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Abstract--Two series of heterochelates of ruthenium(II) containing two bipyridyl molecules and a bidentate 
chelating sulfur-nitrogen donor ligand in the form of 4-aryl substituted thiosemicarbazides have been syn- 
thesized and characterized. The first series of complexes are dicationic in which the ring substituted 4-aryl 
thiosemicarbazides (N-S) are chelated in the keto form through the hydrazinic nitrogen and the thione sulfur 
atom. They are of the [Ru(bpy)2NS] +2 type. The second series have the general formula [Ru(bpy)2NS] ÷ i in 
which the thiosemicarbazide moiety remains chelated to the Ru n centre through the hydrazinic nitrogen and 
the deprotonated thiolato S-atom. All the complexes have been characterized by elemental analysis, UV-vis, 
IR and EPR spectroscopy. The complexes were found to constitute a three membered redox series which were 
investigated by cyclic voltammetry. © 1997 Elsevier Science Ltd 

Keywords: ruthenium complexes ; bis(2,2'-bypyridine) Ru ~ core ; NS donors ; thiosemicarbazide ligands ; mixed 
ligand complexes ; Redox series. 

The study of redox series or electron transfer series 
has been a fascinating area of research for more than 
two decades [ 1-5]. Such studies are of great help in the 
understanding the general theory of redox reactions, 
providing useful insight into metal-ligand bonding, 
intramolecular electron transfer and concept of oxi- 
dation state in coordination chemistry. They are also 
useful for tailoring of redox reagents, elucidation of 
mechanisms of redox catalysis and biological electron 
transfer processes. Moreover, as several redox orbitals 
are involved in a redox series, they can be utilised to 
probe the extent to which different substituents affect 
the various redox orbital involved. 

Though most of the transition metals are found to 
form redox series involving a wide variety of ligands 
[1] acting as series stabilizers or carriers, the series in 
which the Ru n centre is bound to one or more bipyri- 
dine ligands have attracted researchers to the greatest 
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extent [3-13]. The motivations of such studies are 
extremely diverse and ranges from their practical 
applicability [14,15] such as in solar energy con- 
version, in catalytic water splitting etc. to their im- 
portance in investigating fundamental chemical 
phenomena such as localization versus delocalization 
of redox orbitals [12,16-19], photochemically induced 
isomerization [20,21], ligand substitution [22-24], 
relative stability of redox orbitals [8,9,13,25] as well 
as structural reorganisation on electron transfer [4]. 
In particular, a number of complexes containing a 
Ru(bpy)~ -2 core with a variety of coligands like 1,2- 
di-iminolenes [8], 1,2-dioxolenes [4,8,10], 1,2-dithi- 
olenes [7] and their mixed derivatives have been stud- 
ied extensively. As these complexes are richly endowed 
with redox orbitals, they undergo extremely inter- 
esting electronic and electrochemical changes creating 
diverse structure and bonding situations. Moreover, 
such complexes also exhibit interesting spectro-elec- 
trochemical correlations [6,7,26]. 

In 1970 Holm and coworkers [27] demonstrated 
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that Ptn complexes of 1,4-di substituted thiosemi- 
carbazides form an electron transfer series. We have 
demonstrated [28] that 4-aryl substituted thiosemi- 
carbazone of salicylaldehyde acts as a stabilizer of a 
redox series involving molybdenum, where molyb- 
denum shuttles between +4, ÷5  and ÷ 6  oxidation 
states. These are the only reports in which the 
thiosemicarbazide group of ligands are utilised as a 
potential stabilizer or carrier of redox series. In this 
paper we report synthesis and characterization of a 
series of aryl substituted thiosemicarbazide complexes 
of the Ru(bpy) +2 moiety, with the ligand present in 
both keto and enolate forms. The redox series formed 
by these complexes are investigated by cyclic vol- 
tammetry, EPR and UV-vis spectroscopy. EPR and 
electrochemical data are discussed in terms of orbital 
mixing. 
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as calibrant. EPR spectra were recorded on a Varian 
E4 X-band spectrometer. Cyclic voltammetric exper- 
iments were performed under dry nitrogen atmo- 
sphere using a Bioanalytical system CV-27 
Electrochemical analyser and a BAS Model X-Y 
recorder at 298 K. A standard three electrode electro- 
chemical cell consisting of a platinum working elec- 
trode (BAS), a platinum wire auxiliary electrode and 
a Ag/AgCI reference electrode separated from the test 
solution by a home made salt bridge containing the 
solvent mixture (50% water/acetonitrile) and the sup- 
porting electrolyte (TEAP) was used. Ferrocene was 
used as internal standard for the measurement of AEp 
values. With the above electrode configuration fer- 
rocene is oxidised at 0.46 V Ag/AgC1. 

