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Abstract: Photoinduced electron transfer reactions are characterized in supramolecular assemblies consisting of a
series of Ru(ll}-bipyridine complexes that include tethered dialkoxybenzene Brifsand cyclo[bisi,N'-p-xylylene-

4,4 -bipyridinium)], BXV4* (1). Formation of supramolecular complexes between BX&hd the dialkoxybenzene
mt-donor sites, linked to the photosensitizers, yields effective electron transfer quenching in the non-covalent-bound
dyads and polyads. Steady-state luminescence quenching experiments and time-resolved studies reveal that for the
one-shell photosensitizesand 5 that include six and two dialkoxybenzene units, respectively, supramolecular
photosensitizer-BX¥" assemblies of maximal stoichiometries corresponding to six and two, respectively, coexist
with lower supramolecular stoichiometries and free photosensitizers in the systems. For the two-shell dialkoxybenzene-
tethered photosensitize2sand4 that include 12 and &-donor binding sites, respectively, supramolecular assemblies

with BXV4* of maximal stoichiometries corresponding to 6 and 2 are derived. The association constant®f BXV

to the functionalized branch of the two-shell photosensitizer is ca. 10-fold higher than that of the one-shell
photosensitizer. The higher affinity of the two-shell photosensitizers to form supramolecular complexes with BXV

is attributed to the cooperative participation of two dialkoxybenzene sites in the association of offe B\

The higher association constants of BX\to the two-shell photosensitize2sand4, yields improved electron transfer
guenching as compared to the one-shell chromopl®essl5. The photogenerated redox-products formed in the
supramolecular assembliesRu bipyridine and BX\2*, recombine within the non-covalent-bound structures without
dissociation. The back electron transfer rate of the photogenerated redox products in the dyads and polyads is relatively
slow due to their spatial separation by repulsive electrostatic interactions.

Introduction by their spatial separation in the molecular arrays. Further

stabilization of the photogenerated redox products in molecular

Substantial efforts have been directed over the last decadeyizgs was accomplished by the incorporation of the molecular
toward mimicking the vectorial photoinduced electron transfer gssemplies in heterogeneous matrices, such as z8otites
and charge separation in the photosynthetic reaction cénter. |ayered phosphatés Structural alignment and rigidification of
One approach of modeling the photosynthetic reaction centerne molecular arrays in these systems results in the stabilization
includes the synthesis of covalently linked donracceptor — of the redox products against back electron transfer. Similarly,
dyads? triads?® and pentad$. The electron transfer products  the formation of donoracceptor supramolecular complexes
in these systems are generally stabilized against recombinationyetween a molecular photosensitizacceptor triad and an

* To whom correspondence should be addressed. Phone: 972-2-6585272.

electron donor was reported to result in the steric rigidification

Fax: 972-2-6527715. of the triad, leading to vectorial photoinduced electron trarifer.
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Electron Transfer in Supramolecular Assemblies

A different approach of organizing photosensitizacceptor
dyads involves the noncovalent assembly of photosensitizer

J. Am. Chem. Soc., Vol. 119, No. 33,7799/

aqueous solutio® The photosensitizers consisted of a series
of Ru(ll)—tris(bipyridazine) complexes that included two, three,

acceptor supramolecular complexes. Complementary H-bondsor six dialkoxybenzene groups tethered to the bipyridazine
between functionalized photosensitizers and electron acceptordigands of the chromophore through polyethylene glycol bridges.

were reported to yield supramolecular photosensitiaeceptor
dyads!? Structural alignment of donetacceptor dyadsia the

It was demonstrated that the dialkoxybenzene units provide
receptor sites for the noncovalent association of the bipyridinium

formation of supramolecular complexes with cyclodextrins was acceptor BX\#*. The formation of the supramolecular com-

reported to enhance the photoinduced charge sepatation.
Recently, we reported a novel approach to organize photosen-assemblies.

sitizer—acceptor dyad and “polyad” assembliga the applica-
tion of octopus-like multireceptor photosensitizers that form

plexes led to effective photoinduced electron transfer in the
It was further demonstrated that increasing the
number of receptor sites on the chromophore enhances the
photoinduced electron transfer. It was also shown that the non-

supramolecular complexes with several electron acceptor unitscovalently-linked supramolecular photosensitizelectron ac-

by m-donor-acceptor interaction's.

It is established thatN,N'-dialkylbipyridinium salts form
m-donor—acceptor complexes with different electron-rich aro-
matic compound’**> The supramolecular complexes between
dialkoxybenzenes and the bipyridinium cyclophane cyclo[bis-
(N,N'-p-xylylene-4,4-bipyridinium)], BXV4* (1), have been

\/ \/

+\/ \/+
1

extensively studied by Stoddart and co-workérs. It was

ceptor polyads behave as intact entities where the photogener-
ated redox species recombine within the supramolecular
assemblies. A detailed kinetic model that accounts for the
electron transfer processes in these supramolecular polyads was
formulated, and this enabled the quantitative analysis of the
kinetics of photoinduced electron transfer and back electron
transfer in the systems. In the reported series of chromophores,
the maximum number of polyethylene glyedalialkoxybenzene
receptor sites tethered to the photosensitizer was six (two on
each bidentate ligand). On the basis of the analyses of the
photoinduced electron transfer in these supramolecular as-
semblies, it was suggested that the static photoinduced electron
transfer processes in these supramolecular assemblies could be
enhanced by designing multishell multireceptor arrays tethered
to the central chromophore. That is, tethering a primary shell
of dialkoxybenzene units, covalently-linked to a secondary shell

found that dialkoxybenzene intercalates into the bipyridinium of dialkoxybenzene sites, to the chromophore, would provide
cyclophane viar-donor-acceptor interactions, and the resulting an effective molecular interface for the association of the
supramolecular assemblies were applied in the synthesis ofelectron acceptor units. Thereby, improved intramolecular
ingenious catenane macromolectie¥ photoinduced electron transfer is anticipated.

In a previous paper we addressed the question of the Here we report on the photoinduced electron transfer in
photoinduced electron transfer in supramolecular assembliessypramolecular assemblies composed of one-shell and two-shell

formed between a series of multireceptor Rufibplypyridine
complexes and the bipyridinium cyclophane BXVin an
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dialkoxybenzene multireceptor functionalized photosensitizers
derived from Ru(ll)-tris(bipyridine) 2—5 (Chart 1) and the
electron acceptor BX¥ (1). We examine the photoinduced
electron transfer quenching pathways in the supramolecular
assemblies and characterize the photogenerated redox products
and their recombination in the one-shell and two-shell func-
tionalized photosensitizers. We demonstrate that the two-shell
modified photosensitizers do not show a simple additive effect
in the association of the electron acceptor units of BX\but
rather reveal a synergetic binding effect for the formation of
the supramolecular complexes with the electron acceptor
components. This synergetic association of BXYb the two-
shell functionalized photosensitizer is attributed to improved
m-donor-acceptor interactions between BXVand the two-
shell receptor assembly, and it results in enhanced internal
electron transfer within the resulting supramolecular systems.

