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Abstract

Two novel phenothiazine-based organic dyes hava Hdesigned and synthesized as
sensitizers for dye-sensitized solar cell (DSS@)thHese dyes, we have employed
carbazole as donor, phenothiazinetdsidge, and rhodanine acetic acid as acceptor.
For comparison, a benzene group has been introdasethen-linker between
carbazole donor and phenothiazimdridge with meta or para connection mode.
Using the dye with the para-connected method, tB&® devices exhibited higher
power conversion efficiency of 5.57% than thoseedasn dye with meta-connection
mode (4.56%). The improved performance mainly cdroen better short-circuit
photocurrent current. Photophysical, electrochelnit@eoretical calculations and
electrochemical impedance spectroscopy have begmefuinvestigated to disclose

corresponding device mechanisms.

Keywords: Dye-sensitized solar cell; Metal-free organic dy@st-A; Phenothiazine;

Rhodanine acetic acid.
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1. Introduction

Confronted with the enormous challenges of eneogycity and environmental
safety, scientists and engineers are eager to @ewelw energy resources. Given the
great advantages of cleanliness, abundance andamaslgbility, solar energy has
been widely recognized as the most promising cateitb solve the problems. In
order to harvest solar energy, solar cells, whih firsthand generate electricity from
sun light, have long been proposed and provedtakdavices, and among which the
dye-sensitized solar cell (DSSC) is one major aateg

After the first demonstration in 1991 by Michaela@zel et al. [1], DSSC has
made tremendous progresses. There are some reibestones including the highest
power conversion efficiencyPCE, 14.3%) of DSSC based on two co-sensitized dyes
under simulated AM 1.5G irradiation (100 mW/Anf2], which is suitable for the
outdoor large module photovoltaic power generatamg thePCE of 28.9% from
device with two dyes under indoor illumination dQD lux [3], which is promising
for small module photovoltaic devices under ambiigihiting.

Typically, the conventional structure for DSSC detssof TiG, photoanode, dye
sensitizer, redox coupled electrolyte system anghtar electrode [4]. Within the
aforesaid components, the dye sensitizer, whiclveseras the dominant light
harvesting element, plays an essential role inraeténg thePCE of a DSSC device.
There are two major classes of dyes, i.e., metalpbex dyes and metal-free organic
dyes. Although the former, taking Ru-complexes @dgean example, has a high

performance when applied in DSSC, they are resttitom low natural abundance,
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complicated purification process and expensiveri&s Alternatively, metal-free
organic dyes have recently been intensively stydiedhg to their easy design, facile
synthetic method, high molar extinction coefficigat and low toxicity/cost. Using
metal-free organic dyes as a sensitizer, i@iies of 11 to 13% have been reported
[6-9], demonstrating their great potential for rapplications.

To design pure organic dyes for DSSC, numerouscéspeed to be considered,
such as material bandgap, electronic structurbi Bdpsorption and the dye stacking
mode on the photoanode [10]. A common strategysfimh molecular engineering is
to design molecules with donaracceptor (Dr-A) type structures. It has been well
documented that due to the efficient intramolecuharge transfer (ICT) which
originates from the electron pull-push effect beaw¢he D and the A moieties, DA
type of molecules generally exhibit rather higgim the ICT bands [11-14], beneficial
to the harvesting of solar energy.

In a wide range of DeA dyes for DSSC applications, carbazole (as D),
phenothiazine (PTZ, as D o) moieties have been employed as building block
individually or combinationally [15, 16]. Among tire carbazole is famous for its
good hole-transport and electron donating abiléigsvell as its high thermal stability,
which is intensively used as building block in ftinnal materials for OLED [17, 18],
OPV [19] and DSSC [20] applications. One of thehlegfPCEs from a DSSC device
with a carbazole-containing dye is 12.5% [21]. Canagd to carbazole, PTZ possesses
two-folder more lone-electron pairs originatingrfrdoth nitrogen and sulfur atoms,

hence PTZ is also a hole transport group due togtiwal electron-donating ability.
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Furthermore, different from the planar moleculanfoomation, such as carbazole, the
fused non-planar heterocyclic rings of PTZ exhititterfly conformation, which can
sufficiently inhibit dye aggregation, beneficial BISSC device performance [22-24].
On the other hand, within a PTZ scaffold, sincetthe phenyl groups on both sides
of the central heterocyclic ring are located in raakk torsion angle, successive
n-delocalization is possible, which is preferentatarrier transport [8, 25, 26]. When
PTZ was grafted in a dye for DSSC application, gBG#s of 10.4% [27] and 9.98%
[28] have been reported.

