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Absiract

Photeinduced electron transfer in supramelecular assemblies consisting of n-donor dialk-
oxyarene-functionalized photosensitizers and bipyridinium electron acceptors is examined.
The photosensitizers include Ru(IT}-tris-bipyridine complexes tethered by multi-branch one-
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shell and two-shell dialkoxybenzene n-donor sites or a Zn{1I }-porphyrin capped by a dialkexy-
benzene receptor site. The photosensitizer/electron-acceptor supramoiecular complexes behave
as non-covalent diads and polyads. Effective internal ¢lectron transfer quenching within the
supramolecular assemblies proceeds. A quantitative model that accounts for the photeinduced
electron transfer in the systems is formulated. © 1998 Elsevier Science S.A.

Keywords: Supramolecular photochemistry; Donor-acceptor complexes: Phote-induced
electron transfer; Photosensitizers; Polypyridines; Ru(Il-complexes)

1. Introduction

The photosynthetic reaction center represents an evolutionary optimized organized
assembly where vectorial photeinduced electron transfer (ET) leads to effective
charge separation [1-3]. Substantial research efforts have been directed to mimic
functions of natural photosynthesis and to tailor artificial photosynthetic systems
{4-6]. Photoinduced ET in microheterogeneous reaction media, such as micelles [7-
9], charged colloids [10,11] or water-in-oil microemulsion [12-13], led to effective
charge separation of the ET products. Coupling of homogeneous catalysts [16-19],
heterogeneous catalysts [20-22] or enzymes [23-28] to the photogenerated redox
products led to light-stimulated chemical transformations such as Hy-evolution and
CO,-fixation.

One of the metheds of mimicking the vectorial ET and charge separation in the
photosynthetic reaction center includes the synthesis of covalently linked photosensi-
tizer-acceptor diads [29,30], or donor—photosensitizer-acceptor triads [31-40] and
pentads [41,42], exhibiting the appropriate redox-potential ordering for vectorial
ET. Effective stabilization of the photogenerated ET products against back reaction
was accomplished by their spatial separation in the molecular arrays, This concept
was further developed by the organization of molecular assemblies in heterogeneous
matrices such as zeolites [43] or layered phosphates [44,45). The structural alignment
and rigidification of the molecular assemblies in these systems leads to effective
charge separation. Recently, we have been active in developing uovel concepts for
organizing molecular and macromolecular donor-acceptor diad assemblies that
mimic functions of the photesynthetic reaction center [46-49]. One approach is
based cn the assembly of supramolecular complexes consisting of photosensitizer—ac-
ceptor diads [49], and polyads [47.48] stabilized by non-covalent interactions
between the eiectron acceptor and a multi-receptor-functionalized photosensitizer.

2. Photoinduced ET in polydentate receptor-functionalized photosensitizer/electron-
acceptor supramolecular assemblies

The appreoach to organize “octopus-like” supramolecular assemblies between a
receptor-functionalized photosensitizer and electron acceptors for controlled photo-
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induced ET is schematically shown in Fig. 1. Specific affinity of the electron acceptor
to the receptor sites results in supramelecular complexes of variable stoichiometries
and efficient intra-complex ET quenching. Provided the reduced photoproduct lacks

affinity for the receptor site, intimate back ET competes with the charge separation
of the photogenerated redox-species.

2.1. Kinetic model and analysis

A detailed kinetic model that accounts for the photoinduced ET in such supramo-
lecular assemblies has been formulated [47]. The parallel and consecutive reactions
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Fig. 1. (a) Schematic representation of the approach of organizing octopus-like supramolecular assemblies

between 2 receptor-functionalized photosensitizer and electron acceptors for controlled photoinduced ET.
{b) A free representation.
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occurring in these supramolecular complexes are summarized in Eqs. (1)-(9).

SA,-  +tAT—=SA, (1=1.2,.., ) (1)
SA, — S*A, (n=0,1,2..., N} (2)
&,
S*A,-, FAT— S*A, (1=1,2,.., N) (3)
KD,
S*4, 2 SA, (n=0,1,2, ... N) (4)
SH*A, + A2 StA FAT (2=0,1,2, .., N) (5)
S*A, % S*ATA,, (n=1,2,..,N) (6)
STA, +A” =L SA, +A (n=0,1,2,..,N) (D
S*ATA,_, =% SA, (r=1,2,....N) (8)
S*ATA, , ¢, 8*A, ,+A" (r=1,2, .., N) (9)

