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ABSTRACT: Three novel dyePX1, DX2 andDX3 containing phenothiazine are designed and syrzibedor

dye-sensitized solar cells (DSSCs). Photophysstatirochemical and photovoltaic properties ofttiiee dyes have

been systematically investigated. The results sthavtheDX1-based DSSC with 0.5 mM chenodeoxycholic acid

(CDCA) obtains the power conversion efficiency (BAC& 5.69%. When an additional electron-deficient

benzothiadiazole (BT) unit is introduced into thelecular structures of the dyBs<2 and DX3, the absorption

spectra are broadened. But the short-circuit phwtent density J;) of the devices are decreased due to the

blocked electron transfer, so the DSSC device basedX2 only obtains the PCE of 3.43%. Furthermore, a

triphenylamine (TPA) unit with high electron-domggiability is joined onto the nitrogen atom of pb#miazine

donor inDX3, which enhances the electron injection efficieany reduces the dye aggregation. Thus,Jihes

improved, resulting in a higher PCE of 4.41% in En€3-based dye than th2X2-based one.

Key words: dye-sensitized solar cells, phenothiazirenzothiadiazole, photovoltaic performancesthegis



1. Introduction

As a promising alternative to conventional inorgapihotovoltaic devices, dye-sensitized solar (EISSCs)
have drawn much attention since their introducliorii991 [1], due to their potentially low-cost fatation,
possibility of transparency and color selectivitfich can be integrated into building and autonehbjpplications
[2-5]. As is well-known, the sensitizer is alwaysracial element in DSSCs, exerting a significafilience on the
power conversion efficiency (PCE) as well as theiae stability. To date, DSSCs incorporating ruibenbased
dyes and zinc—porphyrin based co-dyes have reddgbdefficiency over 11% [6,7], and 12% [8,9], resfively.
Thereinto, a new dye based on zinc—porphyrin, SM8&bch was reported by Gratztl al, showed a record PCE
of 13.0% [10]. However, metal-free organic dyesnownly constructed with donar-bridge-acceptor (B-A)
configuration, have become increasingly attractowethe merits of high molar extinction coefficisniow cost,
environment-friendly property and high flexibilitpf molecular design [6,11]. Thus, some dyes such as
triphenylamine- (TPA-), carbazole-, phenothiazimed indoline-based ones have achieved relativigly RCEs by
using iodide/triiodide-based electrolytes [12-2pwever, most of the @-A dyes tend to form intermolecular
aggregation on the TiOsurface, which affects the light absorption ansslin the photo-generated electrons.
Therefore, further studies are needed to develop dyes to maximize the electron accumulation in i@,
conduction band, reduce the charge recombinatiehadsorb light intensely in the red to near-infda(&lIR)
region, which accounts for about 50% of solar en§2g-23].

Phenothiazine-based dyes have been intensivelpmin recent years. In phenothiazine system pivemyl
groups are arranged with a small torsion angletaéldo the nitrogen and sulfur atoms, ensuring et
n-delocalization can be extended over the entirerobphore [24-29]. Meanwhile, attaching a bulky eartthed

alkyl chain to the nitrogen atom of phenothiaziné lead to the non-planar butterfly conformatidrpbenothiazine,
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which can sulfficiently inhibit molecular aggregatiand further enhance the charge separation cfi@henterface

[30,31]. Furthermore, a new type of dyes with aditmhal electron-deficient unit introduced betwelka donor and

n-bridge have been designed and characterized a&-a-B architecture [32]. In the novel D-A-A configuration

dyes, the additional acceptor chromophore, whictereds the range af-electron delocalization, can facilitate

intramolecular charge transfer and adjust the lgapdfor harvesting more near-infrared (NIR) ligB8]. Among all

the additional electron-deficient units, benzotidadle (BT) has been one of the most widely utilize DSSCs

[34-38]. Here, we designed and synthesized threelrtyes DX1, DX2 andDX3, Scheme 1), which contained

phenothiazine donors and cyanoacrylic acid acceiaiged by a 3-hexylthiophene unit asspacer. Additionally,

a BT unit was applied as an additional acceptar the dyesDX2 andDX3 to realize a broadened absorption

spectrum. Notably, the 3D nonplanar TPA [39,40] waiduced to the 10-position nitrogen atom ofrpthiazine

donor inDX3 to obtain a double-donor structure, which resuiteenhanced electron-donating ability and reduced

dye aggregation. Photophysical, electrochemicalgmatovoltaic properties of the three dyes werdesgatically

investigated.

2. Experimental section

2.1. Materials

All the chemicals were purchased from Alfa Aesatt &tnem Greatwall Chemical Company (Wuhan, China)

and used without further purification. Toluene @ettahydrofuran (THF) were dried and distilled ogedium and

benzophenone. N,N-Dimethylformamide (DMF) was dre@r and distilled from CaHunder an atmosphere of

dry nitrogen. Phosphorusychloride and 1, 2lichloroethane were atmospheric distillation. Aher commercially

available materials were used as received unless tedno otherwise.



4-Bromo-7-(4-hexylthiophen-2-yl)benzj[1,2,5]thiadiazole %) [41],

3-bromo-10-(2-ethylhexyl)-10H-phenothiazir® [42] were prepared according to literature praresd.

2.2. Synthesis

The synthetic routes and molecular structures efitfes are shown in Scheme 1. The detailed syoihetcesses
are as follows.
2.2.1. 2-Bromo-4-hexylthiophen®) (

A solution of 3hexylthiophene (8.00 g, 47.53 mmol) in anhydroud=T#H00 mL) was cooled down to —78
under argon atmosphere, an@uLi (2.5 M in hexane, 22.82 mL, 57.04 mmol) wasled dropwise. After stirring
for 3 h, carbon tetrabromide (18.92 g, 57.04 mrmognhydrous THF (30 mL) was added dropwise andehetion
medium was slowly warmed to the room temperaturtevwvas added for quenching the reaction, andahgion
was extracted with C}Cl,. The organic layer was washed witfHand dried over MgSQOSolvent was removed by
rotary evaporation. The crude product was purifindgilica gel column chromatography with petrolestimer to get
a yellow liquid (11.50 g, 97.9%)H NMR (CDCk, 400MHz,5/ppm): 6.88 (s, 1H), 6.80 (s, 1H), 2.56-2.53 (t, 2H
7.5 Hz), 1.29-1.26 (m, 8H), 0.89-0.87 (t, 31 6.2 Hz). GC-MS (&H15BrS) m/z: calcd for 247.2; found 248.0.
2.2.2. 5-Bromo-3-hexylthiophene-2-carbaldehy®)e (

The compoun@ was synthesized by Vilsmeier reaction. Under giéroatmosphere, to a solution of compound
1(11.50 g, 46.52 mmol) in dichloroethane (100 naghydrous DMF (4.32 mL, 55.83 mmol) and P&G120 mL,
55.83 mmol) was added slowly af®. The mixture was stirred af’G for 20 min and then heated to ®5for 24 h.
After cooled to room temperature, sodium acetaligisa (50 mL) was added to hydrolyse the react@m hours.

