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The compounds [ R ~ ( b p y ) ~ ( b p t ) ] +  and [ ( R ~ ( b p y ) ~ ) ~ ( b p t ) ] ~ ' ,  where Hbpt = 3,5-bis(pyridin-2-yl)-1,2,4-triazole and bpy = 2,2'- 
bipyridyl, have been prepared as PF, salts and have been characterized. 'H N M R  spectra obtained for the dinuclear compound 
suggest that two different geometrical isomers are obtained. By the use of N M R  spectroscopy, an attempt was made to identify 
the structure of these species. A distinct shift in the electronic spectra was observed when the coordinated bpt ligand was protonated. 
For both the mono- and dinuclear compounds, an emission was observed at room temperature. The pK, values of the free ligand, 
the mononuclear compound, and the binuclear compound are 8.4, 4.0, and -0.6, respectively. For the dinuclear compound, two 
redox potentials were observed for the ruthenium-based oxidation with a difference of 0.32 V. Also for the dinuclear compound, 
a strong metal-metal interaction was observed, indicated by a large value for the electron delocalization a2 (9.4 X lo-,). This 
was confirmed by the small solvent dependence of this transition. 

Introduction 
Considerable attention has been paid to the studies of ruthenium 

compounds containing 2,2'-bipyridine (bpy) because of their 
potential application as catalysts for the photochemical cleavage 
of water.'" Especially, dinuclear  ru thenium compounds have 
attracted much at tent ion,  not only because of their ability to 
transfer two electrons but also because of t h e  present interest in 
mixed-valence corn pound^.^-^^ Studies  on these dinuclear com- 
pounds have concentrated on these mixed-valence compounds, and 
their physical properties have been discussed in the light of models 
published by H ~ s h . ~ * , ~ ~  In particular, the intervalence transition 
(IT) of the mixed-valence compounds has been studied extensively, 
as its position, shape,  and intensity yield information about t h e  
interact ion between the metal centers. Other points of interest 
are the electrochemical and excited-state properties of these 
corn pound^.'^*^^ 

In a previous paper, we reported t h e  properties of a series of 
mononuclear Ru(bpy)2 complexes containing various pyridyl- 
triazoles (Rpyrtr).31 In t h e  present work, the synthesis and 
characterization of mono- and  dinuclear Ru(bpy)* complexes with 
3,5-bis(pyridin-2-yl)-1,2,4-triazole (Hbpt; see Figure 1)  are 
presented. T h e  compounds obtained have been investigated by 
using NMR, UV/vis ,  and emission spectroscopy and electro- 
chemical  techniques. The pH dependence of t h e  spectroscopic 
and electrochemical data has also been studied t o  obtain more 
information about the properties of the mononuclear and dinuclear 
compounds. 
Experimental Section 

Materials. 3,5-Bis(pyridin-2-yl)- 1,2,4-triazole (Hbpt) was prepared 
according to literature m e t h ~ d s . ' ~  'H N M R  [(CD,),SO]: 8.67 (d, H6), 
8.15 (d, H3), 8.00 (t,  H4), 7.52 ppm (t, H5). "C NMR: 158.9 (C3'), 
149.7 (C6), 147.7 (C2), 137.4 (C4), 124.6 (C5), 122.1 ppm (C3). 

The mononuclear compound, [ R ~ ( b p y ) ~ ( b p t ) ]  (PF,), containing an- 
ionic bpt, was prepared by refluxing 1 mmol of R ~ ( b p y ) ~ C l ~ ( H ~ 0 ) , 3 ~  and 
1.2 mmol of Hbpt in 50 mL of E t O H / H 2 0  (2:l) for 6 h. The hot 
solution was filtered and evaporated until dryness, after which 10 mL of 
water was added to the dark red product. The compound was precipi- 
tated by adding an excess of aqueous NH4PF, to the solution. After 
filtration, the compound was purified by column chromatography, with 
neutral alumina and ethanol as eluent. Further purification took place 
by recrystallization from water/acetone (1:l). Anal. Calcd for [Ru- 
(bpy)2(bpt)]PF6.H20: C, 48.12; H, 3.38; N, 15.78; P, 3.88. Found: C,  
48.38; H,  3.36; N,  16.14; P, 3.46. 

