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ABSTRACT

Fourteen new complexes of the form cis-[Ru"Xao(Raqpy” )21 (Raqpy®” = a 4,4":2',2":4" 4"
quaterpyridinium ligand, X = CI” or NCS™) have been prepared and isolated as their PFq"
salts. Characterisation involved various techniques including '"H NMR spectroscopy and
+electrospray or MALDI mass spectrometry. The UV—vis spectra display intense intraligand
r — w* absorptions, and also metal-to-ligand charge-transfer (MLCT) bands with two
resolved maxima in the visible region. Red-shifts in the MLCT bands occur as the electron-
withdrawing strength of the pyridinium groups increases, while replacing ClI” with NCS™
causes blue-shifts. Cyclic voltammograms show quasi-reversible or reversible Ru™"
oxidation waves, and several ligand-based reductions that are irreversible. The variations in
the redox potentials correlate with changes in the MLCT energies. A single-crystal X-ray
structure has been obtained for a protonated form of a proligand salt, [(4-
(CO,H)Ph),qpyH’"[HSO4]3*3H,0. Time-dependent density functional theory calculations
give adequate correlations with the experimental UV—vis spectra for the two carboxylic acid-
functionalised complexes in DMSO. Despite their attractive electronic absorption spectra,
these dyes are relatively inefficient photosensitizers on electrodes coated with TiO, or ZnO.

These observations are attributed primarily to weak electronic coupling with the surfaces,

since the DFT-derived LUMOs include no electron density near the carboxylic acid anchors.



1. Introduction

The urgent requirement to develop sources of clean and renewable energy has
stimulated much interest in dye-sensitized solar cells (DSSCs) [1]. The general field of solar
energy conversion is broad and includes many competing but related technologies [1g].
Commonly used silicon solar cells, which exploit photon absorption by a p-n semiconductor
junction, require materials of high purity. More recently developed inorganic thin film
materials, like cadmium telluride or copper indium gallium selenide, contain toxic or rare
elements. In the light of such considerations, the 1991 report by O’Regan and Gritzel of
efficient photosensitization of a wide band-gap semiconductor by a trinuclear ruthenium-
based dye [2] inspired much subsequent research. Complexes of Ru and some other metals
with polypyridyl ligands such as 2,2-bipyridyl (2,2-bpy) typically display intense
absorptions in the visible region due to metal-to-ligand charge-transfer (MLCT) transitions.

A DSSC contains a nanoparticulate film of a semiconductor, most commonly TiO,,
coated with a dye monolayer. Most cells are based on a photoanode in which the
photoexcited dye injects an electron into the conduction band of the semiconductor. The
oxidised dye is then reduced back to its original state by a species in the electrolyte; this is
usually an organic solvent containing the /I3 couple, but solid ‘hole transporting” materials
are also attractive. To achieve high power conversion efficiences, a number of aspects must
be considered, but synthetic chemists have naturally focused on the structure of the sensitizer
molecule. Amongst the key criteria for potentially useful operation are strong absorption
across the entire visible region and the near-UV/IR, appropriate energy matching with and
strong electronic coupling to the electrode surface (typically via carboxylate anchors), and
high stability over many photoredox cycles.

Ru complexes have featured extensively also in the field of nonlinear optical (NLO)
compounds [3]. Previously, we have studied complexes of 4,4":2",2":4" 4""-quaterpyridinium
ligands, Roqpy”” where R = Me, Ph, etc. These compounds include V-shaped dipoles with
electron-donating cis- {Ru"(NH;)s}*" centres [4], and octupolar tris-chelates with a [Ru"(2,2'-

bpy)s]*" core [5,6]. The MLCT absorption profiles of these complexes are especially broad



and intense, with the tris-chelates displaying two well-resolved bands. Pyridinium groups are
often used in NLO chromophores [7], and as electron-accepting units in other photoactive
molecular assemblies [8]. However, our recent report of N-arylstilbazolium species is the
first time that pyridinium compounds have been used in DSSCs [9]. These purely organic
dyes gave relatively modest efficiencies, but with substantial scope for improvement. In
other work of some relevance, TiO,-based photocathodes incorporating [Ru(Raqpy”)s]*
chromophores (R = 2-carboxyethyl or 2-propylphosphonic acid) have been described [10].
We have investigated also complexes of the form cis-[Ru"(2,2-bpy)(Raqpy*)]*"; two
carboxylic acid-functionalised derivatives were tested in DSSCs, but showed negligible
activities, attributable at least in part to their [Ru'(2,2'-bpy)s;]**-based structures [11]. Here,
we describe related complexes that contain the anionic thiocyanate coligand that is present in

many of the most effective Ru-based sensitizers, together with analogous chloride species.



2. Experimental

2.1. Materials, procedures and physical measurements

All reactions were performed under an Ar atmosphere. The precursor complex cis-
Ru"CL,(DMSO); [12] and the proligand salts N",N"'-dimethyl-4,4":2'2":4" 4"'-
quaterpyridinium  chloride, [Me,qpy*']CL,  [11],  N",N"’-diphenyl-4,4":2'2":4" 4"
quaterpyridinium chloride, [thqpy2+]C12 [11], N",N"'-di(4-acetylphenyl)-4,4":2',2":4" 4""'-
quaterpyridinium chloride, [(4-AcPh),qpy” 1CL, [11], N".N'""-di(2-pyrimidyl)-
4,42 2":4" 4"-quaterpyridinium  chloride, [(2-Pym),qpy*']Cl, [11], N",N"'-di(3,5-
bismethoxycarbonylphenyl)-4,4":2',2":4" 4""-quaterpyridinium chloride, [(3,5-
MC,Ph),qpy*'ICl,  [11]  and  N"N'"-di(4-methoxycarbonylphenyl)-4,4':2',2":4" 4'"'-
quaterpyridinium chloride, [(4-MCPh),qpy* ]CL [11], were prepared according to published
methods. All other reagents were obtained commercially and used as supplied. Products
were dried overnight in a vacuum dessicator (CaSQy) prior to characterisation.

'H NMR spectra were recorded on a Bruker AV-400 or a Bruker AV-500
spectrometer and all shifts are referenced to TMS. The AA'BB’ patterns of pyridyl or phenyl
rings are reported as simple doublets, with ‘J values’ referring to the two most intense peaks.
Elemental analyses were performed by the Microanalytical Laboratory, University of
Manchester. IR spectroscopy was performed on solid samples by using an Excalibur BioRad
FT-IR spectrometer, and UV—vis spectra were obtained by using a Shimadzu UV-2401 PC
spectrophotometer. Mass spectra were measured by using MALDI on a Micromass Tof Spec
2e or +electrospray on a Micromass Platform II spectrometer with acetonitrile as the solvent.
Cyclic voltammetric measurements were carried out with an Ivium CompactStat. An EG&G
PAR K0264 single-compartment microcell was used with a silver/silver chloride reference
electrode (3 M NaCl, saturated AgCl) separated by a salt bridge from a glassy carbon disk
working electrode and Pt wire auxiliary electrode. Acetonitrile was freshly distilled (from

CaH,) and [NBu"4]PFg, as supplied from Fluka, was used as the supporting electrolyte.



Solutions containing ca. 10~ M analyte (0.1 M electrolyte) were deaerated by purging with

N,. All Ey; values were calculated from (E,, + Epc)/2 at a scan rate of 200 mV st

2.2. Syntheses

2.2.1. N",N"'-Di(3,5-biscarboxyphenyl)-4,4':2',2":4",4""-quaterpyridinium chloride, [(3,5-
(CO>H):Ph)2qpy**1CLy

[(3,5-MC,Ph),qpy* ]CL*2H,0 (250 mg, 0.311 mmol) was added to terz-butanol (50
mL) followed by conc. H;SO4 (2 mL). The mixture was heated at reflux for 24 h. After
cooling, a pale peach-coloured precipitate was filtered off, washed with copious amounts of
water and dried. Yield: 227 mg (94%). Jn (400 MHz, CD3SOCD3) 9.64 (4 H, d, J = 7.1 Hz,
CsHyN), 9.12 (2 H, d, /= 5.3 Hz, CsH3N), 9.08 (2 H, d, /= 0.8 Hz, CsH3N), 8.94 (4 H,d, J =
7.1 Hz, CsHyN), 8.74 (2 H, t, J = 1.4 Hz, C¢H3), 8.71 (4 H, d, J = 1.5 Hz, C¢H3), 8.31 (2 H,
dd, J = 52, 1.9 Hz, CsH;N). w(C=0) 1699s cm '.  Anal. Caled (%) for
C36H24C1LN4Og°3.5H,0: C, 55.8; H, 4.0; N, 7.2. Found: C, 56.1; H, 3.9; N, 7.1.

2.2.2. N",N"'-Di(4-carboxyphenyl)-4,4':2"2":4" 4""-quaterpyridinium chloride, [(4-
(CO2H)Ph)2qpy™* ICl

This compound was prepared in a manner similar to [(3,5-(CO,H),Ph),qpy”]Cl, by
using  [(4-MCPh),qpy*']CL*3.5H,0 (250 mg, 0.350 mmol) instead of [(3,5-
MC,Ph),qpy* JCL*2H,0 to afford a cream-coloured solid. Yield: 187 mg (74%). Jy (400
MHz, CD3SOCDs) 9.58 (4 H, d, J = 7.1 Hz, CsH4N), 9.11 (2 H, d, J = 5.3 Hz, CsH3N), 9.07
(2 H,dd, J=1.8, 0.8 Hz, CsH3N), 8.94 (4 H, d, /= 7.1 Hz, CsH4N), 8.31- 8.27 (6 H, CsH3N
+ Cg¢Hy), 8.06 (4 H, d, J = 8.6 Hz, C¢Hy). w(C=0) 1709s cm . Anal. Caled (%) for
C34H24C12N40425.5H,0: C, 56.5; H, 4.9; N, 7.8. Found: C, 56.4; H, 4.5; N, 7.6.

