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Abstract 

A series of new mthenium(I1) complexes ws synthesised for the application in phorwlecrmchemical solar cells baxdondye-wmitiwd 
nanwystalline titanium dioxide. Design strategies for the development of new dyes were tested via stmetwal variations of the prototype 

complex K[ Ru( II) (bmipy)( 4,4’-dcbpy)(NCS) 1 (7) with bmipy =2.6-bis( I-methyl-benzimidazol-2-yl bpyridine. and 4.4’-d.cbpy=2.2’- 
hipyridine4.4’-dicarboxylate. A 7ib level tuning was performed by replacing4A’dchpy with the low f level ligands dcbiq (2.2’~biquiao&e- 
4.4’-dicarboxylate) and 5.5’-dcbpy. The resulting complexes showed decreased light-to-electric energy conversion efiiciincies. 
K[ Ru( II) (bmipy)(CPO~hpy)( NCS) I (4-fQ,H,bpy = 2.2’-bipyridine4pttosphonic acid) also sensitissd TiOz less efficiently tbatt the 

model compound. The occurrence of two isomen was observed for the complexes containing CPO,bpy. In Na[Ru(E)(bmipy)(4.4’- 
dcbpy)X] with X=substitutcd phenylcyanamide (pcyd- ) anions. the influence of substitution on the phenyl groqwasinvestigated. MLCT 
absorption maxima of the phenylcyanamide complexes at arotmd 510 nm were shifted to lower energies in comparivm with 
complex. however photoenergy conversion efficiencies were reduced. When introduced into the complex. pixnylcyanamide was c 
via the nitrile or the amilo nitrogen. With prolonged reaction time, the amide-bound isomer was partially transformed into the ~~- 
ically more stable nitrilo-bound isomer. Linkage isomerism of coordinated NCS and 4-Clpcyd- was studied with multinuclear NMR ( ‘H, 
“C, “P) spectroscopy and “C-labelled ligands. Prospects for a substantial improvement of Ru(II) polypyridyl snsitisers fw Ti02 are 

discussed. 

Krwwd.~: Sular 1~11; Ruthenium senntinen; Phcnykyanamidc; Titanium dioxide 

1. Introduction 

In recent years there has been a growing interest in pho- 
@electrochemical devices based on nanocrystalline TiOz 
(anatase) sensitized with transition metal complexes [ l-91. 
At present, the most efficient and stable sensitisers are car- 
boxylated Ru( II) polypyridyl complexes. Among them, 
Ru(4,4’-dcbpyH2)2(NCS)z shows an impressive per- 
formance in the solar cell [ 6). which is however limited by 
small absorption coefficients at wavelengths above 650 nm. 
Improved dyes should show increased red response while 
maintaining a high photopotential and a quantitative incident 
monochromatic photon-to-current conversion efficiency 
( IPCE) at shorter wavelengths in tbe device. Common ways 
of improving the absorption spectrum of a complex are: Ir* 
level tuning [IO-121, e.g. the use of ligands with a lowest 
T? level lower than that of 4,4’-dcbpy, ruthenium ground 
state tuning [ 12-141 (kg tuning), and the increase of the 

OiIZO-1693/97/$17.OO0 1997 EtIcvirr SciencrS.A.All rights resewed 
PIISOO20-1693(97105457-1 

absorption coefficient of tbe MLCT ( metal-tc-ligandcbarge- 
transfer) band by introducing substituents such as methyl or 
phenyl groups in appropriate positions [9,15,16]. In ourp”- 
vious work [9]. we have described dte synthesis sod prop 
erties of K[Ru(bmipy)(4,4’-dcbpy)(NCS)] (7). This 
complex, an efficient pbotosensitiser forTi02, bas been elm- 
sen as a model complex for applying the above design strat- 
egies. Stmcturally related compcmndy having eitberdifferent 
bipyridines containing anchoring groups or other non-chro- 
mophoric ligands replacing thiocyanate were prepared. 

Tbeencrgyoftberuthenium_~undstatelevelintbe 
complex is controlled by tbc donorstrengtbof tbeligandX_. 
With a strong donor. the energy level can be shifted to higher 
energies, yielding a red-shifted absorption spectrum. Hence. 
substituted pbenylcyanamnies were applied to study the 
effect of ( i) the increased donor strength and (ii) changing 
the position of subslirution on the pbenyl group. on dye per- 
formance in tbe solar cell. The large number of commercially 
available substituted anilines and tbe ease of the synthesis 
r&en a wide range of phenylcyanamidcs readily accessible 
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[ 171. The problem of ligand au’.opolymerisation can be over- 
come for most of the phen) Icyanamides by transforming 
them into their thallium(l) ialts. Their basicity and donor 
strengths can be tuned by substituting the phenyl group with 

electron donating or acceptin= c 0 oroups in suitable positions. 
In the deprotonated form, phenylcyanamide haspsetdohalide 

character [ I8 1. 
Important studies on carbodiimide coordinationchemistry 

have been performed by Hiinig and co-workers [ 19,201. 

which demonstrate the tunability of the electronic properties 
of a ‘molecular salt’ of an NJ+dicyanoquinonediimine deriv- 
ative. With substituted phenylcyanamides, the redox poten- 
tials and LMCT (ligand-to-metal charge-transfer) energies 
of the Ru(IH) pentaammine system were fine-tuned by 
Crutchley et al. [2l]. Other publications [ 17.22-241 
included studies on Cu( II) and Ru( 11) bipyridine phenyl- 
cyanamide complexes. 

All previous X-my structures of mononuclear transition 
metal complexes containing phenylcyanamide showed coor- 
dination via the terminal (nitrile) nitrogen atom [25]. How- 
ever. a spectroscopic investigation of the incorporation of 
‘3C-!abelled 4-chlorophenylcyanamide into Na[ (bmipy)- 
(4,4’-dcbpy)l] was warranted by our findings on the for- 
mation of linkage isomers of thiocyanate and selenocyanate 
in the same system. 

The attaching group plays a key role in the sensitisation 
process [ I]. enabling efficient interaction between dye and 
semiconductor. The most commonly used anchoring group 
is the carboxylic acid. Recently, the phosphonic aeid group 
has gained considerable attention as an alternative. With the 
complex Ru(4’-PG,Hter)(4,4’-dmbpy)(NCS), IPCE val- 
ues of close to one at 520 nm were, for the first time, observed 
with aphosphonated sensitiser in a photoelectrochemicalcell 
[S] (4’~PO,H,ter is 2,2’:6’,2”-terpyridine-4’-phosphonic 
acid and 4,4’-dmbpy is 4,4’-dimethyl-2.2’-bipyridine). In 
this work. the new ligand 2,2’-bipyridine-4-phosphonic acid 
and two of its Ru( 11) complexes were prepared. 