Experimental Section

Absorption spectra were recorded with a Uvikon-860 (Kontron)
spectrophotometer. Fluorescence spectra were recorded with a SFM-
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>d20 ns. For shorter
time scale transients~(0.5 ns) a flash photolysis system consisting of

(19) (a) Bissell, R. A.; Cordova, E.; Kaifer, A. E.; Stoddart, IN@ture
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. Commiifi94 177. (c) Amabilino, D. B.; Ashton,
P. R.; Reder, A. S.; Spencer, N.; Stoddart, JARgew. Chem., Int. Ed.
Engl. 1994 33, 433.
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a N; laser (PRA, LN-1000) coupled to a dye laser (Laser Photonics, 60 : : : !
Coumarin 460) was employed. These lasers were coupled to a detection B 3 2
system consisting of a monochromator and photomultiplier (Applied 507 ﬂ g I
Photophysics) linked to a digitizer (Tektronix 7912 AD) and a computer 404 = AJ 7{ L
for data storage and analysis. - 2 ‘

All materials and solvents used in the synthesis of the ligands and 2o 307 ¢ f 5
the complexes were of highest purity from commercial sources 204 "5 oo vom oo odos o |
(Aldrich). The acetonitrile which was used for the measurements was - 4
HPLC grade (JT Baker). Cyclo[bN(N'-p-xylylene-4,4-bipyridinium)]- 10 61
(PRs7)am (1) was prepared according to the literatéfe. The ligand OL B
4,4-bis[[[8-[[4-[(8-anisoxy-3,6-dioxaoct-1-yl)oxy]phenyl]oxy-3,6-diox- 0 0001 0002 0003 0004 0005

aoct-1-yllox]Jmethyl]-2,2-bipyridine was prepared by reacting 8-[[4-
[(8-anisoxy-3,6-dioxaoct-1-yl)oxy]phenyl]oxy]-3,6-dioxa-1-oct&h¢B.00 ) .
mmol) with 4,4-bis(bromomethy!)-2,2bipyridine (1.50 mmol) in the Figure .1. Stern—Volmer plots for the steady—stgtt_e luminescence
presence of NaH (95%) (toluene, 12 h reflux), followed by chromato- duénching of2—7 by BXV“". All the photosensitizers are at a
graphic purification (SI@CH,Cl,—CHsOH 95:5 (v/v) as eluent). The concentration of 4.5 107% M. Inset: Vertical zoom of the same plots
photosensitizer tris[4' 4is[[[8-[[4-[(8-anisoxy-3,6-dioxaoct-1-yoxy]-  for 3, 5, 6 and7.
phenyl]oxy]-3,6-dioxaoct-1-ylJoxy]methyl]-2;zbipyridine]ruthenium-

(1) dichloride (2) was prepared by the reaction of Ru(DMSCIy (0.25 alkoxybenzene groups. One group is linked to the chromophore
mmol) and the respective ligand (1.00 mmolpgOH—H,0, 3:1 (v/ through a triethylene glycol bridge, and the second dialkoxy-
v), 72 h reflux) followed by chromatographic purification (SIOH:- benzene group is attached to the first one through a second
Cl;—CH;OH, 90:10 (v/v) as eluent). The photosensitizer bis{4,4  triethylene glycol chain. The latter two complexes, which
dimethyl-2,2-bipyridine)[4,4-bis[[8-[[4-[8-anisoxy-3,6-dioxaoct-1-  jnclude a total number of 12 or 4 dialkoxybenzene sites at two

yhoxylphenylloxy]-3,6-dioxaoct-1-ylloxylethyle]-2;ipyridine]- different distances from the metal center, can be regarded as
ruthenium(ll) dichloride 4) was prepared by the reaction of Ruftl) two-shell multireceptor photosensitizers for BXV
bis(4,4-dimethyl-2,2-bipyridine) (0.40 mmol) and the respective ligand

[BXV*] (mol/l)

(0.55 mmol) (GHsOH—H,0, 3:1, 72 h reflux) followed by chromato- Steady-State Emission Experiments.Figure 1 shows the
graphic purification (SI@CH.Cl,-CHs;OH, 95:5 (v/v) as eluent). The  steady-state luminescence quenching of the series of complexes
photosensitizer8, 5, and7 were prepared as reported earfierThe 2—-5by BXV4* (1). Nonlinear SterrVolmer plots are obtained
photosensitizel6 was prepared by the same procedure2agide for all of these photosensitizers, and the highest deviation from
suprg), but using 4,4dimethyl-2,2-bipyridyl (Aldrich) as ligand. Al linearity is observed foR. The nonlinear SteraVolmer plots

compounds gave satisfactory elementary analysis ##dNMR
spectra.

All photochemical measurements were performed in acetonitrile (JT - . . "
Baker, HPLC grade). All steady-state luminescence and time-resolved assigned to static quenching of the photosensitizer by 8XV

quenching experiments were performed inc11 cm glass cuvettes units a;sociated with the dialkoxypenzene site; ar}d diffusional
that contained a solution of the respective photosensitizer in acetonitrile, duenching of the free photosensitizer by BX\(vide infra). It

45 x 105 M (OD ~ 1.0) and the appropriate concentration of the Should be noted that the emission spectr2-e7 are identical
BXV4*. In steady-state experiments, = 460 nm, and in the transient ~ (except in their intensities) upon addition of BXVin the entire
experiments using the Nd-YAG lasél,x = 532 nm and for the N concentration range. As control experiments, the luminescence
dye laserlex = 460 nm. The resulting emission was recordedcat quenching process of the photosensitizzesd7 (Chart 2) by

= 600 nm. The recombination processes were characterized in BXv4+ was examined. The latter photosensitizers lack the
acetonitrile solutions of the respective photosensitizer 48> M, dialkoxybenzene binding sites, and thus formation of supramo-
and BXV", 2.5 x 10°° M. For these absorption measurements, & o0 101" complexes with BXY is excluded. Nearly linear

pulsed Xe arc lamp (ORC, 250 W) was used. In order to obtain St Vol ot btained for the lumi h
accurate absorption measurements, the signal component due ta ern-voimer plots are obtained for the jluminescence quencn-

luminescence emission at the same wavelength was properly subtractedd Of 6 and7 by BXV** (Figure 1). Thus, the electron transfer
All samples were deaerated by bubbling Ar for 20 min. All time- que_nc_hlng of6 ?nd 7is diffusionally controlled. The minute
resolved and steady-state experiments were performed at a controlleddeviation from linearity for compoundsand? can be attributed

indicate that the electron transfer quenching of the chromophores
2—5 by BXV4* proceedsvia a complex route that could be

constant temperature of 25 2 °C. to slight changes in the ionic strength of the media upon addition
_ _ of BXV#*. It should be noted that thg/l values for reference
Results and Discussion compound6 are slightly higher than for compoun@sand5.