The photosensitizer 8 functionalized by N receptor sites, forms ground-state
supramolecular complexes of variable stoichiometries, SA, (n=0,1,2,...,¥),
Eqg. (1). Photoexcitation of the supramolecular complexes yields characteristic associ-
ation and dissociation features of the excited assemblies, Eqgs. (2) and {3). The
photoexcited photosensitizers in the respective complexes undergo natural decay,
Eq. (4), diffusional ET by the solution-solubilized electron acceptor, Eq. {5), and
intramolecular, static, ET-quenching in the respective supramolecular complexes,
Eq. {6). The photogenerated redox species resulting from the different quenching
routes can then undergo diffusional recombination, Eq.{7), intrameolecular back
ET, Eq. (8), or separation of the intimate complex of photoproducts leading to
charpe-separated redox species, Eq. (9). The kinetic model formulated assumes that
the diffusional quenching rate is proportional to the electron acceptor concentration,
where the static ET quenching rate is proportional to the stoichiometry of the
supramolecular complexes. The supramolecular assemblies SA, are found in equilib-
rium prior to excitation and their concentrations, which follow a standard binomial
distribution, are given by Eq. (10), where S, is the analytical concentration of the
multireceptor photosensitizer, & is the number of receptor sites or the maximal
stoichiometry, and K is the association constant between the receptor site and the
electron acceptor. Photoexcitation of the system yields equal fractions of every
supramolecular configuration, and their distribution, immediately upon excitation,
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is identical to the ground-state distribution. As the photosensitizers in the different
complexes decay at different rates, the overall decay of the photoexcited state is
expected to be multiexponential. The decay of the excited state according to this
model is given by Eq.(11), where 7(0) is the excited state concentration, or the
luminescence emission intensity, immediately after the excitation, kg, is the diffu-
sional ET quenching rate constant for all excited photosensitizer populations, and
kq is the first-order, static, ET-quenching rate constant of the photosensitizer by a
smgle electron acceptor unit. Note that the ET quenching rate constant of the
supramolecular complex of stoichiometry SA, is #k,,.

S N
SA,]= 2 KA =0,1,2,...N 10
[SA,] (LKA nN—n) [A]" (n N} (10)

ket \N
1+K[A]e ) an

__ —ikp tRagiAlN
H=10e ( 1+ K[A]

Since the static quenching is significantly faster than the diffusional ET-quenching
(ko> kag[A]), the decay of the excited state, or the luminescence, Eq. (11}, is com-
posed of a fast decay that originates from intra-complex quenching and a slow decay
that originates from the native decay and the diffusional quenching processes. Thus,
the slow decay can be extracted from Eq. {11}, assuming K[A]e %+ is negligible,
and is given by Eq. {12}.

1
Laowlt)=1 0y ———— —ikp +kaqfAlN 12
ow (1) =1{ )(1+K[A})“ e (12)

The steady-state luminescence of the photosensitizer at any concentiration of the
quencher is proportional to the integration over time of the transient luminescence,
Eq. (11). Since, however, the term K[A]exp(—k, ) related to the intramolecular
quenching decays fast and quickly becomes negligible, its contribution to the mteg-
ration over time is small. Thus, the luminescence intensities of the photosensitizer
in the absence of a quencher {7} and in the presence of the electron acceptor (f)
are given by Eq. (13), where 1, is the natural lifetime of the photosensitizer and ¢
1s given by Eq. {14}

i, T,

2 =(1+K[ADY = (13
Fi T

1

— =kp +Kkaq[A] {14)

T

By rearranging Egs. {13) and (14}, a modified Stern-Volmer expression, outlined in
Eq. (15}, can be derived. Note that this theoretical consideration, Eq. (13), implies
that the relation f,/f as a function of the electron-acceptor concentration is non-
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linear as the term {1+ K[A])¥ is a polynomial of degree N.

I, T \UN
(7—) =1+ KA} (15)
TD

This kinetic model applies for supramolecular photosensitizer—electron acceptor
assemblies of any variable stoichiometry and any affinity interactions leading to
non-covalent, dynamically labile, association. This interaction could be H-bonds,
n-donor-acceptor interactions, hydrophobic association, etc. We have applied this
model to analyze the photoinduced ET processes in a series of supramolecular
complexes formed between photosensitizers functionalized by multi-receptor x-donor
sttes and 4.4%-bipyridinium electron acceptors [47,48]. We will address here the
application of this model in analyzing the photochemically induced ET processes in
two series of supramolecular assemblies, and discuss the methods of tailoring supra-
molecular structures exhibiting effective ET-quenching and charge separation.

N,N-Dialkyl-4,4-bipyridinium salts form n-donor-acceptor complexes with
electron-rich aromatic compounds [50-54). Specifically, complexes between dialkoxy-
benzenes and 4.4%bipyridinium salts, or the bipyridinium cyclophane,
cyclofbis(N.N'-p-xylylene-4,4-bipyridinium), BXV**, (1), have been exfensively
characterized [55-57].