2. Experimental 

2. I. Maierials 

Unless otherwise stated, all solvents and chemicals used 
were at least reagent grade and were purchased from Fluka 
AG or Aldrich, Switzerland. Sephadex LH-20 was obtained 
from Pharmacia. “C-enriched (99%) potassium thiocyanate 
is a product of Dr Glaser AG, Switzerland. Electrodes were 
coated with nanocrystalline TiOa prepared via a sol-gel pro- 
cedure 1261. The ambient temperature molten salt HMI 
( I-hexyl-3-methylimidaxolium iodide) and its methyl- 
ated homologue HMaI (3-hexyl-I ,2-dimethylimidazolium 
iodide) were synthesised in a similar manner as previously 
reported [ 271. Elemental analyses were carried out by the 

analyticat services of Ilse Bectz, Kronach, Germany and 
Ciba-Geigy, Basel, Switzerland. 

Phenylcyanamides and their thallium(I) salts were pre- 
paied from substituted anilines via the thiourea route ] 171. 
4,4’-dcbpyHa [ 281, 5.5’-dmbpy [ 291 and 5,5’-dcbpyHa 
[28] were prepared according to literature procedures; the 
resulting acids were further purified following a method 
described earlier [9] 2,2’-Bipyridine-N-monoxide [SO]. 
4.nitro-2,2’-bipyridine-IV-monoxide [ 311, 4-bromo-2,2’- 
bipyridine-N-monoxide [ 311 and 4-bromo-2,2’-bipyridine 
[31.32] were prepared by modified literature procedures. 
2,2’-Biqumoline-4,4’-dicarboxylic acid was obtained by dis- 
solving I.0 g of the disodium salt (Fluka) in water and 
precipitating the diacid with 5% hydrochloric acid. 

21.1. “C-labelled 4_chlorophen?rlcvcinamide. N”CNH- 

CJW~ /I) 
1 was prepared via the general procedure given for phen- 

ylcyanamide derivatives [ 171 using “C-labelled potassium 
thioeyanate as starting material. Yield: 60%. ‘-% NMR 
( methanol-dl): 112.93 (cyanamidecarbon). IR ( KBrpellet) 
(cm-‘): v,,=2182 (vs),2167 (vs). 

2.1.2. Ti’(N”CNC&CI) (2) 
Caution! Thallium salts are extremely toxic. The salt was 

preparedaftera literature procedure [ 171, using1 asastarting 
material. Yield: 62%. “CNMR (methanol-d,): 129.37 (car- 
bodiimide carbon). IR (KBr pellet) (cm-‘): uNcN=2060 
(sh),2048(vs),2035(sh),2013(m),1999(w). 

2.1.3. 2,2’- Bip~ridine-4-diethvIphosph(Jnale (3) 1331 
To 3.0 g of 4-bromo-2,2’-bipyridine were added under 

argon I .O g of palladium tetrakistriphenylphosphine, 3.8 g of 
diethylphosphite, and 2.9 g of triethylamine, and the mixture 
was refluxed for4 h. Excess diethylphosphite and triethylam- 
ine were evaporated under reduced pressure, and the remain- 
ing mixture was dissolved in a minimum amount of 
dich!oromethane. The solution was chromatographed on a 
silica gel column (Merck KG 60, 30x6 cm) by gradient 
elution with dichloromethane/methanol. Evaporation of the 
product fraction yielded 3, contaminated with small amounts 
of an impurity with a proton NMR signal at around 7.4 ppm 
(CDCII). Chromatography of the product fraction on silica 
gel with ethylacetatejacetic acid ( 1005). subsequent wash- 
ing of the column with dichloromethane/methanol (l&l) 
and evaporating the solvent yielded 3 as a yellowish oil. 
Yield: I.9 g (5 I%). Anal. Calc. for C,,H,,N,O,P: C, 57.53; 
H, 5.86; N, 9.58; P, 10.60. Found: C, 57.54; H, 5.91; N, 9.55; 
P, 10.61%. UV-Vis (ethanol): 284 (e=29400), 238 
(E= 25 800) nm. ‘H NMR (CDCI,) (multiplicity, coupling 
constant(s) (Hz), integral): I.31 (t, 6.7. 4); 4.15 (m, 6); 
7.29 (ddd, 1.2.4.8.7.5. I); 7.65 (ddd, I .5,4.7, ‘Jr_,,= 13.1, 
I);:.78 (dt, 1.8.7.3, I); 8.36 (td, 1.2,8.0, I); 8.72 (m, 3). 
‘C NMR (CDC&) (atom, multiplicity, coupling constant 
(Hz)): 16.35 (-CH,. d,‘Jc_p=6.1), 62.72 (-CH~-,dd,3Jc_p 
=5.5), 121.22 (C3’, s), 122.67 (C3.d,‘Jc_r=9.5), 124.14 
(CS, s), 125.23 (C5, d, a&.=8.8), 136.95 (C4’, s), 
138.46(C4.d,‘.&= 185.7). 149.34(C6’,s), 149.41 (C6, 
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d, 3-&~=13.1), 155.21 (C2’. d, 45c_,=2.0), 156.59 (C2, 
d, 3Jc_P= 12.2). “‘P NMR (CDCI,): 15.28. IR ( KEir pellet) 
(cm-‘): 3059 (w), 2982 (w), 2930 (w), 2907 (w), 2871 
(w), 1583 (m), 1567 (w), 1541 (w), 1478 (w), 1456(m). 
1380 (m), 1283 (w), 1255 (s), 1223 (w), II63 (m), II32 
(s), I095 (m), 1051 (s), 1022 (s), 972 (s), 829 (w),789 
(s), 747 (w), 710 (w) 661 (w), 618 (w), 608 (m). MS 
(Cl. NH,): (m/z. rcl. int.): 293, 58.2, WI+; 248. 21.4, 
MH+ --t&H=,; 219,24.9, C,&N202P+: 184.20.7; 156, 
100, C,,H,N,+. 

2.1.4. Rn(bmipyJCI, (4). Ru(bmipyJ(4,4’-dcbpyHJC1 (5). 
Na[Ru(bm@yJ(4,4’-dcbpy)l] (6) and K[Ru(bmipy)- 
f4.4’-dcbpyJ(NCSJl(7) 

These were prepared and purified as described earlier [ 91. 
All reactions were performed under argon and ensuring 
exclusion of light. 

2.1.5. NalRu(bmipy)(4,4’-dcbpy)(N(CN)>)l(8) 
50 mg of 6 and IOU mg of sodium dicyanoamide (25-fold 

excess) were dissolved in 25 ml of methanol and refluxed for 

4 h. The crude product was isolated by precipitation with 
diethyl ether, filtered, redissolved in methanol and chroma- 
tographedover SephadexLH-20 (IOX2cm) ~oremovedicy- 
anoamide impurity. The product band was collected, 
precipitated with diethyl ether, filtered, washed with diethyl 
ether/methanol (21) and diethyl ether, and dried. Yield: 37 
mg (79%). Anal. Calc. for C,H,,N,,,NaO,Ru~3H,O: C, 
50.92; H, 3.54; N, 16.96. Found: C. 50.91; H, 3.54; N, 
16.96%. 

