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Two-step photoinduced charge separation 
and unexpectedly fast one-step charge recombination 
in a linked donor,-donor,-acceptor system 

Saskia I. van Dijk, Piet G. Wiering, Richard van Staveren, Hendrik J. van Ramesdonk, 
Albert M. Brouwer and Jan W. Verhoeven 
Laboratory of Organic Chemistry, University ofAmsterdam, Nieuwe Achtergracht 129, 1018 WSAmsterdam, The Netherlands 

Received 30 July 1993; in final form 9 September 1993 

Photoinduced sequential two-step electron transfer occurs upon excitation of the 1,3_diphenylpropanedioato boron oxalate 
electron acceptor in a novel trichromophoric donor*-donor,-acceptor (DI-D,-A) system. The D,-D: -A- state is fluorescent, 
while the D2+ -D, -A- state is observed by transient absorption. The final giant dipole state, which is formed in x 90% yield, is 
remarkably short-lived. 

1. Introduction 

Light-induced stepwise charge separation pro- 
cesses are currently a topic of intensive investiga- 
tions, both in order to enhance the understanding of 
the reactions that play a central role in natural pho- 
tosynthetic reaction centres [ l-41 as well as part of 
efforts to develop new materials with useful electro- 
optical properties. In an earlier study [ 5 ] we pre- 
sented system la (scheme 1) that consists of a pho- 
toexcitable 1,3-diphenylpropanedioato boron oxa- 
late electron acceptor (A) and two electron donors 
that are connected in a linear array: D,-D,-A, 

After excitation of the acceptor chromophore of 
compound la charge separation with a quantum yield 
near unity occurs, resulting in a charge separated state 
best depicted as D2f-D, -A-. The decay of this state 
is easily monitored because charge recombination is 

Scheme 1. 

accompanied by a characteristic charge transfer flu- 
orescence D2+ -D1-A-+D2-D1-A thVCT (~~~42 
ns, &=O.OlS in benzene, a,,,=635 nm). The rel- 
atively fast charge recombination between D2 and A 
and the partly radiative nature of this process indi- 
cate that there is substantial electronic coupling be- 
tween the two units. Although the D2-D:-A- state 
is thermodynamically accessible in la, as shown by 
the behaviour of the corresponding D,-A compound 
[6] it is not observed as an intermediate state. In 
order to establish the involvement of the 
Dz-D:-A- state in the charge separation between 
DZ and A, D1 was replaced by a much weaker donor, 
i.e. in lb. In this compound the D,-D: -A- state is 
of higher energy than the A* state (except in very 
polar solvents [ 71) thereby rendering the D2-D1- 
A*+D,-D: -A- charge separation process endo- 
thermic. Nevertheless the long range charge sepa- 
ration and charge recombination processes in lb 

(b= 27 ns in benzene) occur with rates similar to 
those in la. This indicates that the intermediate 
D2-D: -A- state probably plays no role in the charge 
separation between Dz and A, and single step long 
range electron transfer prevails, 

In order to reduce the direct electronic coupling 
between D2 and A system 2 was now synthesised, in 
which the D2/A distance is increased as compared 
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Scheme 2. 

to la, b. Although rotations around the aryl-meth- 
ylene bonds may give rise to different ground state 
rotamers the rigidity of the biphenyl unit guarantees 
a distinct increase of the average DJA distance by 
x4 A. Because of the exponential distance depen- 
dence [ 8- 10 ] of the electronic coupling this may be 
expected to slow down Dz*A electron transfer by 
one to two orders of magnitude, all other factors being 
equal. The exponential distance (RDA) dependence 
of electron transfer rates &aexp( -j&J varies 
with the medium interposed, but /I values in the range 
of 0.8 to 1.4 A-’ have been found in condensed me- 
dia [ 8-111. In fact experimental evidence exists 
[ 3,121 for a rate reduction by a factor of 10 to 20 
upon elongation of the donor/acceptor distance in 
donor-bridge-acceptor systems when a I ,Cpheny- 
lene bridge component is replaced by a 4,4’-biphen- 
ylene unit. 

We will now discuss the behaviour of the new Dz- 
D,-A system 2 in relation to the corresponding D,- 
A system 3 and the isolated acceptor model system 
4 (scheme 2). 

