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bstract

The metal-to-ligand charge transfer (MLCT) excited states of polypyridyl complexes of the d6 ions Ru(II), Os(II), and Re(I) have provid
he basis for many studies on photochemical electron and energy transfer. In this account, a brief review of photochemical electron
Ru(bpy)3]2+∗ is given, followed by an update on MLCT excited state molecular and electronic structure, and an introduction to photo
lectron and energy transfer in molecular assemblies. The majority of the account is devoted to describing the evolution of two a

o preparing complex molecular assemblies for the study of photochemical electron and energy transfer both inspired by the d
chieving artificial photosynthesis. The first approach involves the derivatization of preformed polystyrene by added chromop
lectron or energy transfer donors or acceptors and three generations of polymers differing in polymer content and linkage stra
econd approach has exploited solid-state peptide synthesis and the stepwise preparation of oligopeptides with spatial control of a
nd alignment on the resulting helical scaffolds.
2004 Elsevier B.V. All rights reserved.
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1. Introduction

In the early 1970s, it was shown that metal complex ex-
cited states could undergo electron-transfer[1–10]. The first
experiments involved [Ru(bpy)3]2+ (bpy is 2,2′-bipyridine)
which has a lowest energy metal-to-ligand charge transfer
(MLCT) excited state 2.1 eV above the ground state,Eq. (1):

[RuII (bpy)3]
2+ +hν−→ [RuIII (bpy−)(bpy)2]

2∗
(1)

Redox potentials for the oxidation and reduction of both
ground and excited state couples for this complex are shown
in Scheme 1in CH3CN (I = 0.1 M) versus the saturated
sodium chloride calomel reference electrode (SSCE). The
excited state values were initially estimated by using a ki-
netic quenching technique[11,12].

The data inScheme 1show that the excited state is a
stronger oxidant and reductant than the ground state by the
2.1 eV energy of the excited state. The implied ability of
the excited state to undergo electron transfer was demon-
strated by a series of flash photolysis experiments in the pres-
ence of electron transfer quenchers such as the methyviolo-
gen dication (MV2+; E◦(MV2+/+) = −0.6 V versus SSCE)
and 10-methylphenothiazine (10-MePTZ;E◦(MePTZ+/0) =
0.73 V). The appearance of the electron transfer products was
shown by direct spectral observation following flash photol-
y

M tate

S
t

[Ru(bpy)3]2+∗. With appropriate concentrations of added
MV2+ and 10-MePTZ, [Ru(bpy)3]2+∗ undergoes first diffu-
sional, oxidative quenching by MV2+ to give [Ru(bpy)3]3+
and MV+ in a reaction favored by�G◦ = −0.2 eV. The ox-
idized complex is subsequently reduced by10-MePTZ with
�G◦ =−0.5 eV.

The net effect of the excitation-electron transfer sequence
is to use visible light to drive a chemical reaction uphill with
the transient storage of 1.3 eV of chemical energy. These were
important early observations since they pointed to a new ap-
proach to the conversion of light to chemical energy and the
basis for a new field, artificial photosynthesis[20–22].

The reaction inScheme 1is carried out in solution, and
there is no directional sense to the coupled excitation-electron
transfer sequence. Following the excitation-electron trans-
fer sequence, back electron transfer converts the transiently
stored chemical redox energy into heat. There is no molec-
ular basis for utilizing or storing the energy created in the
excitation-electron transfer sequence.

The goals of artificial photosynthesis are to use excited
state electron transfer chemistry to achieve solar energy con-
version by producing a photopotential and associated current
or to drive high-energy reactions such as the splitting of water
into H2 and (1/2)O2. There may also be applications in green
chemistry and the use of visible light to carry out syntheti-
c fins,
E
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In the example inScheme 2 [4], visible RuII∗ → bpy

LCT excitation and relaxation gives the excited s

Scheme 1. Excited and ground state redox potentials.
cheme 2. Light-to-chemical energy conversion by excited state electron
ransfer.
ally important reactions such as the epoxidation of ole
q. (2).

For molecular systems to be used in such applicat
he excitation-electron transfer apparatus must be inc
ated into ordered arrays. The arrays need to be constr
o that directed (vectorial) electron transfer can occur a
rom the site at which photochemical oxidative and red
ive equivalents are produced driven by free energy grad
23–27].

An additional requirement for water splitting, or light-
hemical energy conversion in general, is creation of an
ron transfer interface to catalytic sites where oxidation
eduction can occur. These are the sites where photoche
xidative and reductive equivalents drive separate oxid
nd reductive half reactions. The target half reactions fo

er splitting are shown inScheme 3and for the reduction o
arbon dioxide by water to give formic acid and hydroge

Scheme 3. Thermodynamics for water splitting.
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Eq. (3).

2H2O+ CO2+ 4hν→ O2+ 2HCO2H,

�G◦ = +6.52 eV (hν < 760 nm) (3)

With this goal in mind, the Meyer research group em-
barked on a series of studies designed to create catalysts for
water oxidation[28,29]and CO2 reduction[30,31]. The fo-
cus was on molecules that upon chemical or electrochemical
oxidation or reduction would oxidize water or reduce CO2.
With this strategy, a successful molecular catalyst would be
subsequently incorporated into a larger molecular array and
linked to a vectorial excitation-electron transfer apparatus. In
this approach, it was necessary to take the linkage chemistry
into account from the beginning.

The work on catalysts was productive. A series of
metal complexes were identified which electrocatalyt-
ically reduced CO2 [30,31]. The blue dimer, cis,cis-
[(bpy)2(H2O)RuIII O RuIII (H2O)(bpy)2]4+, was shown to
be a water oxidation catalyst, and its mechanism for water
oxidation was studied in detail[28,29,32].

A molecular block diagram showing the essential func-
tional elements required for light-to-chemical conversion in
a single molecular array is shown below,Fig. 1. It includes a
light absorption-antenna apparatus, a chromophore site sen-
s er ar-
r
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t green
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c ular
a hetic
fl he
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t em.
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o

Fig. 2. Schematic energy level diagram showing the ground and lowest
MLCT excited state(s) of [Ru(bpy)3]2+.

It is useful first to discuss recent results on MLCT excited
states and then to give a brief account of photochemical elec-
tron and energy transfer in molecular assemblies based on
polypyridyl complexes of Ru and Os.

2. Metal-to-ligand charge transfer (MLCT) excited
states

The parent molecule for molecular assemblies based on
polypyridyl complexes is [Ru(bpy)3]2+. Its ground and low-
est metal-to-ligand charge transfer (MLCT) excited state
electronic structures and the optical transition that intercon-
verts them are illustrated inFig. 2. The lowest excited state
is a triplet state split into a manifold of three states separated
by∼100 cm−1 by low symmetry and spin–orbit coupling.

A great deal is known about MLCT excited states.
They dominate the spectroscopy, photochemistry, and photo-
physics of polypyridyl complexes of Ru(II), Os(II), and Re(I)
[35–38]. The pulsed laser techniques transient resonance Ra-
man (TR3), transient infrared (TRIR), and, more recently,
transient near infrared (TRNIR) have been very useful in ac-
quiring information about excited state electronic and molec-
ular structure and have been successfully applied to MLCT
excited states[39–43].

d for
a
i nal-
t FT

F eter.
itized by the antenna, a donor–acceptor electron transf
ay, and molecular catalysts for oxidation (Red2→Ox2) and
eduction (Ox1→ Red1). Although the design and constru
ion of such an array is a daunting task, the success of
lants in utilizing photosystems I and II for water oxidat
nd CO2 reduction was both noteworthy and inspiratio

33,34].
In order to assemble, the required components in spa

ontrolled molecular arrays required an underlying molec
rchitecture, a general linkage chemistry, and the synt
exibility required to make systematic modifications. T
emainder of this account is largely devoted to descri
he evolution of two different approaches to this probl
ne is based on the derivatization of preformed polysty
nd the other the stepwise, solid-state peptide synthe
ligoprolines.

Fig. 1. Reaction center model.
A block diagram of the apparatus that we have use
cquiring TRIR and TRNIR spectra is shown inFig. 3. It

s based on a Bruker IFS 66 V/s FTIR spectrometer. Sig
ime profiles are obtained at a fixed mirror setting with the

ig. 3. Block diagram of the transient near infrared (TRNIR) spectrom
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spectrum acquired by scanning the mirror positions, and the
final spectrum obtained from the Fourier transforms. The
spectral region of interest, infrared or near infrared, is ac-
cessed by changing the beam splitters and sources[44].

Application of the TRIR technique allowed a clear res-
olution to a vexing question. Is the MLCT excited state of
[Ru(bpy)3]2+ localized with the excited electron occupying
a single bpy ligand, [RuIII (bpy•−)(bpy)2]2+∗, or is it delo-
calized with the excited electron delocalized over all three,
[RuIII (bpy1/3•−)3]2+∗? Both are possible. There is a direct
analogy with ground state mixed-valence molecules, where
both localized and delocalized examples are known, and there
are examples of molecules in a transition region which have
some of the properties of each[45].

In [Ru(bpy)3]2+∗, the mixed valency is ligand-based with
the metal acting as an intervening “bridge”. Based on an
analysis of the localized-to-delocalized transition in mixed-
valence molecules, the key parameters are the magnitude of
the resonance energy arising from bpy–bpy•− electronic cou-
pling,HDA, and the sum of the intramolecular (�i ) and solvent
(λo) reorganization energies. The excited state would be de-
localized if 2|HDA | > λ and localized if 2|HDA | < λ [45–48].

In the excited state infrared spectrum of [Ru(bpy)3]2+∗
in the ν(bpy) ring stretching region in CD3CN from 1400
to 1500 cm−1, two sets of bands appear. Bands typical of
g 7,
a 8,
a oves
t the
t time
s lier
T

ab-
s and
c t
i cale
f

S pathwa f
b

[51]. The movement of the electron associated with the po-
larization changes has been described as inter-ligand electron
transfer (ILET), but a more appropriate description is given
below.

The lowest energy process leading to inter-ligand electron
transfer is illustrated inScheme 4for [Os(phen)3]2+∗. An
electron is transferred from the lowest�∗ level on phen lig-
and a (π∗1,a) to the lowest level on ligand b (π∗1,b). In this low-
est energy process, electron transfer is accompanied by hole
transfer from d�3 to d�1. The initial hole in d�3 is aligned
along the reduced ligand axis and bpya which maximizes
the electron–hole electrostatic interaction. Both electron and
hole are transferred in the lowest energy pathway leading to
ILET. Because there are three low-lying MLCT states both
initially and finally, there are actually nine separate transi-
tions contributing to the change in polarization. Transfer of
the electron without transfer of the hole gives an upper MLCT
excited state with the hole in d�3 or d�2 rather than in d�1.
In related Os(III) polypyridyl ground state complexes, the
energies of the higher energy MLCT excited states,�E1 and
�E2 in Fig. 4, are∼4000 cm−1 and∼6000 cm−1 above the
lowest state[45].

