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1 Introduction

There is a wide range of photophysical processes entailing
pairwise interaction between molecules. Whilst many specifi-
cally chemical interactions occur between molecules close
enough for their electronic orbitals to overlap, as for example in
bimolecular reactions and collision processes in general, there
are many other types that occur through electromagnetic cou-
pling at appreciably larger distances. For example the migration
of energy between molecules, a highly significant feature of
ultrafast photochemistry in the condensed phase, generally
occurs beyond the subnanometer distances where direct energy
exchange could result from wavefunction overlap, because the
individual species involved are too far apart. The dominant
processes for resonant energy transfer are then radiative
transfer, in which photons are emitted by excited molecules and
subsequently absorbed by others, and a ‘radiationless’ interac-
tion. Both of these processes play a significant role in the
dynamics of energy trapping in the photosynthetic unit. Indeed
the high efficiency of photosynthesis in green plants is substan-
tially attributable to the speed with which energy migrates from
‘antenna’ chlorophyll molecules to reaction centres where the
chemistry occurs. In a quite different area, we find essentially the
same process playing a significant role in determining the
performance characteristics of laser crystals. Many other photo-
induced processes involving intermolecular coupling are
increasingly the subject of research interest; examples include
fluorescence migration, induced circular dichroism, and cooper-
ative absorption. In this review these and other processes are
discussed with reference to a new formulation of theory embrac-
ing both radiative and ‘radiationless’ energy transfer.

At the outset, it may be helpful to identify more precisely the
unifying theme of the various photophysical topics to be
addressed. Figure 1 shows in a greatly simplified form the
essential detatls: (a) depicts the simple case of energy transfer
between two molecules, where no radiation either impinges on,
or is emitted by, either one of the pair. Of course radiation will
play a part by initially providing the excitation that is shown
passing from one molecule to another, but it plays no intrinsic
part in the transfer itself. Figure 1(b) shows a process with the
next degree of complexity, specifically involving the absorption
of a photon by one of the participating molecules. Such pro-
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Figure 1 Simple representations of bimolecular processes involving
molecules A and B (left and right, respectively, in each pair). Here and
in subsequent figures, applied radiation is shown incident from below
and emergent radiation above the pair, the horizontal wave represent-
ing the coupling.
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cesses are often manifest through changes in the optical charac-
teristics of one chemical species under the influence of another,
as 1in 1nduced absorption and induced circular dichroism

Another 1llustration 1s afforded by cooperative or sum-fre-
quency excitation More complex cases to be considered are
those 1n which two photons are mvolved Figures 1(c) and (d)
both represent phenomena where photon energy both enters and
leaves the bimolecular system, one important case being the
fluorescence migration employed to characterize protein struc-
tures, another less well-known member of the same class 1s
sequential Raman scattering Finally, there are bimolecular
two-photon absorption processes, as depicted in Figures 1(e)
and (f), associated inter alia with trans-interface absorption and
anomales 1n spectra based on broadband radiation As each
process 1s examined 1n turn, our attention will focus on their
distinctive aspects, primarily concerning the selection rules and
dependence on molecular separation For those famihar with
the concepts of dipole coupling a general basis of theory 1s first
outlined 1n Section 2, other readers may continue at Section 3

2 Intermolecular Coupling
At the beginning 1t 1s appropriate to address the detailed nature
of the coupling that mediates the various bimolecular processes
to be considered The description to be employed 1s one that
proves to accommodate not only coupling associated with
intermolecular energy transfer, but also the interactions between
polar molecules, : e static coupling between permanent dipole
moments As the latter 1s more familiar, it 1s helpful to use it as a
starting point

Consider the energy of interaction between two polar mole-
cules A and B, described by the familiar formula,

M= 4ﬂ;R3 eass) = 3ua Res” R, M

where ua and pg are the (permanent) dipole moments of the two
molecules, and R 1s the umt vector of molecular separation
Although unusual, 1t 1s helpful to consider the role of the time-
energy uncertainty principle in such an interaction Since no
energy 1s transferred between the molecules, there 1s clearly no
energy uncertainty consequently the interaction formula (1)
applies over an unrestricted range of separation distances, R,
and times ¢z = R/c, where c¢ 15 the velocity of hght From the
mverse cubic dependence on R in equation 1 1tis evident that the
fields experienced by an interacting pair fall off very rapidly with
increasing molecular separation

