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Institute for Laser Technology, Utsubo-Hommachi 1-8-4 Accordingly, we employed here a series of directly linked zinc
Nishi-ku, Osaka 5560004, Japan (1) —porphyrin (ZP)-imide (I) dyads as shown in Chart 1. The
Department of Chemistry, Graduate School of Science direct linkage ensures the -PA electronic interaction strong
Kyoto University, Kyoto, 606-8502, Japan  enough to realize the rapid CS reaction in competition with the
Department of Chemistry, Faculty of Engineering Science S,—S, internal conversion. Nevertheless, we should note here
Osaka Uniersity, Toyonaka, 560-8531, Japan that the Soret bands of these ZPdyads and the excitation
Receied April 3, 2001 energiesAE(S) ~ 2.9 eV are practically the same throughout
The photoinduced electron transfer (ET) reactions in solution the series, being close to that of ZP itself. The imide group shows
are regulated by various factors including the magnitude of NO absorption band around the Soret band and longer wavelength
electronic interaction between donor (D) and acceptor (A), free side. Moreover, no extra-abs_orptlon _band due to cr_\ar_ge transfer
energy gap, and solvation dynamics as well as intramolecular (CT) a@s _reported for the directly linked porphyfiguinone
vibrations coupled with ET proceds’ When the nonadiabatic ~ System3'°was observed in the neighborhood efe®id below it,
mechanism is applicable, the reaction can be well-understood on@nd very weak Sfluorescence spectrum observed for the-ZP
the basis of the conventional theorieg,with an exception of ~ Series was in the same wavelength region as that of ZP itself.
the lack of unambiguous observation of the inverted region in Somewhat reduced-BA electronic coupling may be ascribed to
the photoinduced charge separation (CS) reachdifdn the case the nearly perpendicular conformat!on of the | moiety as revealed
of the reaction between D and A at diffusional encounter in polar by X-ray cryst_allography (Supportlng_ Information). Moreo\{er,
solutions, a larger solvent reorganization enetgis favorable we have confirmed by MO calculation (PM3 INDO/S using
to keep the rate constakds large for larger energy gapAGes, WinMOPAC), that the LUMO of the attached .I. moieties
and largels means a large BA encounter distance. This distance Co_mm_only have a node _at _the con_nectlng meso-positions, thereby
distribution effect makes the observation of the inverted region Minimizing the electronic interactions.

ZP-MePH (R=4-methylphthalimide)

ZP-PH (R=phthalimide)

ZP-CIPH (R=4-chiorophthalimide)

ZP-Cl,PH (R=4,5-dichiorophthalimide)
ZP-Cl,PH (R=tetrachlorophthalimide)

ZP-P| (R=pyromeliitimide)

ZP-NI (R=1,8:4,5-naphthalenetetracarboximide)

very difficult.3-6 Accordingly, quite many studies on distance- ~ We have measured one electron oxidation potentig) @nd
fixed systems have been perfornied-12 Nevertheless, it was ~ reduction potentialEeq) of ZP—1in DMF (N,N-dimethylform-
difficult to synthesize such systems with varioddGcs values amide) and have determined the free energy gapSGes) by

including very large ones, and no unambiguous demonstration USing the equation; AGcs = AE(S) — (Eox — Ere — AGs, where
of the inverted or whole normal and inverted regions is available. AGs is the correction term given b%Gs = (€%2)(rp* + ra™)
For the unequivocal observation of the inverted region, (€s* — & %) — (€%ed) on the basis of the dielectric continuum
measurement of the ET from State of zinc (Il)-porphyrin (D) model _of the $olven]t.Here,rD andra are effective radii of ZP_
to covalently linked acceptor is very fruitful, in view of the and I ions, r is the center-to-center distance between the ions,

relatively long lifetime of the Sstate (-2 ps measured in this ~ and & is the dielectric constant of DMF, and is that of the