There is an equivalent, degenerate process in which the
electron is transferred fromπ∗1,a to the lowest�∗ level on lig-
and c,π∗1,c and hole transfer to d�2. Rather than ILET, which
o +
d cribed
a LCT
s
a itions
[ pole
a t po-
l mea-
s

n
= nt
round state bpy appear atν(bpy) = 1425, 1447, 1466, 148
nd 1604 cm−1 and for bpy•−, at 1418, 1446, 1465, 148
nd 1541 cm−1. The appearance of both sets of bands pr

hat the excited electron is localized on one ligand in
hermally equilibrated excited state on the nanosecond
cale[49]. This result is consistent with results from ear
R3 measurements[50].

Although the excited electron is localized, ultrafast
orption polarization measurements by Papanikolas
oworkers[51] and Kelly and coworkers[52,53] reveal tha

t hops from ligand to ligand on the tens of ps time s
or [Ru(bpy)3]2+∗ and with τ = 8.7 ps for [Os(bpy)3]2+∗

cheme 4. Changes in electronic configuration for the lowest energy
oth electron and hole.
y for inter-ligand electron transfer (ILET) illustrating the simultaneous transfer o

ccurs in singly reduced [Ru(bpy)3] with no hole in the
�6 core, these processes are more appropriately des
s thermally activated transitions between degenerate M
tates, MLCT(1)→ MLCT(2), MLCT(3) [54]. They have
lso been described as intramolecular excitonic trans

55]. They have the effect of rotating the excited state di
round the molecule which explains the time dependen

arization changes observed in the ultrafast polarization
urements.

In the TRNIR spectrum of [Os(phen)3]2+∗ in CD3CN, a
ew absorption band appears atν̄max= 4980 cm−1 with�ν̄1/2
2200 cm−1, Fig. 4. Within experimental error, this transie
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Fig. 4. The low energy absorption band for [Os(phen)3]2+∗.

feature decays with the lifetime of the MLCT excited state,
τ = 120 ns (k = 8.3× 106 s−1) as measured independently
by transient emission measurements. It has been assigned to
the spectroscopic analog of the degenerate, thermally acti-
vated MLCT(1)→MLCT(2), MLCT(3) processes that lead
to changes in excited state polarization. The band is solvent
dependent consistent with the change in spatial orientation
of the excited state dipole accompanying the transition[54].

The spectroscopic MLCT→ MLCT transition gains in-
tensity from the low symmetry of the excited state and
spin–orbit coupling. They have the effect of mixing the three-
d� orbitals in the d�5 excited state core. A similar band
is observed for [Ru(bpy)3]2+∗ at ∼4500 cm−1, but it is of
considerably lower intensity. The lower intensity is expected
since there is less coupling between the degenerate MLCT
excited states given the lower spin–orbit coupling constant for
Ru(III) (∼1000 cm−1) compared to Os(III) (∼3000 cm−1).

The observation of thermally activated processes that
interrelate degenerate or nearly degenerate MLCT excited
states on the ps to tens of ps time scale may be impor-
tant in explaining excited state dynamics. Internal reorien-
tation of the MLCT excited state dipole from an initially
excited polypyridyl ligand may be required to facilitate elec-
tron or energy transfer to an appended quencher on another

quench

ligand. On the other hand, inter-ligand electron transfer with-
out transfer of the associated hole is not a viable mechanism
for redistributing the excited electron on short time scales.
Electron-transfer without hole transfer is a high-energy acti-
vated process since it creates an upper MLCT excited state.

3. Photochemical electron and energy transfer in
ligand-bridged and chromophore–quencher
assemblies

The demonstration of excited state electron transfer in so-
lution and the need to control its directionality led to the
design of polypyridyl complexes derivatized by appending
electron or energy transfer donors or acceptors. The phrase
chromophore–quencher complex was coined to describe
these complexes. The goal was to duplicate the excitation-
electron transfer sequence inScheme 2but in a single molec-
ular unit without a requirement for diffusion. Synthetically,
this entailed either linking complexes by ligand bridges or
by linking groups to polypyridyl ligands. This imposed lim-
itations on the thermodynamic acceptor or donor properties
of the added electron or energy transfer groups in order to
achieve the internal free energy gradients required to direct
electron or energy transfer along specific molecular direc-
t

e ex-
p ]
T
i how
t emi-
c

ith
t own
i di-
c
t

a ith
r iolo-
g h
p a-
Fig. 5. Structure of a chromophore–
 er donor–chromophore-acceptor complex.

ions.
In early experiments, both synthetic approaches wer

lored with examples cited in references[23–25,56–59,62.
his work has been reviewed[22,60,61]including insights

nto chemical approaches to artificial photosynthesis and
o couple sequential excitation-electron transfer with ch
al catalysis of redox reactions[20–22,26].

An early product of this strategy, a collaborative effort w
he research group of Mike Elliott at Colorado State, is sh
n Fig. 5 [62,63]. It contains derivatives of methylviologen
ation and 10-methylphenothiazine, used inScheme 2, linked
o separate bpy ligands by methylene (CH2 ) spacers.

The donor-chromophore–acceptor complex inFig. 5 is
ctually one of four positional isomers which differ w
egard to the relative dispositions of the appended v
en and phenothiazine groups[63]. As shown by laser flas
hotolysis in CH3CN at room temperature, MLCT excit
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tion is followed by excited state electron transfer to the ap-
pended viologen which occurs withk ∼ 6 × 1010 s−1 (τ
∼ 16 ps) in a model complex[64]. This is the same time
scale as energy transfer to a bpy-appended anthracene, see
below,[65] and more rapid than rotation of the excited state
dipole by MLCT→MLCT interconversion in [Ru(bpy)3]2+∗
[52,53]. It is slow on the sub-ps time scale for internal relax-
ation to the lowest triplet state(s) following MLCT excitation
of [Ru(bpy)3]2+∗ as shown by ultrafast transient absorption
measurements[66,67].

The initial quenching event is followed by rapid PTZ→
Ru(III) electron transfer, which occurs withk∼ 1× 1010 s−1,
to give the redox-separated (RS) state shown inFig. 5. This
state has chemically linked reduced (MV•+) and oxidized
( PTZ•+) groups separated by methylene spacers.MV•+
→ PTZ•+ back electron transfer returns the RS state to the
ground state and is favored by�G◦ = −1.14 eV. The rate
constant for back electron transfer varies in the rangek =
(4.5–7.7)× 106 s−1 depending on the isomer[63].

Back electron transfer occurs in the inverted region. The
defining feature of the inverted region is that the driving force
for electron transfer (�G◦) is greater than the sum of the sol-
vent and intramolecular reorganization energies (λ = λi + λo)
with |�G◦| > λ. |�G◦| > λ for both electron transfer in the
inverted region and nonradiative decay of excited states, e.g.,
[ 2+∗ ec-
t tially
a here
i ,
t lized
l

on-
s ergy
t t
e
A n
a ,
F the
t cally
[

r . The
s ,
o
f
e nd.

plex.

MLCT→ An energy transfer is favored by�G◦ = −0.3 eV
[65].

[RuIII (dmb•−)(dmb)(bpy-An)]
2+∗

→ [RuIII (dmb)2(bpy•−-An)]
2+∗

(4)

[RuIII (dmb)2(bpy•−-An)]
2+∗

→ [Ru(dmb)2(bpy-3An∗)]2+ (5)

The TRNIR technique has also been applied to the obser-
vation of intervalence transfer (IT) in the MLCT excited state
of a ligand-bridged complex[74]. One-electron oxidation
of [(tpy)RuII (tppz)RuII (tpy)]4+ (tpy = 2,2′:6′,2′′-terpyridine,
tppz is 2,3,5,6-tetrakis(2-pyridyl)pyrazine) gives the cor-
responding Ru(III)–Ru(II) mixed-valence ion,Scheme 5
[74–79]. The structures of the tpy and tppz ligands are also
shown inScheme 5. The lowest lying�∗ acceptor level is
on the tppz bridging ligand. In [(tpy)RuII (tppz)RuII (tpy)]4+
a low energy, intense Ru(II)→ tppz band appears atλmax =
548 nm (ε = 2.4× 104 M−1 cm−1). In the mixed-valence ion,
an IT band appears at̄νmax = 6550 cm−1 (λmax = 1530 nm)
in CD3CN.

As shown at the bottom ofScheme 5, visible Ru(II)→
t II II 4+
c ex-
c .
F
× R
s of
o
T utral
( g
l

ears
a th
t ned
t to
b tra. In
C
=
(
s

f sol-
v
R
a ergy
o -
t re
e
m

that
t cited
s f the
t

Ru(bpy)3] . The two differ in that in a RS state, the el
ron transfer donor and acceptor are well separated spa
nd weakly coupled electronically. In an excited state, t

s strong electronic coupling[68–70]. In comparing the two
here is a direct analogy with the localized and deloca
imits in mixed-valence chemistry[45].

Intramolecular energy transfer has been similarly dem
trated in Ru-bpy complexes containing appended en
ransfer acceptors such as anthracene[65,71–73]. A recen
xample studied by ultrafast spectroscopy is [Ru(dmb)2(bpy-
n)]2+ (dmb is 4,4′-Me2-2,2′-bipyridine) which contains a
nthracene group appended to bpy by aCH2CH2 spacer
ig. 6. By using dmb as the remaining ligands, each of

hree bpy acceptor ligands is nearly equivalent electroni
65].

Fast transient spectroscopic measurements in CH3CN at
oom temperature reveal the presence of two transients
lower (τ = 27 ps,k= 3.7× 1010 s−1) was attributed to ILET
r more appropriately, MLCT→ MLCT, Eq. (4), and the

aster (τ = 16 ps,k = 6.2× 1010 s−1) to direct MLCT→ An
nergy transfer following excitation at the bpy-An liga

Fig. 6. Structure of the chromophore–energy transfer quencher com
py,tppz MLCT excitation of [(tpy)Ru(tppz)Ru (tpy)]
reates a mixed-valence, MLCT excited state with the
ited electron in the lowest�∗ level of the bridging ligand
rom transient absorption measurementsτ ∼ 80 ns (k = 1.2
107 s−1) which is within the time window of the TRNI

pectrometer shown inFig. 3. This raises the possibility
bserving an IT band in the excited state (bottom,Scheme 5).
his would allow a comparison to be made between ne
tppz) and radical anion (tppz•−) as mixed-valence bridgin
igands.

In the TRNIR spectrum of the excited state, a band app
t ν̄max = 6300 cm−1 (λmax = 1590 nm) which decays wi

he lifetime of the MLCT excited state. It has been assig
o the IT transition inScheme 5which allows a comparison
e made between the excited and ground state IT spec
D3CN at 298 K,̄νmax= 6550 cm−1 (�ν̄1/2 = 970 cm−1,εmax
7560 M−1 cm−1) for the ground state and̄νmax= 6300 cm−1

�ν̄1/2 = 1070 cm−1, εmax= 3300 M−1 cm−1) for the excited
tate.

