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Abstract
Four triarylethylene (TAE)-spacers have been applied for Y-shaped dyes in

dye-sensitized solar cells (DSSCs) and their effeatphotovoltaic performance have
been fully investigated. All photosensitizers inhéne ability of three-dimensional
TAE to weaken ther-n stacking in aggregation state, while their supgoes on
charge recombination in electrolytes presents & héjiance on the position and
proportion of phenyl/thienyl groups embedded in TBieties. In iodine electrolytes,
benzene-rich triphenylethene-based dy&5 achieves the best open-circuit voltage
of 739 mV, sharply higher than that of 614 mV fothienylethene (TTE)-based dye
JY63. Moreover, dyeslY64 and D-1 with hetero-TAE-bridge tend to show better
power convention efficiency (PCE) stemming from thigher short-circuit current
density and moderate open-circuit voltage. Whereasobalt electrolytes, the
TTE-bridgedJY 63 attains a superior PCE of 5.84%, inversely suipgdte value of
5.28% based ob®-1 under the same condition. Therefore, tuning the Bk&letons
via altering the position and proportion of aryl greup it would bring in a promising

design for anti-stacking sensitizers to meet threedademand in DSSCs.

Keywords: Dye-sensitized solar cells; Triarylethylene; Tohene;

Aggregation-induced emission



1. Introduction

As a new generation of photovoltaic technology, -dgasitized solar cells
(DSSCs) have attracted worldwide attention becafisbeir advantages in low cost,
easy fabrication and high efficiency [1-3]. Tremeusd efforts have been engaged
over the past two decades in exploring highly &ffit sensitizers for DSSCs.
Compared with Ru-complex and porphyrin-based dyesal-free organic sensitizers
have recently drawn increasing interest owing toeirth additionally
ecological-friendliness and flexibility in strucalr manufacture [4-8]. Typical
metal-free organic dyes generally adopt dan@pacer-acceptor (@-A) structure
where intramolecular charge transfer (ICT) from aloto acceptor can be effectively
realized through-spacer after excitation. Structurem§pacer has proven to be vital
for the photovoltaic performance of dye-sensitidedices [9-13].

Thiophene-liken-spacers, such as oligothiophene, thieno[3,2-hjtieme and
dithieno[3,2-b:2',3'-d]pyrrole, have been widelyph@d in DSSCs owing to their good
electron delocalization, which could broaden the&ble absorption and thus increase
the photocurrent [14-17]. However, the expandecdhaisy of thiophene-involved
dyes often makes them inevitable to endure botitegkstate self-quenching resulted
from the aggravated-n stacking in aggregation, and charge recombindigtween
the injected electrons into semiconductor and elaes, which will generally harm
the photovoltaic performance [18-20]. In order tee@ome such drawbacks, many
strategies have been taken into account, suchdaging the planarity of the main
chain [21,22], introducing flexible alkyl chains tize lateral position af-spacer [23],
incorporating crown ether to cap the thiophenedfiag] or wrapping the skeleton
with special frameworks like rotaxanes and spi@s-27]. In short, establishing a

steric framework would still be one of the promgimethods to modify the



thiophene-based-bridges.

To construct three-dimensional backbones, triphethghe (TPE) and
tetraphenylethene derivatives, well-known as aggieg-induced emission (AIE)
molecules, have aroused our concern because afpt@ally twisted configuration
which can diminish the intermolecular~r stacking by forming intermolecular
C-H- -« interactions between phenyl rings in adjacent swés at aggregation state,
and thus inhibit the excited-state self-quenchifithe luminogens [28, 29]. Actually,
TPE units have been adopted as hindrance grougbetgoeripheral position of
indoline donors and resulted in a positive impactite photovoltaic performance of
DSSCs [30-32]. A theoretical support has also lgeen by Voorhis and coworkers
in 2017 [33], where the restriction of the intrasmilar motions and twisted
configuration of the TPE part at high dye coverageld be coincidentally similar to
the aggregation mode of general AIE luminogens.other words, the special
aggregation conformation caused by TPE units waldd help to overcome the
unfavorable stacking mode of the dyes on semicdodsarface in DSSCs.

