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Abdract: Novel organic dyes that consist of either a bén2é:.4,5b]dithiophene or a
benzo[1,2:4,5bdifuran core exhibited remarkable solar-to-enaxggiversion efficiency in dye-sensitized
solar cells. The planar geometry of bridge moiety is bulky substituents helped the dyes to fornigh
guality monolayer on the surface of titanium oxidléypical device displayed photon-to-current cosios
efficiency 60% in the region of 380~575 nm, a shiocit photocurrent density 13.45 mA-gman
open-circuit photovoltage 0.72 V, and a fill faddd$3, corresponding to an overall conversionieffcy 6.12%.

In a test of using deoxycholic acid as a co-absgria® improvement of quantum efficiencies 8.37% wa
observed for certain compounds. However, for ottergjuantum efficiency decreased in 6.60~7.91%. Th
latter result indicated that the quality of sontradicannot be further improved by the additioneaixycholic

acid. The photophysical properties were analyzéutiaé aid of TD-DFT.
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1. Introduction

The increased consumption of fossil fuels thatteesuhigher environmental pollution has urgedauthe
development of renewable energy sources. Solagyeisewidely recognized as one of the best wageliae
this problem. Dye-sensitized solar cells (DSSCs)kaown to be capable of converting solar energy to
electricity effectively. Devices can be producelduige-scale with reasonably low-cost. The DSSitang the
ruthenium-based complexes, i.e., N3, N719, anck lilge that reported by O’'Regan and Gratzel, have
achieved a maximal power conversion efficiency 486 [1-6]. Another recent report by Dielal. using a
porphyrin dye has achieved a performance up to [R%n the fabrication of DSSC cells, the dyes are
absorbed on the surface of titanium oxide formidgrasely packed monolayer that acts as a p-nganutthe
circuit. The morphology of the organic monolayearypla key factor for the performance of the selar c

Metal-free organic dyes are mostly molecules eflirshape, which consists of an electron donoari®)
an electron acceptor (A) attached on the oppasites of the molecule. Thebridge connecting D and A is
usually a conjugated chromophore with substamgality. It acts as part of the chromophore forviaating
photons. A wide variety of bridges have been refdartthe literature, such as the derivatives rhiezale [8,9],
phenylene [10,11], thiophenylene [12-14], pyrrdl&]] furan [16], fluorene [17,18], dithiensilole920],
spirobifluorene [21-23], benzothiadiazole [24-28nzotriazole [29,30], phenothiazine [31-37], qualioe
[38,39], and diketo-pyrrolopyrrole [40-42]. Compdsnwith multiple D and/or A moieties have also been

designed, such as the star-burst structures, #yaenmance the photo-electron injecting efficigad3].



According to previous experiencesgchromophores with a planar shape are the mostrsle for
forming a monolayer with better film morphology e surface of TigJ49]. In this report we examine the
effectiveness of including either benzo[1,2-b:4l8ithiophene (BDS) or benzo[1,2-b:4,%diuran (BDF)
moieties in therechromophores of organic dyes [50,51]. The photaobroperties of BDS and BDF
derivatives have drawn considerable attentionaragiplications of organic optoelectonic materigiey have
been successfully applied onto a variety of deyviash as polymeric bulk hetereojuction (BHJ) sodis
(PSCs). BDS moiety has been used in PSCs co-palyguecessfully as an electron donor due to itewmarr
energy gap. The device made with it displayedrafisgnt high hole mobility [52-54]. The structweBDF is
analogous to that of BDS, except the two thiophgradips are replaced by furanyl groups. Compartd wi
thiophenyl group, the furanyl group shows a westeic hindrance to adjacent units and thus |eadgher
flexibility on molecular geometry. The relativeligher electronegativity of furan will also change themical

property of BDF with respect to that of BDS [55,56]

2. Reaultsand discusson
2.1 Snthess Srategiesand Chemical Characterization

The structures of four dy&DS-TIPSE, BDS-OC6, BDF-TIPSE, andBDF-OC6 are shown in Fig. 1.
In all the structures, two side chains are adddkead,8-positions of both BDS and BDF units. Tide s
chains are either a triisopropylsilylethynyl (TIPS a hexyloxy (OC6) group. The synthesis of thesd
commenced from either a thiophene-3-carboxylic aci@ 3-furoic acid as outline in Scheme 1. The
foregoing acids were first converted to the cowadmg amides, then cyclized to quinones through
self-condensation reactions [57,58]. The side ggduUpSE and OC6 were introduced through a reductive

coupling to form compound [59,60]. Compound was then brominated by using n-BuLi and £Br
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form 5 [61]. The bromine atoms on one side of the BDSDF Bnoieties were replaced by a triarylamine
through a Suzuki- Miyaura coupling reaction to @6 in 54~65% yield [62]. The bromines on the
other side were replaced by a thiophene-2-carbadgetinit through a Stille coupling reaction, folkev
by hydrolysis to yield [63].

The formation of the final products wac achievedabnoevenagel condensation with a cyanoacetic
acid to build up the cyanoacrylic acid acceptot imiyields of 65~82% [64]. All final products were
crystallized into deep coloured solids and therucstires were confirmed by their spectroscopic

characteristics.

2.2 Photophyscal properties

The absorption spectra of dyes in dilute THF smiu(B x 10° M) were shown in Fig. 2. Each of these
compounds, exceBDF-TIPSE, exhibits three major absorption bands, appeatiBgo-295 nm, 355-382 nm,
and 476~485 nm. The first two regions were compostatalized aromatig-7* transitions, and the last one
was assigned to a charge-transfer (CT) transiileenCT band of BDF is slightly red-shifted withpest to that
of BDS. A higher absorption intensity is obsenattie TIPSE-substituted compounds, while compavitig

those of the OCB-substituted ones. For examplessttiction coefficientd) is 5.66x 10" M™ cmi® for
BDS-TIPSE, yet 3.92x 10 M™cm* for BDS-OC6 (Table 1). Such difference can be properly reftbcn

TDDFT computational models. The calculated osuoillatrengths are arranged in the orddBDS-T1PSE
(0.76) >BDS-OC6 (0.68) andBDF-TIPSE (0.84) >BDF-OC6 (0.62). The higher flexibility of hexyloxy
group may also provide more energy dissipationraiarhrough thermal relaxation. It is worth notingt all

four dyes showed higher molar extinction coeffiigr 3.92x 10* M™cmi®) than the well known dye N719
(<2 x 10" MTem).

The dihedral angles between the BDS and BDF umitdtee adjacent aminophenyl and thiophenyl rings

displayed a good co-planarity, which is helpfultfe transport of electrons from the donor to tiwejator (Fig.
4



3). The absorption spectra of dyes, after they velxemisorbed onto the surface of JiGhowed a
hypsochromic shift with respect to those in THRismhs (Fig. S25). Such a phenomenon has beervebiser
previously, and was attributed to H-aggregation/aintthe reduction of electron accepting ability tioé
cyanoacrylate group comparing to a free carboagid [65-68].BDS-OC6 andBDF-OC6 showed slightly
large Stokes shifts with respect BDSTIPSE and BDF-TIPSE, revealing a larger conformational

re-adjustment upon photo-excitation (Fig. S26).

2.3 Electrochemical properties

The oxidation potentialdE=f,) were measured by cyclic voltammetry (CV) in TidRd the results were
included in Table 1. The HOMO energy levels comadpo the first oxidation potentials of the orgashyes.
The LUMO level was estimated from the valueggfand the zero-to-zero transition energy measurte at
intersection of absorption and emission spectra. HAMO-LUMO energy gap of BDF-series (2.25~2.29)
were smaller than that of BDS-series (2.30~2.31¢. 8stimated LUMO levels of both dyes are suffilsien
higher than the level of conductive band of;[t@. -0.5 Vvs. NHE), while their HOMO levels are sufficiently

lower than the level of electrolyte ion paifl}~ (ca. 0.4 Vvs. NHE) [69,70]. All these ensure an exothermic

flow of charges in the photo-electronic convergaocess (Fig. 4). The relatively low-lying HOMO axe
levels of these dyes, e.g., 0.83 VB@S-TIPSE, warrant efficient charge regeneration after @aegparation.

A high open circuit voltage/y) is also expected by the low HOMO levels.

24 Theoretical calculation

The electronic configuration of the dyes was exathioy using B3LYP/6-31G* hybrid functional implashte
in a Q-Chem 4.0 software [71]. For the excitecestat time-dependent density functional theory (FDD
with the B3LYP functional was employed. The optediznolecular geometry of the dyes was shown ir8Fig.
and the frontier orbitals were plotted by using €s&iew 4.1 (Fig. S28). The HOMO/LUMO energy le\ais
the corresponding energy gaps are listed in Talddsa Table S1). Among the four compourii3S-OC6
displayed a large dihedral angle between the plaBES and the adjacent aminophenyl ricay 26°), while
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others form highly planar geometry along the marommophores. For electronic distributions, thetelac
density in the HOMOs is localized mainly on tharyiamine moiety, and those of the LUMOs at the
cyanoacrylic acid moiety (Fig. S28). In both M@ orbitals in D and A are heavily coupled withadhaitals

in the central bridge linkage. The bridge moiesréfore acts not only as an effective relay forsparting
charges, but also participates in light harvestiige compounds with TIPSE substituents, i.e., both
BDSTIPSE andBDF-TIPSE, yield higher values of oscillator strength (0.76~0.8%e Tesult is consistent
with the higher molar extinction coefficients obset in their absorption spectra. The differencliitiken
charge shift surrounding D, B and A segments, eéfgistate) and after (State) the photo-excitation, can be

clearly depicted by the magnitude of bar chartg 27).