In terms of electron accepting and photoanode amuhdunctionalities in a
D-n-A dye, rhodanine acetic acid moiety has gain matténtion [25, 29], though it is
not as widely used as cyanoacrylic acid. It hasnlbreported that rhodanine acetic
acid based organic dyes exhibited hRBE up to 9.5% [30, 31]. A rhodanine acetic
acid dye with PTZ donor gaveCE up to 4.8% [32]. Another reported pure organic
dye with rhodanine acetic acid as electron accepidrthe N-alkyl substituted PTZ as
electron donor exhibited BCE of 2.26% when assembled in a DSSC device [33].
Although carbazole, PTZ and rhodanine acetic adidinzolved dye has been
designed and applied to DSSC devices WATE of 4.38% [29], besides the not
satisfiedPCE, dyes with the combination of these three moieties less reported.
Further research toward this aspect is needed.

In this paper, two metal-free organic dyes, nam¥PPR and pCPPR, have
been synthesized, and the chemical structureshamensin Fig. 1. Both dyes comprise

PTZ unit ast-bridge, carbazole as donor, rhodanine acetic asidcceptor and alkyl
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chains as dye aggregation and charge recombinstippression unit. In addition, we
have introduced a benzene group between the cadebdanor and PTZ-bridge to
investigate the effects of molecular linking modée DSSC devices withCPPR
dye exhibited highPCE of 5.57% with a short-circuit photocurrent dengillyc) of
15.12 mA/cni, an open-circuit photovoltag¥dc) of 0.71 V and a fill factorRF) of
0.52 under simulated AM 1.5G irradiation (100 mWnpCPPR based devices
have a highedsc value thanmCPPR devices, which comes from broader/stronger
absorption, efficiently charge transfer/electrojgation, higher dye loading and lower

recombination rate, thereby enhance DFSIE.

N
Ll s
O mks mCPPR
N N
° \\COOH

)
Ty
S .S
O ND/?N\\TS pCPPR

COOH

Fig. 1.Chemical structures ohCPPR andpCPPR.
2.Experimental section

2.1 Materials
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All solvents were purified using standard techngju€ommercially available
reagents were used without further purificationl AMR solvents were used as
received.

2.2 Methods and instrumentations

Experimental details for'H-and *C-NMR, gas chromatography-mass
spectrometer (GC-MS), matrix-assisted laser deworjinization time-of-flight
mass spectrometry (MALDI-TOF), ultraviolet-visiblspectra (UV-vis), cyclic
voltammetry analysis (CV) and steady-state phototestence spectroscopy (PL)
can be found in our previous paper [18]. High resoh mass spectrometer (HRMS)
data were obtained using a Thermofisher Itg-orpitrXL. Time-resolved
photoluminescence (TRPL) were performed with amBdigh Instruments FLS920
spectrometer. IR data were recorded with PerkinElf§pectrum Two Fourier
transform infrared spectrometer (FT-IR). The geaynetptimization and frontier
molecular orbitals were performed using densitycfiomal theory (DFT) with the
Gaussian 09 program under Becke’s 3-parametersoginglthe Lee-Yang-Perdew
function (B3LYP) with the 6-31G (d) basis set.

2.3 9ynthesis

The synthesis route ohiCPPR andpCPPRis shown in Scheme 1.
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2.3.1 10-hexyl-10H-phenothiazine (1)

A mixture of phenothiazine (200 mg, 1 mmol), brorexéine (216.7 mg, 1.3
mmol), KOH (168.3 mg, 3 mmol), tetrabutylammoniumornide (TBAB, 96.6 mg,
0.3 mmol) in dimethyl sulfoxide (DMSO, 1.5 mL) wasirred at room temperature
under a nitrogen atmosphere for 10 h. When thetimaavas completed, water
agqueous solution was added to quench the readtl@crude product was extracted
with dichloromethane (DCM) and saltwater for thteees and dried over anhydrous
NaSO,. The solvent was removed with rotary evaporatamsl, the crude product was
purified by column chromatography using petroleuimee (PE)/DCM (15:1) as the
eluent to give compount as colorless liquid in a yield of 88% (250 mt). NMR
(CDCls, 400 Hz, ppm)5 7.21-7.13 (m, 4H), 6.97-6.85 (m, 4H), 3.86 (t, 7.2 Hz,
2H), 1.87-1.77 (m, 2H), 1.51-1.40 (m, 2H), 1.378L(2n, 4H), 0.95-0.86 (M, 3H).
GC-MS: Anal. Calcd. for gH21NS: 283.43, Found: 283.14.