The dinuclear compound, [ ( R ~ ( b p y ) ~ ) ~ ( b p t ) ]  (PF,),, was prepared in 
a similar manner, except that 2.2 mmol of Ru(bpy)zC1z(HzO)z and 1 
mmol of Hbpt in 50 mL of ethanol/water were used in reflux. After 
column chromatography and careful recrystallization from acetone/al- 
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Table I. IH and "C N M R  Data for [R~(bpy)~(bpt ) ]+ ,  Measured in 
Acetone-d, (Chemical Shifts in ppm Relative to TMS) 

IH N M R  Data 
H3 H4 H5 H6 

bpt ligand 8.44 (d) 8.23 (t) 7.41 (t) 7.66 (d)" 

bpy ligands 8.7-8.85 7.9-8.2 7.4-7.6 7.9-8.2 
7.20 (d) 7.9-8.2 7.27 (t) 8.23 (d)b 

"C N M R  Data 

bpy ligands bpt ligand 

c 2  156.9-157.3 149.0 156.9-157.3 
120.8 122.6 123.6-124.2 c 3  

c 4  136.4-137.8 136.4-137.8 
c 5  126.7 124.5 127.3-127.6 
C6 152.2 150.6 150.6-151.3 
C3' 161.5 164.6 

"Ruthenium-bound pyridine ring of bpt. bFree pyridine ring of bpt. 

coho1 (2:1), two different fractions were obtained (ratio 1: l ) .  Anal. 
Calcd for [(R~(bpy)~)~(bpt)](PF,), c, 42.09; H,  2.72; N,  12.26; P, 6.27. 
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Figure 1. 3,5-Bis-(pyridin-2-yl)-1,2,4-triazole = Hbpt. 

Found (fraction 1): C, 42.07; H,  2.45; N,  12.04; P, 6.65. Found (fraction 
2): C, 41.86; H, 2.84; N ,  12.00; P, 6.45. 

The partially oxidized dinuclear compounds were not isolated but were 
generated in solution by chemical oxidation using (NH&Ce(NO&. 

pK, measurements were carried out in a Britton-Robinson buffer 
(0.04 M boric acid, 0.04 M acetic acid, and 0.04 M phosphoric acid); 
the pH of the solutions was adjusted by using 1.0 M NaOH solutions. 
To facilitate dissolution of the monomer in aqueous solutions, the di- 
chloride salt was used to determine the pK, value. 

Physical Measurements. UV-vis absorption spectra were recorded on 
a Perkin-Elmer 330 spectrophotometer using I-cm' quartz cells. Emis- 
sion spectra were recorded on a Perkin-Elmer LS-5 luminescence spec- 
trometer, equipped with a red-sensitive Hamamatsu R928 detector. 
Emission wavelengths are not corrected for photomultiplier response. 

Proton N M R  spectra were obtained either on a JEOL JNM-FX 
200-MHz or on a Bruker 300-MHz spectrometer. I3C N M R  spectra 
were obtained on a JEOL JNM-FX 50.1-MHz spectrometer. All mea- 
surements have been carried out in acetone-& The peak positions are 
relative to TMS. For the COSY experiments 256 FID's of eight scans 
each, consisting of 1K data points, were accumulated. After digital 
filtering (sine-bell squared), the FID was zero filled to 512 W in the F, 
dimension. Acquisition parameters were F, = f 500 Hz, F2 = 1000 Hz, 
and r1,2 = 0.001 sec; the recycle delay was 1.5 s. 

Electrochemical measurements were carried out with an EG&G Par 
174A polarographic analyzer and an EG&G Par 175 universal pro- 
grammer. A saturated calomel electrode (SCE) was used as the refer- 
ence electrode. Measurements were carried out in spectroscopic grade 
CH,CN dried over molecular sieves and with 0.1 mol dm-3 NEt4CI04 
or NBu,C104 as a supporting electrolyte. Glassy-carbon electrodes were 
used as working electrodes. The scan rate used was 100 mV s-l. Ele- 
mental analyses were carried out a t  University College, Dublin. 
Results and Discussion 
'H NMR Spectroscopy. Mononuclear Compound 1. The 'H 

