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In relation to the photoinduced charge separation in the special pair ,of photosynthetic 

reaction center, solvation induced intramolecular electron transfer in the excited state of 

composite system with identical halves have been investigated with.picosecond spectroscopy 

in the case of l,t-dianthrylethanes. The energy gap dependences of charge separation and 

charge recombination in these systems are demonstrated and compared with those of hybrid 

dim& model of metal porphyrins, porphyrin-quinone systems and various aromatic donor- 

acceptor systems. The significance of these results in the understanding vf efficient 

charge separetion in biological reaction center is discussed. 

INTRODUCTION 

In relation to the mechanisms of photoinduced electron transfer (ET) and charge separation 

(CS) processes in biological photosynthetic reaction center (RC), investigations on 

porphyrin-electron acceptor model systems have been made quite extensively.’ 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. 
3 

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 in proteins on which the chromophores are held. In this respect, it will be an 

important problem to examine the photoinduced CS in medel 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 little delocalization 

interaction between cation and anion 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 induced intramolecular CS in the excited state are I.&dianthrylethanes7 and 

[2.2](1.3)pyrenophane(metapyr~ophane).~ According to our previous fluorescence studies, 

these compounds 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 l.Z!-dianthrylethanes (1,2-di(l-anthryl)ethane(l,Z;D(,l-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 porphyrin- 

qoinone systemsla-e'g-i 1f.j 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 were measured by means of a mode-locked Nd3+* .YAG laser ,photolysis system. !0..,;2-Of,_ 

A)E 
7 

and 1,2-D(9-A)E were the same sample as used before. I-Methylanthracene (I-MA) was 

sublimed before use and 92methylanthracene (9-MA) iras recrystallized from ethanol. 

Spectrograde n-hexane, .ethylacetate, acetone- and acetonitrile were,' used without 

purification. Sample solutions of ca; 10m4 M for the'measnrement were deoxygenated by 

freeze-pump-thaw.cycTes or by flushihg with nitrogen gas. 
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RESULTS AND DISCUSSIONS 

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

dianthrylethanes 

l.A. 1.2~D(l-A)E. 

As examples of time-resolved transient absorption spectra of 1,2-D(l-A)E, those in n- 

hexane, ethylacetate and acetonitrile are shown in Figs. 1, 2 and 3, respectively. In Fig. 

4a, S,+S, absorption spectrum of l-MA in n-hexane (at the delay time of 100 ps) and those 

of l-MA anion and l-MA cation in acetonitrile are indicated for the purpose of comparison 

with the spectra in Figs. 1-3. where l-MA anion and cation radicals are produced by 

photoinduced electron transfer from N,N-dimethylaniline to excited l-MA and from excited l- 

MA to p-dicyanobenzene. 
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Fig. 1. Picosecond time-resolved 

transient absorption spectra of 

1.2-D(l-A)E in n-hexane. 

Fig. 2. Picosecond time-resolved 

transient absorption spectra of 

1,2-D(l-A)E in ethylacetate. 
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Fig, 3. Picosecond time-resolved. 

transient absorption spectra of 

1,2-D('&A)E jn acetonitrile. I 
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Fig. 4,.: a. Sn+S1 absorption spectrum 

of l%‘i'n.n-hexane. b. Absorption 

spectrum of l-MA anion radical in 

acetonitrile. c. Absorption spectrum 
".,, . 

of 1-M cation radical in acetonitrile. 

d. Simulation of the observed 

transie,nt absorption spectrum (-_) 

of 1.2-D(l-A)E in acetonitrile at 60 

ps by superposition of the 

in a. b. and c. with least 

method (...*.). 

spectra 

squares 
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The absorption spectrum ,in Fig. 1 et 100 ps is vary similar to Sn+Sr spectrum of. l-MA 

indicated in Fig. 4a. WitQ.increase of delay time. the ‘spectrum changes to,a very broad 

one due to intramolecular exclmer state. We have measured the decay,time ( %d(LE)) of 

fluorescence-.from locally excited (CE) state and rise time(r,C&x)) OS excimer fluorescence 

and have conftrmed that ~~(LE)%r(Ex)*450 ps. which are in an approximate agreement with 

the time constant of the change of transient absorptiqn spectrum_fr?m $n+S,,to the broad 

excimer band as shown>in.Fig. 1. At 500 pss.1 ns delay times,, a remarkable enhancement of 

absorbance in the region longer than 750 nm is observed while this absorbance has decayed 

almost completely at 5 ns. We have confirmed that the exaivar fluorescence shows two 

cpponent decay with ca. 1~~2 ns and 30%40 ns decay times in yarious. solvents examined. 

In rphexane, the decay,tiges have been observed to be ca. 2 ns and 35 ns, respectively. 

