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In the photophysics of complex macromolecules, resonance energy transfer is the key mechanism
for the migration of electronic excitation. As the ability to engineer specific architectures for such
molecules improves, environments for new forms of energy migration are being envisioned. Set in
this context, one of our aims in this paper is to expound a new, general way of representing complex
energy transfer systems, to obviate semantic and conceptual problems in addressing multicenter
interactions. The theory of four-center energy transfer is developed within this framework, through
the application of molecular quantum electrodynamics. A variety of mechanisms is identified by
which four-center energy transfer may proceed, and a recently developed diagrammatic technique is
employed to calculate relevant quantum amplitudes. Symmetry considerations are addressed, and
key features of the ensuing rate equations are discussed with regard to their potential exploitation in
novel photoactive devices. @002 American Institute of Physic§DOI: 10.1063/1.1461820

I. INTRODUCTION PSU-1¢  Utilizing fluorescence resonance energy
transfert’'8 spectroscopic techniques applied to a variety of

synthesis of multi-chromophore macromolecules has led t(B N abgve systems have given |_nformat|0n suc_h as .transfer
the need for a better understanding of the interplay betweeffi€S: mt_erchrpmop?ore separatiifs and the orientations
their electronic and optical properties. The need is keenest ifif transition dipoles Recent work has identified such sys-
the area of nanoscale photoactive materials, ranging frorfems as possible components in molecular logic gétes.
dendrimers to multiporphyrin macromolecules. The most ad- ~ The onset of dendrimer chemistry in the 1990's opened
vanced of these multichromophore systems hold considefurther avenues of investigation. Dendrimeric macromol-
able technological promise for biomimetic energy ecules can be viewed as multibranched systems of intercon-
conversion Indeed, skilled synthetic manipulation of nanos- nected chromophores, conceptually akin to multiporphyrin
cale environments has produced molecules that prove valygrays. Physically they comprise photoactive dendrons which
able for modelling the photophysical processes of photonigray energy and channel it, via energy transfer hops, towards
trapping gnd migration within the nati\{e photosynthetic unita central core. As such they are ideal for modeling light-
(PSU. It is the movement of energy within such macromol- harvesting protein&>?* since direct parallels can be drawn

ecules that concerns us in this work—particularly with re- . .
gard to their behavior at high levels of input radiation. with the roles of chlorophyll and the reaction center in the

To rationalize recent developments in the transfer 01PSU. In dendrimeric macromolecules, both the central core

electronic excitation in multichromophore array science it is2nd branch chromophores may be manipulated to display a
helpful to look briefly at the development of this subject Variety of optical and architectural properties® It is the
area. The photophysical mechanism underlying resonandgxploitation of these traits that stimulates the pursuit of re-
energy transfer(RET), the fundamental hopping process cently proposed high-intensity phenomena such as three-
whereby excitation localized at one chromophore migrates tegenter energy transféBCET, vide infra), with encouraging
another, is well understood in both theory and practice. results already published:?®

Early studies focused on bichromophore molectieshe This paper is set out as follows: First we describe RET in
F:omp_onebpt (_:hromo;ohores _ being either  chemicallyierms of a new concept, the interaction-pair. The technique is
identicaP® or different” The critical effect of bridging spe-  ¢ytended to more complex three-center systems. In the re-
cies interposed between the two units Wwas SOON jinger of the paper we focus on the process of four-center

appreciated® As structural linkages, such bridges can im- ) .
part either rigidity or flexibility, and numerous studies have "€y transfef4CET). A variety of mechanisms and permu-

been undertaken on each variety—see, for example, Refs. $9tions by which 4CET may occur are described using termi-
and 11. More recent investigations have centered on thB0l0gy previously developed for the three-center analog

mode“ng and ana|ysis Of mu|tichromoph0re arﬂéﬁ as a (3CET) By application Of a new technique inVOlVing State-
focus of synthetic effort towards an efficient mimic of the sequence diagrams, the quantum amplitudes of 4CET are
calculated. We conclude this work with a discussion on the

JElectronic mail: robert jenkins@uea.ac.uk symmetry aspects qf systems \_/vr_nch may d|s.play 4CET be-
DElectronic mail: d.l.andrews@uea.ac.uk; fax44 (0) 1603 592014, havior, and suggestions for their implementation.

In recent years the increasingly sophisticated design an
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FIG. 1. Idealized dendrimeric system with three-fold symmetry showing the
essential photophysics of RET. The molecule is made up of three “den-
drons” attached to a trap. Excitation is shown by black shading. An initial
laser pulse excites a dendrgor a chromophore thereinenergy is then
transferred to the core via RET.
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FIG. 2. State sequence diagram for RET. Donor A and acceptor B are
represented by circles on the left and right of each box, respectively. Excited

II. INTERACTION-PAIRS: RESONANCE ENERGY state species are shaded black, ground state species are unshaded. The pres-
Ti?ANSFER ' ence of a virtual photon is indicated la

e e A maanslel it ais become indiscemibe. I th e
mophores separated beyond wavefunction overlap, and a}geory this behavior S seamlgssly accommodated into a
fully explicable in terms of resonance energy transfein single, ﬁll—%r_]compgssm? Lormqllsm.. f el . .
regions where wavefunction interaction is strong, transfer i%. ”? the Iscussion o the m|grat|.on ore ectronic excita-
mediated by a direct exchange mechani@it.The essence o' IMPrecise usage of language is rife. The problems are

