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ABSTRACT ARTICLE HISTORY
Design, synthesis, characterization, and investigation of photovoltaic Received 10 November 2020
properties of 4,5-diazafluorene derived diimine ligands (€2, €3) and Accepted 19 March 2021
their ruthenium(ll) complexes are reported. FT-IR, 'H NMR, ">C NMR,
and mass spectroscopic methods were used to elucidate the structures
of these compounds. The effect of the number and nature of anchor- X
. . . ruthenium(ll) complexes;
ing groups attached to these ligands and complexes as sensitizers a

- - - . photosensitizer; photovol-
were evaluated for optical properties and photovoltaic performance in taic; dye-sensitized
dye-sensitized solar cells (DSSCs). The sensitizers bearing catechol solar cells
show higher power conversion efficiency (PCE) than the dyes with bor-
onic acid due to better binding of the catechol anchoring group on
the TiO, surface. Among these sensitizers, DSSC based on
[Ru(C2),(NCS),](PFg), having two catechol anchoring groups gives
the best PCE of 2.83%, with J,. = 640mA cm 2, V,. = 0.632V and
FF=0.70 in the presence of chenodeoxycholic acid (CDCA) as the
coadsorbent, which is attributed to broader spectral response and effi-
cient electron injection. These results suggest that dyes bearing two
catechol anchoring groups are promising for efficient DSSCs.

KEYWORDS
4,5-Diazafluorene;

E6 (a) £6 (c)
s R R <

54 (o] -OH -OH 54

5 3 -H -B(OH), £

52 §2 c2+cocA

5 —— [Ru(bpy):C2J** 5 |—— [Rulbpy).CoP* + COCA

3, w4 3,  RUCHNCS) i+ COCA

0.2 0.4 0.6 0 0.2 0.4 0.6
Voltage (V) Voltage (V)

= & b
52 13 (b)
< <
£ £
b | 21
£ €
2 c3 2 3
5 | ——Ruoepcap 5 | ——Rueppcarr
S, [RuC3)(NCS)F* O | ——IRuconncor
[Ru(bpy),C2 or C3| [Ru(C2 or C3),(NCS),]
0.2 0.4 0.6 0 0.2 0.4 06
Voltage (V) Voltage (V)
We focused on the preparation of a new D-m-A type 4,5-di ene (DafH) Schiff base ligands and their

heteroleptic isothiocyanate and bipyridine Ru (Il) complexes. The hydrazone unit of DafH was linked by two imine bonds with
the phenylboronic acid and catechol moieties. DafHs and their heteroleptic Ru (Il) complexes were evaluated for DSSCs
performance by comparison with both each other and N719 standard dye. While dyes with boronic acid moiety didn't exceed,
catechol moiety exceeded 2% PCE.
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1. Introduction

Globally, the excessive use of fossil fuels to meet increasing energy demand brings
both environmental and health issues. As an alternative, harvesting energy from sun-
light with photovoltaics is essential for future global energy production. Dye-sensitized
solar cells (DSSCs) which were pioneered by Gratzel and O'Regan appeal to wide-
spread scientific research and technological interest as solar cell candidates [1].

Device architecture of DSSCs consists of transparent conductive oxide glass sub-
strate, wide-band-gap semiconductor (by a majority TiO,), sensitizer, a redox electro-
lyte solution, and a counter electrode. Effective electron injection between the dye
and TiO, nanoparticle interface is crucial for improving the power conversion effi-
ciency (PCE) of DSSCs. Another crucial point is preventing energy losses in electron
injection [2]. To improve solar energy conversion efficiency of DSSCs, modifications of
TiO, photoanode [3], synthesizing new dye molecules as sensitizers [4, 5], developing
new electrolytes [6] and anchoring groups [7] play substantial roles for future use of
such devices.

4,5-Diazafluorene (dafH), which was first reported by Kloc and colleagues is a het-
erocyclic compound with two nitrogen donors for metal coordination like 1,10-phe-
nanthroline and bipyridine [8]. DafHs are synthesized from oxidative ring contraction
reaction of 1,10-phenanthroline with potassium permanganate in basic aqueous media
[9]. DafH derivatives have been studied in biological activities [10-12], non-halogen
flame retardants [13], OFET [14], catalysts [15, 16], polyurethane curing agents [17],
sensors [18-21], high-performance polyimide [22] and OLEDs [23, 24]. DafHs have
shown various solar cell performances between 0.22% and 3.45% in their DSSC appli-
cations [25-32].

