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Abstract: Photoinduced electron transfer in photosystems consisting of Bisliép@thoxy-3,3bipyridazine)(6,6
bis[8-((4-methoxyphenyl)oxy)-3,6-dioxaoctyl-1-oxy]-3Jdpyridazine)ruthenium(ll) dichloridel, tris(6,8-bis[8-
((4-methoxyphenyl)oxy)-3,6-dioxaoctyl-1-oxy]-3;Bipyridazine)ruthenium(ll) dichloride2@), tris(6,8-bis[11-(4-
methoxyphenyl)-3,6,9-trioxa-undecyl-1-oxy]-3fdpyridazine)ruthenium(ll) dichloride2p), and tris(6-(8-hydroxy-
3,6-dioxa-octane-1-oxy)-€8-((4-methoxyphenyl)oxy)-3,6-dioxaoctyl-1-oxy]-3;Bipyridazine)-1,3,5-
benzenetricarboxylate-ruthenium(ll) dichlorid®),(with bis(N,N'-p-xylylene-4,4-bipyridinium) (BXV**, 4) were
examined. The series of photosensitizers include alkoxyanisyl donor components tethered to the photosensitizer
sites, capable of generating dor@cceptor supramolecular complexes with BX\(4). Detailed analyses of the
steady-state and time-resolved electron transfer quenching reveal a rapid intramolecular electron transfer quenching,
ksq, within the supramolecular assemblies formed between the photosensitizers arfdl BX\&nd a diffusional
quenching kqq of the free photosensitizers by BXV (4). A comprehensive model that describes the electron
transfer in the different photosystems and assumes the formation of supramolecular assemblies of variable
stoichiometries, SA is formulated. Analysis of the experimental results according to the formulated model indicates
that supramolecular complexes betwéer8 and BXV** of variable stoichiometries exist in the different photosystems.
Maximal supramolecular stoichiometries betweer2a and 3, and BXV** (4), corresponding tiN = 2, 6, and 3,
respectively, contribute to the electron transfer quenching paths. The derived association constants"abBXV

single binding site in the photosensitizér2a, 2b, and3 are 240, 100, 100, and 140¥ respectively. The back
electron transfer of the photogenerated redox products was followed in the different photosystems. Back electron
transfer proceeds via two routes that include the intramolecular recombinatjomithin the supramolecular diads

and diffusional recombinatiorky;, of free redox photoproducts. Detailed analysis of the back electron transfer in
the different photosystems revealed that the non-covalently linked supramolecular assemblies;t $4& static

diads where electron-transfer quenching and recombination occurs in intact supramolecular structures despite the
dynamic nature of the systems. The lifetime of the redox photoproduds-RBXV 3 in the various systems is
relatively long as compared to diad assemblies (0B@0us). This originates from electrostatic repulsive interactions

of the photoproducts within the supramolecular assemblies resulting in stretched conformations of the diads and
spatial separation of the redox products.

Introduction redox products in molecular triads was achieved by coupling
. . s . the molecular assemblies to heterogeneous maftides,
Substantial efforts are directed towarq mllmlcklng the vectonall zeolited? or layered phosphatés. In these systems, structured
eIectron-transfer and charge separation in the_: phOtOSynthetICalignment and rigidification of the molecular systems result in
reaction centet. Electron transfer in covalently linked doner

acceptor diad$triads?% and pentadswas extensively studied, (5) (@) Gust, D.; Moore, T. ATop. Curr. Chem1991, 159, 103. (b)

and effective stabilization of the electron transfer products was Gust, D.; Moore, T. ASciencel989 244,35. (c) Moore, T. A,; Gust, D.;
lished by the vectorial spatial separation of the redox Moore, A. L.; Bensasson, R. V.; Seta, P.; Bienvenue, ESdpramolecular
accomp y p p PhotochemistryBalzani, V., Ed.; D. Reidel: Boston, 1987; p 283. (d) Gust,

products in the molecular arrays. Further stabilization of the D.; Moore, T. A. InSupramolecular Photochemistrialzani, V., Ed.; D.
Reidel: Boston, 1987; p 267. (e) Wasielewski, M. R.; Gains, G. L., llI;
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the stabilization of the redox products against back electron bipyridazine)(6,6bis[8-((4-methoxyphenyl)oxy)-3,6-dioxaoctyl-

transfer. A further method to organize photosensitizaceptor

1-oxy]-3,3-bipyridazine)ruthenium(ll) dichloridelj, tris(6,8-

diads involved intermolecular non-covalent linkage of the diad bis[8-((4-methoxyphenyl)oxy)-3,6-dioxaoctyl-1-oxy]-3;3
components by complementary H bonds or a molecular receptorbipyridazine)ruthenium(ll) dichloride2], and tris(6-(8-hydroxy-
unit®10 Recently, we reported on a novel approach to organize 3,6-dioxaoctyl-1-oxy)-6[8-((4-methoxyphenyl)oxy)-3,6-
chromophore-electron acceptor diad assemblies by the applica- dioxaoctyl-1-oxy]-3,3bipyridazine)-1,3,5-benzene-tricarboxylate-
tion of electron donor-modified chromophores that form the ruthenium(ll) dichloride 8), with the bipyridinium cyclophane
supramolecular non-covalently-linked diads with the electron (BXV4*, 4). We examine the electron-transfer quenching

acceptor via doneracceptor interactions. Similarly, we
showed that the formation of doneacceptor supramolecular

pathways in the resulting supramolecular assemblies and
characterize the resulting photogenerated redox products and

complexes between a molecular triad and electron donor resultstheir recombination in the supramolecular assemblies. We find

in steric rigidification of the triad that results in photoinduced

that effective electron-transfer quenching of the excited chro-

vectorial electron transfer and stabilization of the redox products mophores proceeds in the supramolecular systems and that the

against back electron transfér.
It is established thatN,N'-dialkylbipyridinium salts form
donor-acceptor complexes with different electron doA#?s.

resulting supramolecular complex of photoproducts is preserved.
We reveal that the lifetime of the photogenerated redox products
in the supramolecular asemblies is long as compared to other

Recently, the intermolecular complexes between dialkoxyben- molecular diad systems. This is attributed to the fact that the

zenes and cyclo[bib{N'-p-xylylene-4,4-bipyridinium)], BXV4*,
were extensively studied by Stoddart and co-workets. It

alkoxyanisyl binding sites are tethered to the Ru(ll) chro-
mophores by poly(ethylene glycol) chains. Association of

was found that dialkoxybenzene intercalates into the bipyri- BXV4* to the binding sites results in electrostatic repulsions

dinium cyclophane via donefracceptor interaction, and the

between the electron-acceptor and the Ru(ll)-chromophore

resulting stable supramolecular assemblies were applied tocomponent that induce the steric spatial separation of the redox

synthesize ingenious catenane macromolecil&s Chemical
modification of Ru(ll}-polypyridine complexes with dialkoxy-
benzene units could provide binding sites for the BXV

electron acceptor. Here we wish to report on the supramolecular

products which are stabilized against back electron transfer.