The similarity in band shapes shows that the extent o
ent and intramolecular vibrational coupling to the Ru(II)→
u(III) IT transition is comparable for both tppz and tppz•−
s bridging ligands. In the localized, classical limit the en
f the IT band is given byEIT = λ = λi + λo. The band in

ensity is higher by∼2 for the ground state pointing to mo
xtensive metal–metal coupling through d�(RuII )–�∗(tppz)
ixing than through�∗(tppz•−)–d�(RuIII ) mixing.
A detailed interpretation is complicated by the fact

hree IT bands are predicted in both the ground and ex
tate spectra. They arise from transitions from each o
hree d� levels at Ru(II) (d�1, d�2, d�3) to the hole in d�3
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Scheme 5. The mixed-valence MLCT excited state of [(tpy)RuII (tppz)RuII (tpy)]4+.

at Ru(III) [45]. The band observed in the ground state, and
by inference in the excited state, appears to be two over-
lapping bands arising from the higher lying IT transitions
d�2(Ru(II)a), d�3(Ru(II)a)→ d�3(Ru(III)b) [80].

An excited state IT band has also been ob-
served for the pyz-based MLCT excited statecis,cis-
[(bpy)2(Cl)RuIII (pz•−)RuII (Cl)(bpy)2]2+∗ (pyz is pyrazine)
at ν̄max = 6880 cm−1 with �ν̄1/2 = 3740 cm−1. In this case,
the TRNIR measurements were conducted with the complex
in a free standing polymethymethacrylate (PMMA) film.
The rigid medium provided by the film was required because
of the photochemical instability of the complex in solution
toward ligand loss[81].

4. Molecular assemblies based on derivatized
polystyrene

Building more complex assemblies, which incorporate the
minimum set of components required for artificial photo-
synthesis, requires a molecular scaffold that can be easily
derivatized. We initially chose polystyrene, in part, because
the electronic structure of the styryl repeat units ensures that
this scaffold is relatively inert toward electron or energy
transfer. There are no low-lying excited states, and oxida-
t tive
p

ring
p ular
w cal
a able
s on
k con-
t one
f tial,
s ntage
i sible

to control the relative spatial positions of sequentially added
functional groups.

There is a growing literature of derivatized soluble poly-
mers as scaffolds for the study of photochemical electron
and energy transfer[82–96]. Our work in this area began
in the 1980s initially with Ru(II) polypyridyl complexes
bound to poly-4-vinylpyridine[97]. We then evolved a link-
age strategy to polystyrene based on the derivatization of a
1:1 styrene–chloromethylstyrene copolymer by chloride dis-
placement.

4.1. Copolymers of styrene–m,p-chloromethylstyrene

The polymer used in early studies was a 1:1 copoly-
mer of styrene and a mixture ofmeta- and para-
chloromethylstyrenes. It was prepared by free radical poly-
merization with AIBN (azobis-isobutyronitrile) as the initia-
tor. Standard conditions are available for preparing this poly-
mer in various molecular weight ranges[98]. In one of the
first experiments, a polymer was prepared with the number
average molecular weightMn = 7800. This corresponds to, on
the average,∼30 styrene–chloromethylstyrene repeat units.
The average number of repeat units is defined as the ratio
of Mn to the formula weight of the repeat unit. Free radical
initiation results in samples with relatively broad molecu-
l he
r ber
a -
t ad-
i -
i
t
(

in
S ing
[ on
t ymer
ion or reduction occurs at high oxidative or low reduc
otentials.

There is an extensive background literature for prepa
olystyrene samples having known, reproducible molec
eight distributions by using free radical or living radi
nion initiation techniques. Polystyrene offers consider
ynthetic flexibility with regard to linkage chemistry based
nown reactions of added functional groups. By using
rolled synthetic conditions, it is possible to add more than
unctional group to individual polymer strands in sequen
tepwise reactions and so to control content. A disadva
s that unless block copolymers are used; it is not pos
ar weight distributions typically with polydispersities (t
atio of the mass average molecular weight to the num
verage molecular weight;Mw/Mn) greater than 2. Deriva
ized forms of the polymer were prepared with partial lo
ng of individual strands by displacement of Cl− by phenoth
azine anion, the monomethylated precursor to MV2+, and
he mono-deprotonated form of the complex [Ru(bpy)2(4,4′-
CO2H)2bpy)]2+.

In an initial photochemical experiment, the events
cheme 2 were repeated, but in solutions contain

Ru(bpy)3]2+ and the MV2+ and phenothiazine electr
ransfer acceptors and donors linked to separate pol
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Scheme 6. Structures and abbreviations for the chromophore and redox
polymers.

strands. Polymer binding greatly decreases diffusional mo-
bilities. In solutions containing [Ru(bpy)3]2+ and the deriva-
tized MV2+ and phenothiazine polymers, excitation, quench-
ing, and electron transfer result in the appearance of MV•+
and MV•2+ on separate polymer strands. The striking result
was that the time scale for subsequent MV•+ + PTZ•+ back
electron transfer was slower on the polymers by a factor of
∼500[99,100].

In a subsequent experiment, a complex electron and en-
ergy transfer shuttling scheme was demonstrated in solu-
tions containing [Ru(bpy)3]2+ and the same electron trans-
fer donor–acceptor pair all on separate strands[106]. The
partly loaded samples and a generic structural formula for
the derivatized polymers are shown inScheme 6.

In acidified DMF solutions containing [co-m,p-PS-CH2-
(PTS)5], [co-m,p-PS-CH2-(PQ2+)9]18+, and [co-m,p-PS-
CH2-(RuII )3]6+, RuII → bpy MLCT excitation results in no
excited state quenching at low added polymer concentrations
because of the polymer-induced inhibition to diffusion. The
abbreviations used for the polymers reflect the 1:1 copoly-
mer, define the chemical link to the polymer, and give the
extent of loading out of∼30 available sites.

Excited state quenching does occur in the same solu-
tion following addition of 9-methylanthracene (9-MeAn,
0.42 mg/ml). Quenching is accompanied by the appearance
o •+ •+ own
b

he se
q ,
9 rans-
f

Scheme 7. Use of 9-MeAn as both energy and electron transfer relay.

diffusional quenching of Ru(II)∗ by 9-MeAn in [co-m,p-
PS-CH2-(RuII )3]6+ to give the anthracene triplet3(9-MeAn)
at 1.8 eV. Once formed,3(9-MeAn) diffuses to [co-m,p-PS-
CH2-(PQ2+)9]18+ where it undergoes electron transfer (re-
action 2) with�G◦ ∼−0.9 eV. In the last step, the anthracene
cation, (9-MeAn)+, undergoes electron transfer with [co-
m,p-PS-CH2-(PTZ)5] to give polymer-linked PTZ+ in a re-
action favored by�G◦ =−0.3 eV[101].

The time scale for back electron transfer between polymer-
bound PTZ•+ and PQ•+ on separate polymer strands was in-
creased by a factor of 27 compared to back electron transfer
between untethered PTZ•+ and PQ•+ under the same condi-
tions. Once again, this was due to the decreased mobility of
the MV•+ and PTZ•+ groups localized on separate polymer
strands[101].

4.2. Ether links to 1:1
poly-styrene–p-chloromethylstyrene

In a subsequent series of experiments, a 1:1 styrene–p-
chloromethylstyrene copolymer was used in which only the
p-isomer of chloromethylstyrene was present. Free radi-
cal polymerization gave atactic polymer samples of varying
number average molecular weights and polydispersities de-
pending on the reaction conditions[102–104].

ped
f ce-
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l ared
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a-
t
a uded
a res
i er
b large
f PTZ and MV on separate polymer strands as sh
y laser flash photolysis.

These measurements were used to demonstrate t
uence of reactions shown inScheme 7. In this sequence
-MeAn plays a dual role as both energy and electron t

er relay. The initial step (reaction 1 inScheme 7) involves
-

With this polymer, a new linkage chemistry was develo
or the polypyridyl complexes based on chloride displa
ent by the alcohol derivatives [M(bpy)2(bpyCH2OH)]2+

M = Ru, Os; bpyCH2OH = 4-Me-4′CH2OH-2,2′-bipyridine)
n the presence of CsOH in DMSO[102–104]. The extent o
olymer loading was controlled by using the complex as

imiting reagent. More complex assemblies were prep
y subsequent nucleophilic displacement of all or part o
emaining chloro sites on the polymer backbone. A re
nit of a polymer containing the Ru(II) complex is shown
tructure (3) inFig. 7.

Fig. 8 illustrates two of the many low-energy conform
ions of the polymer [co-PS-CH2OCH2-(RuII )30]60+. These
re calculated structures with the metal complexes incl
s spheres of diameter 14Å represented by the open sphe

n Fig. 8. The underlying carbon skeleton of the polym
ackbone can be seen in the structure. The relatively
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Fig. 7. Repeat units of the polymers [co-PS-CH2NHC(O)-(RuII )n )]2n+ (1), [PS-CH2CH2NHC(O)-(RuII )n ]2n+ (2), and [co-PSCH2OCH2-(RuII )n )]2n+ (3).

size of the cationic complexes enforces a spatially extended
structure on the polymer array. The periphery-to-periphery
distance between nearest neighbors is 7± 2Å and between
non-nearest neighbors 20± 6Å [105].

The 1:1 styrene–para-chloromethylstyrene co-polymers
provided a systematic means for preparing polymers con-
taining both pendant polypyridyl complexes and electron or
energy transfer donors or acceptors[102,104,105]. The modi-
fied polymers were used to demonstrate intra and intermolec-
ular electron and energy transfer[101,105,106], energy and
electron transfer shuttling by a bifunctional polymer contain-
ing both appended anthracene and PTZ[106], and the build
up of multiple redox equivalents on single polymeric strands
[107]. A review of early work in this area was published in
Coordination Chemistry Reviews in 1991[105].

Multi-electron, multi-photon photochemistry was also
demonstrated in an ether-linked Ru(II) homo polymer. In
these experiments, [co-PS-CH2OCH2-(RuII )30](PF6)60 was
excited by visible laser flash excitation in CH3CN in the
presence of relatively high concentrations of PTZ and the

F [co-
P res
o

extent of PTZ•+ formation observed as a function of inci-
dent laser irradiance. At high irradiances, multiple excitation
and quenching led to individual polymeric strands that were
reduced, on the average, by up to seven electrons,Eq. (6)
[108].

[co-PS-CH2OCH2-(Ru(II))30]
60+ + 7hν + 7PTZ

→ [co-PS-CH2OCH2-(Ru(II))23(Ru(II))7]53+ + 7PTZ•+

(6)

An important issue for energy conversion was to estab-
lish whether the polymers could undergo facile intra-strand
electron and energy transfer. This would allow light absorp-
tion followed by the channeling of redox or excited state
equivalents to a remote site or sites where chemical energy
conversion could occur.