4 PFG'

Accordingly, the photoinduced ET reactions in supramolecular complexes formed
between photosensitizers functionalized by n-donor dialkoxybenzene, functionalized
photosensitizers, and bipyridinium salts were examined. The first system, that will
be discussed in detail, includes a comparison of the photoinduced ET reactions
occurting in supramolecular assemblies formed between multi-receptor Ru( Il )-tris-
bipyridine complexes functionalized by n-donor-dialkoxybenzene units and the
bipyridinium cyclophane, BXV*~. The photosensitizers include the one-
shell photosensitizer tris(4,4"bis[3,6-dioxa-1-octyloxy-methylene]-2,2 -bipyridine)-
ruthenium{I1I } chloride, {2). where six dialkoxybenzene units are tethered in a single-
shell configuration to the central Ru{I1 }-photosensitizer, and tris{4,4"-bis| 3,6-dioxa-
8-(4-(3,6-dioxa-8-anisoxy)oxyloxy) phenylenoxy-1 -octyloxy-methylenej-2,2"-bipyri-
dine}-ruthenium{I1 ) dichloride, (3), that includes 12 dialkoxybenzene receptor units
in a two-shell configuration.
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2.2. Steady-state emission experiments

Fig. 2 shows the steady-state luminescence quenching of (2) and (3} by BXV*4*.
Non-linear Stern-Volmer plots are obtained and the dewviation from linearity is
pronounced for photosensitizer {3). Control experiments that employed photosensi-
tizers lacking the dialkoxybenzene receptor sites revealed linear Stern—Volmer
quenching plots in the presence of BXV4”. Thus, the non-linearity of the steady-
state luminescence quenching of the z-donor dialkoxybenzene-functionalized photo-
sensitizers by BXV** is consistent with a complex ET-quenching route involving
static and diffusional quenching of the excited state.

2.3. Transient emission experiments

Fig. 3(A} and (B} show the transients of the luminescence decay of (2) and (3),
respectively, in the presence of different concentrations of BXV#*. The luminescence
decay curves reveal two important features: the initial luminescence intensity
decreases as the concentration of BXV4* increases, and the luminescence lifetime is
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Fig. 2. Stern-Volmer plots for the steady-state luminescence quenching of 2 and 3 by BXV*" . The iwo
photosensitizers are at a concentration of 4.5x 1073 M,

shortened upen increasing the concentration of BXV#*. These observations are
consistent with the kinetic model derived for the photoinduced ET quenching routes
in the multi-receptor functionalized photosensitizers and BXV** supramolecular
complexes. Upon increasing the BXV** concentration, the fraction of supramolecu-
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Fig. 3. Transient luminescence intensities of {A) 2, and (B} 3, in the presence of BXV*~, Upper curves
correspond to the photosensitizer luminescence without BXV** . All other transients represent the systems

with added BXV*" at comsecutive Increments of 5x 1079 up to an overall concentration of 5.0x
1073 M.

lar m-donor-acceptor complexes increases, and hence intramolecular, static quench-
ing is enhanced. This is accompanied by a fast decay component in transient
luminescence intensity, see Eq.(11), and is reflected by the decrease in the initial
luminescence intensity. The shortening in the luminescence lifetime upon addition
of BXV*~, originates from the diffusional ET-quenching of the excited photosensitiz-
ers by BXV** and corresponds to the slow component in the transient luminescence
decay, Eq. (12).

Comparison of the effects of added BXV** on the luminescence transients of the
one-shell and two-shell n-donor photosensitizers reveal significant differences that
cannot be rationalized in terms of a simple increase in the number of
z-donor-receptor sites. For example, at a BXV** concentration of 5.0 x 107* M the
initial luminescence intensity of {2} decreases to ca. 30%, whereas ca. 95% of the
initial Juminescence of {3) is quenched. Control experiments revealed that for poly-
oxyethylene-tethered Ru(1I }-tris-bipyridine complexes lacking the r-donor dialkoxy-
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Fig. 4. Shortening of the lifetime of the slow luminescence decay of 2 and 3 at different concentrations
of BXV*". Data extracted from Fig. 3.

benzene sites, no decrease in the initial luminescence intensity is observed upon
addition of BXV**, but only the luminescence lifetime decreases. These control
experiments suppert the fact that the decrease in the initial luminescence intensity
originates from the fast, static, intramolecular quenching of the excited photosensi-
tizer by BXV** units associated with the dialkoxybenzene sites and stabilized by
a-donor-acceptor interactions.

Fig. 4 shows the shortening of the luminescence lifetimes of the photosensitizers
{2) and (3} upon addition of variable concentrations of BXV*~  The diffusional ET
rate constants kg4, were calculated from these plots using Eq. (14). The diffusional
ET-quenching rates for the two photosensitizers are almost identical.

