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Abstract: The intramolecular charge transport (ICT) procdsectly determines the charge
generation, transport, and even injection of the-slynsitized solar cell (DSSC) sensitizer. Herein,
we constructed a new series ofrB system by linking 4-methoxyphenyl and triphemyiae
donors with an ethynyl group having an axial-symioetconjugated system. Since the
axisymmetric conjugate group overcomes the redoaifothe conjugate characteristic caused by
the plane distortion, the molecular ICT performaacel the electronic recombination inhibition
are effectively improved. As a result, the phototle conversion efficiency was increased from
3.43% to 6.37% by means of the extension ofitheidge at same time. It provides a new idea for
the design and development of DSSC sensitizetsifuture.
Key words: Triphenylamine; Dye-sensitized Solar Cellsii; ethynyl group
1. Introduction

As a result of the growing energy demand and tHiimn of fossil fuels, people urgently

need new energy to replace fossil energy. Dye-8eedi solar cells (DSSC), as the
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third-generation photovoltaic technology, haveaatied considerable and sustainable attention due
to their potential application as a renewable dedrcenergy source [1-54t present, the highest
photoelectric conversion efficiencies (PCE) of DS®@sed on ruthenium-complexes and
Zn-porphyrins are 11.9% and 13%, respectively [6H7ls worth noting that PCE value on pure
organic sensitizers over 14% under AM 1.5G irradimaf8]. Recently, SS Soni and SC Tan have
reported that novel organic ionic conductors shagh Iperformances acting as a redox mediator
and a light absorbing material at the same tim&JR-As a crucial component in a typical DSSC,
the dye plays an important role in the light absorp charge separation, and electron injection
[11-13]. The metal-free organic dyes have beennskiely developed owing to their high molar
extinction coefficients &), simple preparation and purification procedurésy-cost, and
environmental friendly [14-15]. The developmentl@iv-cost and species abundance metal-free
organic dyes to replace the expensive and sourgtetl ruthenium dyes is highly demanded and
certainly a state of the art research topic.

Generally, metal-free organic dyes are constitbiedonor (D)z-bridge t) and acceptor (A)
moieties, so called B-A character, which induces the intramolecular gharansfer (ICT) from
subunit D to A through the-bridge when a dye absorbs light [16-18nong them, introducing
auxiliary groups in the skeleton of DA system can exhibit a significant influence oe #mergy
levels, light response, dye stability as well agtploltaic performances in organic sensitizers
[20-22]. Triphenylamine (TPA) dyes are widely usadDSSCs as sensitizers for their strong
electron-donating ability and hole-transport proisr [23-25]. Theoretical and experimental
studies have demonstrated that a triphenylamineetynotan effectively suppress the dye

aggregation due to its nonplanar structure and b&ed dyes have shown promise in the



fabrication of highly efficient photovoltaic deviEe[26]. However, three phenyl groups of

conventional triphenylamine are noncoplanar, whigkakens the intermolecular electron

interactions, therefore hindering the maximizatwdrelectron-donating ability [27-30]. In order to

improve the cell performance, a double bond is atsmduced into different positions of the

m-conjugation systems to tune the molecular strecturd their configurations [31]. The triple

bondz-bridge has been utilized for conjugated donor-pmresystems because it is a rigid and

straight for conducting electrons and at the same teduces charge recombination [32-34]. In

addition, the introduction of triple bond could fehift the dye’s absorption spectrum due to the

enhancement of the-spacer [35-36]. However, it is rarely introducedthe donor applied into

DSSC sensitizers and scrutinized the relationstdpvéen the structure of the dye and the

efficiency of devices.

With this in mind, herein we develop a series o iephenylamine dyesT¢2 andT-3) (Fig.

1), in which triphenylamine linking 4-methoxyphenwith an ethynyl group is used as

electron-donating moiety, cyanoacrylic acid as tetecacceptor, and ethylene or 1,3-butadiene

moiety asr-conjugations to bridge the donor-acceptor (D-Agtegns. Its activity as sensitizer is

also compared with typical B-A system of T1 and N719. By comparison,T-2 and T-3

outperform theT-1 control one in terms of absorption properties phdtovoltaic performance,

indicating 4-methoxyphenyl with an ethynyl groupvimg axisymmetric conjugate group is a

promising building block for organic dyes.
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Fig. 1 Molecular structure of-1, T-2 andT-3.

