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The photoinduced reduction of duroquinone (DQ) and a long-chain substituted duroquinone (CllDQ) by zinc 
porphyrin was studied by means of laser photolysis techniques in micellar solution. The mean time required 
for intramicellar electron transfer is 0.2 ps for DQ and CllDQ. Quenching through intermicellar migration of 
the acceptor occurs only in the case of DQ for which the rates of entry and exit into and from the micelle are 
5 X 1O'O M-l s-l and 6 X lo5 s-'. CllDQ is immobilized by the long chain in the micelle and migration does 
not occur on a millisecond time scale. Partial charge separation is achieved in the case of CllDQ through ejection 
of the cation from the micelle. 

Introduction 
Photoinduced redox reactions are presently appealing 

to  an increasing number of researchers as attractive pro- 
cesses for the conversion of light into chemical energy.1 In 
these systems light acts as an electron pump promoting 
electron transfer from a donor to an acceptor molecule 

D + A -k D+ + A- (1) 

The back conversion of D+ and A- into D and A can be 
coupled to hydrogen2 and oxygen3 production from water 
via redox catalysis. The absorption and redox properties 
of zinc porphyrin make it 811 attractive candidate to serve 
as the photoactive donor in such a system. This compound 
is, however, sparsely soluble in water, making the use of 
solubilizing agents such as micelles mandatory. The 
photoreduction of anthraquinone sensitized by ZnTPP has 
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Figure 1. Left: Triplet-triplet absorption spectrum of ZnP immediately 
after the laser pulse; right: differential absorption spectra of ZnP (ground 
state depopulation and triplet-triplet absorption spectra). At 460 nm 
the triplet-triplet extinction coefficient is about 100.000 M-' cm-': [ZnP] 
= 5 X lo5 M; [CTAC] = 5 X lo-' M. Absorption spectrum obtained 
50 ns (-) and 100 ns (---) after the laser pulse: [ZnP] = 5 X 
M; [DQ] = 4 X IO-' M; [CTAC] = 5 X lo-' M. 

been investigated blefore,4 We have been interested pre- 
viously5 in exploring the characteristics of light-initiated 
redox reactions in Simple and functional micellar systems. 
In the present paper the photoinduced reduction of qui- 
nones by ZnP and its tetraphenyl derivative ZnTPP is 
scrutinized. By connparing the data obtained with simple 
duroquinone and a long-chain substituted duroquinone, 
a fast intramicellar and slower intermicellar component 
in the electron-transfer reaction can be identified. 

Experimental Section 
Materials. Zinc porphyn and zinc tetraphenylporphyrin 

were produced by Fierak Berlin and by K & K, respectively. 
These two porphyrins were used without further purifi- 
cation. Duroquinone, DQ, was an Aldrich-Europe product. 

CllDQ was synthesized by Dr. Fischer, Hahn-Meitner 
Institute, Berlin. In this compound one of the four methyl 
groups of duroquinone was exchanged by a long hydro- 
carbon tail (CllH23). 

The CTAC (cetyltrimethylammonium chloride) surfac- 
tant, Eastman Kodlak, was purified by numerous recrys- 
tallizations from methanol and ether. Deionized water was 
distilled from alkaline permangate and subsequently twice 
from a quartz still. 

Apparatus. Flash photolysis experiments were carried 
out by using a JK-2000 frequency-doubled Nd laser with 
a pulse of 15 ns duration and an energy of 50-100 mJ as 
measured by a bobometer. A small fraction of the laser 
beam was directed through beam-splitting into an ITT- 
F-4044 S4 photodiode to monitor its intensity. Conven- 
tional kinetic specitroscopy consisting of a pulsed xenon 
lamp, a Bausch & Lomb monochromator, and a photo- 
multiplier and diode was employed to detect transients 
produced by the flash in the sample cell. This system 
allows for a time resolution of approximately 3 ns. All 
experiments were (carried out a t  room temperature. 

Results and Discussion 
Zinc porphyrin possesses spectroscopic properties which 

are related to those of the tetraphenylporphyrin (ZnTPP).6 
Thus the absorption spectrum in micellar solution of 
CTAC (5 X M) is characterized by two bands centered 
at  610 and 560 nm as well as the Soret band at  420 nm. 

Figure 1 shows the absorption spectrum of the ZnP 
triplet which exhibits maxima at  460 and 840 nm. From 
a study of the transient optical densities produced at  
various laser intensities7 one obtains the extinction coef- 
ficients which are also indicated in the figure. The triplet 
is relatively stable in the absence of oxygen. Its decay 
follows first-order kinetics with a specific rate of 5 x lo3 
5-1. 

Figure 2. Absorption spectrum obtained 50 ns (-) and 100 ns (---) 
after the laser pulse: [ZnP] = 5 X lo5 M; [ W ]  = 4 X lo-' M; [CTAC] 
= 5 X io-* M. 