For the photophysical processes that will primarily concern us
in this review, generally characterized by the fact that both
molecules undergo a change 1n electronic or vibrational state, 1t
1s rates or corresponding intensities rather than energtes that
require evaluation The transitions involved, as energy 1s trans-
ferred from one molecule to another, necessarily entail transition
dipole couphing, and so can be displayed by both polar and non-
polar molecules The appropriate rate equations are derived
from the standard methods of time-dependent perturbation
theory through the Fermi Golden Rule! shown explicitly in
equation 2

2
rﬁ=7ﬂ|Mﬁ\25(Eﬁ) @

Here I'g 1s the rate of transition from an initial system state1to a
final state f, My 1s the quantum probability amphtude for the
process —a transitional analogue of the M 1nequation 1 -and the
Durac delta function represents overall conservation of energy,
in the sense that there 1s no gain or loss of energy by the system
comprising the molecules and the radiation

The derivation of a result for M that 1s appropnate for both
radiative and non-radiative energy transfer interactions, outside
the region of wavefunction overlap, 1s one of the distinctive
recent successes of Quantum Electrodynamics (QED) Retarda-
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tion features 1n the transfer process, associated with the finite
time for signal propagation between molecules, were first
revealed 1n pioneering works almost thirty years ago ?3
Although no differentiation was initially made between the
representations of short-range non-radiative and long-range
radiative transfer, their specific consideration as asymptotic
limits of a more general unified mechanism over an unrestricted
range of distances R 1s more recent 4 The QED formulation of
energy transfer between molecules 1s naturally cast in terms of
quantized field particles (virtual photons), and as such naturally
accommodates the retardation effects which modify the inverse
power law governing distance dependence * 8 Simular features
arise elsewhere, for example 1n correctly modifying at large
distances the R © dependence of the London potential (the
attractive part of the famihar Lennard—Jones interaction) to a
long-range R 7 behaviour as given by the Casmmur—Polder
formula ® The QED formulation in which the two energy
transfer mechanisms are united 1s attractive in comparison to the
traditional dipole—dipole coupling approach, not least in estab-
lishing the lack of any competition between radiative and
radiationless couphng mechanisms

From the unified theory, 1t emerges that the explicit result for
My, for a process entailing transfer of an energy hv = hck from A
to B, 1s expressible as

My = E‘M;Q [(1 = KR (uh - uh) — 3k R)ub R}

4meq

— KR 1)~ ek Rl BOY)
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where the transition dipole moments of A and B are differen-
tiated by arrows for the upward and downward transitions
respectively Inspection of the uncertainty principle now offers a
simple way of understanding the results in terms of the ter-
molecular distancest Here, because energy s transferred
between molecules, the interaction formula clearly does not yield
the same 1nverse power dependence on the separation R for all
times Over very short times, associated with small intermolecu-
lar distances where kR<<1, the transfer energy cannot be
localized 1n erither A or B and it remains the case that the
coupling takes the form of equation 1, essentially reflecting a
static (R 3) interaction However at relatively large times,
corresponding to coupling over distances where kR>> 1, the
propagating character of the energy in transit becomes more
evident, leading to radiative (R ') behaviour

3 Intermolecular Energy Transfer

Having introduced intermolecular coupling processes as the link
between various bimolecular photophysical interactions, we
now consider the specific case of resonant energy transfer 4 8 1©
As noted earlier, this 1s a process that plays a major role mn the
primary events of photosynthesis — 1t 1s also a significant
dynamical feature of many other phenomena such as chemilu-
minescence and laser emission

Let us suppose that molecule A 1s imitially 1n an excited state
and the process of interest concerns the ultrafast migration of
energy across an arbitrary distance to a ground-state molecule B
— we are not concerned with the mmitial photoabsorption by
molecule A, only the transfer process A* + B— A + B* More-
over we need not specify whether the transfer 1s to be considered
radiationless (the familiar Forster mechanism'!) or radiative,
for reasons that will emerge The necessary requirements that
the transfer energy 1s resonant with a discrete excited state of the
reciptent molecule, and that the selection rules allow both the
downward transition by A and the upward transition by B to
occur, suggests that the transfer process 1s between like mole-
cules, though this 1s not necessanly the case Here, both path-

