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TiO2 photoanodes

Two organic dye sensitizer families attached onto TiO, photoanodes via non-hydrolysable C-
O-Ti bonds are “fighting” over DSSCs and PCEs. Superiority of EDOT-bearing dyes is
demonstrated.
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Abstract

In the present work, organic sensitizers are swithd and attached on TiPhotoanodes via Ti-

O-C bonds. All sensitizers, designed for this psgpoare symmetrical and have two
perfluorophenyl end groups, which can lead to staibn-hydrolysable bonds on the FiO

surface. Broad absorption in the UV-Vis region dad band gap energy levels have been
achieved through the alternation of carbazole- ewizothiadiazole- based units. All dyes and
their corresponding photoanodes, were charactenzadvarious complementary techniques,
including Cyclic Voltammetry measurements and semadion capacity in Dye-sensitized solar

cell tests.

Keywords: organic dyes; perfluorophenyl anchors; benzothmdealt-carbazole; 3,4-

ethylenedioxythiophene; DSSCs; Photoelectrochrateidces.
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1. Introduction

Since their discovery, Dye-sensitized solar cdd$$Cs) have inaugurated a very interesting
field of research in the general frame of mesosceplar cells.[1,2] A great number of different
approaches have been employed for their studystitiithe full replacement of standard silicon-
based photovoltaics, remains a tough task, even@dcades of intensive research and significant
progress in the field. Nevertheless, DSSCs showifgignt advantages, such as low cost and
environmentally friendly fabrication process, eviédntheir efficiency is still much lower,
compared to inorganic solar cells.[3,4,5;Bhis has led to increasing efforts for market
penetration of DSSCs, over the last years. A tygix3SC consists of two conducting substrates
that act as working and counter electrode, sepmhrayean electrolyte that contains a redox
couple. Dye molecules, which are anchored to a@@ductor (usually TiQor ZnO) deposited
on the anode, absorb photons, leading to the éxcitaf electrons from a lower to a higher
energy state of the dye (sensitizer).[7,8] Thusctebns from the excited state of the dye are
injected into the conduction band of the semicotmudhe dye should have suitable anchoring
groups to facilitate the formation of stable bomdth the semiconductor. The most commonly
used anchor is the carboxylic group, since it @aamfester type bonds with the hydroxyl groups
on the TiQ surface.[9,10] Other groups, such as sulfonicharsphonic, have also been proven
functional,[11,12,13] but have a significant draskaompared to the carboxylic unit: their use is
limited in pure organic solvents, since they aré stable in aqueous environments. For this
reason, our group has developed an alternativeosinghmethodology, which is based on the
perfluorophenyl unit. Through this route, the flmar placed on the para- position can react under
mild alkaline conditions with the hydroxyl group$ the TiO, surface, forming stable, non-
hydrolysable Ti-O-C bonds.[14,15]

The injected electrons are collected at the trarespaonducting oxide (TCO), move through an

external circuit towards the counter electrode armedexchanged with a redox couple in solution.

[3]



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

This electron transfer is facilitated in the presewf an appropriate electrocatalyst. The redox
shuttle finally compensates the holes left in tlye densitizer and thus the cell functions in a
cyclic manner.[16,17,18] Liquid electrolytes, bagethe I/I3° couple, have proven to be the most
suitable, between several candidates, even thotigh oouples such as E£d** have showed
higher redox potential which leads to enhanced paseaversion efficiencies, but still suffer
from slow mass transport and slow regenerationcﬁf @t the cathode.[19,20,21,22,23] On the
other hand, liquid electrolytes present importasadvantages, such as solvent evaporation and
device short lifetime, which has led to the sedorhviscous variants, such as ionic liquids (ILs)
or polymer electrolytes (PEs).[24,25,26,27,28]

Regarding the DSSC operation, two major electroétanfimitations must be taken care of. At
first, the lowest unoccupied molecular orbital (LQYof the sensitizer, has to be higher than the
conduction band of the semiconductor, in order nooerage spontaneous electron injection.
Secondly, the dye molecules may be regeneratedy wieér highest occupied molecular orbital
(HOMO) is lower than the redox level of the elebt®. It is clear, that the energy levels of the
dye are very important, and the synthesis of tlitalsle dye is relevant with the oxide/electrolyte
used.[29,30]

An additional important feature for the efficienofdyes employed in DSSCs is the anchoring
moiety or moieties used for their connection with TiO, NPs. Two (or more) anchoring groups
are mainly used in Ruthenium (or other metal) basmbitizers3,31] while for most organic
sensitizers the synthetic routes typically employead to only one anchoring group @A
structure).[32,33,34] However, some reports sugthedtonly one anchor may cause drawbacks
in the sensitizer's adsorption geometry on Ji@anoparticles and the overall charge
injection.[35,36,37] In some polymeric dyes on thber hand, the,w-end modification of the
polymeric chain enables the formation of sensitizeith two anchoring groups, a synthetic
strategy also used by us in a previous study.[1&jevparticularly, those polymeric entities based
on the combination of benzothiadiazole and N-alkyl-carbazole have attracted our attention

[4]



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

because of the high conjugation level, low bandgag the good charge carrier transport and
mechanical properties they provide, which lead tghhpower conversion efficiencies in
OPVs.[38]

In the present work, we have synthesized novellssngénic dyes of defined chemical structures
and length based on thiophene derivatives, carbadettron donating groups and benzothiazole
electron accepting groups. Two end-perfluorophemjts have been incorporated as anchoring
groups for the subsequent sensitization of, i DSSCs. The synthesis of the herein reported
dyes was accomplished via two different synthetathg. Furthermore, their optical and
electrochemical characterization is presented. lliginanitial DSSC tests of the four novel
chromophores have been performed, comparing tleetedf the different structural motives of

the new chromophores and of the side solubilizimjres employed.

