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Abstract

The metal-to-ligand charge transfer (MLCT) excited states of polypyridyl complexes of thesiRu(ll), Os(11), and Re(l) have provided
the basis for many studies on photochemical electron and energy transfer. In this account, a brief review of photochemical electron transfer by
[Ru(bpy)]?** is given, followed by an update on MLCT excited state molecular and electronic structure, and an introduction to photochemical
electron and energy transfer in molecular assemblies. The majority of the account is devoted to describing the evolution of two approaches
to preparing complex molecular assemblies for the study of photochemical electron and energy transfer both inspired by the demands of
achieving artificial photosynthesis. The first approach involves the derivatization of preformed polystyrene by added chromophores and
electron or energy transfer donors or acceptors and three generations of polymers differing in polymer content and linkage strategies. The
second approach has exploited solid-state peptide synthesis and the stepwise preparation of oligopeptides with spatial control of added groups
and 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-tran§ferl0]. The first
experiments involved [Ru(bpy?t (bpy is 2,2-bipyridine)
which has a lowest energy metal-to-ligand charge transfer
(MLCT) excited state 2.1 eV above the ground st&i, (1)

_ 2
[Ru" (bpy)] [Ru" (bpy™)(bpy)] ™ ()
Redox potentials for the oxidation and reduction of both

24+ +hv
—
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[Ru(bpyk]?t*. With appropriate concentrations of added
MV 2t and 10-MePTZ, [Ru(bpy]?+* undergoes first diffu-
sional, oxidative quenching by M to give [Ru(bpy}]3*+
and MV in a reaction favored baG® = —0.2 eV. The ox-
idized complex is subsequently reduced by10-MePTZ with
AG° 0.5eV.

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-

ground and excited state couples for this complex are shownProach to the conversion of light to chemical energy and the

in Scheme 1lin 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 techniqyél1,12]

The data inScheme 1show that the excited state is a

basis for a new field, artificial photosynthef26—-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

stronger oxidant and reductant than the ground state by theStored chemical redox energy into heat. There is no molec-

2.1eV energy of the excited state. The implied ability of

ular basis for utilizing or storing the energy created in the

the excited state to undergo electron transfer was demon-€xcitation-electron transfer sequence.

strated by a series of flash photolysis experiments in the pres-

The goals of artificial photosynthesis are to use excited

ence of electron transfer quenchers such as the methyviolo-State electron transfer chemistry to achieve solar energy con-

gen dication (M\t: E°(MV2t/1) = —0.6 V versus SSCE)
and 10-methylphenothiazine (10-MePTZ(MePTZ/0) =

version by producing a photopotential and associated current
orto drive high-energy reactions such as the splitting of water

0.73 V). The appearance of the electron transfer products wadnto Hz and (1/2)Q. There may also be applications in green

shown by direct spectral observation following flash photol-
ysis[3-6,10-19]

In the example inScheme 2 [4]visible RU'* — bpy
MLCT excitation and relaxation gives the excited state

[Ru(bpy);]** [Ru(bpy);1*** [Ru(bpy);]*
(dmn*h
T 2.1eV
[Ru(bpy);1** [Ru(bpy);1** [Ru(bpy)sT*
(dnd) (dn®) (dn®r")

Scheme 1. Excited and ground state redox potentials.

2. +hv 24
[Ru(bpy);]™* —— [Ru(bpy);]** (1)

[Ru(bpy);]**" + MV?* —— [Ru(bpy);]** + MV* 2)

[Ru(bpy);]** + 10-MePTZ — [Ru(bpy);]** + 10-MePTZ* 3)

+hv

MV + 10-MePTZ —> MV* + 10-MePTZ*: AG°=1.3eV 4)

I\]/[c
— — 2+ N
-l QLD
(MVZ) (10-MePTZ)

Scheme 2. Light-to-chemical energy conversion by excited state electron
transfer.

chemistry and the use of visible light to carry out syntheti-
cally important reactions such as the epoxidation of olefins,
Eqg. (2).

0

R;_C:CRQ + HQO + 2hv == RzC—CRz + H2 (2)

For molecular systems to be used in such applications,
the excitation-electron transfer apparatus must be incorpo-
rated into ordered arrays. The arrays need to be constructed
so that directed (vectorial) electron transfer can occur away
from the site at which photochemical oxidative and reduc-
tive equivalents are produced driven by free energy gradients
[23-27]

An additional requirement for water splitting, or light-to-
chemical energy conversion in general, is creation of an elec-
tron transfer interface to catalytic sites where oxidation and
reduction can occur. These are the sites where photochemical
oxidative and reductive equivalents drive separate oxidative
and reductive half reactions. The target half reactions for wa-
ter splitting are shown ischeme 3&nd for the reduction of
carbon dioxide by water to give formic acid and hydrogen in

Half-Reactions E°,V

2H,0 = O, + 4¢” + 4H* -1.23V

2H* + 2¢° > H, 0.00 vV
2H,0 + 4hv = O, + 2H, AG° =+4.92 eV
(113 kcal/mol)

Scheme 3. Thermodynamics for water splitting.
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Eq. (3) wi(bpy) = =
2H,O + CO, + 4hv — O + 2HCOH, hv
AG® = +6.52eV (v < 760 nm) 3) omm

dydydy, v

With this goal in mind, the Meyer research group em- x(bpy) ﬁ 3#
barked on a series of studies designed to create catalysts fo
water oxidatior{28,29]and CQ reduction[30,31] The fo- Ground State Excited State
cus was on molecules that upon chemical or electrochemical dn(Ru)® dn(Ru)’r* (bpy)'
oxidation or reduction would oxidize water or reduce £O _ ) . .

. . Fig. 2. Schematic energy level diagram showing the ground and lowest
With this strat(_egy, a succes;ful molecular catalyst would be ;' ~1 axcited state(s) of [Ru(bpy)?+.
subsequently incorporated into a larger molecular array and
linked to a vectorial excitation-electron transfer apparatus. In  Itis useful first to discuss recent results on MLCT excited
this approach’ it was necessary to take the |inkage Chemistrystates and then to give a brief account of phOtOChemicaI elec-
into account from the beginning. tron and energy transfer in molecular assemblies based on

The work on catalysts was productive. A series of Polypyridyl complexes of Ru and Os.
metal complexes were identified which electrocatalyt-
ically reduced CQ [30,31] The blue dimer,ciscis-
[(bpy)2(H20)RU" —O-Ru'" (H,0)(bpyp]+*, was shown to 2. Metal-to-ligand charge transfer (MLCT) excited
be a water oxidation catalyst, and its mechanism for water states
oxidation was studied in detdi28,29,32]

A molecular block diagram showing the essential func- The parent molecule for molecular assemblies based on
tional elements required for light-to-chemical conversion in polypyridyl complexes is [Ru(bpg)?". Its ground and low-
a single molecular array is shown beldwig. 1. Itincludesa  €st metal-to-ligand charge transfer (MLCT) excited state
light absorption-antenna apparatus, a chromophore site senelectronic structures and the optical transition that intercon-
sitized by the antenna, a donor—acceptor electron transfer arverts them are illustrated iRig. 2 The lowest excited state
ray, and molecular catalysts for oxidation (Red Ox,) and is a triplet state split into a manifold of three states separated
reduction (Ox — Red,). Although the design and construc- by ~100 cnt* by low symmetry and spin—orbit coupling.
tion of such an array is a daunting task, the success of green A great deal is known about MLCT excited states.
plants in utilizing photosystems | and Il for water oxidation They dominate the spectroscopy, photochemistry, and photo-
and CQ reduction was both noteworthy and inspirational Physics of polypyridyl complexes of Ru(ll), Os(ll), and Re(l)
[33,34] [35—38] The pulsed laser techniques transient resonance Ra-

In order to assemble, the required components in spatiallyman (TR), transient infrared (TRIR), and, more recently,
controlled molecular arrays required an underlying molecular transient near infrared (TRNIR) have been very useful in ac-
architecture, a general linkage chemistry, and the syntheticquiring information about excited state electronic and molec-
flexibility required to make systematic modifications. The ular structure and have been successfully applied to MLCT
remainder of this account is largely devoted to describing excited statef39-43]
the evolution of two different approaches to this problem. A block diagram of the apparatus that we have used for
One is based on the derivatization of preformed polystyrene acquiring TRIR and TRNIR spectra is shown Fig. 3. It

and the other the stepwise, solid-state peptide synthesis ofis based on a Bruker IFS 66 V/s FTIR spectrometer. Signal-
oligoprolines. time profiles are obtained at a fixed mirror setting with the FT

Bruker IFS 66V/s

s} —
/
.<‘ ]g”d i,__/

MCT Sample

Laser

Fig. 1. Reaction center model. Fig. 3. Block diagram of the transient near infrared (TRNIR) spectrometer.
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spectrum acquired by scanning the mirror positions, and the[51]. The movement of the electron associated with the po-
final spectrum obtained from the Fourier transforms. The larization changes has been described as inter-ligand electron
spectral region of interest, infrared or near infrared, is ac- transfer (ILET), but a more appropriate description is given

cessed by changing the beam splitters and so(diéés
Application of the TRIR technique allowed a clear res-

below.
The lowest energy process leading to inter-ligand electron

olution to a vexing question. Is the MLCT excited state of transfer is illustrated irSscheme 4or [Os(phen}]?**. An

[Ru(bpy)]?* localized with the excited electron occupying
a single bpy ligand, [Rti (bpy*~)(bpy)]?*, or is it delo-

electron is transferred from the lowest level on phen lig-
and a {7 ;) to the lowest level on ligand b ). In this low-

calized with the excited electron delocalized over all three, est energy process, electron transfer is accompanied by hole

[Ru' (bpy/3*—)3]2+*? Both are possible. There is a direct

transfer from dr3 to diry. The initial hole in drg is aligned

analogy with ground state mixed-valence molecules, wherealong the reduced ligand axis and jpyhich maximizes
bothlocalized and delocalized examples are known, and therethe electron—hole electrostatic interaction. Both electron and
are examples of molecules in a transition region which have hole are transferred in the lowest energy pathway leading to

some of the properties of eaftb].
In [Ru(bpy)]?+*, the mixed valency is ligand-based with

ILET. Because there are three low-lying MLCT states both
initially and finally, there are actually nine separate transi-

the metal acting as an intervening “bridge”. Based on an tions contributing to the change in polarization. Transfer of

analysis of the localized-to-delocalized transition in mixed-

the electron without transfer of the hole gives an upper MLCT

valence molecules, the key parameters are the magnitude oéxcited state with the hole inng or dw, rather than in ;.

the resonance energy arising from bpy-bpeglectronic cou-
pling,Hpa, and the sum of the intramolecular)and solvent

In related Os(lll) polypyridyl ground state complexes, the
energies of the higher energy MLCT excited statel; and

(ho) reorganization energies. The excited state would be de- AE; in Fig. 4, are~4000 cnt! and~6000 cn! above the

localized if ZHpa| > A and localized if Hpa | < A [45-48]
In the excited state infrared spectrum of [Ru(kp§y*
in the v(bpy) ring stretching region in CJLN from 1400

lowest statd45].
There is an equivalent, degenerate process in which the
electron is transferred fromy , to the lowestr™* level on lig-

to 1500 cnm?, two sets of bands appear. Bands typical of and ¢l cand hole transfer toeb. Rather than ILET, which

ground state bpy appeangbpy) = 1425, 1447, 1466, 1487,
and 1604 cm? and for bpy —, at 1418, 1446, 1465, 1488,

occurs in singly reduced [Ru(bg])” with no hole in the
d® core, these processes are more appropriately described

and 1541 cm. The appearance of both sets of bands proves as thermally activated transitions between degenerate MLCT
that the excited electron is localized on one ligand in the states, MLCT(1}» MLCT(2), MLCT(3) [54]. They have
thermally equilibrated excited state on the nanosecond timealso been described as intramolecular excitonic transitions

scale[49]. This result is consistent with results from earlier
TR® measurement§0].

