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Abstract

A new series of promising synthetically facile aytithenated thiophene-based sensitizers have leeen d
veloped and fully characterized by UV-vis spectopsg NMR and cyclic voltammetric studies. The syn-
thesized dyes have broad MLCT bands spanning #ieleiispectrum, with high extinction coefficients.
The energies of the molecular orbitals for theasad molecules of the complexes and densitiesaf-oc
pied states were determined. The cycloruthenateghoands containsrtho-metallated thiophene moiety
substituted by N-(methyliden)aniline or pyridine/at theortho-position. Having 4,4’-dicarboxy-2,2’-

bipyridine as the linker and auxiliary ligands arthored to nanocrystalline TA@ms, they achieve



efficient sensitization in the visible range angpdiy an overall conversion efficiency of 5.3% unde

standard AM 1.5 sunlight.
1. Introduction

The search for sustainable sources of renewablgiseone of the greatest challenges t3 Gdntury
civilization. Among existing energy sources, a cansion of solar energy to electric power (photoolt
ics, PV) is one of the most attractive technologhescording to the International Energy Agency Rhot
voltaic Power Systems Programme (IEA-PVPS) reonergy production of PV systems increased up to
36.9 GW in the year 2013 as compared to 29 GWarydar 2012 [1]. Traditional monocrystalline Si-
based solar cells can reach 27% power conversfmneety (PCE) [2]. The new type of multijuctionlce
containing Ga, As, In, N, P elements gave 43.5% BL.EHowever, the fabrication of such solar cells
requires very clean conditions (for Si-based ce&lighe use of toxic elements (for SJ3-type celibus,
nowadays traditional photovoltaic technology fasgeng competition from third generation PV (3GPV)
technology, especially dye-sensitized solar cBIS$C) and organic solar cells. PCE reached 13%hé&r
former [4] and 12.05% for the latter [5]. PCE dfslid-state dye-sensitized solar cells basecead-
halide organic-inorganic perovskites have quickigréased over the last six years [6], and the perfo
mance of the cells with a National Renewable Enealyoratory (NREL)-certified reached record effi-
ciency of 22.1%. DSSCs have a leading edge over ¢dkchnologies due to their lower cost, simple fab
rication methods and high power conversion efficierin these cells, the dye is one of the key compo

nents for high PCE.

A typical ruthenium(ll) dye for DCCSs based on npgous titania film utilizes three types of liganéds
a linker which connects Ru to the TLi6urface [7]; an anionic ligand modulating HOMO m&gye an aux-
iliary ligand modulating LUMO energy [8]. Linkingnd anionic ligands are usually 2,2’-bipyridine-4,4’

dicarboxylic acid and two thiocyanate moietiespezsively. A lot of different auxiliary and linkinkg-



ands were probed to enhance the PCE of solar[8gllslaximal PCE value for NCS-containing equals
11.5% [10]. The main drawback of these dyes ig fbai photostability and thermal stability [11]. An
other type of anionic ligand is 2-phenylpyridinedats derivatives. The PCE of corresponding DSSCs
reached 10.1% [12]. Attempts to replace 2-phenydinye with other similar ligands were also made-{13
16]. One very promising ligand is ortho-substitutieidphene. Recently it has been shown that thiophe
derivatives containing a coordinating ligand at2hgosition can be metallated to the 3-positiogite
cycloruthenated compounds [17,18]. The usage @€sponding complexes as sensitizers in DSSCs was
considered in one report only [19]. In the pregmyer, the preparation of the simplest cycloruthexha
compounds containingrtho-metallated thiophene moiety substituted by N-(pkdlen)aniline or pyri-
dine-2-yl at theortho-position, with traditional 4,4’-dicarboxy-2,2’-bypidine as the linker and auxiliary
ligands is reported. To get an insight of the sttt influence on the dyes electronic propertilesir
electrochemical, spectral and DFT studies weraathout. To determine the solar energy conversion e
ficiency of new &-ruthenium-based organometallic sensitizers, tgstirir performance in DSSCs was

carried out.

2. Experimental section

2.1. Materials and instruments

All starting reagents were obtained from commers@alrces. The solvents were dried prior to thebyse
conventional methods. Di-pi-chlorobig{{benzene)ruthenium(ll) chloride) [20] and diethy2'2
bipyridine-4,4’-dicarboxylate [21] were prepareddescribed elsewhertH and**C NMR spectra were
obtained on Bruker DRX-400 and AVANCE-500 spectreane Elemental analysis was carried out on a
Eurovector EA 3000 automated analyzer. Electropgca were registered at room temperature on a
Cary5000 UV-vis-NIR spectrometer (Agilent) equippeith DRA2500. High resolution mass spectra
(HRMS) were measured on a Bruker micrOTOF Il instent using electrospray ionization (ESI) [22].
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The measurements were made in a positive ion motkface capillary voltage — 4500 V). Mass range
was fromm/z 50 tonVz 3000; external or internal calibration was donthv@SITuningMix, Agilent. A
syringe injection was used for solutions in acdtdai(flow rate 3uL/min). For compound$ and8, tri-
ethylamine was added to enhance solubility. Nitrogas applied as dry gas; interface temperature was

set at 180 °C. The HRMS values are presented éomibst abundant peak in the isotope cluster.
2.2. Synthesis and characterization of dyes

N-(thiophen-2-ylmethyliden)aniline (1) Synthesized as described previously [23]. Yield 7&Ft(400
MHz, CDCh, 27 <C): 7.14-7.16 (dd, 1H, 4-H-anit)y 1 = 4.8, 3.8 Hz), 7.20-7.25 (m, 3H, 2-H-anil, 4-H-

th), 7.38-7.42 (m, 2H, 3-H-anil), 7.47-7.51 (n#],3,5-H-th), 8.56 (s, 1, CH=N).