Materials 

EXPERIMENTAL 

Physical measurements 

Elemental analyses were done by a Perkin-Elmer 
240 C,H,N analyser. Electrical conductivity in solu- 
tion was measured at 298 K by using a Philips PR 
9500 conductivity bridge with a dip type cell, cali- 
brated with 0.02 M KC1 solution. IR spectra were 
recorded at 298 K on a Perkin-Elmer 783 spec- 
trophotometer as KBr pellets. Electronic spectra were 
recorded in acetonitrile solutions with Shimadzu 
Model UV-2100 and Hitachi Model 330 spec- 
trophotometers. Magnetic moments of solid com- 
plexes were determined using a PAR model 155 
vibrating sample magnetometer with Hg[Co(SCN)4] 

Cis[Ru(bpy)2C12]'2H20 was prepared by a pre- 
viously reported procedure [29]. The ligands 4- 
(p-methylphenyl)thiosemicarbazide [4-(p-CH3)C6H4 
TSCH], 4- (p- methoxyphenyl)thiosemicarbazide[4- 
(p-OCH3)C6H4TSCH], 4- (p-chlorophenyl)thiosemi- 
carbazide [4-(p-CI)C6H4TSCH] and 4-(p-bromo- 
phenyl)thiosemicarbazide [4-(p-Br)C6H4TSCH] were 
prepared from the corresponding amines by a slight 
modification of the standard procedure [30]. 

All other chemicals were A.R. grade and used with- 
out further purification. All reactions were performed 
under dry nitrogen. For the cyclic voltammetric exper- 
iments, the solvent and supporting electrolyte (TEAP) 
were prepared and purified by standard methods [31], 
0.1 M concentrations of supporting electrolyte were 
employed for all voltammetric studies. 

[Ru(bpy)2CI2] 

I 

/ . 
I 

R H 

(la); R = H, R' = CH3 
(2a); R = H, R' = OCH 3 
(3a) ;  R = H,  R' = CI 

(4a) ;  R = H, R' = Br  

I 

R 

(lb); R = H, R' = CH3 
(2b); R = H, R' = OCH 3 
(3b); R = H, R' = Cl 
(4b);  R = H,  R' = Br  
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Preparation of [Ru(bpy)2(4-(p-CH3)C6H4TSCH)] 
(C104)2 (la),  Ru(bpy)2(4- (p-OCH3)C6H4TSCH)] 
(C104)2 (2a), [Ru(bpy)2(4-(p-CI)C6H4TSCH)](CIO4)2 
(3a), [Ru(bpy)2(4-(p-Br)C6H4TSCH)](CI04)2 (4a). 
Warning: Perchlorate salts of metal complexes are 
potentially explosive [32]. 

