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Abstract: The electronic (absorption
spectra) and electrochemical properties
of a novel series of triphenylpyridinium
(H;TPT=A) electron-acceptor-based
polyad species have been correlated
with their steady-state (emission spec-
tra) and time-resolved (ns and ps laser
flash photolysis) photophysical behavior
(at both 293 and 77 K). These d° tran-
sition metal complexes (M = Ru'l, Os')
of 2,2":6' 2" -terpyridines (tpy) are denot-
ed as PO and P1, depending on whether
they incorporate H;TP*-tpy or H;TP*-
ptpy ligands (ptpy = 4'-phenyl-substitut-
ed tpy), respectively. For the PO/Ru-
based compounds, the Iluminescence
quantum yield and excited-state lifetime
of the “{Ru(tpy),}**” chromophore have
been found to be considerably enhanced
at 293 K (e.g., =10.56 ns for isolated P0/
Ru in acetonitrile vs 7= 55 and 27 ns for
PO/Ru within POA/Ru and POA,/Ru
(A =electron acceptor), respectively).
In spite of the lack of conjugation
between PO and A, this behavior has

Introduction

been ascribed to a through-bond medi-
ated electronic substituent effect origi-
nating from the directly connected
H,TP* electron-withdrawing group. For
the P1-based compounds, the possibility
of  photoinduced electron-transfer
(PET) processes with the formation of
charge-separated (CS) states is dis-
cussed, and the main results may be
summarized as follows: 1)when in-
volved, the electron-donor D (D=
Me,N of Me,N-ptpy) is strongly elec-
tronically coupled to P1 but cannot
facilitate a reductive quenching of *P1
to give the *[D*—P1-]-type of CS state
for thermodynamic reasons, irrespective
of whether M is Ru"! or Os!; 2) the P1
and A components have been shown to
be very weakly electronically coupled;
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3)at 293 K, P1/Ru- and P1/Os-based
polyad systems display distinct photo-
physical behavior with respect to A, with
only the latter exhibiting a noticeable
quenching of luminescence (up to 50 %
for P1A/Os with respect to P1/Os);
4) for assemblies made up of P1/Os
and A components only, comparison
between their room-temperature (RT)
and low-temperature (LT; 77 K, frozen
matrix) photophysical properties, to-
gether with information gleaned from
combined transient absorption experi-
ments and spectroelectrochemical stud-
ies of P1/Os and P1A/Os, further sup-
ported by thermodynamic considera-
tions, allowed us to conclude that a
PET process does take place within the
P1 A/Os dyad leading to the *[P17—A~]
CS state. For the DP1A/Os triad, the
formation of such a CS state followed by
an enhanced electron-releasing induc-
tive effect from D is postulated.

The field of supramolecular chemistry!! provides a conceptual
framework for research devoted to the mimicry or modeling
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of subtle and complicated chemical processes.’! Such studies
include those related to the elucidation of the mode of action
of the natural photosynthetic reaction center’] and those
concerned with the handling and storage of information at
the molecular level.l! These two fascinating areas have
experienced many outstanding advances over the years, from
which a number of pertinent issues have arisen that may be
usefully applied to monitor photoinduced intramolecular
electron transfers,> % among other possible effects or func-
tions.

Regarding artificial photosynthesis, a major goal is the
controlled formation of long-lived photoinduced charge-
separated states, which corresponds to the transient conver-
sion of light into an electrochemical potential that may be
used, under appropriate conditions, for energy storage or
electricity production.”l Such a process may be achieved
within specially designed supramolecular architectures built-
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up of covalently linked electron-donating (D) and -accepting
(A) subunits together with a photosensitizing chromophore
(P).15 6ac]

Within this framework, and in the course of our studies
focussed on the design of new building blocks of potential
interest for artificial photosynthesis and related research
fields such as molecular electronics, we have proposed and
synthesized®° a series of triarylpyridinium-derivatized ter-
pyridyl molecules, RL,R*TP*-(p),tpy, as a new class of
electron-acceptor-substituted ligands (A). When complexed
with the d° transition-metal cations ruthenium(ir) and osmiu-
m(11), the resulting polypyridyl chelates are intended to
simultaneously play three key roles: 1) as structural assem-
bling elements, 2) as efficient photosensitizers (P), and 3) as
primary light-triggered electron donors within the generated
multicomponent arrays (polyad systems). All complexes
prepared to datel! with the first members of the new family
of ligands (R!'=R?>=H and n =0, 1), with or without a p-N,N-
dimethylamino-phenylterpy moiety as an electron-donating
ligand (D), are depicted here, along with their abbreviations
nomenclature.

RLRZTP*-(p)atpy

R1=R2=H
RL,R2TP* = H3TP* = A

n=1and M=Ru", Os"

n=0and M =Ru"
PoO/IM X=Y=H P1/M X=Y =Me
POAY/M X =Y = HyTP* P1A,/M X =Y = HyTP*
POAIM X=HandY = HgTP* PIAM  X=Meand Y = HsTP*
D,PUM X =Y = Me;N
DP1/M X =MezNandY =Me
DP1A/M X = Me,N and Y = H3TP*

The salient features of these compounds are that they
combine a well-defined topology (rigid structure) and a
marked chemical flexibility (R! and R?), allowing both a fine
tuning of the properties of the electron-acceptor fragment and
possible expansion of the supramolecular architectures (redox
cascades, branched molecules).[®
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To obtain further insight into the expected correlation
between some of the intramolecular geometrical parameters
and the photophysical behavior of the polyad systems
reported herein, a detailed structural study was carried
out.”! It was shown that the actual conformation of the
acceptor moieties (A) with respect to the connected photo-
sensitizers (P), both in the solid-state (X-ray analysis) and in
solution (NMR experiments), is such that there is almost no
conjugation between these two components (see Figure 1),
irrespective of whether P is PO or P1.1%

SURN

P,/Ru A=TPHg*

Figure 1. Pictorial representation of the “geometrical decoupling” (6~
80-90°) between the photosensitizer and the acceptor components in the
representative case of the PO A/Ru dyad (X-ray structure).!

This finding is crucial with regard to the nature and strength
of the intercomponent electronic coupling within the polyad
systems. This parameter is itself of great importance within
the framework of the criteria that govern the formation of the
targeted long-lived, charge-separated states, which are also
those of supramolecular photochemistry.l* > %< Therefore,
beyond the thermodynamic and kinetic considerations, we
specifically address this aspect in this paper. For a deeper
understanding of the investigated photophysical behavior of
these new photoactive supramolecular species, electrochem-
ical and spectroelectrochemical experiments have been
performed. These interrelated and complementary studies
have allowed a rational explanation of the interesting photo-
induced processes observed for this series of new compounds.

Results

Electrochemical properties: The electrochemical properties
of organic model donor, acceptor, and associated ligands are
gathered in Table 1. Salient electrochemical results for
relevant reference compounds and polyad systems are
collected in Table 2.

Ligands: Figure 2 shows cyclic voltammograms of H;TP*-p
and its derivatives in acetonitrile that contains 0.1m TBABF,
at a platinum disk electrode.

From the survey of the electrochemical data recapitulated
in Table 1, it appears that:

1) The first and second reduction potentials of the H;TP*
systems are shifted towards less negative values on going
from the model acceptor N-phenyl-2.4,6-triphenylpyridi-
nium (H;TP*-p) to the tpy ligands, namely H;TP*-ptpy
and H;TP*-tpy. Concomitantly, both electrochemical sys-
tems (single-electron processes) are seen to progressively
merge together (AE,;, =160 and 105 mV for H;TP*-p and
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Table 1. Electrochemical potentials of the organic ligands in acetonitrile + 0.1m TBABF, at a platinum electrode.?)

Me,N-p Me,N-ptpy H;TP*-p H;TP*-ptpy H;TP*-tpy
D+ 10 (+ Dlm) DZ ++ D+ 10 H3TP3 +2+ H3TP2 ++ H3TP +0 HSTPOF H3TP2 +/+ H3TP +0 HBTPU/f H3TP +—
E,, +0.80 +1.17 +0.93 +1.24 +1.05 —0.93 —1.08 +1.02 —0.92 —1.02 —0.85
E,. +0.57/+0.44 +1.10 +0.91 +1.00 +0.75 —1.01 —-1.17 +0.86 —0.98 —1.09 —0.93
E, nd +1.13 +0.92 +1.12 +0.90 —-0.97 —-1.13 +0.94 —-0.95 —1.05 —-0.89
n (rev) nd (irr) nd (irr) 1 (rev) nd (irr) 1 (rev) 1 (rev) 1 (rev) 1 (rev) 1 (rev) 1 (rev) 2 (rev)

[a] E,, and E,,: anodic and cathodic peak potentials (vs SCE) measured by cyclic voltammetry at 0.2 Vs™'; E,,/V (vs SCE) is calculated as (E,, + E,)/2; nis
the number of electron involved in the electrochemical process; nd: not determined; rev: chemically reversible process; irr: chemically irreversible process.