The, transient absorption in the waveleegth.region longer than 750 rw\ may: be assigned to 

the short-lived excimqr.and.the absorption.obsarved at,5 ns may be due to the long-lived 

one. These two kinds of excimers seem to have different conformations and the long-lived 

one may have a more symmetrically overlapping structure. In any way, the excimer state is 

formed from the LE excited state by intramolecul.ar diffusional rearrangement of anthracene 

chrwphores in n-hexane solutiop 

In ethylacetate solution, a:,large amount of excimer exists ,already at 100 ps as we can 

see from Fig. 2. With increase of delayttime. rise and decay of the short-lived excimer 

showing characteristic absorption in the.wavelengtt.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 tq the S,,+S, .band of l-MA, which is in ag+ment wtth the 

fact that the decay .time of the.LE fluorescence is approximately the same ,as the rise time 

of the excinter fluor,escence (9700 9s). Therefore, the short-lived qxcimer seems to ba 

produced.by intramolecular 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 e 

slight indication of the intramolecular ion pair formation. Moreover, as it is discussed 

in the .following, we have obsqrvefi clearly vbry,raid.formation of a lar.ge amount of 

intramolecular ion 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 intqnolecular CS followed by a 

small conformation change leading to the.excimer,fomation, This rapid intramqlecular CS 

will.take place inrnediately af@r excitation in the system where two chromophores are close 

to each other already in the ground state (cis or gauch fqrm. for exslllple). The slower 

excimer formation .process in ethylacetaqe p?d dcqtone may be due to the intramolecular 

diffusional rearrangements of the chroptophores which aya.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 very clear at the present stage of 
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investigation:- In any.wayc the-most important observation in 'the present work is the rapid 

photoinduced CS 'between the identical chromophores as discussed below in 'the case" of 

acetonitrile solution. ,t. ./ 

In Fig. 3, a,characteristid broad absorljtion band around 740 nm, can' be observed. 

imnediately after excitation in addition to the absorption band similar to,'the l-t&S,'+ Sl 

band. The observed spectrum*at 60 ps, for example, tan be approximately reproduded by' the 

superposition of the S,,+S, band of l-MA and absorption bands of l-MA anion and' catlon~ 

radicals as shown in Fig. 4d. The results inFig. 3 and 'Fig. 4d indicate that very 'rapid 

photoinduced CS takes place within a few 10 bs. This rapid CS seems to occur in the system 

with two' chromophores. Rleced closely in the ground state as discussed already. ’ Ih 

acetonitrtle solution, ttrong solvation of the ihtramolecular ion pair state will* "prevent, 

such a raid exci'mer formation by a'slight'geometrical change as observed in ethylacetate 

solution, leading to the clear-cut observation-of the ion-pair state in 10 pss100 Rs time 

regions. 

At 1onger"delay times of 100 p8'Qa few ns,'both absorption -bands due to neutral S{ 

(LE) state and ion pair state decay;and excimer state is formed. In the cou'rse 'of the 

excimer formation (slow process), probably the intramolecular CS will take place, which: 

accelerates the excimer formation. This is in accordance with the fact that the decay of 

LE fluorescence as well 'as rise of excimer jca. 4OGps) are faster thanthose in n-hexane 

solution although the viscosity of acetonitrile is'higher than that of n-hexane. 

1.6. 1,2-D(9iA)E. 

Analogous photoinduced ET and excimer formation processes seem to occur also 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 pair'ftate in several 10 pssseveral. 

100 ps regions in the case of acetone and acetonitrile solutions, although its ,absorption 

spectrum is not so prominent as in the case of the l,Q-D(l-A)E in acetonitrile: At any 

rate, the general features of intramolecular ET state and excimer formation ar'e sfmildr to 

the case of 1.2-D(l-A)E. 

2. Energetics of intramolecular Photoinduced tharge separation, charges recombination KR),. 

and excimer formation in l.Edianthrylethanes 

We examine above experimental results on the basis of theoretical 

the energy gap dependences of the photoinduced CS and CR of the ion pair 

similar considerations to the problems of photoinduhd CS and CR .of ion 

dimer' and porphyrin-acceptor systems in the next section. 

considerations on 

state. We" extend 

pair' in porphyrin 

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 Rair state above the ground' state has 

been estimated to be -AGip=2.85 &.7b Since the energy of the LE state is AE(S,)=3.18 eV, 

the energy gap for the photoinduced CS reaction is given by AGit=-0.33 eV. On the basis of 
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the results of,theoretical calculations.oh the energy gap dependence of the CS reaction 

rate.constaet," kCS in 

s-l. 

acetonitrile at -hGit-0.33 eY is estimated t6 be kCS~o"l~lO'" 

This is. in agreement with the fast photoinduced ion pair formation 'observed in 

acetenitrile solutions of 1.2-dianthrylethanes as described above; For the CR reaction to 

the ground state, the experimental as well as theoretical studies 9"1c 

s-l. 

predict kCR407 *lo8 

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 kCR 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. 