and 13C N M R  spectral data obtained for the mononuclear com- 
pound with bpt are listed in Table I. No complete assignment 
could be made, but by comparison with literature data, the major 
part of the spectrum could be ~ n d e r s t o o d . ~ ' - ~ ~ * ~ ~ * ~ ~ ~ *  Chemical 
shifts of the protons and carbon atoms of the pyridine ring that 
is coordinated to ruthenium are noticeably different from those 
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Figure 2. Proposed molecular structures of the four isomers of [(Ru- 
(b~y)~)~(bpt)]) ':  (a) the two optical isomers present in fraction I (isomer 
2-1); (b) the other set of two optical isomers present in fraction I1 (isomer 
2-11), 

Figure 3. 'H NMR spectrum of [ (R~(bpy)~)~(bpt ) ]~ ' ,  isomer 2-11, (The 
N M R  spectrum of isomer 2-1 is presented in Figure 4.) 
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Figure 4. COSY spectrum of isomer 2-1 of [ (R~(bpy)~)~(bpt ) ]" ,  in 
acetone-d, at 300 MHz. For further details see the Experimental Sec- 
tion. 

observed for the noncoordinating pyridine ring of bpt. This is 
especially clear for H3. This is caused by the changes in electron 
density of the ruthenium-bound pyridine ring and by the steric 
effects between the protons of bpt and the bipyridine rings of the 
Ru(bpy), moiety. This steric interaction is less when Ru(bpy), 
is bound via N1' and N1 than when it is bound via N4' and N1. 
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Table 11. ‘H NMR Data for the Two Isomers of 
[(R~(bpy)~)~(bpt)]~’, Measured in Acetone-d6 (Chemical Shifts in 
ppm Relative to TMS) 

H3 H4 H5 H6 
Isomer 2-1 

bpt ligand 6.69 7.33 7.21 7.82 
7.11 7.29 8.08 8.73 

bpy ligands 8.62 8.33 7.85 8.17 
8.81 8.18 7.52 7.92 
8.81 8.18 7.52 8.27 
8.77 8.23 7.62 7.95 
8.77 8.23 7.52 8.05 
8.72 8.14 7.56 8.10 
8.74 8.14 7.63 8.03 
8.65 8.18 7.41 8.27 

Isomer 2-11 
bpt ligand 6.83 7.35 7.15 7.73 

7.27 7.71 8.18 8.67 
bpy ligands 8.83 8.18 7.60 8.42 

8.89 8.21 7.67 8.27 
8.6-8.9 8.0-8.3 7.2-7.5 8.0-8.3 

Because of the similarities between 1 and [R~(bpy)~(LL’)]+~l  (LL’ 
= deprotonated 3-(pyridin-2-yl)-1,2,4-triazole and 5-methyl-3- 
(pyridin-2-y1)- 1,2,4-triazole), it was concluded that not much steric 
interaction is present in this compound. It is therefore likely that 
coordination via N1’ and N1 of bpt takes place. 

