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3.1 INTRODUCTION

The absorption of ultraviolet or visible light by an atom or molecule, resulting
in its electronic excitation, is a familiar and staple photophysical process. Owing
to the quantization of electronic states, the associated ultraviolet/visible absorption
spectrum contains bands reflecting fixed energy gaps. It is of significant interest to
ascertain the destination of the discrete energy held within an electronic excitation,
and the mechanism by which the excitation arrives there. One such photodynamical
process involves energy transfer from one molecule (or atom) to another. Remarkably,
this “hopping” occurs over spatial dimensions that are typically much larger than the
cross-section of a molecule and, in some cases, the effect is completed on a timescale
in the sub-picosecond range. This chapter gives an introduction to the key aspects of
this energy transfer, from its photophysics to its applications to molecular biology.
Formally, resonance energy transfer (RET) is a photophysical process wherein
excitation is transferred from an initially populated donor molecule (or chromophore)
to an acceptor molecule through intermolecular interactions. It is a ubiquitous pro-
cess found in numerous systems including conjugated polymers, light-harvesting
proteins, and various other multichromophore systems. A common application of
energy transfer—and, indeed, one deployed in nature for solar energy conversion
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by plants—is the migration of incident light energy, captured at the periphery of a
chromophore array, to a central chromophore, effectively concentrating the excita-
tion. Traditionally, energy transfer within light-harvesting complexes is understood
according to Forster RET theory, which will be introduced in the following sections. In
recent years, researchers have also become interested in special circumstances where
Forster theory fails to adequately describe energy transfer, since these cases are likely
to inspire new applications and will certainly indicate new physical concepts.

3.2 HISTORY OF RET

3.2.1 The First Experiments

RET, the process in which the energy of an excited atom or molecule (usually called
the donor, but known historically as the “sensitizer”) is transferred nonradiatively to an
acceptor molecule (activator), occurs through intermolecular dipole—dipole coupling.
The origins of its discovery can be traced back to 1922, when the phenomenon of RET
(sensitized fluorescence) was first experimentally observed by Cario and Franck [1-3]
in the gas phase. Their spectroscopic experiment involved illuminating a mixture of
mercury and thallium vapors at a wavelength absorbed solely by the mercury; the
resulting fluorescence spectra proved to include frequencies that could only be emitted
from thallium. Such energy transfer in vapors was at first assumed to be uniquely
associated with interatomic collisions, but a discovery that transfer could occur at
larger separations than the collision radius showed that this was not necessarily the
case. Soon RET was also being observed in solutions [4], and over the following
years in a rapidly increasing number of other physical systems.

3.2.2 Early Developments of Theory

The first theoretical explanation of the phenomenon was proposed by Jean Per-
rin [5], later a Nobel laureate. Recognizing that energy could be transferred from
an excited molecule to its neighbors amongst closely spaced molecules through
dipole interactions, he named this process transfert d’activation, and his paper on
the subject became the earliest attempt to describe nonradiative (near-field) energy
transfer. Despite its initial success, however, Perrin’s model incorrectly predicted
that nonradiative energy transfer should be possible between dye molecules up to an
intermolecular distance of 1000 A, an error deriving from an inaccurate assumption
that the molecules would act as Hertzian oscillators with exactly defined resonance
frequencies. Five years later [6], Perrin’s son Francis developed a corresponding
quantum mechanical theory of RET, based on Kallman and London’s results [7].
In this work he recognized a “spreading of absorption and emission frequency” due
to the interactions of the dye with the solvent, reducing the probability of energy
transfer. As a result, efficient transfer was calculated to occur up to 150-250 ;\,
still approximately a factor of three more than had been experimentally observed. A
detailed and highly readable survey of these early contributions of J. Perrin and F.
Perrin can be found in a review by Berberan-Santos [8].
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3.2.3 Forster Theory

Extending the ideas of J. Perrin and F. Perrin, Forster developed the first essentially
correct theoretical treatment of RET [9-11]. Forster determined that energy transfer,
through dipolar coupling between molecules, mostly depends on two important quan-
tities: spectrum overlap and intermolecular distance. Following the observation that
“the absorption and fluorescence spectra of similar molecules are far from completely
overlapping,” he found a means to quantify the spectral overlap integral. The static
dipole—dipole interaction was known to have an inverse proportionality on the cube
of the molecular separation. Since the rate of energy transfer is proportional to the
square of such a coupling, it thus depends on the sixth power of the separation—that
is, the now-famous R~° distance-dependence law. Moreover, the acceptor distance at
which this rate equates to that of spontaneous emission by the donor, later termed
the Forster radius R, was calculated to lie between 10 and 100 A, agreeing with
experimental observations.

Much later, the distance dependence predicted by Forster was fully verified by
fluorescence studies of donor-acceptor pairs at known separations [12, 13], leading to
the suggested employment of RET as a “spectroscopic ruler” by Stryer and Haugland
[13]; hence, a technique to measure the proximity relationships and conformational
change in macromolecules was realized (see Section 3.4). With the introduction of
the first lasers in the 1960s, the modern understanding of RET led to a raft of modern
applications. An excellent in-depth review on the modern history of RET is given by
Clegg [14].