2.2.3. cis-[Ru"Cly(Mexqpy** )2][PFs]4 (1)
cis-Ru"CL,(DMSO), (30 mg, 0.062 mmol) and [Me,qpy”* ]Cl*3.1H,0 (51 mg, 0.109

mmol) were added to n-propanol (13 mL) and the mixture was heated under reflux for 7 h. A



solution of LiCl (53 mg, 1.25 mmol) in water (2 mL) was added, and the deep blue solution
heated under reflux for 18 h. After cooling to room temperature, a dark blue precipitate was
filtered off, washed with a little n-propanol and dried. This solid was dissolved in methanol
(~20 mL). Addition of 1 M aqueous NH4PF; afforded a dark blue precipitate which was
filtered off, washed with water and dried. Yield: 48 mg (61%). Juy (400 MHz, CD;CN)
10.29 (2 H, d, J=6.0 Hz, CsH;3N), 9.09 (2 H, d, J = 1.3 Hz, CsH3N), 8.92 (2 H, d, /= 1.5 Hz,
CsH;N), 8.86 (4 H, d, J = 6.8 Hz, CsH4N), 8.71 (4 H, d, J = 6.8 Hz, CsH4N), 8.65 (4 H, d, J =
6.8 Hz, CsHsN), 8.40 (4 H, d, J = 6.8 Hz, CsH4N), 8.19 (2 H, dd, J = 5.8, 1.8 Hz, CsH3N),
7.94 (2 H, d, J = 6.0 Hz, CsH3N), 7.45 (2 H, dd, J = 6.0, 1.5 Hz, CsH3N), 4.41 (6 H, s, Me),
4.31 (6 H, s, Me). Anal. Calcd (%) for C44H4ClF24NsPsRu*H,O: C, 36.4; H, 2.9; N, 7.7.
Found: C, 36.5; H, 2.5; N, 7.8. ES-MS: m/z = 1288 ([M — PF¢]"), 571 ([M — 2PF]*).

All of the compounds 2—-6 were prepared in a manner similar to 1, by using the

appropriate proligand salt to give dark blue solids.

224. cis-[Ru"Cly(Phygpy’*)2][PFs]4(2)

Used [Phaqpy®]CL*H,0 (66 mg, 0.119 mmol). Yield: 64 mg (60%). Jy (400 MHz,
CD;CN) 10.34 (2 H, d, J = 5.8 Hz, CsH3N), 9.26 (2 H, d, J = 2.0 Hz, CsH3N), 9.20 (4 H, d, J
= 7.1 Hz, CsHyN), 9.10 (2 H, d, J = 1.8 Hz, CsH3N), 9.05 (4 H, d, J = 7.1 Hz, CsH,N), 8.88
(4 H, d, J=6.8 Hz, CsH,N), 8.64 (4 H, d, J = 7.1 Hz, CsH,N), 8.26 (2 H, dd, J = 6.0, 1.5 Hz,
CsH3N), 8.03 (2 H, d, J = 6.0 Hz, CsH3N), 7.90-7.81 (10 H, Ph), 7.77 (10 H, s, Ph), 7.58 (2
H, dd, J = 6.2, 1.6 Hz, CsH;N). Anal. Caled (%) for CggHysClFoyNgPsRus5.5H,0: C, 43.2;
H, 3.3; N, 6.3. Found: C, 43.1; H, 2.9; N, 6.3. MALDI-MS: m/z = 1537 (IM — PF4]"), 697
([M — 2PF¢]*).

22.5. cis-[Ru"Clof(4-AcPh)sqpy* }2][PFs]4 (3)

Used [(4-AcPh),qpy”]Cly*1.8H,O (77 mg, 0.118 mmol). Yield: 76 mg (68%). Jy
(400 MHz, CDsCN) 10.35 (2 H, d, J = 6.0 Hz, CsH3N), 9.24-9.22 (6 H, CsH4N + CsH3N),
9.09-9.06 (6 H, CsH4N + CsH3N), 8.87 (4 H, d, J = 6.8 Hz, CsH4N), 8.64 (4 H, d, J=7.1 Hz,



CsHsN), 8.35 (4 H, d, J = 8.6 Hz, CsH,), 8.29-8.27 (6 H, CsH3N + C¢Ha4), 8.05 2 H, d, J =
6.0 Hz, CsH3N), 8.01 (4 H, d, J = 8.8 Hz, C¢Hy), 7.90 (4 H, d, J = 8.8 Hz, C¢Hy), 7.60 (2 H,
dd, J= 6.3, 1.5 Hz, CsH3N), 2.72 (6 H, s, Me), 2.68 (6 H, s, Me). v(C=0) 1681s cm . Anal.
Calcd for C7,Hs5¢ClLF24NgO4P4sRu*4H,0: C, 45.0; H, 3.4; N, 5.8. Found: C, 44.9; H, 2.9; N,
5.9. MALDI-MS: m/z = 1706 ([M — PF¢]").

2.2.6. cis-[Ru"Clo{(2-Pym)2qpy”* }o][PFsl 4 (4)

Used [(2-Pym)qpy” ]CL+2.3H,0 (67 mg, 0.115 mmol). Yield: 66 mg (65%). Jy
(400 MHz, CDs;CN) 10.41 (2 H, d, J = 6.3 Hz, CsH3N), 10.22 (4 H, d, J = 6.8 Hz, CsH4N),
10.05 (4 H, d, J = 7.3 Hz, CsH4N), 9.26 (2 H, s, CsH3N), 9.17 (4 H, d, J = 4.8 Hz, C4H;N,),
9.10-9.08 (6 H, CsH3sN + C4H3N»), 8.91 (4 H, d, J = 6.8 Hz, CsH4N), 8.68 (4 H, d, J = 7.1
Hz, CsHuN), 8.33 (2 H, dd, /=5.8, 1.5 Hz, CsH3N), 8.02 (2 H, d, / = 6.3 Hz, CsH3N), 7.91 (2
H, t, J =4.9 Hz, C4H;N,), 7.85 (2 H, t, J = 4.9 Hz, C4H3N»), 7.58 (2 H, dd, J = 6.0, 1.5 Hz,
CsH;N). Anal. Caled (%) for CsgHaoClF24N 6PsRu*5SH,0: C, 37.8; H, 2.8; N, 12.6. Found:
C,37.7; H,2.3; N, 12.5. MALDI-MS: m/z = 1546 ([M — PF¢]").

22.7. cis-[Ru"Clx{(3,5-MC>Ph),qpy”* }2][PFs]4 (5)

Used [(3,5-MC,Ph),qpy”* ]C1,*2H,0 (95 mg, 0.118 mmol). Yield: 76 mg (58%). Ju
(400 MHz, CD;CN) 10.37 (2 H, d, J = 6.0 Hz, CsH3N), 9.26-9.24 (6 H, CsH4N + CsH;N),
9.11 (4 H, d, J = 7.3 Hz, CsH4N), 9.08 (2 H, d, J = 1.8 Hz, CsH3N), 8.93 (4 H, d, J = 6.8 Hz,
CsH4N), 8.89 (2 H, t, J = 1.4 Hz, C¢H3), 8.84 (2 H, t, J = 1.4 Hz, C¢H3), 8.69 (4 H,d, J=1.5
Hz, C¢H3), 8.67 (4 H, d, J=7.1 Hz, CsHyN), 8.59 (4 H, d, J = 1.5 Hz, C¢H3), 8.32 (2 H, dd, J
= 6.0, 1.7 Hz, CsH3N), 8.04 (2 H, d, J = 6.3 Hz, CsH3N), 7.60 (2 H, dd, J = 5.7, 1.9 Hz,
CsH;N), 4.02 (12 H, s, Me), 3.98 (12 H, s, Me). w(C=0) 1721s cm'. Anal. Calcd (%) for
CyoHesCLF24N3O6P4Ru*5.5H,0: C, 42.8; H, 3.4; N, 5.0. Found: C, 42.3; H, 2.8; N, 5.2.
MALDI-MS: m/z = 2002 ([M — PF4]").



