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Harnessing Reversible Electronic Energy Transfer: From
Molecular Dyads to Molecular Machines

Sergey A. Denisov,™ ® Shinlin Yu,” Jean-Luc Pozzo, Gediminas Jonusauskas,™ and

Nathan D. McClenaghan*®

Dedicated to the memory of the inspirational Dr. David R. Jones

Reversible electronic energy transfer (REET) may be instilled in
bi-/multichromophoric molecule-based systems, following pho-
toexcitation, upon judicious structural integration of matched
chromophores. This leads to a new set of photophysical prop-
erties for the ensemble, which can be fully characterized by
steady-state and time-resolved spectroscopic methods. Herein,
we take a comprehensive look at progress in the development

1. Introduction

Following photoexcitation of a chromophore, a range of pro-
cesses can occur on varying timescales, the ultimate outcome
is determined by management of the excess energy according
to kinetic and energetic considerations. In a bi-/multichromo-
phoric molecular system, energetically favourable electronic
energy transfer can occur between chromophores when spec-
tral overlap conditions are satisfied and interchromophore dis-
tance is sufficiently short." Typically this is a unidirectional pro-
cess, with energy being transferred from a higher energy to
a lower-energy chromophore. This unidirectional electronic
energy transfer, typically using Forster energy transfer, has
found many applications in terms of imaging, sensing and
light-harvesting with multichoromophoric arrays."" However, in
specific cases, where low-lying, sufficiently long-lived excited
states on adjacent chromophores are quasi-isoenergetic
(AE< 1000 cm™"), reversible energy transfer can be instilled.”
Once present, reversible electronic energy transfer (REET)
can have profound effects on the observed properties of the
molecule/ supramolecular assembly/ material. Indeed, as out-
lined below, this can prolong luminescence lifetime, change
the nature of the excited state and be coupled to other photo-
physical processes, including photoinduced electron transfer.
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of this type of supermolecule in the last five years, which has
seen systems evolve from covalently tethered dyads to syn-
thetic molecular machines, exemplified by two different pseu-
dorotaxanes. Indeed, REET holds promise in the control of
movement in molecular machines, their assembly/disassembly,
as well as in charge separation.

As such, applications as photosensitizers and in multicompo-
nent light-harvesting and sensor systems have been envisaged.
Most recently, REET has been implemented in molecular ma-
chines as a facilitator of function and to monitor the state of
the system.

Due to the exacting set of requisite criteria, REET has only
been observed between triplet states in a rather small chimio-
theque of molecules, typically in transition metal-organic chro-
mophore conjugates.”® This type of molecular platform is
well-suited to inaugurate the REET process as energy transfer
can occur efficiently from the inherently long-lived lowest-
lying triplet states of metal-to-ligand charge transfer states
(MLCT), as well as organic triplets. The following section high-
lights the key considerations to satisfy in order to instill a REET
process in a preordained fashion in a designer bichromophoric
system.

While systems exhibiting this bidirectional electronic energy
transfer behaviour have been previously comprehensively re-
viewed, the scope of this article considers very recent develop-
ments in the area (i.e. since ref. [3c]), with particular emphasis
on systems recently developed in Bordeaux. After having re-
sumed the pertinent parameters, recent covalent dyads impli-
cating new components and functions leading to dynamic mo-
lecular machines are discussed.

2. Prerequisite Parameters to Establish REET

To establish reversible electronic energy transfer between
matched chromophores, as schematized in Figure 1, specific
conditions have to be fulfilled.

In terms of energy, the lowest-lying excited-state energies of
the pertinent chromophores have to be very similar, such that
available thermal energy is sufficient to overcome the energy
gap, or the energy difference between pertinent lowest-lying