25 DSCsperformance

The DSSCs devices made with the BDS and BDFwiges fabricated according to a standard procedure.
The parameters were measured under AM 1.5 sokdr (I§0 m\Wweni®), i.e., short circuit currentl),
open-circuit photovoltagd/{), fill factor (FF), and solar-to-electrical phatment densityy() are summarized
in Table 2. The photocurrent-voltage\{) plots of four devices with E1 electrolyte arevshan Fig. 5.Two
kinds of electrolytes were used in order to achilbgebest performance, i.e., system E1 was made (65
M), I, (0.05 M), and TBP (&ert-butylpyridine) (0.5 M) in MeCN, and system E2 wasmposed of
3-dimethylimidazolium iodide (DMII)(1.0 M) and gudimium thiocyanate (0.1 M), in addition to Lil (& M),
I, (0.03 M), and TBP (0.5 M) in a mixed solvent of B¢ and valeronitrile (85:15, v/v). To avoid elelstr®
contacting directly with TiQ) the electrolyte was changed from E1 to E2. Araagup improvement oy
values were observed by using the type electrBlfes.g. an increase of ca. 0.05~0.06 V was oltaiite
respect to those using E1 (Table 2). The loweresdration of Lil in E2 raised the conduction feteviel of
TiO,, therefore enhanced thé. value [72,73]. The effect is supported by the éiglesistance in the
electrochemical impedance spectifitts). The bulky side chains help prevent contaetd®n the electrolyte
and the surface of TOThe devices made with TIPSE-substituted compodisgdayed largel,. values

(0.71~0.72 with E1) than those with OC6-substitateels. The former also exhibited a reduced darterdyir
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indicating a slower rate of charge recombinatitve fieason can be ascribed to an improved film rotogi
that covers the surface of TiGetter. Among all four compound)S-TIPSE performed the best. The device
made withBDS-TIPSE yielded the highest overall quantum efficienc 4%, withls 13.45 mACi, Vec
0.72V, and FF 0.63 (Table 2). The TIPSE-subdtitdézivatives showed a higher photon-to-currentexsion
efficiency (IPCE), in the region of 340~616 nmjfthat of the OC6-substituted ones (Fig. 5). Inidhger
wavelength region, however, the latter displaysijhtly better ICPE as a result of their absompiiothe long
wavelength region (Fig. 2).

Electrochemical impedance spectroscopic (EIS) sisalyas performed to further elucidate the photanol
properties [74,75]. The EIS for the DSSCs made thiéise compounds were taken under a forward bias of
-0.73 V in the dark. In the Nyquist plot (Fig. &)major semicircle was observed in a frequencyeraihg
20~100 Hz, which is related to the transport pooégjected electrons at the interfaces betw#@pnand the
electrolyte/dye [76,77]. The charge recombinatsistance (&) can be deduced by fitting the curves using a
Z-view software [78]. It corresponds to the chaegmbination rate at the Ti®urface of DSSC in the dark,
e.g., a larger Rindicates a slower charge recombination and therefdargeiV, values. The radius of the
semicircle of Nyquist plot increased when the edd¢e was changed from E1 to E2. The relative gizbe
Nyquist semicircles is consistent with the relatfyevalues, .e BDSTIPSE (0.72 V)=~ BDF-TIPSE (0.71 V)
> BDF-OC6 (0.61 V)~ BDSOC6 (0.60 V) in E1 electrolyte, and similarBDSTIPSE (0.77 V)=
BDF-TIPSE (0.77 V) >BDF-OC6 (0.67 V)~ BDSOC6 (0.66 V) in E2 electrolyte.

The film morphology of the dyes on the surfacei@h Tan be adjusted by the addition of deoxycholid aci
(DCA). For some dyes that are not able to form Qiggity films, the addition of DCA as a co-absotiean
effectively improve the film morphology, and conseswfly reduce the rate of charge recombinatior8[[{9
this work, the amount of DCA has been added indifflerent concentrations, namely 1.0 mM and 10 mM.
The result showed that, for the TIPSE dyes, théi@adf DCA did not lead to any improvement. Howefor
the OCB6 dyes, the effect was quite prominent,qodatly when the concentration of DCA was 1.0 mhd.(F
and Table 3). The quantum efficiency BDS-OC6 can be improved from 4.5% to 4.9%, i.e., an 8%

enhancement. For both derivati33S-OC6 andBDF-OCS6, the values of bottt,. andJs;increased upon the
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addition of DCA.

It is known that the addition of DCA may not het@ tmaterials whose film morphology is already of
sufficient quality [49]. Comparing with the OC6 dyéhe TIPSE dyes seems to form a monolayer Viaétter
guality. Upon the addition of DCA as a co-absordanthJs. andV,. values oBDS-TIPSE andBDF-TIPSE
decreased. Thé. values decreased with increasing the concensatibCA from 1 to 10 mM, i.e., for
BDS-TIPSE from 13.45 to 12.37 ma&m?, and forBDF-TIPSE from 13.49 to 12.41 mAm®. An overall
reduction of quantum efficiencies in 6.60~7.91%en@served. Th&V curves of the dyes in the presence of
DCA are shown in Fig. 7. These phenomena reafflin high quality of surface morphology for
TIPSE-substituted dyes. The dyes are packed dartber films as indicated by their higher loadimgoant.
(Table 2). The larger size of TIPSE group helgpter the surface of Tgdnore completely, therefore prevents
it from a direct contact with the electrolyte. fect was evidenced by a slower charge recomtimadte in

the EIS, and a higher value\¢f (Table 2 and Fig. 6).

3. Conduson

Organic dipolar compounds containing either a BD& BDF moiety showed a high performance when
they are used as the sensitizer dyes in orgamic cglls. The light harvesting quantum efficienegahes to
4~6% depending on the substituents. The derivaitesTIPSE substituents performed better tharetinoth
OC6 substituents. For the device made BIDE-TIPSE dye, the overall conversion efficiency was 6.12%,
with a short-circuit photocurrent densif) 13.45 mA-crii, an open-circuit photovoltage) 0.72 V, and a
fill factor (FF) 0.63. The maximal photon-to-cutrennversion efficiency (IPCE) was 60 % in the sagpf
380~575 nm. For the device made with BDS-OCB, dise donversion efficiency was 4.54 without DCA, and
4.92% with the addition of DCA. The difference @idved to be a result of changing film morphologythe
surface of TiQ

A comparison between BDS and BDF derivatives redg#iat the former performed better than the latter
The reason is ascribed to the relatively lowermtiaidevel of the HOMOs with respect to the retiwel of I/

I5 as depicted in Fig. 4. The electron transfer gsdmm the electrolyte to the HOMO proceeds more
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efficiently in the former.

4. Experimental Section
4.1 General Information
All reactions and manipulations were carried odea nitrogen atmosphere. Solvents were didhitbstily

according to standard procedurésand™3C NMR spectra were recorded on Brucker (AV 400/80 §Hz)
spectrometer in CDg;land THFeg as a solvent. Chemical shifts are reported i stabnfield from the peak
for tetramethylsilane. Absorption spectra were mb on a Jasco-550 spectrophotometer. Emissiciraspe
obtained from a Hitachi F-4500 spectrofluoriméle emission spectra in solution were measurqueitrsl
grade solvent by a 90° angle detection. The redtenfials were measured by using cyclic voltamneatry
CHI 620 analyzer. All measurements were carrietholHF solutions containing 0.1 M tetrabutylamnumni
hexaflourophosphate (TBABFas supporting electrolyte at ambient conditider giurging 10 minutes with,N
The conventional three electrode configuration eraployed, which consists of a glassy carbon working
electrode, a platinum counter electrode, and a gigiéference electrode calibrated with ferroceneftiertium
(Fc/F&) as an internal reference. The HOMO and LUMO alwere calculated with reference to the
ferrocene oxidation potential by using the follagweguations: HOMO =&+ 4.8 eV, LUMO = HOMO -
where the HOMO of ferrocene was set at 4.8 eV. Masstra were recorded on a VG70-250S mass
spectrometer.

The chemicals, i.e., thiophene-3-carboxylic acttlionyl chloride, diethylamine, 3-furoic acid,
triisopropylsilyl acetylene, tin(ll) chloride (Sn{;l tetrakis(triphenylphosphine)palladium (0) (Pd¢,
n-butyllithium (1.6 M in hexane)trans-dichlorobis(triphenylphosphine) palladium (Il) EgPPh).),

N,N-dimethylformamide, 1-bromohexane, tethrtylammonium bromide, CRBr tri-n-butyltin chloride,

9



cyanoacetic acid, ammonium acetate, and aceticgéamal, were purchased from ACROS, Alfa, Merck,
Lancaster, TCI, Sigma-Aldrich, Showa, separatelgl, purified as necessary. Chromatographic sep@atio
were carried out by using silica gel from Merk, 3€igel si 60 (40 - 63m). The structure of all of

intermediatesX~7) was confirmed by NMR and other spectroscopic (@ja

4.1.1. (E)-2-cyano-3-(5-(6-(4~(naphthal en-1-yi (phenyt)amino)phenyl )-4,8-big((triisopropyl syl ethynyl )benzo-
[1,2-b:4,5-b] dithiophen-2-yl)thio-phen-2-y)acrylic acid (BDS-TI PSE).

A mixture of 7-SA (1.5 g, 1.6 mmoal), cyanoacetic acid (205 mg, 2vbifj) and ammonium acetate (32 mg,
0.4 mmol) in acetic acid (15 mL) was placed inragimecked flask under a nitrogen atmosphere aad wa
heated to 90-100 °C with stirring for 12 h. Aftenling, the reaction was quenched by adding didtiater
(30 mL), and extracted with GEI,. The organic layer was dried over anhydrous Mg® evaporated under
vacuum. The product was purified by silica gel ewiichromatograph eluted by &Et/acetic acid (19/1). The
dark-red solid was isolated in 65% vyield (1.0664Immol). Spectroscopic dataBDS-TIPSE: ‘H NMR
(500 MHz, THFek): 6 8.38 (s, 1H), 7.92-7.95 (m, 2H), 7.89 (d, 21#;,5.2 Hz), 7.85 (d, 1H] = 8.0 Hz), 7.69
(s, 1H), 7.58 (d, 2H] = 8.6 Hz), 7.50-7.54 (m, 2H), 7.46 (t, 1Hs 8.3 Hz), 7.36-7.39 (M, 2H), 7.24 (t, 2H:

7.8 Hz), 7.15 (d, 2H] = 8.0 Hz), 6.97-7.02 (m, 3H), 1.25-1.26 (m, 4280; NMR (100 MHz, THFek) 163.9,
150.7, 148.6, 148.3, 145.9, 145.8, 143.8, 1418B41441.3, 139.5, 139.4, 137.8, 137.6, 136.631330.2,
1294, 128.4, 128.2, 128.0, 127.5,127.2,127.1912@4.8, 124.3, 124.0, 122.1, 121.3, 117.1, 11839,
111.7, 103.6, 103.4, 103.2, 103.1, 101.6, 57.9, 39.2, 12.3; MS (FAB, 70 eV): m/z (relative irgity) 1020

(M+H)*, 100); HRMS calcd for §HeN,0,S:Sk: 1020.3668, found 1020.3699.