3.3 THE PHOTOPHYSICS OF RET

RET is a process that is known to operate across a diverse and extensive range of
physical systems, encompassing not only gases and dye solutions, but also protein
complexes, doped crystals, and polymers, to name but a few. Nonetheless, at a fun-
damental level it is possible to identify numerous common features in the underlying
photophysics.

3.3.1 Primary Excitation Processes

To approach the subject in detail, let us commence with the photoexcitation pro-
cess that creates the conditions for RET to occur. When resonant ultraviolet or
visible radiation impinges on any nonhomogeneous dielectric material, the primary
result of photon absorption is the population of electronic excited states in individ-
ual atomic, molecular, or other nanoscale centers—henceforth, the latter are to be
grouped together under the generic term “chromophore.” Typically, such absorption
is immediately followed by a rapid but partial degradation of the acquired energy,
the associated losses (largely due to vibrational dissipation) ultimately to be manifest
in the form of heat. This effect is reflected in the principle that the release of elec-
tronic energy by fluorescence generally occurs from the lowest vibrational level of
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FIGURE 3.1 Typical spectral discrimination between the fluorescence from donor and
acceptor species (here notionally based on a cyan fluorescent protein donor and a yellow
fluorescent protein acceptor): (a) the transmission characteristics of a short-wavelength filter
ensure initial excitation of only the donor; a dichroic beam splitter and another narrow emission
filter ensuring that only the (Stokes-shifted) fluorescence from the donor reaches a detector;
(b) in the same system a longer-wavelength emission filter ensures capture of only the acceptor
fluorescence, following RET.

the excited state. However, if any nearby chromophore has a suitably disposed elec-
tronic state, of a similar or slightly lower energy, that neighbor may acquire the major
part of the electronic excitation through RET—a process that takes place well before
any further thermal degradation of the excited state energy occurs. The mechanism is
most commonly studied through spectrometric differentiation of fluorescence emerg-
ing from the initially excited energy donor and from the energy acceptor species, as
illustrated in Figure 3.1. As will be shown in the following, the propensity for energy
to be transferred between any two chromophores is severely restricted by distance,
and if no suitable acceptor is within reach, the donor will generally shed its energy
by fluorescence or local dissipation.

3.3.2 Coupling of Electronic Transitions

In systems where RET occurs, the donors and acceptors are usually also fluorophores,
that is, chromophores that have the capacity to decay by fluorescent emission. More-
over, in RET, the transitions of donor decay and acceptor excitation are generally
electric dipole-allowed—although other possibilities do occasionally arise. Accord-
ingly the theory of energy transfer, for donor-acceptor displacements beyond the
region of significant wavefunction overlap, is traditionally conceived in terms of an
electrodynamical coupling between transition dipoles.

Consider the pairwise transfer of excitation between two chromophores D and A.
In the context of this elementary mechanism, D is designated the donor and A the
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acceptor. Specifically, let it be assumed that prior excitation of the donor generates an
electronically excited species D*. Forward progress of the energy is then accompanied
by donor decay to the ground electronic state. Acquiring the energy, A undergoes a
transition from its ground to its excited state. The RET process may be expressed by
the following photophysical equation:

D'+ A = D+ A*. 3.1)

The excited acceptor, A*, subsequently decays either in a further transfer event,
or by another means such as fluorescence. As the D* and A* excited states are real,
with measurable lifetimes, the core process of energy transfer itself is fundamentally
separable from the initial electronic excitation of D and the eventual decay of A; the
latter processes do not, therefore, enter into the theory of the pair transfer.

Since Forster theory explicitly relies on the electric dipole approximation, that is,
energy transfer occurring through electric dipole couplings, the model breaks down in
certain circumstances and becomes invalid. Consequently, problems of interpretation
can arise when an electronic transition is electric dipole-forbidden, but allowed via
magnetic or higher-order multipoles; weak interactions may develop, to facilitate the
energy transfer, that are unaccounted for by the Forster theory. This scenario often
occurs for interactions between highly symmetric chromophores. In the Taylor series
expansion of the Coulombic interaction between transition moments, the leading
nonzero term involves electric dipole moments while the higher orders relate to mag-
netic dipoles, and to higher electric and magnetic multipoles. All of these additional
terms are more strongly dependent on distance and, therefore, multipolar interactions
are significant at very small donor—acceptor separations; an alternative mechanism
described by Dexter theory [15] should be considered when there is donor—acceptor
wavefunction overlap (vide infra).

3.3.3 Dissipation and Line Broadening

To delve more deeply into the nature of the RET process, it needs to be recognized that
Eq. (3.1) tells only part of the story, dealing as it does with only electronic excitations.
In general, other dissipative processes are also engaged. In a solid, the linewidth of
optical transitions manifests the influence of local electronic environments that, in
the case of strong coupling, may lead to the production of phonon side-bands. Similar
effects in solutions or disordered solids represent inhomogeneous interactions with
a solvent or host, while the broad bands exhibited by chromophores in complex
molecular systems signify extensively overlapped vibrational levels, including those
associated with skeletal modes of the superstructure. In each case, the designation
of RET as a “resonance” process has not only the connotation of overall energy
conservation, but also conveys the sense that energy can transfer from any level within
the continuum of the donor-excited state to a corresponding level in the excited state
continuum of the acceptor. The overall transfer efficiency thus involves a factor known
as the spectral overlap [16], which denotes a frequency-weighted integral product of
the donor emission and acceptor absorption profiles, as illustrated in Figure 3.2.
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FIGURE 3.2 Energetics and spectral overlap features (top) for energy transfer from D to
A (and below, potentially backward transfer from A to D). For each chromophore, F denotes
the fluorescence spectrum and ¢ the absorption. Wavy downward lines denote vibrational
dissipation.