2.1.6. Na[Ru(bmipy)(4,4’-dcbpyJ(2,4,.5-C!,pcydJ~(9J 
70 mg of 6 and 50mg of Tl(2,4,5-trichlomphenylcyanam- 

ide) ( l.4-fold excess) were refluxed in 30 ml of methanol 
for 4 h. After cooling, a yellow solid (thallium iodide) was 

separated by centrifugation, and the product was precipitated 
from the solution with diethyl ether, filtered off, washed with 
diethyl ether/methanol 5:2 and diethyl ether, and dried. 
Yield: 54 mg (69% ) . Anal. Calc. for C~,,CI,N~aO,Ru . 
2.5H,O: C, 49.47; H, 3.11; N, 12.98. Found: C, 49.43; H, 
2.85; N, 13.02%. 

2.1.7. Na[Ru(bmipyJ(4.4’-dcbpyJ(pcydJ](lOJ 
This was prepared like complex 9, starting from 50 mg of 

6 and 28 mg of Tl(pcyd), and refluxing for 8 h in 25 ml of 
methanol. Yield: 36 mg (73%). Anal. Calc. for C&s- 
N,,NaO,Ru.4.5H,O: C, 53.08; H, 4.13; N, 13.95. Found: C, 
53.16; H, 3.52; N, 13.88%. 

2.1.8. Nu[Ru(bmipy)(4,4’-dcbpyJ(4-Clpcyd)](II) 
This was synthesiscd in the same way as 9, starting fmm 

75 mg of 6 and 34 mg of TI(Wlpcyd), and refluxing for 
I5 h. Yield: 50 mg (67%). Anal. Calc. for C&I&IN, 
NaO,Ru~2H,O:C,53.79;H,3.50;N,l4.ll.Found:C,53.65; 
H, 3.20; N, 13.99%. 

2. I. 9. Na[Ru(bmipyJ(4,4’-dcbpyJ(2-Clpcyd)] (12) 
This was synthesised in the same way as 11 with the only 

difference using Tl(2Clpcyd) instead of Tl(J-Clpqd). 
Yield: 48 mg (64%). Anal. Calc. for C+&$IN~aO,,Ru~ 
5.5H20: C. 50.24; H, 4.01; N, 13.18. Found: C, 50.18; H, 
3.H); N, 13.14%. 

2.I.IO. Nu[Ru(bmipyJ(4.4’-dcbpyJi2.4,6-Cl~pcyd)~(13) 
This was prepared like 9, using 75 mg of 6 and 39 mg of 

Tl(2,4,6_Cl,pcyd). Yield: 49 mg (60%). Anal. Cak. for 
C,&&NN$l’a~~Ru~ I.SH@ C. 50.41: H. 2.%; N. 13.23. 
Found: C, 50.67; H, 2.99, N, 13.08%. 

2. I. 11. NajRu(bmipy)(4,4’-dcbpyHOCH,)] (14) 
80 mg of sodium were reacted with 40 ml of dry me 

Then, I60 mg of 5 were added, and the sohttioa was 
under r&x for 4 h. During the reaction, the solution 
Nmed deep blue-violet. After cooling at room temperature, 
the volume was reduced to 20 ml, and the product was prc- 
cipitated by adding diithyl ether. It was filtered, wasbedwitb 
diethyl ether/methanol 4:l and diyl ether, and dried 
Yield: 153mg(93%).Thepmductwassensitivatohumidity 
and was directly used for further reactions. 

2.1.12. Na[Ru(bmipyJ(4,4’-~cbpy~2,4,6_Me,~d)](l5) 
200 mg of 2,4,6&methylphenyIcyanamide and 80 mg of 

14 were refluxed in 40 ml of methanol for 24 h. After evap- 
orating to dryness, the product was redissolved in amhGmum 

amount of methanol and purified on Sephadex LH-20 with 
0.2 M sodium methanolatelmethanol as an ehtent. Tlte prod- 
uct band was collected, precipitated with diethyl ether, 
washed with diethyl ether/methanol 3:1 and diiy1 ether, 
and dried Yield: 52 mg (55%). Anal. Calf. for 
Ca3H,Nfia0,Ru.3.5HzO: C, 55.66; H. 4.45; N, 13.59. 

Found: C, 55.48; H, 4.08; N, 13.32%. 

2.1.13. Ns,[Ru(bmipy#4.4’-dcbprXNCNJl(I6) 
6 was reacted with a 20-fold molar excess of sodium cyan- 

amide in methanol for 3 h. After that, the solution had a deep 
blue-violetcolour. Filhationafterprecipitationofthe 
with diethyl ether resulted in decomposition. 

2.1.14. Ru(bmipyn5,5’-dcbpyH)Cl(17) 
This was prepared like 5, using 5,5’-dcbpyH, instead of 

4,4’dcbpyHz. Yield: 260 mg (63%). Anal. Calc. for 
C,,H,CIN,0,Ru~2H20: C, 52.49: H, 3.74; N, 12.98. Fouad: 

C, 52.35; H. 3.54; N, 13.17%. 

250 mg of 17 were dissolved in 120 mi of methanol and 
I.Oml oftriethylamine. Afteradding2.6gofNaI,tJtemixture 
was boiled under reflux for 6 h. Then. a blue-violet soiidwas 
filtered off, the volume of the filtrate reduced to 25 ml, and 
the product was purified on Sephadex LH-20 (20X3 cm) 
with methanol!NalloO:4 as an ehtent. The main red-violet 
fmction was collected, evaporated to a volume of 25 ml, and 
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the product precipitated with diethyl ether. After filtration, it 
was washed with dietbyl ether/methanol ( 3: 1) and diethyl 
ether. Yield: 120 mg (42%). Anal. Calc. for C;,H&$- 
NaOaRu.4H20. containing 6.4% NaI: C, 40.84; H, 3.22; N, 
10.16:1,18.42.Found:C,40.84;H,3.44;N.9.92;I, 18.25%. 

2.1.16. Na[Ru(bmipr)(5,5’-dcbpy)(2,4,5-Cl~pcyd))(19) 
This was prepared in the same way as complex 9, using 18 

as starting material. Yield: 30 mg (61.4%). Anal. Calc. for 
C H Cl N NaO,Ru-lSH@ C, 50.41; H, 2.96; N, 13.23. sn25 39 
Found: C, 50.58; H, 3.09: N, 13.22%. 

2.1.17. Na,[Ru(bmipyJ(5.5’-dcbpyJ(NCN)lf20) 
This was synthesised in the same way as 16 and decom- 

posed upon filtration. 

2.1.18. Ru(bmipy)(dcbiqH)CI (21) 
146 mg of 22’-biquinoline-4,4’-dicarboxylic acid and 308 

mg of 4 were added to 60 ml of dimetbylformamide and 2.0 
ml of triethylamine. The mixture was refluxed for 6 h. After 
30 min of refluxing, the colour of the solution turned deep 
blue and a solid precipitated. The solution was filtered hot, 
and the precipitate washed with dimethylformamide and 
dried. Yield: 331 mg (76%). Anal. Calc. forC,,CIHZ,N,O,- 
Ru.H@z C.58.8;H. 3.6; N, 11.7.Found: C,58.9;H, 3.6; N, 
12.0%. 