2. Experimental Section

2.1 Materials

4,7-Di-2-thienyl-2,1,3-benzothiadiazole (di-thie-B),[39] 4,7-di-(5-bromothiophene-2-yl-
2,1,3-benzothiadiazole (di-Br-di-thien-BTZ),[4@] 7-dibromo-N-heptadecan-9-yl-carbazole (di-
Br-HD-carbazole),[3B 2,7-dibromo-N-2-ethylhexyl-carbazole (di-Br-EH-barole),[41] 2,7-
di(4,4,5,5-tetramethyl-1,3,2-dioxaborolaN)2-ethylhexyl-carbazole  (di-boronic  ester-EH-
carbazole),[3B 2,7-di(4,4,5,5-tetramethyl-1,3,2-dioxaborolaMheptadecan-9-yl-carbazole (di-
boronic ester-HD-carbazole)[B&nd the catalyst palladium (I)tetrakis triphergthosphine
[Pd(PPh)4][42] were prepared according to literature.

All solvents and reagents were purchased from Sigldech, Alfa Aesar or Acros Organics

and were used without further purification unleseowise stated. All reactions were carried out

[5]
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under argon atmosphere. Tetrahydrofuran (THF) wasddand distilled just before use over
sodium wire in the presence of benzophenone. Coniahgranocrystalline titania Degussa P25
(specific surface area 50%y) was used in all cell constructions and Millipavater was used in
all experiments. SngF transparent conductive electrodes (FTO, Registd@iQ)/square) were
purchased from Pilkington. ITO transparent condwctelectrodes (Ree<15 Q/square) were
purchased from Aldrich. Ti©@nanoparticles prior to their reactions with theflperophenyl
functionalized moieties were calcined at 4@0for 3-4 hr to remove all hydrogen-bonded water

molecules.[43]

2.2 Characterization methods

'H, and™F NMR spectra were recorded on Bruker Advance DPB.13, and 376.5 MHz
spectrometers, respectively, with CR@s solvent containing TMS as internal standard.

Thermogravimetric analysis (TGA) was carried out8&mg samples contained in alumina
crucibles in a Labsys TM TG apparatus of Setaradeunitrogen and at a heating rate of°@0
min’™.

IR spectra were recorded on a Perkin-Elmer 16P@RFSHectrometer and on an ALPHA-P
diamond ATR spectrometer of Bruker Optics GmbH.

UV-Vis spectra in solution were recorded using aathi U-1800 spectrophotometer.
Photoluminescence (PL) spectra in solution wereordmmrl using a Perkin—Elmer LS45
luminescence spectrometer, after excitation atifte/is absorption maxima.

UV-Vis absorption spectra and diffuse reflectanpectra (DRS) of sensitized photoanodes
were recorded with a Shimadzu UV-2600 spectrophetenequipped with integration sphere.

The electrochemical behaviour of the fabricated emals was investigated using cyclic

voltammetry (CV thereafter). CV experiments wereried out in a three electrode cell.[44,45]

Two kinds of working electrodes have been usedIT&¥YGlass with the synthesized sensitizers

[6]
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to be measured drop-casted on the ITO conductileeasid a dye- sensitized HIBTO/Glass. An
Ag/AgCI electrode served as reference and a platimire was used as the counter electrode.
Thin films of the fabricated materials were drosted on ITO coated glass slidess (15
Q/square), preheated at 80 °C for 20 min, from msamrusolutions of chloroform. The resulting
films were further annealed at 80 for 15 min. Dye sensitized TFTO/Glass was synthesized
as described below. An Autolab PGSTAT 302N elettencical analyzer connected to a personal
computer running the NOVA 1.8 software was used data collection and analysis. All
experiments were carried out at a scan rate o¥/E1Tetrabutylammonium hexafluorophoshate
(TBAPF) 0.1 M in Acetonitrile (CHCN) was used as supporting electrolyte. Beforeyaagrout
the measurements the cell was purged with purenai@a20 min to remove diluted gasses. The
reference electrode potential was calibrated ag&iasrocene/Ferrocenium (Fc/fFafter each
voltammetry run.

The corresponding HOMO, LUMO energy levels and ehergy gap (g were calculated with

use of the redox potentials by the following engaitiequations:[44]

EHOMO = e( EE::S_ l/:tzarrocene) _ 5.2[ 6\4 (1)
ELUMO = e( ‘r?g - llzgrrocene) _5.2[ e\d (2)
E, = elEs, ~Ex%) @)

Furthermore, the value of -5.2 eV in equations (2),emerged from calibration of the Ag/AgCI
electrode versus a normal hydrogen electrode ( N&ii) considering that the NHE redox

potential corresponds to -4.6 eV on the zero vaclewel scale.[46,47]

[7]
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2.3 Synthetic procedures

2.3.1 Synthesis of the organic dye precursors

Synthesis of 4,7-di-2-(3,4-ethylenedioxythiopheéh&)3-benzothiadiazole (di-EDOT-BTZ)
4,7-Di-bromo-2,1,3-benzothiadiazole 7.00g (23.81 ahmieq) were dissolved in 110 mL
dimethylacetamide (DMACc), followed by the additiof 10 eq of 3,4-ethylenedioxythiophene
(EDOT). Afterwards, CHCOOK (7.01 g, 71.43 mmol, 3 eq) and Pd(QA(3.45 mg, 0.24
mmol, 0.01 eq) were added to the solution, whicks atared at 155C under Ar for 18 h. The
mixture was precipitated in 500 mL of a brine solutand extracted using ethyl acetate (EtOAc).
The organic layer was dried using Mgs@®ltered and the solvent was removed under redluce
pressure. The resulted material was finally dried vacuum oven at 4& for 18 h. Yield 90%.