work) as well as a wide range of the availableAGes solvent used for the fluorescence measurements of the photo-
induced CS reactions. This evaluationdbs in sufficiently polar
*To whom correspondence should be addressed. solvents such as tetrahydrofuran (THF), acetonitrile (ACN), and
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tKyoto University. GTA (glycerol triacetate) anq using alpproprie_lte. valuesrtgr.
$ Osaka University. o ra, andr taken from our previous studies on similar porphyrin-
Eg ll\gllarkt):us, Fé). '?E'; §Utln'bNBl\%(chhlmF5hBlt0p?1ys' fgCé%F?fg fll 265. acceptor linked compountis?seem to provide reasonable values
arpara, P. r.; Jarzepa, V. otochem , 1. _ _ H
(3) Mataga, N.; Miyasaka, HProg. React. Kinet1994 19, 317. for —~AGcs The values of o — Ereg/eV determined by us are
(4) Matsuda, N.; Kakitani, T.; Denda, T.; Mataga, Ghem. Phys1995 as follows: 1.322 (ZPNI), 1.592 (ZP-PlI), 1.836 (ZP-Cl,PH),
190, 83. o 2.034 (ZP-CI,PH), 2.080 (ZP-CIPH), 2.140 (ZP-PH), 2.152
(5) Kakitani, T.; Matsuda, N.; Yoshimori, A.; Mataga, Rrog. React. (ZP-MePH)
Kinet 1995 20, 347. - :
(6) Mataga, N.; Miyasaka, HAdv. Chem. Phys1999 107, 431. Figure 1 shows fluorescence decay curves of ZP and seven
Eg Elx?_n,hlt\/lt.; Jgrtner, J}ﬁ;ihv- Chemt- ch’hysl_999h106b35- ed for th ZP—I| dyads in ACN solution measured by fs up-conversion
slig enaency o e Invertea region has been reported for the H i H
photoinduced CS from ;Sstate of porphyrir-quinone cyclophones. (a) technique similar to that desc_nbed e_Isew_h’érA_lI the decay .
Haberle, T.; Hirsch, J.; Abnger, F.; Heitele, H.; Michel-Beyerle, M. E.; curves can be reproduced satisfactorily with single-exponential
Anders, C.; Dailing, A.; Krieger, C.; Rekemann, A.; Staab, H. Al Phys. functions. Quite similar decay curves have been observed also in

Chem.1996 100, 18269. (b) Plinger, F.; Musewald, C.; Heitele, H.; Michel- ; ; _ ;
Beyerie. M. E.. Anders. C.. Futcher, V.. Voit, G.; Staab, H.8er. Bunsen- other solvents examined. From the single-exponential déeay,

Ges. Phys. Chen1996 100, 2076. has been determined s = r‘f - ro‘il, whereto (~2 ps) is
R ('a) gV)'/Ar\me,Clﬁ; LeSCO&JSZ,SSl.lI\g.;?’(?Sigi, C.; Therien, M. J.; Hochstrasser, the lifetime of the $state of ZP itself. Figure 2 shows obtained

. M. J. Am. Chem. So g . i i

(10) (a) Dalton, J.; Milgrom, L. RJ. Chem. Soc., Chem. Comma879 kCS.Values plotted againstAGcs. The Inverted’ top and normal.
609. (b) Harriman, A.; Hosie, R. J. Photochem1981, 15, 163. (c) Bergkamp, regions in the energy gap law for the photoinduced CS reaction
M. A.; Dalton, J.; Netzel, T. LJ. Am. Chem. Sod.982 104, 253. have been unambiguously observed here.

