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Abstract 

Photoinduced intramolecular electron transfer was studied in a series of flexible dyads consisting of the isomeric ortho-, meta- and para- 
nitrobenzyl monoeslers and diesters of mesoporphyrin existing preferentially in folded conformations. This process was compared with the 
intermolecular electron transfer between mesoporphyrin dimethyl ester and the 2-, 3- and 4-nitrobenzyl acetates. In both cases, electron 
transfer occurs from the porphyrin first excited singlet state, and the rate constant is lower in the ortho isomer, although intermolecular electron 
transfer is less isomer selective. The selectivity in the intermolecular case can be related to the isomer redox potentials, but in the dyads an 
ortho effect must also be taken into account; this effect produces a deviation from coplanarity between the nitro group and the phenyl ring. 
Electron paramagnetic resonance (EPR) in a low temperature matrix permits the charge transfer product to be detected. The process does not 
lead to the production of long-lived species, as shown by optoacoustic calorimetry. The efficiency of photoinduced electron transfer strongly 
depends on the ability of the solvent to stabilize the radical ion pair; this process occurs in CH3OH, CH3CN and CH2C1 z, but is inhibited in 
toluene and benzene. In the last two solvents, singlet oxygen is formed instead via energy transfer from the triplet state, with the same quantum 
yield as for the nitrobenzyl-free porphyrin. 
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1. Introduct ion 

Photoinduced electron transfer (PET) has been studied in 
intermolecular (collisional) and intramolecular donor- 
acceptor (D-A) systems, and its theoretical basis and exper- 
imental evidence have been extensively reviewed [1]. The 
understanding of these processes is important in the deter- 
mination of the variables which influence the rate and effi- 
ciency of the light-harvesting process in bacteria and plants. 

Provided that the molecular architecture and energy gap 
between the acceptor and donor are favourable, electron 
transfer may be observed [ lb,2]. For a given D-A pair, the 
rate of PET depends on the acceptor-to-donor distance and 
orientation. Indeed, in rigid dyads, PET is found to decrease 
exponentially with increasing distance [ 1 b, ld,3 ]. If, by con- 
trast, the spacer tethering the chromophores is flexible, sev- 
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eral suitable conformations are accessible depending on the 
presence of hindering substituents [4], the solvent and its 
polarity [5] and the temperature [6]; as a result, the system 
usually exhibits a more complex behaviour. By altering the 
relative spatial disposition of donor and acceptor, their elec- 
tronic interactions (and PET) may be influenced. Eventually, 
large conformational changes can occur following PET [7]. 

Porphyrins are model compounds for chlorophylls, which 
are involved as electron donors in photosynthesis. They can 
be used to generate long-lived, charge-separated species, 
which originate from their first excited singlet state. As a 
consequence, a number of porphyrin-based supramolecules 
have been developed to model the primary photochemical 
step of photosynthesis [8]. For similar reasons, quinones 
have been the acceptors of choice accompanying porphyrin 
donors in many of these D-A model systems [5b,6b,8b- 
8d,8j,9]. Porphyrin dimers and trimers have also been 
employed as more complex D-A systems in which multistep 
electron transfer is used to stabilize the charge transfer state 
[8a,8f,8g,8j]. Other acceptors used include methylviologen 
(MV e + ) [ 5a], cyanine dyes [ 8i ], pyromellitimide [ 10] and 
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nitroaromatics [ 11 ]. As electron acceptors, nitroaromatics 
are interesting in that the free energy change for PET from a 
porphyrin is close to zero and therefore its sign can be 
reversed as a function of solvent or geometry. 

In this paper, the PET behaviour of flexible dyads, con- 
sisting of a mesoporphyrin and one (or two) nitrobenzyl 
unit(s) (with the nitro group in the ortho, meta or para posi- 
tion) connected through the porphyrin propionate chain(s), 
is discussed. These dyads are monomeric models for porphy- 
fin-containing photoconductive polymeric materials based on 
the principle of host-guest complexation driven by non-cova- 
lent interactions [ 12]. We have recently shown that they exist 
predominantly in folded conformations [13]. In this paper, 
we investigate the isomer and solvent dependence of the PET 
efficiency, the evolution of the charge transfer state and the 
photosensitization of singlet oxygen using (steady state and 
time-resolved) fluorescence spectroscopy, electron paramag- 
netic resonance (EPR), optoacoustic calorimetry and time- 
resolved near-IR phosphorescence detection. 

2. Experimental details 

2.1. General 

Due to the sensitivity of the compounds to light, sample 
manipulations were carried out in dim red light and under 
argon unless specified otherwise. The purity of all porphyrins 
was checked by thin layer chromatography (TLC) (silica 
gel; CH2C12-CH3OH (10:1)) immediately before use and, 
when necessary, the samples were further purified by flash 
column chromatography. UV-visible spectra of approxi- 
mately 1 /xM solutions were recorded on a Perkin-Elmer 
Lambda 5 or a Shimadzu UV 2100 U spectrophotometer. 