41.2. (E)-3-(5-(4,8-bi(hexyloxy)-6-(4-(naphthalen-1-yi (phenyl)amino)phenylbenzof 1,2-b: 4,5-b1 dithiophen-2-
10



y)thiophen-2-y1)-2-cyanoacrylic acid (BDS-OC6).

CompoundBDS-OC6 was synthesized according to the same procedtiratasBDS-T1PSE. Black solid
of BDSOC6 was obtained in 82% yieldd NMR (400 MHz, THFeg): 6 8.40 (s, 1H), 7.95-7.98 (m, 2H),
7.86-7.89 (M, 3H), 7.63-7.67 (M, 3H), 7.54-7.592ht), 7.39 (t, 2H) = 7.4 Hz), 7.25 (t, 2H] = 7.9 Hz), 7.15
(d, 2H,J = 7.9 Hz), 7.02-7.04 (m, 3H), 4.37 (t, 2H= 6.4 Hz), 4.33 (t, 2H] = 6.4 Hz), 1.91-1.95 (m, 4H),
1.63-1.65 (M, 4H), 1.42-1.43 (m, 8H), 0.94-0.97 G). °C NMR (100 MHz, THFek) (100 MHz, THFek)
164.3, 150.5, 149.2, 147.3, 146.6, 146.3, 1463.11444 .4, 140.4, 138.6, 137.3, 137.0, 136.391335.4,
132.8, 132.6, 131.1, 130.5, 129.8, 129.6, 128%11227.7, 127.6, 127.4, 127.3, 125.3, 124.301222.1,
1204, 116.9, 115.5, 101.0, 75.3, 75.1, 33.0, 31K, 27.1, 24.0, 19.6, 19.5, 14.8; MS (FAB, 70: ez

(relative intensity) 860 (V) 100); HRMS calcd for &HgN:04Ss: 860.2776, found 860.2800.

4.1.3. (E)-2-cyano-3-(5-(6-(4-(naphthal en-1-yl (phenyl)amino) phenyt)-4,8-bi((trii sopropy s 1yl )ethynyl )benzo-
[1,2-b:4,5-b] difuran-2-yl)thiophen-2-yl)acrylic acid (BDF-TI PSE)

CompoundBDF-TIPSE was synthesized according to the same procedtinatasfBDS-TI1PSE. Black
solid of BDF-TIPSE was obtained in 75% yieltH NMR (400 MHz, THFek): 6 8.39 (s, 1H), 7.91-7.94 (m,
3H), 7.85 (d, 1HJ = 8.2 Hz), 7.76 (d, 2H] = 8.6 Hz), 7.73 (d, 1H] = 4.0 Hz), 7.52 (t, 1H) = 7.6 Hz),
7.44-7.48 (m, 2H), 7.35-7.39 (M, 2H), 7.23-7.27 i), 7.14-7.16 (m, 3H), 6.99-7.03 (m, 3H), 1.2281(m,
42H);13C NMR (100 MHz, THFég) 164.0, 159.7, 153.6, 153.5, 152.1, 150.9, 148®0, 143.9, 141.2, 139.3,
137.9, 136.7, 132.3, 131.9, 130.3, 129.5, 128831228.0, 127.5, 127.3, 127.2, 126.8, 126.091224 4,
124.1, 123.0, 116.6, 105.5, 102.3, 101.1, 100(0109.9, 99.6, 19.4, 19.3, 12.5, 12.4. MS (FABgV): m/z

(relative intensity) 989 ((M+H) 100); HRMS calcd for §HeN20,SSh: 989.4204, found 989.4216.
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4.1.4. (E)-3-(5-(4,8-bis(hexyl oxy)-6-(4-(naphthal en-1-yi (phenyl)amino) phenyl )benzo[ 1,2-b: 4,5-b] difuran-2-yl)-
thiophen-2-y1)-2-cyanoacrylic acid (BDF-OC6).

CompoundDF-OC6 was synthesized according to the same procedtiretasBDS-T1PSE. Black solid
of BDF-OC6 was obtained in 77% yieltH NMR (400 MHz, THFek): 6 8.48 (s, 1H), 8.02 (d, 1H,= 8.4
Hz), 7.99 (d, 1H) = 4.4 Hz), 7.93 (d, 1H,= 8.4 Hz), 7.84 (d, 1H,= 8.4 Hz), 7.81 (d, 1H,= 3.6 Hz), 7.72 (d,
2H,J=8.4Hz), 7.64 (s, 1H), 7.58 (t, 14 7.6 Hz), 7.52 (t, 1H = 7.2 Hz), 7.38-7.45 (m, 2H), 7.27-7.30 (m,
3H), 7.01-7.08 (m, 3H), 6.87 (d, 284 8.8 Hz), 4.42 (t, 2H] = 6.4 Hz), 4.37 (t, 2H] = 6.4 Hz), 1.69-1.75 (m,
4H), 1.46-1.51 (m, 4H), 1.22-1.30 (m, 8H), 0.75B0®), 6H);*C NMR (100 MHz, THFek) 162.8, 155.3,
148.4, 148.0, 146.6, 145.3, 141.8, 141.6, 141291339.4, 134.8, 134.6, 129.5, 129.0, 128.1812@6.6,
126.2,126.1, 125.8, 125.5, 125.2, 122.9, 122641222.3, 121.7, 119.5, 119.4, 115.8, 103.4, 98.8, 72.5,
72.4,30.6, 30.5, 29.2, 24.6, 24.5, 21.4, 13.2(FB, 70 eV): m/z (relative intensity) 828 {ML00); HRMS

calcd for GH4gN-O6S: 828.3233, found 828.3232.

4.2 Fabrication of DSSCsand Characterization of DSSCs

The FTO conducting glass (FTO glass, fluorine ddipeakide over-layer, transmission >90% in théblés
sheet resistance 8 squar), titania-oxide pastes of Ti-Nanoxide T/SP and\a@noxide R/SP were
purchased from Solaronix. A thin film of TQL6~18:m thick) was coated on a 0.25TRTO glass substrate,
while the thickness was measured by Veeco Dek@kithiivas immersed in a GEl, solution containing 3 x
10*M dye sensitizers for 12 h, then rinsed with antiyslracetonitrile and dried. Another piece of FT® wi
sputtering 100 nm thick Pt was used as a courtelrade. The active area was controlled at a dioren$
0.25 cni by adhering 6@m thick polyester tape on the Pt cathode. The photie was placed on top of the

counter electrode and was tightly clipped togethdéorm a cell. Electrolyte was then injected itite seam
12



between two electrodes. Two kinds of electrolytesevused in order to achieve the best performaagd; 1
system was made of Lil (0.5 M),(D.05 M), and TBP (&ert-butylpyridine) (0.5 M) in MeCN, and E2 system
was composed of 3-dimethylimidazolium iodide (DNLIP M) and guanidinium thiocyanate (0.1 M), in
addition to Lil (0.05 M), 4 (0.03 M), and TBP (0.5 M) in a mixed solvent of G/ and valeronitrile (85:15,
vlv). Devices made of a commercial dye N719 undersame condition (3 x 104, Solaronix S.A.,
Switzerland) was used as a reference.

The cell parameters were obtained under an incligmtwith intensity100 mWem® measured by a
thermopile probe (Oriel 71964), which was generbted 300 W Xe lamp (Oriel 6258) passing through an
AM 15 fitter (Oriel 81088). The current-voltage raaeters of DSSCs were recorded by a
potentiostat/galvanostat model CHIE50B (CH Instmits)dJSA). The light intensity was further caliledhby
an Oriel reference solar cell (Oriel 91150) andstdf to be 1.0 sun. The monochromatic quantuoneetfy
was recorded through a monochromator (Oriel 74a08hort circuit condition. Electrochemical impedan
spectra of DSSCs were recorded by an ImpedancdfBase analyzer CHI650B (CH Instruments, USA). The
total power conversion efficienag)was expressed by the equatipr: (Jsc Voc FF)/P, where P is the power of
incident light. The incident photo-to-electron cersion efficiency (IPCE) can be expressed by theteo:

IPCE = (1240)/AP. [82]

4.3 Theoretical calculation

All organic dyes were optimized by using B3LYP/@s31hybrid functional. Geometry optimizations were
performed to locate the minima on the potentialggnsurface, in order to predict the equilibriumicture of a
given molecule. For the excited states, a timeraigre density functional theory (TDDFT) with thelB®

functional was employed. All analyses were performmeder Q-Chem 3.0 software. The frontier orbitatsp
13



were drawn by using GaussView 4.0. All calculatiovese performed using the GaussView 4.0 suite of
programs.
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Table 1. Calculated and experimental parameters of all dyes.

dye HOMO/LUMG  Energy fa Japinm JapdiM Jenim HOMOY = Eod Eof

ev) gapg (SD) @M*ent) (film) @M enh) LUMO(eV) ) ) )
BDSTIPSE -5.02/-2.86 216 0.7693 476(56600) 445 635 -B3BR- 083 231 -148
BDSOC6 -4.99/-2.75 224 0.6862 477(39200) 464 647 220~ 071 230 -159
BDF-TIPSE -4.99/-2.81 218 0.8410 483(67300) 449 637 -BBB- 082 229 -147
BDF-OC6 -4.77/-2.73 204 06231 485(45800) 472 659 S5B8R-2 063 225 -162

f : Oscillator strength for the lowest energy tremsit: absorption coefficienE,. oxidation potentiak=,g 0-O transition energy measured at the interseatiabsorption and
emission spectra.

