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Abstract
In relation to the photoinduced charge separation in the special pair .of photesynthetic
reaction center, solvation induced intramolecular electron transfer in the excited state of
composite system with identical halves have been investigated with .picasecond  spectroscopy
in the case .of 1,2-dianthrylethanes. The energy gap dependences of charge separation .and
charge recombination in these systems are demonstrated and compared with those of hybrid
dimeér model - of metal porphyrins, porphyrin-quinone systems and various aromatic donor-~
acceptor systems. The significance of these results in the understanding of efficient
charge separation in biological reaction center is discussed.

INTRODUCTION

In relation to the mechanisms of photoinduced electron transfer (ET) and charge separation
(CS) processes 1in biological photosynthetic reaction center (RC), investigations on
porphyrin-electron acceptor model systems have been made quite extensively.1 On the other
hand, result of the X-ray analysis on the bacterial photosynthetic RC2 shows two-fold
symmetric arrangement of chromophores with the special pair (SP) of bacteriochlorophylls at
center, where the photoinduced ET starts leading to a series of redox processes. In the
SP, two bacteriochlorophyll chromophores interact weakly and the first CS process seems to
take place at SP, leading. from a pair of symmetric neutral chromophores to a cation-anion
pair. : S S ;
Therefore, the first step of .CS in the photoexcited RC.is a symmetry breaking process
due to ET in the SP with identical halves, which might be induced by some environmental
effect 1in proteins on which the chromophores are held... In this respect, it will be an
important problem to examine the photoinduced CS in model systems with identical halves.
However, contrary to the case of the intramolecular exciplex systems where donor and
acceptor are combined with spacers or directly by single bond and photoinduced
intramolecular CS takes place easily.4 clear-cut examples of the systems with identical
halves combined by spacer or directly by single bond are quite scarce.

An example is 9,9'-bianthryl (BA) which undergoes solvation-induced symmetry breaking
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due to the photoinduced intramolecular CS.5 This system has a special conformation where
two anthracene planes are perpendicular to each other due to the steric repulsion. This
special structure keeps the electronic interaction between the two chromophores moderately
weak, which prevents the formation of symmetrical excimer-like state overcoming the driving
force of symmetry breaking by solvation. However, recent picosecond laser photolysis and
accurate time resolved transient absorption spectral measurements show that the
photoinduced CS of BA in polar solvent is not complete but a 1little delocalization
interaction between cation and an+ion pair or some admixture of neutral excited state into
the intramolecular electron transfer state should be taken into consideration.6 This seems
to be a reasonable result because two chromophores are directly combined by single bond
even if this planes are perpendicular to each other in the equilibrium configuration in the
ground state.

Another example with identical halves combined by spacer, which seems to undergo
solvation 1induced intramolecular CS in the excited state are 1,2—d1anthry1ethanes7 and
[2.2](1.3)pyrenophane(metapyrenophéne).8 According to our previous fluorescence studies,
these compourids show an enhancement of intramolecular excimer formation with increase of
solvent polarity.7'8 This result seems to indicate the solvation induced intramolecular CS
in polar solvents, which accelerates a slight conformation change  leading to the excimer
formation. - Therefore, these systems with -identical halves. combined by saturated: carbon-
carbon bonds will be also very interesting as models for the photoinduced CS in the SP of
photosynthetic RC. Actually, we have observed directly by picosecond time-resolved
transient absorption spectral measurements formation of intramolecular electron transfer
(ET) state in the case of 1,2-dianthrylethanes (1,2-=di{1-anthryl)ethane(1,2- D(1—A)E) and
1,2-di(9-anthryl)ethane (1,2-D(9-A)E)) dissolved in polar solvents.

In the following, results of this investigation will be reported and mechanisms of the
photoinduced CS and recombination of the ET state of 1,2-dianthrylethanes will be discussed

in comparison with those of various aromatic electron donor-acceptor pair.4'9

1f.J

porphyrin-
quinone s_ystemsla‘e“g—1 and * some metal porphyrin dimer model compounds. We discuss

here mainly the results of 1,2-D(1-A)E in polar solvents.

" EXPERIMENTAL ’ .