'H NMR (CDCk, 6 ppm): 4.30-4.33 (m, 2H), 4.39-4.42 (m, 2H), 6.572H), 8.39 (s, 2H)

Synthesis of 4,7-di-(5-bromo-3,4-ethylenedioxythén@-2-yl)-2,1,3-benzothiadiazole (di-Br-di-
EDOT-BTZ)

Di-EDOT-BTZ 6.00g (14.41 mmol, 1 eq) were dissohiecd250 mL of dimethylformamide
(DMF) and afterwards N-Bromosuccinimide (NBS, 5¢,732.41 mmol, 2.25 eq) was added to
that solution in 3 portions over 60 minutes. Thieison was then stirred at RT for 18 h, followed
by the addition of an aqueous 48&; saturated solution. The desired product was taaar
filtration and recrystallization using DMF/MeOH:10 v/v. Yield 52%:

'H NMR (CDCl,  ppm): 4.39-4.41 (m, 4H), 8.37 (s, 2H)

[8]
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2.3.2 Synthesis of the small organic dye sensitizers

Synthesis of bis-{4,7-[2-pentafluorophenyl-7-thieph-N-2-ethylhexyl-carbazole]} (dithien-EH
sensitizer)

(i) via Direct coupling:Di-thien-BTZ (70.00 mg, 0.235 mmol, 1 eq) and dHBt-carbazole
(822.00 mg, 1.88 mmol, 8 eq) were dissolved in 10 oh DMAC, in a round bottom flask
equipped with a stirring bar and a reflux condenseder inert atmosphere, followed by the
addition of CHCOOK (78 mg, 0.7 mmol, 3 eq) and Pd(OA(.00 mg, 3.50 umol, 0.015 eq).
The mixture was refluxed for 24hr, cooled at RT ansblution of perfluorophenyl boronic acid
(104.60 mg, 0.49 mmol, 2.1 eq) in 0.6 mL of DMAcswthen added for another 24hr under
reflux. After cooling at RT, the mixture was poutiatb 50 mL of MeOH, stirred for 2hr, filtered
and consecutively washed with boiling petroleumegttMeOH, HO and again with MeOH,
before drying under vacuum at°@sfor 18 h. Yield 58%.

(i) via Suzuki couplingDi-Br-di-thien-BTZ (50.00 mg, 0.11 mmol, 1 eq) ad@boronic
ester-EH-carbazole (462.00 mg, 0.09 mmol, 8 eqewissolved in 10 mL of degassed toluene,
in a round bottom flask equipped with a stir badl anreflux condenser, under inert atmosphere,
followed by the addition of 0.4 mL N@Gs (ag. solution, 0.87 mmol, 8 eq) and 7.6 mg Pd¢RPh
(6.00 umol, 0.06 eq). The mixture was refluxed fdi8h, cooled at RT and
bromopentafluorobenzene (76 uL, 0.61 mmol, 5.6n&xy then added and stirred for another 24 h
under reflux. The mixture was cooled at RT, filtti@nd extracted using CHCAnd HO. The
organic layer was dried over Mg@Qiltered and the solvent was removed in a roesgporator.
The final product thus obtained, was dried undeuua at 45C for 18 h. Yield 82%.

'H NMR (CDCh, § ppm): 0.83-1.03 (two t, 12H), 1.04-1.5 (three lkob6H), 2.12 (m, 2H),
4.20 (m, 4H), 7.35 (d, 2H), 7.51 (d, 4H), 7.694H), 7.94 (s, 2H), 8.08 (d, 4H), 8.21 (d, 2HF
NMR (CDCk, 6 ppm): -142.82 — -143.02 (two m, 4F), -156.09 —6-.28 (m, 2F), -162.16 — -

162.52 (m, 4F).

[9]
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Analogous conditions were used for the synthesis of the remaining sensitizers using both the

Direct coupling and the Suzuki coupling conditionsin each case (Table 1)

bis-{4,7-[2-pentafluorophenyl-7-thiophene-N- hemeadn-9-yl-carbazole]}

(dithien-HD sensitizer)Yield 30% via Direct arylation, 65% via Suzuki cding.

'H NMR (CDCh, 6 ppm):0.76-0.87 (t, 12H), 0.98 (m, 4H), 1.04-1.8Po@ad, 44H), 1.97
(m, 4H), 2.34 (m, 4H), 4.70 (m, 2H), 7.53-7.60 (tmwad, 2H), 7.66 (broad, 4H), 7.88
(broad, 2H), 7.96 (s, 2H), 8.02 (broad, 2H), 842 4H), 8.21 (d, 2H)'*F NMR (CDCE,
 ppm): -142.86 — -143.11 (two m, 4F), -156.21 -6:28 (m, 2F), -162.39 — -162.50 (m,
4F).

bis-{4,7-[2-pentafluorophenyl-7-(3,4-ethylenedidxgphene)-N-2-ethylhexyl-
carbazole]} (dIEDOT-EH sensitizer)Yield 80% via Direct arylation, 70% via Suzuki
coupling.'H NMR (CDCk, 5 ppm): 0.86-0.94 (two t, 12H), 1.25-1.40 (m, 16B)00-
2.02 (quint, 2H), 4.01-4.12 (m, 4H), 4.41-4.55 (tmg 8H), 7.32 (d, 2H), 7.51 (s, 2H),
7.74 (d, 2H), 7.93 (d, 2H), 7.95 (s, 2H), 8.04 ZH), 8.45 (s, 2H)'°F NMR (CDCEk, §
ppm): -142.85 — -143.09 (two m, 4F), -156.22 — -296m, 2F), -162.33 — -162.59 (m,
4F).

bis-{4,7-[2-pentafluorophenyl-7-(3,4-ethylenedidxgphene)-N-heptadecan-9-yl-
carbazole]} (dIEDOT-HD sensitizer)Yield 67% via Direct arylation, 50% via Suzuki
coupling.'H NMR (CDCl, 5 ppm): 0.82 (t, 12H), 0.98 (m, 4H), 1.03-1.34 (8}, 1.94
(m, 4H), 2.33 (m, 4H), 4.49 (d, 4H), 4.52 (d, 4¥)70 (quint, 2H), 7.67, (broad, 4H),
7.89 (s, 2H), 8.03 (s, 2H), 8.11-8.13 (dd, 4H), &52H).**F NMR (CDCk, § ppm): -

142.87 — -143.10 (two m, 4F), -156.23 — -156.302F), -162.37 — -162.45 (m, 4F).