' In formulating the hmiting behaviour 1n terms of molecular separation R
transition times ¢ and wave vector k the link 1s the time-energy Uncertainty
Principle expressed through equivalent different forms as
h "AEAt=cAkAt=AkAR~ )
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A*+B—>A+B*

Figure 2 Two routes for intermolecular energy transfer, with differing
itermediate states In the top route, excitation energy leaves A before
bemg captured by B, in the counterpart lower route both molecules
simultaneously carry excitation energy The lower route 1s significant
only for very short times

ways shown 1n Figure 2 have to be considered, 1n order to take
account of the non-energy conserving route allowed by the
Uncertainty Principle at very short times

The transfer rate I'y; depends on the probability amplitude
(equation 3) times 1its complex conjugate, and 1s concisely
expressible as the following excitation transfer function,

Ak, Ry~ R °[3 + k2R? + k*R?], “)

clanfying the dependence on the transfer energy #ck and the
molecular separation R The form of equation 4 reveals not only
the short-range Forster R~ ¢ and the long-range radiative R 2
behaviour, but also an intermediate dependence manifest in the
R~*term, apparent at molecular separations where kR~ 1 This
1s a direct result of the QED formulation that yields equation 3
The best way to see this influence on the energy transfer rate1sn
a log plot of the function A(k, R) against R This 1s illustrated 1n
Figure 3, where we assign to the wavevector magmitude & the
value 9 x 10°m ', corresponding to a transfer of energy follow-
ing photoabsorption at ~700 nm This gives an illustration of
the range dependence of energy transfer between chlorophyll
molecules within the photosynthetic unit (PSU)

Thus, 1t 1s the scale of the mtermolecular separation that
determines whether a process 1s seen as either a radiative or non-
radiative transfer — in fact both are lmiting cases of a single
unified mechanism The subtle difference 1s that over very short
mtermolecular distances the photon 1s undetected, and hence
commonly referred to as ‘virtual’, 1n the same sense as the virtual
molecular states that arise for example in Raman scattering
This links with the fact that at short time intervals the interaction

Log (4) - i

L | | AN} L

1 nm 10nm 100nm tpm 10 pum

Figure 3 Logarithmic plot of the excitation transfer function A(k, R)
agamst intermolecular distance, with k =9x 10° m ! Dotted lines
indicate the asymptotic R ¢ and R 2 behaviour at distances small

and large, respectively, compared with & !

1s almost instantaneous, and as such the short range limit of
equation 3 has the same character as the classical dipole—dipole
interaction (equation 1)

4 Induced Absorption and Circular Dichroism

In considering intermolecular energy transfer, we noted that the
preceding photoabsorption did not need to be taken into
consideration as 1t constitutes a separate process, in other words
the photon absorption and energy transfer represent two stages
1n a definite sequence Now we turn our attention to some rather
different processes, in which coupling between close proximity
molecular pairs plays a sigmficant part in modifying the absorp-
tion processitself One key feature of the bimolecular interaction
to be discussed below 1s a change in the selection rules of
symmetric species Another aspect 1s the induced circular dich-
roism which may be apparent in the absorption spectrum of an
achiral species through coupling with a chiral partner

The first, and n a sense prototypical, example of bimolecular
photoabsorption 1s a process in which a molecule A undergoes
optical excitation under the dual influence of the radiation and a
static interactton with a neighbouring polar molecule B
A + B+ hv - A* + B, as shown in Figure 4 In this connection
we can note that the long-ime or zero-frequency coupling
discussed 1n Section 2 reflects all the character of a static electric
field The effect of molecule B on the selection rules of molecule
A is to change its allowed transitions, specifically, if A 1s
centrosymmetric then parity-preserving transitions are permit-
ted This 1s exactly the same behaviour as results from the
apphication of a static field, as we would expect