[55]. They have the effect of rotating the excited state dipole
around the molecule which explains the time dependent po-

Although the excited electron is localized, ultrafast ab- |arization changes observed in the ultrafast polarization mea-
sorption polarization measurements by Papanikolas andsurements.

coworkerg[51] and Kelly and coworkerfs2,53] reveal that

In the TRNIR spectrum of [Os(pheg}¥+* in CDsCN, a

it hops from ligand to ligand on the tens of ps time scale new absorption band appear$ahyx=4980 cnt 1 with Avi/p

for [Ru(bpyk]?t* and witht = 8.7 ps for [Os(bpyg]2*

LANCHY —1—

*dny*(ay)dmyX(a)dms! (by)m*) 1] ——

SMLCT,(1)

=2200 cnl, Fig. 4 Within experimental error, this transient

—1— 7 (b))

3dmy*(ay)dmyX(aydm, ' (bym*) 1]

SMLCT (1)

Scheme 4. Changes in electronic configuration for the lowest energy pathway for inter-ligand electron transfer (ILET) illustrating the sismnéiaafswof

both electron and hole.
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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

Integrated Band Intensity

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 sequenceSeheme but in a single molec-
feature decays with the lifetime of the MLCT excited state, ular unit without a requirement for diffusion. Synthetically,

7 =120ns k = 8.3 x 10°s1) as measured independently this entailed either linking complexes by ligand bridges or
by transient emission measurements. It has been assigned tBY linking groups to polypyridyl ligands. This imposed lim-
the spectroscopic analog of the degenerate, thermally acti-itations on the thermodynamic acceptor or donor properties
vated MLCT(1)— MLCT(2), MLCT(3) processes that lead  ©f the added electron or energy transfer groups in order to
to changes in excited state polarization. The band is solventachieve the internal free energy gradients required to direct
dependent consistent with the change in spatial orientation€lectron or energy transfer along specific molecular direc-
of the excited state dipole accompanying the transitaij. tions.

The spectroscopic MLCF> MLCT transition gains in- In early experiments, both synthetic approaches were ex-
tensity from the low symmetry of the excited state and Plored with examples cited in referend@8-25,56-59,62]
spin—orbit coupling. They have the effect of mixing the three- This work has been reviewd@2,60,61]including insights
dr orbitals in the d® excited state core. A similar band into chemical approaches to artificial photosynthesis and how
is observed for [Ru(bpg)?™ at ~4500 cnt?, but it is of to couple sequential excitation-electron transfer with chemi-
considerably lower intensity. The lower intensity is expected cal catalysis of redox reactiofiz0-22,26]
since there is less coupling between the degenerate MLCT Anearly product ofthis strategy, a collaborative effort with
excited states given the lower spin—orbit coupling constant for the research group of Mike Elliott at Colorado State, is shown
Ru(lll) (~1000 cnt1) compared to Os(I11)£3000 cnt1). in Fig. 5[62,63] It contains derivatives of methylviologen di-

The observation of thermally activated processes that cation and 10-methylphenothiazine, use8ameme 2inked
interrelate degenerate or nearly degenerate MLCT excitedto separate bpy ligands by methyleré€H,—) spacers.
states on the ps to tens of ps time scale may be impor- The donor-chromophore—acceptor complexFig. 5 is
tant in explaining excited state dynamics. Internal reorien- actually one of four positional isomers which differ with
tation of the MLCT excited state dipole from an initially ~regard to the relative dispositions of the appended violo-
excited polypyridyl ligand may be required to facilitate elec- gen and phenothiazine grouj@s]. As shown by laser flash
tron or energy transfer to an appended quencher on anothephotolysis in CHCN at room temperature, MLCT excita-

— s —_—
s i o
g N 1 6 -1 3 N q
% Ny, ! Nz k=77x10"sg ’N,"Ri ANz

8000 7000 6000 5000

Wavenumber (cm” 1 )

Fig. 4. The low energy absorption band for [Os(phgt)*.

4+ 4+

) N
Nz, | Nz hv
Ru’ —_— R - »
= N' | ‘\J o i “'N
N ‘\ h CH;CN,25°C S

Ny Ny N
@SID 1N;+ s o QSO »
i M A
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3

\ 4 i“VN
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Fig. 5. Structure of a chromophore—quencher donor—chromophore-acceptor complex.
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tion is followed by excited state electron transfer to the ap- MLCT — An energy transfer is favored wG° = —0.3 eV
pended viologen which occurs with~ 6 x 1019s71 (¢ [65].
~ 16ps) in a model complejo4]. This is the same time " . S
scale as energy transfer to a bpy-appended anthracene, sebRu" (dmb® )(dmb)(bpy-An)f
below,[65] and more rapid than rotation of the excited state n _ P
dipole by MLCT— MLCT interconversionin [Ru(bpy]t* = [RuT(dmb)(bpy*~-An)] )
[52,53] Itis slow on the sub-ps time scale for internal relax- " 3 20k
ation to the Iozvvest triplet state(s) following MLCT excitation  [RU" (dmb)(bpy*~-An)]
of [Ru(bpy)]*™* as shown by ultrafast transient absorption 3an*12T
measurement$6,67] — [Ru(dmby(bpy-"An®)] ®)

The initial quenching event is followed by rapid P2
Ru(lll) electron transfer, which occurs wiki~ 1 x 1010s1, The TRNIR technique has also been applied to the obser-
to give the redox-separated (RS) state showign 5. This vation of intervalence transfer (IT) in the MLCT excited state
state has chemically linked reduceeMV **) and oxidized of a ligand-bridged complek74]. One-electron oxidation
(-PTZ**) groups separated by methylene spacekV ** of [(tpy)RU' (tppz)RU! (tpy)]** (tpy = 2,2:6/,2"-terpyridine,
— —PTZ** back electron transfer returns the RS state to the tppz is 2,3,5,6-tetrakis(2-pyridyl)pyrazine) gives the cor-

ground state and is favored hyG®° = —1.14eV. The rate  responding Ru(lll)-Ru(ll) mixed-valence iorgcheme 5
constant for back electron transfer varies in the rakge [74—79] The structures of the tpy and tppz ligands are also
(4.5-7.7)x 10f s1 depending on the isom{83]. shown inScheme 5The lowest lyingn™ acceptor level is

Back electron transfer occurs in the inverted region. The on the tppz bridging ligand. In [(tpy)Ritppz)RU! (tpy)]*+
defining feature of the inverted region is that the driving force a low energy, intense Ru(l19)> tppz band appears afax =
for electron transfer4G°) is greater than the sum of the sol- 548 nm € = 2.4 x 10* M~ cm™1). In the mixed-valence ion,
vent and intramolecular reorganization energies §; + Ao) an IT band appears @hax = 6550 cnT! (Amax = 1530 nm)
with [AG®| > A. |AG®°| > A for both electron transfer in the  in CD3CN.
inverted region and nonradiative decay of excited states, e.g., As shown at the bottom ddcheme 5visible Ru(ll) —
[Ru(bpyk]?t*. The two differ in that in a RS state, the elec- tpy,tppz MLCT excitation of [(tpy)RU(tppz)RU (tpy)]*+
tron transfer donor and acceptor are well separated spatiallycreates a mixed-valence, MLCT excited state with the ex-
and weakly coupled electronically. In an excited state, there cited electron in the lowest* level of the bridging ligand.
is strong electronic coupling8—70] In comparing the two, From transient absorption measurements 80ns k= 1.2
there is a direct analogy with the localized and delocalized x 10’ s~1) which is within the time window of the TRNIR
limits in mixed-valence chemistij#5]. spectrometer shown iRig. 3. This raises the possibility of
Intramolecular energy transfer has been similarly demon- observing an IT band in the excited state (bottS&theme h
strated in Ru-bpy complexes containing appended energyThis would allow a comparison to be made between neutral
transfer acceptors such as anthracg@te71-73] A recent (tppz) and radical anion (tppz) as mixed-valence bridging
example studied by ultrafast spectroscopy is [Ru(chtidmy- ligands.
An)]%t (dmb is 4,4-Me,-2,2 -bipyridine) which contains an Inthe TRNIR spectrum of the excited state, aband appears
anthracene group appended to bpy byGH,CH,— spacer, at ymax = 6300 ¢! (Amax = 1590 nm) which decays with
Fig. 6. By using dmb as the remaining ligands, each of the the lifetime of the MLCT excited state. It has been assigned
three bpy acceptor ligands is nearly equivalent electronically to the IT transition irscheme Svhich allows a comparison to
[65]. be made between the excited and ground state IT spectra. In
Fast transient spectroscopic measurements igGDHat CD3CN at 298 K pmax= 6550 cnt? (Av12=970 ent L, emax
room temperature reveal the presence of two transients. The= 7560 M~ cm~1) for the ground state anghax= 6300 cnr!
slower ¢ =27 psk=3.7x 10°s ) was attributed to ILET, ~ (Av1/2 = 1070 cnT?, emax= 3300 M~1 cm~1) for the excited
or more appropriately, MLCT MLCT, Eq. (4) and the state.
faster ¢ = 16 psk = 6.2 x 101°s71) to direct MLCT— An The similarity in band shapes shows that the extent of sol-
energy transfer following excitation at the bpy-An ligand. ventand intramolecular vibrational coupling to the Ru{H)
Ru(lll) IT transition is comparable for both tppz and tppz
24 as bridging ligands. In the localized, classical limit the energy
of the IT band is given b¥T = A = Aj + Ao. The band in-
tensity is higher by~2 for the ground state pointing to more
extensive metal-metal coupling through(&u')—*(tppz)
mixing than throughr*(tpp2* ~)—dw(Ru'") mixing.

