
Pergamon 

0277-5387(94)00375-O 

Polyhedron Vol. 14, No. 9, pp. 1213-1220, 1995 
Copyright 0 1995 Elsevier Science Ltd 

Printed III Great Britam. All rights reserved 

0277-5387/95 $9 SO+O.OO 

DISTANCE DEPENDENCE OF INTRAMOLECULAR 
ELECTRON TRANSFER PARAMETERS IN MIXED- 

VALENCE ASYMMETRIC COMPLEXES OF RUTHENIUM? 

FLORENCIA FAGALDE and NfiSTOR E. KATZ$ 

Instituto de Quimica Fisica, Facultad de Bioquimica, Quimica y Farmacia, 
Universidad National de TucumBn, Ayacucho 491,400O San Miguel de TucumBn, 

Argentina 

(Received 9 August 1994 ; accepted 12 September 1994) 

Abstract-New mixed-valence complexes of the type [(terpy)(bipy)Ru”-L-Ru”‘(NH,),IS+ 
(terpy = 2,2’ : 6’,2”-terpyridine, bipy = 2,2’-bipyridine) with L = pz and BPE (pz = 
pyrazine ; BPE = trans-1,2-bis(Cpyridyl)ethylene) exhibit metal-to-metal (Rut + Rui’ ; 
Ru, = Ru bonded to bipyridine, Ru, = Ru bonded to ammine) charge transfer transitions 
in the visible region, due to the strong asymmetry of the redox sites. Although the electronic 
coupling element of the pz-bridged complex is higher than that of the BPE analogue, 
both complexes are considered partially delocalized (Robin and Day class II). From a 
comparison of these data and those from closely related compounds, the distance depen- 
dence of intramolecular electron transfer parameters has been determined over a range of 
metal-to-metal distances r from 5 to 2 14 A, good correlations being obtained, the 
electronic coupling HA, and the molar absorptivity E,,, decreasing exponentially with r. The 
bridging ligands appear to behave as electronic n mediators with intermediate conducting 
properties (/? = 0.40 A-‘). The reorganization energy 1 increases with r, but for r > 9 A, 
the intramolecular electron transfer back reactions Rui’ + Rut’ fall in the barrierless 
regime, where the nuclear factor shows small distance dependence. In order to slow charge 
recombination after photoexcitation, it may be possible to combine more asymmetric redox 
sites, and by manipulation of the distance between them, generate intermediate values of 
HAB, thereby causing Marcus “inverted” behaviour. 

The distance dependence of intramolecular electron 
transfer parameters in mixed-valence complexes is 
an important issue,” 2 especially in connection to 
studies of long-range electron transfer in met- 
alloproteins3 and to artificial photosynthesis.4 In 
this work, we address this subject by analysing the 
optical data corresponding to metal-to-metal 
charge transfer (m.m.c.t.) transitions of a series 
of ligand-bridged mixed-valence asymmetric 
ruthenium complexes of the type [(terpy) 
(bipy)Ru”-L-Ru”‘(NH,),]‘+ (terpy = 2,2’ : 6’,2”- 
terpyridine, bipy = 2,2’-bipyridine), with L = 

t Presented, in part, at the “VIII Congreso Argentino 
de Fisicoquimica”, Mar de1 Plata, April 1993. 

$ Author to whom correspondence should be addressed. 

CN-, pz, 4-CNpy, 4,4’-bipy and BPE (pz = 
pyrazine, 4-CNpy = 4-cyanopyridine, 4,4’-bipy = 
4,4’ - bipyridine, BPE = tram - 1,2 - bis(4 - pyridyl) 
ethylene). Terpyridyl ruthenium(I1) complexes are 
interesting as photosensitizing units in covalently- 
linked donor-acceptor assemblies that can be 
involved in efficient photoinduced charge sep- 
aration processes.’ We have herein extended our 
previous studies on mixed-valence complexes with 
L = CN-,6 4-CNpy7 and 4,4’-bipy8 with the pre- 
viously unreported dinuclear species with L = pz 
and BPE ; their syntheses and spectroscopic and 
electrochemical properties being also described. 
The distance dependence of those parameters rel- 
evant to intramolecular electron transfers in these 
systems has been determined over a range of metal- 
to-metal distances from 5 to almost 14 A. 
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E X P E R I M E N T A L  

