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A&rat&-Thedynamic behavior ofra&aI ion pain in polar solvents has been studied by direeUy observing 
time-resolvaI transient abeorptiou xpeetra ia the pimnd-hundred mumsecond regime and also by 
observing the picosacond laser induwd photocurrent. Fyrene-N.N-d&ethykniline, pyrawq-diq- 
anobcnxenc. pyrenc-tricthylamine excipkx systems and the excited state of pyrene-pyromeUitic dian- 
hydride ekctron donor-acceptor complexes in polar solvents have been examined. It has been clearly 
demonstrated that the rate constant ik, of the charge recombmation deactivation of mdicaI ion pairs shows 
a strong depe&mcc upon the energy gap AC;, (between the ion pair and the neutral ground state) and 
upon the molecular nature of individual electron donor or acaptor ions. The plot of k,vs AGw for the 
chcmkally sin&r x-n excipkx systems as well as singlet excited electron donor+cceptor compkx systems 
studied in this and some t~revious w& showed ckarly the characteristic features of the socalled Marcus 
inverted ngion. 

INTRODUCTION 

It is well known that charge transfer (CT) or eleCtron 
transfer (ET) in the excited state in solution is affected 
strongly by the solvent polarity. ’ Not only the exciplex 
formation process but also the electronic and geo- 
metrical structures of exciplexes seem to be controlled 
by solvent polarity. In considerably or strongly polar 
solvents, formation of solvated ion radicals becomes 
important as a non-radiative deactivation path of 
some typical excipkxes as well as excited EDA (eleo 
tron donoracceptor) complexes in addition to intra- 
complex radiationless transitions to the ground 
state or local triplet state. Details of the behavior of 
the produced radical ion pairs are of crucial import- 
ance as a basis for the studies of a broad range of 
chemical and biological systems such as mechanistic 
organic photochemistry, electrochemistry and photo- 
synthesis. ’ 

In order to elucidate these problems, Q-switched 
ruby laser and N, gas laser photolysis and transient 
absorption as well as transient photoconductivity 
measurements were made on the typical exciplex sys- 
tems and weak EDA complexes in polar solvents, 
which gave some important results especially on the 
relation between the ionic dissociation yield and sol- 
vent polarity as well as the molecular nature of each 
donor and acceptor.* However, because of the low 
time resolution of those previous measurements, some 
of the conclusions were not correct. We need measure- 
ments with higher time resolution including the pico- 
second (ps) regime. 

We are now investigating the mechanisms of pho- 
toinduced ET, charge separation (CS) and charge 
recombination (CR) processes in radical ion pairs by 
means of mode-locked Nd” : YAG ‘(ps) and excimer 
(ns-w) laser photolysis, transient absorption as well 

as fluorescence measurements and also ps laser 
induced photocurren t measurements. 

Roughly speaking, the photoinduced CS processes 
in polar solvents occur by : 

(a) the exciplex type interaction, i.e. the encounter 
collision between excited and ground state molecule 
or 

(b) the excitation of the ground state EDA com- 
plexes. 

Roth (a) and (b) lead to the formation of solvated 
radical ion pairs, which undergo CR deactivation and 
dissociation into free ions. 

In addition to the photoinduced ET. and related 
processes in the above systems with deli&e electron 
donor and acceptor solute molecules, electron ejection 
from the excited solute mokcule into the solvent is 
also a very important primary process in photo- 
chemistry. Ultravidet multiphoton ionization of sol- 
ute or neat liquid under pulsed laser photolysis is a 
rather familiar phenomenon, on the one hand.’ On 
the other hand, we have conhrmed that TMPD 
(N,N,N’,N’-tetramethyl-pphtnylenediaminc) and 
similar low ionization potential diamines in some 
polar solvents undergo ET reaction from the flu- 
orescent state to the surrounding solvent cluster, by 
directly observing the formation of the amine cation- 
solvent anion or solvated electron radical pair with ps 
spectroscopy.’ These radical ion pairs undergo further 
dissociation and deactivation.’ 

In the following, we will show some recent nsuhs 
of our ps and ns laser photolysis investigations on the 
elementary processes of photoinduced CS as well as 
CR mainly in systems of the exciplex type and excited 
EDA complexes in polar solvents and will discuss 
the relevant mechanisms on the basis of theoretical 
considerations. 

6143 





Behavior of radical ion pairs producai by photoinduozd electron transfer in polar solutions 6145 

Ej 
400 5aI 6uo 700 

Wavelength/ rm 

Rg. 1. TimMwolWd tlnnsimt rb8orption spectra of the 
pyrme-TEA system in pyridillc. W] = 0.53 M. The delay 

times from the CxcSting pulse arc indicated. 

in acetonitrik is considerably sharper than in other 
solvents. 