2.1.19. Ru(bmipy)(dcbiqHJ(NCS) (22) 
300 mg of 21 were added to a mixture of 240 ml of dime- 

thylformamide, 60 ml of water, I.0 ml of triethylamine and 
I .O g of potassium thiocyanate. After retluxing for 8 h, the 
solution was allowed to cool at room temperature, filtered, 
and evaporated to dryness under reduced pressure. Then, the 
solid was dissolved in water with diluted sodium hydroxide 
and reprecipitated by adding dropwise 5% hydrochloric acid. 
The precipitate was filtered off, washed with 0.5% hydmch- 
loric acid, dried, dissolved in a minimum amount of methanol 
and eluted with methanol through a Sephadex LH-20 column 
under reduced light. A green band was collected, &e solvent 
evaporated and the complex suspended in 75 ml of water and 
dissolved by adding dropwise 5% sodium hydroxide. Repre- 
cipitation from the solution with 5% hydrochloric acid, fil- 

tering and drying yielded 210 mg (63%) of 22. Anal. Calc. 
forC 42 2R 8 4 H N 0 RuS.5Hz0: C, 54.13; H. 4.1 I; N, 12.02; S, 
3.44. Found: C, 54.10; H. 3.77; N, 12.19; S, 3.22%. 

2.1.20. Ru(bmipyJ(#-POjHbpy)Cl (23) 
2,2’-Bipyridine4diethylphosphonate (3) (300 mg) was 

dissolved in 20 ml of 20% hydrochloric acid and refluxed for 
4 h. The solution was evaporated, and the product dried in 
vacua. To the solid, 60 ml of dimethylformamide, 2.0 ml of 
triethylamine and 610 mg of 4 were added. The mixture was 
refluxed for 5 h. During this time, the colour of the solution 
turned violet and a solid precipitated. The solution was 
allowed to cool at room temperature, and the precipitate fil- 
tc:ed off, washed with dimethylformamide and dried. Yield: 

599 mg (78%). Anal. Calc. for C3,Hz5N703PRu.2H20: C, 
49.84; H, 3.91; N, 13.12; Cl,4.75; P.4.16. Found: C.49.56; 
H,3.93;N, 12.72;C1,5.15;P,4.19%. 

2.1.21. Ru(bmipy)(#-PO,Hbpy)(NCS) (24) 
300 mg of 23 were dissolved in 30 ml of methanol and I .O 

ml of triethylamine. After addition of 1.0 g of potassium 
thiocyanate. the mixture was refluxed for 8 h. Then, the solu- 
tion was allowed to cool at room temperature, filtered, and 
evaporated under reduced pressure. The solid was dissolved 
in water using I M NaOH and precipitated by adding drop 
wise 5% hydrochloric acid. The precipitate was filtered off, 
washed with 0.5% hydrochloric acid, redissolved in water 
using a minimum amount of sodium hydroxide, and repre- 
cipitated fmm the solution with acid. Tbe product was filtered 
off, washed with water and dried. Yield: 259 mg (84%). 
Anal. Calc. for C H N 0 PRuS.ZH,O: C, 48.79; H, 3.95; 32 2s K 3 
N, 14.22;P,4.02;S,4.07.Found:C,48.45:H,3.49;N.l4.32; 
P, 4.09; S,4.23%. 

2.2. Methods 

2.2.1. Spectroscopic studies 
‘H, broadband proton decoupled “C and “P NMR spectra 

were measured on a Bruker AC-P 200 spectrometer. ‘H and 
“C chemical shifts are given in ppm, relative to tetramethyl 
silane. “P NMR spectra were measured against 85% H,PO, 
as an external standard. In “C NMR measurements, pulse 
repetition time was 3 s. UV-Vis spectra were obtained on a 
Hewlett Packard 8452A diode array spectrophotometer. Fou- 
rier transform IR spectra were recorded from KJ3r pellets on 
a Perkin-Elmer Paragon 1000 FfIR spectrophotometer. 

2.2.2. Electrochemistry 
Cyclic voltammetry was performed in argon-purged 

I -methyl-2-pyrrolidone, dried over molecular sieve, in the 
presence of 0. I M tetrabutylammonium-trifluommethanesul- 
fonate as the supporting electrolyte. In the three-electrode 
set-up, a glassy carbon working electrode (surface 0.07 cm*), 
:! glassy carbon counter electrode (separated from the work- 
ing electrode compartment by a bridge containing the same 
electndyte as the test solution), and a silver wire as quasi- 
reference electrode were used. The quasi-reference electrode 
was calibrated with an AglAgCllKCl saturated reference 
electrode. Reported potentials refer to the latter. Scan rates 
between 100 and 300 mV s- ’ were used. 

2.2.3. Photoelectrochemical measurements 
Ti02 electrodes were coated for I5 h under exclusion of 

light in 5 X 10e4 M etbanolic dye solutions at room temper- 
ature. If there was no deep coloration of the electrode, soaking 
was continued for 2 h at 7O’C. Unless otherwise stated, the 
dye solutions contained 50 mM of 3ruJ&dihydroxy-Spcho- 
lanic acid as a co-adsorbate. As electrolyte, a mixture con- 
taining 0.6 M HMzI or HMI, 40 mM of I*, 40 mM of LiI and 
200 mM of 4-tert-butylpytidine in acetonitrile was used. 



HM,I and HMI containing electrolytes yielded identical cell 
performance and are assumed only to differ in long-term 
stability. Set-up and procedure for the measurement of action 
spectra and current-voltage characteristics are described 
elsewhere [ 61. 

3. Results and discussion 

3. I. Synthesis 

All investigated complexes were of the general formula 
M[Ru( lI)LL’X], with L=tridentate polypyridine ligand, 
L’ = bidentate polypyridine with anchoring group(s). X- = 
pseudohalide. and M = Nat or H+ . Usually, complexes of 
this type are prepared in three steps, starting with the reaction 
of equimolar amounts of Ru( lII)CI, and the tridentate ligand 
(in this work exclusively bmipy) in ethanol, yielding 
Ru( III)LCI, (4) as a precipitate. Subsequently, the bidentatc 
ligand L’ is introduced by reacting it with one equivalent of 
Ru(Ill)LCI, in a high-boiling solvent such as dimethyl for- 
mamide, together with a small amount of reducing agent, 
such as triethylamine. The product is Ru( R)L(L’H)CI, pre- 
cipitating from the reaction solution. In the final step, the 
chloride is replaced by other pseudohalides (applied in 
excess) in methanol. The solubility of the chloride complex 
is enhanced by deprotonation with triedrylamine. A sche- 
matic representation of the performed reactions is shown in 
Fig. I, and the structures of the ligands used are given in 
Fig. 2. 

