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MULTISTEP PHOTOINDUCED ELECTRON TRANSFER IN A 
PHOTOACCEPTOR TERMINATED MOLECULAR TRIODE 

N.A.C.BAKKERa, P.G.WIERINGa, A.M. BROUWERa, J.M. WARMANb 
and J.W.VERHOEVENa* 

(a) Laboratory of Organic Chemistry, Univenity of Amsterdam, 
Nieuwe Achtergracht 129,1018 WS Amsterdam, The Netherlands. 
(b) Interfaculty Reactor Institute, Technical University Delft, 
Mekelweg 15,2629 JB Delft, The Netherlands. 

Abstract A molecular "mode" (3) is described containing a nonconjugatively in- 
terconnected array ( %-Dl-Pa) of two potential oneelemon donor (D) moieties 
and a powerful photoacceptor (Pa). In a related "diode" (2) consisting of the array 
D1-Pa excitation of the photoacceptor, Pa, induces charge-separation as detected 
by time resolved microwave conductivity (TRMC) measurements and as evi- 
denced from the observation of charge transfer emission resulting from radiative 
recombination. The latter emission is quenched in the mode 3 indicating occur- 
rence of virtually complete consecutive electron transfer from to D1. Instead 3 
displays a much weaker charge transfer emission at longer wavelength attributed 
to direct radiative recombination from D2 to P, Fluorescence lifetime measure- 
ments and TRMC data show that the recombmarion in 3 is significantly slowed 
down as compared to the shorter range recombination in 2. 

ODUCTION 

Long-range and potentially long-lived photoinduced charge separation could be ob- 
tained via a series of thermodynamically down-hill, short-range electron transfer steps 
along an extended array of redox centres. In the wake of the recent progress1 on the 
structure and function of the natural photosynthetic apparms, this concept has received 
considerable renewed interest. If we limit our attention to systems compriSmg three re- 
dox centres ("modes") already four modes of operation may be envisaged differing 
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32 N.A.C. BAKKER, P.G. WRING,  A.M. BROUWER et al. 

with respect to the position and function of the photoactivated centre. These are sche- 
matized in Scheme 1, where D and A indicate centres whose primury role is electron 
donation and -acceptation respectively, while P is the photoactive centre, that may ei- 
ther act as a primary acceptor (Pa) or donor (Pd). 
Recently much attention has been focussed2 on the synthesis of triodes (and higher or- 
der system$) containing porphyrin derivatives as a Pd unit inspired by the role of this 
type of chromophore in natural photosynthesis. A limited number2b of active type (1) 
triodes was thus realized as well as at least one type (3) system4. Interestingly these 
successful studies were preceded by a few effas596 - including ours - to realize sys- 
tems with a Pa photoreceptor in a type (4) configuration. Since photoactivated electron 
acceptors have found applications in intermolecular electron transport schemes effect- 
ing electron transfer induced photochemiStry7a, and photopolymerization7b, we felt it 
to be of great importance to pursue further the incorporation of such Pa units in multi- 
centre photoactivated electron transport chains. In the present paper we provide the first 
evidence for the feasibility of such a t y p  (4) scheme to achieve long-range charge sep- 
aration with a very high (>!lo%) quantum efficiency. 

RESULTS AND DISCUSS ION 

Choice of the Photoaccep tor 
A type (4) triode, operating in an overall singlet mode. evidently requires Pa to be a 
chromophore that can be excited selectively at longer wavelength than either D1 or D2. 
Furthermore D1 should be a relatively weak electron donor. This not only serves to 
avoid excessive energy wastage in the first charge separation step, but also to allow suf- 
ficient freedom in choosing @ groups that have an oxidation potential low enough to 
make the second step fast and irreversible. These conditions imply that Pa should com- 

bine a relatively long-wavelength absorption with strong ex- 
cited state acceptor propenies. Chromophores which nicely 
fulfil these requirements are constituted by the synthetically 
flexible acceptors that result from reaction of viketonate an- 
ions and various Lewis acids. Compound 1 epitomizes the 
plethora of such acceptors. The one electron reduction poten- 
tial of 1 was determined by cyclic voltammetry to be as low 

as -0.6 V ( vs. SCE in acetonitrile).This characterizes it as a powerful electron acceptor 
already in the ground state, that may be compared8 to e.g. p-benzoquinone (- 0.51V) 
and 1,4-naphthoquinone (- 0.71V). 
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MULTISTEP PHOTOINDUCED ELECTRON TRANSFER 33 
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FIGURE 1 Absorption (-) and fluorescence (- - -) spectrum of 1 in 
ethylacetate. 