2.2.8. cis-[Ru"Clof(4-MCPh),qpy** }o][PFs]4 (6)

Used [(4-MCPh),qpy*1CL*3.5H,0 (81 mg, 0.113 mmol). Yield: 79 mg (71%). Jy
(400 MHz, CD;CN) 10.34 (2 H, d, J = 5.6 Hz, CsH3N), 9.23-9.21 (6 H, CsH4N + CsH3N),
9.07-9.05 (6 H, CsHsN + CsH3N), 8.88 (4 H, d, / = 6.1 Hz, CsH4N), 8.64 (4 H, d, / = 6.8 Hz,
CsHsN), 8.39 (4 H, d, J = 8.6 Hz, CsH4), 8.33—8.27 (6 H, CsH3N + C¢Ha4), 8.04 2 H, d, J =
6.0 Hz, CsH3N), 8.00 (4 H, d, J = 8.6 Hz, C¢Hy), 7.88 (4 H, d, J = 8.8 Hz, C¢Hy), 7.59 (2 H,
dd, /= 6.0, 1.8 Hz, CsH3N), 3.98 (6 H, s, Me), 3.95 (6 H, s, Me). dy (500 MHz, CD3SOCD3)
10.24 (2 H, d, J = 6.0 Hz, CsH3N), 9.77 (4 H, d, J = 6.6 Hz, CsH4N), 9.68 (2 H, s, CsHsN),
9.62 (4 H, d, J = 6.6 Hz, CsH4N), 9.51 (2 H, s, CsH3N), 9.17 (4 H, d, J = 6.6 Hz, CsH4N),
8.90 (4 H,d, J=6.6 Hz, CsH4N), 8.77 (2 H, dd, J= 5.8, 1.4 Hz, CsH3N), 8.39 (4 H, d, /= 8.5
Hz, C¢Hs), 8.33 (4 H, d, J = 8.5 Hz, C¢Hy), 8.19 (4 H, d, J = 8.5 Hz, C¢H4), 8.09 (4 H, d, J =
8.8 Hz, C¢Hy), 8.06 (2 H, d, J = 5.8 Hz, CsH3N), 7.93 (2 H, dd, J = 6.3, 1.6 Hz, CsH3N), 3.98
(6 H, s, Me), 394 (6 H, s, Me). wC=0) 1717s cm '. Anal. Caled (%) for
C1Hs6CLF4NgOgP4sRu3H,0: C, 44.0; H, 3.2; N, 5.7. Found: C, 43.9; H, 2.7; N, 5.9.
ES—MS: m/z = 1768 (M — PF¢]").

2.2.9. cis-[Ru"Clo{[4-(CO>H)Ph]:qpy”* }2][PFs]4(7)

[(4-(CO,H)Ph),qpy]CL,¢5.5H,O0 (129 mg, 0.179 mmol) was added to 2-
methoxyethanol (25 mL) and the mixture was heated to reflux in an oil bath (135°C) before
the addition of cis-Ru"Cl,(DMSO)4 (50 mg, 0.103 mmol). The reaction mixture was heated
under reflux for 7 h, then a solution of LiCl (90 mg, 2.12 mmol) in water (5 mL) was added.
The mixture was allowed to reflux for 18 h. After gradual cooling to room temperature, the
precipitate was filtered off. This material was reprecipitated from methanol with 1 M
aqueous NH4PFg, filtered off, washed with water and dried to give a dark blue solid. Yield:
97 mg (58%). du (500 MHz, CD3SOCDs) 10.24 (2 H, d, J = 6.0 Hz, CsH3N), 9.76 (4 H, d, J
= 6.6 Hz, CsH4N), 9.66 (2 H, s, CsH3N), 9.60 (4 H, d, J = 6.9 Hz, CsH4N), 9.49 (2 H, s,
CsH3N), 9.15 (4 H, d, J = 6.6 Hz, CsH4N), 8.88 (4 H, d, J = 6.9 Hz, CsH4N), 8.76 (2 H, dd, J
=6.0, 0.6 Hz, CsH3N), 8.35 (4 H, d, J = 8.5 Hz, C¢Ha), 8.29 (4 H, d, J = 8.8 Hz, C¢Hy), 8.14
(4 H, d, J = 8.5 Hz, C¢H,), 8.07-8.03 (6 H, CsH3sN + C¢Hy), 7.93 (2 H, dd, J = 6.1, 0.9 Hz,
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CsH3N). »(C=0) 1702s cm '. Anal. Caled (%) for CesHagCl,F24NsOgP4Ru: C, 44.0; H, 2.6;
N, 6.0. Found: C, 44.0; H, 3.0; N, 5.9.

2.2.10. cis-[Ru"(NCS)s(Mexqpy**)2] [PFs]4 (8)

The initial reaction was carried out exactly as for 1. A solution of KSCN (120 mg,
1.23 mmol) in water (2 mL) was added to the deep blue solution and allowed to reflux for 24
h. After cooling to room temperature, a dark blue precipitate was filtered off, washed with a
little n-propanol and dried. The solid was dissolved in 1:1 water/methanol (ca. 20 mL), and
addition of 1 M NH4PF¢ gave a dark blue precipitate which was filtered off, washed with
water and dried. Purification was achieved by using a silica gel column, eluting with 0.3 M
NH4PFs in acetonitrile. The first major blue fraction was evaporated to dryness, washed with
water and dried to afford a dark blue solid. Yield: 18 mg (22%). oy (400 MHz, CD;CN)
9.67 (2 H, d,J=6.0 Hz, CsH3N), 9.05 (2 H, d, J = 1.5 Hz, CsH3N), 8.89-8.86 (6 H, CsH4N +
CsHsN), 8.74 (4 H, d, J = 6.8 Hz, CsH4N), 8.60 (4 H, d, J = 6.8 Hz, CsH4N), 8.38—8.34 (6 H,
CsHyN + CsH3N), 7.97 (2 H, d, J = 6.0 Hz, CsH3N), 7.61 (2 H, dd, J = 5.9, 1.9 Hz, CsH3N),
442 (6 H, s, Me), 433 (6 H, s, Me). w(C=N) 2091s cm '. Anal. Caled (%) for
C46Ha0F24N10PsRUS,2H,0: C, 36.5; H, 2.9; N, 9.3. Found: C, 37.0; H, 2.8; N, 8.8. MALDI-
MS: m/z = 1334 ([IM — PF4]"), 1189 ([M — 2PF4]").

All of the compounds 9-13 (dark blue solids) were prepared and purified in a manner
similar to 8, from an initial reaction exactly as for the corresponding chloride complex salt,

and using a column eluant of 0.05 M NH4PFg in acetonitrile.

2.2.11. cis-[Ru"(NCS)(Phagpy** )] [PFs]+ (9)

Yield: 43 mg (40%). Jy (400 MHz, CD;CN) 9.75 (2 H, d, J = 6.0 Hz, CsH;3N), 9.23—
9.20 (6 H, CsH4N + CsH3N), 9.08 (4 H, d, J = 7.1 Hz, CsH4N), 9.04 (2 H, d, J = 2.0 Hz,
CsH3N), 8.82 (4 H, d, J = 7.1 Hz, CsH4N), 8.60 (4 H, d, J = 7.1 Hz, CsH4N), 8.47 2 H, dd, J
= 6.0, 2.0 Hz, CsH3N), 8.08 (2 H, d, J = 6.3 Hz, CsH3N), 7.87-7.81 (10 H, Ph), 7.77-7.73 (12
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H, CsH;N + Ph). v(C=N) 2094s cm . Anal. Caled (%) for CesHasFaaNioPsRuS,+3.5H,0: C,
44.3; H, 3.1; N, 7.8. Found: C, 44.0; H, 2.6; N, 7.6. MALDI-MS: m/z =1582 ([M — PF6]+).

2.2.12. cis-[Ru"(NCS)s{(4-AcPh)2qpy** }][PFs]+ (10)

Yield: 36 mg (31%). Jy (400 MHz, CD;CN) 9.76 (2 H, d, J = 6.0 Hz, CsH3N), 9.25
(4 H, d, J = 7.3 Hz, CsH4N), 9.21 (2 H, d, J = 2.0 Hz, CsH3N), 9.11 (4 H, d, J = 7.3 Hz,
CsHyN), 9.05 (2 H, d, J = 1.8 Hz, CsH3N), 8.85 (4 H, d, J= 7.3 Hz, CsHyN), 8.62 (4 H, d, J =
7.1 Hz, CsHyN), 8.48 (2 H, dd, J = 6.0, 2.0 Hz, CsH3N), 8.35 (4 H, d, J = 8.8 Hz, C¢H,), 8.28
(4 H, d, J = 8.8 Hz, C4H,), 8.09 (2 H, d, J = 6.0 Hz, CsH3N), 7.98 (4 H, d, J = 8.8 Hz, C4H,),
7.88 (4 H, d, J = 8.8 Hz, C¢Hy), 7.75 (2 H, dd, J = 6.2, 1.9 Hz, CsH3N), 2.72 (6 H, s, Me),
2.68 (6 H, s, Me). w(C=N) 2095s, W(C=0) 1682s cm'. Anal. Calcd (%) for
C74H56F24N19004P4RUS,23.5H,0: C, 45.4; H, 3.2; N, 7.2. Found: C, 45.3; H, 3.0; N, 7.2.
MALDI-MS: m/z = 1750 ([M — PF¢]").

2.2.13. cis-[Ru"(NCS )x{ (2-Pym)oqpy”* o] [PFs]4 (11)

Yield: 23 mg (23%). oy (400 MHz, CD;CN) 10.23 (4 H, d, J = 7.1 Hz, CsH4N),
10.07 (4 H, d, J = 7.3 Hz, CsH,N), 9.77 2 H, d, J = 6.0 Hz, CsH3N), 9.23 2 H, d, J = 1.5 Hz,
CsH3N), 9.17 (4 H, d, J = 4.8 Hz, C;H;N,), 9.10 (4 H, d, J = 4.8 Hz, C;H;N,), 9.07 (2 H, d, J
= 1.5 Hz, CsH3N), 8.89 (4 H, d, J = 7.1 Hz, CsHyN), 8.66 (4 H, d, J = 7.3 Hz, CsH,N), 8.50
(2 H, dd, J=5.9, 1.9 Hz, CsH;N), 8.09 (2 H, d, J = 5.8 Hz, CsH3N), 7.91 (2 H, t, J = 4.8 Hz,
C4H3Ny), 7.85 (2 H, t, J = 4.8 Hz, C4H;3N,), 7.76 (2 H, dd, J = 6.2, 2.0 Hz, CsH;N). v(C=N)
2092s cm . Anal. Caled (%) for CsgHaoF24NsP4RUS,°2.5H,0: C, 39.2; H, 2.6; N, 14.2.
Found: C, 39.2; H, 2.3; N, 13.8. MALDI-MS: m/z = 1589 ([M — PF¢]"), 1444 ([M — 2PF4]").

