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Two-photon fluorescence: Resonance energy transfer
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Fluorescence resonance energy transfeRET) is a technique now widely applied to probe
biological and other complex systems for the determination of fluorophore separation and structure.
Recently the theory behind the anisotropy of fluorescence has been extended to include the case of
a residual polarization following energy transfer between fluorophores, and here the theory is further
extended to accommodate two-photon excitation. This reveals not only novel polarization
characteristics but also a distance dependence whose analysis does notag@gigreknowledge

of the donor—acceptor spectral overlap. The two-photon FRET anisotropy results mirror their
one-photon counterparts, in terms of fluorophore separation characteristics and also their
relationship to the anisotropies for isolated fluorophores. Moreover, the two-photon results are not
restricted to a plane polarized input, results being given for both plane and circularly polarized pump
radiation. © 1998 American Institute of Physids$§0021-9608)50707-9

I. INTRODUCTION energy transfer, subject to nonradiative losses, to an acceptor
species from which the signal radiation then emerges. The

Progress in the fundamental theory of resonance energynergetics of this process are illustrated by the schematic

transfet~° has, in the last few years, rekindled interest in thediagram of Fig. 1. A number of novel features emerge. For

anisotropic polarization of acceptor fluorescence. The deexample it transpires that the fluorescence displays a residual

tailed results for the residual anisotropy, first derived bypolarization anisotropy that increases by a factor of precisely

Galanin? have now been extended to fluorescence resonance as the transfer distance increases from the near-zone to

energy transfeFRET) beyond the Frster limit, including  wave-zone range.

long-range (wave-zong transfer’® Here we consider the

two-photon analogue of this now rather well understood pro-

cess. Interest in such a process stems from a number of co- Two-photon fluorescence from a single center

siderations, not least the fact that the states excited by two-  \ye consider first the anisotropy of fluorescence from a

photon absorption, often high in energy, will generally nojecyleA, detected after its single beam two-photon exci-
display an even greater tendency to shed their energy to SUifstion and subsequent relaxation. In the most general case,
able acceptors before luminescent emission occurs. From theiinout exploitation of any single-photon resonance, the
deyice point of view, there is interest in the pqssibility of quantum probability amplitudematrix elementfor the over-
using this process to create new and more efficient types || process is proportional to the outer product of a second
energy trap. rank molecular tensoB and an emission transition dipole

Multiphoton microscopy is now becoming a commer- momenty,?® coupled with three polarization vectors
cially available technique, usedter alia to probe deep into

biological systems. Very recently there have been reports of M ~e_'l:,’ e{; e{; MkSim s D
three-photon excitation of serotonin in leukaemic rat cells. o
Here the use of multiphoton near infrared excitation circum-utilizing the Einstein convention of implied summation over
vents the otherwise destructive use of high-energy ultravioletepeated indices. The incident field is denoted by the unit
photons and allows the technique to be usedrforivo stud- vectore{} , associated with polarizationand wave vectok.
ies. Other multiphoton fluorescence studies that have beethe signal is denoted by the complex unit ve@},’, the
reported relate directly to biological and other systems feagyerbar allowing for a general case where the light may be
turing both single center chromophores and energy trappingther than plane polarized. The primes denote a change in
sites:°*°These, together with the well-known use of FRET wave vector and polarization as befits the signal, and the
as a spectroscopic rulét; **reflect the practical utility of the  constants of proportionality in Eq1) are omitted since they
theory to be developed. drop out of the final results for fluorescence anisotropy. The
In this paper results are first derived for the anisotropy ofsecond rank tensor, representing two-photon absorption to a

two-photon induced fluorescence without energy transfermolecular statea), is derived using time-dependent pertur-
The limiting results have previously been derived bypation theory and is explicitly given as
otherst!122627pyt are included here for the initial develop-

ar 10 ar 10
ment of the more general theory. The results are then ex- :1 D M Hm Hm M
tended to a two-chromophore system in which the two- ~'™ 2 4 | (E,o— no—il,) (Eo— nw—il,)]’
photon energy at the donor site is transferred via resonant 2
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FIG. 2. For circularly polarized excitation the pump radiation propagates
l v 150 | M lSo along thez axis and the electric vector sweeps aroundsthe plane. For
A B fluorescence along the axis the “parallel” signal is defined as polarized