The electron transfer quenching and charge separationTh's is attributed to the relative sizes and diffusion coefficients

processes were examined in a series of systems that includec?f the d|ffgrent phot_osensmzers._ F_or the relatively small
one of the Ru(ll)-tris(bipyridine) derivative2—5, acting as photoser_13|t|ze6,_dlffL_JSlonaI quenc_hlng is enhanced, as_reflected
photosensitizer, and the electron acceptoN[-p-xylylene- by the higher diffusional quenching rate constanid€ infra,
4,4-bipyridinium], BXV4* (1). All of these Ru(lly-bipyridine ~ &nd Table 1).
complexes include different numbers and configurations of  Time-Resolved Emission Experiments.Further insight into
dialkoxybenzene receptor groups capable of formirdpnor— the electron transfer quenching of the Rufibipyridine
acceptor charge transfer complexes with BXV The photo- ~ complexes2—5 by BXV** is attained by time-resolved laser
sensitizersd and5 contain six and two branches, respectively, flash photolysis experiments. Figure 2 displays the transients
where each branch includes one dialkoxybenzene group at theof the luminescence decay &f-5, respectively, in the presence
end of a triethylene glycol bridge. These two complexes can Of different concentrations of BX¥. The luminescence
be regarded as one-shell multireceptor photosensitizers fortransients reveal two important features: (i) the initial lumi-
BXV4*t. The photosensitizerg and 4 contain six and two nescence intensity decreases as the concentration of*BXV
branches, respectively, where each branch includes two di-increases, and (ii) the luminescence lifetime is shortened as the
concentration of BXV*" increases. These features appear to

(20) The detailed synthesis of the ligand and the complexes will be e general for all of the photosensitiz&s5 upon addition of
described elsewhere."ByH.; David, E. Manuscript in preparation. . . L .

(21) Seiler, M.; Dur, H.; Willner, 1.; Joselevich, E.; Doron, A.; Stoddart, BXV#*. The magnitude of the decrease in the initial lumines-
J. F.J. Am. Chem. S0d.992 114, 4013. cence intensities and the extent of the shortening of the lifetimes
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Figure 2. Transient luminescence intensities of (3)(B) 3, (C) 4, and (D)5, in the presence and absence of BXVUpper curves correspond
to the photosensitizer luminescence without BXVAIl other transients represent the systems with added BXat consecutive increments of
5 x 107 M, up to an overall concentration of 5:0 103 M.
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Figure 3. Transient luminescence intensities of the reference com-
pounds (A)6 and (B)7 in the presence and absence of BXVUpper
curves correspond to the photosensitizer luminescence without BXV
All other transients represent the systems with added 8X%t
consecutive increments of 6 1074 M, up to an overall concentration
of 5.0 x 1073 M.

shortened. The latter behavior, where only the luminescence
7 lifetime is shortened upon increasing the concentration of the
electron acceptor, is characteristic of a diffusional electron
of the chromophores vary and depend on the structure of thetransfer quenching. Thus, the unique features observed for the
photosensitizer. luminescence decay of the photosensitiz2ts by BXV4F,
Figure 3 shows the luminescence transients obtained uponconsisting of a decrease in both initial luminescence intensity
addition of different concentrations of BXYV to the reference and luminescence lifetime, are attributed to the participation of
compoundss and 7, respectively. In both cases we observe two complementary electron transfer quenching pathways.
that the initial intensity remains nearly constant upon increasing Photosensitizer2—5 include the dialkoxybenzene groups, and
the concentration of BX¥*, but the luminescence lifetime is  are capable of forming supramolecular complexes with the
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bipyridinium cyclophane electron acceptor BXV Electron generally represented as Sk =0, 1, 2, ...,,N), where the
transfer quenching within the supramolecular assembly should casen = 0 represents the unbound photosensitizer. The relevant
proceed by a fast, nondiffusional, static pathway. Provided this processes, species and kinetic constants involved in the
fast quenching process occurs within a time scale shorter thanphotoreactions of the different supramolecular photosensitizer
the time resolution of the luminescence measurements, the statistates are summarized in eqs4

electron transfer quenching is reflected by a decrease in the

measured “initial” luminescence intensity as actually observed. SA_,+A g SA, (n=1,2,..N) 1)

The resulting transient luminescence and the shortening of its K-

lifetime are attributed to the free photosensitizer which is

hv
guenched by the electron acceptor BXWia a diffusional SA,—S*A, (n=0,1,2,...N) (2)
route, similar to that occurring in the reference compoufds
and7. The assignment of the decrease in the initial emission * Kn_ s _
intensity to a fast static quenching process will be confirmed S*Any T A K*_n S*A, M=12,..N) (3)

later by further experiments on a shorter time scaidq infra). ;
These transient luminescence features of the photosensitizers D _

o . A S*A — S n=0,1,2,..N 4
2-5, which include tethered dialkoxybenzene units, in the n A ( ) )
presence of BX¥" are similar to the recently reported electron

transfer quenching of alkoxyanisyl-tethered Ruftijis(bipy- S*A,+ A L] S+An +A (n=0,1,2,..N) (5
ridazine) complexes and BXV.13
. . . . . . ks _
A qualitative comparison of the emission transients of the S*A, < SHA A, (n=12 ..N) (6)

photosensitizerg—5 in the presence of BX¥, Figure 2, allows

clear differences between the one-shell and two-shell dialkoxy- K,

benzene-functionalized chromophores to be pointed out. The S*An +A — SA,+A (n=0,1,2,..N) (7)
initial luminescence intensity, corresponding to the internal
electron transfer quenching within the supramolecular as-
semblies, is substantially enhanced in the two-shell modified
photosensitizer2 and4 as compared to the one-shell function-

alized photosensitizei3 and5, respectively. For example, at S+A7An_15c> S+An—1 +A" (n=1,2,..N) (9)

a concentration of BX¥* corresponding to 5.& 1073 M, the

initial luminescence intensity o2 decreases to 2%, whereas These equations represent the following processes: (1)
that of 3 decreases only to 19%. It is also evident that, for the association and dissociation of the photosensitizer and electron
two-shell photosensitizer8 and 4, increasing the number of  acceptor in the ground state; (2) photoexcitation; (3) association
dialkoxybenzene units enhances the quenching of the initial and dissociation of the photosensitizer and acceptor in the
luminescence intensity. The qualitative analysis of the initial excited state; (4) natural decay of the photosensitizer; (5)
luminescence intensity quenching of the one-shell and two-shell diffusional electron transfer quenching; (6) static electron
photosensitizers reveals, however, that the effectiveness of thetransfer quenching within the supramolecular assemblies; (7)
intramolecular quenching is not controlled only by the number diffusional back electron transfer of the photogenerated redox
of dialkoxybenzene units but also by their spatial configuration. products; (8) static back electron transfer recombination of the
For the two-shell photosensitizel, a total number of four redox species within the supramolecular assemblies; (9) escape
dialkoxybenzene units exists whereas in the one-shell photo-or dissociation of the redox products from the supramolecular
sensitizer3, six dialkoxybenzene units are present. The initial assemblies.