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 rategc;;stant as theoretically predicted and observed for many 

aromatic donor-acceptor systems. * 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 dimermodels 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,rrphyrin dimer model compounds which 

we' have investigated by picosecond laser photolysis. In the biological photosynthetic 

RC. the primary photoinduced CS takes.plaee 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 CS 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(I1) (ZnP) combined by 1,3_dioxypropane chain 

with tetratolylporphinato Fe(II1) (Fe(III)PCl) or tetratolylporphinato Mn(II1) 

(Mn(III)PCl), abbreviated as ZnP/Fe(III)PCl and ZnP/Mn(III)PCl, respectively. 

We have confirmed that the strong quenching of ZnP fluorescence in these dimers in 
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dimethylformamide solutfon 4s caused by rapid*,electron transfer from. excited rZnP to" 

Fe(III)PCl or Mn(EII)PCl ,moleties with time constant of 3OW pt. while 'back.-'ET from 

Fe(II)PCl or Mn(II)PCl to ZnP+ in the same systems is much slower; and requires almost 1 ns.. 

On' the mother hand, ,the free energy gaps for the photoinduced ET and ‘back' -ET'. of, these, 

systems are *approximately the same and ca. -AG%l eV; which +ndfca$es that tke,iates of twe 

ET .reactfons should be' approximately the'same according to the usual theory'"of ET 

reaction.'? Ne have interpreted this contradictory result by assuming,tifferent energy'gap 

dependence for these two ET react'lons. on-the basis of our new theory. : 

#Namely, .by taking, into account the fact that the orfentational vibration" (c-mcde) 

fFequency'of'the~ polar sdlvent strongly solvated or coordinated to a charged solute may' be' 

considerably larger than that surrounding a neural solute, rate expresslons'have been gfven 

which give a satisfactory interpretatfon for the dffference. between the energy" gap 

dependences of CS and CR or "charge generation" reaction and "charge annihilation" 

reaction. In this treatment, the Franck-Gondon factor includes the intramolecular 

vibrational modes as well as the solvent c-mode. In addition to the c-mode tn'the first 

solvent layer, effects of outer solvent layer$ where the reorientation freqclendtet 'around, 

charged and neutral solute are the same should be taken into account in general, Hbwever, 

in .the case of,?arge porphyrin molecules, the salvation effect of the outer layer will be 

weak,and we consider*only the effect of strong solvatlon or coordination of the: solvent’ In 

the ftrstlayer to the charged site of porphyrin, : ~ 

This theory predicts that the rate constant of the charge generation reaction2 

Zn*P/Fe(III)PCl or Mn(III)PCkZnP+/Fe(II)PCl or Mn(II)PCl in polar environments will reach 

a maxlmum "of QQ'l s-l 'at -A.67 eV and will.be rather insensitive tc small~changes of 

energy gap,lj"l while the rate constant of the charge annihilating back.ETW,the ground 

state will show a strong energy gap dependence and can take the value of 10 9 -1 
s or smaller 

at -AGW eV fn the inverted region. lj,lld. _ 

Above results'on hybrid dlmers 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 .approxtmately 

the same, the back ET rate can be conslderably smaller than that of -the forward ET. 

Therefore, if the photoinduced CS takes place in the case of porphyrin dWers 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 porphyrins. For example, by using the values of oxidation. 

and reduction potentjals in polar solvents.and excitation energies to S, 'stete, 13 the 

energy gap for the phototnduced ET from S, state seemsto be ca. --0.1%~0,2 eV for 

chlorophylls. bacteriochlorophylls, and pheophyt$nr, while the energy gap between the ,ET 

state and the ground state will be ca. -1.5~;1.6 eV. 

On the basis of the above energy gkp lawslld we have applied to the hybrid:dimers of 

metal porphyrins,'j the photoinduced ET in these dimers with identical halves. ~111 be' 

sufficiently fast (with time constant'of 40 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 



Laser photolysis studies on dimer model systems 4691 

the small Franck-Condon factor. The energy gap relation for the photeinduced ET is more 

favorable for the chlorophyl,l-pheophytin pair, and examination of the model system of 

chlorophyll dfiner combined with pheophyt~n Is a very important problem,'although a very. 

clear-cut dqrect observation with ultrafast laser photolysis does not seem to be available, 

6n the other hand. porphyrir&qu‘inone pairs can undergo also fairly rapid photoinduced 

ET owing to the'appropriate magnitude of'the relevant energy gap,' If the tunneling matrix 

element is not very small: while back ET deactivation in this system is also very rapid in 

general,' especially In pelar solutions. 
lb 

This circumstance is the same also in the case 

of combined systems.'"'e ,This rapid CRtdecay is governed by the Franck-Condon factor for 

this pair.'. In this respectr 'it should be emphasized that, as it has been demonstrated 

already by several groups,' the lifetime of the Intramolecular ET state Sn 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. 

4. Concludina remarks 

Integrating the above described results and discussions on the photoinduced 'ET and 

back ET deactivations in l,&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 multistep process. when electron moved to quinone, very small tunneling matrfx 

element prevent the.CR decay of the ET state. 
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