Solution of a thiosemicarbazide (0.5 mmol) in 
methanol (15 cm 3) was added to a methanol (25 cm 3) 
solution of [Ru(bpy)2Cl2]" 2H20 (260 mg, 0.5 mmol) 
and the resultant solution was refluxed for 4 h under 
dry nitrogen. It was then filtered and the residue, if 
any, was rejected. Volume of the filtrate (pH = 4) was 
then reduced in a rota-evaporator, excess of aqueous 
LiC104 was added and it was kept in a refrigerator. 
The precipitate that settled down was filtered under 
nitrogen. It was washed thoroughly with water and 
recrystallised from dichloromethane. Yields ranged 
from 50 to 60% based on [Ru(bpy)zC2]" 2H20. 

Preparation of [Ru(bpy)2(4-(p-CHa)C6H4TSC)] 
(C104) (lb), [Ru(bpy)2(4-(p-OCHa)C6H4TSC)] 
(ClO4) (2b), [Ru(bpy)2(4-(p-C1)C6H4TSC)](CI04) 
(3b), [Ru(bpy)2(4-(p-ar)(C6H4TSC)](C104) (4b). A 
methanol (25 cm 3) solution of [Ru(bpy)2Cl2]" 2H20 
(260 mg, 0.5 mmol) was added to the thiosemi- 
carbazide (0.05 mmol) solutions in methanol (20 cm 3) 
and refluxed under dry nitrogen. The refluxed solution 
was then filtered and the pH of the filtrate was 
adjusted to 8 9 with conc. NH4OH. It was then stirred 
for 2 h under dry nitrogen. The volume of the solution 
was reduced to half and excess of aqueous LiC104 
solution was added. The precipitated solid was 
filtered, washed with water and finally recrystallised 
from dichloromethane. Yield ~ 50%. 

The ruthenium(II) complexes reported in this study 
were characterised by (I) the methods of preparation ; 
(2) satisfactory elemental analysis (Table 1) ; (3) room 
temperature magnetic moment and solution con- 
ductance measurements; (4) IR spectra (Table 2); 
(5) cyclic voltammetric results (Table 3) ; (6) UV-vis 
spectra (Table 4) and (7) EPR spectra. 

All the complexes are diamagnetic which indicates 
that the formal oxidation state of ruthenium in them 
is +2.  The dicationic complexes ( la-4a)  and mono- 
cationic complexes (llr-4b) behave as 1 : 2 and 1 : 1 
(Table I) [33] electrolytes respectively in acetonitrile, 
indicating that C104 is not coordinated to the Ru" 
centre, which is corroborated by the presence of the 
band of ionic perchlorate in their IR spectra. 

The electron transfer behaviour of the 
ruthenium(II) complexes have been examined in 
MeCN solution (0.1 M TEAP) at a platinum working 
electrode with the help of cyclic voltammetric tech- 
nique. Relevant data are summarised in Table 3. The 
electrochemical reversibility of the different redox pro- 
cesses (except where it is mentioned as irreversible) 
were indicated by i~/ipa ~ 0.9-1, where ip~ and ip~ 
could be measured accurately. Peak potential sep- 
arations (AEp) between anodic and cathodic waves 
vary between 60-80 mV at 200 mV s ~ scan rate. 
Though the ALp values for a few couples are slightly 
higher than ideal Nernstian value of 59 mV, such 
deviations are known to occur in similar systems for 
a number of reasons [6,7]. Coulometric experiments 
or comparison of AEp and peak current values of the 
couples with those of equimolar cis-Ru(bpy)2C12" 
2H20 solutions were used for confirmation of the one 

Table 1. Analytical and physical data for the ruthenium complexes 

Complex C 

Analysis Molar Conductance ~ 
Found (Calc.) % A~ 

N H (f~ ~ cm 2 mo1-1) 

[Ru(bpy)2(4-(p-CH3)C6H4TSCH)](CI04)2 (la) 

[Ru(bpy)2(4-(p-OCH3)C6H4TSCH)](CIO,)2 (2a) 

[Ru(bpy)2(4-(p-C1)PhTSCH)](CI04)2 (3a) 

[Ru(bpy)2(4-(p-Br)C6H4TSCH)] (C104)2 (4a) 