luminescence of is, however, quenched more effectively than The main assumptions adopted in the kinetic model, and the
that observed foB (cf. parts B and C Figure 2). For example, development of the consequent kinetic equations, were discussed
for a BXV4t concentration of 5.0x 1072 M, the initial and justified in our previous papé&t. Two important assump-
luminescence intensity of is decreased to 6%, whereas that tions of this model are that (i) the diffusional quenching rate is
of 3 (which includes six dialkoxybenzene sites) is quenched proportional to the electron acceptor concentration and (i) the
only to 19%. These results clearly imply that unique interactions static quenching rate of the photosensitizer for each supramo-
in the two-shell photosensitizers lead to enhanced intramolecularlecular assembly is proportional to the stoichiometry, i.e., to
electron transfer quenching in the resulting supramolecular the number of electron acceptor units bound to the photosen-

s+A*An_15» SA, n=1,2,...N) (8)

assemblies. sitizer.

Kinetic Model and Analysis of Electron Transfer in the As a result of these assumptions, we find that different
Supramolecular Assemblies. To quantitatively analyze the  Stoichiometries of supramolecular assemblies(84= 0, 1, 2,
electron-transfer quenching of photosensitiztss by the ...,N) are found in equilibrium in the system prior to excitation,

bipyridinium electron acceptor BX4, and to determine the  and their concentrations, which are characteristic of a standard

association constants of the resulting supramolecular assemblies2inomial distribution, are given by eq 10, whef is the
we apply the kinetic model that was previously developed by SA =

ust® and corresponds to the electron transfer quenching of a[ ol =

multireceptor photosensitizer by an electron acceptor substrate. S N! v
The kinetic model takes into consideration the photoprocesses (1 + K[A] NnI(N— n)!'\
of the multireceptor photosensitizer, S, in the presence of the

electron acceptor, A, within the resulting supramolecular analytical concentration of the multireceptor photosensitiger,
assemblies exhibiting all the possible stoichiometries: S, SA, is the maximal stoichiometry, i.e., the number of binding sites
SAz, ..., SAv (N is the number of binding sites on the on the multireceptor photosensitizer, aikids the association
photosensitizer), as well as the quenching of the photosensitizerconstant between one binding site and the electron acceptor,
by a diffusional route. The photosensitizer configurations are A. Upon pulse photoexcitation of the system, equal fractions

MAI" (n=0,1,2, ..N) (10)
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of every population are promoted to the excited states,S*A 4.5 : .
and immediately after excitation, their distribution is similar to 4.0
the ground-state distribution. As each population decays at a 3.54
different rate, the overall decay of the luminescence of the o 304
photosensitizer is multiexponential. The transient emission oi“’, 254
decay according to this model is given by eq 11, wHéd¢ is E 204
kN 1.5
I(t) = |(0)e(ko+kdq[A])t(LM) (11) 1.0+
1+ K[A] 0.5

T T T T
0 0.001 0.002 0.003 0.004 0.005

the emission intensity immediately after photoexcitatiog.is (BXV*] (mol/})
the rate constant of the diffusional quenching process for all Figure 4. Shortening of the lifetime of the slow luminescence decay
the excited photosensitizer populations, &ggs the first-order at different concentrations of BXV. Data for lifetimes were extracted
kinetic rate constant of the static quenching per electron acceptorfrom Figure 2.
unit (the rate.conSta.lnt of the static quenching associated with Table 1. Diffusional and Static Electron Transfer Quenching Rate
each pOpU|at'°n, SAis nlgg?. . . . Constants in the Photosensitiz8XV 4" Systems and the

Since the static quenching is much faster than the diffusional Association Constants of the Resulting Supramolecular Assemblies
quenching Ksq >> kagA]), the transient luminescence is 100, 10 %@ 10 kot
composed of a fast decay which is attributed to the static ppotosensitizer (s (M-s?) (s Ke (M)
quenching in the supramolecular assemblies, @ 1, 2, ...,

N), and a slow decay which is attributed to natural decay and g iig 8:22 gg li& %%g(fz)lo)
diffusional quenching of the unbound photosensitizer, S. The 4 0.98 0.63 220 21 20 (190 20)
fast decay ends when the teKfA] exp(—ksd) in eq 11 becomes 5 0.92 0.60 200 20- 4 (504 20)
negligible, and then the slow emissidgeu(t), is expressed by 6 1.00 1.20

eq 12. 7 098  0.44

aDeduced from the shortening of the slow-decay luminescence

. 1 — (kp+kadAD t lifetimes. ® Obtained by fitting the fast luminescence decay to eq 11.
lsion(t) = 1(0}) € o (12) ¢ Derived from the modified SternVolmer plots, according to eq 15.
(1+K[A]) The association constants in parentheses correspond to the values

obtained from the fitting of the fast luminescence decay to eq 11.
The emission transients shown in Figure 2 are assigned to

the slow emission decalsiu(t), of the free photosensitizer (eq  tively. An expression for the luminescence lifetime can also
12). The apparent decrease in the initial luminescence as thepe obtained from eq 11, as shown in eq 14.
concentration of the acceptor BXVis increased is attributed
to the fast static quenching (not seen on this time scale) of higher Ut =Ky + ky [A] (14)
fractions of bound photosensitizer, and the accompanying d
shortening of the luminescence lifetime is interpreted as a result
of the diffusional quenching of the free photosensitizer (the fast
experments performed on shorter tme scalets nra). The e term (L+ KIAD Nis a polynomial of degre. That s, the
emission transients corresponding to the luminescence deca)ﬁtem—Volmer plots corr_e_spondlng to the que_nchlng of the
of the photosensitizers including dialkoxybenzene gro@ps ( mult!receptor photosensitize®s-5 can be described as pply-
5) with addition of BXV*" (Figure 2) are hence characterized npmlals of degreed t1 vyhereN is the number of binding
by this apparent decrease in the observed initial emission sites. WherK is null, as with the reference compourgiand