[10]
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2.4 Dye Sensitization of TiO,

2.4.1 Preparation of dye-sensitized powder TiO, NPs

The general method for sensitizing powder JJNXIPs or of photoanodes of deposited JiO
NPs on onto glass substrates, with organic moleché&aring perfluorophenyl units has been
described also previously.[14] In particular foe thowder TiQ NPs these were thermally treated
prior to their sensitization at 40Q for 3-4 h.

Briefly, 1eq (0.07 mmol) of sensitizer, 4 eq (0.28nol) of K,COs;, and 50 mg of powder
TiO, NPs were dispersed in acetone and heated at rieftu48 h. The as synthesized hybrids
were filtrated and thoroughly washed with acetomélF and water to remove unreacted
molecules and salts, until a colourless filtrates webtained. The dye-sensitized TiNPs were

dried in a vacuum oven overnight at 4D

2.4.2 Preparation of sensitizer/TiO, physical blends

TiO, NPs in their powder form and the organic sensitizere dispersed in 20 mL of acetone.
The composition of each blend was calculated frbendensitization percentage obtained from
TGA data of the dye-sensitized Ti@anoparticles. The mixture was then sonicated3@min,
stirred at 60C for 48 h and finally purified, using conditiorisndar to the as described above for

the dye-sensitized TiNPs.

2.4.3 Deposition of TiO, on FTO

Nanoparticulate titania films (np-Tip were deposited on FTO electrodes. An FTO glass
electrode was cut in the appropriate dimensionssagicarefully cleaned first with soap and then
by sonication in ethanol and acetone. A thin laferompact titania was first sprayed over a FTO
electrode using 0.2 mol L diisopropoxytitanium bis(acetylacetonate) solutionethanol and
then it was heated at 500 °C for 1 h. On this thittom layer, a titania paste made of P25

[11]
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nanoparticles was applied by screen printing. 98hm&reen was used. The film was heated
again up to 500 °C for 20 min. Then, the film wasated with a 0.04 mol Lt aqueous solution of
TiCl, for 30 min at 70 °C, followed by heating up to 5@for 20 min. The geometrical area of

the film was 0.16 cm(0.4 cm x 0.4 cm).

2.4.4 Preparation of dye-sensitized TiO, photoanodes

A TiO, photoanode was placed in a solution of sensi{iz€&7 mmol, 1 eq) and 05 (0.28
mmol, 4 eq) in acetone and heated at reflux. A& the mixture was cooled at RT and the
photoanode was taken out, washed using subsequasigne, THF, water and acetone, before

drying under vacuum overnight.

3. Results and Discussion

The main scope of this work was the design andchegig of novel sensitizers for DSSCs with
enhanced absorption in the visible area of ther sspactrum, based on benzothiadiazole and
carbazole units connected in an alternating andlaegnanner as in the PCDTBT polymer
electron donor case. Such low band gap organic ceeiictors developed for organic
photovoltaics (OPVs) generally possess good chasgesport characteristics and have shown
improved power conversion efficiencies (PCE). Fachslow band gap semiconductors several
monomers have been developed and combined in ¢odierad to the final polymer electron
donors.[48,49,50,51] Among these monomers, carbazake often preferred due to their
chemical and environmental stability, along withodocharge transport properties. Solubility

issues often encountered due to the rigidity obazoles are easily overcome using bulky side

[12]
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aliphatic chains.[52,53] Especially secondary alkfilains attached on the nitrogen atom of
carbazole have led to better solubility and efficie of the polymer electron donors thereof in
OPVs.[54]

Another important feature of the herein reportedsg&ers is the incorporation of end-
perfluorophenyl functionalities. In general the fhmrophenyl unit has proven an excellent
choice for the development of functionalized seméiectors as precursors of hybrid materials
with carbon nanostructures (CNTSs, fullerenes €8,}6,57] or with inorganic nanopatrticles (e.g.
TiO, NPs),[14,15] as electron withdrawing groups foe thnergy levels modulation of the
semiconductors,[58,59] or for the insertion of diddial functionalities via nucleophilic aromatic

substitution.[60]

3.1 Synthesis of the sensitizers

For the preparation of the desired small organ&sdyearing carbazole and benzothiadiazole
units, the first step was the di-substitution ofntesthiadiazole by either thienyl or 3,4-
ethylenedioxythienyl rings. This was accomplished @ single step via Direct arylation
conditions,[61,62] as can be seenStheme 1. The Direct arylation proceeds using palladium
acetate [Pd(OAg) as catalyst, potassium acetate CBOK) as base in dimethylacetamide
(DMAC). Thus, the 4,7-di-2-thienyl-2,1,3-benzothiemble @i-thien-BTZ)[39] and the 4,7-di-2-
(3,4-ethylenedioxythiophene)-2,1,3-benzothiadiazolgdi-EDOT-BTZ)  were prepared,
respectively. The direct synthesis of these twotraémoieties of the final sensitizers, was

efficient and of high yields, namely 50% and 90%pextively.

[13]
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Scheme 1. Synthesis ofdi-thien-BTZ and, di-EDOT-BTZ via Direct arylation, and of their

respective di-bromo derivatives.