In acetonitrile solution, after the rise of the pyrene 
anion band with rise time r, - 380 ps -1 = 0.53 
M), the absorbance did not show any decay in the ns- 
100 tts regime, and the photocurrent rise time TV < 2 
ns. The quantum yield of the free ion formation esti- 
mated from the absorbance was 0.57. Tha rest&s 
indicate that all geminate ion pairs in acetot+rile 
undergo dissociation’ and the quantum yield of the 
geminate ion pair formation is 0.57. Accordingly, 
rapid CR deactivation will take place in the course of 
ET, to which the destabilization of the ground state 
due to the pyramidal~planar structural change, 
leading to the’ enhamzment of the non-radiative 
deactivation, will contribute. 

In acetone and pyridine solutions of pyrene-TEA, 
however, we can observe the decay of ion absorbance 
in the few ns-lC!.ns regime and the absorbance decay 
time agrees approximately with the rise time of the 
photocunent, Observed results of pyridine solution 
are shown in Fig. 2. These results indicate dearly that 
the CR deactivation of the geminate ion pair can 
compete with its dissociation which has become 
slower in kss polar solvents. It should be noted that, 
contrary to the results of pyrene-DMA and pyrene- 
DCNB, rd - r. in pyrene-TEN system, for which the 
reaction scheme may be given by 

A*+D?(A, a--D:)+A,+D; (2) 

\.A A--.D. 

The fact that such various kinds of geminate ioa pairs 
aaobaervedinthecaaeofpyrara_DMAandpynme- 
DCNBayatemsdomotexistinthepyreee-TEAsystem 
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Fig. 2. The rise and daeay curve of the transient absorbance 
of the pyrme anion band in the 100 ps-a few ns regime (A), 
itsdaxycurveinthe lOnsrcgime(B).andtherisccurveof 
the ps laax induced transient photoaurm t(C)ofthepynxx- 
TEA system in py-ridine. The plateau @on in (B) is due to 

the absorbance of dissociated ions. 

might tx due to the severe restriction of the con- 
formation of the ET state. 

We have observed also considerably smaller free 
ion yield compared to that of the pyrencDMA sys- 
tem when several other ahphatic amines are used as 
electron donors. The yield becomes especially small 
(- 0.1) when ahphatic diamines such as dabco, tetra- 
methykthyknediamine and dimethylpiperaxine are 
used as donors, which indicate that the interaction 
with pyrene responsible for the CR deactivation of 
the ion pair is stronger in the case of these diamines. 
It should be noted here that, although no deactivation 
process from the relaxed geminate ion pair can be 
observed in the pynme-TEA system in aatonitrik, it 
is possible to observe such a process even in aceto- 
nitrile when dabco is used as donor. The initial 
yield of the geminate ion pair of the pyrene-dabc+ 
acetonitrile system was 0.43 and this ion pair under- 
goes the CR deactivation and dissociation with a 
decay time of 140 ps. tinally giving the free ions with 
a quantum yield of 0.1. 

Details of the transient absorption spectral 
measurements of typical exciplex systems in the ps-P 
regime wiI1 be published elsewhere.’ 

In contrast to the above exciplex systems, solvated 
radical ions or geminate ion pairs produced from the 
S, state have hardly been detected in the case of 
porphyrin-quinone intermokcular excipkx systems 
in considerably or strongly polar solvents. We 
have observed transient absorption spectra of non- 
lhtoreacent short-lived (7 - 40 ps) excipkx (contact 
ion pair) of ethyletioporphyrin-toluquinone (TQ) 
and nanoethylporphyrin-TQ systems in benzene 
solution.’ In strongly polar solvents, however, the 
energy gap lAGi, between the ion pair state and the 
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ground state may become considerably smaller due to 
the strong sdvation. Moreover, the strong salvation 
will cause some change in the nature of the ion 
pair state. These etfects of solvation will lead to 
the salvation-induced ultrafast CR .’ .&activation 
(k, z IO” 5 10” s- ‘) of the porphyrinquinone ion 
pair state.‘ In any way, when compared to the ion 
pairs of the typical exciplex systems, this is a remark- 
able cxampk of the dependence of CR rate constant 
upon the energy gap AC’, 

2. Charge recombination &activation and dis- 
sociation processes jbm the excited sing& state of 
EDA complexes 

We discuss here some examples of CR deactivation 
and dissociation processes from the ion pairs formed 
by excitation of ground state EDA complexes in polar 
solvents and dependence of CR deactivation rate con- 
stant k, upon IAGi,( as w&l 86 molecular nature of 
donor and acceptor. 