Carboxylic acid anchoring group containing sensitizers were widely used for DSSCs
owing to their sufficient binding to TiO, surface in organic solvents. However, there
are two disadvantages of carboxylic acids including very low pKa values to provide
strong binding on TiO, and its propensity to detach from the TiO, surface in the pres-
ence of water. These two handicaps limit the long-term stability of cells [33, 34].
Because of these disadvantages, alternative anchoring groups need to be investigated
for long-term use of DSSCs. The binding properties of the complexes bearing catechol
anchoring groups to TiO, surface are superior to the complexes bearing carboxylic
acid due to a five-membered ring formed between Ti*" and the catechol moiety [35].
Although previous studies of catechol anchoring groups have not exceeded 2% PCE,
this has been transcended with 4.87. However, a disadvantage is the ZnPTC-coded
compound has a long synthesis procedure [34]. As a search for different anchoring
groups, boronic acids are considered promising and an alternative to carboxylic acid
anchors [36]. Dyes bearing boronic acid have two monodentate or four bridging
bidentate anchoring modes on TiO, [37]. However, there are only a few studies about
organic-inorganic hybrid solar cell applications involving boronic acid anchors [38-40].

Among natural, organic and inorganic sensitizers, ruthenium complexes have been
investigated as sensitizers due to their stability and superior redox properties [41].
Both for improving deficiencies and adding new approaches, herein, we focus on
preparation of conjugated D-m-A type Schiff base ligands and their heteroleptic Ru(ll)
complexes of dafH compounds. Hydrazone unit of dafH was linked with aldehyde
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Scheme 1. The synthesis of 4,5-diazafluorene ligands: (a) KMnO,, KOH, H,0, A; (b) AcOH, NH,NH,,
MeOH, 8 h; (c) toluene, 16 h, p-toluenesulfonic acid, 105-115 °C.

units of 3,4-dihydroxybenzaldehyde and 4-formylphenylboronic acid by imine bond
formation (Scheme 1). Both isothiocyanate and bipyridine heteroleptic Ru(ll) complexes
of dafH ligands were prepared to make PCE comparisons between the ligands and
their Ru complexes. The synthesized compounds were characterized by FT-IR, UV-Vis,
'H NMR, "3C NMR, and mass spectroscopic methods.

2. Materials and methods
2.1. Instruments and chemicals

The aldehyde compounds, 3,4-dihydroxybenzaldehyde (4) and 4-formylphenylboronic
acid (5), were purchased from Aldrich and used as received. All chemicals were sup-
plied as reagent grade from Fluka and Merck. FT-IR spectra were recorded on a
Nicolet iS10 spectrometer using attenuated total reflection (ATR). NMR spectra were
recorded on a Bruker Avance lll 500 MHz spectrometer in methanol-d, and DMSO-d¢
using tetramethylsilane (TMS) as an internal standard. Absorption spectra were
recorded with a Shimadzu-2600 UV spectrometer. Mass spectra of dafHs were
recorded on Agilent 6530/Agilent HPLC LCMS QTOF. Mass spectra of ruthenium com-
plexes were recorded on Bruker Microflex LT MALDI-TOF MS in Gebze
Technical University.



JOURNAL OF COORDINATION CHEMISTRY @ 1369

2.2, Synthesis

The starting compounds 4,5-diazafluorene-9-one (2), 4,5-diazafluorene-9-hydrazone (3),
cis-(bpy),RuCl,-2H,0 were synthesized and purified according to literature procedures
[8, 42-44]. FT-IR spectra of 2-5 are given in the Supplementary Information
(Figures S1-54).