[Ru(bpy)2(4-(p-CH3)C6H4TSC)] (CIO4) (lb) 

[Ru(bpy)2(4- (p-OCH3)C6H4TSC)] (C10,) (2b) 

[Ru(bpy)2(4-(p-CI)C6H4TSC)](CI04) (3b) 

[Ru(bpy)2(4-(p-Br)C6H,TSC)] (CIO,) (4b) 

42.4 12.4 3.4 215 
(42.4) (12.2) (3.4) 
41.5 12.1 3.3 245 

(41.6) (12.0) (3.2) 
39.8 12.0 3.0 261 

(39.9) (12.0) (3.0) 
37.7 11.3 2.8 225 

(37.3) (10.9) (2.8) 
48.5 14.2 3.8 147 

(48.2) (13.9) (3.7) 
47.4 13.8 3.7 134 

(47.3) (13.4) (3.5) 
45.4 13.7 3.2 137 

(45.5) (13.4) (3.3) 
42.8 12.9 3.0 136 

(42.4) (13.0) (3.0) 

.a cetonitrile. 
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Table 2. Important  IR bands (cm-~) for the compounds 

6(NH2)/v(CN) 6(NH) + Pyridine ring Other 
or v(CN + CC) + vibration (out characteristic 

Complex fi(NH) + v(CN) v(CN) v(CS) of plane)" bands '  

4-(p-CH3)C6H4TSCH 1605 1580, 1545 805 - -  

[Ru(bpy)2(4-(p-CH3) 1635, 1600 1550(w), 770 635 l l00(b)  d, 505, 
C6H4TSCH)] (C104)2 ( la)  1510 430 

[Ru(bpy)2(4-(p-CH3) 1600 1550(w), 770 630 1100(b) ~, 535, 
C6H4TSC)] (C104) (lb) 1510 515,430 

4-(p-OCH3)C6HaTSCH 1630 1520, 1503 794 - -  - -  

[Ru(bpy)2(4-(p-OCH3) 1625, 1595 1550(w), 770 630 l l00(b)  d, 565, 
C6H4TSCH)](C104)2 (2a) 1500 520, 425 

[Ru(bpy)2(4-(p-OCH3) 1596 1550(w), 765 625 1090(b) d, 570, 
C6H4TSC)](CIO,) (2b) 1502 530, 425 

4-(p-C1)C6H4TSCH 1630 1580, 1530, 760 - -  - -  
1486 

[Ru(bpy)2(4-(p-Cl) 1630, 1600 1555, 1490 775 635 1100(b) '~, 580, 
C6H4TSCH)](C104)2 (3a) 525, 500, 430 

[Ru(bpy)z(4-(p-C1) 1600 1550(w), 770 635 1100(b) a, 545, 
C6H4TSC)] (C104) (3b) 1490 520, 470, 430 

4-(p-Br)C6H4TSCH 1615 1580, 1545 760 - -  

[Ru(bpy)2(4-(p-Br)C6H4 1627, 1600 1584, 1546, 770 630 1100(b) J, 575, 
TSCH)I(CIO4)z (4a) 1485 510, 425 

[Ru(bpy)2(4-(p-Br) 1607 1500 770 630 1100(b) a, 542, 
C6H4TSC)] (C104) (4b) 510, 430 

aRef. : S. K. Chat topadhyay and S. Ghosh,  lnor 9. Chim. Acta, 1989, 163, 245. 
h = Broad. 
c New bands of weak to medium intensity of lower wave number  may be assign to the vibrations v ( M - - N )  and v(M--S)  ; 

Ref. : G. K. Gupta  and S. K. Dikshit, Polyhedron, 1987, 6, 1009. 
a Band of ionic CIO2 ; sh = shoulder;  w = weak. 