Syntheses 

The previously reported 9' 10 PF6 salts of the ions 
[Ru(terpy) (bipy) (pz)] 2+ , 1, and [Ru(terpy) 
(bipy) (BPE)] 2+, 2, were prepared and purified using 
the same method described for the 4,4'-bipy 
analogue. 8" For  (I)(PF6)2"Me2CO, the yield 
obtained was 77%. (Found:  C, 41.6; H, 4.0; N, 
11.0. Calc.: C, 41.8; H, 3.2; N, 10.7%.) Crystals 
of  this complex were obtained from MeCN/toluene 
and are being currently studied by X-ray diffraction 
techniques. 8b 

The new dinuclear PF6 salt of the complex 
[(terpy) (bipy) RuIl(pz) Run(NH3)5] 4+ , 3, was 
synthesized as a trihydrate by stirring 
[Ru(terpy)(bipy)(pz)](PF6)z'Me2CO (81 mg, 0.09 
mmol) in Me2CO (8 cm 3) for 1 h under Ar. 
[Ru(NH3)5(H20)](PF6)2 (52 mg, 0.1 mmol), pre- 
pared as in Ref. 11, was then added and the mixture 
was stirred for 6 h under Ar in the dark;  100 cm 3 
of ether were used to precipitate the complex, which 
was then dissolved in Me2CO (5 cm 3) and sorbed 
onto a column of SP-Sephadex C-25 (3 x 10 cm). 
Mononuclear  species were eluted with 0.2 and 0.3 
M LiCI in acetone-water solution (1:1 v/v). The 
desired species was eluted with 1 M LiC1 in the same 
solvent mixture, rotoevaporated to 5 cm 3, cooled to 
room temperature and precipitated with NH4PF6 
(1.5 g in 1 cm a of water). The solid was filtered, 
washed with cold water and dried in vacuo over 
P40~0. It can be further purified by recrystallizing 
from acetone-ether. Yield : 68 mg (54%). (Found : 
C, 25.0 ; H, 3.2 ; N, 12.8. Calc. : C, 25.0 ; H, 3.2 ; N, 
12.1%.) 

The mixed-valence ion [(terpy)(bipy)Ru It 
(pz)RulH(NH3)5] 5+, 4, was generated in situ by 
adding Br2 vapour to an acetonitrile solution of 
3. A PF6 salt can be obtained as described for 
similar polynuclear compounds.~2 

The dinuclear species [(terpy) (bipy) R u" 
(BPE)Ru"(NH3)5] 4+, 5, was unstable in the air. 
Therefore, it was prepared by reduction in situ 
of  the mixed-valence complex [(terpy)(bipy) 
RuH(BPE)Rum(NH3)5] 5+, 6. The PF6 salt of 
6 could be synthesized by stirring the cor- 
responding mononuclear species 2 in MezCO (10 
cm 3) for 1 h under Ar and then adding a stoi- 
chiometric amount  of  [Ru(NH3)5(H20)] (PF6)2. The 
mixture was stirred for 6 h under Ar in the dark ; 100 
cm 3 of  ether were used to precipitate the complex, 
which was then dissolved in MeCN (10 cm 3) and 
oxidized by I2 in MeCN. The oxidized species was 
precipitated with ether, dissolved in MezCO and 
reprecipitated with excess Bu]NBr in Me2CO. The 

Br-  salt was collected by filtration, washed with 
cold acetone and air-dried. It was then dissolved in 
HC1 0.2 M (5 cm 3) and sorbed on to a column of  
SP-Sephadex C-25 and eluted with HC1 at different 
concentrations. The desired complex was eluted 
with HCI 1 M, rotoevaporated to 5 cm 3, cooled 
to room temperature and precipitated with excess 
NH4PF 6. It was then filtered off, washed with cold 
water and dried under vacuum over  P4010. It was 
finally recrystallized twice from acetone-ether. For  
the species (6)(PF6)5" 2 MezCO the yield was 20%. 
(Found:  C, 30.8; H, 3.6; N, 11.1; Calc. : C, 30.4; 
H, 3.3 ; N, 9.9%.) 