2.3. Synthesis of the compounds

2.3.1. Synthesis of 4-(((5H-cyclopenta[1,2-b:5,4-b’]dipyridin-5-ylidene)hydrazono)-
methyl)benzene-1,2-diol (C2)

4,5-Diazafluorene-9-hydrazone  (93mg, 0.474mmol), 3,4-dihydroxybenzaldehyde
(68.7 mg, 0.498 mmol), catalytic amount of p-toluenesulfonic acid and 25mL toluene
were added to a 50mL single-neck, round-bottom flask and stirred at 105-115°C
under argon for 14h. Progress of the reaction was monitored by TLC on silica with
chloroform/methanol (4:1) as eluent. After the solvent was halved by rotary evapor-
ation, the crude product was precipitated at room temperature, filtered with D4 filter
crucible borosilicate glass, washed with 10 mL cold diethyl ether and 10 mL cold water
twice for purification and dried in vacuum overnight at 40°C. 120mg red solid prod-
uct was obtained. Yield: 80%. m.p.: 232°C. FT-IR (cm™'): 3551 and 3495 v(O-H),
3200-2800 v(broad, O-H), 1624 v(9-position of dafH, C=N), 1613 and 1598 (C=N
dafH), 1583 and 1542, v(Ph, C=C). "H NMR (500 MHz, MeOD) & 9.14 (s, 2H), 8.78 (s,
1H), 8.63 (d, J=13.7Hz, 1H), 850 (s, 2H), 7.70 (d, J=17.5Hz, 1H), 7.57 (s, 1H),
7.45-7.09 (m, 3H), 6.87 (dd, J=62.5, 31.8 Hz, 2H). LCMS-QTOF: m/z: 317.10 (M +H™).

2.3.2. Synthesis of (4-(((5H-cyclopental[1,2-b:5,4-b’] dipyridin-5-ylidene)hydrazono)-
methyl)phenyl) boronic acid (C3)

Same synthesis procedure with synthesis of C2 was applied for synthesis of €3 with
the following amounts of starting compounds: 4,5-diazafluorene-9-hydrazone
(119.59mg, 0.61 mmol) and 4-formylphenylboronic acid (96 mg, 0.64 mmol). 170 mg
yellow solid product was obtained. Yield: 85%. m.p.: 257°C. FT-IR (cm™'): 3400-2700
v(broad, O-H), 1628 v(9-position of dafH, C=N), 1599 (C=N dafH), 1572 and 1536
v(Ph, C=C). "H NMR (500 MHz, DMSO) & 8.82 (d, J=15.5Hz, 1H), 8.78 (s, 1H), 8.72 (s,
1H), 8.31 (s, 1H), 8.00 (d, J=11.7Hz, 2H), 7.93-7.82 (m, 2H), 7.57 (d, J=19.1 Hz, 1H),
747 (d, J=7.7Hz, 2H), 7.12 (d, J = 7.6 Hz, 2H). LCLMS-QTOF: m/z: 329.11 (M +H™).

2.3.3. Synthesis of [Ru(bpy),C2](PF),

cis-(bpy),RuCl, (59mg, 0.122mmol), €2 (39mg, 0.123mmol), KPFg (45.12mg,
0.27 mmol) and 15mL methanol were added to a 25mL single-neck, round-bottom
flask and stirred at 60-65°C under argon for 12 h. After the solvent was removed by
rotary evaporation, the crude product was washed with 10mL cold methanol and
10mL cold water twice for removing excess €2 and KPF4 and dried in vacuum over-
night at 40°C. 65mg red solid product was obtained. Yield: 52%. FT-IR (cm™'): 3087
v(Ph, C=H), 1628 v(9-position of dafH, C=N), 1603, 1590, 1463, 1446, 833. MALDI-
TOF: m/z 730.725 and 875.457 (M + PFg™).
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2.3.4. Synthesis of [Ru(bpy),C3](PF6),

The same synthesis procedure as for [Ru(bpy),C2](PFs), was applied for synthesis of
[Ru(bpy),C3](PF¢), with the following amounts of starting compounds: cis-(bpy),RuCl,
(58 mg, 0.12mmol), €3 (39 mg, 0.122 mmol), KPFg (45 mg, 0.24 mmol). 47 mg red solid
product was obtained. Yield: 37.6%. FT-IR (cm™"): 3085 v(Ph, C=H), 1628 v(9-position
of dafH, C=N), 1604, 1536, 1464, 1446, 831. MALDI-TOF: m/z 741.723, 886.947
(M + PFg+), 1063.830 (M + 2PF6 + MeOH) and 1209.174 (M + 3PF6 + MeOH).