2.3.2 10-hexyl-10H-phenothiazine-3-carbal dehyde (2)

POCE (0.269 mL, 2 mmol) was added into dry N,N-Dimetbginamide
dimethyl acetal (DMF, 0.538 mL, 7 mmol) in an icater bath, and then the reaction
mixture stirred at room temperature for 1 h. Comqbil (283 mg, 1 mmol) in DMF
(0.6 mL) was added slowly. Then the mixture wasesdiand heated at 80 °C to reflux
under a nitrogen atmosphere for 10 h. When theticmawas completed, water was
added to quench the reaction. The crude product exascted with DCM and
saltwater for three times and dried over anhydias$SO,. The solvent was removed
with rotary evaporators, and the crude product wasified by column
chromatography using PE/DCM (1:2) as the eluengit®@ compound® as yellow
solid in a yield of 81% (253 mgfH NMR (CDCk, 400 Hz, ppm)3 9.79 (s, 1H),

7.64 (dd, J = 8.4, 2.0 Hz, 1H), 7.58 (d, J = 1.9 H4), 7.19-7.08 (m, 2H), 7.00-6.93
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(m, 1H), 6.91-6.85 (m, 2H), 3.91-3.85 (m, 2H), 1.8d, J = 15.0, 7.5 Hz, 2H),
1.49-1.39 (m, 2H), 1.34-1.27 (m, 4H), 0.91-0.84 @h)). GC-MS: Anal. Calcd. for
Ci19H21NOS: 311.44, Found: 311.13.

2.3.3 7-bromo-10-hexyl-10H-phenothi azi ne-3-car bal dehyde (3)

Compound2 (311 mg, 1 mmol) was added into CH@L mL), and then the
reaction mixture stirred in an ice water bath fdr.8\N-Bromosuccinimide (NBS, 177
mg, 1.2 mmol) was added in batches into mixturéhin first two hours. When the
reaction was completed, water was added to qudreinefaction. The crude product
was extracted with DCM and saltwater for three snaaéd dried over anhydrous
NaSO,. The solvent was removed with rotary evaporatamsgl, the crude product was
purified by column chromatography using PE/DCM Jlds the eluent to give
compound3 as yellow liquid in a yield of 58% (230 mgH NMR (CDCk, 400 Hz,
ppm):& 9.79 (s, 1H), 7.65 (dd, J = 8.4, 1.9 Hz, 1H), A58 = 2.8 Hz, 1H), 7.27-7.21
(m, 3H), 6.90 (d, J = 8.5 Hz, 1H), 6.72 (d, J = BAf 1H), 3.85 (t, 2H), 1.78 (m, J =
14.8, 7.4 Hz, 2H), 1.41 (m, J = 15.1, 6.9 Hz, 2H32-1.27 (m, 4H), 0.91-0.83 (t, 3H).
MALDI-TOF (m/z): Anal. Calcd. for GH20BrNOS: 389.04, 391.04, Found: 389.15,
391.17.

2.3.4  7-(3-(9H-carbazol-9-yl)phenyl)-10-hexyl -10H-phenothiazine-3-car bal dehyde
(4)

A mixture of compound 3 (389 mg, 1 mmol),
3-(9H-Carbazol-9-yl)phenylboronic acid (574 mg, 2not), K.CO; (345 mg, 2.5
mmol), Pd[P(GH5s)s]4 (100 mg, 0.2mmol) and TBAB (96.6 mg, 0.3 mmol)DEM
(15 mL) was stirred and heated to reflux underteogen atmosphere for 18 h. When
the reaction was completed, water was added tochuéme reaction. The crude

product was extracted with DCM and saltwater fore¢htimes and dried over

10
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anhydrous Ng5O,. The solvent was removed with rotary evaporatans| the crude
product was purified by column chromatography usttgDCM (2:1) as the eluent to
give compoundta as yellow solid in a yield of 82% (455 mdH NMR (CDCk, 400
Hz, ppm):5 9.80 (s, 1H), 8.17 (d, J = 7.7 Hz, 2H), 7.73 (d, 1.6 Hz, 1H), 7.68-7.61
(m, 3H), 7.59 (d, J = 1.9 Hz, 1H), 7.53 (dt, J 2,7..9 Hz, 1H), 7.48-7.38 (m, 6H),
7.34-7.28 (m, 2H), 6.92 (dd, J = 10.7, 8.5 Hz, 2894-3.87 (m, 2H), 1.88-1.79 (m,
2H), 1.45 (dd, J = 15.1, 7.1 Hz, 2H), 1.32 (dt, 2.1, 3.4 Hz, 4H), 0.88 (d, J = 7.1 Hz,
3H). MALDI-TOF (m/z): Anal. Calcd. for gzH3.N,OS: 552.74, Found: 552.11.

