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ABSTRACT: In this study, three donaracceptor (Dr-A) type unsymmetrical
porphyrin-based dyes have been designed and sizetiefor dye-sensitized solar
cells (DSSCs). The photophysical, electrochemiodl photovoltaic properties of the
dyes were successfully adjusted by using functinedlarylamines (triphenylamine
or N, N-dimethyl-4-(acetylene)-aniline) as donaoyghyrin derivatives as conjugated
n bridge, ethynyl-thiophene or ethynyl-thiophtheset@pacer and carboxylic acid as
anchor group. Compared with the dye containing reththiophene as spacer, the
dyes containing 2-ethynyl-6-methylthieno[&Rhiophene ast spacer between the
porphyrin macrocycle and the carboxylic acid anglgrgroup show broadened
absorption spectra on T}Gilms and red-shifted absorption spedtrasolution. The
dye based on triphenylamine and 2-ethynyl-6-metimgtio[3,2b]thiophene exhibited
a power conversion efficiency (PCE) of 4.53% unsienulated air mass 1.5 global

sunlight. These results indicate that the introdumct  of



2-ethynyl-6-methylthieno[3,®]thiophene in the meso-positions of porphyrin diges

an effective approach to improve the photovoltadgrmance.

Keywords. Conjugatedrt bridge; Porphyrin-based dyes; Power conversianieffcy;

Dye-sensitized solar cells; Synthesis

1. Introduction

As the fossil energy gradually reduces and the denad energy increases in the
world, the exploration of new energy has becameotaskientific research. Solar
energy, as a kind of widely distributed, ample and-friendly energy, has caused the
world’s research. Dye-sensitized solar cells (D9S@=e one of the most effective
renewable photovoltaic devices because they wenedfdo display low cost, ease of
fabrication, short energy pay back time, low sevisjtto temperature changes and
environmental friendliness compared with the cotiea@al inorganic solar cells [1].
The sensitizer was one of the key components fareamg the device with high
efficiency and durability. Up to now, a recordedmeo conversion efficiency (PCE)
above 13.0% has been reported for DSSCs [2, 3]rdthenium polypyridyl complex
as sensitizers in the DSSCs was the first one esh&CE of 10% [4]. However,
ruthenium was a noble and expensive metal, whicly timait the large-scale
application as sensitizers. For this reason, paiphgnd its derivatives with large
n-conjugated systems have been received considesdtastion as sensitizers for
DSSC applications [5, 6].

The structure of porphyrin exhibits four meso-posis and eighB-positions,

which can serve to functionalizatioprLinked porphyrin derivatives were reported to
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show promising device performances with a benchne#fikiency of 7.1% in 2007
[7]. Meso-linked porphyrin derivative sensitizers with paush-pull framework
appeared in 2009 [8WWith a structural design involving long alkoxyl ¢ha to
envelop the porphyrin core to suppress the dyeeaggon for a push-pull zinc
porphyrin, the DSSC device achieved a record PCE3d% in 2014 [2]. Recently,
unsymmetrical porphyrin sensitizers [9-11] with qure directionality have been
proven to be high-performance sensitizers. In thst glecades, various functional
groups and their derivatives [12-14] have been emgal at meso-positions of
porphyrin macrocycles to develop an effective dirthe donors-acceptor (Dr-A)
structure.

According to previous reports, the PCE of porphysensitizers could be
significantly improved by grafting the molecule wiproperly chosen donat,spacer
and acceptor/anchoring groups. Combination of awahge of donor moieties, such
as functionalized arylamines, polyaromatic or rmtgclic donors, with ethynyl
benzoic acid anchoring group at the meso-positioth® porphyrin has revealed a
significantly improved cell performance [9-12]. ©phene derivatives have been
widely utilized in metal-free organic sensitizer45{17] and porphyrin-based
sensitizers [18, 19] as an effectizebridge in DSSCs. Compared with thiophene,
thiophthene [20] exhibits largardelocalization, so it was widely usedmabridge for
metal-free organic sensitizers. However, it raraBed asn bridge in porphyrin
sensitizerslt was revealed that, in porphyrin dyes, the eltiogaof = conjugation or

loss of molecular structure symmetry could causplidin = andn* energy levels and



a decrease in the energy gap between the highagpied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUM®@)\s resulted in broadening
and red-shifting of the absorption band togethehan increasing intensity of the Q
band relative to that of the Soret band [21]. Irs thrticle, in contrast to many
available porphyrin sensitizers which have beerontepl with ethynyl benzoic acid
anchoring group [22, 23], we attempted to introdedder ethynyl-thiophene or
2-ethynyl-6-methylthieno[3,®]thiophene asn spacer between the porphyrin
macrocycle and the carboxylic acid anchoring grang studied its influence on solar
cell performance.

Herein, we reported three new unsymmetrical zing{pgrin dyes, as shown in
Fig. 1,appended with ethynyl-thiophene or ethynyl-thiogmir spacer between
porphyrin and anchoring group to facilitate theftshi the absorption towards the red
region in solution. We predicted that increasing tonjugated degrees nfbridge
moieties could improve the light-harvesting capab#énd reduce the intermolecular
aggregation [24]. Thus, a higher short circuit eatrdensity Js9 and a higher PCE
could be achieved. The photophysical, electrochanaicd photovoltaic properties of

the porphyrin dyes with different donors andpacers were fully investigated.

2. Experimental section

2.1 Materials and reagents

All starting materials were purchased from comnareuppliers at analytical
grade. Tetrahydrofuran (THF) was distilled from isma-benzophenone prior to use.

N,N-Dimethylformamide (DMF) was dried and distillathder reduced pressure.
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Phosphorus oxychloride (POl and 1,2-dichloroethane were achieved by
atmospheric distillation. All other solvents andenticals used in this work were
analytical grade without further purification. Adhromatographic separations were
carried out on silica gel (200-300 mesh). Compo@®, 13 [3, 25, 26] and
compoundl4 were synthesized according to the methods repontede literatures
[27].