However, the investigation of TPE building blocktaezn-spacer is very limited.
According to Han and coworkers’ studies, the tvdsigeD-1 shows obviously better
photovoltaic performance than its planar countérpawing to the enhanced
suppression on the unfavorabter stacking and intermolecular energy transfer in
aggregation [34], preliminarily revealing the pdtahsignificance of TPE-like units
for the design of anti-stackinglinker in dyes. On the other hand, benzene-inuiblve
n-spacers have also been applied for sensitizersg., e.fluorenes,
benzothieno[3,2-blbenzothiophene or di(1-benzoth)ii,2-b:2,3-d]pyrrole and
achieved much promoted photovoltaic performance3@b5 Overall, it would be

promising to put electron-rich thienyl unit and kene-rich TPE entity together to



create effectiver-spacers, where the propeller-like triarylethylé&E) backbone is
anticipated to weaken the intermolecutat stacking, meanwhile, the proportion of
phenyl and thienyl groups embedded within TAE ipexted to tune its electronic

communication and steric conformation.
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Fig.1. Molecular structure of dyebr 63-65 andD-1.

In this paper, TAE structure was selectedrasridge skeleton to build up
Y-shaped dyes where triphenylamine (TPA) was chaaerelectron donor while
cyanoacrylic acid worked as electron acceptor {ffigThiophene was adopted to
pursue a good electron delocalization and henderldaght response. Phenyl ring was
further introduced to replace partial (near-acceépear-donor replacement) or all the
thienyl groups to form a hetero-TAE-bridge or bereeich TPE, no additional
decoration of the main skeleton was employed sdoaslearly understand the

relationship between TAE-baseespacer and device’s photovoltaic performance.



Br, Br

S,
. | )
S oxalyl chloride S S S
Br COooH XV CNOTee By cocl . 4 A
AV W A
DMF / DCM AICl3
DCM o
1 2, 44%, two steps
S (HCHO),, HBr  Br S P(OEt);  (EtO)y(O)P S
| p—Br ———— | )—Br —— | )—Br
HOAc
3 4, crude product
Br N{ }B(OH) TPA TPA
> a) 2 EOHOP ) LBUOK / THF
7 X X A\ / X X N\ -
== Y NS
Pd(PPhg)s, KoCO3 = or 4, LDA/ THF
Toluene / H,O 0
5:X=S,93%
6: X =-CH=CH-, 88%
7:X=S, Y=8,76%
8:X=S§, Y = -CH=CH-, 34%
9: X=-CH=CH-, Y =S, 95%
10: X =-CH=CH-, Y = -CH=CH-, 95%

(HORB._g

T )-cro CNCH,COH / Piperidine TPA= ©\N/©
Pd(dppf)Cl,, K,CO3 Chloroform / CH3CN
Toluene / CH30OH
COOH
11:X=8, Y =S, 80% JY63: X = S, Y =S, 75%
12: X= S, Y =-CH=CH-, 93% JY64: X = S, Y =-CH=CH-, 48%
13: X=-CH=CH-, Y =S, 68% D-1: X=-CH=CH-,Y =S, 94%
14: X = -CH=CH-, Y = -CH=CH-, 88% JY65: X = -CH=CH-, Y = -CH=CH-, 82%

Scheme 1. Synthetic routes for dyekr 63-65 andD-1.

2. Resultsand discussion
2.1. Synthesis

The synthetic routes of four TAE-based dyes arevaho Scheme 1. Briefly, the
initial TPA-substituted aryl methanoeand6 were attained through Suzuki reaction
of 4-(diphenylamino)phenylboronic acid with corresding brominated aryl
methanone. Afterwards, the precursafs8, 9 and 10 prepared from resultant
methanone with aryl phosphonate through Wittig-téorreaction, were reacted with
the 5-formylthiophen-2-yl-boronic acigia Suzuki reaction to afford the relevant
aldehydesll, 12, 13 and 14, respectively. Finally, the target dyes were olsdi
through Knoevenagel condensations with cyanoacatid. More details of the

synthesis are provided in Supporting Information.
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Fig. 2. UV-Vis absorption spectra of dyd¥ 63-65 andD-1 (a) in THF solutions and (b) on TiO

films.