. - . often difficult to circumvent, as the simplicity ¢2.1) fails to
of RET may be illustrated by the nonchemical equation; ’ . . .
y y q convey the subtlety of the mechanism it describes. Reso-

nance energy transfer is accommodated by the creation and
vl oo TETO 5 annihilation of a virtual photon and fundamentally entails an
A%+B"—— A"+B", (20 interaction of thevacuum radiation field with both A and B.
The dictates of the time—energy uncertainty principle,
which describes the transfer of excitation between a preeoupled with the short photon propagation time, preclude the
excited donor species A and a ground state acceptor B, thephysically intuitive assumption that the photon creation oc-
electronic states denoted by superscrif@seek characters curs at A first. Consequently it is necessary to recognize two
indicate an electronic excited state, 0 the ground ktdte transfer pathways whose quantum amplitudes must be
pictorial representation of RET in a stylized dendrimeric sys-summed to properly formulate the unified RET description.
tem is shown in Fig. 1. Note that the excitation is localized afThese transfer pathways can be represented by a state-
a single branch; for the purposes of this illustration we assequence diagram as shown in Fig. 2. Tracing the lower
sume that there is negligible excitonic coupling betweerpathway; the virtual photon is created at the donor A and
branches, and we concentrate upon simple energy transfannihilated at the acceptor B. The upper path depicts the
between one branch and the core. In the past, RET was copnpposite case where the virtual photon is created at B and
ceived as proceeding by one of two mechanisms: in thannihilated at Asee the figure legefndAs both paths lead to
short-range(tens of angsinms) a radiationless mechanism the same final state, the theory of RET requires a summation
formulated by Fester®? obeying an inverse sixth power de- of the corresponding quantum amplitudes. Even though the
pendence on inter-species displacement; in the long-rangermer amplitude associated with the lower pathway be-
(beyond hundreds of angsing) a radiative emission-capture comes dominant as the donor—acceptor separation increases,
mechanism displaying the well-known inverse squarethe latter upper pathway can never be entirely discounted. In
dependencé Both pathways have since been shown to bethis respect, to envisage the photon carrying the excitation
asymptotic limits of a unified theory, which also identifies an“departing” from A and “arriving” at B sanctions an unjus-
intermediate influence with an inverse quartic powertified semantic prejudice—as it excludes the latter mecha-
dependencé* nism. Moreover when the intricacy of transfer systems in-
In the unified theory of resonance energy transfer thereaseqby the inclusion of more donors and/or acceptors,
coupling of donor and acceptor transitions is mediated by theide infra), although we still seek a description of theerall
propagation of a virtual photon. This cannot be detectedransfer, it ceases to be correct to ascribe a precise direction-
without an intervention that completely changes the nature oflity to energy propagatioduring the process, both due to
the process; in this respect the photon plays a similar role tds ultrafast nature and also the accessing of virtual molecular
the virtual electronic states involved in scattering states. Overall transfer generally proceeds by a variety of
processe?® The virtual photon formalism entails summation pathways, the totality of the effect being described by a sum
over all possible wave vectors and polarizations, just as af the corresponding quantum amplitudes.
virtual molecular state invokes summation over all possible  To circumvent the semantic imprecision identified
energy levels. At short donor—acceptor separatithese above, we introduce the concept of ameraction-pair
within the normal Fester limit9 the photon can be consid- Trivially for resonance energy transfer itself, the interaction-
ered purely virtual, but as the pair separates it takes on apair is defined by the two species which exchange a virtual
increasingly real character unfiin the regime of radiative photon in the terms laid out above. The interaction-pair is
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FIG. 3. Idealized dendrimeric system showing the essential photophysics ¢f|G. 4. |dealized dendrimeric system showing the essential photophysics of
3CET. 4CET.

written and ordered as AB. As neither A nor B accesses virand A, respectively. Unlike the cooperative mechanism, the
tual molecular states during RET, it is correct to say thatspecies common to both interaction-pairs appear second in
overall, energy is transferréidom A to B. However by rep- one and first in the other. In AB BC for example, B is posi-
resenting the process as AB we recognbmh the time-  tioned second in AB and first in BC, such configurations are
orderings involved in the virtual photon exchange enablingndicative of the role of B in a scattering-type interaction.
the transfer shown in Fig. 2. To this end we anticipate and-ull details of the ensuing quantum electrodynamical calcu-
obviate problems which otherwise arise in complex energyations are presented elsewhd?d%4? Recently, general

transfer systems. three-center transfer theory has been adapted to account for
the effect of a large, nearby static dipole on the rate of
A. Three-center energy transfer  (3CET) RET*

Intgractlon—paw notation proves its value in more com-g o oo energy transfer  (4CET)
plex, higher order energy transfer processes. Three-center _ o _
(twin-donop energy transfer, the subject of a number of re- Our.mgm focus in this paper is f(.)ur-center. energy trans-
cent theoretical work¥“3is described in a similar manner fer. Again in the style of a nonchemical equation, the 4CET

to (2.1) by the nonchemical equation; interaction may be expressed as
3CET ACET
A+BA+CO L A+ BO+CY. (2.2) A*+BP+C7+D° — AP+ BO+CP+D?, (2.3

The basic photophysics of 3CET are illustrated in Fig. 3.with a cartoon of the process shown in Fig. 4. As in the case
Again we neglect excitonic delocalization, an assumption wef three-center energy transfer described in Sec. Il A, no
revisit in the Discussion, Sec. V. The twin-donor process issingle mechanism adequately describes the overall energy
known to proceedvia an amalgam of three mechanisms. transfer between the four interacting chromophores. Indeed
First, a cooperativemechanisiif may be described as the the various couplings which facilitate the interaction give 16
resultant of the two interaction-pairs AC BC. As before, no-pathways which can be partitioned into four categofiese
tation here indicates that electronic excitation energy is trand?elow). Figure 5 illustrates exemplars of pertinent
ferred between initially excited donors A and B and the acinteraction-pair sets for each 4CET categGnpue to the
ceptor C by two virtual photon couplings; one between A andnultitude of processes and pathways involved, 4CET offers
C, the other between B and C. However both transfers occuhe examplepar excellenceto illustrate and exploit the
concertedly not in a stepwise manner. The experimentallyinteraction-pair concept.