Table 3. Cyclic voltammetric results a'~ at 298 K 

Complex Oxidation E~,.2, V (AEp, mV) Reduction E~.,2, V 

[Ru(bpy)z(4-(p-CH3)C6H4TSCH)] (C104)2 ( la)  
[Ru(bpy)2(4-(p-OCH3)C6H4TSCH)] (C104)2 (2a) 
[Ru(bpy)2(4-(p-C1) C6H4TSCH)] (C104)2 (3a) 
[Ru(bpy)2(4- (p-Br)C6HaTSCH)] (C104)2 (4a) 
[Ru(bpy)2(4-(p-CH3)C6H4TSC)] (C104) (lb) 
[Ru(bpy)2(4-(p-OCH3)C6H4TSC)] (CIO4) (2b) 
[Ru(bpy)2(4-(p-CI)C6H4TSC)] (C104) (3b) 
[Ru(bpy)2(4-(p-Br)C6H4TSC)[(CIO4) (4b) 

0.28(60), 0.83(60) 
0,28(60), 0.82(55) 
0.29(60), 0.81(60) 
0.29(60), 0.79(75) 
0,41 (60), 0.60(80) 
0.39(60), 0.60(80) 

0.49 c, 0.71(70) 
0.45', 0.66(80) 

- 1 . 4 1 ,  - 1 . 6 5 ,  - -  1 . 8 2  

- -  1 . 4 4 ,  - -  1 . 6 7  

--0.95 d'~, -- 1.56 
- 1.07 a'e, -- 1.40 ~ 
- -  1 . 0 4  a'' ,  - 1 . 5 3  

--0.91 a, - 1.58, -- 1.69, -- 1.82 a 
- 1.58 a, -- 1.80 
- - 1 . 5 6 ,  - - 1 . 8 2  

"Condit ions : 0.1 M TEAP in CH3CN vs Ag/AgCI ; Solute concentration : ~ 10 3 M ; Working electrode : Platinum. 
b Et/z = 0.5(Epa + Eo~), AEp = Epc-Epa, where Ep, and Epc are anodic and cathodic peak potentials, respectively. 
c Oxidative response only, E~/2 value was calculated taking AEp = 60 mV. 
d Reductive response only, Et/2 value was calculated taking AEp = 60 mV.  
" Corresponding oxidative response at Ep, = - 0 . 7 5  V. 

e l ec t ron  a n d  revers ib le  n a t u r e  o f  the  e l ec t ron  t r ans f e r  
r eac t ions .  P lo t s  o f  p e a k  c u r r e n t s  vs the  s q u a r e  r o o t  o f  
scan  ra te  are  l inear ,  i n d i c a t i n g  t h a t  d i f fus ion-con-  
t ro l led  r edox  processes  are  t a k i n g  place  a t  the  elec- 
t rode .  

All  the  c o m p l e x e s  exh ib i t  h ighly  r ich  (Fig.  1) op t ica l  
spect ra .  I t  is n o t e d  t h a t  the  d i ca t ion ic  complexes  l a -  
4a  ( l igand  in the  t h i o n e  fo rm)  are  s imi la r  to  each  o t h e r  
(Tab le  4) b u t  differ  f r o m  those  of  the  m o n o c a t i o n i c  
complexes  l h - 4 b  ( th io l a to  fo rm) .  Th i s  p o i n t s  to  the  
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Fig. 1. Electronic spectra of complexes in acetonitrile: (a) 
for complex Ru(bpy)2(4-(p-OCH~)C6HaTSCH)](C104)2 
(2a), (concentration = 0.544 ×10 -4 moles/litre); (b) for 
complex [Ru(bpy)2(4-(p-OCH3) C6H4TSC)] (C104) (2b), 

(concentration = 0.392 x 10 4 moles/litre). 
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Fig. 2. Cyclic voltammograms of 10 ̀ 3̀ M solution (scan rate 
200 mV s ') of(a) cis-Ru(bpy)2CL_ (---), (b) Ru(bpy)2(4-(p- 
OCH3)C6H4TSCH)] (C10~.)2 (2a) ( . . . . .  ), (c) 
[Ru(bpy)z(4-(p-OCH3)C6H4TSC)](CIO4) (2b) ( ) in 