2. Experiment
2.1 Materials and reagents

All chemicals and solvents were analytical graded amithout further purification.
Tertbutylpyridine (TBP)Jithium iodide, and 1-methyl-3-propylimidazoliumde (PMII) were
obtained from Adamas. Transparent (18 NRT) andvaatpaque (18NR-AQO) TiDpaste were
obtained from Greatcellsolar Ltd (Australia). Thransparent fluorine-doped tin oxide (FTO)
conducting glass (fluorine-doped Sp@ansmission > 90% in the visible range, shegstance
15Q/square) was from Yingkou OPV Tech New Energy Ctd, It was washed with a detergent
solution, deionized water, acetone and ethanol essieely under ultrasonication for 20 min
before useThin layer chromatography purification was carrieat using silica gel purchased
from Qingdao Haiyang Co. LTD, China.
2.2 Instrumentation

'H and ¥®C NMR spectra were performed using Bruker 500 Mtistrument with
tetramethylsilane as the internal standard. UValasorption spectra were recorded on a UV-vis
2550 spectroscope (Shimadzu). Fluorescence spgetecollected on an Edinburgh instrument

FLS-920 spectrometer with a Xe lamp as an exciasiource. Cyclic voltammetry (CV) was



carried out on a CHI760E electrochemical workstaiio CH,Cl,, using tetra-n-butylammonium
hexafluorophosphate as support electrolyté'(1); scan rate: 100 mV’s The electrochemical
cell was equipped with three electrodes: a worletertrode (plate Pt electrode), an auxiliary
electrode (platinum wire electrode), and a refegzeslectrode (Ag/AgCl electroddPhotovoltaic
measurements were performed by employing an AMsalar simulator equipped with a 300 W
Xe lamp (model no. 91160, Newport). The power efsimulated light was calibrated to 100 mW
cm? using a Newport Oriel PV reference cell system @&lc91150V). J-V curves were obtained
by applying an external bias to the cell and meaguhe generated photocurrent with a Keithley
model 2400 digital source meter. The voltage stepdelay time of the photocurrent were 10 mvV
and 40 ms, respectively. The incident IPCE valueslloDSSCs were measured by using a
Newport-74125 system (Newport Instruments). Theensity of monochromatic light was
detected by using a Si detector (Newport-71640e EHS measurements of all DSSCs were
performed by using a Zahner IM6e Impedance AnalyZ&HNER-Elektrik GmbH & CoKG,
Kronach, Germany) in a frequency range of 0.1 H2-#l8z with an alternative signal of 5 mV at
a constant temperature of 25in dark conditions.
2.3 Fabrication of DSSC

All working electrodes used in this work were pnegghand modified following a reported
procedure [29]. The working electrode was compaxegn 8 pum thick Ti@ film, including a 4
pm transparent layer with 18 NRT and 4 um scagelayer with 18NR-AO. The dye solutions
were 0.3 mM inacetonitrile and the photoanodes underwent dippimgl2 h in the dark to
complete the loading with sensitizers. The couelectrode was prepared by drop casting an

H,PtCk solution (0.02 M in 2-propanol solution) onto FB@ss and sintered under 400 °C for 15



min. The iodine electrolyte was a solution of 0.1 Ml, 005 M I, 0.6 M
1-methyl-3-propylimidazolium iodide (PMIl), and 0/ TBP in a mixture of acetonitrile and
valeronitrile (volume ratio of 85:15). For the asdtage of DSSC, the dye-covered Ti€ectrode
and Pt counter electrode were assembled into ansemdype cell and sealed with a hot-melt
gasket of 25um thickness made of the ionomer Surlyn 1702 (DupPdxrid then, a drop of the
electrolyte was put on the hole in the back ofdbenter electrode. It was introduced into the cell
via vacuum backfilling. The hole in the counterotlede was sealed by a film of Surlyn 1702 and
a cover glass (0.1 mm thickness) using a hot pidss size of the Ti@electrodes used was 0.25
cn? (i.e. 5 mm x 5 mm). In this work, all test datasim were the average values of five parallel
tests.
2.4 Synthesis of dyes

N, N-dimethylformamide (DMF) were distilled with 8a T-1 was conveniently synthesized
according to the literature method [37]. Other cluats and reagents were purchased from
commercial suppliers without further purificatiorfe synthetic route of-2 andT-3 are shown

in Scheme 1.



Q @ N )omo O
@N@ <

H3CO

N \\.-COOH
()

4>

Vi
T-2
H5CO
HaCO H3co
4
// (]
HaCO H5CO

H3CO,

\
o

Z

o O

&

| 2

@

H3CO

H3co

® w
COOH
4? 5 “i!//:.l‘

HaCO

Scheme 1. Synthesis of dyes-2 andT-3

(a) POCE, DMF, 8001, 8 h, 86%; (b) potassium iodide, 60 (1, 12h, 75%; (c) Pd(ll), copper iodide, P(RHsPQy, 11001, 17

h, 72%; (d) cyanoacetic acid, piperidine, acetdeijtreflux, 8 h, 51%; (e) P(P¥gHsBr, Potassiunt-Butoxide, rt, 2h, 97%; (f) POg|

DMF, 8011, 12 h, 81% ; (g) cyanoacetic acid, piperidineautrile, reflux, 10 h, 55%.