irresolvable simultaneity is manifest in the dual registration ~ For descriptive purposes, Figid can be identified as a

of chromophore species C within AC BC, indicating that thepurely cooperativeicoop mechanism akin to that seen in
acceptor plays a pivotal role in both interaction-pairs. Thethree-center energy transfer. The figure depicts the only set
number of interactions a species is subject to is equal to thef interaction-pairs yielding @oop mechanism. Specifically
number of appearances each species makes in the whdhkese are AD, BD, and CD with the overall mechanism writ-
interaction-pair description. If this number exceeds one, théen as AD BD CD. Here the notation indicates that the quan-
chromophore necessarily accesses virtual electronic states. fm amplitude for thecoop mechanism invokes a three-
the case of C above, its dual appearance denotes a twghoton interaction tensor for species D. It is teeop
photon acceptor transition. Furthermore its positioning as th&echanism that clearly shows the role of D as a trap, where
second species in both pairs AC and BC indicates that thexcitation is exclusively deposited from the donors. Figure
interaction has the symmetry character of two-photon ab5(b) depicts one of six accretive/cooperatiacc/coop
sorption. This is borne out by the quantum amplitude for the
cooperative mechanism exhibiting a dependence on a

second-rank tensor describing the behavior df C. . . / ’ . ’ v *

In addition to the cooperative mechanism, three-center .,..—'°~~._~. R °... . 'l. ° .,5 i. O, .
energy transfer may also proceed by twaccretive St 4 R g
mechanismé&®*°denoted by the interaction-pairs AB BC and ® ® © @

BA AC, respectively. Here Bin the formej and A (in the
FIG. 5. Adepiction of showing interaction-paifsonnected by dotted lings

latte) act as bridging species facilitating the overall 3CETinvolved in exemplars of 4CET. The general system comprises the donors

process given ir@2.2).. T_he dual presence of B in the_ former, agc (anticlockwise from the topwith acceptor D in the center. Categories
and A in the latter, indicates a two-photon interaction for Bare(a) coop (b) acc/coop (c) coop/acg (d) acc
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TABLE I. Explicit categories, mechanisms and interaction-pair sets forfie|ld aids the adoption of a multipolar formalism, casting all
4CET. Superscripts denote pictorial representation of mechanism in Fig. “interactions in terms of the exchange of purely transverse
photons>’ In the present application, the electric-dipole ap-

Category Mechanism Interaction-pairs ) ) . . ) ;
" proximation is made as molecular dimensions are small in
o 1“’ 23 Sg gg comparison with the wave length of the transferred excita-
P > AD CB BC tion, and all salient transitions are electric-dipole allowed. It
3 BD AC CD is relatively straightforward to accommodate magnetic di-
4 BD CAAD poles, electric quadrupoles and higher order effects of both
5 CD AB BD kinds® but for our purposes the electric-dipole approxima-
/ i“c SECBAA:DD tion is sufficient.
coopface 5 AB CB BD The transition amplitudéM, for a system progressing
3 AC BC CD from an initial statgl) to a final statdF) can be described
acc 14d AB BC CD by a time-dependent perturbation theory series expressible as
2 CB BAAD
3 AC CB BD Mg =(F[T[I). (3.9
g géACiBAB In Eg. (3.1), T represents the transition operator, explicitly
6 BAAC CD cas_t as the following expansion in the interaction Hamil-
tonianH;;:
R (R
. . . . T=Hin+ Hin MHint
mechanisms, designated as such since energy moves in an R, Ei—Eg,
accretive manner betweeim this casg interaction-pairs BC
and CD, species C adopting the bridging role; concurrently FH S [Ri(Ry| Ho > [R2)(Re Hoo+ 3.2
; ; ; int _ int _ int ™. :
the pairs AD and CD can be conveniently viewed as a coop- R, EI"Er, "R, Ei—Eg,

erative component. Five furthercc/coopmechanisms may

be documented by permuting the two donors in the accretivgerﬂR”‘t> regrgsent ertl:al ftags jumrtne?h over a (;orgpi;ate
element interaction-pairs. Continuing, Figichexemplifies asis set and denominator tering denote the unperturbe

one of three cooperative/accretiveoop/ace mechanisms SNErgy of system stat®l). In the Coulomb gauge, the quan-

BA CAAD: here BA and CA can be viewed as a cooperativetum electro_dynami.cal intergctiqn I—éamiltonf‘ariris a linear
constituent with the AD interaction-pair providing the accep-sum. of the _|ntleract|on _Har1_1|lton|a|1$im for all neutral, elec-
tor excitation. The second and thimbop/accmechanisms tronically distinct specieg in the system. Thus
involve permutation of the species paired with D. Finally :

Fig. 5(d) signifies a purely accretiveacc mechanism. Here Hintzzg Hing -

the illustration shows the interaction-pairs BC CA AD, with

the other five pathways involving permutation of all three The coupling of each interaction-pair entails tig, opera-

donors. A comprehensive list of categories, mechanisms arféPns, so that even order terms=2q in (3.2), represent a
interaction-pairs is given in Table I. (g+1)-center energy transfer system. Thus we look to the

sixth order term in(3.2) for four-center energy transfer with
¢=AB,C,D. In the electric-dipole approximation,