2.2. Materials 

All solvents used in the steady state fluorescence and EPR 
measurements were of reagent grade quality, further purified 
by the usual procedures [ 14]. For all time-resolved fluores- 
cence, optoacoustic calorimetry and O2(1Ag) phosphores- 
cence experiments, solvents of spectroscopic or high 
performance liquid chromatography (HPLC) grade were 
used as received: CH2C12 was obtained from Merck (Uvasol) 
or distilled and dried over molecular sieves and toluene, ace- 
tonitrile and methanol were obtained from Panreac (Barce- 
lona, Spain). 2,2,6,6-Tetramethylpiperidine (TEMP), 
2,2,6,6-tetramethylpiperidine-l-oxyl (TEMPO) and 2- 
hydroxybenzophenone (2HBP) were obtained from Aldrich 
and were used without further purification. Tetra-n-butyl 
ammonium perchlorate (TBAP) was purchased from Fluka. 
The preparation ofmesoporphyrin (MP) dimethyl ester ( l a )  
[ 12c], MP dibenzyl ester ( I f ) ,  MP nitrobenzyl monoesters 
( l c - l e )  and MP nitrobenzyl diesters ( l g - l i )  [ 13] has been 
reported previously, as has the synthesis of ortho-, meta- and 
para-nitrobenzyl acetates [ 13] (see Scheme 1). 
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2.3. Relative fluorescence quantum yields c19 I 

The relative fluorescence quantum yields were determined 
with a Perkin-Elmer LS 50 spectrofluorometer using air-sat- 
urated benzene, CH2CI2, CHaCN and CH3OH solutions of 
l a - l l .  Emission spectra were recorded by exciting the 
maximum of the Soret band in each solvent: Acxc = 401 nm 
(benzene), 399 nm (CH2C12), 393 nm (CH3CN) and 394 
nm (CH3OH) . Absorbances at Acxc were optically matched 
in each solvent (A ~< 0.1; concentrations, 0.7 /xM or less). 
Integration of the complete fluorescence spectrum and com- 
parison with la  yielded ~f. The rate constants for the fluo- 
rescence quenching of la  (approximately 10/zM) by the 
nitrobenzyl acetates 2a-2c (in the concentration range 0--0.1 
M) in CH2C12 were derived in each case from conventional 
Stern-Volmer analysis. For each nitrobenzyl acetate, the 
quenching was explored at excitation wavelengths of 500, 
531 and 566 nm (the porphyrin Q bands; in all cases the 
absorbance was less than 0.1 ) in order to prevent the direct 
excitation of the nitrobenzyl quenchers. All spectroscopic 
measurements were performed at room temperature. 

2.4. Fluorescence kinetics 

A picosecond, time-correlated, single-photon counting 
system was used to monitor the fluorescence decay kinetics. 
The excitation source was a frequency-doubled, mode-locked 
Coherent Antares 76s Nd:YAG laser coupled to a synchro- 
nously pumped, cavity-dumped dye laser emitting at 590 nm 
[ 1 le].  The samples were dissolved in freshly distilled air- 
saturated dichloromethane or toluene. The absorbance was 
kept below 0.1. The fluorescence was detected at 620 nm. 

2.5. EPR spectra 

EPR spectra were recorded on a Varian 109 spectrometer. 
For the detection of the radical ion pair, a 500 W Oriel mer- 



L. Fajari et al. / Journal of Photochemistry and Photobiology A: Chemistry 93 (1996) 119-128 121 

cury lamp was used. The photoproduced cation radical was 
measured in the frozen state (77 K) after degassing by four 
freeze-thaw cycles; 0.3 ml samples of 1 mM porphyrin ( la,  
le)  solutions in CH2C12 were used. The irradiation wave- 
length was above 440 nm (Oriel filter 59460 and solution 
filter consisting of 0.38 M NiSQ.7HzO and 0.07 M 
COSO4.7H20 in 0.04 M aqueous H 2 S 0 4 )  to avoid any resid- 
ual absorbance by the nitrobenzyl chromophore. For the study 
of singlet molecular oxygen production, optically matched 
porphyrin solutions (approximately 4 p~M) were continu- 
ously irradiated above 330 nm (Oriel filter 59640) in the 
presence of 0.12 M TEMP in air-saturated benzene. The con- 
centration of the reaction product, TEMPO, was estimated 
[ 15] from a calibration curve using the commercial product. 
At high TEMP concentrations, the rate equation for TEMPO 
formation is [TEMPO] = l ,  qba "YAo2 t, where I a is the intensity 
of absorbed radiation, t is the irradiation time and YAo2 is the 
efficiency of TEMP reaction with 102, TAO2 = kc/(kp + kc). 
Plotting [TEMPO] vs. irradiation time gives a straight line 
(zero-order kinetics), with a slope proportional to qb,,. 