The PF6 salt of  the monoprotonated species 
[Ru(terpy)(bipy)(BPEH)] 3+, 7, was obtained as a 
monohydrate as a subproduct of the chro- 
matographic separation of 6. It was eluted from the 
column with HC1 0.6 M, before the mixed-valence 
dimeric species. (Found:  C, 39.2; H, 3.2; N, 9.8. 
Calc. : C, 39.4, H, 2.9 ; N, 8.7%.) 

Materials, instrumentation and techniques 

Acetonitrile was distilled from KMnO4 and dried 
over molecular sieves. Tetrakis(n-butyl)ammonium 
hexafluorophosphate (TBAH) was recrystallized 
four times from EtOH and dried at 150°C for 72 h. 
All other chemicals were reagent grade and used 
without further purification. 

IR spectra were recorded, as KBr pellets, on a 
Perkin-Elmer 983G spectrophotometer. UV/vis 
spectra were obtained with a Shimadzu UV-160A 
spectrophotometer. Cyclic voltammetry exper- 
iments were carried out in MeCN, 0.1 M TBAH, 
with a potentiostat/galvanostat EQMAT-S1, made 
at Instituto de Quimica de Materiales, Medio 
Ambiente y Energi a ( INQUIMAE),  Universidad 
de Buenos Aires, Argentina. An H-type con- 
ventional cell was used, with Pt as working and 
auxiliary electrodes and Ag/AgC1 (3 M) as a ref- 
erence electrode. All potentials are referred to the 
SCE (standard calomel electrode) by subtracting 
36 mV to the measured values. The ferrocene/ 
ferrocinium couple (Fc +/°) has a value of  EI/2 = 
0.40 V (vs SCE), under the same conditions. Ar was 
bubbled through the solutions prior to measure- 
ments. 

For pK~ determinations, the equipment and con- 
ditions used were the same as those described 
before, s Chemical analyses were done at Unidad 
de Microanfilisis y M6todos Fisicos en Quimica 
Orgfinica (UMYMFOR)  and at INQUIMAE,  
Universidad de Buenos Aires, Argentina. 



Mixed-valence asymmetric complexes of Ru 

Table 1. Values of pK, for pz and BPE as free and coordinated ligands 
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L p ~  (free) [Ru(NH3)5(L)] 2+ [Ru(terpy)(bipy)(L)] 2+ 

pz 0.6±0.2" 2.6±0.1 ~ 1.0±0.2 b 
BPE 5.9±0.1 a 5.0±0.1" 5.5±0.1 ~ 

"Ref. 13. 
h This work. 

RESULTS AND D I S C U S S I O N  

pKa determinations 

pKa values for coordinated pz and BPE in com- 
plexes 1 and 2 respectively were determined by spec- 
t rophotometric  titrations, and are shown in Table 
1, together with the corresponding data for the free 
ligands and the ammineruthenium analogues. ~3 A 
numerical method already described ~4 was used for 
the calculation of pKa of 1 (1.0) in water, at 22°C. 
Figure 1 shows a plot of  the ratios of  absorbances 
at 425 nm (2max for the non-protonated form of  2) 
and at 445 nm (2max for the protonated form of 2) 
vs pH,  from which the value of pK, of  2 (5.5) was 
determined in water, at 22°C, # = 0.5 M (KCI). 
Both values of  pKa are similar to those of  the free 
ligands. It is worth noting the considerable 
reduction in pKa for 1, when compared to the pK, 
of  [Ru(NH3)5(pz)] 2+ (2.6) ; Ru ~ pz back-bonding 
is greatly diminished in 1, due to competit ion of  
terpy and bipy for the metal re-electron density. 