(3.3

Ill. THEORY OF 4CET

& __ -1
When developing a theory to describe energy transfer Hin=~ €0 ”(5)'di(r§)’ 3.4

mechanisms amenable to multichromophore arrays, an@here u(¢) is the electric-dipole moment operator associ-
more specifically dendrimers, it is sensible to utilize theated withé anddl(rg) is the electric displacement field op-
framework of molecular quantum electrodynamics erator at position vectar,. Each system statél) comprises
(MQED).* Quantum electrodynamics affords a descriptionmatter and radiation parts and is written in full as
of the interaction of light and matter in which both are
treated quantum mechanicaff/*” It is, of course, one of the [N)=[moly)|rady)=[moly;rad). 3.5
most successful models in modern phy$ftand full quan-  Here, radiation states relate only to virtual photons. On ap-
tization of the system constituents distinguishes QED fromplication of (3.4), u(&) operates upon the matter states em-
both fully classical and semiclassical theories. The messemyedded within|N) and dl(rg) upon the radiation states. Fi-
ger particle of electromagnetic interactions in QED is thena”y, di(rg) is expressible as a mode expansion:
photon, a concept with no analog in semiclassical theory.
Phenomena such as spontaneous emission, the Lamty shift d-(r)=i> (éoth
and the Casimir effet?>2 can only be satisfactorily ex- S5 S Y

; 3
plamEd by QEﬁ _é(’)\)(k)aT()\)(k)e—ik~r§} (3 6)

In dealing with systems comprising slow-moving ' ’
charges(such as molecules and atontke nonrelativistic, where e (k) is the polarization vector associated with a
noncovariant form of quantum electrodynamics isphoton of wave vectok and polarization\, €")(k) being its
sufficient>*~*®*Working in the Coulomb gauge proves advan- complex conjugatea®™ (k) anda'™) (k) are the photon an-
tageous as its representation of a purely transverse electnghilation and creation operators, respectively, ahds an

1/2
) {eM(k)aM(k)e e
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arbitrary quantization volume. Note that H§.6) represents 65+
the vacuum development afi(rg). Extensive effort has 60 —
been undertaken to develop a theory that encompasses th 55 /7/';"‘7/7'/7
electronic effects of any intervening medidft®! The tech- /1’%’,7,7/”"///
nigue involvesdressingthe coupling virtual photon. As a 304 Aﬂ’}'"”"}’”ﬂ
result the medium-dressed ph i . //’//ZM””"’/’;?

photdpslaritons are quanta of 45 ////ﬂ i
a dynamical sub-system comprising the radiation field and 4. /7,”;;//’7/,/_//1//’/

i

clarify the already complex calculations presented here, the

vacuum expansion is adopted for both presentational and™
physical transparency. A straightforward prescriptive ap- 254
proach to the modification required by a polariton formula- 20
tion is described elsewhef&.

In the calculational implementation of E¢3.1) using
(3.2, each application of the interaction Hamiltonig®4)
can be designated amdexrunning up ton, the total number
of indices involved in any overall interaction. For example in
conventional resonance energy transfer2 (one interaction
at each member of the paitndeed any interaction-pair nec- k
essarily entails two indices for the virtual photon creation
and annihilation events. Eor a calculation of the complett.f'G- 6. Hyperspace network mapping the permutation of 6 unique indices.

- - . . The number of step& and hyperspace numbér (see Ref. 58 are the
quantum amplitudé3.1), a summation over all possible in- _ C. "y ordinate, respectively.
dex permutationg’commonly regarded as time-orderifngs
must be undertaken. The total number of time-orderings for
any mechanism, such the energy migration systems under
discussion here, ia!. For example, RET involves tw2!)  may be mapped as an index and their permutation described
time-orderings, evident in Fig. 2. The process next highest iy the 6-space network of Fig. 6. This basic structure forms
complexity, 3CET, entails the exchange of two virtual pho-the blueprint ofstate-sequence diagraiis®®* (exemplified
tons yielding 4 indices and 241) time-orderingger trans- by Fig. 2 which describe the quantum physics of specific
fer mechanismThus 72 time-orderings are generated, 24processes. From Ed2.2.1) the initial and final states of
each for the single cooperative and two accretive#CET are
channels®3"40For four-center energy transfer three virtual
photons are involved yielding 72@!) index permutations [1)=[rg)=|A*B#,C",D%0,0,0") (3.7
per mechanism. As the total number of mechanisms is 16,
the total number of time-ordering permutations enlisted byand
the overall 4CET quantum amplitude is 11520. Due to the
sheer number of contributions, the traditional calculational  |F)=|r§)=|A°B° C°D?%0,0,0"), (3.9
method of representing each index permutation by a time-
ordered diagram is inadequate when tackling such a probleniespectively. Equation$3.7) and (3.8) employ the hyper-