2.4.1 synthesis of 4-(N,N-diphenylamino)benzal dehyde (1)

phosphorous oxychloride (POL(3.29 g, 21.5 mmol) was added dropwise to theumexof

triphenylamine (4.9 g, 0.02 mmol) and N, N-dimetbginamide (40 mL) at 25]. The reaction

mixture was stirred and heated at 80for 8 h. After cooling down to room temperaturee t

reaction mixture was poured into 50 mL cold watsd acidized with dilute hydrochloric acid and

extracted with dichloromethane (50 mL x 3). The bormad organic layer was dried with

anhydrous MgSg filtered and evaporated under reduced pressure. The resasi@urified by

column chromatography on silica gel and eluted vg#troleum ether/ethyl acetate to afford



compoundl (4.72 g, 86 %) as a pale yellow solid. m.p. 128-13(it. [38] 129-1330); *H NMR
(500 MHz, CDC}) & (ppm): 7.03 (dJ = 8.8 Hz, 2H, Ph), 7.17-7.19 (m, 6H, Ph), 7.341& 8.0
Hz, 4H, Ph), 7.69 (d] = 8.8 Hz, 2H, Ph), 9.81 (s, H, -CHO).

2.4.2 synthesis of 4-[ N,N-di(4-iodophenyl)amino] benzal dehyde (2)

The mixture of compound (1.36 g, 4.98 mmol), 1.58 g (6.22 mmuliline and 40 mL
ethanol were heated to 607 and stirred for 30 min, then the solution of iodicid (0.88 g, 5
mmol) in water (5 mL) were added dropwise. The tieaovas stirred at 601 in nitrogen for 12h.
The solution was allowed to cool and the solid veadlected, washed with ethanol and
recrystallised with CkCl,-ethanol giving the product (1.84 g, 75 %). m.p7.04148.507 (lit. [39]
148.0 -150.01); *H NMR (500 MHz, DMSOFig. S1)5 (ppm): 6.95 (dJ = 8.5 Hz, 4H, Ph), 7.00
(d, J = 8.5 Hz, 2H, Ph), 7.71 (d,= 8.5 Hz, 4H, Ph), 7.76 (d,= 9.0 Hz, 2H, Ph), 9.82 (s, H,
-CHO).

2.4.3 synthesis of 4-(N,N-bis(4-((4-methoxyphenyl) ethynyl)phenyl)amino) benzaldehyde (3)

Under N atmosphere, compourizl (0.52 g, 0.99 mmol), copper (I) iodide (0.076 Q40
mmol), dichlorobis (triphenylphosphine) palladiul) (0.026 g, 0.04 mmol), triphenyl phosphine
(0.01 g, 0.04 mmol), potassium phosphate (1.2 €6 famol), and 4-methoxyphenyl acetylene
(0.34 g, 2.5 mmol) were dissolved in dry DMF (15)mLhe reaction was then heated at 110
for 17 h, then was quenched with water and extdaaieh CHCl,. The organic layer was dried
with anhydrous MgS@ Silica gel chromatography with petroleum ethetitbromethane gave
compound3 with the yield of 72 % (0.37 g). m.p. 183.8 -1857'H NMR (500 MHz, CDC},
Fig. S2)5 (ppm): 3.83(s, 6H, -OCH), 6.88 (d,J = 8.5 Hz, 4H, Ph), 7.10-7.12 (m, 8H, Ph), 7.46 (d,

J =75 Hz, 6H, Ph), 7.73 (d,= 8.5 Hz, 2H, Ph), 9.86 (s, H, -CHO); ESI-MS (m/3}4.3 (M +



H)*; Anal. Calcd. for GH,/NO3, %: C 83.28; H 5.10; N 2.62; Found C 83.27; H 5182.76.
2.4.4 synthesis of 3-(4-(4-(bis(4-((4-methoxyphenyl)ethynyl)phenyl Jamino)phenyl) -2- cyanoacrylic
acid (T-2)

To a stirred solution of compourdd0.20 g, 0.37 mmol) in 10 mL of acetonitrile, cgacetic
acid (0.061 g, 0.72 mmol) and piperidine (3-5 djopere added. The mixture was heated to
reflux for 9 h. After cooling, the reaction mixtureas diluted with dichloromethane (20 mL),
washed with water (20 mL) and hydrochloric acid®@0 mL). The organic layer was separated,
dried with MgSQ and concentrated in a rotary evaporator to getecftl. The crude product was
purified by column chromatography (methanol/dicbloethane as eluent) to affofd2 as red
solid. Yield 51 %, 0.12 g; m.p.153.3 -154.7 'H NMR (500 MHz, CDC}, Fig. S3)5 (ppm):
3.84(s, 6H, -OCHh), 6.88 (d,J = 8.5 Hz, 4H, Ph), 7.08 (d,=9.0 Hz, 2H, Ph), 7.12 (d,= 8.5 Hz,
4H, Ph), 7.46-7.49 (m, 8H, Ph), 7.91 (b= 8.5 Hz, 2H, Ph), 8.16 (s, H,-CHZC NMR (125
MHz, CDCk, Fig. S4)3 (ppm): 58.13, 90.29, 92.95, 116.87, 118.03, 123143.49, 127.18,
128.54, 135.73, 135.87, 147.73, 154.71, 157.85,5P6ESI-MS (m/z): 601.3 (M + H) Anal.
Calcd. for GoH2eN204, %: C 79.98; H 4.70; N 4.66; Found C 80.27; H 418%.76.