As the investigated carboxylatcd complexes did not crys- 
tallise, a chromatographic purification on the Ru( II) stage 
was necessary to obtain acceptable proton NMR spectra. It 
was not possible to separate the carboxylated complexes on 
common stationary phases like silica or alumina. With the 

t-d \-/ ‘-’ 
4,4’daYY 
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I ligd LW, 

R~L(L’H)o 
5,17.21,23 

x LH-20 however 

hnmduction of pro&rated phenykyanamide ligands into 
the iodo complex in the pre 
mixture of prcducts. Hence, 
of phenylcyanamides not forming thallium salts,Na[RuLL’- 

Fig. 2. Strueturcs of ligands used. 



Table I 
‘H NMR data of complcxcs S-20 (in methanol-d,) 

Complex bmipy pmlcmr 4.4’-dcbpy protons pcyd protons 
- 

8 

9 

10 

11 

12 

13 

14 

15 

16 

a b c d e f s 3 3’ 5 5’ 6 6’ 

838 8.81 4.58 1.75 7.45 7.15 6.2b 9.27 5.8 I a.54 7.41 IO.12 7.50 
I d P d I I d d d dd dd d d 
834 8.81 4.58 7.75 7.45 7.15 6.30 9.30 8.85 8.53 7.43 10.28 7.59 7.14 5.99 

d 
i.29 8.76 :.53 

d ddd ddd d d d dd dd d d s, 3 s. 6 
1.75 7.46 7.15 6.31 9.29 8.84 8.51 7.41 10.32 7.58 6.75 6.56 6.06 

t d 
1.55 

d t t d s s dd dd d d m. 3.5 m.4 m. 2.6 

a.3 I 8.77 7.75 7.46 7.16 6.31 9.29 8.84 8.51 7.41 10.29 7.56 6.01 6.69 
t d 

i.55 
d ddd ddd d d d dd dd d d m. 2.6 m, 3.5 

8.30 8.77 7.7s 7.46 7.15 6.31 9.29 8.84 a.52 7.43 10.33 7.58 7.~) 6.51 5.93 

, d ?I d ddd ddd d d d dd dd d d dd. 3 In. 4.5 dd.6 
8.3 I a.77 4.56 7.72 7.44 7.12 6.27 9 28 8.83 a.52 7.41 10.35 7.54 6.92 

t d s d ddd ddd d d d dd dd d d s. 3,s 
8.x a.75 4.57 7.70 7.40 7.09 6.31 9.26 8.73 8.58 7.27 IO.18 7.27 2.67 
I d s d ddd ddd d d d dd s d s s 

x.25 8.69 4.53 7.69 7.43 7.11 6.26 9.27 8.8 I a.5 7.37 10.33 7.52 6.44 2.10 I.71 
t d s d ddd ddd d d d dd dd d d s. 3.5 s.4 s, 2.6 
8.17 a.73 4.57 7.71 7.41 7.08 6.30 9.26 x.75 8.59 7.3 I IO.21 7.25 
I d s d ddd ddd d s s dd dd d d 

bmipy signals 5.5’.dchpy signals 

B b c d c f g 3 3’ 4 4’ 6 6’ 

8.26 8.76 4.54 7.71 7.40 7.07 6.28 8.87 8.43 8.87 7.97 II.24 7.90 
t d s d ddd ddd d m d m dd s d 
8.24 8.74 4.54 7.69 7.41 7.09 6.36 8.82 8.37 8.82 8.01 II.77 7.76 
t d d ddd ddd d d m dd s d 

8.30 8.79 ;S8 7.76 7.46 7.14 6.32 :89 8.48 8.89 8.06 10.79 7.% 7.12 5.96 

t d I d ddd ddd d d dd d d E, 3 s. 6 
8.13 8.71 4.56 7.70 7.40 7.06 6.32 :a8 8.38 :88 7.91 10.75 7.64 
I d I d ddd ddd d m d m dd s d 

(OCH,) ] ( 14) was used as the precursor material. The mcth- 

oxy group can be replaced by phenylcyanamides in methanol, 
which are introduced into the complex in the deprotonated 
form. 

The phosphonated ligand CPO,Etabpy was synthesised in 
five steps from bpy. Citedliteratureprocedures weremodified 
and optimised for monosubstituted bipyddine derivatives 
[ 30-32,341. The introduction of the phospbonate group was 
similar to the procedure for the previously published 4’- 
PO,Et,ter 181. Subsequently, the ester was hydrolysed in 
20% HCI. “P NMR studies showed the disappearance of the 
diester signal at 6= 11.78 ppm in 20% DUD20 after 30 
min of heating at 100°C, indicating complete hydrolysis of 
the first ester group. The monoester (S= 8.21 ppm in 20% 
DCI/D,O) was completely converted after an additional 2.5 
b of refluxing. The “P NMR spectrum of the final product 
showed a single line at 6=6.83 ppm in 20% DCI/D,O. The 
hydrolysed ligand was reacted with Ru( III)LCI,, yielding 
isomers of complex 23 as a crystalline powder, rendering a 
further purification of 23 and its derivatives unnecessary. 

Proton NMR data are summarised in Table I for com- 
plexes 8-20 and Table 2 for 22-24. Signal numbers are the 

same as given in Fig. 3, and integration is in accordance with 
given assignments. When coordinated, ‘H NMR chemical 
shifts of the bmipy signals remained nearly unaffected by the 
nature of the other ligands, whereas the bpy derivativesignals 
were more strongly influenced [ 35 1 by the monodentate 
ligand X-. Parhcularly sensitive was the chemical shift of 
the H6 signal, which varied by more than one ppm. Proton 
NMR spectra of the phosphonated complexes 23 and 24 are 
more complicatetl, as the phosphonate group can he posi- 
tioned cisor rrarrs to X-. A cisltrans isomer ratioof I:6 was 
found by integration of “‘P signals (see Table 4). independ- 
ent of the nature of X --. 

All products gave satisfactory elemental analyses. When 
prepared as alkali salts by precipitation with diethyl ether 
from methanol, a co-precipitation of other ions occurred, due 
to the adsorptive nature of the products. It was not possible 
to remove completely excess sodium iodide from complex 
18 even by repeated reprecipitation. Precipitation at its iso- 
electric point in aqueous solution is not possible because of 
fast replacement of the iodide ligand by water. The phenyl- 

cyanamide complexes are in contrast prepared with a small 
ligand excess, which is removed by product precipitation. 
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Table 2 
‘H NMR data of complexes 22-24 (in metbanal-d,) 

135 

Complex bmipy protons bpy derivative pnnons 

B b c d e f g 3 5 6.7 8 3’ 5’ 6’.7 8 

22 8.38 8.79 4.52 7.68 7.39 7.06 6.27 9.05 8.87 7.29.7.77 9.26 8.61 8.20 7.25.7.43 7.00 

t d 5 d ddd ddd d s dd ddd.ddd dd s dd ddd.ddd dd 

3 4 5 6 3’ Y.6 

23 8.23 8.73 4.54 7.7! 7.41 7.07 6.27 8.53 8.11 8.50 10.69 8.67 7.23-7.34 

t d \ d ddd ddd d d d: dr dd d m 
24 8.32 8.77 4.55 7.73 7.44 7.10 6.23 8.83 8.15 8.52 IO.21 8.68 7.31-7.39 

t d \ d dt d&J d d ddd dt dd d m 

Ho 

Fig. 3. ‘Ike complex Ru(bmipy) (4-PO,Hbpy)( NW. The phosphonic acid 
group can be located ED or tram to tie thiocyanate @and. 