IR spectra 

IR spectra of  the PF6 salts of  1 and 2 show 
characteristic ligand (terpy, bipy, pz or BPE) 

1.100 

1.000 < 

o.go0 

I I I I 

2.00 4.00 6.00 8.00 
pH 

Fig. 1. Plot of  ratio of  absorbances of  [Ru(terpy) 
(bipy)(BPE)] 2+ and [Ru(terpy)(bipy)(BPEH)] 3+ vs pH, 
in aqueous solutions, at 22°C, # = 0.5 M (KCI). The 

solid curve is calculated for pKa = 5.5. 

vibrations between 1600 and 600 cm-~. 8 For  com- 
plex 3, a new band appears at 1285 cm -~, which is 
assigned to •sym(NH3), and indicates oxidation state 
(II) for Ru of  the capping pentaammineruthenium 
group. ~5 Instead, complex 6 shows the correspond- 
ing absorption at 1325 cm-~, a clear indication of 
oxidation state (III) for the same ruthenium. ~5 

UV/v& spectra 

Table 2 shows the complete UV/vis spectral data 
in MeCN at 22°C for the mononuclear  complexes 
1, 2 and 7, the dinuclear species 3 and 5 and the 
mixed-valence complexes 4 and 6. The UV absorp- 
tions between 200 and 300 nm can be assigned to 
characteristic intraligand rt ~ re* transitions (terpy, 
bipy, pz or BPE). 8 The intense bands at 428 and 
464 nm in 1 and those at 425 and 479 nm in 2 
can be assigned to metal-to-ligand charge transfer 
(m.l.c.t.) transitions d , ( R u ) ~ r c *  (bipy) and 
d,(Ru)---, rt* (terpy) respectively, by comparison 
with analogous systems. 7' 8 Bands at 360 nm in 1 
and 379 nm in 2 can be ascribed to d~(Ru) ~ rc*(pz) 
and d~ ~ rc*(BPE) m.l.c.t, respectively. All these 
bands show small solvent dependence. In strong 
acid media (pH = 0), the band at 428 nm for com- 
plex 1 is shifted to higher energies and decreases in 
intensity, while the intensity of  the shoulder at 530 
nm is enhanced. This can be attributed to pro- 
tonation of the free N of coordinated pz. At 
pH = 2.0, the bands of  complex 2 at 425 and 379 
nm are shifted to the red (445 nm) in complex 7, 
due to protonat ion of the free N of  coordinated 
BPE. 

The dinuclear complexes 3 and 5 exhibit, in 
MeCN, new and intense absorptions at 543 and 540 
nm respectively, both of  which disappear upon 
Br z vapour  addition, and are sensitive to the 
donor  number  of  the solvent. These bands are 
assigned to m.l.c.t, transitions from d, orbitals 
of  ammine ruthenium (Rua) to re* orbitals of  
the bridging ligands (pz or BPE). Br2 is capable of  
oxidizing RUa but not the polypyridyl ruthenium 
(RUb). 8 When comparing these values to the 2ma x 
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Table 2. Electronic absorption spectral data ~ 

Complex 2m.x(nm) [10-38max(dm 3 mol -~ cm-t)] 6 

1 [Ru(terpy) (bipy) (pz)] 2+ 

2 [Ru (terpy) (bipy) (BPE)] 2+ 

3 [(terpy) (bipy) RuU (pz) RuII(NH3)5] 4+ 

4 [(terpy) (bipy) RuV (pz) Rum (NH3)5] 5+ 
5 [(terpy) (bipy) RuH (BPE) Ru"(NH3) 5] 4+ 

