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Photoinduced charge separation (CS) due to electron transfer from 8iat& of zinc porphyrin (ZP) to a
directly linked imide (1) has been studied by means of femtosecond fluorescence up-conversion and
femtoseconépicosecond transient absorption spectral measuremerftaso&scence decay curves of ZP

dyads in various solvents were all single-exponential, from which accurate rate constants for the CS reaction
were obtained. The whole bell-shaped energy-gap law (EGL) has been confirmed unambiguously in polar
solvents tetrahydrofurane, acetonitrile, and triacetin as the first example for CS, which can be reproduced on
the basis of a nonadiabatic mechanism considering solvent reorganization and intrachromophore high-frequency
vibrations pfm) approximated by an averaged single mode. Mainly the top and inverted regions have been
observed in nonpolar solvents cyclohexane and toluene. This result may be ascribed to the large decrease of
the solvent reorganization energy in nonpolar solvents, which causes a large shift in the reaction coordinate
for CS, making the Sstate surface partially embedded in that of the CS state and transforming the EGL for
the CS reaction into one that is somewhat analogous to that of the radiationless transition in the weak-
coupling limit. The single-exponential fluorescence decay in 100 fs and the EGL with both normal and inverted
regions observed in triacetin indicate strongly that very fast solvent relaxation should take place despite the
very longz, of 125 ps at 20C (see the text). Thus, by using specifically designee-Elhked systems, we

have directly demonstrated that both the intramoleduffarand ultrafast solvent relaxation play very important

roles in the ultrafast CS from the, State and that we can regulate its EGL by controlling the nature of the
solvent.

Introduction reactions despite extensive related stui€d213In the case
The dynamics and mechanisms of photoinduced electron of the reaction b_etween the gxcited fluorescer molecule an(_:zl the
transfer (ET) in condensed media are the most important e.Iectron-acceptlng.or -donating quencher molecule for a diffu-
fundamental problems in chemistry and bioldg}® The sional encou_nter in polar solutions, tHQ_s value for the
photoinduced ET reactions are regulated by various factors favorable region of the energy gapAGes is masked by the
including the magnitude of electronic interaction responsible diffusion limit, as shown by the well-known work of Rehm and
for ET between the electron donor (D) and acceptor (A), the Weller (stationary fluorescence-quenching measurements).
free-energy gap between the initial and final states of the ET “True” kesvalues higher than those given by Rehm and Weller
process, interactions with the environment including solvation Were estimated by analyzing the transient effect in the fluores-
dynamics, and the intramolecular vibrations of solutes D and cence-quenching dynamics, which indicated, however, a very
A coupled with the ET process facilitating®it13 broad and rather flakcs versus—AGces relation showing no
Among many features, the energy-gap dependence of ETinverted regiorf:®1213This result can be interpreted in terms
reactions is especially diagnostic in testing ET theories, and oneof the distance distribution between the fluorescer and quencher
puzzling aspect was the lack of unambiguous observation of for the CS process and the increase in the average distance with
the inverted region in the photoinduced charge-separation (CS)an increase ir-AGcs. Namely, a large solvent reorganization
energyls (eq 4) is favorable to keeping the rate constiasy
i ggéeeirt)g?fﬁ;ggoi?tgoers'aﬁr?ﬁ);nt8c]>-f?/IGa?;r?ag?’égénce, Graduate School large for a larger energy gapAGC.S’ qnd a Iarg.e%s. me.ans a
large D-A encounter distance. This distance-distribution effect

of Science, Nagoya University, Furocho, Chikusa-ku, Nagoya 464-8602, i ’ ; )
Japan. makes the observation of the inverted region for the CS reaction
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very difficult.6-91213Therefore, to circumvent the CS distance- effect of the polar solvent relaxations on the very fast photo-

distribution effect, many distance-fixed-2\ molecules includ- induced CS dynamics of 2R in the S state, including the
ing porphyrin (D) and quinone or imide (A) have been prepared problem of its dependence on the solvenor the much faster
and subjected to ultrafast measuremérits;1215-19 Neverthe- solvent relaxation>7.~1) as well as on intramoleculdrfm,

less, it has remained difficult to demonstrate the whole bell- and (e) effects of the temperature and excitation wavelength or
shaped energy-gap dependence including a distinct invertedthe excess vibrational energy on the ultrafast CS from the S

region for the photoinduced CS reaction so far. state of ZP-I and its relation to the EGL of the CS reac-
This difficulty may be ascribed to an insufficient energy gap t|0n_1o,11,2-2',23 _ ' o _
available for the photoinduced CS reaction from thes@te. In addition, concerning the above investigations using the

In this respect, we have attempted to utilize a large energy gapZP—I systems, we should note here that not only the above-
for CS from the $ state of porphyrin toward a directly linked ~ discussed mechanisms of the photoinduced CS but also other
electron acceptor. Some porphyrin derivatives such as ZznDPPmMore or less specific mechanisms are working in the actual
(Zn-5, 15-bis (3, 5-dtert-butylphenyl)-porphyrin) and ZnTPP  photoinduced ET phenomena in the condensed phase. Some
(Zn-tetraphenylporphyrin) show weak fluorescence of a rela- important examples of previous investigations in relation to the
tively long lifetime (~2 ps) from the $ state in competition above-described problems for the photoinduced CS reactions
with internal conversion (IC) to theiSstate, which is very  0of ZP—I systems are briefly summarized below.