. : i - : 7, the Stera-Volmer plots are linear.
intensity, whereas the emission transients corresponding to the'* ~. - o
y P 9 Figure 4 shows the shortening of the lifetimes of the

emission decay of the reference photosensitizers lacking the . o . :
dialkoxybenzene group$ @nd7), Figure 3, are only character- photosen3|t|zer§—5_upon addltlor_l of variable concentrations
ized by a shortening of the lifetime upon addition of BXY o_f BX_V4+ by analysis of the transients shown in Figure 2. The
with almost no change in the observed initial emission intensity. gggiﬁg‘i‘éiiﬁ;;’zﬁ?w‘z; r?;?ci?;tztgﬁﬁft:\ges:Igfortesntjsing
A guantitative interpretation of the Sterivolmer plots shown ’ . .
q p b eq 14. The values are summarized in Table 1. We see that the

in Figure 1 is possible by the formulated model. Assuming ~71 =" ) e
that the steady-state luminescence intensity of the photosensitizep'ffus'onal electron transfer rates of the different photosensitizers
are within the same range of values. The slight deviation, which

at any concentration of electron acceptor is proportional to the ; .
integration over time of the transient luminescence intensity (eq Istta'lbsot d de';ectedhln the_ retflf rence C?mpoghﬁdf]tﬁz cag_ be
11), and realizing that the teriiA] exp(—ksd), related to the 2 dg_t_” € fOB;\;f‘”ge In the tonic strength of the media upon
fast decay, quickly becomes null and does not contribute addition o )

significantly to the integrated luminescence, the Stérolmer Analysis of S‘.’pfamo'ecu'ar Association and Stoichiom-
plots can be expressed by means of eq 13, wheaad| are etry. The association parameters and nature of supramolecular
' assemblies formed between the series of photosensi2zess

| - and BXV** can be analyzed by means of a modified Stern
2= (1+ K[A]) N_O (13) Volmer equation corresponding to the quenching of a multire-
' T ceptor photosensitizer by a substrate quencher, which is obtained

. ) e by rearrangement of eq 13 to the form of eq 15. This modified
the steady-state luminescence intensities in the absence and in

Equation 13 explains the nonlinearity of the Stekfolmer
plots shown in Figure 1, since, although the tegfr is linear,

the presence of variable concentrations of electron acceptor, | N
respectively, and, andr are the luminescence lifetimes in the (_° l) =1+ K[A] (15)
absence and in the presence of the electron acceptor, respec- Iz,
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Figure 5. Modified Sterr-Volmer plots for the luminescence quench-
ing of (A) 3 and (B) 5 by BXV*", assuming different maximal
supramolecular stoichiometries. Linear fitting is observed3ferhen

N = 6 (see vertical zoom inset) and férwhenN = 2.

Figure 6. Modified Sterr-Volmer plots for the luminescence quench-
ing of (A) 2 and (B) 4 by BXV**, assuming different maximal
supramolecular stoichiometries. Linear fitting is observed2farhen

N = 6 (see vertical zoom inset) and fdrwhenN = 2.

Stern-Volmer equation contains the expressibyii of the o ) )
standard SteraVolmer plot, and the factor/z, which is branch, and thus four binding sites for BXVare available.
obtained from time-resolved measurements. A linear modified The modified SteraVolmer plot, Figure 6B, reveals, however,
Stern-Volmer plot, [(o/1)(z/70)]*™N vs the electron acceptor that a linear relationship is obtained upon assuming a maximal
concentration, should be obtained upon selection of the ap-stoichiometry ofN = 2. The derived association constant of
propriate maximal stoichiometry possible for the respective BXV#* per branch ik = 210+ 20 M.

photosensitizer. Comparison of the BXY¥" association constants per branch
Figure 5 shows the modified Sterivolmer plots for the one-  for the one-shell and two-shell photosensitizers reveals sub-
shell photosensitize@and5. For the photosensitiz& which stantial differences. The association constant of BXY a

consists of six branches, each of which includes a single pranch of the two-shell photosensitizers is ca. 10-fold higher
dialkoxybenzene unit, a linear relationship is obtained upon than the association constant of BX\o a branch of the one-
usingN = 6 as the maximal stoichiometry of the supramolecular shell photosensitizers. The higher affinities of the two-shell
complex. All other values for possible stoichiometries do not photosensitizer® and 4 for BXV4* as compared with the
lead to a linear relationship. From the linear plot for= 6, analogous one-shell photosensitiz&sand 5, respectively,
Figure 5A, the derived association constant of BXVo a cannot be explained simply by the additive effect of an increase
dialkoxybenzene site correspondsko= 10 & 2 M~ The in the number of binding sites in the two-shell photosensitizers.
values of the association constants of BX\to the binding If this was the case, then doubling the number of dialkoxy-
site on a single chain are in good agreement with the reportedpenzene groups on each chain tethered to the photosensitizer
association constant between BX\and dimethoxybenzene in 6,4 lead to only a 2-fold increase in the association constant

acetonitr.ile Kass = 17 M79).1 For photosensitizes, Figurg to BXV4*. The 10-fold higher association constants to BXV
5B, the linear SteraVolmer plot is observed upon assuming of the two-shell photosensitizers are thus attributed to a

the ;t?lcleor?:ﬁtg 0: t?ihsgﬁ);amc;]lefular qtc_)mplgti(,|=d2, . cooperative effect of the two dialkoxybenzene units available
consistent Wi € tact that the pnotosensitizer INCIUCes WO 5, o5ch pranch in the association of BXV The flexibility of

cha|n§ V\.”th two dialkoxybenzene binding 5|tes.71Th97 derived the triethylene glycol chains linking the two dialkoxybenzene
association constant correspondte= 20 + 4 M~ Figure . - . .
o units would allow the intrachain formation of a-stacked
6 shows the modified SterfVolmer plot for the two-shell . TR :
supramolecular complex that includes a bipyridinium/dialkoxy-

photosensitizer® and4. For the photosensitiz&;, Figure 6A, A . .
which consists of six branches with two dialkoxybenzene sites _benzene/b|pyr|d|nlum/d|alkoxybenzene assembly, Figure 7. That

in each branch, a linear modified Sterviolmer plot is obtained IS, one b'pY”d'”'“”_‘ unitis sandwiched between two dialkoxy-
upon assuming a maximal stoichiometry df= 6. That is, benzene sites available in each branch.