excited states of each chromophore. While the available
energy is temperature dependent, at room temperature, kT is
a few kcalmol™". For example, in the most studied bichromo-
phoric dyads exhibiting REET, the matched chromophores are
derivatives of pyrene and Ru(bpy);®*, where bpy=2,2-bipyri-
dine, and AE is circa 150cm™' and energy differences
>1000 cm™' would effectively impinge on the reversibility of
the transfer? Equally, the distribution of energy between
states in a population of excited molecules after thermal equili-
bration can be modeled based on a Boltzmann-type distribu-
tion taking AE and T into account.® Another consideration is
therefore degeneracy, when multichromophore systems are
considered. In a scenario where efficient reversible interchro-
mophore energy transfer is occurring, these processes are fast
with respect to deexcitation parameters (vide infra), meaning
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Figure 1. Schematic representation of reversible electronic energy transfer
between triplet states of matched chromophores (D and A) and key kinetic
and energetic prerequisites.
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that following excitation a dynamic equilibrium is established
with respect to instantaneous energy localization. As we are
dealing with an equilibrium, this can be biased by the chemi-
cal entities involved, namely the presence of additional similar
organic chromophores, for example, which will statistically in-
crease the likelihood for energy to be located on the organic
part with respect to the inorganic moiety. As energy is provi-
sionally stored on the organic units before being transferred
to, and emitted from, the inorganic unit, they are often re-
ferred to as energy reservoirs. The ratio of populated pyrene-
like triplets to Ru(bpy),*"-like triplets in the ensemble of mole-
cules defines the excited-state equilibrium and is denoted K.
Indeed, studies of Ru(bpy);*"-like chromophores bearing vari-
ous numbers of appended pyrene chromophores were under-
taken.” Results show a linear increase in K., with the number
of appended chromophores and consequently the observed
luminescence lifetime, . For example, on passing from 0 ap-
pended pyrenes to 6 the lifetime increased from 0.7 us to
18.1 ps in degassed MeCN, where each chromophore was seen
to add on average 2.7 us.*¥ The origin of the prolonged lumi-
nescence lifetime with respect to the parent chromophore can
be rationalized according to Equation (1), where 7, is the
measured luminescence lifetime, 7, is the luminescence life-
time of the emissive parent chromophore, a is the proportion
of excited Ru(bpy),’"-like triplets, and 1-a is the proportion of
pyrene-like triplets.

=1
Tops = (arg' +(1 (Z)‘E;;,) (1)

Clearly, the resulting lifetime is a weighted average of the
contribution of each chromophore, namely, the inherent life-
time and population. As organic triplet states are more persis-
tent than *MLCT states, which in turn de-excite relatively slowly
(rates of circa 10® s™" versus 10° s™), this gives a good opportu-
nity to set up reversible interchromophore electronic energy
transfer, which relies on faster energy transfer, on paying par-
ticular attention to the relative energies. Equally, this kinetic or-
dering ensures that energy will be primarily emitted from the
inorganic moiety. When energy transfer processes are efficient,
observed quantum yields have proved to be essentially unaf-
fected with respect to the parent dye.

Concerning the approach to equilibrium, this corresponds to
a sum of the rate constants for forward (k) and backward (k)
energy transfer, and a short-lived emission component (typical-
ly ps to ns) in addition to the long-lived luminescence emanat-
ing for the equilibrated excited states corresponds to this pro-
cess.

Concerning kinetic considerations, following photoexcitation
of the metal centre, intersystem crossing from the initially
populated 'MLCT excited state to the lower-lying *MLCT state
in transition metal complexes typically occurs on the sub-pico-
second timescale, the most important states to consider in an
interchromophore energy transfer process are the triplet
states. As these states are typically inherently long-lived, this
gives ample time for the interchromophore energy transfer to
occur, ensuring that both the forward and slower backward

energy transfer processes (typically on a nanosecond time-
scale) can successfully compete with deexcitation to the
ground state (typically on a microsecond timescale). This is of
course true for covalent dyads where the interchromophore
distance is subnanometric and is not necessarily valid for bi-
molecular electronic energy transfer, which is typically diffu-
sion-limited. In covalent dyads with matched chromophores as
cited above, energy can migrate freely between the two chro-
mophores and set up a dynamic excited-state equilibrium
before being reemitted. Triplet-triplet energy transfer via
a Dexter mechanism is considered to be rather short range,
see Equation (2), where J is the integral overlap between the
normalized donor emission and acceptor absorption spectra, L
is the effective average Bohr radius of the excited and unexcit-
ed states of the donor and acceptor (0.7-6 A, with an average
value of 1.5 A),”® and K is the experimental factor.

2R
kdexter = KJexp( L DA) (2)