3TDDFT/B3LYP calculated valugsAbsorptions and emission were measured in T8ifidation potentials of dyes (A1) in THF containing 0.1 M (N-Ele),NPFs with a
scan rate of 50 m¥* (vs F¢/ Fc). LUMO calculated by HOMO £ © Eo, calculated by HOMO + 4.5 (eV) (vs NHEE,, determined from the intersection of absorption
and emission in THEEy calculated b — Eoo

Table 2. Photovoltaic Parameters of Devices under AM 1.5

dye E1l/ Jee Ve FF 7 Dye loading
E2 (mA-cni?) V) (%) (10" mol/cnd)
BDSTIPSE E1l 13.45 0.72 0.63 6.12 4.4
E2 12.09 0.77 0.65 6.05
BDSOC6 E1l 12.14 0.60 0.62 454 28
E2 10.78 0.66 0.62 4.38
BDF-TIPSE E1l 13.49 0.71 0.62 5.94 50
E2 11.00 0.77 0.65 5.56
BDF-OC6 E1l 10.91 0.61 0.61 4.06 3.2
E2 7.94 0.67 0.62 3.28
N719 E1l 16.07 0.70 0.60 6.69 -
E2 15.99 0.72 0.62 7.18

Js short-circuit photocurrent densitgs: open-circuit photovoltage; FF: fill factey; total power conversion efficiency.
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@Electrolyte 1 (E1): Lil (0.5 M).1(0.05 M), and TBP (0.5 M) in MeCN.  ElectrolytéE2): 3-dimethylimidazolium iodide (1.0 M), Lil @ M), & (0.03 M), guanidinium
thiocyanate (0.1 M), and TBP (0.5 M) in MeCN.vatitrite (85:15, viv)° Performance of DSSC measured in a 0.Z5king area on an FTO(@square) substrate.

Table 3. Photovoltaic Parameters of Devices made withrdiffeconcentration of DCA.

Dye? DCA (mM) J{mAcm®d) VM) FF %)
BDSTIPSE 0 13.45 0.72 063 6.2
1 12.88 069 066 585
10 12.37 069 067 572
BDS-OC6 0 12.14 060 062 454
1291 0625 061 492
10 12.30 063 061 472
BDF-TIPSE 0 13.49 071 062 59
13.08 0705 063 581
10 1241 070 063 547
BDF-OC6 0 10.91 061 061 406
11.59 063 057 416
10 10.93 063 060  4.13

Js short-circuit photocurrent densitg: open-circuit photovoltage; FF: fill factey; total power conversion efficiency.
3Concentration of dye is 3 48 in CHCl. ” Performance of DSSC measured in a 0.25wnking area on an FTO(8square) substrate with electrolyte 1 (E1) under AM

1.5 condition.
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Figure Captions

Scheme 1. Synthesis route of organic dyes. i) SQdlethylamine, 90 °C; i-BuLi, THF, O “C; i) zinc dust,
NaOH(20%), 1-bromohexane, tetréputylammonium bromide, 80 °C; triisopropylsilyedenen-Buli,

SnC}, AcOH, 60 °C, THF; ivirBuLi, CBr4, THF, -78 °C; vVN-(4-bromophenyIN-phenylnaphthalen-1-amine,
Pd(PPB)4, KoCO;s, THF/toluene (1/2) , 80 °C; vi) (5-(1,3-dioxolaryihiophen-2-yi)tributylstannane,
PdCL(PPh),, DMF, 90 °C, AcOH/THF/KD (4/2/1), 60 °C; viii) cyanoacetic acid MbAc, AcOH, 90~100 °C.
Fig. 1. Dye structures incorporating a BDS or BDF unihicenter of their backbones.

Fig. 2. Absorption spectra of the dyes in THF.

Fig. 3. Optimized molecular structure of the dyes.

Fig. 4. CV spectra and Energy levels of HOMO and LUMO &y

Fig. 5. JV curves and IPCE plots of the four dyes with Edteite.

Fig. 6. EIS Nyquist plots of dyes at -0.73 V bias in thikdee., minus imaginary part of the impedance v&”

the real part of the impedancenhen sweeping the frequency).

Fig. 7. JV curves of the dyes with different concentratidri3@A.
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BDS-TIPSE (X= S, R = triisopropylsilyl acetylene)
BDS-0OC6 (X=S, R = hexyloxy)
BDF-TIPSE (X= O, R = triisopropylsilyl acetylene)
BDF-OC6 (X= 0, R = hexyloxy)
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Highlights;

1. Organic dyes for sensitized solar cells

2. Organic dyes consisting a benzo[ 1,2-b:4,5-b’] dithiophene group
3. Organic dyes consisting a benzo[ 1,2-b:4,5-b’]difuran group

4. Solar cell with highest conversion efficiency 6.12%

5. Deoxycholic acid as a co-absorbent
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General Information

All reactions and manipulations were carried outlama nitrogen atmosphere. Solvents were distiiteghly
according to standard procedurdd. and *C NMR spectra were recorded on Brucker (AV 400/A8% 5VIHz)
spectrometer in CDgJland THFeg as a solvent. Chemical shifts are reported iresgalvnfield from the peak for
tetramethylsilane. Absorption spectra were recoed Jasco-550 spectrophotometer. Emission spetazned
from a Hitachi F-4500 spectrofluorimeter. The emisspectra in solution were measured in specteadgsolvent
by a 90° angle detection. The redox potentials weeasured by using cyclic voltammetry on CHI 62@lyzer.
All measurements were carried out in THF solutioastaining 0.1 M tetrabutylammonium hexaflouroptesp
(TBAPF) as supporting electrolyte at ambient conditiclerapurging 10 minutes with NThe conventional three
electrode configuration was employed, which coasidta glassy carbon working electrode, a platimmouanter
electrode, and a Ag/Ageference electrode calibrated with ferrocenesfanium (Fc/F9 as an internal reference.
Mass spectra were recorded on a VG70-250S mass@peter.

The chemicals, i.e., thiophene-3-carboxylic acidortyl chloride, diethylamine, 3-furoic acid, $dipropylsilyl
acetylene, tin(Il) chloride (Sng}| tetrakis(triphenylphosphine)palladium (0) (Pd(BB, n-butyllithium (1.6 M in
hexane), transdichlorobis(triphenylphosphine) palladium (I) @6(PPh)2), N,N-dimethylformamide,
1-bromohexane, tetmabutylammonium bromide, CRBr tri-n-butyltin chloride, cyanoacetic acid, ammonium
acetate, and acetic acid glacial, All chemicalsenmurchased from ACROS, Alfa, Merck, Lancaster,, TStowa,
Sigma-Aldrich, separately. Chromatographic sepamativere carried out by using silica gel from Mdfieselgel
si 60 (40 - 63im).

DSSCs Characterization

The cell parameters were obtained under an incidfgintt with intensity100 mWcni? measured by a thermopile
probe (Oriel 71964), which was generated by a 30(Viel Class AAA Solar Simulator 91160A-1000, Newf)
passing through a AM 1.5 filter (Oriel 74110). Tight intensity was further calibrated by an Orielerence solar
cell (Oriel 91150) and adjusted to be 1.0 sun. fmochromatic quantum efficiency was recorded thinoa
monochromator (Oriel 74100) at short circuit coiwit Electrochemical impedance spectra of DSSCs wer

recorded by an Impedance/ Gain-Phase analyze2@®l, Holartron).
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BDS-TIPSE (x= s, R = triisopropylsilyl acetylene)
BDS-OC6 (Xx=S, R = hexyloxy)
BDF-TIPSE (x= 0, R = triisopropylsilyl acetylene)
BDF-OC6 (x=0, R = hexyloxy)

Scheme S1Synthesis route dBD-series organic dyes. i) SQCHiethylamine, 90C; ii) n-BuLi, THF, 0 °C; iii)
zinc dust, NaOH(20%), 1-bromohexane, tetiadtylammonium bromide, 8QC ; triisopropylsilyl acetylene,
n-BuLi, SnCh, AcOH, 60 °C, THF; iv) n-BuLi, THF, -78 °C; v) N-(4-bromophenylN-phenylnaphthalen-1-amine,
Pd(PPh)4, K,COs; THF/toluene (1/2) , 80°C ; vi) (5-(1,3-dioxolan-2-yl)thiophen-2-yl)tributyiannane,
PdCL(PPh),, DMF, 90 C, AcOH/THF/H,0O (4/2/1 ), 60°C; viii) cyanoacetic acid NEDAc, AcOH, 90~100 °C.

Structural data and synthetic procedure

N,N-diethylthiophene-3-carboxamide (2-S)

To a solution of thiophene-3-carboxylic acid (2280 mmol) and in thionyl chloride (50 mL) was r&a under
nitrogen at 90 °C. After 3 hr, added 100 mL hexamel removed the solvent. The crude acid chlor@epound
was stirred in dry CECl, (50 mL) by slowly adding diethylamine (25 mL) wiite bath. The reaction was stirred
for 1 hr in room temperature, the reaction was ghed by adding NaHC{ and DI water, and extracted with
CH.CI,. The organic layer was dried over anhydrous Mg&@l concentrated under reduced pressure to give th
crude product. The product was purified by silieh@gplumn chromatograph eluted with @H/ethyl acetate (1/1).
Brown liquid of 2-s was obtained in 73% vyield (26.72 g, 146 mmol). Bscopic data 02-S Jy (400 MHz,
CDCl) 7.45 (dd, 1HJ=5.2, 1.2 Hz), 7.29 (dd, 1H,= 5.2, 3.2 Hz), 7.16 (dd, 1H,= 4.8, 1.2 Hz), 3.42-3.43 (m,
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4H), 1.17 (t, 6HJ = 7.2 Hz).6c (125 MHz, CDC}) 166.3, 137.3, 126.6, 125.4, 124.7, 42.9, 39.51,1®.7. MS
(FAB, 70 eV): m/z (relative intensity) 183 (M100); HRMS calcd for §1,sNOS: 183.0717, found 183.0718.
N,N-diethylfuran-3-carboxamide (2-F)

Compound2-f was synthesized according to the same procedutbaasof 2-S Brown liquid of 2-F was
obtained in 70% yieldiy (500 MHz, CDC}) 7.67 (s, 1H), 7.39 (d, 1H,= 1.2 Hz), 6.56 (s, 1H), 3.45-3.46 (m, 4H),
1.19 (t, 6H,J = 7.0 Hz).6¢c (125 MHz, CDC}) 164.1, 142.7, 121.8, 110.2, 42.6, 40.1, 14.29.14S (FAB, 70 eV):
m/z (relative intensity) 168 ((M+H) 100); HRMS calcd for §H:3NO,: 168.1026, found 168.1024.

4,8-dihydrobenzo[1,2-b:4,5-b]dithiophene-4,8-di@S)

To a solution oR-S (26 g, 142 mmol) and in dry THF (200 mL) was stittby slowly adding n-BuLi (106 mL,
1.6 M in hexane) under nitrogen at 0 °C. The reacivas stirred for 12 hr at room temperature, #aetion was
quenched by adding DI water (1L), and filtered wah hexane. The product was purified by washinty Wwexane
and MeOH. Yellow solide a3-swas obtained in 68% yield (21.23 g, 97 mmol). $@scopic data 08-S Jy (500
MHz, CDCE) 7.66 (d, 2H,J = 5.0 Hz), 7.63 (d, 2H] = 5.0 Hz).Jc (125 MHz, CDC)) 174.4, 144.9, 142.8, 133.5,
126.6; MS (FAB, 70 eV): m/z (relative intensity) 2{M", 100); HRMS calcd for GH.0,S,: 219.9653, found
219.9648.