2.4. Supramolecular association and stoichiometry analysis

Fig. 5(A) and 5(B) show the modified Stern—Volmer analysis of the steady-state
luminescence quenching of the photosensitizers (2} and {3) upon additien of
BXV**, specifically according to Eq. { 15). assuming different maximal supramolecu-
lar stoichiometry of N=1 and N=6. [t is evident that linear relationships are
obtained upon assuming maximal supramolecular stoichiometries of N =6 for both
photosensitizers (2) and (3). That is, even though photosensitizer {3} includes 12
n-donor binding sites for BXV*™, the photosensitizer provides only six receptor
sites for the formation of supramolecular complexes. The slope of the modified
Stern—Volmer plots corresponds to the association constant of the electron-acceptor
to the w-donor site. We find that for photosensitizer (2} the association constant of
a dialkoxybenzene unit, or n-donor branch to BXV*', is K=20+4M ' The
derived association constant of a n-donor branch of the two-shell photosensitizer s,
however, K=1104+10 M . The derived association constants can be used to ealcu-
late the fractions of the various supramelecular stoichiometries at any BXV**
concentration using Eq. (10).

Fig. 6{ A} and 6(B) show the histograms representing the distribution of supramo-
lecular photosensitizer-BXV** complexes of variable stoichiometries for (2} and
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Fig. 5. Modified Stern-Volmer piots for the luminescence quenching of {A) I and (B) 3 by BXV?',
assuming different maximal supramolecular stoichiometries. Linear fitting is observed for both when ¥ =
6 (vertical zoom inset),

(3) respectively. These histograms are derived for the photosensitizer concentration,
4.5x107°* M, and BXV**, 5.0 x 107> M, using Eq. {10) and the respective associa-
tion constants. The one-shell photosensitizer, (2}, is mostly in a free configuration
{ca. 75%); about 20% of the photosensitizer is bound to one BXV** unit and a very
low portion has a supramolecular stoichiometry of n=2. The population of higher
stoichiometries at this BXV** bulk concentration is negligible. The histogram of
(3), however, reveals substantially different results. Only 7% of the photosensitizer
exists in the unbound configuration, whereas the supramolecular configuration that
includes two BXV** units bound to the chromophore is the highest population,
and supramolecular complexes with the stoichiometries #=1 and n=3 complete
most of the supramolecular structures. The histogram for (3), Fig. 6(B), also reveals
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o1 2 3 4 s 6

Fig. 6. Histograms representing the equilibrium statistical distribution of stoichiometries ef the supramo-
iecular assemblies formed by (A) 2 and (B) 3 in the presence of BXV** (5.8 x 1077 M), according to
Eq. (16) and calculated values of XK.

that significant populations of n=4 and n=35 coexist in this dynamic exchangeable
system.

The analysis of the photoinduced ET in the n-donor-functionalized photosensitiz-
ers reveals, for the two-shell photosensitizer (3), a substantially higher affinity to
form supramolecular complexes between the dialkoxybenzene sites and BXV#* than
with the one-shell photosensitizer, {2). This is reflected by the higher association
constant of BXV** 10 the dialkoxybenzene branch and the fact that the photosensi-
tizer (3) exists {>93%) in supramolecular structures of variable stoichiometries with
BXV“*. The higher binding affinity of BXV*" to the two-shell photosensitizer is
attributed to a cooperative binding of the two dialkoxybenzene units to BXV*+,
forming a n-stacked supramolecular complex, Fig. 7. Indeed, previous studies showed
that the association of the 4,4 -bipyridinium electron acceptor to a bis-dialkoxyben-
zene cyclophane is enhanced compared with the binding affinity of the bipyridinium
salt to dialkoxybenzene [58-60]. Also, the successful synthesis of bis-dialkoxyben-
zene cyclophane/BXV** catenanes [61-63] was attributed to the favored intermedi-
ary formation of a n-stacked supramolecular complex between the bis-
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Fig 7. Schematic structure for the cooperative binding of BXV?" by two adjacent dialkoxybenzene units
of one branch of the two-shell multireceptor photosensitizer 3. The upper branch is free and the lower
one binds BXV*" units.

dialkoxybenzene unit and BXV**. The formation of the n-stacked complex between
the two-shell branch and BXV** explains nicely the derived maximal stoichiometry
of the supramolecular complex between {3) and BXV*™ that was found to corre-
spond te N =6. Thus, although {3} includes 12 r-donor association sites, the maximal
stoichiometry, or available receptor sites, is six. This is consistent with the participa-
tion of two dialkoxybenzene units as a single binding site for BXV** in the form
of a n-stacked configuration.

2.5, Internal ET analysis

The high affinity of BXV*" for the two-shell photosensitizer yields high popula-
tions of supramolecular complexes of variable stoichiometries. This results in efficient
intramolecular ET quenching that was reflected by a decrease in the initial intensity
of the luminescence that was attributed to a fast decay of the excited photosensitizer
via a static, inframolecular ET-quenching route. This explanation is confirmed by
following the luminescence intensity of the photosensitizers (2) and (3) at substan-
tially shorter time scales. Fig. 8(A) and 8(B) show the transient decay curves of {2)
and {3} at different concentrations of BXV** and at a nanosecond time-window,
A fast luminescence decay component, with enhanced intensity upon increase of
BXV** concentration, is observed. This fast luminescence component does not
decay to zero, but levels-off to a constant value that is lower in its magnitude as the
concentration of BXV** increases. In fact, this residuary luminescence appears as
a constant value at this short time scale, but corresponds to the slow decaying
process of the free photosensitizers that was discussed above. The fast decaying
component in the luminescence transients is attributed to the static, intramolecular
quenching of the photosensitizer within the supramolecular assemblies formed with
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BXV4*. For photosensitizer {3), the contribution of the fast luminescence decaying
component 1s substantially higher than the respective decaying component of {2),
at the identical BXV** concentrations. This is consistent with the higher population
of the supramolecular complexes in the two-shell photosensitizer, (3).