2.6. Cyclic voltammetry measurements 

Cyclic voltammetry measurements were performed in a 
three-electrode assembly using a Princeton Applied Research 
(PARC) 174A polarographic analyser, connected with a 
recorder (Philips PM-8133). The resistance was compen- 
sated via a polarographic interface AC 174150. A platinum 
spherical electrode (area, 12 mm 2) was used as the working 
electrode. The counter-electrode was a platinum wire of 0.8 
mm diameter. The reference electrode was a KCl-saturated 
calomel electrode (SCE) separated from the bulk electrolyte 
by a fritted glass junction. All redox potentials of this work 
refer to this electrode. The concentrations of the compounds 
were 0.2-0.4 mM in CH2C12 containing 5 × 10 - 2  M TBAP 
as supporting electrolyte. The uncertainty in the peak poten- 
tials was +_ 10 mV. 

2.7. Laser-induced optoacoustic calorimetry (LIOA C) 

The LIOAC set-up and data treatment procedures used to 
derive calorimetric and kinetic information are identical to 
those described in the literature [ 16]. An N2 laser (Radiant 
Dyes Laser Accessories GmbH, Warmelskirchen, Germany), 
delivering 6 ns pulses, was used to excite samples contained 
in a quartz cuvette (path length, 1 cm). The diameter of the 
beam in the cuvette was reduced to about 1 mm by a 100 cm 
lens/l  mm aperture combination. The laser fluence was var- 
ied using a set of neutral density filters. The amplitude of the 
first signal maximum H was taken to be proportional to the 
heat emitted in the fast radiationless deactivation processes. 
The absorbance at the excitation wavelength of 337 nm was 
varied from approximately 0.070 to 0.345 for all MP esters 
assayed ( l a  and l g - l i )  and 2HBP, the calorimetric reference 
used. As la  and l g - l i  are difficult to dissolve in neat CH3OH, 
solutions were prepared by dissolving each porphyrin in a 

few drops of CH2C12, diluting with CH3OH and separating 
any non-dissolved solid on a 0.2/zm membrane filter. 

2.8. Time-resoh,ed singlet oxygen phosphorescence 

The apparatus used to monitor the 02(lag) phosphores- 
cence decay kinetics is essentially identical to the LIOAC 
spectrometer (above) except for the detection system. The 
luminescence arising from the cuvette was passed through a 
1050 nm cut-off silicon filter and a 1270 nm interference 
filter, and detected with a 5 mm diameter Judson J16 5Sp 
germanium diode. The zero-time signal intensity was taken 
as a measure of the initial O2(lAg) concentration. Details of 
the apparatus and data handling procedures have been given 
elsewhere [ 17 ] 

3. Results and discussion 

3.1. Ground state properties. Geometries 

We have recently shown, mainly on the basis of proton 
nuclear magnetic resonance (~H-NMR) results, that the MP 
nitrobenzyi monoesters l c - l e  and diesters l g - l i  occur 
largely in a folded conformation (Fig. l, bottom) in CDCI3 
and even more so in C6D 6 [ 12]. This conformation is stabi- 
lized by 7r-~ interactions between the porphyrin and nitro- 
benzyl halves [18]. Theoretical calculations confirm this 
geometry and predict nearly coplanar nitro and phenyl groups 
in the m and p isomers of the dyads, as well as in the three 
isomers of the nitrobenzyl acetates (2a-2c) ,  but a dihedral 
angle close to 40 ° in the ortho isomers lc and lg  [ 13]. 

The absorption spectra of l c - l e  and l g - l i  show minor 
differences with respect to the simple sum of the spectra of 
the MP chromophore (i.e. l a )  plus the respective 2-, 3- or 
4-nitrobenzyl acetates (2a-2c) .  A slight red shift ( 1-4 nm) 
in the position of the Soret band (but not of the Q bands) of 
the dyads and a concomitant broadening (3-8 nm at half- 
maximum) can be observed for the three isomers. These 
effects are moderately solvent dependent (Table 1 ), with the 

Fig. 1. AM1 geometries for lc  in its extended (top) and folded (bonom) 
conformations. In the folded conformation of l g - l i ,  each propionate chain 
is folded towards opposite sides of the porphyrin plane. 
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Table 1 
Position (Amax, nm) and intensity (log E, M-  ~ cm- ~, in parentheses) of the UV-visible absorption bands of the mesoporphyrin nitrobenzyl monoesters l c - l e  
in different solvents 

Solvent Soret IV III II I 

Benzene 401 498-499 530-531 569 622-623 
(5.14+0.02) (4.12+0.02) (3.94+0.01) (3.80+0.01) (3.69+0.01) 