In another step, was performed the synthesis oftiwe different 2,7-dibromo-N-alkyl-
carbazoles and in particular 2,7-dibromo-N-2-ethyifi-carbazole di-Br-EH-carbazole) and
2,7-dibromo-N-heptadecan-9-yl-carbazol@i-Br-HD-carbazole). Di-Br-EH-carbazole was
prepared in a one-step reaction between the conmatigravailable 2,7-dibromo-9H-carbazole
and 2-ethylhexyl bromide, using acetone as solp&ijtOn the other handli-Br-HD-car bazole
was prepared in a sequence of four reactions,jB8gghis synthetic route leads to the desirable
product in high purity and better yield, in compan to other reported procedures.[63,64]

After the successful synthesis of the di-Br-alksgifzazoles and of the central di-substituted-
BTZ, the final step was the connection of the twiffecent species and the insertion of the
perfluorophenyl anchoring end-groups. For this s¢dwo coupling methods were employed,
namely the Direct arylation[615¢heme 2) and the Suzuki coupling¢heme 3).[65]

Through the Direct arylation rout&theme 2) and with a monomers' ratio of 8/1 di-Br-alkyl-

carbazoles to di-substituted-BTZ, the reactivermtliates with two end bromine groups were

[14]
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prepared, which subsequently reacted with perflploeayl boronic acid giving the desired

sensitizersTable 1).

S.
NN F F NN R F

- OO0
B s F= ) i) R Uay )F

A ) )
F F & i) F F
N
Pd(OAC), *
/_\ —

\_/ dithien-EH & dithien-HD
(1)
*
| -
R R ™= can*csHﬂ
CH;COOK EH HD
DMAc
S ONTN R F A/ RN R F
W\ o W () /Lk\ M ()
s W F Q \ S O \ / y O F
| o © |
F F i) - & F F
diEDOT-EH & diEDOT-HD

Scheme 2. Synthesis of EH and HD decorated dithien- and diEP®ensitizers via Direct

arylation through a one-pot, two-step reaction.

In order to synthesize the desired sensitizers Siguki coupling $cheme 3) the
dibrominated benzothiadiazole derivatives were iregy in particular the 4,7-di-(5-
bromothiophene-2-yl)-2,1,3-benzothiadiazoleli-Br -di-thien-BTZ)[40] and the 4,7-di-(5-
bromo-3,4-ethylenedioxythiophene-2-yl)-2,1,3-behzdiazole di-Br-di-EDOT-BTZ)
(Scheme 1). Moreover, the di-Br-alkyl-carbazoles were tramsfed to their respective boronic
esters $cheme S1).[38] Typical Suzuki coupling conditions using P&),as catalyst, aqueous

Na,CO; as base in toluene were employed.[6B¢ monomers’ ratio was 8/1 di-boronic ester-
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alkyl-carbazole to di-brominated-BTZ in order tayide the reactive intermediate with two end

boronic ester units that further on reacted wittlperophenyl bromide in a second step.
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Scheme 3. Synthesis of dithien-alkyl and diEDOT-alkyl senmitis via Suzuki coupling through a

one-pot, two-step reaction.

Comparison of the two different synthetic strategihowed that the Suzuki coupling reaction
was more efficient for the preparation of the tldmearing sensitizers, namely tHghien-EH
and thedithien-HD, both in terms of purity and reactions’ yieldscas be seen ifiable 1. On
the other hand, Direct arylation was more efficidat the preparation of the EDOT-sensitizers,
namely thadiEDOT-EH anddiEDOT-HD. This fact is mostly attributed to the availalyildf all
positions of the thienyl ring as reactive sites thoe Direct arylation reaction in contrast to the
EDOT bearing molecules. The incorporation of thg/letnedioxythienyl group limits undesirable

byproducts produced during Direct arylation, sibere is only one available hydrogenated
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position that can react with the respective bromibleus, the Direct arylation route provided
increased efficiencies for the preparation of tBEOHE bearing sensitizers. On the other hand, the
Suzuki coupling method is to be chosen for the graon of thedithien-EH and thedithien-

HD sensitizers.

The chemical structures and the abbreviations lo6yaithesized sensitizers are shown in
Scheme 4. In all cases the NMR characterization of the prears and of the final sensitizers
confirmed the materials proposed chemical strustukelditionally,’*F NMR spectroscopy gave
proof of the attachment of the end-perfluorophamjts on the final sensitizers. Analytic data of
the *F NMR examination of the prepared sensitizers aoiged in the Experimental Section
while a representative spectrum is showtrigure S1 for the diEDOT-HD dye as prepared via

the Direct arylation procedure.
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Scheme 4. Chemical structures of the four sensitizers

3.2 Sensditization of powder TiO,NPs

Based on our previous experience, the use of pedfhenyl units as anchoring groups of
polymer sensitizers provides an effective methoglpltor the sensitization of TiONPs and
photoanodes for DSSCs.[14,19]herefore, also in this work, the perfluorophenyide
functionalities of the small organic sensitizerssaéed above, reacted under mild alkaline

conditions, namely potassium carbonate as basedtore, with the hydroxyl groups of TiO
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NPs. Thus, non-hydrolysable bonds are formed “amatbthe organic sensitizers onto the FiO
surface cheme 5). The organic-inorganic hybrid materials createiere thoroughly washed
with acetone, THF, water and again acetone in oimleemove any unreacted species and all
inorganic salts.

