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Abstract - Polypyridyl complexes of Ru(II), 0s{II), and Re(I) absorb

visible light through metal to ligand charge transfer (MLCT) transitions.
Molecular assemblies have been designed incorporating the excited states
to allow study of intramolecular electron and energy transfer processes.

INTRODUCTION

The study of photochemistry has been greatly enriched by polypyridyl complexes of Ru(II) and
0s(II). Although these complexes have been known for some time to be visible light emitters,
most of the interest in their excited states has come from a recognition of their electron
transfer properties. The combination of visible light absorptivity and excited state
electron transfer has led to many fundamental studies and to a variety of photoconversion
schemes based on initial excitation and electron transfer quenching (refs. 1 - 3).

In this account I will summarize the efforts of my group to understand and exploit light
induced, intramolecular electron and energy transfer based on polypyridyl complexes of
Ru(II), 0s(II), and Re(I). Before surveying our results, it is of value to summarize what is
known about the basic photochemical and photophysical properties of these complexes.

METAL TO LIGAND CHARGE TRANSFER (MLCT) PHOTOCHEMISTRY

Although polypyridyl complexes such as [Ru(bpy) ]2+ (bpy is 2,2'-bipyridine) are relatively
large, complex molecules, much has been learned about their photochemistry and photophysics
by a combination of spectroscopic and time resolved emission and absorption measurements
(ref. 1). These complexes characteristically absorb light in the visible region. The
origin of the visible light absorptivity lies in a segies of metal to ligand charge transfer
(MLCT) transitionms involving excitation from the (dm)° core at the metal to lowlyingmr*
acceptor levels on the polypyridyl ligands, eq. (1).

Ru(bpy)32+ —Ejia (bpy) RuIII(bT )2+* (1)

(a® <dﬁ> Sarey?

In fluid solution the electron resides on one of the three bpy ligands but, no doubt,
undergoes rapid intramolecular transfer among them.

The electronic structures of these complexes are complicated (refs. 4,5). There are a
series of MLCT transitions because the lower than Oh symmetry at the metal splits the d«r
levels and a series of TT* acceptor levels exist at the ligands. In addition, excited states
of T* and dd orbital origins exist at energies which are comparable to those of the MLCT
states in the excited state manifolds. By making vaEiations in metal and llgandﬁ the lowest
excited state can be tuned from dd, e.g., [Fe(bpy)s 17, to 1T*, e.g., [Rh(bpy),]”'. For
complexes of Ru(II), 0s(II), or Re(I), the visible absorptiv1ty is usuallg domi Tted bg MLC
transitions to excited states that are largely singlet in character, [(d 37T ]
%missi n ociurs from corrgsponding states which are largely triplet in character, -1

[(dn) aml] bYs (d°. The "singlet™ and "triplet” states are separated by ~5000 cm ~.
They are not pure spin states but are extensively mixed by spin-orbit coupling.

The decay of MLCT excited states in fluid solution is typically dominated by nonradiative
processes. In nonradiative decay, the excess energy that is released in the excited to
ground state electronic transition must appear in the surrounding vibrations and in the
solvent. From spectroscopic measurements the energy released appears largely in seven y(bpy)
ring stretching modes with lesser roles played by low frequency metal-ligand modes and the
solvent (ref. 6). By gomparing nonradiative rate constants for related families of complexes
such as [(bpy)0s(L), ] (L = py, PRy, CH4CN, ...), it has been found that nonradiative decay
follows the qualitative energy gap iaw in eq. (2).
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In eq. (2), E is the energy gap between the excited and ground states, fiw= hv is an averaged
vibrational spacing for the bipy based ring stretching modes, and = 1n(E/Sfiw)-1. The
quantity S is the electron-vibrational coupling constant; it is proportional to the square of
the change in equilibrium displacement in the averaged V(bpy) mode between the ground and
excited states.