CH3CN (0.1 M TEAP) at a platinum electrode (298 K). 

significance of the particular form of the donor atoms 
of the ligand through which it coordinates to the metal 
ion. The visible and UV spectra of the complexes 
exhibit a maximum of nine peaks, which have been 
labelled as band I-V for convenience of discussion, 
with two closely spaced wavelength bands being gro- 
uped together. 

The infrared spectra of the complexes exhibit a 
number of bands, which often result from the over- 
lapping of bipyridine and 4-(p-substituted phenyl) 
thiosemicarbazide vibrations, and thus precise assign- 
ment of individual bands are quite difficult. Table 2 
contains the more important IR bands of the ligands 
and their complexes along with their tentative assign- 
ments. The presence of uncoordinated (ionic) per- 
chlorate was clearly evidenced by the strong and broad 
band around 1100 cm ~. 

Synthesis 

The different b&-(bipyridyl) complexes were pre- 
pared from Ru(bpy)2C12 by reacting it with different 
thiosemicarbazides under dry nitrogen atmosphere. 
When pH of the solution is raised to 8.5-9 by 
ammonia the ligands undergo enolisation followed by 
complex formation. All the complexes were isolated 
as their perchlorate salts. 

ElectrochemisoT 

A close look at the electrochemical data in Table 3 
reveals that each of the four complexes (la, 2a, 3a, 
and 4a) forms a three membered (A, B and C) electron 
transfer series, [eq. (1) and Fig. 2] each successive 
member of a series differing by one electron. 

m e  - - e  
A ~ B ~ C (1) 

~0.3 V ~0.8 V 

The general member of a series can be designated 
as [(bpy)2Ru(HxNS)] :+, where x = 1 or 2 and z = 2- 
3. The first members (x = 2, z -- 2) of the two series 
were isolated as perchlorate salts [(bpy)2 
Run(HzNS)](CIO4)2 (A). The species A undergoes a 
one electron oxidation near 0.28-0.30 V (couple I). 
The iv,/ioc value (~  1), AEp value (60 mV) (which is 
not much dependent on scan rate) and the current 
heights at peak potentials were comparable with those 
in an equimolar cis-Ru(bpy)2C12]'2H20 solution 
(Fig. 2). This confirmed that the above process is a 
one electron transfer reaction. When the compounds 
la  and 3a were oxidised electrochemically at 0.50 V 
in acetonitrile solution, their frozen glass EPR spectra 
recorded at 77 K was found to be highly anisotropic ; 
exhibiting nearly identical spectra for la and 3a. The 
g values found for la  are 9J -- 2.30, #2 = 2.44 and 
9~ = 2.66. For 3a these are g~ --- 2.34, Y2 = 2.43 and 
93 = 2.46. These values suggest that the unpaired elec- 
tron is predominantly metal centred. Thus the first 
step (couple I) of the above mentioned electron trans- 
fer series involve a Run/Ru m oxidation process, which 
may be represented by eq (2). This is further confirmed 
by the presence of two d-d bands at 1411 nm and 1911 
nm in the acetonitrile solution of In oxidised at 
0.50 V which is characteristic of Ru m complexes [34]. 
Hence the second member (B) of the above electron 
transfer series may be represented as [(bpy)2- 
Rum(H2NS)] 3+ i.e., x = 1 and z = 2. 