2.2 Instruments and characterizations

'H NMR spectra was measured on a Bruker Avance d€i@uiment, using CDghnd
deuterated dimethyl sulfoxidi (DMSO-d6) as solveatsl tetramethylsilane (TMS;
6=0 ppm) as internal standard. MALDI-TOF mass smeoatric measurements were
performed on Bruker Autoflex lllinstrument. GC-MS were measured on an
Agilengt-7890A-5975C instrument. UV-Visible spectfithe dyes were measured on
a Perkin-Elmer Lamada 25 spectrometer. The totabusms of the three dyes
adsorbed on the TiOfilms were determined by measuring the absorbaricthe
sensitizers, which were dissolved from the dye-@afiO, films into DMF/H,O =
4:1 with 0.1 mol L* NaOH. The PL spectra were obtained using PerkineEILS-50
luminescence spectrometer. Electrochemical impexsangere measured on an
electrochemistry workstation in the dark. Electmical redox potentials were
obtained by cyclic voltammetry, which measured biyr@e-electrode configuration
and an electrochemistry workstatian a scanning rate of 50 mV'.sThe silver
electrode (SCE), platinum disk electrode and Pttelde were used as reference

electrode, working electrode and the counter eadeir respectively.



Tetrabutylammonium perchlorate (TBAP) 0.1 M wasduae supporting electrolyte in
nitrogen-purged anhydrous CHCFerrocene/ferrocenium redox couple was used for

potential calibration.

2.3 General procedure for preparation of porphyrin-modified TiO, electrode and

photovoltaic measurements

Fluorine-doped Snfconducting glass (FTO) were cleaned by ultrasdioisan
water, acetone, ethanol, isopropanol, respectivaatyg, subjected to anzQreatment
for 10min. The substrates were treated in a 40 ni®,Bolution at 76C for 30 min,
then rinsed with deionized water and ethanol, statat 45F°C for 30 min. The TiQ@
suspension was composed of P25 (Degussa AG, Ge)ljzjyacetylacetone, 1 wt%
magnesium acetate, and magnetic stirring for ZBhken the paste was deposited onto
the substrates by the method of blade coating taimta TiQ film of 10-15um
thickness. The Ti@film was gradually heated to 480, baked at this temperature for
30 min. The 200 nm patrticles sized Fi€blloid was coated on the electrode by the
same method, resulting in a Tidight-scattering layer of 4-&um thickness. The
double-layer TiQ were sintered at 45C for 30 min. After the substrate was cooled
to the room temperature, then treated with Fi€lution at 70C for 30 min and
sintered at 456C for 30 min.

After the film was cooled to room temperature, @asmmersed in optimized
solvent system of THF and ethanol (volume ratig With 0.25 mM porphyrin dyes
and 10 mM Chenodeoxycholic acid (CDCA) for 3 h ire tdark. The sensitized

electrode was then rinsed with ethanol and driedr@p of electrolyte was deposited
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onto the surface of the electrode and a Pt foiht&uelectrode was clipped onto the
top of the TiQ electrode to assemble the dye sensitized sol& foel photovoltaic
performance measurements. The electrolyte consi$téds M Lil, 0.05 M §, and 0.5
M 4-tert-butylpyridine (TBP) in 3-methoxypropionitrile arttie efficient irradiated
area of the cell was 0.196 &nThe photocurrent-voltage){V) characteristics were
recorded on Keithley 2602 Source meter. Dye seedtiTiO, electrodes were
measured under simulated air mass 1.5 global dunlighe power conversion
efficiency @) of the DSSC was calculated from short-circuit tolsarrent(Jso), the
open-circuit photovoltageVf), the fill factor £F) and the intensity of the incident

light (Pin) according to the following equation:

_Jirsc"[m;'l m_i} x T’T:lc'[l[’?j' « FF
B B, (mW cm-1)

The measurement of monochromatic incident photodtoent conversion
efficiency (IPCE) for the solar cell was also dételcwith a Zolix DCS300PA data
acquisition system.

2.4 Synthesis
N-(4-(di(1H-pyrrol-2-yl)methyl ) phenyl)-4-methyl-N-p-tol yl benzenamine (2)

Compoundl (3.01 g, 10 mmol) and pyrrol (17.40 mL, 0.25 mmeére added to
a dry round-bottomed flask and degassed with amstref argon for 30 min. Indium
trichloride (0.22 g, 1 mmol) was addeohd the solution was stirred under argon at
room temperature for 30 min and then quenched @ithM agueous NaOH. The
organic phase was washed with water and dried ambydrous MgS® Then the

solvent was removed under vacuum to afford an @angde product, and then it was
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purified by column chromatography using a hexahgleacetate mixture (5/1) as
eluent. A brownish yellow solid was obtained. Yiél&1 g (59.9%)'H NMR (CDCk,
400 MHz,8/ppm): 7.95 (s, 2H), 7.05-7.04 (@2 Hz, 6H), 6.98-6.94 (d=8 Hz, 6H),
6.70 (s, 2H), 6.16 (s, 2H), 5.94 (s, 2H), 5.40L(8), 2.30 (s, 6H).
1-(3-Bromothiophen-2-yl)ethanone (3)

To a stirred solution of 3-bromothiophene (10 g,062mmol) in refined DMF
(200 mL), acetyl chloride (5.80 g, 74.40 mmol) veakled, and then slowly added
AICI3(16.35 g, 124 mmol). The solution was stirred &EGor 3 h and then quenched
with water. The organic phase was washed with 0 dgMeous NaOH and dried over
anhydrous MgS® The solvent was removed under reduced pressuggveo the
product without any purification.
3-Methylthieno[ 3,2-b] thiophene-2-carboxylate (4)

To a degassed solution of compouh@s g, 24.38 mmol) and KOs (6.77 g,
48.76 mmol) in refined DMF (100 mL), ethyl-2-mertagcetate (3.52 ,9029.26
mmol)was added. After the solution was stirredoatnm temperature under argon for
24 h, NaOH (178 mg, 4.46 mmol) in ethanol (5 mL)svealded and the mixture was
stirred for an additional 24 h, and then quenchétl water. The organic phase was
washed with water and dried over anhydrous MgS®e solvent was removed under
reduced pressure. The residue was purified by aolwhromatography using
hexane/ethyl acetate=5/1 to as eluent. A whitedswlas obtained. Yield 2.12 g
(41.0%).*H NMR (400 MHz, CDC}, §/ppm): 7.56—7.55 (d}=2 Hz, 1H), 7.31-7.30

(d, J=2 Hz, 1H), 4.39-4.36 (m, 3H), 2.69 (s, 3H).