Then the mixture was extracted with &H, and washed with water. The organic phase was dxed anhydrous



MgSO, and the solvent was removed by rotary evaporafidre crude product was purified on silica gel
chromatography using a petroleum ether/ dichlorbame mixture (1/1 by volume) as eluent to afforgedow
liquid (5.21 g, 40.7%)'H NMR (CDCk, 400MHz,8/ppm): 9.92 (s, 1H), 6.85 (s, 1H), 2.90-2.86 (t, 2H 7.6 Hz),
1.66-1.25 (m, 8H), 0.89-0.87 (t, 3H7= 6.3 Hz). GC-MS (GH1sBrOS) m/z: calcd for 275.2; found 276.0.

2.2.3. 4-Hexyl-[2,2'-bithiophene]-5-carbaldehy @} (

The compound3 was synthesized by Stille coupling reaction. Coumgb2 (1.50 g, 5.45 mmol) and
tributyl(thiophen2-yl)stannane (3.05 g, 8.18 mmol) were dissolvedimydrous toluene (40 mL) and deoxygenated
with nitrogen for 15 min. Pd(PBJa (190 mg, 0.17 mmol) was then added under nitr@gehthe mixture was again
flushed with nitrogen for 30 min. Then the reactimixture was stirred at 11%C for 2 days under nitrogen
atmosphere. After cooled to room temperature, thdune was poured into water (50 mL) and extracteth
dichloromethane. The organic phase was washedweiter and dried over anhydrous MgS@fter concentration,
the crude product was purified on silica gel chrtogeaphy using a petroleum ether/dichloromethandure (2/1
by volume) as eluent to afford an orange liquid{lg, 98.6%)*H NMR (CDCk, 400MHz,8/ppm): 9.99 (s, 1H),
7.35-7.34 (d, 2HJ = 3.4 Hz), 7.07-7.05 (d, 2H,= 4.6 Hz), 2.95-2.91 (t, 2H,= 7.7 Hz), 1.74-1.26 (m, 8H), 0.90
(s, 3H). GC-MS (@H150S) m/z: caled for 278.4; found 278.1.

2.2.4. 5'-Bromo-4-hexyl-[2,2'-bithiophene]-5-cardahyde 4)

Compound3 (1.31 g, 4.70 mmol) was dissolved in DMF (20 mhe mixture of Nbromosuccinimide (NBS)
(2.00 g, 5.65 mmol) in DMF (15 mL) was added drcgenio the solution and the solution was stirre@#bhours in
the dark. Then, the mixture was poured into watdrextracted with diethyl ether, then washed byewdathe organic
phase was dried over anhydrous MgS&nd then the solvent was removed by rotary edijoor. The crude product

was purified on silica gel chromatography usingetrgdeum ether/dichloromethane mixture (4/1 by wod) as



eluent to afford an orange liquid (1.18 g, 70.1%).NMR (CDCk, 400MHz,8/ppm): 9.99 (s, 1H), 7.08 (s, 1H),
7.03-7.02 (d, 1HJ = 3.4 Hz), 6.99 (s, 1H), 2.94-2.90 (t, 2B,= 7.5 Hz), 1.70-1.26 (m, 8H), 0.90 (s, 3H).
MALDI-TOF MS (C;sH1,BrOS,) m/z: calcd for 357.329; found 357.078.

2.2.5. 5-(7-Bromobenzo[c][1,2,5]thiadiazol-4-y)&xylthiophene-2-carbaldehyds) (

The synthetic procedure for compoudidvas similar to that for compourg] except that compourii(3.00 g,
7.87 mmol) was used instead of compodnd@he crude product was purified on silica gel amatography using a
petroleum ether/dichloromethane mixture (1/1 byumm) as eluent to afford a yellow solid (2.50 g,198). 'H
NMR (CDCl, 400MHz,8/ppm): 10.14 (s, 1H), 8.07 (s, 1H), 7.95-7.85 (d, 2= 7.6 Hz), 3.09-3.06 (t, 2H,= 7.5
Hz), 1.82—-1.77 (m, 2H), 1.47 (s, 2H), 1.38 (s, 2HRO (s, 2H), 0.94 (s, 3H). MALDI-TOF MS (@&:/BrN,0S))
m/z: calcd for 409.364; found 409.077.

2.2.6. 10-(2-Ethylhexyl)-3-(4,4,5,5-tetramethyl;2;8ioxaborolane-2-yl)-10H-phenothiazirg (

A solution of the compound (7.99 g, 20.48 mmol) in anhydrous THF (40 mL) wasled down to —78C
under argon atmosphere, anBulLi (2.5 M in hexane, 8.19 mL, 20.48 mmol) was eddropwise. After stirring for
3 h, 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxatt@ne (4.18 mL, 20.48 mmol) was added dropwise thed
reaction medium was slowly warmed to the room taatpee. Water was added for quenching the reaciod the
aqueous layer was then extracted with,ChHl The organic layer was washed withQHand dried over MgSQO
Solvent was removed by rotary evaporation. Theempduct was purified on silica gel column chramgaaphy
with a petroleum ether/ethyl acetate mixture (38 olume) to afford a yellow-green oil (4.75 g,®%)."H NMR
(CDCls, 400MHz,8/ppm): 7.58 (s, 2H), 7.13-7.12 (d, 20 6.8 Hz), 6.92-6.91 (d, 1H,= 6.9 Hz), 6.86-6.85 (m,
2H), 3.74-3.73 (d, 2H) = 5.3 Hz), 1.93-1.90 (m, 1H), 1.44-1.32 (m, 8H261(s, 12H), 0.87-0.83 (t, 6K,= 7.1

Hz). MALDI-TOF MS (GeH3sBNO,S) m/z: calcd for 437.446; found 437.328.