although 12 binding sites are available for BXVthe steady- Several previous examples emphasize:thetacking effect
state luminescence experiments imply the formation of a On the association constant of the resulting supramolecular
supramolecular complex of a maximal stoichiometry that assemblies. For example, the associatioN,bf-dimethyl-4,4-
corresponds tdl = 6. From the slope of the linear plot shown bipyridinium to a bis[dialkoxybenzene] cyclophane is higher

in Figure 6A, the derived association constant of BX\per than to dimethoxybenzerié. The zz-stacking of BX\** to bis-
branch isK = 1104 10 M1, Similar results are obtained upon [dialkoxybenzene] derivatives was also used in the successful
analyzing the steady-state luminescence propertigsinfthe synthesis of catenané%!® The stabilization of supramolecular

presence of BXY¥". The latter two-shell complex consists of complexes between BXY¥ and the two-shell photosensitizers
two branches that include two dialkoxybenzene units in each via a z-stacking route explains the derived maximal stoichi-
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Figure 7. Schematic structure for the cooperative binding of BXV

by two adjacent dialkoxybenzene units of one branch of the two-shell
multireceptor photosensitizers. The upper branch is free, and the lower
one binds a BX¥* unit.

ometries derived from the modified Sterlolmer plots.
Provided the two dialkoxybenzene units participate in the
association of a single BX4, the expected maximal stoichi-
ometries for photosensitize&sand4 areN = 6 andN = 2,
respectively. This explanation will be further supported by
analyzing the fast time-resolved experimenigl¢ infra). A
further more moderate effect that should be mentioned is the
fact that the association constant of BX\per branch slightly

decreases upon increasing the number of dialkoxybenzene chains

to the photosensitizer. This is observed for the one-shell and
two-shell photosensitizers. The lowering in the association
constant per branch of BXY, upon increasing the number of
branches, is attributed to enhanced steric and/or electrostatic
hindrance for binding successive units of BXVin the
multireceptor photosensitizers possessing a larger number of
branches.

Static Quenching Analysis. Our discussion attributed the
decrease in the observed initial luminescence intensities of the
transients of2—5 upon addition of BX\** to a fast intramo-
lecular electron transfer quenching of the excited photosensitizer
in the supramolecular assemblies, $*Aq 6. This fast decay
of the luminescence due to static quenching of the excited
photosensitizer within the supramolecular assemblies could be
time-resolved using a short-pulse laser. Figure 8 shows the
decay of the emission intensity of photosensitiz2r, in the
absence and in the presence of different concentrations of

vidaet al.
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BXV®", within a time scale of a few nanoseconds. We clearly rig e 8. Decay of the emission intensity of photosensitizers 2A)

observe, especially f& and4, that upon addition of BX¥" a

(B) 3, (C) 4, and (D)5, within a time scale of a few nanoseconds, in

fraction of the luminescence decays within a few nanosecondsthe presence and absence (upper curves) of BXVhe transients
until a nearly constant emission intensity is reached. The correspond, from top to bottom in each frame, to BX\¢oncentra-
relative contribution of the fast decay corresponds to what we tions: 0, 1.7x 1073 3.3 x 1073 and 5.0x 1072 M. Least-squares
referred to at longer time scale emission measurements (Figurefitting curves are overlaid on the experimental points.

2) as the “decrease in the observed initial emission intensity”.

We can therefore attribute the fast decay observed on a shor%e

time scale (Figure 8) to the static quenching of the excited

photosensitizer within the supramolecular assemblies, whereas
the remaining nearly constant emission is assigned to the slow

decay of the luminescence of the free photosensitizer by the
natural decay and diffusional quenching, which can only be
observed on a longer time scale, as in Figure 2.

(22) (a) Allwood, B. L.; Spencer, N.; Shahriari-Zavareh, H.; Stoddart,
J. F.; Williams, D. JJ. Chem. Soc., Chem. Commi887, 1064. (b) Ashton,
P. R.; Chrystal, E. J. T.; Mathias, J. P.; Parry, K. P. Slawin, A. M. Z.;
Spencer, N.; Stoddart, J. F.; Williams, D.Tetrahedron Lett1987 28,
6367. (c) Odell, B.; Reddington, M. V.; Slawin, A. M. Z.; Spencer, N.;
Stoddart, F. J.; Williams, D. JAngew. Chem., Int. Ed. Engl988 27,
1547.

The fast transients shown in Figure 8 exhibit two important
atures. First, the contribution of the fast decay increases with
increasing concentration of BXY, and no fast decay is
observed in the absence of BV The relative contribution

of the fast decay is equal to the fraction of photosensitizer bound
to one or more BXV*" units, which is calculated from eq 10
and the values oK displayed in Table 1. For this reason, the
fast decays observed f@rand5, which are poorly binding to
BXV4*, have a smaller contribution than the fast decays
observed foR2 and4 with the addition of similar concentrations
of BXV4*. Second, the fast decay becomes faster with
increasing concentration of BXY. That is, if one tries to fit
these fast decays to a monoexponential decay, one finds that
the decay constant becomes larger with increasing 8XV
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Figure 9. Histograms representing the equilibrium statistical distribution of stoichiometries of the supramolecular assemblies formad(By (A)
3, (C) 4, and (D)5, in the presence of BX¥ (5.0 x 1073 M), according to eq 10 and calculated valueskof