This point was explored in the mixed Ru(II)–Os(II) poly-
mer [co-PS-CH2OCH2-(RuII )22(OsII )5](PF6)54 in which
Os(II) can act as a “trap” site with RuII∗ →OsII energy trans-
fer favored by�G◦ =−0.36 eV. Transient emission measure-
ments in CH3CN showed that rapid (k> 2×108 s−1) RuII∗→
OsII energy transfer occurs but only at Ru(II) sites adjacent
to Os(II) [103]. The excited state properties of Ru(II)∗ sites
on polymer samples dilute in Ru(II) were essentially unper-
t plex
[ -
m y
i ef-
f first,
c cre-
a ibu-
t

are
s
O en
s eres)
r

ig. 8. Two of the many low energy conformers for the polymer
SCH2OCH2-(RuII )30]60+ with the complex shown as the open sphe
f diameter 14̊A.
urbed and superimposable on those of the model com
Ru(bpy)2(bpy)-CH2OH]2+. In the fully loaded homo poly
er [co-PS-CH2OCH2-(RuII )30](PF6)60, excited state deca

s non-exponential because of multi-photon polarization
ects. When a second excited state is created near a
hanges in local polarization in the solvent and polymer
te a different local environment which results in a distr

ion of decay times[105,110].
Possible pathways for intrastrand energy transfer

hown inScheme 8. Reactions (ii) and (iii) show that RuII∗→
sII energy transfer following excitation at Ru(II) sites (op

pheres) without adjacent Os(II) trap sites (hatched sph
equires RuII∗ → RuII energy migration. Long-range RuII∗
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Scheme 8. Pathways for intra-strand energy migration and transfer. The
open spheres are Ru(II) and the cross-hatched spheres the Os(II) quencher.

→OsII energy transfer is unlikely to be competitive because
of the 21± 6Å distance between second-nearest neighbors.
As shown in reaction (iii), migration to an Os(II) trap site
could require more than one migration step followed by RuII∗
→ OsII energy transfer, reaction (i).

The transient decay data show that energy migration is
relatively slow with� > 1000 ns (k < 1 × 106 s−1). Slow
energy migration relative to the excited state lifetime of the
Ru(II)∗ carrier, τ = 810 ns (k = 1.2 × 106 s−1), rules out
the ether-linked polymers as candidates for molecular-level
antenna arrays. Energy migration by RuII∗ → RuII energy
transfer hopping is too slow[103,105].

Hole migration by RuIII ← RuII electron transfer was in-
vestigated in the same polymer by adding an irreversible, ox-
idative quencher, the diazonium salt [p-CH3OC6H4N2]BF4
(35 mM). MLCT excitation at sites removed from Os(II) was
followed by irreversible oxidative quenching,Eq. (7).

[PS-(RuII )21(RuII∗)(OsII )5]
60+ + ArN2

+

→ [PS-(RuII )21(RuIII )(OsII )5]
61+ + ArN2 (7)

The diazonium radical formed in the quenching reaction
decomposes irreversibly by coupling or loss of N2 and ex-
traction of H• from the solvent. The Ru(III) site undergoes
intra-strand RuIII ← RuII electron transfer “self exchange”
b (II)
s
t er
fl
= e
c

Intra-strand energy migration and transfer was shown to
occur in a triply functionalized polymer containing Ru(II),
Os(II), and derivatized 9-methoxy anthracene. In the partly
loaded polymer [co-PS-CH2OCH2-(RuII )3(OsII )3](PF6)12
with only 6 of, on the average, 30 sites derivatized, there was
no evidence for RuII∗ → OsII energy transfer following ex-
citation at Ru(II). Emission quantum yields and excited state
lifetimes for RuII∗ and OsII∗ were essentially the same as in
equivalent homo polymers containing the separate Ru(II) or
Os(II) chromophores at the same loading level[102].

In [co-PS-CH2OCH2-(RuII )3(An)6](PF6)6, which is
lightly loaded in complex, RuII∗ → An quenching does oc-
cur withk= 7.6× 106 s−1 in 1,2-dichloroethane. Quenching
is viscosity dependent, and the energy transfer mechanism
appears to involve local segmental rotations and intra-strand
coiling to bring RuII∗ into physical or near-physical contact
with An. In [co-PS-CH2OCH2-(RuII )3(An)21](PF6)6, each
Ru(II) site is adjacent to an anthracene, and quenching is
rapid withk > 2× 108 s−1 [105,107].

The absence of quenching in [co-PS-CH2OCH2-
(RuII )3(OsII )3](PF6)12 points to M(II) sites spread along in-
dividual polymeric strands with the higher M(II) content in-
hibiting intra-strand coiling. Reaction of the unreacted chloro
sites with an excess of 9-HOCH2-anthracene in the presence
of CsOH in DMSO gave the triply derivatized polymer [co-
P II II
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y site-to-site migration until the hole is delivered to a Ru
ite adjacent to Os(II) where rapid OsII → RuIII electron
ransfer occurs with�G◦ = −0.41 eV. Analysis of the las
ash photolysis results in CH3CN at 298 K gavek(295,µ
0.035 M) = (5.3± 0.9)× 106 s−1 for the migration rat

onstant[103].

−Ru(III) − Ru(II)−Os(II)−
→ −Ru(II)− Ru(III) −Os(II)−
→ −Ru(II)− Ru(II)−Os(III)− (kmig) (8)
S-CH2OCH2-(Ru )3(An)17(Os )3](PF6)12.
As shown inScheme 9, the added anthracene provides

xcited state of intermediate energy (3An at 1.8 eV) which
ntervenes spatially between the Ru(II) and Os(II) sites
ributed along the polymer backbone. Following excita
t Ru(II), efficient RuII∗ → OsII energy transfer occurs.

he mechanism inScheme 9, RuII∗ → An energy transfe
uenching (kq in Scheme 9), 3An → An energy migration
kmig), and 3An→ OsII energy transfer (ken) are all rapid
ith k > 1× 108 s−1 in 1,2-dichloroethane at 298 K[102].
In a significant fraction of the photochemical events,

rgy is transported over long distances by3An→ An migra-
ion. The net effect is that anthracene acts as an energy
er bridge between RuII∗ and OsII creating the basis for a
nergy transfer “cascade” mechanism and a “molecular
ipe” effect that leads to long range energy transfer[102].

.3. Amide links to 1:1
oly-styrene–p-aminomethylstyrene

Use of the ether-linked polymers as scaffolds for the s
f photochemical electron and energy transfer was limite
ause of their inability to undergo facile intra-strand ene
here was also a need to develop a more flexible app

o the polymer linkage chemistry. The answer to both
ound by turning to an amide-based linkage chemistry
xploiting the well-developed coupling chemistry betw
mines and carboxylic acids.

The key was to convert the 1:1 styrene–p-chlo-
ethylstyrene copolymers into an amine derivative. This
chieved by nucleophilic displacement of chloride by the
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Scheme 9. Intrapolymeric “cascade” energy transfer in 1,2-dichloroethane at 298 K.

thalamide anion in DMF by heating at 100◦C for 8 h. The
phthalamide-derivatized polymers were converted to amines
by heating in the presence of added hydrazine under reflux
in ethanol for 15 h[109].

The acid-derivatized complexes [M(bpy)2(bpyCO2H)]2+
(M = Ru, Os; bpyCO2H = 4-methyl-4′-carboxylic acid-2,2′-
bipyridine) were added to the polymers by amide coupling
in DMF/CH2Cl2 solvent mixtures[109].

The linkage reactions are quantitative. Partly loaded poly-
mers were prepared by using the complex as the limiting
reagent. The acid–base and redox sensitive amine groups that
remained were converted into acetamides by reaction with
acetic anhydride in acetonitrile or allowed to react with ad-
ditional functional groups to prepare multifunctional arrays.
The derivatized polymers were purified and characterized by
1H NMR, IR, UV–vis, and electrochemical measurements.
A repeat unit of a fully loaded polymer with the appended
Ru(II) complex is shown as structure 1 inFig. 6 [109,110].

Spectroscopic and electrochemical measurements showed
that the properties of the polymer-bound complexes were es-
sentially those of isolated monomers. There was evidence for
multi-photon effects in fully loaded polymers. Excited state
lifetimes became shorter, and highly non-exponential as the
irradiance of the incident laser excitation was increased. This
was an encouraging observation because it pointed to pos-
s nd
e za-
t oton
q igra-
t nism
e here
e ere
a ensi-

tization of a higher excited state in one of the partners by
the other and (2) excited state-excited state electron transfer
which leads to disproportionation and is favored by 1.6 eV
[111].

−RuII∗ − RuII − RuII∗− → −RuII − RuII∗ − RuII∗ −
→ −RuII − RuIII − RuI− (9)

Intra-strand energy migration was investigated in the fully
loaded polymer [co-PS-CH2NHCO-(RuII )11(OsII )5](PF6)32.
Corrected emission maxima for RuII∗ and OsII∗ were ob-
served at 640 and 780 nm in CH3CN, but the RuII∗ emission
was significantly quenched compared to RuII∗ emission in the
Ru(II) homopolymer. Analyses of steady-state and transient
emission data showed that excitation at Ru(II) is followed by
rapid, efficient RuII∗ → RuII energy migration and RuII∗ →
OsII energy transfer. The overall efficiency of RuII∗ → OsII

energy transfer following excitation at Ru(II) in CH3CN at
298 K is >0.9[110,112].

Based on these results, there is a dramatic difference be-
tween the ether and amide linked-polymers in their abilities
to enable intra-strand energy transfer. This is true even though
both have a three-atom link to the polymer as can be seen by
comparing structures (1) and (3) inFig. 6.

An explanation for the difference has come from transient
r a-
s scat-
t
i r
t n
1 f en-
h on a
b oly-
ible multi-photon excitation followed by rapid intra-stra
nergy migration. In addition to the multi-photon polari

ion effects described above, a mechanism for multi-ph
uenching exists based on energy migration. If energy m

ion is rapid on the time scale of the excited state, a mecha
xists for bringing two excited states to adjacent sites w
xcited state-excited state “annihilation” could occur. Th
re two reasonable mechanisms for annihilation: (1) s
esonance Raman (TR3) and transient infrared (TRIR) me
urements. Following 368.9 nm excitation and Raman
ering in [Ru(bpy)2(bpy)CH2OCH2Ph]2+ (bpyCH2OCH2Ph
s 4-CH2Obz-4′-Me-2,2′-bipyridine), which is a model fo
he ether-linked chromophore,ν(bpy) bands in the regio
000–1700 cm−1 are resonantly enhanced. The pattern o
ancements shows clearly that the excited electron is
py ligand and not on the bpy that is ether-linked to the p
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mer. This is an expected result since theCH3 and CH2O
groups are electron donating compared toH which increases
the energy of the lowest�∗ acceptor orbital on the ether-
linked bpy. With bpy as the acceptor ligand, the MLCT ex-
cited state dipole is oriented along a Ru-bpy axis pointing
away from the polymer backbone and its∼7Å nearest neigh-
bors[113].

By contrast, in the amide linked polymer the lowest�∗ ac-
ceptor level is on the bpy that is amide-linked to the polymer.
This was demonstrated in the TR3 spectrum by the appear-
ance of the characteristic pattern of resonantly enhanced bpy-
amide bands[110,113]. This conclusion was reinforced by
transient infrared measurements in theν(CO) region by the
significant decrease inν(CO) band energy for the bpy-amide
group consistent with reduction of the bpy that is amide-
linked to the polymer[114]. Referring toFig. 6, this aligns
the lowest energy MLCT excited state dipole toward the poly-
mer backbone and nearest neighbors which greatly decreases
the distance for energy transfer.

The dynamics of excited state quenching and migration
in [co-PS-CH2C(O)NH-(RuII )11(OsII )5](PF6)32 were inves-
tigated by time-correlated single photon counting in CH3CN
at room temperature. In these experiments, RuII∗ emission
decay atλmax = 640 nm and growth and decay of Os(II)∗ at
λmax = 780 nm were monitored. Kinetics were nonexponen-
t gave
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transfer, local segmental motions could decrease the average
periphery-to-periphery distance between nearest neighbors
to well below 7Å.

