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Abstract 

Intramolecular electron :and energy transfers were investigated in a series ‘of‘ porphyrin molecules linked to a bipyridinium cation, by steady 
state absorption and emission spectroscopies, time resolved fluorescence and voltammetry. A strong quenching of the fluorescence intensity 
related to an important intramolecular electron transfer was observed when bipyridinium moiety V was attached either to the c.inc (A) or to 
the free base porphyrin (B) in dyads AV and BV. This intramolecular electron transfer operates from the photoexcited singlet state of thr 
/inc porphyrin ( ‘A) or of the free-base porphyrin ( ‘B) to the bipyridinium mono or dication moiety resulting in charge separation and 
formation of biradical state A. - V. or B + V ‘. The electron transfer rate constants of this process in AV’ and BV ’ were 3.8 X IO” s ’ and 
7.7 X IO” s ‘, respectively. In the case of heteroporphyrin triad AV” B where metallo and free-base porphyrins were attached to the 
bipyridinium spacer. both energy transfer and electron transfer processes were observed. The quantum yield of the singlet-singlet energy 
transfer which explains most of the quenching was 0.77 and the corresponding rate constant was 4.9 X IO’ s ’ In addition, both tirst excited 
states ‘AV’+B and AV’+ ’ B decayed via photoinduced electron transfers to produce radical ion pairs A + V. + B and AV i B ’ An energy 
levels diagram of the various S, states of triad AVB is proposed and the efficiency of the various transfer processes also discussed. 
0 1998 Eclsevier Science S.A. 
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1. Introduction 

Energy transfer and electron transfer between aromatic 
molecules have been extensively studied over the past few 
years. These studies have been extended to metalloporphyr- 
ins, because these molecules represent an ideal model to 
understand the photosynthesis phenomenon in the bacteria 
and green plants. The conversion of excitation energy into 
chemical potential in photosynthetic reaction centersinvolves 
a photoinduced electron transfer from the chlorophyll excited 
singlet state which generates charge separated species. 

The increasing interest in the photophysical and photo- 
chemical characteristics of the porphyrins prompts more and 
more workers to synthesize porphyrin and metalloporphyrin 
derivatives: on one hand ‘face to face’ molecules in which 
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two porphyrins (donor-acceptor) are held in parallel con- 
formation and separated by various distances [ I-91, and on 
the other hand, donor-acceptor covalently linked molecules 
which mainly consist of a porphyrin as a donor and quinones, 
viologens or other small1 organic molecules as acceptors [ IO- 
24.1. These research works are focused on the kinetic studies 
of the charge separation and charge recombination processes 
which depend on the redox potentials, the distance between 
the acceptor and the donor. and the nature of the linkage 
between them. 

Electron transfer and electronic energy transfer have been 
demonstrated in a variety of cases [ 3.4,7.13,16] depending 
on the intramolecular distance between the chromophores and 
th-ir relative orientations. According to some authors [7.X] 
thz zinc porphyrin molecules must be in close proximity and 
well oriented with respect to the copper porphyrin molecules 
so that energy transfer can easily take place. A number of 
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Fig. I. Structures of bipyridinium-linked porphyrins. 

groups have found that the electronic structure of the spacer 
plays an important role in the electron transfer rate: they have 
shown that for a 4 A donor-acceptor distance the transfer rate 
is more decreased with an aliphatic spacer than with an aro- 
matic one ]4,8, IO] . 

In the present work, we have investigated the nature and 
the relative efficiencies of the electron transfer and energy 
transfer processes in metallo and free-base porphyrins 
attached to a bipyridinium acceptor (dyads) and in the bis- 
porphyrin (triad) compound where the two porphyrins are 
rigidly connected by a bipyridinium (viologen) spacer as 
shown in Fig. I. 

2. Experimental 

2.1. Muterials 

Zinc octaethylporphyrin A and 4,4’ bipyridine were pur- 
chased from Aldrich, tetraphenylporphyrin (free base) B was 
prepared and purified by known procedures [25,26]. The 
preparation of complexes AV+ , BV + and AV’+B has been 
previously reported [ 271. 