A detailed interpretation is complicated by the fact that
three IT bands are predicted in both the ground and excited
state spectra. They arise from transitions from each of the

Fig. 6. Structure of the chromophore—energy transfer quencher complex. three dr levels at Ru(ll) (drq, dmwp, dms) to the hole in dr3
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_e'
[(tpy)Ru(tppz)Ru'l(tpy)]*" ———  [(tpy)Ru(tppz)Ru"(tpy)]**

+hv
548 nm
* hv *
[tpy)Ru™ (tppz )Ru"(tpy)]*" ———  [(tpy)Ru'(tppz")Ru"(tpy)]**
1590 nm
N/
% |
| X
i XN B
_N N~ 7
N~
tpy

tppz
Scheme 5. The mixed-valence MLCT excited state of [(tpy)&pz)RU' (tpy)]**.
at Ru(lll) [45]. The band observed in the ground state, and to control the relative spatial positions of sequentially added

by inference in the excited state, appears to be two over-functional groups.
lapping bands arising from the higher lying IT transitions There is a growing literature of derivatized soluble poly-

dma(Ru(ll)a), dmrg(Ru(ll)a) — dms(Ru(lll)p) [80]. mers as scaffolds for the study of photochemical electron
An excited state IT band has also been ob- and energy transfdB2—96] Our work in this area began
served for the pyz-based MLCT excited statescis in the 1980s initially with Ru(ll) polypyridyl complexes

[(bpy)2(CHRU" (pz2~)RU' (Cl)(bpy)]?t* (pyz is pyrazine)  bound to poly-4-vinylpyriding97]. We then evolved a link-

at vmax = 6880 cnt! with Avy/, = 3740cnTl. In this case,  age strategy to polystyrene based on the derivatization of a
the TRNIR measurements were conducted with the complex1:1 styrene—chloromethylstyrene copolymer by chloride dis-
in a free standing polymethymethacrylate (PMMA) film. placement.

The rigid medium provided by the film was required because

of the photochemical instability of the complex in solution 4.1. Copolymers of styrene—

m,p-chloromethylstyrene
toward ligand los$81]. p ylsty

The polymer used in early studies was a 1:1 copoly-
mer of styrene and a mixture ofneta and para
4. Molecular assemblies based on derivatized chloromethylstyrenes. It was prepared by free radical poly-
polystyrene merization with AIBN (azobis-isobutyronitrile) as the initia-
tor. Standard conditions are available for preparing this poly-
Building more complex assemblies, which incorporate the mer in various molecular weight rangg8]. In one of the
minimum set of components required for artificial photo- first experiments, a polymer was prepared with the number
synthesis, requires a molecular scaffold that can be easilyaverage molecular weight, =7800. This correspondsto, on
derivatized. We initially chose polystyrene, in part, because the average;-30 styrene—chloromethylstyrene repeat units.
the electronic structure of the styryl repeat units ensures thatThe average number of repeat units is defined as the ratio
this scaffold is relatively inert toward electron or energy of My to the formula weight of the repeat unit. Free radical
transfer. There are no low-lying excited states, and oxida- initiation results in samples with relatively broad molecu-
tion or reduction occurs at high oxidative or low reductive lar weight distributions typically with polydispersities (the
potentials. ratio of the mass average molecular weight to the number
There is an extensive background literature for preparing average molecular weighifl,,/M,) greater than 2. Deriva-
polystyrene samples having known, reproducible molecular tized forms of the polymer were prepared with partial load-
weight distributions by using free radical or living radical ing of individual strands by displacement of by phenoth-
anion initiation techniques. Polystyrene offers considerable iazine anion, the monomethylated precursor to Myand
synthetic flexibility with regard to linkage chemistry based on the mono-deprotonated form of the complex [Ru(bg ¥ -
known reactions of added functional groups. By using con- (COxH)2bpy)Zt.
trolled synthetic conditions, itis possible toadd morethanone  In an initial photochemical experiment, the events in
functional group to individual polymer strands in sequential, Scheme 2were repeated, but in solutions containing
stepwise reactions and so to control content. A disadvantaggRu(bpyk]?t and the MV?* and phenothiazine electron
is that unless block copolymers are used; it is not possible transfer acceptors and donors linked to separate polymer
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Scheme 7. Use of 9-MeAn as both energy and electron transfer relay.

_ N BV 24y 118+
2 R= N@—@NMe [co-m,p-PS-CH,-(PQ"")9]

diffusional quenching of Ru(lf) by 9-MeAn in [com,p-

(X=9) PS-ChH-(Ru')3]®* to give the anthracene triplé9-MeAn)
at 1.8 eV. Once formed(9-MeAn) diffuses to [cam,p-PS-
-00C COOH CHo-(PQ*)g]*8" where it undergoes electron transfer (re-
3 R= \* e ) [co-m,p-PS-C H,-(Ru');]6* act@on 2) withAG® ~ —0.9 eV. In the last step, the anthracene
N ”/N cation, (9-MeAnY, undgrgoes electrpn transfer. with [co-
Ru(bpy),](PFe), m,p-PS-CH-(PTZ)s] to give polymer-linked PTZ in a re-
(X=3) action favored byAG® = —0.3 eV[101].

Thetime scale for back electron transfer between polymer-
Scheme 6. Structures and abbreviations for the chromophore and redoxbound PT2* and PQ on separate polymer strands was in-
polymers. creased by a factor of 27 compared to back electron transfer

strands. Polymer binding greatly decreases diffusional mo- Petween untethered PYZ and PQ* under the same condi-
bilities. In solutions containing [Ru(bpy)?*+ and the deriva- tions. Once again, this was due t(_) the decreased mobility of
tized MV2+ and phenothiazine polymers, excitation, quench- the MV*™ and PTZ™ groups localized on separate polymer
ing, and electron transfer result in the appearance oty Strand4101].

and MV*2t on separate polymer strands. The striking result

was that the time scale for subsequent M\ PTZ** back 4.2. Etherlinks to 1:1

electron transfer was slower on the polymers by a factor of poly-styrene—p-chloromethylstyrene

~500[99,100]

In a subsequent experiment, a complex electron and en- In a subsequent series of experiments, a 1:1 stygene—
ergy transfer shuttling scheme was demonstrated in solu-chloromethylstyrene copolymer was used in which only the
tions containing [Ru(bpy]2 and the same electron trans- p-isomer of chloromethylstyrene was present. Free radi-
fer donor—acceptor pair all on separate strajids§]. The cal polymerization gave atactic polymer samples of varying
partly loaded samples and a generic structural formula for number average molecular weights and polydispersities de-
the derivatized polymers are shownScheme 6 pending on the reaction conditioft§)2—104]

In acidified DMF solutions containing [coyp-PS-CH- With this polymer, a new linkage chemistry was developed
(PTS)], [co-mp-PS-CH-(PQ*)g]18, and [com,p-PS- for the polypyridyl complexes based on chloride displace-
CH,-(Ru")3]®*, RU' — bpy MLCT excitation resultsinno  ment by the alcohol derivatives [M(bpybpyCHOH)]2+
excited state quenching at low added polymer concentrations(M = Ru, Os; bpyCHOH = 4-Me-4CH,OH-2,2-bipyridine)
because of the polymer-induced inhibition to diffusion. The in the presence of CsOH in DMS|@02-104] The extent of
abbreviations used for the polymers reflect the 1:1 copoly- polymer loading was controlled by using the complex as the
mer, define the chemical link to the polymer, and give the limiting reagent. More complex assemblies were prepared
extent of loading out of~30 available sites. by subsequent nucleophilic displacement of all or part of the

Excited state quenching does occur in the same solu-remaining chloro sites on the polymer backbone. A repeat
tion following addition of 9-methylanthracene (9-MeAn, unit of a polymer containing the Ru(ll) complex is shown as
0.42 mg/ml). Quenching is accompanied by the appearancestructure (3) irFig. 7.
of PTZ** and MV** on separate polymer strands as shown Fig. 8illustrates two of the many low-energy conforma-
by laser flash photolysis. tions of the polymer [co-PS-GH¥DCH,-(Ru')30]%t. These

These measurements were used to demonstrate the seare calculated structures with the metal complexes included
guence of reactions shown Bcheme 7In this sequence,  as spheres of diameter Adepresented by the open spheres
9-MeAn plays a dual role as both energy and electron trans-in Fig. 8 The underlying carbon skeleton of the polymer
fer relay. The initial step (reaction 1 Bcheme Yinvolves backbone can be seen in the structure. The relatively large
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Fig. 7. Repeat units of the polymers [co-PS-BHIC(0)-(RU"),,)]%" T (1), [PS-CHCHoNHC(0)-(RU"),,12** (2), and [co-PSCHOCH,-(RU'),,)]?"* (3).

size of the cationic complexes enforces a spatially extendedextent of PT2* formation observed as a function of inci-

structure on the polymer array. The periphery-to-periphery
distance between nearest neighbors is ZA and between
non-nearest neighbors 206A [105].

The 1:1 styrenepara-chloromethylstyrene co-polymers

provided a systematic means for preparing polymers con-

taining both pendant polypyridyl complexes and electron or
energy transfer donors or acceptd@2,104,105]The modi-

fied polymers were used to demonstrate intra and intermolec-

ular electron and energy trans{é01,105,106]energy and
electron transfer shuttling by a bifunctional polymer contain-
ing both appended anthracene and BI@5], 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 19¢105].

Multi-electron, multi-photon photochemistry was also
demonstrated in an ether-linked Ru(ll) homo polymer. In
these experiments, [co-PS-@BICH,-(Ru'')30](PFs)so Was
excited by visible laser flash excitation in @EN in the
presence of relatively high concentrations of PTZ and the

Fig. 8. Two of the many low energy conformers for the polymer [co-
PSCHOCH,-(RuU")30]%+ with the complex shown as the open spheres
of diameter 14A.

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 electiags(6)
[108].