Induced Absorption A+B+hv > A*+B
Induced Circular Dichroism A + B +hv — A + B*

Cooperative Absorption A+B+hv > A*+B*

Figure 4 Various one-photon bimolecular interactions

A similar type of bimolecular interaction where one molecule
plays a passtve role 1s Induced Circular Dichroism (ICD) It 1s
well known that the absorption of light by chiral molecules 1s
marginally different for left and night circular polanizations, a
phenomenon known as natural circular dichroism Molecules
which are intrinsically achiral can nonetheless display differen-
tial absorption when in the neighbourhood of a chiral molecule -
see for example recent work on inclusion complexes '2 The
essential feature 1s that the dichroism 1s seen at frequencies
characteristic of the achiral molecule B, A + B + v - A + B*,
and can be distinguished from the response of A, the chiral
species To develop the theory of ICD, magnetic dipole as well as
electric dipole interactions have to be taken into account!3 14 —
at this level of approximation, chirality can be manifest only
where transitions are both electric and magnetic dipole allowed *
Once again the iteraction between the molecules involved 1s as
represented 1n Figure 4, and 1t 1s quantum interference between
this bimolecular interaction and normal photoabsorption by B,
B + /v — B*, that generates the chiral response

5 Cooperative Absorption

The process of cooperative absorption 1s distinguished by the
fact that the energy from each photon of the absorbed radiation

* For all other processes discussed m this review the electric dipole approxima
tion 1s sufficient other multipolar contributions being generally neghgible



262

is taken up by two molecular species, A + B + v — A* + B*,
again as in Figure 4. Since both molecules are promoted to
excited states, the energy which is transferred from the primary
absorber A is necessarily the full excitation energy for the
secondary recipient B. This is an effect first seen in molecular
gases by bimolecular combination frequency absorption in the
infrared.!s In such cases, the two radiation-molecule interac-
tions at A lead to selection rules of the kind normally associated
with Raman-active vibrations, whilst B follows the normal
infrared selection rules. This gives the interesting feature that
absorption can appear to take place outside the normal absorp-
tion bands of either molecule. Also, final states may be reached
in molecule A that differ from those normally allowed — if the
molecule possesses a high degree of symmetry.!® Such effects are
not restricted to the infrared and may also be identified in UV/
visible spectroscopy. Three separate groups'’—!° have derived
results using molecular QED, explicitly showing the various
mechanisms that have to be taken into account.

One interesting development is the recent discovery that the
intensity of cooperative absorption may be substantially
enhanced if one of the molecules is strongly polar;2° this may be
regarded as reflecting its electromagnetic influence effectively
lowering the symmetry of its neighbour. It is interesting to
consider the operation of this mechanism where the two molecu-
lar species concerned lie on opposite sides of a phase boundary
or interface, as for example with two immiscible liquids, one
polar and the other non-polar. Under such circumstances it has
been shown that if the polar phase has a component with a
strong intramolecular charge transfer transition, it can display
significant absorption outside its normal absorption band. Such
behaviour can uniquely characterize the interface, as shown in
Figure 5. Since the effect proves to be quadratically dependent
upon the difference in the dipole moments of the polar species’
ground and excited states, molecules with a large internal charge
separation, as for example many extensively conjugated organic
structures, will be particularly suitable for experimental study.

Figure 5 Cooperative absorption at a liquid-liquid interface.

6 Fluorescence Migration

The fundamental process that is of interest here is one in which
‘donor’ molecules A, initially excited on irradiation with light,
transfer their energy to ‘acceptor’ species B which then generate
a fluorescence signal. Since under other circumstances fluores-
cence might be emitted by the initially excited donor species, we
employ the concise term ‘fluorescence migration’ to denote the
bimolecular interaction. Here, however, the range of wave-
lengths over which emission is detected is taken to exclude direct
fluorescence from A. Equally, it is assumed that the irradiation
wavelength is such that absorption occurs only at A.

This is a process that has been the subject of a great deal of
theoretical and experimental research, and where the seminal
results of early workers such as Forster!! and Perrin?! have been
widely used, and in some cases modified to further explain the
many experimental observations. Specifically, the known range-
dependence of the transfer rate can employed as a ‘spectroscopic

CHEMICAL SOCIETY REVIEWS, 1995

ruler’ to determine separations of chromophore units, a tech-
nique that has found important applications in connection with
biological structures. This, for example, has recently found use
in the quantitative microscopic imaging of animal cell compo-
nents.2? In general, the polarization of the migrant fluorescence
also carries information both on the dynamics of the energy
transfer process, and on the spatial correlations of the fluoro-
phores, features that are utilized in studying the biophysical
mechanisms of energy transfer in photosynthetic and other
structures.