Dinuclear Compound 2. The dinuclear compound may exist 
in two geometrical isomers depending on the relative orientation 
of the bipyridine rings (see Figure 2). N M R  spectroscopy was 
found to be a useful technique in the investigation of the structure 
of two structural isomers of R u ( L L ’ ) ~ X ~  compounds (LL’ is an 
asymmetric bidentate l i g a ~ ~ d ) . ~ * , ~ ~  To gain more information about 
the structure of the isomers obtained for the dinuclear complex, 
the ruthenium compounds reported here have been investigated 
by using proton N M R  spectroscopy. N M R  spectra of the two 
fractions (I  and 11) of the dinuclear compound are presented in 
Figures 3 and 4. Major steric interactions between the R ~ ( b p y ) ~  
moieties prevents a configuration in which the two Ru(bpy), 
moieties are coordinated via N1’ and N2’, respectively, of the 
triazole ring, assuming a bpt conformation with pyridine rings 
A and B in a cis orientation. Therefore, only the two geometrical 
isomers, each with an optical pendant, as depicted in Figure 2 are 
assumed to be formed. The proton N M R  spectrum obtained for 
fraction I (see Experimental Section) is shown in Figure 4, while 
the N M R  spectrum of the second fraction is presented in Figure 
3. Space-filling models reveal that because of the short distance 
between H 3  of the bpt ligand and one of the bipyridine rings (ring 
C in Figure 2a), a large diamagnetic anisotropic interaction should 
occur, resulting in a shift of the resonance of H3 to higher field.36 
This effect is expected to be even more pronounced than the 
diamagnetic anisotropic interaction between H6 and the pyridine 
rings found in R ~ ( b p y ) , X ~ . ~ ~  Therefore, this proton assigned to 
the doublet with the lowest ppm value (6.69 ppm of isomer 2-1 
and 6.83 ppm of isomer 2-11), In Figure 4, a COSY spectrum 
of fraction I is presented. Despite the complexity of the spectrum, 
an almost complete assignment was made. On the basis of the 
assignment of 6.69 ppm to H 3  of ring A, the COSY spectrum 
easily permitted the assignment of the remaining protons of this 
ring (see Table 11). Because of the large distance to any other 
pyridine ring, the H3 proton of bpt pyridine ring B has neither 
a diamagnetic anisotropic interaction with a pyridine ring nor any 
steric hindrance from neighboring hydrogen atoms. Therefore, 
this proton will have a different chemical shift compared to those 
of the H3 protons of ring A of the bpt ligand and the bipyridine 
ligands (Table I1 and Figure 2). The COSY experiments did yield 
eight different sets of pyridine protons, each of which could be 
assigned to individual hydrogen atoms of the rings by comparison 
with the reported assignment of [ R ~ ( b p y ) ~ ] X ~ . ~ ~  It proved 
however not possible to assign these groups to specific bipyridyl 
groups. Due to the complexity of the ‘H N M R  spectrum of isomer 
2-11, a less detailed analysis was made. It is clear that the same 
kind of interactions are present in this system. 

emission oxidn 
absorption” 300 77 potentials,’ 

compd d* 4 ?c* Kb K‘ E,/2(1) E1,2(2) 
[Ru(bpy),(bpt)I+ 475 (1.13) 650 624 0.87 
[R~(bpy)~(Hbpt)]~’ 429 (1.56) 636 612 1.00 
[(R~(bpy)~)~(bpt)]’+ 452 (2.26) 625 600 1.08 1.40 
[(Ru(bpy)2)2(Hbpt)14’ 434 (2.35) d 0.89 1.10 

(isomer 2-1) 
[(Ru(bpy)2)2(bpt)13’ 451 (2.19) 625 600 
[(Ru(b~y)z)z(Hb~t)I~+ 434 (2.31) d 

“A,,, values are in nm; e values in parentheses are in lo4 M-’ an-’. 
Measured in Britton-Robinson buffer. Measured in ethanol. 

“Emission not observed for the protonated dimer. ‘Measured in CH,- 
CN with 0.1 M NEt4C104. Volts versus SCE. 

(isomer 2-11) 

: 

, <, 1 
0 
300 LOO 500 600 

Wavelength ( n m  I 

Figure 5. pH dependence of the absorption spectrum of [Ru(bpy),- 
(Hbpt)I2+ in an aqueous Britton-Robinson buffer. Curves a-k: pH 6.80, 
6.16, 5.50, 4.78, 4.34, 4.09, 3.83, 3.47, 3.15, 2.73, and 1.99. 

It can be shown that in isomer 2-11 the bipyridine ligands IJ 
and E F  are more or less coplanar, whereas in isomer 2-1 this 
coplanarity does not exist. Because of the moderate steric in- 
teractions between the H6 protons of the coplanar bipyridine 
ligands in the plane, a shift to higher pprn values is expected. 
Normally, a chemical shift of the H6 protons in ruthenium po- 
lypyridyl systems of about 7.8 pprn is ~ b s e r v e d . ~ ’ - ~ ~ , ~ ~  

Fraction I1 shows a remarkable doublet at about 8.4 ppm. This 
resonance has been assigned to a H6 proton of ring I or ring E 
(Figure 2b). Therefore, it is likely that the bipyridine ligands of 
fraction 2 are in one plane, as indicated in Figure 2b. The other 
H6 proton with the moderate steric interaction is observed at about 
8.26 ppm. Thus, isomer 2-1 has a different orientation of the 
bipyridine ligands, giving no H6 doublet at about 8.4 ppm (Figures 
2a and 3). 