2.3.5. Synthesis of [Ru(C2),(NCS),](PF),

RuCl5-H,O (22.75mg, 0.11 mmol), €2 (69.38 mg, 0.22 mmol), a small amount of LiCl
and 12 mL DMF were added to a 25 mL single-neck, round-bottom flask and stirred at
150-160°C under argon for 8 h. After the color of the reaction mixture turned violet,
NH4NCS (17 mg, 0.223 mmol), KPF¢ (42 mg, 0.228 mmol) and 3 mL DMF were added to
the reaction flask and the reaction was continued for 12 h under an argon atmosphere
at 150-160°C. The solvent was removed by rotary evaporation, crude product was
washed with 10mL cold methanol and 10 mL cold water twice for removing excess
C2, NH4NCS and KPFg and dried in vacuum overnight at 40°C. 72 mg black solid prod-
uct was obtained. Yield: 57.6%. FT-IR (cm'): 3400-2600 v(broad, O-H), 3077 v (Ph,
C=H), 2103 and 1966 (-NCS), 1726 v (9-position of dafH, C=N), 1656 and 1594 v
(C=N dafH), 1413, 1286, 806, 739. MALDI-TOF: m/z 851(M+).

2.3.6. Synthesis of [Ru(C3),(NCS),](PF),

The same synthetic procedure as for [Ru(C2),(NCS),](PFs), was applied for synthesis of
[Ru(C3),(NCS),1(PFs), with the following amounts of starting compounds: RuCls-H,O
(22.3mg, 0.107 mmol), €C2 (70.51 mg, 0.214mmol), a small amount of LiCl, NH4;NCS
(16.50 mg, 0.215mmol), KPFs (40 mg, 0.217 mmol). FT-IR (ecm™"): 3800-2500 v (broad,
O-H), 3078 v (Ph, C=H), 2103 and 1965 (-NCS), 1722v (9-position of dafH, C=N), 1626
and 1595 v (C=N dafH), 1434, 1285, 807, 738. MALDI-TOF: m/z 992.5 (M + 4MeOH-),
963.6 (M +3MeOH+) 941.4 (M + MeOH+).

3. Results and discussion
3.1. Synthesis and characterization

For the synthesis of C2 and C3, three-step synthetic processes were performed. First, 2
was obtained from 1 via oxidative ring contraction with potassium permanganate in
basic aqueous media. Second, 3 was obtained via the reaction of 2 with hydrazine
hydrate in acidic medium. In the last step, the condensation reaction of 4 with 3
resulted in €2 formation and the condensation of 5 with 3 resulted in C3 formation.
Because Schiff base (€2, €3) formation is a reversible reaction, the reactions were car-
ried out both in the presence of p-toluenesulfonic acid as a catalyst and at a tempera-
ture above 100 °C to remove water from the reaction medium.

Formation of C2 and C3 were shown with disappearance of the primary amine
stretching bands of 3 at 3368 and 3310cm ', the disappearance of the carbonyl
stretching band of related aldehydes, respectively, at 1644 (4), 1663 cm~' (5) and
occurrence of azomethine stretches of resulting compounds at 1624 (C2) and
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1628 cm™" (C3) in their infrared spectra (Supplementary Information Figures S3-S5
and S8). '"H NMR spectra of €2 and C3 are given in the Supplementary Information
(respectively Figures S6 and S9) and recorded in methanol-d, (€C2) and DMSO-d¢ (C3).
13C NMR spectra of €2 and €3 were not recorded due to insufficient solubility of the
compounds in deuterated solvents. The molecular ion peaks of C2 and C3 appeared
at m/z: 317.10 (M 4+ H+) and m/z: 329.11 (M + H+), respectively.

Ruthenium bipyridine complexes of €2 and €3 were synthesized with 1:1 molar
ratio of ligand/cis-(bpy),RuCl,-2H,0. Ruthenium isothiocyanate complexes of €2 and
C3 were synthesized with one-pot, two-step synthetic processes. First, cis-(C2 or
C3),RuCl,-2H,0 complexes of ligands were synthesized. When the reaction mixture
turned violet after 8 h, NH;NCS and KPFg were added to the mixture and the reaction
was continued another 12 h until it turned black. LiCl was used to prevent dissociation
of CI™ in the synthesis of cis-(C2 or €3),RuCl,-2H,0 complex [45]. KPFs was used as a
counter ion source (PFs ) in all complexes (Scheme 2).