A solution to this problem is offered by a new diagram- space vertex labeling systerfi detailed in Ref. 62 and the
matic technique that involves mapping the indices as ormatter states follow the notation of E@®.1). Naturally, vir-
thogonal unit vectors in ann-dimensional hyperspace tual photons are absent from ttrea) initial and final radia-
(n-spacé.®® In such a representation only the numbeiirsf  tion states. However, in order to use the same structure for
dividual indices has significance; the exact form of each in-the state vector of intermediate states the potential presence
teraction has no importance. For example, photophysicabf up to three virtual photons is recognized by including 0,
processes such as Raman scattering and resonance eneddyand 0'. When each of the indices which generate Fig. 6 is
transfer both occur in 2-space and prove isomorphic, as ea@ssociated with a fundamental 4CET interaction, each vertex
entails two distinct matter—radiation field interactions. Thein this figure corresponds to a 4CET system state. The detall
mechanisms of four-center energy transfer involve six disof each such state depends on the interadiiotieX) permu-
tinct indices and their permutation is represented by aation required to access it. To construct a state-sequence
6-space networksee Fig. 6. The network is constructed by diagram for a specific mechanism is now a matter of writing
combinatorial development of six orthogonal unit vectorsdown all the states accessed, ordered by their connectivity as
and takes the form of a six-dimensional hypercbbén in Fig. 6. As each 4CET mechanism comprises a different set
6-space, all the 4CET mechanisms are isomorphic with thef fundamental interactions their transposition into 6-space
nonlinear optical process of 6-wave mixifitf® where all  result in unique state-sequence diagrams. In turn each state-
photons are real and there is no frequency degeneracy. sequence diagram embodies 720 time-orderings. Quantum

Any single mechanism of four-center energy transfer in-amplitudes given in the following sections have been ob-
volves a unique set of three interaction-paisge Table)l  tained by explicit identification and summation of all valid
Each of the six ensuing matter—radiation field interactiongaths through these diagrams.

!
/ %
the medium. The formalism is intricate and, in order to 5 - 45%5777/7///
il

A

= /'f!“ ,z/ /
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FIG. 7. State sequence diagram for the cooperative mechanism for 4CET. Species represented in the boxes @ledkBIBE from the top-left Notation

additional to that introduced in Fig. 21) and(2) represent first and second virtual matter st&t&$ and|§x'> in the main text and ¢,, serves as a virtual
photon label. Each of the 720 paths from left to right carries the same information content as one time-ordered diagram. Note that the condentigay is i
to Fig. 6.

A. Cooperative 4CET perturbation term of Eq(3.2). The summation over virtual
For the mechanism oEooperativefour-center energy states is accomplishgd by adding t.he contribution from eac.h
. . . : path traced across Fig. 7. Calculation of the quantum ampli-
transfer, sketched in Fig.(®, the blueprint of Fig. 6 is used
. X . tude forcoopfour-center energy transféor any other typge

as a 9‘."0"3. In construction of the state-sequence .dlagrfa;i*g a lengthy process. Concisely, the procedure involves the
shoyvn in Fig. 7.'Each.of the 720 pa}ths through Fig. 7 'Sidentification and summation of numerous partial fractions,
gquwalent toa s_lngle Tume-ordered diagram of the CONVeNEhe conversion of virtual photon wave vector sums to a three-
tional method. It is obvious that the state-sequence approa‘ﬁlmensional(SD) continuous integral, the use of tensor cal-
offers substantial advantages over conventional techniques {,|us to effect each polarization sum and subsequent solution
its conciseness; it also considerably expedites the quantugf the resulting integral by the Residue Theorem. The meth-
amplitude derivation. ods mirror those used in the much simpler RET process—see

By reading the matter and radiation states from the sysfor example Refs. 34, 45, 48 and 62. Following this proce-
tem state boxes in Fig. (ee the legendhe pertinent infor-  dure, the quantum amplitude results in a form which may be
mation may be extracted and deployed in the sixth ordewritten as
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A B 1,1 1 1
M E00P= M.Oa(A)V“(@ RDA) MEB(B)VH( Epo RDB) pE D= (&6 ([ £10). (3.10
i i ij ' . . . .
he hic” Where three radiation—matter interactions occur at a single
ECO species, as above at the trap D, a three-photon interaction
0¥(C) - 30(D) 11
X Mo an( 7o 'RDC)BJIn : (3.9 tensor B¢ is also generated. The presence of such a

factor was foreshown by the interaction-pairs describing the
coopmechanism{AD BD CD) containing three occurrences
o of D. Such tensors govern the form of any three-photon in-
& One is the transition dipole momepf (@ of the gen-  teraction and take an explicit “hyperpolarizability” form ex-

Equation(3.9) introduces two properties of the chromophore

eral form, pressible as
|
.erX x'x x§0 §6x x'x x§0
Bgréffé(f)(E(l) E@ E@)=S ; L r— MP i M

i ’ ’

. xx | (Ega +E®)(E §,3X,+E<2>+ E®) (Bt E@)(E® by TEGHE®D)

§rex x'x ngé §r6X x'x xg’
Iu’] Mi My /‘LJ My M

+ +
‘ :
(E§f3x+ E(S))(Eix, +EM+E®) (ngéx—i_ E(l))(E i+ EMW+EG)

r I' I'lr
§6x x'x xéo ex”  x'x x§0

+ M M M Mk ,LL] Mi
(Egéx+E<2>)(E§,éx,+E(l>+E<2)) (Eja, + ED)(Egs, + EV+ED)

: (3.1

with the species in question accessing virtual matter stateBquation (3.14) exhibits the physical properties associated
|€) and [&). Furthermore the argument on the left andWith transfer of energyicp between the interaction-paig
denominators on the right df.11) contain energy factors With a mutual displacement vector;

cast in the energy difference notation; Reer =R~ Ry . (3.15

E§r1§r1 E i Egrév (3.12 In viewing (3.14 as controlling the energy migration be-

| ith i ific t h rel ; h tween the interaction-pair, the unification in the QED theory
a_ongEv(\;l) ene;gy erms spe]zcu Ic h'o heac re evgnT rElecua()f resonance energy transfer is evident. The short- and Iong-
nism,E'", exact expressions for which are given in Table “range limits ofV;; (p,Ree), WhenpRe, <1 andpRS%,

Finally the energy conservation identity, respectively, accommodate both therster-type(R