Experimental Section

Absorption spectra were recorded with a Uvikon-860 (Kontron)

complexes formed between the series of alkoxyanisyl-tetheredgpecirophotometer. Fluorescence spectra were recorded with a SFM-

Ru(ll)—tris(bipyridazine) complexes: bis(6;8imethoxy-3,3

(8) (@) Yonemoto, E. H.; Kim, Y. I.; Schmehl, R. H.; Wallis, J. O.;
Shoulders, B. A.; Richardson, B. R.; Haw, J. F.; Mallouk, T.JEAm.
Chem. Soc1994 116, 10557. (b) Vermuelen, L. A.; Thompson, M. E.
Nature 1992 358 656. (c) Ungashe, S. B.; Wilson, W. L.; Katz, H. E.;
Scheller, G. R.; Putrinski, T. MJ. Am. Chem. S0d.992 114, 8717.

(9) (a) Sessler, J. L.; Wang, B.; Harriman, A.Am. Chem. S0d.993
115 10418. (b) Harriman, A.; Kubo, Y.; Sessler, J.1..Am. Chem. Soc.
1992 114, 388. (c) Turfg C.; Chang, C. K.; Leroi, G. E.; Cukier, R. I;
Nocera, D. GJ. Am. Chem. S0d992 114 4013.

(10) (a) Sun, L.; von Gersdorff, J.; Niethammer, D.; Tian, P.; Kurreck,
H. Angew. Chem., Int. Ed. Endl994 33, 2318. (b) Sun, L.; von Gersdorff,
J.; Sobek, J.; Kurreck, HTetrahedron1995 51, 3535. (c) Dur, H.;
Bossmann, S.; Schwarz, R.Inf. Rec. Mater1994 21, 471. (d) Dur, H.;
Bossmann, S.; Kropf, M.; Hayo, R.; Turro, N.Jl.Photochem. Photobiol.
A: Chemistry1994 80, 341.

(11) Seiler, M.; Dur, H.; Willner, 1.; Joselevich, E.; Doron, A.; Stoddart,
J. F.J. Am. Chem. S0d.994 116, 3399.

(12) Zahavy, E.; Seiler, M.; Marx-Tibbon, S.; Joselevich, E.; Willner,
I.; Durr, H.; O'Connor, D.; Harriman, AAngew. Chem., Int. Ed. Engl.
1995 34, 1005.

(13) (a) Willner, 1.; Eichen, Y.; Rabinovitz, M.; Hoffman, R.; Cohen, S.
J. Am. Chem. So&992 114, 637. (b) Kisch, H.; Fernandez, A.; Wakatsuki,
Y.; Yamazaki, H.Z. Naturforsch.1985 406, 292. (c) Nakamura, K.; Kai,
Y.; Yasuoka, N.; Kasai, NBull. Chem. Soc. Jpri981, 54, 3300.

(14) (a) Usui, Y.; Misawa, H.; Sakuragi, H.; Tokumara, Bull. Chem.
Soc. Jpn1987 60, 1573. (b) Willner, I.; Eichen, Y.; Joselevich, E.Phys.
Chem.199Q 94, 3092.

(15) Anelli, P. L.; Ashton, P. R.; Ballardini, R.; Balzani, V.; Delgado,
M.; Gandolfi, M. T.; Goodnow, T. T.; Kaifer, A. E.; Philip, D.; Pietrasz-
kiewicz, M.; Prodi, L.; Reddington, M. V.; Slavin, A. M. Z.; Spencer, N.;
Stoddart, J. F.; Vincent, C.; Williams, D. J. Am. Chem. S0d.992 114,
193.

(16) (a) Anelli, P. L.; Ashton, P. R.; Spencer, N.; Slawin, A. M. Z;
Stoddart, J. F.; Williams, D. JAngew. Chem., Int. Ed. Engl991, 30,
1036. (b) Ashton, P. R.; Odell, B.; Reddington, M. V.; Slavin, A. M. Z;
Stoddart, J. F.; Williams, D. Angew. Chem1988 27, 1550.

(17) (a) Anelli, P. L.; Spencer, N.; Stoddart, J. .Am. Chem. Soc.
1991, 113 5131. (b) Ashton, P. R.; Brown, C. L.; Chrystal, E. J. T;
Goodnow, T. T.; Kaifer, A. E.; Parry, K. P.; Slawin, A. M. Z.; Spencer,
N.; Stoddart, J. F.; Williams, D. Angew. Chem., Int. Ed. Endl991, 30,
1039. (c) Ashton, P. R.; Philip, D.; Spencer, N.; Stoddart, J.FChem.
Soc., Chem. Commuh992 1124.

(18) (a) Bissell, R. A.; Cordova, E.; Kaifer, A. E.; Stoddart, INature
1994 369, 133. (b) Ashton, P. R.; Ballardini, R.; Balzani, V.; Gandolfi, M.
T.; Marquis, D. J.-F.; PémGarcia L.; Prodi, L.; Stoddart, J. F.; Venturi,
M. J. Chem. Soc., Chem. Commufi94 177. (c) Amabilino, D. B.; Ashton,
P. R.; Reder, A. S.; Spencer, N.; Stoddart, JARgew. Chem., Int. Ed.
Engl. 1994 33, 433.

25 (Kontron) spectrofluorometer. Flash photolysis experiments were
carried out with a Nd-YAG laser (Model GCR-150, Spectra Physics)
coupled to a detection system (Applied Photophysics K-347) that
included a monochromator and photomultiplier linked to a digitizer
(Tektronix 2430 A) and computer for data storage and processing. This
flash-photolysis setup has a time resolution>#0 ns. For shorter
time-scale transients>(0.5 ns) a flash photolysis system consisting of
a N; laser (PRA, LN-1000) coupled to a dye laser (Laser Photonics,
Coumarin 440) was employed. These lasers were coupled to a detection
system consisting of a monochromator and photomultiplier (Applied
Photophysics) linked to a digitizer (Tektronix 7912 AD) and a computer
for data storage and analysis.

All materials and solvents were of highest purity from commercial
sources (Aldrich, Sigma). The ligands (6k6s[8-((4-methoxyphenyl)-
oxy)-3,6-dioxaoctyl-1-oxy]-3,3bipyridazine and (6,6bis[8-((4-meth-
oxyphenyl)oxy)-3,6,9-trioxaundecyl-1-oxy]-3;Bipyridazine were pre-
pared by couplinty-2°of 6-[8-((4-methoxyphenyl)oxy)-3,6-dioxaoctyl-
1-oxy)-3-chloropyridazine or 6-[11-((4-methoxyphenyl)oxy)-3,6-
trioxaundecyl-1-oxy]-3-chloropyridazine, respectively, in the presence
of Ni(PPh)s (DMF, 8h) followed by chromatographic purification
(Si0,, CHCl,—CH3OH 95:5 (v/v) as eluent). The photosensitizer bis-
(6,6-dimethoxy-3,3bipyridazine)(6,6bis[8-((4-methoxyphenyl)oxy)-
3,6-dioxaoctyl-1-oxy)-3,3bipyridazine)ruthenium(ll) dichloridelf was
prepared by the reaction of Ru(ll)-bis(6dimethoxy-3,3-bipyridazine)
(100 mmol) and the respective ligand (150 mmol) (ethylene glycol,
180°C, 4 h) followed by chromatographic separation ($iOH.Cl,—
CH,OH 80:20 (v/v) as eluent). The photosensitizers, tris{6i§8-
((4-methoxyphenyl)oxy)-3,6-dioxaoctyl-1-oxy]-3;Bipyridazine)ru-
thenium(ll) dichloride 2a) and tris(6,6-bis[11-((4-methoxyphenyl)oxy)-
3,6,9-trioxaundecyl-1-oxy]-3;dipyridazine)ruthenium(ll) dichloride
(2b), were prepared by the reaction of Ru(DMSCl} (100 mmol)
and the respective ligands (400 mmol) in etharté}O, 3:1 (v/v)
(reflux, 24 h), followed by chromatographic purification ($j@H,-
Cl,—CH30H, 80:20 (v/v) as eluent).