In FT-IR spectra of the ruthenium bipyridine complexes of C2 and €3, the transmit-
tance of the C=Ngyorene Stretching bands decreased and 1750-4000cm ™" region flat-
tened when compared with related FT-IR spectrum of €2 and C3. These results
suggest that coordination occurred. Determination of the molecular mass of com-
plexes with the MALDI-TOF technique is useful to prove the synthesis. Dithranol (DIT)
for [Ru(bpy),C2](PFs), and 2,5-dihydroxybenzoic acid (DHB) for [Ru(bpy),C31(PFe),
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were used as a matrix for molecular mass determination of [Ru(bpy),C2](PFe), and
[Ru(bpy),C3](PFs), complexes with MALDI-TOF. Molecular ion peaks of [Ru(bpy),C2]
[m/z: 730.725, 875.457 (M+ PF¢™)] and [Ru(bpy),C3]1(PF¢), [m/z: 886.947 (M -+ PFs"),
1063.830 (M + 2PFs+MeOH), 1209.174 (M + 3PFg+MeOH)] proved formation of com-
plexes. Apart from [Ru(bpy),C2](PFs);, methanol (MeOH) molecules were also
observed in the mass spectrum of [Ru(bpy),C3](PFs), due to keeping MeOH in its
structure. While dissolving the compound in MeOH for the target plate of MALDI-TOF
in sample preparation, the occurrence of molecular interactions between boronic acid
with MeOH is considered the reason for keeping MeOH in the structure of C3.

In the characterization of ruthenium isothiocyanate complexes of €2 and C3, two
peaks in FT-IR spectra at 2102 and 1965-1966cm ' indicate that isothiocyanate
ligands are cis [44]. v(C=S) stretch at 739 cm™!' (€2) and 738cm™" (€3) also showed
N-coordination of the isothiocyanate group with ruthenium. Molecular mass of ruthe-
nium isothiocyanate complexes of C2 and C3 were determined with the MALDI-TOF
technique similarly with ruthenium bipyridine complexes. While trans-2-[3-(4-tert-butyl-
phenyl)-2-methyl-2-propenylidene]lmalononitrile (DCTB) was used as a MALDI-TOF
matrix for determining the mass of [Ru(C2),(NCS),]1(PFs),, no matrix was used for
[Ru(C3),(NCS),1(PF),. Formation of complexes were understood with molecular ion
peaks of [Ru(C2),(NCS),1** [m/z 851(M")] and [Ru(C3),(NCS),]** [m/z 992.5
(M+4MeOH™"), 9636 (M+3MeOH") 9414 (M+MeOH™)]. Similarly, with
[Ru(bpy),C31>*, MeOH molecules were also observed in the mass of
[Ru(C3),(NCS),1** complex due to dissolving ruthenium isothiocyanate complexes in
MeOH/DMF solvent mixture in sample preparation for target plate of MALDI-TOF.

3.2. Optical properties

UV-Vis absorption spectra of C2 and €3 and their ruthenium complexes in methanol
are shown in Figure 1. The optical properties of all compounds are given in Table 1.
Absorptions at 228, 316 and 388nm were assigned to m-n* transition of €2 and
absorptions at 229, 316 and 337 nm for C3 [46]. C2 which has catechol moiety exhib-
ited red-shifted absorption (388 nm) while €3 having boronic acid group (337 nm) may
be due to the resonance and electron-donating ability of phenolic -OH groups. Intra-
ligand m-m* transitions were seen at 210-287 nm for [Ru(bpy)2C2]2+ and 208-287 nm
for [Ru(bpy),C3]°". Characteristic metal-to-ligand charge-transfer (MLCT) transitions for
[Ru(bpy)>C2]*>* and [Ru(bpy),C3]** were observed at 442 and 423 nm, respectively.
Absorption bands at 227, 316, 386 nm and 214, 315, 353 nm were assigned to intra-lig-
and m-m* transitions of [Ru(C2),(NCS),]** and [Ru(C3),(NCS),]>*, respectively [47].
Broad absorptions extending to ~700nm without maxima were attributed to the
MLCT transitions for [Ru(C2),(NCS),]** and [Ru(C3),(NCS),]*>*. Because of extension
of electron delocalization over the whole molecule, di-anchoring complexes
[Ru(C2),(NCS),1** and [Ru(C3),(NCS),]** exhibited red-shifted absorption compared
to the mono-anchoring complexes [Ru(bpy),C21** and [Ru(bpy),C31** [48]. The
absorption spectra of the six dyes adsorbed on TiO, are shown in Figure 2. For com-
parison, absorption peak maxima were normalized to 0.4. The absorptions are
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Figure 1. Absorption spectra of the catechol dyes (a) and the boronic acid dyes (b) in methanol
(1 x 10> mol/L).