2.2.14. cis-[Ru"(NCS):{(3,5-MC>Ph)>qpy** o] [PFs]4 (12)

Yield: 28 mg (21%). oy (400 MHz, CDsCN) 9.77 (2 H, d, J = 6.0 Hz, CsH3N), 9.26
(4 H, d, J=7.1 Hz, CsH4N), 9.22 (2 H, d, J = 1.8 Hz, CsH3N), 9.13 (4 H, d, J = 7.3 Hz,
CsH4N), 9.06 (2 H, d, J = 1.8 Hz, CsH;3N), 8.89 (2 H, t, J = 1.4 Hz, C¢Hs), 8.87 (4 H, d, J =
7.1 Hz, CsHyN), 8.84 (2 H, t, J = 1.5 Hz, C¢H3), 8.67 (4 H, d, J = 1.5 Hz, C¢H3), 8.64 (4 H, d,
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J=7.6 Hz, CsH,N), 8.57 (4 H, d, J = 1.3 Hz, C¢H3), 8.49 (2 H, dd, J = 6.0, 2.0 Hz, CsH;N),
8.10 (2 H, d, J = 6.0 Hz, CsH3N), 7.76 (2 H, dd, J = 6.3, 2.0 Hz, CsH;N), 4.02 (12 H, s, Me),
3.98 (12 H, s, Me). wC=N) 2091s, W(C=0) 1720s cm '. Anal. Caled (%) for
CgoHeaF24N10016P4sRUS*3H,0: C, 43.9; H, 3.1; N, 6.2. Found: C, 44.0; H, 2.8; N, 6.3.
MALDI-MS: m/z = 2046 ([IM — PF¢]").

2.2.15. cis-[Ru"(NCS)s{(4-MCPh)>qpy** }] [PFs]+ (13)

Yield: 34 mg (30%). Jy (400 MHz, CD;CN) 9.76 (2 H, d, J = 6.0 Hz, CsH3N), 9.23
(4 H, d, J = 7.1 Hz, CsH4N), 9.21 (2 H, d, J = 1.8 Hz, CsH3N), 9.09 (4 H, d, J = 7.1 Hz,
CsHyN), 9.05 (2 H, d, J = 1.8 Hz, CsH3N), 8.85 (4 H, d, J=7.3 Hz, CsHyN), 8.62 (4 H, d, J =
7.3 Hz, CsHyN), 8.47 (2 H, dd, J = 6.2, 1.9 Hz, CsH3N), 8.39 (4 H, d, J = 8.8 Hz, C¢Hy), 8.33
(4 H, d, J = 8.8 Hz, C4H,), 8.09 (2 H, d, J = 6.0 Hz, CsH3N), 7.96 (4 H, d, J = 8.8 Hz, C4H,),
7.87 (4 H, d, J = 8.8 Hz, C¢Hy), 7.75 (2 H, dd, J = 6.3, 2.0 Hz, CsH3N), 3.98 (6 H, s, Me),
3.95 (6 H, s, Me). dy (500 MHz, CD3SOCD3) 9.80 (4 H, d, J = 6.6 Hz, CsH4N), 9.73 (2 H, s,
CsH3N), 9.65 (4 H, d, J = 6.9 Hz, CsHuN), 9.61 (2 H, d, J = 5.7 Hz, CsH3N), 9.57 2 H, s,
CsH3N), 9.15 (4 H, d, J = 6.6 Hz, CsHyN), 8.92— 8.89 (6 H, CsHyN + CsH3N), 8.39 (4 H, d, J
= 8.2 Hz, C¢Hy), 8.33 (4 H, d, J = 8.8 Hz, C¢Hy), 8.19 (4 H, d, J = 8.5 Hz, C4H,), 8.15 (2 H,
d, J = 6.0 Hz, CsH;N), 8.09 (4 H, d, J = 8.8 Hz, C¢H,), 8.02 (2 H, d, J = 6.3 Hz, CsH;N), 3.98
(6 H, s, Me), 3.94 (6 H, s, Me). v(C=N) 2095s, W(C=0) 1717s cm™'. Anal. Calcd (%) for
C74H56¢F24N190OgP4RuS,¢3H,0: C, 44.2; H, 3.1; N, 7.0. Found: C, 44.0; H, 2.9; N, 6.9.
MALDI-MS: m/z = 1813 (M — PF4]"), 1669 (M — 2PF¢]").

2.2.16. cis-[Ru"(NCS)s{ [4-(CO>H)Ph]qpy** }2][PFs]4 (14)

A portion of crude cis-[Ru"ClL {[4-(CO,H)Phl.qpy*},]Cls was prepared exactly as
described above for 7. The solid was added to 2-methoxyethanol (25 mL) and heated to
reflux before addition of KSCN (202 mg, 2.08 mmol) in water (5 mL). The mixture was left
to reflux for 24 h. After partially cooling, solid NH4PFg (ca. 1 g) was added to the warm
solution and the volume was reduced under vacuum. Water (20 mL) was added to afford a

dark blue precipitate which was filtered off, washed with water and dried. Yield: 94 mg
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(55%). ou (500 MHz, CD3SOCD3) 9.79 (4 H, d, J = 6.6 Hz, CsH4N), 9.74 (2 H, s, CsH3N),
9.64 (4 H,d, J=6.9 Hz, CsHuN), 9.61 (2 H, d, J = 6.0 Hz, CsH3N), 9.58 (2 H, s, CsH3N),
9.16 (4 H, d, J = 6.9 Hz, CsH4N), 8.92-8.89 (6 H, CsH4N + CsHsN), 8.35 (4 H, d, J = 8.2
Hz, C¢Hy), 8.29 (4 H, d, J = 8.5 Hz, C¢Hy), 8.16— 8.14 (6 H, CsH3N + C¢H,), 8.05-8.02 (6 H,
CsHiN + CgHy).  w(C=N) 2091s, w(C=0) 1701s cm '.  Anal. Caled (%) for
Cr0H4sF24N10OsP4sRuS,: C, 44.2; H, 2.5; N, 7.4. Found: C, 44.2; H, 2.6; N, 6.9.

2.3. X-ray crystallography

Crystals of [(4-(CO,H)Ph),qpyH "J[HSO4]3*3H,O were grown by very slow
evaporation of a concentrated filtrate solution containing a mixture of ters-butanol, H,SO4
and water. This filtrate was collected from several syntheses of [(4-(CO,H)Ph),qpy*1Cl,,
and allowed to stand in a fume-cupboard for a few weeks. A crystal from this filtrate was
selected at random. Data were collected on a Bruker APEX II CCD X-ray diffractometer by
using MoK, radiation (1 = 0.71073 A), and the data were processed by using the Bruker
SAINT [13] and SADABS [14] software packages. The structure was solved by direct
methods by using SHELXS-97 [15], and refined by full-matrix least-squares on all F,> data
by using SHELXL-97 [16]. The asymmetric unit contains one trication with the atom N2
protonated, three HSO4 anions and three water molecules. All non-hydrogen atoms were
refined anisotropically and most of the hydrogen atoms (except those bonded to N2, and in
the water molecules and anions) were included in idealised positions by using the ‘riding
model’, with thermal parameters of 1.2 times those of aromatic parent carbon atoms, and 1.5
times those of methyl parent carbons. All other calculations were carried out by using the
SHELXTL package [17]. Crystallographic data and refinement details are presented in Table
1.
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Table 1
Crystallographic data and refinement details for the salt [(4-
(CO2H)Ph),qpyH’ [HSO4]3+3H,0

Formula C34H34N401983
Molecular weight 898.83
Crystal system Triclinic
Space group P1

a(A) 10.3525 (16)
b(A) 10.7378 (17)
c(A) 18.030 (3)

a (°) 99.452 (3)
L(©) 90.168 (3)
7(°) 113.477 (2)

U (A% 1808.2 (5)

Z 2

Dcalcd (Mg l’Il73) 1.651

T (K) 100 (2)

2 (mm ") 0.299

Crystal size (mm) 0.45 x0.30 x 0.25
Crystal appearance yellow block
Reflections collected 10590
Independent reflections (Riy) 7230 (0.0234)
Omax/° (completeness) 26.43 (97.3%)
Reflections with 7> 2 o(1) 6621
Goodness-of-fit on F* 1.075

Final R1, wR2 [I > 20o(])]
(all data)
Peak and hole (eA™)

0.0417,0.1070
0.0458, 0.1101
0.467, - 0.342

24. Theoretical calculations

Density functional theory (DFT) and time-dependent DFT (TD-DFT) calculations
were carried out by using the Gaussian 03 software package [18]. The structures were
optimised at the BP86 [19,20] level by using the Def2-SV(P) [21] basis set, with inclusion of
a conductor-like polarizable continuum model (CPCM) [22,23] to take into account the
solvent effect of DMSO for the complex in salt 14 (denoted 14’). The TD-DFT calculations
on the complex in salt 7 (denoted 7') were performed at the MPWI1PWO91 [24]/Def2-SV(P)
level with inclusion of a DMSO CPCM. The TD-DFT calculations on 14’ were also

performed by using the MPWI1PW91 functional and with a DMSO CPCM, but using the
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larger DGDZVP [25] basis set. The first 50 excited states were calculated in each case and

UV-vis spectra were simulated by using the GaussSum program [26].