2-Bromothiophene Synthesized as described previously [24]. Yidda Bp 53-56C (18 mmHg).oH
(400 MHz, CDC}4, 27<C): 6.87 (dd, H, 4-H,%J 1 = 5.5, 3.7 Hz), 7.05 (dd H, 3-H,%J4 4 = 1.7, 3.7 Hz),

7.23 (dd, H, 5-H,%Jy 1 = 5.5, 1.3 Hz).

2-(thiophen-2-yl)pyridine (2). Synthesized as described previously [25] andipdras follows. Sticky
solid obtained after washing with ammonium chlosdéution was filtered off through Celite and washe
with 160 ml of diethyl ether until slight coloratiaf the washings. Then the water phase was egttact
with 30 ml of diethyl ether. Organic phases wermbmed and washed with 30 ml of brine. The organic
phase was dried over magnesium sulfate. The solvestemoved on a rotary evaporator. The residue
was dissolved in hot pentane. Upon cooling to reemperature red oil was precipitated. Pentane solu-
tion was decanted from oil. The solvent was remaxed rotary evaporator. The residue was cryséalliz
from the mixture of pentane and petroleum ethejivte yellow needles of the product. The solventifro
mother liquor was removed on a rotary evaporatbe fesidue was purified with column chromatog-

raphy on silica gel (eluent: petroleum ether: etigdtate 4:1). 3.76 g (83%) of yellow needles was o



tained.5H (400 MHz, CDC4, 27 C): 7.09-7.15 (m, B, 4-H-th, 5-H-Py), 7.38 (m,H, 5-H-th), 7.58 (m,

1H, 3-H-th), 7.63-7.69 (m,12, 3,4-H-Py), 8.55-8.57 (m H, 6-H-Py).

General procedure for synthesis of compounds 3 artl Synthesized analogously to [26] and purified
by column chromatography on silica gel (eluent DEMCN 10:1). The product was dissolved in a min-

imum volume of DCM and precipitated with petroleether.

Tetrakis(acetonitrile)[N-((thiophene-2-yl-«C*)methyliden)ani-line-kN]ruthenium(ll) hexafluoro-
phosphate (3) Orange powder. Yield 30%. Single crystals wegr by vapor diffusion of petroleum
ether into benzene/methanol solution of the pradii€i{400 MHz, CRCN, 27 T): 1.96 (s, BI, CH3),
2.12 (s, 61, CH3), 2.51 (s, B, CH3), 7.28-7.33 (m,13, 2,4-H-anil), 7.41-7.45 (m 2, 3-H-anil,) 7.62 (d,

1H, th, %34 = 4.7 Hz), 7.83 (d,H, th,*Jq 4 = 4.7 Hz), 8.40 (s,H, CH=N).

Tetrakis(acetonitrile)[2-(thiophen-2-yl-kC>)pyridine-kN]ruthe-nium(ll) hexafluorophosphate (4).
Yellow powder. Yield 45%. Single crystals were groly vapor diffusion of diethyl ether into chloro-
form solution of the producéH (400 MHz, CQCN, 27 T): 1.96 (s, CH3, H), 2.03 (s, 61, CH3), 2.51
(s, H, CH3), 6.98 (m, H, Py), 7.43 (d, H, 3-H-Py,%J 4 = 8.1 Hz), 7.49 (d,H, th,%Jy 4 = 4.7 Hz), 7.56

(d, 1H, th,3Jqn = 4.7 Hz), 7.65 (td,H, Py,3Jyn = 8.9, 1.4 Hz), 8.73 (d,H, 6-H-Py,3J4 = 5.5 Hz).

General procedure for synthesis of compounds 5 arl Synthesized analogously to [18] and purified
by column chromatography on silica gel (eluent D®MOH 25:1). The product was dissolved in a min-

imum volume of DCM and precipitated with petroleether.

Bis(4,4'-diethoxycarbonyl-2,2’-bipyridine-k*N,N’)[N-((thio-phen-2-yl-kC*)methyliden)aniline-

kN]Jruthenium(ll) hexafluorophosphate (5). Red solid. Yield 77%&H (400 MHz, CDC4, 27 C): 1.39-
1.49 (m, 121, CH3), 4.41-4.53 (m,18, CH2), 6.37 (m, 3H, 4-H-th, 2,6-H-anil), 6.90-6.08, 2, 3,5-H-
anil), 6.94-6.97 (m, H, 4-H-anil), 7.64 (d, H, 5-H-th,%J4 4 = 4.6 Hz), 7.80 (dd,H, 5-H-Py,%Jy 1 = 6.0,

1.4 Hz), 7.86-7.89 (M,I18, 5,6-H-Py), 7.95 (d,H, 6-H-Py,%J.1i = 6.0 Hz), 8.00-8.03 (M2, 5,6-H-Py),
5



8.47 (s, H, 3-H-Py), 8.54 (s,H, 3-H-Py), 8.59 (s,H, CH=N), 8.74 (d, H, 6-H-Py), 8.80 (s,H, 3-H-