The species B also undergoes a one electron revers- 
ible oxidation at 0.79-0.83 V (couple II) producing 
the species C. When the compound la  is subjected to 
constant potential electrolysis at 0.9 V in acetonitrile, 
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................. (2) 

the resultant solution is EPR silent both at 77 K and 
room temperature. Two possible explanations can be 
offered: (i) species C is a Ru TM complex, as Ru TM is 
known to be EPR silent [34], (ii) species C is a Ru In 
complex containing a stabilized ligand radical, and 
the spin exchange between the unpaired electrons of 
ruthenium and the ligand radical [35] is responsible 
for the disappearance of the EPR signal. Again, the 
potential difference between couple I and couple II is 
0.5 V, whereas the difference between RuH/Ru m and 
Rum/Ru TM, potentials are normally observed round 
1.0 V. It is also known that oxidation of Ru n to Ru TM 

in a diimine ligand environment is normally extremely 
difficult [36]. Moreover, it has also been observed that 
when primary amines are bonded to the Ru(bpy)2 
moiety, oxidation of amine precedes the formation of 
a Ru ~v species [6,37-38]. Root et al. [6] observed that 
for Ru(bpy)~- z complexes with amine thioether as col- 
igands, no Ru TM species was formed even at as high a 
potential as 1.30 V (vs SSCE in MeCN). Thus the 
species C, produced by one electron oxidation of B 
followed (or preceed) by a proton release can be 
considered as a Ru r~ complex containing a metal 
stabilized ligand radical with the formula [(bpy)2 
Ru"I(HNS)] +3 (i.e. x = 1, z = 3, vide supra). 

The thiolate complexes lb, 2b, 3b and 4b also form 
a similar three-membered electron transfer series (eq. 
3 and Fig. 2), where A' represents lb, 2b, 3b and 
4b with the general formula [(bpy)2Ru(HNS)] +~ with 
z =  1-3. 

m e m e  

A' ~- B' ~ C (3) 
~0.4 V ~0.6 V 

At a potential of 0.4 to 0.5 V A' is oxidised to B', the 
couple being reversible for lb and 2b and irreversible 
for 3b and 4b. The observed potential increases in the 
order : 

4-(p-OCH3)C6H4TSC < 4-(p-CH3)C6H4TSC 

2b lb 
< 4-(p-Br)C6H4TSC < 4(p-CI)C6H6TSC ; 

4b 3b 
this is also the order of decrease in electron donating 
ability of the ligands. When compound 1 b is oxidised 
chemically by iodine in dichloromethane solution and 

then the frozen glass EPR spectrum recorded at 77 
K, isotropic signal at 9 = 2.20 was observed [39]. A 
genuine Ru m complex is expected to exhibit highly 
anisotropic EPR signal [25] as we have noted before 
for the species B. The isotropic nature of the EPR 
signal, as well as the observed dependance of the 
potential on the electron donating ability of the ligand 
suggests that the unpaired electron in B' [(bpy)2 
RuH(HNS)] +2 is predominantly ligand centred [13]. 
However, the high 9 value indicates an appreciable 
contribution from the metal orbital to the M.O. con- 
taining the unpaired electron [17,39,40]. B' is further 
oxidised to C at a potential around 0.60 V. When the 
compound lb is oxidised electrochemically at 0.7 V, 
the resultant solution is EPR silent even at 77 K. As 
argued earlier, such a situation may arise in C because 
of the spin exchange between the unpaired electron 
on the ligand and that on Ru HI. Thus the couple at 
0.60 V representing the oxidation of B' to C involves 
a Run/Ru m oxidation. 

Electrochemical reduction o f  complexes 

In the negative potential region we encounter 
reversible (or sometimes irreversible) reduction pro- 
cesses for the dicationic as well as monocationic com- 
plexes. The first reduction potential in each of the 
complexes are attributed to coordinated thiose- 
micarbazide, where the electron probably enters a zr* 
orbital of the ligand. The data in Table 3 show that 
reduction of the dicationic complexes shifts to more 
and more negative potential in the order 4-(p- 
C1)C6H4TSCH < 4-(p-Br)C6H4TSCH < 4-(p-CH3) 
C6TSCH < 4-(p-OCH3)C6H4TSCH which parallels 
the increase in electron donating ability of the ligands 
and reflects the p-substituent effect in the phenyl ring. 
The second and third reductions are bipyridine based, 
and correspond to the addition of electron to the 
~r* orbitals of the two bipyridyl ligands, very well 
documented in the literatures [3 12]. 