Table 2. Electrochemical data of the examined complexes in acetonitrile + 0.1m TBABF, at Pt electrode.?!

M DHo H’;TP+/(]
Entry E\» n k° E n k° E n k°
1 PO/Ru +1.31 1 4x1073 - - - - - -
2 POA/Ru +1.44 1 7.8 x 1073 - - - —0.77" o] -
3 POA,/Ru >+1.6 nd nd - - - —0.78M [b] -
4 P1/Ru +1.24 1 4x1072 - - - - - -
5 P1A/Ru +1.27 1 7.9 x 1073 - - - —0.90 1 nd
6 P1A,/Ru +1.29 1 51x1073 - - - —-0.91 [e] nd
7 DP1/Ru +129 >1 nd +0.93 1 1.7x 1072 - - -
8 D,P1/Ru +137  >1 nd +0.90 2 6.1x1073 - - -
9 DP1A/Ru +1.29 1 2.6 x 1073 nd nd nd —-0.91 (d nd
10 P1/Os +0.90 1 5.1x1072 - - - - - -
11 P1A/Os +0.93 1 1.7x 1072 - - - —-0.91 (d nd
12 P1A,/Os +0.96 1 1.1 x 1072 - - - —-0.92 (c] nd
13 DP1/Os +0.82 1 >1 +1.05 1 3.8x1072 - - -
14 D,P1/Os +0.77 1 42 %1072 +0.96 1 >1 - - -
+1.12 1 1.3x1072
15 DP1A/Os +0.83 1 11 x 1072 +1.01 1 nd —0.93 (d nd
HSTPO/— p(]/f P—/Z—
Entry E,, n k° E,, n k° E,, n k°
1 PO/Ru - - - —-1.23 1 nd —1.48 1 nd
2 POA/Ru —0.770) o] nd —1.34 1 7.7 x1073 nd nd nd
3 POA,/Ru —0.78M o] nd nd nd nd nd nd nd
4 P1/Ru - - - —1.24 1 2x 1072 —1.47 1 1.4 %1072
5 P1A/Ru —1.00 1 nd —1.25 1 9.2x1073 —1.50 1 7.9 x 1073
6 P1A,/Ru —0.98 [c] nd —1.31 1 47 %1073 —1.54 1 3.0x 1073
7 DP1/Ru - - - —1.24 1 1.3x1072 —1.48 1 3.5x1073
8 D,P1/Ru - - - —-1.29 1 8.5x1073 —1.50 1 57 %1073
9 DP1A/Ru —0.99 d nd —1.24 1 6.5x 1073 —1.51] 1 nd
10 P1/0s - - - —1.20 1 3.1x1072 —1.47 1 24 %1072
11 P1A/Os —1.00 1] nd —1.21 1 1.7 x 102 —1.47 1 9.8 x 1073
12 P1A,/Os —0.99 [c] nd —-1.25 1 12x102 —1.52 1 22 %1072
13 DP1/0Os - - - —-1.22 1 23 %1072 —1.48 1 7.6 x 1073
14 D,P1/Os - - - —1.24 1 2x107? —1.50 1 7.9 x1073
15 DP1A/Os —1.02 1l nd —-1.23 1 4.7 x 102 —1.49 1 1.9 x 102

[a] Ey; [V] (vs SCE) is calculated as (E,, + E,)/2, in which E,, and E, are the anodic and cathodic peak potentials, respectively, measured by cyclic
voltammetry at 0.2 Vs~!; n is the number of electrons involved in the redox process determined by hydrodynamic voltammetry by comparison with reference
components; k° [cms~!] is the standard rate constant for an electron-transfer reaction; —: not present in the complex; nd: not determined. [b] H;TP+° cathodic
wave merges with H;TP”~ (one 1+1 or 242 electron unresolved wave). [c] H;TP*" cathodic wave merges with H;TP”~ (one 2+2 electron partially resolved
wave). [d] H;TP*" cathodic wave merges with H;TP"~ (one bielectronic partially resolved wave). [e] E;, determined by hydrodynamic voltammetry.

{ 1oun a H;TP*-ptpy, respectively) to give a single two-electron
process for H;TP*-tpy. As expected, the redox properties
b of the pyridinium moiety are influenced by its peripheral

substituents.[' 'l This sensitivity clearly shows that the N-
substituents such as pyridine (from tpy) and phenyl (from
the spacer) can also be considered as a means of tuning the
properties of the pyridinium ring.
e 2) A reversible electrochemical oxidation process is observed
2 -5 1 05 0 05 1 15 2 at +0.90V for the model acceptor H,;TP™-p and at
E/N —> . .
+0.94V for the associated phenylterpy derivative

Figure 2. Cyclic voltammograms for a)H;TP*-p (c=4.7x107*m), . . "

b) H,TP*-ptpy (c=5.1x 10~*m), and c¢) H;TP*tpy (c=3.5x 10~*m) in (H;TP*-ptpy), but is not seen for H;TP*-tpy nor for the
CH;CN + 0.1m TBABF, (Pt electrode, v =200 mVs™1). complexes. In view of the fact that the first reduction
3164 © WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0814-3164 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 14
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potential of H;TP* within H;TP*-tpy is very close to that
of the acceptor moiety in H;TP*-ptpy complexes with Ru!
and Os! (Table 2), it is not surprising that the organic
dication is not formed within these complexes in the
investigated potential range. The reason is that the
coordinative bonding of the covalently linked tpy to the
transition metal ion shifts its oxidation potential towards
higher energy, in the same manner as the direct replace-
ment of an N-phenyl group by a pyridine moiety increases
the oxidation potential of the pyridinium.

3) Inthe case of H;TP*-p, an additional irreversible oxidation
process is observed at +1.12 V. These oxidation processes
may be related to the formation of a radical dication and
trication for H;TP*-p, as previously suggested for pyr-
ylium!'?l and diazobenzoperylene moieties.['’]

4) Regarding the p-amino-derivatized species, an irreversible
anodic process is observed for the N,N-dimethylaniline
model donor at +0.8V, while a reversible oxidation
reaction is observed for the associated ligand at +0.92 V.
In the latter case, the attached tpy groups prevent the N,N-
dimethylanilino radical cation from undergoing the well-
known para-oriented homocoupling (dimerization) that
takes place in the case of the N,N-dimethylaniline com-
pound."¥ The reversibility of the first oxidation reaction
(radical monocation formation) of the amino derivative is
then restored. The radical dication can also be obtained at
higher potentials, although it is not stable.

Complexes: On the basis of the electrochemical data collected
for organic reference species and ligands (Table 1), the main
electrochemical features of the related coordination com-
pounds (Table 2) can be straightforwardly assigned by anal-
ogy. A general trend is the sizable electrochemical perturba-
tion within the polyad systems of both the organic and metal-
based subunits with respect to their isolated parent species.
When complexed, acceptor ligands are easier to reduce, while
donor ligands are more difficult to oxidize. Accordingly, the
metal-centered redox potentials, especially for the oxidation
process, are sensitive to whether the tpy ligand bears a
stabilizing electron-releasing or a destabilizing electron-with-
drawing group. However, some differences in behavior exist
between the various systems examined; these are reminiscent
of some more basic features regarding intercomponent
electronic coupling.[®<l A thorough analysis of the electro-
chemical results is thus required. To illustrate the electro-
chemical behavior of the investigated polyads, Figures 3—6
show typical cyclic voltammograms of selected dyads and
triads in acetonitrile solution.