The ligand (6-[3,6-dioxaoctyl-1-oxy]-§8-((4-methoxyphenyl)oxy)-
3,6-dioxaoctyl-1-oxy]-3,3bipyridazine)-1,3,5-benzene-tricarboxylate
was prepared by the reaction between 6-(8-hydroxy-3,6-dioxaoctyl-1-
oxy)-6-[8-((4-methoxyphenyl)oxy)-3,6-dioxaoctane and benzene tri-

(19) (a) Tiecco, MBull. Soc. Chim. Belgl986 95, 1009. (b) Kendo,
A.; Liebeskind, L.; Braitsch, DTetrahedron Lett1975 3375.

(20) Detailed synthesis of the complexes will be described elsewhere:
Diirr, H.; Kropf, M. In preparation.
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carboxychloridé® The photosensitizer tris(6-(8-hydroxy-3,6-dioxaoctyl- ments were performed in 0.4 1 cm glass cuvettes that included an
1-oxy)-6-[8-((4-methoxyphenyl)oxy)-3,6-dioxaoctyl-1-oxy]-3;3 aqueous solution of the respective photosensitizerx410~° M (O.D.
bipyrazidine)-1,3,5-benzene-tricarboxylate-ruthenium(ll) dichlorBle (  ~ 1.0), and the appropriate concentration of the BXVIn steady-
was prepared by the reaction of the latter ligand (100 mmol) with Ru- state experiment&x = 460 nm, and in the transient experiments using
(DMSOXCI, (100 mmol) in ethanetHO, 3:1 (v/v) (reflux, 24 h) the Nd-Yag lasefex = 532 nm and for the Ndye laseflex = 437 nm.

followed by chromatographic purification (Sephadex G-150Has The resulting emission was recordedtat = 600 nm. The recombina-
eluent). The ligands 6'®is[8-hydroxy-3,6-dioxaocttl-1-oxy]-3,3 tion processes were characterized in aqueous solution that included the
bipyridazine and 6,6bis[11-hydroxy-3,6,9-trioxaundecyl-1-oxy]-3;3 respective photosensitizer, 4:0 10> M, and BXV**, 4.36 x 1073
bipyridazine were prepared by coupfifigf 6-[8-hydroxy-3,6-dioxaoctyl- M. All transient measurements were performed under an oxygen-free

1-oxy]-3-chloropyridazine or 6-[11-hydroxy-3,6,9-trioxaundecyl-1-oxy]- ~ Ar atmosphere.
3-chloropyridazine (DMF, 8 h) followed by chromatographic purification

(SiO,, CH,Cl,—CH30H, 90:10 (v/v) as eluent). The photosensitizer Results and Discussion
bis(6,6-dimethoxy-3,3-bipyridazine)(6,6bis[8-hydroxy-3,6-dioxaoctyl- . L
1-oxy]-3,3-bipyridazine)ruthenium(Il) dichloride5} was prepared by The electron-transfer quenching and C,hf?“ge separation in a
the reaction of Ru(ll)-bis(6:ebis(methoxy))-3,3bipyridazine (100 series of supramolecular systems consisting of polyethylene

mmol) and the latter ligand (150 mmol) (ethylene glycol, 2804 h) oxyanisyl Ru(ll)-bipyridazine complexes, acting as photosen-
followed by chromatographic separation (Sephadex G10, water as Sitizers, and\,N'-bipyridinium salts acting as electron acceptors
eluent). Cyclo[big{l,N'-p-xylylene-4,4-bipyridinium)] tetrachloride4) were examined. The photosensitizer series include bis(6,6
was prepared according to the literatéte All compounds gave dimethoxy-3,3-bipyridazine)(6,6-bis[8-((4-methoxyphenyl)-
satisfactory elementary analyses fENMR spectra. oxy)-3,6-dioxaoctyl-1-oxy]-3,3bipyridazine)ruthenium(ll) dichlo-

All photochemical measurements were performed in triply distilled ride (1), tris(6,8-bis[8-((4-methoxyphenyl)oxy)-3,6-dioxaoctyl-
water.All steady-state fluorescence and time-resolved quenching experi-1_oxy]-3, 3-bipyridazine)ruthenium(ll) dichloride2g), tris(6,6-
(21) Odell, B.; Reddington, M. V.; Slawin, A. M. Z.; Spencer, N.; bis[11-((4-methoxyphenyl)oxy)-3,6,9-trioxaundecyl-1-oxy}3,3

Stoddart, J. F.; Williams, D. JAngew. Chem., Int. Ed. Engl988 27, bipyridazine)ruthenium(ll) dichloride2p), and tris(6-(8-hydroxy-
1547. 3,6-dioxaoctyl-1-oxy)-6[8-((4-methoxyphenyl)oxy)-3,6-
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Figure 1. Steady-state luminescence quenching o2@@)b) 3, (c) 1, R l [
and (d)6. All photosensitizers are at a concentration corresponding to b 140
4 x 105 M. 2120 -
dioxaoctyl-1-oxy]-3,3-bipyridazine)-1,3,5-benzene-tricarboxy- % 100+ r
Iate-ruthenlu_m(ll) dichloride3). A_II of the_Ru(II)—blpyndazme ; 80 L
complexes includegp-methoxyanisyl units that form charge- Z 604 |
transfer complexes with bis(N'-(p-xylylene)-4,4-bipyridinium I3
(BXV*4*, 4). The formation of charge-transfer supramolecular ’E 40+ r
complexes between 1,4-dimethoxybenzene and the bis-bipyri- 2 204 L
dinium cyclophane, BX¥" (4), has been specifically demon- é o |
strated by Stoddart and co-workers in recent years. Photoin- «
duced electron transfer from Ru(#polypyridine complexes -20 T T 110 s

to bipyridinium electron acceptors has been studied extensively. 0 3 t (us)
Thus, formation of photosensitizer/electron acceptor complexes
bgtwgen .thep—methoxyanlsyl 'unlts ,“,nked to the Ru(t) the presence and absence of BXVUpper transients correspond to
bipyridazine complexes1(-3) is anticipated to control the e photosensitizer luminescence without BXVAII other transients

photoinduced electron transfer in the resulting supramolecular rgpresent the system with added BXVat consecutive increments

Figure 2. Transient luminescence intensities of @g and (b)6 in

assemblies. corresponding to & 1074 M.