[co-PS-CHOCH,-(Ru(l1))30]®%" + 7hv + 7PTZ
— [c0-PS-CHOCH,-(Ru(ll)),3(Ru(l))7]%* + 7PTZ2+
(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(Il)-Os(ll) poly-
mer [co-PS-CHOCH,-(RuU")22(08")s](PFe)ss in which
Os(Il) can act as a “trap” site with Bt — Od' energy trans-
fer favored byAG® = —0.36 eV. Transient emission measure-
ments in CHCN showed that rapik¢ 2 x 10° s~ 1) Ru''* —
0s! energy transfer occurs but only at Ru(ll) sites adjacent
to Os(Il) [103]. The excited state properties of Ru{lBites
on polymer samples dilute in Ru(ll) were essentially unper-
turbed and superimposable on those of the model complex
[Ru(bpy)(bpy)-CHOH]?*. In the fully loaded homo poly-
mer [co-PS-CHOCH,-(RuU'")30](PFs)s0, €xcited state decay
is non-exponential because of multi-photon polarization ef-
fects. When a second excited state is created near a first,
changes in local polarization in the solvent and polymer cre-
ate a different local environment which results in a distribu-
tion of decay time$105,110]

Possible pathways for intrastrand energy transfer are
shown inScheme 8Reactions (i) and (iii) show that Rt —
0s' energy transfer following excitation at Ru(ll) sites (open
spheres) without adjacent Os(ll) trap sites (hatched spheres)
requires Ri* — RU' energy migration. Long-range Rt
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Intra-strand energy migration and transfer was shown to
occur in a triply functionalized polymer containing Ru(ll),
Os(ll), and derivatized 9-methoxy anthracene. In the partly
loaded polymer [co-PS-GH#DCH,-(RU')3(0s')3](PFg)12
with only 6 of, on the average, 30 sites derivatized, there was
no evidence for Rii* — Os' energy transfer following ex-
citation at Ru(ll). Emission quantum yields and excited state
lifetimes for RY'* and O4* were essentially the same as in
equivalent homo polymers containing the separate Ru(ll) or
Os(Il) chromophores at the same loading |€1€12].

In [co-PS-CHOCH,-(Ru")3(An)e](PFs)s, Which is
lightly loaded in complex, Rl — An quenching does oc-
cur withk=7.6 x 10°s~1in 1,2-dichloroethane. Quenching
is viscosity dependent, and the energy transfer mechanism
appears to involve local segmental rotations and intra-strand
coiling to bring RU* into physical or near-physical contact
with An. In [co-PS-CHOCH,-(RuU")3(An)21](PFe)s, each

Ru(ll) site is adjacent to an anthracene, and quenching is
Scheme 8. Pathways for intra-strand energy migration and transfer. The rapid withk> 2 x 185! [105 107]

open spheres are Ru(ll) and the cross-hatched spheres the Os(ll) quencher.

The absence of quenching in [co-PS-H;-

— Od! energy transfer is unlikely to be competitive because (Ru')3(0s')3](PFe)12 points to M(I1) sites spread along in-
of the 21+ 6 A distance between second-nearest neighbors. dividual polymeric strands with the higher M(ll) content in-
As shown in reaction (iii), migration to an Os(ll) trap site hibiting intra-strand coiling. Reaction of the unreacted chloro
could require more than one migration step followed by'Ru  sites with an excess of 9-HOGFnthracene in the presence

— 09! energy transfer, reaction (i). of CsOH in DMSO gave the triply derivatized polymer [co-
The transient decay data show that energy migration is PS-CHOCH,-(RuU")3(An)17(0s')3](PFs)12.
relatively slow witht > 1000ns k < 1 x 10°s™1). Slow As shown inScheme 9the added anthracene provides an

energy migration relative to the excited state lifetime of the excited state of intermediate eneryAq at 1.8 eV) which
Ru(ll)* carrier,r = 810ns k = 1.2 x 10°s™1), rules out intervenes spatially between the Ru(ll) and Os(ll) sites dis-
the ether-linked polymers as candidates for molecular-level tributed along the polymer backbone. Following excitation
antenna arrays. Energy migration by'Ru— Ru' energy  at Ru(ll), efficient RU* — Os! energy transfer occurs. In
transfer hopping is too sloj103,105] the mechanism irSscheme 9RU'* — An energy transfer
Hole migration by RlY < Ru' electron transfer was in-  quenching Kq in Scheme B 3An — An energy migration
vestigated in the same polymer by adding an irreversible, ox- (kmig), and 3An — Os! energy transferken) are all rapid
idative quencher, the diazonium sghit CH30CsH4N2]BF4 with k> 1 x 18 s1in 1,2-dichloroethane at 298 K02].

(35mM). MLCT excitation at sites removed from Os(Il) was In a significant fraction of the photochemical events, en-
followed by irreversible oxidative quenchingg. (7) ergy is transported over long distances’y — An migra-
60+ tion. The net effect is that anthracene acts as an energy trans-
[PS-(RU),1(RU™)(0s")s]” " 4 AN+ fer bridge between Rt and O$ creating the basis for an
61+ energy transfer “cascade” mechanism and a “molecular light
— [PS-(RU"),,(RUM)(O5)s]” + AN, @)

pipe” effect that leads to long range energy tranffég].

The diazonium radical formed in the quenching reaction o
decomposes irreversibly by coupling or loss of &hd ex- ~ 4-3- Amide links to 1:1
traction of H from the solvent. The Ru(lll) site undergoes POly-Styrene—p-aminomethylstyrene
intra-strand RUlf < Ru" electron transfer “self exchange” _
by site-to-site migration until the hole is delivered toaRu(ll)  USe of the ether-linked polymers as scaffolds for the study
site adjacent to Os(ll) where rapid bs> Ru'' electron of photochemical electron and energy transfer was limited be-

transfer occurs withG® = —0.41 eV. Analysis of the laser ~ Cause of their inability to undergo facile intra-strand energy.

flash photolysis results in GJEN at 298 K gavek(295, u There was also a need to deyelop a more flexible approach
= 0.035M) = (5.3+ 0.9) x 10°s~1 for the migration rate to the polymer linkage chemistry. The answer to both was
constan{103]. found by turning to an amide-based linkage chemistry and

exploiting the well-developed coupling chemistry between
—Ru(lll) — Ru(ll) — Os(ll) — amines and carboxylic acids.

The key was to convert the 1:1 styrepechlo-
— —Ru(ll) = Ru(lil) — Os(l) - methylstyrene copolymers into an amine derivative. This was
— —Ru(ll) = Ru(ll) — Os(lll) = (kmig) (8) achieved by nucleophilic displacement of chloride by the ph-
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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 for 8 h. The tization of a higher excited state in one of the partners by
phthalamide-derivatized polymers were converted to aminesthe other and (2) excited state-excited state electron transfer
by heating in the presence of added hydrazine under refluxwhich leads to disproportionation and is favored by 1.6 eV

in ethanol for 15 H109]. [111].

The acid-derivatized complexes [M(bphpyCOH)]%+ | | | . 0 |
(M = Ru, Os; bpyCGH = 4-methyl-4-carboxylic acid-2,2 —Ru™ —RU" —RU™— — —Ru’ —Ru™ —RU™ —
bipyridine) were added to the polymers by amide coupling — —RU'—RI" —RU—  (9)

in DMF/CHCI; solvent mixtureg109].

The linkage reactions are quantitative. Partly loaded poly-  Intra-strand energy migration was investigated in the fully
mers were prepared by using the complex as the limiting loaded polymer [co-PS-CHNHCO-(RU')11(0s")s](PFe)32.
reagent. The acid—base and redox sensitive amine groups thatorrected emission maxima for Ruand O4* were ob-
remained were converted into acetamides by reaction with served at 640 and 780 nm in GEN, but the RU* emission
acetic anhydride in acetonitrile or allowed to react with ad- was significantly quenched compared td'Ramissionin the
ditional functional groups to prepare multifunctional arrays. Ru(il) homopolymer. Analyses of steady-state and transient
The derivatized polymers were purified and characterized by emission data showed that excitation at Ru(ll) is followed by
IH NMR, IR, UV-vis, and electrochemical measurements. rapid, efficient Rti* — Ru' energy migration and Riif —

A repeat unit of a fully loaded polymer with the appended Os' energy transfer. The overall efficiency of Ru— Os'
Ru(ll) complex is shown as structure 1Fig. 6 [109,110] energy transfer following excitation at Ru(ll) in GBN at

Spectroscopic and electrochemical measurements showe@9g K is >0.9[110,112]
that the properties of the polymer-bound complexes were es-  Based on these resullts, there is a dramatic difference be-
sentially those of isolated monomers. There was evidence fortween the ether and amide linked-polymers in their abilities
multi-photon effects in fully loaded polymers. Excited state to enable intra-strand energy transfer. Thisis true even though
lifetimes became shorter, and highly non-exponential as thehoth have a three-atom link to the polymer as can be seen by
irradiance of the incident laser excitation was increased. This comparing structures (1) and (3)Fig. 6.
was an encouraging observation because it pointed to pos-  An explanation for the difference has come from transient
sible multi-photon excitation followed by rapid intra-strand = resonance Raman (PRand transient infrared (TRIR) mea-
energy migration. In addition to the multi-photon polariza- surements. Following 368.9 nm excitation and Raman scat-
tion effects described above, a mechanism for multi-photon tering in [Ru(bpy}(bpy) CHOCH,PhE+ (bpyCH,OCH,Ph
quenching exists based on energy migration. If energy migra- is 4-CH,Obz-4-Me-2,2-bipyridine), which is a model for
tionisrapid onthe time scale of the excited state, amechanismthe ether-linked chromophore(bpy) bands in the region
exists for bringing two excited states to adjacent sites where 1000-1700 cm? are resonantly enhanced. The pattern of en-
excited state-excited state “annihilation” could occur. There hancements shows clearly that the excited electron is on a
are two reasonable mechanisms for annihilation: (1) sensi-ppy ligand and not on the bpy that is ether-linked to the poly-
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mer. This is an expected result since #&H; and—CH,0O— transfer, local segmental motions could decrease the average
groups are electron donating compareditbwhichincreases  periphery-to-periphery distance between nearest neighbors
the energy of the lowest* acceptor orbital on the ether- to well below 7A.

linked bpy. With bpy as the acceptor ligand, the MLCT ex- Even if through-space transfer dominates, the detailed
cited state dipole is oriented along a Ru-bpy axis pointing energy-transfer mechanism, whethédirgter (coulomb) or
away from the polymer backbone andt3 A nearest neigh-  Dexter (exchange) or a combination of the two is unknown.
bors[113]. Given its 1R® distance dependencepister transfer is fa-

By contrast, in the amide linked polymer the lowe$tac- vored over Dexter transfer at long distances since Dexter
ceptor level is on the bpy that is amide-linked to the polymer. transfer varies exponentially with distancérgter transfer
This was demonstrated in the ¥Bpectrum by the appear- requires that spin be conserved separately at the energy trans-
ance of the characteristic pattern of resonantly enhanced bpyfer donor and acceptor. This condition is met even though the
amide band$110,113] This conclusion was reinforced by  Ru(ll) and Os(Il) ground states are singlets and the excited
transient infrared measurements in if€O) region by the states nominally “triplets”. The lowest energy MLCT “ex-
significant decrease ir(CO) band energy for the bpy-amide cited states” are actually a manifold of three closely spaced
group consistent with reduction of the bpy that is amide- states arising from a lowest energy triplet state split by low
linked to the polymef114]. Referring toFig. 6, this aligns symmetry and spin—orbit coupling. Although these states are
the lowest energy MLCT excited state dipole toward the poly- largely triplet in character, they contain up+480% singlet
mer backbone and nearest neighbors which greatly decreasesharacter due to spin—orbit couplifitiL6].
the distance for energy transfer. Procedures are available for fitting Ruand O8* emis-