Forster theory relies on a crucial assumption relating to the microscopic description
of the dynamics, namely that the electronic coupling between donor and acceptor is
very weak in comparison to line broadening. The electronic coupling acts as a small
perturbation to promote energy transfer, but it is not sufficiently large to support
delocalized excited states. In this weak coupling regime, vibrational equilibrium is
achieved much faster than the rate at which RET occurs, and thus the electronic and
vibrational states are essentially decoupled when RET takes place. When the excita-
tion is localized on one molecule at any time and the transfer of excitation from the
donor to the acceptor occurs incoherently, in an irreversible “hopping” fashion, the
dynamics can be described according to conventional kinetic rate equations. Accord-
ingly, a time-independent transfer rate can be determined from Fermi’s golden rule—a
quantum mechanical prescription that underpins most of molecular spectroscopy [17].

To formulate other energy transfer theories that relax this assumption is a great
challenge, strongly depending on how the magnitude of the interchromophore interac-
tion compares to the interaction of this system with the “bath”—the latter term being
commonly used in this context to signify the surroundings of the donor—acceptor
pair. The interchromophore interaction is characterized by direct electronic cou-
pling, while the system-bath interaction can be characterized by a quantity called the
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“reorganization energy,” which quantifies the extent to which the host or solvent
and other environmental degrees of freedom accommodate the change of electron
distribution on promotion of a molecule from its electronic ground to excited state.
A fundamental breakdown of Forster theory occurs in the intermediate and strong
coupling regimes. Here, the interchromophore coupling between donor and acceptor
molecules can no longer be regarded as sufficiently small to promote incoherent
energy transfer. In the strong coupling limit, when the coupling between the donor
and acceptor molecules is large compared to the system-bath coupling, delocalized
excitonic states are created; the excitation is coherently shared, being no longer local-
ized on either the donor or acceptor [18]. The applicable description of the strong
coupling regime is known as Redfield theory [19]. In Redfield theory, it is the bath
that promotes energy transfer and relaxation through stochastic fluctuations.

In the intermediate coupling regime, widely applicable to multichromophore light-
harvesting proteins, the electronic coupling is similar in magnitude to the system-bath
coupling. Such cases, in which the understanding of energy transfer becomes far more
difficult, are currently the subject of extensive studies [20].

3.3.4 Forster Equation

The Forster theory delivers an expression for the rate of pairwise energy transfer,
wg, for any donor—acceptor separation, R, that is substantially smaller than the wave-
lengths of visible radiation. For systems where the common host material for the
donor and acceptor has refractive index n, at an optical frequency corresponding to
the mean transferred energy, the Forster result is expressible as follows [21-23]:

6
1 Ro]
wp=—|—|, (3.2)
F Tg [R
where rg is the radiative decay lifetime of the donor molecule in the absence of

transfer. The Forster radius R, (in Angstroms)—that is, the distance at which the rates
of donor deactivation by RET and by spontaneous fluorescence become equal—is
defined by

1
Ry =0.2108 [*@{n~*J]° . (3.3)

In this expression, d)% is the fluorescence quantum yield of the donor with transfer
absent, x is the orientation factor (vide infra), and J represents an integral of the
product of the donor emission spectrum with the acceptor absorption spectrum (in
units of M~ cm~! nm*); the latter denotes a spectral overlap which, as stated earlier,
is akey determinant of energy transfer efficiency. It is evident from Figure 3.2, that the
propensity for forward transfer is usually significantly greater than that for backward
transfer, due to a sizeable difference in the spectral overlaps for the two processes.
Similar to the rate, the transfer efficiency @ is expressible as

_ _ _q_
T 14+(R/R)° oty Ip

1 il

®; (3.4)
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FIGURE 3.3 Distance dependence of the transfer efficiency between a pair of chromophores,
calculated according to Eq. (3.4).

where I and Iy« are the intensities of the donor fluorescence with the acceptor present
and excluded, respectively, and z; specifically denotes the fluorescence lifetime of the
donor measured within its RET environment. As graphically depicted in Figure 3.3, a
donor—acceptor displacement equal to R, corresponds to a transfer efficiency of 50%.

The third equality on the right of Eq. (3.4), which holds provided decay processes
follow single-exponential decay kinetics, provides a formula that is cast in terms
of easily measurable quantities. This is particularly useful since it allows energy
transfer efficiencies to be calculated simply on the basis of intensity measurements
(e.g., using a fluorimeter), obviating the separate time-resolved measurements that
would otherwise be generally necessary for evaluation of the characteristic decay
lifetimes z; and .. When a given electronically excited chromophore is situated
within a distance R, of a suitable acceptor, RET will generally be the dominant
decay mechanism; conversely, for distances beyond R, spontaneous decay (usually
fluorescence) will be the primary means of donor deactivation.