2.2.7. 5'-(10-(2-Ethylhexyl)-10H-phenothiazin-3-4hexyl-[2,2'-bithiophene]-5-carbaldehyd@)

The compoun® was synthesized by Suzuki reaction. Compo8if@.78 g, 1.79 mmol), compourd(0.53 g,
1.49 mmol), potassium carbonate (1.03 g, 7.45 mdisdolved in water (3 mL) and thimbleful tetrabdatymonium
bromide (TBAB) were dissolved in anhydrous DMF (80) and deoxygenated with nitrogen for 15 min. AR,
(52 mg, 0.045 mmol) was then added under nitrogehtlae mixture was again flushed with nitrogen36rmin.
Then the reaction mixture was stirred at £@0for two days under nitrogen atmosphere. Afterl@ddo room
temperature, the mixture was poured into watenfbPand extracted with dichloromethane. The orgahiase was
washed with water and dried over anhydrous Mg3Qter concentration, the crude product was pedifon silica
gel chromatography using a petroleum ether/dichtethhane mixture (2/1 by volume) as eluent to affard
orange-red oil (0.86 g, 97.2%H NMR (CDCk, 400MHz,8/ppm): 9.98 (s, 1H), 7.39-7.37 (d, 28I,= 6.3 Hz),
7.19-7.14 (m, 3H), 7.05 (s, 1H), 6.96-6.86 (m, 84j6-3.74 (d, 2H) = 6.9 Hz), 2.95-2.91 (t, 2H} = 7.6 Hz),
1.94 (m, 1H), 1.72-1.69 (m, 3H), 1.52-1.26 (m, 1290-0.84 (m, 9H):*C NMR (100 MHz, CDGCJ, s/ppm):
181.27, 153.85, 146.12, 145.83, 145.23, 145.22,593934.52, 127.99, 127.66, 127.36, 126.99, 126.88.12,
125.11, 124.77, 124.56, 123.21, 122.75, 116.1005161.21, 36.07, 31.60, 31.31, 30.81, 29.04,228.61, 24.14,
23.09, 22.59, 14.09, 14.03, 10.58. MALDI-TOF MS4€.,;NOS;) m/z: calcd for 587.901; found 587.309.

2.2.8.
5-(7-(10-(2-Ethylhexyl)-10H-phenothiazin-3-yl)befwd,2,5]thiadiazol-4-yl)-3-hexylthiophene-2-carkiehyde
(10)

The synthetic procedure for compoutiiwas similar to that for compourgl except that compour&l(0.80 g,

1.95 mmol) was used instead of compodndhe crude product was purified on silica gel ahatography using a

petroleum ether/dichloromethane mixture (2/1 byuwmé) as eluent to afford a black red solid (1.0852%).'H



NMR (CDCl, 400MHz,8/ppm): 10.10 (s, 1H), 8.06 (s, 1H), 8.01-7.99 (d, 1 = 7.4 Hz), 7.85-7.82 (m, 2H),
7.70-7.69 (d, 1HJ = 7.4 Hz), 7.20-7.16 (m, 2H), 7.03-7.01 (d, DK 8.3 Hz), 6.97-6.91 (m, 2H), 3.81-3.80 (d,
2H, J = 6.8 Hz), 3.06-3.02 (t, 2H] = 7.5 Hz), 2.02-1.99 (m, 1H), 1.79-1.74 (m, 2HH4+1.30 (m, 14H),
0.92-0.89 (t, 9HJ = 7.0 Hz)."*C NMR (100 MHz, CDGJ, 6/ppm): 182.03, 153.71, 153.27, 152.69, 147.60,536.
145.19, 137.46, 133.59, 130.93, 130.53, 128.29,012827.71, 127.38, 127.26, 126.55, 126.08, 125.24.48,
122.75, 116.12, 115.76, 51.24, 36.09, 31.61, 313086, 29.07, 28.75, 28.67, 24.17, 23.09, 22.88)4, 14.00,
10.56. MALDI-TOF MS (G/H41N30S;) m/z: calcd for 639.936; found 639.298.

2.2.9. 4-lodo-N,N-di-p-tolylanilineld)

A suspended solution ofdhethytN-phenytN-(p-tolyl)aniline (10.00 g, 36.59 mmol), iodine (3.99 15.70
mmol), and periodic acid (1.49 g, 6.53 mmol) in 98%anol (10 mL) was refluxed under nitrogen fan.4The
reaction mixture was cooled to room temperaturethed saturated sodium subsulfite agueous sol(B@mL) was
added. The crude product was extracted into diohethane, washed with water, and dried over anligdsodium
sulfate. After removing solvent under reduced pressshe residue was purified on silica gel chragedphy using
petroleum ether as eluent to yield a white solRi&6 g, 86.6%)"H NMR (CDCk, 400MHz,8/ppm): 7.46—7.44 (d,
2H, J= 8.1 Hz), 7.08-7.06 (d, 4H,= 7.7 Hz), 6.99-6.97 (d, 4H,= 7.7 Hz), 6.78-6.76 (d, 2H,= 8.1 Hz), 2.32 (s,
6H). MALDI-TOF MS (G,oH1gIN) m/z: calcd for 399.268; found 399.130.

2.2.10. N-(4-(10H-phenothiazin-10-yl)phenyl)-4-nyétk-(p-tolyl)aniline (2)

Compound!1 (10.00 g, 25.05 mmol), 16ghenothiazine (4.16 g, 20.87 mmol), copper powd&0(g, 12.52
mmol) and potassium carbonate (4.32 g, 31.31 mweil@ mixed and stirred for 8 h at 1%D), then after the mixture
was cooled to 136C, ethyl acetate (30 mL) was added by means ofiagg; and the solution was stirred for 1 h.