Even if through-space transfer dominates, the detailed
energy-transfer mechanism, whether Förster (coulomb) or
Dexter (exchange) or a combination of the two is unknown.
Given its 1/R6 distance dependence, Förster transfer is fa-
vored over Dexter transfer at long distances since Dexter
transfer varies exponentially with distance. Förster transfer
requires that spin be conserved separately at the energy trans-
fer donor and acceptor. This condition is met even though the
Ru(II) and Os(II) ground states are singlets and the excited
states nominally “triplets”. The lowest energy MLCT “ex-
cited states” are actually a manifold of three closely spaced
states arising from a lowest energy triplet state split by low
symmetry and spin–orbit coupling. Although these states are
largely triplet in character, they contain up to∼30% singlet
character due to spin–orbit coupling[116].

Procedures are available for fitting RuII∗ and OsII∗ emis-
sion spectra to evaluate the kinetic parameters that determine
the barrier to energy transfer[117–120]. In the average mode
approximation, the parameters are the solvent reorganiza-
tion energy including low frequency modes treated classi-
cally (λ′DA), �G◦, the quantum spacing (hν =h̄ω), and the
electron-vibrational coupling constantS. S is related to the
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ial at both wavelengths, and multi-exponential analysis
or the average rate constant for nearest neighbor RuII∗ →
sII quenching,〈k〉= 4.2×108 s−1, and for RuII∗→RuII mi-
ration,〈k〉 ∼ 5× 107 s−1. The magnitudes of these rate c
tants explain the efficient RuII∗ quenching. Energy migratio
ith �G◦ = 0 is the slow step, but it is still 50 times mo

apid than RuII∗ excited state decay (k= 1.1× 106 s−1) [115].
Given the complexity of the polymers, the rate const

btained from the kinetic analysis are the average
istributions of rate constants. As shown inScheme 8,
nergy migration and transfer are kinetically comp
cheme 8illustrates the dynamical processes that o

ollowing Ru(II) excitation at sites adjacent, once-remov
nd twice removed from an Os(II) quencher. Energy
ration is reversible and non-directional which introdu

random walk character to the dynamics. In addi
1) the polymer samples are distributions of individ
trands having varying chain lengths. Individual stra
ary in Ru(II)–Os(II) loading pattern which creates a var
f Ru(II)–Os(II) spatial sequences only one of which

llustrated in Scheme 8. (2) The polymer backbones a
:1 mixtures of styrene and derivatized styrene. Loc

here are regions with no styrene spacer,M(II) M(II) , a
ingle styrene spacer,M(II) styr M(II) , and two or mor
pacers, M(II) styr styr M(II) . (3) MLCT lifetimes
nd energy transfer dynamics are dependent on the
nvironment, and there is a distribution of sites on individ
olymer strands[115].

Energy transfer occurs by a through-space mecha
ather than through the 15–20 chemical bonds that, on th
rage, intervene between RuII∗ and OsII . For through-spac
hange in equilibrium displacement in the averaged cou
ibration byS= (Mωh̄)(�Qeq)2 with M the reduced mas
hese parameters can be used to calculate the vibra
verlap factor,Fcalc in Eq. (10)below, and from it and th
xperimentally measured rate constant, an average e
ransfer coupling matrix element,〈Ven〉. This analysis gav
Ven〉 ∼ 2 cm−1 for RuII∗ → OsII energy transfer in [co-PS
H2C(O)NH-(RuII )11(OsII )5](PF6)32.

en=
(

2πV 2
en

h̄

)
Fcalc (10)

The results of these experiments demonstrated tha
:1 styrene polymers with amide linking could support lo
ange energy transfer. Excited states associated wit
olystyrene backbone are too high in energy to be dir

nvolved in the energy transport process. These state
ow lying excited states in the solvent contribute indirectl
Ven〉 by mixing with the MLCT excited states[121]. The en
rgy transfer mechanism is by site-to-site, through-spac
rgy transfer hopping. With the excited state dipoles dire

oward nearest neighbors, the energy transfer donor–acc
istances are sufficiently short that facile energy transfe
urs, perhaps by a combination of electronic (Dexter
hrough-space (F̈orster) coupling.

These experiments demonstrated that deriva
olystyrene assemblies could act as relatively effic
antennae” for harvesting visible light. Light absorpt
nd relaxation convert the initial excitation energy
olecular excited state energy. It is subsequently transf
long the polymer chain by site-to-site energy hopping.
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In the natural photosynthetic apparatus, a series of inte-
grated reactions occur in one spatially integrated assembly.
The sequential order in Photosystem II is: (1) light is ab-
sorbed in an antenna array, (2) energy is transferred from the
antenna and sensitizes the excited state of the “special pair”
in the reaction center, (3) the special pair excited state un-
dergoes oxidative quenching, (4) spatially directed electron
transfer occurs away from the reaction center driven by a free
energy gradient, and (5) the oxidized special pair is reduced
with transfer of the hole to a manganese cluster where water
oxidation occurs.

A derivatized polystyrene assembly has been used to
mimic the antenna-sensitization-electron transfer sequence
of photosynthesis. In this experiment, the Os(II) quencher
site in the mixed Ru(II)–Os(II) amide-linked polymers was
replaced by a derivative of the chromophore-donor–acceptor
complex inFig. 5. In this derivative, the bpy ligand was re-
placed by 4-Me-4′-CO2H-2,2′-bpyridine to give [Ru(bpy-
PTZ)(bpy-MV2+)(bpy-CO2H)]4+ (RC for reaction center
model) which was attached to the polymer by amide cou-
pling. The antenna-chromophore-electron transfer array [co-
PS-CH2C(O)NH-(RuII )17(RC)3](PF6)46 was prepared by at-
taching [Ru(bpy)2(bpyCO2H)]2+ to the remaining amino
groups also by amide coupling[122].

Following MLCT excitation by visible laser flash photol-
y ◦ •+ •+
r s
s on at
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excited state annihilation compete with sensitized electron
transfer[122].

The transient absorption measurements revealed an addi-
tional long-lived transient which decayed by second-order,
equal concentration kinetics withk ∼ 48 M−1 s−1. It was
formed in low efficiency (∼0.5%) and attributed to polymers
in which PTZ•+ and MV•+ were formed on spatially sep-
arated RC sites. This result can be explained by invoking
mechanisms in which electron transfer quenching of RuII∗
by PTZ or MV2+ occurs followed by intra-strand hole or
electron transfer hopping to a second RC site.

Slow intra-strand MV•+ → PTZ•+ back electron trans-
fer (k < 15 s−1) is potentially an important observation.
It shows that photochemically generated redox equivalents
can be created and stored on the polymers for extended
periods.

4.4. Amide links to poly-p-aminostyrene

The amino-derivatized version of the 1:1 styrene–
chloromethylstyrene polymer provided a versatile synthetic
platform for the preparation of multifunctional molecular as-
semblies with facile intra-strand energy transfer. However,
the free radical polymerization method used to make it gives
broad molecular weight distributions and high polydispersi-
t ular-
i cers
a

ond
a ers.
I aka-
h -
t ith-
o cted
a .
T rol-
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a rsities
i
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t y us-
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a Un-
r onal
g reac-
t oly-
sis in CH3CN at 25 C, the polymer-bound PTZ –MV
edox-separated (RS) state inScheme 10was formed a
hown by transient absorption measurements. Emissi
he chromophore-antenna sites was quenched by∼34% com-
ared to the (RuII )20 homopolymer consistent with signi
ant intramolecular quenching. Energy transfer from ant
uII∗ sites to RC sites was favored by−0.1 eV. Based o

ransient absorption measurements,∼50% of the RS stat
as formed during the∼7 ns laser pulse consistent with s
ificant intra-strand sensitization. The RS state appears
ombination of direct excitation followed by electron trans
t the RC as inFig. 5 and by indirect sensitization by RuII∗

RC energy transfer followed by electron transfer in
LCT excited state of the RC complex. There is a sig

ant contribution from excitation at antenna sites not adja
o RC followed by migration and sensitization[122].

In the overall reaction, the 2.13 eV excited state energ
he antenna-excited states is transferred to the reaction
odel where it is converted into 1.15 eV of stored redox
rgy as a RS state. The efficiency of formation of the RS
aries from 12 to 18% depending on the laser irradianc
igh irradiances, multi-photon excitation and excited s
r

ies. There is also an uncontrollable local structural irreg
ty arising from random placement of the inert styryl spa
long the polymer backbone.

With these limitations in mind, we investigated a sec
pproach to the preparation of amino-derivatized polym

t was based on an earlier procedure developed by N
ama and Hirao[123] involving living anionic polymeriza

ion of an amino styryl monomer which gives a product w
ut intervening spacers, Eq. (11). It utilizes a silyl-prote
minoethyl styrene derivative andsec-BuLi as the initiator
he chain length of the product is controllable by cont

ing the ratio of vinyl monomer to initiator. Polymerizati
as quenched by the addition of methanol and the a
roups deprotected by sequential treatment with strong
nd base. Samples prepared in this way had polydispe

n the rangeMw/Mn = 1.10–1.18[130,131].

The polymers were derivatized by amide coupling
he carboxylic acid complexes as described above b
ng standard amide coupling conditions. Partial loading
chieved by using the complexes as limiting reagents.
eacted amine sites were used to link additional functi
roups or capped with acetamide protecting groups by

ion with acetic anhydride. The contents of the final p
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Scheme 10. Indirect sensitization of electron transfer in the polystyrene-based antenna-reaction center model.

mer samples were determined by quantitative1H NMR
integrations.

The structure of a repeat unit of a polymer derivatized
by addition of [Ru(bpy)2(bpy-CO2H)]2+ is shown as struc-
ture 2 in Fig. 6. Compared to the ether-linked and earlier
amide-linked copolymers, an additionalCH2 spacer is in-
serted in the link to the backbone, and there is no intermediate
styryl spacer. The added methylene spacer was a deliber-
ate design feature. It was added to compensate for the loss
of the styryl spacers by increasing flexibility and decreas-
ing repulsion between adjacent complexes on the polymer
backbone.

A structure of [PS-CH2CH2C(O)NH-(RuII )20](PF6)40
calculated by a Monte Carlo simulation is shown inFig. 9
[126]. The large spheres in the structure are the 14Å cations,
and the small spheres are the PF6

− anions. The calcula-
tions reveal that the large excluded volumes of the complexes
force the polymers to adopt extended, rod like structures. A
metal–metal pair distribution function calculated from the
Monte Carlo simulations reveals that each complex in the
structure has between four and five nearest neighbors. In more
than half of the partially nearest neighbor pairs, the periphery-
to-periphery distance is <2̊A. The average distance between
peripheries is 2–3̊A.
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Fig. 9. Molecular structure of [PS-CH2CH2C(O)NH-(RuII )20](PF6)40 from
a Monte Carlo simulation, see text.

