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Abstract

Recent developments in our understanding of the mechanisms of singlet excitation energy transfer (EET) in multichromophoric assemblies
are reviewed. Particular emphasis is placed on the role of superexchange interactions involving the molecular framework linking the
chromophores in the mediation of EET processes. Experimental measurements of the rates of EET in rigidly linked model bichromophoric
compounds demonstrate that, under certain conditions, a through-bond interaction can dominate the energy transport process. High rates of
EET in synthetic macromolecules are also observed, and the possible pathways of energy migration and trapping in these systems are outlined.
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1. Introduction

Macromolecules, which consist of arrays of chromophores
covalently linked via a molecular framework, provide a
unique environment for many photochemical processes. The
high local concentration of chromophores present in such
systems is conducive to excitation energy transfer (EET),
which can effectively delocalize the energy away from the
initial site of light absorption. In the natural photosynthetic
systems of plants and algae, arrays of chlorophyll pigments
serve as a very efficient energy gathering ‘‘antenna’’, trans-
porting absorbed light energy to the reaction centre, where it
is used to drive the chemical reactions necessary for biolog-
ical functioning. Energy migration among the chromophores
in synthetic aromatic polymers is also recognized to be an
important process in polymer photophysics [ 1-4]. It has been
shown that the incorporation of chromophores of lower
energy along the polymer backbone can trap the migrating
energy and sensitize useful photochemical processes. In these
natural and synthetic arrays, the absorption cross-section of
the trap chromophore is effectively increased by the EET
process. Understanding the mechanisms by which energy
migration and trapping occur in macromolecules, and devis-
ing means for developing optimized synthetic ‘‘light har-
vesting’’ systems, are major challenges for photochemists
and underlie the development of useful photomolecular
devices. In this paper, recent developments in our understand-
ing of energy transfer processes are reviewed, and experi-
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mental results of the rates of energy transport in model
compounds and macromolecules are presented.

2. Developments in theory
The rate of singlet—singlet EET is often written in the form
first derived by Forster [5)
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where @, and 7, are the fluorescence quantum yield and
lifetime of the donor respectively, k* and J are the orientation
factor and spectroscopic overlap integral respectively (as
defined elsewhere [5]), n is the refractive index of the solu-
tion, L is Avogadro’s number and R is the interchromophore
separation. This equation may be rearranged [6] to mirror
the general quantum mechanical rate expression
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in which T,, is the electronic transfer matrix element
(ETME) connecting donor and acceptor states (denoted D
and A) and the tilde indicates that vibrational overlap factors
are included. The Dirac delta term ensures energy conserva-
tion between the donor and acceptor (cf. the spectral overlap
integral J in Eq. (1)).

Recently, a unified theory for the electronic factors respon-
sible for EET has been developed [7,8]. It accounts for the
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mixing of locally excited (LE) configurations (A*B or
AB*) with charge-separated configurations (A*B~ and
A~B™) in the donor and acceptor states. The resultant ETME
contains contributions from a coulombic interaction for sin-
glet-singlet EET only (u“*", e.g. dipole—dipole) as well as
interchromophore orbital overlap-dependent terms present
for both singlet-singlet and triplet-triplet EET. In many
cases, the most significant overlap-dependent interactions are
mediated via the charge-separated configurations and are
termed through-configuration interactions. Thus we have

1,3TI()!ZET) ~ uCoul + uIOO + 1.3UTC (3)

where superscript numbers differentiate between singlet EET
and triplet EET, u“°' is the coulombic interaction, U€ is the
through-configuration interaction and #'° encompasses the
remaining orbital overlap-dependent terms (e.g. penetration
terms).

The above discussion refers explicitly to a simple donor—
acceptor system in which electronic coupling occurs directly
between the chromophores of interest; however, such inter-
actions may be promoted over large through-space separa-
tions via a connecting molecular framework, intervening
chromophores or intermediate states. This relayed interaction
or superexchange, as first suggested by McConnell [9], is
well known to promote long-range electron transfer [ 10,11]
and can similarly enhance rates of EET [12,13] relative to
that due to direct coupling only.