Picosecond time-resolved transient absorption spectra and fluorescence rise and - decay
curves wéré measured by means of a mode-locked Nd3+:YAG laser-photolysis systém.10“1;2—D(1—
A)E and 1,2-D(9-A)E were the same sample as used before. 7 1-Methylanthracene (1-MA) was
sublimed before wuse and 9-methylanthracene (9-MA) “was recrystallized from ethanol.
Spectrograde  n-hexané, ' ‘ethylacetate, ‘acetone- and acetonitrile: were’ used without
parification. Sample: solutions of ca. ‘IO"4 M for the measurement -were deoxygenated by
freeze—pump—thaw cycles or by flushing with n1trogen gas. )
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RESULTS AND DISCUSSIONS

1. Picosecond time-resolved transient absorption and fluorescence measurements on 1,2-

dianthrylethanes

1.A. 1.2—'0(1—A)E.
As examples of time-resolved transient absorption spectra of 1,2-D(1-A)E, those in n-

hexane, ethylacetate and acetonitrile are shown in Figs. 1, 2 and 3, respectively. In Fig.
4a, Sn*-S.I absorption spectrum of‘ 1-MA in n-hexane (at the delay time of 100 ps) and A those
of 1-MA anion and 1-MA cation in acetonitrile are indicated for the purpose of comparison
with the spectra in Figs. 1-3, where 1—MA anion and cation radicals are produc‘ed by
photoinduced electron transfer from N.N—dime‘thy]an'i'l'ine to excited 1-MA and from excited 1-
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Fig. 1. Picosecond time-resolved Fig. 2. Picosecond time-resolved
transient absorption spectra of transient absorption spectra of

1,2-D(1-A)E in n-hexane. 1,2-D(1-A)E in ethylacetate.



(0.05/div.)

Absorbance

" i " i ]

i
500 600 700 8§00

Fig. 3. Picosecond time-resolved .

transient absorption spectra of
1,2-D(-A)E in acetonitrile.

nm

N."MATAGA et al. -

Absorbancé

0.05}

Fig. {3:3. Sn-<-S1 absorption spectrum
of 1-MA in n-hexane. b. Absorption
spectrum of 1-MA anion radical in
acetqpitri]e. ¢. Absorption spectirum
of 1-MA cation radical in acetonitrile,
d. Simulation of the observed
transient absorption spectrum (—)
of 1,2-D(1-A)E in acetonitrile at 60
ps by superposition of the spectra

in a. b. and c. with least squares
method (s»e--).



Laser photolysis studies on dimer model systems 4687

-The -absorption spectrum-in Fig. 1 at 100 ps is very similar to;SﬁvST spectrum of . 1-MA
indicated in Fig. 4a. With.increase of delay time, the spectrum changes to:a very broad
one due to intramolecular excimer state. We have measured the decay-time ( td(LE)) of
fluorescence .from locally excited (LE) state and rise time(t QEx)) of excimer fluorescence
and have confirmed that T (LE)VTF(Ex)’V450 ps. which are. in an approximate agreement with
the time constant of the change of transient absorption spectrum»from,$n+S1Ato"the broad
excimer band as shown.in Fig. 1.. At 500 psv1 ns delay times, a remarkable enhancement of
absofbance in the region longer than 750 nm is observed while this absorbance has decayed
almost . completaly at 5 ns. We have confirmed that the excimer -fluorescence shows two
component . decay with ca. 1+%2 ns and 3040 ns decay times in yarious. solvents examined.
In. .n-hexane, the decay times have been obseryed to be ca. 2 ns and 35 .ns, . respectively.
The transient absorption in.the wavelength.region longer than 750 nm may. be assigned to
the. short-lived. excimer.and the absorption.observed at 5 ns may be due to the 1long-Tived.
one. These two kinds of excimers seem to have different conformations and the long-lived
one may have a more symmqtrical]y,6ver1appiq9 structure. In any way, the excimer state is
formed .from the LE excited state by intramolecular diffusional rearrangement of anthracene
chromophores in n-hexane solution . . . o

In ethylacetate solution, a large amount of .excimer exists-.already at 100 ps as we can
see  from Fig. 2. With increase of delay-time, rise and decay of the short-lived excimer
showing characteristic absorption. in the wavelength region longer than 750 nm can be
observed. The rise of this excimer absorption is in accordance approximately  with the
decay of the absorption similar to thevSﬁ+SIqband of 1-MA, which is in agreement with : the
fact that the decay time of the LE fluorescence is approximately the same as the rise time
of the excimer fluorescence (4700 ps). Therefore, the short-lived excimer seems to be
produced . by intramolecylar diffusional rearrangement of the chromophores and - the - slower
formation process compared with the case-of n-hexane solution may be due to higher
viscosity .of ethylacetate.