TABLE I Electronic emission data for 1 
Fluorescence maximum in nm, quantum yield in 46, lifetime in ps. 

~ 

solvcnt a !l! 1 
di-n-butylether 400 34 778 
diisopropylether 399 20 503 
diethylether 401 34 985 
ethylacetate 403 60 173 1 

As shown in Fig. 1, compound 1 displays strong absorption in the near UV ( Emax 
43000 at 372 nm in ethylacetate) with minor solvent dependence, as well as rather effi- 
cient fluorescence in the visible (see also Table I). 
The first absorption band and the fluorescence of 1 show a near mirror image relation 
typical for systems that undergo little conformational reorganization in the excited state. 
From the position of the mirror point (-395 nm ) an effective % of 3.14 eV is estimat- 
ed. Together with the electrochemical data this sets the effective oxidation potential of 1 
in its S1 excited state at + 2.54 V (rel. to SCE), which implies, that even moderate don- 
or-type molecules should be able to quench the S1 state of 1 via electron transfer. 

A DicdeSvstem 
The high electron accepting power of 1 in 
the excited state is substantiated nicely by 
the behaviour of the bichromophoric mole- 
cule 2, which contains an additional, non- 
conjugatively connected tetra-alkylbenzene 
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unit as a potential electron donor. 
For this molecule the typical structured fluorescence of the acceptor chromophore is 
strongly quenched and an additional broad, longwavelength emission appears, that 
shifts to longer wavelength and diminishes in intensity with increasing solvent polarity 
(see Fig. 2). 

I . =  6 

SOLVEM rnwmcevmm SOLVENT OmMFMn 

A B 
3 + 
VI 
C 

c 
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. ~ -_:_ _-__ '-.___ .._ 
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, - - -____ - - _ _  - _  - - _ _  - - -  
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3 1 5 . 1  5n.m 7 7 5 . 1  515.m 715.w 
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FIGURE 2 Comparison of the fluorescence spectra of 1 and 2 in diisopropylether 
(Fig. 2A) and in diethylether (Fig. 2B), note that in the latter the fluorescence 
intensity of 2 has been multiplied by a factor of five. 

These phenomena are typical for occurrence of rapid photoinduced electron transfer 
populating a polar excited stale that displays charge-transfer type emission (hM as 
schematized in Scheme 2, where hu denotes excitation of the acceptor Pa, hu, its radia- 
tive decay, kl the intramolecular elecaon transfer rate from D to Pa, and h y ,  the radia- 
tive decay of the polar excited state thus populated. The dual fluorescent properties of 2 
provide direct access to the kinetics of these photophysical events. Thus for 2 the struc- 
tured fluorescence of the acceptor is quenched to about 30% and about 10% of the in- 
tensity in 1 in the solvents diisopropylether and diethylether respectively (see Figs. 2A 
and 2B). This implies that charge separation in 2 occurs with 70% resp. 90% efficiency. 
From the known excited state lifetime of 1 (Table I), the charge separation rate constant 
kl in 2 may then be calculated to be 4.6~109 and 9.1~109 s-1 in diisopropylether and 
in diethylether respectively. 
Furthermore the emissive nature of the charge separated state allows us to determine the 
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MULTISTEP PHOTOINDUCED ELECTRON TRANSFER 35 

rate of charge recombination. Thus, using a the detection wavelength at a position be- 
yond the region in which h- occurs, allowed determination of the lifetime of the 
charge transfer fluorescence (hQ. which gave T,-J = 7.5 ns and 3 ns in diisopropylether 
and in diethylether. This implies that the charge recombination in 2 occurs considerably 
slower than the charge separation, which is in line with the larger energy gap involved 
in the former process. This evidently is an impomt  advantage in view of the planned 
extension with an additional redox centre, since it provides a considerable latitude for 
the time window in which further charge separation steps could occur. 
In conclusion system 2 constitutes a bichromophoric unit that fulfils the requirements 
for extension into a type(4) triode and at the same time displays emissive properties ex- 
tremely helpful in kinetic analysis of charge separation and charge recombination dy- 
namics. 