The relayed interactions may be considered to be a multis-
tep mechanism in which each step proceeds by the same
mechanism as for direct electronic coupling. In this picture,
the complete relayed interaction is described by a sum over
all possible pathways leading from the initial to the final state.
An important aspect of a relayed mechanism is that energy
does not need to be conserved in each step, since states rep-
resenting localization of excitation on a relay unit are virtual
states, and thus the energies of the intermediate states can be
entirely different from that of the initial and final states as
long as there is an overall conservation of energy between
the initial and final states of the transition. Overlap-dependent
interactions, for example, can be promoted over large
through-space separations essentially by delocalization (or
mixing) of the donor and acceptor wavefunctions into the
orbitals of a connecting bridge. Donor and acceptor wave-
functions may then effectively overlap appreciably, even at
separations far exceeding their van der Waals’ radii. Details
of this mechanism have been discussed recently [ 14-18].

A schematic diagram of certain matrix elements whichmay
be important in describing the transport of excitation energy
in a vinyl aromatic polymer containing pendant ‘‘donor’’
chromophores (phenyl groups) and a lower energy ‘‘trap”’
chromophore (naphthyl moiety) is shown in Fig. 1(a).
These matrix elements can be dissected into contributions by
superexchange pathways including those mediated by the
linking o bonds of the polymer backbone (see Fig. 1(b)).
The overall effect of these superexchange pathways is to
increase substantially the coupling and thus the rate of EET
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Fig. 1. (a) Schematic diagram of possible matrix elements for energy migra-
tion among chromophores a, b and ¢ and for transfer to a trap, t. (b)
Resolution of matrix element ct into contributions by superexchange path-
ways involving the saturated carbon—carbon bonds of the polymer backbone.

between the donor and acceptor above that expected for direct
through-space orbital overlap-dependent or coulombic
mechanisms.

3. EET in model bichromophoric systems

Recently, EET has been studied in several model bichrom-
ophoric systems in which the chromophores are separated by
a rigid polynorbornane bridge, allowing separation and ori-
entation of the donor and acceptor to be controlled [19,20].
Examples of the structures studied are given in Fig. 2. For
naphthalene and anthracene chromophores rigidly linked by
a polynorbornane bridge with six carbon—carbon bond sepa-
ration (A-6-N; centre-to-centre interchromophore distance,
12.2 A), the rate of energy transfer was determined from
time-resolved fluorescence measurements of the grow-in of
anthracene emission following picosecond pulsed laser exci-
tation of the naphthalene chromophore at 292 nm. The

Fig. 2. Structures of rigidly linked bichromophoric systems and model
compound.
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observed rate of energy transfer for this compound in dilute
n-hexane solution at room temperature was 2.9 X 101° s,
At the interchromophore separation, there is no direct overlap
of the molecular orbitals of the two chromophores, and the
rate calculated assuming that a Forster coulombic mechanism
alone is operative (1.2X 10° s™') is over one order of mag-
nitude lower than that observed experimentally. This remark-
able increase in rate was attributed to the presence of the
linking bridge, which mediates the orbital overlap-dependent
coupling between the two chromophores [ 19].

In the series of polynorbornane-bridged dinaphthyl com-
pounds DN-n, where n is the number of intervening saturated
carbon—carbon bonds, the magnitude of the electronic cou-
pling between the chromophores was determined from the
exciton splitting of the S, absorption band [20]. The centre-
to-centre interchromophore separations for DN-2, DN-4 and
DN-6 are 6.5 A, 8.5 A and 11.3 A respectively. While some
direct through-space orbital overlap of the two chromophores
may be expected for the DN-2 compound, such overlap
should be negligible for DN-4 and DN-6. However, again,
the calculated exciton splittings assuming a coulombic
dipole—dipole mechanism were substantially smaller than
those observed experimentally, with the largest contribution
to the electronic coupling attributed to overlap-dependent
interactions relayed by the polynorbornane bridge [20].

We report polarized fluorescence measurements which
provide a means of probing directly the rates of energy trans-
fer in the compound DN-6. The fluorescence anisotropy r
from a solution of chromophores is defined by
,_heL @

I+21,

where /) is the fluorescence intensity component parailel to
the plane of polarization of the incident radiation and I, is
that perpendicular to the plane of polarization of the incident
radiation. In arigid glass, where molecular rotation is absent,
the value of r will depend on the relative orientations of the
absorption and emission transition moments within the mol-
ecule and can take values between 0.4 (absorption and emis-
sion transition moments parallel) and — 0.2 (absorption and
emission transition moments perpendicular) [21]. When
excitation is via polarized light pulses and the fluorescence
decays are observed through polarizers oriented parallel and
perpendicular to the incident polarization, the time-dependent
anisotropy r(t) can also be generated using Eq. (4) . If energy
transfer occurs between chromophores which have their inter-
acting transition moments at different orientations to each
other, emission from the accepting chromophore will be
depolarized with respect to the fluorescence anisotropy of the
donor [21]. The time-dependent decay of the fluorescence
anisotropy in such systems has previously been used to char-
acterize rates of energy transfer [22].