3. REET in Covalently Tethered Dyads

Figures 2 and 3 show a range of recently reported conjugates
exhibiting REET, which is discussed herein. Please note that
spectator counteranions are omitted throughout. Among the
emitting centres, the most commonly studied involve ruthe-
nium(ll) polypyridine complexes. On changing the metal coor-
dination environment, significant changes in properties may
be anticipated.” Polypyridine ligands typically bind in a biden-
tate or tridentate fashion, with tridentate ligands offering com-
plexes with 1D linear geometries (molecular rods and wires).
However, their luminescence properties are typically inhibited
by thermally accessible metal-centred states. [Ru(tpy),*"
(tpy=2,2";6',2"-terpyridine) has a correspondingly low emission
quantum vyield (<107°) and short lifetime (0.25 ns).”? The pho-
tophysical properties may be improved by design, on defa-
vouring thermally-activated loss by increasing the energy gap
between states on lowering emissive *MLCT levels, as a result
of incorporating highly electron poor tpy-like ligands.® Fur-
thermore, integration of an organic auxiliary led to lumines-
cence lifetimes as long as 1.8 us but with a similarly low quan-
tum yield.” More recently, ruthenium complexes exhibiting mi-
crosecond luminescence lifetimes were reported on replacing
the two external pyridine moieties of tpy with quinolines in
constituent ligands, which offers an optimized octahedral coor-
dination environment."”

Further optimization of such an emissive ruthenium bichro-
mophore was envisaged on judicious integration of an auxili-
ary chromophore with matched properties, with the goal of
giving access to a much longer-lived luminescent complex,
while retaining a similar emission quantum yield. Anthracene
was anticipated to be an appropriate candidate with the adja-
cent MLCT state (triplet energy at 1.8 eV; 7,,,=3300 us in
polar solvent), whose incorporation gave the prototype
[Ru(1),]*"." While the parent complex gave an emission life-
time of 2.7 us,"? bichromophore [Ru(1),]*", by taking advant-
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Figure 2. Structural formulas of recently reported molecular systems exhibiting REET (or related processes).
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Figure 3. Structural formulas of recently reported molecular systems exhibiting REET (or related processes).



age of REET and an optimized coordination environment, gave
a long room temperature luminescence lifetime (42 us) and
a D, deoxy/ Pem oxy Fatio value of 33. Kinetic analysis via transient
absorption measurements allowed determination of the chro-
mophore energy gap at 430 cm™', while phosphorescence at
77 K showed pyrene emission, evidencing this as the lower-
lying excited state. Excited-state equilibrium was obtained in
75 ps and the equilibrated population was to be largely (94 %)
in favour of the organic chromophore, and equilibrium con-
stant K at 15.2£2. Thus, k; and k, were determined at 1.25x
10" and 8.30x 10 s, respectively.

Some dinuclear ruthenium terpyridine complexes (see exam-
ples 2 and 3) bearing electron-poor bridging ligands were re-
ported to exhibit REET."® These compounds, which present
building blocks of photoactive coordination polymers, show
red room-temperature emission around 640 nm and prolonged
lifetimes between 140 and 230 ns. Variable temperature experi-
ments show an overall increase of emission lifetime at lower
temperature, which is bridging-ligand dependent. The behav-
ior was rationalized based on the electronic structure of the
ligand, and the interplay of several excited states (MC, MLCT,
nt-1t*) and an excited-state equilibrium between a highly delo-
calized MLCT and a ligand-centered >m-m* excited-state was
observed in line with theoretical predictions.

Molecular dyads of ruthenium(ll) bis(terpyridine) chromo-
phores and various expanded pyridinium electron acceptors
and the osmium-containing homologues have been report-
ed." Molecular dyads such as 4 were designed such that their
MLCT and charge-separated (CS) states are close in energy, al-
lowing excited-state equilibration between these levels to take
place. While not directly concerning REET, the kinetic scheme is
similar to that described above. CS states are formed from
MLCT states with time constants of a few dozens of picosec-
onds. These experimental time constants were shown not to
be due to photoinduced charge separation but are related to
the excited-state equilibration times. Thus one can envision
conceiving new photochemical molecular devices that rely on
charge-separation processes with such very small driving
forces to minimize energy loss during some energy transduc-
tion steps.

The control of reversible excited-state energy transfer pro-
cesses as a response to a variation of pH in aqueous solution
in the pH 4-7 range was demonstrated in other ruthenium-
pyrene complexes (5 and 6)." Effectively, protonation of car-
boxylates on two bipyridine ligands lowers the MLCT level rela-
tive to the unchanging pyrene triplet level and modulates the
effective AE and hence excitation energy distribution between
chromophores, in analogy to second coordination sphere ef-
fects of solvent acidity (Guttman no.) on other ruthenium-
pyrene dyads."® Consequently, the observed luminescence life-
time varies in the range of 2 us at pHO to >10 us at higher
pH as the equilibrium favors population of the pyrene triplet.
Mirroring the pH-sensitive lifetime, oxygen quenching of the
excited molecule shows a pH dependence of the excited state
lifetime.