CH2CIz 398-399 497 531-532 566-567 620 
(5.16+0.03) (4.12+0.02) (3.97-1-0.02) (3.82+0.02) (3.65+0.02) 

CH3OH 393-394 496-497 529-530 566-567 618 + 619 
(5.18 +0.03) (4.145:0.02) (4.005: 0.03) (3.845:0.03) (3.67 5:0.02) 

a Values of hmax (nm) (log e, M -~ cm -~) for la: in benzene, 400 (5.19), 498 (4.15), 531 (3.98), 569 (3.81), 623 (3.73); in CH2C12, 399 (5.12), 498 
(4.04), 533 (3.89), 567 (3.72), 620 (3.59);in CH3OH + I% DMSO, 390 (5.15), 495 (4.07), 529 (3.91), 566 (3.73), 618 (3.59). 

largest differences being observed in methanol and the largest 
band broadening in benzene. These weak perturbations indi- 
cate a correspondingly small degree of 7r-system distortion. 

In the absorption spectra of mixtures of the MP dimethyl 
ester ( l a )  and an excess of any of the 2-, 3- or 4-nitrobenzyl 
acetates (2a-2e),  overlap of the porphyrin Soret band with 
the more intense absorption due to nitrobenzyl precludes the 
observation of analogous changes and therefore of any degree 
of ~--system distortion. 

3.2. Excited state properties 

3.2.1. Fluorescence spectra and yields in the linked systems 
The fluorescence emission spectra of l c - l e  and lg - l i  in 

CHC13, CH2C12, CH3CN and CH3OH have the same shape 
as that of the dimethyl ester la, with a maximum at 621-623 
nm. In benzene, a small bathochromic shift to 625 nm occurs, 
but no new bands are observed. The excitation spectra are 
also basically identical in all cases and equal to the respective 
absorption spectra. These observations indicate that no sig- 
nificant alteration of the first excited singlet state vs. ground 

Table 2 
Relative fluorescence quantum yields, fluorescence lifetimes and PET rate 
constants in air-saturated CH2C12 for the model porphyrins la  and If, dyads 
l e - l e  and triads l g - l i  

Porphyrin ~f a "rf b kE,rT~ c kwrSS 
(ns) ()<10Ss - l  ) ()<10Ss - l  ) 

la  1 10.3 - - 
lc 0.58 6.7 0.55 0.68 
ld  0.31 3.2 2.2 2.1 
le 0.33 3.4 2.0 1.9 
I f  0.96 10.9 - - 
lg  0.42 5.7 0.8 1.3 
lh 0.18 1.9 4.4 4.3 
li 0.20 2.1 3.8 3.8 

a From steady state fluorescence; relative to la; errors + 10%; samples of 
Abs 399 = 0.1; hexc = 399 nm. 
b From time-resolved fluorescence (same solvent and concentration; 
A,xc = 570-590 nm; A,~t = 620 nm). 
c From fluorescence decay. 
d From fluorescence spectra with "r ° = 10.5 ns. 

state geometry of the porphyrin skeleton occurs in the dyads 
relative to la. 

The fluorescence quantum yields @f (relative to la)  for 
l c - l e  and l g - l i  in air-saturated CH2C12 are shown in Table 
2. The two nitro-free porphyrins ( la ,  If) show the same qbf 
value (no effect by the benzyl groups), whereas the presence 
of a nitro group on the phenyl ring decreases @f, indicating 
an additional fast deactivation process. This is identified as a 
PET process originating from the donor first excited singlet 
state, by analogy with similar observations in related porphy- 
rin- (poly) nitrobenzene [ 5b,9c, 11,12d ] and porphyrin-qui- 
none [3a,5b,6b,8b-8d,8j,9] dyads. 

As expected, the decrease in the q0f values is larger in the 
porphyrins substituted by two nitrobenzyl residues. For the 
monosubstituted and disubstituted compounds, @f is isomer 
dependent, with the 3- and 4-nitrobenzyl isomers showing 
similar q~f values which are clearly lower than those of the 2- 
nitrobenzyl derivatives. This corresponds to a more efficient 
PET process in the 3- and 4-nitrobenzyl isomers, a behaviour 
that correlates with the different (relative to the 2-nitrobenzyl 
isomer) nitro-to-phenyl orientation theoretically calculated 
for both of these compounds in their folded conformation 
[131. 

A deeper insight into the electron transfer kinetics can be 
obtained from the fluorescence decay data (Fig. 2 and Table 
2). All compounds show strictly monoexponential decay, 
indicating that the conformations of the dyads equilibrate 
within the singlet state lifetime of the donor porphyrin. A 
mean lifetime of 10.6_ 0.3 ns was found for the models la  
and If, while the lifetimes of the dyads depend on the number 
of mononitrobenzyl acceptors and the nitro group position. 
Assuming an equal radiative lifetime for all porphyrins [5b], 
the rate constants for electron transfer kET were calculated 
using the equation kET TR = 1/"/'f - -  1/rf l a ,  where Tf l a  and rrare 
the fluorescence lifetimes of la  and the linked systems respec- 
tively, kET values were also obtained from the steady state 
fluorescence data, using the equation kET s s =  ( 1 -  t~ f ) /  

~.fla~f. The values resulting from the two procedures are 
similar (Table 2). 