2.35  7-(4-(9H-carbazol-9-yl)phenyl)-10-hexyl-10H-phenothiazine-3-car bal dehyde
(4b)

A mixture of compound 3 (389 mg, 1 mmol),
4-(9H-Carbazol-9-yl)phenylboronic acid (574 mg, 2nol), K;CO; (345 mg, 2.5
mmol), Pd[P(GHs)3]4 (100 mg, 0.1 mmol) and TBAB (96.6 mg, 0.3 mmolO&M
(15 mL) was stirred and heated to reflux underteogen atmosphere for 18 h. When
the reaction was completed, water was added tochuéme reaction. The crude
product was extracted with DCM and saltwater fore¢htimes and dried over
anhydrous Ng5O,. The solvent was removed with rotary evaporatans| the crude
product was purified by column chromatography usttgDCM (2:1) as the eluent to
give compoundib as yellow solid in a yield of 80% (443 mdH NMR (DMSO, 400
Hz, ppm):5 9.77 (s, 1H), 8.23 (d, J = 7.0 Hz, 1H), 7.97-7(88 1H), 7.77-7.55 (m,
3H), 7.42 (s, 2H), 7.34-7.13 (m, 2H), 4.01-3.96 (H), 1.77-1.65 (m, 1H), 1.40 (d, J
= 3.3 Hz, 1H), 1.25 (s, 2H), 0.89-0.75 (m, 2H). MAILTOF (m/z): Anal. Calcd. for
Cs7H32N20S: 552.74, Found: 552.11.

2.3.6 3-(9H-Carbazol-9-y1)Phenyl-7-(N-hexyl - 10H-phenothiaz ne-rhodani ne-3-acetic

acid (ImCPPR)

11



218 A mixture of compoundta (553 mg, 1 mmol), rhodanine-N-acetic acid (570 mg,
219 3 mmol) and NHAc (77 mg, 1 mmol) in CECOOH (10 mL) was stirred and heated
220 to reflux under a nitrogen atmosphere for 24 h. MVttee reaction was completed,
221 water was added to quench the reaction. The crumbupt was extracted with DCM
222 and saltwater for three times and dried over ardw&lNaSQ,. The solvent was
223 removed with rotary evaporators, and the crude ymbavas purified by column
224  chromatography using methanol (MeOH)/DCM (1:20})tses eluent to givenCPPR
225  as crimson solid in a yield of 95% (691 m). NMR (DMSO, 400 Hz, ppm)5 8.24
226 (d, J=7.7 Hz, 2H), 7.85 (s, 1H), 7.78 (d, J =182) 1H), 7.75-7.67 (m, 2H), 7.57 (dd,
227 J=14.8,7.6 Hz, 3H), 7.41 (dt, J = 22.6, 10.3 611), 7.28 (ddd, J = 8.0, 5.3, 2.8 Hz,
228 2H), 7.11 (dd, J = 12.3, 8.8 Hz, 2H), 4.66 (s, 2Bi®1 (s, 2H), 1.67 (d, J = 6.6 Hz,
229 2H), 1.29-1.17 (m, 6H), 0.79 (d, J = 5.1 Hz, 3L NMR (DMSO, 101 Hz, ppm)
230 193.14, 167.72, 166.84, 147.16, 143.10, 141.14,6040138.01, 134.69, 133.31,
231 131.26, 129.95, 127.53, 126.81, 125.82, 124.63,9023123.30, 120.97, 120.53,
232 119.26, 117.04, 116.56, 110.20, 47.44, 45.82, 32@%B1, 26.19, 22.53, 14.28. FT-IR
233 (KBr) v cmt: 3437, 3052, 2954, 2924, 2853, 1711, 1595, 1544011454, 1403,
234 1363, 1333, 1275, 1249, 1229, 1196, 1113, 1026, 960, 874, 812, 792, 750, 724,
235 703, 657, 570. HRMS (ESI, m/z): [M+HRAnal. Calcd. for GHzsN30:Ss: 726.19109,
236 Found: 726.1914.

237  2.3.7 4-(9H-Carbazol -9-y1)Phenyl-7-(N-hexyl -10H-phenothiaz ne-rhodanine-3-acetic

238 acid (pCPPR)

239 A mixture of compoundib (553 mg, 1 mmol), rhodanine-N-acetic acid (570 mg,
240 3 mmol) and NHAc (77 mg, 1 mmol) in CECOOH (10 mL) was stirred and heated
241  to reflux under a nitrogen atmosphere for 24 h. MVtlee reaction was completed,

242  water was added to quench the reaction. The crumbupt was extracted with DCM

12



243 and saltwater for three times and dried over ardw&lNaSQ,. The solvent was
244 removed with rotary evaporators, and the crude ymbavas purified by column
245  chromatography using MeOH/DCM (1:20) as the eluengive pCPPR as crimson
246  solid in a yield of 94% (684 mgjH NMR (DMSO, 400 Hz, ppm) 8.25 (d, J = 7.8
247 Hz, 2H), 7.87 (s, 1H), 7.80 (d, J = 7.5 Hz, 1HYZ/(s, 2H), 7.59 (dd, J = 19.1, 11.0
248 Hz, 3H), 7.42 (d, J = 17.4 Hz, 5H), 7.28 (s, 2HR377.00 (m, 2H), 6.84 (s, 1H), 4.58
249 (s, 2H), 3.93 (s, 2H), 1.69 (s, 2H), 1.24 (s, 6881 (s, 3H)*C NMR (DMSO, 101
250 Hz, ppm):6 193.16, 167.61, 166.92, 147.15, 143.16, 141.18,6P4 138.02, 134.71,
251 131.25, 129.96, 127.61, 126.83, 126.30, 124.66,9423123.32, 120.97, 120.53,
252 117.09, 116.59, 110.21, 47.45, 31.26, 29.45, 2@8&A, 22.53, 14.28. FT-IR (KBY)
253 cm’: 3745, 3436, 2594, 2924, 2853, 1711, 1596, 1548811472, 1453, 1405, 1365,
254 1334, 1277, 1251, 1229, 1197, 1114, 1058, 909, 798, 724, 704, 666, 571, 514.
255  HRMS (ESI, m/z): [M+H] Anal. Calcd. for GyH3sN3OsSs: 726.1919, Found:
256 726.1909.