3.3.5 Orientation Dependence

The k factor depends on the orientations of the donor and acceptor, both with respect
to each other, and with respect to their mutual displacement unit vector R, as follows:

K= (- i) = 3R - pp)R - fuy). (3.5)

For each chromophore, ji designates a unit vector in the direction of the appropriate
transition dipole moment—a measure of charge displacement during the associated
transition, which can be calculated using quantum theoretical methods [24]. The
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HA

FIGURE 3.4 Relative orientations and positions of the donor and acceptor and their transition
moments: angles 6, and 6, are subtended by donor and acceptor transition moments (u, and
H,, respectively) against the interchromophore displacement vector, R; the symbol 6} is the
angle between the transition moments.

possible values of k2, as featured in Eq. (3.3), lie in the range (0, 4). It is evident that
in the case of fixed chromophore positions and orientations the result delivered by
(3.5) is a function of three independent angles, as shown and defined in Figure 3.4:

kK = cos Oy — 3 cos O cos O4. (3.6)

Unfavorable orientations can thus reduce the rate of energy transfer to zero;
other configurations, including many of those found in photobiological systems,
optimize the transfer rate. The angular disposition of chromophores is therefore a
very important facet of energy transfer. It is important to note that transfer is not
necessarily precluded when the transition moments lie in perpendicular directions—
provided that neither is also disposed orthogonally to R(= RR).

In any at least partially fluid or disordered system, the relative orientation of all
donor—acceptor pairs may not be identical, and it is then the distributional average of
k2 that determines the overall measured response. In the isotropic case (completely
uncorrelated orientations) the k2 factor averages to 2/3; departures from this value
provide a quantitative signature of the degree of orientational correlation. In molecules
of sufficiently high symmetry it can also happen that either the donor or the acceptor
transition moment is not unambiguously identifiable with a particular direction in the
corresponding chromophore reference frame. Specifically, the electronic transition
may then relate to a transition involving a degenerate state—as can occur with
square planar complexes, for example [25]. Alternatively, the same observational
features might indicate rapid but orientationally confined motions. The considerable
complication which each of these effects brings into the trigonometric analysis of
RET has been extensively researched and reported by van der Meer [26,27].

3.3.6 Polarization Features

When linearly polarized laser light is used to excite any specific species within a
complex disordered solid or liquid system, the probability for initial excitation of
any particular molecule is proportional to cos20, where 6 is the angle between the
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appropriate excitation transition moment and the electric polarization vector of the
input radiation. Consequently the population of excited molecules has a markedly
anisotropic distribution, a phenomenon associated with the term photoselection. 1If
radiative decay were to ensue instantaneously, that is, from precisely the initially
populated excited level, then the fluorescence would carry the full imprint of that
anisotropy and itself exhibit a degree of polarization—the highest value possible.
Accounting for the necessary three-dimensional rotational average [28], it is readily
shown that the fluorescence intensity components polarized parallel to and perpen-
dicular to the polarization of the excitation beam, III and [, respectively, would
then lie in the ratio 3:1. Commonly observed departures from this result thus signify
the extent to which the orientation of the emission dipole differs from that of the
prior, initial excitation—which may be due to intervening decay, molecular motion,
or intermolecular energy transfer.

The two most widely used quantitative expressions of polarization retention are
the fluorescence anisotropy, r, or the degree of polarization, P. Both convey the same
information; they are defined and related as follows:

Iy =1 Iy =1
r = M’ P= u = r= 2_P (3.7)
I +21, I +1; 3-P

The denominator of the expression for r designates the net fluorescence intensity.
In a specific situation where the donor and acceptor have transition dipole moments
oriented in parallel, then r = 0.4 and P =0.5.

A key molecular factor determining any loss in polarization is the angle 6 between
the directions of the absorption and emission transition dipole moments. In terms of
this parameter and its influence on the measured fluorescence anisotropy, the case
where internal decay intervenes between excitation and fluorescence decay within
a single molecule is no different from that of a donor—acceptor pair in which the
absorption and emission processes are spatially separated—provided the donor and
acceptor in the latter case have a fixed mutual orientation (the orientation of the pair
being random). The following result, derived by Levshin [29] and Perrin [30], can be
applied in both situations:

29 _
P=300$ 60—-1

. 3.8
3 4+ cos2 6 38

In the case of a donor—acceptor pair, 8 is to be interpreted as the angle 6 shown in
Figure 3.4. Equation (3.8) thus allows direct calculation of this microscopic parameter,
through measurement of the macroscopic quantity P. Moreover when P proves to
exhibit a time-dependent decay, a study of the kinetics provides information on the
extent of rotational motion intervening between the absorption and emission events.

Very different behavior is observed for RET systems in which the donor and
acceptor are orientationally uncorrelated, that is, where they are both, independently,
randomly oriented. In such cases there is a very rapid loss of polarization “memory,”
and it transpires that the associated degree of anisotropy is precisely 1/25, that is,
r=0.04 [31]; two or more energy transfer jumps will therefore usually, to all intents
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and purposes, destroy any polarization in any ensuing fluorescence. However, it
should be noted that there is a surprising recovery in the anisotropy at distances
approaching the transfer wavelength. The effect is sufficiently strong to warrant
attention in dilute solution studies [32].