broadened and red-shifted, indicating formation of J-aggregates when compared to
the corresponding solution spectra [49].

3.3. Photovoltaic performance of DSSCs

The current density — voltage (J-V) curves of DSSCs based on the six dyes under
100mW cm ™2 simulated AM 1.5G full sunlight are demonstrated in Figure 3, and the
related photovoltaic data are summarized in Table 2. As seen from Figure 3(a,b), with-
out coadsorbent chenodeoxycholic acid (CDCA), the overall PCEs of the dyes are
0.52-2.37%, with an order of [Ru(bpy),C31(PFs), < €3 < [Ru(C3),(NCS),1(PFs), <
[Ru(bpy),C2](PFs), < €2 < [Ru(C2),(NCS),I(PFg),. As seen in Table 2, the catechol
dyes (C2 and its complexes) possessed significantly higher dye loading than those of
the boronic acid dyes (€3 and its complexes), indicating that the former anchoring
group has stronger binding on the TiO, surface compared to the latter, resulting in
higher PCE values of 1.85% (C2), 1.67% ([Ru(bpy),C2](PFg¢), and 2.37%
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Figure 2. Absorption spectra of the catechol dyes (a) and the boronic acid dyes (b) on TiO, film.

Table 1. Optical properties of the dyes.

Dye 7\'max [nm]a (e [X103 M71 Cm71]a) Xonset [nm]a kmax(Tioz)[nm]b EO-O [ev]c
(@] 228 (1.00), 316 (0.42), 388 (0.50) 466 398 2.66
[Ru(bpy)2C2]2+ 210 (1.03), 287 (0.99), 442 (0.48) 515 458 241
[Ru(C2)5(NCS),] 2* 227 (1.50), 316 (0.78), 386 (0.36) 461 482 2.69
a 229 (0.91), 316 (0.80), 337 (0.73) 397 367 3.12
[Ru(bpy),C31** 208 (0.96), 287 (0.98), 423 (0.34) 498 444 2.49
[Ru(C3)2(NCS)2]2+ 214 (1.41), 315 (0.85), 353 (0.58) 436 466 2.84

Amax:. absorption maximum wavelength; & molar extinction coefficient; Aonser: absorption onset wavelength.
P hrnax(Ti02): absorption maximum wavelength on the TiO, film.
€ Eg_o: band gap, calculated using equation Eg_q = 1240/Agnset.

([Ru(C2),(NCS),1(PFg),. The immersion time for catechol dyes being shorter than the
boronic acid dyes also indicates stronger adsorption ability of the catechol moiety (see
Supplementary Information). Compared with our previous dafH ligand bearing mono-
hydroxylic anchoring group (C4) [32], using the catechol anchoring group (C2) proved
to promote the PCE resulting from the more effective binding of the catechol on the
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Figure 3. J-V curves of DSSCs based on the six dyes in the absence (a and c) and presence of che-
nodeoxycholic acid (CDCA) (b and d).

Table 2. Photovoltaic parameters of the dye-sensitized solar cells (DSSCs) with and without che-
nodeoxycholic acid (CDCA).