In the representation of fluorescence migration shown as
Figure 6, the migration stage within the parenthesis of the
chemical equation represents the energy transfer, which may be
either radiative or non-radiative depending upon molecular
separation. The mechanism for the intramolecular decay, such as
depicted by a modified Jablonski diagram in Figure 7, need not
concern us — it plays a part neither in the coupling with the input
radiation nor in the fluorescence emission. Fourth-order pertur-
bation theory is used to formulate the whole process from the
initial absorption to the detected doubly Stokes-shifted signal.t

A+B+hv > {A*+B > A+ B*} 5> A+ B+ AV I

Figure 6 Fluorescence migration. In the equation the double dagger
differentiates vibrationally excited states from electronically excited
states denoted by asterisks.

So C C So

A B

Figure7 Modified Jablonski diagram showing the essential energetics of
fluorescence migration; S, represents the ground electronic state and
its associated manifold; S,, S, are higher electronic states.

The polarization parameter commonly measured in fluores-
cence studies is the polarization anisotropy r, obtained by
irradiating the sample with plane polarized light. Essentially this
parameter represents the difference in the polarization compo-
nents of the detected light parallel and perpendicular to that of
the incident beam, normalized by reference to the net emission.
As such it may be defined for each wavelength in the emission
spectrum as follows;

_r-r,
;=
I, +2r,

Two cases are of particular interest. One is where the partici-
pating chromophores A and B are part of a larger relatively rigid

* The term ‘doubly Stokes-shifted” signifies that the radiation suffers two
consecutive shifts in frequency. one at each of the participating molecules.
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structure, as for example n a protein, and therefore have a
strong orientational correlation Here, if § denotes the angle
between the transition dipole moments for the donor absorption
and the acceptor fluorescence, then the following (Perrin) result
ensues,?!

r = (3cos?28 — 1)/5 6)

Departures from this behaviour are important indicators of
dynamical interplay between intra- and nter-chromophore
relaxation, 1n particular where the possibilities of fluorescence
by A and absorption by B have also to be entertained 23 27 In
the imit where relaxation via intra-chromophore processes 1s
much faster than inter-chromophore energy transfer, the two
chromophores act as essentially independent units

The second scenario of interest concerns systems 1n which the
two moieties are structurally uncorrelated (21 e they are ran-
domly oniented or freely rotating) Here, 1t has been shown that
under conditions where the rate of molecular rotation 1s neglig-
ible on the fluorescence timescale (as 1s frequently the case for
large polyatomic species) and the transition dipole moments
within each molecule for absorption and emission are parallel,
then the short- and long-range results for the fluorescence
anisotropy are given by,28 29

.2_ =l (short-range)

125 25 @
r =

i = b (long-range)

125 25

The parameters r, and r, here denote anisotropy with and
without energy transfer between chromophores, respectively
The two results show a pronounced difference in the radiative
and non-radiative results Itisa hallmark of the unified theory of
energy transfer that it makes 1t possible to demonstrate smooth
progression from one hmiting result to the other as intermolecu-
lar distance increases

7 Two-centre Raman Scattering

An energy transfer process with many features ssmilar to fluores-
cence migration 1s bimolecular Raman scattering, where inci-
dent light undergoes Raman scattering by two molecules A and
B, each of which experiences an uptake (or, conceivably a loss)
of energy The main difference lies in the fact that, using optical
frequencies well away from any absorption bands, the incidence
and emergence of radiation at both A and B 1s essentially
mstantaneous Such two-centre Raman scattering has been the
subject of relatively few studies, undoubtedly reflecting 1its
experimental difficulties,®® however 1t has recently been sug-
gested that there 1s a possibility of distingmishing bimolecular
from conventional Raman signals by their anomalously high
depolarnization ratios 2°

The selection rules for the bimolecular Raman process have to
be considered carefully to distinguish the two types of interac-
tion that may occur, illustrated in Figure 8 One obvious
possibility, shown 1n Figure 8(a), 1s that the incident radiation
undergoes successive Raman scattering events at A and B,
mitially impinging on A but with the detected Raman signal
emerging from B In this sequential process, as two photon
events are involved for each molecule, the selection rules for each
participant are exactly as for conventional Raman transitions A
second possibihity, Figure 8(b), 1s where A both intercepts the
mcident and generates the signal radiation, their energy mis-
match being transferred to B As this type of interaction has an
odd number of photon interactions at each site, three at the
scattering centre and one at the second molecule, 1t has quite
different selection rules, specifically, hyper-Raman selection
rules apply to A, and infrared selection rules to B