257 2.4 DSSC fabrication and photovoltaic measurements

258 DSSC fabrication details, current-voltage measurgmé¢l-V), incident
259  photon-to-current efficienciedRCEs) and electrochemical impedance spectroscopy
260 (EIS) can be found in our previous paper [34-36% #as measured under both dark
261  and illumination conditions.

262 For the open-circuit voltage decay (OCVD) measurds)ethe cell was first
263 illuminated for 20 s to a steady voltabg using the solar simulator, then the
264 illumination was turned off for 200 s and the OC\brve was recorded by Bio
265 analytical Systems CHIG60E.

266 3. Result and discussions

267  3.1. Photophysical properties

13
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The UV-Vis absorption spectra ofCPPR andpCPPR in DCM solution as well
as those adsorbed on Bi®ms are shown in Fig. 2 (a) and (b). The cormexpng
spectroscopic parameters are compiled in Tableslsh®wn in Fig. 2 (a), in solution
both dyes exhibit broad absorption with two digtibands. The higher energy ones
locating at 240-400 nm are assigned to the aromati® electron transitions of the
dye molecule. The lower energy bands are peaké8tGahm formCPPR and 493 nm
for pPCPPR, with ¢ of 12100 and 18900 midbldm® cm®, respectively. These low
energy bands are attributed to the ICT betweenc#ltbazole donor and rhodanine
acetic acid acceptor [29]. As can be seemG®PR with carbazole donor grafting to
the para position C(4) of benzene, the ICT pealslightly red-shifted and the
correspondinge has significantly improved, compared twCPPR linking at meta
position C(3), indicating that the relevant lineégpe of pPCPPR gives an optimized
framework for better conjugation and light harvegti

When mCPPR andpCPPR have been adsorbed on Fi@ims, the ICT bands
show broadening and red-shifting, indicating a dragation of the both dyes after
adsorption on the Ti©films [8, 9, 37]. It can be forecasted that thedatening and
red-shifting in ICT absorption will be beneficiad PCE improvement, due to the

improved light harvesting ability.
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Table 1

Photophysical and electrochemical properties@PPR andpCPPR.

& (mol*dm®

Dye imax(ﬂm) cm'l) on 2 (eV) Eg b (eV) EredC (eV)
mCPPR 486 12100 -5.25 2.13 -3.12
pCPPR 493 18900 -5.13 2.08 -3.05

# Measured in DCM with 0.1 M TBARFas electrolyte and calibrated with ferrocene/fegroum
(Fc/FS) as an internal reference of 0.46 eV. Finallycakited by Eoxt4.8Ercircyoy-

® Estimated from the onset wavelength of absorptjmettra in DCM solution.

¢ Calculated byE,y + E,.

3.2. Electrochemical studies

To evaluate the energy level matching-charactessifmCPPR andpCPPR in
a traditional DSSC device with Tgphotoanode and/l; electrolyte, e.g., the ability
of electron injection from the lowest unoccupiedi@salar orbitals (LUMO) of a dye
to TiO, conducting band (CB) and the regeneration of gfeeftbm its oxide state via
the electrolyte, CV analysis was performed. Thevesirare shown in Fig. 3 and the
corresponding data are collected in Table 1. Tis¢ dixidation potentiald,y), which
is correlated to the highest occupied moleculaitaido(HOMO), occur at 0.90 V and
0.78 V {/1s. Ag/AgCl) for mCPPR andpCPPR, respectively. Accordingly, the HOMO
levels of MCPPR andpCPPR are calculated to be -5.25 and -5.13 eV, respagtiv
Both of them are more negative than thié;|1(-4.8 eV vs. vacuum), suggesting
sufficient dye regeneration driving force from tlo&idized dye along with the
electrolyte. Based on the HOMO values and the lgmps Eg) calculated from onset
wavelength of the UV-visible absorption spectra MO levels of mCPPR and
PCPPR could be calculated as -3.12 and -3.05 eV, resm@dgt usingE, + E4 [9, 10,
38]. According to these calculation, the schematiergy level diagrams of the