In acetone solution, we have observed more enhanced rapid excimer formation and also a
slight dindication of the intramolecular ion pair formation. Moreover, as it is discussed
in. the .following, we have observed c]gar}y very:raid. formation of a large amount of
intramolecular jon pair in acetonitrile solution (Fig.. 3). . These results suggest strongly
that the enhancement of the rapid excimer formation in ethylacetate and acetone compared
with n-hexane . solution is due to the photoinduced rapid intramolecular CS followed by a
small = conformation change leading to the.excimer,formation. This rapid intramolecular CS
will take place immediately after excitation in the system where two chromophores are close
to each other already in the ground state (cis or gauch farm, for example). -The.  slower
excimer formation process in ethylacetate and dcetone may be due to the intramolecular
diffusional rearrangements of the chromophores which are more distant: from each other -
(trans or gauch form) as discussed already. - Whether .intramolecular CS plays some role in
the course of this slow excimer formation is not véry clear at the present stage of
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investigation.- In any way, the most important observation in'thé présent work is the rapid
photoinduced €S ‘between the identical chromophores as discﬁssed below in the casé of
acétonitrile solution, ) : R s - . e

In Fig. 3, ‘a‘characteristic broad absorption band around 740 nm' car be observed
immediately after excitatfon in addition to the absorption band similar to” “the ‘1-MA" S - S1
band. ' The obsérved spectrum'at 60 ps, for example, can be approximate]y reproduced by the"
superposition of the Sn"'S1 band of 1-MA and absorption bands of 1-MA - anion ' and’ cation
radicals as shown in Fig. 4d. The results in'Fig. 3 and Fig. 4d indicate that very ‘rapid
photoinduced (S takes place within & few 10 ps.” This rapid CS seems to ‘occur in the system
with two" chromophores -‘glaced: closely-in the ground state as discussed already. ‘I
acetonitrile solution, $trong solvation of the ihtramolecular ion pair state wilT ‘prevent
such a raid excimer férmation by a ‘s1ight’geometrical change as observed in ethylacetate
solution, leading to the clear-cut observation 'of "the ‘jon-pair state in 10 psn,100 ps  time:
regions. ‘ i : : :

At - longer - 'delay times of 100 ps™a few ns, both absorption bands due to neutral’ ST
(LE) state and fon pair state decay’and excimer state is formed. In the -‘course ‘of = the
excimer formation (slow process), probably the intramolecular CS will take place,  “which
accelerates the excimér formation. This is in dccordance with the fact that the decay of
LE fluorescence as well ‘as rise of excimer ‘(ca. 400'ps) are faster than those in n-hexane
solution although the viscosity of acetonitrile 'is: higher than that of n-hexane.
1.B. 1,2-D(9-A)E. ‘

Analogous ~ photoinduced ET and excimer formation processes seem to occur aléo in the

case of 1,2-D(9-A)E“in polar solvents according to our picosecond laser photolysis studies.
We - have confirmed actually formation of transient ion pairAétate in several 10 ps+< several
100 ps regions in the case of acetone and-acétonitrile solutions, although its :absorption
spectrum s not so prominent as in ‘the case of the 1,2-D(1-A)E in acetonitrile.: At any
rate, the general features of intramolecular ET state and excimer format1on are similar to
the case of 1,2-D(1-A)E. ’

2. Energetics of intramolecular. photoinduced &har rge sepnration, charges recombination (CR)‘
and excimer formation in 1,2-dianthrylethanes k

We examine above experimental results on the basis of theoretical ' considerations on
the energy gap dependences of the photoinduced CS and CR of the ion pair state. We'' extend
similar considerations to the problems of photoinduded CS and CR of ion pair’ 1n porphyrin
dimer' and porphyrin-acceptor systems in the next section. o