POA, P1A, POA,, and P1A, reference dyads and triads: The
redox processes related to the metal-centered PO and P1-
based polyad systems show differences due to the presence of
the H;TP* acceptor group. Within the PO series, attachment of
this acceptor results in a dramatic incremental anodic shift of
the Ru"™ potential of about +140 mV per additional H;TP~*
unit (Table 2, entries 1-3). This value drops to +30mV
within the P1 family, irrespective of whether M is Ru or Os
(Table 2, entries 4—6 and 10—12). The effect of the presence
of the acceptor group is also manifested in a decrease in the

Chem. Eur. J. 2002, 8, No. 14
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standard rate constant k° of the MW electron-transfer
process (Table 2, entries 4—6 and 10-12). This phenomenon
can be rationalized in terms of a strengthening of the acceptor
moiety in the PO series (vs. P1) and can be viewed as further
evidence of the above mentioned tuning effect of the electro-
chemical properties of H;TP* from those observed for the
free ligands. Indeed, a combined anodic shift and merging of
the pyridinium first and second reduction processes is clearly
evident on comparing the data for the homoleptic ruthenium
complex P1 A,/Ru with those for PO A,/Ru (Table 2, entries 3
and 6).

With regarding to the PO-based compounds, the strong
interaction between the acceptor group and the photosensi-
tizer also becomes apparent when considering the first (P”~)
and second (P~?-) reduction processes related to the tpy
ligands (Figure 3).

46 1.4 1.2 1.0 -08 -06 -0.4 0.2 0
E/N —>»

Figure 3. Cyclic voltammograms for a) PO/Ru (¢ =2.6 x 10~*m), b) POA/
Ru: (¢=2.65 x 10~*m), and ¢) PO A,/Os (¢ =2.5 x 10~*m) in CH;CN + 0.1m
TBABEF, (Pt electrode, v =200 mVs!).

In the case of the heteroleptic PO A/Ru complex, once the
acceptor has been reduced, the electron density located in
direct proximity to the chromophore is so high that the
reduction of tpy ligands, which corresponds to the addition of
a third or even a fourth electron to the complex, is disfavored
and cannot be fully achieved in the examined potential range
(up to —1.6 V). With respect to the homoleptic POA,/Ru
complex, the effect of the primary reduction processes of both
acceptor groups (four-electron process) on those of PO is more
dramatic, such that PO cannot be subsequently reduced
(Table 2, entries 1-3). The presence of the acceptor group
is also manifested in a decrease in the standard rate constants
k° of the P¥~ and P~2~ electron-transfer processes (Table 2,
entries 4—6 and 10-12).

Finally, it is worth noting that, in contrast to what is seen for
the PO/Ru series, the reduction processes of the complex
photosensitizer are achieved for both the P1/Os and P1/Ru
analogues, as is clearly illustrated in Figure 4.

In conclusion, it can be stated that the observed differences
in the oxidation and reduction behavior of the P0O- and P1-
based acceptor polyad systems indicate that these compounds
belong to different categories from the point of view of the
definition of supramolecular (photo)chemistry. > 6a<l
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Figure 4. Cyclic voltammograms for a) PLA/Ru (c=24x10"*m, v=
200 mVs™), b) P1A/Os (¢ =2.4 x 10~*m, v=300 mVs™'), and c) P1 A,/Os
(¢=225%10"*m, v=300mVs™') in CH;CN + 0.lm TBABF, (Pt elec-
trode).

DP1 and D,P1 reference dyads and triads: In contrast to the
H;TP* derivatives of the P1 family, donor-bearing complexes
exhibit strong modifications of their electrochemical proper-
ties as compared to those of the parent species.

For the Ru! series, the redox potentials related to the
metal-centered oxidation are rather close to that of the
irreversible second oxidation process of the dimethylamino
group in the Me,N-ptpy parent species (+1.13V, Table 1).
Thus, this latter oxidation process cannot be observed in the
polyad systems. This perturbation was also evident from the
shapes of both the cyclic and hydrodynamic voltammograms,
which showed more than one electron to be involved in the
Ru!! — Ru'™ oxidation process of the DP1/Ru and D,P1/Ru
species, in contrast to the oxidation of the P1/Ru complex.
Such behavior is indicative of an electrocatalyzed reaction at
the potential of the metal-centered oxidation process.[”]

In the case of the osmium compounds, several particular
features have been observed:

First, it appears that, similarly to what was seen with the
ruthenium analogues, for the second irreversible oxidation of
D, the metal-centered oxidation process of P1/Os and the first
reversible oxidation process of Me,N- (in Me,N-ptpy) occur
at very close potentials: +0.90 V and +0.92 V, respectively.
Thus, in the case of the DP1/Os complex, the redox process at
+0.82 V is related to the one-electron metal-centered oxida-
tion reaction, which is made easier by the presence of the
electron-rich and conjugated dimethylamino group; the dis-
placement is about — 80 mV relative to that of the parent P1/
Os. The second process at +1.05 V is consequently related to
the amino-centered oxidation, the potential being shifted to a
more positive value (by about + 135 mV) relative to that of
the first oxidation process of Me,N-ptpy. This is due to the fact
that both its complexation with the transition metal cation and
the primary oxidation of the latter reduce the electron density
of the donor subunit such that it becomes more difficult to
oxidize. Note that the presence of D also leads to an increase
in the standard rate constant k° of the Os""!! electron-transfer
process when P1/Os is compared to DP1/Os (Table 2,
entries 10 and 13).

Second, a splitting of the donor-centered redox processes
within the homoleptic D,P1/Os complex is observed (Figure 5

3166 ——
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E/N —>
Figure 5. Cyclic voltammograms for a) D,P1/Os (c=1.7 x10-*M) and
b) D,P1/Ru (c=4.3 x 10-*m) in CH,CN + 0.1m TBABF, (Pt electrode,
v =200 mVs).

and Table 2: entries 10, 13, and 14). This suggests that the
three components of the complex behave as strongly elec-
tronically and electrostatically coupled elements. The oxida-
tion process occurring at the less positive potential (+0.77 V)
is related to the metal-centered one. Its potential value
corresponds to a stabilization energy of Os™ of +0.13 eV as
compared to that of the parent compound P1/Os (and of
+0.05 eV compared to DP1/Os). The two other distinct higher
potential processes, occurring at +0.96 V and +1.12'V, are
related to the two nonequivalent electron-releasing D sub-
stituents. Note that the average value of these two D-centered
oxidation potentials (+1.04 V) is very close to that of the
oxidation potential related to D within the DP1/Os dyad
(+1.05 V). The unexpected loss of degeneracy of the two
chemically identical donor moieties originates from their
strong interaction, even though they are not directly con-
nected. Hence, it seems that the transition metal cation plays
the role of a relay or coupling element. The initial formal
oxidation of one of the two donors destabilizes the other
D-redox center, in the same way as strongly coupled
components would be in a mixed-valence species.['’!

Finally, by comparing the electrochemical behavior of
D,P1/Os with that of D,P1/Ru (Figure 5), it appears that no
splitting of the oxidation wave related to DY+ is observed in
the case of the ruthenium complex: both donor substituents
are oxidized at the same potential in one two-electron process
at +0.90 V, as predicted for independent and identical redox
couples. Indeed, the Ru™ redox process occurs at signifi-
cantly higher potential than that of D”*, and thus Ru™ cannot
act as a relay. Nevertheless, the ruthenium-based photo-
sensitizer was expected to exhibit some modification of its
oxidation potential due to the presence of the conjugated
electron-releasing groups, similar to that detected for the
osmium series. For the reasons outlined at the beginning of
this section, that is, intermingled redox processes occurring at
the D*?* and Ru™" potentials, this was not actually the case.

DP1A triads: As is apparent from a careful inspection of the
data in Table 2, and as depicted in Figure 6, the electro-
chemical behavior of the DP1 A/Os triad system can best be
viewed as a superposition of the behavior of the model dyads
described above rather than as simply the sum of those of the
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Figure 6. Cyclic voltammogram for DP1A/Os (c=2.55x10"*M) in
CH;CN + 0.1m TBABF, (Pt electrode, v =400 mVs1).

various individual model components D, P1, and A. More
precisely, these findings suggest that the electrochemical
features of DP1A triads are those of the corresponding donor
dyads DP1 plus that of A (A being very weakly coupled with
P1 within P1A). The DP1 A/Ru triad shows similar behavior.

Spectroelectrochemical properties: To further identify the
characteristic signatures of the activated species generated in
the excited state, and especially that of the reduced acceptor
[A]~ resulting from photoinduced intramolecular electron
transfer, selected ground-state absorption spectra of both the
reduced H;TP* and P1/Os entities, as well as that of the
acceptor dyad P1A/Os, were recorded. These spectroelec-
trochemistry experiments were performed at controlled
potentials in acetonitrile that contained 0.1m TBABF,.