3.3.7 Diffusion Effects

So far only RET between a donor—acceptor pair has been considered. The discussion
is now extended to an ensemble of donors D and acceptors A, all units of which
are distributed randomly within an m-dimensional volume. For systems in which
translational diffusion is extremely slow compared to the rate of energy transfer, the
time dependence of the donor intensity decay at time ¢, I« (), as obtained by Forster
[11], is given by the following expression:

o (0 = I @) exp |~ =2y <Tt > °. (3.9)

The most commonly applied form of this expression is when the m equals 3, that
is, RET in three dimensions. In Eq. (3.9), the parameter y is explicitly written as

3
y = %nECAR3, (3.10)

in which C, is the concentration of acceptors (number per unit volume) and
4/ 3)7rR(3) C represents the average number of acceptor chromophores in a sphere of
radius R; the orientational factor is again set as 2/3.

Cases where diffusion is comparable to the transfer rate become very complicated,
and calculations by Butler and Pilling [33] have shown that large errors arise on using
Forster theory for systems with diffusion coefficients in excess of 107> cm? s™!. To
address such systems, a successful approximation was developed by Gosele et al.
[34]. This approach involves the insertion of a multiplier G within the second term
in the exponential of Eq. (3.9). With m = 3, the parameter G is given by

3
2\ 1
G < <1+5.47x+4.00x ) , G.11)

1 4+ 3.34x

in which x = D(Rg / rD*)_l/ 312/3 where D is the mutual diffusion coefficient. In con-
trast to the Forster theory, the above method provides an excellent approximation—as
was verified by the authors of Reference 33.

Forster theory also fails at donor—acceptor displacements similar in magnitude
to chromophore dimensions for another reason. This is because transition dipole
moments no longer appear point-sized, and the centers of the transition moments, from
which charge displacement is measured, become difficult to define. Circumstances
where this is especially apparent are extended chromophores such as carotenoid,
chlorophyll, and other photosynthetic substances. An expedient solution to the prob-
lem is the transition density cube (TDC) method, which involves explicit calculations
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of the interactions between relevant transition densities on the donor and acceptor
[35]. The key advance of transition densities over their approximation via the Taylor
expansion is that exact Coulombic coupling is determined, that is, all the terms in the
expansion are retained, and the wavefunction shapes of the interacting chromophores
are captured. In fact the shapes of the transition densities (which are related to the
wavefunctions) are vital in understanding the molecular interactions. In its original
form, the TDC method uses quantum mechanical computations to obtain the transition
densities between ground and excited states. These are discretized into infinitesimal
volume elements, followed by a summation over all Coulombic interactions. Higher
order energy transfer processes can occur via electric quadrupole—electric quadrupole
interactions or second-order electric dipole—electric dipole couplings [36].

3.3.8 Long-Range Transfer

It was originally assumed that a “radiative” mechanism would correctly describe
energy transfer for donor—acceptor separations over and beyond 100 A, and some
recent literature on the subject still perpetuates this over-statement. Certain sources
wrongly treat Forster “radiationless” energy transfer as exact, distinct, and separable
from “radiative” energy transfer—the latter signifying successive but independent
processes of fluorescence emission by a donor, and capture of the ensuing photon by
an acceptor.

Although that certainly is the observed character of RET over very long distances—
as for example between donor and acceptor components in a dilute solution—it
is now known that both “radiative” and Forster transfer are simply the long- and
short-range limits of one powerful, all-pervasive mechanism. The latter, determined
from quantum electrodynamical calculations, is the outcome of the unified theory of
RET [37]. This not only embraces Forster and “radiative” energy transfer, but also
addresses the intermediate range in which neither of these mechanisms is fully valid.
An expression for the total pairwise energy transfer rate, ranging from molecular
dimensions up to interstellar distances, is written as

W= Wg + Wy + W, (3.12)

where wp represents the Forster rate of Eq. (3.2), equally expressible in an alternative
form as follows [38,39]:

K2t

WF =
8ﬂfgn4R6

/ Fo@oa@22, (3.13)
o)

where Fp(w) denotes the normalized fluorescence spectrum of the donor, o,(w)

represents the linear absorption cross-section of the acceptor, and w is an optical fre-

quency in radians per unit time. Returning to Eq. (3.12), w,,q4 is the rate of “radiative”

energy transfer—explicitly given by

9K,2

W= —— [ Fplw)o,(w)dw, (3.14)
rad SﬂTng/ D A
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and wy is the intermediate term that is cast as

9¢?

WI = -
87zrgn2R4

(k% = 2kx") / FD(w)O'A(a))d—C;). (3.15)
[0

In both Egs. (3.14) and (3.15), the symbol k" denotes an orientation factor identical
to (3.5) but with the factor of “3” omitted from the second term. In summary, the
unified theory of RET contains not only the R~ term of Forster theory and the R~>
term denoting the inverse-square law of “radiative” transfer, but also a previously
unidentified R—* intermediate term.

3.3.9 Dexter Transfer

Before concluding this section, it is worth observing that other forms of donor—
acceptor coupling are also possible, although considerably less relevant to the systems
of interest in the following account of applications. For example, the transfer of
energy between atomic components with significantly overlapped wavefunctions
is usually described in terms of Dexter theory [40]—where the coupling involves
electron exchange and is associated with an exponential decay with distance, directly
reflecting the radial form of overlapping wavefunctions and electron distributions.
Unlike Forster transfer, singlet—triplet energy exchange CD* + 'A — D 4 3A*) may
also be allowed by the Dexter mechanism. This is because Dexter transfer, which is
not simply expressible in terms of transition moments, is not precluded by the dipole-
forbidden character of the transitions 7| — S, and S, — T within chromophores D
and A, respectively. The Dexter mechanism requires only the conservation of total
spin. Compared to materials in which the donor and acceptor orbitals do not spatially
overlap, such systems are of less use for either device or analytical applications. The
Dexter mechanism is generally operational only at very short distances (<10 A), and
other terms dominate the electronic coupling in cases of orbital overlap. The reader
is referred to References 15 and 41 for relevant discussions.