favorable for the studies on the ultrafast reaction dynamics from We have investigated the dynamics and mechanisms of
the S state using the femtosecond fluorescence up-conversionphotoinduced ET in solutions with femtosecermicosecond
technique. Moreover, we have made femtosecond fluorescencdaser spectroscopy not only in the case of the inter- and
dynamics measurements on these porphyrins and have elucidatetitramolecular ET by weak doneacceptor interactions in polar
the detailed mechanisms of theis S S; IC and succeeding ~ Solutiond-89123%ut also those by strong interactions where the
ultrafast vibrational redistribution, giving the vibrational states reaction proceeds by excited CT (charge transfer) complex or
mainly near the bottom of ;Sand also various nonrelaxed e€xciplex (EX) formations and subsequent complete CS into ion
vibrational states emitting very weak hot fluoresceffcie the radical pairs (IP}.29123¢33 The photoinduced ET in the case
present study of the CS process from thest@te, we have used  Of strong donoracceptor interactions can also take place in
a series of supramolecular systems where ZnDPP (abbreviatedhe excited hydrogen-bonding complexes between such aromatic
hereafter as ZP) is directly linked at the meso position to the proton donor and acceptor as aminopyrepgridine and
acceptor (a series of imide compounds, abbreviated as 1) so thaPyrenol-pyridine in nonpolar solvents, where the photoinduced
the D—A electronic interaction is strong enough to realize the ET is facilitated by a coupled-proton shift or a transfer in the

CS process to the extent that is sufficient to detect in competition hydrogen bond according to our femtosecepétosecond laser
with the $ — S; IC. spectroscopy studiég?34

However, the solvent relaxation dynamics significantly affects W€ have also elucidated the fact that the EGL for the
the ET proces¥11and we expected the ET process to be limited 'adiationless CR (charge recombination) deactivation of those
by the solvent relaxation time. when the ET dynamics |PS with compact structures (compact IP, CIP) formed by
becomes very fast. However, especially in the case of the €xcitation of the ground-state CT complex is quite different from
excited-state ET reaction, the coupling with intramolecular high- the Marcus parabola and is expressed by the exponential
frequency modeshfm) of the solute molecules appears to decrease of the CR rate constant with an increase in the free-

L . . . ,12,33 i ic i H
facilitate the reaction, leading to a rate considerably larger than €N€rgy gag:*2*3This EGL is isomorphous with the EGL of
7,~110111624 Sych an effect of the coupling with the intramo-  the intramolecular radiationless transition in the weak-coupling
lecularhfmwas indicated to be especially large in the case of “m't-8’12'33’36’37M_0reover, only a small solvent polarity effect
the ET reaction in the barrierless and inverted regii20-24 on the exponential EGL of CIP has been obseffethd exactly
Moreover, it has become clear that ultrafast solvent relaxation e Same EGL has been observed for the CIP adsorbed on porous

in the 10-100 fs regime taking place in a much shorter time glass without solven These results indicate strongly that the
thanz, can produce an ultrafast dynamics Stokes shift of the Intramolecularhfm plays a predominant role and that polar-
fluorescence and accelerate the photoinduced ET in pc)|arsolvent reorganization is not important in the CR of the_CIP.
solvents such as acetonitrile, alcohols, water, et cétefa, ~ Furthermore, the activation energy for CR measured in the
Therefore, both the coupling of the ET process with the "’,‘dsc’”?ed stgte was very snfdilWe present detailed compara-
intramoleculaihfmand the ultrafast solvent relaxatios, ~1) tive discussions of the EGL of CIP and the EGL of the

in some polar solvents seem to be capable of inducing uI'[rafastphom''ﬁ'duceo_I CS reaction Of_ the 2P systems in various
CS reactions in the excited electronic state. solvents of different polarities in Results and Discussion.

In this work, we have made comprehensive investigations
into the most fundamental aspects of photoinduced ET phen-
omena in the condensed phase, which still seem to need further ZP—1 samples were prepared by the condensation of a meso-
elucidation, by utilizing the doneracceptor directly linked aminated porphyrin with appropriate anhydrides or by meso
ZP—1 systems specially designed for such a purpose. Namely, substitution via the one-electron oxidation of a 5,15-diaryl zinc
we have made extensive examinations of the photoinduced CS(1l) porphyrin with an amide anion. Synthetic details will be
processes from the,State of a series of ZP systems to reported elsewher€.X-ray crystallography was performed on
elucidate the following problems: (a) unequivocal observation a RIGAKU-RAXIS imaging plate system. The one-electron
of the whole bell-shaped energy-gap law (EGL) including a oxidation Eo) and reduction Ereg potentials (vs ferrocene/
distinct inverted region, (b) isomorphidfii.2223or the differ- ferrocenium) of ZP-1 samples were measured in DMR,N-
ence between the EGL of photoinduced CS fropnf@ the dimethylformamide) by the cyclic voltammetry method and the
ZP—I| systems and that of the IC in the weak-coupling limit, differential pulse voltammetry method on a ALS electrochemical
(c) modification of the nature of the EGL for the CS from the analyzer model 660 with reference electrode Ag/Agg£lO
S, state of ZP-1 by a change in the nature of the solvent, (d) working electrode Pt, counter electrode Pt, and supporting

Experimental Section
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Figure 1. Structural formulas of the ZnDPP (ZP) and ZPdyads.

electrolyte/solvent BINBF#/DMF 0.1 M. The energy of the ion-
pair state, ZP—I~, in DMF was obtained simply byEy —

Eed). Since the electrochemical measurements in less polar
solvents such as THF were not very reproducible, we used the
redox potentials in DMF for the estimation of the energy level
of the ion-pair states as described in the text.

The measurements of the fluorescence decay dynamics were
made on a fluorescence up-conversion apparatus similar to that
described elsewhef@put the fwhm of the instrumental response
was improved to 110 fs. Transient absorption spectra of the
ZP*(S)—l and ZP"—I|~ states of several ZR dyads were taken
with the femtoseconepicosecond laser photolysis apparatus
described elsewheré.