Among the three triphenylpyridinium-derivatized organic
molecules at our disposal, only the model acceptor H;TP*-p
exhibits two well-separated single-electron waves (see Fig-
ure 2) that allow the reduction process to be finely monitored.
The one-electron reduction of the model acceptor at —1V
allows the spectrum of H;TP° to be recorded, which features
one broad absorption band at 503 nm (Table 3).

Table 3. Summary of absorption maxima of reduced and oxidized key
species.

s [nm] (e [10° 1]y

[(Me-ptpy)Os(ptpy-Me )]+ 406 505 600 760
H,TP"-p 503 (0.57)
H,TP® within [P1 A/Os]- 360 522

[(Me-ptpy),Os P+ [ 407 (227) 523 (0.545) 618 (0.395)

[a] Ref. [17].

Controlled reduction of the model photosensitizer P1/Os at
—1.2V results in a clean one-electron reduction process,
which was followed by recording the UV/Vis absorption
spectra shown in Figure 7. These spectra exhibit three
isobestic points at around 340, 640, and 680 nm. The relative
abundance, a, of the two species [P1/Os] and [P1/Os]~ can
therefore be calculated using Equation (1), with o =[P1/Os]~/
[P1/0s], n=1, and AE = (E,piiea — E1p[P1/0s]""):

RTIna =nFAE (1)

Chem. Eur. J. 2002, 8, No. 14

© WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

L

10% /M lom™

1

0 + + + t + T T
320 400 480 560 640 720 800 880
A/ nm—>»

Figure 7. Spectral changes observed during the reduction of P1/Os at
—1.2 Vin CH;CN (0.1m TBABF,). *: isobestic point.

The electronic spectrum of the reduced [P1/Os]~ chromo-
phore could then be determined (Table 3). In the case of the
acceptor unit involved in the acceptor-based dyad, the mono-
reduced species cannot be obtained in pure form owing to its
intrinsic electrochemical properties (almost merged waves for
the two monoelectronic reductions of the acceptor moiety).
Indeed, the spectra obtained in the course of electrochemical
reduction of the acceptor dyad P1 A/Os at —1.0 V (Figure 8)
show complicated features. By comparison with the spectra of

107 % /M 'em™?
2 4

0 + 1 L 1 +
320 400 480 560 640 720 800 880
A/ nm—>

Figure 8. Spectral changes observed during the reduction of P1 A/Os at
—1Vin CH;CN (0.1m TBABFE,). 1) Before the electrolysis. 2) End of the
electrolysis. S) Selected intermediate absorption spectrum.

the reduced P1/Os at —1.2V (Figure 7), the electronic
features of the reduced dyad exhibit some intriguing similar-
ities. Specifically, a pronounced increase in the absorption at
around 400 nm and in the NIR region (beyond 700 nm) is
observed, since the reduction of the inorganic core is not
expected to occur at —1 V. One should also note the evident
broadening that accompanies the apparent enhancement of
the absorption band originally situated at 491 nm (which is
concomitantly red-shifted by about 10 nm) and the absence of
the previously observed isobestic points. These two features
clearly indicate that the reduction of P1A/Os at —1V
involves at least three different absorbing species, one of
which is the previously characterized [P1/Os]~ chromophore.

As has been reported previously,” the electronic features of
P1/0Os (*MLCT and *MLCT transitions) are largely indepen-
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dent of whether the photosensitizer is isolated or belongs to
an acceptor dyad or triad (i.e., whether it is linked to one or
two H;TP* UV-absorbing subunits). Thus, on the basis of the
absorption in the visible region, one can reasonably state the
following formal equivalences for the chromophore species:
[P1 A/Os]=[P1/Os] and [P1 A/Os]~=[P1/Os] + [A]~. How-
ever, when the reduction is incomplete (spectrum S, Figure 8),
the solution formally contains only a mixture of P1 A/Os and
[P1A/Os]~ compounds. As is evident from Figure 8 and as
noted above, the electron added to the acceptor moiety [A] " is
partially delocalized over the photosensitizer, which allows
the formal existence of the [P1/Os]~ chromophoric species.
The postulated equivalence concerning the reduced species
must then be corrected as follows: [P1A/Os]-=[P1/Os] +
[A]™ + [P1/Os]~, and in this way the critical number of three
chromophores is reached. In view of the fact that chromo-
phoric components behave in an independent manner and
that the only absorbing species in the visible region are P1/Os,
[P1/Os]~, and [A]", one can assume that the spectrum S is the
sum of the weighted absorption contributions of these three
chromophores. Moreover, the only absorbing species at
800 nm is the reduced [P1/Os]~ chromophore within [P1A/
Os]~. Thus, it is possible to deduce the electronic features of
the reduced acceptor [A]~ within the dyad, with the help of
the relationship that accounts for the conservation of P1/Os-
based entities. The relative contributions to spectrum S of the
identified chromophores are depicted in Figure 9, which
shows the extracted profile of [A]~ within [P1A/Os] .
Absorption maxima of these reduced species, together with
that of the chemically oxidized reference photosensitizer P1/
Os, are gathered in Table 3. Apart from that of [P1/Os]*, the
reported molar extinction coefficients of the reduced species
are only estimates and are given for illustrative purposes only.
It is noteworthy that the bathochromic shift (AE ~0.09 eV) of
the absorption band of H;TP® on going from the isolated

0.05 4

400 500 600 700 800 900
A/ nm —>»

Figure 9. Weighted contributions of P1 A/Os, [P1/Os]~, and [A]~ chromo-
phore species to the absorption spectrum S.

potential of H; TP is shifted from —0.97 V to the less negative
potential of —0.91 V, which corresponds to a stabilization
energy of about 0.06 eV.

Photophysical properties: Luminescence properties of the
Ru'" and Os! bis(terpyridyl) complexes offer a suitable means
of probing intramolecular processes such as photoinduced
electron-transfer (PET). Furthermore, comparison between
room- and low-temperature photophysical behavior helps in
distinguishing the various possible mechanisms that may
account for the observed photoinduced processes. The photo-
physical properties of the polyad species were therefore
determined at both 293 K and 77 K (frozen matrix). Data for
PO- and Pl-based series of compounds, along with some
significant informative parameters, are collected in Tables 4
and 5.

Radiative, k, [Eq. (2)], and nonradiative, k,, [Eq. (3)], rate
constants, 1”1 as well as excited-state redox potentials

model entity to the acceptor component embedded within the k, = b/t @)
corresponding dyad is consistent with their related electro-
chemical behavior (Tables 1 and 2). Thus, the first reduction kw = (1= Pen)le 3
Table 4. Photophysical data for PO-based compounds.
293 KF! 77 KM
Amax [nm] 7 [ns] Per k. [s7] ko [s7'] Amax [nm] 7 [ps] EQIVIT) [V E(II*) [V]
PO/Ru 6290 0564 <5x10°  <89x10° >1.8x10° 598, 645sh  10.0 —0.76 +0.84
POA/Ru 670 55 7.3 x 107 1.3 x10* 1.8 x 107 636, 687sh 8.8 —0.51 +0.61
PO A,/Ru 644 27 39x10* 1.4 x 10* 3.7 x 107 622,672sh  10.6 nd nd
[a] In acetonitrile. [b] In butyronitrile; sh: shoulder. nd: not determined. [c] Ref. [21]. [d] Ref. [22].
Table 5. Photophysical data for P1-based compounds.
293 K2l 77 Kbl

Ru-based Os-based Ru-based Os-based

7 [ps] Amax [nm] Dy (x10%)  Lerel [%] 7 [ns] Ao [nm] 7 [us] Ama [nm] 7 [pus]
P1 580 734 2.00 100 247 627,684sh  11.65 720, 790sh  3.05
P1A 740 750 1.02 50.9 168 632,691sh  11.72 721,790sh 2.7
P1A, 820 743 1.52 76.3 222 631, 690sh  12.14 722,795sh 2.8
DP1 490 747 1.48 74.3 206 641, 696sh  14.19 728,797sh 2.2
D,P1 460 753 1.61 80.5 212 650, 708sh  14.50 756 1.7
DP1A 510 764 0.24 12.1 57 640, 695sh  11.60 758 2.0

[a] In acetonitrile. [b] In butyronitrile. sh: shoulder.
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E@i/i*) [Eq.(4)] and E@*/1) [Eq.(5)],'%2) have been
calculated according to the literature, assuming that the
quantum yield for the triplet state formation is unity, as is
usually the case for polypyridine complexes of Ru'L['l where
E..(0-0) is E,,, at 77 K.:

E(IIVII®) = E,,(M"™0) — £, (0-0) Q)
E(II*/1) = Ep(P"") + Ecy(0-0) (%)

Room-temperature luminescence properties: It is clear
from the obtained data that, in acetonitrile, the P0-based
compounds exhibit rather good luminescence properties with
easily measurable emission lifetimes of a few tens of nano-
seconds, whereas the isolated photosensitizer itself, PO/Ru,
does not emit (Table 4). Typical luminescence spectra of PO-
based polyad systems are shown in Figure 10.

