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Oxidative electron-transfer quenching of the lowest ligand-centered 39r7r* of Ru(pc)L2, L = dmf or py, by a series of 
nitroaromatic compounds, viologen salts, and metal complexes has been investigated by laser and conventional flash photolysis. 
The quenching rate constants, treated according to Marcus-Hush and Rehm-Weller equations, gave self-exchange rate 
constants, kexch - lo7 M-I s-l, for the electron exchange between the 3mr* and the ruthenium(I1) ligand radical. The 
excited states of a number of phthalocyanines, e.g. Ru(pc)(M~S0)~, Ru(pc)(dmf)CO, Ru@c)(py)CO, and Rh(pc)(CH30H)CI, 
undergo quenching mediated by exciplex formation. The formation of exciplexes is discussed in terms of the related exciplexes 
of the porphyrins. 

Introduction 
The photochemistry of transition-metal phthalocyanines has 

recently received considerable Such a photo- 
chemistry is associated with the population of various excited 
states, namely charge transfer or n** ligand-centered states, 
in the ultraviolet irradiation of monomeric phthalo- 
cyanines. 1,2,4-6 

These excited states can induce characteristic chemical 
transformations as is indicated in eq 1 and 2. The population 

(1) CTTM - M ’ ~ P C ) L  t L *  

/=- 
(SH = hydrogen donor) \ 
(Q = electron acceptor) 

of acido to metal charge-transfer states in cobalt(II1) 
phthalocyanines, eq 1, induces the oxidation of axially coor- 
dinated ligands.2 In addition, hydrogen abstraction from the 
solvent, eq 2, is a very common process in the ultraviolet 
photochemistry of the phthalocyanines, namely for excitations 
at  wavelengths of the Soret band and below that band.ld 

The low-lying mr* ligand-centered states that are populated 
by excitations in the red region, e.g. Q band, do not exhibit 
the kind of photoreactivity that is described above (eq 1, 2). 
However, these states experience oxidative quenching with 
appropriate electron acceptors (eq 3).7+ Previous results show 
that these quenching processes are outer-sphere electron- 
transfer reactions, which can be theoretically described by 
Marcus and Hush theoretical treatments.” ’ This conclusion 
on the quenching of the low-lying 3 ~ ~ *  in ruthenium(I1) 
phthalocyanines has been reinforced in this work. However, 
the departure of such outer-sphere electron-transfer quenching, 
namely in instances where the quenching is mediated by ex- 
ciplex formation, is also reported and compared with similar 
processes in  porphyrin^.'^-'^ 
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Experimental Section 
Photochemical Procedures. The laser flash photolysis and con- 

ventional flash photolysis apparatus used in this work were described 
elsewhere.e16 A Quanta Ray neodynium yag pumped dye laser with 
a DCM dye for 640-nm excitations forms part of our laser flash setup. 
Transients were monitored with a focused 500-W xenon lamp pulsed 
to around lo4 times the steady-state intensity. The data points were 
stored and digitized in a Tektronix R79 12 transient digitizer and 
processed in a PDP-11 digital computer. The power of the laser was 
adjusted to values where neither the ground-state depletion nor bi- 
photonic processes were detected. The duration of the laser pulse limits 
the time resolution to times longer than 5 ns. Conventional flash 
photolysis experiments were carried out by firing two xenon flash 
lamps, Xenon Corp. FP8-100C, at energies between 250 and 50 
J/pulse. The time resolution of the conventional flash photolysis setup 
was limited to 30 w s .  

The solutions for the photochemical experiments were deaerated 
with streams of Ar, and they were refreshed after each irradiation. 

Materials. Ru(pc)(py)z, Ru(pc)(dmf12, Ru(pc)(MezSO)2, Ru- 
(pc)(dmf)CO, and Ru(pc)(py)CO were prepared and purified ac- 
cording to reported procedures.’’ Rh(pc)(CH30H)C1 was available 
from a previous work.5 The commercially available nitroaromatic 
derivatives were purified by recrystallization. The viologen salts were 
prepared by following literature procedures.18 The various compounds 
were recrystallized as hexafluorophosphate salts. 