5-Bromo-3-methylthieno[ 3,2-b] thiophene-2-car boxyl ate (5)

To a stirred solution of compound (2.12 g, 10 mmol) in DMF (50 mL), a
solution of N-bromosuccinimide (NBS) (2.15 g, 12 oimin DMF (20 mL) was
slowly added at 6C, and then the mixture was warmed up t8@G@or 24 h. After the
reaction was quenched with acetone (5 mL), the urgxtvas poured into water and
extracted with dichloromethane (DCM). The solveraswemoved under reduced
pressure. The residue was purified by column chtogmaphy using hexane/ethyl
acetate = 5/1 to as eluent. A white crystal wasiobt. Yield 2.05 g (70.9%}H
NMR (400 MHz, CDC}, 8/ppm): 7.30 (s, 1H), 4.39-4.34 (m, 3H), 2.69 (s).3H
3-Methyl-5-(2-(trimethyl silyl)ethynyl)thieno[ 3,2-b] thiophene-2-carboxyl ate (6)

A mixture of compound (2.05 g, 7.09 mmol), trimethylsilylacetylene (3 n#l
mmol ), Pd(PP¥)4 (32 mg, 46.6Qumol), Cul (13 mg, 69.9@mol), THF (30 mL) and
EtN (5 mL) was gently refluxed for 12 h under argdhe reaction liquid was poured
into water and extracted with DCM. The solvent warsoved under reduced pressure.
The residue was purified by column chromatograptiggihexane/ethyl acetate = 5/1
to as eluent to give the product. Yield 1.42 g 166) as a light yellow solidH NMR
(400 MHz, CDC}, é/ppm): 7.38 (s, 1H), 4.42-4.37 (m, 3H), 2.68 (s),3B130 (s,
9H).
5-Ethynyl-3-methyl thieno[ 3,2-b] thiophene-2-carboxylic acid (7)

2 M aqueous NaOH (3.75 mL, 7.50 mmol) was added mtsolution of
compounds (1.16 g, 3.75 mmol) in MeOH (10 mL) at O °C. Thaaton mixture was

stirred for 5 h at room temperature. The mixtures wautralized and concentrated in



vacuo. The mixture was poured into water and etdthavith ethyl acetate. The
organic layer was washed with brine, and dried evdrydrous MgS@ Filtration and
concentratiorunder vacuungave? as a brown solid. Yield 0.81 g (97.6 %)} NMR
(400 MHz, CDC4, 6/ppm): 7.38 (s, 1H), 3.87 (s, 1H), 2.68 (s, 3H).
5-(4-(Di-p-tolylamino)phenyl)-10,20-bis(2,6-di octoxyphenyl ) por phyrin (10)

To a degassed solution of dipyrromethane (0.40.7¢4 2amol), compoun@®
(.15 g, 2.74 mmol) and compourdl (2.00 g, 5.50 mmol) in DCM (700 mL),
trifluoroacetic acid (0.27 mL, 3.73 mmol) was addatter the solution was stirred at
25 °C under argon for 4 h, 2,3-dichloro-5,6-dicyano-iehzoquinone (DDQ) (2 g,
8.27 mmol) was added and the mixture was theredtifor additional 1 h. Then, the
mixture was basified with B (5 mL). The solvent was removed under reduced
pressure and the residue was purified by columarshtography using DCM/hexane
=1/2 as eluent to give a red solid. Yield 0.68 28). '"H NMR (400 MHz, CDC},
slppm): 10.13 (s, 1H), 9.77-9.69 (m, 4H), 9.12-90 4H), 8.97 (s, 2H), 8.90 (s,
2H), 8.83 (s, 2H), 7.98-7.96 (m, 4H), 7.88 (s, 2AR1 (s, 2H), 6.88 (s, 4H),
3.92-3.87 (m, 8H), 2.32-2.26 (s, 6H), 0.95-0.88 @hl), 0.87-0.82 (m, 8H),
0.68-0.61 (m, 8H), 0.59-0.54 (m, 28H), 0.49-0.42, @hi), —3.02 (s, 2H).
MALDI-TOF MS (CgqH103aNs04) m/z: calcd for 1246.808; found 1246.905.
5-Bromo-15-(4-(di-p-tolylamino) phenyl)-10,20-bis(2,6-di octoxyphenyl )por phyrin (11)

To a stirred solution of porphyritD (0.68 g, 0.55 mmol) in DCM (350 mL), was
slowly added a solution of NBS (97 mg, 0.55 mmpoIpPiICM (40 mL) in a period of 6

h at 0 °C under argon. After the reaction was ghedowith acetone (10 mL), the
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solvent was removed under reduced pressure. Tldueesvas purified by column
chromatography (silica gel) using DCM/hexane=1/2lagnt. Recrystallization from
MeOH/DCM gave the product as a purple powder. YB3 g (72.6%)*H NMR
(400 MHz, CDC4, 6/ppm): 9.77-9.69 (m, 4H), 9.12-9.04 (m, 4H), 8.872H), 8.90
(s, 2H), 8.83 (s, 2H), 7.98-7.96 (m, 4H), 7.8823H), 7.21 (s, 2H), 6.88 (s, 4H),
3.92-3.87 (m, 8H), 2.32-2.26 (s, 6H), 0.95-0.88 @hl), 0.87-0.82 (m, 8H),
0.68-0.61 (m, 8H), 0.59-0.54 (m, 28H), 0.49-0.42, @hi), —2.98 (s, 2H).
MALDI-TOF MS (CgqH102NsO4Br) m/z: calcd for 1326.717; found 1326.530.