(11) Asahi, T.; Ohkohchi, M.; Matsusaka, R.; Mataga, N.; Zhang, R. P.; i i i i
Ostika, A-Maruyama, KJ. Am. Chem, S04993 115 5665, We have examined the dynamics of the transient absorption

(12) Osuka, A; Noya, G.; Taniguchi, S.. Okada, T.. Nishimura, Y.; SPectra of ZP*(§ — I and ZP" - I~ states with the fsps laser
Yamazaki, |.;Mataga, NChem. Eur. J200Q 6, 33. photolysis apparatus described elsewhémy analyzing time

(13) Chosrowjan, H.; Mataga, N.; Nakashima, N.; Imamoto, Y.; Tokunaga, dependencies of absorbances, we have obtéinealues of ZP-
F. Chem. Phys. Lettl997, 270, 267. NI ZP—P| and ZP-MePH in THF soluii 95 101 et
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formula of eq 1, and we have used it to reproduce the observed

1.04 1.0 . .
. - results in Figure 2.
i - 4 ZP-Cl,PH _
:z_ ZP-MePH :‘j_ 4 kcs= (n/thSkBT)l/ZVZ Z(e S(S1/n|)) %
X g o n
N o XX —(AGcs + 4y + h D /41deT} (1)
s T T T 4 T T 1 T T T T 1
 mews O tmems whereV is the electronic coupling matrix eleme@= 1,/
1.0 10 is the electron-vibration coupling constaiy,is the reorganization
08 08 energy associated with the averaged angular frequé&hCiof
05 ZP-PH 06+ ZP-Pi hfm (intramolecular high-frequency modes) ahds the solvent
204 Eo reorganization energy. The observed results in three polar solvents
02 02 are reasonably well reproduced by using parameters which are
O e | o T close to those used in the related previous stutfiés!?
o0 e s 8o o0 Tone o & In these polar solvents, the solvent reorganization in the course

1.0 of CS plays important role of reaction coordinate and causes an
activation barrier, giving rise to the normal region forZMePH,
ZP—PH, ZP-CIPH, and ZP-ClI,PH with relatively smal-AGcs
values in Figure 2. However, such normal region type energy
] R gap dependence was not recognized, but only the top and inverted
0o-tmd = N8 / T regions were detected in cyclohexane and toluene solutions, which
00 1 30 00 10 e 8.0 can be ascribed to the much smaller solvent reorganization

energies, leading to the negligibly small activation barrier at
relatively small—AGcs values. On the other hand, a very long
solvent relaxation timer( ~ 125 ps at 20C) has been reported
for GTA' in contrast to those of ACN~0.1 ps) and THF0.5

ps)1® Nevertheless, the fluorescence decay dynamics in GTA is

0.8 H
0.6 ZP-CIPH

0.4

@1 f zpcl,PH 221 " ZnDPP

/et (£ |, I"-. _____ . unambiguously single exponentia_l, decay times in 100 fs regime

00 10 20 a0 00 10 20 a0 are very close to those observed in ACN and THF, and does not

. e e Tme e - show multiexponential or nonexponential decays due to the CS
Figure 1. Normalized fluorescence decay curves of ZP anet Z#xcited at various solvation states along the slow solvation coordinate as

at 405 nm and monitored at 430 nm at 20 in ACN. Observed P :
fluorescence rise and decay (open circles), simulation with single- indicated by the previous WOrRS; 17 20021 . .
exponential function taking into account the apparatus response (solid  Thus, the observation of the normal region and very fast single
lines), apparatus response function (dashed line). exponential decay dynamics caused by CS in highly viscous polar
solvent GTA raises a question concerning the fundamental nature
of the solvent reorganization coupled with photoinduced CS. It
seems to be necessary to invoke the ultrafast solvafiéh
coupled with CS reaction even in the viscous solvent GTA. We
have examined the dynamic Stokes shift (DSS) of coumarin dye
153 fluorescence in GTA and clearly recognized ultrafast DSS
in 100 fs regime in addition to main components with very long
relaxation times. Moreover, there was a study on the fast response
1 of GTA by using optical-heterodyne-detected Raman-induced

05 1.0 15

SAG (oY) Kerr-effect spectroscopy, which predicted that about 25% of the
Figure 2. Energy gap dependencieslafs and simulation with eq 1 at solvation dynamics will occur in 100 fs reglrﬁéTherefc_)re, the
20°C. Observed values in THE{, GTA (2), ACN (@), and simulation ultrafast solvent response in several 10 fs to 100 fs regime coupled
(solid lines). ZP-1 compounds: 1. ZPMePH, 2. ZP-PH, 3. ZP-CIPH, with ultrafast photoinduced CS is possible not only in the case