The fast luminescence transients shown in Fig. 8/A) and 8{B) were fitted to
Eq. {11} by means of an iterative least-squares fitting program. The term
exp {kp+k,sqlA])t was omitted, since at short time scales it nearly equals unity, and
only the parameters f{0), K[A] and k,, were optimized. The fitted curves are overlaid
on the experimental trapsients in Fig, 8{ A} and 8(B). For different BXV*" concen-
trations, nearly identical values for (0} and 4, are derived, but the X[A] values
differ. The derived mtramolecular ET-quenching rate constants of (2) and (3)
correspond 1o ko=1.5x10%s"" and k,=1.7x10%s™", The extracted association
constants of BXV4' to a single n-donor branch of {2) and (3) correspond to
K=15+2M ! and K=90+10M ~7 respectively, These values are very similar to
those derived from the steady-state luminescence experiments. We also note that the
intramolecular static quenching rate constants of the photosensitizers (2} or {3) by
BXV#*, are almost identical, despite the two-shell configuration of the n-denor sites
i (3), We know from previous studies of photoinduced ET in other octopus-like
photosensitizer-acceptor supramolecular assemblies [47] that the rate of static
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quenching depends very strongly on the iength of the oxyethylene tethering chains,
according to Marcus theory, up to a factor of 5 for any additional ethylene glycol
unit. Thus, in the present case, BXV*~ is located in both complexes at almost
identical distances from the photosensitizer center. This is consistent with the forma-
tion of a w-stacked assembly of the two dialkoxybenzene units comprising the two-
shell complex with BXV**, Fig. 7. This rigidifies the BXV** electron acceptor to a
distance close to that present in the supramolecular structure between BXV?* and
the Ru(Il)-center in (2).

2.6. Back ET analysis

The ET products formed by the static and diffusional quenching routes were
characterized with respect to their rates of back ET, Eqgs. {7) and (8), and the extent
of charge separation, Eq. (9). Fig. 9 shows the transient decay of BXV** " that is
formed upon photoexcitation of (3) by the two different quenching routes. The
reduced photoproduct BXV?* * exhibits an absorbance band at /=60 nm. charac-
teristic of bipyridinium radical cations. A fast exponential decay corresponding to
the back ET within the supramolecular complex, Eq. (8), k,=1.6x10°s7%, is
observed, followed by a slow decay that follows a second-order kinetics, and corres-
ponds to the diffusional recombination of BXV?~ * with the oxidized photosensitizer,
ke, =4x10°M " 's™!, Eq.(7). The fraction of BXV3*" that recombines via the
diffusicnal path is f,,=0.14, In this context, it is interesting to compare the fraction
of BXV3* " that recombines via the diffusional mechanism. The efficiency of diffu-
sional quenching is given by 8, ={[S1/S,)eaolAl/kp+&ygg[A]), where [S] is the con-
centration of the unbound photosensitizer and S, is the overall concentration of the
photosensitizer. Using Eq. (10), the derived value of k4, and the acceptor concen-
tration at which BXV?~ " was recorded, 2.5x 1073 M, the ET-quenching efficiency
is 6=0.13.

This quantitative comparison allows us 1o conclude that no charge separation
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Fig. 9. Transient decay of the absorption of the reduced photoproduct, BXV?" ', formed upon excitation
of 3 in the presence of BXV*' {2.5x107* M}, us a result of back ET. Reduced photoproduct was
followed at « =600 nm.
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occurs in the system, k., «<k,,. The BXV3* " formed by static quenching recombines
within the supramolecular assembly without separation. The back ET of BXV3*"
that proceeds via the diffusional path, corresponds to the reduced photoproduct
that was generated by diffusional ET-quenching. No charge separation of the redox
photoproducts generated in the supramolecular complexes takes place. This conclu-
sion has important basic implications, as it demonstrates a novel method to tailor
photosensitizer—electron acceptor diads by supramolecular interactions. These pho-
tosensitizer—acceptor assemblies stabilized by non-covalent bonds behave as intact
diads, whereas ET-quenching and recombination proceed in the supramolecular
system. From a practical point of view, the lack of charge separation is disadvanta-
geous, since back ET within the supramolecular complexes is fast. The superior
control of the photoinduced ET involves charge separation of the redox-species
subsequent to the intramolecular static guenching in the supramolecular complexes.
The possible origin of the lack of charge separation in the complexes resulting from
the association of BXV** to the one-shell and two-shell photosensitizers {2) and
(3} is the structure of the electron acceptor. The electron acceptor, BXV**, consists
of two bipyridiniuvm units in a cyclophane structure. Upon reduction to BXV?* -,
one of the bipyridinium sites is reduced, but the complementary component of
bipyridinium exhibits affinity for the n-donor sites. This affinity is low and, therefore,
the primary use of the monofunctional N,N'-dialkyl-4,4 -bipyridinium electron accep-
tor is prohibited, but it influences the charge-separation to the extent that the
dissociation of the supramolecular complex is slow compared with the internal
back ET.