2.2. Photophysical properties

The UV-Vis absorption spectra of the dj¥¢63-65 in THF solution and on Ti©
films are shown in Fig. 2 and the detailed spectspg data are summarized in Table
1. The high energy absorption bands attributechéartz* transition lie around 350
nm similarly, while low energy absorption bandsdmgjs to the ICT transition from
TPA donor to cyanoacrylic acid acceptor vary affom 430 to 490 nm, indicating
such modification on TAE-typer-spacer would considerably dominate the ICT
process. Specifically, the TTE-based dy¢63 presents the longest absorptignx
while the TPE-based dykY 65 exhibits the shortest (488 nm fdY 63 and 429 nm for
JY65). On the other hand, it is notable that dyel where phenyl rings were
introduced at the near-donor position displaysrtlegd-shifted (23 nm) absorption
in comparison to dydY 64 where phenyl ring was incorporated at the neaejftoc
position of TAE, demonstrating that the former gitb8on mode is more beneficial
for ICT process (475 nm fdd-1 and 452 nm fodY 64). As a result, the ICT effect in
this class can be easily tuned by altering both pgtaportion and the position of
phenyl/thienyl rings in TAE moiety. After adsorbedto TiG; films, the ICT bands of
all these dyes present almost the same order ae thoTHF solution with about 50
nm bathochromical shifted onsets, which will fatloe light harvesting ability of the

sensitizers in DSSCs.



Tablel

Optical and electrochemical properties of dy¥€3-65 andD-1.2

Dye Jmadnm  &10°Mtemt  Arolnm (stolil/\H/E) Eo.deV (v:rT\IJ:E)
JY63 488 3.53 461 1.11 1.91 -0.80
JYo64 452 3.55 447 1.17 2.08 -0.91

D-1 475 3.43 453 1.12 2.05 -0.93
JY 65 429 5.12 405 1.15 2.25 -1.10

% Jmax Was attained from the absorption spectra in THIEtiem; E,x was determined on
dye-sensitized Ti@films and calibrated with ferrocene (0.63 V vs. B)Hn THF containing 0.1
M tetran-butylammonium hexafluorophosphate (TBAJPRs supporting electrolyteg, o was
estimated from the onsets of UV-Vis spectra in ®akition;E;cq = Eox—Eo_o

Considering the fluorescence of dyes could be wetluced by the strong
electron-withdrawing cyanoacrylic acid groups owitagthe solvent polarity effect
and ICT/TICT effect according to the previous sésdi[39-41], the aldehyde
precursors keeping similar main skeletons as relevarget dyes were selected
instead to estimate their intrinsic capabilitiesoppressing the intermolecular energy
transfer in aggregation state. The fluorescencpepties of aldehyde&l, 12, 13 and
14 were characterized in the diluted solutions ofOHHF with different HO
fractions (Fig S1 and S2). After the water fractearpassing 50%, an obvious AIE
phenomenon could be observed in all these TAE-bdsedatives, confirming that
theses TAE-based dyes could still maintain the ti@akanti n-n stacking ability of

the well-known twisted TPE building blocks.
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Fig. 3. HOMOs, LUMOs and energy gaps of dyas63-65 andD-1.