LIGHT INDUCED ELECTRON AND ENERGY TRANSFER

Light absorption occurs with the promotion of an electron to a higher level, e.g., eq. (1).
The resulting excited state has both enhanced oxidizing and reducing properties compared with
the ground state. This is especially clear for an MLCT excited state such as [Ru(bpy)3]2+*
given the combined oxidized-metal, radical-anion orbital character of the excited state.
Kinetic quenching and spectroscopic techniques have been utilizig to estimate reduction
potentials for MLCT excited states. The results for [Ru(bpy)3] * in CH3CN are summarized in
the Latimer~type diagram shown in Fig. 1.

) 24+
0.81V_ Ru(bpy)s +0.77V Fig. 1. Reductiop potentials
*

+2.1eV for [Ru(bpy);]

(0.1M [NEt,]1Cl10 CH,CN, vs.
3 . 4 ’ s
Ru(bpy)s*—+1:31V. Ru(bpy)?* —135Y Ru(bpy)}  scr, 205 4 20y ©

MLCT excited states characteristically undergo facile electron transfer as shown by the
examples of oxidative and reductive quenching in reactions (3) (ref. 8) and (4) (ref. 9).

Ru(bpy)32+* + PQ2+-—+ Ru(bpy)33+ + PQ+ (3)
Ru(bpy)32+* + Me,NPh — Ru(bpy)33+ + MezNPh+ (4)
Me-N Oy~ O N-m?
(PQ*)

Electron transfer is rapid, one reason being that the complexes are large which minimizes the
solvent reggganizational barrier. A secopd reason is that the strugtural differences between
[Ru(bpy)3]“"* and its reduced, {Ru(bpy)3l”, or oxidized, [Ru(bpy)s] +, neighbours are slight,
which minimizes the inner-sphere reorganizational barrier to electron transfer.

By photolyzing solutions which contain both an electron transfer acceptor and a donor, it is
possible to utilize coupled electron transfer reactions, such as those shown in Scheme 1, to
convert the initial energy of the excited state into a transiently stored redox energy (ref.
10).

Scheme 1 Ru(bpy)32+ by, Ru(bpy)32+*

RU(bpy)32+* + ¥t — Ru(bpy)33+ + pQt

NPh — Ru(bpy)32+ + MeNPhT

Ru(bpy)33+ + Me 2

2

Q%" + Me,Neh —B% 2t 4 meNPR'
Just as barriers to electron transfer are low and electron-transfer rate constants high, MLCT
excited states undergo facile energy transfer quenching by a variety of organic or transition
metal complex acceptors, e.g., reaction (5) where An is anthracene (refs. 11,12).

+ An — Ru(bpy)32+ + 3An (5)

+
Ru(bpy)32 *
Energy transfer is facile because the structural differences between the ground and excited
states are relatively small, In addition, the mixed spin character of the excited states
provides them, at least in theory, with the ability to undergo energy transfer by either
troplet (exchange) energy transfer or Forster singlet energy transfer.

INTRAMOLECULAR CONTROL OF LIGHT INDUCED ELECTRON AND
ENERGY TRANSFER

Much of our recent work on MLCT excited states has been directed toward incorporating the
excited states into molecular assemblies in order to study intramolecular light induced
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electron and energy transfer processes. There are several goals to this work. One is to
utilize well defined MLCT excited states to explore the fundamental details of how electron
and energy transfer occur. Another is to learn how to prepare molecular assemblies in which
long range energy or electron transfer can occur and, in so doing, to mimic, for example, the
reaction centre in photosynthesis. Still another is to prepare assemblies which can act as
interfaces between simple excited state electron transfer and the multielectron catalysts
that are required to carry out such small molecule redox reactions as the oxidation of water
to 0, or the reduction of CO,, Finally, we hope to be able to translate the solution based
photdchemistry to polymeric %ilms where it may be possible to utilize molecular level
photochemistry in device-like applications.

Electron transfer

One of our initial goals was to reconstruct the excited state quenching scheme in reactions
(3) or (4) intramolecularly by attaching the quenchers directly to the chromophore. As our
initial choice for an electron EEansfer acceptor we turned to the alkylatid pziidinium, MQ+,
which is a close+re%ative of PQ°" and prepire%+the complexes [Ru(bpy)z(MQ 1177 (ref. 13),
[0s(bpy),(COX(MQ )] * and [Re(bpy)(CO)3(MQ )17 (ref. 14), 1In all thfee cases, direct
experimefital evidence has been found for intramolecular eiectron transfer following initial
MLCT excitation. The Re(I) complex has been studied in the greatest detail, and the sequence
of events that occurs following Re  bpy excitation is shown in Scheme 2 (ref. 15).