All of the solvents used in this work (acetonitrile (ACN),
triacetin (GTA), tetrahydrofurane (THF), toluene (Tol), and -
cyclohexane (CH)) were spectro or GC grade. A sample solution Figure 2. X-ray crystal structure of ZPPH. The hydrogen atoms are
in an optical cell with a 2-mm path length was stirred by using omitted for clarity.

a micro magnetic stirring bar during the measurements. By

comparison of the absorption spectra before and after thesame chemical shifts throughout the series, indicating the similar
measurements, it has been confirmed that the photodecompofperpendicular conformation of the imide acceptor moiety with
sition of ZP—I systems is negligibly small during the measure- respect to the porphyrin plane.

ments. For the measurements of temperature effects on fluo- The absorption spectra of 2P dyads (Supporting Informa-
rescence dynamics in THF and Tol solutions, an optical cell tion 4) indicate that the excitation energy of the ZPs&te is
containing the sample solution was set in a quartz Dewar with practically the same~2.9 eV) throughout the series, and there
optical flat windows, and the temperature was controlled with s no extra absorption band due to charge transfer (CT) as
a cold nitrogen gas stream. The observed fluorescence rise angbserved for the directly linked porphyrimuinone systenté18
decay curves were deconvoluted with the instrumental responsein, the neighborhood of the;Sransition. The peak position of
function. Steady-state absorption spectra were recorded on ahe Soret band of the ZA dyads is only slightly red shifted
SIMADZU UV-3100PC UV-vis—NIR scanning spectropho-  from that of free ZP and is at almost the same position as that

—+——— Phthalimide

tometer. of 5,10,15-tris(3,5-diert-butylphenyl)-Zn-porphyrin (ZnAP).
) ) These results indicate a rather weak M electronic interaction
Results and Discussion in ZP—1 systems despite their directly linked structure. Such

ZP—1 Dyads. Structural formulas of ZPI dyads are shown ~ "éduced electronic coupling in ZR may be ascribed to the
in Figure 1. Several properties of ZiPthat are important in ~ n€arly perpendicular conformation of the imide acceptor moiety
understanding the ET dynamics are described here. Figure 2aS revealed by X-ray crystallography (Figure 2 and Supporting
(see also Supporting Information 1) shows the X-ray crystal Informa.tlon 1). We haye further confirmed that the fluorgscence
structure of ZP-PH in which the phthalimide acceptor is held ~decay time of ZnAs in the $ state ¢-2.33 ps) is practically
nearly perpendicular to the porphyrin plane with a dihedral angle the same as that of the reference Zp=< 2.25 ps). Therefore,
of 88. Similar perpendicular structures have been also obtainedOne can safely evaluate the CS rate consta) (n the S state
for ZP—MePH and ZP-Cl,PH by X-ray crystallography (Sup-  from the relationkes = 7 ~* — 7o™".
porting Information 2 and 3). In théH NMR spectra, the3 Evaluation of the Free-Energy Gap AGcs) for the CS
protons adjacent to the acceptor moiety appear at nearly theReaction from the S State of ZP—I Dyads. We have used
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Figure 3 (cont'd). Fluorescence decay curves of ZP and-ZRxcited at 405 nm and monitored at 430 nm at°20 Observed fluorescence rise
and decay®) and simulation with a single-exponential function taking into account the apparatus respgnSelyents: (a) ACN, (b) GTA, (c)
THF, (d) Tol, (e) CH.

the following equations based on the continuum approximation estimate—AGcs values for a series of BA systems in a given

for solvents, where\AE(S) is the energy gap between 8nd

S of ZP, Eox andEeq are, respectively, one-electron oxidation
and reduction potentials of ZP and | in DMFAGcr is the
free-energy gap for the charge recombination (CR) of the
intramolecular IP state ZP-1~ in the various solvents used
here, andAGs is the correction term that includes the effects
of the solvent polarity and the Coulombic interaction energy
between ZP and I.

—AGcs = AE(S) + AGcg @
—AGr=E,, — E 4+ AGq (2
S S N T S A -

AGs=e (ZrD o A)(es er) ey 3)

In eq 3,r is the center-to-center distance between ZP angl |,
andrp are the effective radii of the ZPand I~ ions taken to be

5 and 3.5 A (1,8/4,5-naphthalene tetracarboxylic diimide,
pyromellitimide) a 3 A (phthalimide derivatives), respectively,
¢ is the dielectric constant of the solvent in whigky andEeq
have been determined (DMF), aagds that of the solvent used
for the fluorescence dynamics measurements.

In some cases of the photoinduced CS in thatSte of the
D—A supramolecular systems, it is possible to estimatescs
experimentally on the basis of the relationshiphGcs = RT
In(kcgk—cs) in which k_cs is the rate constant of the reverse
process of the photoinduced CS and is determined by measur
ments of the biphasic fluorescence dynamics of thet&el>19
With this —AGcs value and the observed valuesAXE(S), Eox,
andEeg One can determinAGs experimentally and use it to

solventl5190

In the present systems, however, observation of the delayed
S, fluorescence was not possible, probably because of the rapid
deactivation of the CS state to lower states. Therefore, we must
use eq 3 for the evaluation &fGs. In the case of polar solvents
THF and ACN, this is a reasonable approximation and has given
satisfactory results in many cases according to previous
studiesta28.12.1%owever, in the case of the less polar or almost
nonpolar solvents, this approximation seems to gi@ values
that are too largé Therefore, we have corrected th&s values
in Tol and CH solutions, taking into consideration the experi-
mentally obtained values in the, State for the porphyrin
quinoné® and zine-porphyrin-free-base porphyrii® dyad
systems in benzene solution. Namely, the calculategd values
for Tol solution have been decreased by 0.35 eV to make them
approximately equal to the experimentally determined values
of those system®:1% For the CH solution, however, it is
difficult to get an appropriate experimental value &Gs. In
the kcs versus—AGcs plot for CH solution in Figure 4, we
have arbitrarily shifted the-AGcs values by 0.3 eV to the
positive side.