3.2. Absorption spectra and redox properties 

The absorption spectra of the complexes in methanol are 
dominated by strong ligand-centred sr-lit transitions at 346 
and 360 nm on bmipy [36], and at around 310 nm on the 
bipyridine derivatives [ 61. The position of an intense MLCT 
transition with an absorption coefficient of around 13 000 
depended on the donor strength of the pseudohalide X- used. 
In the complex Na[Ru(bmipy)(4,4’-dcbpy)X], the MLCT 
maximum could be tuned between 492 (dicyanoamide com- 
plex 8) and 526 (cyanamide complex 16) nm. The phenyl- 
cyanamide derivative complexes showed absorptiou maxima 
between500and512nm,slightlyred-shiftedwhencompared 
to the model complex 7 (500 nm) . Representative absorption 
spectmareshowninFig. 4. A spectmmofcis-Ru(dcbpyH&- 
(NCS)? (25). the best known seusitiser for TiOz so far, was 
included for comparison. 

lit Level tuning of the prototype complex 7 resulted in the 
expected red-shift in the absorption spectra, which was found 
to be 10 to IS nm for the 5.5’~dcbpy derivatives and 76 nm 
forthedcbiqcomplex22 (inthedeprotouated form). Replae- 
ing 4.4’~dcbpyH by 4-PO,Hhpy yielded almost identical 
absorption energies, but the absorption coefficient of the 
MLCT band was reduced by about 20%. The MLCT band 
positions are pH-dependent. UV-Vis data are. compiled, 
together with redox potentials and IR absorptions, inTable 3. 

Cyclic volmmmetry of the carbodhmide derivative corn- 
plexes showed reversible or quasi-reversible behaviour of the 
Ru( RI/U) redox couple for scan rates between 100 and 300 
mVs-‘.Allpotentialsarelesspositivethanthatof 
complex 7. Reduction waves are quasi-revemthrle orirrevers- 
ible, depending on the nature of the pbenyk 
Potentials for 4,#-dcbpy and S$dsbpy homokges are very 
similar. The thiocyanate complexes 22 and 24 displayed 
irreversible tedox electrochemistry. 

3.3. Complex isonwtism 

3.3.1. Phettykyanamide compkzes 
As ambidemate ligands, phenykyanamides have shown 

several bonding modes when coordinated to transitioumetak 
depending on the charge of the carbodiiide ligand and on 
thenatureofthetmnsitioumetai.Theprefenedboadingnwde 
is via the nitrlle nitrogen, since all crystal smkturesof mono- 
nuclear pbenykyanamide complexes of transition metal ions 
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Complex 

--~ 

Redox potentials h IR 
(cm-') 

Oxid. Red. 
(mV) (mV) 

8 k92 358 344 306 Mx)d -1250" 2279.2236. 
(13.8) (39.9) (31.0) (43.9) 2169 

9 502 3M) 34.4 306 740" -13cod 2172 
(13.0) (36.5) (33.4) (50.6) 

10 506 358 344 308 670" - 1380' 2169 
112.6) (37.9) (32.3) (46.6) 

11 506 358 346 308 640" -1300" 2167 
(12.4) (35.5) (30.9) (47.0) 

12 sG6 358 346 308 640" -1360' 2168 
(12.7) (34.6) (30.8) (47.3) 

13 508 360 344 308 720 -12604 2171 
(13.0) (36.0) (32.7) (53.4) 

14 530 360 344 308 
15 510 358 346 308 490" - 1230" 2152 

(13.1) (40.4) (33.3) (49.3) 
16 528 360 344 308 
17 520 358 344 304 7OQ" -1360' 

(9.3) (36.9) (30.9) (56.2) 
I8 524 35s 344 306 720' - 1430' 

(9.3) (32.8) (32.7) (61.0) 
19 514 358 344 302 7W' -1360' 2171 

(8.5) (35.9) (34.6) (61.4) 
20 542 358 344 304 
22 576 422 350 320 268 1030' -770" 

(10.2) (5.5) (50.2) (36.7) (58.4) 
24 496 360 344 316 298 980' -1360' 

(Il.31 (37.0) (29.8) (24.4) (44.6) 

'Innm,ex(inctioncwfficient (IO'M~' UK’) givenisr~nlhesesbelow. 
“vs. AgIAgCIIKCIsat. 
L Irreversible. 
dQua+reversible. 

have shown coordination by the terminal (nitrite) nitrogen 
[ 251. However there are examples for dinuclear transition 
metal complexes with a cyanamide bridge [37-l. While 
coordination via the amid0 nitrogen is in principle possible, 
sterical reasons and the fact that the electron density at the 
terminal nitrogen is higher than at the amid0 nitrogen were 

used to rationalise the dominating nitrile coordination ( 17). 
Nevertheless, for the unsubstituted cyanamide mono- 
anion, the existence of an amido-bound isomer has not been 
excluded [25]. Because ambidentate pseudobahdes such as 
thiocyanate or selenocyanate formed coordination isomers 
when introduced in the model complex 191, the reaction of 
a ‘%-labelled phenylcyanamide anion with complex 6 was 
monitored simultaneously by ‘H NMR, r3C NMR and IR 
spectroscopy. These spectroscopic techniques supplement 
each other to yield a comprehensive picture of the coordina- 
tion mode. 

Reactions were performed with a 1 &fold excess of ligand 
at refhtxing temperature in methanol and were interrupted 
after 40 min. 80 mitt, 3 and 6 b, respectively. The working- 
up procedure was the same as for, e.g.,complex 11. In Fig. 5, 
the parts of the ‘H NMR spectra of the products containing 

the dcbpy 6H signal are presented. As the most downfield 

shifted signal and not overlapping with other peaks, it serves 

as a valuable indicator signal for in situ reaction studies. After 

40 min reaction time (b), about 60% of the starting material 
(doublet at 1 I .23 ppm) had reacted. Two new doublets with 

approximately the same intensity at 10.29 and 10.25 ppm 

were assigned to phenylcyanamide containing complexes, 

though in two different bonding modes. The weak doublet at 
IO. 1 I ppm is due to the formation of an intermediate not 

containing cyanamide. 80 min of refluxing (spectrum c) 

yielded conversion of 75% of the iodo complex, and the 

intensities of the doublets at 10.29 and 10.25 ppm indicated 

an isomer ratio of 2: 1. After 3 h (d) , only traces of the starting 

material were left, and the signal for the intermediate bad 

disappeared. The relative intensity of the phenylcyanamide 
signalswas4:1.After6h(e),theisomerratiowas19:1.It 

was not possible to further reduce the amount of the second 
isomer by prolonged reaction time. The assignment given is 

in accordance with integral sizes of phenylcyanamide proton 

signals. The formation of a dinuclear complex could be 

excluded, as it would be sterically hindered, and integration 
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Iii 

h- 
11.2 11.0 10.8 10.6 10.4 10.2 

Chemical shill [ppml 

Fig.5 Ponionsoftbc ‘HNMRspectmmafcomplex 11 fordifferattreaction 
timer: (a) startingmaterial. (b) traction time4Omm. (c) XOmin. (d) 3h. 