System 3 is the fim type(4) triode now realized on the basis of 1 and 2. It extends 2 with 
a slightly more powerful electron donor (&) unit constituted by a 1.4-dia.kylnaphtha- 
lene moiety. It is of interest to discuss here the driving force for electron transfer from 
~b to the radical cation of D1(= D13  as this'forms the basis for the second part of the 
two-step charge separation intended to occur in type(4) triodes. 
Taking 1,2,4J-teaamethylbcnzne (durene) and 1.4dimethylnaphthalene as models for 
the D1 and % units we estimate from the reported electrochemical oxidation potentials 

CHI 

9 0  

3 

of +1.79 fl and +1.51 VlO(re1. 
to SCE in acetonitrile) a value of 
0.28 eV for the driving force of 
t h e r e a c t i o n b + ~ l + + R + +  
D1. A closely similar value (0.27 
eV) is obtained if we use gas- 
phase ionization potentials11 (du- 
rene Ip=8.05 eV; 1,4diiethyl- 

naphthalene Ip=7.78 eV). Thus the driving force for the electron transfer fiom % to 
Dl+is sufficiently large12 to allow for a virtually barrierless transfer. It should be real- 
ized, however, that the actual situation in the triode is more complex because the hole 
created on D1 during the fim photoinduced electron transfer will stil l  be within the 
Coulomb field of the negative charge created on Pa. Especially in solvents of low die- 
lectric constant this might reduce considerably the driving force of a second electron 
transfer step which increases the charge separation. 
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FIGURE 3 Comparison of the fluorescence spectra of diode 2 and triode 3 
in diisopropylether. Smoothing was applied to the enhanced spectrum of 3. 

As can be seen hom Fig.3, system 3 retains the weak local Pa*+ Pa fluorescence found 
in 2 indicating that - not unexpectedly - the primary charge separation is little modified. 
The swng charge transfer fluortscence displayed by 2 in various low polarity solvents 
(see Fig. 2), however, is fully absent for 3 evidencing that a new and very efficient re- 
laxation pathway has become available for in the latter. which may be identified as a 
virtually quantitative secondary electron transfer from %to D1 (see-Scheme 1). 
Interestingly. in a number of solvents a weak structureless emission is observed for 3 at 
longer wavelength than the (JT emission of 2. Thus. while in diisopropylether 2 displays 
CT emission at 485 nm (2.55 eV). 3 displays a much weaker broad emission at 620 nm 
(2.0 ev) in this solvent (see Fig. 3). We amibute this 'new' emission to radiative relaxa- 
tion of the fully charge separated state involving direct recombination of charge be- 

4-4 2: SCHEME3 
Schematic energy diagram 
for triode system 3 in diiso- 
propylether, rationalizing the 
dual fluorescence and visual- 
izing the effect of reorganiza- 
tion energies. 
Note that a small  barrier has 
been implemented for the 
first charge separation step, 
while the second charge sep- 
aration is assumed to occur 
virtually barrierless in accor- 
dance with the complete ab 
sence of the eventual "diode" 
emission at 485 nm. 
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MULTISTEP PHOTOINDUCED ELECTRON TRANSFER 3 1  

tween the terminal chromophores. The electronic coupling for this recombination is ob- 
viously small, explaining the weakness of the emission, but we note that the observa- 
tion of radiative charge recombination across distances similar to that involved here is 
not without precedent13~14. 
Scheme 3 gives a qualitative representation of the energetics involved in the various 
photophysical processes following excitation of 3 and furthermore extends Scheme 2 by 
also visualizing the effect of nuclear reorganization (both internal and solvent) accom- 
panying the charge migration. In Scheme 3 it has been assumed that the overall reor- 
ganization energy of in the fully charge separated state (12) is larger than that of the in- 
termediate state (Xi). This is in line with the fact that the bathochromic shift of the 
charge transfer fluorescence of 3 relative to 2 of 0.55 eV (in diisopropylether) surpasses 
the difference in oxidation potential of D1 and %. that was estimated to be 0.28 V (see 
above). 

Additional support for this assumption 
comes from the emissive behaviour of the 
bichromophoric diode system 4, that in- 
corporates Pa and in a configuration 
identical to that of Paand D1 in 2. As 
shown in Fig. 4 this molecule displays a 
behaviour qualitatively similar to 2 but 
modified according to the stronger donor 

properties of @. Thus the local emission of Pa is now quenched almost completely, in- 
dicating an enhanced rate of charge separation kl , and the charge transfer emission ap- 
pears at longer wavelength than that of 2, e.g. in diisopropylether at 576 nm a bathoch- 
romic shift of 0.39 eV with respect to 2, comparable to the difference in oxidation po- 
tential of D1 and @, indicating that for 2 and 4 the reorganization energies are similar. 