2.3. Electrochemical properties

Electrochemical properties of these four dyes-sizesi TiO, films were carried
out by cyclic voltammetry (CV) calibrated with feaene (0.63 Ws. NHE) in THF
solution containing 0.1 M tetrabutylammonium hewafbphosphate (TBARJ as
supporting electrolyte (Fig. S3). The schematiagyéevels forJY 63-65 are listed in
Fig. 3. The first oxidation potential&{x) relating to the highest occupied molecular
orbital (HOMO) levels of the dyes exhibit valueoamd 1.14 V, rising from the
uniform electron donating ability of TPA donod( 64 andJY 65 present a somewhat
lower HOMO compared witdY 63 andD1, respectively, indicating that replacing the
phenyl ring at the end of TAE which is close to eggor by thiophene might be
advantageous for electron conjugation hence dexteakox. With the band gapS,-
o calculated from the onsets of UV-Vis spectra, kbwest unoccupied molecular
orbital (LUMO) levels were evaluated usirtfeq = Eo.0 — Eox and present strong
correlation to thetr-spacers. The TTE-involvedly 63 gives the lowest LUMO while
benzene-richJY65 exhibits the largest upshift. Dye$Y64 and D-1 featuring
hetero-TAE-bridge show medium LUMO levels and aeeyvclose to each other (—
0.91 and -0.93 V fodY64 and D-1, respectively). Notably, both HOMOs and
LUMOs of the four dyes can guarantee an efficiegieneration of oxidized dye by

iodine redox couples (0.4 V vs. NHE) and sufficiphbto-excited electron injection



into TiO, conduction band (-0.5 V vs. NHE).
2.4. Theoretical calculations

To gain insight into the molecular structure anecebn distribution, the
geometries of dyedY63-65 were optimized by density functional theory (DFT)
calculations at the B3LYP/6-31G* level (Table 2 dfid. 4). For the near-donor aryl
ring m; and near-acceptor aryl ringg which locate at the different sides of olefin
center in TAE bridge, the dihedral anglébetweent; and the olefin plane) increases
in the order oflY63<JY 64<D-1<JY 65 while the dihedral anglg (between the olefin
plane andm3) rises in the sequence dfY63<D-1<JY64<JY65, indicating that
replacing the thiophene with phenyl ring can indacdightly enlarged distortion. For
the near-donor ring,, all the dihedral angleg (betweenn, and the olefin plane)
exhibit a considerable large distortion beyond %@iich would play a crucial role in
building up the three-dimensional configuration.thiespect to charge distribution,
the HOMOs in these four dyes mainly delocalizehat TPA donor parts and partial
TAE-basedn-bridges, while the LUMOSs diffuse on the cyanoaicr@cid acceptors
and also a portion of TAE moieties. SpecificallyedlY63 displays more overlap
between the HOMOs and LUMOs, aroused from the higizeplanarity of TTE
n-spacer. By contrast, the larger distortion of TiEnker provides dyelY65 a
remarkable charge separation. When coming to dy¥64 and D-1 with
hetero-TAE-bridge, a medium scale between the ehavgrlap and separation can be
observed. Clearly, such type of charge distribubbfour Y-shape dyes fits the need

for charge transfer from the excited sensitizerthéoconduction band of THO



Table2

Dihedral angles in the geometry optimized d§¥€3-65 andD-1. #

b b
00, I 0
20N

Y 73

N
NC %
COOH
Dyes a b y
JY63 24.9° 55.8° 15.6°
Jye4 26.7° 50.7° 25.5°
D-1 29.9° 56.1° 20.0°
JY65 32.7° 52.1° 28.5°

& alply refers to the dihedral angles between the aromat m;/my/n; and the central
ethylene in TAE moiety, respectively.

JY63 Jye4 D-1 JY 65

LUMO

Fig. 4. The frontier molecular orbitals df¥ 63-65 andD-1 optimized at the B3LYP/6-31G* level.