Electronic spectra 

All the dicationic complexes exhibit a band around 
600-800 nm (band I) which may be assigned to a 
MLCT transition involving tZg orbitals of Ru H and 
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a ~* orbital of the thiosemicarbazide ligand. In the 
monocationic complexes, the thiosemicarbazide moi- 
ety is present in thiolate form, and the ~t* orbital is 
expected to be filled. Hence, the above MLCT tran- 
sition is expected to be absent in the monocationic 
complexes which indeed is the case. 

The most important feature of the spectral tran- 
sitions is that all the complexes exhibit three to four 
strong bands in the 570-300 nm region. For  Ru" com- 
plexes metal to ligand charge transfer transitions are 
expected in this region [4~10]. In the ideal C2v sym- 
metry of the Ru(bpy)~ 2 moiety there are two degener- 
ate ~z* orbitals of bpy, designated as ~*(1); at 
somewhat higher energy there is another set of a dou- 
bly degenerate 7t* orbitals, designated as 1t*(2) [6-8, 
41-44]. So, under this condition normally two 
Ru(4d) ~ rt* (bpy) transitions are expected. However, 
due to the asymmetric nature of the thiosemicarbazide 
ligand in these complexes and their weaker back- 
bonding ability compared to bipyridyl, t h e  t2g 6 mani- 
fold of the Ru tl will undergo a splitting. As a result 
upto four MLCT transitions are expected [7] involv- 
ing Ru(4d) and 7z*(bpy) orbitals. These transitions 
can be readily identified by comparison of their pos- 
ition and intensity with those of the other bis(bi- 
pyridyl) complexes reported in the literature 
containing coligands with N,O [34] ; N,S [6,45] ; O,O 
[4,8,46] and S,S [7] donor systems. Based on these 
observations we assign these transitions (band II) 
around 570 nm and 470 nm for the dicationic com- 
plexes and around 500 nm and 450 nm for the mono- 
cationic complexes as Ru(4d)~t ~ ~*(1) transitions 
[4,6,7,45]. The band around 310 nm (band IlI) and 
400 nm for the dicationic complexes and around 350 
nm for the monocationic complexes can be ascribed 
[4,8] to Ru(4d)lt ~ 7r*(2) transition. 

A band at 290 nm (band IV) can be assigned to a 
7z ~ rt* transition of the bipyridyl ligand [8,47-51]. 
Similar transitions of comparable intensity have been 
observed for other bis(bipyridyl)Ru(ll) complexes 
[8,47-51]. Other peaks at higher energy (~245 nm) 
are also likely to be due to a second bipyridyl intra- 
ligand rt-g* transition [50 52] or phenyl ~-Tr* tran- 
sition [53] and the highest energy band due to n-g* 
transition [6]. 

CONCLUSIONS 

The present study demonstrates that like the 1,2 
diiminolenes, 1,2 dioxolenes and 1,2 dithiolenes, the 
thiosemicarbazides can also form an interesting three 
membered redox series. Electrochemical, EPR and 
UV-vis spectroscopy indicates that ruthenium shut- 
tles between +2  and +3 oxidation states, whereas 
the ligand shuttles between the thiosemicarbazide and 
thiosemicarbazide radical forms. Along with the elec- 
tron transfer process, proton transfer is also involved 
in one of the steps. Spectroscopic and electrochemical 
data also indicate that unlike most ruthenium bis- 

bipyridyl complexes, where the it* orbital is the 
LUMO based on bpy, in the complexes containing 
thiosemicarbazide, the LUMO is a it* orbital located 
on the thiosemicarbazide ligand. 
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