The maodification percentages of TiGIPs with the four small organic dyes are given in
Table 1 as calculated from thermogravimetric analysis (JG¥odification percentages up to
22%wt were recorded, but no particular trend weaseoled regarding the origin of the sensitizers,
meaning via Direct arylation or Suzuki couplingdaheir efficacy in TiQ modification. This
fact also points out to the successful introductibthe perfluorophenyl functionalities regardless
of the synthetic method employed. Moreover, andtdube smaller size of the herein employed
sensitizers in comparison to previously reportetyrperic analogues materials[14,15] higher
modification percentages were accomplished, 18-22%wer the previous 10-13%wt
percentagesFigure 1 shows the TGA analyses of the dithien-alkyl sézesis and of the
respective dithien-alkyl/TIi@NP hybrids. The TGA analyses of the diEDOT-allgmsitizers and
of the diEDOT-alkyl/TiQ hybrids are provided ifrigure S3 of the Sup. Info. section. The
organic molecular sensitizers degrade around@QO®hereas pure TiONPs show negligible
weight loss up to 8GC. On the other hand, the hybrid materials in afles show higher stability
compared to the organic sensitizers, both in tesingnset temperature of degradation and of
weight loss at 80, proving the successful binding of the sensitethe TiQ surface.

Further confirmation of the formation of the seizsitl TiO, NPs was provided via ATR
spectroscopy as shown Figure 2 for the dithien-alkyl materials. The ATR spectra of the
diEDOT-alkyl sensitizers and of the respective iddbmwith TiO, NPs are given ifrigure S2.
The absorption bands of pure Bi®IPs are located in-between 1750-1250466] After the
TiO, NPs sensitization, new peaks owing to the organadecules are observed with more

pronounced those at 1223¢m1155cnt, 2935cnm and 2860ci. More importantly, the
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absorption bands between 1300cmeind 1100cm, prove the formation of Ti-O-C bonds, in
combination with the presence of C-F strechingatibns.[67,68]

The optical properties of the organic sensitizers af the hybrid organic-inorganic materials
were examined by UV-Vis and PL spectroscopies. @bsorption spectra of the organic
sensitizers dithien-alkyl and diEDOT-alkyl are givia the Sup. Info. sectiofjigures $4 andS5,
respectively, in comparison to the commercial payim semiconductors used as benchmark
materials in photovoltaic applications, namely tagioregular-poly(3-hexyl-thiophene)-P3HT
and the polyiN-9-heptadecanyl-2,7-carbazaidt-5,5-(4, 7'-di-2-thienyl-2,1',3-
benzothiadiazole)] PCDTBT. The main absorption Isamitthe dithien-alkyl molecules are found
at 360nm and 510nm, whereas for the diEDOT-alkyB%@nm and 570nm. Compared to the
polymeric electron donar-P3HT it is obvious that both the dithien-alkyl aié diEDOT-alkyl
sensitizers surpass its absorption to higher wagéhs. More importantly, the absorption spectra
of the small organic sensitizers resemble thaheflow-band gap PCDTBT. Especially, in the
case of the EDOT bearing sensitizers, diEDOT-EH@BRDOT-HD, their absorption is identical,
if not better, than of the high molecular weightymeeric PCDTBT.These excellent absorption
characteristics of the herein presented small-acgsemiconductors in the visible region of the
light spectrum, shows their potentiality as semsits in DSSCs.

The photoluminescence characterization of the acgand of the hybrid materials is in
Figures 3 and S6 for the dithien-alkyl and the diEDOT-alkyl matesakespectively. Moreover,
physical blends of TiQand the sensitizers were prepared in order tindigsh differences of
direct attachment of the sensitizers onto the,TN®s surface versus simple mixtures of the two
components. The composition of each blend was basdtie TiQ modification percentage as
calculated from TGA analyses. As can be seefRigures 3 and S6, the photoluminescence
behavior of the sensitized nanoparticles strongfems from the pure organic sensitizers and the
physical blends, after excitation at the absorptimximum of sensitizers. In particular, both the
sensitizer and the physical blend show a broadstomisands around 600nm and 650nm for the

[20]



dithien-alkyl and the diEDOT-alkyl materials, respieely. On the other hand, the sensitized NPs
demonstrate photoluminescence quenching, whicttrisuited to the covalent attachment of the
sensitizers onto the TiGsurface. This direct attachment allows electronieractions between

TiO, and the sensitizer in contrast to the physicaldsde This behavior provides additional proof

of the success of the sensitization route empldwgdin.

HO OH
O O x% %x O i) oy "
F F o+
Q O OH
HO OH
dithien-EH & dithien-HD
" EH diEDOT-EH & diEDOT-HD K2COs
R = acetone
CgHq7” CgHi7
- L) O O HO ‘
Fx{}x
F HO
HO OH
X, = () dithien-EHITiIO, & dithien-HD/TiO,
1 S
/N
O O
X, = Z—ﬁ diEDOT-EHITIO, & diEDOT-HDITIO,
S

Scheme 5. General synthetic strategy for the preparation idfieh-alkyl/TiO, and diEDOT-

alkyl/TiO hybrids.
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1 Table 1. Reaction yields of the synthesized sensitizerbBe 4) and modification percentages

2 of TiO, nanopatrticles after their sensitization.

Direct arylation Suzuki coupling TiO, NPs
ala| Sensitizer
Yield (%) Yield (%) modification (%)
1 | dithien-EH 58 82 20.5
2 | dithien-HD 30 65 22
3 | diEDOT-EH 8C 70 22
4 | diEDOT-HD 67 50 18
3
4
- — 100
\“_90
- 80
— 70
=
| \ 60 S
_T|02 \_ Q_)
— dithien-EH sensitizer r50 =
dithien-HD sensitizer L 40
dithien-EH/TIO, I
——dithien-HD/TiO, - 30
T T T T T T T T T T T T T 20
100 200 300 400 500 600 700 800
c Temperature (°C)

6 Figurel. TGA analyses of thienyl bearing sensitizers ditkagkyl, of TiO, nanoparticles, and of

7  hybrid materials dithien-alkyl/Ti©
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Figure 2. ATR spectra of thienyl bearing sensitizers dithigkyl, of TiO, nanoparticles, and of

hybrid materials dithien-alkyl/Ti®
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Figure 3. PL spectra of Ti@ nanoparticles, dithien-alkyl sensitizers, hybridterials dithien-
alkyl/TiO, and of the respective dithien-alkyl sensitizer/Jfysical blends in CHgkolutions,

after excitation at 510nm.
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3.3 Sensitization of Photoanodes