The spectroscopic and electrochemical properties of the
amide-linked complexes are essentially those of the re-
lated model complex [Ru(bpy)2(bpy)-C(O)NHCH2CH2-p-
C6H4Et]2+ and the amide-linked complexes in the styrene-
based copolymers. There was evidence for multi-photon ef-
fects in irradiance-dependent lifetimes attributed to possible
excited state-excited state annihilation and local polarization
effects[124,125].

A procedure was developed for derivatizing the
terminii of the polymer. The chlorosilane derivative
ClSi(CH3)2(CH2)4N(SiMe3)2 was added to living polymer
mixture in Eq. (11) to terminate the polymerization process.
Subsequent deprotection of the silyl-protected amine group
by sequential acid–base treatment and amide coupling with
[Ru(bpy)2(bpy-CO2H)]2+ gave the series of polymers shown
below withn= 20, 100, and 200. Not unexpectedly, the pho-
tophysical properties of the MLCT excited states were the
same within experimental error withτ = 1.3�s (k = 6.0

rminal

Fig. 11. Structure of the bis-diethylamide derivatized repeat unit.

× 105 s−1) and emission quantum yields = 0.10 (Fig. 10)
[127].

The dynamics of intra-strand energy transfer were inves-
tigated in [PS-CH2CH2C(O)NH-(RuII ’) 17(OsII )3](PF6)40. In
this polymer, the amide link to the polymer backbone was re-
tained, but the remaining two bpy ligands were replaced by
4,4′-bis-diethylamide-substituted (Fig. 11) bpy. The structure
of the “antenna” repeat unit is shown below. A population
analysis revealed that statistically 24% of the polymer strands
have three Os(II) trap sites, 35% have more than three, and
41% have fewer than three[126].

The MLCT excited state energy of this complex is the
same as for the bis–bpy complex withλmax = 640 nm. How-
ever, the lowest lying�∗ levels are on the bis-amide bpy
ligands because of the two electron withdrawing amide sub-
stituents. This ligand has been shown to be the acceptor in
model complexes based on TRIR measurements in theν(CO)
region[128,129]. From the repeat unit structure shown above,
this places the lowest MLCT excited state dipole aligned
along Ru-bpy(C(O)NEt2)2 axes pointing away from the poly-
mer backbone. However, the nearest neighbor periphery-to-
periphery distance is only 2–3̊A compared to 7̊A in the
copolymers.
Fig. 10. Structure of te
 N-derivatized polystyrene.
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Analysis of steady-state emission and lifetime data re-
vealed that quenching of RuII∗ in the mixed polymer was
nearly quantitative. Most of the RuII∗ emission that was ob-
served came from Ru(II) homopolymer lacking an Os(II) trap
site. Interpretation of time-resolved RuII∗ corrected emission
data at 640 nm and OsII∗ data at 780 nm by Monte Carlo sim-
ulation gavek= 2.5× 109 s−1 as the most probable RuII∗ →
OsII energy transfer rate constant. The time scale for RuII∗ →
RuII migration was 1–4 ns (k= 2.5× 108 s−1 to 1× 109 s−1).
Over 80% of the energy transfer, quenching events utilized
one or more RuII∗ → RuII migration steps. There are contri-
butions to energy transfer from pathways in which there are
100 and more migration steps[126].

Comparison with results on energy transfer in structurally
related Ru(II)–Os(II) ligand bridged complexes pointed to en-
ergy transfer dominated by a through-space mechanism pos-
sibly with contributions from both F̈orster and Dexter trans-
fer. These results show that the 2–3Å periphery-to-periphery
distance between nearest neighbors is sufficient to promote
facile energy migration even with the excited state dipoles
aligned away from the polymer backbone. There are contri-
butions to electronic coupling from super-exchange mixing of
low-lying polymer and solvent excited states with the MLCT
excited states[121,126].
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excited state interactions decrease lifetimes and introduce
light intensity effects[130].

Electrogenerated chemiluminescence (ecl) was observed
from the films by cycling the potential of the underlying elec-
trode past the potential for the Ru(III/II) couple in the pres-
ence of oxalate anion in the external solution[130]. Ru(III)
is generated during oxidative scans, and one-electron oxida-
tion of oxalate anion, C2O4

2−, gives the radical C2O4
−. It

is a sufficiently strong reductant that it undergoes electron
transfer to Ru(III) to give the excited state, RuIII + (C2O4)−
→ RuII∗ + 2 CO2. A related chemistry between C2O4

2− and
[Ru(bpy)3]3+ in solution has been described by Bard and
coworkers[132].

Electro-luminescence was also observed by cycling the
underlying electrode over a potential range sufficient for ox-
idation of Ru(II) to Ru(III) followed by reduction of Ru(II)
to Ru(I) (RuII (bpy•−)). Emission is induced within the films
by electron transfer from Ru(I) to Ru(III) to give RuII∗ by the
reaction, RuI + RuIII → RuII + RuII∗, which is favored by
�G◦ =−0.6 eV[130].

Intra-strand RuII∗ → OsII energy transfer was investi-
gated in [PS-CH2CH2C(O)NH-(RuII ′ )17(OsII )3](PF6)40con-
taining the RuII amidebpy complex inFigure 11in frozen 5:4
(v:v) butyronitrile:propionitrile solutions at 77 K, in poly-
methyl (methacrylate) (PMMA) films, and in SiO2 xero-
g spec-
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.5. Photophysical and electron transfer properties in
igid media

The experimental results discussed here on intra-s
olymer dynamics were all obtained in solution. Of gre

nterest in possible device, applications is the demon
ion of photo-induced electron and energy transfer in
igid environments of composite materials or films, or
urfaces.

The polymer [PS-CH2CH2NHC(O)-(RuII )18](Cl)36 was
ncorporated into SiO2 sol–gels by adding the polymer a
omponent to solutions in which the gel was formed by
ydrolysis of Si(OMe)4 with Triton-X 100 added as a st
ilizer. Stable films of the resulting polymer-gel compos
ere formed on glass surfaces and on the surfaces of op

ransparent, Sn(IV)-doped In2O3 (ITO) electrodes for com
ined spectral-electrochemical measurements. The sta
f the resulting gel-polymer film composites toward lea

ng of the polymer and the spectroscopic, excited state
xidation–reduction properties of the polymer in the fi
ere all investigated[130,131].
The polymer-containing thin film composites are o

o small molecule diffusion from the external so
ion. Based on cyclic voltammetry measurements on
u(III)/(II) couple in the films, the Ru(II) polymers ca
ct as redox mediators toward the Os(II) polymer [
H2CH2CNHC(O)(OsII )20](PF6)40 in an external solutio
ince the polymer is too large to diffuse through the fi
131]. RuII∗ excited state decay is multi-exponential and
etically complex as expected. There is a distribution of e

ing sites and multi-photon effects arising from excited st
el monoliths. Comparisons of steady-state emission
ra for the mixed polymer and the homopolymer [P
H2CH2C(O)NH-(RuII ′ )20](PF6)40 in solution and in th

hree rigid media reveal that extensive RuII∗ → OsII energy
ransfer continues to occur in all three rigid media. The ex
f quenching is medium dependent decreasing in the o
MMA > SiO2 xerogel > 77 K nitrile glass[133]. Transien
mission monitoring by time-correlated single photon co

ng at 640 nm for RuII∗ and at 730 nm for OsII∗ reveals tha
he majority of the RuII∗ decay, which occurs on the∼ns time
cale, coincides with a growth in OsII∗ emission. The dynam

cal observations are consistent with rapid, efficient RuII∗ →
sII energy transfer.
Continued energy transfer and migration in rigid me

as explained by applying energy transfer theory. The
ical barrier to energy transfer is actually decreased in a
edium compared to a comparable fluid. This is bec

he orientational polarization is frozen. In solution, this
arization reorients to the charge distribution of the exc
tate. Solvent reorientation at both the excited state d
nd ground state acceptor contribute to the energy tra
arrier. A related analysis has been applied to excited
lectron transfer in rigid media where medium and cou

on effects play a more important role[134].
Time-resolved emission decay dynamics for [

H2CH2C(O)NH-(RuII )17(OsII )3](PF6)40, the two ho
opolymers [PS-CH2CH2C(O)NH-(MII )20](PF6)40 (MII =
uII and OsII ), and the model complexes [M(bpy)2(4,4′-

C(O)NEt2)2-bpy)]2+ (M = Ru and Os) were analyzed
MMA [135]. Direct evidence for facile RuII∗ → RuII

igration and RuII∗ →OsII energy transfer was obtained
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time-correlated single photon counting in the frozen nitrile
mixture. Non-exponential decay kinetics and red-shifted,
time-dependent emission spectra were observed even for
the homopolymers. These effects were attributed to local
inhomogeneities and rigidity which create a distribution of
sites. Excitation is followed by excited state migration to
low energy sites which causes a time-dependent red shift
in the emission and decreased lifetimes. Emission lifetimes
are decreased because of the smaller excited-to-ground state
energy gaps at the lower energy sites. Related phenomena
appear for organic excited states in rigid media[136] and
MLCT excited states in electropolymerized films[137].

5. Oligoproline assemblies

The experiments with polystyrene demonstrated the via-
bility of derivatized polystyrene as a scaffold for constructing
multifunctional molecular assemblies. With the amide link-
age chemistry and anionic polymerization, polymer samples
can be prepared having variable and relatively narrow molec-
ular weight distributions. In these polymers, the relatively
large Ru(II) and Os(II) polypyridyl complexes enforce rod-
like structures with closely spaced nearest neighbors. Intra-
strand energy migration is rapid. Energy transfer continues
t tion
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We turned to solid phase peptide synthesis and the step-
by-step construction of oligopeptides as a way to control
the spatial dispositions of added functional groups[138].
The goal was to prepare chromophore-electron transfer as-
semblies with control of both spatial disposition of added
groups and the three-dimensional structure of the resulting
assembly.

5.1. Amino acid assemblies

An initial assembly was prepared based on triple
derivatization of the amino acid lysine (Lys- H2NCH2
(CH2)4NH2)CO2H which contains an amino group in a
side chain of the amino acid. [Ru(bpy)2(bpy-CO2H)]2+
was first coupled with the BOC-protected amino acid
(BOC is 1,1-dimethylethyloxycarbonyl), and the electron
transfer acceptor and donor were subsequently added
in sequential steps. In the amide coupling reactions,
N,N′-dicyclohexylcarbodiimide was added as a dehy-
drating agent,N-methylmorpholine as a base, and 4-
(dimethylamino)pyridine as an acylation catalyst[138–140].

As illustrated inScheme 11, MLCT excitation of the re-
sulting assembly in CH3CN at 298 K is followed by electron
transfer quenching of the MLCT excited state, presumably
by initial oxidative electron transfer to MV2+and rapid PTZ
→ ,
1 with
a nsfer
w

5
s

ore–
a ty
o ide
c cale
o occur in rigid media. The results with the antenna-reac
enter model polymer show that the polystyrene scaffold
upport and promote multiple functions in the same mol
ar array.

The use of pre-formed polymers has the significant di
antage that there is no control over the relative spatial d
ition of functional groups as they are added to the poly
ven in a partly loaded homo-polymer, with a single typ
dded functional group, the spatial loading along the poly
ackbone is presumably random perhaps oriented som
y the molecular volumes of the groups added and ele
tatic effects.