2.4.5 synthesis of 4-(N,N-bis(4-((4-methoxyphenyl) ethynyl)phenyl)amino) styrene (4)

Under N atmosphere, potassium tert-butarieB(OK) (0.43g, 3.84mmol) was added into 70
mL THF solution. After stirring for 30 minutesBuOK was completely dissolved and the mixture
was cooled to 07. Methyl triphenylphosphonium bromide (1.20 g, 3rBhol) and compound
(0.64 g, 1.19 mmol) were added. The reaction mixtwas stirred for another 2 h at room
temperature, and then poured into ice water miXioifewed by extraction with dichloromethane.

The organic layer was dried over Mg§S@ifter evaporation of solvent, the crude proddisvas



obtained. The crude product was purified by colurmitromatography petroleum ether/
dichloromethane as eluent to afford compodnas white solid. Yield 97 %, 0.62 g; m.p. 193.0
-194.711; 'H NMR (500 MHz, CDC}, Fig. S5)5 (ppm): 8: 3.85 (s, 6H, -OCH), 5.22 (d,J = 11.0
Hz, 1H, = CH ), 5.71 (d,J = 17.5Hz, 1H, = Ch), 6.68 (dd,J; = 17.5 Hz,J, = 11.0 Hz, 1H,
-CH=C), 6.86 (dJ = 8.5 Hz, 4H, Ph), 7.04 (d,= 11.0 Hz, 6H, Ph), 7.33 (d,= 8.5 Hz, 2H, Ph),
7.38 (d,J = 8.5 Hz, 4H, Ph)}*C NMR (125 MHz, CDGJ, Fig. S6)8 (ppm): 55.34, 88.05, 89.04,
112.98, 114.03, 115.62, 117.76, 123.60, 124.91,31271.32.97, 133.24, 136.09, 146.37, 146.81,
159.53; ESI-MS (m/z): 532.3 (M + H)Anal. Calcd. for GgH»9NO,, %: C 85.85; H 5.50; N 2.63;
Found C 85.77; H 5.75; N 2.76.
2.4.6 synthesis of 4-(N,N-bis(4-((4-methoxyphenyl) ethynyl)phenyl)amino) phenyl) acrylaldehyde
(5)

At room temperature, phosphorous oxychloride (RP@Ll2 mL) was added dropwise to dry
N, N-dimethylformamide (10 mL). The mixture stirréor 1 h and compound (0.67 g, 1.26
mmol) was added. Then the reaction mixture stiltesd for another 12 h and was adjusted to be
neutral using 20% NaOH aqueous solution, extraaii¢tdl CH,Cl,. The organic layer was dried
with anhydrous MgS@ Silica gel chromatography with petroleum ethetitbromethane gave
compounds with the yield of 81 % (0.56 g). m.p. 163.8-1655"H NMR (500 MHz, CDC}, Fig.
S7)8 (ppm): 3.85 (s, 6H, -OCH), 6.67 (d,J = 8.5 Hz, 4H, Ph), 7.11 (d,= 8.5 Hz, 6H, Ph), 7.48
(d, J = 7.5 Hz, 8H, Ph), 7.72 (d,= 8.5 Hz, 2H, Ph), 9.85 (s, 1H, -CHOJC NMR (125 MHz,
CDCl;, Fig. S8)& (ppm): 55.35, 87.71, 89.65, 114.06, 119.30, 12212%.83, 126.83, 128.18,
129.93, 132.78, 133.03, 149.73, 152.16, 159.66,6P9FESI-MS (m/z): 560.4 (M + H) Anal.

Calcd. for GgH2gNOs, %: C 83.70; H 5.22; N 2.50; Found C 83.77; H 5122.66.