The change 1n optical polarization that accompanies Raman
scattering 1s commonly measured in terms of the depolarization
ratio p, defined as, p=1/I', where I' represents Raman

A+B+hv > At + B+ by I

(@)

)

Figure 8 The two mechanisms for bimolecular Raman scattering

scattering with the same plane polarization as the mcident
radiation, and I' | denotes scattering polarized at right angles to
the incident polarization The bimolecular depolarization ratio
p1 18 sstmilarly defined for Raman signals associated with pair-
wise energy transfer between molecules Results for p, have been
calculated for the long and short range hmits of radiative and
non-radiative energy transfer, accommodating all possible con-
dirons It has been found that the results yield a depolanzation
ratio exceeding the normal off-resonant limit of 3/4, both at and
away from resonance, allowing an experimental parameter
through which 1t may be possible to detect the bimolecular
process For example sequential Raman scattering involving
depolanzed bands in both A and B leads to almost complete
demolition of the polarization, detailed calculations show that
here p, differs only margmally from umty (in fact by almost
exactly 0 3%) for molecules in close proximity 29

8 Bimolecular Two-Photon Absorption

The interest 1n this type of bimolecular interaction, A + B
+ 2hv — A* + B*, hes 1n the possibility of synergistically excit-
ing two different molecular species through absorption of radia-
tion at a frequency that neither species would absorb on 1ts own

As shown 1n the energetics scheme for this process, Figure 9, 1t
can be assumed that neither A nor B absorbs either at frequency
v or 2v, indeed the absorbed frequency 1s necessarily a mean of

mw A+ B+ 2hy = A*+ B

.

Figure 9 Schematic energetics for bimolecular two-photon absorption
Dotted lines indicate where the possible presence of other molecular
energy levels affords opportunities for resonance enhancement
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absorption frequencies for the two molecular participants As
illustrated 1n Figure 10 there are once again two mechanisms
that can operate, according to whether the two absorbed
photons impinge on different centres, (a), or both impinge on
one, (b), 1n previous studies these have been referred to as
cooperative and distributive mechanisms,3! 32 respectively
Since they have rather different features, we shall deal with each
mechanism 1n turn

A+B+2hv > A*+B* I

(@)

(b)
Figure 10 The two mechamsms for bimolecular two-photon absorption

Consider first mechamism (a) When molecule A, inttially in1ts
ground state, undergoes a transition to an excited state o
thraugh absorption of one quantum of hght with a freqency v,
then since v 1s off-resonant with respect to the transition fre-
quency there1sa mismatch in energy by anamount 8E = hv — E,
(assuming that energies are referred to the ground state as zero)
A suitable mechamsm for compensation of the energy mismatch
1s provided by the cooperative excitation of molecule B, through
absorption of another photon with the same frequency v, to an
excited state 8 with energy Eg = hv — 8E Thereby the overall
energy conservation E, + Eg = 2hv s satisfied

Here, the Uncertainty Principle shows that it 1s impossible to
constrain conservation of energy over a timescale less than
7~Qmv — E,/h)™', the transitions are therefore allowed
provided the local energy mismatch persists for a time not
exceeding - The imphcation 1s that for the cooperative process
to occur, the two molecules should be separated by a distance
broadly bounded by ¢z, which might even with visible frequency
excitation be a distance comparable to an infrared wavelength
Over larger distances the process acquires the charactenistics of
electronic Raman scattering at A followed by a separate process
of two-photon absorption at B The selection rules for this two-
photon cooperative absorption show that we must have a return
to the parity of the initial state by both molecules 1n order for this
type of excitation to take place

The distributive mechanism, Figure 10(b), mvolves absorp-
tion of two photons by molecule A, with coupling of the excess
energy to the second absorber B As with conventional two-
photon absorption, there is no need for A to possess an energy
level corresponding to the photon energy, and thus no 1dentifi-
able intermediate state 1s populated Here energy conservation
should be realised within a time 7 ~ (Eg/h) ™}, corresponding to a
range of intermolecular distances roughly bounded by the
wavelength of the radiation The long-range behaviour 1s then
identifiable with electronic hyper-Raman scattering at A
followed by conventional single-photon absorption at B Here
the transitions of both molecules are associated with a change in
parity For both mechanisms, more detailed selection rules have
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been derived for molecules of arbitrary symmetry !©