Absorption and Emission Spectra. Absorption and emission data 
obtained for the different compounds have been listed in Table 
111. The table contains data for the compounds with the de- 
protonated ligand bpt, as well as the protonated ligand Hbpt. The 
values for compounds with the protonated ligands were obtained 
in acidic solutions. As expected, protonation leads to a shift to 
higher energy for the lowest MLCT band, as indicated in Figure 
5 for the mononuclear compound. Similar behavior has been 
observed for a series of compounds containing imidazole, pyrazole, 
and 1,2,4-triazole moieties and is explained by the increased 
a-donor capacity of the deprotonated ligand.31,35 

By use of Figure 5, the pK, for 
+H+ 

P K ~  

[Ru(bpy)z(bpt)l+ 5 [Ru(bpy)2(Hbpt)12+ (1) 

can be obtained. The value of 4.0 zk 0.1 for the pK, is significantly 
lower than the value of 8.4 i 0.1 obtained for the free ligand. 
So, when bound to the Ru(bpy), moiety, the Hbpt ligand is a much 
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Figure 6. Cyclic voltammogram of [ (R~(bpy)~)~(bpt)]”  in 0.1 M 
TEAP/CH,CN at  100 mV/s. 

stronger acid than the free ligand by more than 4 orders of 
magnitude. This suggests substantial electron donation from the 
ligand to the ruthenium center. Protonation of the dinuclear 
compound proved to be very difficult. Experiments carried out 
in aqueous solution suggest a pK, as low as -0.6 f 0.3. 

The protonations also have the expected effect on the emission 
spectra of mononuclear compound 1 with a shift to higher energy 
for the A,, emission upon protonation. For protonated dinuclear 
compound 2 no emission was observed, probably because of 
quenching in acidic solutions. The data in Table I11 show that, 
surprisingly, for the dinuclear compounds the lowest MLCT band 
is found at higher energy than for the mononuclear compounds. 
This is quite in contrast with results obtained for related dinuclear 
systems, where this band is shifted to lower energy when compared 
with that of the mononuclear  analogue^.'^-'^ Such red shifts have 
been explained by the stabilizing effect of the remote positive 
charge on the excited state. In the dinuclear compounds reported 
here the presence of d x  -+ x* transitions might be present and 
these might a t  least partly be responsible for the high energy of 
the MLCT band in the dinuclear compound. Interestingly, the 
dinuclear compound emits at room temperature and the emission 
maximum observed is in agreement with the differences in ab- 
sorption maxima observed for mononuclear and dinuclear com- 
pounds. The emission for the dinuclear compound is found at  
higher energy than that for the analogous mononuclear compound. 
Electrochemical Measurements. Redox properties of the mono- 

and dinuclear compounds are presented in Table 111. E l I 2  values 
were determined by cyclic voltammetry. The difference in peak 
positions E ,  (=E; - E,’cd) for the oxidation waves was 60-80 
mV, indicating reversible electron-transfer processes.41 The 
difference in oxidation potentials between the two oxidation waves 
of the deprotonated dinuclear compound is 0.32 V (Figure 6). 
This indicates either that the chemical environments of the Ru- 
(bpy)2 moieties are different (due to the different coordination 
modes: N 1  + N,’ vs N,  + N4/) or that electrostatic interactions 
and/or electron delocalization are important in the dinuclear 
compound.16 As shown earlier, l-methyl-3-(pyridin-2-y1)-1,2,4- 
triazole binds via N4’ to the metal ion, while 4-methyl-3-(pyri- 
din-2-y1)- 1,2,4-triazole coordinates via N2’.31933 Nevertheless, the 
oxidation potentials of both Ru(bpy)z(LL’)2+ complexes are the 
same. This suggests that the mode of coordination of the triazole 
ring does not affect the redox properties much. Therefore, the 
large difference in oxidation potentials of 0.32 V is most likely 
caused by electronic interactions between the two metal centers. 
This is further supported by the fact that the oxidation potential 
of the deprotonated mononuclear compound is slightly different 
from the first oxidation potential in the dinuclear compound. In 
general dinuclear compounds, with small electron delocalization 
and resonance stabilization effects, the first oxidation potential 
is expected to be similar to that observed for the mononuclear 
c~mplexes . ’~  A potential energy diagram for such a dinuclear 
system with a strong interaction is schematically presented in 
Figure 7 .  The difference in the two oxidation potentials in the 
dinuclear compound gives a quantitative measure for the com- 
proportionation reaction13 
M(III)-M(III) + M(I1)-M(I1) ZM(I1)-M(II1) (2) 