§§/
Efot Ego+ ESo=E=1ick, (3.13  pendencand radiative(R,;; dependendetransfer’”
allows proper interpretation of the energy denominator data
included in Table I1. B. Cooperative /accretive 4CET

Also introduced in Eq.(3.9) are three fully retarded,
index-symmetric electric-dipole—electric-dipole interaction-
pair tensors which can be written in universal form as

Alongside the result ofoopfour-center energy transfer,
the category oftoop/accmechanismgthe interaction-pairs
BA CA AD, depicted in Fig. %c)] is also cast in terms of

dPRee hyperpolarizabilities exemplified by E.11). The three in-
Vij(PRger) = AmegR Ame RS {(1-ipRe) teractions occur at species A, and the quantum amplitude is
& given by
X[ 8= 3(Res)i(Reg)i1— (PRegr )2 D B
[6ij = 3(Reer)i(Reer)j1— (PReer) coopaccl _ 50(D) E_ 04(B) Ezo
. . M Vii| Zc ' Roa | ™ Vi hc % Rag
X[ 8ij— (Rggr)i(Reggr) 1} (3.14
ES,
0¥(C)y/ (_V,R ) ,Oa(/-\), (3.1
TABLE II. Energy factors for three-photon interaction tensors involved in Hom ml e AC) Piin

ACET. where the exact form o™ is given by(3.10 in con-
E®) £ =B junction with the information in Table Il. The second and
o ek = = third cqop/accpathways can be generateq by permuting A B
505 Aok E’So Eg‘; gnd C |n(3..16). Notg that such permutation en'talls _not only
5010 —hck EA, E,%o mterchanglng species labels but glso the c'je5|gnat.|ons of the
£O0) 20 ES, ES, associated excited states, relaxation energies and interspecies

vectors, paying particular heed to the sets of interaction-pairs
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TABLE Ill. Energy factors for two-photon interaction tensors involved in individual categories and mecha-
nisms(Cat. Mech). In each case such a tensor describes the behavior of two sgédiesd M2. Interaction-
pairs(IP’s) are shown explicitly to emphasize that the notation echoes the tensor$eethe main text

Cat. Mech. IP’s M1 E® E® M2 E® E®
acc/coopl AD BC CD D EostEG,  Eb, C —Egs—EG, ESs

2 AD CB BD D EosTEG,  Eb, B —Egs—Eg, ES,

3 BD AC CD D Eo.tE5,  Eog c Eo.— EG, ED.

4 BD CA AD D Eo.tEs,  Ebg A Eb.—EGy ES,

5 CD AB BD D Eo.tEgs  ES, B Eb.— Eos ES.

6 CD BAAD D Eo.tEgs  ES, A E6.— Eog ES
acc1 AB BC CD B -E5.—Eos  Eh. C ES ES,—E%
2 CB BAAD B —Eg,~Egg  ES, A E% Eba—E%
3 AC CB BD c -Ep—E5, Eb, B E% Eos—Ex
4 CAAB BD A -Ey,~Ep,  ES, B ES Eos—E%
5 BC CAAD c —Egy—Eg,  Ebs A E% Eo.—E%
6 BAAC CD A —Egs—Eb.  Ebs c ES ES,—E%

involved in each pathway. For example the quantum ampliabilities. The further fiveacc mechanisms are generated by
tude for a secondoop/accpathway, where donor B under- permutation of A, B and C in Eq3.18. All “polarizabil-

goes the three-photon transition, is given by ities” in this category contain one positive and one negative
EA ED argument _term, reflecting the nature of energy input and out-

M goomace_ Oa(A)Vlk(ﬁ_ RBA) o(D)V“(ﬁ_ RDB) put described by thg tensor. Eagktc_ four-center energy
c c transfer mechanism involves excitation movement akin to

EC single-photon scattering processes, as opposed to two-photon
X uSY v ( )ﬂﬂﬁ(s), (3.17  absorption or emission. For example, in E@.18 the
he scattering-like polarizabilitya}*®® (- Ef,— Eg,Ef,) con-
In (3.17) the relevant substitutions into the matter tensorgnects two interaction-pairs AB and BC, with B adopting the
and the energy transfer tensor arguments have been madele of abridge (as seen in bichromophore and multichro-
These account for the implications of the mechanism commophore arrays®
prising interaction-pairs AB CB BD.

C. Accretive 4CET D. Accretive /cooperative 4CET

In addition to categories comprising mechanisms whose

quanuum amplitudes are govemed by hyperpolarlzablh—coop contains both accretive and cooperative facets, similar

ties,” are those dependent upon another type of tensor. To that described in Sec. IlIB. We recognize an analog of
mechanisms where two virtual photon interactions occur al
accretive channelling between donors occurring simulta-

any species behavior is described by a *polarizability.” First, "neously with a cooperative interaction centred on the tra
take theacc mechanism(AB BC CD) depicted in Fig. &), y oop L ; _ P,
. . . henceacc/coop Figure §b) (with interaction-pairs BC CD
which yields the quantum amplitude . )
AD) engenders the matrix element;

The final category of four-center energy transfacc/

E
M?iCCl Oa(A)VIJ ﬁ_ RBA) ?'28(8) Eé
M?icdcoopl Oa(A)V (hca R )

B

0B

Eo.t+Egs
X(_Eéa_Egﬁ,Eéa)Vm(—'Rcs : E
hc 50(D), =B C A
X ajy 7 (EgptEgy Ena) Vi Fc Rec