The dynamics of excited state quenching and migration sion spectra to evaluate the kinetic parameters that determine
in [co-PS-CHC(O)NH-(RU')11(0s")5](PFs)32 were inves-  the barrier to energy transffir1 7—-120] In the average mode
tigated by time-correlated single photon counting inZCHN approximation, the parameters are the solvent reorganiza-
at room temperature. In these experiments! *Remission tion energy including low frequency modes treated classi-
decay at\max = 640 nm and growth and decay of Ostlgt cally (A\pp), AG®, the quantum spacindf =hw), and the
Amax = 780 nm were monitored. Kinetics were nonexponen- electron-vibrational coupling constaBt Sis related to the
tial at both wavelengths, and multi-exponential analysis gave change in equilibrium displacement in the averaged coupled
for the average rate constant for nearest neighbdr Rt vibration by S= (Mwi_z)(AQeq)2 with M the reduced mass.
0s' quenching(k) =4.2x 10°s~1, and for Rl{* — Ru'' mi- These parameters can be used to calculate the vibrational
gration,(k) ~ 5 x 10’ s~1. The magnitudes of these rate con- overlap factorFcac in Eqg. (10)below, and from it and the
stants explain the efficient Btiquenching. Energy migration ~ experimentally measured rate constant, an average energy
with AG® = 0 is the slow step, but it is still 50 times more transfer coupling matrix elemenfyen). This analysis gave
rapid than RU* excited state decak € 1.1x 10° s~1)[115]. (Ven) ~ 2cmit for RU'* — Od! energy transfer in [co-PS-

Given the complexity of the polymers, the rate constants CH>C(O)NH-(RU')11(0s")s](PFe)32.
obtained from the kinetic analysis are the averages of
distributions of rate constants. As shown 8theme 8 _ (vaezn) Fea

en calc

energy migration and transfer are kinetically complex. I3 (10)

h

Scheme 8illustrates the dynamical processes that occur
following Ru(ll) excitation at sites adjacent, once-removed,  The results of these experiments demonstrated that the
and twice removed from an Os(ll) quencher. Energy mi- 1:1 styrene polymers with amide linking could support long-
gration is reversible and non-directional which introduces range energy transfer. Excited states associated with the
a random walk character to the dynamics. In addition, polystyrene backbone are too high in energy to be directly
(1) the polymer samples are distributions of individual involved in the energy transport process. These states and
strands having varying chain lengths. Individual strands low lying excited states in the solvent contribute indirectly to
vary in Ru(I)-Os(ll) loading pattern which creates a variety (Vepn) by mixing with the MLCT excited statg421]. The en-
of Ru(l)-Os(ll) spatial sequences only one of which is ergy transfer mechanism is by site-to-site, through-space en-
illustrated in Scheme 8(2) The polymer backbones are ergy transfer hopping. With the excited state dipoles directed
1:1 mixtures of styrene and derivatized styrene. Locally, toward nearest neighbors, the energy transfer donor—acceptor
there are regions with no styrene spaeévi(ll)—M(Il)—, a distances are sufficiently short that facile energy transfer oc-
single styrene spacerM(ll) —styr—M(ll) —, and two or more curs, perhaps by a combination of electronic (Dexter) or
spacers,—M(Il) —styr—styr—M(ll) —. (3) MLCT lifetimes through-space (@rster) coupling.
and energy transfer dynamics are dependent on the local These experiments demonstrated that derivatized
environment, and there is a distribution of sites on individual polystyrene assemblies could act as relatively efficient
polymer strand§l15]. “antennae” for harvesting visible light. Light absorption

Energy transfer occurs by a through-space mechanismand relaxation convert the initial excitation energy into
rather than through the 15-20 chemical bonds that, on the av-molecular excited state energy. It is subsequently transferred
erage, intervene between 'Ruand O¥. For through-space  along the polymer chain by site-to-site energy hopping.
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In the natural photosynthetic apparatus, a series of inte-excited state annihilation compete with sensitized electron
grated reactions occur in one spatially integrated assembly.transfe{122].

The sequential order in Photosystem Il is: (1) light is ab-  The transient absorption measurements revealed an addi-
sorbed in an antenna array, (2) energy is transferred from thetional long-lived transient which decayed by second-order,
antenna and sensitizes the excited state of the “special pair’equal concentration kinetics with ~ 48 M~1s~1. It was

in the reaction center, (3) the special pair excited state un-formed in low efficiency {£0.5%) and attributed to polymers
dergoes oxidative quenching, (4) spatially directed electron in which PT2+ and MV** were formed on spatially sep-
transfer occurs away from the reaction center driven by a freearated RC sites. This result can be explained by invoking
energy gradient, and (5) the oxidized special pair is reducedmechanisms in which electron transfer quenching of*Ru
with transfer of the hole to a manganese cluster where waterby PTZ or MV2t occurs followed by intra-strand hole or
oxidation occurs. electron transfer hopping to a second RC site.

A derivatized polystyrene assembly has been used to  Slow intra-strand MY+ — PTZ** back electron trans-
mimic the antenna-sensitization-electron transfer sequencefer (k < 15s1) is potentially an important observation.
of photosynthesis. In this experiment, the Os(ll) quencher It shows that photochemically generated redox equivalents
site in the mixed Ru(I1)-Os(Il) amide-linked polymers was can be created and stored on the polymers for extended
replaced by a derivative of the chromophore-donor—acceptorperiods.
complex inFig. 5. In this derivative, the bpy ligand was re-
placed by 4-Me-4CO,H-2,2-bpyridine to give [Ru(bpy-  4.4. Amide links to poly-p-aminostyrene
PTZ)(bpy-MVZH)(bpy-CO:H)]** (RC for reaction center
model) which was attached to the polymer by amide cou- The amino-derivatized version of the 1:1 styrene—
pling. The antenna-chromophore-electron transfer array [co- chloromethylstyrene polymer provided a versatile synthetic
PS-CHC(O)NH-(RU")17(RC)](PFs)ss was prepared by at-  platform for the preparation of multifunctional molecular as-
taching [Ru(bpy)(bpyCQ:H)]?* to the remaining amino  semblies with facile intra-strand energy transfer. However,

groups also by amide couplif@22]. the free radical polymerization method used to make it gives
Following MLCT excitation by visible laser flash photol- broad molecular weight distributions and high polydispersi-
ysis in CH,CN at 25°C, the polymer-bound PTZ-MV*+ ties. There is also an uncontrollable local structural irregular-

redox-separated (RS) state 8theme 10wvas formed as ity arising from random placement of the inert styryl spacers
shown by transient absorption measurements. Emission atalong the polymer backbone.

the chromophore-antenna sites was quenched3s#o com- With these limitations in mind, we investigated a second
pared to the-(Ru'"),0— homopolymer consistent with signifi- ~ approach to the preparation of amino-derivatized polymers.
cantintramolecular quenching. Energy transfer from antennalt was based on an earlier procedure developed by Naka-
RuU'* sites to RC sites was favored by0.1eV. Based on  hama and Hira¢123] involving living anionic polymeriza-
transient absorption measurement§0% of the RS state  tion of an amino styryl monomer which gives a product with-
was formed during the-7 ns laser pulse consistent with sig- out intervening spacers, Eq. (11). It utilizes a silyl-protected
nificant intra-strand sensitization. The RS state appears by aaminoethyl styrene derivative asg@cBuLi as the initiator.
combination of direct excitation followed by electron transfer The chain length of the product is controllable by control-
at the RC as ifFig. 5and by indirect sensitization by i ling the ratio of vinyl monomer to initiator. Polymerization
— RC energy transfer followed by electron transfer in the was quenched by the addition of methanol and the amino
MLCT excited state of the RC complex. There is a signifi- groups deprotected by sequential treatment with strong acid
cant contribution from excitation at antenna sites not adjacentand base. Samples prepared in this way had polydispersities
to RC followed by migration and sensitizatift2]. in the rangeMy/Mp, = 1.10-1.1§130,131]

H
z R R
n-1 . n
RM' HCl/Dioxane
—_— (11)
KOH/CH;0H,H,0O
~si"N~si— ~si"N~si~ NH,
7| > | |

The polymers were derivatized by amide coupling to
In the overall reaction, the 2.13 eV excited state energy of the carboxylic acid complexes as described above by us-
the antenna-excited states is transferred to the reaction centeing standard amide coupling conditions. Partial loading was
model where it is converted into 1.15 eV of stored redox en- achieved by using the complexes as limiting reagents. Un-
ergy as a RS state. The efficiency of formation of the RS statereacted amine sites were used to link additional functional
varies from 12 to 18% depending on the laser irradiance. At groups or capped with acetamide protecting groups by reac-
high irradiances, multi-photon excitation and excited state- tion with acetic anhydride. The contents of the final poly-
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Scheme 10. Indirect sensitization of electron transfer in the polystyrene-based antenna-reaction center model.

mer samples were determined by quantitathre NMR A structure of [PS-CHCHoC(O)NH-(RU"20](PFs)40
integrations. calculated by a Monte Carlo simulation is shownFirg. 9

The structure of a repeat unit of a polymer derivatized [126]. The large spheres in the structure are thé tations,
by addition of [Ru(bpy)(bpy-CO:H)]?t is shown as struc-  and the small spheres are thegPFanions. The calcula-
ture 2 inFig. 6. Compared to the ether-linked and earlier tions reveal that the large excluded volumes of the complexes
amide-linked copolymers, an additioralCH,— spacer is in- force the polymers to adopt extended, rod like structures. A
serted inthe link to the backbone, and there is no intermediatemetal-metal pair distribution function calculated from the
styryl spacer. The added methylene spacer was a deliberMonte Carlo simulations reveals that each complex in the
ate design feature. It was added to compensate for the lossstructure has between four and five nearest neighbors. In more
of the styryl spacers by increasing flexibility and decreas- than half of the partially nearest neighbor pairs, the periphery-
ing repulsion between adjacent complexes on the polymerto-periphery distance is R The average distance between
backbone. peripheries is 2-B.
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Polymer w
(| Backbone & Fig. 11. Structure of the bis-diethylamide derivatized repeat unit.
L 6 nm J

x 10°s~1) and emission quantum yields = 0.1Big. 10
[127].

