), P{¢Bu);, "BuONa, toluene,
reflux, overnight, 50%; (b) tributyl(thiophen-2-gtannane, Pd(PB, toluene, reflux, overnight, 19%; (c)
Sn(CH)Cl, dry THF,n-BuLi, -78°C to RT, 12 h, 3 32%,6: 45 %); (d) Pd(PPJ\, toluene, 11%C, 12h, 89%; (e)
Pdy(dba), P{¢Bu)s, "BuONa, toluene, reflux, 8h, 87%; (f) Rdba), K,COs, PO-tyl)s, THF, reflux, 10h, 55%; (g)
Pd(PPh),, toluene, 110C, 10h @: 44%, 10: 38%); (h) CHCOOH, CHCOONH, CH;COOCN, 120C, 24h,
(YC-1: 38%,YC-2: 40%).
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Figure 1
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Figure 2
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Figure 3

—YC-1
—YC-2

00 02 04 06 08 10
Potential (V vs Ag/AgCl)

00 02 04 06 08 10 12 14 16
Potential(V vs Ag/AgCl)

36



Figure 4
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Figure 5
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Figure 6
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Figure 7
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Figure 8
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Research Highlights

Tow D-n-A-n-A dyes bearing 5-phenyl-5H-dibenzo-[b,flazepine units were
synthesized.

The effect of donor size on the property of sensitizer was systematically studied

The dyes show panchromatic absorption between 300-800 nm in solution and neat
film

PCE of 4.38% was achieved for DSSCs based on I3/I" electrolyte without

co-sensitizer