X adMO(ER ES —ED)Vinn
E0, X ajl(—E5s—EG, Ecp) Vimn
X _aRDC)Iu’iﬁO(D)' (31& E +E
hic | 20810y b ) opey (320
. . he 'Rpc | My ) .
Equation (3.18 features two examples of the generalized

polarizability:
where o ®)(ES,+ES, ,Ef,) is a two-photon absorption
analogue of the general polarizabilit3.19. The two
interaction-pairs that are conjoined by D are AD and BD,
with the acceptor D clearly exhibiting its properties as a trap.
319 A full set of polarizability denominator energies, revealing
with the signs of energy terms in the argument and denomithe precise forms of two-photon interaction tensors for each
nator following the convention introduced for hyperpolariz- mechanism, is given in Table IlI.

grex x&" o & ex xg’
§ sg"o(g)(_,_E(4) . E(5)) E /'L| Mj " :U*] M ,
X E 2t FEW E gréxt E®)
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E. Rate of 4CET N /
. ~, A
To conclude the calculation, the rate of four-center en-
ergy transferl” is determined by use of the Fermi Golden I I
Rule®® \ A A
~ ~,
27 4ceT a &
['=— M5 ps, (3.21) ‘ ‘
wherep; is the density of states for the acceptor, determined
by the vibronic structure of its excited state, and A
3 6 \A/ \A/
M?FET: M?ioop+ ].21 M(f:itJop/accj+l(Zl M?icdcoopk |
6 . . .
T 2 M?iCCIY (3.22 FIG. 8. Innermost structure of stylized, Bethe lattice-type dendrimer.
I_

with representative examples of the amplitude constituentf .
. . 3.16), (3.18), and(3.20. Each such tensor comprises sums
given by Eqs(3.9), (3.16), (318, and(3.20. The remainder of terms transforming as products of polar vedtmansition

are generated from the data in Tables Il and Ill, yielding the -
g 4CET y 9 electric dipole components. Tensors of rank 2 and above

full quantum amplitudeMy;"=". Note that the rate contains ) . .
256 individual contributions, due to the squaring(B121) may be represented in terms of sums of irreducible represen-
' " ___tations. For the general two-photon interaction tensor of

Explicitly these contributions comprise 16 diagonal terms, : T
eaEh rel};iting to the square modulug of an indivigual pathwa);,&lg) we may write the decompositidfi:

and 240 off-diagonal terms which represent quantum inter- a_g_régré(g)(+E(4) +EO) =g = a0 4 a1t 4 o)
ference between mechanisms. Pairing complex conjugate ' - T e g g (4’1)
terms leaves a total of 136 distinct contributions to the rate. '
However, by recognizing the selection rules and symmetryvhere the even-parity weight 0, 1 and 2 pfiﬁﬁoﬂ, ai(jH)

: . 2+ : -
associated with many real systems, the number of nonzer@nd a7, respectively transform under the full rotation-
terms can be drastically reduced. inversion groupO(3r)‘“ as a scalar, an antisymmetric

pseudovector, and a traceless symmetric second-rank-tensor,
IV. SYMMETRY CONSIDERATIONS AND MECHANISTIC ~ fespectively. Moreover, each term of weighhas (3 +1)
RESTRICTIONS independent components.
Similarly the odd-parity three-photon interaction tensor

In the general theory of multiphoton interactions, group 3 1) can be written as a sum of irreducible parts of weight
theory is a powerful tool. The use of simple symmetry argu-g to 3 483

ments readily permits the determination of allowed

.. 1.1
transitions—see, for example, Ref. 67. Such methods haVBﬁrlffr"(f)(E(l),E(z),E(3))
also proved invaluable in the analysis of multicenter transfer
processes. For three-center energy transfer in ionic crystals, =pgijx=p8 "+ B4+ B>
the validity of mechanistic pathways has been tested for spe- _ . _ .
cific lattice architectures using irreducible tensor calculus +'8i(ilkc )+Bi(1'2ka )+Bi(1'2kb )+'8i(1'3k g 4.2
techniques? In the following, four-center energy transfer Explicitly weight 0 transforms under the full rotation-
systems will be shown to be equally amenable to appraisal iinversion groupO(3,r) as a fully anti-symmetric pseudo-
a similar manner. In the idealized dendrimeric structure descalar; the three weight 1 contributions as polar vectors; the
picted in Fig. 8, each dendron comprises a rank three Bethgvo weight 2 terms as traceless, index symmetric second-
latticé®® of chemically and electronically identical donor rank tensors; and the weight 3 as a traceless, fully index
units (termed A, where A is either A, B or C of the theory symmetric third-rank polar tensor. Each multiphoton transi-
section connected to an electronically and chemically dis-tion to a state whose symmetry is referred to a given point
tinct core speciegthe acceptor “trap” D. Assuming that all  group can be classified as either forbidden or allowed with
interconnecting bonds are equivalent and that the wholeegards to that symmetry. For any allowed multiphoton tran-
structure is planar, species D sits in a site of local symmetrygition, it is necessary that the response tensor must possess at
described by the point groups,. We also assume that en- |east one nonzero element. The criterion for this rule to be
ergy transfers only from the nearest neighbor donors A whiclsatisfied is that the product of the irreducible representations
sit in aC,, site (higher generation species further out in the of the initial and final matter states of the chromophore must
lattice occupyingD gy, sites. be spanned by one or more components of the tefisor.