[ 5-Bromo- 15-(4-(di-p-tolylamino) phenyl )-10,20-bi s(2,6-di octoxyphenyl ) por phyrinato]
zinc(l1) (12)

A suspension of compourid (0.53 g, 0.40 mmol) and Zn(OA€2H,0 (1.04 g,
4.40 mmol) in a mixture of DCM (60 mL) and metha0 mL) were stirred at 23
°C for 3 h. The reaction was quenched with wateO (ifL), and the mixture was
extracted with DCM (2 x 100 mL). The combined estsawere washed with water
and dried over anhydrous Mga'he solvent was removed under reduced pressure
to give the product. Yield 0.52 g (98.1%H NMR (400 MHz, CDC}, d/ppm):
9.77-9.69 (m, 4H), 9.12-9.04 (m, 4H), 8.97 (s, 28190 (s, 2H), 8.83 (s, 2H),
7.98-7.96 (m, 4H), 7.88 (s, 2H), 7.21 (s, 2H), 6(88 4H), 3.92-3.87 (m, 8H),
2.32-2.26 (s, 6H), 0.95-0.88 (m, 8H), 0.87-0.82 @hl), 0.68-0.61 (m, 8H),
0.59-0.54 (m, 28H), 0.49-0.42 (m, 8H). MALDI-TOF MSssH100NsO04BrZn) m/z:
calcd for 1387.600; found 1387.706.

[ 5,15-bis(2,6-dioctoxyphenyl )-10-(4-(di-p-tolylamino)phenyl)-20- (5-car boxythiophen
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e-2-yl-ethynyl)porphyrinato] zinc(l1) (SF)

CompoundSF was prepared under modified conditions of literatprocedure.
Pd(PPh)4 (12 mg, 0.01 mmol) and Cul (2 mg, 0.01 mmol) wddeal into a solution
of compoundl2 (139 mg, 0.10 mmol) and compouh8 (40 mg, 0.30 mmol) in fresh
distilled THF (35.0 mL) and anhydrous3Bt(6 mL) under argon. The reaction was
stirred at 45°C for 14 h. Then, the reaction was quenched wittes@ 00 mL), and
the mixture was extracted with DCM (2 x 50 mL). Toeembined extracts were
washed with water and dried over anhydrous MgS®e solvent was removed under
reduced pressure to give the product. The crudeéugtonvas purified using silica gel
column chromatography (eluent: DCM/@BH = 25:1) to give a green solid. Yield 95
mg (65.2%)H NMR (400 MHz, DMSO g/ppm): 9.56-9.49 (m, 4H), 9.13-9.04 (m,
4H), 8.83 (s, 2H), 8.78-8.77 (m, 3H), 8.67—8.60 2ir), 7.96—7.92 (m, 5H), 7.69 (s,
2H), 7.21 (s, 2H), 6.89 (s, 4H), 3.92-3.87 (m, 8PN8 (s, 6H), 0.95-0.88 (M, 8H),
0.87-0.82 (m, 8H), 0.68-0.61 (m, 8H), 0.59-0.5428H), 0.49-0.42 (m, 8H). FT-IR
(VinadCMiY): 2177 (c=c). MALDI-TOF MS (Co1H10:N506SZ,) m/z: calcd for 1458.699;
found 1458.706.

[ 5,15-bis(2,6-dioctoxyphenyl )-10-(4-(di-p-tolylamino)phenyl)- 20- (5-car boxy-6-methyl
thieno[ 3,2-b] thiophene-2-yl-ethynyl)por phyrinato] zinc(ll) (BSF)

The synthetic procedure foBSF was similar to that forSF, except that
compound? (66 mg, 0.3 mmol) was used instead of compal®id’he crude product
was purified using silica gel column chromatogragéjent: DCM/CHOH = 25:1)
to give a green solid. Yield 89 mg (58.29% NMR (400 MHz, DMSO,5/ppm):

12



9.57-9.49 (m, 4H), 9.13-9.04 (m, 4H), 8.83 (s, BHJ8—8.77 (m, 2H), 8.67-8.60 (m,
2H), 8.05 (s, 1H), 7.96-7.92 (m, 4H), 7.69 (s, 2AR1 (s, 2H), 6.89 (s, 4H),
3.92-3.87 (m, 8H), 2.48 (s, 6H), 2.33 (s, 3H), 6@88 (M, 8H), 0.87—0.82 (M, 8H),
0.68-0.61 (m, 8H), 0.59-0.54 (m, 28H), 0.49-0.42 &M). FT-IR {me/cm’): 2177
(Ve=c). MALDI-TOF MS (CoqH10N506S:Z,) m/z: calcd for 1528.687; found
1528.984.

[ 5,15-bis(2,6-dioctoxyphenyl )-10-((4-N,N-dimethylamino-phenyl ) ethynyl)-20-(5-carb
oxy-6-methylthieno[ 3,2-b] thiophene-2-yl-ethynyl )por phyrinato] zinc(l1) (NSF)

The synthetic procedure fdNSF was similar to that forSF, except that
compoundl4 (138 mg, 0.11 mmol) and compouid132 mg, 0.60 mmol) were used
instead of compound2 and compound13, respectively.The crude product was
purified using silica gel column chromatographyuésit: DCM/CHOH = 25:1) to
give a green solid. Yield 94 mg (61.0% NMR (400 MHz, DMSOg/ppm): 9.57 (s,
2H), 9.29 (s, 2H), 8.85-8.74 (m, 4H), 8.05 (s, THP0-7.89 (dJ=2 Hz, 2H), 7.69 (s,
2H), 7.47-7.46 (dJ=2 Hz, 2H), 6.99 (s, 4H), 3.92-3.87 (m, 8H), 2.6652(s, 6H),
2.16 (s, 3H), 0.95-0.88 (m, 8H), 0.87—0.82 (m, 8458—0.61 (m, 8H), 0.59-0.54 (m,
28H), 0.49-0.42 (m, 8H). FT-IRVfa/cm?): 2177 (c—c). MALDI-TOF MS

(Cg4Hg7N506S,Z)) m/z: calcd for 1399.620; found 1399.721.