By using the oxidation and reduction potentials of anthracene chromophore and by
taking into consideration the coulombic-attraction between cation and anion moieties  in
acetonitrile’ solution, the free energy of ‘the ion pair state above the ground’ state has
been estimated to be —AG;p=2.85 éV.7b' Since the energy of the LE state is AE(S1)=3.18 eV,
the energy gap for the photoinduced CS reaction is given by AG;t--0.33 eV. On the basis of
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the results of :theoretical .calculations oh the energy gap dependence of the €S reaction
rate‘constaat.11 kCS in acetonitrile at -AG;t-O.33 eV is estimated to be kcsaﬂ0314'1010
s_). - This 'is. in agreement with the fast photoinduced jon pair formation ‘observed in
acetonitrile .solution of 1,2-dianthrylethanes-as described above: For the CR reaction- to
the ground state, the experimental as well as theoretical studiesg'11° predict cheﬂ07'b108
5-1. Therefore, contrary to the rapid photoinduced CS, the CR deactivation is much slower.
However, in the case of 1,2-dianthrylethanes, the lifetime of the ion pair state becomes
much shorter than ch due to the conversion to the excimer state. Although the energy of
the excimer state above the ground state is not clear, a rough estimation using the energy
of the -observed: excimer fluorescence and excimer binding energy of 9-MA indicate that . the
excimer. state is rather close to the ion pair state. If the mutual approach of the
chromophores in the present system is prevented by:fixing them by rigid spacer, the
lifetime of the ion pair state may become much longer. s

As described above, results of the picosecond laser photolysis studies on the 1,2-
dianthrylethanes can be reasonably well understood on the basis of the energy gap
dependence of the CS and .CR rate constant as theoretically predicted and observed:for rmény

aromatic donor-acceptor systems.9'11

The present system gives a clear-cut example of the:
intramolecular radical ion pair state formation in the excited composite system with
identical halves, and it should be noted that the CR of the intramolecular ion pair state
is much slower compared with the photoinduced CS, which is very favorable for the efficient
energy. storage.

'

3. On.the photoinduced CS and CR of radical ion pair state in porphyrin dimer-models and
porphyrin-quinone_systems.

In relation to the above results of picosecond laser photolysis studies on 1,2-
dianthrylethanes, we discuss here similar problems in porphyrin dimer model compounds which
we' have investigated by picosecond laser phot.c)lysis.""j .In the 'biological. photosynthetic
RC, the: primary photoinduced CS takes.place between porphyrins, and not between porphyrin
and - quinone. Moreover, compared with the very fast photoinduced CS: among porphyrins, the
CR of the ion pair state seems to be considerably slower in the biological RC, which
enhances = the. (S efficiency. This result  is somewhat similar to that of 1,2-
dianthrylethanes as discussed above in 2.: Therefore, it is very important to elucidate the
dynamics and mechanisms of photoinduced:CS and CR of ion pair state in model systems
containing porphyrins and metal porphyrins. In this respect, we have made picosecond time-
resolved transient absorption as well as .picosecond time-resolved fluorescence studies on
photoinduced electron transfer (ET) in hybrid dimers of porphyrin connected by flexible
covalent. chains, i.e. tetratolylporphinato Zn(II) (ZnP) combined by 1,3-dioxypropane chain
with tetratolylporphinato Fe(III) (Fe(III)PC1) or tetratolylporphinato Mn(III)
(Mn(III)PC1), abbreviated as ZnP/Fe(III)PC1 and ZnP/Mn(III)PC1, respectively.

We have: confirmed.that the strong quenching of ZnP fluorescence in these dimers in
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dimethylformam1de solution 1s - caused 'by rapid.electron transfer from ' excited :ZnP to’
Fe(III)PCY -or Mn(III)PC1 -mofeties with time constant of 30v40.ps, -while :back%“ET- from
Fe(II)PCY or Ma(II)PCY to ZnPt in the same systems is much slower: and requires ‘almost 1 ns.-
On- the -other hand, the free energy gaps for theVphotoinduce& ET andv‘back“fETn of : these
systems are approximately the same and ca. -AG™1 eV; which indicates that the:rates of two.
ET .reactions should be: approximately the same according-to +the usual theory ‘of .ET
react1on.1z We have interpreted this contradictory result by assuming different: energy gap
dependence: for these two ET reactions, on-the basis of our new theary.11 E