From 
Kaan 

RT In K,,, = F ( A E , / &  (3) 

MIIII-M 1111) MlIII)-MlII) 

Figure 7. Potential energy versus nuclear configuration curve proposed 
for [(Ru(bpy)2)2(bpt)13’. 

J 

600 700 800 900 nm 

Figure 8. Intervalence transition of the mixed-valence compound [(Ru- 
( b ~ y ) ~ ) ~ ( b p t ) ] ~ * ,  measured in acetonitrile. 

a value for K,, of 2.4 X lo5 is obtained; this value points to a 
rather strong interaction between the metal centers. When 2 is 
protonated, the two oxidation potentials shift to lower values, while 
the difference between the oxidation potentials becomes smaller 
(0.21 vs. 0.32 V). It is quite remarkable that the oxidation po- 
tentials of the protonated dinuclear compound have lower values 
than those of the protonated dinuclear compound because one 
would, for electrostatic reasons, expect that the oxidation of a 
species with a higher charge will occur at higher potentials.I6 The 
protonated dinuclear compound will most probably have a smaller 
extent of electron delocalization because of the higher energy of 
the x* orbital. It is worth pointing out that the free ligand has 
two x - x* transitions. These are found at 229 and 277 nm for 
the neutral ligand and at  253 and 292 nm for the deprotonated 
ligand. The presence of these orbitals will influence the value of 
the oxidation potentials as well as the difference in the two ox- 
idation potentials of the dimer. Compared to the oxidation po- 
tentials of a series of Ru(bpy), complexes with pyridyltriazoles, 
the same oxidation potential of the deprotonated monomer is 
~bserved.~’  As was mentioned above, deprotonation of the ligand 
leads to a stronger x-donor capacity. However, the protonated 
compound has a much lower oxidation potential than the ruthe- 
nium compounds with pyridyltriazoles (1.00 vs. 1.20 V). This 
suggests that a-donor properties of Hbpt are stronger than those 
of the other pyridyltriazole ligands. This might be caused by the 
extra pyridine ring. 

Mixed-Valence Compound. To obtain more information about 
the extent of electron delocalization, the deprotonated dinuclear 
compound was partially oxidized with (N&)zCe(N03)6. A broad 
featureless band was observed at  735 nm (e = 2600 M-’ cm-l) 
with a peak width of 4340 cm-’ (see Figure 8). This band is 
assigned to an intervalence transition on basis of bandwidth, its 
extinction coefficient, and its solvent dependence. No absorption 
band at about 700 nm has been observed for the oxidized ru- 
thenium(II1) mononuclear compound. The extinction coefficient 
is somewhat higher than reported for reiated systems (typical 
values 50-500 M-I cm-1).16J7,26,38 With use of the formula given 
by Hushz8 

Ai+,z = (2310E,,)1/2 cm-’ (4) 

where is the bandwidth at  half-intensity and EV is the band 
maximum (A in cm-I), a value of  bl/2 = 5.6 X lo3 cm-’ is found. 
This value is higher than the value observed for Av112 and suggests 
that this species might be an example of a class I11 mixed-valence 
compound or that a t  least interaction between the centers is 
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xs is, according to the dielectric continuum theory, dependent on 
the dielectric properties of the medium? 

xs = e 2 ( 1 / r  - l / d ) ( l / n 2  - I / D J  (8) 

In eq 8, e is the unit electronic charge, r is the molecular radius 
of the redox sites, d is the separation between the ruthenium ions, 
and nz and D, are the optical and static dielectric constants of the 
solvent. From eq 8, a value of dE,,/6( l /n2  - l/Ds) = 1220 cm-I 
was calculated, which is 40% of the observed value of the slope 
(3100 cm-I). Such discrepancies have also been observed for other 
dinuclear complexes with a short metal-metal d i s t a n ~ e . ~ ~ ~ ~ ~ ~ ~ ~  