Appending bithienyl groups onto ruthenium complexes
gave long-lived charge-separated excited states (r~3-7 ps)

and a large amount of stored energy (AG’°~2.0eV) in com-
plexes [(phen),Ru71**, [(phen),Ru8l*", [Ru(7);]*", [Ru(8);]**;
phen=1,10-phenanthroline. The long-lived ligand-localized
triplet serves as an energy reservoir, which can populate an
interligand charge-transfer state via an intermediate MLCT
state."”

Mononuclear Ru" complexes possessing a phenanthroline
ligand appended with matched ethynylpyrenyl groups in the 3
or 5 position ([(bpy),Ru(9)1*" and [(bpy),Ru(10)]**) were devel-
oped with the goal of utilizing their potential in photobiologi-
cal applications including photodynamic therapy (PDT)."® PDT
relies on employing a photosensitizer possessing a long-lived
triplet excited-state which can transfer energy to ground state
%0, to generate singlet oxygen, which serves as an active ther-
apeutic agent in attacking cancer cells. A range of dyads in
this series possess extremely long lowest-lying triplet intrali-
gand (IL)-based excited states with lifetimes that can be
tuned from 22 to 270 ps in fluid solution and from 44 to
3440 ps in glass at 77 K" Intercalation was identified as
a major binding mode for [(bpy),Ru(9)1** and [(bpy),Ru10]**,
with both complexes photocleaving DNA upon photoirradia-
tion (A,,=400 nm), comparing favourably with currently-used
PDT photosensitizer lutetium(lll) texaphyrin (LuTx). Both DNA
binding and photocleavage were shown to depend on the po-
sition of the ethynylpyrenyl substituent on the 1,10-phenan-
throline ring, with [(bpy),Ru(10)]*" proving most effective.
Both dyads photocleave DNA under hypoxic conditions, and
this photoactivity translates well to cytotoxicity and photocyto-
toxicity models using human leukemia cells. The 5- and 3-sub-
stituted dyads show photocytotoxicity at 5-10 and 10-20 pm,
respectively, with minimal dark toxicity at these concentrations.
This suggests that agents with strong intercalating units can
have a role to play as photochemotherapeutic agents. It is
noteworthy that the dyad photocytotoxicity results in apopto-
sis, an important consideration in the development of new
therapeutic molecules.

Replacing, for example, the ethenyl spacer gave imidazo[4,5-
fl[1,10]phenanthroline framework, which offers a convenient
tether for Ru-pyrene dyads. The resulting dyads (11) exhibited
nanomolar light cytotoxicities against cancer cells with photo-
cytotoxicity indices >400 for some of the coligands employed.
This potency was applicable for bacteria, where even low con-
centrations (10 nm) destroyed 75% of a bacterial population.
Notably, these dyads remained extremely active against a bio-
film with light photocytotoxicities against these more resistant
bacterial populations in the 10-100 nm regime. These results
highlight the versatility of these highly potent photosensitizers
in destroying both cancer and bacterial cells and widen the
scope of compounds with low-lying ®IL states for photobiologi-
cal applications.?”

The role in REET in a ruthenium-pyrene bichromophore (9
and 12) in improving the photosensitizer properties was dem-
onstrated in another scenario, namely, as efficient triplet sensi-
tizers for low-power upconversion.””! Here, upconversion (UC)
corresponds to the observation of higher emission (or popula-
tion of excited states) after photoexcitation with lower energy
light, which could in principle impact applications such as



solar cells, photocatalysis, photonics, and molecular probes.
Triplet-triplet annihilation (TTA) based upconversion, which
can draw on a wealth of chromophores and materials, was pre-
viously using a transition metal complex, which can populate,
for example, the triplet state of an anthracene (Anth*, triplet
energy = 1.8 eV) derivative in a bimolecular regime; when two
*Anth* encounter each other a highly energetic, blue-emitting
'Anth* is produced.”” Long-lived ®IL excited state (r =58.4 us)
and the equilibrated *MLCT/’IL excited state (r=9.22 ps) of
pyrene-containing Ru" complexes 9 and 11 efficiently sensi-
tized TTA-based upconversion, with 9,10-diphenylanthracene
(DPA, 13) as the acceptor/annihilator. Visible laser excitation re-
sults in upconverted fluorescence at 400 nm, notably with an
anti-Stokes shift of up to 0.77 eV. Equally, power density of the
excitation employed was 0.07 Wcm™2, and is therefore lower
than terrestrial solar radiation. The measured quenching con-
stant of the ’IL state with DPA is much higher (223 times) than
that of the 3MLCT state. The upconversion quantum yield
(Dyc=9.6x107?) of the long-lived IL excited state is circa ten
times higher than parent [Ru(dmb);]**, dmb =4,4'-dimethyl-
2,2"-bipyridine, (®yc=1.0x1072), for which the shorter lived
3MLCT state (r=0.84 pus) dominates.