For all dyads (i.e. l c - l e ,  l g - l i ) ,  the electron transfer rate 
constants are approximately equal for the 3- and 4-nitroben- 



L. Fajari et al. / Journal of Photochemistry and Photobiology A: Chemistry 93 (I 996) 119-128 123 

Counts 

1 0 5 

1C/-- 

1 0 1 

1 0 0 4  `- 

0 

" i 

\ 

2 

i 

4 6 8 

Time Ins) 

Fig. 2. Fluorescence decay of l e  in air-saturated CH2C12 and residuals of the fit. Ae~c = 570 nm; Aob,~ = 620 nm; ~'= 3.39 ns; )(2 = 1.209. Use of a biexponential  

function did not improve the fit significantly (X 2=  1.188). 

zyl esters, but about one-third of this value for the 2-nitro- 
benzyl esters. For the diesters, the rate constants kEy are 
roughly twofold larger than those of the monoesters; appar- 
ently, the two nitrobenzyl residues of these systems behave 
as two independent units bound to the same porphyrin (i.e. 
triads). 

The electron transfer kinetics of these dyads are strongly 
influenced by the solvent polarity (Table 3). In benzene, the 
q)f values for l g - l i  are the same as that of la,  and in aerated 
toluene the lifetimes of l a  and lc are 11.9 ns and 12.6 ns 
respectively. Clearly, electron transfer is inhibited in the two 
solvents. In contrast, in methanol, the relative qbf values for 
l g - l i  are smaller than those in CH2C12, corresponding to 
more efficient electron transfer in the more polar solvent. The 
values in acetonitrile are comparable with those in CH2Cl 2. 

The rate constants kET deduced for l g - l i  in CH3CN are 
comparable with those in CH2C12, whereas in CHaOH they 
are 3-6 times higher (Table 3). The behaviour in acetonitrile 
is irregular: although this is a more polar solvent than meth- 
anol, PET is clearly less effective. We offer no explanation 

Table 3 
Solvent dependence of the relative fluorescence quantum yields and PET 

rate constants for l a  and porphyrin triads l g - l i  a 

Porphyrin CH2CI 2 Benzene CH3CN CH3OH 

l a  1.00 - 1.00 - 1.00 - 1.00 - 
l g  0.42 0.8 1.01 - 0,40 1.1 0.11 5.9 
l h  0.18 4.4 0.95 0,25 0.7 0.05 4.2 
l i  0.20 3.8 0.98 - 0,14 1.5 0.09 2.5 

' In all solvents, the value for l a  is arbitrarily taken as 1.00. 

for this, although similar solvent effects have been reported 
for intermolecular electron transfer processes to nitroben- 
zenes [ 19]. However, the general trend shown by Table 3 is 
that PET efficiency in our dyads increases with solvent polar- 
ity. 

3.2.2. lntermolecular fluorescence quenching 
Intermolecular PET from MP dimethyl ester ( l a )  to the 

isomeric nitrobenzyl acetates (2a-2e)  was investigated by 
steady state fluorescence quenching in air-saturated CH2Clz. 

Formation of a ground state non-fluorescent complex 
(static quenching) can be ruled out since the Stern-Voimer 
plot is linear [20], despite the large excess of quencher (2a -  
2e) relative to la. Dynamic (collisional) quenching is there- 
fore responsible for the overall quenching process. 

From the slope of the Stern-Volmer plots ( Ksv = 5.5 + 0.5, 
9.5 +0.3 and 11.1 +0.4 for 2a, 2b and 2c respectively) and 
the lifetime of the model systems ( 10.6 ns, cf. Table 2), the 
corresponding bimolecular electron transfer rate constants kq 
have been calculated as 5 .2× 108, 9 .0x  108 and 10.2× 108 
M -  1 s -  ~. These kq values indicate that intermolecular PET 
from porphyrin to nitrobenzyl is approximately equally effi- 
cient for 3- and 4-nitrobenzyl acetates (2b and 2c) but less 
efficient for 2-nitrobenzyl acetate (2a),  in agreement with 
the results for the (intramolecular) dyads, although the ratio 
of the efficiencies is smaller ( 1.8 vs. 3 in the dyads) ; hence 
intermolecular PET is less isomer discriminating than intra- 
molecular PET. This difference in behaviour correlates with 
the distinct NO2-to-phenyl dihedral angles calculated [ 13] 
for the folded ortho-dyad lc  (40 °) and ortho- acetate 2a (9°). 
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Fig. 3. (A) Cyclic voltammograms corresponding to the oxidation of la and 
lb. Scan rate, 0.1 V s-  ~; 5 × 10 -2 M TBAP in CH2C12; potentials vs. SCE. 
(B) Cyclic voltammograms corresponding to the reduction of la  and lh 
under identical conditions as for oxidation. 