3.4 INVESTIGATIVE APPLICATIONS OF RET
IN MOLECULAR BIOLOGY

Without doubt, the field in which measurements of RET have had the greatest impact
is molecular biology. The importance of RET to this subject, especially in application
to biological macromolecules, was first realized following the construction of spec-
troscopic equipment for routine fluorescence measurements [42—45]. Toward the turn
of the twenty-first century, RET underwent a period of significant redevelopment as a
spectroscopic technique [46]. This resurgence arose mainly due to the advent of new
experimentation methods, for example, single-pair RET [47], and further advances
in instrumentation. The key advantage of RET techniques over others is that fluo-
rescence measurements are highly sensitive, being made against a zero background;
moreover, the UV/visible signals are relatively easy to detect and are specific and the
required instrumentation is noninvasive.
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3.4.1 Spectroscopic Ruler

A major use of RET, based on its strong distance dependence, exploits its capacity to
supply accurate spatial information about molecular structures. This derives from a
quantitative assessment of the interchromophore separations, based on comparisons
between the corresponding RET efficiencies [48-51]. Such a technique is popularly
known as a “spectroscopic ruler.” The elucidations of molecular structure by such
means usually lack information on the relative orientations of the groups involved,
and as an expedient the calculations usually ignore the kappa parameter (3.4). The
apparent crudeness of this approach becomes more defensible on realizing that,
even if it were to introduce a factor of two inaccuracy, the deduced group spacing
would still be in error by only 12% (since 2'/¢ = 1.12). Refinements to the theory
to accommodate the effect of fluctuations in position or orientation of the participant
groups introduce considerable complexity, although progress is being made in several
areas [52-56].

3.4.2 Conformational Change

Through identification of motions in macromolecules, that is, the variation in prox-
imity of one chromophore with respect to another, a number of valuable RET appli-
cations arise, including the detection of conformational changes and folding in pro-
teins [49,57-59], and the inspection of intracellular protein—protein [24,60-63] and
protein—DNA [64, 65] interactions (see, e.g., Figure 3.5). These and other such pro-
cesses can be registered by selectively exciting one chromophore using laser light
and monitoring either the decrease in fluorescence from that chromophore, or the
rise in the generally longer-wavelength fluorescence from the other chromophore as
it adopts the role of acceptor. The judicious use of optical dichroic filters can make
this RET technique perfectly straightforward—see Figure 3.1. In cases where the two
material components of interest lack suitably overlapped absorption and fluorescence

\

FIGURE 3.5 RET method for the detection of protein—protein interactions. Biochemical
interactions between the proteins result in the attached chromophores becoming closer in
proximity—thus allowing energy transfer to occur between them. As a consequence, the
emission frequency will differ to those cases where energy transfer is absent.
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features in an optically accessible wavelength range, molecular tagging with site-
specific “extrinsic” (i.e., artificially attached) chromophores can solve the problem.
Located at a molecular site of interest, and being selected on the basis of a signifi-
cant spectral overlap with the counterpart component, such tags can act either in the
capacity of donor or acceptor. Lanthanide ions, with their characteristically prominent
and line-like absorption features, prove particularly valuable in this connection [66].
Also useful in this respect are the semiconductor nanocrystals known as quantum
dots. These crystalline nanoparticles offer several unique traits, including size- and
composition-tunable emission from visible to infrared wavelengths, the possibility
of a single light source simultaneously exciting different-sized dots, large absorption
coefficients across a wide spectral range, and very high level of photostability [67,68].

3.4.3 Intensity-Based Imaging

In the last two decades, there has been burgeoning interest in microscopy based on
RET [69-75], typical instrumentation for which is illustrated in Figure 3.6. There
are three specific types of RET method routinely used in the production of biologi-
cal images. The principles of sensitized-emission RET have already been described
(Fig. 3.1). For microscopy purposes this method is fairly inaccurate; no RET donor—
acceptor pair is ideal, that is, there will almost always be some overlap between
the donor and acceptor absorption bands, and also the donor and acceptor emission

T Cooled
ungsten ]
Widefield
Halogen
L CCD Camera
amphouse

Arc-Discharge
Lamphouse

Ar-Kr Laser
System
with AOTF

Cooled Gen III
Intensified
CCD Camera
Systems

Nipkow Confocal Tissue Culture
Scan Head Microscope

FIGURE 3.6 Typical commercial RET microscope (Olympus Corporation).
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spectra. Therefore, filters that completely separate these kinds of spectrum are difficult
to design. Various calculational algorithms [76—78] have been proposed to compen-
sate for this problem, although the methods are complex and no single procedure has
received universal acceptance.