2.3.7 synthesis of (2E,4E)-5-(4-(4-(bis(4-((4-methoxyphenyl )ethynyl ) phenyl)amino) phenyl)-2-cyano-2,
4-pentadienoic acid (T-3)

The mixture of compound (0.20 g, 0.36 mmol) cyanoacetic acid (0.061 g20rmol) and
piperidine (3-5 drops) in 10 mL of acetonitrile wasated to reflux for 9 h, poured into 20 mL
water, extracted with dichloromethane, dried witg3@, and concentrated in a rotary evaporator
to get crudeT-3. The crude product was purified by column chromeatphy (methanol /
dichloromethane as eluent) to affcFeB as red solid. Yield 55 %, 0.13 g; m.p.127.3 -128;7H
NMR (500 MHz, CDC}, Fig. S9)5 (ppm):3.86 (s, 6H, -OCk) , 6.85 (d,J = 9.0 Hz, 4H, Ph),
7.06-7.10 (m, 6H, Ph), 7.20 (s, 1H, -CH=C), 7.231@d, =C-CH), 7.44-7.49 (m, 10H, Ph), 8.02 (d,
J = 11.0 Hz, 1H, -C=CH)"**C NMR (125 MHz, CDGJ, Fig. S10)5 (ppm): 55.33, 87.66, 89.77,
101.73, 114.04, 115.34, 119.57, 121.13, 122.47,0R29.28.58, 130.30, 132.79, 133.02, 145.67,
149.46, 149.96, 157.07, 159.64, 166.96; ESI-MS XmB27.3 (M + HJ; Anal. Calcd. for
CaoH30N20,, %: C 80.49; H 4.82; N 4.47; Found C 80.57; H 419&1.66.

3. Results and discussion
3.1. Synthesis and characterization

Two dyesT-2 and T-3 were synthesised from triphenylamine as the startnaterial.
Compoundl was synthesized according to the literature [8gN, N-di (4-iodophenyl) amino]
benzaldehyde was obtained using iodine and iodit iacthe solution of ethanol. While using
potassium iodide and potassium iodate, the streiatfitarget compound is not correct by NMR
spectra [40]. Then the solution of Sonogashira bLogp was employed to attach
4-methoxyphenylethynyl group to the compouad41]. On the one hand, the aldehyde was

converted to cyanoacetic acid derivative@2] by refluxing with cyanoacetic acid in the presenc



of piperidine in dry acetonitrile [42]. On the oth®and, a Wittig reaction between phosphonium
salt and compoun8 gave styrene derivative[43]. Using Vilsmeier-Haack reaction, compound
was obtained, which in turn was condensed with agaetic acid to give dy&-3 in good yield.
The proposed structures of all the final compoumdse confirmed using characterization
technigues such as NMR, MS and elemental analpsist®scopies.
3.2. Photophysical properties

The UV-vis absorption fof-1, T-2 andT-3 in dilute solutions of CkCl, (1.67X 10° M) are
presented in Fig. 2a and the corresponding datawsmenarized in Table All of the dyes with a
strong absorption maximum in the visible regionresponding to the highest occupied molecular
orbital (HOMO) to the lowest unoccupied moleculdsital (LUMO) transitions are observed [44].
The absorption spectrum &f1 shows an absorption maximufg) at 434 nm (36200 Neni?).
Compared td-1, the absorption spectrum 82 shows two absorptiomaxima at 358 nm (62600
M™cm™) and 430 nm (41000 ¥m™). Both of the width and intensity of the absorptiaak for
T-2 (430 nm) are bigger than those BfL. Introduction of 1, 3-butadiene moiety abridge to
T-2, giving T-3, causes a further red shift to 460 nm (3540&™). This result suggested that
the introduction of 4-methoxyphenyl with ethynybgp having axisymmetric conjugate group to
the donor was beneficial to red shift the chargesfer transition. Theoretical computation shows
that the ground state structureTofl possesses a 50.2° twist between the diphenylaamdehe
phenyl ring, and the dihedral angleTis2 is 49.2 because of the introduction of 4-methoxyphenyl
with ethynyl group, giving less twist than that Bfl. Furthermore, the dihedral angleTn3 is
45.3° (Table 2). Introducing 4-methoxyphenyl witlyayl group and double bond, givirig3,

causes the largest red shift to 460 nm becausetairly enhancement of the electron-donating



ability of the TPA donor but also the best delaation over an entire conjugated systenT-8@

[45]. It should be noted that the red-shift usualhdows the dye a wider photoresponding range,

which is favorable for light harvesting and photwent generation in DSSC.
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Fig. 2 Absorption spectra of dyds1, T-2 andT-3 measured in C¥Cl, (&) and adsorbed ontopdn transparent Tigfilms (b).

Table 1 Photophysical and electrochemical propertiesTtar T-2 andT-3

Amarx' e Amax  hemt  Ainset  Eod  Eod Eed  Dye loading amourlt
Dyes

nm Milm® mm mm am VvV \Y \% (mol cm?)
T-1 434 36200 422 521 463 2.68 118 -1.50 2.06%10
T-2 430 41000 428 538 468 2.65 119 -1.46 2.08%10
T-3 460 35400 457 595 502 247 095 -1.52 2.73%10

Note:



@ Absorption parameters were obtained in2CH.