2.5. Fabrication of dye-sensitized solar cells

TiO,-based cells were fabricated as follows. Fluorine-doped tin oxide (FTO) glass
(TEC15, Hartford Glass) was cleaned by successive sonication for 15 min in aqueous
detergent, acetone, isopropanol and ethanol. A thin compact layer (60 nm) of TiO, was then
deposited on the cleaned FTO by spray pyrolysis. The mesoporous layers were prepared by
doctor-blading a commercial TiO, paste (Dyesol, DSL-18-NR) onto the coated FTO
substrates. The film was dried at 80 °C on a hotplate for 15 min and then sintered at 500 °C
for 30 min to burn out the organic binder, leaving the mesosporous anatase structure of
thickness around 13 um. After cooling to about 100 °C, the films were immersed into 5 x
10~* M solutions of the test dyes in DMSO and left for 16 h. Chenodeoxycholic acid (10~
M) was added to the dye bath to reduce dye aggregation on the TiO, film. The dye-coated
film was washed thoroughly with HPLC grade DMSO and then dried under N,. The cells
were assembled by sealing the dye-coated electrodes to thermally platinized FTO (TECS)
counter electrodes by using a 25 pum thermoplastic gasket (Surlyn) at 80 °C under pressure.
The narrow gap between the two electrodes was vacuum filled with electrolyte via holes
predrilled in the counter electrode. The filling holes were sealed with microscope slip by
using Surlyn. For complex salts 7 and 14, the electrolyte was composed of 0.06 M I, 0.6 M
1-propyl-3-methylimidazolium iodide (PMII), 0.5 M Lil, 0.1 M guanidinium thiocyanate
(GuSCN) and 0.5 M tert-butylpyridine (TBP) in 3-methoxypropionitrile (MPN). For the
N719 reference, the electrolyte was composed of 0.05 M I,, 0.6 M PMII, 0.2 M Nal, 0.1 M
GuSCN and 0.1 M N-methylbenzimidazole in MPN. All of the chemicals used in the cell
fabrication were obtained from Sigma-Aldrich. The active area of the cells was 0.5 cm”.

ZnO-based cells were fabricated as follows. The ZnO paste was prepared by using a
1:1 mixture of two commercial ZnO powders, Evonik VP AdNano@Zn0O20 (particle size ca.

20 nm) and PI-KEM (particle size ca. 50 nm). For thin film preparation, the mixture was



16

dispersed in water and ethanol (30:70) and stirred overnight to obtain a colloidal suspension
of 30 wt %. This suspension was spread onto previously cleaned FTO glass with a glass rod
by using Scotch tape as spacer, and the film was then heated at 420 °C for 30 min. The ZnO
substrates were coated with the test dyes in similar manner to the TiO, films, except that the
immersion time was only 1 h. The counter electrode was prepared by spreading 15 pl of
platisol (Solaronix) on the conductive side of TECS electrodes and subsequent annealing at
400 °C for 5 min. Cells were assembled exactly as those containing the TiO, films.

Three different electrolyte solutions were tested in the ZnO-based cells with the
complex salt 14: (1) 0.5 M Lil, 0.05 M I,, 0.5 M TBP in MPN; (2) 0.5 M Lil, 0.03 M I,, 0.5
M TBP, 0.1 M GuSCN in acetonitrile; (3) 0.03 M I, 0.6 M PMII, 0.1 M GuSCN, 0.5 M TBP
in acetonitrile. Electrolyte 3 gave the best cell performance, so data were obtained for 7 in

this electrolyte only. The active area of the cells was 0.81 cm?,

2.6. Current-voltage measurements

The current-voltage characteristics of the TiO,-based cells were measured using a solar
simulator (Miiller) equipped with 1 kW xenon lamp. The intensity of the illumination was
calibrated with a standard silicon reference cell (Fraunhofer ISE) to provide 1 sun (100 mW
cm?). AM 1.5 and KGS5 filters were used to minimize the mismatch between the solar
simulator and the AM 1.5 solar spectrum. The current voltage plots were recorded by using a
computer-controlled system (Whistonbrook).

The ZnO-based cells were characterised with a solar simulator (ABET) combined
with a AM 1.5G filter. A reference cell with temperature output (Oriel, 91150) was used for
calibrate the illumination output to 1 sun. Photocurrents, photovoltages and current-voltage

curves were measured by using a 2400 Keithley SourceMeter.
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3. Results and discussion

4+ [PFg 14

(0] N=
R =Me (1), Ph (2), @-( @), — } @), R = Me (8), Ph (9), 4-AcPh (10), 2-Pym (11),
N

3,5-MC,Ph (12), 4-MCPh (13), 4-(CO,H)Ph (14)

(4-AcPh) (2-Pym)
(o]
—< >—< 6) 4< >—<
Ry .
OMe  (4-MCPh) (4-(COoH)Ph) F{_| 4+ [PFg ]
Ry
(3,5-MC,Ph)
PFs~  COyl
ReN <:> N R = Me (15)
N\, Ph (16) R,
CO,H R
<:> \ con R=Me(17), R =H, Ry = CO,H (19); R = CO,H, Ry = H (20)
27 ph(18)

Fig. 1. Chemical structures of the Ru" complex salts investigated, including the labeling for
selected protons for which the '"H NMR chemical shifts are discussed. The structures of

previously studied acid-finctionalised stilbazolium and complex salts are also shown [9,11].

3.1. Synthesis and characterisation

We have investigated previously Ru" complex salts of Roqpy”" ligands, largely for

their interesting NLO properties [4—-6]. More recently, we studied also species with a cis-
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{Ru"(2,2'-bpy),}*" moiety coordinated to two such ligands (e.g. 19 and 20, Fig. 1) [11], and
the photosensitizer stilbazolium salts 15-18 [9]. The new complexes in salts 1-14 (Fig. 1)
were prepared partly to compare their optical and redox properties with these related known
species, but also to assess the photosensitizing abilities of 7 and 14.

Attempts at preparing the new proligand salts [(3,5-(CO,H),Ph),qpy*‘]CL, and [(4-
(CO,H)Ph),qpy*"ICL via base-catalysed hydrolysis of their corresponding known methyl
esters [5,11] were unsuccessful. The production of insoluble brown materials indicated
decomposition reactions, probably due to nucleophilic attack by hydroxide anions on the
pyridinium rings. Because acid-catalysed ester hydrolysis requires more electron-donating
alkyl groups on the ester, transesterifications with fers-butanol and a catalytic amount of
conc. HSO4 were attempted. However, instead of producing tert-butyl esters, these reactions
afforded the desired carboxylic acid derivatives cleanly and in high yields.

The dichloro complexes in 1-6 were synthesised from the precursor cis-
Ru"CL(DMSO); with a little under two equivalents of the appropriate [Roqpy” ]Cl, salt in
refluxing n-propanol. Subsequent prolonged treatment with an excess of aqueous LiCl gave
the CI salts of the complexes as dark blue precipitates, which were metathesised to their PFq
salts. Relatively good yields in the range ca. 60—70% were obtained. It is noteworthy that
using lower reaction temperatures (with ethanol as the solvent), shorter reaction times, and/or
avoiding the LiCl treatment consistently gave impure products that could not be purified by
reprecipitation or various column chromatographic approaches. The carboxylic acid-
functionalised complex salt 7 was prepared by using a method similar to that for 1-6, but
with 2-methoxyethanol as the initial solvent to give a higher reaction temperature necessary
to dissolve the proligand salt. Attempts at preparing 7 by ester hydrolysis of 6 under either
basic or acidic conditions lead to decomposition only, necessitating the use of the pre-
hydrolysed proligand salt. Unfortunately, [(3,5-MC,Ph),qpy” ]Cl, is insufficiently soluble in
appropriate solvents to allow effective complexation reactions.

The dithiocyanato complexes in 8-13 were prepared via their dichloro counterparts
formed in situ, as in previous reports of neutral complexes [27]. Column chromatography on

silica gel was used to purify these products as their PF4 salts, giving moderate yields of ca.
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20-40%. Even after chromatography, there are still minor peaks in the 'H NMR spectra for
all of 8-13. Subsequent reprecipitations and anion metatheses did not remove these minor
signals; these change with the ligand, but are always present at higher field with respect to the
main product peaks, so cannot be chloro species. Also, any traces of unreacted proligand are
removed by column chromatography. Because thiocyanate is an ambidentate ligand, N/S
linkage isomerism is possible, making it difficult to separate the isomers by column
chromatography. Ru" thiocyanate linkage isomers have been studied in several instances
[28]. Recently, X-ray crystal structures of both isomers have been obtained by Vandenburgh
et al. for [Ru"(2,2"-bpy)(7*-para-cymene)(NCS)|PF, [28¢], and by Brewster et al. for
[Ru'(4,4'-Buy-2.2"-bpy)(tpy)(NCS)]SbF, [28f]. Interestingly, the relative positions of 'H
NMR signals corresponding to the S-bound and N-bound isomers depend on the particular
molecular structure.