4,8-dihydrobenzo[1,2-b:4,5-b]difuran-4,8-di¢B8-F)*

Compound3-F was synthesized according to the same proceduthaaf2-F. Yellow solid of 3-F was
obtained in 35% yielddy (500 MHz, CDCY) 6 7.69 (d, 2HJ = 2.0 Hz), 6.94 (d, 2H] = 2.0 Hz);dc (125 MHz,
CDCly) 170.5, 152.3, 148.3, 128.4, 108.5. MS (FAB, 7Q:eW/z (relative intensity) 188 ((M+F1) 100); HRMS
caled for GgH40O,4: 188.0106, found 188.011.

4,8-bis((triisopropylsilyl)ethynyl)benzo[1,2-b:4tBldithiophene(d-SA)®

To a solution of triisopropylsilyl acetylene (1503, 68.1 mmol) in dry THF (50 mL) was stirred bywly
addingn-BuLi (40 mL, 1.6 M in hexane) under nitrogen at@®@. The reaction was stirred for 1 hr at 60 °C, the
mixture cooled to room temperature, and ad8i&i5 g, 22.7 mmol) in THF (150 mL) with O °C. Thdretmixture
was stirred for 12 hr at 60 °C, and the reactios added SnGl(25 g, 131.9 mmol), AcOH (50 mL), and DI water
(50 mL), and heated to 60 °C for 1hr. The reacticas quenched by adding NaHg£y and DI water, and
extracted with ethyl acetate. The organic layer di@asd over anhydrous MgS@nd concentrated under reduced
pressure to give the crude product. The product puvagied by silica gel column chromatograph eluigith
hexane. Yellow solid ofi-SA was obtained in 45% yield (5.61 g, 10.2 mmol). Gscopic data of-SA: oy
(500 MHz, CDC}) 7.58 (d, 2HJ = 5.5 Hz), 7.53 (d, 2H] = 5.5 Hz), 1.19-1.24 (m, 42H)c (125 MHz, CDC})



140.8, 138.5, 128.2, 123.1, 112.2, 102.6, 101.67,18..3; MS (FAB, 70 eV): m/z (relative intensity%0 (M,
100); HRMS calcd for H46S,Sir: 550.2579, found 550.2589.

4,8-bis((triisopropylsilyl)ethynyl)benzo[1,2-b:4tB}difuran (4-FA)

Compound4-FA was synthesized according to the same proceduteaasf4-SA. Yellow solid of4-FA was
obtained in 56% yieldsy (400 MHz, CDC}) 6 7.69 (d, 2HJ = 2.0 Hz), 6.94 (d, 2H] = 2.0 Hz), 1.17-1.18 (m,
42H). 6c (100 MHz, CDC}) 151.8, 146.2, 128.0, 106.7, 100.7, 99.7, 98.97,181.3. MS (FAB, 70 eV): m/z
(relative intensity) 518 (M 100); HRMS calcd for §H60,Si,: 518.3036, found 518.3054.

4,8-bis(hexyloxy)benzo[1,2-b:4,5-b’]dithiophefdeSB)*

To a solution o8-S (11 g, 50.0 mmol) and Zinc dust (7.6 g, 110 mnmR0 % NaOH (200 mL) was stirred at
90 °C for 1 hr. The mixture cooled to room tempemat and added 1-bromohexane (22 mL, 120 mmol), and
tetran-butylammonium bromide (TBAB) (500 mg, 1.5 mmol)&4t °C for 12 hr. The reaction was quenched by
adding NaHC@,q) and DI water, and extracted with gE,. The organic layer was dried over anhydrous MgSO
and concentrated under reduced pressure to giverdide product. The product was purified by silied column
chromatograph eluted with GEl,/hexane (1/1). White solid of-SB was obtained in 83% vyield (16.2 g, 41.5
mmol). Spectroscopic data 4{SB: 6 (500 MHz, CDC}) 7.46 (d, 2HJ = 5.5 Hz), 7.35 (d, 2H] = 5.5 Hz), 4.26 {(t,
4H,J = 6.8 Hz), 1.83-1.89 (m, 4H), 1.52-1.58 (m, 4HR5L1.37 (m, 8H), 0.91-0.92 (m, 6H) (125 MHz, CDC})
1445, 131.5, 130.0, 125.8, 120.2, 73.8, 31.5,,364k, 22.5, 13.9; MS (FAB, 70 eV): m/z (relatimgensity) 390
(M™, 100); HRMS calcd for §H300,S,: 390.1687, found 390.1697.

4,8-bis(hexyloxy)benzo[1,2-b:4,5-b'|difurd-FB)

Compound4-FB was synthesized according to the same proceduteatsf4-FB. Yellow solid of4-FB was
obtained in 75% yieldj, (500 MHz, CDC}) ¢ 7.50 (d, 2HJ = 2.0 Hz), 6.90 (d, 2H] = 2.0 Hz), 4.39 (t, 4H) =
6.5 Hz), 1.77-1.82 (m, 4H), 1.47-1.54 (m, 4H), 11335 (m, 8H), 0.89 (t, 6H] = 6.5 Hz).dc (125 MHz, CDC})
144.0, 142.4, 130.9, 119.3, 104.6, 73.2, 31.5, A6 B5, 22.5, 13.9; MS (FAB, 70 eV): m/z (relatiméensity) 358
(M*, 100); HRMS calcd for §H3q0.: 358.2144, found 318.2154.

(2,6-dibromo-4,8-bis((triisopropylsilyl)ethynyl))beo[1,2-b:4,5-b]dithiophenés-SA)°

To a solution o#-SA (4.0 g, 7.3 mmol) in dry THF (40 mL) was stirreg dlowly adding n-BuLi (11.4 mL, 1.6
M in hexane) under nitrogen at -78 °C. The mixitoeled to room temperature, and added, B3 g, 21.9 mmol)
in THF with dropwise solution at 25 °C for 12 hihdreaction was quenched by adding Nahigfand DI water,
and extracted with C}l,. The organic layer was dried over anhydrous Mg&@ concentrated under reduced

pressure to give the crude product. The product puadied by silica gel column chromatograph elutsith
5



hexane. White solid 08-SA was obtained in 83% yield (4.3 g, 6.1 mmol). Spestopic data 0b-SA: 6 (400
MHz, CDCk) 7.54 (s, 2H), 1.18-1.19 (m, 42Hjc (100 MHz, CDC}) 141.8, 137.7, 125.8, 117.5, 110.3, 103.0,
101.3, 18.7, 11.2.; MS (FAB, 70 eV): m/z (relativeensity) 708 (M, 100); HRMS calcd for §H.Br,S,Si:
708.8116, found 708.8148.

(2,6-dibromo-4,8-bis(hexyloxy))benzo[1,2-b:4,5-hbphene(5-SB)

Compound5-SB was synthesized according to the same procedutteat®f5-SB. White solid of5-SB was
obtained in 79% yieldd, (400 MHz, CDC}) ¢ 7.40 (s, 2H), 4.17 (t, 4Hl = 6.6 Hz), 1.78-185 (m, 4H), 1.50-1.54
(m, 4H), 1.35-1.37 (m, 8H), 0.90-0.93 (m, 61).(100 MHz, CDC}) 142.5, 131.1, 130.8, 123.1, 114.9, 74.1, 31.5,
30.4, 25.6, 22.6, 14.0; MS (FAB, 70 eV): m/z (refatintensity) 545 (M, 100); HRMS calcd for £H»gBr,0,S;:
545.9897, found 545.9915.

((2,6-dibromobenzo[1,2-b:4,5-bdifuran-4,8-diyldfethyne-2,1-diyl))bis(triisopropylsilanéy-FA)

Compoundb-FA was synthesized according to the same procedufeatsf5-SA. Yellow solid of 5-FA was
obtained in 73% yieldsy (400 MHz, CDC}) ¢ 6.93 (s, 2H), 1.22-1.23 (m, 42H)c (100 MHz, CDC}) 152.5,
129.4, 128.4, 108.6, 102.1, 98.4, 97.6, 18.7, IMIK;(FAB, 70 eV): m/z (relative intensity) 674 {(MLO0); HRMS
calcd for GoH44BroO,Sip: 674.1247, found 674.1249.

2,6-dibromo-4,8-bis(hexyloxy)benzo[1,2-b:4,5-bi#n (5-FB)

Compound5-FB was synthesized according to the same proceduteabef5-SA. White solid of5-FB was
obtained in 63% yields,, (400 MHz, CDC}) 6 6.87 (s, 2H), 4.39 (t, 4H] = 6.4 Hz), 1.80-183 (m, 4H), 1.51-1.54
(m, 4H), 1.35-1.39 (m, 8H), 0.95-0.96 (m, 6KY.(100 MHz, CDC}) 143.0, 129.6, 126.6, 120.1, 106.5, 73.4, 31.5,
30.0, 25.5, 22.6, 14.0; MS (FAB, 70 eV): m/z (refatintensity) 514 (M, 100); HRMS calcd for §H,gBr,0;:
514.0354, found 514.0366.