MCPPR andpCPPR based DSSC devices can be drawn as Fig. 4. TheQ&Jd the
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318

319
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322

323

two dyes are more positive than the CB of Ji®4.0 eVvs. vacuum), providing
efficient electron injection from the excited dyelecules to the CB of Ti© It is
found that compared teM\CPPR with meta-linked carbazole through the benzene
group, the para grafting of carbazole moietp@PPR resulted in higher HOMO and
LUMO levels, as well as narrower bandgap. This isdarstandable, since
para-linkage can enlarge effective conjugation aardler electron more delocalized,
leading to narrow bandgap and raised HOMO leveic&ipara-linkage conjugation
can increase electron-donating ability [39] anduped electron affinity, hence the

LUMO level is lifted.
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Fig. 3. Cyclic voltammograms ahCPPR andpCPPR in DCM solution.
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Fig. 4. Schematic energy levelgs( vacuum) of TiQ, electrolyte mMCPPR andpCPPR.

3.3. Photoluminescence studies

In order to understand the electron dynamics betwee dye and the TiO
photoanode, the steady-state and time-resolvedolimoinescence spectroscopies
based on dye-adsorbed Tifilms were investigated. Blank experiments wergied
out on mesoporous ADs film, since almost no charge dissociation occunenvdyes
are adsorbed on it due to the unmatched electreisle

As illustrated in Fig. 5 (a), the PL intensity footh dyes with charge extracting
layers (TiQ films) are much weaker than those with@d films. The strong exciton
guenching verifies the high-efficiency of injectietectron from the excited dye into
the TiO, photoanode. PLs @dCPPR exhibit a higher intensity difference between
TiO, and ALOs films than those onCPPR, implying that the DSSC device based on
pPpCPPR dye can inject electrons into TiCfilm more efficiently after exciton

generation, which may give rise to high device paniance [40, 41].
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The TRPL decay curves and the relative fitting egrof TiQ and AbO; films
with the dyes are shown in Fig. 5 (b). Decay tiri@snd corresponding amplitudes
(A) are summarized in Table 2. The measured TRPLalgwere fitted by two

exponentials as follows:

t t
Ip, = Aq exp <— T—) + Ayexp <—T—)
1 2

whereA; denotes the proportion of each exponential thatsnthe relationship ok
+ A; = 1, andri /7, represents the time constant of each exponemiaponent.

For dye-coated AD; films, the PL decay reflects the lifetime of dyseif. The
longer PL decay time fqpgCPPR/AI,O3 (2.24 ns) than that fanCPPR/AI O3 (2.05
ns) implies higher excited state stability, whichaymresult from the optimized
molecular structure opCPPR with para-grafting. Compared to the corresponding
Al,Os films, the PL lifetime of the dye-coated Tifilms decreased significantly, both
for mCPPR andpCPPR, because of the efficient electrons injection fritva excited
state of molecules into the CB of TAO'he PL decay is found to be slightly faster for
pCPPR (0.22 ns) than fomCPPR (0.26 ns), though it might be attributed to
experimental errors and can’t definitely concludattthe electron injection efficiency
from pCPPR is more efficient. However, by comparing with tantrol films based
on AlOs, the injection efficiency can be calculatgd]. As can be seempCPPR
shows relatively higher electron injection effioogn(90.20%) thatmCPPR (87.37%),

which is consistent with the steady state PL mesamsant (see Fig. 5 (a)).
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Table 2

The fitting decay timerf and corresponding amplitud&)(of mMCPPR andpCPPR from TRPL.

Dye Film A1 (%) 71 (ns) Az (%) ©(NS) T (NS) 7" (%)
Tio,  88.94 0.14 11.06 121 (.26
mCPPR 87.37
AlLO,  86.13 1.43 13.87 587 205
Tio, 8843  0.12 11.57 098 Q.2
pCPPR 90.20
Al,O; 8525 1.74 14.75 513 294

2 The values of,, were determined with, = Ajz; + Aoz,

I
®Calculated byy;,; = 1 — —221%

Tdye/Al,03

3.4. Theoretical calculations

To investigate frontier molecular orbital distritarts and ICT pathway, DFT
calculations were performed by the Gaussian 09 ggelat the B3LYP/6-31G(d)
level [43-45]. Fig. 6 shows the front/top view opized structure and the
HOMO/LUMO distribution of the dyes. It can be infed from the optimized
structure that the geometry of PTZ core is non-glashowing a butterfly shape with
a ~155° angle between two phenyl groups. This fraonle can reducea—=* stacking
hence suppress dye-aggregation [24]. The HOMO tif tges locates over PTZ core
and extends to the nearby benzene group. It ishwadting that when the
peri-carbazole is connected in a para-mode@PPR, part of HOMO electron
extends to the carbazole moiety, contrasting taathmst zero-distribution of HOMO
electron in the carbazole part @ICPPR with meta connection. To investigate this
difference, we have tabulated the torsion anglesfthe Gaussian calculations, as
shown in Table 3. The optimal dihedral angles abaaole/benzene groups (565
54°) and benzene/PTZ groups (3& 36°) are similar fomCPPR and pCPPR.
However, large difference is observed in terms bk tdihedral angle of
carbazole/benzene, i.e., 18° fCPPR and 48° fomCPPR. Smaller dihedral angle