Modification of the photophysical properties of cyclometa-
lated iridium complexes is of particular interest because of
their central role in a range of applications that require highly
efficient emission such as electroluminescence, sensing and
bioimaging.”®’ A cyclometalated iridium complex (14) was re-
cently reported where the complex comprises naphthylpyri-
dine as the principal ligand and the pyrene unit is attached to
a 2,2-bipyridine ancillary ligand by a short saturated alkyl
bridge. Time-resolved spectroscopies showed reversible elec-
tronic energy transfer (REET) between the close low-lying lying
excited states (AE=680 cm™'). An excited-state equilibration
was attained (5 ns) and subsequently extremely long lumines-
cence lifetimes of up to 225 ps result, compared to 8.3 ps for
the model complex, without discernably diminishing the emis-
sion quantum yield. K., was thus estimated to be 27.8+2,
such that the equilibrated population is predominantly (96.5 %)
in favor of the organic chromophore. In solution and host ma-
trices (@ polymeric PS 398 membrane and a nanostructured
metal oxide matrix (AP200/19)), remarkably high oxygen sensi-
tivity is observed.” Some bis-cyclometalated Ir'" complexes
(15 and 16) with the general formula Ir(1-phenylpyrazo-
le),(XANPyrene), where XANPyrene represent synthetically
easily accessible bidentate chelate with X=N or O, were also
reported.””

Even subtle modifications on the pyrene-containing ligand
dramatically affected the observed emission lifetimes in the
range 0.33 to 104 ps. Comparison with non-pyrene containing
model complexes showed extended emission lifetimes as
a result of REET in solution or the observation of dual emission
containing a long-lived pyrene ligand-centred triplet (*LC) com-
ponent in a PMMA film. This underlines the exacting criteria
for efficient REET.

On studying a wide range of cyclometallated Ir complexes
bearing different ligands and an oligofluorene unit, the authors
identified 17 as being the sole candidate exhibiting REET.”®

Here, a luminescence lifetime of 114 us was observed, where
the reservoir component involves a trifluorene appendage
rather than pyrene units. More recently the same laboratory re-
ported cyclometalated iridium complexes that were grafted
with a single fluorene unit, which is appended by two pyrene
groups (18 and 19) and, due to REET, were shown to possess
extremely long lifetimes in the 1-2 ms range.”” The authors
ascribe a significant decrease in emission quantum yields with
respect to model complexes as resulting from non-negligible
losses from the extremely long-lived species as other processes
start to become important on these timescales. Subsequently
they proved efficient photosensitizers for efficient triplet-triplet
annihilation upconversion with a ditertbutyl pyrene annihilator
at very low concentration, with TTA upconversion quantum ef-
ficiencies of 4.1x 1072 and 3.2x 1072

Some recent examples of REET involving porphyrins have
been described. A zinc tetraphenylporphyrin, Zn(TPP), bearing
an adjacent tungsten alkylidyne moiety (20) was shown to un-
dergo REET resulting in a>1000-fold luminescence lifetime
augmentation in specific cases.” The enhanced lifetime of the
dyad (20 times that of the parent) can be accounted for by
a thermal equilibrium between the emissive *(d,, «*) state of
the tungsten fragment and the longer-lived (7=1.25 ps), non-
emissive T, state of the porphyrin moiety which is in close
proximity (AE=ca. 600 cm™). Interestingly, the triplet-triplet
equilibrium can be tuned by the addition of ligating to the Zn
centre (pyridine, 4-picoline, 4-(dimethylamino)pyridine and imi-
dizole), which coordinate to Zn(TPP) with binding constants of
10°-10*. Lifetimes in the range of 77 us (20.imidazole) to
139 pus (20.DMAP) were measured, relative to the parent 20
(=2 ps).

A multichromophoric array based on four boron dipyrrins
(BODIPY) bound to a platinum benzoporphyrin scaffold that
exhibits intense panchromatic absorption and efficiently gener-
ates triplets was reported (21).%" Fast bidirectional singlet and
triplet interchromophore energy transfer processes were ob-
served (ks('BDP—'Por)=7.8x10" s, k(*Por—>BDP)=1.0x
10" 57", kn(*BDP—3Por)=1.6x10""s™"), which led to a long-
lived equilibrated [BDP][Por] = [BDPI[*Por] state. This equili-
brated state comprises porphyrin and BODIPY triplets and
phosphoresces in the near-infrared (A,,,=772 nm, ®=0.26).