N-(4-(6-bromo-4,8-bis((triisopropylsilyl)ethynylbeo[1,2-b:4,5-b"]dithiophen-2-yl)phenyl)-N-phenyptdhalen-1
-amine(6-SA)

To a solution 06-SA (4.0 g, 5.6 mmol), 4M-(naphthalen-1-yIN-phenylamino)phenylboronic acid (1.90 g, 5.6
mmol), Pd(PP¥)4 (129 mg, 0.11 mmol), and,KO; (2M) in THF/toluene (1/2) was stirred under niteogat 80 °C
for 12 hr. The reaction was quenched by adding Nadig and DI water, and extracted with gEl,. The organic
layer was dried over anhydrous Mgsénd concentrated under reduced pressure to gevertide product. The
product was purified by silica gel column chromasga eluted with hexane. Yellow solid ®SA was obtained in
62% yield (3.19 g, 3.47 mmol). Spectroscopic d&e-8A: oy (400 MHz, CDC}) 7.91 (d, 1HJ = 8.8 Hz), 7.87 (d,
1H, J = 8.4 Hz), 7.77 (d, 1HJ = 8.4 Hz), 7.58 (s, 1H), 7.52 (s, 1H), 7.48-7.5Q @hl), 7.42-7.46 (m, 2H),
7.33-7.38 (m, 2H), 7.21-7.24 (m, 2H), 7.12 (d, 2+ 7.6 Hz), 6.96-7.00 (m, 3H), 1.17-1.24 (m, 42b1.(100
MHz, CDCkL) 149.1, 147.5, 146.2, 142.8, 141.5, 140.4, 139374, 135.2, 131.1, 129.3, 128.4, 127.4, 127.3,
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126.9, 126.6, 126.3, 126.2, 125.9, 124.0, 123.0,82120.5, 116.6, 116.5, 110.8, 110.3, 102.2,1Q02.0, 18.7,
11.3.; MS (FAB, 70 eV): m/z (relative intensity) D8V*, 100); HRMS calcd for GHgoBrNS,Si,: 921.2889, found
921.2872.

N-(4-(6-bromo-4,8-bis(hexyloxy)benzo[1,2-b:4,5-tifibphen-2-yl)phenyl)-N-phenylnaphthalen-1-ami6esB)

Compound6-SB was synthesized according to the same procedutleab®f6-SA. Yellow solid of 6-SB was
obtained in 54% yield, (400 MHz, CDC}) 7.96 (d, 1H, = 8.8 Hz), 7.93 (d, 1H] = 8.8 Hz), 7.83 (d, 1H] = 8.4
Hz), 7.56 (d, 2H,) = 8.8 Hz), 7.48-7.54 (m, 3H), 7.45 (s, 1H), 7.3827(m, 2H), 7.25-7.29 (m, 2H), 7.15 (d, 2H,
= 8.0 Hz), 7.01-7.04 (m, 3H), 4.23-4.28 (m, 4H)85:1.90 (m, 4H), 1.55-1.61 (m, 8H), 1.36-1.42 ()38
0.91-0.96 (m, 6H)dc (100 MHz, CDC}) 148.7, 147.6, 144.0, 142.9, 135.3, 131.1, 1303®.1, 129.2, 128.4,
127.3, 127.2, 126.8, 126.7, 126.5, 126.3, 126.8,1120124.0, 123.2, 123.1, 122.8, 122.6, 120.8,9,181.0, 73.9,
31.6, 30.4, 29.6, 25.7, 25.6, 22.6, 14.0; MS (FABeV): m/z (relative intensity) 761 (M100); HRMS calcd for
C44H1BINO,S,: 761.1996, found 761.2025.

N-(4-(6-bromo-4,8-bis((triisopropylsilyl)ethynybeo[1,2-b:4,5-b"]difuran-2-yl)phenyl)-N-phenylnaphten-1-
amine(6-FA)

Compound6-FA was synthesized according to the same procedutteab®f6-SA. Yellow solid of 6-FA was
obtained in 65% yields; (400 MHz, CDC}) § 7.98 (d, 1H,J = 8.4 Hz), 7.94 (d, 1H] = 8.4 Hz), 7.85 (d, 1H] =
8.4 Hz), 7.74 (d, 2H) = 8.8 Hz), 7.49-7.56 (m, 2H), 7.43 (d, 1Hs 6.8 Hz), 7.41 (d, 1H] = 7.2 Hz), 7.31 (d, 1H,
J=8.4Hz),7.28 (d, 1H] = 7.2 Hz), 7.19 (d, 2H] = 7.6 Hz), 7.04-7.08 (m, 4H), 6.94 (s, 1H), 1.2a51(m, 42H).
oc (100 MHz, CDC}) 157.7, 152.6, 151.9, 149.3, 147.6, 142.9, 13633,1, 129.9, 129.3, 128.5, 127.8, 127.4,
126.9, 126.6, 126.4, 126.3, 126.1, 124.0, 123.2,9,2122.4, 120.5, 108.7, 101.3, 100.9, 99.5, 9835, 98.1,
18.7, 11.3; MS (FAB, 70 eV): m/z (relative integ}iv61 (M", 100); HRMS calcd for &HeBrNO,Si,: 889.3346,
found 889.3366.

N-(4-(6-bromo-4,8-bis(hexyloxy)benzo[1,2-b:4,5-dan-2-yl)phenyl)-N-phenylnaphthalen-1-amiféeFB)

Compound6-FB was synthesized according to the same procedutteab®f6-SA. Yellow solid of 6-FB was
obtained in 58% yields; (400 MHz, CDC}) § 8.01 (d, 1H,J = 8.4 Hz), 7.95 (d, 1H] = 8.4 Hz), 7.85 (d, 1H] =
8.0 Hz), 7.72 (d, 2H) = 8.8 Hz), 7.50-7.56 (m, 2H), 7.41-7.45 (m, 2HRI7(d, 1H,J = 7.6 Hz), 7.28 (d, 1H] =
7.2 Hz), 7.20 (d, 1H) = 7.6 Hz), 7.10 (d, 2H] = 9.2 Hz), 7.04-7.08 (m, 2H), 6.92 (s, 1H), 4.5®@H,J = 6.4 Hz),
4.47 (t, 2HJ = 6.4 Hz), 1.83-1.90 (m, 4H), 1.57-1.62 (m, 4HR8L1.45 (m, 8H), 0.93-1.00 (M, 6H); (100 MHz,
CDCly) 155.6, 148.8, 147.7, 143.1, 143.0, 142.0, 1353,.2, 130.3, 129.8, 129.3, 128.5, 127.3, 126.8,612
126.4, 126.3, 126.0, 125.8, 124.1, 123.0, 122.9,71221.5, 120.7, 120.0, 106.7, 97.8, 73.4, 7&8.%, 30.2, 30.1,
25.7, 25.6, 22.6, 14.1; MS (FAB, 70 eV): m/z (refatintensity) 729 (M, 100); HRMS calcd for GH4BrNO,
729.2454, found 729.2476.



5-(6-(4-(naphthalen-1-yl(phenyl)amino)phenyl)-4j8(iriisopropylsilyl)ethynyl)benzo[1,2-b:4,5-b"tliophen-2-
yhthiophene-2-carbaldehyd@&-SA)

A mixture of 6-SA (2.2 g, 2.4 mmol), (5-(1,3-dioxolan-2-y-lthioph&ryl)tributylstannane (2.2 g, 4.9 mmol),
and PdCJ(PPh), (50.5 mg, 0.07 mmol) were dissolved in dry DMFerttheated to 90 °C with stirring. After 12 h,
the reaction was cooled to room temperature, themched by the addition of methanol and saturatég,)K15
mL). The mixture was extracted with @El,, while the organic layer was dried owamhydrous MgS©Q
Evaporation of the solvent gave a crude produce. diade mixture was added Acetic acid/ THF/ deziediwater
(40/20/10 mL) at 60 °C. After 3 hours, the reacticass quenched by adding de-ionized water and bfmenixture
extracted with CHCl,, and the organic layer was dried over anhydrou$S®jgand evaporated under vacuum,
which was purified by silica gel column chromatggreeluted by CECl./hexane (1/4). Red solid gFSA was
obtained in 68% vyield (1.5 g, 1.63 mmol). Spectopéc data of7-SA: dy (400 MHz, CDC}) 6 9.94 (s, 1H), 7.98
(d, 1H,J= 8.4 Hz), 7.94 (d, 1H] = 8.0 Hz), 7.85 (d, 1H] = 8.4 Hz), 7.84 (s, 1H), 7.74 (d, 1Bi= 4.0 Hz), 7.68 (s,
1H), 7.59 (d, 2H, = 8.8 Hz), 7.53 (q, 2H] = 8.0 Hz), 7.40-7.45 (m, 3H), 7.27-7.31 (m, 2HR07(d, 2H,J = 8.0
Hz), 7.04-7.07 (m, 3H), 1.26-1.27 (m, 42k4}.(100 MHz, CDC}) 182.4, 149.2, 147.5, 146.9, 146.7, 142.9, 142.8,
140.8, 140.7, 140.6, 138.1, 137.0, 136.4, 135.8,20329.3, 128.5, 127.4, 127.3, 126.9, 126.6,3,226.2, 125.8,
124.0, 123.1, 122.9, 121.6, 120.5, 116.7, 112.2,911102.7, 102.3, 102.2, 102.1, 18.7, 11.3; MSBJFRO eV):
m/z (relative intensity) 954 ((M+H) 100); HRMS calcd for §HeNOS;Si,: 954.3688, found 954.3672.

5-(6-(4-(naphthalen-1-yl(phenyl)amino)phenyl)-4j8thexyloxy)benzo[1,2-b:4,5-b'|dithiophen-2-yl)thiene-2-
carbaldehydd€7-SB)

Compound7-SB was synthesized according to the same procedutetsf7-SA. Deep red solid of-SB was
obtained in 54% yieldiy (400 MHz, CDC}) 6 9.86 (s, 1H), 7.92 (d, 1H,= 8.8 Hz), 7.89 (d, 1H] = 8.4 Hz), 7.79
(d, 1H,J=8.4 Hz), 7.68 (d, 2H] = 4.0 Hz), 7.53 (d, 2H] = 8.4 Hz), 7.47 (q, 2H] = 8.0 Hz), 7.35-7.39 (m, 3H),
7.21-7.25 (m, 2H), 7.12 (d, 2H= 7.6 Hz), 6.98-7.01 (m, 3H), 4.20-4.28 (m, 4HB5E1.90 (M, 4H), 1.54-1.56 (m,
4H), 1.35-1.39 (m, 8H), 0.89-0.93 (m, 6k} (100 MHz, CDC}) 182.4, 148.9, 147.6, 147.1, 144.7, 143.6, 142.9,
1425, 137.1, 135.3, 134.4, 134.2, 131.4, 131.9,8,229.6, 129.3, 128.5, 127.3, 126.9, 126.6,4,2%6.3, 125.5,
124.0, 122.9, 122.7, 120.8, 119.2, 114.1, 74.10,731.6, 30.5, 25.7, 22.6, 14.1; MS (FAB, 70 eV)z rfrelative
intensity) 793 (M, 100); HRMS calcd for gHBrNOsS;: 793.2718, found 793.2740.