6 [(terpy) (bipy) Run (BPE) Rum (NH3) 5] 5+ 

7 [Ru(terpy) (bipy) (BPEH)] 3+ 

232 (26.9), 244 (28.3), 275 (36.8), 285 (42.4), 310 (38.4), 333 
(sh), 360 (sh), 428 (11.3), 464 (10.1), 531 (sh), 580 (sh) 
243 (sh), 254 (29.2), 274 (sh), 289 (53.7), 311 (44.6), 333 
(sh), 379 (10.1), 425 (12.8), 479 (8.82), 537 (sh), 586 (sh) 
235 (17.4), 243 (18.1), 255 (16.7), 275 (23.7), 285 (25.8), 311 
(23.4), 333 (sh), 360 (sh), 465 (8.87), 543 (18.0) 
429 (11.8), 455 (11.6), 470 (11.4), 570 (sh), 832 (0.8) 
258 (40.0), 275 (sh), 310 (sh), 380 (sh), 432 (7.01), 487 (7.81), 
540 (8.16) 
231 (16.8), 243 (15.2), 274 (sh), 289 (27.2), 311 (26.3), 350 
(sh), 380 (sh), 435 (9.40), 480 (sh), 540 (sh), 600 (sh) 
228 (21.3), 274 (sh), 291 (43.2), 302 (44.3), 305 (45.2), 311 
(45.1), 333 (sh), 380 (sh), 445 (13.1), 479 (sh), 537 (sh), 
586 (sh) 

a In MeCN, at 22°C. 
bErrors: +2  nm in 2 . . . .  q-5% in/3ma x. 

o f  the cor responding  m.l.c.t, t ransi t ions in 
[Ru(NH3)5(pz)] 2+ (455 nm in M e C N )  15 and 
[Ru(NH3)5(BPE)] 2+ (500 nm in M e C N ) ,  15 we 
deduce tha t  a s t ronger  m e t a l - m e t a l  rc interact ion 
between Rua and  R u  b o c c u r s  th rough  the pz bridge 
(Av = 3600 cm -1) than  th rough  the 4 ,4 ' -b ipy 
(Av = 2700 cm-1)  s and the BPE (Av = 1500 cm -~) 
bridges. 

In the mixed-valence complex  4, a new and rela- 
tively intense and  b road  band  appears  at  '~max = 832 
nm in M e C N  ( /~max = 797 dm 3 mo1-1 cm -~, 
Av~/2 = 4540 cm-1) ,  which is securely assigned to 
the m.m.c. t ,  t ransi t ion Ru~, ~ , ,  i11 WUa , since it is not  
present  nei ther  in the cor responding  [II,II] nor  in 
the [ I I I , I I I ]  dinuclear  species, as shown in Fig. 2, 
where we represent  the spec t ropho tomet r i c  
t i t ra t ion o f  the [II,II] ion (complex 3) with added  
al iquots  o f  Ce TM in 1 M H ÷. This m.m.c. t ,  band  is 
shifted to the blue in D M F  ('~max = 686 nm, 
/~max = 304 d m  3 mo1-1 c m  - l ,  Avl/2 = 6480 cm 1), 
indicating a corre la t ion  o f  the absorp t ion  m a x i m u m  
with the solvent  dono r  number ,  as a l ready k n o w n  
for  similar a symmet r i c  mixed-valence species of  
R u .  16 

F o r  the mixed-valence ion 6, it is not  possible to 
observe  clearly the m.m.c. t ,  band  in MeCN, prob-  
ably because it is masked  under  the s t rong m.l.c.t. 
bands.  In MeNO2, however ,  as shown in Fig. 3, a 
shoulder  is observed at  )~max = 575 nm,  with 
emax = 163 dm 3 mo1-1 cm -1 and Avl/2 = 4956 cm ' 
(values ob ta ined  after  gaussian deconvolu t ion  of  
e/v vs v), which can be ascribed to the m.m.c. t .  
t ransi t ion Ru~, ~ ---, . m Ru ,  . Indeed,  a new absorp t ion  
feature,  extending f rom 600 to 900 n m  is observed 

in this dinuclear  species, but  not  in the mononuc l ea r  
complex  [Ru( terpy)(b ipy)(BPE)]  2+, whose spec- 
t rum in MeNO2 is also included in Fig. 3. 