concentration. The acceleration of the fast luminescence decayby more than 25%. That is, in both the one-shell and two-
with increasing concentration of BXY is attributed to the fact ~ shell multireceptor photosensitizers, the bound BXunits are
that at higher BX\#* concentrations more significant popula- found at nearly the same distance from the Ru(lijs-
tions of higher supramolecular stoichiometries are found in the (bipyridine) chromophore. This fact implies that the BXV
systems. The presence of a larger number of electron acceptounits are found near the inner-shell dialkoxybenzene group and
units within the supramolecular assemblies enhances the prob-supports our previous conclusion that both inner and peripheral
ability of electron transfer, as assumed by our kinetic model. dialkoxybenzene groups of each branch participate in the
The fast transients shown in Figure 8 were properly fitted to eq association of one BXY" unit.
11 by means of an iterative least-squares fitting program. The The superior electron transfer quenching reactions in the two-
term exptko + ki[A])t in eq 11 was omitted since on this  shell multireceptor photosensitizets&ind4, compared with the
short time scale it nearly equals unity, and only the parametersanalogous one-shell multireceptor photosensitiZzrand 5,
1(0), K[A], and ksq were optimized. The fitted curves are respectively, can be quantitatively explained by showing the
overlaid on the experimental transients shown in Figure 8. For statistics of the different supramolecular stoichiometries coexist-
each photosensitizer, all the fitted curves corresponding toing in solutions consisting of the same concentrations of
different concentrations of BX% yielded nearly the same photosensitizer and electron acceptor. The histograms shown
values of I(0), and similar values oksq The results are in Figure 9 represent the distribution of supramolecular pho-
summarized in Table 1. The optimized valuesK§A] varied tosensitizer-acceptor complexes of variable stoichiometries,
with the concentration of BX¥", and the derive values from calculated from eq 10 and the derived valueK oforresponding
the different transients are almost identical (presented in Tableto solutions containin@—5 (4.5 x 1075 M) and BXV** (5.0
1 in parentheses). The values of the association constants ofx 1073 M). For the two-shell multireceptor photosensitiZer
BXV*#* to the photosensitizers are comparable to the values Figure 9A, which includes six branches, only 7% of the
obtained from the modified StefrVolmer plots. photosensitizer is unbound. The highest population of supramo-
One important point to note about the results of the fast time- lecular assembly corresponds to one photosensitizer which is
resolved emission measurements is that the rate constants ofssociated to two BX% units (1 = 2), slightly lower
the static quenchingks, obtained for all the photosensitizers  populations o = 1 andn = 3 stoichiometries complete most
are on the same order of magnitude. If the electron acceptorof the supramolecular structures, and significant populations of
BXV 4+ units would associate in the two-shell photosensitizers n = 4 andn = 5 coexist in the system. The analogous one-
2 and4, to the peripheral dialkoxybenzene groups rather than shell photosensitized, is, however, mostly unbound (ca. 75%),
to inner shell dialkoxybenzene groups, tiggfor 2 and4 would with about 20% bound to one BXY unit and a very low
be expected to be substantially lower than kkgvalues for3 portion of a supramoleculan = 2 stoichiometry. A larger
and5 due to the exponential distance dependence of the electronpopulation of higher stoichiometries leads to (i) a higher
transfer rate. For example, in our studies on photoinduced contribution of the static quenching mechanism to the overall
electron transfer in supramolecular assemblies composed ofdecay of the excited states and (ii) a faster static quenching,
alkoxyanisyl-tethered Ru(Htris(bipyridazine) complexes and  since the rate of static quenching is proportional to the number
BXV4*+, elongation of the triethylene glycol bridges by one of electron acceptor units bound to the photosensitizer. A
additional ethylene glycol unit led to a 5-fold decrease in the similar effect can be observed for the two-branched multire-
static quenching rate constant. In the present case, howevergceptor photosensitizedsand5, as shown by histograms B and
addition of a triethylene glycol chain spacing the dialkoxyben- D in Figure 9. In the two-shell photosensitizeronly ca. 25%
zene sites does not decrease the static quenching rate constawf the chromophore exists in a free state whereas the rest of the
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Figure 10. Transient decay of the reduced photoproduct BXV
formed upon excitation d in the presence of BX¥ (2.5 x 1073 M)
as a result of back electron transfer. Reduced photoproduct was followed
atA = 600 nm.

photosensitizer is present as a supramolecular structure of
stoichiometriesn = 1 (ca. 50%) andh = 2 (ca. 25%). In the
one-shell photosensitizer, ca. 80% of the chromophore is present
in the free state and the rest is bound to only one BXwnit.

This analysis accounts in detail for the effectiveness of
intramolecular electron transfer quenching in the one-shell and
two-shell photosensitizers that include tethered dialkoxybenzene
receptor sites for BX¥". Increasing the number of dialkoxy-
benzene chains on the central Rufibipyridine photosensitizer
enhances the static electron transfer quenching in either one-
shell or two-shell photosensitizers. This is due to the enriched
population of supramolecular complexes with BXY and
particularly complexes exhibiting higher stoichiometries, upon
increasing the number of branches tethered to the photosensi-
tizer. The most important effect that controls the intramolecular
electron transfer quenching is, however, noticed upon compari-
son of the one-shell and two-shell dialkoxybenzene-function-
alized photosensitizers. The static quenching is favored in the
two-shell photosensitizers, where high populations of the
supramolecular assemblies with BXVare present. The high
populations of the supramolecular assemblies in the presence
of the two-shell photosensitizers originate from the high binding
affinities of BXV4" to these photosensitizers. The improved
binding constants of BX¥" to the two-shell photosensitizers
are attributed to a cooperative binding of the two dialkoxyben-
zene units to BXVY", forming z-stacked supramolecular
systems. In thi§ context, it is illuminating to compare thg v e
effectiveness of intramolecular electron transfer quenching in
the two-branched two-shell photosensitideto that of the six- S S
branched one-shell photosensitiBemparts C and B of Figure - Cé @j
23 rgspegtively. AIthoughB includes si>§ diglkoxybenzene e
binding sites, the intramolecular quenchingdirthat includes
only four dialkoxybenzene units is significantly more efficient.
The derived histograms of the supramolecular assemblies in theFigure 11. Schematic representation of the different molecular and
presence oB and4, Figure 9B,C, clearly reveal that, for the supramolecular species_coexisting in asystem containing photosensitizer
two-shell photosensitizet, only ca. 20% of the chromophore 4 and_BXVf‘*,_ and the different photoinduced processes they undergo
exists in the free state, whereas for the one-shell photosensitize#PO" iradiation.

3, ca. 75% of the chromophore is in the free configuration.  decay includes a relatively fast exponential decay and a slow

Back Electron Transfer Analysis. Finally, we examined component which decays on a much longer time scale. The
the electron transfer products formed upon quenching of the fast first-order decay is attributed to back electron transfer from
excited states both via the static mechanism, within the the bound reduced acceptor BXV, to the oxidized chro-
supramolecular assemblies, and via the diffusional pathway. mophore, within the supramolecular assemblies (eq 8). The
Figure 10 shows the transient decay of the absorbance ofslow decay is attributed to the diffusional back electron transfer
BXV*3+ atA = 600 nm, formed upon excitation &f It exhibits between the reduced acceptor and an oxidized photosensitizer
an absorbance at= 600 nm, characteristic of the radical cation which are not associated (eq 7). The static back electron transfer
of bipyridinium salts. Since no oxygen and no secondary recombination rate constant of the photoproducts is obtained
electron acceptor is present, we attribute the decay of the by first-order analysis of the fast component of the absorption
absorbance at 600 nm to the recombination of the redox decay shown in Figure 1&g = 1.6 x 10° s71. The slow
products, i.e., to the back electron transfer from BX\o the component of the recombination, decaying on a long time scale
oxidized chromophore Ru(Ihtris(bipyridine). This absorption  of ca. 1 ms, could not be accurately analyzed, and the second-
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order diffusional recombination rate constant is estimated to be bipyridinium complexes, are tethered to the chromophore by
kar ~ 4 x 1M1 st relatively long and flexible polyethylene glycol bridging chains.
The efficiency of the diffusional recombination with regard Association of BXV* to the binding sites results in electrostatic

to the overall recombination of the photoredox products repulsive interactions between the Ru(ll) center and the acceptor
corresponding to the relative contribution of the slow absorption component. These repulsive interactions can induce the stretch-
decay in Figure 10 is calculated to 8¢ = 0.14. ltisinteresting  ing of the bridging chain with a concomitant spatial separation
to compare this efficiency of diffusional recombination with between the redox products. The distance imposed by the
the efficiency of diffusional quenching. The latter corresponds €lectrostatic repulsion stabilizes the photoproducts against back
to the fraction of unbound photosensitizer multiplied by the €lectron transfer.