3.
;
2] ;
!
1. /a u. ;
1,
b 3
;
/
y .
0 ‘ " ‘ ‘ X
550 600 650 700 750 800 850

A/nm—>

Figure 10. Luminescence spectra (room temperature, isoabsorptive de-
oxygenated acetonitrile solutions at ., =450 nm, uncorrected) of POA/
Ru (dashed) and PO A,/Ru (solid). Inset: uncorrected luminescence spectra
in butyronitrile rigid matrix at 77 K of PO/Ru (dashed-dotted), PO A/Ru
(dashed), and PO A,/Ru (solid).

For the Pl-based compounds, two trends are observed
depending on the nature of the transition metal cation
involved. For the ruthenium complexes, subnanosecond
phosphorescence lifetimes are enhanced by about 30 and
40% for P1 A/Ru and P1 A,/Ru, respectively, as compared to
that of the model photosensitizer, whereas the opposite trend
is observed for the donor-based polyads. For the osmium
complexes, which are strongly luminescent, all the examined
polyad systems exhibit an attenuation of their luminescence
properties relative to those of the reference photosensitizer,
irrespective of whether electron-withdrawing or -releasing
ligands are involved. These divergent general trends are in
fact typical of Ru and Os complexes.®< However, for the
osmium-based compounds, it is worth noting that donor-
group-bearing polyads (DP1/Os and D,P1/Os) that emit at the
same or lower energy than the acceptor dyad do exhibit longer
luminescence lifetimes. This indicates that the energy-gap law
does not fully account for the attenuation effect observed for
P1A/Os.

Low temperature emission properties: At low temperature (in
the rigid matrix of frozen butyronitrile), all the complexes are

strongly luminescent and show the classical blue shift of their
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emission band maxima relative to that observed at room
temperature (fluid medium). However, some discrepancies
are observed depending on 1) the nature of the photosensi-
tizer, PO or P1, and 2) whether P1 is linked to D and/or A in
the P1 series. Polyads composed only of P1 and A components
show photophysical features very similar to those of their
respective reference photosensitizers (P1/Ru and P1/Os). This
is no longer true for PO-based acceptor polyad systems or for
P1-based donor dyads and triads. Indeed, all of these exhibit
red-shifted emission bands and significantly modified lumi-
nescence lifetimes. Moreover, in the case of P1 and D being
connected, a further distinction has to be made between Ru!!
complexes, which display enhanced phosphorescence life-
times with respect to P1/Ru, and the Os' analogues, which
display shorter lifetimes than P1/Os. Nevertheless, despite the
difference in sensitivity of the photophysical properties of P1-
based complexes, depending on the nature of both their
covalently attached neighbors (D and/or A) and their
constituent transition-metal cation (Ru or Os), the lumines-
cence behavior of the entire P1-based series of polyads can be
rationalized in terms of the classical energy-gap law. This
correlation between the emission lifetime originating from the
lowest triplet excited state *MLCT) of each complex at low
temperature and the energy of this latter emitting state at
77 K (E.,,(0-0)) is illustrated in Figure 11.12

13.5

13
T12.5

In(1/1)

1.6 1.7 1.8 1.9 2
E,,/eV —>

Figure 11. Correlation of In(1/7) with MLCT emission energy E.,,(0-0) for
the P1 series of complexes (slope =—6.29, R=0.98). Ru" species (solid
squares), Os! complexes (solid circles).

It is also well known that a linear correlation can be
expected between the energy of the emission maximum (at
77 K) and the difference (AE,;) between first oxidation and
reduction potentials of the complexes, E;,(M"™1) and
E,»(P"), respectively. Once again, the points, particularly
those corresponding to the Ru series, are scattered, but a
linear correlation can be found for the whole Ru and Os series
of complexes of the P1 family, with a slope of 0.54 and an
intercept of 0.56 (correlation coefficient 0.967). This correla-
tion is very similar to that reported by Maestri et al.l?!l
(slope =0.64, intercept =0.41) for the other series of Ru!
tpy complexes bearing electron-accepting and -donating
substituents mentioned above.

From these results, it appears that the Ru series is more
sensitive to the substituents of the ligands than the Os series.
Such complications are generally ascribed®l to accessible
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low-lying dd states above the MLCT emitting level, which
greatly affect the photochemical stability and the MLCT
excited-state lifetime of the Ru'! complexes.

Excited-state absorption properties: Transient absorption
spectra were recorded at room temperature for the polyad
systems incorporating only the P1 chromophore. With the
exception of the P1A/Os complex, which was studied in
greater detail as it appeared to be the most likely to undergo
an intercomponent PET, the overall behavior of the two series
of compounds (Ru and Os) proved to be qualitatively very
similar to that of their related photosensitizer. The only
sizable perturbations were found to originate from substituent
effects when D was involved.

For comparison purposes, transient absorption spectra of
the reference photosensitizer P1/Os were recorded at differ-
ent times after the excitation pulse, under the same exper-
imental conditions as used for the acceptor dyad. Besides the
expected variations in the proportions of their different
features, which are reminiscent of the respective ground-state
electronic properties of P1/Os and P1A/Os, the transient
absorption difference spectra (Figure 12) clearly show the
following significant differences:

1) Of the strong positive absorption features located at
around 390 and 600 nm for the model photosensitizer
P1/Os, which are usually ascribed to the reduced ligand
[Me-ptpy] -, "I the latter (in the visible region) is clearly
diminished in the transient absorption difference spectrum
of P1 A/Os, while the former (in the UV) corresponds to a
minimum.

2) In both cases, the expected pronounced bleaching band at
490 nm corresponding to the depopulation of the 'MLCT
ground state is observed, accompanied by the correlated
formation of the osmium-centered oxidized photosensi-

0.10
A 0.05
0
AA/a. u.
-0.05 1
-0.104 —o—P1/0s
-0.15 —e—P1A/0s
-0.20
T 0.05]
AA/a.u. 0 m W‘,
L
-0.054 —e—20 ns
—o— 120 ns
-0.10 280 ns

350 400 450 500 550 600 650 700
A/ nm—>

Figure 12. Comparative transient absorption difference spectra of P1/Os
and P1 A/Os observed at 20 ns for isoabsorptive acetonitrile solutions at
Aexe. =308 nm (top), and transient absorption difference spectra of P1 A/Os
at the times indicated following the 10 ns laser flash (bottom).
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tizer, as manifested in the positive absorption at about
430 nm.[° I However, one may note the rather uneven yet
reproducible profile of the bleaching band of the acceptor
dyad, with a shoulder at lower energy (at about 510 nm),
compared to that of the isolated reference photosensitizer,
which is well-shaped and much more intense.

3) Concerning the CT states, one may also note that the
clearly detected bleaching in the 650-680 nm region for
P1/Os, associated with the disappearance of the ground-
state 3MLCT band,'”! is observed with the same order of
magnitude for P1 A/Os.

4) Regarding the features in the UV region of the spectra, a
positive absorption maximum that is not present in the
spectrum of P1/Os 20 ns after the laser excitation, is
detected at 360 nm for P1 A/Os.

Discussion

Intercomponent coupling: The electrochemical properties of
the P1/A-based compounds parallel the previously reported
ground-state electronic behavior® in that they are found to be
scarcely perturbed with respect to those of the isolated parent
species. These features are of the same order of magnitude as
those measured for a P1 photosensitizer connected through a
saturated methylene spacer to a strong electron acceptor such
as methyl viologen, MV?* (these two components being
considered as not electronically coupled).®*< 1224 On the
contrary, regarding the electrochemical behavior of com-
plexes with dimethylamino-modified ligands (P1/D family)
and with directly acceptor-substituted ligands (PO series), both
donor-stabilized and acceptor-destabilized metal-centered ox-
idation potentials as well as noticeable perturbations of D/A
ligand-centered redox processes were evidenced, these also
being consistent with the previously reported ground-state
electronic properties.”) In the present case, this expected
correlation!®< 2! reflects significant intercomponent couplings.