3. Photoinduced ET in dialkoxybenzene-capped Zn(II }-porphyrin/ ¥,N'-
dimethyl-4,4"-bipyridiniwm supramolecular assemblies

Our discussion suggests that effective control of photoinduced ET in supramolecu-
lar assemblies could be accomplished in systems where monofunctional electron-
acceptors, such as N.N'-dialkyl-4.4"-bipyridinium, are employed and photosensitizers
exhibiting high donor—acceptor binding affinities for the monofunctional electron
acceptor are used. Photoreduction of the monofunctional electron acceptor is antici-
pated to yield a product lacking electron acceptor features, and thus its separation
from the supramolecular assembly could be facilitated. This approach was recently
materialized [49] with the use of a series of dialkoxybenzene r-donor capped Za(I1)-
porphyrins and the monofunctional electron acceptor N, N-dimethyl-4,4-bipyridin-
ium hexafluorophosphate, MV 2?7, {4). Specifically, we address here the photoinduced
ET in supramolecular assemblies formed between the dialkoxybenzene-capped
Zn{H}-porphyrin, (5}, and MV ", The photoexcited states for Zn{1I)-porphyrins
participating in the static and diffusional quenching paths, differ from these discussed
for the Ru{ll)-polypyridine complexes. Whereas for the Ru{Il »photosensitizers
identical photoexcited states are quenched via the intramolecular and diffusional
quenching routes, the Zn-porphyrin exhibits two distinct states of different multiplic-
ity states that are active in the ET-quenching pathways.
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3.1. Kinetic model and analysis

Fig. 10 shows the expected scheme of photoinduced ET in the presence of the
Zn-porphyrin as photosensitizer. Formation of a n-donor—acceptor supramolecular
complex between the dialkoxybenzene unit, capping the Zn-porphyrin, and MV?2*
yields a supramolecular assembly where the excited singlet state is being quenched
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Fig. 10. Kinetic scheme of the phoioinduced ET in the system containing the photosensitizer 5 {S) and
the electron acceptor MV>*,
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te yield the cage structure of photoproducts. The free photosensitizer § is photoex-
cited to the short-lived singlet that undergoes intersystem crossing to the triplet
Zu(1l}-porphyrin. This long-lived species undergoes diffusional quenching by
MVZ*, As the electron acceptor 1s monofunctional, the photogenerated MV ™'~ lacks
affinity for the oxidized photosensitizer, and separation of the mtimate pair of redox
products can occur and lead to charge separation.

3.2. Time-resolved absorption experiments

Fig. 11 shows the transient decay curves of the excited triplet 3Zn-porphyrin (1=
470 nm) in the absence of MV?™ and upon increase of the concentration of added
MV ?~. The natural decay of the *Zn-porphyrin triplet exhibits a lifetime of 3.6 ps.
The intersystem crossing quantum yield from the 'Zn-porphyrin to the triplet is
#5r=0.52. Addition of MV?* accelerates the triplet decay and decreases the initial
concentration of the triplet state in the system. As the MV?2* content increases, the
amount of triplet generated decreases and its lifetime is shortened. These results are
consistent with n-donor-capped Zn-porphyrin and MV?”, and the operation of the
static and diffusicnal ET-quenching processes. Formation of the complex stimulates
the static, intramolecular quenching of the singlet state, thereby reducing the yield
of the triplet state. The shortening in the triplet lifetime is due to the diffusional
quenching of the triplet. Fig. 12 shows the plot of the triplet lifetime as a function
of MV?* concentration, according to FEq.{14). The derived diffusional ET-
quenching rate constant is kg,=5.8 x 10°M "t s7? The association constant of
MV ?* 1o the Zn-porphyrin, (8}, can be elucidated by following the generated triplet
concentration at various MV?' concentrations. The triplet concentration in the
absence or presence of MV?" relates directly to the concentration of the free
photosensitizer, and the decrease in the triplet concentration upon addition of
MV?™ is due to the formation of the supramolecular assembly that undergoes static
quenching. Accordingly, the association constant of the supramolecular complex

AQD

8

£ {us}

Fig. 11. Time-dependent iriplet absorption decay of the photosensitizer 8 (3.6x 10 "* M) in the presence
of increasing concentrations of MV? ' ranging from 0 M {upper curve} to 1.0 x 107% M {lower curve}, by
intervals of 1073 M.
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Fig. 12. Triplet lifetime of photosensitizer § (3.6 x 10 * M) at different concentrations of MV?",

between (5) and MV 2" can be expressed by Eq. (16), which can be reorganized in
terms of Eq.{17). In this relation, [*S*)(¢=0, [A]=0) and [*S$*}(t+=0, [A})} corre-
spond to the initial triplet concentration in the absence and presence of MV?*,
respectively.