3. Resultsand discussion
3.1 Synthesis
The detailed synthetic routes of three porphyriasdgs well as the intermediates

were shown in Scheme 1. Firstly, the compouRdwas synthesized from
13



4-(dip-tolylamino) benzaldehyde in pyrrol using lg@s catalyst. Then compoud
was reacted with compour@land9 to obtain the key intermedial®. Subsequently,
compoundlO was reacted with NBS in DCM to convertltb Finally, compoundll
was treated with Zn(OAg)H,O to obtain the key intermediatl?. Compound3 was
synthesized from 3-bromine thiophene by Vilsmeaniylation reaction. Compound
4 was prepared fror with ethyl-2-mercaptoacetate by free radical reactiThen, by
means of Sonogashira reactiédnyas reacted with trimethylsilylacetylene to affécd
Finally, 7 was obtained from ordinary hydrolysis reaction. @oomd8, 9, 13 and14
were synthesized according to the methods repanteithe literatures. The target
molecules were produced with the Sonogashira arospling method [25].
3.2 Photophysical properties

The photophysical properties 8F, BSF andNSF were investigated by UV-Vis
absorption spectroscopy in diluted AM) chloroform solution. The spectra and data
are shown in Fig. 2 and Table 1, respectively. Thiee dyes showed typical
absorption bands associated with porphyrins, ngnaglyntense Soret band at around
450 nm and a series of lower-intensity Q bandemrgér wavelength (550-650 nm).
Among all the three dye®SF displayed a relatively weaker Soret band absamptio
indicating the inferior ability of light harvestingrhe values of the molar extinction
coefficient ¢) at the maximum absorption wavelengih£) were 2.12, 1.42, 0.86 x
10°M~*cmi ™ for SF, BSF, NSF dyes, respectivelyAs expected, all of the Soret-bands
and Q bands dSF andNSF were obvious red-shifted significantly relativeSie. In
CHCl; solution, the maximum absorption wavelength,) for these dyes were 450,

14



457, 458 nm, respectivelyThe Soret-bands ofBSF and NSF which used
2-ethynyl-6-methylthieno[3,®]thiophene ast spacer were 7—-8 nm red-shifted than
SF. The Q bands dBSF andNSF were 4 nm and 28 nm red-shifted relativeSE
respectively.The red-shift ofBSF and NSF, which might be due to the electronic
effect of ther spacer and the Q band red-shiftNF in solution is more obvious
thanBSF, which may be largely affected by the dimethyliagielectron donor group.
This result conformed that the ethynyl-thiophtheiggoups linking at the
meso-position of porphyrin had positive effect amproving the UV-Vis absorption
of the porphyrin dyes.

We also measured the adsorption of those threehpompdyes on TiQ films
(Fig. 3). The corresponding data were also sumredriiz Table 1. The corresponding
absorption peaks in Soret-bands were 452, 440 @ddni for SF, BSF and NSF,
respectively. The absorption peak of the BgE was blue-shifted on the TiQurface
in comparison with those in solutions, due to tleemfation of H-aggregation.
However, the absorption peaks of the dgesandNSF were red-shifted compared to
those in solution, which should result from thenfation of theJ-aggregation of
porphyrins on the Ti@surface [29, 30]. In addition, the absorption $eof these
three dyes on the Tidilm were broadened relative to the solution sggect

The emission spectra of the three porphyrin dyespsesented in Fig. 4 and
fluorescence data are also listed in Table 1. Tleimum fluorescence emission
wavelength {em) of BSF was 640 nm, which was a little red-shifted3e (636 nm).
The observed red-shift ofe, should be attributed to the increase of the affect
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conjugation inBSF molecules compared &F. But thele, of NSF (623 nm) displays

an antipodally blue-shifted relative 8- due to different donor units.

3.3 Electrochemical properties

To evaluate the thermodynamic possibility of electtransfer from the excited
dye molecule to the conductive band of FiQyclic voltammetry (CV) was
performed in CHG with 0.1 M tetrabutylammonium perchlorate (TBAP3 a
supporting electrolyte (Fig.5)lhe first oxidation potential H,) versus normal
hydrogen electrode (NHH,x, which corresponds to the highest occupied moéecul
orbital (HOMO versus NHE), was calibrated by adutitiof 0.63 V to the potential
(versus silver electrode) versus Fé/By CV. The reduction potential versus NHE
(Ereq), Which corresponds to the lowest unoccupied mudecorbital (LUMO versus
NHE), could be calculated bi.«-Eoo. And the zerothezeroth energids.§) were
determined by the intersection of the normalized-W¥ absorption spectrum and
steady-state fluorescence emission spectflinthe data are summarized in Table 2.

The Eox energies diF, BSF and NSF were found to locate at 0.83, 0.79 and
0.64 V, respectively. Compared wiF, the E,s of BSF and NSF were shifted to
negative, which could be attributed to the expamsibtheirz-conjugated units [31].
The reduction potentials of the three dy8E, (BSF andNSF) were —-1.23, —1.25 and
—1.43,respectively. It was evident that the HOMO levdisigesBSF andNSF were
more negative thaBF, which resulted in the decrease of their energysdsetween
the HOMO and LUMO. At the same time, the decredgsbair energy gaps showed a
positive effect on the DSSCs performance due tonheower gap between the
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HOMO level and the redox potential of iodine/iodidading to less waste of energy.
It was evident that the LUMO values were more nggahan the conduction band of
TiO, (about —0.5 V versus NHE), which the electrondade efficiently injected into
the conduction band of Tigrom the excited dyes. THgy,between the conduction
band and théc.q(versus NHE) ofSF, BSF and NSF were 0.73, 0.75 and 0.93 eV.
Theoretically, an energy gap of 0.2 eV was necgdwarefficient electron injection
[32]. The above experimental results indicated thathree dyes could be used as the
gualified sensitizers for efficient DSSCs.

3.4 Photovoltaic properties of porphyrin-sensitized TiO; cells

The incident photo-to-current conversion efficiasci(IPCE) plots for the
DSSCs based on the three porphyrin dyes are showigi 6.All the three dyes
responded in the broad range of 300—750 nm andeshtive maximum IPCE values
around 460 nm, which was in accord with the speofrthe dyes on Ti@ It was
noticed that the solar cell sensitized by &epresented an IPCE value of 55% at 466
nm. DyesBSF andNSF got higher IPCE values of 71% at 467 nm and 82%/ét
nm, respectively. Among the three dy8&E, showed inferior IPCEelative to other
two dyes which mainlyesulted from its worse light harvesting ability iang
wavelength region in solution.