[(bBy)Rell(COY3(MQ*))+* Scheme 2
\( > 2x108 -1
hv [(bpy)Rell(CO)3(MQ)I+* N Y
/ k= 1.9x107 s-! O ON Me
[(bpy)Rel(CO)3(MQH)I* (MQ*)

(295 k, CHaCICH2Cl)

There are some interestin§ nuances to this system. The MQ+ based state that is formed as a
consequence of bpy —* MQ' Intramolecular electron transfer is a lower energy MLCT excited
state of the system and is a weak emitter. There is a considerable change in structure at
the MQ 1ligand between the ground and excited states. The angle between the pyridyl rings
apparently changes from~45° in the ground state to a nearly coplanar structure with 6~ 0° in
the excited state (ref. 16). Intramolecular electron transfer does not occur in solvent
glasses at low temperature because the surrounding solvent dipoles are frozen and can not
reorient (ref. 17). However, in the derivative [(4,4'-(NHZ)Z—bpy)Re(C0)3(MQ+)]+, ~AG for
(4,4'-(NH,),-bpy) —> MQ electron transfer is increased to 1.0 eV. Electron transfer does
occur in Eow temperature glasses for this complex because it occurs in the Marcus "inverted
region”.

For reductive quenching we have turned to derivatives of dimethylaniline and phenothiazine.

NC-@—NMe2 'oz,c-<(:)>-NMe2 N@_CHZ_NE ES
(py-PT2)

Complexes such as [Os(bpy)z(CO)(p-O CCgH, NMe MY or [Re(bpy)(CO)3(py-—PTZ)]+ have been
prepared. The photophysical proper%ies of tﬁe Re complex have béen investigated in detail by
transient absorbance and emisslon experiments. These studies have revealed that the sequence
of events shown in Scheme 3 occurs following Re — bpy excitation (ref. 18).

Scheme 3 [ (bFy)ReTT(CO) 3(py-PTZ)+*

\k=4.9x 10° 71

+
hy|| 1/ {(bEy)ReI(c0)3(py—PTz)]+*

A/k=4x107s_1

[ (bpy)Re’(CO) 5 (py-PT2)1* (295K; CH,CN)
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In this case, MLCT excitation leads to the appearance of the "redox separated” state,
[(bﬁy)Re(CO)3(py—PTz )], rapidly and with high efficiency.

Because of the straightforward nature of the synthetic chemistry, we hive been able to
prepare a family of related complexes, KA,4'—(X)Z—bpy)Re(CO)S(py-PTZ)] (X = OMe, H, C6H5,
COZCH » +++), Where substituent changes have beeil made at th& 4,4'- positions of the bpy
ligané. The substituents vary from electron donating (e.g., -OCH,) to electron withdrawing
(e.g., -C0,CH ). Through their effects on theTr* levels of the bpy ligands it is possible to
vary AG for tge back, intramolecular electron transfer in reaction (6) from 1.4 to 2.1 eV.

[(4,4'-(X)z-bEY)Re(CO)s(py—PTZ+)]+- -> [(4,4'—(X)z-bpy)Re(CO)3(py-PTZ)]+ (6)
These reactlons are well into the Marcus "inverted” region. As predicted theoretically,

their rate constants decrease as AG becomes more favourable with 1n(k) varying linearly with
-AG as predicted by the energy gap law for nonradiative decay (ref. 19).

The synthetic chemistry is also available for preparing complexes in which there are both

chemically attached electron transfer donors and acceptors, e.g., [(bpy—PTZ)Re(CO)3(MQ )]2+.
Ha CH2-PTZ
o0 {O—Cr
N N
4,4'-b
(bpy-PT2) ( %)

The complex of this kind that has been studied in most detail is illustrated in Fig. 2.