3§+)(r=0,JA] =0) — ['S*](¢ =0, [A},
[PS*)e {3] }-'S™l(e=0,1A)) =K,]A] (16)
[*S*e=0, [A])

[’S*)z=0,{A]=0) 14K [A] (17
[S*)(¢=0.{A})

Fig. 13 shows the analysis of the triplet concentrations obtained at different
MV?2* concentrations, according to Eq.(17). The derived association constant
corresponds to K,=1.6x 10* M %, Thus, even though the photosensitizer includes
only one wn-donor dialkoxybenzene unit, and the electron acceptor is a monofunc-
tional bipyridinium salf, the resulting supramolecular complex reveals a substantially
higher association constant than the complexes formed between the bipyridinium
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Fig. 13. Plot of the ratio of photosensitizer 5 triplet concentrations in the absence and presence of electron
acceptor (A), MV 2", at varizble concentrations.
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electron acceptor and the Ru{Il }-polypyridine series of photosensitizers. [n fact, the
association constant of (5) to MV 2* is ca. 10%-fold higher than the binding constant
of MV2* to a dialkoxybenzene unit tethered to an Ru{II)-photosensitizer
(K,~30M ~1). The enhanced affinity for the association of MV2* to the Zn(II)-
porphyrin is atiributed to the synergetic binding of the electron accepter to the
photosensitizer via complementary modes; in addition to the dialkoxybenzene
n-donor site, the Zn{[{)-porphyrin moiety provides an additional site for the stabili-
zation of complex with MV?* via n-donor-acceptor interactions. Also, the affinity
of MV?* to crown-ethers suggests that the polyoxyethylene bridge that is capping
the Zn{Il)-porphyrin provides an additional site for the association of MV?* to
the photosensitizer. All of these interactions operate synergetically and lead to the
high affinity association of MV 2" to (5).

3.3, Back ET and charge separation anafysis

Finally, we address the formation of photoinduced ET products in the system,
the recombination of the ET products and we discuss the possible charge-separation.
mechanism in the supramolecular assembly consisting of the monofunctional bipyri-
dinfum salt. Fig. 14 shows the decay of the photogenerated MV ™" (/=602 nm).
This foliows second-order kinetics and corresponds to the diffusional back ET,
Eq. (7), ke, =2.8x 10° M " s~ 1. A closer inspection on the time-dependent evolution
of MV™ in the system at a shorter time scale, Fig. 15, reveals some important
features. The absorbance of MV ™" increases instantaneously upon excitation of the
system and then the MV ™" follows pseudo first-order kinetics, since the concen-
tration of MV %" is much higher than that of the photosensitizer. Taking into account
the concentration of MV 2* | the derived second-order rate constant for the formation
of MV™ " is 7.2 x 10° M "7 s 7! This value is similar to the diffusional ET-quenching
rate-constant of the triplet state of the photosensitizer. Thus, the time-dependent
increase of MV™' ', Fig. 15, is attributed to its formation by the diffusional
ET-quenching route, Fig, 18, The concentration of triplet-generated MV ™~ via the
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Fig. 14. Time-dependent absorption decay of MV ™~ {foliowed at /=602 nm) photogenerated by the
excitation of 5 (3.6 x 10 ¥ M),
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Fig. 15, Absorption evolution at A=602nm upon photoexcitation of the photosensitizer 5
(3.6 x10°°* M) in the presence of MY?* (5.0x 1675 M).

diffusional route is then given by
$51[S*Tkeg[MV?7]

18
kp +kaq[MV?*] (18)

AANE

where ¢ is the singlet to triplet inter-system crossing quantum yield. The instantan-
eous increase of the absorbance at £=602 nm, Fig. 15, is attributed to the escape
of the singlet-generated MV ™~ within the supramolecular assembly by the intramo-
lecular, static quenching route. The instantaneous absorbance increase at A =602 nm
originates from the absorbance of escaped MV™ " and a contribution of the absor-
banee of the triplet photosensitizer. As the concentration of the triplet is known, its
absorbance can be subtracted from the observed value at A=602 nm to vield the
net absorbance, and hence the concentration, of escaped MV ™", [MV™* '], As the
concentration of the supramolecular photosensitizer-MV 2" complex is known, and
since the intramolecular, static quenching can be assumed to proceed quantitatively
and convert the supramolecular complex to an intimate redox pair, the escape vield
of MV ™" is defined by Eq. {19). where [S™—-MV ™ '], is the concentration of the
mtimate ion pair, or the concentration of the bound photosensitizer.