Figure 1 shows the steady-state luminescence quenching of
the series of complexes-3 by BXV4* (4). Nonlinear Sters photosensitizerd—3 upon addition of BX\**. The extent of
Volmer plots are obtained for all of the photosensitizers and decrease in the initial luminescence intensities and the shortening
the highest deviation from linearity is observed 2orAs control of the lifetimes is variable and depends on the structure of the
experiments, the luminescence quenching processes of thecomplex and the nature of electron acceptor. Figure 2b shows
photosensitizers bis(6;8imethoxy-3,3-bipyridazine)(6,6bis- the luminescence transients obtained upon addition of BXV
[8-hydroxy-3,6-dioxaoctyl-1-oxy]-3,2vipyridazine)ruthenium- to the reference comple®, The initial luminescence intensity
(Iy dichloride (5) and tris(6,6-bis[8-hydroxy-3,6-dioxaoctyl- remains nearly constant, but the luminescence lifetime is

1-oxy]-3,3-bipyridazine)ruthenium(ll) dichloridegj by BXV4* shortened upon increase of BXV concentration. These
were examined. The latter two photosensitizers lack the features are also characteristic of the luminescence quenching
alkoxyanisyl binding sites and are not capable of forming of 5 by BXV4*. The latter behavior, where only the lumines-
supramolecular assemblies. For both photosensitizarsi6, cence lifetime is shortened upon addition of BXYVY is
linear Sterr-Volmer luminescence plots are observed. This is characteristic of a diffusional electron-transfer quenching. Thus,
exemplified in Figure 1 (curve d) with the luminescence the unique features observed for the luminescence decay of the
guenching plot of6 by BXV4*. These results clearly imply  photosensitizerd—3 by BXV4" and reflected by the decrease
that the electron-transfer quenching of the Ru{b)pyridazines of luminescence intensity and shortening of the lifetime are
1-3 by bipyridinium salt4 exhibits a complex route, where  attributed to the participation of two complementary electron-
the electron-transfer quenching &f and 6 is diffusionally transfer quenching pathways. Photosensitider8 including
controlled. As the complexe$—3 include the alkoxyanisyl the alkoxyanisyl binding sites form supramolecular complexes
binding sites for BX\#*, the nonlinear luminescence quenching with BXV4*. Intramolecular electron-transfer quenching in the
could be assigned to the formation of intermolecular photosen- supramolecular assembly is fast, and reflected in the decrease
sitizer/electron acceptor complexes. Luminescence quenchingof luminescence intensity (this rapid decay will be discussed
within the supramolecular assembly and via diffusional quench- and analyzed laterjde infra). The transient luminescence and
ing of noncomplexed photosensitizer units could give rise to its lifetime shortening are attributed to free photosensitizer which
the nonlinear features of the Stendolmer plots ¢ide infra). is quenched by the electron acceptor (BXYvia a diffusional
Further insight into the electron transfer quenching of the route, similar to that occurring in the reference compousids
Ru(Il)—bipyridazine complexe4—3 by BXV** is gained by and®6.
time-resolved laser flash photolysis experiments. Figure 2a To analyze quantitatively the electron-transfer quenching of
shows the transients of the luminescence dec@abfy BXV4. photosensitizer$—3 by the bipyridinium electron acceptor and
The luminescence transients reveal two important features: (i) to determine the association constants of the resulting supramo-
the initial luminescence intensity decreases as the concentratiorecular assemblies, we formulate a comprehensive model. The
of BXV#* increases, and (ii) the luminescence lifetime is Ru(ll)-bipyridazine complexes, 2, and3 differ in the number
shortened as the concentration of BXVincreases. These of alkoxyanisyl sitesN = 2, 6, and 3, respectively). The kinetic
features appear to be general for the luminescence transients omodel takes into consideration the photoprocesses of the
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multireceptor photosensitizer, S, in the presence of the electronpopulations of excited photosensitizers have the same diffusional
acceptor, A, within the resulting supramolecular assemblies quenching rate constarkygn = Kig. (g) The static quenching
exhibiting all the possible stoichiometries: SA, $A., SA rate constant is proportional to the number of bound acceptor
(N is the number of binding sites on the photosensitizer), as units, that isksqn = Nksq, Whereksq is the static quenching rate
well as the quenching of the photosensitizer by a diffusional constant attributed to one acceptor unit. (h) The concentration
route. The photosensitizer configurations are generally repre- of the acceptor is much higher as compared to the concentration
sented as SA(h = 0, 1, 2, ...,N), where the case = 0 of the photosensitizer, [A}> [S]. Assumptions (a) and (b)
designates the unbound photosensitizer. The relevant processesmply that any interactions between acceptor units bound to
species, and kinetic constants involved in the photoreactions ofdifferent binding sites are neglected. Assumptions (c) and (d)
the different supramolecular photosensitizer states are sum-imply that electron transfer is faster than the dynamics of
marized in eqs +9. These equations represent the following formation or dissociation of the supramolecular complexes. That
processes: (1) association and dissociation of the photosensitizers, there is no exchange between populations of excited
and electron acceptor in the ground state; (2) photoexcitation; photosensitizer (eq 3), implying that each population of excited
(3) association and dissociation of the photosensitizer and photosensitizer decays at a specific rate, regardless of the decays
acceptor in the excited state; (4) natural decay of the photo- of the other populations. Assumptions (e) and (f) are less
sensitizer; (5) diffusional electron-transfer quenching; (6) static important, since the natural decay and the diffusional quenching
electron-transfer quenching within the supramolecular as- are much slower than static quenching and, hence, are only
semblies; (7) diffusional back electron transfer of the photoge- relevant to the unbound photosensitizer. Assumption (h) means
nerated redox products; (8) static back electron transfer recom-that the concentration of the acceptor is not significantly changed
bination of the redox products within the supramolecular in the presence of the photosensitizer, and can be regarded as
assemblies; and (9) escape or dissociation of the reduceda constant. As a result of these assumptions (see detailed

acceptor from the supramolecular assemifes. development in the Appendix), we obtain that all the concentra-
K, tions of the ground-state photosensitizer and photosensitizer
SA,_,+A — SA, (n=1,2,..N) (1) acceptor assemblies, §Avhich are found in equilibrium before

photoexcitation, are given by eq 10, wh&gis the analytical

hy concentration of the photosensitizer akd= ki/k- is an
SA,—S*A, (n=0,1,2,..N) 2) equilibrium association constant attributed to the binding of one
acceptor unit to a single binding site associated with the

K, "
S*A,; FAT=S*A, (h=1,2,..N) ©) photosensitizer.
K S NI ncagn
= = = KA
S*A,—SA, (n=0,1,2,..N) (4) [SAl, (L K(AD " NI(N — ) [A]
Kagn (n=0,1,2,..N) (10)

S*An+A—>S+An+A* (n=0,1,2,..N) (5
This is a binomial distribution which can be represented by the
S*Anﬁl S+A7An—1 (h=1,2,..N) (6) typical for_m of eq 11, Wh_erePn is the proba_lbility of a
photosensitizer to be associatedntgquencher units, and =
Ky K[A)/(1 + K[A]) is the probability of one binding site to be
o+ - .
SA,+tA —SA+tA (n=0,1,2,..N) (7) bound to an acceptor unit.