Again, due to solubility considerations, the use of 2-methoxyethanol was necessary in
order to access the carboxylic acid-functionalised complex salt 14. The reaction mixture was
cooled only partially before adding excess NH4PFg, to prevent the complex from precipitating
out as its NCS salt. Notably, the solubilities of both 14 and 7 are poor, and appreciable in
DMSO only. The identities and purities of all the new complex salts are confirmed by
diagnostic '"H NMR spectra, together with +electrospray or MALDI mass spectra for all
except 7 and 14. IR spectra provide further characterisation data when ester, carboxylic acid
or thiocyanate groups are present. CHN elemental analyses all fit satisfactorily for variable
levels of hydration, typically observed for organic salts. This residual water resists drying
under vacuum at room temperature (the samples were not heated in order to avoid any

possible decomposition).
3.2. '"HNMR spectroscopy
'"H NMR spectra were recorded in CD3;CN for complex salts 1-6 and 8-13. All show two

sets of signals in the aromatic region, confirming their cis coordination geometry.

Appropriate numbers of singlet signals due to methyl groups are also observed at higher field.
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Table 2 includes selected data, while Fig. 2 shows a fully assigned spectrum for 8. The
signal assignments were based on splitting patterns and J values, allowing unambiguous
identification of the environments within the individual 4,4'-bipyridyl (4,4’-bpy) units, with
the only uncertainty relating to the e,e'/d,d’ protons. However, the lowest field four proton
doublet (J/ = 7.0 Hz) signals are almost certainly due to the protons e,e’ that are adjacent to
the deshielding quaternised N atoms [11]. The assignments are reinforced by making

comparisons with the spectra of related complexes, aided by COSY data.

e+c
d b+d
e
a c a'
"""" 95 90 85 80 75
S (ppm)

1 JUL

LR R LR R R L L R R R R R N R R R R R R R AR AR R R R |
95 90 85 80 75 70 65 6.0 55 50 45 40 3.5
d (ppm)

Fig. 2. "H NMR spectrum of 8 recorded at 400 MHz in CD;CN at 293 K.
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It is reasonable to assume that the protons in the 4,4'-bpy units that are positioned
trans relative to the CI” or NCS™ ligands are more shielded, and therefore shifted upfield
when compared to the others that are mutually trans. It is worth comparing the doublet (J =
6.0 Hz) signals corresponding to the protons in the 6,6'-positions of the 2,2'-bpy ring (a and
a’). The separation between these signals is much greater for the dichloro species, because
CI” is more shielding than NCS™, due to its higher electronegativity.

The protons e and e’ are sensitive to the R substituent, as expected. Downfield shifts
of ca. 1.3 ppm are observed on moving from 1 to 4 and from 8 to 11, as the pyridinium group
becomes more electron deficient. Based on the chemical shifts of these signals, the electron-
withdrawing strength of R in both series of complex salts is Me < Ph < 4-MCPh < 4-AcPh <
3,5-MC,Ph < 2-Pym, similar to that observed for the cis-[Ru"(2,2"-bpy)2(Raqpy”")][PFsls

compounds reported previously [11].

Table 2
Selected "H NMR data for complex salts 1-6 and 813 recorded in CDs;CN at 400 MHz.
complex salt 0 (ppm)
a a' e e'
1 10.29 7.94 8.86 8.71
2 10.34 8.03 9.20 9.05
3 10.35 8.05 ca.9.23" ca.9.08"
4 10.41 8.02 10.22 10.05
5 10.37 8.04 ca.9.25" 9.11
6 10.34 8.04 ca.9.22" ca.9.06"
8 9.67 7.97 ca. 8.88" 8.74
9 9.75 8.08 ca.9.21* 9.08
10 9.76 8.09 9.25 9.11
11 9.77 8.09 10.23 10.07
12 9.77 8.10 9.26 9.13
13 9.76 8.09 9.23 9.09

* Overlapped with another signal.

Due to insolubility in CD3;CN, the spectra of 7 and 14 could be recorded in
CDsSOCD; only, so the spectra of 6 and 13 were obtained also in CD3;SOCD;. Comparing
the spectra of 6/7 and 13/14, the doublet signals corresponding to the phenyl protons are

shifted upfield only slightly on changing from an ester to a carboxylic acid substituent.
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3.3. Electronic spectroscopy

UV-vis absorption data for 1-6 and 813 measured in acetonitrile, and for 7 and 14 in

DMSO are presented in Table 3. Representative spectra are shown in Figs. 3-5.

Table 3

UV-vis absorption and electrochemical data for the complex salts 1-14.

compound Amax, NIM Emax, €V assignment Eyor E, V vs. Ag-AgCl
(e, 1° M ' em™ ) (AE,, mV)"
Ru™ reductions
1 616 (23.6) 2.01 d — 7+ 0.66 (80) —0.66°
509 (20.8) 2.44 d— 7* —0.87¢
261 (90.1) 4.75 T — 1t ~1.26°
2 636 (33.4) 1.95 d — r* 0.68 (70) —0.53¢
535 (23.7) 2.32 d— 7* —0.69¢
278 (76.2) 4.46 T — ¥ ~1.22°
~1.39°¢
3 640 (30.6) 1.94 d — r* 0.70 (70) —0.39¢
538 (22.6) 2.30 d — 7* -0.51¢
290 (87.8) 427 T — ¥ ~1.08°
—1.24°
4 655 (29.8) 1.89 d— r* 0.71 (80) —0.20°
553 (24.2) 2.24 d — 7* -0.35¢
284 (106.0) 437 T — 1t ~1.04°¢
~1.24¢
5 643 (36.2) 1.93 d — 7* 0.70 (70) —0.41°
540 (25.6) 2.30 d— r* -0.57¢
279 (100.9) 4.44 T — 1t ~1.14°
~1.32¢
6 643 (31.1) 1.93 d— r* 0.70 (70) —0.35¢
540 (23.0) 2.30 d— r* —0.53¢
286 (90.4) 433 T — * ~1.09¢
~1.25°¢
7 650 (23.8) 1.91 d— 7*
545 (14.3) 227 d — 7*
286 (61.7) 433 T — ¥
8 576 (22.5) 2.15 d— r* 0.92 (90) —0.62°
480 (19.8) 2.58 d— 7* —0.84¢
256 (86.3) 4.84 T — 1t ~1.38°
9 584 (25.3) 2.12 d — 7* 0.92 (110)  —0.45°
492 (21.6) 2.52 d— r* ~0.60°
274 (66.9) 4.52 T — * ~1.12¢
~1.27°
10 591 (27.6) 2.10 d— r* 0.92 (120)  —0.36°
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497 (22.5) 2.49 d — 7+ —0.48°
285 (85.7) 4.35 T — 1* ~1.01°
~1.13°
11 606 (28.6) 2.05 d — 7* 0.93(120)  -0.16°
513 (20.6) 2.42 d — 7* —0.32¢
280 (101.7) 4.43 T — ¥ —0.94°
~1.11°¢
12 593 (25.7) 2.09 d — 7* 0.92(120)  —0.36°
498 (20.1) 2.49 d — 7* —0.51¢
276 (88.5) 4.49 T — ¥ ~1.03°
~1.18°
13 593 (25.1) 2.09 d — 7* 0.91(120)  —0.33
498 (19.7) 2.49 d — 7* —0.51¢
283 (77.0) 438 T — ¥ ~1.01°
~1.14°
14 602 (20.8) 2.06 d — 7*
507 (13.5) 2.44 d— 7*
285 (62.1) 4.35 T— ¥
N3 544 (14.2) 2.28 d— 7*
403 (13.7) 3.08 d — 7*
319 (43.9) 3.89 T — *

* Solutions ca. 2 x 107> M for 1-14, all in acetonitrile, except 7 and 14 in DMSO; solution
ca. 6 x 107> M for N3 (cis-Ru"(NCS)»(4,4'-(CO,H),-2,2"-bpy),; first reported by Gritzel and
colleagues [29]).

® Solutions ca. 107> M in analyte and 0.1 M in [NBu"4]PF¢ with a scan rate of 200 mV g !
using a glassy carbon working electrode. Ferrocene internal reference Ev, = 0.43 V, AE, =70
mV.

¢ Ey, for an irreversible oxidation process.

4 E, for an irreversible reduction process.

The UV—vis spectra of all the new complex salts feature an intense 7 — 7* absorption
in the UV region and also two overlapped visible MLCT bands. The low energy (LE) MLCT
band is more intense and hence generally more distinct than its counterpart to high energy
(HE). The related complexes [Ru"(Rogpy*);]¥" also show two resolved bands, and both
experimental trends and DFT calculations show that these arise from MLCT to the 2,2'-bpy

and pyridinium groups, with the latter transitions corresponding to the HE bands [5]. A
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similar pattern is observed also for 1-6 and 8-13; the E,,.x value for the LE band varies by

only ca. 0.1 eV when R is changed, while the HE band E\,,x varies by up to 0.2 eV.

120

100 ~

40 -

20 A

0 T T T T T T
200 300 400 500 600 700 800 900
Wavelength (nm)

Fig. 3. UV-vis absorption spectra of the complex salts 1 (blue), 4 (red) and 6 (green) in
acetonitrile at 293 K.