Scheme 11. Photoch
t

electron transfer scheme.

RuIII electron transfer, to give the PTZ+–MV+-based
.14 eV redox-separated state. The RS state is formed
n efficiency of 0.34 and undergoes back electron tra
ith k = 6.8× 106 s−1 [141–143].

.2. Oligoproline assemblies by solid-state peptide
ynthesis

Preparation of the lysine-based donor-chromoph
cceptor complex (Scheme 11) demonstrated the feasibili
f preparing complex redox assemblies by high yield am
oupling reactions. The next step in preparing large-s
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Fig. 12. Components of the lysine-based donor-chromophore–acceptor as-
sembly.

assemblies was to exploit solid-state peptide synthesis. This
was a technique pioneered by Merrifield and coworkers in
which oligopeptides are prepared on a solid support by step-
wise amide coupling[144].

A BOC-protected amino acid is first bound to a solid sup-
port, typically a chemically derivatized resin containing an
amine, for example, a methylbenzhydrylamine-resin. Depro-
tection of the Boc protecting group frees the amine group for
amide coupling. As shown inEq. (12)with P the solid sup-
port, subsequent amide coupling with a second Boc-protected
amino acid or oligopeptide adds to the growing oligopeptide
on the resin. The stepwise nature of the procedure provides
control over the order of addition and thus the spatial com-
position of the oligopeptide. In the final step, the peptide

f Pro I

assembly is cleaved from the solid support.

P-C(O)C(R)NH-Boc
-Boc−→P-C(R)NH2

+Boc-NHC(R′)CO2H−→ P-C(O)C(R)NHC(O)C(R′)NH-Boc

(12)

Gaining control of the three-dimensional structure of the
resulting assemblies required an additional feature. Proline is
the only natural cyclic amino acid. An oligoproline chain of
nine or more prolines folds into a stable helix even with rel-
atively large functional groups on the proline side chains. As
shown inFig. 13, there are two helical forms of polyproline,
Pro I and Pro II. Pro I is a right-handed helix consisting lo-
cally ofcis-amide bonds and is favored in non-polar solvents.
The structure repeats itself every 3.3 residues with a repeat
spacing along the helix of 6.6̊A. Pro II is a left-handed helix
with localcis-amide bonds, repeats itself with three residues
per turn, has a repeat spacing of 9.4Å, and is favored in polar
solvents, notably water. Polyproline spacers had been used
previously to study distance effects in intramolecular electron
transfer[145–148].

Exploiting the oligoproline helical structural motif as
a scaffold for photochemical assemblies required prepara-
tion of appropriate synthetic amino acids containing a chro-
mophore and electron transfer donors and acceptors com-
b om-
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T upled
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nd,
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Fig. 13. Structural details o
 and Pro II oligoproline helices.

ined with solid-state peptide synthesis. This was acc
lished by first preparing thel optical isomer of the azido
roline shown as2 in Scheme 12and reducing it to the amin
he amine group was Boc-protected and then amide co
ith [Ru(bpy)2(bpy-CO2H)]2+ and carboxylic acid deriva

ives of PTZ and the electron transfer acceptor anthraquin
With the series of Boc-protected amino acids in ha

olid-state peptide synthesis was used to construct th
esidue oligoproline shown inFig. 14. The line structure i
ig. 14clearly illustrates the relative positions of the fu

ional groups. The use of two proline spacers between
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Scheme 12. Synthesis of Boc-protected proline redox modules.

tional groups favors the Pro II helix over Pro I because the
larger helical repeat distance for Pro II decreases steric repul-
sion. The terminal CH3CO-Pro3- and -Pro3-NH2 segments
allow the helix to begin and end with a capped Pro3 turn
which helps to prevent unwinding of the helix.

Circular dichroism (CD) measurements in then→ �∗,
� → �∗ amide region in the UV show that the 13-residue
oligoproline adopts the Pro II helical structure in water. It is a
stable structure, heating to 85◦C resulted in minimal change
in the CD spectrum[149]. The structure is maintained in
CH3CN even though non-polar solvents typically favor Pro
I. As noted above, this is a consequence of the -Pro2- spacers
and the large appended functional groups which favors the
more open Pro II helix.

The same assembly, but with Pro7 termini, does undergo
Pro II and Pro I interconversion in CH3CN, at least at the
Pro7 termini. The kinetics are complex but could be fit to a bi-

of oligo

exponential kinetic expression withk1 = 3.3× 10−4 s−1 and
k2 = 0.8× 10−4 s−1 consistent with an unwinding-rewinding
process involving a series of intermediates[150].

The space filling structure inFig. 14 was calculated by
using Biosym Insight II (Biosym Technologies). It illustrates
the three-dimensional spatial extension of the oligopeptide
assembly and the lining up of the appended functional groups
along the oligproline backbone in the Pro II helix. The struc-
ture also illustrates the electron transfer events that are trig-
gered following MLCT excitation at 460 nm.

The dynamic electron transfer properties of the assem-
bly following MLCT excitation were investigated by ns
transient absorption and emission measurements in CH3CN
at 298 K. MLCT excited state quenching and the appear-
ance of PTZ•+ (λmax = 510 nm) and the anthraquinone
radical anion (Anq•−, λmax = 590 nm) occurred simul-
taneously on a time scale of 20 ns to give the final
Fig. 14. Two views
 proline assembly (1).
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Scheme 13. Kinetic scheme following MLCT excitation of oligoproline assembly (1).

redox-separated state CH3CO-pro3-pra([PTZ•+]pn)-Pro3-
pra(Rub2m)2+-Pro2-pra(Anq•−)-Pro3NH2. The RS state
was formed in 53% efficiency, stored 1.65 eV relative to
the ground state, and returned to the ground state by
Anq•− → PTZ•+ electron transfer withk = 5.7× 106 s−1

[149,151].
The effect of solvent on the appearance and decay of

the redox-separated state by the reactions inScheme 13
was investigated in solvents ranging from dichloroethane
to dimethylacetamide. Quenching is dominated by PTZ
reductive electron transfer (reaction c inScheme 13) which
is favored by�G◦ = −0.24 to −0.44 eV depending on
solvent. Quenching is followed by rapid m•− → Anq
electron transfer (reaction (e)) which gives the RS state.
There is a solvent dependent competition between reaction e
and m•− → PTZ•+ back electron transfer to give the ground
state (reaction (d)) with the yield of RS state varying from
33 to 96% depending on solvent[151].

Depending on the solvent, the transient energy stored
in the RS state varied from 1.46 to 1.71 eV. The rate con-
stant for Anq•− → PTZ•+ back electron transfer (reaction
(i)) was also solvent dependent withk varying from 5.2
× 106 (dichloroethane) to 7.7× 106 s−1 (butyronitrile) at
22 ± 2◦C. Back electron transfer occurs by direct, prob-
ably through-space electron transfer (see below). The in-
d ns-
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largely triplet spin character of the initial MLCT excited
state is expected to be largely retained in the initial electron
transfer product,3(PTZ•+–Anq•−), but 3(PTZ•+–Anq•−)
↔ 1(PTZ•+–Anq•−) spin interconversion is expected to
be rapid with the3RS and1RS states nearly degenerate
[151]. The dominant mechanisms for3RS→ 1RS spin inter-
conversion are anisotropic hyperfine coupling and electron
spin–spin dipolar interactions[152,153].

The solid-state peptide synthesis technique allows vari-
ations to be made in the order of groups added, the num-
ber of intervening spacers, and the number of pro groups at
the termini. We have used this flexibility to prepare a series
of oligoproline assemblies with the goals of extending the
synthetic chemistry, exploring fundamental issues in photo-
chemical electron and energy transfer, and pursuing possible
applications in artificial photosynthesis.

In Fig. 15are shown line structures for two oligoprolines
designed to explore the role of distance on intra-helical elec-
tron and energy transfer dynamics. In these assemblies, elec-
tron withdrawing 4,4′-pyrrolidine-substituted amide groups
were added to the bpy ligands to increase the potential of
the MLCT excited state as an oxidant in order to ensure
that excited state quenching occurred by PTZ reduction and
reaction (c) inScheme 13. This increases the yield of the
PTZ•+–Anq•− RS state. The substituent change decreases
� ◦ II∗
t g
f to
p Pro
I

9
R
p ion
m TZ
→ with
k ex-
p nsfer
i ro
irect pathways involving reversal of the electron tra
er chains: (1) RuII → PTZ•+ electron transfer to giv
nq•−–RuIII (b2m)3+–PTZ followed by rapid Anq•− →
uIII electron transfer, reaction (g), and (2) Anq•−→m elec-

ron transfer to give Anq–RuII (b2m•−)+–PTZ•+ followed by
apid m•− → PTZ•+ electron transfer, pathway (d)- can
uled out on energetic grounds[151].

The electron transfer matrix element,HDA = 0.13 eV
as estimated by an independent evaluation of the pa
ters defining the electron transfer barrier. The magn
f HDA presumably reflects the extent of coupling betw

he singlet component of the RS state and the singlet gr
tate with back electron transfer occurring by spin allo
(PTZ•+–Anq•−) → 3(PTZ–Anq) electron transfer. Th
G for PTZ→ Ru reductive quenching from−0.1 eV
o−0.3 eV and increases�G◦ for Anq oxidative quenchin
rom 0 to +0.1 eV. The Pro7 terminal segments were added
rovide nucleation sites for interconversion between the
and Pro II helices at the termini[154].

Quenching of assembly ZRA2 in CH3CN at 25◦C was
0% complete and occurred withk = 2× 107 s−1 to give the
S state CH3CO-Pro7-pra(PTZ•+)-Pro2-pra(Ru(p)2m]2+-
ro2-pra(Anq−)-Pro7-NH2 as shown by transient absorpt
easurements. Once formed, the RS state underwent P•+
Anq•− back electron transfer to give the ground state

ET = 4.8× 106 s−1. This rate constant is the same within
erimental error as the rate constant for back electron tra

n assembly1 (ZRA1) showing that replacement of the p3
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Fig. 15. Line structures for the amide-derivatized oligoprolines.

termini by Pro7 termini has a negligible effect on intra-helical
electron transfer dynamics[154].

In assembly ZRRA, 13 proline spacers intervene be-
tween PTZ and Anq. The spatial demands on electron trans-
fer in reaching the PTZ•+–Anq•− RS state are consider-
able. Excitation at the Ru(II) complex adjacent to PTZ,
Ru(II,a) followed by PTZ→ RuII∗ quenching would give
the PTZ•+–Ru(II)p•− electron transfer pair. In order for
the PTZ•+–Anq•− RS state to be reached that long dis-
tance, electron transfer must occur between the reduced bpy-
pyrrolidine ligand and Anq by p•− → Anq electron transfer.
This could occur by the hopping mechanism inEq. (13)in
which inter-complex p•− → p electron transfer is followed
by p•− → PTZ•+ electron transfer.