2.5 Photovoltaic performance

The photovoltaic performances of DSSCs based ons dyé63-65 were



measured under standard AM 1.5G illumination (10&/-mni®). The photocurrent
density-voltage J-V) curves of the dyes in iodine electrolytes ardtptbin Fig. 5a,
and detailed photovoltaic data are collected inl@& Surprisingly, the TTE-based
dye JY63 which has the broadest absorption range does et the highest
short-circuit current densit§dsc). In detail, thelsc of 8.75 mA cnf for dyeJY63 is
only slightly higher than that of 8.13 mA &nfor TPE-based dyaY 65 featuring the
narrowest light absorption, but dramatically lowlesin dyeslY 64 andD-1 containing
hetero-TAE-bridge, implying that the photocurrerduld not be dominated only by
the light harvesting region under this conditiorpe8fically, dye D-1 where the
phenyl rings are incorporated at the donor sidplays superiodsc of 10.57 mA crif
than that of dyelY64 where the replacement occurs at the near-accepsition,
agreeing with its relatively bathochromic absomtidand. With respect to
open-circuit voltageMoc), the TTE-contained dy&8Y 63 endures the sharply lowest
Voc of 614 mV, dooming its power conversion efficie&CE) to only 3.67%. By
contrast, benzene-rich TPE-based dy¢65 attains the highesVoc of 739 mV,
leading the PCE up to 4.01%. With the good balan€eVoc and Jsc, two
hetero-TAE-embedded dyes show superior PCE than-baeed dyeJY63 and
TPE-based dydY65, and dyeD-1 gets the best PCE of 5.20%. In total, all the
benzene-blended TAR-bridges work better than the TTE-basedpacer on the
photovoltaic performance of DSSCs usifitg1redox shuttle. The order dbc values
stands in accordance with the number of phenybkringTAE units, but thdsc shows

less reliance on the proportion of thienyl groups-spacers.
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The incident photon-to-current conversion efficieftPCE) spectra of DSSCs
using I/l13" redox shuttle are presented in Fig. 5b. All tHese TAE-based dyes cover
the IPCE response region in agreement with theetanydof their UV-Vis absorption
spectra. The bathochromic shift in IPCE responggone can well explain the
promotion of Jsc in the sequence o0dY65<JY64<D-1 where the IPCE values
approximately approach to 70%. Different from thdye to the significantly
decreased IPCE less than 56%, TTE-based 3§63 which has the broadest

absorption and most bathochromic IPCE responsemigrgive an inferiodsc.



Table 3

Photovoltaic performance 3t 63-65 andD-1.%

Dye Electrolytes  Voc[mV] JsdmA cm?] FF[%] PCE[%]
JY63 61445 8.75+0.20 68.310.8 3.6740.03
Jyed 6855 9.32+0.14 68.6+1.2 4.38+0.08

lodine

D-1 72145 10.57+0.18 68.311.2 5.2040.05
JY 65 73915 8.13+0.13 66.840.6 4.0140.02
JY63 736110 11.41+0.06 69.5+1.2 5.8410.03

Cobalt
D-1 817+10 9.74+0.21 66.4+0.6 5.2840.02

& An average value was obtained from three devices.
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Fig. 6. Electrochemical impedance spectra (a) Nyquistspéoid (b) Bode phase plots for the
DSSCs based 0¥ 63-65 andD-1 in iodine electrolytes measured at —0.60 V biathendark, (c)
Nyquist plots and (d) Bode phase plots for the DS®@sed on]JY63 and D-1 in cobalt
electrolytes measured at —0.72 V bias in the dark.

2.6. Electrochemical impedance spectroscopy
Electrochemical impedance spectroscopy (EIS) amsalysiodine electrolytes

was determined in the dark condition under the bfas0.60 V within a frequency



range of 0.1 Hz-100 kHz. The EIS Nyquist and Bolasg plots are displayed in Fig.
6, and the detailed data are summarized in Tablehd.larger semicircle in Nyquist
plots represents the charge-transfer resistandbeafliO,/dye/electrolyte interface
(Rct). A smallerRct means a faster charge recombination and thus esdadower

Voc. The fittedRct witnesses an distinguishable increase in the aildy 63<<JY 64
<D-1<<JY65, which is in accordance with the trend \dfc. Although all these

TAE-based dyes can maintain the three-dimensiotractsres, the capability of
preventing the charge recombination betwed3 Iredox couples and the injected
electron into the Ti@ presents high reliance on the position and prapordf the
phenyl groups blended in TAE moiety. TTE-based dlyé3 gives a relative lowoc
because of the insufficient hindrance to the ebtdytie penetration through the dye
layer, which might be caused by the general sudfdine interactions throughout the
whole chain. However, replacing only one of theplienes in TTE unit with phenyl
ring near the acceptor in dyk64 can clearly promote th¥oc, indicating that a
slightly increased distortion induced by the phegybup with larger size can
effectively resist the charge back transfer frore #emiconductor surface to the
electrolytes. On the other hand, thel where the phenyl groups incorporated closely
to the donor position can further stem the elegtesl caused by the much
strengthened shielding effect. Finally, TPE-basgel X¥ 65 can apparently minimize
the charge recombination, owing to the largest ma@wconstructed by benzene-rich
TPE unit. Totally speaking, all the benzene-blend&Es present better charge
barriers than TTE counterpart in iodine electradyt&he model of the TAE units
blocking the Vi3 redox shuttle near Tilsurface is inferred in Fig. S4. Besides the
interfacial Rct, electron lifetime relates also to thec value, and a longer electron