We shall now examine the triplet behavior in the pres- 
ence of two electron acceptors, i.e., duroquinone and a 
long-chain substituted duroquinone. 

DQ C,,DQ 
Figure 2 shows transient spectra obtained with CTAC 
solution containing both ZnP and DQ. The absorption 
curve at the end of the laser pulse resembles closely the 
ZnP triplet spectrum. After 100 ns one notices a decrease 
in these triplet peaks and simultaneous formation of new 
bands centered around 410 and 650 nm. By analogy with 
the spectral data known for ZnTPP' these peaks can be 
assigned to the ZnP+ cation, produced via oxidative 
quenching of the triplet states 

(2) 
Reaction 2 will now be analyzed kinetically for both DQ 
and CllDQ. 

(1) Acceptor CllDQ. Through the presence of the hy- 
drocarbon tail this acceptor is expected to be anchored to 
the micelle. Hence, during the ZnP triplet lifetime prac- 
tically no intermicellar exchange of CllDQ will occur. 
Thus, only those micelles that are occupied simultaneously 
by CllDQ and ZnP shall contribute to the electron-transfer 
quenching. If the distribution of CllDQ over the aggre- 
gates is governed by Poisson's law, then the time depen- 
dence of the ZnP triplet concentration is given by8s9 

[3ZnP] = [3ZnP]o exp(-kt) exp(ii[exp(-k,t) - 13) (3) 

where [3ZnP] and [3ZnP]o are the concentrations of triplets 
at time t and immediately after the laser pulse, respec- 
tively; rt is the average number of CllDQ per micelle R = 
[CllDQ] / [MI where [MI, the concentration of micelles, was 
about 5 X lo-* M in our experiments, k is the specific 
deactivation rate of 3ZnP in the absence of acceptor, and 
h, is the specific electron-transfer rate for micelles con- 
taining only one acceptor molecule. 

Equation 3 predicts a two-component decay of the 
triplet for the case where k and k differ significantly. In 
fact it is noted in Figure 3 that tke triplet absorption at  
840 nm decreases rapidly at  shorter times to a plateau. 
The decay in the plateau region is much slower and cor- 
responds to the kinetics observed in the absence of ac- 
ceptor. Equation 3 was used to analyze the absorption 
time curves obtained for a series of CllDQ concentrations, 
Le., different values of It. Optimum fit is obtained for lz ,  
= 5 X lo6 s-l. Figure 3 shows that the agreement between 
experimental points and the computed curves is convinc- 

ZnP(Tl) + DQ - DQ- + ZnP+ 
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Flgure 3. Decay of ZnP trlplet at 840 nm at different CllDQ con- 
centrations: [ZnP] = 5 X M; 0 < [CIlDQ] < 3.6 X M; 
[CTAC] = 5 X lo-' M. 

ingly good for this value of k,, the deviations being within 
the error limits of the experiments. The value of k, found 
is typical for intramicellar electron transfer occurring upon 
each encounter of the reactankg It implies that the av- 
erage time required for the redox reaction in micelles 
containing one 3ZnP and one CllDQ each is 200 ns. 

(2) Acceptor DQ. Here the 3ZnP absorption decays also 
in two fractions. However, the second component is much 
faster than in the case of CllDQ. The fast decay is at- 
tributed to intramicellar electron transfer as in the case 
of CllDQ. To explain the second component another 
mechanism of electron transfer has to be evoked, Though 
sparsely soluble in water, the DQ molecules have to be 
envisaged as partitioning between the micellar and aqueous 
phaselo DQ+o+@ (4) 
where the circle represents a micelle with or without ZnP 
association. k, is the second-order rate constant for the 
association with the micelle and k'is the first-order rate 
constant for dissociation from the micelles. Equation 4 
allows for intermicellar migration of DQ molecules which 
can also contribute to the electron-transfer process. In fact, 
the slower decay of the 840-nm absorption is attributed 
to micelles containing initially only 3ZnP, the quencher 
entering only after excitation. Such a model leads to the 
following time law for the 3ZnP decays 

[DQ], is the concentration of acceptor in the aqueous 
phase and is given by 

[DQltota~ 
[DQ1w = 1 + K[M] 

where K, the association constant, can be expressed by K 
= k,/k'and [DQltotaI is the total quencher concentration. 
For longer times and large values of k, or k'expression 5 
reduces to 

l n - = [ k +  [ ~ z ~ P I ,  (k' + k,)(l  + KM) 

(6) 

Figure 4 shows satisfactory agreement of the experimental 
points with the predictions of eq 5. At higher DQ con- 