The solvent C,H,OH was reagent grade quality, used with- 
out further purification. The supporting electrolyte. tetrabu- 
tylamtnonium perchlorate (Fluka), was recrystallized from 

60:40 (v/v) ethanol/water and dried under vacuum at 70°C 
for 48 h. All solvents used for the spectroscopic measure- 
ments were spectrograde from Sigma or Aldrich. 

2.2. Measurements 

All electrochemical measurements were carried out under 
argon. Voltammetric data were obtained with a standard three 
electrode system using a Bruker E I30 M potentiostat and a 
high-impedance millivoltmeter (minisis 5000, Tacussel). 
Current-potential curves were obtained from an Ifelec If3802 
X-Y recorder. The working electrode was a platinum disk 
(E.D.L. type, Solea Tacussel) of 3.14 mm’ surface area. A 
platinum wire was used as the auxiliary electrode. The ref- 
erence electrode was a saturated calomel electrode (SCE) 
that was connected to the studied solution by ajunction bridge 
filled with the supporting electrolyte solution. 

The absorption spectra were recorded on a UV visible 
Kontron 940 spectrophotometer. Corrected fluorescence 
spectra were taken on a SPF-4800 (SLM Aminco) spectro- 
fluorimeter with slit widths of 4 nm for both excitation and 
emission spectra. 

The fluorescence lifetimes were measured by using the 
time correlated single photon counting technique. The exci- 
tation pulse was fed by a spectra Physics mode locked argon 
laser, model 2030. and by a synchronously pumped Spectra 



Physics (rhodamine 6G) dye laser, model 375. The repetition 
rate of the dye laser was 82 MHz, the duration pulse about 
10 ps and the average power 100 mW. The time between two 
successive excitation pulses was controlled by means of a 
cavity dumper Spectra Physics model 344, the frequency 
being reduced to 4 MHz. The fluorescence collected at 90” 
of the excitation was detected by a multichannel plate pho- 
tomultiplier Hamamatsu model 1564 after passage through a 
JOBIN YVON monochromator model H 10 for the selection 
of the desired emission wavelength and a Glan-Taylor prism 
(emission polariser) set to the magic angle (54.73”). The 
response function of the apparatus (time amplitude converter 
ORTEC model 457. multichannel analyser TRACOR 
NORHERN model 1750) was in the 100 ps range (FWHM ), 
measured by scattering the excitation light in a dilute solution 
of ludox. The pump profile was accumulated using the same 
count rate and the same number of counts at the maximum 
of the decay curve (about 3 X IO’ counts) or 2 X IO” counts 
for the integrated decay. The decay curve was fitted by con- 
volution of the fluorescence decay calculated as Z(t) = 
Ctr, ‘exp ( -t/T,), where ~1, and 7, are the amplitude and 
lifetime of the different components of the total fluorescence 
emission I( t) at time. I, respectively. with the excitation pro- 
file obtained from the scattering sample. The fitting procedure 
(using the Marquardt algorithm) was achieved when the 
value of the statistical 2 criterion reached a minimum. A 
histogram of detected photons was collected on a the multi- 
channel analyser and subsequently transferred to a Hewlett- 
Packard (HP 9000) computer for analysis. 

3. Results 

3. I. Eiectrochemistq 

The electrochemical behaviour of the porphyrins A and B 
is well documented [ 28-301. In the potential range of - 2 V 
to + 2 V the electron transfer on the ring occurred via two 
reversible one electron reductions and two reversible one 
electron oxidations. In the presence of the electroactive group 

T‘ahle I 
Elects-ochemical data for the studied porphyrins and hiaporphyrina 

bpy+ or bpy’+ (V’+ moiety) the electrochemical reduction 
and oxidation of A and B occurred on both sides of the 
electroactivity range of these groups. The electrochemical 
results are gathered in Table I. 