Within the dichloro (1-6) and dithiocyanato (8-13) series, the energies of both MLCT
bands decrease as the acceptor strength of the substituent on the Roqpy”" ligand increases
(Figs. 3 and 4). Based on these energies, the electron-withdrawing strength of R in both
series is Me < Ph < 4-AcPh < 4-MCPh = 3,5-MC,Ph < 2-Pym, similar to that indicated by the
'H NMR data (see above). The same general trend is observed also for cis-[Ru"(2,2'-
bpy)2(Raqpy*)]*" complexes [11] and other Ru"-R,qpy”" species [4,5]. However, these new
cis-[Rquz(qupy2 N1t complexes exhibit substantially red-shifted MLCT bands when
compared with the cis-[Ru"(2,2"-bpy)2(R2qpy*")]*" chromophores. This difference is due to
the electron-donating CI” or NCS™ ligands which destabilise the Ru-based HOMOs. On
replacing CI~ with NCS~, blue-shifts of ca. 0.2 eV are observed for both the MLCT bands

(Fig. 5), in keeping with the expected stronger electron-donating ability of CI".
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Fig. 4. UV-vis absorption spectra of the complex salts 8 (purple), 11 (orange) and 13

(brown) in acetonitrile at 293 K.
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Fig. 5. UV-vis absorption spectra of 7 (magenta), 14 (gold) and N3 (dark green) in DMSO
at 293 K.
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As in acetonitrile, changing the ancillary ligand from CI” to NCS™ increases the
energies of both MLCT bands by ca. 0.2 eV in DMSO (Fig. 5). Similar behaviour is
observed also for the complexes cis-Ru"X5(4,4'-(CO,Et),-2,2"-bpy), (X = CI” or NCS") in the
same solvent [30]. More importantly, the MLCT bands of 7 and 14 are significantly red-
shifted and more intense when compared to those of N3 (Fig. 5). The absorption of these
new dyes covers the entire visible region (400—700 nm) and extends well into the near-IR (>
750 nm). Thus, incorporating pyridinium-substituted ligands significantly improves the

absorption behaviour, an aspect potentially beneficial for DSSC applications.
3.4. Electrochemistry

Cyclic voltammetric data for 1-6 and 8-13 in acetonitrile are shown in Table 4, and

representative voltammograms in Fig. 6. All of the complexes show quasi-reversible or

1I/1L

reversible Ru™"" oxidation waves, together with irreversible ligand-based reductions.

ISO uA

K;%?

-1.6 -1.2 -0.8 -0.4 0.0 0.4 0.8 1.2
E (V vs. Ag-AgCl)

Fig. 6. Cyclic voltammograms for the complex salts 6 (red) and 13 (blue) recorded at 200

mV s~ ' in acetonitrile (the arrow indicates the direction of the initial scans).
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Within the dichloro (1-6) or dithiocyanato (8-13) series, the Ru™" potentials vary
only slightly, showing minimal influence of the R group. Similar behaviour is shown by the
cis-[RuH(2,2’-bpy)z(qupy2+)]4Jr complexes [11]. However, the Ru"™ E,, values increase by
210-260 mV on changing the ancillary ligand from CI™ to NCS~ (Fig. 6). For cis-Ru"X,(4,4'-
(COzEt),-2,2"-bpy), (X = CI” or NCS") in acetonitrile, a slightly larger difference (290 mV) is
observed [31]. These observations clearly indicate that CI” is the stronger electron donor,
rendering the Ru" centre more electron rich and therefore destabilising the HOMO. This
factor is reflected also in the lower MLCT energies observed for the dichloro species in
comparison to their dithiocyanato analogues (see above).

As observed also for most of the cis-[Ru"(2,2"-bpy)2(R2qpy*)]*" complexes [11], 1-6
and 8-13 show generally poorly defined ligand-based reductive behaviour (Fig. 6).
However, the potentials vary significantly on changing the pyridinium substituent. As
expected, on moving from an electron-donating Me to an electron-withdrawing 2-Pym group,
the E,, value of the first reduction process increases significantly (by 460 mV) in both series.
The trend observed with respect to increasing acceptor strength of the pyridinium unit is
similar to that for the cis-[Ru"(2,2'-bpy)>(Roqpy”)]*" complexes [11], and is reflected in the
red-shifting of the MLCT bands (see above).

3.5. Crystallography

A single-crystal X-ray structure of the serendipitously obtained compound [(4-
(CO,H)Ph),qpyH’"[HSO4]3*3H,O was determined. A representation of the molecular
structure is shown in Fig. 7, and crystallographic data and refinement details are summarised
in Table 1.

One of the pyridyl nitrogens is protonated due to the high concentration of H,SO4 in
the filtrates, while the HSO, anions derive from deprotonation of this acid. This N-
protonation encourages the adoption of a cis conformation, due to some stabilisation by a
weak intramolecular N—HeeeH hydrogen bond. This conformation is observed in various

other structures containing monoprotonated 2,2'-bpy units [32]. In contrast, trans forms are
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observed  crystallographically  for [Phgqpy2+] [PF¢],*Me,CO  [4]  and  [(3,5-
MC,Ph),qpy* ]CL*5CD;0D [11]. Also, while these two previously reported structures show
planar 2,2"-bpy units, the (4-(CO,H)Ph),qpyH>" molecule displays a twist of ca. 19.5° about
the central C—C bond. As for thqpyZJr and (3,5-MC2Ph)2qpy2+, the rest of the molecule is
strongly twisted, but asymmetrically so; the dihedral angles are 34.9° and 17.2° within the
4,4'-bpy fragments and 36.0° and 42.1° between the pyridyl and attached phenyl rings. All

other geometric parameters for these three qpy-based dications are very similar.

Fig. 7. Representation of the molecular structure of [(4-(CO,H)Ph),qpyH’ J[HSO4]3+3H,0
(50% probability ellipsoids).

3.6. Theoretical Calculations
DFT and TD-DFT calculations were carried out by using Gaussian 03 [18] to probe

the electronic structures and optical properties of the complexes in 7 and 14. The results of

these calculations are presented in Table 4.
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On optimisation, the structures of the complexes in salts 7 and 14 (denoted 7’ and 14’)

adopt a pseudo-octahedral geometry where the Ny,— Ru— N, angle is less than 80° within the

chelate and ca. 100° outside it. Both complexes show a similar extent of twisting between

the rings of each quaterpyridinium ligand. The dihedral angles range from 29-33° within the

4,4'-bpy units, while larger angles are observed between the phenyl rings and the adjacent

pyridyl rings; 47— 48° for 7' and 51— 52° for 14'.

Table 4

Data obtained from TD-DFT calculations on the complexes 7" (MPW1PW91/Def2-SVP) and
14’ (MPW1PW91/DGDZVP) in DMSO (CPCM).*

complex | AE(eV) A (nm) Jos major contributions (%) 2 (D)
7' 1.53 810 0.14  HOMO — LUMO (29) 4.99

HOMO — LUMO+1 (6)
HOMO — LUMO+2 (5)

1.54 805 0.04 HOMO — LUMO+1 (35) 2.56

1.84 674 0.10 HOMO — LUMO+2 (11) 3.77
HOMO-1 —- LUMO+1 (10)
HOMO-2 — LUMO (11)

1.85 670 0.08 HOMO — LUMO+3 (31) 3.47
HOMO-1 — LUMO (6)

1.96 633 0.63 HOMO-2 — LUMO (24) 9.24
HOMO-1 — LUMO+1 (13)

2.13 582 0.16  HOMO-1 — LUMO (19) 4.39
HOMO-1 — LUMO+2 (18)

2.17 571 0.28 HOMO-1 —» LUMO+1 (7) 5.86
HOMO-1 — LUMO+3 (36)

2.23 556 0.11 HOMO-2 — LUMO+3 (27) 3.67
HOMO-2 — LUMO+2 (15)

2.56 484 0.06 HOMO — LUMO+5 (45) 2.39

3.58 346 040 HOMO-6 — LUMO+I1 (7) 545
HOMO-5 — LUMO+1 (16)
HOMO-4 — LUMO (13)

3.73 332 0.45 HOMO-8 — LUMO (5) 5.63
HOMO-7 — LUMO (17)
HOMO-5 — LUMO+3 (6)

3.83 324 0.25 HOMO-8 — LUMO (10) 4.13
HOMO-5 — LUMO+3 (7)

14’ 1.70 729 0.13 HOMO — LUMO (43) 4.42
1.74 713 0.04 HOMO — LUMO+I1 (41) 247
1.97 629 0.04 HOMO-2 — LUMO (12) 2.38

HOMO-1 — LUMO+1 (32)
2.00 620 0.17  HOMO-2 — LUMO (31) 4.67
HOMO-1 — LUMO+1 (11)
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2.04 608 0.16 HOMO — LUMO+2 (36) 4.58
HOMO — LUMO+3 (8)
2.18 569 0.19 HOMO-2 — LUMO+I (7) 4.75

HOMO-1 — LUMO (12)
HOMO — LUMO+3 (16)
2.29 541 0.16 HOMO-2 — LUMO+2 (9) 434
HOMO-1 — LUMO+2 (10)
HOMO-1 — LUMO+3 (27)

2.55 486 0.04 HOMO-3 — LUMO+I (48) 1.97

2.80 443 0.04 HOMO-3 — LUMO+3 (47) 1.84

3.14 395 026 HOMO-5 — LUMO (25) 4.66
HOMO-4 — LUMO+1 (17)

3.28 378 025 HOMO-6 — LUMO (41) 4.49

3.43 361 046  HOMO-5 — LUMO+2 (15) 5.95
HOMO-4 — LUMO+3 (24)

3.63 341 021  HOMO-8 — LUMO (5) 3.92

HOMO-7 — LUMO+1 (6)
HOMO-6 — LUMO+2 (7)
HOMO — LUMO+38 (13)
HOMO — LUMO+9 (6)
3.67 338 023 HOMO-8 — LUMO (14) 4.04
HOMO-7 — LUMO+1 (12)
HOMO — LUMO+S8 (6)

? fos = oscillator strength; u;, = transition dipole moment.