4. ZP-CI,PH, 5. ZP-CI4PH, 6. ZP-PI, 7. ZP-NI. Parameter values in ;
the global fitting with eq 1-V = 0.024 eV, = 0.3 eV, A= 0.15 of such nonviscous polar solvents as ACN, THF, and so forth,

eV throughout all three solvents, aigffor each solvent was determined ~ PUt @lS0 in such “slowly relaxing” viscous polar solvents as GTA
so as to get the best fit betwekgs values calculated with eq 1 and the ~ Where the CS from Sstate of ZP-1 seems to be completed in
observed values. The determined valuesAaréACN) = 0.76 eV, s 100 fs regime owing to the coupling with the ultrafast response
(GTA) = 0.69 eV, andls (THF) = 0.54 eV. component in the solvent reorganization dynamics.

Supporting Information Available: Molecular structure of ZPCly-
exactly with those obtained by the fluorescence up-conversion PH revealed by X-ray crystallography. Evidence for the formation of the

studies. Moreover, our fs fluorescence studies oS, internal ion-pair state from Sexcited state of ZP| by means of time-resolved
conversion of ZP in THF showed clearly the rise of rather strong transient absorption spectral measurements (PDF). This material is
S, fluorescence in accordance with the decay of théli®res- available free of charge via the Internet at http://pubs.acs.org.

cence!® But no such rise of Sfluorescence was recognized for JA010865S : . :

ZP—1 systems, which means that the-S S, internal conversion Ph§1s5)c'\f12ﬁ938'256651h(')35‘%0{-? Chosrowjan, H.; Yoshida, N.; Osuka].A.

is strongly suppressed by competing CS. (lé) €) Bi.xon, M.; Jor'tner, .J'.; Cortes, J.; Heitele, H.; Michel-Beyerle, M.

It seems to be possibfethat the photoinduced ET dynamics E. g: Ph_ys.SChenﬂgghzt 98’0?1289'9%)3) Igslargpé)éjr, R.; Alden, R. G.; Wu, G.
i ibrati Y. C, Lin, S. H.J. Phys. Cheml 7, 6793.
and It$ energy gap law depend on th.e excess vibrational energy (17) Walker, G. C.; Akesson, E.; Johnson, A. E.; Levinger, N. E.; Barbara,
of the initial state. Our measurements in THF, where the excitation p, £ 3, chem. Phys1992 96, 3728.
wavelength was changed from 405 nm near the blue edge of the (18) Horng, M. L.; Gardecki, J.; Papazyan, A.; Maroncelli, 84.Phys.

hem.1995 99, 17311.
Soret band to 425 nm at the r_ed edge of the Sor_et b_and showed® (19) () Rosenthal, S. J.: Xie, X.: Du, M.: Fleming, G. R Chem. Phys.
the same CS rate constant in both cases, indicating that thejgg1 95 4715, (b) Jimenez, R.: Fleming, G. R.; Kumar, P. V.; Maroncelli,

excitation to the hot Sstate is followed by ultrafast vibrational =~ M. Nature 1994 369, 471.

istri i i i i i (20) (a) Fainberg, D. B.; Huppert, Adv. Chem. Phys1999 107, 191.
r?dlstpbunor;fwrr]u%h gllves.f theCVébranorjaI stites rllear t?ﬁ' bottorr (b) Bagehi, B.: Gayathri, NAGy., Chem. Phys1999 107 1.
of &, from which the ultrafast CS reaction takes place. This result ™51y 'symi H.; Marcus, R. AJ. Chem. Phys1986 84, 4894.

is compatible with the basic assumption for the conventional  (22) Chang, Y. J.; Castner, E. W., Jr. Chem. Phys1993 99, 7289.