For the preparation of the sensitized 7Ti@hotoanode electrodes, the deposited
nanoparticulate titania films on FTO electrodes evanmersed into acetone solutions of the
small-organic perfluorophenyl functionalized dyedhe presence of XOs. After 48 h at reflux,
the sensitized photoanodes were removed from tiom medium and washed thoroughly with
acetone, THF, water and finally acetortégure 4 shows representative examples of FiO
sensitized photoanodes using the 4 types of smglnic sensitizers presented in this study.
Uniformly colored photoanodes were obtained thaserved their color even after their extended
washing for the removal of un-attached organic igseand of inorganic salts. Notably, the
diEDOT-alkyl sensitizers afforded more intense dadker colored photoanodes in consistency
with their deeper absorption in the red regionhaf visible spectrum. This phenomenon is also
evident in the diffuse reflectance absorption gpe¢DRS) of the sensitized photoanodes as

shown inFigure5.

Figure 4. Images of the photoanodes sensitized with a)aditkiH, b) dIEDOT-EH, c) dithien-

HD and d) diEDOT-HD sensitizer.
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Figure5. Reflection-absorbance spectra of np-Jdd FTO photoanodes sensitized with: (a)

dithien-EH, ( b) diEDOT-EH, (c) dithien-HD and (GEDOT-HD.

3.4 Electrochemical characterization

Cyclic voltammetry was used for the estimation @MO and LUMO energy levels of the
investigated dyes. Knowledge of these values ioitapt for the efficient design and operation
of a DSSC. In order to assess the repeatabilitthefmethod, the CV measurements for each
compound were repeated for different samples. i deviations were recorded in some
cases in the HOMO, LUMO andyHevels of up to 0.1eV, which can be consideredhas
experimental error of the procedure.

Table 2 contains the cyclic voltammetry results of the stigated materials. HOMO, LUMO
and Eg levels were calculated according to the goapiequations (1), (2) and (3) given in the
Experimental Section. Reduction and oxidation opsétntials were deduced from reduction and

oxidation peaks respectively, showrHigure 6.
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Table 2. Reduction and oxidation onset potentials, HOMO, LOMnergy levels and bof the

sensitized np-TiQon FTO and of films of the organic sensitizersatgied on ITO glass.

Eon™ (V) | Eas™(V) | Eg
Sample Homo (eV) | Lumo (eV)
vsAgQ/AQCI | vsAgQ/AQCI | (eV)
dithien-EH sensitizer on ITO 1.56 -0.79 2.2 -6.1 -3.€
dithien-EH/TiO,/FTO 1.6¢€ -0.4¢ 2.1 -6.2 -4.1
dithien-HD sensitizer on ITO 1.2¢ -1.0C 23 -6.C -3.7
dithien-HD/TiO,/FTO 1.5€ -0.6¢ 2.3 -6.2 -3.¢
diEDOT-EH sensitizer onITO 0.7¢ -1.17 1.¢ -5.4 -3.E
diEDOT -EH/TIOJ/FTO 0.87 -0.9¢ 1.€ -5.t -3.7
diEDOT-HD sensitizer on ITO 0.94 -0.8¢ 1.€ -5.€ -3.8
diEDOT-HDITiIOJ/FTO 0.&3 -0.€2 18 -5.t -3.7

[26]
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Figure 6. Cyclic voltammograms of (a) dithien-EH/ITO (b) lign-EH/TIQ/FTO (c) dithien-
HD/ITO (d) dithien-HD/TiIQ/FTO (e) diEDOT-EH/ITO (f) diEDOT-EH/TIQFTO, inset cyclic
voltammogram of TiIQFTO (g) diEDOT-HD/ITO (h) diEDOT-HD/TIQFTO, inset cyclic

voltammogram of TIQFTO. Scan rate 0.1V/s.
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Figure 7. Schematic energy levels diagram for the dye deedifTiO/FTO/Glass samples.

Effect of substrate.

In order to investigate the influence of substratedhe electrochemical characteristics of the
compounds, two different materials were used:giafidard” ITO commonly used as substrate in
CV experiments of thin films and (i) np-THFTO as used in DSSCs simulating thus the
behavior of the compounds directly within the DS&Vices. In the latter case, the dyes were
anchored on the Tisurface as in the preparation of the Jpghotoanodes.

At first the plain substrates were measured. ITéDrdit exhibit any significant features within
the range (-2.5V, +2.5V). On the other hand, JFDO exhibited a reduction curve as shown in
the insets ofigures 6f and6h, which yielded the Ti@conduction band level at -4.3eV, as is
schematically shown ifigure 7. The optical band gap of THFTO was also measured and it
was combined with the above electrochemical résiudive the valence band level of -7.6eV.

As can be seen ifiable 2, no significant changes were detected in the gngeap of the

compounds on different substrates. The small diffees observed are within the experimental
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error range (0,1eV). Regarding the HOMO and LUM&els, all compounds exhibited slightly

more negative HOMO and LUMO levels on BIBTO (ranging from -0.1eV to -0.2eV), with the

exception of diEDOT-HD. However, these observedhglea are not significant and thus, it can
be safely concluded that the substrate effect igjimal.

In order to calculate the LUMO level of the dIED@&H and diEDOT-HD on Ti@FTO, the
second reduction peak of the voltammograms (attatioRV) was used, since the first peak (at
about -0.5V) was attributed to the reduction of Jilddeed, from the insets Bfgures 6f and6h
it can be seen that the onset for the ;Ti€duction appears at a similar potential. A pdesib
explanation could be that a part of the F&Drface was not covered by the dye, thus produging
weak reduction peak even for the sensitized,/HDO substrates.