Py), 8.84 (s, H , 3-H-Py).5C (100 MHz, CDC, 27 C): 14.07 (CH3); 14.15 (CH3); 14.18 (CH3); 62.57
(CH2); 62.62 (CH2); 62.71 (CHZ2); 121.39 (2,6-CH¥prii21.76 (3-CH-Py); 121.82 (3-CH-Py); 121.22
(3-CH-Py); 121.29 (3-CH-Py); 125.85 (5-CH-Py); 1PB(5-CH-Py); 126.37 (6-CH-Py); 126.71 (4-CH-
anil, 5-CH-Py); 128.95 (3,5-CH-anil); 133.10 (4-Qh): 135.78 (4-C-Py); 135.91 (5-CH-th); 136.06 (4-
C-Py); 136.75 (4-C-Py); 137.45 (4-C-Py); 137.8602h); 149.74 (1-C-anil); 150.25; 151.39 (5-CH-Py);
151.63 (6-CH-Py); 153.16 (6-CH-Py); 154.58 (2-C:P\95.11 (6-CH-Py); 156.39 (2-C-Py); 157.53 (2-
C-Py); 157.68 (2-C-Py); 163.57 (COO); 163.71 (COWBY.95 (CH=N); 206.65 (3-C-th). (Thiophene is
denoted as “th”, aniline - as “anil”, bipyridinegas “Py”, respectively). Found: C, 50.24; H, 4.R06.72;

S 2.72. Calc. for ©H4oNsFsOgPRuUS: C, 50.00; H, 3.90; N, 6.78; S, 3.10. Higlohgson ESI-MS:m/z

888.1637 (calc. for £H4oNsOsRUS Vz 888.1647).

Bis(4,4'-diethoxycarbonyl-2,2’-bipyridine-k*N,N’)[2-(thio-phen-2-yl-kC>)pyridine-

kN]ruthenium(ll) hexafluorophosphate (6). Red solid. Yield 63%5H (400 MHz, CDC4, 27 C): 1.44
(m, 12, CH3), 4.43-4.50 (m,18, 4CHZ2), 6.16 (d, H, 3J4 1 = 4.6Hz, 4-H-th), 6.83-6.86 (mH]. 4-H-

Py1), 7.31 (d, H, 3Jy 1 = 6.0 Hz, 3-H-Py1), 7.35 (dH}, *Ju 4 = 4.6 Hz, 5-H-th), 7.50-7.52 (mH]. 6-H-
Py1), 7.56-7.60 (m,H, 5-H-Py1), 7.75-7.77 (m,H, 6-H-Py), 7.79-7.81 (m,H, 6-H-Py), 7.86-7.90 (m,
2H, 5,6-H-Py), 8.05-8.09 (m 2 5,6-H-Py), 8.13 (d,H, Iy 1 = 6.0 Hz, 5-H-Py), 8.15 (dH, %Iy = 6.0
Hz, 5-H-Py), 8.77 (s,H, 3-H-Py), 8.77 (s, 1H, 3-H-Py), 8.84 (s, 1H, 3-M}B.92 (s, 1H, 3-H-PyRC
(100 MHz, CDC}4, 27 C): 14.11 (CH3); 14.17 (CH3); 62.43 (CH2); 62.54 @H62.63 (CH2); 62.69
(CH2); 118.49 (6-CH-Py1); 120.84 (4-CH-Py1); 122(BZH-Py); 122.05 (3-CH-Py); 122.42 (3-CH-
Py): 122.53 (3-CH-Py); 125.55 (6-CH-Py); 125.7408-Py); 126.18 (5-CH-Py); 129.46 (6-CH-Py);
132.43 (5-CH-Py); 135.26 (2-C-th); 136.1 (4-C-P336.45 (4-C-Py); 137.16 (4-C-Py); 138.15 (4-C-Py);
149.98 (3-CH-Py1); 150.68 (5-CH-Py); 150.80 (6-C¥):R51.69 (5-CH-Py); 155.20 (5-CH-Py); 155.42
(2-C-Py); 156.19 (2-C-Py); 157.61 (2-C-Py); 157(B9C-Py); 162.31 (2-C-Py1); 163.55 (COO0); 163.66
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(COO0); 163.74 (COO0); 163.85 (COO); 190.08 (3-C-(mhiophene is denoted as “th”, pyridine bound
with thiophene - as “Pyl1”, bipyridines - as “Py&spectively). Found: C, 49.70; H, 4.18; N, 6.992.8/.
Calc. for GiH3sNsFsOsPRUS: C, 48.91; H, 3.80; N, 6.96; S, 3.18. Higlohason ESI-MS:m/z 862.1479
(calc. for G1H3gNsOsRuS m/z 862.1490Y4,4'-Dicarboxy-2,2'-bipyridine-k?N,N’)(4-carboxy-4'-
carboxy-late-2,2'-bipyridine-k*N,N’)[N-((thiophen-2-yl-kC*)methyli-den)aniline-kN]Jruthenium(ll)

(7). Synthesized analogously to [26] and purified aloWes. The residue was suspended in hot DMF, in-
soluble fraction was removed by ultracentrifugat{®B400 rpm, 1.5 min). The solvent was removed on a
rotary evaporator. The residue was dissolved irdME and precipitated with diethyl ether. 18.5 mg

(70 %) of dark red solid was obtainé#l (400 MHz, CROD+NaOD+D0, 27 C): 6.45 (d, H, *Jy s =

4.6 Hz), 6.50 (m, H), 6.89-6.90 (m, B), 7.63 (d, H, 3Jy 1 = 6.0 Hz), 7.66 (br s, 1H), 7.68 (K 1*Jy 1

= 4.6 Hz), 7.73 (d, 1HJ4 4 = 5.5 Hz), 7.82 (d,H, )41 = 6.0 Hz), 7.86 (d,H, 3J4 = 5.5 Hz), 7.91 (d,
1H, 33y 1 = 6.0Hz), 8.62 (s,H), 8.64 (d, H, %Iy = 5.5 Hz), 8.69 (s,H), 8.71 (s, H), 8.88 (s, H). 5C