Bimolecular two-photon absorption 1s undoubtedly a weak
effect that requires intense laser radiation for its observation
Nonetheless 1t has been experimentally characterized in a vartety
of media, mostly in connection with charge-transfer transitions
mvolving molecular halogens and inert gases 33 The counterpart
mean-frequency process, in which two molecules of the same
chemical species are excited in a two-beam experiment by
photons of differing frequency has so far received only theoreti-
cal treatment, though 1t presents unique opportunities for
explorting resonance enhancement

9 Quantum Effects in the Absorption of
Broadband Radiation

As a final example of bimolecular photophysics, we can look at a
process that may significantly change the appearance of what
are ostensibly normal single-photon absorption spectra
Though the effects to be described will only be manifest at very
high intensities, they are distinct from the saturation processes
that can also lead to spectral change The principal 1ssue here 1s
an mmportant but generally unquestioned tenet of absorption
spectroscopy with broadband sources, that spectra obtained by
scanning the wavelength of incident hight are identical to those
obtained with all wavelengths simultaneously present This s, of
course, the basis of Fourier Transform spectroscopy Nonethe-
less 1t 1s an assumption that at high intensities fails

The mechanism at work here 1s none other than two-photon
bimolecular absorption Consider a system of 1dentical mole-
cules wrradiated by intense broadband light Two molecules of
the same species 1n close proximity can absorb any pair of
photons whose mean energy equals that of an upward transi-
tion Under sufficiently intense illumination there willin fact bea
large number of such photon pairs that can do the job Once
more the energy mismatch propagates across between the
molecules involved 1n order for energy finally to be conserved in
each one The main effect of such processes 1s that the normal
Beer—Lambert law has to be modified to the following form

_ %;x) [, %) + x [ Ko, DIw + LX)y — L, x)dL], (8)

where for a given frequency » the famihar exponential decay of
intensity / with distance x results if only the leading term on the
night 1s present The correction term given by the integral
represents a convoluted response spanning all frequencies pres-
ent 1n the incident hight, ¢ sigmifying the correlated frequency
mismatches of the two photons, and K characterizing the
material response The most obvious manifestation of this
addition to the hinear term is a change n spectral linewidths 34

An apparently ideal source for observations of this effect 1s the
ultrafast supercontinuum generated on passage of mode-locked
laser hght through a variety of media, including nothing more
sophisticated than a beaker of water Here we have broadband
emission that can cover several hundred nanometres of wave-
length 1n the visible, at intensity levels that should be adequate
for cooperative excitation process to occur Under such con-
ditions, then even with an ideal dispersive spectrometer, spectra
recorded with a monochromator placed between the broadband
source and the sample can be expected to differ from spectra
recorded with the monochromator between the sample and
detector (stnce 1n the former case the sample will be illuminated
only by the narrow band of radiation transmitted by the exit sht
of the monochromator) This set up should enable anomalous
absorption to be observed and discriminated from any compet-
ing saturation To our knowledge, the task of experimentally
identifying this bimolecular effect is a challenge yet to be
accepted

10 Conclusion
In this review we have presented a brief survey of a vanety of
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bimolecular photophysical interactions where electromagnetic
coupling plays a central role In particular, we have attempted to
llustrate the use of quantum electrodynamics tn conceptualizing
and interpreting these processes For example, 1t 1s only by the
use of such methods that ‘radiationless’ and radiative coupling
can be shown not to comprise competitive mechanisms for
energy transfer

We have specifically dealt with the interactions of a two-body
system Since coupling extends beyond nearest neighbours, the
posstbility of trimolecular or even higher order processes can
concetvably arise,3® though at present experimental obser-
vations appear fully consistent with pair coupling The influence
of the electronic fields of intervening molecules can also be
addressed, though at cost of considerably increased theoretical
complexity Nonetheless, additional features attributable to
attenuation and refraction can then be 1dentified, facilitating
more realistic modelling of bulk systems ® With these elements
of theory now well in place, there 1s ample scope for further
explorations and discoveries of new applications in the field of
bimolecular photophysics
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