@.BP 4 

0 go 

6.m M 
NXVEM- 

FIGURE 

I 

4 
Wavelength I n m l  

Comparison of the fluorescence of 1 and 4 in diisopropylether. 
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38 N.A.C. BAKIER, P.G. WERING, A.M. BROUWER et al. 

Lifetime of Charee Separation 
The CT type fluorescence shown by the bichromophoric systems 2 and 4 as well as by 
the nichromophoric system 3 provides a unique opportunity to measure the lifetime of 
the charge separation in these systems from the CT fluorescence lifetimes. 
Table II compiles relevant data as obtained by this technique in a number of solvents. 

TABLE 11 Lifetime of charge separation ( in ns) as determined from 
CT-fluorescence [and TRMC] 

Solvent 2 3 4 
benzene 9[9] 42[46] 21 [22] 
di-n-butylether 7 38 16 
diisopmpylether 7.5 20 13 
diethylether. 3 a) 9 

a) CT fluorescence too weak to measure lifetime. 

While the relatively strong CT fluorescence displayed by 2 allows lifetime measure- 
ments in a variety of solvents, this is more limited for 3. 
In order to obtain an independent check of the viability of the lifetimes thus obtained, 
we have also performed some preliminary measurements with the time resolved micro- 
wave conductivity (TRMC) techniquel5, which allows direct observation of the forma- 
tion and decay of (di)polar species in nondipolar solvents. As can be seen from the data 
compiled in Table II the lifetimes determined from the CT fluorescence and from the 
TRMC measurements show excellent agreement. Furthermore it is evident that exten- 
sion of diode 2 into triode 3 leads to a significant increase of the lifetime of the charge 
separated state. Interestingly the lifetime of charge separation in 4 tends to be larger 
than that in 2. Since the efficiency of the charge separation in 4 also exceeds that in 2 
( compare Fig. 2A and Fig. 4 ) diode 4 appears an amactive system for extension into a 
triode by addition of a more powerful donor as Q. Since the charge separation lifetime 
of 4 extends over many nanoseconds, it appears possible to link this donor by means of 
a much more extended bridge than the simple methylene group employed in 3 without 
loss of the high quantum efficiency of overall charge separation, but with reduction of 
the rate of recombination from to Pa, implying a further significant increase of the 
charge separation lifetime. Synthesis of such systems is now in progress and will be re- 
ported in forthcoming publications. 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

1:
33

 1
9 

Fe
br

ua
ry

 2
01

3 



MULTISTEP PHOTOINDUCED ELECTRON TRANSFER 39 

Syntheses of 1-4 will be described in a separate publication, for all compounds the 
structure was ascertained by NMR spectroscopy and high-resolution mass spectrometric 
determination of the elemental composition. 
Electronic absorption meaSUrements were made on a Hewlett-Packard 8451A diode ar- 
ray spectrometer. Corrected emission spectra were obtained using a SPEX Fluomlog-2 
spectrometer. Fluorescence quantum yields were determined by electronic integration 
of the emission spectra for carefully deoxygenated solutions with an absorption 5 0.2 at 
the excitation wavelength (365 nm) using 9,lOdiphenylanthracene as a reference (0 = 
0.9 in cyclohexanel6). 
Fluorescence lifetimes in the picosecond range were obtained by time correlated single 
photon counting using the equipment described extensively beforel7 (excitation wave- 
length 364 nm). 
For fluorescence lifetimes 2 3ns a set-up was used which employs single-shot decay 
measuremntsl8. The sample solution is excited by the 308 nm pulse (-7 ns fwhm) of a 
Lambda Physik EMG-101 XeCl-excimer laser. The emerging fluorescence is detected 
by an RCA 1p28 photomultiplier, wired for fast response, via a Zeiss MQII monochro- 
mator. The signal of the photomultiplier is fed into a Tektronix 11302 500 MHz oscil- 
loscope triggered by the laser light via a photodiode. A Tekwnix DCSOl camera sys- 
tem is used to digitize the oscilloscope trace, which is then analyzed using a homewrit- 
ten program based on iterative reconvolution. 
Cyclic voltammetry was performed u s ~ g  a glassy carbon working electrode and an 
Ag/AgCVKCl (sat.) reference electrode (-40 mV relative to the saturated calomel elec- 
trode (sce)) in acetoniaile containing 0.1 M tetraethylammonium tetrafluoroborate as a 
supporting electrolyte. 
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