_ Ksr
S'AA, ,—S n=1,2,..N 8 —_ NL g gy
1 SA ) (8) P.(p) N TP (1-p) (11)

— kesc —
S'A An1" S+An—1 TA (n=1,2..N) (9) Upon pulse irradiation of the system, equal fractions of every
population are photoexcited to the excited states, .s&hd
immediately after excitation their population is similar to the
ground-state distribution. As each population decays at a
different rate, the overall decay of the luminescence of the
photosensitizer is multiexponential. The transient emission
decay according to this model is given by eq 12.

The main assumptions adopted in the kinetic model can be
summarized as follows: (a) The association rate constant is
proportional to the number of free binding sites. Thakis=

(N + 1 — n)ky, wherek; is the association constant attributed
to one binding site. (b) The dissociation rate constant is
proportional to the number of bound acceptor units. That is,
k-n = nk_, wherek_ is the dissociation rate constant of a single “kg\N
bound acceptor unit. (c) Diffusional quenching is faster than I(t) = I(O)e(kD+kdq[A])t(1 + K[Ale ) (12)
association; that i > > k*,. (d) Static quenching is faster 1+ K[A]

than dissociation, that i&sq > > k*—n. (e) All the populations

of excited photosensitizer, S¥An =0, 1, 2, ...,N), have the

same natural decay rate constakt, = kp. (f) All the Since the static quenching is much faster than the diffusional

uenchin >> A]), the transient luminescence is
(22) One reviewer suggested an electron exchange mechanism as anq 9 qu kdq[ )

additional possible pathway for the formation of separated photoproducts: compo;ed .Of a fast decay which is attr.ibUted to the static
guenching in the supramolecular assemblies, @ 1, 2, ...,

S'ATA,_,+A it S'A,+A” N), and a slow decay is attributed mainly to natural decay and
diffusional quenching of the unbound photosensiti&r,The

The major conclusion is, however, that no unbound photoproducts origi- _ i
nating from the supramolecular assembly are detected (even at highrBXV fast decay ends when the teKA] exp( ksd:) in eq 12 becomes

concentrations). Hence, this process has little or no physical contribution N€gligible, and then the slow emissidgeu(t), is expressed by
to the electron transfer in the systems. eq 13.
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- 1 —(ko+kedADt
liowt) WW e (13)

The emission transients shown in Figure 2a are assigned to
the slow emission decalgiou(t), Of the free photosensitizer (eq
13). The apparent decrease in the initial luminescence as the
concentration at the acceptor BXVis increased is attributed
to the fast static quenching (not seen on this time scale) of higher
fractions of bound photosensitizer, and the accompanying
shortening of the luminescence lifetime is interpreted as a result
of the diffusional quenching of the free photosensitizer (the fast 0 0 0?2 0 0'04 0.006
decay due to static quenching was observed in complementary “BXV*] (mol/l) ’
experiments performed at shorter time scales, which we shall
describe in detail later in this paper). The emission transients
corresponding to the luminescence decay of the photosensitize
including 6 alkoxyanisyl groups2@) with addition of BX\**
(Figure 2a) is characterized by this apparent decrease in theTable 1. Diffusional and Static Electron-Transfer Quenching Rate
initial intensity, whereas the emission transients corresponding Constants in the Photosensitizd8XV*" Assemblies and the
to the luminescence decay of the reference photosensitizelAssoc'at'on Constants of the Resulting Supramolecular Systems

Figure 3. Shortening of the lifetime of the slow luminescence decay
at different concentrations of BX¥: (a) 2a, (b) 6. Data of lifetimes
Lere extracted from Figure 2.

lacking the alkoxyanisyl groupss) with addition of BX\** 10°ro 10 8kyq 10 "Ksq
(Figure 2b) are only characterized by a shortening of the lifetime _Complex (s~ (M™s™)e K(M™)° G
with almost no change in the initial intensity. This is attributed 1 2.3 1.2 240+ 15

to a significant value of the association const#nfor the 2a 2.5 11 100+ 10 (89) 25.0
binding of BXV** to the alkoxyanisyl group, and an almost nil gb g'j %g ﬂ& ig (90) 4.5
value of the constanK for the binding of BX\*" to the 5 21 0.27

triethylene glycol chain lacking the alkoxyanisyl group. 6 1.9 0.32

The steady-state luminescence intensity of the photosensitizer = Deduced from the shortening of the slow-decay luminescence

at any concentration of electron acceptor is proportional to the lifetimes.  Derived from the modified SteraVolmer plots, according
integration over time of the transient luminescence intensity (€q to eq 18. The association constants derived by analysis of the fast
12) as given by eq 14, whexe is a proportionality constant.  luminescence decay, according to eq 12, are in parenthfedBesived
by fitting the fast luminescence decay according to eq 12.
o 1+ K[AJe |V
I=a j; 1(0)e (kﬁkdq[ADt(ﬁ) dt  (14) photosensitizer@a and6 upon addition of different concentra-
tions of BXV*" (4) obtained by exponential regression of the
transients shown in Figure 2. According to eq 16, the diffusional
Since the ternK[A] exp(—ks¢) very quickly becomes null, it quenching rate constants 2 and6 by BXV4* obtained from
does not contribute significantly to the integration. Thatis, the the slope of the linear regression correspondgp= 1.1 x
steady state luminescence comes almost exclusively from the108 M—1-s7! andkyq= 3.2 x 10/ M~L-s7%, respectively. Similar
free photosensitizer. Then eq 14 can be approximated to edanalyses were performed fat and 3 and the reference
15, wherer is the lifetime of the slow luminescence decay given compounds. Table 1 summarizes the natural decay lifetimes

by eq 16. of the series of photosensitizers and the respective values for
the diffusional electron-transfer quenching rate constant by
— ol (0) (15) BXV4t, kyq. The diffusional quenching rate constantsland
(1+ K[A]) N 2a are comparable to those of the reference compob&ratxd
6, respectively, albeit the values for the alkoxyanisyl complexes
1t =Ky + Ky[Al (16) are slightly higher. The differences are attributed to different

' o diffusion coefficients of the alkoxyanisyl photosensitizers, as
The nonlinear SteraVolmer plots in Figure 1 (curves &, b, and  compared to the hydroxyl-substituted reference compounds.
c) can be rationalized by eq 17, whegeandz, are the steady The association parameters and the nature of supramolecular
state luminescence intensity and the slow luminescence decayassemblies formed between the series of photosensifizeds
respectively, of the photosensitizer in the absence of electronand BX\#* can be analyzed by rearrangement of eq 17 in the
acceptor. form of a modified SteraVolmer equation, eq 18, wheig/l
| is the normal SternVVolmer plot (as in Figure 1) obtained from
lo_ n Yo steady-state measurements, anglr is derived from the
(1+KJ[A]) 17) : < hhalis
| T experimental values of the lifetimes, as shown in Figure 3.
) ) ) Figure 4 shows the modified Sterivolmer plot of the
The Sterr-Volmer plot in Figure 1 corresponding to the  eyxperimental data corresponding to the electron-transfer quench-
_refc_srence_compo_un(_ﬁ(a) which lacks the_ alk_oxyamsyl groups  ing of the photosensitize2&) by BXV4+, assuming maximal
is I|r_1ear since 1 is linear (eq 16)_ and is vmu_ally null. stoichiometrie\ = 1 (Figure 4a) andN = 2, 3, and 6 (Figure
Figure 3 shows the shortening of the lifetimes of the 4p) The pest linear fittingR = 0.990) is obtained for the
(23) For the calculation of the second-order back electron transfer rate mMaximal stoichiometryN = 6. The meaining of the plot
constants, the extinction coefficient of BXVwas assumed to be similar  corresponding tdN = 1 (Figure 4a) is the molar ratio between
to that of benzyl viologen radical cation £ 12 700 M t-cm™). The direct e hand and free photosensitizer. Figure 5 shows the modified
determination of the BX¥" extinction coefficient is difficult due to the .
intramolecular dimerization of the radical cations of the two bipyridinium ~ Stern-Volmer plots corresponding to the electron-transfer
units of 4. quenching of the series of photosensitiz&ér2a, and 3 by
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Figure 4. Modified Stern-Volmer plots for the luminescence quench-
ing of 2a by BXV4" assuming different supramolecular maximal
stoichiometries (aN = 1 and (b) 2, 3, or 6. Linear fitting is observed
only for N = 6 (R = 0.990).