The electrochemical behavior of AV’ . BV+ and AV’ ’ B 
in CH,CN/ 1.2-&H,Cl, ( I:4 v/v) has been previously pre- 
sented 1251. We examined their redox behavior in C2H50H 
which presented a limited electroactivity range compared to 
CH,CN/l.2-CLH,Cl,. In this solvent, no changes were 
detected in the electrochemical comportment of the studied 
complexes. As expected. the presence of an electron with- 
drawing group shifted the oxidation potentials towards more 
positive values. The recorded voltammogram of triad AV’ -B 
appeared as the superposition of the voltammogram of the 
corresponding subunits AV+ and BV’ . The main eff’ect ol 
the substitution concerned the mechanism of the oxidation 01 
free base porphyrin B. Complex BV ’ was oxidized at + 1.25 
VISCE via an irreversible two-electron transfer in contrast 
with the two distinct monoelectronic oxidation steps of free 
base B. 

In triad AV’+B. the oxidation of B occurred at the same 
potential as the oxidation ofA (second step). In consequence. 
an oxidation wave at + I .29 V/SCE in C?H,OH which cor- 
responds to an exchange of three electrons was observed. 
This implies that abstraction of only one electron of the free 
base in triad AV’ ’ B is not obvious. This situation might be 
related to the complex fluorescence spectrum observed with 
AV’ +B. 

The absorption spectra of the tive porphyrins studied 
exhibit a Soret band near 400 nm and several Q-bands in the 
500 to 700 nm range, The absorption maxima of the studied 
compounds are listed in Table 2. The absorption spectrum of 
iriad AV’+B is essentially a linear combination ofthe absorp- 
iion spectra of dyads AV+ and BV+. with only minor dif- 
ferences in wavelength maxima and band shapes. In Fig. 2 
are presented the absorption spectra of AVt , BV ‘~ and 
AV’+B and the linear combination of the spectra of dyads 

Compound\ Porphyrin ring oxidation 

E,,,” E, ‘?’ 

hpv - or bpy2 ’ reduction 
-- 
E,::” E, :z’ 

-- 

Porphyrin ring reduction 

lc ,:2’ E, ‘2’1 IL,/> 11, 

HLTPP 1.3 I I .07 -- 1.18 - I .3x 
ZnOEP I .06 0.6X. ~~ I .hO 

H,TPP-P-Bpy+ , ,25”’ 2,. - 0.73 -~ 1.12 - I .30 

(BV) I ,2%,‘.” - 0.73 .-- 0.x I ~ 0.0s 11 

ZnOEP-hpy ’ I .20”‘- 0.91 - 0.65 -- I.31 

tAV) I. 18”‘. O.Y3 ~ 0.71 -- 0.85 /1 

HXPP-P-bpy -ZnOEP’ + I ,22”’ Q 0.93 - 0.59 - 0.06 - I.18 ~ 1.41 - I .h I ” 
(BVA) ] ~2y”‘.” 0.9X ~ 0.4Y - 0.01 .~ 1.2,‘” L I, 

All potentials in V/SCE were obtained from (RDE) voltammetry in “CH,C’N/ I .!-CzHJCIZ ( I :4), tetracth),l~mmoniutn perchlorute 0. I M ( we Ret’. 1 2.S 1 i: 
“CZH,OH, tetrahutylammonum pe;chlorate 0. I M. The working elcctrodc was Pt All step\ were reversible one-electron transfer except those wth superscript. 
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Table 2 Table 3 
Absorption maxima (nm) of A, B, AV-, BV+, and AV’+B in ethanol Maxima of the fluorescence spectra of A, B. AV +, BV +, and AV” + B in 

ethanol 

Compounds Soret hands Q bands 
Compounds 

A 406 - 531 574 - 
AV+ 414 - 543 580 - 
B 414 511 541 s91 646 

BV+ 419 521 - 599 654 

AV’ + B 421 - 544 580 649 

02 
I -AVB I 

.. -BV 

o- I 

450 500 550 600 650 700 

Wavelength (nm) 

Fig. 2. Absorption spectra of ethanol solutions of ldyads AV+ and BV+, and 
triad AV’+B and linear combination (. .O. ) of the spectra ot AV- and 
BV ’ which approximate that of heterotriad AV”B. 