In another Pt-porphyrin dyad (22), photoinduced electron
transfer across a linear oligophenylene bridge results in gener-
ation of phosphorescent triplet states. The sequence being
porphyrin-to-rhodamine B derivative electron transfer to gener-
ate singlet radicals, intersystem crossing and triplet radical
charge recombination populating a rhodamine triplet which is
quasi-isoenergetic with that of the Pt-porphyrin. REET was ob-
served between the partners, and an attenuation factor of
energy transfer rate versus interchromophore distance of
0.3 A" was estimated.®”

Rylene chromophores have equally proven effective partners
for transition metal complexes in obtaining functional
dyads;®" [Ru(bpy),(23)*" and [Ru(23);]*" have excited-state
lifetimes ranging from 16 to 115 ps, depending on both the
number of PNI subunits and the solvent.*? Nanosecond step-
scan Fourier transform infrared spectroscopy studies were un-



dertaken on these complexes, and showed that the imide C=0
bands were red shifted by 60-100 cm™', as a result of the for-
mation of the ligand-localized triplet state on the piperidinyl
naphthalidimide (PNI) subunit(s) in agreement with DFT calcu-
lations.®¥ The homologous Re(23)(C0O),Cl bichromophoric com-
plex gave outstanding excited state MLCT lifetimes (650 ps).
This represented a net 3000-fold increase in lifetime with re-
spect to the Re(phen)(CO);Cl charge-transfer model com-
pound.B¥ Following initial excitation of the PNI chromophore,
energy is transferred, ultimately leading to the *MLCT state
with a time constant of 45 ps. Triplet energy was transferred
from the 3MLCT state, populating the PNI-centered *LC state in
less than 15ns, and the slow-decaying equilibrium mixture
was reached.

The PNI was judiciously modified with respect to the chelat-
ing group giving 24, allowing, for example, the formation of
dinuclear cyclometalled platinum(ll) complexes with pyrazolate
bridging ligands.® In this configuration, where filled d,? orbi-
tals on each Pt centre overlap, a Pt-Pt ¢ interaction and low-
energy metal-metal-to-ligand charge transfer (MMLCT) transi-
tions resulted, which were matched with the PNI energy reser-
voirs. Temperature-dependent transient absorption spectrosco-
py permitted energy gap determination (1740 cm™') between
the MMLCT and PNI triplet states along with the time con-
stants associated with the interconversion between excited
states, which decayed to the ground state with a time con-
stant of 65 us. Zhao and Zhang reported another example
where a triplet equilibrium was proposed between a Pt and
a rylene dye.®

A range of spirobifluorene bridged heteroleptic mono- and
trinuclear complexes comprising Pt", Os" and Ir"" metals were
described (26-28).” Here, the luminescence of the tetrad con-
sisting of spirobifluorene-bridged Pt, Ir and Os complexes were
studied by comparison with the reference complexes bearing
two identical luminophores (Ir or Os) at the periphery. The
*MpLCT and 3LC states of the Pt and spiro ligand undergo fast
energy transfer into the *M,LCT or the *My,LCT state in the Pt-
M, (M=Ir or Os) arrays, while *LC and *M,,LCT states serve as
energy reservoirs for the quasi-isoenergetic metal excited
states, resulting in a extended excited state lifetime in the
arrays. In the tetrad antenna system, the collected light energy
is ultimately transferred to the Os unit.

4. REET in Dynamic Molecular Machines

Beyond covalent bichromophoric dyads, where REET can pri-
marily affect the observed dye properties, REET has been re-
cently shown to intervene in different ways in two distinct
types of pseudorotaxane assembly.

Figure 4 shows a representation of the operation of a bench-
mark molecular piston, this pseudorotaxane being previously
reported by Balzani and Stoddart.*® This dynamic assembly
comprises a thread (blue) with a central electron-rich dialkoxy-
naphthalene unit, which spontaneously forms a charge-transfer
complex in the guise of the threaded supermolecule in the
presence of the electron-poor (E.q= 0.35V vs. SCE) tetracat-
ionic cyclophane (represented as a red doughnut), evidenced