‘Namely, "by. taking into account the fact that the orientational - vibration (c-mode)
frequency . of ‘the polar solvent strongly .solvated or coordinated to a charged solute ‘may bé:
considerably larger than that surrounding a neural solute, rate exp?éss1ons“héve been given
 which gtve  .a ‘satisfactory interpretation for the' difference: between the energy" gap
dependences of €S and CR or "charge generation” '.reaction: and "charge annthilation"
reaction. - In . this treatment, . the Franck-Condon  factor includes the intramolecular
vibrational - modes as well as the solvent c-mode. In addition to the c-mode #n-.~the first
solvent - layer, effects of outer solvent layers where the reorientation frequendies . ~around-
_charged and neutral: solute are the same should be taken into account in geheral. = However,
in the case of: Yarge porphyrin molecules, the solvation effect of the outer 1&yer will be
weak ‘and ‘we consider ‘only the effect of strohg solvation or coordination of-the-solvent  in
the first layer to the:charged site of porphyrin. : e Lo

This theory predicts that the rate constant of the charge generation- reaction:
Zn*P/Fe(III)P01 or Mn(III)PC?*ZnP+/Fe(II)PC1 or Mn(II)PC1 in polar environments will reach
a ' maximum. ' of N40?1 s—lfat‘-AG°Nﬂ &V and will be rather insensitive ‘to .smalliichanges of
energy gap.1j'11 while the rate constant of the charge annihilating back:ET 'té the ground:
state will show a strong energy gap dependence and can take the value of 'IO9 s"‘I or smaller
at ~-AG°V] eV in the inverted region.1j'11d i

Above -results on hybrid dimers of metal porphyrins indicate that, even-if:the -energy
gap for the photoinduced: ET and that of the back ET-to the ground state are ‘approximately
the : same, the back ET rate can be considerably smaller than that of the forward ET.
Therefore, if ~the photoinduced CS takes place in the case of porphyrin dimers "with
identical halves, much slower CR to the ground state will be realized owing to the  similar’
energy gap relations between the CS and CR process as in the case of 1,2-dianthrylethanes
or above hybrid dimers of metal porbhyrins.r~For example, by using the values of ‘oxidation.
and reduction potentials in polar solvents and excitation energies to 51 ‘state.13 the
enetgy gap for the  photoinduced ET from S1 state seems to be ca. --0.1~-0,2. eV for
chlorophylls, bacteriochlorophylls, and pheophytins, while the energy gap between the .ET
state and the ground state: will-be ca. -1.5v=1,6 eV. : . :

On the basis of the above energy gap 1aws11d we have abp]ied to the hybrid:dimers -of
metal porphyrins.lj _the  photoinduced ET in these dimers with identical ~halves: will be"
sufficiently fast -(with time constant of A10 ps) if the tunneling matrix element' is not
very small and the back ET-will be very slow (with time constant of several 10 ns) due to
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the small Franck-Condon factor. The enérgy gap relation for the:photoinduced ET -4s  more
favérable for the chlorophyli-pheophytin pair, and examination of the model system of
chlorophyll dimer: ‘combined with pheophytin- is a very important problem, although a very
clear-cut direct: observation with ultrafast laser photolysis does not seem to be available.

'On the othér,hand. porphyrin—-quinone pairs can undergo also fairly rapid photoinduced
ET owing ‘to the appropriate magnitude of the relevant energy 969.1 if the tunneling matrix
element is not very small; while back ET deactivation in this system is also very rapid ~in
general.9 especially in polar solutions.]b This circuinstance is the same also in the case
of combined systems.]c'e -This rapid CR decay is governed by the Franck-Condon factor for
this pair.g‘ In this respect, it should be emphasized that, as it has been demonstrated
L the Tifetime of the intramolecular ET state in the system where
multistep ET seems to be possible is considerably longer than in the system of single step
ET, since the multistep ET will more or less suppress the rapid CR decay of ET state in the
first step. :

already by several groups,

4. Concluding remarks

Integrating the above described results and discussions on the photoinduced  ET and
back ET ' deactivations in 1,2-dianthrylethanes, porphyrin dimers and .porphyrin-quinone
systems, we - can understand very well the crucial importance of -the multistep. ET in
biological photosynthetic reaction center where the very rapid and highly efficient primary
ET takes place among porphyrin dimer and pheophytin and then electron shifts to quinone.
In this maltistep process, when electron moved to:quinone, very small “tunneling matrix
element prevent the CR decay of the ET state.
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