Electrochemistry 

Table  3 gives the results for  the vo l tammet r ic  
studies of  the m o n o -  and  di-nuclear  complexes  in 
M e C N ,  0.1 M T B A H ,  v = 2 0 0  m V  s -1 and  
T = 22'~C. In  complexes  1 and 2, only one reversible 
oxidat ion wave is observed,  cor responding  to the 
Ru  3+/2+ couple.  The  values are similar to those o f  
other  [Ru( terpy)(b ipy)(L)]  2+ (L -- subst i tuted 
pyridine) species. 7" 10. 17 As expected, 15 for  the BPE- 
d imer  (as well as for  the B P E H + - m o n o m e r ) ,  con- 
t rast ing to the pz-dimer,  electrostat ic effects are 
small and the El~ 2 values are a lmos t  unchanged.  
The  dinuclear  complexes  3 -6  present  an addi t ional  
reversible oxidat ion wave at  0.66 V for  pz and  
0.31 V for  BPE, cor responding  to the Ru  3+/2+ 
couples. These values c o m p a r e  reasonably  
well to the E1/2 (Ru 3+/2+) values for  the 
[Ru(NH3)5(L)] 2+ ions (0.55 V for  pz, 0.37 V for  
BPE). 15 As a l ready discussed before  15 for  
[ (NH 3) 5 Ru-L-Ru(C1)  (bipy) 2 ] 3 +/4 + couples,  there 
is a small increase when pz is the bridging ligand, 
but  a lmost  no changes when BPE is connect ing 
bo th  metals .  The  values for  the L °/- couples  are 
assigned, in decreasing order,  to terpy,  b ipy and  pz 
(or BPE) reductions,  s' 17 

Intramolecular electron transfer 

The M a r c u s - H u s h  fo rmal i sm can be appl ied to  
optical  da ta  of  m.m.c. t ,  t ransi t ions in mixed-val-  
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Fig. 2. Spectrophotometric titration of [(terpy)(bipy)Ru"(pz)Rull(NH3)5] 4+ (C = 2.88 x 10 -4 mol 
dm -3) in aqueous solution with Ce TM in 1 M H ÷. Molar ratios [complex]/[Ce TM] are : A, 1:0 ; B, 1 : 1 ; 

C, 1:2. 
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11 liT 5 +  Fig. 3. Visible spectra in MeNO2 of: (--) [(terpy)(bipy)Ru (BPE)Ru (NH3)5] (C = 1.88 x 10 .4 
M), and (---) [RuIl(terpy)(bipy)(BPE)] 2+ (C = 3.3 x 10 .4 M). 

ence complexes in order  to determine parameters  
relevant to the cor responding  thermal  intra- 
molecular  electron transfer processes)  Table 4 
shows values o f  Eop, the absorp t ion  maximum,  
Av~/2, the bandwid th  at half-height (taken as twice 
the value obta ined on the low-energy side) and e . . . .  

the mola r  absorpt ivi ty o f  m.m.c.t,  bands  in the 
mixed-valence species [ ( t e rpy) (b ipy)Ru"-L-Ru I" 
(NH3)5] 5+ (L = C N - ,  pz, 4 -CNpy,  4,4 '-bipy and 
BPE) in M e C N  at 22°C. A range o f  metal- to-metal  
distances r o f  - 1 0 / ~  is encompassed  when going 
f rom L = C N -  to L = BPE. Previously, for  L = 4- 
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Table 3. Electrochemical potentials (vs SCE) at 22C" 

Complex E~/2(V) [AEp (mV)] h 

1 + 1 . 3 4  ( 7 5 ) ,  

- -  1.75 (160) 
2 + 1.29 (70), 

_ 1 . 8 0  ,~ 

3 4  + 1.48 (80), 
- 1 . 6 8 '  

54i + 1.20 (60), 
7 + 1.22 (60), 

- -  1 . 2 2  ( 6 0 ) ,  - 1 . 5 3  ( 1 2 0 ) ,  

- -  1 . 3 3  ( 6 5 ) ,  - -  1 . 6 2  ( 8 5 ) ,  

+0.66 (70), -- 1.29 (60). 