If energy transfer occurs between two like chromophores,
the observed time-dependent anisotropy will be described by
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Fig. 3. Time-resolved fluorescence anisotropy for N-2 and DN-6 in MTHF
at 77 K. Excitation and emission wavelengths were 296 nm and 318 nm
respectively.
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r(1) (5)
where I;(t) and I,(t) are the time-dependent excited state
populations of molecules 1 (donor) and 2 (acceptor) respec-
tively and r, and r, are the fluorescence anisotropies. r; and
r, will not be equal if the transition moments of the donor
and acceptor are in different directions with respect to each
other (such is the case for DN-6). I,(¢#) and L(t) will be
determined by the rate of energy transfer and the rates of
radiative and other non-radiative processes depleting the
excited state, and can be calculated from survival probabili-
ties of excitation on the chromophores derived from a 2 X2
probability transition matrix as a solution of the Pauli master
equation [23] for this system. This approach assumes very
weak coupling conditions and the excitation transport can be
described by an incoherent random walk. For a pair of iden-
tical chromophores, as considered here, the analysis may not
be so straightforward [24]. A more rigorous approach
requires a careful choice of representation of the initial and
final states, which will be influenced by the magnitude of the
electronic coupling relative to the spectral bandwidth (cf.
weak and strong coupling cases [ 6] ). Complications arise in
the present case due to broad overlapped absorption and emis-
sion spectra and the presence of mixtures of pure electronic
transitions and vibronically allowed intensity. Relevant the-
oretical approaches have been described recently [25-27].
Excitation of the model monomeric naphthalene com-
pound N-2 in a rigid methyltetrahydrofuran (MTHF) glass
at 77 K using polarized light pulses at 296 nm leads to fluo-
rescence with an anisotropy value of 0.092 which is invariant
with time (see Fig. 3). However, a similar experiment with
the bichromophoric compound DN-6 results in a very rapid
decay of anisotropy to a final value of —0.017 (Fig. 3). The
short-time decay behaviour of the anisotropy for DN-6,
together with the theoretically predicted curve (see Eq. (5))
assuming a Forster dipole—dipole mechanism for energy
transfer, is shown in Fig. 4. The rate constant for energy
transfer in the DN-6 molecule, used in the calculation of the
predicted curve, was 0.264 ns~ ', determined from Eq. (1)
with parameters @,=0251, 17,=72.0 ns, «*=250,
J=2.747%107'¢ cm?, n(MTHF) =1.406 and R=11.6 A.
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Fig. 4. Experimental (A) and simulated (B) time-resolved fluorescence
anisotropy decay profiles for DN-6 in MTHF at 77 K. Simulated curve (B)
based on a coulombic transfer mechanism with kzzr=0.264 ns~'. Broken

line is an empirical fit of the data with kggr=2ns ™"

It should be noted that, at long times after excitation of DN-
6, the observed fluorescence anisotropy becomes invariant
with time, since after the initial rapid energy transfer steps
the survival probabilities of excitation on the two chromo-
phores become equal (i.e. I,(¢) =I,(2)); thus from Eq. (5),
r(t)y=(ry+r;)/2 where r; and r, are 0.092 and —0.13
respectively.

The observation of increased depolarization of emission
from the bichromophore compared with the monomeric
model compound N-2 is indicative of energy transfer, but the
observed rate of depolarization is much faster than predicted
assuming that the coupling arises from a Forster dipole-
dipole mechanism alone and that the transfer can be described
as an incoherent hopping process. It has been found empiri-
cally that the anisotropy data are best fitted when kggp =2
ns~ ', a factor of 7.6 faster than the dipole—dipole rate. This
increase in rate is of the same order as that observed by time-
resolved fluorescence methods for energy transfer in the
naphthalene—polynorbornane—anthracene  system [19],
which has a similar interchromophore spacing, and consistent
with ab initio and semi-empirical theoretical calculations
[28] on the increase expected at this separation if superex-
change interactions involving the linking bridge are
operative.