(150 MHz, CROD+NaOD+D0, 27 T): 123.10; 123.25; 123.37; 123.61; 126.80; 126127..24,

129.82; 134.64; 136.04,; 139.31; 145.04; 145.38;1146146.73; 149.93; 151.53; 152.82; 153.98; 155.71
156.62; 158.43; 159.22; 159.45; 166.38; 171.00;15;1171.29; 171.48; 211.14. Found: C, 54.38; H
3.09; N 8.97; S 3.86. Calc. forf3NsOsRUS: C, 54.26; H, 2.99; N, 9.04; S, 4.14. High heson ESI-

MS: Mz 776.0402 (calc. for §H»aNsOsRUS, [M+H]', m/z 776.0392).

(4,4-Dicarboxy-2,2"-bipyridine- k°N,N’)(4-carboxy-4’-carboxy-late-2,2"-bipyridine-k”N,N’)[2-
(thiophen-2-yl-kC>)pyridine- kN]ruthenium(ll) (8). Synthesized analogously to [26] and purified as
follows. The residue was suspended in diethyl eth#ér addition of a small amount of DCM and MeOH,
filtered and dried. 26.4 mg (83%) of dark red selias obtaineddH (400 MHz, CROD+NaOD+DB0, 27
°C): 6.29 (d, H, %y = 4.8 Hz), 6.75-6.79 (mH), 7.37 (m, H), 7.42 (d, H, *Jy = 4.7 Hz), 7.56-7.60
(m, 2H), 7.64-7.67 (m, H), 7.69-7.71 (dd, H, %3y 1y = 6.0, 1.6 Hz), 7.83-7.88 (mH3, 7.93 (d, H, %Iy 4

= 6.0 Hz), 8.04 (d, H, *Jy 1 = 5.9 Hz), 8.85 (s, 1H), 8.86 (s, 1H), 8.92 (s),19400 (s, 1H)5C (150



MHz, CD;OD+NaOD+DQ0, 27 T): 119.08; 120.81; 123.35; 123.49; 123.89; 1261@1,.67; 129.88;
134.32; 136.81; 137.46; 144.85; 145.23; 146.15;347150.30; 151.22; 151.38; 151.83; 155.79; 157.42
158.52; 159.11; 159.38; 161.62; 164.96; 171.09;11%1171.31; 171.42; 195.93. Found: C, 52.69; H,
3.19; N, 9.29; S, 3.91. Calc. foel,1NsOgRUS: C, 52.94; H, 2.83; N, 9.35; S, 4.28. High hatson ESI-

MS: mvz 750.0235 (calc. for 5H21NsOgRUS, [M+H] vz 750.0196).
2.3. Voltammetric study

Electrochemical studies were carried out using atolab 100N potentiostat/galvanostat connected to a
PC. Voltammograms were recorded using cyclic votteatny (CV) in DMF solution containing 0.05 M
BusNBF, as a supporting electrolyte at 20°C in a 10 mL-oompartment electrochemical cell. A sta-
tionary Pt disk (d = 3.2 mm) was used as a workiegtrode; Pt wire served as an auxiliary electrade
saturated Ag/AgCI/KCI electrode was used as aeefa electrode. The potential of the F¢/fmlox
couple in the experimental conditions was +0.4%VAgQ/AgCI/KCI. Oxygen was removed from the cell

by purging with dry argon.
2.4. Calculations

The energy levelE(LUMO+m) andE(HOMO-n) of model cations of the complexgand8 were opti-
mized in DFT/BP calculations using an STO basiot#iple-{ quality. The equilibrium structures &f
and8 were converged with accuracy of 0.01A.All calcidas were performed using the Amsterdam

Density Functional (ADF) program [27,28] versionl3J29].
2.5. Cell fabrication

Photoanodes were assembled as follows. TCO22-tfrfated tin oxide coated %9.9 cnf glasses (So-
laronix®, specific surface resistivity ~X%sq) were purified by aging in sulfochromic mixtdoiowed
by ultrasonication in organic solvents (isopropaaad acetone) and distilled water, and then dried a
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50°C in air. The application of Ti-Nanoxide padBESP, Solaronix®), comprising titania powder and
terpineol as a binding agent, was performed bysthedard «doctor blade» technique using a stenitil w
a 2.0 x 2.0 cm (~ 90 um depth) square hole. AfRerpaste application, raw photoanodes were dried at
50°C in air, and then calcined in a muffle furnacd50°C for 1 hour (heating rate 3M@n™?, in air). The
thickness of obtained titanium dioxide film was abbd5um, and it was determined by Alpha-Step D-
100 profilometer (KLA-Tencor). Sensitizing of titamm dioxide was performed by soaking of pho-
toanodes in ~5- 1OM methanol solutions of dy&sor 8 for 24 hours. A three-electrode photoelectro-
chemical cell PECC-2 (Zahner) cell was used fomthetoanode potential measurements. The pho-
toanode served as a working electrode and a ptatimize with the surface area of 5 tmas used as an
auxiliary electrode, a silver wire was used asfereace electrode. The voltammetric measurements we
performed with IPC Pro MF potentiostat under AM @l&bal one sun of illumination (100 nign?)
provided by a solar simulator (Newport 96000). Thenination power at different distances was deter
mined with Nova apparatus (OPHIR-SPIRICON Inc.)rr€nt-voltage characteristic of DSSCs and pho-
tocurrent density at the short-circuit voltage weeeformed by the two-electrode scheme. The tratsie
of photoanode potential and photocurrent densitii@short-circuit voltage were measured undediara
tion and in dark condition. The photoanode areaatmsit of 1.0 cf The illuminated photoanode area
was restricted by a mask 0.196%ifhe illumination was performed from the side @7 photoanode