5 The molar extinction coefficient atax in CHCl, solution.

¢ Absorption parameters were obtained am#tnanocrystalline Ti@film.

4 Emission maximum in C€l, solution.

€ The intersection of normalized absorption and simisspectra.

f Obtained from the intersection between the absmr@ind emission spectra &&= 1240kinse(Fig.S11).

9The oxidation potentials of the dyes were measim&@H,Cl, solutions with ferrocene/ferrocenium (Fc/Fas an external reference and

converted to NHE.

" The Eeqwas calculated according t@f= Eox — Eo.o.

' The dye loads are calculated from absorbanceadate sensitized TiQelectrodes.

Table 2 Optimized Conformations Calculated with Gaussiap@@ram package of the Selected Dyes

T-1 structure T-2 structure T-3 structure
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e, 0 (W' g
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The UV-vis absorption spectra for the dye-loaded, Tilm (4 um) are shown in Fig. 2@he

onset points of the absorption spectra are abdun®3forT-1, 560 nm forT-2, 610 nm forT-3.

After being absorbed on Tihanoparticle films, the absorption bandTe8 is broader by 50 nm

than that ofT-2 and T-2 is broader by 30nm than that ©f1. Such bathochromic shift of the

absorption spectrum is due to the introduction ofialssymmetric conjugated group

(4-methoxyphenyl with ethynyl group) and the longédaridge. The absorption ranges of the three



dyes are all broadened to different degrees aften@ing on TiQ nanopatrticle film. The Ti®

surfaces play an important role in organizing ameénting the adsorbed dye molecules. The

broadening of the absorption spectrum of the tltges on TiQ might be due to dye-TiO

interactions, dye-dye interactions, or both of tHd6¥47]. In general, strong interactions between

the adsorbed dye molecules and the,T8Grface are known to lead to aggregate formathars

anchoring monolayer dyes onto the TiQurface and accomplishing higher solar energy

conversion efficiencyf DSCC [48].

3.3. Electrochemical properties

Cyclic voltammetry (CV) was also performed to stadigctrochemical properties 1, T-2

and T-3 as well as to estimate their feasibility of eleatrinjection from electronically excited

dyes into the conduction band of Fi@nd dye regeneration by redox electrolytes. CV eeaged

out in CHCI, solution (Fig. 3) and the relevant data was liste@iablel. The ground and excited

states of the dyes were positioned at energy leas have sufficient driving force for both

regeneration and electron injection as shown ire8&?®. All redox potentials are converted on

the NHE scale. The & of T-1, T-2 andT-3 are -1.50, -1.46 and -1.52V vs. NHE, respectively,

which is more negative than the conducting band) (@BliO, (- 0.5 V vs. NHE), indicating that

the excited state of dy&s1, T-2 andT-3 could effectively inject electrons into the CB D,

[49]. Moreover, the ground-state oxidation potentialg)(Bf T-1, T-2 andT-3 are 1.18, 1.19 and

0.95 Vvs. NHE, respectively and more positive than the xeulmtentials of Tl3™ (0.4 Vvs. NHE),

ensuring ample driving force for dye regenerat®®y[ The introduction of 4-methoxyphenyl with

ethynyl group to triphenylaminél{1) promotes a little decrease in the oxidation padés) Ey

value ofT-3 is significant higher compared with thatTefl andT-2 due to the change afbridge,



leading to a better regeneration of the dye aftmti®n injection into the conduction band of TiO
Thus, T-3 can undergo the charge transfer easily with higlanarity and higher & and this
might be part of the reason why3-based DSSC exhibited the best photovoltaic pedoras

[51-52]. Thereforél-1, T-2 andT-3 are qualified to be used in DSSC in theory.
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Fig. 3 Cyclic voltammograms of the dyes recorded for,Chi solutions (16M) with TBAPF; (0.1 M) as the electrolyte (working

electrode: plate Pt; reference electrode: Ad{fan auxiliary electrode: platinum wire; calibrateith Fc/F& as an internal reference;

scan rate: 100 mv.
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Scheme 2. Representation of HOMO and LUMO levelsTofl, T-2 andT-3 dyes (Potential vs. NHE).

3.4. Theoretical calculation

In order to further understand the structural prige of the dyes and the possibility of



charge transfer from donor to acceptor on eleatrercitation, the electronic structure of the dyes

was analyzed by density functional theoretical ([PEdlculations using the Gaussian 09 program

package [53]. We optimized the molecular structiré-1, T-2 andT-3 in thevacuo. The electron

densities of HOMO and LUMO of the dyes are showilidble 3. It is clearly that the HOMOs are

delocalized between the donor an¢bridge. In the LUMO state, the electrons are mnyainl

delocalized over the sectionalbridge and anchoring group. The well separatioelettron at

HOMO and LUMO levels indicates the electron caicedhtly transfer from the donor part to the

acceptor part once excited, consequently givingdkestron injection from the LUMO of dyes to

the CB of TiQ. It is known that the geometry of acetylene igigtnt line shaped due to the sp

hybridization of the C atom and the electron clofig-orbitals distributes in a cylindrical shape.