The results presented here on bichromophoric molecules
provide evidence that electronic coupling between chromo-
phores can be enhanced over direct through-space coulombic
and orbital overlap-dependent interactions by superexchange
involving the bonds of the linking molecular framework, at
least for the polynorbornane bridges and intermediate chro-
mophore separations investigated, leading to substantial
increases in the rate of energy transfer.

4. Energy migration and transfer in vinyl aromatic
polymers

Calculation of the time-dependent survival probabilities of
excitation via solution of the Pauli master equation [23] can
also be used to obtain the fluorescence and fluorescence ani-

sotropy decay kinetics in larger multichromophoric assem-
blies, such as vinyl aromatic polymer systems. Again, such
an approach assumes that the energy transport can be consid-
ered as a purely markovian diffusive, or hopping, process.
The structure of poly(acenaphthylene) end-tagged with 9-
methyl-anthracene (PACE-9MA)) as an energy trap, together
with a schematic diagram of the one-dimensional model used
to simulate energy migration and trapping in this system, is
shown in Fig. 5. The master equations needed to solve the
probabilities of excitation on chromophore i (p;(¢)) and on
all traps present (p,.,,(?)) at time ¢ for a polymer of N chro-
mophores are

dPi(t) p,(t)
dr - +_Zlku[P,(t) —pi)] —u;pi(t) (6)
dtfa tray
pd];(t) pr( )+’§u pi(8) )

where k;; is the excitation energy transfer rate between chro-
mophores i and j, u; is the transfer rate from chromophore i
to the traps and 74 and 7,,, are the fluorescence lifetimes of
the monomer chromophores and trap respectively. For
PACE-9MA, the rate constant for dipole~dipole energy trans-
fer between acenaphthyl chromophores, determined from
spectroscopic and photophysical parameters, energy mini-
mized interchromophore spacing and orientation and Eq. (1),
is kgpr=238.41 ns™!, while the transfer rate from the final
acenaphthyl chromophore to the terminal 9MA trap is u=
223 ns™'. In order to solve the master equations an
(N+1) X (N+1) probability transition matrix was estab-
lished and a numerical method algorithm applied to provide
the probabilities of energy remaining on any of the chromo-
phores (or trap) after specified time units (time units of 0.1
ps were chosen). The generated theoretical fluorescence ani-
sotropy decay function for the polymer (where N=29) is
given in Fig. 6, and the theoretical grow-in and decay of the
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Fig. 5. Structure of PACE-9MA and schematic diagram of the one-dimen-
sional mode] used to simulate incoherent energy migration and trapping in
this polymer.
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Fig. 6. Simulated anisotropy decay profile for PACE-9MA.
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Fig. 7. Simulated (A) and experimental (B) fluorescence decay profiles of
the anthryl end-trap for PACE-O9MA in MTHF glass at 77 K.

9MA end-trap following excitation of the acenaphthyl chro-
mophores are presented in Fig. 7.

The experimental fluorescence decay of 9MA emission,
following excitation of the polymer chromophores at 295 nm,
for PACE-9MA in an MTHEF glass at 77 K is also given with
the theoretical data in Fig. 7, and shows a much more rapid
population of the trap site than calculated theoretically. For
a rigid solution of the polymer model chromophore, acena-
phthene, under the same conditions, the fluorescence anisot-
ropy monitored at an emission wavelength of 330 nm was
invariant with time with a value of 0.09. This value is some-
what higher than that reported previously [29], although it
is known that the fluorescence anisotropy of acenaphthene is
strongly dependent on the excitation and emission wave-
lengths [29,30]. However, the fluorescence anisotropy from
the polymer decayed to zero within the time resolution of the
time-correlated photon counting detection technique used in
this work (less than 80 ps). Thus the rates of energy migration
and trapping in the polymer system appear to be much greater
than predicted assuming a dipole—dipole mechanism for
energy transfer and the rather simple one-dimensional energy
hopping model.

As pointed out by Kenkre and Knox [31], the Pauli master
equation approach used to describe the energy transport
dynamics above disregards the possibility of coherent trans-
port mechanisms and assumes complete vibrational relaxa-
tion after each step (i.e. very weak coupling conditions).
Kenkre and Knox [31] have developed a generalized master
equation, with no thermalization assumption, and in which
the transport dynamics can be described by a non-markovian
quasi-incoherent model. In the light of this work and other

recent theoretical studies [13,32] of energy transport proc-

esses which can operate in multichromophoric assemblies,

the following mechanisms can be proposed by which aremote

(trap) moiety may be sensitized following excitation of the

polymer chromophores.