3.2.3. E P R  evidence f o r  radical  ion pa i r  fo rmat ion  
Addi t iona l  ev idence  for a deact iva t ion  m e c h a n i s m  involv-  

ing P E T  was obta ined f rom E P R  spectroscopy.  On continu- 

ous irradiat ion o f  l a  in a f rozen solution in CH2C12, the 
porphyrin  cat ion radical  s ingle- l ine  E P R  signal [9a,9c,9h] 

gradual ly  increases  with g = 2.0019 and a peak- to-peak line- 
width AH~p--~ 0.5 mT.  Af ter  warming  to r o o m  temperature  
and f reezing again,  this signal disappears.  On the other  hand, 

very low intensit ies o f  porphyr in  cation radical signals were  

observed for l a  in the presence o f  0.1 M (approx imate ly  100- 

fold excess)  ni t robenzene,  and for the dyad le .  In these cases, 

rapid back electron transfer f rom the initially fo rmed  charge 

transfer intermediate  decreases  the steady state concentra t ion 

of  the radicals. 

3.3. Cyclic vol tammetry  

The standard electrode potentials  a l low the es t imat ion of  

the energy of  the charge transfer state. Fig. 3 shows the vol-  

t ammograms  of  l h  and the reference donor  l a .  The  shapes 

o f  the vo l t ammograms  of  all other  dyads o f  this work,  i.e. 

l c - l e ,  l g  and l i ,  are similar. 

l a  undergoes  two revers ible  e lectrode processes ,  which 

can be attributed to the one-e lec t ron oxidat ion and reduct ion 

of  the porphyrin core  [21 ]. Oxidat ion  is character ized by the 

anodic peak potential  E p a  °x = 0.92 V (Ep~ °x - Eoc °~ = 60--65 

mV,  for 0.05, 0.1 and 0.2 V s - l ) .  Reduct ion  occurs  at a 

cathodic peak potential  o f  - 1.41 V. For  the dyads,  oxidat ion 

is also reversible  and has the same Epa °x as l a ;  reduct ion of  

the porphyrin nucleus is still observed  at about  - 1.43 V, but 

an additional quasi - revers ible  reduct ion process  (Eo, ~ a -  
Eve r¢o= 100 mV,  for 0.1 V s -1)  is observed  near  - 1.1 V 

(cf.  Fig. 3; the precise value depends  on the isomer,  see Table  

4) .  The peak c u r r e n t  ipc red o f  this process  is the same for l e -  

l e ,  and equal  to ipa °~ for the oxidat ion o f  the porphyrin  

nucleus. In l g - l i ,  ip~ ~ is twice  as high, consis tent  with the 

invo lvement  o f  two electrons in these compounds .  W e  con- 

Table 4 
Standard redox potentials a (E~D ÷/D) and E~A/A-)), non coulombic contri- 
bution to AG~T b (AGr]c) and electron transfer free energy change ¢ 
(A G~z) for systems la-2a, la-2b, la-2c, dyads l e - l e  and triads lg - l i  in 
CH2C12 

o o o System E~°D +/D) E(A/A- ) A GNC A GET 
(v)  (v)  (eV) (eV) 

l a - 2 a  0 . 8 9  d - -  1 . 0 1  ¢ - -  O. 1 0  - -  0.26 
la-2b 0.89 a -0.98 f -0.13 -0.29 
la-2c 0.89 a - 0.98 g - O. 13 - 0.29 
lc 0.90 - I. 13 0.03 - 0.24 
ld 0.90 - 1.08 - 0.02 - 0.29 
le 0.90 - 1.09 -O.Ol -0.28 
lg 0.91 - 1.12 0.03 -0.24 
lh 0.90 - 1.09 -0.01 -0.28 
li 0.91 - 1.08 -O.O1 -0.28 

a Assumed to be equal to half-wave potentials E~/2. These are derived from 
the cyclic voltammetry measured peak potentials Epa and E~; error limit, 
+0.01 V; E~/2 °x is taken to be 28 mV more negative than Eoa°x; E~/2 ~d is 
taken to be 40 mV more positive than E~ '~. 
b AG~c=E~D+/D)_EtA/A_ ) _Eo.o; error limit, +0.02 eV. The values 
for 2a-2e are for electron transfer from la, with rD~ , = 10 /~. The values for 
le - l i  are calculated assuming rDA = 6/~ (folded conformation). 
¢ AG~r = AGr]c - e/4~r% × 1/EroA; error limit, + 0.02 eV; e/47r% × 
1/~roA is 0.16 eV for rDA = 10 /~, and 0.27 eV for roA = 6 ,/~. 
a Corresponds to la. 
e Corresponds to 2a. 
f Corresponds to 2b. 
g Corresponds to 2c. 
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clude that the new process is the reduction of the nitrobenzyl 
group(s). 