I t +  [3ZnPio kakq [DQI total 

Kk,2[DQIt,ta1 
(k'+ k,2)(1 + K [MI) 

ino1.o I 

L-l I 

Flsure 5. 

lo 650 740 750 800 Anmi0 650 700 750 800 ~ n m J  

Relative triDlet-triDlet absorDtion soectrum obtained 100 ns 
(L) and 800 ns (---) after laser put&. All &e spectra are normalized 
at 840 nm: [ZnP] = 5 X lo-' M; [DQ] = [C,lDQ] = 2.5 X lO-'M; 
[CTAC] = 5 X lo-' M. 

centrations and longer times positive deviations of the 
absorbance values from the theoretical line become no- 
ticeable. These are attributed to contributions of the re- 
action product ZnPt to the absorbance at  840 nm. Ex- 
trapolation of the linear position of the decay curves back 
to the origin and plotting of the intercept as a function of 
DQ concentration yields Kk,2/(k'+ k )2(1 + K[M]) while 
the slopes give k,k,/(k'+ k,)(l + K [ d ] ) .  Using for k, the 
same value that was determined for CllDQ, Le., 5 X lo6 
s-l, one obtains from this evaluation k' = 6 X lo6 s-l. The 
value 12, = 5 X 1O'O M-l s-l is then derived from an opti- 
malization of the theoretical curves with the experimental 
results. Finally, from the ratio k,/k'one obtains K = 8.3 
X lo4 M-l for the association constant. These values of 
the rate of entry and exit appear reasonable in the light 
of'data obtained recently for molecules of similar size and 
hydrophobicity." From solubility measurements K = 7. 
5 X lo4 is derived, in good agreement with the kinetic 
results. 

In the case of CllDQ the quenching of ZnP is not ac- 
companied by the formation of the ZnPt absorption 
(Figure 5 ) .  Only a weak absorption around 650 nm is 
produced. Apart from the unfavorable influence of the 
statistics on the ZnPt yield, we attribute this effect to the 
immediate back transfer of the electron to the ZnP+ ion 
which is favored by the fact that CllDQ- is retained in the 
micelle. (DQ-, due to electrostatic interactions, should also 
be retained in cationic micelles. However, the additional 
hydrophobic forces operative in the case of C1lDQ- are 
lacking here, rendering its exit more facile.) However, a 
small proportion of ZnP+ seems to escape from the micelle 
into the aqueous phase. In the cationic aggregates this 
process is favored by local electrostatic  interaction^.'^^'^ 
Hence, in this case the photoredox reaction is not com- 
pletely reversible. In Figure 6 is shown the decay of the 
460-nm absorption of CllDQ, once for ZnP and next for 
ZnTPP as a donor; in the case of ZnP the original ab- 
sorption decays to a plateau which is stable on a com- 
paratively long time scale. However, if ZnTPP is used, the 
decay is quantitative, the signal returning entirely to the 
baseline. I t  appears that ZnTPP+ is so hydrophobic that 
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Figure 6. Decay of transient observed at 460 nm at long time (1 ms/dw) 
after the laser pulse: [ZnP] = [ZnTPP] = 5 X M; [CI1DQ] = 
3.5 x 10-4 M. 

its exit from the cationic aggregates requires more time 
than the back electron transfer, rendering the back reac- 
tion quantitative. 
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Three series of cobalt molybdenum oxide catalysts supported on silica have been studied by Raman spectroscopy. 
All iaeries had been characterized previously by various techniques. An interaction species which is described 
as a two-dimensional polymolybdate is observed, which is relatively weakly bound to the support. Addition 
of C!o leads to a detachment of this species and to the formation of CoMoOl. “Free” Moo3 and Co304 are also 
detected, the relative amounts of the various supported compounds depending on the atomic ratio r = Co/(Co 
+ &Io) and the total transition metal oxide loading. The present Raman data principally confirm the previously 
reported characteristics of the catalysts, but in addition Raman spectroscopy demonstrates the existence of 
supported compounds which were not previously detected by X-ray analysis because of their small particle 
size and high dispersion. 

1. Introduction 
The nature of the carrier very strongly influences the 

interactions between the oxidic Co-Mo phase and the 
support. Moreover, the strength of this interaction governs 
the compound formation in the various systems. This 
behavior becomes evident on comparing y-A1203- and 
Si02-supported molybdena catalysts. Thus, it  has been 
proposed that a CoMo bilayer was being formed in y- 

A1203-supported systems: this bilayer probably being the 
precursor of the active sulfided phase of hydro- 
desulfurization ~atalysta.~ When SiOz is used as the carrier, 
the interaction of the molybdena phase with the support 
has been found to be much The interaction 
species have been described as polymolybdate-like two- 
dimensional structures, in which Mo6+ most probably oc- 
curs in octahedral coordination,lV2 though the occurrence 
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