Acetonitrile and dichloromethane, Aldrich Gold Label, were distilled 
in an all-glass distillation apparatus fitted with a 40-theoretical-plate 
fractionating column. 
Results and Discussion 

Previous studies on the quenching of the low-lying )m7* 
excited state of various phthalocyanines reveal that this state 
acts as a reducing agent.’+ This behavior was also exhibited 
by ( 3a~*)Ru(pc)  (py)* and ( 3n7r*)Ru(pc) (dmf), when they 
were quenched by nitroaromatic compounds and paraquat 
derivatives; see below. 

This flash excitation of Ru(pc)(dmf)* at wavelengths of the 
Q band, namely & ~ t  N 640 nm, produces a transient spectrum 
with A,, N 500 nm and a lifetime T N 165 ns (Figure 1). 
Such a transient spectrum can be easily assigned to the lowest 
%A* by comparison with spectra reported for 3mr* excited 
states of phthalocyanines.- The quenching of the excited state 
by nitroaromatic compounds or paraquat derivatives produces 
the oxidized ligand radical Ru(pc)(dmf),+. Rate constants 
for the quenching reaction were obtained from the dependence 
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Figure 1. Difference spectrum of (3mr*)Ru(pc)(dmf)2 obtained in 
laser flash photolysis of Ru(pc)(dmQ2 in deaerated acetonitrile after 
the 640-nm irradiation. The inset shows a typical trace, Xob = 500 
nm, with a 2004s pretriggering delay. 
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Figure 2. Typical dependence of the overall rate constant k, on the 
quencher concentration of the quenching of (3mr*)Ru(pc)(dmf)2 by 
(A) p-dinitrobenzene, (63) 4,4’-dimethyl- l,l’-diethyl-2,2’-bipyridinium 
(diaquat), (0) l,l’-dimethyl-4,4’-bipyridinium (paraquat), and (0) 
ruthenium hexaammine chloride. The inset shows a characteristic 
first-order treatment (solid line) of an average of seven traces; dots 
represent the average data and g(A)  = In [ ( A ,  - A,)/(Ao - A , ) ] .  

of the overall rate constant on the quencher concentration 
(Figure 2). Such rate constants for redox quenching (Table 
I)I9 were analyzed according to treatments described by 
Marcuslo and Hush” in order to obtain the self-exchange rate 
constants.20 T h e  application of these models to our results 
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Figure 3. Dependence of the free energy of activation, RT In k,, on 
the standard free energy, AGO, for the quenching of (%a*)Ru- 
(pc)(dmQ2 by (1) p-dinitrobenzene, (2) p-nitrobenzaldehyde, (3) 
o-dinitrobenzene, (4) methyl p-nitrobenzoate, ( 5 )  methyl m-nitro- 
benzoate, (6) m-dinitrobenzene, (7) o-nitrobenzaldehyde, (8) m- 
nitrobenzaldehyde, (9) 1 -iodo-4-nitrobenzene, (10) 1 ,l’-dimethyl- 
2,2’-bipyridinium, (1 1) l,l’-dibutyL2,2’-bipyridinium, (12) 1,l’-di- 
propyL2,2’-bipyridinium, (1 3) 1 ,l’-ethylene-4,4’-dimethyl-2,2’-bi- 
pyridinium, (14) 4,4’-dimethyl-1 ,l’-diethyl-2,2’-bipyridinium, (1 5 )  
l,l’-dimethyl-4,4’-bipyridinium, (16) 1,l’-bis(hydroxyethy1)-4,4’- 
bipyridinium, (17) l,l’-diethyL2,2’-bipyridinium, and (18) 1,l’-di- 
benzoyl-4,4’-bipyridinium. 
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Figure 4. Comparison between the difference spectra of the 
(3mr*)Ru(pc)(Me2S0)2 (0) and the exciplex generated when this 
excited state is quenched by 0.1 M p-dinitrobenzene (0) (laser ex- 
citations at  640 nm and observations at  5 p s  after the irradiation). 

Table 11. Self-Exchange Rate Constants for the Lowest Lying 
3nn* in Ruthenium(I1) Phthalocyanines 

electron kexch, 
electron donor acceptora M-‘ s” medium 

(3nn*)Ru(~c ) (~y  l2 Fe3+ 5.9 X lo6 CH,CN-H,O 
(70:30) 

nitroaromatic 1.9 X lo’ CH,CN 

paraquat 8.1 X lo6 CH,CN 
quenchersb 

derivativesb 

derivativesb 

quenchersb 
Electron acceptor(s) used for the determination of the self- 

For a list of the quenchers see Figure 3 .  