+0.31 (80), - 1.41," -- 1.74" 
- 1 . 2 1  ( 6 0 ) ,  - 1 . 4 6 , "  - -  1 . 6 2 '  

InMeCN,  0 .1moldm 3TBAH, v = 2 0 0 m V s  ~. 
bEll2 = (Ea+ E~)/2, AEp = E,--E~, estimated error in 

E~/2:_0.01 V. Couples are considered reversible when 
AEp = 60-80 mY. 

' Irreversible ; only the peak potential is informed. 

CNpy ,  7 the m.m.c.t ,  band  could not  be detected in 
dilute Br2 solutions. We could now observe it by 
adding Br 2 vapour  to a concentra ted solution o f  the 
cor responding  [II,II] ion, as shown in Fig. 4. 

The electronic coupl ing element HAB (A = donor ,  
B = a c c e p t o r )  between the donor  Ru(terpy)  
(bipy) 2+ and the acceptor  Ru(NH3)~ + moieties has 
been determined by using the following equat ion :1 

HAB (cm -1) = 2.06 × lO-2(gmaxVmaxAvl/2)l"2(l/r) 

(1) 

with Vma~ and Av~/2 in cm -~, em~x in dm 3 mol  -~ cm -1 
and r in ~ .  On  the other  hand, the reorganizat ion 
energy for  electron transfer 2 is calculated as:  ~ 

2 = Eop - AG ° -- AE~x (2) 

where AG ° is the free energy difference between 
both  redox sites [obtained approximate ly  TM as 
the difference in redox potentials AEI/2 = E~2 
(RUb 3+/2+) --EI/2(RU3a+/2+)] and AE~x is an excited- 
state energy difference, taken as 0.25 eV for 
ru thenium complexes.~8 

F. FAGALDE and N. E. KATZ 

The delocalization parameter  ~2 can be calculated 
a s :  I 

~2 = (nAa/Vmax)2. (3) 

Experimental  values o f  Avl/z are - 2 0 %  higher than 
those calculated by Hush  formula  : 

Avl/2 (cm 1) = [2310(Vma,_AGO)]l/2 (4) 

as normal ly  observed for partially delocalized 
mixed-valence species. This fact and the determined 
values o f  ~z allow us to describe these systems as 
Robin  and D a y  Class II.1 

In covalently-linked dono r - accep to r  assemblies, 
the thermal first-order electron transfer rate con- 
stant can be expressed as :19 

k (s - l )  = /£elYn/~n (5) 

where ~:e~ is the electronic transmission coefficient, 
vn is a nuclear vibrat ion frequency and /~n is the 
nuclear factor, which depends upon  2 and AG ° as 
follows : 

t<n = exp ( - -AG*/RT)  (6) 

AG* = [(2 + AG°) 2/421 - HAB. (7) 

Figure 5 shows that  the reorganizat ion energy 2 
decreases with the inverse o f  the dono r - accep to r  
separation, (I/r) ,  as expected by Marcus  theory,  if 
we take into account  the distance dependence o f  the 
solvent (outer-sphere) reorganizat ion barrier 2out. 2° 
Moreover ,  the experimental slope ( - 7 . 1  eV/~)  is 
very close to the theoretical one ( -  7.6 eV/k).  I f  we 
consider that  2 is the same for the reverse reaction 
Ru~ ~ ~ Ru~, u, then, when r > 9/~, the thermal reac- 
tions are essentially barrierless (AG* ~- 0) and the 
dependence o f  the nuclear factor  with r is small. 21 

Figure 6 shows the dependence o f  2 In HAB on 
distance r. A slope o f  fl = 0.40 ~ -~  is obtained, 
which is intermediate between those values for poly- 
ene-bridged ruthenium ammines  (0.20 ~-~)22 and 
for polyprol ine-bridged ruthenium and osmium 

Table 4. Optical and thermal m.m.c.t, parameters in [(terpy)(bipy)RuU-L-Rum(NH3)5] 5+ complexes, in MeCN, at 
22oc 

L r (A,) Eop (eV) Av. 2 (cm- ')  ~, .... (M -I cm 1) HAB (cm -I) AG ° (eV) 2 (eV) Ref. 