means smaller steric hindrance, which can exterdetbctron delocalization. As a
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392

result, better conjugation and more efficient I©@F gFCPPR were achieved, which is
consistent with the narrower optical bandgap andenadficient ICT absorption as
disclosed previously. The LUMO ohCPPR andpCPPR are mainly distributed on
rhodanine acetic acid acceptor and partly on thghbering PTZzn-linker. The

electronic distribution for both dyes shows a sudint overlap of frontier molecular
orbitals on PTZ unit, guaranteeing a facile charg@sfer from donor to acceptor
upon irradiation and hence ensuring efficient IGdgess. Additionally, considering
hardly any HOMO electron distributes on the alkdyaim-substituted, it can efficiently

prevent electron recombination [46].
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Fig. 6. Optimized ground state geometry and the frontielegular orbital distributions shCPPR andpCPPR.
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Table 3

Torsion angle of carbazole/benzene/PTMm&PPR andpCPPR.

Groups Carbazole/Benzehe Benzene/PTZ Carbazole/PT2
O a0
SChematIC S Acceptor S Acceptor h T :
CeHi CeHia e CeHi
mCPPR 56° 36° 48°
pCPPR 54° 36° 18°

®The dihedral angle is indicated by the four stars.

® Dihedral angle between carbazole unit and clokenyl in PTZ core.

3.5. Photovoltaic performances of DSSC

The J-V curves of DSSC sensitized hyCPPR andpCPPR are plotted in Fig. 7
(a) and the parameters are listed in Table 4. TRE® based omCPPR exhibits a
PCE of 4.56% with aJsc of 12.53 mA/cm, a Voc of 0.69 V and &F of 0.53,
Compared tanCPPR, device withpCPPR shows significantly improvedsc(15.12
mA/cny), generating an overalPCE of 5.57%. The relatively highedsc from
pCPPR device is mainly ascribed to the follow reasonk:bfioader and stronger
absorption (see Fig. 2 and Table 1), 2) efficidrd@rge injection (see Fig. 4), 3) higher
dye loading amount (see Table 4). The lower parFigt 7 (a) presents the dark
currents of the devices, which reflect the darkctieas related to the charge
recombination between the electrons in the,;potoanode and the hole on the redox
couple [47, 48]. Under the same bias voltage, #mk durrent fopCPPR DSSC is
smaller thatmCPPR, indicating weaker recombination, thus leadinghe slightly
increased/oc in pPCPPR device.

Fig. 7 (b) shows théPCEs for the DSSC devices. As shown, both dyes show
good ability to convert light to photocurrent irethegion of 400-750 nm. TH&CE

values frompCPPR device reaches the highest value of 56.9% at #95ahile 50.2%
24



415  at 495 nm fomCPPR device. The relatively high¢PCE for pCPPR leads to larger
416  photocurrents, which is well consistent with thghar Jsc value resulting from the

417 J-V curves.
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Fig. 7.(a)J-V curves (above part) and dark current curves (Iqpaet) and (b) PCE spectra for
DSSCdevices based anCPPR andpCPPR.
Table 4

Photovoltaic parameters of DSSC sensitizediBPPR andpCPPR.

Dye loading
0,

Dye Jsc(mA/cnt) Voc (V) FF PCE (%) (molicr?)
mCPPR 12.53 0.69 0.53 4.56 2.92x10
pCPPR 15.12 0.71 0.52 5.57 4.04%10

To better understand charge recombination kineacs OCVD measurement,
which monitors the procedure ¥gc transient from illumination condition to the dark
equilibrium, was implemented. Fig. 8 (a) presenGMD curves ofmCPPR and
pPCPPR devices. The lifetimes of the photogenerated mdastin the devicesg,, can

be evaluated according to equation [10]:

I. = KgT (dV0c)_1
n- e dat

where kg is the Boltzmann constant aifids the temperature.
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The calculatedr, values are plotted in Fig. 8 (b). At the potentralues of
illuminated quasi equilibrium state, thg of DSSC devices based omCPPR and
pPpCPPR are ~40 ms and ~100 ms, respectively. It can ke feat under the same
potential the DSSC based p€PPR has longer electron lifetime, which is ascribed

to the slower electron recombination rate and agtofor the relative highd?CE.
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Fig. 8.(a) OCVD for DSSC devices basedm@PPR andpCPPR and (b) electron lifetime

derived from OCVD measurement.