AV+ and BV‘ implied in the description of heterotriad 
AV’ ‘B. Consistent with the absorption spectra obtained, 
only weak interactions between the different moieties occur 
in the So state. As expected. these composite molecules retain 
the individual identities of the starting chromophores. 

3.3. Fluorescence .spectra 

For all five studied molecules the fluorescence spectrawere 
taken in the same conditions and a common excitation wave- 
length at 411 nm was selected. Besides, all solutions were 
adjusted to the appropriate concentrations able to give the 
same absorbance at that wavelength. The fluorescence spec- 
trum of A presented two maxima at 580 nm and 625 nm; free- 
base porphyrin B presented maxima at 650 nm and 720 nm 
(Table 3). 

As expected from the general behaviour of donor/acceptor 
entities in which the bipyridinium acceptor is non fluorescent, 
a fluorescence quenching was observed when passing from 
the individual species A or B to dyads AV’ or BV+. Com- 
parative studies were performed for these porphyrins in di- 
chloromethane (dielectric constant E= 9.08 ) and ethanol 
( E= 24.3). They demonstrated that no large solvent effect 
related to noticeable changes in charge separation occurred 
in these molecules. The fluorescence intensity was strongly 
quenched in the case of model compounds AV+ and BV+ 
as compared to the fluorescence intensity observed in the case 
of A and B (Fig. -3) while the fluorescence shape was not 
modified. This is explained by the presence of the covalently 
linked bipyridinium acceptor. On the basis of considerable 

A 580 625 

A-V’ 581 623 

B 650 720 

B-V+ 650 670 720 

AV’+B 580 625 650 690 

500 600 700 

Wavelength (nm) 
600 

Fig. 3. Steady-state fluorescence emission spectra of triad AV”B, dyads 
AV + and BV +, and in the insert of zinc porphyrin A and free-base porphyrin 
B. All spectra were recorded at 293 K in ethanol at the tiwed excitation 
wavelength of 4 I I nm and corrected. 

previous works [ 16,3 I] this result is ascribed to rapid exo- 
thermic electron transfer from the excited porphyrin to the 
bipyridinium acceptor. In EtOH we find for free-base com- 
pound BV+ a relative quantum yield $/& = 0.023, &being 
the fluorescence quantum yield of the corresponding free- 
base monomer B. Likewise. for zinc dyad AV+ we obtain 
4/& = 0.016, 4,) being in the latter case the fluorescence 
quantum yield of zinc porphyrin monomer A. 

On the contrary, the shape of the fluorescence spectrum of 
triad AV’+B appears very complex as compared to the flu- 
orescence spectra of monomers A and B. The AV’+ B fluo- 
rescence cannol be obtained by any combination of the two 
separate emissions of A and B (see Fig. 3). This reveals that 
some important interactions must be established between the 
different moieties in the excited state. 

3.4. Excitation spectra 

The excitation spectra of AVZi B determined in EtOH 
solution was corrected for the wavelength dependence of the 
efficiency of the excitation source. The emission was moni- 
tored at 720 nm where the fluorescence comes from free-base 
porphyrin B. We have verified that individual excitation 
spectra of both AV+ and BV+ contribute to the excitation 
spectrum of AV’+B (not shown). It is clear that absorption 
of light by both porphyrin moieties contributes strongly to 
the emission. For instance, the AV’+B excitation spectrum 
(Table 2) contains the 52 I nm absorption band of the BV ‘- 
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Fig. 4. Energies of the first excited porphyrin singlet state and charge- 
separated states of heterotriad AV’+B. based on results for the component 
monomers and associated interconversion pathways. 