The photocurrent density-voltage curvds\{) of DSSCs based d&F, BSF and
NSF are shown in Fig. 7 and the detailed photovoltaiameters are summarized in
Table 3. TheSF-based cell gave a short circuit current denslgy of 6.09 mA cri?,
an open circuit voltage/,) of 0.52 V, and a fill factor (FF) of 0.67, whigielded an
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overall power conversion efficiency (PCE) of 2.108mnd the cell based oNSF
showed als; of 9.41 mA cm?, aV,. of 0.62 V, and a FF of 0.68, leading to a PCE of
3.98%. Under the same conditions, tB8F-based cell showed the highest PCE
among the three dyes of 4.53%, with a higldesbf 10.66 mA cn>. The V. values
were in the order oNSF =~ BSF > SF, the lowestV,. of SF which might due to the
higher charge recombination rate in }idye/electrolyte interface. The measudsd
increased in the order & (6.09 mA cm?) < NSF (9.41 mA cm?) < BSF (10.66
mA cm?), consistent with the increased tendency of IPCR. investigate the
absorptive abilities and explain tlig of the three dyes, the thin films were evaluated
for the total amount of the porphyrin adsorbed. @tisorbed amount§) of the three
dyes on TiQ film are exhibited in Table 1. The amount of theee dyes$F, BSF
and NSF) absorbed on Ti©film were 7.72 x 10, 8.19x10° 1.58x10%mol cnm?,
respectively. These data suggested 8tkathad the worst light-harvesting ability on
TiO, film thus caused the lows: [33]. Although NSF exhibited the highedt, its
lowest ¢ brought about the loweds.thanBSF. Finally, the maximum conversion

efficiency has been achieved for the cell sengitizgh BSF.

3.5 Electrochemical impedance spectroscopy studies

To particularly elucidate correlation oW, with the three dyes the
electrochemical impedance spectroscopy (EIS) waasuared in the dark [34]. The
Nyquist plots of SF, BSF and NSF based DSSCs are shown in Fig. 8. Two
semicircles were observed in the Nyquist plots. Bhwall and large semicircles,
respectively located in the high and middle fregqyeregions, were assigned to the
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charge transfer at Pt/electrolyte and ZFdye/electrolyte interface [35, 36],
respectively. The charge recombination resistaig) (on the TiQ surface, which
was related to the charge recombination rate betwgected electron and electron
acceptor () in the electrolyte, was estimated by the largaiskcle [37]. A large
Rrec means a small charge recombination rate and acgay The R. values forSF,
BSF andNSF were estimated to be 23 37Q and 460, respectively. The result was
consistent with the changing tendenciesvgf values in the cells of the three dyes
mentioned above.

DSSCs based oBSF and NSF produced highe¥, values tharBF (0.52 V <
0.61 V=~0.62 V), which could also be explained by the etecttlifetime. Fig. 9
showed the Bode plot for DSSCs basedSBnBSF andNSF. The peaks located at
the high-frequency (right) and middle-frequencyitfleespectively correspond to the
small semicircle (left) and large semicircle (right the Nyquist plots (Fig. 9). The
reciprocal of the peak frequency for the middleztrency peak was regarded as the
electron lifetime since it represented the chargansfer process at the
TiOJ/dyel/electrolyte interface. Therefore we could siete that the electronic
lifetime of the DSSC based ®@6F andNSF was longer than that of DSSC based on

SF, thereby explaining the tendenciesvgf for the three dyes.

4. Conclusions

In summary, three new dongfracceptor type unsymmetrical porphyrirS=(
BSF and NSF) were designed and synthesizé&tie photophysical, electrochemical

and photovoltaic properties of the porphyrin dyesravgreatly influenced by the
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donor units ana spacers. It showed that the absorption spectoathiBSF andNSF
dyes which used 2-ethynyl-6-methylthieno[®]Jfhiophene asn spacer were
red-shifted in solution and broadened on Jfiins, respectively, and the amount of
the two dyes absorbed on Tifiim significantly increased. Under simulated aiass
1.5 global sunlightBSF-based DSSC exhibited the highesbf 4.53% among the
three dyes.
Acknowledgements

This work was supported by the National Nature iS&meFoundation of China
(No. 51173154), and the Nature Science FoundatfoHuman Province of China

(13332025, 20153J2141).

Reference

[1] O'Regan B, Gratzel M. Low cost and highly eféint solar cells based on the
sensitization of colloidal titanium dioxide. Natut891;353:737-4.

[2] Mathew S, Yella A, Gao P, Humphry-Baker R, Gwd BF, Ashari-Astani N,

Tavernelli I, Rothlisberger U, Nazeeruddin MK, GeitM. Dye-sensitized solar cells
with 13% efficiency achieved through the molecutamgineering of porphyrin

sensitizers. Nat Chem 2014,6:242-6.

[3] Yella A, Lee H, Tsao HN, Yi C, Chandiran AK, Rieruddin MK, Diau EWG,

Yeh C, Zakeeruddin SM, Gratzel M. Porphyrin-semsii solar cells with cobalt
(li/1lN)-based redox electrolyte exceed 12 percefticiency. Science 2011;334:
629-6.

[4] Nazeeruddin MK Kay A, Rodiclo I, Humphry-Baker R, Mueller E, Liska P,

20



Vlachopoulos N, Gratzel M. Conversion of light toledaricity by
cis-Xzbis(2,2'-bipyridyl-4,4'-dicarboxylate)ruthenium(licharge-transfer sensitizers
(X = ClI-, Br-, I, CN-, and SCN-) on nanocrystadiitanium dioxide electrodesJ
Am Chem Soc 1993;115:6382-9.

[5] Kay A, Gratzel M. Artificial photosynthesis. Photosensitization of titania solar
cells with chlorophyll derivatives and related matuporphyrins. J Phys Chem
1993;97:6272—6.

[6] Hasobe T, Imahori H, Kamat PV, Ahn TK, Kim SKim D, Fujimoto A,
Hirakawa T, Fukuzumi S. Photovoltaic cells usingmeosite nanoclusters of
porphyrins and fullerenes with gold nanoparticldsAm Chem Soc 2005;127:
1216-13.

[7] Campbell WM, Jolley KW, Wagner P, Wagner K, \&talPJ, Gordon KC,
Schmidt-Mende L, Nazeeruddin MK, Wang Q, Gratzel ®fficer DL. Highly
efficient porphyrin sensitizers for dye-sensitizedlar cells. J Phys Chem C
2007;111:11760-3.