Similar circumstances also prevail in the case of the solvent
reorganization energyls given by eq 4 in the continuum
approximation:

A= e2(
e_

The s values for the photoinduced ET reaction of B dyads
in benzene (Bz) and Tol solutions calculated with eq 4 are
negligibly small because the optical dielectric constants

1
2ry

(4)
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very close to the static dielectric constanin these solvents.
Nevertheless]s values estimated to reproduce the obseked
versus—AGcs relation in the $state and the CR rate constant
kcr versus—AGcr relation in the product IP state of porphysin
quinoné® and zine-porphyrin-free-base porphyrii®dyads in
Bz and Tol solutions by means of the well-known eq 5 of
Ulstrup and Jortneft! also taking into consideration the effect
of the intramoleculahfm, are considerably larger (0.18 &V
and 0.35 eV® than the calculated values with eq 4.

Ko = (n/hzxsanl’zvzz(e*S(S“/n!)) exp{ —(AG + A +
B DY424eT) (5)

whereV is the D-A electronic-tunneling matrix elemerf,=
AIAldTis the electror-vibration coupling constant, ant, is
the reorganization energy associated with the averaged angulal
frequencylawof the hfm

Largelsvalues in these almost nonpolar or only weakly polar
solvents mean that there is a sizable sehs®lvent polarization
interaction in the course of the ET reaction. Actually, the large
solvent reorganization enertpjin Bz solution was interpreted
by sophisticated theori#son the fundamental aspects of the
solute-solvent interactions or by the interaction of the solute
with the quadrupole moment of solvent BZSuch specific inter-
actions between the excited solute and the “nondipolar” solvent

Mataga et al.
1013 5
8.
41 AN
o . g« A N
K . NN
B2 SO
x N Y
12 ‘\\ N
107 R
6.
-I T T T
0.0 0.5 1.0 1.5
-AG4(eV)
10138__
6. SGB‘*NE‘_\ »* oo
] )
4 o .
- 1 N N
o . .
3 2 AN '
x \ \
\\ .
12 | \
10 o] 5
6-
-I T T T
0.0 0.5 1.0 1.5
-AG4(eV)

Figure 4. Observed<s vs —AGcs relations in various solvents. The

are considered to lead to an anomalously large fluorescenceqyqyted fines are shown to guide the eye. Solvents: OH Tol (a),

Stokes shift by solvent reorganization, which was observed in
the seminal works of fluorescence solvatochromism in 1985,

Another problem concerning the evaluation-eAGesis that
of the polar viscous solvent GTA. The observedvalue of
GTA was reported many years ago to be 7.11 (&t@3¢ which
is slightly smaller than that of THF{8). However, the absorp-
tion spectral shift of a very polar soluté(30)) in GTA sug-
gests that its polarity is between that of THF and AEN.
Presumably, th&r(30) value may better represent the property
of GTA as the microscopic environment surrounding the solute
molecule. Moreover, as we discuss later in this article, the S
fluorescence decay dynamics of ZPin GTA is very similar
to that in THF and ACN. Therefore, solvent reorganization
associated with the CS process from thefited state in GTA
seems to take place very rapidly (within the-11DO-fs regime)
despite its very long, (~125 ps)?! In view of these results, it
may be reasonable to use a larggvalue than 7.11 for GTA
in the present studies of the ultrafast CS dynamics from the S
excited state.

To estimate such & value for GTA, we tried the following
procedures. In the previous stdélpf the electron transfer within
the excited CT complex of TCNE (tetracyanoethylendMB
(hexamethylbenzene) in various solvents including THF, GTA
and ACN, s values were obtained on the basis of the fits to
the CT absorption spectra. We have compared the valde of
(ZP—1) calculated from eq 4 with the experimental value of

THF (©O), GTA (»), and ACN @®). —AGcs values in GTA were
evaluated withe(GTA) ~ 17.5

ACN, GTA, Tol, and CH at 20°C are shown in Figure 3.
Although the measurements of the fluorescence decay dynamics
of ZP—PH and ZP in GTA were not possible because of their
poor solubility, the observed decay times of the other compounds
in GTA were very close to those measured in THF and ACN.
Therefore, we assumed the samevalue for GTA solution as
that of the THF solution. Most of the fluorescence decays of
ZP—1 were very rapid and were completed in 100-fs regime,
and it is remarkable that all of the decays can be reproduced
satisfactorily by a single-exponential function despite the wide
range in solvent polarities, viscosities, and available energy gaps
associated with CS.

In the present study, the solvent relaxation timgsare
considerably different from each other (i.e., 0.1 ps (ACN), 0.5
ps (THF), and 125 ps (GTA) at ca. 2G292149 where ther,
of viscous GTA is especially large. In rapid ET reactions with
time constants of ca. 0-11 ps, the solvent relaxation often poses
a rate-determining step. Nevertheless, the fluorescence decay
times in GTA are very close to those observed in ACN and
THF, and the fluorescence decay dynamics in GTA is unam-
biguously single-exponential without any indication of multi-
exponential or nonexponential decays due to the ET at various
solvation states along the slow solvation coordinate, as indicated

As(CT complex) in the same solvent and have obtained the sameby the Sumi-Marcus-type model$20.21.28,50

value for the ratioy = [A(ZP—1)/A(CT complex)]= 4.6 in
both THF and ACN. We have assumed the same valug fior
GTA and have obtainedy(ZP—I) ~ 0.78 eV, from whiches

(GTA) has been estimated to be 17.5 assuming ¢bat 2.