The group theoretical technique of irreducible Cartesian
tensor analysis was borne out of excited state studies in muﬁ
tiphoton spectroscody~"* Tensors of ranks one, two and In the category otooptransfer the rank 3 tensor asso-
three are manifest for both donor and trap species in theiated with the trap is totally index-symmetric, reducing its
quantum amplitudes of 4CET systems—see E(&9), number of independent components and hence the number of

. Implications for the acceptor
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TABLE IV. Allowed tensor weight combinations in 4CET for trap species in whether a transition is allowed or not is a little more complex

a Dy, site. Rows correspond to excited state representations. In this nOtaastWO criteria need to be simultaneously satisfied for a tran-
tion, N= denotes the tensor rank and parity followed by allowed weight ...
sition to be allowed.

combinations in parenthesis.
In the coop/acccategory the three-photon matter tensor

Dap, coop acc/coop coop/acc acc displayskl index symmetry, reducing the total number of
A 3(3} 2+{02) _ _ independent components from 27 to 18. The associated rep-
Az 3(3} 2+{1} _ - resentation reduces as follows:

E' 3 {13 2'{2} 1{1} 1{1 _ p(la- 18- 2- 3-

Al _ _ _ Z Bi(kl)_IBi((kl) )+:8i((lg) )+Bi((k|))+ﬂi((k|))- (4.4

As 3 {13 - {1 11} As can be seen from Table V, valid donor transitions must be
E” 37{3} 2+{12 - -

both 1-and 3-photon allowed; the absence of a weight zero
term in this case has little bearing on overall transition va-
lidity as access to all state symmetries in @, point group
are still permitted. Alongside E@4.4) however, the behavior
of the other two donors depends upon the single-photon tran-
sition dipole moment. Therefore the single-photon rules de-
lineated for thecoop category dominate the analysis, pre-
cluding only transitions to states of symmetky.

The two-photon tensors for donor species in 4CET ex-
By =BG+ Bl - (4.3 hibit no index symmetry, due to the difference in energy

where the bracketed subscripts indicate index symmetry ant éizzﬁcgisoﬁﬁigg: t:r(ieezag?)rtnolnnlteirsglr?gr?.zggv\\//vz\?e:{tm
Bi:i) represents a sum of the weight 1 componentgti). P g : y 9

N e . S
As both weight 0 and weight 2 are zero {8, , transitions 2™ combination required to be allowed but also weight 1

from totally symmetric ground states to states of Symmetryneeds to be supported. This is due to different representatives

A] are forbidden, as extensively discussed elsewffepd. of do_n_or spemes_A having to undergo bOth_ 1- and 2-photon
» . transitions to facilitate the energy transfer in each category.
other transitions are allowed, as shown in Table IV.

. . (In a similar manner two donors undergo 1-photon transi-
For the acc/coopmechanism the acceptor response is,. : S
; ; tions and a single donor a 3-photon transition in¢bep/acc
controlled by a two-photon tensor that displays no index : : e
. category) Table V lists all pertinent allowed transition infor-
symmetry, as expressed by E4.1). Here trap transitions to

states of symmetrA] andAj are forbidden by the selection ”.‘"?‘“0” for the donor species. In summary, even though tran-
. . . sitions fromA,, states are both 2- and 3-photon allowed they
rules. Finally in both thecoop/accand acc categories the

. : . : are forbidden by all mechanisms because of the constraints
acceptor undergoes a single photon interaction which results

in its uptake of the total excitation energy within the system.Of the 1-photon election rule

As such, access to states of symmefy and A, are al-

lowed. Table IV shows the full irreducible representationv' CONCLUSION

combinations of allowed transitions for the trap iDg, site In this paper we have presented the different categories

for each 4CET category. of four-center energy transfer and the individual mechanisms
which can effect such a process. The quantum amplitudes of
Egs.(3.9), (3.16, (3.17), and(3.19, combined with the in-

B. Implications for the donors formation in Tables Il and I, allow full expression of the

In the coop mechanism the donor species undergo on|yphysics of 4CET. Tabulated energy denominator information

single-photon transition dipole moment decay interactions—can b€ used in conjunction with data from spectroscopic

see Table V. Thus in th€,, point group only transitions studies to suggest new _synthetic _routes toward multichro-
from states of symmetnp, are precluded—in theoopcat- mophore systems specifically designed to undergo 4CET.
egory, it is immediately obvious that this is the only control- "€ group theory study undertaken at the end of the paper
ling condition. For donor species participating in four-center@!lows the prediction of valid transfer pathways for any

energy transfer categories other tt@yop determination of given excited s_ta.te symmetry of both the d_onor and acceptor
species. In building suitably accommodating macromolecu-
lar systems, the excited and ground state symmetries of both
TABLE V. Allowed tensor weight combinations in 4CET for donor species dOﬂOI'S and acce_pto_rs must be_ J_[aken Into account in Order to
in aC,, site. For categories other thanopboth columns must have entries S€CUre a nonvanishing probability of energy transfer.
for a decay transition to be permissible between excited states of the given  In the development of theory we have not explicitly en-
symmetry and a totally symmetric ground state. tertained the possible effects of excitonic coupling and the
delocalization of excitation between dendrimer branches. In
the initial state of the four-center system at the heart of this
Ac {1} {1y 2703 11} 37123 17{1} 27{03  work, all three donors are simultaneously excited and the
';2 1,_ _ 2+{12} _ s {023 - 2+{12} lack of degeneracy means that the essential photophysics is
X 1y 17{1y 27120 17{1} 37{123 17{1} 2*{12 i ; o
B, 1{1} 1{1} 212 1{1 3{123 1{1} 2712 correctly represented Wlthout regard to such issues. Similar
remarks apply to our previous studies of three-center energy

contributions to4.2). The weight 0 and weight 2 terms con-
tain full or partial contractions ofg;; with a three-
dimensional, antisymmetric Levi-Civita epsilon tensor, and
hence vanisf’ Thus the irreducible form of3.11) is simply
expressible as

C,, coop acc/coop coop/acc acc
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