J[PeE Jsc Voc PCE Dye loading amount

Dye (mA cm™2%)? (mA cm™?) ) FF (%) (mol cm™?)
(@] 4.68 4.82 0.609 0.63 1.85 351 %1077
C2 +CDCA 5.15 0.614 0.69 2.18 3.25x 1077
[Ru(bpy),C2](PF¢), 4.27 4.20 0.602 0.66 1.67 1.24x 1077
[Ru(bpy),C2](PFs), + CDCA 4.88 0.608 0.67 1.99 1.01x 1077
[Ru(C2),(NCS),1(PF¢), 6.24 6.16 0.621 0.62 237 237 %1077
[Ru(C2),(NCS),1(PFg), + CDCA 6.40 0632 070 283 203 x 1077
a 1.43 1.50 0.587 0.67 0.59 9.01 x 1078
C3 + CDCA 1.66 0.593 0.71 0.70 871x 1078
[Ru(bpy),C31(PF¢), 1.34 1.44 0.582 0.62 0.52 5.15x 1078
[Ru(bpy),C31(PFq), + CDCA 1.60 0580 068 064 486 x 10°°
[Ru(C3),(NCS),1(PFg), 1.88 1.92 0.591 0.66 0.75 7.95% 1078
[Ru(C3),(NCS),1(PFg), + CDCA 2.16 0.598 0.72 0.93 759 x 1078
N719 + CDCA 14.8 0.770 0.68 7.75 -

2J,PE values were integrated from their IPCE spectra.

TiO, surface [50]. When compared with the DSSCs based on mono-anchoring com-
plexes [Ru(bpy),C2](PF¢), and [Ru(bpy),C31(PFg),, the devices based on €2 and C3
show slightly higher PCE, J;. and V. values due to the low dye loading of the former
on TiO, surface [51]. The low dye loading amounts can be explained with the large
sizes of [Ru(bpy),C2](PF¢), and [Ru(bpy),C31(PFs),. Low dye loading may increase
charge recombination via the uncovered TiO, surface, leading to the V,. decrease.
Additionally, the increased charge recombination may reduce the J;. [50]. Among the
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Figure 4. IPCE curves of DSSCs based on the catechol dyes (a) and the boronic acid dyes (b).

six dyes, DSSC based on the complex bearing two catechol anchoring groups
([Ru(C2),(NCS),1(PFs),) showed a maximum PCE of 2.37% (J;. = 6.16 mA cm 2, V.. =
0.621 mV, FF=0.62). The higher PCE of [Ru(C2),(NCS),]1(PFe), is attributed to its
broader absorption spectrum on the TiO, film [48] and appropriate dye loading [51],
leading to the improvement of J;. and V,, respectively. Except for C2, the dye loading
amount of [Ru(C2),(NCS),](PFg), is higher than those of others. Despite dye loading
of [Ru(C2),(NCS),1(PFs), being lower than €2, DSSC based on the former exhibited
higher V,.. The di-anchoring dye might occupy more adsorption sites on the TiO, sur-
face over a wider region than the mono-anchoring dye, which is beneficial to reduce
charge recombination [52]. Moreover, the presence of two anchoring groups strength-
ens the binding of dye and enhances the electron injection from the dye to TiO, com-
pared to the mono-anchoring group dyes [52-54].

As known, the use of CDCA with dye sensitizers can prevent dye aggregation and
retard charge recombination, which is beneficial to improve the performance of DSSCs
[55, 56]. On this basis, CDCA was employed for fabrication of DSSCs. In the presence
of CDCA, the Ji, V,. and FF of DSSCs based on the six dyes are 1.60-6.40 mA cm 2,
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Figure 5. Nyquist (a) and Bode (b) plots of DSSCs based on the six dyes.

0.589-0.632 V and 0.67-0.72, respectively, corresponding to an overall PCE of
0.64-2.83% (Figure 3(c,d); Table 2). For comparison, the DSSC based on N719 with
CDCA exhibited a PCE of 7.75%. After addition of CDCA, only a slight increment in V,,
was observed for all the cells. This can be ascribed to relatively low concentration of
CDCA (5mM). All six cells exhibit over 17% PCE improvement compared with the
DSSCs without CDCA, indicating that the coadsorbent decreases the aggregation and
suppresses charge recombination [57]. As expected, the best PCE of 2.83% was
obtained with [Ru(C2),(NCS),1(PF¢), sensitized cell, possessing a typical J;. of 6.40 mA
cm 2, a V, of 0.632V, and a FF of 0.70.