(e) 6 h (in methanol-&). 

of the proton NMR signals gave a I:l:l ratio for phcnyl- 
cyanamide, dcbpy and bmipy ligands, respectively. 

13C NMR spectra, displayed in Fig. 6 and IR data support 
the above interpretation. The “C NMR spectra show two 
differently coordinated pbenylcyanamidc ligands. The sharp 
peak at 124.55 ppm, which is diminuishing during the reac 
tion (b-e), is assigned to amido-bound pbenylcyanamide,as 
organonitriles appear in this spectral region [4l]. The signal 
at 130.15 ppm is typical for carbodiimides [42]. Hence it 
appears that in this isomer, the diimide structure is more or 
less retained. The change of intensities of the two signals 
during the reaction qualitatively corresponds to tbc intensities 
of the two doublets at 10.29 and IO.25 ppm in the proton 
NMR spectra. Free deprotonated phenylcyanamide occurs at 
129.37 ppm in methanols. 

IR spectra of the same samples showed a broad absorption 
at 2095 cm- ’ for the isomeric mixture being refluxcd for 40 
mm. With prolonged reaction time, the maximum of the band 
was shifted to higherenergies, i.e. 2105 cm-‘. Notethat “C- 
labelling of phcnylcyanamidc shifts its asymmetric C-N 
stretching vibration to lower energies by about 70 cm-‘. 
Since anionic phenylcyanamides coordinated to transition 
mends only show one strong absorption band [ 431, theoccur- 

rcnce of multiple bands is indicative of different bonding 

modes [ 241. Gcnemlly, pbcnylcyanamides to 
transition metals show stretching frequencies 25 
and 2175 cm- ‘. For Ru( II) polypyrid& complexes with 
substituted phenylcyanamides, values of about 2170 cm-r 
have been found [ 241, and were assigned to nitriic- 
phcnylcyanamidcs. From the very similar band 
about2165cn~‘foundforthenewpbenyky 
plexes(seeTable3),oneinfersthatthemi~js~- 

tbeIRdataalone[18,43]. 
All other studied phenylcyanamide 

tively showed the same behaviour. The rcsuhing isomcrratio 
is~~~by~~~~~~s~~~~ 
phenyl ring. For sterical reasons, substitution in 2- or C 
position (e.g. in the ligands2.4 
trimethylpcyd) strongly fav 
isomer, whereas complexes of 
( x = Cl, NEta) phenylcyanamides are initiaRy formed in an 
isomer ratio of nearly 1% With prolonged react&t time, 
though, the nitrilc-bound main isomer is 
plexes with an isomer ratio of at least 19. 
isomers were obscrvcd for the dicyaaoamkk complex 8. 
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3.32. Pbosphonic acid substituted bipyidine complexes 
The introduction of KNi3CS in the triethylammonium salt 

of complex 23 has been followed in situ by NMR spectms- 
copy. As the complex contains the monosubstituted bipyri- 
dine CPO&py, two stereoisomers are possible, the position 
of the phosphonic acid group being truns or cis with respect 
to the ligand X-. Integration of “P NMR signals allowed a 
precise determination of the cisltrans isomer ratio. 

Fig. 7 shows proton NMR spectra recorded after various 
reaction times. Again, only the H6 signal of the 4-PO,bpy 
ligand is shown. (Note that proton numbers at the CPO,bpy 
are different for the cis and the trms isomer.) The reaction 
was performed in 2 NMR tube by refluxing 4.0 mg of the 
triethylammonium salt of 23 and 6.6 mg of KN’3CS in 0.6 
ml of methanol-d+ Spectrum a shows the starting material. 
There is 85% of the tram isomer (dd, 10.70 ppm, J=5.6 Hz 
(HZ.5), 1.3 Hz (H-C6)) and 1S%of thecirisomer,giving 
rise to a doublet of doublets al 10.62 ppm with coupling 
constants of 5.6 Hz (H-C5 coupling) and 3.0 Hz (P-C4 
coupling). Thiocyanate reacts with complex 23 in a manner 
analogous to the previously studied Na[ Ru( bmipy ) (4,4’- 

dcbpy)I] (91. Afcerthe reaction mixture was refluxed for20 
min. four additional signals appeared and were assigned as 

two S-bound (10.56 (d), IO.44 (dd)) and two N-bound 

10.8 10.6 IO.4 10.2 10.0 
Chemical shift [ppm] 

Fig. 7. Ponionr of ‘H NMR spccut~ during the preparation of 24. recorded 
in methanol-d,: (a) starting mawisl. (b) after 20 min retlux time. (c) 80 

min.(d) 4:2Oh.(e) IO:?Oh. 

Table 4 
’ ‘C and “P NMR data in the preparation of 24 (in methanol-d,) 

x “P NMR (ppm) “C NMR (ppm) 

Cl 6.66 6.06 

NCS 7.16 6.54 134.05 
SCN 7.10 6.51 123.55 123.63 

thiocyandte complex isomers (IO.21 (d) and 10.13 (dd)) 
occurring with a I:2 ratio (spectrum b). Prolonged reaction 
time (c-e) yielded complete conversion of the chloro to the 
thiocyanate complex and successive transformation of most 
of the S-bound to the N-bound isomers, but it was not possible 
to obtain the N-coordinated product free of S-bound isomer. 

The trunslcis ratio of 6:1 remained unaffected by l&and 
exchange reactions. These interpretations are substantiated 
by the complementary of “C and “P NMR data (Table 4). 
The assignment of 13C NMR signals is based on the references 
given in our previous work [ 91. The peak of the N-bound 
cis isomer might be overlapping with the signal of free thio- 

cyanate at 133.71 ppm. 