As presented in Table 3, the axial-symmetric coajed ethynyl group can effectively offset the

reduction of the conjugation effect caused by tteeesscopic effect and promote the effective

intramolecular charge transfer process.

We can also see from Table 1 and Scheme 2 thantitoeluction of 4-methoxyphenyl with

ethynyl group to triphenylamine or the longebridgecould change HOMO-LUMO energy gaps

of the dyes more narrowly resulting from the enleament of molecular planar configurations

with axial-symmetric distribution af-electron in acetylene and expansiom-diridge.

Table 3HOMO and LUMO of the dye$-1, T-2 andT-3 calculated with DFT method
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3.5. Photovoltaic performance of DSSC

These molecules-1, T-2 andT-3 have the potential to act as light harvesting dge®©SSC

and theJ-V and incident photon-to-current conversion efficie{i®CE) plots obtained are shown

in Fig.4 and Fig.5. The measured photovoltaic patars are summarized in Table 4.

Table 4 Photovoltaic parameters of te&/ curves for the DSSC under irradiation of AM 1.5@lgght.

Jc Voc
Dyes FF (%) PCE (%)
mAcm? mv
T1  747(*014) 643(x323) 7143(+009) 3.48(82)
T2  895(021) 700245  72.08(*0.05) 452@%
T3  1221(x019) 732¢279)  7173(+0.09)  6.30(@3)

Under standard global AM 1.5 solar simulator cdodif{100 mW crif), a power conversion

efficiency (PCE) of 3.43% was obtained for DSSCeldasn control dyd@-1 (J = 7.47 mA/cm,

Voc = 643 mV and FF = 71.43 %). Moreover, DSSCs falbeid usindgr-2 andT-3 sensitized cells

gavelg oOf 8.95, 12.21mA/ch) Voc of 700, 732 mV and FF of 72.08, 71.73 %, corresjranto



PCE of 4.52% and 6.37%, respectively. Under theesirication conditions, the standad19
dye showed an efficiency of 8.62%. As depictechlvia 4, the PCE oF-2 reaches the maximum
value of 4.52%, which is 31.8% higher than thatTel (3.43%), demonstrating that the
photovoltaic performance is improved after intradgc4-methoxyphenyl with ethynyl group
T-1. The PCE 0ofl-3 (6.37%) is the highest among these three dyes bea#uhe largestocand
Jsc. The wide gaps between thfgc andJg: of T-3, T-2 andT-1 are also partially attributed to the
different ability to prevent dark current as provag Fig. 4 [54]. On the other hand, with the
appearances of 4-methoxyphenyl with ethynyl graugh langer oft-bridge the dihedral angles in
T-2 and T-3 are 49.2° and 45.3°, respectively. Better molecydéanar configurations,
axial-symmetric distribution at-electron in acetylene and expansiomddridge of T-3 than that
of T-2 leads to broadening absorption spectrum and tlylehls: was got for DSCC sensitized
by T-3.

Fig.5 shows the IPCE as a function of excitation wavglenThe onset of the IPCE spectrum
of the devices based dnl, T-2 and T-3 is at 532 nm, 569 nm and 610 nm, respectivelis
impressive thafl-2 bestows very broader and higher IPCE values Than while introducing
4-methoxyphenyl with ethynyl group #61. The IPCE value of-2 exceeds 70% from 360 to 510
nm, with the highest value (82%) at 410 nm. Comgpavéh T-2, dye T-3 shows an obviously
broader response range (exceed 60% in 350-540 iim}awnaximum value of 74% at 490 nm.
Although the maximum IPCE values f&+3 was lower, its photoresponse range is much broader
than that ofT-2, resulting in a much highdg: for T-3 based DSCC. As seen in Table 1, the dye
loading amounts off-1, T-2 and T-3 are 2.06 x 16, 2.08 x 10 and 2.72 x 18 mol cm?,

respectively, and the adsorption amount are cakaifrom absorption data in Figure 2 [55]. The



measured number of the dyes loading on,T80n the order of-1 < T-2 < T-3, in according with
those of IPCE spectra adg: values determined experimentally. The increaseEIR@lues of
T-2 and T-3 relative to that ofT-1 are also attributed to the introduction of axiatsnetric
conjugated group to triphenylamine or the longeridge which is in agreement with the

absorption spectra of the dyes on Fiilns.
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Fig. 4 J-V characteristics of solar devices baseddn T-2 andT-3
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Fig. 5 Photocurrent action spectra (IPCE) of solar devizesed oii-1, T-2 andT-3