2. Results and discussion 

In all cases the locally excited state (LE) of the 
acceptor possesses the lowest excitation energy. In 
the isolated acceptor, represented by 4, this LE state 
is highly emissive and in most solvents displays a 
structured emission (see fig. 1 and table 1) around 
420 nm. In both 2 and 3 this local emission is almost 
fully quenched. For bichromophoric donor-acceptor 
compound 3 a strong, broad and structureless emis- 
sion instead occurs at longer wavelength. Because of 
its shape, position and solvatochromism (see ref. 
[ 6 ] ) the new emission can be attributed to radiative 
charge recombination (CT emission) of the 
D:-A- state. This CT state is formed in nearly 
quantitative yield fmm the precursor D1-A* LE state 
and decays with a lifetime of k: 14 ns in dioxane (see 
table 1). In the trichromophoric system 2 the LE 
emission of A* is again almost fully quenched. In- 
terestingly, a weak long wavelength emission can be 
detected (see fig. 1) in the same region where 3 dis- 

500 600 700 800 
Wavelength (nm) 

Fig. 1. Fluorescence spectra of 2, 3 and 4 in dioxane (AC’= 355 
nm). The maximum intensities of the emission bands corre- 
spond with the fluorescence quantum yield. 

Table 1 
Emission characteristics of 2,3 and 4 in dioxane (see fig. 1) 

Compound L(oca1) E(mission) CT emission 
(A*-+A) (D:-A-+D,-A) 

1, (nm) 7 (PS) 1, (nm) r (PS) 

2 423 i 10 546 450 
3 425 (sh) < 10 555 14000 
4 411,428 410 - 
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plays its charge transfer emission. Therefore this is 
attributed to radiative recombination from a state 
with D,-D: -A- character. The short lifetime of this 
emission in 2 as compared to 3 indicates that its 
weakness is not caused by ineffIcient formation of 
the D2-DC -A- state but rather by an additional ra- 
diationless decay path not available in 3. From this 
we infer that in 2 the D2-D: -A- state is efficiently 
( > 95%) converted to the fully charge separated state 
Dz+ -D,-A-. The latter apparently is not fluorescent 
- in contrast to that in la, b - and can therefore not 
be detected by emission spectroscopy. 

As the totally charge separated state of 2 is non- 
emissive - indicating that weak coupling between the 
outer chromophores has indeed been achieved - flash 
photolysis experiments were performed to observe 
the D: -D, -A- state and determine its lifetime. For 
comparison the transient optical absorption of the 
D: -A- state of 3 was also investigated. After pho- 
toexcitation of the acceptor chromophore of 3 in 
dioxane, a band at 4 16 nm of the biphenyl radical 
cation [ 131 and a superposition of bands of the bi- 
phenyl radical cation (700 nm [ 13 ] ) and the boron 
oxalate radical anion (64 1, 706 nm [ 7 ] ) are readily 
observed (see fig. 2a). The sharp biphenyl radical 
cation band at 416 nm has a larger extinction coef- 
ficient than the combined absorptions of D: and A- 
at z 700 nm. These absorptions can be seen to decay 
on a time scale comparable with the lifetime ( 14 ns) 
of the CT emission attributed to the D: -A- state 
(see table 1). After the radical cation and radical an- 
ion absorptions have disappeared, as the CT state 
has decayed, a long-lived structureless absorption at 
700 nm is present. This absorption originates from 
the triplet state of the boron oxalate electron accep- 
tor as is known from transient absorption measure- 
ments of 4 [ 7 1, The formation of the triplet state of 
the acceptor chromophore in 3 must take place from 
the CT state, because direct intersystem crossing of 
the ‘A* excited state is prevented by the rapid charge 
separation process. 

After photoexcitation of 2 the distinct structured 
absorption of the boron oxalate radical anion A- 
(641, 706 nm) dominates the transient absorption 
spectrum (see fig. 2b). An additional weak absorp- 
tion at x420 nm is present in fig. 2b. This absorp- 
tion in contrast to the biphenyl radical cation ab- 
sorption in the spectrum of 3 (fig. 2a) is weak 
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Fig. 2. Transient absorption spectra of (a) 3 and (b) 2 in diox- 
ane (An= 355 nm). In both figures the spectrum with the great- 
est absorbance is taken at the maximum of the laser pulse 
( fwhm z 8 ns), while the successive spectra are recorded with 5 
ns increment delay. 

compared to that of the A- absorption in the long 
wavelength region of the spectrum. The 420 nm band 
might originate from the intermediate D,-D:-A- 
state, which is short-lived and therefore present in 
low concentration only. Alternatively this band can 
be attributed to the D: species: preliminary studies 
[7] on methoxynaphthalene radical cations reveal 
an absorption band in this region which is much 
weaker than that of the biphenyl radical cation. Thus, 
although a small contribution of the DI-D: -A- state 
to the absorption spectrum cannot be excluded, we 
are most likely observing the Dz+ -D,-A- state of 
which the spectrum is dominated by the structured 
band of A-. This confirms that D$ -D,-A- is formed 
efficiently ( z5 90% after two steps). 