(3nn*)Ru(pc)(dmf), paraquat 1.9 x 107 CH,CN 

nitroaromatic 8.1 X 10‘ CH,CN 

exchange rate constant. 

was limited to those rate constants t ha t  were f a r  f rom the  
limiting values for highly exothermic redox processes (Figure 
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Table 111. Overall Rate Constants for the Disappearance of 
Phthalocyanine Exciplexes 

complex quencher k,a s-’ 

Ru(pc)(Me,SO), 2.40 X lo6 
Ru(pc)(Me, SO), p-dinitrobenzene 5.3 x los  
Ru(pc)(Me,SO), paraquat 5.5 x 105 
Ru(pc)(Me,SO), diaquat 5.7 x 105 
Ru(pc)(dmf)CO 2.31 X l o 6  
Ru(pc)(dmf)CO p-dinitrobenzene 1.27 x l o6  
R ~ ( P ~ ) ( P Y  IC0 2.37 X IO6 
R~(P~) (PY)CO p-dinitrobenzene 1.30 x IO6 
Rh(pc)(CH 0H)Cl 3.1 X 10‘ 
Rh(pc)(CH,OH)Cl p-dinitrobenzene 2.6 x lo6 

a Rate constants determined at room temperature in acetonitrile. 
Rate constants for the ,nn* relaxation. 

3).  The self-exchange rate constants for the lowest 37r7r* of 
the ruthenium(I1) complexes (eq 4) are reported in Table 11. 

(37r7r*)R~(p~)L2 + Ru(pc)L,+ + 

Ru(pc)L2+ + (37r7r*)Ru(p~)L2 (4) 

L = py, dmf 

The results in Table I1 are in agreement with a value of the 
self-exchange rate constant reported in a previous work.9 
Therefore, it is possible that the value of the self-exchange rate 
constant must be kexch - lo7 M-’ s-l for all ruthenium(I1) 
phthalocyanines. 

The redox behavior of (37ra*)Ru(pc)L2, L = py or dmf, 
contrasts with that of the excited state of R ~ ( p c ) ( M e ~ S 0 ) ~ ,  
Rh(pc)(CH,OH)Cl, Ru(pc) (py)CO, and Ru(pc) (dmf)CO. 
Laser flash irradiations of the carboxyl and Me2S0 complexes 
at wavelengths of the Q band produces the transient low-lying 
37r7r* (Figure 4). However, quenching of these excited states 
by various aromatic quenchers does not induce the electron- 
transfer process that is described above (eq 4); both nitro- 
aromatic and poly(pyridine) quenchers produce new species 
whose absorption spectra are considerably red shifted with 
respect to the low-lying 37r7r* (Figure 4). These species, which 
are longer lived than the 37r7r* (Table 111), can be assigned 
as exciplexes formed when the 37r7r* react with aromatic 
quenchers. Since the lowest excited state of the quencher has 
a larger energy than the lowest excited states of the phthal- 

(29) ViEek, A. A. Discuss. Faraday SOC. 1958, 26, 164. 

ocyanines, it is unlikely that the dissociation of the exciplex 
produces an excited state of the quencher. Moreover, the 
disappearance of the exciplex by a first-order process does not 
form the products expected from a redox dissociation, and it 
regenerates the phthalocyanine complex (eq 5 ) .  

( 3 ~ ~ * ) R ~ ( p ~ ) L 2  + Q F? [Ru(pc)Iq-Q]* -.+ 

Ru(Pc)L, + Q ( 5 )  

The formation of exciplexes with ruthenium(I1) phthalo- 
cyanines is in agreement with the behavior exhibited by 
chlorophyll and some metalloporphyrins when their low-lying 
excited states are quenched by aromatic  compound^.'^-^^ If 
similar interactions were to stabilize these exciplexes, the 
charge-transfer interactions must play a limited role in such 
stabilization. However, these interactions must be sufficiently 
strong in order to induce the observed differences between the 
spectra of the exciplex and the 3 7 r ~ *  of the ruthenium(I1) 
phthalocyanines. In this regard, it seems that the best de- 
scription of the exciplex structure involves the mixing of the 
electronic densities of the phthalocyanine and the quencher 
in loosely overlapped molecular orbitals. 
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