?.4. Pl~otoeleutrochemicol measurements 

The complexes were tested as sensitisers for nattocrystal- 
tine TiO*. Current-voltage characteristics and overall cell 
efficiencies, which are given in Table 5 together with IPCE 
data, were obtained with a thin-layer sandwich-type cell 
under illumination with simulated AM I.5 solar light. The 
incident monochromatic photon-to-current conversion effi- 
ciency is derived from Eq. (I) [6]: 

Tiilc 5 
Photwlectmchemicsl data 

Complex IPCE IPCE ?* U,,h 1,’ FF” 
mu. 700 “In (%I (mV) (mAcm_‘) 
(c/o) (c/o) 

s 69 Y 4.9 670 9.9 0.74 

Y 4X 13 4.0 6lxl 9.3 0.10 

to 49 20 3.4 640 9.0 0.68 
11 42 II 2.7 580 X.5 0.6s 
12 50 18 4.2 620 10.0 0.70 
I3 4X 17 3.9 56u 10.2 0.68 

15 4X 17 3.a 630 8.6 0.63 

19 22 5 I.6 56U 4.1 0.70 
22 6 0 
22’ 20 13 

24 55 7 4.1 600 X.6 0.70 
7 71 21 6.0 610 14.4 0.68 



Fig.% Representative IPCEcurves.Thegraphofos-Ru(dfbpyH,),( NCS)I 

(25) was added for comparison. 

IF’CE( %) 

= 1.25 X l@Xphotccurrent density ( pA/cm2) 

wavelength (nm) X photon flux (W/cm’) 

Xl00 (1) 

Reported 1F‘CE values arc not corrected for light losses due 
to reflection or absorption by the suplotting electrode. Some 
representative action spectra are shown in Fig. 8. All prc- 
sented values are the average of three measured electrodes. 
IPCE values at wavelengths above 550 nm depend strongly 
on semiconductor film thickness (61. In this work. the Tit& 
layer thickness was 9 pm. 

For all phenylcyanamide complexes, short-circuit currents 
did increase in a super-linear fashion with light intensity, 
indicating surface aggregation. Hence, 50 mM 3a,7gdihy- 
dmxyJ@holanic acid was added to the ethanolic solutions 
of the dyes before soaking the electrodes. Cholanic acidshave 
been shown to improve both photocurrent and voltage of 
copper chlorophyllin sensitized TiO* cells [45]. For the 
phenylcyanamide complexes, the same effect was observed. 

The model sensitlser 7 yielded an IRCE value of 71% at 
520 nm. With a short-circuit current of 14.4 mA cm-‘, a 
device efficiency of 6.0% was reached, which is impressive 
regarding the absorption spectrum of the complex (MLCT 
maximum at 500 nm in methanol). 

Thecyanamidecomplexesl6and20,whichwereadsorbed 
on the electrodes directly from ethanolic reaction mixtures, 
gave an almost black elecwde coloration, but decomposed 
immediately on contact with electrolyte. The methoxy com- 
piex 14 decomposed on the electrode as well, yielding a blue- 
shift of the absorption spectrum. 

The low r? level complexes showed reduced 1RCE values 
under the applied standard measuring conditions. The elec- 
trodes being soaked in solutions of complexes containing 
5,S-dcbpy 17-20 were less intensely coloured than their 
4,4’-dcbpy analogues. This may be explained by their 
reduced absorption coefficients and the less favourablegeom- 
etry of the 5,5’-dcbpy ligand. IPCE values can be increased 

by acidification or by addition of Li + ions, but this reduces 
energy conversion efficiencies due to cell potential loss. In 
contrast. the lowered IPCE values of transition metal com- 
plexes containing 5.5’~dcbpy studied earlier, were explained 
by a non-radiative decay of the excited state (71. The dicar- 
boxybiquinoline complex 22 showed a drastically reduced 
lRCE value of 6% at 520 nm, which could however be 
increased to 20% by using 3% HI cone/acetone as an 
electrolyte, the acid lowering the Ti02 conduction band. 

Thephenylcyanamidecomplexesyie 
plex 11, IPCE values of about 50% at 5 ::. 
The IPCE value of 48% at 520 nm reached by the trimethyl- 
chenylcyanamide complex 15 is remarkable in view of its 
!ow oxidation potential of 490 mV versus Ag/AgCI. It illus- 
trates that oxidation potentials, which were between 490 and 

and efficiency in the solar cell device can be made: the corn- 
plexes containing 2,4,5-Clrpcyd 9, ZClpcyd 10, and 2.4.6 
Mespcyd 1.5 reached device efficiencies of appmxmmteiy 
4%. whereas the complex containing 4Clpcyd 11 showed 
reduced IPCE values and lowerenergy conversionefliciency. 
In comparison with the model complex 7, pbenyky 
complexes show increased IPCE values at longer wave- 
lengths (see Fig. 8). but due to reduced IFCE values at 520 
nm, device efficiencies are lower. The most efficient sensi- 
tizer in this series, apart from the model complex, was the 
dicyanoamide complex 8, showing the highest open-circuit 
voltage of 670 mV. However, due to the blue-shifted absorp 
tion specbum, its light harvesting at longer wavelengths is 

puor. 
‘IIre phospbonated complex 24 efficiently sensitixedTii_, 

although ipcEval~sandov~lperformanrewereredrmced 
compared with the model complex. It should be mentioned 
however, that both the complex K[Ru(tmter)(4- 
PO$py) (NCS) ] with rmter=4,~,4”.nimethyM2’.6’2”- 
terpyridine and 24 yielded IPCE values of 70% at 520 nm 
[ 341 on electrodes prepared from Degussa P25 Ti& [ 61. 
This shows (i) that the phosphonate group is an et%ient 
coupling group for electron transfer from the excited sensi- 
tiser IO tbe TiOr conduction band and (ii) that only one 
phosplumate group is sufficient for eflkient semiconductor 
sensitisation. Furthermore, unlike tbeii carboxylated ana- 
logues, phosphonated Ru( II) complexes attached to a Tia_ 
surface do not desorb easily when exposed to water. These 
features make the pbosphonate groupan attractlvealternative 
as anchoring group [S]. 

4. CorlcIuslmls 

In conclusion we have scnninised the effect of structural 
variations of a model sensitiser for nanocrystalline Ti&, 
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K[ Ru(4,4’-dcbpy) (bmipy) (NCS)], on its performance as 
a charge tmnsfer sensitiser for nanoctystalline TiO,. ‘Ibio- 
cyanate was replaced by a series of cyanamides; alternatively 
4,4’-dcbpy was substituted by other polypyridine ligands 
containing anchoring groups. Low ti level complexes con- 
taining 5,5’-dcbpy or dcbiq exhibited low IPCE values and 
device efficiencies. Cyanamide complexes were found to 
decompose upon isolation. Phenylcyanamide complexes in 
contrast were stable, and complexes covering a range of exci- 

tation energies and redox potentials were prepared. Substit- 
uents on the phenyl group only had a small influence on the 
IPCE maxima in the solar cell device, and despite improved 
IPCE values above 700 nm, none of the new compounds 
reached the efficiency of the model complex due to reduced 
IPCEvah~esat520nm.Thephosphonicacidgroup,however, 
has shown to be a valuable alternative to the carboxy group 

as anchoring unit. Apart from the photovoltaic performance 
measurements multinuclear NMR studies revealed the 
occurrence ,l linkage isomerism for most of the applied 
ambidentate ligands when introduced into the complex. For 
the first time, evidence was given for the existence of an 
amido-bound mononuclear transition metal phenylcyanam- 
id: complex. 
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