To confirm the difference between the J;. values of these dyes, the incident pho-
ton-to-current conversion efficiencies (IPCE) as a function of incident wavelength for
the DSSCs were measured (Figure 4). The integrated photocurrent (JSC'PCE) values from
the IPCE spectra are in agreement with the measured Ji. values (Table 2). The maxima
of the IPCE peak of the catechol dyes reach 45% contrasting with the peak values of
the boronic acid dyes of only ~25%. Moreover, the catechol dyes show much broader
IPCE curves than those of the boronic acid dyes, which is consistent with the absorp-
tion spectra on the TiO, film. Therefore, the higher IPCE values and broader IPCE
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Figure 6. Absorption spectra of [Ru(bpy)2C2]2+ (@) and [Ru(bpy)2C3]2+ (b) sensitized TiO, films
before (t=0h) and after 5 and 15 h of desorbing treatment.

responses of the catechol dyes confirmed their higher J;. values from the J-V meas-
urement [58].

To investigate the high V,. observed for the catechol dyes, electrochemical imped-
ance spectroscopy (EIS) measurements of the DSSCs were obtained in the dark.
Nyquist plots of DSSCs based on the six dyes are exhibited in Figure 5(a). The larger
semicircle at the lower frequencies is related to the charge recombination resistance
(Rrec) at the TiO,/dye/electrolyte interface. Larger Ry reflects the lower charge recom-
bination and higher photovoltage [59]. The R, values of six dyes increase in the order
of [Ru(bpy)>C31*°* (296 Q) < €3 (330 Q) < [Ru(C3),(NCS),I** (398 Q) <
[Ru(bpy),C21** (68.3 Q) < €2 (82.2 Q) < [Ru(C2),(NCS),1** (95.6 Q), corresponding
to the order V, values, [Ru(bpy),C3]** (0.582V) < €3 (0.587V) < [Ru(C3),(NCS),1**
(0.591V) < [Ru(bpy),C2I*" (0.602V) < €2 (0.609V) < [Ru(C2),(NCS),I** (0.621V).
This result implies that the DSSCs based on the catechol dyes can suppress charge
recombination most efficiently, leading to higher V,. values. The electron lifetimes (t.),
which can be estimated using the equation t. = 1/2nf [60], are 2.48, 3.81, 5.87, 9.03,
13.89 and 21.37ms for [Ru(bpy),C3]**, €3, [Ru(C3),(NCS),I**, [Ru(bpy),C2]**, C2
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and [Ru(C2),(NCS),1%", respectively, which are also in agreement with Vo values
(Figure 5(b)).

Even small quantities of water in the redox electrolyte decrease the stability of the
DSSCs since it accelerates dye desorption [61]. This was examined by immersing the
sensitized TiO, films into an acetonitrile solution containing 5%w of water. Then, the
anchoring stability of the dyes was evaluated by measuring their absorptions at differ-
ent times of desorbing treatment, as shown in Figure 6. Remarkably,
[Ru(bpy),C31(PFe), sensitized TiO, film exhibited a notable drop in the absorbance
compared to that of [Ru(bpy),C2](PF),. Similar behaviors were also observed for
other boronic acid and catechol dyes, suggesting that the anchoring stabilities of the
latter dyes are better than those of the former ones.

4, Conclusion

In this study, 4,5-diazafluorene ligands and their ruthenium(ll) complexes were synthe-
sized and characterized using 'H NMR, '>C NMR, FT-IR, UV-vis and mass spectroscopic
methods. Their optical and photovoltaic properties were investigated. DSSCs based on
the ligands displayed slightly higher photovoltaic performances compared to cells
based on their mono-anchoring complexes owing to their more compact packing on
the TiO, surface, which is beneficial to reduce charge recombination. Among the syn-
thesized compounds, the DSSC based on the complex bearing two catechol anchoring
groups ([Ru(C2),(NCS),]1(PFs),) exhibited a higher PCE of 2.83% under standard condi-
tions from enhanced J;. and improved V,.. It can be attributed to the strong binding
ability of the anchoring groups on TiO,. The results indicate that two catechol sub-
stituents can be incorporated into the sensitizer as anchoring groups to improve
photovoltaic performance.
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