After the solution was cooled to room temperattine, solvent was removed by rotary evaporation. dituele



product was purified on silica gel chromatograpbtyng a petroleum ether/dichloromethane mixture §/¢olume)
as eluent to afford a white powder (1.79 g, 18.28) NMR (CDCk, 400MHz, 8/ppm): 7.16—7.12 (m, 12H),
7.00-6.98 (d, 2H) = 7.1 Hz), 6.90-6.87 (m, 2H), 6.81-6.78 (m, 2H326:6.30 (d, 2H,) = 7.7 Hz), 2.34 (s, 6H).
MALDI-TOF MS (CzH2¢N,S) m/z: calcd for 470.627; found 470.172.

2.2.11. 4-(3-Bromo-10H-phenothiazin-10-yl)-N,N-eigtylaniline (13)

The synthetic procedure for compout&iwas similar to that for compouidd except that compouri® (1.79 g,
3.80 mmol) was used instead of compo@ndhe crude product was purified on silica gel cmtography using
petroleum ether as eluent to afford a light gresio §1.49 g, 71.4%)*H NMR (CDCk, 400MHz,3/ppm): 7.14—7.08
(m, 13H), 6.97-6.87 (m, 3H), 6.82-6.80 (m,1H), 68@9 (d, 1H,) = 7.4 Hz), 6.16-6.14 (d, 1H,= 8.5 Hz), 2.34 (s,
6H). MALDI-TOF MS (G3,H25BrN,S) m/z: caled for 549.523; found 550.154.

2.2.12.
4-Methyl-N-(p-tolyl)-N-(4-(3-(4,4,5-trimethyl-1,3doxaborolan-2-yl)-10H-phenothiazin-10-yl)phenyijine (14)

The synthetic procedure for compoul¥tiwas similar to that for compour®l except that compouri (0.71 g,
1.30 mmol) was used instead of compo@ndhe crude product was purified on silica gel autuchromatography
with a petroleum ether/ethyl acetate mixture (38 0lume) to obtain a yellow-green oil (0.57 g,2%)."H NMR
(CDCls, 400MHz,3/ppm): 7.39 (s, 1H), 7.30-7.28 (d, 1# 8.3 Hz), 7.14-7.11 (m, 12H), 6.96—6.94 (d, 11,7.3
Hz), 6.87-6.83 (m, 1H), 6.80-6.76 (m, 1H), 6.273G122H,J = 9.0 Hz), 2.34 (s, 6H), 1.30 (s, 12H). MALDI-TOF
MS (CzgH37BN,O,S) m/z: calcd for 596.589; found 596.309.

2.2.13.
5-(7-(10-(4-(Di-p-tolylamino)phenyl)-10H-phenothia-yl)benzolc][1,2,5]thiadiazol-4-yl)-3-hexylthahene-2-c

arbaldehyde 15)



The synthetic procedure f@b was similar to that fot0, except that compouridl (0.56 g, 0.94 mmol) was used
instead of compound. The crude product was purified on silica gel cdmatography using a petroleum
ether/dichloromethane mixture (2/1 by volume) aget to afford a black red solid (0.52 g, 82.7%)NMR (CDC},
400MHz,3/ppm): 10.09 (s, 1H), 8.05 (s, 1H), 8.01-7.99 d, 1= 7.4 Hz), 7.68-7.66 (d, 1H,= 7.5 Hz), 7.63 (s,
1H), 7.60—7.57 (d, 1H] = 8.7 Hz), 7.19-7.10 (m, 12H), 7.02—7.00 (d, 1H,7.0 Hz), 6.92—6.89 (m, 1H), 6.84-6.81
(m, 1H), 6.45-6.43 (d, 1H] = 8.6 Hz), 6.34-6.32 (d, 1H,= 8.0 Hz), 3.06-3.02 (t, 2H), = 7.5 Hz), 2.35 (s, 6H),
1.79-1.74 (m, 2H), 1.52-1.12 (m, 6H), 0.98-0.84 Fnt). *C NMR (100 MHz, CDGJ, 6/ppm): 182.01, 153.68,
148.42, 147.64, 145.05, 144.87, 144.00, 137.43,5P3333.40, 131.42, 130.68, 130.48, 130.19, 128.02.40,
126.99, 126.95, 126.65, 126.17, 125.42, 124.40,812222.62, 120.13, 115.99, 115.71, 31.62, 328%K8, 29.08,
28.75, 22.59, 20.89, 14.06. MALDI-TOF MS 484:N,0S;) m/z: calcd for 799.079; found 798.289.

2.2.14. (E)-2-cyano-3-(5'-(10-(2-ethylhexyl)-10Hepbthiazin-3-yl)-4-hexyl-[2,2'-bithiophen]-5-yl)adic  acid
(DX1)

Compound9 (0.23 g, 0.39 mmol), cyanoacetic acid (0.33 g, 31@@ol), and piperidine (0.19 mL) were
dissolved in CHGl (20 mL), and the solution was refluxed at 80 °€1f@& h under nitrogen atmosphere. Then the
solution was poured into a diluted aqueous HCIriL) solution and extracted with dichloromethanee Tihganic
phase was dried over anhydrous MgSand the solvent was removed by rotary evaporaliba crude product was
purified using silica gel column chromatographyéegit: CHCI,/CH;OH = 50:1) to give a prunosus solid (0.18 g,
71.8%).*H NMR (DMSO, 400 MHzg/ppm): 8.27 (s, 1H), 7.57-7.56 (d, 184 3.2 Hz), 7.49 (s, 4H), 7.21-7.12 (m,
2H), 7.06-7.04 (d, 2H] = 7.9 Hz), 6.97-6.96 (d, 1H,= 7.1 Hz), 3.78 (s, 2H), 2.76 (s, 2H), 1.80 (s),158 (s, 2H),
1.36-1.20 (m, 13H), 0.84-0.79 (m, 9HJC NMR (100 MHz, CDGJ, 5/ppm): 168.64, 157.45, 147.55, 146.29,

145.99, 145.13, 144.80, 133.93, 128.86, 128.05,7527127.65, 127.32, 126.54, 125.57, 125.03, 124.78.54,

10



123.46, 122,77, 116.09, 116.01, 51.19, 36.03, 3B5X9, 30.78, 29.20, 29.02, 28.62, 24.09, 232044, 14.03,
13.97, 10.51. MALDI-TOF MS (&H42N20,S3) m/z: calcd for 654.947; found 654.247.