fraction of the unbound photosensitizer which is quenched by )

the diffusional mechanism, that &g = ([S)/S)kaq[Al/(ko + Conclusions

kil Al). From eq 10 and the values listed in Table 1, we e present study has demonstrated novel means to organize
calculate a value dfyq = 0.13, which is similar to the efficiency  gpramolecular photosensitizezlectron acceptor dyads and

of diffusional recombl_natlon. From this comparison we con-  nolyads by tailoring one-shell and two-shell photosensitizers
clude that the population of redox products formed upon static {hat include tethered-donor dialkoxybenzene groups. Forma-
quenching recombine by a static back electron transfer pathway tjon of supramolecular assemblies between the photosensitizers
and the redox products formed by the diffusional quenching anq BX\A#+ via z-donor-acceptor interactions leads to non-
route recombine by a diffusional recombination pathway. Thus, ¢oyalently-linked dyads and polyads exhibiting effective internal
there is no significant escape of redox products from the gjectron transfer. A major contribution of the present study
supramolecular assemblidgs. < ks (egs 8 and 9). Theresults  jnclydes the tailoring of two-shell dialkoxybenzene-function-
exemplified for the photoinduced electron transfer and back jized photosensitizers that reveal improved affinities to form
electron transfer betweehand BXV** are essentially similar e supramolecular assemblies with B&X\tue to cooperative

for the other photosensitizers. association of the electron acceptor by the tedonor sites.

The inefficiency of the escape of the BX¥ from the Effective internal electron transfer quenching proceeds within
supramolecular assemblies can be attributed to the fact thatthe resulting supramolecular assemblies, via a static quenching
although one of the bipyridinium moieties of BXV loses its mechanism. Mechanistic analysis of the intrasupramolecular
m-acceptor character upon reduction, the other bipyridinium electron transfer quenching and the back electron transfer of
moiety is still capable of binding to the dialkoxybenzene units the photogenerated redox products within the supramolecular
tethered to the Ru(ltybipyridine complexe2—5. Thus, the systems revealed several important features.
supramolecular assemblies formed by noncovalent association (i) The electron transfer quenching proceeds in two distinct
of BXV*#* to the functionalized multireceptor photosensitizers populations of the photosensitizer that include supramolecular
behave as intact dyads (or polyads) where the electron transferassemblies of the photosensitizeccceptor components and free
quenching and back electron transfer proceed in the samephotosensitizer that is quenched via a diffusional pathway.
complex, even though the supramolecular assemblies exhibit (jiy For multireceptor photosensitizers, which contain several
labile exchangeable structures (on longer time scales). binding sites for the electron acceptor, supramolecular as-

Figure 11 shows schematically the coexisting supramolecular semblies of variable stoichiometries SAIp to complete
assemblies formed by the two-shell photosensit&and the occupation of all binding sites are formed. For example, for
electron acceptor BX¥. The drawing represents the double- the hexadentate photosensiti&rformation of complexes of
branch photosensitizer with two dialkoxybenzene groups in eachstoichiometries SA, SA ..., SAs is supported by mechanistic
branch, where the upper species represents the free photoseranalysis of the electron transfer quenching. Functionalization
sitizer, the middle species is the supramolecular assemblyof the supramolecular photosensitizercceptor assembly by a
formed with one BXV** unit, and the bottom component is the high number of electron acceptor units enhances the static
photosensitizeracceptor supramolecular complex with stoi- electron transfer quenching.
chiometryn = 2. The three species are found in equilibrium (iii) Similar analyses reveal that in the multireceptor photo-
prior to irradiation. Upon photoexcitationhi), the free sensitizers containing two binding sites on each chain, namely
photosensitizer (top) undergoes radiative emissiof),(and is 2 and 4, both binding sites participate cooperatively in the
simultaneously quenched via a diffusional route. The two association of one electron acceptor unit. Thus, each chain
supramolecular assemblies undergo static electron transfer. Théunctions as a bidentate ligand for one acceptor unit, and then
supramolecular assembly with higher stoichiometry (bottom) the stoichiometry of the supramolecular assemblies is determined
undergoes faster electron transfer due to the existence ofby the number of chains rather than by the number of binding
alternative directions of charge transfer (represented by thesites. For example, the dodecadentate photosensitifrems
dotted arrow). We have shown that photoinduced electron with BXV 4t complexes of stoichiometries SA, SA.., SA,
transfer occurs in the supramolecular assemblies and that thesimilar to photosensitizer3. The two-shell multireceptor
electron transfer products are stable in the resulting structurephotosensitizers reveal stronger association to BXi¥fan the
and do not dissociate within their lifetime. analogous one-shell multireceptor photosensitizers, due to an

The formation of the intermolecular complexes between the increase in the noncovalent bonding order, which stabilizes the
Ru(I)—bipyridinium photosensitizers and BXV represents a  supramolecular assemblies.
novel means to generate noncovalently-linked photosensitizer ~ (iv) The electron transfer products formed in the systems
acceptor dyads. It should be noted that the lifetime of the redox reveal two distinct populations consisting of the redox product
photoproducts Rif— BXV*3* in the various systems is formed within the supramolecular assemblies and redox products
relatively long, 0.6-0.8 us. This value is substantially longer formed via diffusional quenching of free photosensitizers. The
than the lifetime observed in covalently-linked Ruftyis- two populations of redox products are nonexchangeable within
(bipyridine)—bipyridinium dyad%® (ca. 20 ns). In the present the lifetime of back electron transfer.
systems, the dialkoxybenzene groups, acting as the active (v) The lifetime of the redox products in the resulting
binding sites for assembling the RuHris(bipyridine)- supramolecular assemblies is relatively long as compared to
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covalently linked dyad systems. This is attributed to the fact represent the further development of supramolecular model
that the binding sites are tethered to the chromophore by long- systems for the photosynthetic reaction center. We believe that
chain spacing bridges. Electrostatic repulsion between thetailoring the photosensitizer with additional functional groups,
electron acceptor units and the photosensitizer center results ine.g., linkage of an electron acceptor between the two dialkoxy-
stretched conformations of the dyads, and the resulting spatialbenzene sites, could lead to novel and effective photosynthetic
separation of the redox products stabilizes them against backmodel systems and optoelectronic devices.

electron transfer.
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