lifetime stands for a lower dark current and thusgher photovoltage. The electron



lifetime (z) can be calculated from the peak frequency atildmeguency region in the
Bode phase plots by adopting the equationl/2zf. The lifetime also meets an
elevation trend o8Y63<<JY64<<D-1<<JY65, which can further explain the variation

of theVoc in DSSCs.

Table4

Parameters obtained by fitting the impedance speétthe DSSCs based 3 63-65 andD-1.

Dye Electrolytes Bias/V Rc1/Q flHz 7/ms
JY63 64.2 22.459 7.1
JYoe4 325.2 7.931 20.1

lodine -0.60

D-1 413.1 7.080 22.5
JY65 753.5 5.482 29.0
JY63 88.9 71.72 2.22

Cobalt -0.72
D-1 308.1 25.76 6.18

As investigated above, the presence of phenyl gr@aupund the ethylene core
can effectively hinder the charge recombinationj am appropriate proportion of
thienyl groups embedded in TAtsspacer can improve the photovoltaic performance
owing to the expansion of light harvesting regiNievertheless, the absence of phenyl
group in TAE =n-bridge leads to the unexpected loss on photocurireriodine
electrolytes to some extent. To deeply understdme d¢harge barrier built by
TAE-spacers, the Co(phefif*" redox shuttle (0.61 V vs. NHE) was chosen for
further experiments. Dy&Y 63 which holds the intriguingly broadest absorptian b
presents inferiodsc, andD-1 which covers the second broadest light harvediing
exhibits the higheslsc in iodine electrolytes, were selected as the sthjdhel-V
curves of the DSSCs are shown in Fig. 5c and plottene performances are

summarized in Table 3. In contrast to the result§/li;” redox couple, a superidgc



of 11.41 mA crif has been obtained for TTE-based dy&3 againsD-1 of 9.74 mA
cm. This variation of thelsc is further explained by the IPCE spectra displaiyed
Fig. 5d, the maximum value of dykr 63 withesses an approximate 10% elevation
ranging from 350 to 700 nm in comparison to thatoine electrolytes, while dye
D-1 meets a slight decrease in whole absorption regitve above results could
attribute to the larger volume of Co(phgiiy" mediator and less sulfur-electrolyte
interaction, demonstrating that the charge bamsnblished by the propeller-like
TTE unit is more suitable for blocking the penetmatof cobalt complex than iodine
mediator [42,43]. Benefitted from the obviously anbedJsc, TTE-basedJY63
achieves higher PCE of 5.84% than that of 5.28%fdr The EIS Nyquist and Bode
phase plots are presented in Fig. 6, and the ddtdihta are listed in Table 4. The

order of Ret andz matching with the sequence of correspondiag (JY 63<<D-1)

indicates that the benzene-involved TA&pacer could still act as an ideal building
blocks to suppress the charge recombination inlteletrolytes.
3. Conclusion

In summary, four different TAEs were applied asbridge to construct
photosensitizer for DSSCs, and tindridge effect on the photovoltaic performance
has been fully investigated. In addition to the fammly three-dimensional
configuration of TAE, both the proportion and pmsit of phenyl/thienyl groups in
TAE moieties have been observed to pose a signtficmpact on the devices’
photovoltaic performance. In iodine electrolytdg drder olVoc agrees well with the
increasing proportion of phenyl rings in TAE-bridgauffering from the undesirable
charge recombination, TTE-based dy¥63 gives a poorVoc of 614 mV and
mediocreJsc of 8.75 mA cm? although it shows the broadest light harvesting ti