2.2.15.
(E)-2-cyano-3-(5-(7-(10-(2-ethylhexyl)-10H-phenattin-3-yl)benzo[c][1,2,5]thiadiazol-4-yl)-3-hexyltdphen-2-y
Nacrylic acid ©X2)

The synthetic procedure fBxX2 was similar to that fob X1, except that compourid (0.20 g, 0.31 mmol) was
used instead of compoufAdThe crude product was purified on silica gel cmatography (eluent: CGi&l,/CH;OH =
50:1) to give a black red solid (0.20 g, 93.4%) NMR (DMSO, 400 MHz§/ppm): 8.34 (s, 1H), 8.25-8.24 (d, 1H,
J = 7.3 Hz), 8.18 (s, 1H), 7.93-7.89 (m, 3H), 7.2377m, 3H), 7.10-7.08 (d, 1H,= 7.8 Hz), 7.00—6.96 (m, 1H),
3.84 (s, 2H), 2.83 (s, 2H), 1.86 (s, 1H), 1.6£), 1.39-1.21 (m, 14H), 0.85-0.81 (m, 9HC NMR (100 MHz,
CDClg, o/ppm): 145.16, 130.74, 130.19, 128.25, 127.98,8@7127.71, 127.23, 126.34, 125.97, 125.41, 123.79,
122.74, 116.11, 115.69, 51.21, 36.07, 31.61, 31304, 29.30, 29.08, 28.65, 24.12, 23.08, 22.88)5, 13.99,
10.52. MALDI-TOF MS (GoH4oN40,S3) m/z: calcd for 706.982; found 706.315.

2.2.16.
(E)-2-cyano-3-(5-(7-(10-(4-(di-p-tolylamino)phenylpH-phenothiazin-3-yl)benzo[c][1,2,5]thiadiazolyd)-3-hexy
Ithiophen-2-yl)acrylic acid[@X3)

The synthetic procedure fBrX3 was similar to that fob X1, except that compourid (0.20 g, 0.25 mmol) was
used instead of compoufAdThe crude product was purified on silica gel cmatography (eluent: CGi&l,/CH;OH =
50:1) to give a black solid (0.20 g, 91.09%).NMR (DMSO, 400MHz3/ppm): 8.29 (s, 1H), 8.17-8.15 (d, 185
7.4 Hz), 8.13 (s, 1H), 7.82-7.80 (d, 1H+ 7.4 Hz), 7.73 (s, 1H), 7.61-7.59 (d, \H7 8.5 Hz), 7.22-7.13 (m, 7H),

7.07-7.06 (d, 6H) = 7.2 Hz), 6.97-6.94 (m, 1H), 6.86-6.83 (M, 1H3266.30 (d, 1H,) = 8.6 Hz), 6.26-6.24 (d,
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1H,J = 8.0 Hz), 2.81-2.78 (m, 2H), 2.28 (s, 6H), 1.62(), 1.29-1.21 (m, 6H), 0.85 (s, 3HC NMR (100 MHz,
CDCls, d/ppm): 148.32, 144.89, 143.90, 133.43, 132.80,4B31130.41, 130.14, 127.91, 126.87, 126.60, 125.36,
122.88, 122.52, 119.44, 115.90, 115.61, 31.69,4329.69, 29.22, 29.12, 22.59, 20.86, 14.08. MAIIF MS

(CsoH4aNs0,S3) m/z: caled for 866.125; found 865.307.

2.3. Instruments and char acterizations

'H and*C NMR spectra were measured on a Bruker Avanceirifumentusing, using tetramethylsilane
(TMS; 6 = 0 ppm) as internal standard. GC-MS spectromeidasurements were obtained on Agilent 7890-5975.
MALDI-TOF mass spectrometric measurements wereopad on Bruker AutoflexXIl. UV-Visible spectra of the
dyes were measured on a Perkin-Elmer Lamada 25rgpetter. The photoluminescence (PL) spectra were
obtained using Perkin-Elmer LS-50 luminescence tspeeter. Electrochemical redox potentials weraioled by
cyclic voltammetry (CV) using a three-electrode faguration and an electrochemistry workstation (2ER
ZENNIUM) at a scan rate of 50 mV'sThe working electrode was a glassy carbon eléefrthe counter electrode
was a Pt electrode, and saturated calomel elec{®0E) was used as reference electrode. Tetrabutytemium
perchlorate (TBAP) 0.1 M was used as supportingctedlte in nitrogen-purged anhydrous CHCI

Ferrocene/ferrocenium redox couple was used fantial calibration [5].

2.4. Fabrication and characterization of DSSCs

Fluorine-doped Sngconducting glass (FTO) were cleaned and immersagueous 40 mM Tigkolution at
70 °C for 30 min, then washed with water and ethariotesed at 458 for 30 min. The Ti@ suspension was
prepared from P25 (Degussa AG, Germany) [43] anit% magnesium acetate solution [4#] following a

literature procedure. Then the paste was depaogitethe FTO glass by blade coating. Subsequen8ym thick
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200 nm particle sized Tiscattering layer was deposited again by bladengpathe TiQ-coated FTO glass was
sintered at 458C for 30 min, then treated with Tig$olution at 70C for 30 min and calcined at 480 for 30 min
again. After the film was cooled to room temperatur was immersed into 0.5 mM dye solution withwathout
chenodeoxycholic acid (CDCA) (0.5mM) in the darkemight. The sensitized electrode was then rinsild w
ethanol and dried. A drop of electrolyte was deggdsbnto the surface of the electrode and a Ptdoihter electrode
was clipped onto the top of the Ti@lectrode to assemble a DSSC for photovoltaiopadnce measurements. The
electrolyte consisted of 0.5 M Lil, 0.05 ¥ knd 0.5 M 4ert-butylpyridine (TBP) in 3-methoxypropionitrile arige
efficient irradiated area of the cell was 0.2°cffhe current density-voltage) curves were measured by a
Keithley 2602 Source Meter under 100 mW €standard AM 1.5G spectrum using a Sol 3A Oriehssimulator.
The incident light intensity was calibrated usingtandard Si solar cell. The power conversion iefficy ¢;) of the
DSSC is calculated from short-circuit photocurrgld, the open-circuit photovoltag¥{), the fill factor £F) and

the intensity of the incident lighPf) according to the following equation:

Jee (MA cmi?) AV (V) |AFF
Pin (MW crmi?)