with the adsorbed dye.
3. Results and discussion

3.1. Ligands preparation and cyclometallation

We investigated the already known simplest thiophemntaining compounds that could undergo cy-
cloruthenation. The major advantage of the chosgivativesl and2 was their ability to be modified

easily with substituted anilines inor pyridines in2. Compoundl was synthesized by condensation reac-
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tion with aniline [23], and compoun? was synthesized by sequential thiophene bromingd&d] and
Kumada coupling [25] with 2-bromopyridine in goorlgs. It is known that benzene imacoordinated
ruthenium precursor is easily substituted by amidiggands [30]. Cyclometallation reaction proceeded
smoothly with [Ru(GHe)Cl;]2 as a ruthenium source, but the yield8@&nd4 after purification by col-

umn chromatography were quite moderate (Scheme 1).

Scheme 1Synthesis of cyclometallated thiophenes. Conadfiti@) EtOH, aniline, reflux; b)
[Ru(GsHs)Cly]2; NaOH, KPR; MeCN, 45°C, 48 h; c¢) ¥D,, HBr, EtO; -17-15°C; d) Mg, ED, reflux; e)

2-bromopyridine; Ni(dppp)G} EtO, rt.

In general, complexel and4 are light/oxygen sensitive powders, while they m@re stable than 2-
phenylpyridine analogue. There are two possibleswayprepare target dyes: the direct reaction gath

of dicarboxylic acid [31] or the sequential forneetiof ester followed by its hydrolysis [30]. To &lele to
perform reliable experimental spectroscopic andtelehemical study, the second method was chosen.
Esters have much better solubility in organic solseas compared to free acid complexes, even iathe

ter are in the sodium salt form.

Scheme 2Preparation obrtho-metallated dyes. Conditions: a) diethyl 2,2’-bigyme-4,4’-

dicarboxylate; EtOH, reflux, 3 h; b) DMF, 48, H20, reflux, 15 h.

Ester moieties can be removed by alkaline hydrselysth a DMF/water/EN mixture [30] (Scheme 2).
The structures of the esterand6 were proved by NMR (all proton and carbon chemstalts were as-
signed by 2D-NMR techniques) and HRMS-ESI. The détained for free acids were in agreement with
that for the parent esters. Besides elemental sisalye absence of PEounteranion was also confirmed
by absence of fluoride signals i#F-NMR. This fact allowed us to consider compoufdand8 having
betain structures [16].

3.2. Crystallography
10



The structures of complex8sand4 were unambiguously proved by means of X-ray dititn (Fig. 1).

Figure 1. Structures of [RuL(MeCN)" in 3 (a) and4*Et,0 (b) (H atoms at carbon atoms and counteri-

ons are omitted for clarity, thermal ellipsoids green with 30% probability).

These compounds adopted configurations of ligaygisdl to the previously known ruthenium(ll) com-
plexes.[32] Complex crystallizes in the P-1 space group. There were drystallography independent
molecules (Z = 4) which had identical coordinatggometry, so we described one of them. The rutheni-
um atom in3 has distorted octahedral coordination geometrg.(Ea). The Rul atom coordinates four
nitrogen atoms of MeCN molecules (Rul-N 2.013(4)83(4) A), nitrogen and-bound carbon atoms of
chelate anion (Rul-N1 2.091(4), Rul-C3 2.022(5)Te angle between the planes of C6 and C4S-C=N
fragments in L-H is 51.9°. The selected bond lesg#) and angles (degrees)3were as follows: S1-C
1.708(6), 1.741(5), C2-C3 1.421(7), C3-C4 1.385();C5 1.299(6), N1-C6 1.442(6), N-C (MeCN)
1.138(7)-1.130(7), C1-S1-C4 90.3(3), C2-C3-C4 1(8),8C5-N1-C6 117.4(4), C3-Rul-N1 79.4(2), C3-

Ru1-N2 90.6(2), C3-Rul-N3 173.9(2), C3-Rul-N4 99)7C3-Rul-N5 94.8(2).

Complex4*Et,0 crystallizes in the P-1 space group. The rutheratom in4*Et,O has distorted octa-
hedral coordination geometry (Fig. 1b). The Rulmain4*Et,O coordinates four nitrogen atoms of
MeCN molecules (Ru-N 2.006(2)-2.048(2) A), nitrogerds-bound carbon atoms of 2-(2-
thienyl)pyridine anion (Ru-N 2.060(5) and 2.037(1Ru-C 2.028(5) and 2.14(3) for two forms of disor-
dered ligand, correspondingly). The selected baomyles (deg) iM*Et,0 are as follows: C1-Rul-N5
175.0(2), C1-Rul-N1 78.9(2), N1-Rul-N4 172.8(2);Ri21-N3 176.99(8), C1A-Rul-N4 176.9(9),

C1A-Rul-N1A 85.2(9), N1A-Rul-N5 173.4(8).

3.3. Electrochemical study, absorption spectra anBFT/BP simulations
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To get estimation of the HOMO — LUMO levels as vadlof the stability of the oxidized and reduced
species, electrochemical investigation of compou8svas performed. Half-wave potential values are

listed in Table 1.