contrary, benefitted from the largest volume of zmre-rich TPE-bridge working as



an ideal barrier to minimize the back charge transfyeJY 65 achieved the highest
Voc of 739 mV. A hetero-TAE-bridge has proven to bereneffective to maintain the
balance between the suppression on charge recotiobirend the enhancement on
photocurrent, leavindY 64 andD-1 with better PCEs. Whereas in cobalt electrolytes,
JY 63 with less-twisted TTE also can effectively reténd charge recombination and
thus make promoted photocurrent into reality. Assult,JY 63 achieved higher PCE
of 5.84% than that of 5.28% f@-1 with hetero-TAE. In total, the three-dimensional
TAE-bridge provides a facile tool to tune the phaitaic properties of dyes and a
balance design should be carefully taken in accantmeet the individual
requirements in device.
4. Experimental
4.1. Materials and instruments

All the synthesis procedures were carried out urttier argon atmosphere.
Solvents for reaction and other sections were s&héid before use. Thdd NMR and
13C NMR spectra were characterized on Bruker 400 Mptrtrometer adopting TMS
as the internal standard. HR-MS data were collected Varian 7.0T FTMS. UV-Vis
spectra were scanned on a Varian Cary 300 Conc idile spectrophotometer.
Cyclic voltammetry,J-V curves and EIS experiments were detected on aiudi@nn
electrochemical workstation (Zahner Corporation).
4.2. Fabrication and characterization of DSSCs

The photoanodes were manufactured by screen mintie TiQ paste
(Heptachroma Corporation) onto FTO conductive glagdlippon Sheet Glass, Japan,
15 Q/sq) with 20 nm nanoparticles for transparent layerd then 200 nm
nanoparticles for scattering layer, respectivelye@ally, the transparent layers for

photoanode in iodine electrolytes were printedtfioee times while for photoanode in



cobalt electrolytes were printed for one time. Hotive area of photoanode is 0.196
cn?. After that, the photoanodes were heated by a edmmperature profile
(gradually heated to 450 °C and kept for 15 mientheated to 500 °C and kept for
30 min). After cooling down to room temperaturee tbbtained photoanode were
immersed in a TiGlagueous solution (40 mM) at 70 °C for 30 min amtesed again
at 500 °C for 40 min. At last, the resulting photodes were immersed into 0.3 mM
dye solution in THF for 12 h under dark. The Ptcaledes were prepared by
spin-coating the 0.02 M 4PtCk in iso-propanol onto the FTO conductive glasses and
then heated at 400 °C for 30 min. The iodine ebdygties consisted of 0.6 M
1-propyl-3-methylimidazolium iodide (PMIl), 0.1 Mil.0.03 M L, 0.1 M GuSCN
and 0.5 M 4tert-butylpyridine (TBP) in acetonitrile/valeronitrile//v = 85/15). The
cobalt electrolytes were composed of 0.25 M [CaiHen}](PFs),, 0.05 M
[Co(lll)(phen)](PFs)3, 0.5 M TBP and 0.1 M LIiTFSI in acetonitrile. Th&SBCs were
illuminated under a solar simulator (CHF-XM-500Wusttech Co. Ltd.) under 100
mW cmi? irradiation calibrated by a standard silicon satatl (91150V, Newport
Corporation). The IPCE was detected by a commesaéalp (QTest Station 2000
IPCE Measurement System, CROWNTECH, USA).
4.3. Theoretical calculation methods

All the theoretical calculations were accomplistigdthe Gaussian 09 program
package. The ground-state geometries were fullymoped at the B3LYP/6-31G*
level in vacuum. The electron density distributiomsHOMOs and LUMOs were also

calculated at the same level.
Notes
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Highlights:

1. Effect of TAE-spacer on photovoltaic performance has been systematically
explored.

2. All the TAE-based dyes show capability to weaken the n-nt stacking in aggregation.
3. In iodine electrolytes, benzene-blended TAE-based dyes exhibit Dbetter
performance.

4. In cobalt electrolytes, thiophene-rich JY 63 inversely achieves superior PCE.
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