CN-  5.0 1.77 3600 2000 1300 1.19 0.33 6 
pz 7.0 1.49 4540 807 614 0.82 0.42 t.w. 
4-CNpy 9.3 1.81 6200 403 421 0.63 0.93 t.w. 
4,4-bipy" 11.3 1.91 7826 266 325 0.86 0.80 8 
BPE b 13.8 2.48 4956 163 189 0.89 1.34 t.w. 

~Values of Eop, •max and Avl/2 were corrected with respect to Ref. 8 by gaussian deconvolution. 
Corrected by the effect of solvent donor number, as in Ref. 16. 
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Fig. 4. Metal-to-metal charge transfer band in MeCN of [(terpy)(bipy)Run-(4-CNpy)Runl(NH3)5] 5+ 
(C = 1.76 x 10 -4 M). 
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Fig. 5. Plot of the reorganization energy 2 for the intra- 
molecular electron transfer vs the inverse of the metal- 
to-metal distance, (I/r), in [(terpy)(bipy)RuH-L-Ru HI 
(NH3)5] 5+ complexes. L: 1, CN ; 2, pz; 3, 4-CNpy; 4, 

4,4'-bipy ; 5, BPE. 
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Fig. 6. Logarithmic plot of the square of the electronic 
coupling element HAB vS metal-to-metal distance r in 
[(terpy)(bipy)RuH-L-Rum(NH3)5] 5+ complexes. L: 1, 

CN- ; 2, pz; 3, 4-CNpy, 4, 4,4'-bipy ; 5, BPE. 

ammines (0.60 A -  1).21 ]~ is a measure of  the attenu- 
ation with distance of  the electronic overlap of  
donor  and acceptor with the bridge. 23a'b We then 
deduce that aromatic  nitrogen heterocycles behave 
as electron re-mediators with intermediate proper- 
ties between pure a- and pure n-connectors between 
similar donors and acceptors. That  the ligands used 
in this work do not behave as "molecular  w i r e s " - -  
like the polyenes--can be adscribed to electron den- 
sity being more delocalized over space. 

Figure 7 shows a plot of  In /3ma x for the m.m.c.t. 
transitions against r. The variations follow those 

observed in HAa, with a lesser slope. According to 
the values of  HAB, the thermal reactions are con- 
sidered adiabatic} In this case, the distance depen- 
dence of  the electronic factor is also small. 21 For  
L = C N -  and pz, however, the reverse processes 
Ru~a ~ ---' RU~, ~ fall in the inverted regime (2 < lAG°I) 
and they are necessarily non-adiabatic} ° In these 
two cases of  relatively strong electronic coupling, 
solvent dynamics and quantization of vibrations 
become impor tant}  4 Since in some cases, as already 
pointed out, 25 it is not possible to relate optical and 
thermal reactions in a simple way, we have not 
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Fig. 7. Plot of the logarithm of the molar absorptivity 
emax of the m.m.c.t, bands vs metal-to-metal distance r 
in [(terpy)(bipy)Ru"-L-Rum(NH3)5] 5+ complexes. L: 1, 

C N -  ; 2, pz ; 3, 4-CNpy; 4, 4,4'-bipy ; 5, BPE. 

a t tempted to calculate the thermal rate constants  
for  the back reactions with the semi-classical for- 
malism. Besides, one mus t  consider that  electronic 
couplings H^B o f  optical electron transfers m ay  
differ f rom those o f  thermal  electron transfers, 26 and 
that  they m a y  be underest imated with the M a r c u s -  
Hush  fo rma l i smY Anyway ,  one can predict, as a 
main  cont r ibut ion  o f  this analysis, that  at sep- 
ara t ion distances where the coupl ing element is not  
so high as in C N -  or  pz, a higher asymmetry  o f  the 
redox sites could eventually lead to slow charge 
recombina t ion  (Marcus  " inver ted" behaviour)  
after light excitation. W o r k  is in progress to prove 
this assertion. 
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