- - ) ) ) along thex axis and the “perpendicular” signal along tlzeaxis.
FIG. 1. Modified Jablonski diagram showing the essential energetics of

two-photon fluorescence with energy transfyrepresents the ground state
and its associated manifold afg, S, denote higher electronic states of the

same spin multiplicity. Single-center two-photon fluorescence may be con- . . . .
sidered as relating to the above diagram, by removal of molegultne ~ With the subscript denoting an anisotropy of fluorescence

fluorescence signal then being the radiation that emerges Arom without energy transfer, to avoid confusion later on. The
component parameters are

. . . . S$1= M)\S()\,u)/*l’_;/,ivv) )
where the imaginary addenda in the energy denominators = u-S. u.S
T : S2= MNS(N ) M v uv)
properly reflect finite lifetimes 1/, , for each excited state S= S TS
Ir), with signs as determined by time-reversal consider- >3 XuwHr=tw)
ations?® Since the absorbed photons are from a single laser ~ S4= #xStun xSt
beam the tensor is represented by an index-symmetric ex-  Ss= t\Suu) S
pression, as denoted by the parentheses around the sub- SGZM)\S(MV)M_MS()W)J

scripts. The rate of two-photon fluorescence is then express- ) .
ible as If the fluorescence is from a nondegenerate singlet state, and

providing intermediate state resonances are avoided, both the
e SO U Ny ey v —a iti i - -
T~e eke e ekqekerS(lm)MpS(qr) . (3)  transition dlpc.>le moment anql _the second-rank molecular ten
k P sor are real: These conditions are henceforth assumed
If the molecules are randomly oriented or free to rotatefhroughout. Taking account of index symmetry allows sim-
(as, for example, in a molecular flvidt is necessary for the Plification of Eq.(5) as the parametes andss, and alscs,
isotropic average of Eq3) to be calculated. Then the result @hdsSs, become equal. It is then apparent that in its simplest

(6)

is given by form the linear anisotropy can be expressed in terms of just
two parameters p;=(S;+Ss)+2(S,+Sg) and p,=(s3
_)\, )\! - .
(Ty~e kéeﬁleﬁmekr,e_kkqarms(wwos(w) ;;rers]‘;), such that Eq(5) can be represented in the compact
X<)\k)\)\|p)\mv)\p0)\qﬂ)\rp>v (4) |in_1 3p1_2p2 .
where the angular brackets indicate averaging over the direc- fo 7 P2 ' )

tion cosines\y, ..., representing the relative orientation of
the laboratory(radiation) and molecular frames of reference. | rized X defined -
The result of the average is a sixth rank dual tensor comprigd'y ~ polarize IS efined —as ro=(I)ar

ing a linear combination of 225 isotropic tensor isomel’s,_<I‘>Ciri)/(<r>ciu;{)%l<I‘>ciu_)! following the notation of
expressed in the terms of Kronecker def&¥ Contraction Wan and .Johnso : Specnjcally, for fluorescence col-
with the radiation parameters in E@) leads to scalar prod- Igcted "’,‘t right anglgs to _the input bealf,;, represent_s a
ucts between the polarization vectors, which can readily bé'gnal linearly polarized in the'plane' of the cwcqlar input
calculated for signal polarizations parallel and perpendiculapeldé_anldrciu ,hrepr_esents a”5||9na| Irlwnea_trly pO(;arIZE_d perf—
to that of the input. However, unlike the one-photon fluoresPendicular to t '_ﬁ' €., za_ra el 1o t ehlnpu_t irection IO
cence anisotropy ratios, the two-photon absorption proced¥opPagation, as illustrated in Fig. 2. The anisotropy calcu-
offers the prospect of measuring two different and indepen!@t€d Using the appropriate complex form for the radiation
dent fluorescence anisotropy ratios, corresponding to an inf€Ctors: er=1V2(&xig), is in its most general form

The anisotropy ratio applicable when the pump is circu-

tial excitation using either a plane or circularly polarized 9VeNn by

pump. The general expression defining the anisotropy using 1| —6s,+9s,+453—65,—6S5+9s¢

a plane polarized pump is the familiaro=((T ), rg'=5 i3S : 8
—(TYin ) (T )iy +2(T)in 1), Which after calculation of 37>

the rotational average of E4), gives Equation (8) involves three linearly independent combina-

tions of the molecular parametess—sg, because of the dif-
I (5) fering combinations o6; ands, in the numerator and de-
7 S3t2s, nominator. Thus we can write