‘5.. ( 
‘.“..I, 

500 550 600 650 700 
Wavelength (nm) 

Fig. 5. Absorption spectrum and corrected fluorescence excitation spectrum 
of triad AV’ ’ B (A,,,, = 719 nm), 10m5 M inethanol.Theexcitationspectrum 
was monitored at the fluorescence wavelength of 719 nm where only free- 
base porphyrin moiety B emirs significantly. Both spectra were normalized 
at5lOnm. 

moiety ( 5 11 nm absorption band for free base porphyrin B) 
along with the 543 and 580 nm bands of AV t ( 537 and 574 
nm for zinc porphyrin A). In triad AV* +B the zinc porphyrin 
moiety A acts as a donor by transferring some singlet exci- 
tation energy to the attached free-base B (step 1 in the general 
energy diagram drawn in Fig. 4). However. the corrected 
excitation spectrum does not coincide with the absorption 
spectrum (Fig. 5). The fact that the spectra are not identical 
in the region where the zinc porphyrin moiety absorbs 
strongly indicates that singlet-singlet energy transfer is 
incomplete. Since all the emission at 720 nm comes from free 
base porphyrin B, the singlet energy transfer efficiency was, 
as a first approximation, estimated by finding the fraction of 
the absorption spectrum of AV’ which, when added to that 
of BV+, best reproduces the shape of the corrected excitation 
spectrum shown in Fig. 5. The transfer coefficient calculated 
in this way was 0.77 f 0. IO. 

3.5. Time-resolved~un,.eescrnce studies 

The fluorescence quenchings noted in the steady state spec- 
tra of dyads AV + and BV f were similarly observed in time- 

620 640 660 680 700 720 

Wavelength (nm) 

Fig. 6. Decay-associated spectra of triad AVL+B in ethanol obtained with 
587 nm excitation. The fluorescence decays at the thirteen indicated wave- 
lengths were analyzed globally to yield the characteristic lifetimes shown 
with a ,$ value of 1.23. A:% indicated in the text, the major components 
present lifetimes of 0.157 ns and I .9 ns. The minor component lifetimes are 
3.4 ns and 12 ns. 

resolved studies. Excitation of free base porphyrin B and zinc 
porphyrin A in EtOH solution at ambient temperatures with 
587 nm laser pulses resulted in the observation of a single 
exponential decay (similar to that was already determined 
[ 3 11) with lifetimes of 2 ns (2 = 1.06) and 9 ns (,$ = 1.06) 
for A and B, respectively. Similar experiments with dyads 
AV+ and BV+ showed that the fluorescence decay protiles 
consist of a sum of two decays. The corresponding lifetimes 
were 0.265 and I .8 ns ($= 1.22) for AVf, 0.127 and 7.8 
ns I(,$= 1.12) forBV+ . The components of the fluorescence 
decays with the shorter lifetimes of AV + and BV + may arise 
from the direct quenching of the photoexcited singlet state of 
thle porphyrin by the bound bipyridinium. The longer life- 
tkmes were close to those of A and 8. Similar results have 
been obtained for viologen linked porphyrins [31]. The 
decay curves of the fluorescence spectrum at eleven different 
wavelengths were measured for triad AV’ + B in EtOH under 
the same excitation conditions. These curves were best fitted 
b,y four exponential decay times (2 = I .23) as shown in Fig. 
6. The two major contributions to the decay-associated spec- 
tra had lifetimes of 0.157 and 1.9 ns (see Table 4). Although 
the global fluorescence spectrum of AV’+B is not any simple 
sum of A and B specl.ra, the 0.157 ns component presented 

the general emission shape of zinc porphyrin moiety A, and 
its high amplitude is consistent with the fact that the major 

Table 4 
Lifetimes and intramolecular energy (k,) and electron transfer (k,,) rate 
constants of A, B, AV’, BV+, and AV*‘B 

Compounds T 
(ns) 

xi k, 
(SC’) 

kc, 
(a-‘) 