A widely used alternative, experimental approach [79, 80] involves deliberately
photobleaching the acceptor, the result of which is complete exclusion of RET. In
this method, the donor emission is analyzed before and after the acceptor is bleached
by the input of an intense laser beam (at a suitable wavelength). The difference
between the donor intensities, with and without the laser input, enables a determi-
nation of the transfer efficiency by employing Eq. (3.4). Here, account is taken of
spectral bleed-through between the two absorption bands, and equally between the
two emission bands. Signal contamination is still not entirely eliminated, due to a
small amount of back-transfer through donor excitation by acceptor emission. Often
the main disadvantage in prolonged illumination of the acceptor is the possibility of
damage to the sample. Therefore, in practice, photobleaching is seldom appropriate
for in vivo studies.

3.4.4 Lifetime-Based Imaging

Fluorescence need not be characterized from excitation and emission spectra alone;
highly significant information can also be secured from lifetime measurements. Thus,
when suitable time-resolved instrumentation is available, the determination of decay
kinetics (usually on the nanosecond timescale) enables analysis through RET-based
fluorescence lifetime imaging microscopy (FRET-FLIM) [81-84]. In this method,
spectral bleed-through is no longer an issue since measurements are made only for
the determination of donor lifetimes; back-transfer is usually extremely low and
within the noise level. The presence of the acceptor within the local environment of
the donor influences the fluorescence lifetime of the donor. By measuring the donor
lifetime in the presence and absence of the acceptor one can accurately calculate the
transfer efficiency by the use of Eq. (3.4). Drawbacks to FRET-FLIM are the technical
challenges the technique presents, and the expense of the equipment. Nonetheless,
in optical systems that are equipped to provide both intensity and lifetime measure-
ments, a comparison of the two types of image affords a particularly rich source of
information, as illustrated by the cancerous cell images of Figure 3.7.

3.4.5 Other Applications

Beyond the realm of molecular biology, RET has value in a number of more specif-
ically chemical applications. In connection with quantum dots of variable size, the
viable operation of a biomimetic scheme known as a “nanofountain” (Fig. 3.8) has
been proven experimentally by Ohtsu’s group [85]. Other prominent examples are
found in the fields of synthetic macromolecules and chemical sensors. In polymer
science, building on the pioneering principles of Morawetz [86], RET is now used to
determine morphological information on polymer interfaces. Such studies have, for
instance, enabled the quantitative characterization of interfacial thickness in polymers
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FIGURE 3.7 MDA-MB-231 cancerous cell images recorded with argon laser two-photon
excitation, RET microscope based on (a) intensity and (b) fluorescence lifetime (ns). In the
latter, areas of locally reduced lifetime signify clustered intracellular vesicles. Adapted from
Reference 85.

of various structures [87]. Moreover, RET has been utilized in the study of polymer
conformational dynamics. One especially interesting application is the effective dif-
ferentiation between various collapsed and/or ordered homopolymer chain confor-
mations through the associated distribution of transfer efficiencies [88, 89].

The fabrication of RET-based, analyte-specific sensors has enabled detection of a
variety of species, including dimers of functionalized calixarenes in organic solutions
[90], copper(Il) in aqueous solution [91], hydrogen peroxide [92], phosgene [93],
and many others. These chemical sensors usually work on the principle of a donor—
acceptor system designed such that the presence of the analyte causes the acceptor
chromophore to move within closer proximity to a donor, enabling an RET process
that is not observed in the absence of the analyte. Therefore, on irradiation of the
system with the relevant chemical present, a strong emission from the acceptor signals
the presence of the analyte.

FIGURE 3.8 Scheme for an optical nanofountain composed of 2—10 nm CuCl quantum dots,
distributed in an NaCl matrix. (For a color version of this figure, see the color plate section.)
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3.5 THE ROLE OF RET IN LIGHT-HARVESTING COMPLEXES

3.5.1 Introduction

Light-harvesting proteins play the functional role of capturing solar radiation and
transferring the resulting excitation to the reaction centers where they are used to
carry out photosynthetic chemical reactions [94]. In high-order plants and many
algae, the major light-harvesting protein is Light-Harvesting Complex II (LHC-II)
which contains the green pigment chlorophyll. In addition to chlorophyll-containing
complexes, some plants, algae, and bacteria utilize other light-harvesting anten-
nae including phycobilisomes and phycobiliproteins to supplement the absorption
of sunlight. These peripheral light-harvesting proteins transfer photoexcitation to
chlorophyll-a molecules located in the membrane, which subsequently pass the exci-
tation on to photosystem I (PSI) and photosystem II (PSII). At the center of the
PSII complex resides the reaction center, the site of water oxidation catalyzed by
a Mn,0O,Ca complex. The oxidation of water by PSII, along with processes car-
ried out by other protein complexes including PSI, mobile electron carriers, and the
cytochrome bf complex, complete the photosynthetic cycle. These other processes
include the release of molecular oxygen, the reduction of nicotinamide—adenine din-
ucleotide phosphate (NADP+) and adenosine diphosphate (ADP), as well as the
generation of a proton gradient across the membrane.

Photosynthesis starts with the absorption of light by a chromophore, such as
chlorophyll, in a light-harvesting protein, resulting in an electronic transition from the
ground state to an excited state. The excited state is short-lived, relaxing to the ground
state after a mere nanosecond, so that the first events of photosynthesis involving the
transport of this electronic excitation to reaction centers must be ultrafast [95]. The
requirement of ultrafast energy migration beyond a nearest neighbor means that these
systems are often highly optimized multi-chromophore complexes. The optimization
lies in the structure of the light-harvesting complexes that bind the chromophores.
Figure 3.9 shows absorption spectra recorded for several such complexes, illustrating
their broad spectral cross-sections, often specialized in a particular wavelength range.
Figure 3.10 shows structural models elucidated from X-ray crystallography for two
light-harvesting complexes. The extraordinary density of chromophores is notable,
particularly in LHC-II, the major light-harvesting complex of higher plants and
green algae.