Further insights into these electronic couplings could also
be gained from spectroelectrochemistry experiments. The
initial and principal aim of this study was to determine the
electronic signature of the reduced acceptor within the polyad
systems, to allow comparisons with the results obtained from
laser flash photolysis experiments, in particular transient
absorption spectroscopy. However, a prerequisite for the
spectroelectrochemistry to be meaningful is that only weakly
coupled chromophoric components are involved within the
investigated supramolecular assemblies, which is a priori the
case for P1 A and P1 A, reference dyads and triads. Among
these polyads, the P1 A/Os species was studied in greater
detail owing to its photophysical and thermodynamic features
(see below), these being compatible with the occurrence of
intramolecular PET leading to the target charge-separated
state (P1*— A~). Assuming almost independent electrochem-
ical behavior of the electroactive subunits within the Os!
acceptor dyads P1A/Os, it was possible to calculate the
difference absorption spectrum of a partially reduced P1 A/Os
solution (spectrum S in Figure 9), in other words, to subtract
the various identified contributions attributable to the iso-
lated reduced parent species. Indeed, and as expected, the

0947-6539/02/0814-3170 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 14



Intercomponent Coupling

3162-3176

calculated spectrum (Figure 9) was very similar to that of the

monoreduced model acceptor H;TP%-p, showing a slight

bathochromic shift of about 0.1 eV with respect to the other
model species. This difference spectrum could be ascribed to

[A]~, and the stabilization energy was found to be in

accordance with the slight modification of the redox proper-

ties measured for A when connected to P1. Noteworthy
observations are that 1) P1 A/Os could be successfully inves-
tigated by spectroelectrochemistry, and 2) the unique features
of H,;TP? were recovered, as they constitute the a posteriori
confirmation that the acceptor moiety does behave independ-
ently of the photosensitizer subunit. Accordingly, the fact that
the three different species responsible for the spectrum S can
be related to model chromophoric compounds (P1/Os, [P1/

Os]™, [A]"), but not to other or unknown chromophores,

further confirms that components within the dyad interact

weakly. This really fulfils the requirements of supramolecular

photochemistry. 62¢ 23]

Hence, taken together with the previously reported struc-
tural and ground-state electronic features,”! the main points
that emerge from the observed electrochemical and spectro-
electrochemical behavior are that:

1) In spite of their sharply twisted arrangement, A and PO
exert a mutual influence on each other (substituent effect)
such that A has to be considered as being strongly
electronically coupled to PO.

2) The combined effects of their “geometrical decoupling”
(orthogonal conformation)”! and the intrinsically weak
electron-withdrawing properties of the H;TP* unit, to-
gether with the attenuating contribution of the phenyl as a
spacer, result in A and P1 being weakly coupled compo-
nents.

3) D is strongly coupled to P1.

Consequences for photophysical behavior and PET phenom-
ena: The light excitation of photosensitized molecules (ab-
sorption) provides a means of inducing intramolecular
processes such as PET, whereas the light collected from
molecular systems (emission) provides an informative means
of probing the intramolecular response to previous electro-
magnetic stimuli. Steady-state and time-resolved photophys-
ical experiments were therefore performed on the various
photosensitized polyad systems in order to characterize their
properties and to assess their ability to undergo PET with
possible CS states.

Room temperature luminescence of the PO family: At room
temperature, one should note that 1) a lower energy for the
SMLCT level is not related to a shorter luminescence lifetime,
2) radiative rate constant values are the same for POA,/Ru
and PO A/Ru, whereas the nonradiative decay appears to be
about half as efficient for POA/Ru as it is for POA,/Ru
(Table 4), and 3) the 3MLCT level is lower in energy for PO A/
Ru than it is for PO A,/Ru. This latter property, in addition to
the fact that the SMC level is expected to lie at roughly the
same energy within the heteroleptic and homoleptic com-
plexes,?! further contributes to the increase in the activation
barrier between the emitting state and the nonradiative MC
(d—d) level. Based on these findings, even though the
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temperature dependence of the k, rate constants was not
further studied, it seems reasonable to state that the energy-
gap law (i.e., E[*MLCT] vs k,,) does not adequately account
for the observed behavior. It seems most likely that the main
deactivation pathway proceeds via the thermally populated
metal-centered (*MC) level, as previously shown by Maestri
etal. for a similar system.?!! The larger the (MLCT-*MC)
energy gap, the more difficult it becomes to populate the *MC
level and consequently the luminescence lifetime becomes
longer. This statement is further confirmed when one consid-
ers that 1) strong perturbation of the chromophore with
respect to the reference PO/Ru is also detected at 77 K in a
frozen matrix, in which no solvent-assisted process may take
place,and 2) the triplet excited state of PO/Ru within PO A/Ru
is not sufficiently reducing (Tables 4 and 2) to transfer an
electron intramolecularly to the acceptor moiety (oxidative
quenching of *P0/Ru).

The overall set of data is thus indicative of a behavior that is
consistent with an intramolecular, inductive, and through-
bond mediated electronic effect, in accordance with our
previous conclusions. The electronic effect of the acceptor
substituents on the ruthenium(r) bis-terpyridyl chromophore
lowers the efficiency of the *MC deactivation pathway such
that nanosecond rather than the usual picosecond timescale
lifetimes are observed for the phosphorescence of the PO/Ru-
based luminophores at room temperature.?® It is noteworthy
that, among such mononuclear chromophores, there have
been only very few examples of room-temperature lumines-
cent tpy-based ruthenium complexes.[* 2! 2% Due to their key
role within the framework of research devoted, for instance,
to the mimicry (or modeling) of the photosynthetic processes
and to molecular electronic devices, © much effort has been
directed towards improving the photophysical properties of
these poorly efficient Ru/tpy-based photosensitizers. At least
three different strategies have been reported to date. The first
involves modifying the direct peripheral surroundings of the
chromophoric core by attaching at the 4’-position of the tpy
either a specific strongly electron-withdrawing substituent,
namely -SO,Me,?"?") or an organic fragment capable of
enhancing the electronic delocalization over the tpy moiety,
such as a bridging ethynyl group.?®! The second approach
involves long-range monitoring that is achieved through
a remote site appended to the chromophore such as an
ethynylated pyrene moiety™®! or a potentially modifiable
group, as in the case of a protonatable free tpy moiety.l
The remote site may also be another complexB! with
a 2,5-thiophenediyl unit as a possible bridging spacer.??
In the latter case, one would then be dealing with di- and
polynuclear species, which are beyond the scope of the
present discussion. The third strategy involves tuning
of the luminescence properties by modifying the very
nature of the inorganic chromophore itself. This can be
achieved by using cyclometalating ligandsP! and, where
necessary, by making supplementary structural changes within
the coordination polyhedron by deliberately introducing
steric hindrance,’*! or by using ancillary ligands such as
CN-, thereby generating a photosensitizer of the
[(tpy)Ru(CN);]- typeP! that displays solvent-dependent
luminescent properties.
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The aforementioned strategies are nevertheless still some-
what restrictive as 1) an electron-withdrawing substituent
such as SO,Me is also an end-group that cannot be sub-
sequently functionalized or modulated, 2) the rod-like ethynyl
backbone is a connector that is not readily amenable to fine
adjustment of the properties, and 3) the solvent is a parameter
of little scope as inorganic luminophores are unfortunately
rarely soluble in the whole range of common solvents. These
drawbacks are overcome with the RLR?TP+ group described
herein, which is a polyvalent building block that may be used
both as a terminal group with adjustable electronic properties
and as an electroactive spacer, connector, or bridging
element. Furthermore, the related ligand allows the integrity
of the ruthenium(II) bis-terpyridyl chromophore to be
preserved, as well as its appealing main topological features.

Intramolecular PET in the P1 family: Although the photo-
physical behavior at low temperature of the overall series of
Pl-based polyad systems appeared to be governed by the
energy-gap law, comparison with room-temperature behavior
may be very informative regarding the occurrence of hypo-
thetical PET. Indeed, through-bond mediated electronic
phenomena, such as inductive and mesomeric substituent
effects, are persistent (to some extent) in a frozen rigid matrix,
whereas some dynamic processes that are allowed in fluid
media, such as solvent-assisted ET, are precluded.