Table 1.Half-wave potentials (f) and direct/reverse peak separation val&s)(for 5-8 complexes

(0.5mM, Pt, 0.05M ByNBF,, DMF, 100 mV/s, vs. Ag/AgCI/KGk:)
*- the peak potential is indicated; the processreversible

As follows from the data given in Table 1, all t@mpounds are redox active in cathodic and anodiz a

(Fig.2).

Figure 2. CV curves of 0.5 mM solutions &f 6 and8 (Pt, 0.05M BuNBF,;, DMF, 100 mV/s, vs.

Ag/AQCIl (KClga)

Oxidation of5-8 is completely reversible (direct/reverse peak sapar values are of 60-70 mV at a po-
tential scan rate of 100 mV/s; the correspondingkpeurrent ratios are close to unity), diffusion-
controlled and metal-centered for all compoundse Pleak potential values are typical for’RRu**
transformation commonly observed in the potengglion of 0.5-0.9 V (vs. Ag/AgCI/KCI) for various
pyridine-containing ruthenacycles [16,33—-3E]ectrochemical reduction of complex&s8 is multi-

electron, stepwise and ligand-centered.

More likely, the first two reduction steps corresgdo the consecutive reduction of the bipyridiige |
ands as it has been previously observed for ruttyetes with the similar coordination environment
[16,35]. The third electron might be expected taraasferred to the orbital mainly located on thie+

phene-based moiety.

Electrochemical data obtained for compouidsand7-8 are given in Table 2 allowing the comparison;

the CV curves for complexés6and 8 are presented in Fig.2. It should be mendidinat for fabrication
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of DCCSs, the ruthenium(ll) dye is based on mesmmotitania forming Ti-O bond, which is close te th
covalent one. Ester compourtl$ have covalent C-O-C bond, contrary/t®, which have ionized car-
boxy group. Thus, both types of compounds shoulddnsidered as models since they are not applied
directly in the photovoltaic cell. Meanwhile, thergpheral ester or carboxy group can be expected to
have not really much influence on the electronaperties of the redox centers. This follows, for in
stance, from the UV-Vis spectral data which is attbe same for both series (see below). One can ex
pect that the electrochemical potential valueSférand7-8 compounds also should not differ signifi-
cantly. The problem is in the presence of protoansompoundd-8, which provides an additional cathod-
ic process of hydrogen evolution. The correspontiogd peak is superimposed to pyridine- and thio-
phene-centered redox processes, which are of gttkenecharacterization of the material and ocauhie
close potential region resulting in a poor peablgson. The same situation was also observed6i [3
The other problem is much lower solubility of coen@s7-8 as compared to theéi-6 counterparts. The-
se two factors significantly degraded the accudhe measurement of the potential values for¢he
dox-transitions of interest for complexeés, as compared t6-6 models, which exhibit three consecutive
well distinguished one-electron redox transformraio the cathodic area (see Fig. 2). Thus, the CV
curves for complexeg-8 are much less informative (given in Fig.2. an®InFigs. S15 and S16) than
that for5-6. The electrochemical potential gaps{E Ereq Values) measured for the compounds under
investigation are listed in Table 2. Evidently, theerimental estimation is influenced by the sobra
energy, as compared to the corresponding DFT adkulivalues (see below). However, for the ester de-
rivatives5 and6, in which the ligand-centered reduction is notueficed by the impact of hydrogen evo-
lution impeding the correct estimation of the fohpatential values, the coincidence of the eledtemi-
cal, spectral and DFT-calculated energy gaps was tpasonable. The UV-vis absorption spectra ef th
prepared dyes in methanol solution are presentédyir8 and the corresponding data are summarized i

Table 2.
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Figure 3. Comparison of experimental UV-vis spectra of compuds (ap (solid) and6é (dashed) (3.4*10
> M solution in methanol) and (#)(solid) and8 (dashed) (1*18 M solution in methanol). For calculated
spectra off and8 and alignment of the energy levels see Figuregtifootnotes to Table S2. Tangent

line on Fig. 3a illustrates an estimation of ogtlwand gap\Eqpical (Table 2).

Table 2. UV-vis spectral data and band gap energies. Motanction coefficients (Mcm™) for selected
maxima wavelengths in visible range are given ireptneses. Th&Eqyica Was obtained by extrapolation
of the spectral data (Fig. 3)Ecq0xiS the difference between the first oxidation #melfirst reduction
potentials of the complexesExr was calculated using the Koopmans’ theora&spticakt as E(HOMO-
1) — E(LUMO+1) and E(HOMO-2) — E(LUMO+1) gap an&;eqoxxt as E(HOMO) — E(LUMO) and

E(HOMO) — E(LUMO+1) gap.

All dyes exhibited absorption bands at two distgmectrum regions. The intense absorption50000
M™cm?) occurs at around 270-350 nm that can be attribiat¢he localizea—n* electron transition
located on the ligands. Other broad absorption anel in the visible region of 370-650 nm with mmola
absorption coefficient of around 10000t are likely to originate from metal-to-ligand chatgens-
fer (MLCT) transition, which is common for simil&u(Il) compounds.[37-39] As it is well known,
MLCT in complexes arise from transfer of electrénasn molecular orbitals (MO) with metal-like char-
acter to those with ligand-like character, therefee used data from the spectra by extrapolatidheof
absorption curve to evaluate the optical band dadbpeostudied complexes.[40]Having experimental
electrochemical and UV-Vis data, it was interestmgompare electrochemical and optical band gap

values. there is a relationship described genebglihe equation[41]
AEoqptical = AEredox + i a;

where termg; collects factors not directly deriviable from eitloé these measurable variables. Various
factors contributing to this term have been diseds=arlier [42]. In particular, this term must e a
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correction for the solvation energy differencesnaen different species, and a term to accounti®r t
differences in the orbital energies of the spedasit can be seen from comparison of the restiltgpo-
cal and electrochemical measurements (Table 2)tehin varies from 0.14 to 0.49 eV for studied com-

plexes. These values are in agreement with litezatata [41,42].