—
0 0.002 0.008

3 1 1 1

0.5 T T
0.004 0.006 0.008
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Figure 5. Modified Stern-Volmer plots for the luminescence quench-
ing of the different photosensitizers by BXVassuming the appropriate
supramolecular maximal stoichiometries: @N = 2; (b) 3, N = 3;
and (c)2a, N = 6.

T
0 0.002

BXV 4+ assuming the maximal supramolecular stoichiometries
N = 2, 6, and 3, respectivelyR(= 0.989, 0.990, and 0.986,
respectively). Thus, the best linear fittings of the modified
Stern-Volmer plots for the photosensitizels 2a, 2b, and3

are obtained for the supramolecular photosensitiBXV 4"

J. Am. Chem. Soc., Vol. 118, No. 3, 1886

l, 7\N
(T'r_o) =1+ K[A]

The optimized association constants for the binding of the
electron acceptor BX¥" to a single alkoxyanisyl site in each

of the complexes, deduced from the modified Steviolmer
plots, are summarized in Table 1. It can be seen that the
association constants are comparable but their values decrease
as the number of binding sites in the photosensitizer increases.
This might be attributed to the steric crowdedness of the binding
sites in the photosensitizers containing enriched alkoxyanisyl
binding sites. The analysis reveals, however, an unexpected
feature of the resulting supramolecular complexes between the
series of photosensitizefs-3 and BXV*", where maximum
binding of the quencher to the alkoxyanisyl sites is feasible.
Association of BX\*' to a single photosensitizer site is expected
to yield electrostatic repulsive interactions for binding of the
subsequent BX¥" electron acceptor. The excellent fitting
between the experimental data and the suggested model for
electron transfer quenching in the supramolecular assemblies
implies that maximum occupation of the alkoxyanisyl binding
sites by BX\** is feasible. That is, the photosensitizers that
include two, three and six binding site$, 3, and 2, form
supramolecular complexes exhibiting stoichiometries of up to
N = 2, 3, and 6, respectively.

Our discussion attributed the decrease in the initial lumines-
cence intensities of the transients bf3 upon addition of
BXV4t to a fast electron-transfer quenching of the excited
photosensitizer in the supramolecular assembly, S8y 6.
Using a short-pulse laser, the fast decay of the excited
photosensitizer in the supramolecular complex could be re-
solved. Figure 6A (curve b) shows the transient corresponding
to the fast decay of photosensitiZa upon addition of BX\V**,
where Figure 6B (curve b) shows the fast decay of photosen-
sitizer 2b upon addition of BXV*". For comparison, the
emission profiles oRa and 2b in the absence of BXY are
also provided in the respective figures (curves (a) in Figures
6A and 6B). On this short time scale no decay of the emission
is observed in the absence of added BXMmplying that the
fast decay corresponds to effective electron-transfer quenching
within the supramolecular assemblies. It should be noted that
the fast emission intensity does not decay to zero, but to a
constant finite value. This residual luminescence, which appears
constant at this time scale, represents the diffusional electron-
transfer quenching of the free photosensitizer by BXnd
decays to zero at a longer time windowde suprg. It should
be noted that addition of BX¥" to the reference photosensitizer
6 did not result in any fast decay at this time scale and the
luminescence intensity @ is almost identical in the absence
or presence of BX¥*. This indicates that no supramolecular
complexes betweed and BXV*" are formed, and no intramo-
lecular electron transfer takes place. Photosensittzas
guenched by a diffusional pathway that is observable only at a
longer time scale.

The fast emission transients shown in Figure 6, corresponding

(18)

stoichiometries corresponding to 2, 6, 6, and 3, respectively. It to the static electron-transfer quenching within the supramo-
should be noted that our model and results do not imply that lecular assemblies, were analyzed by least-squares fitting to eq
these are the only stoichiometries of the supramolecular 12, where the term eXp-(ko + ku[A]) t} was obviated (as there

photosensitizerBXV 4" complexes, but the experimental results
fit best upon assuming a contribution of a population of maximal
binding occupancy of the photosensitizer. For example, for
complex2athe supramolecular assembly consisting of BXV
associated to all six binding sites of the photosensitizer

is no significant natural decay nor diffusional quenching at this
short time scale). The parametd(®), K[A], and ksq were
optimized. The fitted curves (overlaid in Figure 6) were in
excellent agreement with the experimental points. Table 1
summarizes the resulting valueslgf, andK (in parentheses)

participates in the decay of the excited state, and other derived from the least-squares fitting. The values obtained for
supramolecular complexes of lower stoichiometries simulta- K from these analyses are also in good agreement with the values
neously contribute to the decay of the excited state. obtained from the modified SteriVolmer plots.
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Figure 6. Transient luminescence decay corresponding to intramo-
lecular electron-transfer quenching within the supramolecular as-
semblies: (A) (a) Luminescence decay2a 4.0 x 105 M; and (b)
luminescence decay @a, 4.0 x 10°° M, in the presence of BX¥%,
4.36 x 1072 M. (B) (a) Luminescence decay @b, 4.0 x 105> M and
(b) luminescence decay &b, 4.0 x 10°5 M in the presence of BX¥,
4.36 x 103 M.

It is interesting to note that the intramolecular electron-
transfer-quenching rate constantafby BXV4* is ca. 5 times
faster than that oRb. The two photosensitizers differ by a

Kropf et al.

decay of the reduced product corresponds to the recombination
process. The decay does not fit a first- or second-order reaction
over the entire time domain. The transient, however, can be
separated into a fast recombination which follows a first-order
kinetics and to a slow recombination that follows a second-
order kinetics. The fast first-order decay is attributed to back
electron transfer from the bound reduced acceptor, 8X\o

the oxidized chromophore, within the supramolecular assembly
(eq 8). The slow second-order decay is attributed to the
diffusional back electron transfer between the reduced acceptor
and an oxidized photosensitizer which are not associated (eq
7). The rate constants of the static and diffusional back-electron-
transfer recombination of the photoproducts formed upon
guenching oRaby BXV4*, which are obtained from first-order
analysis of the fast decay and second-order analysis of the slow
decay of the absorption of BX%", arekss= 1.8 x 1(f s and

kar = 3.5 x 10° M~1-s71, respectively.