With this €5 value, the—AGs and —AGcs values for the ZP|

systems in GTA have been estimated.

Fluorescence Decay Dynamics of ZPI Dyads. For all
ZP—| dyads, very weak Sluorescence emission was commonly
observed in the same 42@50-nm wavelength region. Ultrafast
S, fluorescence decays of 2P dyads and reference ZP in THF,

Fluorescence decay curves in slightly polar Tol and nonpolar
CH solutions are similar to those in polar solutions. However,
as shown in Figure 4, the indication of the normal region was
very slight in Tol and CH solutions, whereas both the normal
and inverted regions can be clearly observed in polar solvents
THF, GTA, and ACN.

The ultrafast nature of the CS reactions from thestate of
these ZP-I systems and especially the above results of the ultra-
fast fluorescence dynamics due to the CS reaction in viscous
GTA with a long solvation timer suggest the important role
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Figure 5. Time-resolved transient absorption spectra of- BPin THF.

(a) Time-resolved spectra in the 40050-nm region exhibiting the
characteristic P1band at 710 nm. (b) Absorbance rise and decay curve
at 710 nm.

of coupling in the CS process with intramolecutdm, which
facilitates the reactiot?11.26-22 However, as discussed later in
this article, one cannot simply ascribe the mechanism of the
ultrafast CS in GTA only to the coupling with the intramolecular
hfm

Time-Resolved Transient Absorption Spectral Measure-
ments.To confirm that the observed ultrafast fluorescence decay
of ZP—I systems in the 100-fs regime is truly due to the ultrafast
CS reaction from the Sstate, we have examined the time-
resolved transient absorption spectra of severatZ&/stems
with the femtosecondpicosecond laser-photolysis apparats.
A typical example of the time-resolved spectra of-Z® in
THF solution is shown in Figure 5a, which shows the
characteristic band due to the™Pbn of the ion-pair state at
710 nm and bleaching at 550 nm immediately aftee)&itation,
providing firm evidence for the occurrence of CS. The time-

J. Phys. Chem. A, Vol. 106, No. 51, 2002197

dependent absorbance rise and decay curve at 710 nm is
indicated in Figure 5b.

The transient absorption band of Riround 710 nm showed
an ultrafast rise due to CS within ca. 200 fs (with a rate constant
of ~5 x 10'%71). Immediately after the rise, the absorption
band of P was considerably broad and became sharpened and
red-shifted within ca. 1 ps, producing an additional slower-rise
component with an apparent rate constant-af0 x 102 s™1,
and the absorbance decayed with a rate constanrt70® x
10'° s, These spectral changes may be ascribed to the
following processes. The ultrafast CS from thestate produces
the ZP"—PI~ state with a large excess vibrational energy, which
undergoes ultrafast vibrational redistribution, leading to the
relaxed ZP—PI~ state exhibiting slightly sharpened and red-
shifted spectra. The vibrationally relaxed ZPPI~ state
undergoes charge recombination decay to the ground state. The
absorption band of Plin the relaxed ion-pair state is still
broader than that of electrochemically generated®PThis may
be ascribed to a positive charge of Zproximate to Pt. Thus,
the faster rise at 710 nm with a rate constant of 5.00'% s™*
should correspond to the CS reaction from thg s$ate
immediately after excitation (i.ekcs = 5.0 x 102 s71). By
means of similar analyses of transient absorption spektea,
values for ZP-NI and ZP-MePH were estimated to be 9:5
10" s 1and 3.5x 102s71, respectively. Thedesvalues agree
satisfactorily with those obtained by fluorescence up-conversion
studies, as shown later.

Dependencies of thécs Values on the Excess Vibrational
Energies in the Initial State and on the Temperature.We
have examined the effect of the excess vibrational energy in
the initial state (& upon the ET dynamics of ZP systems.

We have measured fluorescence decay dynamics both by
excitation at 405 nm near the blue edge and at 425 nm near the
red edge of the Soret band and have compared the obtaiged
values. We have examined both THF and Tol solutions. In both
solutions, thekcs value obtained by blue-edge excitation was
rather close to that obtained by red-edge excitation, which seems
to be in agreement with the results of previous theoretical studies
predicting a weak excess vibrational-energy dependence of
photoinduced ET reactiots!?in the activationless (top) and
inverted regions. Although the EGL of the CS reaction from
the S state of ZP-1 systems shows the top and inverted regions
with a slight indication of the normal region in Tol, the EGL in
THF solution shows the distinct normal region, as indicated in
Figure 4. Nevertheless, this normal region is rather close to the
top region, and the activation barrier for the ET may be small,
leading to the rather small effect of the excess vibrational energy.
Another possibility for the small effect of the excess vibrational
energy on the observeds might be the ultrafast vibrational
redistribution following the excitation to the hot State leading

to the vibrational state near the bottom of 8om which the

ET takes place in the case of the normal region in THF.

We have also examined the temperature dependencies of
in THF solutions for ZP-MePH in the normal region, ZP
Cl4PH in the top region, and ZPNI in the inverted region by
lowering the temperature from 20 t680 °C, where the solvent
remains in liquid phase. We have also examined the temperature
dependence ofcs for ZP—MePH in Tol solution, where the
EGL of the CS reaction shows only a slight indication of the
normal region. The results of these investigations have indicated
that the effects of temperature lowering on tkg are not
significant, which seems to originate from the same mecha-
nismt®11as the weak dependencekgf on the excess vibrational
energy in the initial state of the ET reaction, as described above.
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Figure 6. Energy-gap dependencieslek and simulations with eq 5

at 20°C (lines). Numerical values of parameters used in the simulation
are shown in Table 1. Solvents: Tah), THF (O), GTA (a), and
ACN (®). Numbers of ZP-I: (1) ZP—MePH, @) ZP—PH, () ZP—
CIPH, @) ZP-CI,PH, &) ZP—CI4PH, (6) ZP—PI, and {) ZP—NI.
—AGcsVvalues in GTA were evaluated witg(GTA) ~ 17.5 (a, c) and
e(GTA) =~ 7.1 (b).