1 (3s;+6s8,—2S3—45,+ 3s5+ 6Sg

lin_ —
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1 (3p;—2p, From Eq.(12) an expression for the rate is obtained in
ro'=5 T | (9 the usual manner
3

where the primed parameters are defined @ss —2(s,
+55)+3(S2+Sg), P2=(354—2s3), andpz=(3s4—S3). b
The above general results can be directly employed if ><S(|m>ﬁ£ ﬁg VopktpS(qr) - (13

the parameters in terms_of which they are casF are aV""”ablﬁ“he rotationally averaged result, appropriate if the molecules
either through computational molecular modeling, or by ex-

periments of the kind detailed in Appendix B. However or chromophores are orientationally uncorrelated, is signifi-

. . ) ) . cantly more complex than the single-center results. In allow-
where such information is not readily obtainable, further, y P 9

L . . : .fmg for random orientation of the respective molecules two
simplifications leading to tractable results are still possible i independent orientational averages are first required to de-
the molecular tensos is dominated by the terms in which P 9 d

. . ; ‘0 couple each molecule from the radiation vector frame. In

the absorption dipole moments® andu'” are parallel, and . . : ! .
) : . ; stages, assuming a linearly polarized pump, this procedure is
against which the fluorescence transition dipole makes an

. L as follows: First the sixth-rank molecular average with re-
angled. Then we obtain the following limits for two-photon . o
X } spect to molecul@ is performed yielding
fluorescence anisotropy:

ro'=23 cogf—1), -

SN ANk M e 1B 1B A
I'~e k' €k B Bir € k& k Mi A Vikik

—' A B BB TB
e |(_’G"kr’]l"*il lu“JT ;rg Eg

~NIiN

<rih<4 (10)

<rin<z (1D 105

NI

ré'=%(3 cog6-1), -

and in this special case the information content is clearly the X[(38Ejo~ Qjo)P1H(3Qjo—~2E o) P2], (14)

same with either input polarization. These results, which reynere the molecular parameteps and p, relevant to the
produce those derived elsewhe?e;***?"are also based on donor moleculeA are as previously defined and the two new

the assumption tha't rqtational relaxation is slow compared tgarameterE andQ are represented by
the fluorescence lifetime, as commonly applies for large — —
chromophores in viscous media, and also as justified by :jozvjkekke kaom
many experimental result8~®® Thus Egs. (5), (7)—(11) v\
. Q]o V]kVok
model the incoherent ultrafast molecular response of the sys- o
tem. If rotational dynamics are on a timescale comparable td he second stage of calculation is to perform a fourth-rank
the fluorescence, then the results acquire a time dependenggerage to decouple molecuefrom the laboratory frame.
that can be modeled using appropriate weighting factor¥.  Assuming fluorescence occurs between nondegenerate states

(15

we have
e_ﬁ,/ et,/
B. Two-photon fluorescence with resonance energy I~ I n [{(38i 89— 2810 8:0+ 38i0 5in)
transfer 3150 in€jo i09n
The theory is now developed to include energy transfer X (P uBHZ+{(= 8 8not+ 46inio— Gi0Sin)
between the initially excited species and a second fluoro- B2 . B2 -
phore species. Thus it is assumed that there is an energy X [P P HLBE o~ Qo) Py
transfer route between the donArinitially excited by the +(3Qj0—2E0)P2]- (16)

two-photon process, and an acce@orfrom which the fluo- ) ) ) _
rescence signal is detected. This naturally depends on suffthen still remains to decouple the intermolecular displace-
able overlap between the emission and absorption spectra Bfent vectorR(=rg—rx), from the radiation frame, as dis-
the donor and acceptor molecule&>® A perfectly general cussed in detail elsewhet€® This involves the expansion of
expression for the probability amplitude of the complete pro-E9- (16) and contraction of indices as determined by the

cess is here expressible as Kronecker deltas. The tensorial part of the energy transfer
) function now takes the forms represented explicitly by Egs.
M N?ki/ eﬁleﬁmM}Bﬂ}BijMﬁS“m), (120  (A1.8)—(A1.10) of Appendix A, and applying the appropri-

ate averages E{16) then generates a result for the observ-
where transition dipoles etc. associated with the moleciiles able rate. For a linearly polarized pump, the completely gen-
andB are given superscript labels and the arrows identify theeral rate of two-photon fluorescence is thus
upward and downward transitions Bto remove ambiguity.