The calculated distribution of the density of elentc states (DOS) for modefsand8 (considered as

monovalent cations with fully protonated carboxgioups) are given in Fig. 4.

Figure 4. Density of electronic states (DOS) and the enesgglbs of7 (a) and8 (b) sensitizers. The val-

ues OfAEqptical ' andAEreqox. ' are given in the Table 2.

The optical and electrochemical gayS;pica aNdAEeqoivere calculated using the Koopmans’ theorem

as

AEY spticam E(LUMO+1) — E(HOMO-1)
AEY5ptica E(LUMO+1) — E(HOMO-2)
AE™ edox= E(LUMO+m) — E(HOMO-n)
wheren=0,1,...,15,m=0,1, ..., 14

The calculated difference between the optical &edetectrochemical band gaps is consistent with the
experimentally obtained values (Table 2). For theglexes’ and8 the AEgovalues aresmaller than
those of the compoun8isind6 by0.33 and 0.38 V respectively. These values ansistent with
E(HOMO)-E(LUMO) gap change in SCN-containing 2,8yridine Ru(ll) complexes calculated previ-
ously by replacement of two of the carboxylic armaig groups by 4,4’-methyl groups [43]. For com-
pound7, the HOMO energy was estimated to be equal-7.49%Mreas foB it was equal to about -7.47
eV. The HOMO energy difference for these two cometeagrees well with the experimental trend of the

oxidation potentials (Table 1). Fig. S1 and TallesBow that the theoretical results match withetke
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perimental data well. Our approach allows to plyt@ompensate for the possible inaccuracy of tikd D

methods in treatment of the electron correlatidaat$ in the transition metal compounds [44].

For compound3 and8, the three weak bands located at 563 and 570ad@895, 418 and 409, and two
strong bands located at 316 and 313, 305 and 304 timee UV-vis range, were observed experimentally.
The SCN-containing 2,2’-bipyridine Ru(ll) complexesve similar UV-vis spectra [32,41-43]. We fo-
cused on the analysis of transitions that genetaegeaks of longer wavelength absorptions foln bot
complexes. According to the electronic structudewdations of cationg and8 (Fig. 5), the two most
long-wave bands are to be assigned to thehabsorption of Ru lone pairs delocalized on the 2-
thiophene substituent. In the green range of catiand in the yellow of th8 the HOMO-LUMO+6

transition is active (Table S2, Fig. S17).

Figure 5. Electronic transitions of cations defined absonpiiovisible range of spectrum f@ra) and3

(b) dyes: HOMG->LUMO+6 and HOMO-1 and HOMO-2LUMO+1 being the most long-wave bands
in the green®) and the yellow&) ranges, HOMO-1 and HOMO-2LUMO+6 in the blue range. The
band gap HOMO-1 (HOMO-2) — LUMO+1 defimdEqpicas IS consistent with the spectral data. The band
gap HOMO — LUMO (LUMO+1) defineAEeqox IS cOnsistent with the electrochemical data. foinlkeid-
den HOMO - LUMO transition is not observed in thetical spectra. The numerical designations show
the Ru contribution to corresponding MO(%), elutilniggmore absorption intensity of dye 8 in yellow

and blue ranges.

In the blue range of both cations, HOMG>LUMO+1 and HOMO-2-LUMO+1 transitions are active.
In the yellow range of spectrum of cati®nthe absorption of the RN>rebond of the 2-thiophene ligand
corresponding to HOMO-3LUMO+1 transition appears. HOMOLUMO+7 absorption is observed in
the blue range of the spectrum. The HOMOUMO+6 transition energy of cationcoincides with the

maximum of the most long-wave band. In cahis transition is hypsochromically shifted by thal-
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ue of 65 nm. The similar shift of 68 nm was alsorfdé for the HOMG- LUMO+7 transition. The ab-
sence of the same shift for the HOMQUMO+6 of cation7 can be explained by the absence of the sol-
vent effect because of equivalence of the bondug@ation chain length of atoms, on which these MOs
are delocalized (HOMO: ReN>-C*4-C'C*-5*! and LUMO+6: R&-N>-C*-C'2C?*4S%, Fig. 5, Fig.

S17) and the same Mulliken atomic charges valugh®-S*! atoms (Table S3), suitable for the for-
mation of the complex with solve@H;OH [44]. Thus, the influences of the solvent on HOlsii@ LU-
MO+6 energies of catior are equal. However, in cati@the bond conjugation chain of atoms on
which theLUMO+6 is delocalized is longer than tfaatthe HOMO. Therefore, the solvent effect results
into the decrease of the HOMO-LUMO+6(7) gap andhbetiromic shift of this transition. The stabiliza-
tion of the ground state of the transition metahpounds, as a conjugation effect between the
metallaallene fragment and the co-planar phenygl [48], and abrupt change of dye properties bydtie
crease of the bond conjugation chain length wegverted previously [49-51]. In catio@sand8, the dif-
ference between experimental and calculated valiesvelengths of the blue range transitions of 41
(44) and 67 (82) nm may be explained in the same Wae values of these transitions depend on the
lone pair localization on Ru, as well as on the IMah atomic charges distributions (Fig. 5 and &abl