[8] Lu HP, Tsai CY, Yen WN, Hsieh CP, Lee CW, YeN Miau EWG. Control of
dye aggregation and electron injection for highRKiceent porphyrin sensitizers
adsorbed on semiconductor films with varying ratbsoadsorbate. J Phys Chem C
2009;113:20990-8.

[8] Wang CL, Chang YC, Lan CM, Lo CF, Diau EWG, L@Y. Enhanced light
harvesting with p-conjugated cyclic aromatic hyd@mons for porphyrin-sensitized

solar cells. Energy Environ Sci 2011;4:1788-8.

21



[10] Luo J, Xu MF, Li RZ, Huang KW, Jiang CY, Qi QEeng WD, Zhang J, Chi
CY, Wang P, Wu JS. N-Annulated perylene as an iefficelectron donor for
porphyrin-based dyes: enhanced light-harvestinglitgbiand high-efficiency
Co(ll/lll)-based dye-sensitized solar cells. J Alme@ Soc 2014;136:265-8.

[11] Sun X, Wang YQ, Li X, Agren H, Zhu WH, Tian Kje YS. Cosensitizers for
simultaneous filling up both absorption valleyspairphyrins: a novel approach for
developing efficient panchromatic dye-sensitizethrsoells. Chem Commum 2014;
50:15609-4.

[12] Kang MS, Kang SH, Kim SG, Choi IT, Ryu JH, Ju Mho®D, Lee JY , Kim HK.
Novel D-—-A structured Zn(I)-porphyrin dyes containing a
bis(3,3-dimethylfluorenyl)amine moiety for dye-seised solar cells. Chem Commun
2012;48:9349-3.

[13] Jia HL, Ju ZM, Sun HX, Ju XH, Zhang MD, ZhouX Zheng HG. Improvement
of photovoltaic performance of DSSCs by modifyingnphromatic zinc porphyrin
dyes with heterocyclic units. J Mater Chem A 20120341-8.

[14] PellejaL, Kumar CV, Clifford JN, Palomares E. DA porphyrin employing an
indoline donor group for high efficiency dye-seizgtl solar cells. J Phys Chem C
2014;118:16504-5.

[15] Xu M, Wenger S, Bala H, Shi D, Li R, Zhou Yakeeruddin SM, Gratzel M,
Wang P. Tuning the energy level of organic sereisizfor high-performance
dye-sensitized solar cells. J Phys Chem C 2002968-8.

[16] Wang M, Xu M, Shi D, Li R, Gao F, Zhang G, Xi Humphry BR, Wang P,

22



Zakeeruddin SM. High-performance liquid and soljg-@densitized solar cells based
on a novel metal-free organic sensitizer. Adv Mat8;20:4460—4.

[17] Li H, Yang L, Tang R, Hou Y, Yang Y, Wang H,aH H, Qin J, Li Q, Li Z.
Organic dyes incorporating N-functionalized pyrrodes conjugated bridge for
dye-sensitized solar cells: convenient synthesiditianal withdrawing group on the
n-bridge and the suppressed aggregation. Dyes @mieiRis 2013;99:863-8.

[18] Liu YJ, Guo X, Xiang N, Zhao B, Huang H, Li IShen P, Tan ST. Synthesis and
photovoltaic properties of polythiophene stars wtbrphyrin core. J Mater Chem
2010;20:1140-7.

[19] Zhou WP, Zhao B, Shen P, Jiang SH, Huang H2nd LJ, Tan ST.
Multi-alkylthienyl appended porphyrins for efficiedye-sensitized solar cells. Dyes
and Pigments 2011;91:404-9.

[20] Liu HL, Wu F, Zhao B, Meng LC, Warg, Zhang J, Shdn, Tan ST. Synthesis
and photovoltaic properties of the acceptor penpiesh—pull conjugated polymers
incorporating thieno[3,2—b] thiophene in the baakdehain or side chains. Dyes and
Pigments 2015;120:44-8.

[21] Hiroshi I, Umeyama T, Ito S. LargeAromatic molecules as potential sensitizers
for highly efficient dye-sensitized solar cells.AAChem Res 2009; 42:1809-10.

[22] Chang S, Wang H D, Hua Y, Li Q, Xiao XD, Wong WK,oW§ WY, Zhu XJ,
Chen T. Conformational engineering of co-sensisizer retard back charge transfer
for high-efficiency dye-sensitized solar cells. atetr Chem A 2013;1:11553-6.

[23] Shiu JW, Chang YC, Chan CY, Wu HP, Hsu HY, W&L, Lin CY , Diau EWG.

23



Panchromatic co-sensitization of porphyrin sensitizsolar cells to harvest
near-infrared light beyond 900 nm. J Mater ChenDA®3:1417-4.

[24] Feng Q, Zhou G, Wang Z. Varied alkyl chain dtianalized organic dyes for
efficient dye-sensitized solar cells: Influenceatifyl substituent type on photovoltaic
properties. J Power Sources 2013;239:16-8.

[25] Laha JK, Dhanalekshmi S, Taniguchi M, Ambro&elLindsey JS. A scalable
synthesis of meso-substituted dipyrromethanes. ricgdrocess Research &
Development 2003;7:799-4.

[26] Lu JF, Xu XB, Cao K, Cui J, Zhang YB, Shen$hi XB, Liao LS, Chengac LB,
Wang MK. D-«—A structured porphyrins for efficient dye-senstizsolar cells. J
Mater Chem A 2013;1:10008-8.

[27] Wang CL, Lan CM, Hong SH, Wang YF, Pan TY, 69aCW, Kuo HH, Kuo
MY, Diau EWG, Lin CY. Enveloping porphyrins for effent dye-sensitized solar
cells. Energy Environ Sci 2012;5:6933-8.

[28] Feng XM, Huang XW, Huang H, Shen P, Zhao Bn B. Study of the Ti®
nanofibers network microporous film for organic esensitized solar cells. Acta
Chimica Sinica 2010;68:1123-7.

[29] Hagberg DP, Yum J, Lee H, De Angelis F, MadoaT, Karlsson KM,
Humphry-Baker R, Sun L, Hagfeldt A, Gratzel M, Nemeldin MK. Molecular
engineering of organic sensitizers for dye-seraitizolar cell applications. J Am
Chem Soc 2008;130:6259-8.