+hν−→→ −(PTZ•+)-Pro2-[RuII (p•−)(p)m]
+

-Pro5-

[RuII (p)2m]
2+

-Pro2-(Anq)-→ (PTZ•+)-Pro2-

[RuII (p)2m]
2+

-Pro5-[RuII (p•−)(p)m]
+

-Pro2-(Anq)-

→ (PTZ•+)-Pro2-[RuII (p)2m]
2+

-Pro5-[RuII (p)2m]
2+

-

-Pro2-(Anq•−)- (13)

Excitation at the Ru(II) complex adjacent to Anq, Ru(II,b),
i sfer

quenching by Anq does not occur because the reaction is unfa-
vorable thermodynamically. However, excitation at Ru(II,b)
can contribute to the appearance of the RS state by initial
Ru(II,b)∗ → Ru(II,a) energy transfer followed by the elec-
tron transfer sequence inEq. (13). The quenching efficiency
for ZRRA in CH3CN is only 60% suggesting that Ru(II,b)∗
→ Ru(II,a) energy transfer is slow relative to the lifetime
of Ru(II,b)∗, but that it still contributes since the overall ef-
ficiency exceeds 50%. This is consistent with the results of
direct measurements described below. In ZRRA, the spatial
demands on electron transfer and the fact that quenching is
only 60% complete combine to decrease the yield of RS state
to 20% of that observed in ZRA2[154].

Back electron transfer between Anq•− and PTZ•+ in
ZRA2 is essentially temperature independent. This rules out a
mechanism involving reversal of the electron transfer chains,
e.g., by Anq•− → [Ru(p)2m]2+ → PTZ•+ or [Ru(p)2m]2+
→ PTZ•+ followed by Anq•− → [Ru(p)2m]3+ electron
transfer since�G◦ = +0.19 and +0.63 eV for the initial elec-
tron transfer steps. The dominant mechanism is long-range,
through-bond or through-space Anq•− → PTZ•+ electron
transfer. In ZRRA compared to ZRA2, there is an increase in
the number of covalent bonds between the electron transfer
donor and acceptor from 29 to 47. This causes a decrease in
the rate constant for back electron transfer by a factor of∼10
t 5 −1
s unproductive in a direct sense. Oxidative electron tran
 o 5.0× 10 s [154].
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Fig. 16. Line and calculated structures for the Ru(II)-PTZ oligopeptides.

The kinetics of back electron transfer in ZRRA in CH3CN
were studied in both the Pro I and Pro II helical forms. The
kinetics of interconversion between the two had been stud-
ied earlier by time-dependent CD measurements[150]. For
the back electron transfer study, ZRRA was isolated in the
Pro II form following aqueous purification by chromatogra-
phy. The kinetics of back electron transfer in CH3CN were
measured before significant Pro II→ Pro I interconversion
had occurred (0.5 h). The experiment was repeated after 36 h
when conversion was complete. The rate constants for Anq•−
→ PTZ•+ electron transfer in the Pro I and Pro II helices
were the same within experimental error,k = 5 × 105 s−1

[154].
This was cited as evidence for a through-bond electron

transfer mechanism. There are 47 intervening covalent bonds
between Anq•− and PTZ•+ in either helix, but the through-
space distance is longer by∼14Å for Pro II compared to Pro
I. However, as noted below, there is relatively clear evidence
for through-space electron transfer in a related series of oligo-
proline assemblies. An alternate explanation is that Pro II→
Pro I interconversion only occurs at the pro7 termini.

An important next step was a systematic investigation of
the kinetics of intra-helix electron and energy transfer. The
first study investigated the distance dependence of electron
transfer in the series of Ru(II)–PTZ assemblies shown in
Fig. 16. They were constructed by solid-state peptide syn-
thesis.

Both a line structure and a structure calculated by using the
MM4 method implemented in the SPARTAN 5.11 package
(Wavefunction Inc.) are shown inFig. 16. In the actual assem-
bly, the amide-derivatized bpy ligand, 4,4′-(C(ONEt2))bpy,
was used in place of bpy to ensure rapid RuII∗ excited
state quenching by PTZ. A high-level ab initio calculational
method based on Density Functional Theory (DFT) was
used to calculate the structures of the Ru(bpy)-proline and
PTZ-proline residues. In these calculations, the complexes
were simplified by using bpy rather than amide-bpy[155].
The DFT calculations revealed that there is a significant H-
bonding interaction between the proton on the N atom of PTZ
and the CO of an adjacent amide group as shown by the tilt of
the PTZ group shown inFig. 16. The through-space distances
from the S atom of the PTZ to the center of the Ru(II) complex
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vary from 8.0 to 21.4̊A as the number of intervening prolines
(n) is varied from two to five. Through-space distances for
bpy(C(O)NEt2)− → PTZ•+ back electron transfer follow-
ing PTZ→ electron transfer quenching vary in the same
way, but the distance variation is from 5.0 to 18.4Å. These
are the through-space distances from the S atom of PTZ to
the center of the nearest bpy(C(O)NEt2)2 ligand.

The assemblies exist in the Pro II form in water. Excited
state quenching in water occurs in the normal region with
�G◦ =−0.1 eV. Quenching is temperature dependent withEa
∼ 2 kcal/mol consistent with activated electron transfer. Back
electron transfer is highly favored with�G◦ = −1.8 eV and
occurs in the inverted region. It is essentially activation-less
with Ea ∼ 0 as expected for electron transfer in the inverted
region and excited state nonradiative decay[69,117,156].

The kinetics of RuII∗ quenching by PTZ were monitored
by transient absorption and emission and [bpy(C(O)NEt)2]•−
→PTZ•+ back electron transfer by transient absorption. The
rate constants decrease by∼103 asn was varied from 2 (k
= 2× 109 s−1) to 4 (2× 106 s−1), butkET increases by∼10
betweenn = 4 and 5. The increase in the number of proline
spacers by one increases the through bond distance, but
the through-space distance decreases because of the helical
repeat in the oligoproline scaffold,Fig. 16. This observation
is inconsistent with simple through-bond electron transfer
[
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The experimental rate constants were corrected for the
solvent dependence predicted byEq. (14)by definingk′ET =
kET exp−{δ[e2((1/d0) − (1/d))((1/D0) − (1/Ds))]}. Accord-
ing to Eq. (14), through-bond and through-space electron
transfer are predicted to have distinctly different distance de-
pendences in both the normal and inverted regions. lnk′ET
is predicted to vary withr − r0 for through-bond electron
transfer and withd− d0 for through-space transfer[155].

It is apparent from the plots of lnk′ET versusr − r0 and
ln k′ET versusd − d0 in Fig. 17 for electron transfer in
the normal region (for the quenching stepk′ET = k′2) that
the data fit the latter and not the former consistent with

Fig. 17. Plots of lnk′ET vs. through-bond (r − r0) and through-space (d −
d0) distances in water at 25◦C. k′ET is the electron transfer quenching rate
constant corrected for the distance dependence ofλ0.
155].
The distance dependence ofkET includes contribution

rom both the electron transfer matrix element (HDA) and
he solvent reorganization energy (λ0). Including both give
he expressions inEq. (14) for the distance dependenc
f through-bond or through-space electron transfer in
ormal and inverted regions. The terms that appear inEq.
14)are:

β: the distance attenuation factor;
r andr0: the through-bond distances (4.9 or 3.3Å per pro-
line; residue) withr0 = 5.0Å (n = 2) as the reference d
tance;
d andd0: the corresponding through-space distances
d0 = 8.0Å;
Dop andDs: the optical and static dielectric constants
the medium;
h̄ω andS: the quantum spacing and electron-vibratio
coupling constant for the vibrational mode coupled to
transition in the average mode approximation.

= ln

(
E0

Sh̄ω

)
− 1

0: the energy gap (=�G◦ − λ0)
Through bond:
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)]

= −1

4RT
(normal region)
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Fig. 18. Line structures of the antenna-electron transfer oligoproline arrays.

through-space electron transfer. With distances of this mag-
nitude and through-space electron transfer, super-exchange
coupling with the solvent and oligoproline scaffold no doubt
play important roles in promoting electronic coupling[155].

Distance attenuation factors were evaluated from plots of
ln k′ET versusd − d0 for both normal (β = 0.41) and in-
verted electron transfer (β = 0.48). The coincidence of the
two values within experimental error is of fundamental sig-
nificance. Electronic coupling is weak and electron transfer
non-adiabatic in both cases. In both cases, reaction dynamics
and the frequency factor for electron transfer are controlled
by electron tunneling and the magnitude ofHDA.

If electronic coupling is strong, electron transfer is adi-
abatic and the transferring electron is in equilibrium with
the coupled vibrational and solvent modes. In the inverted
region or in excited state nonradiative decay, the dynamics
of barrier crossing and frequency factor are dictated by the
dynamics of vibrational modes that couple the initial and
final electronic states and not by the extent of electronic cou-
pling. With strong electronic coupling and adiabatic elec-
tron transfer in the normal region, barrier crossing dynam-
ics are dictated by the slowest coupled nuclear motions.

These are typically collective reorientational modes in the
solvent.

5.3. Summary and conclusions

The oligoproline approach to molecular assemblies offers
flexibility and synthetic versatility and, with proper design,
facile intra-helix electron and energy transfer between ap-
pended functional groups. There is promise for adding cat-
alytic sites to the Ru-bpy-based chromophore-electron trans-
fer apparatus as a way of utilizing photochemically produced
oxidative and reductive equivalents to drive irreversible re-
actions which is one of the goals of artificial photosynthesis
[20,157].

The work described above was extended in two directions.
In one,Fig. 18, the chromophore-donor–acceptor motif in
oligoproline assemblies ZRA1 and ZRA2 was maintained
as the number of intervening Ru(II)-bpy chromophores was
increased from one to three[158].

This series was designed to explore the feasibility
of imbedding an antenna-chromophore array within the
PTZ–Anq quencher-electron transfer pair. The dynamical



M.H.V. Huynh et al. / Coordination Chemistry Reviews 249 (2005) 457–483 481

studies described above showed that PTZ→ RuII∗ quench-
ing is efficient withτ ∼ 20–30 ns compared to the lifetime
of the excited state ofτ = 103 ns. Anq quenching of RuII∗ is
slow and inefficient. If energy migration across two proline
spacers is sufficiently rapid, excitation at any of the Ru(II)
chromophores in the assemblies withn= 2 or 3 would be fol-
lowed by energy migration to the site adjacent to PTZ. The
dynamical events would be similar to those described above
for energy migration and transfer in [PS-CH2CH2C(O)NH-
(RuII ′)17(OsII )3](PF6)40. The results described above for as-
sembly ZRRA showed that energy transfer is relatively slow
across five pralines, but energy transfer across two spac-
ers is rapid, see below. As in ZRRA, subsequent reductive
electron transfer quenching and complex-to-complex elec-
tron migration by bpy•− → bpy and bpy•− → Anq electron
transfer would create a RS state with a spatially separated
PTZ•+–Anq•− pair.

The second extension was related to the first and designed
to explore the distance dependence of energy transfer. The
same strategy was adopted as in the Ru(II)–PTZ distance de-
pendence study but with Os(II) added as the energy acceptor
as in the polymer-based assemblies.

The line structures of two oligoprolines in this series are
shown in Fig. 18. All contain a Ru(II)–Ru(II)–Os(II) ar-
ray with the number of proline spacers varied in the se-
r and
t
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