Qualitatively, the slope should increase with the metal-metal 
distance ( r ) ,  as is observed for a series of ruthenium dinuclear 
compounds with various bridging ligands.41 Therefore, because 
of the small distance between the redox sites, the solvent depen- 
dency is quite small for this system. The slope observed might 
also be explained by assuming that a certain extent of electron 
delocalization in the Ru"-Ru"' compound is present.25 This is 
in agreement with the large difference in the oxidation potentials 
of the dinuclear ruthenium compound, the high value obtained 
for cy2, and the rather narrow bandwidth of the intervalence 
transition. 

Concluding Remarks. The results discussed above have made 
clear that bpt is a very interesting bridging ligand. We have been 
able for the first time to separate two sets of isomers by recrys- 
tallization techniques. The NMR data reported in this work show 
clearly the importance of this technique in the study of the different 
isomers. 

In its deprotonated form the bridging ligand mediates a rather 
strong interaction between the ruthenium centers. This strong 
electron delocalization is most likely facilitated by the low a* 
orbital in the bridging ligand and also by the presence of a negative 
charge on the bridging triazole ring. From the spectroscopic and 
electrochemical evidence, the dinuclear ruthenium compound can 
be classified as a class I1 material with strong interaction between 
the sites, possibly on the class II/class 111 borderline. The di- 
nuclear compound containing the protonated ligand is much more 
difficult to investigate, as protonation occurs only at very low pH, 
but electrochemical evidence suggests that interaction between 
the metal centers is reduced compared to that of the deprotonated 
dinuclear compound. This is most likely caused by the shift in 
T* orbital and the absence of the negative charge on the bridging 
triazole ring. 

The decrease in pK, values obtained for both the mononuclear 
and dinuclear compound suggests a strong electron donation from 
the bpt ligand to the ruthenium center. The increased delocal- 
ization of the charge in the dinuclear compound is most likely 
responsible for the difference in acidity of about 10 orders of 
magnitude between the dinuclear ruthenium compound and the 
free ligand. 

No differences in the electronic and electrochemical properties 
between the two isolated isomers are observed. 
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Figure 9. Solvent dependency of the intervalence-transition band energies 
of [(Ru(bpy)2)2(bpt)14'. 

~ t r o n g . ~ '  The extent of electron delocalization can be calculated 
from eq 5, by using the extinction coefficient of the IT band (c 

(5) a2 = (4.2 X 10-4)c(Aijl,2)/d2Eop 

in M-' cm-I), the distance between the ruthenium centers (d  in 
A), Eop (in cm-I), and AijIl2 (in cm-I). d was estimated to be 6.1 
A, by using the Ru-N distances of [ R ~ ( b p y ) , ] X ~ ~ ~  and the X-ray 
structure of [CU~(H~OJ~(CF~SO~)~(~~~)~].~~ In this manner a 
value for cy2 of 9.4 X was obtained for this compound. This 
value for ci2 is higher then reported in literature for similar sys- 
t e m ~ . ~ ~ - ~ ~  It can be concluded therefore that the large difference 
in oxidation potentials of this compound is probably caused by 
the rather high extent of electron delocalization. 

The magnitude of the electronic coupling can be calculated by 
using eq 6,28,41 where Hab is the magnitude of electronic coupling 

(see Figure 7); e,,,, AijIl2, E,,, and d have been explained pre- 
viously (see eq 4 and 6 for further details). The value calculated 
for Hab here is 1340 cm-I, which is, compared to values found in 
other systems, quite high.41 

A plot of the energy of the intervalence-transfer band of the 
mixed-valence compound as a function of the solvent is shown 
in Figure 9. The value of the slope is 2969 c d ,  and the intercept 
is 11940 cm-I. For this compound, the slope obtained is smaller 
than in most other  system^.^',^^ 

According to Hush, the position of the intervalence transition 
is dependent on the intramolecular (x,) energies:28 

Eo, = Xi + xs (7) 
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