Fig. 2

In this case, initial excitation at the RuII-——+ bpy chromophore is followed by oxidative

quenching by the bipyridinium oxidant and then by PTZ — Ru(III) electron transfer. The
transient product is a redox separated state in which the excited electron resides on the
bipyridinium site and the electron hole on PTZ (ref. 20).

Light induced intramolecular electron transfer has also been investigated in a series of
ligand-bridged complffes. In the Tifed-valenc§+comp}?x,
[(PhSCHZCH SPh)ZClRu (4,4'-bpy)Ru Cl(bpy)z] Ru™" —> 4,4'-bpy excitation does not simply
lead to Ru%II) ~— Ru(III) light induced electron transfer across the bridge. Rather,
4,4'-bpy —» bpy el%ctron transfer occurs, reaction (7), as shown by the appearance of the
characteristic Rull -bpy emission following Ru~~ —s (4,4'-bpy) excitation (ref. 21).

2% 1(5-5) ju 4, 40 -bBy R L (b) 13T 1(5-8) R T as:

(S-S is PhSCH,CH,8Ph; b is bpy)

In the lig%?d—bridged 0s complex, [(bpy)z(CO)OsII(4,4'—bpy)OsII(phen)(cis—thPCH=CHPPh2)]3+,
initial 0s™" — bpy excitation creates an excited state mixed-valence compléx, reaction (8).

3+ hy

(4,4 -bpy)RuTTEc1 (b) (5) 1 3% 7

[(b),(0)0s™ (4, 4"-bpy)osTTc1 (phen) (2-P)]

I1T

[(5)(B)(c0)0sT (4, 4" -bpy)0sTTc1 (phen) (p-2) 13T+ (8)

(P-P is cis~Ph,PCH=CHPPh,)
At low temperature in a frozen glass, initial 0Os —> bpy excitation is followed by

intramolecular transfer across the ligand bridge to give a remote MLCT excited state,
reaction (9) (ref. 22). -

[(6)(B)(c0)0sT (4,47 -bpy)0sT 1 (phen) (p-2) 3% —»

[(b)(B)(c0)0s™ (4,4 -bpy)osT et (phen) (p-p) 1 3 9



Intramolecular control of electron transfer 1007

In the remote MLCT state, the excited electron/electron hole pair is separated across the
ligand bridge. At room temperature in fluid solution, subsequent bpy — 4,4'-bpy electron
transfer occurs to iive the lowesEI}ying B ligand—giidged based MLCT excited state of the
system, [(b)z(CO)Os (4,4"-bpy)0s~""CLl(phen) (P-P)]~ " *,

A related, pHIerendent eff%%t has been ozierved for the complex 11

[ (tpy)(bpy)0s~(4,4'-bpy)Ru (HZO)(bpy)Z] (tpy is 2,(2':6'),2"-terpyridine). An Os™  -tpy
based MLCT excited state is lowest lying in this complex. Either 0s —» tpy or Ru—> bpy
excitation leads to this excited state with high efficiency, the latterIEy energy transfer
across the bridge. However, in basic solution,IEast the pKaI£2r the Ru -0H2 based acid at
pH~1l, Os —» tpy excitation is followed by Ru " (0H) —= Os iatramolecular electron
transfer, which leads to reductive quenching of the OsIII
(ref. 23)

-tpy excited state, reaction (10)

III III ]3+

LY (D) vos (4,4'—bpy)RuII(0H)(b)2]3+* — [(E)(6)08™ (4,4 -bpy)Ru T (0H) (), (10)
One of the goals of our work with ligand-bridged complexes is to learn how to achieve light
induced redox splitting over long distances. In a recent experiment, the excitation-electron
transfer sequence in reactions (8) and (9), which led to a remote MLCT state, has been
extended by linking electron transfer donors or acceptors to the different sides of a comgiex
across the ligand bridge. The complex prepared, [(bpy-PTZ)(C0) Re(4,4'-bpy)Re(CO)3(bpz)] s
was based on Re(I). In this complex, the bipyrazine ligand (bpz) has Tr* levels that are

lower lying than the TT* levels in bpy by ~0.5 eV.