MYk
[8* —MV™,

esc (19)

From the experimental data we calculate a value of #,,.x0.45, i.e. ca. 45% of the
MV™ " generated in the supramoiecular assembly escapes to yield charge-separated
redox species that recombine by a diffusional back ET path.

4. Conclusions
This study has addressed a novel method of assembling supramolecular photosen-

sitizer—acceptor diads via m-donor-accepior non-covalent interactions. The basic
units that lead to the formation of the supramolecular complexes are the dialkoxy-
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benzene n-donor component and the N, N'-bipyridinium =-donor-acceptor unit. The
w-donor dialkoxybenzene sites were tethered in one-shell and two-shell configurations
to a Ru{lI)-tris-bipyridine photosensitizer to yield multi-receptor n-donor photosen-
sitizers {2} and {3) respectively. Alternatively, the n-donor dialkoxybenzene site was
used as a central receptor-site in capping the Zn(ll }-porphyrin photosensitizer, (5).
The one-shell and two-shell n-donor, multi-receptor, functionalized Ru(II)-tris-
bipyridine photosensitizers {2} and (3) form supramolecular denor-acceptor com-
plexes with the N, N'-bipyridinium cyclophane, BXV**, (1}, where the Zn-porphyrin
(5) forms a donor—acceptor complex with N,N'-dimethyl-4,4-bipyridinium, MV2*,
{4). The photeinduced ET in the resulting supramolecular assemblies was charac-
terized by steady-state luminescence quenching studies and time-resolved experi-
ments. A kinetic model that accounts for the features of the photostimulated ET in
the supramolecular assemblies was formulated. This enabled us to characterize in
detail the association properties of the supramolecular complexes, to elucidate the
kinetics of ET in the systems, and to determine the dynamic properties of these non-
covalent assemblies.

The n-donor affinity of the dialkoxybenzene site by iiself to the monofunctional
N, N-bipyridinium electron acceptor is weak, but can be enhanced by the application
of the bipyridinium cyclophane electron acceptor, BXV 47, (1). Further enhancement
in the m-donor affinity of dialkoxybenzene sites to BXV*~ was achieved by the use
of the two-shell m-donor-functionalized photosensitizer {3). In the latter system, the
iwo dialkoxybenzene sites cooperatively participate in the association of BXV4*,
by intercalation of the bipyridinium electron acceptor between the n-doner compo-
nents. A further method to stabilize the supramolecular complexes between the
n-doner diatkoxybenzene and the bipyridinium electron acceptor included the appli-
cation of an ethylene-glycol—dialkoxybenzene-capped Zn-porphyrin photosensi-
tizer. The monofunctional electron-acceptor N N'-dimethyi-4,4"-bipyridinium,
MV2* (4), forms a high-affinity complex with the dialkoxybenzene-capped
Zn-porphyrin, K, = 1.6 x 10° M 7, that is stabilized by synergetic cooperative inter-
action, including n-donor—accepior interactions between MV :* and the dialkoxy-
benzene site, r-donor—acceptor interactions with the porphyrin site and association
of the electron acceptor to the polyoxyethylene, crown-ether, receptor.

In all of the supramolecular assemblies generated between the n-donor receptor
sites and the bipyridinium electron acceptors, effective intramolecular static
ET-quenching proceeds. This s accompanied by diffusional ET-quenching of the
free photosensitizer. The effectiveness of the static intramolecular ET-guenching is
contrelled by the number of receptor sites associated with the photosensitizer and
the binding constant of the electron acceptor to the receptor sites. The detailed
characterization and comparison of the photoinduced ET in the series of the one-
shell and two-shell multi-receptor functionalized photosensitizers {2) and {3) reveal
that in the two-shell photosensitizer {3), that includes 12 n-donor receptor sites,
supramolecular complexes of maximal stoichiometry of six are formed with
BXV*™. This has been attributed to the participation of two n-donor dialkoxyben-
zene sites in the association of a single BXV**. The high association constant of
the supramolecular assembly formed between (3) and BXV*"' leads to effective
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intramolecular ET-quenching. Owing to the bifunctional structure of the electron
acceptor BXY“*, no significant charge-separation accompanies the intramolecular
ET. The non-covalently linked photosensitizer—-BXV** systems behave as intact
diads where intra-molecular ET-quenching and back ET proceed in the same molecu-
lar assembly. Thus, despite the dynamically labile feature of these supramolecular
assemblies, no exchange of the complex components and solution species occurs
during the lifetime of the photogenerated redox products. With the supramolecular
assembly formed between the capped Zn{II)-porphyrin, (5}, and the monofunctional
electron acceptor, MV 2+ effective charge-separation accompanies the static intramo-
lecular ET-quenching process, and ca. 45% of the reduced photoproduct, MV ™",
formed in the complex assembly separates.
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