The dynamics of intra-strand energy transfer were inves-
tigated in [PS-CHCH,>C(O)NH-(RU'") 17(0s")3](PFs)40. In
this polymer, the amide link to the polymer backbone was re-

The spectroscopic and electrochemical properties of thetained, but the remaining two bpy ligands were replaced by
amide-linked complexes are essentially those of the re- 4,4-bis-diethylamide-substitute&ig. 11) bpy. The structure
lated model complex [Ru(bpybpy)-C(O)NHCHCH,-p- of the “antenna” repeat unit is shown below. A population
CsH4Et]?T and the amide-linked complexes in the styrene- analysis revealed that statistically 24% of the polymer strands
based copolymers. There was evidence for multi-photon ef- have three Os(ll) trap sites, 35% have more than three, and
fects in irradiance-dependent lifetimes attributed to possible 41% have fewer than thrg&26].
excited state-excited state annihilation and local polarization ~The MLCT excited state energy of this complex is the
effects[124,125] same as for the bis—bpy complex withax = 640 nm. How-

A procedure was developed for derivatizing the ever, the lowest lyingt* levels are on the bis-amide bpy
terminii of the polymer. The chlorosilane derivative ligands because of the two electron withdrawing amide sub-
CISi(CHz)2(CH2)aN(SiMez), was added to living polymer  stituents. This ligand has been shown to be the acceptor in
mixture in Eq. (11) to terminate the polymerization process. model complexes based on TRIR measurements in((0@)
Subsequent deprotection of the silyl-protected amine groupregion[128,129] From the repeat unit structure shown above,
by sequential acid—base treatment and amide coupling withthis places the lowest MLCT excited state dipole aligned
[Ru(bpy)(bpy-CO:H)]?* gave the series of polymers shown  along Ru-bpy(C(O)NE, axes pointing away from the poly-
below withn = 20, 100, and 200. Not unexpectedly, the pho- mer backbone. However, the nearest nelghborperlphery -to-
tophysical properties of the MLCT excited states were the periphery distance is only 2-8 compared to A in the
same within experimental error with = 1.3us k = 6.0 copolymers.

Fig. 9. Molecular structure of [PS-GI&H,C(O)NH-(RU")20](PFg)40 from
a Monte Carlo simulation, see text.

Fig. 10. Structure of terminal N-derivatized polystyrene.
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Analysis of steady-state emission and lifetime data re- excited state interactions decrease lifetimes and introduce

vealed that quenching of B in the mixed polymer was
nearly quantitative. Most of the Bt emission that was ob-
served came from Ru(ll) homopolymer lacking an Os(ll) trap
site. Interpretation of time-resolved Rucorrected emission
data at 640 nm and s data at 780 nm by Monte Carlo sim-
ulation gavek = 2.5 x 10° s~1 as the most probable Rt —

0s! energy transfer rate constant. The time scale féFRu

RU' migrationwas 1-4 nkE 2.5x 108s 1to 1 x 10°s™1).

light intensity effect4130].

Electrogenerated chemiluminescence (ecl) was observed
from the films by cycling the potential of the underlying elec-
trode past the potential for the Ru(lll/1l) couple in the pres-
ence of oxalate anion in the external solut[@B0]. Ru(lIl)
is generated during oxidative scans, and one-electron oxida-
tion of oxalate anion, 042~ gives the radical €05~ It
is a sufficiently strong reductant that it undergoes electron

Over 80% of the energy transfer, quenching events utilized transfer to Ru(lll) to give the excited state, 'Ru+ (C04)~

one or more R* — Ru! migration steps. There are contri-

— RU'* + 2 COp. A related chemistry betweer,O42~ and

butions to energy transfer from pathways in which there are [Ru(bpy)k]®* in solution has been described by Bard and

100 and more migration stefik26].

Comparison with results on energy transfer in structurally
related Ru(11)—Os(Il) ligand bridged complexes pointed to en-

coworkerg132].
Electro-luminescence was also observed by cycling the
underlying electrode over a potential range sufficient for ox-

ergy transfer dominated by a through-space mechanism posidation of Ru(ll) to Ru(lll) followed by reduction of Ru(ll)

sibly with contributions from bothﬁrster and Dexter trans-
fer. These results show that the 2x-Beriphery-to-periphery

to Ru(l) (RU' (bpy*~)). Emission is induced within the films
by electron transfer from Ru(l) to Ru(lll) to give Btiby the

distance between nearest neighbors is sufficient to promotereaction, Rti+ Ru!' — Ru' + Ru'*, which is favored by
facile energy migration even with the excited state dipoles AG° = —0.6eV[130].

aligned away from the polymer backbone. There are contri-

Intra-strand Rl* — Od'! energy transfer was investi-

butions to electronic coupling from super-exchange mixing of gated in [PS-CHCH,C(O)NH-(RU! N17(08")3](PFe) a0 con-

low-lying polymer and solvent excited states with the MLCT
excited statefl21,126]

4.5. Photophysical and electron transfer properties in
rigid media

taining the Ril amidebpy complex ifigure 11in frozen 5:4
(v:v) butyronitrile:propionitrile solutions at 77K, in poly-
methyl (methacrylate) (PMMA) films, and in SyOxero-

gel monoliths. Comparisons of steady-state emission spec-
tra for the mixed polymer and the homopolymer [PS-
CH,CH,C(O)NH-(RU'")20](PFs)40 in solution and in the

The experimental results discussed here on intra-strandthree rigid media reveal that extensive!'Ru> Os' energy
polymer dynamics were all obtained in solution. Of greater transfer continues to occur in all three rigid media. The extent
interest in possible device, applications is the demonstra-of quenching is medium dependent decreasing in the order:
tion of photo-induced electron and energy transfer in the PMMA > SiO; xerogel > 77 K nitrile glas§l133]. Transient
rigid environments of composite materials or films, or on emission monitoring by time-correlated single photon count-
surfaces. ing at 640 nm for RU* and at 730 nm for A% reveals that

The polymer [PS-CHICH,NHC(O)-(RU')1g](Cl)36 was  the majority of the Rl decay, which occurs on thens time
incorporated into Si@sol—gels by adding the polymer as a  scale, coincides with a growth in &semission. The dynam-
component to solutions in which the gel was formed by acid ical observations are consistent with rapid, efficien Ru>
hydrolysis of Si(OMe) with Triton-X 100 added as a sta- Os' energy transfer.
bilizer. Stable films of the resulting polymer-gel composites ~ Continued energy transfer and migration in rigid media
were formed on glass surfaces and on the surfaces of opticallywas explained by applying energy transfer theory. The clas-
transparent, Sn(IV)-doped40s (ITO) electrodes for com-  sical barrier to energy transfer is actually decreased in a rigid
bined spectral-electrochemical measurements. The stabilitymedium compared to a comparable fluid. This is because
of the resulting gel-polymer film composites toward leach- the orientational polarization is frozen. In solution, this po-
ing of the polymer and the spectroscopic, excited state, andlarization reorients to the charge distribution of the excited
oxidation—reduction properties of the polymer in the films state. Solvent reorientation at both the excited state donor
were all investigatet130,131] and ground state acceptor contribute to the energy transfer

The polymer-containing thin film composites are open barrier. A related analysis has been applied to excited state
to small molecule diffusion from the external solu- €lectron transfer in rigid media where medium and counter
tion. Based on cyclic voltammetry measurements on the ion effects play a more important rof&34].

Ru(ll)/(1) couple in the films, the Ru(ll) polymers can Time-resolved emission decay dynamics for [PS-
act as redox mediators toward the Os(Il) polymer [PS- CH2CHC(O)NH-(RU')17(0s")3](PFs)s0, the two ho-
CHoCH,CNHC(0)(08 )20](PFs)40 in an external solution ~ mopolymers [PS-CHCH,C(O)NH-(M")20](PFs)a0 (M" =
since the polymer is too large to diffuse through the films Ru' and O$), and the model complexes [M(bpy3,4-
[131]. RU'* excited state decay is multi-exponential and ki- (C(O)NE)2-bpy)?* (M = Ru and Os) were analyzed in
netically complex as expected. There is a distribution of emit- PMMA [135]. Direct evidence for facile Rtf — Ru'
ting sites and multi-photon effects arising from excited state- migration and Rli* — Os' energy transfer was obtained by
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time-correlated single photon counting in the frozen nitrile We turned to solid phase peptide synthesis and the step-

mixture. Non-exponential decay kinetics and red-shifted, by-step construction of oligopeptides as a way to control

time-dependent emission spectra were observed even foithe spatial dispositions of added functional gro(ip38].

the homopolymers. These effects were attributed to local The goal was to prepare chromophore-electron transfer as-

inhomogeneities and rigidity which create a distribution of semblies with control of both spatial disposition of added

sites. Excitation is followed by excited state migration to groups and the three-dimensional structure of the resulting

low energy sites which causes a time-dependent red shiftassembly.

in the emission and decreased lifetimes. Emission lifetimes

are decreased because of the smaller excited-to-ground statg 1. Amino acid assemblies

energy gaps at the lower energy sites. Related phenomena

appear for organic excited states in rigid meflia6] and An initial assembly was prepared based on triple

MLCT excited states in electropolymerized filfisS7]. derivatization of the amino acid lysine (Lys-2NCH;
(CH2)4NH2)CO2H which contains an amino group in a
side chain of the amino acid. [Ru(bpfpy-COH)]%+

5. Oligoproline assemblies was first coupled with the BOC-protected amino acid
(BOC is 1,1-dimethylethyloxycarbonyl), and the electron

The experiments with polystyrene demonstrated the via- transfer acceptor and donor were subsequently added

bility of derivatized polystyrene as a scaffold for constructing in sequential steps. In the amide coupling reactions,

multifunctional molecular assemblies. With the amide link- N,N’-dicyclohexylcarbodiimide was added as a dehy-

age chemistry and anionic polymerization, polymer samples drating agent, N-methylmorpholine as a base, and 4-

can be prepared having variable and relatively narrow molec- (dimethylamino)pyridine as an acylation cataljis88—140]

ular weight distributions. In these polymers, the relatively As illustrated inScheme 11MLCT excitation of the re-

large Ru(ll) and Os(ll) polypyridyl complexes enforce rod- sulting assembly in CECN at 298 K is followed by electron

like structures with closely spaced nearest neighbors. Intra-transfer quenching of the MLCT excited state, presumably

strand energy migration is rapid. Energy transfer continues by initial oxidative electron transfer to M& and rapid PTZ

to occur in rigid media. The results with the antenna-reaction — Ru"" electron transfer, to give the PTZMV*-based,

center model polymer show that the polystyrene scaffold can 1.14 eV redox-separated state. The RS state is formed with

support and promote multiple functions in the same molecu- an efficiency of 0.34 and undergoes back electron transfer

lar array. with k= 6.8 x 10°s1[141-143]

The use of pre-formed polymers has the significant disad-

vantage that there is no control over the relative spatial dispo-5 2 - Oligoproline assemblies by solid-state peptide

sition of functional groups as they are added to the polymer. gynihesis

Even in a partly loaded homo-polymer, with a single type of

added funqtional group, the spatial loading alpngthe polymer  preparation of the lysine-based donor-chromophore—

backbone is presumably random perhaps oriented somewhajcceptor complex3cheme 1)ldemonstrated the feasibility

by the molecular volumes of the groups added and electro-of preparing complex redox assemblies by high yield amide

static effects. coupling reactions. The next step in preparing large-scale

PTZpn-Lys(Ru""b,m)>*-NH-prPQ>*

", A .‘N
0 A
>=0 HN>=O
HN
0} —\ ®
O I OO
PP WS PN Ve B o e W
S N TN T\ - H 0o
Sy 4 H &8 CH;CN O -

- (|
k=6.8x10"s Opg = 0.34

AG°=1.14eV

Scheme 11. Photochemical electron transfer scheme.
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\1\9 assembly is cleaved from the solid support.