N N
Oa(s)
(bpz)

Either Re —» bpy or Re —> bpz excitation leads to the same net reaction, formation of the

long-range, redox separated state in reaction (1l1). In either case, initial MLCT excitation
is followed by a series of rapid electron transfer events which lead to light induced redox

splitting across the ligand bridge with high efficiency (ref. 24).

[(bpy—PTz)(co)3ReI(4,4'-bpv)ReI(co)3(bPZ>]2+ 27,

[ (bpy-PT2*)(C0) jReT (4, 4" ~bpy)ReT (CO) (bF2)1%F# an

Energy transfer

Although less well developed in our work, the study of light induced intramolecular energy
transfer based on MLCT excited states has also been profitable. In one set of experiments,
the same tack was taken as in electron transfer quenching, in this case by adding an energy
transfer acceptor t8+a MLCT chromophore by a chemical link. In the complex prepared,
[Ru(bpyCHZOCHZAn)3] , the energy transfer acceptor is an anthryl derivative.

CHa 'CH,-0-CH,
s ©)
(bpyCH,OCH,An)

In this complex, Ru — bpy excitation is followed by rapid, k(295K, CH3CN) > 5 x 108 s_l
intramolecular energy transfer to the anthryl group which gives the corresponding anthryl
triplet, reaction (12) (ref. 25).

IIT

L)

—hz)[(b—An)zRu (bByCH,0CH,An)] ** —> [ (b-An) Ru T (bpyCH OCH23An)]2+* (12)

(b-An 1s bpyCH OCHZAn)

2
2

The complex itself has some interesting characteristics. It combines the visible light
absorptivity of the metal complex with the relatively long-lived character of the organic
triplet.

The second energy transfer system that has been studied in some detail involves energy
. transfer across a ligand bridge by an electron/energy transfer "cascade" mechanism. In the
study, advantage was taken of the synthetic chemistry based on the Re (bpy) complexes in
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order to prepare unsymmetrical ligand-bridged complexes where the asymmetry was created by
substituent changes at the 4,4'-positions of bpy.

NH, NH, COxMe O,Me
OO OO
N N N N
b(NH2)2 b(COMe),

In the ligand-bridged complex, [(b(NHZ)z)(CO)3Re(4,4'—bpy)Re(CO)g(b(COﬁge)Z]2+, the effect of

the electron donating -NH, substituents 1s to raise the energy of the MLCT states on one side,
and the electron withdrawing —COZMe substituents, to lower the energy on the other. Following
Re — b(NH )2 excitation, spontaneous energy transfer occurs across the ligand bridge,
reaction (15) (ref. 26).

B2 [(BOuH,),)(€0) ;eI (4, 41 -bpyIReT(CO) 5(b(CO,Me), 1PHH —>
[(b(NHZ)z)(CO)3ReI(4,4'—bpy)ReII(CO)3(g(C02Me)2]2+*

(13)
However, the mechanism of energy transfer appears to involve initial b(NHZ) —> 4,4'-bpy
electron transfer rather than direct energy transfer., Energy transfer can %e blocked by
placing methyl groups in the 3,3' positions of the bridging ligand. The steric effect of the
methyl groups prevents the two pyridyl rings of the bridging ligand from reaching coplanarity
and it can not act as an electron transfer acceptor from b(NH2)2.

FINAL COMMENTS

The study of light induced, intramolecular electron or energy transfer based on MLCT excited
states is an area that is really only beginning. Future work will find extensions in a number
of directions and, in the end, lead to exquisite control of excited state processes. More
elaborate molecular assemblies will be constructed in order to achieve even longer range
electron and energy transfer. The MLCT based systems will provide ideal families of complexes
for studying the fundamental details of excited state energy or electron transfer processes.
In time, appropriate tweaking of molecular properties will lead to the control of exotic
processes such as wavelength dependent photochemistry, intramolecular time delays, and
controlled, multiple photon processes. In the even longer term, these complex systems and the
processes that can be constructed within them may provide an important basis for molecular
level devices.
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