To our surprise the decay time of D$-D,-A- is 
very short: it decays within the width of the laser 
pulse ( z 8 ns fwhm) used in the nanosecond exper- 
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iments (see fig. 2b). Preliminary picosecond tran- 
sient absorption measurements show a decay time of 
x 1 ns (monitored at 640 nm). Thus although ef- 
ficient stepwise charge separation has now been 
achieved by elongation of the distance between the 
outer chromophores in 2 as compared to 1, the charge 
recombination rate has at the same time increased! 
We tentatively attribute this remarkable phenome- 
non to a a pronounced increase of the Franck-Con- 
don factor for the charge recombination process. 

The rate of electron transfer can be expressed (see 
e.g. ref. [ 9] ) by 

k -4”2H2 FCWD ET - h DA 9 

in which FCWD represents the Franck-Condon fac- 
tor and HDA the electronic coupling. In a commonly 
applied semi-classical model [9] the Franck- 
Condon factor depends on internal reorganisation 
energy 1 y along a high-frequency vibrational mode, 
the low-frequency (solvent) reorganisation energy 
)iS and the driving force AGO. For the charge recom- 
bination process, which occurs in the “inverted re- 
gion”, a decrease of the energy gap and an increase 
of the reorganisation energies lead to a larger Franck- 
Condon factor. 

In going from 1 to 2 we have reduced the absolute 
value of AGO. In order to maintain sufficient driving 
force in the charge separation steps, the D2 moiety 
was changed from methylnaphthalene (oxidation 
potential E( D2)ox = 1.5 1 V in acetonitrile versus SCE 
[ 141; (E(D,),,=1.79 V [ 151)) in la to methoxy- 
naphthalene (E(D2),,X= 1.35 V; E(D,)OX= 1.66 V 
[ 161) in 2. This implies that (neglecting Coulombic 
and solvation effects) the energy gap between 
D$-D, -A- and the ground state is x0.16 eV 
smaller in 2 than in 1. 

Marcus has described a dielectric continuum model 
for I, [ 171, 

L+L__ 1 

d,,+ dA- R,+A- 

in which Ae is the transferred electronic charge, to is 
the permittivity of free space, n and t are the solvent 
refractive index and dielectric constant, d,,+ and 
dA- are the diameters of donor and acceptor and 
RD+A_ is their centre-to-centre separation. As the 
charges are % 4 8, further apart in the D2+ -D, -A - 

state in 2 compared to 1, the solvent reorganisation 
energy in 2 is larger than in la, b. Numerical eval- 
uations of the Franck-Condon factor [ 71 reveal that 
a decrease of the energy gap by 0.16 eV and an in- 
crease of Iz, of 0.15 eV, together can lead to a rate 
increase by a factor of z 15. The effect of changing 
oxidation potentials and solvent reorganisation 
energies on the charge recombination process in ar- 
omatic radical ion pairs was recently demonstrated 
by Gould et al. [ 181. In their case however, the two 
charges have opposite effects on the rate, leading to 
a relatively small increase of kd with decreasing en- 

ergy gap. 
Finally we note that Wasielewski et al. have re- 

ported D-bridge-A systems [ 19,201 where lowering 
the oxidation potential of the bridging unit signifi- 
cantly enhances the charge recombination rate, al- 
though the charge separation rate is not affected. This 
effect was attributed to superexchange involving D- 
B+-A- virtual states. The operation of such a mech- 
anism in compounds 1 and 2 could be another factor 
contributing to the unexpected fate of long-range 
charge separated state in 2. 

In conclusion, efficient photoinduced two-step 
electron transfer occurs in the novel trichromo- 
phoric system 2. While the electronic coupling 
H DzA in 2 is evidently reduced as compared to that 
in 1, the expected increase of the lifetime of the 
D: -D, -A- state is not realised, probably mainly as 
a result of the concomitant increase of the FCWD 
due to changes in oxidation potentials and solvent 
reorganisation energy. These findings are of obvious 
importance for the design of multi-centre redox sys- 
tems directed at achievement of large and long-lived 
charge separation and will be discussed in more de- 
tail in future publications. 
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