A similar behavior is observed for the series of Rufll)
bipyridazine complexes that include the alkoxyanisyl urits3,
Table 2. That is, for all these Ru(ll) photosensitizers, the
formation of the supramolecular complexes with BRX\fesults
in two distinct populations of photoproducts: the supramolecular
complex composed of the reduced and oxidized products, where
back electron transfer proceeds by a first-order kinekigseq
8. The second population of photoproducts corresponds to free
redox intermediates, eq 7, that recombine via a second-order
process,ky. Table 2 summarizes the intramolecular and
diffusional back electron transfer rates in the series of complexes
1-3. The back electron transfer of the photogenerated redox
products formed by quenching of the reference photosensitizer
(6) lacking the alkoxyanisyl binding groups was exclusively
second order, a fact that provides further evidence that the
alkoxyanisyl groups are responsible for the formation of the
supramolecular assemblies.

Another important aspect to note about the analysis of the
back electron transfer is the relative contribution of the fast first-
order static component and the slow second-order diffusional

single ethylene glycol unit in the tether chain bridging the component. If the reduced bound acceptor, formed upon static
alkoxyanisyl binding site to the photosensitizer. We can assumequenching within the supramolecular assembly, does not dis-
that formation of the supramolecular assemblies between thesociate (eq 9) before the back electron transfer occurs, then we
BXV#* electron acceptor and the photosensitizers results in should expect the ratio between the photoproduct populations
electrostatic repulsive interaction as well as steric hindrance thatundergoing static and diffusional back electron transfer to be

stretch the diad assemblies. The longer electron transfer distancequal to the ratio between the photosensitizer populations
in photosensitizeRb, as a result of the longer tether bridge, undergoing static and diffusional quenching. If, otherwise, the

decreases the intramolecular quenching rate constant as comreduced acceptor formed upon static quenching escapes from

pared to2a. A similar effect of the tether length is observed in
the back electron transfer of the redox photoproducide(
infra).

We thus conclude that the series of photosensitireform
an equilibrium mixture of free photosensitizer and mono- and
polydentate supramolecular photosensitiz&rceptor diads.

the supramolecular assembly, then the ratio between photo-
product populations undergoing static and diffusional back
electron transfer should decrease as compared to the respective
populations of quenched photosensitizer. Table 2 shows the
fraction of photosensitizer undergoing static quenchiig énd

the fraction of photoproducts undergoing static back electron-

Figure 7 shows schematically the various supramolecular transfer recombinatiorg§). We see that for photosensitizers

assemblies formed betweBmnd BXV**. Quantitative analysis

of the electron-transfer quenching of the series of photosensi-

tizers implies that multisubstitution of the alkoxyanisyl sites by

1 and3 there is no significant difference betweég and 05
For complexeaand?2b, 65 is slightly higher tharfsq Since
the difference is not much larger than the error range, we can

BXV4t occurs despite the electrostatic repulsions between only give an upper limit to the escape efficien@gsc = Kesd

BXV4T units. We believe that stabilizing doneacceptor

interactions and the length of the flexible tether bridging chains

compensate for the electrostatic repulsive interactions.
Finally, we examined the electron-transfer products formed

upon guenching via the intramolecular pathway in the supramo-

lecular complexes and by the diffusional route where the free

(ksr + Kesg, OF (Osr — Osg)/0sq = 0.08. That is, not more than
8% of the reduced acceptor formed upon electron transfer within
the supramolecular assembly succeeds in escaping from back
electron transfer within the supramolecular assemblies. We
could expect, in principle, that the dissociation of a reduced
acceptor unit (which has lesseracceptor character) should be

photosensitizer is quenched. Figure 8 shows the transient offaster than the dissociation of an unreduced acceptor kit (

the photoreduced product BX¥ formed upon excitation of
2a. It exhibits a characteristic absorbancelat 600 nm. The

> k_p, K*_p), and hence the escape of the reduced photoproducts
should be feasible. We note, however, that the acceptor8XV



Alkoxyanisyl-Tethered Ru(HjTrisbipyridazine Complexes J. Am. Chem. Soc., Vol. 118, No. 3, 16686

O
O

X

o o] [EJO )

o 0

I/L‘ o N/? N N. Ié(o ?j F’O’j
h , (o] Nb - N
. %9 TR,

Zz-z
O
z
=z
“/-_
==

O

]
(o]

RN
6 ° o
(o}

(o]
O’\'
.O;
O
o o
o]
éz

Q
N\
o
o/
D
o)
/_\O/'_\ S\
o
o/
+
g“_

[¢]

T
o«

@]
()

(o]
L2
(
A
=z

CH,0
OCHg

— -

— >~
+
Q
Q
X
w

w O
O
X
w
(o
[¢]
X
LX)

@)
O

SR WA
"{@}

(o]
/_“\9_—\
-0 O O OO
|V A W 4
N\
o
O
Q
N/

9%0000
g\,_
£l
+

27
-

,l N/O I\ o N N N.
l \
iﬁ i@ PR g
¢ ! oL o
; oo c A
/D\Q"'O © 03 - 2% + (o) 0! +
Qywm G il TSR’y C P
e Vo e S
oo +i 53 é/ﬁ--ﬂq g\_ -«ocm CHSO/ ’ 1 g\— g y
y D%k:ﬁ Ql +~  OCH,
OCHj OCH,4

Figure 7. Scheme for the equilibrated supramolecular assemblies formed beBasaah BX\V**.

is composed of two non-conjugated bipyridinium moieties, and oxidized bipyridinium sites of BX%¥*. Thus, the non-co-
only one of them is reduced, while the other one is still capable valently linked supramolecular assemblies, %4t as static diads

of forming as-donor-acceptor complex with the alkoxyanisyl ~ where electron-transfer quenching and recombination occurs in
group. The relatively stable supramolecular structures even afterintact supramolecular structures despite the dynamic nature of
electron transfer are attributed to the stabilizationra@fonor— the systems.

acceptor complexes between the alkoxyanisyl units and the The reference compoundsand 6 that do not form supra-
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0.04 L - L transfer rate constantks, in the supramolecular systems
I consisting of photosensitizeBa and2b. The two photosen-
0.034 . L sitizers differ only by one ethylene glycol unit that links the
R alkoxyanisyl binding site to the Ru(ll) photosensitizer. The
a 0.02- '\‘ L intramolecular back electron transfer rate constant of the
o % | photogenerated redox products is ca. 2-fold slower in the
< 0.014 N i complex formed witl2b (see Table 2). The slower recombina-
' \\,_ tion rate in the supramolecular assemp—BXV4" as
od ~ 1 compared t@a—BXV 4" is attributed to the longer tether linking
BXV4* to the photosensitizer that assists the spatial separation
of the redox products.
-0.01 T —— T
0 5[ ws) 10 15 Conclusions
Figure 8. Transient decay of the reduced photoproduct, BX¥ormed We have demonstrated a novel means to organize photosen-
upon excitation oRa, as a result of back electron transfer. Reduced sitizer—electron acceptor diad arrays by structural tailoring of
photoproduct was followed &t = 600 nm. the photosensitizer with electron donor groups capable of

Table 2. Diffusional and Static Back Electron Transfer Rate generating Sgpramolecular diads via doracceptor interac-.
Constants and Fraction of Photosensitizer or Redox Photoproducts  tions.  Effective intramolecular electron transfer quenching