The ion pairs of TCNB (~,2,4,Qetracyano- 
benzene)-toluene complex in various solvents of 
different polarity show decay over several hundred 
ps-ns regime undergoing the deactivation and dis- 
sociation, le.9 

(A...D)A(A;..*D;)>A,+D:. (3) 

The lifetime r = (k,+kd)-’ of the ion pair decrtajes 
with an increase in solvent polarity, e.g. from 1100 ps 
in octanenitrik to 300 ps in acetonitrile, while the 
dissociation quantum yield 4 = kd(k,+ka increases 
with an incmaae in solvent polarity, 0 = 0.10 in 
octanenitrile and 4 = 0.45 in acetonitrile. b9 There 
fore, both k, and kd increase with an increaae in sol- 
vent polarity, with the larger extent of the increase of 
k, than that of k,. For example, k, = 8.2 x 10’ s- ‘, 
k,==9.1x107s-‘inoctanenitrikandk,=1.8x109 
s- ‘, kd = 1.5 x lo9 s- ’ in acetonitrile. The increase of 
km fan be ascribed to the tim of lAGip( due tO the 
stronger salvation of the ion pair in a more polar 
solvent. 

Contrary to the case of the TCNB-toluene system, 
EDA complexes of PMDA (pyromellitic dianhydride) 
with stronger donors Iike pyrene and DMA do not 
show the formation of the dissociated ions in polar 
solvents. This result is rather similar to that of the 
porphyrin-quinone system in strongty po4a7 solvents. 
In order to elucidate the mechanism underlying this 
behavior of PMDA-strong donor complexes we have 
made transient absorption spectral measwements in 
the ps-1 ns regime. As an exampk, time resolved 
transient absorption spectra of PMDA-pyrene com- 
plex in THF are shown in Fig. 3. The spectra sbow 
characteristic PMDA anion like band immediately 
after excitation with the second harmonic YAG laser 
puke. From the anaIy& of the rise and decay of the 
transient absorbance taking into consideration the 
exciting puke width, the lifetime 7 of the ion pair state 
waaobtainedasfollows:r~ 10, lS,SOand6Oprin 
acetonitrik. acetone, TIiF and ethylaatate, mspect- 
ively. More details of the ps transient absorption as 
well as flllonXaIlce studkaofthissystemwihbepub- 
Ii&d elsew&re.‘o 

Simxk,~ 10’s_‘eveninacetonitrikandbecomes 
much suu&x in a km p&r solver& the observed 7 
valued indicate the ovmwWmingly large k, umqmcd 

600 700 800 900 
W8vel8ngtb I nm 

Fig. 3. Tiiraolvcd tram&t atmoqhn SQbctra of tk 
dngbexcitcd~tc0fthePn4DA~~syBkolinTHF. 

Thcd&ytiamfromtbccxdingpubcareindimkd. 

to k, in PMDA-pyrene ion pair. This result, together 
with that of porphyrin-quinone system, is a striking 
iFpIe of the dependenu of k, upon the energy gap 

d’ view of the salvation induced ultrafast CR 
deactivation of porphyrin-quimme and PMDA- 
pyrene system, without dksociation, part of the pm- 
viously proposed mechanism of ionic photo- 
dissociation from the non-mkxed state of some 
typical excipkx systems and excited EDA com- 
pkxeS* of x-x type’seemc to he incorrec& From the 
results of pll laser phbtdyd8 8tuki Ofpymne-DMA, 
pymne-DCNB, porphyrin-quinone excipkx systems 
and TCNB-toluene as wdl as PMDA-pymne com- 
plexes, it is evident that the relaxed solvated ion pair 
state is of crucial importance in CR deactivation and 
dissociation into free ions in these 8y8tem8. 

However, it should be noted that, in the case of 
the pyrenbTEA system, the CR deactivation in the 
cour+eoftheETprocessbeforetherekxedionpair 
state is formed plays an important role. Ure can 
observe also ultrafast CR deactivation to the ground 
St&C (k, 5 10” s-‘) when pyridine, N,Ndimethyl- 
formamide and dimethylsulfoxide are used as ekc- 
tron donors in the TCNB complex in acetonitrik sol- 
ution, although the 1 AG,,l of these eystems is close to 
or a littk larger than that of the TCNB-toluen~ 
acetonitrik system.’ 

The above results demonstrate ckarly the remark- 
abk energy gap dependence of k, as well as its strong 
dependence upon the mokcular nature of each donor 
or acceptor. 

3. Energy gap dependence of charge recombInarion 
process of produced ion pairs in polar solvents-An 
observation of the Marcus berted regkm. 

The k. valua olmrrve4 tb porphyrin-quinone, 
PMDA+yme, T- fmd P-A 
sytcmsasdiaaadabo~~pbtaad~I~G,pJ 
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to ET in polar solution& the quenching rate constant 
k, shows a steep rise around 

AG, (A’ . ..BoA.f...B$)-O 

and does not show any decrease from the diffusion- 
controLled value ewm in the strongly down-lair region, 
being insensitive to the etxrgy gap AG,.’ We need 
some unihed interpretation for these apparently con- 
tradicting results of photoinduced CS reaction and 
the CR reaction of the produced ion pairs. 