The measurement of monochromatic incident photodtoent conversion efficiency (IPCE) for the satall was

also detected with a Zolix Solar Cell Scan 100 QEE measurement system.

3. Reault and discussion

3.1. Synthesis

The detailed synthetic routes of the three ¥4, DX2 andDX3 are shown in Scheme 1. The compo@nd

and6 were synthesized via Vilsmeier reaction. The commok8 was synthesized by Stille coupling reaction. The
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compoundl and13 were gained by two different bromination reactionbjle the compoundl was synthesized
via an iodination reaction. The compouti2iwas obtained through Ullmann coupling reactione Tompound’
and 13 were transformed into the corresponding diborasier8 and 14 via lithiation and subsequent quenching
with 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxatdane, respectively. Then the compohdlO and 15 were
synthesized by Suzuki reaction. Finally, the tardge¢s DX1, DX2 andDX3 were obtained via Knoevenagel
condensation. The structures of the diél, DX2 andDX3 were verified by'H NMR, **C NMR, GC-MS and

MALDI-TOF.

3.2. Photophysical properties

The UV-Vis absorption spectra of the dy2X1, DX2 andDX3 in diluted (10° M) chloroform solutions are
depicted in Fig. 1(a), and the corresponding degdisted in Table 1. The shorter-wavelength absmmmpeaks at
ca. 300 nm and longer-wavelength absorption banhda.&50-600 nm could be assigned to the locakzerhatic
n-n* transitions of the conjugated aromatic moietiesd dntramolecular charge transfer (ICT) between the
phenothiazine donor and the cyanoacrylic acid gocepespectively [42]. While the extra wavelengtbsorption
bands (350-450 nm) iDX2 andDX3 appeared due to the introduction of BT moiety aspacer [45]. The
maximum absorption wavelengthsn,{,) of DX1, DX2 andDX3 appeared at 494, 507 and 524 nm, and the
corresponding molar extinction coefficienty were 2.62x1%) 2.21x16 and 1.70x1bMcm™?, respectively. In
comparison withDX1, the ICT absorption peaksf DX2 and DX3 displayed red-shifts of 13 and 30 nm,
respectively, which could be attributed to a bettelocalization of electrons over theconjugated molecules,
when the BT unit was used as an additional acceptidj46]. Moreover, a bathochromic shift of 17 mhDX3

compared tdX2 in ICT absorption peak was observed, which mighiriberpreted on the basis of the increase in
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the conjugation dimension f@X3 with the participation of TPA unit, resulting ihea enhanced-electron density
to the acceptor [47]. Simultaneously, the absonptinset was extended by 100 nm from 600 BiKY) to 700 nm

(DX2 andDX3) in a dilute solution. However, thevalues were decreasedxX2 andDX3, which may lead to a
drop in short-circuit photocurrent densiflJ and photovoltaic performance.

In addition, as shown in Fig. 1(b), the maximumaapton peaks of three dyes on Tiflms were observed
to severely blue-shift by 44, 87 and 25 nm withpees to those in solution f@X1, DX2 andDX3, respectively,
which could be mainly attributed to the H-type gfjeegation and the partial deprotonation of carbocid unit
caused by the interaction between the dye and [#&49]. ApparentlyDX2 revealed a sharper hypsochromic
shift thanDX1 andDX3 in the absorption spectrum, indicating tBe¢2 had a higher degree of H-type aggregation
on the TiQ film [50]. Remarkably, a distinct red-shift of alsption onset from 700DX1) to 800 nm DX2 and
DX3) could be seen in Fig. 1(b). Accordingly, the aption spectra 0DX2 andDX3 in solutions and on Ti©

films showed a markedly broad profile, which waadfeial to light utilization [51].

3.3. Electronchemical properties

Cyclic voltammetry (CV) was carried out to estimtie possibility of electron injection and dye regeation.
As shown in Fig. 2 and Table 2, the first oxidatoientials E,y), which corresponded to the highest occupied
molecular orbital (HOMO) energy levels BiX1, DX2 andDX3, were 0.96, 0.98 and 0.90 V, respectively, vs a
normal hydrogen electrode (NHE), which were catiguieby addition of 0.65 V to the potential (vs. JOE Fc/FE
by CV. All of them were more positive than the re@ouple (I/1,,0.42 V), suggesting sufficient driving force for
dye regeneration [52]. The similarity of HOMO enghgvels ofDX1 andDX2 was mainly attributed to their same

donor unit, as the HOMO levels of compounds weréniyadepended on the electron-donating moiety [53].
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Additionally, the HOMO energy level ddX3 was higher than those @fX1 andDX2, which verified that the

introduction of TPA unit led to stronger electroorating property oDX3. Estimated from intersection of the

normalized absorption and the emission spectiyg (h Fig. 3, the zero—zero excitation enerfy.d) values were

2.24, 2.27 and 2.25 V fapX1, DX2 andDX3, respectively. The reduction potentialg.{&s. NHE), corresponding

to the lowest unoccupied molecular orbital (LUM@ggyy level, were —1.28, —1.29 and —1.35 Vo1, DX2 and

DX3, respectively, calculated s, — Eq.0. Apparently, the LUMO levels of the three dyesewverore negative than

the conduction bandefy) of TiO, (about —0.5 V vs. NHE), indicative of thermodynarfeasibility for electron

injection from the excited dyes into the Li@ectrode [54]. Furthermore, the LUMO level@X3 was higher than

the other dyes, which was beneficial for highecttn injection efficiency, namely, more sufficieziectron flow

from the excited dyes to the TiGurface [55].