Figure 4. Reversible electronic energy transfer enhanced photocatalytic elec
tron pumping driving a molecular piston (blue thread, red host). Photoirra
diation of photosensitizer 31 induced reduction and disassembly of the
pseudorotaxane in the presence of a sacrificial reductant. Addition of O,
reset the system, reassembling the molecular piston.“"

by a characteristic broad featureless absorption band in the
visible spectral region. For the piston to function, the alternat-
ing threading/ dethreading processes should occur in response
to specific stimuli. This can be achieved by a monoelectronic
reduction of the cyclophane, which destabilizes the charge
transfer complex leading to dethreading of the complex. Oxi-
dation of the reduced cyclophane allows for rethreading, com-
pleting the two-stroke cycle. The reduction step can be accom-
plished by a photoinduced electron transfer from a sufficiently
long-lived excited photosensitizer such as Ru(bpy);** in solu-
tion, in the presence of a large excess of a suitable sacrificial
reductant (triethanolamine) to retard unwanted back electron
transfer. Meanwhile the oxidation step can be achieved on ad-
dition of oxygen.

On replacing the parent Ru(bpy),>™ with an analogue exhib-
iting REET, it was anticipated that more effective bimolecular
sensitization could occur based on the prolonged excited-state
lifetime as well as the nature of the donor. Indeed, when REET
is operational, the energy is predominantly localized on the or-
ganic chromophore. Aromatic triplets are often considered
better electron donors than MLCT states for spin-orbit consid-
erations and an enhanced solvent cage escape of the germi-
nate radical pair, thus limiting competitive back electron trans-
fer.?% Intervention of REET was previously demonstrated in en-
hancing electron pumping from a photosensitizer internalized
in a zeolite framework to an externalized electron acceptor, fa-
cilitated by charge compensation resulting from cation move-
ment.”!

Figure 4 shows the general scheme for the operation of
a molecular piston, where the concatenation of two photo-
physical processes, namely, reversible electronic energy trans-
fer and photoinduced electron transfer, conspire to offer an
enhanced dethreading efficiency of the molecular piston,
which can be reversed on addition of 0,.*" Upon visible irradi-
ation, the initially yellow solution became blue, which is diag-
nostic of the formation of the monoreduced viologen. Follow-
ing absorption changes (1=725nm), the efficiency of reduc-
tion on photoirradiation can be assessed. The quantum effi-
ciency of the dethreading process is ®4,,=1.2x10" for the



parent Ru(bpy);**, which has a lifetime of 0.95 us. By compari-
son, modified Ru(bpy);>*-like photosensitizers integrating one
or three pyrene chromophores with lifetimes of 3.3 and 7.4 us
gave improved values of ®,,,=2.2x10"2 and 3.9x1073, re-
spectively. Each photosensitizer molecule was demonstrated to
act catalytically, provoking the threading of multiple pistons.
Return to the initial condition was achieved on adding oxygen
with no evidence of degradation allowing multicycle use.

Appending the photosensitizer 31 in the previous case with
an adamantane recognition motif gave 29, which allowed for-
mation of a supramolecular 1:1 host-guest assembly in aque-
ous solution in the presence of a (-cyclodextrin (B-CD), see
Figure 3, where 3-CD is represented as a cone. A photo-/ elec-
troactive triad was formed when the (-CD bore a pendant
methylviologen (MV), 30. Thus, the Ru" polypyridyl derivative
acted as the light absorber, pyrene as the primary electron
donor and methylviologen as the primary acceptor? Laser
flash photolysis experiments confirmed the formation of Py'*
and MV'*, giving Ru"-Py""-MV'". Electron transfer occurs from
a triplet state and the radical ion pairs are formed in the triplet
state. Back electron transfer in the triplet radical ion pair is
slow, being formally forbidden. A subsequent electron transfer
then takes place from Ru" to Py"™ to give the charge-separated
Ru"-Py-MV'" assembly, as shown by the appearance of
a ground-state bleaching in the transient absorption spectrum.
As Ru" and MV'™ centres are distant, the charge-separated
state proved long lived (100 ps).

In the former example, REET was used to intervene in the
functioning of a molecular machine. Equally, bichromophores
exhibiting REET can be used to report on the state of a molecu-
lar machine, as outlined below.