5-(6-(4-(naphthalen-1-yl(phenyl)amino)phenyl)-4j8¢tiriisopropylsilyl)ethynyl)benzo[1,2-b:4,5-b diran-2-yl)-
thiophene-2-carbaldehyd@-FA)

Compound7-FA was synthesized according to the same proceduthadof 7-SA. Red solid of6-FA was
obtained in 70% yieldiy (400 MHz, CDC}) 6 9.96 (s, 1H), 7.97 (d, 1H,= 9.2 Hz), 7.94 (d, 1H] = 9.2 Hz), 7.85
(d, 1H,J=8.4 Hz), 7.77 (d, 1H) = 4.0 Hz), 7.74 (d, 2H] = 8.8 Hz), 7.59 (d, 1H] = 4.0 Hz), 7.51-7.56 (m, 2H),
7.40-7.42 (m, 2H), 7.27-7.31 (m, 3H), 7.19 (d, 2K 7.2 Hz), 7.05-7.08 (m, 4H), 1.26-1.28 (m, 42bH.(100
MHz, CDCk) 182.5, 158.2, 152.4, 152.3, 150.3, 149.7, 14743.0, 142.8, 141.8, 136.9, 135.3, 131.2, 131.1,
129.3, 128.5, 127.8, 127.4, 126.9, 126.6, 126.8,31226.2, 125.0, 124.0, 123.2, 122.9, 122.2,4,2M5.0, 101.4,



101.3,99.7,99.1, 98.7, 98.6, 18.7, 11.3 ; MS (FABeV): m/z (relative intensity) 921 (M100); HRMS calcd for
CsoHsaNO3SSh: 921.4067, found 921.7093.

5-(6-(4-(naphthalen-1-yl(phenyl)amino)phenyl)-4j8thexyloxy)benzo[1,2-b:4,5-b'|difuran-2-yl)thioptee 2-
carbaldehyd€7-FB)

Compound7-FB was synthesized according to the same proceduthad®f 7-SA. Red solid of7-FB was
obtained in 66% yieldiy (400 MHz, CDC}) ¢ 9.88 (s, 1H), 7.94 (d, 1H,= 8.4 Hz), 7.91 (d, 1H] = 8.0 Hz), 7.81
(d, 1H,J= 8.4 Hz), 7.69 (d, 1H] = 4.0 Hz), 7.65 (d, 2H] = 8.4 Hz), 7.46-7.48 (m, 3H), 7.35 (t, 28z 6.8 Hz),
7.21-7.23 (m, 3H), 7.12 (d, 2H= 7.6 Hz), 6.69-7.02 (m, 4H), 4.42-4.59 (m, 4H)Qt1886 (m, 4H), 1.53-1.54 (m,
4H), 1.32-1.38 (m, 8H), 0.85-0.90 (m, 6k} (100 MHz, CDC}) 182.2, 155.8, 148.7, 148.3, 147.5, 142.8, 142.2,
1415, 136.8, 135.2, 131.0, 130.7, 130.0, 129.8,41227.2, 126.7, 126.4, 126.2, 126.1, 125.7,0,2423.9, 123.2,
122.8, 122.6, 120.4, 120.0, 103.3, 97.8, 73.1,, /A6, 30.1, 29.6, 25.6, 22.6, 22.5, 14.0, 13.9; (BAB, 70 eV):
m/z (relative intensity) 761 (M 100); HRMS calcd for gH4;NOsS 761.3175, found 761.3166.



1. *H and **C NMR spectra
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Fig. S1."H NMR (upper) and*C NMR (lower) spectra d&-Sin CDCh.
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Fig. S2."H NMR (upper) and*C NMR (lower) spectra d-F in CDCk.
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Fig. S3."H NMR (upper) and*C NMR (lower) spectra &-Sin CDCh.
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Fig. S4."H NMR (upper) and*C NMR (lower) spectra d3-F in CDCk.
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Fig. S5."H NMR (upper) and*C NMR (lower) spectra of-SAin CDCk.
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Fig. S6."H NMR (upper) and*C NMR (lower) spectra 6f-SBin CDCk.
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Fig. S7."H NMR (upper) and*C NMR (lower) spectra of-FA in CDCk.
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Fig. S8."H NMR (upper) and*C NMR (lower) spectra of-FB in CDCk.
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Fig. S9."H NMR (upper) and*C NMR (lower) spectra d-SAin CDCk.
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Fig. S10."H NMR (upper) and*C NMR (lower) spectra d5-SBin CDCk.
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Fig. S11.™H NMR (upper) and*C NMR (lower) spectra di-FA in CDCh.
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Fig. S12."H NMR (upper) and®C NMR (lower) spectra d5-FB in CDCk.
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Fig. S13.™H NMR (upper) and®C NMR (lower) spectra 08-SAin CDCk.
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Fig. S14.™H NMR (upper) and*C NMR (lower) spectra 08-SBin CDCk.
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Fig. S15."H NMR (upper) and*C NMR (lower) spectra 08-FA in CDCh.
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Fig. S16."H NMR (upper) and®C NMR (lower) spectra 08-FB in CDCL.
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NAME Jay20130817-ANF-497

EXPNO 1

PROCNO 1

Date_ 20130817

Time 11.13

INSTRUM

PROBHD 5 mm Dual 13C/

PULPROG 2930
16384

SOLVENT cpc13

NS 32

DS 2

SWH 4789.272 Hz

FIDRES 0.292314 Hz

AQ 1.7105396 sec

RG 40.3

DWW 104.400 usec

DE 6.50 usec

TE 298.9 K

D1 1.00000000 sec

TDO 1

CHANNEL £1

NUC1 1H

Pl 10.30 usec

PL1 -2.00 dB

PL1W 23.88643074 W

SFOL 400.1320424 MHz

:34 16384

SF 400.1300000 MHz

WDW no

83B 0

LB 0.00 Hz

GB 0

PC 1.00

NAME Jay20130817-ANF-497
EXPNO 2
PROCNO 1
Date_ 20130817
Time 11.17
INSTRUM spect
PROBHD 5 mm Dual 13C/
PULPROG zg0dc

TD 32768
SOLVENT €DC13

NS 3322

DS 8

SWH 23980.814 Hz
FIDRES 0.731836 Hz
AQ 0.6832628 sec
RG 23170.5

DW 20.850 usec
DE 6.50 usec
TE 299.3 K
Dl 3.00000000 sec
D11 0.03000000 sec
DO 1

CHANNEL £1

NUC1 13C

PO 6.00 usec
PL1 -1.00 dB
PLIW 47.43416595 W
SFO1 100.6228293 MHz

CHANNEL £2

CPDPRG2 waltzl6

NUC2 18
PCPD2 90.00 usec
PL2 -2.00 dB
PL12 15.90 dB
PL2W 23.88643074 W
PL12W 0.38739258 W
SFO2 400.1318764 MHz
I 32768

SP 160.6127690 MHz
WOW EM

5SB 0

LB 3.00 Hz
GB 0

PC 1.40



T 975
7.954
7.934
7.861
7.845
7.751
7.741
7.684
7.606
7.584
7.560
7.540
7.520
7.499
7.451
7.437
7.428
7.409
7.314
1.295
7.285
7276
7.240
Fe211
T=191
7.077
7.065
7.044
1.276
1.267
1.260
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NAME cwyeh20130626
EXPNO 1
PROCNO 1
Date_ 20130626
Time 21.46
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG 230

D 16384
SOLVENT CDC13

NS 16

DS 0

SWH 5597.015 Hz
FIDRES 0.341615 Hz
10 1.4636873 sec
RG 101

DW 89.333 usec
DE 6.50 usec
TE 300.0 K
D1 2.00000000 sec
TDO i

CHANNEL f1

NUC1 1H

Pl 13.40 usec
PL1 -2.00 dB
PL1W 16.12334061 W
SFOL 400.1326012 MHz
sI 8192

SF 400.1300000 MHz
WOW no
S5B 0

LB 0.00 Hz
GB 0

PC 1.00

10 6 5 4 3 2 1 ppm
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HAME cwyeh20130626
EXPHO 2
BROCHO 1
Date_ 20130626

2 21.50
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG zgpg30

32768

SOLVENT cpcl3
ns 14771
DS 0
SWH 23148.148 Hz
FIDRES 0.706425 Hz
aQ 0.7078388 sec
RG 050
DW 21.600 usec
DE 8.50 usec
TE 300.0 K
Dl 2.00000000 sec
DIl 0.03000000 sec
TDO 1
mmmmmmmn CHANHEL f1 mmmmmmms
HuCL 13c
Bl 9.60 usec
PLL -2.00 dB
PL1W 55.33689492 W
SFO1 100.6238359 MHz
==mmmmmm CHANNEL £2 =====m===
CPDPRG2 waltzl6
nuc2
BCED2 90.00 usec
P; =2.00
PL12 14.20 dB
PL13 17.20 dB
PL2W 16.12334061 W
PL12W 0.3867720L W
PL13W 0.19384515 W
SF02 400.1326011 MHz
51 16384
SF 100.6127693 MHz
WDH EM
SSB 0
1B 3.00 Hz
GB 0
BC 1.00

I8 Lo 1 n

T T T T T T T T T T T T T T T T T T T 1
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 ppm

Fig. S17.*H NMR (upper) and®C NMR (lower) spectra of-SAin CDCk.
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NAME cwyeh20130623
EXPNO 1
PROCNO ¥
Date_ 20130623
Time 15.08
INSTRUM spect
PROBHD 5 mm Dual 13C/
PULPROG zg30
OCgHy3 ™ 16384
SOLVENT cDpel3

S NS 16
N 7 7 | DS 2
A y SwH 4789.272 He
b =0 FIDRES 0.292314 Hz
O A0 1,7105396 sec
RG 181
Q OCeHy3 DW 104.400 usec

w

DE 6.50 usec

7-SB TE 297.9 &
D1 1.00000000 sec
TDO e

CHANNEL £l =

18
10.30 usec
-2.00 dB
23.88643074 W
400.1320424 MHz
16384
400.1300167 MHzZ
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0
0.00 Hz
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1.00
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INSTRUM spect
PROBHD 5 mm Dual 13C/
PULPROG zg0de
D 32768
SOLVENT CDCL3
NS 10953
DS g
SWH 23980.814 Hz
FIDRES 0.731836 Hz
AQ 0.6832628 sec
RG 18390.4
DW 20.850 usec
DE 6.50 usec
TE 299.5 K
D1 3.00000000 sec
D1l 0.03000000 sec
TDO 1
CHANNEL f1
NUCL 13Cc
BO 10.00 usec
PLL -1.00 dB
PL1W 47.43416595 W
SFOL 100.6228293 MHz
CHANNEL £2 =
waltzl6
1H
90.00 usec
-2.00 dB
15.90 dB
23.88643074 W
0.38739258 W