Nevertheless, thkcs value of ZP-NI is practically unchanged
by the temperature lowering from 20 t680 °C, whereas the
kcs values of the other systems, ZRePH and ZP-Cl4PH,

Mataga et al.

TABLE 1: Parameter Values in the Global Fitting with
Equation 5 Corresponding to Figure 6a-c

(a) —AGcs Values in GTA Evaluated withg(GTA) ~ 17.5

solvent VieV AleVv AdeV hlb eV
THF 0.022 0.33 0.56 0.15
GTA 0.022 0.33 0.70 0.15
ACN 0.022 0.33 0.77 0.15
(b) —AGcs Values in GTA Evaluated with(GTA) ~ 7.1
solvent VieV AJdeV AdeV hilbleV
THF 0.022 0.36 0.52 0.15
GTA 0.022 0.36 0.50 0.15
ACN 0.022 0.36 0.73 0.15
(c) —AGcs Values in GTA Evaluated with(GTA) ~ 17.5
solvent VieV AleV AdeV hlbleV
Tol 0.023 0.40 0.15 0.17
THF 0.023 0.40 0.50 0.17
GTA 0.023 0.40 0.64 0.17
ACN 0.023 0.40 0.70 0.17

kcs Versus —AGcs Relations in Solutions of Different
Polarities. In Figure 4, the obtainedcs values of ZP-I
compounds are plotted againsiGcs. Because the empirical
method for the estimation of AG¢s values is not possible in
the present case, the absolute values AfGcs used here were
corrected on the basis of the empirical values obtained for the
CS in the $ state of the similar porphyriracceptor systems:19
The relative values of AG¢s corresponding to different ZP1
systems in the same solvent may be given reasonably well. The
relative shift of the—AGcs values from one solvent to another
depending on the solvent polarity may also be given reasonably
well for Tol, THF, and ACN but may be less reliable for CH.
The estimation of the-AGcs values for GTA seems to be a
little complex. In Figure 4, the-AGcs values for the GTA
solvent were calculated by assuming thgds 17.5, which was
estimated by the procedure described in Evaluation of the Free-
Energy Gap {AGcg). If we evaluate—AGcs by usinges ~
7.11%6 then thekcs versus—AGcs relation in GTA becomes
very close to that of THF solution (as shown in Figure 6b). In
any case, the inverted region in the EGL for the photoinduced
CS reaction of the distance-fixed dor@cceptor dyads has
been unequivocally observed for the first time in this work.

We have tried to reproduce the present results with eq 5, as
shown in Figure 6 and Table 1. In this simulation, we first
examined the observed results in polar solvents THF, GTA, and
ACN. We have assumed that the values of paramétens)

Ay, @and 'V do not depend on the solvent because they are
quantities proper to the solute molecule. Therefore, we have
allowed these parameters to vary but under the condition that
each of them has the same value in the three different solvents.
The residual parametég was allowed to vary. The temperature
was fixed at 20°C, at which the measurements have been made.
The lines in Figure 6a are the results of this global fitting
procedure. The observdds versus—AGcs relations in polar
solvents THF, GTA, and ACN can be reasonably well repro-
duced by the simulated curves. The parameter values sum-
marized in Table 1a and b are close to those obtained in the

showed a small decrease from the temperature lowering. Sinceprevious simulations of photoinduced ET reactions of porphy-

the CS reaction from the,Sstate of ZP-NI is deep in the

rin—acceptor supramolecular systéfi$16.19n polar solvents

inverted regime of the EGL, the potential energy surface of the such as THF and ACN, except thdtis a little larger because
S, state may be considerably embedded in that of the CS state of the stronger B-A electronic interaction owing to the direct
where the CS might take place predominantly coupled with the bonding without a spacer. In Figure 6a and Table-1AGcs

intramoleculahfmand might not be affected by the temperature
change from 20 te-80 °C.

for the GTA solvent was estimated, assuming ¢healue to
be 17.5. We have also examined the energy-gap dependencies
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4 A intramolecular IC in the weak-coupling linit;3>36which shows

the exponential energy-gap dependence. In such case, the
energy-gap law cannot be described by eq 5 with a sihfyte
approximation; a multimode approximation seems neces-
sary112223Qur present studies on the ultrafast photoinduced

ZP(S,)"-1 ZP(S,)"-1

ZP’W“ ZP-MePH CS from the g state of ZP-1 systems in several solvents of
% w8 different polarities seem to suggest such a change in the EGL
g g ZP-NI caused by changes in the solvent reorganization energy as well

as the contribution of intramoleculafm In this respect, there
is quite a different solvent effect on the EGL of the CR (charge
recombination) reaction of the CIP (compact ion pair) produced
by photoexcitation of the ground-state CT complex in solu-
tion®12:30.3%rom that of the CS reaction of the State of ZP-I
systems studied here.
Reaction Coordinate (Solvent Reorganization) In the case of the CIP formed by excitation of CT Complex-