Being Quenched or Undergoing Recombination by the proceeds in the resulting supramolecular assemblies. Mecha-
Intramolecular Pathways nistic analysis of the intramolecular electron-transfer quenching
photosensitizer 10ky (592 10 %y (M- 251> Of 0 and of the back electron transfer of the photogenerated redox
1 083 59 071 070 products within the supramolecular systems revealed several
2a 1.76 35 085 078 important features: (i) The electron transfer quenching proceeds
2b 0.87 3.4 0.84 0.78 in two distinct populations of the photosensitizer that include
3 0.96 5.6 071 0.74 supramolecular assemblies of the photosensitiaeceptor
2 ig fg jg components and free photosensitizer that is quenched via a

diffusional pathway. (ii) For multireceptor photosensitizers,
aDetermined by analysis of the fast decay absorption transient of which include several binding sites for the acceptor, supramo-

BXV+3*, b Determined by analysis of the slow decay absorption transient |ecular assemblies of variable stoichiometries 2Sép to

of BXV*3*. ¢ 4 correspsonds to the fraction of photosensitized being complete occupation of all binding sites are formed. For

quenched by intramolecular electron transfer in the supramolecular le. for the h d h itizef . f
assemblies. Values determined from the modified St&wimer plots example, for the hexadentate photosensitizefprmation o

correspond to systems where [BXN = 4.36 x 1073 M. 96, complexes of stoichiometries SA, SA.., SAs is supported by
corresponds to the fraction of reduced photogenerated product thatmechanistic analysis of the electron-transfer quenching. Func-

recombines via intramolecular back electron transfer in the supramo- tipnalization of the supramolecular photosensitizer-acceptor
lecular assemblies. assembly by a high degree of electron acceptor components
enhances the intramolecular electron transfer quenching. (iii)

molecular complexes with BXY" form upon photoexcitation The electron transfer products formed in the systems reveal two
the respective photoproducts that recombine via a second-order P y

diffusional back electron transfer. The recombination rate distinct populations consisting of the redox products within the

constants for these photosensitizers are also included in Tablesupramolecular .assembly and redox products formed via dif-
2 fusional quenching of free photosensitizers. The two groups

of redox products are non-exchangeable within the lifetime of

Figure 7 shows schematically the supramolecular assemblie . L2
formed by photosensitiz&rand the electron acceptor, BXY. Sback electrqn transfer. (iv) The lifetime .Of the redqx products
in the resulting supramolecular assemblies is relatively long as

We have shown that photoinduced electron transfer occurs in ompared to covalentlv-linked diad svstems. This is attributed
the supramolecular assemblies and that the electron-transfelfo thl?a fact that the ele)étron-acce torybindin. sites are tethered
products are stable in the resulting structure and do not dissociat o Pt ng st

o the photosensitizer by long-chain spacing bridges. Electro-

within their lifetime. The formation of the intermolecular static repulsion between the electron acceptor units and the
complexes between the alkoxyanisyl Ru(ll) photosensitizer and puls . ; P .
photosensitizer site results in stretched conformations of the

BXV* represents a novel means to generate non-covalently-diads The resulting spatial separation of the redox products
linked photosensitizeracceptor diads. It should be noted that o g sp P P
stabilizes them against back electron transfer.

the lifetime of the redox photoproducts Ru-BXV*3* in the . .
various systems is relativgly Ior?g 0:56.20us. This value is We thus conclude that although the series of photosensitizers
substantially longer than the lifetime observed in covalently 1-3 and the electron acceptor BXV (_4) represent dy”a”."c .
linked porphyrin-quinone or Ru(ll}-tris-bipyridine-bipyri- systems, the electron transfer quenching and the rec_omblnatlon
dinium diads. In the present systems, the alkoxyanisyl binding of the photogengrated rgdqx products procegd n Sﬁt'c supramo-
units, acting as the active site for assembling the photosensi-IeCUIar ass_em_blles consisting of photosensitXV **. Fur_-
tizer—BXV 4" complexes, is tethered to the photosensitizer unit ther modification of the primary B_XV el_ec_:tron acceptor with
by a relatively long polyethylene bridging chain. Association secondary electron acceptors s antyupated to ylelq more
complex supramolecular triad assemblies where vectorial elec-

of BXV“* to the binding site results in electrostatic repulsive iron t ¢ Id enh the lifeti £ th i d
interaction between the Ru(ll) photosensitizer unit and theer:?ondJ?tgs er would enhance the lifeime of the resulting redox

acceptor component. These repulsive interactions stretch th
bridging chain, and as a result the photogenerated redox prOdUCt%ppendiX' Quenching of a Multireceptor Photosensitizer
are spatially separated. The spatial (distance) separationby a Queﬁcher Substrate

imposed by the electrostatic interactions stabilizes the photo-
products against back electron transfer. This phenomenon is We supply here the algebraic paths that lead from assumptions
supported by comparison of the intramolecular back electron (a)—(h) of the kinetic model stated in the section of Results
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and Discussion, to the derivation of eq 10 expressing the

distribution of the electron acceptor units over the multireceptor

photosensitizer units, and to eq 12 describing the after-pulse

decay of the luminescence intensity in the systems.

The ground-state species St =0, 1, 2, ...,N) are found
in equilibrium prior to the application of the laser pulse.
According to eq 1 and to assumptions (a) and (b), the

equilibrium constants can be defined by eq 19 which gives the

[SA] Kk (N+1-nk,
K., nk_,

PN TN (19)
[SAAl - ko,

concentration of each population, $4n an inductive way with
respect to its precursor, SA. This can be cumulatively
expressed by eq 20, which can be converted to eq 21, where
= ky/k-.

" (N+1— i)k,

[SA.] = [S] ] T[A] (20)
SA. | =[S N! K"A]" 21
[SA] =1 ]m (Al (21)

The analytical concentration of the photosensiti&y,is the
sum of the concentrations of all the populations, as given by
eq 22

N

S=) [SA]=IS]

n=|

N N!

—KTAI"  (22)

#=o ni(N — n)!
which can be converted by the expression of the binomium to
eq 23.

S =[Sl + KIA)" (23)
Combining egs 21 and 23 yields eq 10.

The distribution of the excited state immediately after
photoexcitation of [S*A](0) is similar to that of the ground
state, as given by eq 24, whe&, represents the overall
concentration of excited state species.
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S NI
1+ K[A] N (N — n)!
According to eq 4, 5, and 6, and to assumptions-(g),

each population of the excited states @féllows a first-order
exponential decay, given by eq 25.

[S*A(0) = KAI"  (24)

[S*A (1) = [S*A J(0) terHadAl et (25)

The transient emission intensity is proportional to the sum of
the concentration of all the excited states, eq 26.

W 12X <A
_— * t
) [S*A(1)

S =
Combination of egs 24, 25, and 26 leads to eq 27, which can
be reorganized into the form of eq 28. The latter is brought,
by the expression of the binomium, to the final form of eq 12.

(26)

N

|(t) — I(O) N! Kn[A] ne—(kD+l<dq[A] +nksgt
i=0(1 + K[A) N ni(N — n)!
(27)
o (otkedADt N NI
I(t) = 1(0) (K[Ale )" (28)

1+ K[A])N #=o nI(N — n)!
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