SQ N/ P-C(O)C(R)NH-Boc2 P-C(R)NH

a
N OH _
Y e FBOCNHCRICOH b _(0)C(R)NHC(0)C(BNH-Boc

NH,
12
PTZpn-OH —‘ 2+ PQ**pr-NH, (12)
Electron Donor ¥ ' Electron Acceptor Gaining control of the three-dimensional structure of the
f
n, I_\\\\N F

N\

&N resulting assemblies required an additional feature. Proline is
N N/R|“\ the only natural cyclic amino acid. An oligoproline chain of
N\ N 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 | and Pro Il. Pro | is a right-handed helix consisting lo-

OH cally of cissamide bonds and is favored in non-polar solvents.
(j\N The structure repeats itself every 3.3 residues with a repeat
ﬁ'o Ho© spacing along the helix of 6. Pro Il is a left-handed helix
with local cissamide bonds, repeats itself with three residues
Boc-Lys(Ru'lb,m)?*-OH per turn, has a repeat spacing of 8,4ind is favored in polar
Chromophore Module solvents, notably water. Polyproline spacers had been used

Fig. 12. Components of the lysine-based donor-chromophore—acceptor as-preVIOUSIy to study distance effects inintramolecular electron
sembly. transfer{145-148]

Exploiting the oligoproline helical structural motif as
assemblies was to exploit solid-state peptide synthesis. Thisa scaffold for photochemical assemblies required prepara-
was a technique pioneered by Merrifield and coworkers in tion of appropriate synthetic amino acids containing a chro-
which oligopeptides are prepared on a solid support by step-mophore and electron transfer donors and acceptors com-
wise amide couplin¢144]. bined with solid-state peptide synthesis. This was accom-

A BOC-protected amino acid is first bound to a solid sup- plished by first preparing the optical isomer of the azido-
port, typically a chemically derivatized resin containing an proline shown agin Scheme 12nd reducing it to the amine.
amine, for example, a methylbenzhydrylamine-resin. Depro- The amine group was Boc-protected and then amide coupled
tection of the Boc protecting group frees the amine group for with [Ru(bpy)(bpy-CQ:H)]?* and carboxylic acid deriva-
amide coupling. As shown iBq. (12)with P the solid sup-  tives of PTZ and the electron transfer acceptor anthraquinone.
port, subsequent amide coupling with a second Boc-protected ~ With the series of Boc-protected amino acids in hand,
amino acid or oligopeptide adds to the growing oligopeptide solid-state peptide synthesis was used to construct the 13-
on the resin. The stepwise nature of the procedure providesresidue oligoproline shown iRig. 14 The line structure in
control over the order of addition and thus the spatial com- Fig. 14 clearly illustrates the relative positions of the func-
position of the oligopeptide. In the final step, the peptide tional groups. The use of two proline spacers between func-

o All cis-amide bonds o All trans-amide bonds
« Right-handed helix o Left-handed helix
« 3.3 residues per turn 3.0 residues per turn

Fig. 13. Structural details of Pro | and Pro Il oligoproline helices.
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H,*Cl HN™ O
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o/\NH HN
Bod  CO,H Boc CO,H
5 6

Scheme 12. Synthesis of Boc-protected proline redox modules.

tional groups favors the Pro Il helix over Pro | because the exponential kinetic expression wikh = 3.3 x 10~4s~1 and
larger helical repeat distance for Pro Il decreases steric repul-k, = 0.8 x 10~4s~1 consistent with an unwinding-rewinding

sion. The terminal CEICO-Prg- and -Pra-NH» segments
allow the helix to begin and end with a capped ftorn
which helps to prevent unwinding of the helix.

Circular dichroism (CD) measurements in the-> =*,
m — " amide region in the UV show that the 13-residue
oligoproline adopts the Pro Il helical structure in water. Itis a
stable structure, heating to 86 resulted in minimal change
in the CD spectrunj149]. The structure is maintained in
CH3CN even though non-polar solvents typically favor Pro
I. As noted above, this is a consequence of thexFspacers

process involving a series of intermediaf&S0].

The space filling structure iRig. 14 was calculated by
using Biosym Insight Il (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 Il 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

and the large appended functional groups which favors thetransient absorption and emission measurements gOBH

more open Pro Il helix.

The same assembly, but with Rri@rmini, does undergo
Pro Il and Pro | interconversion in GI&N, at least at the
Proy termini. The kinetics are complex but could be fit to a bi-

%{v (460nm)

(6}

HN HN
e CLAUL QL QLS
0 (e} o3 0 O O O 6] o]

at 298 K. MLCT excited state quenching and the appear-
ance of PTZ* (Amax = 510nm) and the anthraquinone
radical anion (Ang~, Amax = 590nm) occurred simul-
taneously on a time scale of 20ns to give the final

(0]
NH
0O o0 0 0 o5 O

Fig. 14. Two views of oligoproline assembly)(
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— > ANQ-RuT(p,m*y***-PTZ ——

N

ANQ - Rul(b,m*)" - PTZ*" ANQ* - Rul(b,m)** - PTZ

+hv \ / 1/t
(@ (@ (e ) (® ®)

ANQ* - Rull(b,m)** - PTZ**

l ®

ANQ -Rull(bm)*" -PTZ" =~ — |

Scheme 13. Kinetic scheme following MLCT excitation of oligoproline assenily (

redox-separated state @EIO-prg-pra([PTZ*]pn)-Pra- largely triplet spin character of the initial MLCT excited

pra(Rubm)?t-Pro-pra(And~)-PrsNH,. The RS state  state is expected to be largely retained in the initial electron

was formed in 53% efficiency, stored 1.65eV relative to transfer product3(PTZ*+t—Ang* ), but 3(PTZ*+t—Ang* )

the ground state, and returned to the ground state by<« L(PTZ**—Ang®~) spin interconversion is expected to

Ang*~ — PTZ** electron transfer withk = 5.7 x 10°s~1 be rapid with the3RS and!RS states nearly degenerate

[149,151] [151]. The dominant mechanisms ffRS— RS spin inter-
The effect of solvent on the appearance and decay of conversion are anisotropic hyperfine coupling and electron

the redox-separated state by the reactionSdaheme 13  spin—spin dipolar interactiorj$52,153]

was investigated in solvents ranging from dichloroethane  The solid-state peptide synthesis technique allows vari-

to dimethylacetamide. Quenching is dominated by PTZ ations to be made in the order of groups added, the num-

reductive electron transfer (reaction cScheme 1B8which ber of intervening spacers, and the number of pro groups at
is favored by AG® = —0.24 to —0.44eV depending on the termini. We have used this flexibility to prepare a series
solvent. Quenching is followed by rapid *m — Ang of oligoproline assemblies with the goals of extending the

electron transfer (reaction (e)) which gives the RS state. synthetic chemistry, exploring fundamental issues in photo-
There is a solvent dependent competition between reaction echemical electron and energy transfer, and pursuing possible
and mt~ — PTZ*" back electron transfer to give the ground applications in artificial photosynthesis.
state (reaction (d)) with the yield of RS state varying from In Fig. 15are shown line structures for two oligoprolines
33 to 96% depending on solveil]. designed to explore the role of distance on intra-helical elec-
Depending on the solvent, the transient energy storedtron and energy transfer dynamics. In these assemblies, elec-
in the RS state varied from 1.46 to 1.71eV. The rate con- tron withdrawing 4,4pyrrolidine-substituted amide groups
stant for Anq~ — PTZ** back electron transfer (reaction were added to the bpy ligands to increase the potential of
(i)) was also solvent dependent withvarying from 5.2 the MLCT excited state as an oxidant in order to ensure
x 10P (dichloroethane) to 7.% 10°s~1 (butyronitrile) at that excited state quenching occurred by PTZ reduction and
22 + 2°C. Back electron transfer occurs by direct, prob- reaction (c) inScheme 13This increases the yield of the
ably through-space electron transfer (see below). The in-PTZ*T—Ang®~ RS state. The substituent change decreases
direct pathways involving reversal of the electron trans- AG° for PTZ — Ru'* reductive quenching from-0.1eV
fer chains: (1) Rl — PTZ** electron transfer to give to —0.3eV and increasesG° for Anq oxidative quenching
Ang*——RU" (bom)3*—PTZ followed by rapid Antf — from 0to +0.1 eV. The Proterminal segments were added to

RuU" electron transfer, reaction (g), and (2) Ang— m elec- provide nucleation sites for interconversion between the Pro
tron transfer to give Ang—Rib,m*~)t—PTZ* followed by I and Pro Il helices at the termifil54].

rapid n?~ — PTZ** electron transfer, pathway (d)- can be Quenching of assembly ZRA2 in GEN at 25°C was
ruled out on energetic grounfs51]. 90% complete and occurred wikh 2 x 107 s~ to give the

The electron transfer matrix elemenips = 0.13eV, RS state CHCO-Prg-pra(PT2")-Pro-pra(Ru(pym]?t-
was estimated by an independent evaluation of the param-proy-pra(Ang-)-Proy-NHz as shown by transient absorption
eters defining the electron transfer barrier. The magnitude measurements. Once formed, the RS state underwertt’PTZ
of Hpa presumably reflects the extent of coupling between — Ang®~ back electron transfer to give the ground state with
the singlet component of the RS state and the singlet groundkgt = 4.8 x 10°s~1. This rate constant is the same within ex-
state with back electron transfer occurring by spin allowed perimental error as the rate constant for back electron transfer
Y{PTZ2+—Ang*~) — 3(PTZ-Anq) electron transfer. The in assemblyl (ZRA1) showing that replacement of the pro
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Fig. 15. Line structures for the amide-derivatized oligoprolines.

termini by Pr@ termini has a negligible effect on intra-helical
electron transfer dynami¢$54].

quenching by Ang does notoccur because the reactionis unfa-
vorable thermodynamically. However, excitation at Ru(ll,b)

In assembly ZRRA, 13 proline spacers intervene be- can contribute to the appearance of the RS state by initial
tween PTZ and Ang. The spatial demands on electron trans-Ru(ll,by* — Ru(ll,a) energy transfer followed by the elec-

fer in reaching the PTZ—Ang"~ RS state are consider-
able. Excitation at the Ru(ll) complex adjacent to PTZ,
Ru(ll,a) followed by PTZ— Ru'* quenching would give
the PT2T—Ru(ll)p*~ electron transfer pair. In order for
the PT2T-Ang®~ RS state to be reached that long dis-

tron transfer sequence Eq. (13) The quenching efficiency
for ZRRA in CH3CN is only 60% suggesting that Ru(ll}b)

— Ru(ll,a) energy transfer is slow relative to the lifetime
of Ru(ll,b)*, but that it still contributes since the overall ef-
ficiency exceeds 50%. This is consistent with the results of

tance, electron transfer must occur between the reduced bpydirect measurements described below. In ZRRA, the spatial

pyrrolidine ligand and Anq by — Anq electron transfer.
This could occur by the hopping mechanismiq. (13)in
which inter-complex b~ — p electron transfer is followed
by p*~ — PTZ** electron transfer.