3.6. Electrochemical impedance spectroscopy analysis
The EIS measurement was performed under a bidsofom 10" Hz to 16 Hz

both under the dark and the illumination condititmget elucidation on the interface
charge-transfer and recombination processes inD&8Cdevices. The results are
shown in Fig. 9 and the corresponding data are sanmed in Table 5. The EIS
values are fitted through ZSimpWin software and e¢eivalent circuit is shown in
the inset of Fig. 9 (a). In Nyquist plot (Fig. 9))athe X-intercept value is
corresponding to the lumped series resistaRgef@r external circuit outside of the
cell. The semicircle at high-frequency region silatited to charge transfer resistance
at the electrolyte/Pt electrode interfa&g). The large semicircle in low-frequency is
attributed to the electron diffusion in the Bi®m and electron back reaction with

oxidized redox species at the TFi€lectrolyte interfaceR.) [49], which has most
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significant effect on DSSC performance.

Under dark condition, thB,; mainly reflects the charge recombination resistanc
at the interface between Tiye/electrolyte[8, 42, 49-52]. TheR values for
MCPPR andpCPPR are estimated to be 19.27 and 2X24espectively. The larger
R.: value forpCPPR devices corresponds to the decrease of chargebacation, in
agreement with its better device performance. Taetr®n lifetime ¢¢) for DSSC can

be calculated from the Bode plots (Fig. 9 (b)) bing the following equation [53-55]:

1

Te = 21fy
wheref,, is the peak frequency at low frequency region.

It turned out that the electron lifetime (10.85 niw) pCPPR device is longer
than MmCPPR device (8.96 ms), reflecting longer electron dsfn distance hence
better photovoltaic result [8, 42].

Contrast to dark condition, the Nyquist plots unddumination show
dramatically reduced arcs at low frequency regiod aegligible variation in high
frequencies, resulting in smallBg; and comparablBe/Rs values. Upon illumination,
large density of photocarriers is produced, greatiproving device conductivity.
Therefore, under illumination the signal &; should be dominated by carrier
transport and the reduced diameters in the Nyguigs are ascribed to the improved
conductivity [9, 56]. Compared imCPPR DSSC, ther;; of pCPPR (16.57vs. 15.21
Q) is smaller, indicating lower charge transporigesice and better carrier transport
in pCPPR device.

As calculated from the Bode figures under illumioat both devices show
shorterzesthan those under dark (see Table 5). It can bebascto the differentsl

concentration. Under illuminationg” laggregates at the Ti@ye/electrolyte interface

after dyes regeneration, whereas in the darldisperses within the electrolyte. The
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higher local 4 concentration under light is expected to incredm@ge recombination
with injected electron and hence shorten theitifife [53].

It should be noticed that the electron lifetimeslq~ms) based on EIS
measurement are much shorter than those based Ub @&ta (about 40 to 100 ms).
This discrepancy is mainly caused by the differanaxperimental conditions. While
the former is taken under external electric figlkre is only a built-in electric field

without applied bias in the latter case.
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Fig. 9. (a) Nyquist plots and (b) Bode plots for DSSC desibased omCPPR andpCPPR.

Table 5

EIS fitting parameters for DSSC sensitized@PPR andpCPPR.

Condition Dye Rs(Q) Ret(Q) Rt (Q2) fo (Hz) 7o (MS)
dark MCPPR 10.80 6.36 19.27 17.78 8.96
ar
pCPPR 10.32 6.70 25.24 14.68 10.85
_ o MCPPR 10.56 4.90 16.57 21.54 7.39
illumination
pCPPR 9.97 6.05 15.21 17.78 8.96

4. Conclusions

In conclusion, two novel metal-free organic dye€PPR and pCPPR have

been synthesized and utilized in DSSC. In termmolecular design, phenothiazine

and rhodanine acetic acid have been employedbaglge and acceptor, respectively;

while the carbazole donor part is connected with R Z=-bridge through benzene

ring as such thanCPPR has a meta-connection at C(3) position, pG#PR has a

para-connection at C(4) position. The DSSC deviesed onpCPPR reaches
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significantly higherPCE of 5.57%, with dominating contribution from highésc.
After systematic research, we have finally expldinlee mechanism. For the first,
good molecular configuration results in higher dgading. Second, effective ICT
process provides broader and stronger absorptientrsp Third, favorable energy
level permits efficient charge injection. And theufth small charge recombination
resistance benefits long electron lifetime. Thd, l&swv charge transport resistance
creates good charge transport pathway.
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13C NMR spectrum of compoundCPPR (DMSO, 101 MHz)
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Highlights

1. Two novel phenothiazine-based organic dyes have been designed and synthesized
as sensitizers for dye-sensitized solar cell.

2. The different effects of meta or para connected mode organic dyes for DSSC
devices have been systematic researched.

3. The dye-sensitized solar cell based on dye with para connection mode achieves a

high power conversion efficiency of 5.57%.