[30] Kumara G, Okuya M, Murakami K, Kaneko S, Jagava VV, Tennakone K.

24



Dye-sensitized solid-state solar cells made from gmeaiumoxide-coated
nanocrystalline titanium dioxide films: enhancemefitthe efficiency. J Photoch
Photobio A2004;164:183-3.

[31] Shen P, Liu YJ, Huang XW, Zhao B, Xiang N, BgiLiu LM, Wang XY, Huang
H, Tan ST. Efficient triphenylamine dyes for soteills: Effects of alkyl-substituents

andn-conjugated thiophene unit. Dyes and Pigments B30987-11.

[32] Chang YJ, Chow TJ. Dye-sensitized solar ctlizing organic dyads containing

triarylene conjugates. Tetrahedron 2009;65:4726-9.

[33] Marinado T, Nonomura K, Nissfolk J, KarlssK, Hagberg DP, Sun L,
Mori S, Hagfeldt A. How the nature of triphenylaraipolyene dyes in dye-sensitized
solar cells affects the open-circuit voltage aneciebn lifetimes. Langmuir
2009;26:2592—-7.

[34] Feng XM, Huang XM, Tan Z, Zhao B, Tan ST. Applion research of
polypyrrole/graphite composite counter electrodedige-sensitized solar cells. ACTA
CHIMICA SINICA 2011;69:653—-6.

[35] Lin L, Lee C, Yeh M, Baheti A, Vittal R, Thoas KRJ, Ho K. A novel
2,7-diaminofluorene-based organic dye for a dyesieed solar cell. J Power
Sources 2012;215:122-8.

[36] Wang Z, Koumura N, Cui Y, Takahashi M, Sekigue, Mori A, Kubo T, Furube
A, Hara K. Hexylthiophene-functionalized carbazalges for efficient molecular
photovoltaics: tuning of solar-cell performance $iyuctural modification. Chem
Mater 2008;20:3993-11.

[37] Montanari I, Nelson J, Durrant JR. lodide @&len transfer kinetics in
25



ACCEPTED MANUSCRIPT

dye-sensitized nanocrystalline Tifilms. J Phys Chem B 2002;106:12203-8.

26



Tablel Maximum absorption and emission datesBf BSF andNSF dyes.

dyes AabdNM kma{nm I/ ) Aem Aint
(e, 1M em™)? (on TiQ, )° (mol cn) © (nmy'  (nmyf
SF 450(2.12), 621(0.23) 452 7.72x 10° 636 602
BSF  457(1.42), 625(0.19) 440 8.19% 107 640 607
NSE  458(0.86), 649(0.20) 477 1.58% 1078 623 599

& Absorption spectra was measured in C\L—Iibllution.b Absorption spectra was obtained on JiO
films. © Amount of the dyes adsorbed on Fims. d Wavelengths for emission spectra in CEICI
solution by exciting at Soret wavelengtiMeasured by the intercept of the normalized ab&orpt

and emission spectra.

Table2 Electrochemical data &F, BSF andNSF dyes

Dye  A%/nm  EgdeV E°»/V vs NHE Edrle\l‘!:é ve EgadV
SF 602 2.06 0.83 -1.23 0.73
BSF 607 2.04 0.79 -1.25 0.75
NSF 599 2.07 0.64 -1.43 0.93

ab Measured by the intercept of the normalized alior@mnd emission spectraFirst oxidation
potentials (vs. NHE)? Excited-state oxidation potentials approximateninrE, and E.o (vs.
NHE). °Driving forces for electron injection from the pbgwin excited singlet statef to the
conduction band of TigY—0.5 V vs. NHE).

Table3 Photovoltaic performances of DSSCs base®fmBSF andNSF dyes

Dye Je(MAcmi?) Vo (V) FF 1 (%)
SF 6.09 0.52 0.67 2.10
BSF 10.66 0.61 0.69 4.53

NSF 9.41 0.62 0.68 3.98
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Captionsfor Figures and Scheme

Fig.1 Molecular structures @F, BSF andNSF dyes.

Scheme. 1 Synthetic routes obF, BSF andNSF dyes.

Fig. 2 Absorption spectra d8F, BSF andNSF dyes in CHGJ solutions (15 M).

Fig. 3 Normalized &sorption spectra &F, BSF andNSF dyes on TiQthin-films.

Fig. 4 Normalized emission spectra f8ifF, BSF andNSF dyes in solution.

Fig.5 Cyclic Voltammogram oSF, BSF andBSF dyes.

Fig. 6 IPCE action spectrum for the DSSC based on Skhe BSF and NSF
dye-sensitized Ti@films.

Fig. 7 J-V curves for DSSCs witBF, BSF andNSF dyes.

Fig. 8 EIS Nyquist plots for DSSCs based on the thressdyeasured in the dark
under-0.70 V bias.

Fig. 9 EIS Bode plots for DSSCs based on the three dyemsuned in the dark

under-0.70 V bias.
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Fig. 1 Molecular structures &F, BSF andNSF dyes.
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Scheme. 1 Synthetic routes dbF, BSF andNSF dyes.
1, pyrrol, InCk, room temperature, NaOH;, acetyl chloride, AIGl 0 °C; (1, K,COs;, DMF,
ethyl-2-mercaptoacetate, NaOH;, NBS, DMF, 60°C, 24 h; (1, trimethylsilylacetylene,
Pd(PPR)4, Cul, E&N /THF, 12 h, 45C; (1, NaOH, MeOH, 5h;, trifluoroacetic acid, DDQ;],
NBS, DCM, 0°C; [1, Zn(OAc)*2H,0, room temperature;, Pd(PPH)4, Cul, EEN /THF, 14 h, 45

°C.
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Fig. 4 Normalized emission spectra f8f, BSF andNSF dyes in solution.
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Highlights
1. Three new D-zn-A type unsymmetrical porphyrin dyes were synthesized.
2. 2-Ethynyl-6-methylthieno[ 3,2-b] thiophene as n spacer broadened the absorption.
3. Dye BSF exhibited higher conversion efficiency than that of SF and NSF.