(a) (b) es between aromatic hydrocarbons and various electron accep-
Figure 7. Schematic diagrams for the crossing between free-energy tors su_ch as tetracyanobenzene, tetracyanoethylene, phthalic
surfaces for ZP(§*—I and ZP —I~ states. (a) In nonpolar or only anhydrldgs, et cetera, the EGL of the rate cqnskaﬁtqf the
slightly polar solvents (CH and Tol). (b) In polar solvents (THF, GTA, CR reaction of CIP can be reproduced satisfactorily by eq
and ACN). These are drastically simplified 1D reaction-coordinate 6.81230.33
diagrams. Nevertheless, they show thatfor the results in Figure 4 only
a slight indication of the normal region in addition to the top and Ker = 0 exp(—p|AGgR]) (6)
inverted regions is observed in nonpolar solvents, whereas the whole

normal, top, and inverted regions are detectable in polar solvents.  Thijs simple equation for the exponential decreaskcgfwith
an increase of the energy gafAGcr is isomorphous with the

of ks in these polar solvents, assuming theof GTA to be equation of the rate constant of the intramolecular radiationless
7.11. Results of the latter simulations are indicated in Figure transition in the weak-coupling lim#37 On the basis of the
6b and Table 1b. previous theoretical treatment of the radiationless transition, it

It is well known that, for the electron-transfer reaction in polar is possible to give an approximate equation for the energy-gap
solvents, the solvent reorganization in the course of transfer dependence dicr (eq 7)36
plays the important role of the reaction coordinate and gives
the activation free energyld + AG)%4is according to the ker = C exp[~({y}{hwy)|AGcRI}] (7)
classical Marcus equatidrhe fast relaxation of a polar solvent
compared with the microscopic ET rate is responsible for the v = IN(AGeRI/Syfwy) — 1 (7a)
existence of a small activation barrier in the photoinduced CS S, = ZS (7b)
reaction of the present dyad systems, which gives the normal ]
region in the EGL ofkcs for the series ZPMePH, ZP-PH,
ZP—CIPH, ZP-Cl,PH in THF, GTA, and ACN (Figures 4, 6, wy = Zqu/Z§ (7¢)
and 7b). However, in nonpolar or only slightly polar solvents ] ]
such as CH and Tol, one can recognize only a slight indication 1 5
of the normal-region-type EGL as shown in Figure 4. The reason § = 5MR)(AQ) (7d)
for this may be ascribed to the much smaller solvent reorganiza-

tion energies compared with those of the polar solvents as shownyhere the facto€ represents mainly the contribution from the

schematically in Figure 7a, which indicates that the EGL for electronic coupling term between the excited and ground states.

these dyads in less polar or nonpolar solvents becomesThe term—(y/hw v)|AGcr| arises from the energy release into

somewhat similar to that of the intramolecular radiationless acceptor modes in the CH> ground-state transitiorgy and

transition in the weak-coupling limi¢.12223537We have tried (), are average quantities for electrevibrational coupling

to extend our simulation of the observigs versus—AGcs constants and angular frequencies of the quantum modes,

relation with eq 5 to the Tol solution. In this case, we have respectively, where contributions from individual acceptor

again assumed that the parametéas’]1,, andV do not depend modesj are given by egs 7b and 7c. Tigis given by eq 7d

on the solvent. The lines in Figure 6¢c show the results of the as a function of the equilibrium displacement§);, andM; is

global fitting, and the estimated parameters are summarized inthe reduced mass for the vibration.

Table 1c. In general, the right-hand side of eq 6 should contain the
In Figure 6c, the observed results in polar solvents THF, term due to the solvent reorganization because both intramo-

GTA, and ACN are reasonably well reproduced by the simula- lecular modes and solvent modes are important. Nevertheless,

tion with eq 5. However, the results of the simulation for theTol it has been confirmed that the solvent polarity and solvent

solution are not satisfactory. This means that the EGL underlying reorganization do not affect the obsenkeg ~ —AGcg relations

the observedics versus—AGcsrelation in Tol andCH solutions  for the CIP in solution, and even for the CIP in the adsorbed

is a little different from that in the polar solvents. Namely, the state on porous glass in the absence of solvent, the kagre

energy-gap law assuming the single averagdcoupled with —AGcr relations as in strongly polar solutions are ob-
the electron-transfer process may be improper for the presentserved®12:30.33.35These results of the solvent effects upon the
results in nonpolar solvent$:22.23 EGL for thekcgr of CIP are in marked contrast to the solvent

As discussed in previous sections, the energy-gap law for effects upon the EGL for th&cs of ZP—I systems in the S
thekcsversus—AGgsrelations of the present ZR systems in state, as discussed above. Furthermore, not only in the case of
nonpolar solvents becomes somewhat similar to that of the the CR reaction of the CIP but also in the case of the CS reaction



12200 J. Phys. Chem. A, Vol. 106, No. 51, 2002 Mataga et al.

from the S state of cyclophone-bridged porphyriquinone demonstration of the whole bell-shaped EGL including normal

systems the EGL does not seem to be affected by the changeand inverted regions for the photoinduced CS reaction in polar
in solvent polarityt® Although the reason for the difference solvents THF, GTA, and ACN.

between ZP-l systems and CIP or cyclophane-bridged por- (2 The photoinduced CS dynamics in the very viscous polar
phyrin—quinone systems is not very clear at the present stagesplvent GTA with a longr. (125 ps at 20°C) does not show

of the investigation, the microscopic solvation structure of EP myjtiexponential or nonexponential decays as indicated by the
may be somewhat different from that of CIP or cyclophane- gymi-Marcus-type models. This means that not only the

bridged porphyrif-quinone system. Presumably, it may be jytramolecularhfm but also the ultrafast response component
difficult for solvent molecules to enter between molecular planes i, the solvent relaxation dynamics in GTA plays a supremely
of CIP or those of cyclophane-bridged porphyrin and quinone. jhortant role in the CS reaction from the Sate of the dyads.
Contrary to these cases, more extensive solvation may be
possible for the ZP| systems, leading to a stronger solvation
effect on the EGL of the photoinduced CS reacfib#?-22