Photosynthetic organisms achieve numerous advantages by employing differ-
ent complexes to harvest sunlight and to drive chemical reactions [95]: (a) Light-
harvesting proteins are able to increase the spatial and spectral cross-section for
the absorption of sunlight without being costly to the organism, in many photosyn-
thetic species the reaction center may be serviced by tens of light-harvesting proteins;
(b) the wide variety of these complexes allows individual species the ability to survive
in varying light conditions; (c) light-harvesting antennae have evolved photoprotec-
tion responses, such as down-regulation, to avoid damage in the case of excessive
exposure to sunlight.
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FIGURE 3.9 Normalized absorption spectrum of LHC-II (green); the main light-harvesting
protein in high order plants along with the normalized absorption spectra of four cryptophyte
light-harvesting proteins: PE545 (blue), PES55 (pink), PC612 (purple), and PC645 (red). The
different region in which these complexes absorb is clearly evident. (For a color version of
this figure, see the color plate section.)

3.5.2 Photosynthetic Excitons

Within a light-harvesting complex, strong electronic interactions between chro-
mophores can result in new delocalized excited states. Although not always present,
these delocalized excited states known as excitons can extend over multiple chro-
mophores and can have a profound impact on the electronic structure and energy

(b)

FIGURE 3.10 Structural models of two photosynthetic light harvesting complexes: (a) a
cryptophyte PC645 antenna complex, and, (b) the major chlorophyll-a/b complex from higher
plants and green algae, LHCIL. (For a color version of this figure, see the color plate section.)
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Energy

Absorption

FIGURE 3.11 Illustration of the electronic energy spacing of a homodimer, which consists
of two identical chromophores, each modeled as a two-level system. Molecular excited states
e, and e, are coupled by an electronic potential, V,,,, resulting in delocalized excited states e,
and e;. Absorption frequencies of the dimer occur at the corresponding energies E, and E;.

transfer dynamics within a light-harvesting protein. The Frenkel or molecular exci-
ton model describes delocalized excited states in biological systems and molecular
aggregates arising from the superposition of localized molecular excited states [18].
In other words, several molecules can cooperatively (in phase) absorb light and share
the excitation quantum mechanically.

Delocalization of the excited state results in an increase in the spatial extent of
the excited state, changing the nature of the chromophore (Fig. 3.11). The LH2 com-
plex, isolated from purple bacteria, one of the most widely studied light-harvesting
complexes, provides a clear example of how excitons can substantially change the
electronic structure of a protein as well as the energy transfer dynamics [96-98].
The LH2 complex only contains one type of chromophore, bacteriochlorophyll-a
molecules; 27 of these molecules are arranged into two rings. In one ring, there are
18 closely packed B850 bacteriochlorophyll-a molecules; due to their close prox-
imity to each other along with their preferential orientations the coupling between
these chromophores is strong, with nearest neighbor coupling being approximately
300 cm™!. In the B80O ring, there are nine loosely packed bacteriochlorophyll-
a molecules where adjacent molecules have a 30 cm™! electronic coupling. Photon
absorption in the B800 ring occurs at 800 nm, corresponding to electronically isolated
chlorophyll-a molecules, while the B850 ring is red-shifted to 850 nm (Fig. 3.12).
This shift is in part a response to interactions between the chromophores and the
protein; however, a significant contribution is due to the strong excitonic coupling of
molecules. In addition to changing the electronic landscape of the system, excitons in
LH?2 also change the energy transfer dynamics by setting up a gradient which allows
excitation to flow “downhill” from the high energy B800 ring to the lower energy
B850 ring.

Forster theory for molecules cannot capture the consequences of delocalized exci-
tation, and therefore, the unexpectedly rapid timescale for energy transfer in several
light harvesting complexes were a mystery for many years. Eventually it was realized
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FIGURE 3.12 (a) Absorption spectrum of LH2 extracted from a strain of the purple bac-
terium Rhodopseudomonas acidophila. The B80O0 ring absorbs at 800 nm and is due to the
nine weakly coupled BChl chromophores, while the B850 ring absorbs at 850 nm and is due to
the 18 tightly packed BChl molecules. (b) X-ray crystallography structure of LH2 from Rps.
acidophila (strain 10050) illustrating 27 bacteriochlorophyll-a chromophores. Blue-colored
chromophores indicate the B800 ring, while red-colored chromophores indicate the B850 ring.
Energy-level diagrams for chromophores in the (c) B800 ring and (d) B850 ring. Adapted from
References 10 and 41. (For a color version of this figure, see the color plate section.)

that donors and acceptors needed to be redefined in order to formulate an appropriate
theory, called Generalized Forster Theory (GFT) [99, 100] that could quantitatively
predict energy transfer in excitonic systems. The idea is to partition the system into
both strongly coupled chromophores and weakly coupled chromophores, then choose
effective donor and acceptor electronic states. GFT is applicable when multiple chro-
mophores, which are strongly coupled, act together as a donor and are weakly coupled
to another group of strongly coupled acceptors.
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