Notably, as observed iRigure 6, the Fc/Fc+ redox potentials are different for th®
substrates, namely higher for TIBTO case, while they also vary among the different
compounds onto the same substrate. This is notnarpected phenomenon since it is well
known that the position of the Fc/Fc+ redox potntiepends on the working and reference
electrodes, the temperature and the electrolytdoyeqh, etc.[69,70] It is therefore imperative to
measure the the Fc/Fc+ potentials in each expetiarahnot to assume typical values from the

literature.

Comparison of the organic dyes

From a direct comparison of the energy levels & kherein examined small molecular
organic dyes it is evident that all are suitabletfe sensitization of Tighlh DSSCs applications.
The energy gap (EQ) levels of the materials deabsorption maxima in the visible area of the
solar spectrum as detected also by the direct exaimn of the absorbance of the materials both
in solution and in the solid statBi§ures S4, S5 and5). Moreover, the diIEDOT- bearing dyes
presented lower Ehan the dithien- ones as expected due to theeh@ihsorption maxima of the
materials. Furthermore, as schematically showigure 7, the LUMO levels of all the organic
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dyes studied are higher than the conduction barid®@fallowing thus, electron injection to the
inorganic semiconductor from the organic dyes.

As regards the HOMO levels, the more negative whfethe dithien- bearing dyes could
prove advantageous, increasing the driving forae dige regeneration from iodide, used as
electrolyte, since thE/l3 redox potential is approximately +0.4 V versus Nitiat corresponds
to -5.0eV.[71]

A final noticeable fact, schematically shown alsd-igure 7, is that the HD modification of
the carbazole moieties of the dithien-bearing diyeseases the LUMO level by 0.2eV compared
to that of dithien-EH. However, no such alteratiarese observed when comparing the diEDOT-

HD and the diEDOT-EH dyes.

3.5 Application in DSSCs and PECs proof of concept

The compounds developed herein were applied in BS&@ photoelectrochromic (PEC)
devices, in an effort to assess their potentialsiolar energy applications. The details of the
fabrication and testing of these devices appetirarsupplementary data.

In accordance with the favorable positions of theNHD and LUMO levels of the dyes, all
four dyes were found functional as sensitizerd¥8SCs.Figure S7 shows the corresponding J-
V curves whileTable Sl lists the data extracted thereof. All dyes gawe shme open-circuit
voltage within experimental error. The open cirawdttage is mainly defined by the difference
between the electron injection level, i.e. the amtidn band of Ti@ and the redox potential of
the electrolyte. Differentiations may occur due éxtreme modifications of the dye-
semiconductor’s interface. However, such modifmadiare obviously not expected in the present
cases to derive from the present dyes. A largeiatian was observed for the fill factor.
However, a striking difference was observed betwibendiEDOT-based dyes and the dithien-
based dyes, with the former offering substantiaigher short circuit currents, in part due to their
lower Eg values.
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As a further demonstration of the fabricated dyegsplicability, the diIEDOT-EHlye was
applied as sensitizer to “partly covered” phototehromic devices (PECs). The devices are
essentially hybrids of DSSCs and electrochromi&ssjEaimed to become the next generation of
“smart” windows. The integration of DSSCs and EXCsiie device is achieved by insertion of the
EC WG; film between the FTO glass and the Tidm of the anode, and by modification of the
electrolyte in order to contain Li ions. Throughstiway, the photoelectrons injected into TiO
diffuse in WQ and attract Li from the electrolyte to form the MWO; “tungsten bronze” that
assumes an increasingly deep blue color with are@sing intercalation parameter (x ip\WiOs).
Electrons diffuse fast into W{and it has been proven that covering a 15% to 20%e total
device area with the opaque Tifdm is adequate for uniform coloration of the oev[72]

Transmittance spectra at different exposures ofpicadl device appear iRigure S8. It is
evident that the device is responsive, as the mmétsice continuously decreases with prolonged
exposure. The maximum achieved transmittance mtidalat 550nm is 1.6:1 (e.g. from 61.8%
at the bleached state to 37.6% in the colored)statech is considered acceptable for practical
applications. The device could be bleached by stimtiit in the dark. The coloration kinetics is
rather slow, as it takes 30 min for full coloratiofihis is due to the low efficiency of the
incorporated DSSCnE0.25%, 4=0.60mA/cn3, Voc=0.51V). Similar results were obtained for
the dithien-EH dyeKigure S9). Further improvements in the sensitization metbodld lead to
better performance of the PEC devices. However fehsibility of the use of the diIEDOT-EH

dye in PECs was unambiguously demonstrated evénidbinitial attempt.
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4. Conclusions

In summary, four small organic dyes have been ®githbd based on benzothiazole and
carbazole untis connected by either thienyl ore8hldenedioxythiophene units, also differing on
the side solubilizing alkyl chains located onto #terbazole moieties, either 2-ethylhexyl or
heptadecan-9-yl ones. In all cases, perfluorophanghors, introduced as end-capping units onto
the dyes, were used for their attachment on,TiMIPs and photoanodes for DSSCs and
photoelectrochromic devices.

The optoelectronic and electrochemical charactéoizaf the dyes revealed that they are all
suitable for DSSC applications having energy gapheé visible area, LUMO levels that permit
electron injection into the Ti©conduction band and HOMO levels that allow theemeration
by the I/l5 couple. Comparison of the thienyl to the 3,4-ethgldioxythiophene bearing dyes
revealed that the diEDOT compounds exhibit lowecebchemical energy gaps than the dithien
ones, indeed performing better in DSSCs, although devices need further optimization to
unveil their full potentiality. In addition, comgaon of the small molecular dyes was performed
in partly covered photoelectrochromic devices witbmising results especially in the case of the

diEDOT carrying dyes.
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