+hv
—

— —(PTZ*)-Prop-[Ru" (p*")(p)m] -
[Ru" (p)om]**-Proz-(Ang)-
[Ru" (p)ym]>* -Pros-[Ru" (p* ") (p)m]
— (PTZ")-Proz-[Ru (p)om] "

-Prop-(Ang®)-

Pros-

— (PTZ**)-Prop-
-Prop-(Anq)-
-Pros-[Ru (p)m]” -
13)

Excitation at the Ru(ll) complex adjacentto Ang, Ru(ll,b),

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 ZRAA54].

Back electron transfer between Angand PT27 in
ZRAZ2 s essentially temperature independent. Thisrules outa
mechanism involving reversal of the electron transfer chains,
e.g., by Anq— — [Ru(pym]** — PTZ** or [Ru(ppm]?+
— PTZ** followed by And~ — [Ru(p)m]3* electron
transfer sinceAG° = +0.19 and +0.63 eV for the initial elec-
tron transfer steps. The dominant mechanism is long-range,
through-bond or through-space Ang— 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 facterd

is unproductive in a direct sense. Oxidative electron transfer to 5.0 x 10°s1[154].
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Fig. 16. Line and calculated structures for the Ru(ll)-PTZ oligopeptides.

The kinetics of back electron transfer in ZRRA in gEN An important next step was a systematic investigation of
were studied in both the Pro | and Pro Il helical forms. The the kinetics of intra-helix electron and energy transfer. The
kinetics of interconversion between the two had been stud-first study investigated the distance dependence of electron
ied earlier by time-dependent CD measurem@hi®]. For transfer in the series of Ru(ll)-PTZ assemblies shown in
the back electron transfer study, ZRRA was isolated in the Fig. 16 They were constructed by solid-state peptide syn-
Pro Il form following aqueous purification by chromatogra- thesis.
phy. The kinetics of back electron transfer in &EN were Both aline structure and a structure calculated by using the
measured before significant Pro# Pro | interconversion =~ MM4 method implemented in the SPARTAN 5.11 package
had occurred (0.5 h). The experiment was repeated after 36 (\Wavefunction Inc.) are shown ig. 16 In the actual assem-
when conversion was complete. The rate constants fotAnq  bly, the amide-derivatized bpy ligand, 4{£(ONEb))bpy,

— PTZ** electron transfer in the Pro | and Pro Il helices was used in place of bpy to ensure rapid''Rwexcited
were the same within experimental errkrs 5 x 10°s™1 state quenching by PTZ. A high-level ab initio calculational
[154]. method based on Density Functional Theory (DFT) was

This was cited as evidence for a through-bond electron used to calculate the structures of the Ru(bpy)-proline and
transfer mechanism. There are 47 intervening covalent bondsPTZ-proline residues. In these calculations, the complexes
between Ang~ and PT2™ in either helix, but the through-  were simplified by using bpy rather than amide-jp$5].
space distance is longer bgll4,& for Prollcomparedto Pro  The DFT calculations revealed that there is a significant H-
I. However, as noted below, there is relatively clear evidence bonding interaction between the proton on the N atom of PTZ
for through-space electron transfer in a related series of oligo-and the CO of an adjacent amide group as shown by the tilt of
proline assemblies. An alternate explanationisthatPre Il  the PTZ group shown iRig. 16 The through-space distances
Pro | interconversion only occurs at the ptermini. fromthe S atom of the PTZ to the center of the Ru(ll) complex
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vary from 8.0 to 21.4 as the number of intervening prolines
(n) is varied from two to five. Through-space distances for
bpy(C(O)NEp)~ — 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 4These

are the through-space distances from the S atom of PTZ to

the center of the nearest bpy(C(O)Ntligand.

The assemblies exist in the Pro Il form in water. Excited
state quenching in water occurs in the normal region with
AG°=-0.1eV. Quenching istemperature dependent &ith
~ 2 kcal/mol consistent with activated electron transfer. Back
electron transfer is highly favored withG°® = —1.8 eV and
occurs in the inverted region. It is essentially activation-less
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The experimental rate constants were corrected for the
solvent dependence predictedby. (14)by definingkg; =
ke exp—{8[€2((1/do) — (1/d))((1/Do) — (1/Ds))]}. Accord-

ing to Eq. (14) through-bond and through-space electron

with E, ~ 0 as expected for electron transfer in the inverted transfer are predicted to have distinctly different distance de-

region and excited state nonradiative def&8;117,156]

The kinetics of RIi* quenching by PTZ were monitored
by transient absorption and emission and [bpy(C(O)NET)
— PTZ** back electron transfer by transient absorption. The
rate constants decrease ®%0° asn was varied from 2K
=2 x 1°s ) to 4 (2x 1P s 1), butker increases by-10

pendences in both the normal and inverted regionkg-{n
is predicted to vary withr — rq for through-bond electron

transfer and withld — dp for through-space transfgr55].

It is apparent from the plots of ki versusr — ro and
Inkgr versusd — do in Fig. 17 for electron transfer in

the normal region (for the quenching step; = k) that

betweem = 4 and 5. The increase in the number of proline the data fit the latter and not the former consistent with
spacers by one increases the through bond distance, but

the through-space distance decreases because of the helic
repeat in the oligoproline scaffol&jg. 16 This observation
is inconsistent with simple through-bond electron transfer
[155].

The distance dependence kgt includes contributions
from both the electron transfer matrix elemehips) and
the solvent reorganization energyyj. Including both gives
the expressions iEq. (14) for the distance dependences
of through-bond or through-space electron transfer in the
normal and inverted regions. The terms that appedtgn
(14) are:

e f: the distance attenuation factor;

e 1 andrg: the through-bond distances (4.9 or Aser pro-
line; residue) withrg = 5.0A (n=2) as the reference dis-
tance;

d anddp: the corresponding through-space distances with
do = 8.0A;

Dop andDs: the optical and static dielectric constants of
the medium;

hw and S the quantum spacing and electron-vibrational
coupling constant for the vibrational mode coupled to the
transition in the average mode approximation.

Ep
v (Sha))

Eop: the energy gap (&G° — Aq)
Through bond:

ket = ket(r, d) = ket(ro, do) exp—[B(r — ro)] exp 8

(& 2) (5, )

do d)\Dop Ds
(normal region)

4RT

25

Ink', (r,d,)

25

20 4

=
B =0.41

n

In(k',

14

Fig. 17. Plots of Ik, vs. through-bondr(— ro) and through-spacel (—
do) distances in water at 2%. kg is the electron transfer quenching rate
constant corrected for the distance dependenag.of
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Fig. 18. Line structures of the antenna-electron transfer oligoproline arrays.

through-space electron transfer. With distances of this mag-These are typically collective reorientational modes in the
nitude and through-space electron transfer, super-exchangeolvent.
coupling with the solvent and oligoproline scaffold no doubt

play important roles in promoting electronic couplifig5]. 5.3. Summary and conclusions
Distance attenuation factors were evaluated from plots of
Inkgr versusd — do for both normal g = 0.41) and in- The oligoproline approach to molecular assemblies offers

verted electron transfep(= 0.48). The coincidence of the flexibility and synthetic versatility and, with proper design,
two values within experimental error is of fundamental sig- facile intra-helix electron and energy transfer between ap-
nificance. Electronic coupling is weak and electron transfer pended functional groups. There is promise for adding cat-
non-adiabatic in both cases. In both cases, reaction dynamicsilytic sites to the Ru-bpy-based chromophore-electron trans-
and the frequency factor for electron transfer are controlled fer apparatus as a way of utilizing photochemically produced
by electron tunneling and the magnitudeHa . oxidative and reductive equivalents to drive irreversible re-
If electronic coupling is strong, electron transfer is adi- actions which is one of the goals of artificial photosynthesis
abatic and the transferring electron is in equilibrium with [20,157]
the coupled vibrational and solvent modes. In the inverted  The work described above was extended in two directions.
region or in excited state nonradiative decay, the dynamicsin one, Fig. 18 the chromophore-donor—acceptor motif in
of barrier crossing and frequency factor are dictated by the oligoproline assemblies ZRA1 and ZRA2 was maintained
dynamics of vibrational modes that couple the initial and as the number of intervening Ru(ll)-bpy chromophores was
final electronic states and not by the extent of electronic cou- increased from one to thrg&58].
pling. With strong electronic coupling and adiabatic elec-  This series was designed to explore the feasibility
tron transfer in the normal region, barrier crossing dynam- of imbedding an antenna-chromophore array within the
ics are dictated by the slowest coupled nuclear motions. PTZ-Anq quencher-electron transfer pair. The dynamical
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studies described above showed that RFZRu'* quench-

ing is efficient witht ~ 20-30ns compared to the lifetime
of the excited state of = 10° ns. Anq quenching of Rix is

slow and inefficient. If energy migration across two proline
spacers is sufficiently rapid, excitation at any of the Ru(ll)
chromophores in the assemblies with 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-@EH>C(O)NH-
(RU"")17(0s"3](PFs)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**—Ang'~ pair.

The second extension was related to the first and designed
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as in the polymer-based assemblies.

The line structures of two oligoprolines in this series are
shown inFig. 18 All contain a Ru(ll)-Ru(I)-Os(ll) ar-
ray with the number of proline spacers varied in the se-
riesn = 2, 3 (not shown), and 5. Initial steady-state and
time-resolved experiments in GBN reveal that Rl —
0s! energy transfer, which is favored by 0.4 eV, is rapid for
all three on the ns time scale. Energy migration by Ri(ll)
— Ru(ll) hopping is slower and clearly distance dependent
[159].
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