A 2 1.06 
A.--V+ 0.265 1.8 I .22 3.8 x IO” 
a 9.0 I.12 
B--V’ 0.127 7.8 1.12 7.7 x LO’ 
A,V’-B 0.157 I.9 3.4 I2 1.23 4.9X IO” 9.7X LO’; 4.2x IO’ 
-- 



part of the light at 587 nm is absorbed by that chromophore. 
It then follows that 0. I57 ns is the lifetime of ‘AV’+B in 
which only the ‘A moiety is analysed. The I .9 ns component 
had the spectral features of both Zn porphyrin A at 630 nm 
and free base porphyrin B at 650 nm and 710 nm. the two 
other lifetimes (minor components), contributing to less than 
5%’ (see Fig. 6) to the total decay amplitude at all wave- 
lengths are presumably caused by the presence of impurities 
in the solution and will be ignored. 

4. Discussion 

The lowest singlet state energies of A and B calculated 
from the wave number average between absorption and emis- 
sion of the reddest absorption maximum for each porphyrin 
were 2.13 and 1.88 eV, respectively. The energy diagram 
given in Fig. 4 shows the energy levels of the excited states 
of heterotriad AV’+B. This diagram based on the various 
results experimentally obtained for all monomer components 
is constructed from the excited state energy levels of the 
individual entities and from the respective redox potentials 
of the donors A and B and of the acceptor V in the dyads and 
in the triad. Excited singlet states ‘AV”+B and AV’+ ‘B 
dif’fer in energy by 0.25 eV. This difference means that the 
singlet energy transfer from free base porphyrin B to zinc 
porphyrin A via step 2 (Fig. 4) should be very slow compared 
to step 1 because ir is an endergonic process. We observed in 
the case of ‘AV’+ B a decrease (from 2 ns ( ‘A) to 0.157 ns 
( ‘AV’ ’ B) ) in the lifetime of the zinc porphyrin first excited 
state due to an energy transfer from A to B. The singlet- 
singlet energy transfer was further investigated using steady 
state fluorescence excitation spectroscopy. The corrected 
excitation spectrum was normalized to the value of the 
absorption spectrum of triad AV’+B measured at 5 IO nm 
where most of the absorption is due to free base porphyrin B. 
The excitation spectrum had the characteristic features of both 
A and I3 due to the partial energy transfer between A and 6. 
Quantitatively. the singlet-singlet energy-transfer quantum 
yield GbI.,- was approximately 0.77. The rate constant for step 
I (k, ) can thus be calculated from the relation 

k, ==9tY,/r (1) 

in which &, is the singlet energy transfer quantum yield and 
7 is the lifetime of the first excited state of ‘AV’.+B; the li, 
value calculated from Eq. ( I ) is 4.9 X IO” s- ‘. Alternatively, 
one might be tempted to deduce k, from the lifetimes of ‘AV + 
and ‘AV”B. 265 pi and I57 ps, respectively. But the shorter 
lifetime of ‘AV’I B should be due to the contribution of k, 
only if the non-radtativge decays of ‘AV”-B and A?’ ‘B 
are identical with that of ‘AV ‘, which is unlikely. 

Treating the interconversion of the two excited states 
‘AV” B and AV’ ‘B as an equilibrium process we can 
&rite: 

JG~~=~KTIn K=-0.25 eV (2) 

The calculated equilibrium constant K=k,lk? for the 

energy transfer was I .7 X IO” at 298 K; the corresponding 
value of kz is 2.9 x IO5 s ‘. These results verify our hypoth- 
esis of the existence of a slow singlet-singlet energy transfer 
(if any) from free-base B to zinc porphyrin A via step 2 as 
shown in Fig. 4. 