The standard redox potentials E(°D+/D) and E~A/A ) for 
both the linked systems and the nitrobenzyl acetates, calcu- 
lated froth the experimental half-wave potentials [22], are 
shown in Table 4. 

The E~A/A ~ values of dyads l c - l e  and triads l g - l i  are 
similar. For all isomers, the reduction potential of the nitro- 
benzyl group in the acetate series is approximately 110 mV 
more positive than in the corresponding linked systems. This 
difference reflects the existence of D-A interactions in the 
dyads, further confirming the predominance of folded forms. 
Within each series of compounds, the reduction potential of 
the ortho-nitro isomer ( le ,  lg and 2a) is more negative than 
that of the meta and para counterparts (40-50 mV for lc and 
lg, but only 30 mV for 2a). This probably reflects the dif- 
ferent orientation of the nitro group for the ortho isomers (see 
above). 

3.4. Energetics of PET in different solvents 

The driving force AG~T for PET in each of the extreme 
conformations available to the present systems can be esti- 
mated from the standard redox potentials of the donor (D) 
and acceptor (A),  the MP(Sj)  energy lEo,o=2 eV) [23] 
and the theoretically calculated geometries [13], using the 
Rehm-Weller equation [ la,24]. 

For the present dyads, the contribution to AG~T of the non- 
coulombic terms is nearly zero in CHzC12 (Table 4). There- 
fore the exergonicity of PET must be provided by the ion pair 
coulombic stabilizing contribution, and this in turn is related 
to the rDA value and to the solvent static dielectric constant 
e~. A limiting AG~IT value for the folded conformation can be 
estimated using the theoretically calculated geometry, with a 
CTC distance of approximately 6 ,& for all isomers [ 13 ]. The 
values of A GET thus obtained (Table 4) clearly indicate that, 
in CH2CI_,, the process is thermodynamically feasible for all 
isomers, in agreement with the experimental observations. 

If an analogous estimation is made for the extended con- 
formation in the theoretically calculated geometry [ 13], with 
a CTC distance of 12 A, ion pair stabilization no longer results 
in negative A GEV values. Thus PET ought to be observed in 
the dyads only from folded conformations. 

For the intermolecular systems, the results are comparable 
(Table 4). Non-coulombic terms result in negative AGEv 
values, which allows for electron transfer at contact pair dis- 
tances of approximately 10 ,~, based on the bond lengths and 
geometries from the literature [25]. As for the extended 
dyads, coulombic stabilization is negligible. 

The values of A GEx lor the intermolecular PET process 
(i.e. from la  to 2a-2c) and for intramolecutar PET in dyads 
l e - l e  and triads l g - l i  in benzene, CH3CN and CH3OH, 
obtained using the complete Rehm-Weller equation [26] 
assuming in all cases the same geometries as in CHeCI:, are 
shown in Table 5. 

Table 5 

PET free energy change (AG~T(e) )  for systems l a - 2 a ,  l a - 2 b ,  l a - 2 c ,  

dyads l c - l e  and triads l g - l i  in solvents of different dielectric constant 

System rDA AG~T(e) (eV)  ~ 
( ,~ 

Benzene CH ~CN CH3OH 

( ~ = 2 . 3 8 )  ( < = 3 5 . 9 4 )  t e~= 32.66) 

l a - 2 a  I 0 0.35 0.43 - 0.42 

l a - 2 b  10 0.32 - ,'~46 - 0.45 

l a - 2 c  10 0.32 !! 46 0.45 

l c  6 0 0 3  ~138 0.37 

l d  6 - 0 . 0 2  (/43 0.42 
l e  6 001 0 4 2  0.41 

l g  6 0 0 3  0 38 -0.37 

lh  6 - 0.01 0.42 - 0.41 
l i  6 - 0 . 0 1  .... 0.42 - 0.41 

a Calculated from AG~-r(CHaCI 2) using the equation: AG~.T(e) = AG~T- 

(CH2C12) + e / 4 r r % ×  ( I / 2 r D +  l /2rA-  l / r t~!  "x ( 1/E~ l/~,c'u:c%. 

In benzene, PET has a nearly zero driving force for the 
dyads and a positive value for the unbound systems, in agree- 
ment with the experimental observation of the absence of 
electron transfer. Although in this solvent the dyads adopt a 
geometry presumably at least as favourable tbr electron trans- 
fer as that in C H z C 1 2  [ 13], this is clearly overcompensated 
by the destabilizing solvent contribution to AG~T. An anal- 
ogous behaviour has been reported for chlorophyll-porphyrin 
dyads [27]. 