1. Direct donor-to-trap excitation transfer can occur by a
coulombic mechanism at large separations or by a com-
bination of orbital overlap-dependent and coulombic
mechanisms if the interchromophore separation is small
(less than 5 A). In the latter case, it has been shown
previously [33] that the inclusion of cross terms in the
expansion of the golden rule rate expression (Eq. (2))
results in a substantially increased rate of energy transfer
above that expected if either mechanism is considered
alone. Calculations of direct energy transfer rates to a trap
within a polymer coil, assuming a coulombic mechanism,
for PACE-SMA {4] and poly(¢-butyl-styrene) with an
acenaphthyl trap [34] considerably underestimate the
experimentally observed rates.

2. Where the molecular framework intermediate between
donor and acceptor contains moieties which have quite
different excitation energies to that of the donor, excitation
transfer may be promoted by a superexchange mechanism
involving, for instance, a carbon—carbon bond backbone
as illustrated in Fig. 1(b) [19,20]. This indirect coupling
is facilitated by a series of virtual excitation transfer steps
involving the relay moieties, and thus the energy only
needs to be conserved between the initial and final states.

3. When the excitation energies of the intermediate (relay)
chromophores are close to those of the donor, an energy
migration process may mediate the EET between donor
and acceptor. This is illustrated in Fig. 1(a), where the
relayed excitation transfer can involve an electronic tun-
nelling pathway in addition to a random walk *‘hopping’’
mechanism. The intermediate chromophores may act as
virtual relay states to assist EET via a superexchange-like
mechanism. Thus the incoherent and coherent pathways
can operate simultancously.

4. A superexchange mechanism involving higher electronic
excited states of intermediate chromophores may assist
the energy migration process. This case has been consid-
ered recently [32] and will provide significant long-range
coherent coupling between chromophores, provided that
the energy gap between the states is small and the transi-
tion moment of the higher excited state is large.

5. Dispersive excitation transport may provide a further
mode of EET [35]. In such an experiment, where the red
edge of an inhomogeneously broadened absorption line is
excited, energy transport may occur by a coherent (super-
exchange) mechanism involving chromophores which,
due to their local environment, are too high in energy to
participate in an incoherent hopping energy migration
process.

6. Specific macromolecular systems can be designed in
which the mechanism discussed by Kasha et al. [36] may
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operate. These systems use antenna-type excitonic arrays
and trap molecules, and allow the coupling of long-range
Davydov coherent molecular excitonic transfer and Fors-
ter transfer processes to a trap. The possibility of realizing
such a configuration has been reported recently by Kasha
et al. [36], who investigated an ‘‘antenna molecule—flu-
orescence probe pair’’ as a means of enhancing the effi-
ciency of probe sensitization.

A feature of the discussion above is that other mechanisms,
apart from an incoherent hopping process, can contribute to
energy transfer in macromolecular systems. In particular,
where there are multiple chromophores intermediate between
the initially excited donor and acceptor, the intermediate moi-
eties can act as virtual relay states to assist EET via a super-
exchange process. This coherent mechanism can occur
simultaneously with the incoherent process, such as that used
in the modelling of PACE-9MA EET above, and can result
in substantial increases in donor—acceptor coupling and hence
the rate. As discussed recently, coherence effects [32] can
be destroyed if nuclear relaxation occurs within the residence
time of excitation on the intermediate chromophores and, as
a result, enhanced transport efficiencies may be expected in
low temperature glasses and in rigid systems where such
relaxation processes are reduced.

5. Conclusions

Mechanisms of energy transfer which may operate in mul-
tichromophoric arrays have been outlined in this work. For
the case of rigidly linked bichromophores, it is demonstrated
that a through-bond interaction can substantially increase the
rates of energy transfer above those expected from direct
through-space coulombic and orbital overlap-dependent elec-
tronic coupling mechanisms. For macromolecular systems
consisting of arrays of like chromophores and energy traps,
simulations involving a Pauli master equation-type approach,
where only nearest-neighbour incoherent transfer steps are
considered, can severely underestimate the rates of trap sen-
sitization. Energy migration occurring via ‘‘quasi-coherent’’
pathways has been emphasized, particularly transfer
involving intermediate moieties acting as virtual states.
Through molecular design, the opportunity exists for the rates
and efficiency of energy transfer and trapping in macromo-
lecular arrays to be optimized.
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