There are two reasonable explanations for the observed 
quenching of the zinc porphyrin first excited state. The first 
one is related to an energy transfer (step I) as the time 
resolved fluorescence studies presented reveal that this indeed 
does occur. The second explanation takes into account an 
additional electron transfer (step 6): this electron transfer 
from the zinc porphyrin first excited state yields biradical 
A. +V. ‘B via an exergonic process characterized by 
AC = -- I I eV and therefore should be considered as well. 
This possibility is consistent with the less than unity value 
calculated for the energy transfer efficiency obtained from 
the steady state fluorescence excitation experiments. So, if 
we consider now the direct electron transfer (step 6) and 
because the repopulation of ‘AV’+B via step 2 is negligible. 
the lifetime of the zinc porphyrin first excited state will be 

l/r=k,+X, +k,, (3) 

The ‘r value was given above and k, may be estimated as 
5 X IO” s ~ ’ from the 2 ns fluorescence lifetime of the mon- 
omer zinc porphyrin which cannot undergo energy orelectron 
transfer. It follows therefore that Eq. (3) gives a value of 
9.7 X 1 Ox s ’ for the electron transfer rate constant k, and the 
quantum yield of electron transfer from ‘AV’+B to 
A. +V.+B via step 6 calculated from k,/(k, +k,+k,) is 
0. IS. The longer lived component of B fluorescence ( I .9 ns 
in Fig. 6) has the spectrum of the free base porphyrin moiety 
and therefore represents the decay of AV*+ ‘B. Two of the 
possibilities of the decay of this excited state are the singlet- 
singlet energy transfer (step 2) as discussed above and the 
decay via the usual photophysical processes lumped together 
as step 4. 

The above analysis has shown that the energy transferroute 
(step 2) may be ignored. In addition, the rate constant k4 for 
step 4 can be estimated as I. I I X 10’ s ’ from the 9 ns singlet 
excited state lifetime measured for free-base monomer B. 
Besides, neither step 2 nor step -I can explain the relatively 
short lifetime of AV’- ‘B and another quenching process 
must occur. Fig. 4 suggests that another deactivation pathway 
is the electron transfer from the free base to the pyridinium 
yielding AV . + B ’ by step 5. 

It is clear from the energy diagram of Fig. 4 that whereas 
the AV’ .B+ stale lies at about I .33 eV above the ground 
state, the free base porphyrin excited singlet state energy is 
1.88 eV. Thus, the photoinduced electron transfer is exer- 
gonic by about 0.55 eV and expected to be slower than ,&,. 
which correspond\ to an exergonic process of about 0.8 eV. 
The electron transfer rate constant li5 estimated from the 
quenching of the fluorescence lifetime can be calculated from 
Eq. (4) 

k,=1lr--Ilr[, (4) 



where T is the I .9 ns component of the fluorescence decay of 
the triad and 7” is the lifetime of the free-base monomer (see 
Table 3) which cannot undergo electron transfer. The elec- 
tron transfer rate constant k, calculated by this way is 
4.15 X 1 O8 s -- ‘, indeed lower than k,. 

No transient absorption spectra of radicals or of triplet 
states have been recorded in nanosecond pulse laser absorp- 
tion spectroscopy of the dyads and triad. Thus the back elec- 
tron transfer rate is presumably very fast. This also is the 
reason why in the mechanistic scheme of Fig. 4 the triplet 
states have been ignored. 

5. Conclusion 

The steady state and time-resolved fluorescence data for 
the porphyrin dyads discussed above clearly demonstrate that 
electron transfers occur between the donors ( zinc or free base 
porphyrin) and the bipyridinium acceptor. This electron 
transfer is very efficient in both AV+ and BV- dyads as 
already established in similar previous transient absorption 
results 13 I 1. The electron transfer is responsible for the 
observed fluorescence quenching of these dyads, as a result 
of charge separation leading to biradical states A. 1 V. and 
B. +V.. Both electron transfer and energy transfer were 
observed in heterotriad AV’+B. The singlet-singlet energy 
transfer from zinc porphyrin excited state ‘AV’+ B to the free 
base porphyrin yielding excited state AV2 + ‘B is incomplete 
because its quantum yield is less than unity (0.77), but it 
appears as the major quenching process. In addition, both tirst 
excited singlet states ‘AV”B and AV” ‘B of the porphyrin 
triad decay via photoinduced electron transfer to produce 
radicalionpairsA.+V.+BandAV.+B.+. 
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