For both 7' and 14, the inclusion of a DMSO solvent continuum (CPCM) in the TD-
DFT calculations was necessary to obtain adequate correlations with the experimental UV—
vis spectra (Figure 8). Such an effect has been noted previously for similar Ru complexes
[33]. Without the CPCM, the transition energies are red-shifted by several hundreds of
nanometres. The difference is more significant for 14’, so the larger DGDZVP basis set was
employed to give better results for this complex. This basis set has been used previously to
good effect on the N3 dye by De Angelis and co-workers [34].

For the 7', the main calculated electronic transitions (500—700 nm) are not separated
sufficiently to accurately replicate the shape of the experimental spectrum, although the
energies correlate approximately with the observed bands (Fig. 8a). Two major transitions
are calculated in this region with several flanking ones contributing to the overall broad
shape. The low energy tail which extends up to 900 nm in the experimental spectrum is

modelled with two transitions at around 800 nm, with one being dominant. A dense
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collection of higher energy transitions forms the band below 400 nm. For 14, the low energy
tail which extends up to 900 nm is well replicated by the TD calculation, although the shape
of the profile at higher energy provides a less accurate fit. The low energy tail is again
modelled by two transitions above 700 nm, which are significantly blue-shifted with respect
to the equivalent ones in 7' (see below). The main visible band is modelled by four dominant
transitions between 500 and 650 nm, with several more transitions contributing to the overall
shape. The high energy band below 400 nm comprises many transitions, although the energy
of the predicted band is slightly red-shifted with respect to the experimental spectrum.

Figs. 9 and 10 depict the HOMOs and LUMOs of 7’ and 14', respectively. For 7', the
lowest energy transitions have HOMO — LUMO, LUMO+1 and LUMO+2 character. The
HOMO is made up of the Ru d,, orbital in a m-antibonding arrangement with two Cl p
orbitals. The LUMOs are n*-orbitals occupying one arm of each quaterpyridinium ligand,
with only small contributions from the metal. For 14’, the lowest energy transitions have
HOMO — LUMO and LUMO+! character, and the HOMO comprises the Ru d,, orbital
antibonding with the two NCS™ ligands. Within the NCS™ ligand, the C— N is z-bonding and
the S p orbital is antibonding with respect to the C— N fragment. As for 7', the LUMOs of
14’ are w*-orbitals which are situated mainly on one arm of each ligand. In neither case are
any components of the LUMOs based on the phenyl rings. As expected, the HOMO is
stabilised in 14’ in comparison to 7' by ca. 16 eV which is mirrored in the relative blue-shift
of the low energy band in the UV—vis spectrum of 14'. This result is consistent with the

experimental spectra (see above).
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Fig. 8. TD-DFT-calculated (blue) and experimental (green) UV—vis spectra of (a) 7’ and (b)
14’ in DMSO. The &-axes refer to the experimental data only and the vertical axes of the
calculated data are scaled to match the main experimental absorptions. The f,s axes refer to

the individual calculated transitions (red).
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HOMO -5.96 eV HOMO-1 -6.31 eV

Fig. 9. Contour surface diagrams of some of the orbitals involved in the transitions of 7’

contributing to the low energy absorption above 450 nm (isosurface value 0.03 au).
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Fig. 10. Contour surface diagrams of some of the orbitals involved in the transitions of 14’

contributing to the low energy absorption above 450 nm (isosurface value 0.03 au).

3.7 Photosensitization Studies

The two carboxylic acid-functionalised compounds, 7 and 14, were tested initially as
sensitizers on TiO; electrodes. The current-voltage curves of the cells based on these dyes
are shown in Fig. 11a, and the photovoltaic performance of the cells is summarised in Table
5.

The performance of the TiO,-based cells fabricated with 7 and 14 is extremely poor
when compared with the reference dye N719. As for the related cis-[Ru"(2,2'-
bpy)2(R2qpy”)]*" complexes in 19 and 20 [11], the IPCE could not be measured due to the

exceptionally low photocurrents. It is worth mentioning that the composition of the
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electrolyte used for testing 7 and 14 was specially designed to decrease the conduction band
energy of TiO,. The results obtained are very disappointing, since it was anticipated that the
absorption behaviour of these dyes might lead to good photovoltaic performances. The likely
explanation for these observations is inefficient electron injection into the TiO, surface,
possibly due to poor matching between the excited state energy levels of the dyes and the
conduction band of TiO,. Also, the presence of long and twistable bridges between the Ru"
centre and the TiO; surface can be expected to hinder electronic coupling. Notably, the DFT-
derived LUMOs include no electron density on the phenyl rings. Although the theoretical
calculations do not predict the excited-state orbital energies or redox potentials of the dyes,

they do help to explain qualitatively their very low photosensitizing efficiencies.
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Fig. 11. Current-voltage curves of solar cells fabricated with 7 (blue) and 14 (red) under AM

1.5G illumination: (a) TiO;-based; (b) ZnO-based.
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Table 5
Photovoltaic performance parameters for solar cells fabricated with 7, 14 and the reference

dye N719, measured under AM 1.5G illumination (100 mW cm™ %).?

dye Je MAcm ™) Vo (mV) FF (%) n (%)
7° 0.050 410 24.4 0.005
14° 0.023 395 28.6 0.003
N719° 13.8 750 79.5 8.23
704 0.774 378 66.7 0.2
14%¢ 0.782 351 64.5 0.2
14%¢ 0.960 297 58.4 0.2
14%* 0.671 384 62.7 0.2
N719%4 5.63 603 60.2 2.0

* Jic = short-circuit current density; V.. = open-circuit voltage; FF = fill factor; # = power
conversion efficiency. N719 is the bis-[NBu"4] salt of the doubly deprotonated N3 dye.

b Ti0,-based cells.

¢ ZnO-based cells.

4 With electrolyte 3.

¢ With electrolyte 1.

"'With electrolyte 2.

Sensitization studies with 7 and 14 have been carried out also by using ZnO instead of
TiO, electrodes. These two related semiconductor materials have significantly different
characteristic parameters [35]. The dye immersion time for the ZnO-coated substrates was
only 1 h (cf. 16 h for TiO,-coated substrates), as the chemical stability of ZnO is rather poor
when compared to TiO, [36]. The current-voltage curves of the cells are shown in Fig. 11b,
and the photovoltaic performance is summarised in Table 5.

The photosensitizing performances of 7 and 14 are improved dramatically on ZnO
when compared with TiO, electrodes (Table 5). This difference indicates that electron
injection is more effective when the dyes are attached to ZnO surfaces. The overall
efficiency of our new dyes is still an order of magnitude below that of N719, but the
improvements observed are encouraging and indicate that changing other aspects of the cell
could prove worthwhile. From the perspective of molecular design, significant scope exists

to tune both the energy levels and the electron donor-acceptor coupling. For example, using
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N-(2-carboxyvinyl)- instead of N-arylpyridinium groups can be expected to enhance the
electronic coupling and therefore electron injection into the semiconductor. Also, replacing
the carboxylic acid groups with phosphonic acid or catechol anchoring units may prove

beneficial [37].

4. Conclusion

A series of complexes cis-[Ru"Xa(Ragpy* )a]*" (Ragpy”™ = a 4,4":2',2":4" 4"'-
quaterpyridinium ligand, X = CI” or NCS™) has been synthesised and characterised as their
PF; salts by using "H NMR spectroscopy and other techniques. The UV-vis spectra of these
complex salts show an intense intraligand 7 — #* absorption and low energy MLCT bands
with two maxima. As X is kept constant within the two series, the MLCT bands red-shift as
the electron-acceptor strength of the pyridinium units increases. Also, the MLCT energies
are higher for the dithiocyanato species than for their dichloro analogues. The electronic
absorption properties of the two carboxylic acid-functionalised compounds 7 and 14 are
superior to that of the N3 dye, with broader and more intense profiles in the visible and NIR

TII/IT . .
M oxidation waves,

regions. Cyclic voltammetry reveals quasi-reversible or reversible Ru
together with multiple, irreversible ligand-based reductions. Both of the trends shown by the
MLCT energies are reflected in the measured reduction potentials. A single-crystal X-ray
structure has been determined for the serendipitously produced compound [(4-
(CO,H)Ph),qpyH’>[HSO4]3*3H,0, a protonated form of one of the proligand salts. TD-DFT
calculations with a DMSO solvent continuum give adequate correlations with the
experimental UV—vis spectra for the complexes in 7 and 14. The complex salts 7 and 14
have been tested as photosensitizers on TiO,- and ZnO-coated electrodes. Although the
photovoltaic performance of these new sensitizers is disappointing, substantial improvements
occur on moving from TiO; to ZnO. Inefficient electron injection is probably due to weak
electronic coupling with the semiconductor surfaces, as indicated by the DFT-derived

LUMOs that feature no electron density near the carboxylic acid anchoring groups. It is also

possible that the energetic alignment of the excited-state donor orbitals with the conduction
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band edges of the semiconductors may be non-ideal. Nevertheless, substantial scope exists
for improving the sensitizing properties by judicious changes in the molecular structure, with

the aim of maintaining and exploiting the highly attractive electronic absorption properties.
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Graphical Abstract

New complex salts cis-[Ru"Xa(Ragpy* )2]*" (Rogpy”” = a 4,4":2",2"":4" 4""-quaterpyridinium
ligand, X = CI" or NCS™) have been prepared and studied by using techniques including
UV-vis spectroscopy, cyclic voltammetry and TD-DFT calculations. Photosensitizing
behaviour of two carboxylic acid-functionalised derivatives has been assessed on both TiO;

and ZnO.
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