In genial, the ET rate constant W(w in the CS 
and CR reaction can be written by convolution” 

W(aE) = 
I 

OD 
W,‘(AE-E).!?‘(E)& (4) 

-m 

-AGip I rV 

Fig.4.Dcpeadcaoeoft&CRnteauutant~L,uponthe 
eqerly m A&: 1, etJ~ybstioporpbyrin @)-l-Q(A) in ace- 
ume @r&,8); 2,3. PMDA-Pymw in adonhik (2) and 
amtam (3) mcf. lo) : 4-7. TcNBtducae in &Yltonilrik 141. 
aa%& &),-e(6) and a&&rile (7) (Rei. bjf 

8, pyreno-DMA in acetone (Rd. 7). 

whan AIZ is the energy gap between the initial and 
6nal states, and W, includes the square of the matrix 
clement of electronic interaction responsible for ET 
as weIl as the FranckCondon factor due to the intra- 
molecular vibrational modes, while 9’(e) is the 
Franck-Condon factor due to the reorientational 
phonon of the polar solvent surrounding solute. ’ 2 

in Fig. 4. This is a demonstration of the U 
investal region of Marcus.” Moreover, the CR rate 
co0atantinapolarso#ventalsodependsstro&yupon 
the’moltcular nature of the individual electron donor 
or acceptor ions as we have already discussed in pre- 
vious &on.% For ‘exampk, excipkx systems con- 
taining aliphatic amine donors show more e&km 
CR zuaction than the systems’with alkylaniline 
donors, and similar behaviors of TCNB compkxes 
with pyridine, DMSO, DMF compared to that with 
toluene are observed. 

Contrary to this result of the CR reaction of ion 
pairs, in many luminescence quenching reactions due 

By taking into consideration the important fact that 
the reorientational phonon frequency of the polar 
solvent surrounding the charged solute is much larger 
than that surrounding the neutral one, we can explain 
the above difference between the CR and CS 
reaction. I2 Numerical calculations of W by using 
appropriate approximations show that, in strongly 
polar sotvents, the solvent mode apparently refuses 
to contribute to the FranckCondon factor for CR 
reaction. “U Accordingly, the CR rate is determined 
almost exclusively by the intramolecu.ku quantum 
mode and the magnitude of the electronic interaction 
responsible for ET. ‘2’sc This circumstance can be 
understood qualitatively from the schematic potential 
energy surfaces for the solvent mode given in Fig. 5. 
Compared with the case of the CS reaction where 
the activation energy originating from the Franck- 
Condon factor is always small irrespective of the 

initial state 

inithl state 

soht aordinate solvent coordin8te 



energy gap,‘- the solvent phonon mode does not Jqoan 44, 3310 (1971); ‘M. Sbimada, H. Madara and 
play such a role in the CR reaction. N. Mataaa Ibid. 46d. 1903 (19731: ‘H. Masubara. T. Hino 

and N. ?&&a, J. ihys. &em. ‘7b, 994 (1975); iT. Hino, 
H. Akazawa. H. Masubam and N. Mataga, I&i. 80.33 
(1976); *T. Hino, H. Masubara and N. Mitaga, Bull. 
Chem. Sot. Japan 49,394 (1976) ; ‘J. Hinatu, F. Yoabida, 
H. Masuhara ad N. Mataga, Chem. Phys. Lclr. 59, 80 
(1978). 

ExPERIMmTIu 

T*PbeorptiOnrpectroillUUptscvtpalIqfCgiElC 

were nleQlsural,~y means of a microcomputer~ntr0lkd, 
mode-locked Nd” : YAG laser photolysis system.” Tran- 
dent absorption meamremeuta in the 3evcral ns-100 a0 
regime we& made by exciting the sample with the 355 MI ps 
laser pulse and by observing the time protile of the pme 
anion absorbance using the ligllt pulse produeed by focwing 
the ps fluldaal+mtal pulse onto a xc lamp aa a spectfo-ilash. 
Transient absorption spectra in several ten t~9-p regime were 
measured with an excimer laser photolysis system. ” Details 
of the mcasuremcnts of pa laser induced photocurrent were 
given elsewhere.’ Pyrcne and DCNB were purifted by 
repeated rccrystalhzation from ethanol and subsequent 
vacuum sublication. PMDA wax rccryatallimd from ctbyl- 
acetate and sublimated in a vpcuum. Au other cb&cala and 
solvcn~ amc purified by standard method, and all solvents 
were carefully dried. All sample Bolutions for tllc measure- 
ment were dcacrated by repeated frce-pumpthaw cycles. 
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