S3). The violet range band (Fig.S16, Table S1)es to

(i) Absorption of: the 4,4’-dicarboxy-2,2’-bipyride ligands with electron transitions from the HOMO-

(7) or HOMO-11 g) to the LUMO and from the HOMO-13)Y or HOMO-10 B) to the LUMO+1,

(i) Absorption of the RtN°z-bond of 2-thiophene ligand with electron transitleetween the HOMO-3

and LUMO+6;

(iii) In cation7, the HOMO-12-LUMO+1, HOMO-13-LUMO transitions are active, too. In cati8n
there is also the Ru lone pairs’ absorption comadmg to the transitions from the HOMO or HOMO-2

to LUMO+7. The absence of the similar LUMO of apgmiate energy in catior explains the higher in-
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tensity of the violet band of ti&dye. Strong absorption in near UV is mostly due-ter* transitions of
the 4,4’-dicarboxy-2,2’-bipyridine ligands. All el&onic transitions in the visible and NIR ranges a
forbidden by the well-known selection rules; theref the intensity of absorption is weak. Fig. bvgh
electronic transitions that define the long-waveaaption bands. These-at* transitions are almost for-
bidden and have low intensity. In cati®nhcomparing with7, the contribution of Ru in HOMO and HO-
MO-2 is smaller, and it is larger in HOMO-1. The MO-2 (8) is more delocalized and HOMO-8) (is
less delocalized on the anionic ligand. The symyngitange from n ta increases probability of transi-
tion and its intensity. This determines highermsigy and a small bathochromic shift in the gresmge,
and a hypsochromic shift of bands in the blue rasfddV-vis spectrum of th& dye in comparison to

dye7.
3.4. Photovoltaic performance

After injecting the electron into the conductiombaof TiO,, regeneration of the dye is an important pro-
cess within DSSC. To date, iodide/triiodide hasnbtbe most efficient redox couple used for high-
performance DSSCs. The physical diffusion of ioftiiledide in the electrolyte is often a limitingg
cess. We used the method of photopotential andphioent transients to study the dye regeneration p

cess. The results are presented in Fig. 6.

Figure 6. (a) Photoanode potential versus time for the DS8E twe anodes stained with(dash line)
and8 (solid line) dyes in dark condition and underritimation with power of 100 m@m?. (b) Photo-
current density transient at the short-circuit agé for the DSSCs with the anodes stained W(thash

line) and8 (solid line) dyes in dark condition and underritimation with power of 100 m\&m'.

The potential rapidly shifted towards negative eslupon illumination, which indicates that there is
high-rate accumulation of injected electrons inTi®, conduction band. This suggests that the excited

level of the dyes lay higher in energy than thedrotof the conduction band, and that there is atspo
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neous process of charge transfer from the excitdd of dye into the band. It is to be noted thate is
no degradation of photopotential over the time. Bighows the photocurrent response to the lighifbn
sequence. One can see that the DSSCsAatid8 dyes exhibit the current remaining constantly.Sehe
results indicate that in the case of the iodidefdide system there is no diffusion limitation & tregen-
eration of the dyes, according to Zakeeruddin [32f photovoltaic performance is shown in Fig. @ an

Table 3.

Figure 7. Current-voltage characteristic of DSSCs with thetpanodes made using the sensitizers

(dash line) an@ (solid line) upon illumination (100 m&h?).
Table 3.DSSC performance data.
*Solaronix® N535 — bis(4,4’-dicarboxy-2,2'-bipyride-«*N,N)ruthenium(l1) cis-dithiocyanate

It was found that DSSCs have similar charactedstitowever, a comparison of |-V characteristicsngho
that dye7 photocurrent density and open circuit voltage egdbose of th8 dye. For comparison, the
corresponding parameters are also shown for tinelatd N535 dye and forthe known cycloruthenated
thiophenes(see Table 3). From the photovoltaic ilaaapparent that the new synthetically facuée-
nium(ll) complexes are promising dyes for DSSCsraeonversion efficiency improvement. The study
of various7 and8 derivatives will be continued to find out the opél configuration of the substituents

for better DSSCs performance.

Further improvement in the efficiency DSSC with th&nd8 sensitizers is possible by choosing of dop-
ing of titania with rare-earth metal complexes [38hing of electrolyte composition [dhd choosing

optimal configuration of substituents. The workedted towards this goal is in progress.

4. Conclusions

19



Two bis-heteroleptic ruthenium(ll) dyes containadfifferent types of the simplest cyclometallateathi
phene moieties were synthesized and charactergzdiiMiR, UV-vis spectroscopy and cyclic voltamme-
try. Ortho-metallation of thiophenes was proved by meansngfie crystal X-ray data. To get an insight

of the influence of the substituents in the thiaphigand on the electronic structure of the comgsde

DFT calculations of the energy and localizationhefir molecular orbitals were performed. Theorética
and experimental estimations of the energy band gepin good agreement. Synthesized complexes are
of interest for the fabrication of dye-sensitizeths cells. The estimation of an overall conversadiit

ciency range of new sensitizers gave values frdmat5.3% under standard AM 1.5 sunlight, which are
only slightly lower than that of the standard rurtioen N535 dye exhibiting 6.1% PCE but higher th&n o

other known cycloruthenated thiophenes.
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Highlights

«  Two cycloruthenated thiophene dyes of different types were synthesized.

«  Cycloruthenation was confirmed with single crystal X-ray experiment.

« UV spectroscopy and cyclic voltammetry measurements compared with DFT
calculations.

« Power conversion efficiencies of sensitizers arein range from 4.1 to 5.3%.