3.4. Density functional theory (DFT) calculations

To explain the structural properties of the dyed anderstand the possibility of charge transfemfdopnor to

acceptor on electronic excitation, the optimizedttires of three dyes were calculated geometyiesing the

density functional theory (DFT) at the B3LYP/ 6-31{&vel. The optimized structures with torsion awland

electron densities of HOMOs and LUMOs of the dyesslhown in Table 3. In the optimized structurbe,tbrsion

angles between the hexylthiophene moiety and ijsiradg aromatic units in three dyes were similant the

changing tendency of torsion angles between thagth&zine moiety and the adjacent units was inottaer of

DX1 < DX2 < DX3, indicating that the structure 8fX1 possesses relatively better planarity. In dye systbe

planar structure can enhance the aromatic charattie heterocyclic atom, increasing the degreeletronic

resonance between donor and acceptor moietiesimnlyth molecules and facilitating the electron tiemfrom
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donor to cyanoacrylic acceptor. However, it incesathe stacking of the dye molecules, resultinghore dye

aggregation and electron recombination [56]. Tlne,electron transfer could be more effectivédil1, which

corresponded to the emission spectra in Fig. 3th@rother hand, the electron densities of HOMOBX1 and

DX2 were mainly localized over the phenothiazine nyiehereas that iDX3 was mostly localized over the TPA

unit, which may due to the relatively strong elentdonating property of TPA unit. Additionally, theectron

density of LUMO inDX1 is mainly located on the cyanoacrylic segment asdhdjoining hexylthiophene unit,

suggesting the well-inductive electron tendencynfighenothiazine donor to the cyanoacrylic acceptowever,

the electron densities of LUMOs IDX2 and DX3 were predominantly located on cyanoacrylic accepiu

extended to the hexylthiophene and BT moietiesljtiting the ICT between phenothiazine donor amel BT unit,

and this in turn decreased the ICT between pheswiti@ donor and the cyanoacrylic acceptor, and théaced

the utilization to long wave. From those observaijoit is clearly evident that, iBDX1, the HOMO-LUMO

excitation induced by light irradiation could motree electron distribution from the phenothiazineiehoto the

cyanoacrylic moiety more effectively, and the phimiduced electrons can be more efficiently transf&from the

dye to the TiQ surface by the electric charge separation.

3.5. Photovoltaic properties of DSSCs

The photocurrent density-voltag@&y) curves and the incident photon to current conearsfficiency (IPCE)

spectra of DSSCs based DiX1, DX2 andDX3 with or without CDCA are shown in Fig. 4 and Fig.viith the

detailed photovoltaic parameters summarized in @dbl The IPCE value ddX1 was over 60% in relatively

narrow wavelength ranges from 400 to 550 nm, withaximum IPCE value of 72% at 465 nm and an onsed@

nm, showing a higher IPCE value than the other dywes, which was in good accordance with dhevariation
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obtained inJ-V measurements. On the other hddd2 andDX3 got maximum IPCE values of 38% at 470 nm and
47% at 465 nm, respectively, with the photocursgghal up to ca. 800 nm. In accord with the UV-atisorption
spectra in Fig. 1DX2 andDX3 showed lower IPCE values compared$l.

As we all know, CDCA can work as an anti-aggregatiompound to improve the performance in the DSSC
devices [57,58]. Thus, the photovoltaic performamaith CDCA as the co-adsorbent were studied inX8&Cs.
Upon co-adsorption with 0.5 mM CDCA, The IPCE rasges of DSSCs were remarkably increased compared to
the dyes only. The plateaus of IPCE curves wetedlifo 79%, 49% and 57%, and thgincreased to 11.46, 8.01
and 10.28 mA cm?’ for DX1, DX2 andDX3, respectively (Fig. 4). The remarkable enhancerénPCE was
attributed to the break-up of dye aggregation uporadsorption. The increasdg. was due to the enhancive
injection efficiency resulting from relatively indendent dye molecules arraying on T&€dirface [51], while the
Vo values were slightly increased, may due to thardation of charge recombination arising from trevention
of n-n stacking [59].

Consequently, the photovoltaic performances of DSBith CDCA were better than those without CDCA. As
is well-known, a higllscandV,. can lead to a high PCE. Despite the panchromadjponses dbX2 andDX3, they
showed lowedg values because of the lower IPCE values resultmg the loweg values with respect tbX1. As
a result, thddX1-based DSSC with 0.5 mM CDCA as the co-adsorbembagd the best PCE of 5.69%, and the
DSSCs based dnX2 andDX3 with CDCA obtained PCEs of 3.43% and 4.41%, respagt while the reference

ruthenium dye oN719 gives the PCE of 6.56% at the same conditions.

3.6. Electrochemical impedance spectroscopy studies

To further understand the relationship betweenctiege transfer process and photovoltaic propeofiglse
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DSSCs, electrochemical impedance spectroscopy (#dS)employed under a forward bias of —0.65 V endhrk.

The Nyquist plots for the DSSCs basedfl, DX2 andDX3 are displayed in Fig. 6 (a). The first semicirdRge

is attributed to charge transfer at the countectedde/electrolyte interface, while the second séuie (Reo) is

accorded to charge transfer at the Ja@e/electrolyte interface [60]. The similageRalues (forDX1, DX2 and

DX3) were probably due to the same counter electradeskectrolyte. A large & means a small dark current and

a low charge recombination rate [61]. The:.Ralues forDX1, DX2 andDX3 were estimated to be 90, 65 and 49

Q, respectively, as shown in Table 4. Obviously, g value ofDX1 was much larger than the other two dyes,

which could restrain the charge recombination betwénjected electron and electron acceptar) (h the

electrolyte, thereby contributing to thg. [53].

On the other hand, the Bode plots for the DSSCedarDX1, DX2 andDX3 are shown in Fig. 6 (b). The

peaks located at the high-frequency (right) anddieidrequency (left) respectively correspond to tHmeall

semicircle (left) and large semicircle (right) metNyquist plots (Fig. 6 (a)). The reciprocal o feak frequency

for the middle-frequency peak is regarded as thetrn lifetime since it represents the chargestexrprocess at

the TiOJ/dye/electrolyte interface. So the trend of elatiifetimes was in the order @X1 > DX2 > DX3, which

was well in accordance with the changing tendenaféé,. values obtained id-V curves. Evidently, the longer

electron lifetime oDX1 compared to the other two dyes could suppresgeheration of dark current and reduce

electron recombination more effectively, resulting higheN,. in DX1-based device [50].