In CH~OH and C H 3 C N ,  A G~T values more negative than 
in CH2C12 are obtained, as expected. This is in agreement 
with the larger experimental electron transfer rate constants 
observed in methanol (Table 3) but, as noted above, conflicts 
with the value.,, obtained in acetonitrile. 

3.5. Kinetics of PET 

The rate constant of non-adiabatic electron transfer is 
related to electronic Ko~ and nuclear ~cn factors [ 1 c, I d,24,28 ]. 
The electronic factor is mainly influenced by the electronic 
coupling energy, which decreases exponentially with increas- 
ing separation distance rDA and also depends on the relative 
D-A orientation. The nuclear factor is an exponential term 
which involves the structural displacement in the reactants 
and surrounding solvent molecules on electron transfer. It 
contains contributions from the driving force of the reaction 
AG~r and the reorganization energy A. The latter is divided 
into a solvent-independent term Am, which is relatively small 
(0.1-0.3 eV) lbr large molecules such as porphyrins [29], 
and the solvent reorganization energy a,,u~, which is related 
to the D-A geometry. 

For the intermolecular processes, the assumption that dif- 
fusional separation of the encounter pair is much faster than 
electron transfer predicts that kE~ is proportional to the 
observed quenching rate constant kq through the equilibrium 
constant for the formation of the encounter pair, which is 
assumed to be the same for the three isomers [24,30]. This 
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Fig. 4. Laser energy dependence of the optoacoustic signal for la, l g - l i  and 2HBP: (a) in air-saturated toluene; absorbances were matched at 0.107 + 0.002; 
inset: optoacoustic signal for 2HBP at Eo= 2.43 #J; (b) in air-saturated methanol; absorbances were matched at 0.140 + 0.002. For la, the deviations from 
linearity at high laser energies should be noted. 

allows a comparison of the ratios of calculated K. and exper- 
imental kq for the pairs l a - ( 2 a - 2 c ) .  

Using the same geometry estimated above (rDA = 10 /~) 
for the three isomeric contact pairs, the resulting ratio of the 
nuclear factors for the quenching of l a  by 2b and 2c relative 
to 2a is about 1.5. This is close to the experimental ratio ( 1.8) 
of the quenching rate constants. The differences in intermo- 
lecular electron transfer efficiency between 2a, 2b and 2e 
thus appear to be due mainly to the nuclear factor K.. 

For the covalently bound D-A systems, an approximate 
estimation can be performed using the geometry calculated 
theoretically for the folded conformation model (rDA = 6 ,~). 
Theoretical calculations show that the largest differences 
between the isomers occur in their folded conformations, 
namely the large deviation from planarity of the ortho-nitro 
group with respect to the phenyi ring (40°), which is not 
found for the meta and para counterparts. Hence choosing 
this conformation for the K n and Ke, calculations should pro- 
duce the largest ratio among the three isomers. The resulting 
ratio of the nuclear factors for ld  and le relative to le is 
about 1.7, while the ratio of the experimental kET values is 3. 
In this case, the nuclear factor alone cannot account for the 
ratio of the experimentally observed PET rates; the electronic 
factor and, more specifically, the D-A electronic coupling 
must play a significant role [5b]. This is consistent with the 
distinct nitro-to-phenyl dihedral angle, resulting in a different 
porphyrin-to-nitro group orientation in the ortho relative to 
the meta and para isomers. 

3.6. Fate of the charge transfer state. LIOAC studies 

The laser energy dependence of the LIOAC amplitude for 
l g - l i ,  l a  and 2HBP in air-saturated toluene is shown in Fig. 

4(a) .  The behaviour is the same for the three dyads and for 
the model compound la,  giving an average value of a, the 
fraction of absorbed energy released as fast heat, of 
0.78 _ 0.06. Hence the dyads behave as the model compound 
la,  i.e. total suppression of PET in this solvent and concom- 
itant singlet oxygen production (see below). The a value 
indicates approximately 20% energy storage, consistent with 
the reported value for the singlet oxygen quantum yield 
,b~ =0.57 [31]. 

Fig. 4(b) shows the results of similar experiments in air- 
saturated methanol. In this case, the behaviour of the three 
nitrobenzyl isomers l g - l i  is very different from that of la,  
but indistinguishable from that of 2HBP. Thus 
a = 1.00 ___ 0.05 must be assigned to the three isomers, indi- 
cating that all absorbed energy is rapidly dissipated as heat 
through a quantitative electron transfer step followed by fast 
charge recombination leading to ground state products. Thus 
intramolecular electron transfer effectively suppresses the 
singlet oxygen sensitization ability of the present porphyrin 
dyads in polar media, whilst it is left intact in non-polar 
environments. 
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