The existence of the normal region in the EGL of 4P

(3) Despite the bell-shaped energy-gap law observed for the
dyads in polar solvents, only a slight indication of the normal
region in addition to the top and inverted regions has been
. i . __observed in nonpolar solvents, which may be interpreted on the
systems in polar solvents indicates that the solvent relaxation . S ; . . )

basis of the simplified reaction-coordinate diagram, showing

is fast compared with the microscopic ET rate, and thermal that the solvent reorganization ener lays an important role
equilibration prevails in these polar solvents where the barrier . 9 9y piay P

crossing by thermal activation takes place, resulting in the in the activation free energy, producing the normal region at
normal-region-type EGL and exponential decay gfiSores- the small energy gap for CS in polar solvents, W_hereas the
cence. It should be emphasized here that théuBrescence solvent reorganization energy becomes very small in nonpolar

decay dynamics of all ZPI systems examined here in various solvents an(_j t_he reactlon-coordl_nate diagram may _become

solvents was definitely single-exponential in 100-fs regime and SOMewhat similar to that of the intramolecular radiationless

that normal-region-type energy-gap dependencies were unamJransition (internal conv_ersmn) in the weak-coupling limit.

biguously observed not only in ACN and THF but also in GTA, Therefore, the reproduction of the obserked versus—AGcs

in addition to those in the inverted region. This means that, rélation in nonpolar solvents by the simple applications of eq 5

even in the viscous GTA with. ~ 125 ps at 20C, fast solvent ~ PECOMeS less satisfactory.

relaxation can take place and thermal equilibration prevails in  (4) We have examined the effect of the excess vibrational

the solution of excited ZPI surrounded by GTA solvent, and  energy on the ultrafast CS from the, State of ZP-I by

this system is undergoing single-exponential fluorescence decayinvestigating the effects of temperature and excitation wave-

in the 100-fs regime without showing any nonexponential or length on thekcs values. Both effects were rather small, in

multiexponential fluorescence decay due to the long relaxation accordance with previous theoretical calculations that predict a

time 7. of GTA, as suggested by SumMarcus-type model’ weak excess vibrational-energy dependence of photoinduced ET
Concerning this problem, there was an investigation of the reactions in the activationless and inverted regiti$.The

fast response of GTA in the solvation dynamics studied by using observed effect of the temperature lowering from 20-80

optical-heterodyne-detected Raman-induced Kerr-effect spec-°C on thekcs of ZP—NI in THF solution was negligibly small.

troscopy, which predicted that about 25% of the solvation Since the CS from the;State of ZP-Nl is deep in the inverted

dynamics will occur in the 100-fs regint&Moreover, according region and the potential energy surface of thestate may be

to the results of our studies of the dynamic Stokes shift (DSS) considerably embedded in that of the CS state, the CS from the

measurements on coumarin 153 dye fluorescence in GTA, S, state can take place predominantly coupled with the intra-

ultrafast DSS in 100 fs (2030%) in addition to the main  chromophorehfm independent of such a temperature change.

components with very long relaxation times have been clearly  The results of the present studies confirm that both intramo-
recognized. lecularhfmand ultrafast solvent relaxation dynamics {10
Therefore, the ultrafast solvent response in 100 fs coupled fs) control the rate of the ultrafast CS from the Sate of the
with ultrafast phOtOindUCGd CS exists not Only in such nonvis- ZP—1 dyadsl Moreover, we could m0d|fy to some extent the
cous polar solvent as ACN, THF, et cetera but also in such nature of the EGL of the CS reaction from theds ZP—I dyads
“slowly relaxing” viscous polar solvent as GTA, where the CS  py controlling the solvent polarity. In relation to those results,
from the $ state of ZP-1 is completed in the 100-fs regime,  \ve need to make more-extensive and more-quantitative studies
certainly owing to the coupling with both the ultrafast response ¢oncerning the effects of the solvent dynamics on the ultrafast
component in the solvent relaxation dynamics and the intramo- cg reaction and the solvent effects on the EGL of the CS in
lecularhfm Thus, both the intramoleculafmand the ultrafast e S state of ZP-1 dyads using various solvents of different
solvent response play important roles at the same time in thenatures, including the hydrogen-bonding solvents and polymer

photoinduced CS from the,State of the ZP| dyads. solid environments in addition to the typical polar and nonpolar
) solvents. Moreover, to reveal the whole aspect of reaction
Concluding Remarks dynamics after Sexcitation, such as the CS and competing S

In the Introduction of this article concerning the dynamics — S, IC followed by ultrafast vibrational redistribution and the
and mechanisms of the ultrafast CS reaction from thet&e CR (charge recombination) leading to lower states, et cetera, it
of the ZP-1 dyads, we have indicated several important IS necessary to make accurate measurements oftfieoges-
problems related to the present work. We believe that our studiescence dynamics by,®xcitation in addition to Sfluorescence
described above have contributed significantly to the elucidation dynamics. Furthermore, the effects of the increase in the strength
of these problems, as briefly remarked on below. of the ZP-acceptor electronic interaction on the photoinduced

(1) The S fluorescence decays in the 100-fs regime due to CS dynamics and its EGL may also be important problems to
the CS reaction from the,State of these dyads are all single- be elucidated.
exponential, from which the exact rate constants of the photo- These investigations are very important to the clarification
induced CS have been obtained, leading to the first unequivocalof the fundamental aspects of the photoinduced electron-transfer
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phenomena, and detailed studies are now going on in our

laboratories, the results of which will be reported shortly.
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