4, Conclusions

In summary, we reported the design and synthestareé novel phenothiazine-based dips¢l, DX2 and

DX3. By replacing the thiophene unit with the strotgcton-withdrawing BT moietyDX2 andDX3 displayed
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remarkable responses in the NIR region as well parghromatic response in DSSCs. However, the Idwer

resulted from the lower IPCE values led to lowebtpkioltaic performances iDX2- and DX3-baseddevices

compared to th®X1-based one. Additionally, with the introductionsifong electron-donating TPA unit, the dye

aggregation was reduced and electron injectiogieffcy was increased, thus thgof theDX3-based device was

increased, resulting in a higher PCE in thX3-based device with respect to tl¥X2-based one. Upon

co-adsorption with 0.5 mM CDCA, The photovoltaiafpemances of DSSCs were remarkably increased caudpa

to the dyes only. Consequently, the device basdd>Xhwith 0.5 mM CDCA obtained the highest PCE of 5.69%,

and the cells based @X2 andDX3 with 0.5 mM CDCA got PCEs of 3.43% and 4.41%, estpely, while the

reference ruthenium dye ®§719 gives the PCE of 6.56% at the same conditions. rEBearches on structure

tuning of phenothiazine-based dyes enrich theirligggon in DSSCs. And we believe that with further

optimization to the molecular structure and theigievthe photovoltaic performances of phenothiabased dyes

can be improved tremendously.
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Table 1 Maximum absorption and emission data otlfesDX1, DX2 andDX3.
Table 2 Electrochemical data of the dip$1, DX2 andDX3.
Table 3 Optimized structures, torsion angles ardteinic distributions in HOMO and LUMO levels diet dyes
DX1, DX2 andDX3.
Table 4 Photovoltaic performance parameters of B3X3&Sed on the dy&X1, DX2 andDX3.
Scheme 1. Synthetic routes and molecular structirége three dyeBX1, DX2 andDX3.
Fig. 1. Absorption spectra @X1, DX2 andDX3 in diluted CHC} solutions (a) and on TiGhin-films (b).
Fig. 2. Cyclic voltammogram (a) and energy levelgdam (b) of the dyed3X1, DX2 andDX3.
Fig. 3. Emission spectra of the dy@X1, DX2 andDX3 in diluted CHC} solutions.
Fig. 4. IPCE action spectra for the DSSCs basedherDX1, DX2 and DX3 with or without CDCA on
dye-sensitized transparent Giflims.
Fig. 5.J-V curves for DSSCs with the dy&s<1, DX2 andDX3 with or without CDCA under AM 1.5 simulated
sunlight (100 mW cf¥f) illumination.
Fig. 6. EIS Nyquist plots (a) and Bode plots () B8SCs based dnX1, DX2 andDX3 measured under —0.65 V

bias in the dark.
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Table 1

Maximum absorption and emission data of the ¥4, DX2 andDX3

Dye Japdnm E(x10°Mtem™) @ Ama/NM (ON TIQ ) ® Aem/(NM)°
DX1 494(2.62) 450 641

DX2 420(1.89) 507(2.21) 333 582
DX3 422(1.80) 524(1.70) 397 572

@ Maximum absorption in CHgkolution (10° M) at 25°C.

® Maximum absorption on Tigfilm.

¢ Maximum emission of the dyes in CH@blution (10° M) at 25°C.

Table 2

Electrochemical data of the dyBX1, DX2 andDX3.

Dye Aind/NM Eo.oeV Eo/V vs NHE E.edV/ vs NHE EgadV

DX1 554 2.24 0.96 -1.28 0.78
DX2 545 2.27 0.98 -1.29 0.79
DX3 552 2.25 0.90 -1.35 0.85

Eq.o values were calculated from intersection of themadized absorption and the emission spectiug):(Eq.o = 12404, The first

oxidation potential (vs NHE), Jswas measured in CHECAnd calibrated by addition of 0.65 V to the patnts Fc/FE. The reduction

potential, 4 Was calculated frorB.— Eq.o. EgapiS the energy gap between thgyBf dye and the conductive band level of T{E®.5

V vs NHE).
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Table 3

Optimized structures, torsion angles and electralistributions in HOMO and LUMO levels of the dyBX1,

DX2 andDX3.
Dye Optimized structure HOMO LUMO
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Table 4

Photovoltaic performance parameters of DSSCs basélge dye®X1, DX2 andDX3.

Dye Co-adsorbent  Jsc(MA cm?) Voo (V) FF 1 (%) Rrec
DX1 — 10.35 0.67 0.72 5.00 90
DX1 0.5mM CDCA 11.46 0.69 0.72 5.69 —
DX2 — 5.78 0.61 0.74 2.60 65
DX2 0.5mM CDCA 8.01 0.62 0.70 3.43 —
DX3 — 8.46 0.59 0.70 3.54 49
DX3 0.5mM CDCA 10.28 0.61 0.70 441 —
N719 — 12.59 0.73 0.72 6.56 —
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Scheme 1. Synthetic routes and molecular structirége three dyeBX1, DX2 andDX3.
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Fig. 1. Absorption spectra &X1, DX2 andDX3 in diluted CHC} solutions (a) and on Tighin-films (b).
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Fig. 3. Emission spectra of the dy@X1, DX2 andDX3 in diluted CHC} solutions.
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Fig. 4. IPCE action spectra for the DSSCs basetti®bX 1, DX2 andDX3 with or without CDCA on

dye-sensitized transparent Bifllms.
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Fig. 5.J-V curves for DSSCs with the dyBs<1, DX2 andDX3 with or without CDCA under AM 1.5 simulated

sunlight (100 mW c) illumination.
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Fig. 6. EIS Nyquist plots (a) and Bode plots (b)) BSSCs based obX1, DX2 andDX3 measured under

—0.65 V bias in the dark.
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Highlights
(1) Three novel phenothiazine-based dyes were synthesized for DSSCs.
(2) The DSSC device based on the dye DX 1 obtained the highest PCE of 5.69%.

(3) Thedyes DX2 and DX3 display broad spectra responses.