A foldamer is an artificial discrete chain molecule/ oligomer,
which folds into a conformationally ordered state in solution.
Using noncovalent interactions between nonadjacent mono-
mers, they mimic the propensity of proteins, nucleic acids, and
polysaccharides to fold into specific conformations such as
helices and [-sheets.*¥ Recently, foldaxanes have been de-
scribed, which are helical aromatic oligoamide foldamers
wound around a linear molecular axis in analogy to rotax-
anes.™”

In a proof-of-principle example, the observation of real-time
threading of a bichromophoric thread 32 inside the void of
a double helix (33), leading to a foldaxane was demonstrated
on monitoring the luminescence lifetime, see Figure 5.°' Mole-
cule 32 comprises terminal Ru(bpy);>" and pyrene chromo-
phores, which are separated by a long (circa 2 nm) flexible
bridge. In free solution, the molecular thread can freely move
around, allowing the distant chromophores to encounter one
another during the lifetime of the excited-state. Thus REET can
be installed and a long resulting luminescence lifetime may be
anticipated. A biexponential luminescence lifetime was ob-
served (t=28 ns and 2.5 ps) corresponding to the time of ap-
proach to equilibrium and the deexcitation of the excited mo-
lecular system. This relatively slow approach to equilibrium
was ascribed to the long spacer. Indeed, the distribution of dis-
tances between the ruthenium core and pyrene is described
by a Gaussian function centred at 1.0 nm (FWHM=0.5 nm).”*
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Figure 5. Top: Structural formulae of molecular thread (32) and foldamer
(33), which dimerizes in solution giving (33),. Bottom: Modulation of reversi
ble electronic energy transfer in a dynamic foldaxane (right), a prototype
lifetime based conformation probe.

From analysis of transient absorption spectra, namely the initial
recovery of ground state bleaching to a metastable state, an
equilibrium constant K, =5 could be determined.

In contrast, once incorporated into a foldaxane structure,
where the central linear chain is extended, the interchromo-
phore distance is prohibitive for efficient triplet-triplet energy
transfer to occur. As a result, a decrease in luminescence life-
time approaching that of the parent Ru(bpy);>" would result.
As the terminal chromophores may be considered bulky, inter-
penetration of the thread in the double helix cavity implies
slow unfolding/ refolding of the double helix around the cen-
tral thread.

Following mixing of a preformed double helix with the mo-
lecular thread association occurs, implicating hydrogen-bond-
ing between the carbamate groups on the thread and the
double helix (K,,=1700m~"). A single-crystal X-ray structure of
the assembly of ligand and double helix shows the long dis-
tance between terminals (> 1.8 nm). In an equilibrated mixture
of thread (60 um) and double helix (2 mm), a lifetime of 1.2 us
is observed, which is around half that of the free thread, show-
ing that luminescence lifetime measurements can discriminate
between the foldaxane and free components in this molecular
machine. Real-time threading could be observed on plotting
lifetime, average lifetime or pre-exponential factors against
post-mixing time. A threading rate of 1.8 min~'Lmol™' was
thus estimated. As the luminescence lifetime is gradually short-
ening over the course of the threading experiment, it may be



proposed that progressive elongation of the rod is occurring
with stepwise unwinding/rewinding of the double helix allow-
ing passage of the chromophore to the opposite aperture.

5. Conclusions and Outlook

REET can be used in matched bichromophoric systems, on
paying particular attention to a few key parameters. Namely,
the interchromophore distance should be appropriate to kinet-
ically favour energy transfer, excited states should be sufficient-
ly long-lived to allow interchromophore energy transfer and
their low-lying excited states should be quasi-isoenergetic. A
small but expanding range of transition metal complexes ap-
pended with appropriate organic chromophores have been
shown to exhibit intramolecular REET. These complexes now
include Re, Ru, Cu, Pt and Ir metals, while chromophores in-
clude anthracene, pyrene, thiophenes, fluorene and BODIPY,
amongst others. As well as application of conjugate dyads as
photosensitizers, application of REET in molecular machines to
signal conformation change/ assembly and promote pseudoro-
taxane disassembly has been demonstrated. Future molecular
systems will no doubt focus on systems with higher emission
quantum yield and emission in the near IR spectral region, as
well as analyte-induced REET modulation. Then further applica-
tions in imaging in biological systems may be envisaged. Work
is in progress in our laboratory to induce REET in nanomateri-
als, which may prove pertinent for molecular electronics and
artificial photosynthesis using biomimetic multicomponent
supramolecular arrays concurrently incorporating multiple
photo- and electroactive units. Equally, REET in mechanically in-
terlocked molecular structures will offer new functions as pho-
tosensitizers and in catalysis. Even beyond molecular machines,
the conformational/ distance change resulting in a modified
optical response may prove the general basis for a lumines-
cence lifetime probe, which could report on a wealth of bio-
logical events and systems where even nanometric structural
changes are possible. As it is based on Dexter rather than For-
ster energy transfer, the resulting probes can prove even more
sensitive to interchromophore distance.
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