400.1318764 MHz

32768
100.6127690 MHz
EM

T |
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190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 ppm

0
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Fig. S18.™H NMR (upper) and*C NMR (lower) spectra of-SBin CDCk.
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NAME Jay20130803-494
EXPNO 1,
PROCNO 1
Date_ 20130803
Time 13.30
INSTRUM spect
PROBHD 5 mm Dual 13C/
PULPROG 2930

TD 16384
SOLVENT CDC13

NS 16

DS 2
SWH 4789.272 Hz
FIDRES 0.292314 Hz
AQ 1.7105396 sec
RG 90.5

DW 104.400 usec
DE 6.50 usec
TE 298.4 K
Dl 1.00000000 sec
TDO &

CHANNEL f£1

NUC1 1H

Bl 10.30 usec
PLL -2.00 dB
PLIW 23.88643074 W
SFO1 400.1320424 MHz
SI 16384

P 400.1300000 MHZ
WDW no
§8B a

LB 0.00 Hz
GB 1]

PC 1.00
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EXPNO ]
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INSTRUM spect
PROBED 5 mm Dual 13C/
PULPROG zglde
™ 33768
SOLVENT €DC13
NS 1502
DS 8
SWH 23980.814 Hz
FIDRES 0.731836 Hz
AQ 0.6832628 sec
RG 20642.5
DW 20.850 usec
DE 6.50 usec
TE 299.0 K
D1 3.00000000 sec
D11 0.03000000 sec
D0 1
CHANNEL f1
NUC1
PO 6.00 usec
PL1 -1.00 dB
PL1W 47.43416595 W
SFO1 100.6228293 MHz
CHANNEL 2 ====s====
CPDPRG2 waltzlg
NUC2 1H
PCPD2 90.00 usec
PL2 -2.00 dB
PL12 15.90 dB
PL2W 23.88643074 W
PL12W 0.38739258 W
SFO2 400.1318764 MHz
51 327
SF 100.6127690 MHz
wWow EM
S55B 4]
uJ L 1B 3.00 Hz
GB 0
TH—— - ’ % A T .I BC 1.40
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Fig. S19."H NMR (upper) and*C NMR (lower) spectra of-FA in CDCh.
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\%&W/‘%/ l\\\ V V NAME Jay20130820
EXPNO 2
PROCNO 1
Date_ 20130820
Time 11.09
INSTRUM spect
PROBHD 5 mm Dual 13C/
PULPROG zg0dc
TD 32768
SOLVENT CDCl3
NS 1632
DS 8
SWH 23980.814 Hz
FIDRES 0.731836 Hz
AQ 0.6832628 sec
RG 18390.4
el 20.850 usec
DE 6.50 usec
TE 298.9 K
D1 3.00000000 sec
D11 0.03000000 sec
TDO 1

CHANNEL £1

Hucl 13¢

PO 13.00 usec

PL1 -1.00 dB

PL1W 47.43416595 W

SFOL 100.6228293 MHz

CHANNEL £2

CPDERG2 waltzl6

NUC2 1H

PCPD2 90.00 usec

PL2 -2.00 dB

PL12 15.90 dB

PL2W 23.88643074 W

PL12W 0.38739258 W

SFO2 400.1318764 MHz

SI 3276

SF 100.6127868 MHz

WDW EM

S5B 0

LB 3.00 Hz
i\ w - o

BC 1.40
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Fig. S20.*H NMR (upper) and*C NMR (lower) spectra of-FB in CDCk.
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NAME cwyeh20130713
EXPNO 1
PROCNO 1
Date_ 20130713
Time 18.33
INSTRUM spect
PROBHD S mm QNP 1H/1
PULPROG zg
32768
SOLVENT THF
NS 32
DS 2
5 6510.417 Hz

WH
FIDRES 0.198682 Hz

AQ 2.5167091 sec
RG 256
oW 76.800 usec
DE 6.00 usec
TE 296.2 K
D1 1.00000000 sec
TDO 1
BDS-TIPSE CHANNEL f1 =
10.20 usec
-4,00 dB

44.79796982 W
500.2027511 MHz

16384
500.2000197 MHz
no
0
0.00 Hz
0
1.00

T T T T T T T T T T T T
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O[T [10[0| ) OB S|~
T 0] b e B K B e i e
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Fig. S21.*H NMR (upper) and®C NMR (lower) spectra d8DS-TIPSE in THF-0s.
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NAME cwyeh20130714
EXPNO 1
PROCNO 1
Date_ 20130714
Time 13.52
INSTRUM spect
PROBHD 5 mm Dual 13C/
PULPROG 2930
OCgHy3 ™ 16384
. SOLVENT THF
NS 32
7 7 ‘ CN DS 2
. SWH 4789.272 Hz
S S = FIDRES 0.292314 Hz
O COOH AQ 1.7105396 sec
RG 256
OCeH1g DW 104.400 usec
DE 6.50 usec
TE 297.7 K
BDS-0OC6 D1 1.00000000 sec
= ™0 i
HANNEL £1
NUCL 1M
Pl 10.30 usec
PL1 -2.00 dB
BLINW 23.88643074 W
SFOL 400.1320424 MHz
s1 16384
SF 400.1300000 MHz
WDW no
SsB 0
LB 0.00 Hz
GB 0
eC 1.00
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Fig. S22."H NMR (upper) and*C NMR (lower) spectra d8DS-OC6in THF-dg.
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TE 300.0 K
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TDO 1
CHANNEL £1
TIPS NUC1
Pl 13.40 usec
PL1 -2.00 dB
BDF-TIPSE PLIW 16.12334061 W
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NAME Jay-20130815
EXPNO 3
PROCNO 1
Date_ 20130815
Time 22:12
INSTRUM spect
PROBED 5 mm PABBO BB-
PULPROG 2gpg30
TD 32768
SOLVENT THF
NS 14000
DS 0
SWH 23148.148 Hz
FIDRES 0.706425 Hz
AQ 0.7078388 sec
RG 2050
DW 21.600 usec
DE 8.50 usec
TE 300.0 K
D1 2.00000000 sec
D11 0.03000000 sec
DO 1
CHANNEL £1
NUC1 13C
Pl 9.60 usec
PL1 -2.00 dB
PLIW 55.33689499 W
SFO1 100.6238359 MHz
CHANNEL £2

CPDPRG2 waltzl6
NUC2 18
PCPD2 90.00 usec
PL2 -2.00 dB
PL12 14,20 dB
PL13 17.20 dB
PL2W 16.12334061 W
PL12W 06.38677201 W
PL13W 0.19384515 W
SFO2 400.1326011 MHz
b 16384
SF 100.6126543 MHz
WDW EM
S5B 0

JL | | Ly LB 3.00 Hz
GB 0
BC 1.00

T T T T T T T T T 1

180 160 140 120 100 80 60 40 20 ppm

Fig. S23.™H NMR (upper) and*C NMR (lower) spectra d8DF-TIPSE in THF-ds.
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Fig. S24.*H NMR (upper) and®C NMR (lower) spectra d8DF-OC6 in THF-ds.
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2. UV/Vis spectra

-1

Molar extinction coefficient (M'l cm’™)

Absorbency

8x10"
—BDS-TIPSE 104
7x10° —— BDS-0C6 ’ —— BDS-TIPSE (film)
. BDF-TIPSE oy ——BDS-0C6  (film)
6x10" 1 BDF-OC6 S 084 BDF-TIPSE (film)
e} .
510 ] s BDF-OC6  (film)
o 8 06
410"\ el
N
3x10" E 0.4
2x10° 2
0.2
1x10" 4
0 T T T T 0.0 T T T T 1
300 400 500 600 400 500 600 700 800
Wavelength(nm) Wavelength (nm)

Fig. S25.The absorption spectra of organic dyes inCl(left) and on TiQ film (right).
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Fig. S26.The absorption and emission spectra of organic uy€$L,Cl,.
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3. Theoretical calculation

Table S1. Calculated Low-Lying Transition for dyes.

S dea &
dye state excitation” @V, nlm) B3LYJI(“/631G* HOMO/LUMO
BDS- Sl 98.98% H—-L 1.95(635) 0.7693
TIPSE S2 94.78% H-1-L  2.31(535) 0.0179 -5.02/-2.86
S3 50.89% H-2—L  2.73(453) 1.0046
BDS- S1 98.76% H—L 2.03(610) 0.6862
0Cé S2 93.31% H-1-L  2.41(513) 0.0158 -4.99/-2.75
S3 83.92% H-2—L 2.87(432) 1.1206
BDF- Sl 99.42% H—-L 1.99(621) 0.8410
TIPSE S2 92.60% H-1—-L 2.47(501) 0.0544 -4.99/-2.81
S3 47.91% Hol+1  2.77(447) 1.0463
BDF- Sl 98.11% H—L 1.93(642) 0.7479
0C6 S2 95.51% H-1—-L  2.37(522) 0.0365 -4.77/-2.73
53 73.15% H-2—L  2.88(430) 1.2396

“H=HOMO, L=LUMO, H-1=HOMO11, H-2=HOMO-2, and L+1=LUMO+1. ?Oscillator strengths.

Table S2.Difference of Mulliken charges between ground s{&# and excited state (5 estimated by
time dependent DFT/B3LYP model.

dye state D B A
BDS-TIPSE S1 0.615035 -0.246581 -0.368454
BDS-0C6 S1 0.580094 -0.182854 -0.397240
BDE-TIPSE S1 0.601340 -0.220580 -0.380760
BDF-0C6 S1 0.571423 -0.162850 -0.408573

Difference of Mulliken charge between ground state and excited state.

BDS-TIPSE |
.

BDS-0OC6

I D

I B

[ BDF-TIPSE
BDF-OC6

D B 016 014 0:2 OTO -OI.2 -OI.4

Change in Mulliken Charges

Fig. S27.Bar-chart plots for the difference of Mulliken cba listed in Table S2
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4. CV spectra and HOMO-LUMO level
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Fig. S30.0Oxidative voltammograms @&D-series organic dyes.
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5. EIS spectra
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Fig. S32.EIS Nyquist plots oBDS-TIPS andBDS-OCG6in different electrolytes.
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