On going from a fluid medium to a viscous glass, a blue shift
in emission is observed. It originates from the higher energy
required for the reorganization of the solvent molecules that
accompanies the electronic redistribution over the polyad
systems when excited in their charge-transfer states. Thus,
when comparing the behavior at the two different temper-
atures, it is worthwhile referring to the corresponding model
photosensitizer at the same temperature. The following
observations should be emphasized:

1) Luminophores P1 bearing at least one dimethylamino
electron-donating group, namely DP1, D,P1 (and DP1 A),
exhibit noticeable perturbations of their photophysical
properties with respect to those of the isolated P1, at both
293 and 77 K. These perturbations, where measurable,
consist of red-shifted emission wavelengths, smaller lumi-
nescence quantum yields, and generally shorter phosphor-
escence lifetimes. Such expected alterations of the photo-
physical features of P1 are clearly consistent with the
previously established strong intercomponent electronic
couplings. Note, however, that the existence of substituent

Table 6. Excited-state properties of P1-based compounds.

effects does not rule out a priori the occurrence of ET
phenomena.

2) In contrast, perturbations of the emission properties of the
P1 photoactive site observed at room temperature for
compounds based on P1 and A components only, almost
completely vanish at 77 K. This difference in behavior as a
function of temperature is particularly salient for the
acceptor dyads, and especially for P1 A/Os. Moreover, at
room temperature, the emission quantum yield of this
latter dyad is only 50% of that of P1/Os. P1 A/Os also
exhibits an approximately 30 % shorter emission lifetime,
whereas the strongly coupled donor group bearing DP1/Os
and D,P1/Os species, which emit at about the same energy
or lower, display a small decrease in their luminescence
quantum yields of the order of 20 to 25% and emission
lifetimes shortened by only about 15%. These findings,
together with the previously collected information con-
cerning the weak electronic coupling between P1 and A,
lead us to the statement that electronic substituent effects
originating from the H;TP* acceptor group cannot account
for the observed quenching of the luminescence of P1
within P1 A/Os. The oxidative quenching of this lumines-
cence resulting from an intramolecular PET process may
therefore be proposed to account for the reported photo-
physical behavior of P1 A/Os. It is worth noting that, as is
the case for the electronic” and electrochemical proper-
ties, the effect of the covalent attachment of H;TP* to P1
upon the photophysical properties of the photosensitizer is
similar to that reported when a strong electron acceptor,
such as MV?2+ [6ac.17.24.36 i connected to P1 by an insulating
methylene spacer. However, a very weak substituent effect
is likely to be operative for the P1/A ruthenium series, as
evidenced by the small but significant red shifts of the
emission wavelengths together with the slightly longer
phosphorescence lifetimes (with respect to the parent P1/
Ru) that are measured at low temperature (Table 5).

3) For the DP1A triads, the matter of the occurrence of
intramolecular PET is difficult to resolve at this stage of
the discussion because of the electronic perturbation of the
photophysical properties of P1 caused by the strongly
coupled D subunit. Thermodynamic considerations are
therefore required in order to help in the discrimination
between the various possible hypotheses.

Calculated excited-state redox potentials of *P1, together
with some radiative and nonradiative rate constants, are

collected in Table 6.

Ru-based Os-based
E(III/IT*) [V] E(II#/1) [V] EI/1I*) [V] E#1) [V] k. [s7!] ko [s71]
P1 -0.73 +0.73 —0.82 +0.52 8.1 x 10* 4.0 x 10°
P1A —0.69 +0.71 —-0.79 +0.51 6.1 x 10* 5.9 x10°
P1A, —0.67 +0.66 —0.76 +0.47 6.8 x 10* 4.4 x 10°
DP1 —0.64[0] +0.69 —0.88 +0.48 7.2 % 10* 4.8 x 10°
D,P1 —0.54[°] +0.62 -0.87 +0.40 7.6 x 10* 4.6 x 10°
DP1A —0.64 +0.69 —0.81 +0.41 4.2 x10* 1.8 x 107

[a] See text for the determination of excited-state redox potentials; k, and k,, rate constants at room temperature. [b] Due to perturbations in the metal-
centered oxidation process, which affect the determination of the oxidation potential M of DP1/Ru and D,P1/Ru (see text and Table 2), the corresponding

excited-state redox potentials may be considered only as rough estimates.
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Firstly, one may note that the excited-state redox potentials
of *P1 within *P1A (and to some extent within *P1A,),
especially in the case of Os! complexes, are almost the same
as that of the isolated model *P1, both for oxidation and
reduction. Interestingly, in the case of D*P1 A/Os, the value of
E(III/IT*) is also very close to that found for the native
photosensitizer. This behavior is indeed reminiscent of the
very weak electronic interaction between P1 and A previously
addressed.

Secondly, comparison of the excited-state redox potentials
of *P1 with the electrochemical data, more precisely with the
first oxidation potentials of D and the first reduction
potentials of A determined within the related polyad systems
(Table 2), allows us to state that for monoelectronic proc-
esses:

1) all reductive quenching reactions of *P1 by D (D -*P1 —
D*—P1-) are endoergonic by at least +0.2 €V, so that they
would not be expected to occur;

2) all oxidative quenching reactions of *P1 by A (*P1-A —
P1T—A") are also energetically disfavored by at least
+0.2 eV, with the notable exceptions of the P1 A/Os and
DP1 A/Os species, for which the intramolecular ET was
estimated to be only slightly endoergonic with an energy
difference of +0.12eV, as well as P1A,/Os (AG°=
+0.16 eV). Taking into account the fact that the calculated
values of E(III/IT*) and E(II/T*) are only rough estimates
(due to the theoretical approximations made and the
various experimental errors that affect the data on which
they are based),'s2%%] one may conclude that PET
phenomena with the associated formation of CS states
(P1*—A") can be reasonably postulated.

To further confirm that ET processes are indeed possible
within the selected supramolecular systems, a bimolecular
quenching experiment [Eq. (6)] was carried out with *P1/Os
and the N-phenyl-2,4,6-triphenylpyridinium (p-TPH;") model
compounds.t!

*[Os(tterpy),)** + p-TPH;* — [Os(tterpy),]** + p-TPH;" (6)

Beyond the demonstration that an ET process could take
place between *P1/Os and A, it was also found that the
experimentally determined value for the rate constant (ko=
6 x 10"M~'s71) of this reaction [Eq. (6)] could not account for
the more efficient quenching process observed within the
dyads and triad. The effective contribution of an intermolec-
ular ET to the quenching mechanism observed for the polyads
was thus negligible. Moreover, in view of the electronic and
photophysical properties of the organic colorless D and A
electroactive fragments (UV-absorbing) compared to those of
*P1/Os (NIR/Vis-emitting *MLCT state), the above-reported
quenching effect could not originate from an energy transfer.

The overall picture drawn from the photophysical study of
P1-based polyad systems is that photoinduced electron-trans-
fer processes (and the formation of charge-separated states)
are expected to occur within P1 A/Os and DP1 A/Os supra-
molecular species, and to some extent within the P1A,/Os
compound as well. To obtain direct evidence of such
phenomena, transient absorption spectroscopy experiments
were performed with the aim of detecting the formation of the
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reduced acceptor unit in the excited state. These investiga-
tions were carried out on P1 A/Os instead of DP1 A/Os, firstly
because it is the less complicated case, and secondly because
of the weaker differential optical densities observed for the
triad.

Together with the findings from the spectroelectrochemical
study, a comparative analysis of transient absorption differ-
ence spectra of P1/0Os and P1 A/Os recorded under the same
experimental conditions appeared to be fruitful. Indeed, the
pronounced and reproducible modification of the features in
the bleaching region of the !MLCT band for P1A/Os is
consistent with the concomitant formation of a broad band in
the same region, at about 510 nm, which was ascribed to the
absorbing reduced H;TP° species ([A]7). The formation of
[A] is further supported by the positive absorption maximum
detected at 360 nm for P1 A/Os (see Table 3), which is not
present in the difference spectrum of P1/Os 20 ns after the
laser excitation (Figure 12). The capture of the photoexcited
electron by the acceptor moiety is also revealed by the
noticeable weakening of features corresponding to the
chromophoric reduced ptpy ligands, located at around 390
and 600 nm. When quenched, the metal-to-ptpy charge-
transfer state, that is the transient localization of the
promoted electron on the chromophoric terpyridyl ligands,
is very short-lived. In other words, the intercomponent ET
process (to the acceptor subunit) is rapid. However, and as
expected, the CS state is short-lived as it is no longer detected
280 ns after the laser pulse excitation. Due to 1) the
intermingled contributions to transient absorption difference
spectra, in particular that of the bleaching at 490 nm related to
P1/Os with the increasing absorption of [A]~ at about 510 nm,
and 2) the time resolution of our laser setup (10 ns), the rate
constant for the formation of the P1*— A~ CS state could not
be accurately determined. Once formed, this CS state decays
over 168 ns. For the triad DP1 A/Os, the electron-transfer rate
constant leading to the initial CS state D-P1"— A~ could be
estimated from Equation (7), in which Tppias is the
luminescence lifetime of the triad and 7(ppy 05 is the corre-
sponding lifetime of the DP1/Os model compounds:

kgr= 1/T(DP1/\/OS) - 1/T(DP1/O>) (7)

It was found that kpp=1.27 x 107 s~. Taking into account
the fact that the subsequent net transfer of one electron from
the donor D (competing with the charge recombination
process) to give D*-P1- A~ is, as expected, unlikely on the
basis of thermodynamic considerations (Tables 6 and 2),”! the
shortened lifetime of 57 ns (Table 5) may be rationalized in
terms of an enhanced electron-releasing inductive effect from
D when it is connected to the oxidized and positively charged
[*P1]* (in the excited state) as compared to P1 in the ground
state.