As known, the alternation of photovoltagéc originates from the displacement of

quasi FermiJlevel ;) in TiO,, which intrinsically stems from the change of Ti€@nduction



band edgeHcg) and/or fluctuation of electron density (chargeombination rate in DSSC) with
same electrolyte [56]. In order to determine thergy levels of the electrode sensitized by
different dyes, electrochemical impedance speatms¢EIS) was performed ofil, T-2 andT-3
and shown in Fig6. As presented iffrig. 6a, the chemical capacitance J&f T-2 or T-3 was
increased linearly with the given bias potentiaid all the curves exhibited the same slope. At
fixed potential close to the¥oc (e.g. 0.70V), the order of @ T-2 > T-3 > T-1. Due to the
density of occupied state (DOS) which is propowicio G, increases with the downward shift of
the TiG, conduction band, the @& inversely proportional to the position of thendaction band
[57]. Therefore, the position of the conduction bandiplytdetermines the size of the open
circuit voltage. G of T-2 is higher than that off-3, ruling out the downward shift of the
conduction band shift as the main reason for theedsed/qc for T-2. To take insight into the
electron recombination occurring between excitedtebns in conduction band with sensitizers or
electrolyte, the electron lifetime was tested &snation of potential bias. At a given potentidet
electron lifetime in cell sensitized wii+3 was obviously the longest with iodine electrolyfég(
6b), while T-1 got the shortest one, which is exactly consisttit the sequence ofoc. The
significant increase in electron recombinatiortiifee means that the charge recombination arising
from electrons in Ti@ CB with the } ion in electrolyte is suppressed by the introducof the
4-methoxyphenyl with ethynyl group and longelridge, and the ICT process was promoted with
the help of axial-symmetric electrons in ethynyg. Thus, we can conclude that introduction of
4-methoxyphenyl with ethynyl group and the extensad the n-bridge based of-1 as the
primary sensitizer, the charge recombination cdndldepressed effectively, and the devices could

succeed superidfoc performance fronT-1 to T-3 [58].
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Fig.6. Chemical capacitance (a) and electron lifetimeagb} function of bias potential obtained througitbchemical impedance spectroscopy
carried on devices with iodine electrolyte.

The stability ofT-1, T-2 andT-3 sensitized photovoltaic devices were investigatedtbring at
room temperature and 40-60% humidity. As shown ig. K, for T-1, T-2 and T-3, the
photoelectric conversion efficiency was approxirha&/%, 78% and 86% of the initial value,
respectively, after 10 days. It is indicated tiat introduction of the alkynyl group into donors fo
T-2 and T-3 and the expansion of conjugated bridge 6B can effectively improve the
photothermal stability of the sensitizers. Espégitdr T-3, after a short degradation in the first
three days, then the PCE stabilized for a longepgef time. By tracking theiVoc andJ, it
was found thatlscis the determinant factor for the degradation @& BCE due to their almost

same variation tendency. The decrease in currargitgemaybe related to the photo degradation



of trace dye. This stability test also provideseoretical guidance for our future structural desig
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Fig. 7 Stability test showing the variation in the phaittaic parameters (Normalized POBc, andJs) with ageing time for devices wiff+1, T-2

andT-3 and with PCBM treatment (red line) under room terapure and 4860% humidity.

4, Conclusions

In summary, two novel metal-free organic dyes wigdthynyl group having an

axial-symmetric conjugated system, nanied andT-3 were synthesized and applied in DSCC.

Introduction of the 4-methoxyphenyl with ethynybgp and the extension afbridge toT-1, the

decrease of dihedral angles between the benzenedighénylamine increase the coplanar

property between donor amebridge, which is in favor of the intermolecularache transfer. The

absorption spectra, short-circuit photocurrent diess{sc) and open-circuit photovoltagegof)

were improved to a large extent. Under AM 1.5Gdia#ion, the energy conversion efficiencies of

DSSCs based oi3 andT-2 are up t66.37% and 4.52% respectively. Electrochemical iraped

spectroscopy (EIS) analysis reveals that the inctdn of the 4-methoxyphenyl with ethynyl

group or the extension afbridge could suppress the charge recombination arismg &lectrons

in TiO, film and the § ion in electrolyte and promote the ICT procesastimproving thé/oc of



DSCC considerably. This study provides useful imfation for further design and synthesis of

DSSC sensitizers.
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Highlights

Two novel dyes designed with a 4-methoxyphenyl group.

4-methoxyphenyl & ethynyl group with an axial-symmetric conjugated system significantly

promote the intramolecular charge transfer process.

The power conversion efficiency of 6.37% reaching from 3.43% under optimum condition.
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