In summary, it has been demonstrated that, under certain
conditions, Pl-photosensitized supramolecular species
based on the new triphenylpyridinium-derivatized ptpy li-
gands do undergo PET processes, leading to charge-separated
states.
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Conclusion

Although the chemical variability (R!, R?) of the novel
R, R?TP*-(p),tpy family of ligands®? has not yet been
exploited,! electrochemical studies have shown that the
redox properties of the electron-acceptor fragment can be
tuned, as expected, through changing its peripheral substitu-
ents (in the present case by changing the N-aryl group of the
pyridinium ring). In its native form (R!=R?=H), the H;TP~*
moiety is a weak acceptor that can be reduced in two one-
electron steps in a narrow potential range, which may be
adjusted to give a single two-electron step of potential interest
for multi-electron purposes such as catalysis.

The PO- and P1-based systems show different photophysical
behavior. Interestingly, when H;TP* is directly connected to
the nonluminescent Ru(tpy),>* chromophore (PO/Ru), the
photophysical properties of this complex are modified in such
a manner that the photosensitizer becomes a good lumino-
phore at room temperature. This result is obtained without
any loss of the precious structural features of the native
chromophore. Furthermore, owing to chemical versatility of
the novel RL,R?TP+-tpy ligand, the corresponding complex
can be used as an efficient photosensitizing building block
with adjustable properties, both in a terminal position and in
an internal position within polynuclear rigid rodlike super-
molecules (R, R*TP*-tpy is then transformed into a connect-
ing or bridging ligand).

When a phenyl spacer is present (P1 family), it has been
shown that, under particular conditions (Os series), a CS state
can be reached as a result of PET processes between P and A.
However, the weakness of H;TP* as an electron acceptor
prevents the CS states from being easily produced within all
the investigated polyad systems. On the basis of the evident
tunability of RL,R?TP*, however, it should be possiblel! to
make A more efficient for generating long-range and long-
lived CS states within redox cascades or branched super-
structures.

In conclusion, these results clearly show the possibility of
designing novel photosensitized molecular and supramolecu-
lar inorganic systems based on the triarylpyridinium unit, for
potential applications in solar energy conversion and molec-
ular electronics or photonics (such as nonlinear optic proper-
tiesB).

Experimental Section

Materials: All compounds were synthesized as described elsewhere.’]

Electrochemical and spectroelectrochemical measurements: The electro-
chemical experiments were carried out with a conventional three-electrode
cell (solution volume 15 mL) and a PC-controlled potentiostat/galvanostat
(Princeton Applied Research model 263 A). The working electrode, which
was mounted in Teflon, was a platinum disk from Radiometer—Tacussel
with an exposed geometrical area of 0.032 cm?. Hydrodynamic voltamme-
try experiments were conducted by rotating the disk electrode at various
rates, ranging from 400 to 3600 rpm (Controvit device from Radiometer—
Tacussel, France). The electrode was polished before each experiment with
3 um and 0.3 pm alumina pastes followed by extensive rinsing with ultra-
pure Milli-Q water. Platinum wire was used as the counter electrode, while
a saturated calomel electrode (SCE) served as the reference electrode.
Electrolytic solutions, acetonitrile containing 0.1M tetrabutylammonium
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tetrafluoroborate (TBABF,, Aldrich, 99% +) as supporting electrolyte,
were routinely deoxygenated by argon bubbling. All potentials are quoted
with respect to the SCE.

Cyclic voltammetric data were used to estimate formal potentials E;, as
(Epa + E,0)2, in which E,, and E, are the anodic and cathodic peak
potentials, respectively, relating to the redox process under consideration.
In some cases, E,, was evaluated directly from the hydrodynamic
voltammograms as being the half-wave potential value. Standard rate
constants k° for electron-transfer reactions under kinetic-diffusion-con-
trolled conditions were estimated from the cyclic voltammogram peak
separations using the established method of Nicholson.[*! For this purpose,
diffusion coefficients of the relevant species in solution were calculated
from hydrodynamic voltammetry data by using Levich’s equation,** and
the number of electrons involved in the redox process was determined by
comparison with reference components. It was surmised that ohmic drop
was minimal under the experimental conditions used, and did not affect the
potential peak separation and k° calculations.

In situ spectroelectrochemical measurements were carried out in a home-
made cell consisting of a standard UV/Vis cuvette (pathlength 1 cm; total
solution volume 5.5 mL), of which the top had been opened out to allow the
easy introduction of the working, reference, and counter electrodes. The
working electrode was a platinum grid of geometrical area 3 cm?, which was
flattened against one of the walls of the cuvette opposite to the light beam
pathway. Platinum wire was used as the counter electrode, and home-made
AgCl-coated Ag wire was used as the reference electrode. The potential
difference between this reference electrode and SCE amounted to 30 mV,
and this value was checked daily, before and after use. Electrolytic solutions
were routinely deoxygenated with argon and kept under inert atmosphere
during the experiments. UV/Vis data were recorded with a Shimadzu UV-
160 A spectrophotometer.

Photophysical properties: The uncorrected emission spectra were recorded
on a Jobin Yvon Spex Fluorolog FL 111 spectrofluorimeter. Emission
quantum yields for argon-degassed solutions of the complexes of the PO/Ru
series in acetonitrile were determined relative to a solution of [Ru(bpy);]**
in acetonitrile (@, = 6.2 x 10~2) as a reference.!"¥! For the P1/Os series, the
reference was [Os(bpy)s]** in acetonitrile (@, =5 x 10-3).14!] Excitation
spectra were corrected according to the lamp spectrum. The optical density
of each solution was adjusted to 0.1 at the excitation wavelength.

Transient absorption spectra and excited-state lifetimes were determined
by laser flash spectroscopy. The nanosecond setup has been described in
detail elsewhere.[*! Briefly, an excimer laser (Lambda Physik EMG 100,
308 nm pulses of duration 10ns and energy 150 mJ) was used as the
excitation source. The detection system consisted of a xenon flash lamp, a
Jobin Yvon H25 monochromator, a Hamamatsu R955 photomultiplier,
and a Le Croy 9362 digital oscilloscope. The laser intensity was attenuated
to avoid biphotonic effects. The analysis was carried out within the first
millimeter of the sample excited by the laser pulse, with quartz cells of 1 cm
pathlength (room temperature experiments). The optical density of the
samples was adjusted to 0.8 at the excitation wavelength of the laser (1., =
308 nm). All photophysical properties were measured in acetonitrile
(Aldrich, 99.5 %, spectrophotometric grade) at room temperature and in
butyronitrile (Aldrich, 99 % + ) at 77 K. For the low-temperature measure-
ments, cylindrical quartz cells were used, and the solutions were cooled in a
quartz Dewar containing liquid nitrogen. Solutions were deaerated either
by bubbling with argon (room temperature experiments) or by vacuum
degassing through successive freeze-pump-thaw cycles (low temperature
experiments)

Room-temperature, picosecond experiments on compounds of the P1/Ru
series were carried out with a mode-locked, frequency-doubled Nd:YAG
laser (532 nm pulses of duration 25ps and energy 12 mlJ).*?) Triplet
lifetimes were measured by transient absorption spectroscopy, following
the recovery of ground state at 490 nm (experimental uncertainty =+ 20 ps).
Solutions of the complexes in acetonitrile (at 293 K) were deoxygenated
prior to laser flash photolysis.
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