The second-rank tens&is as defined in Eq2) and is again r~ 1 [{pi(9a—6b+c)(uB!- uBh2}

index symmetric if, as usual, a single pump beam is em- 1575

ployed. The tensoW is the fully retarded dipqle—dipole +1{py(—3a+7b—2c)| uB1|2| uB!|?}

interaction tensor, which holds the link betweernrdter en-

ergy transfer and the noncompeting radiative tranfen +{py(—6a+11b—3c)(uB- uB"H?}

cases wherd andB are sufficiently close for wave function B1121 B2

overlap, a means of appropriately generalizing the form of +{po(4a—7b+60) "] u® ], (a7
Vi; has been discussed by Scholes and Ghiggiino. where we have introduced the notation
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3 2Rey) 2, 1 ., #1
a—(COS'?e 1+—3 +1—5|y| +1—5|y| T e

6_

2R 1

b=(1+ Se(y) +§|y|2 : (18) *

2h(y) 44

c=(3+2Rdy) +|y?) o

In Eqg. (18) 0 as before is the angle between the absorption
and fluorescence dipole moments of the donor, pnd a i
function of the produck|R|, with #ck defining the energy 0

transferred from the donor to the acceptor & |R| being

: kR
the chromophore separation;

FIG. 3. Plot of the functiorh(y) (inherent in all FRET anisotropic signals

. _3+(kR)2_i2(kR)3_(kR)4 with increasing donor—acceptor separation. The asymptotic values at the
y(kR)= 1—(kR)2+(kR)4 . (19 short-rangek|R|<1, and long-rangek|R|>1, limits are 1/2 and 7/2, re-
spectively.

With the calculations for the isotropically averaged signals

complete it is then possible to derive the anisotropy in its

most general form. It is noted that because energy transfé¥herepy, ps, ps, s3, ands, are as defined in Sec. | A.
takes place between two independently mobile molecules thence more we notice that Eq24) and(25) are both depen-
donor—acceptor distanc® typically falls between two dent upon three individual molecular parameters. As alluded
asymptotic limits, as determined by the value of For ~ to above, itis théa(y) dependent terms in Eq&0) and(25)
k|R|<1 we obtain short-range behavior and kjR|>1 the ~ Which entirely embody the distance dependence of these en-
long-range counterpart. However, it is convenient to form &rgy transfer results. A plot of this function with increasing
Sing|e genera| expression for the anisotropy, valid forrall Chromophore Separation is illustrated in Flg 3, Clearly show-
which thereby also embraces both the former nonradiativéd its behavior between its two asymptotic limi{@s2 non-

and the latter radiative limits radiative or 7/2 radiative
12 T The new and fully general results given above for the
(3p1—2pp) {3(mg- pp)”—|mal | sl ) two-photon fluorescence anisotropy are directly applicable

lin -
Ty)=hy) 175, | 5]?| w2 ’ per sg if the molecular parameters in terms of which they are

(20 cast are determinable. It may be expedient where this is not
e case to reduce the complexity of the expressions through
e assumption that the two-photon tensor is dominated by
terms with the absorption dipole moment§” and u.™° par-
(15+ 10Rdy) +2|y|?) allel. Then, substantially simpler results of a form once again
h(y)= (3+2Ray)+|y]d) (21 resembling Eqgs(10) and (11) ensue, and with arbitrary
anglesd and ¢ between the absorption and fluorescence di-

The limits for short- and long-range behavior are readily cal—po|e moments for the donor and acceptor molecules respec-
culated using the appropriate valuesyof tively, we obtain

Short-range Rg/)=-3, Im(y)=0, (22 ) 2
r(y)=h(y) 775 {(3co$¢—1)(3coso-1)},  (26)

where the asymptotes are determined by the limiting valueg:
held within the separation functiom(y) defined as

Long-range Regy)=-1, Im(y)=0. (23
1

In the case where a circularly polarized pump induces the ri”(y)zh(y) 175{(3 co@p—1)(3co2o—-1)}.  (27)

two-photon absorption, following a similar sequence of cal-

culations we obtain the general rate as Once again in this reduced form we hai= 3", mirror-

ing the single-center result, removing any utility for separate

I~ ez [{2p1(9a—6b+c) (™ u®)%} +{p;(~3a measurement under different input polarization conditions.
Although these results alone do not make it possible to de-
+7b—2¢)| uP'[?| uB[?} +{s3(242— 230+ 5c¢) termine the angleg or ¢ experimentally, the anglé for the
(1Bl uBH2 4 _8a+ _ d_onor molecule may be d_etermmed from the corresponc_img_
(™ u=)7F{s5(—8a+21b—10c) single center results, obtainable when the acceptor species is
X | wB11?| uBt|?} + {s4(— 36a+45b—11c) (uB- uB)?} absent or derivatized. Then it becomes possible to determine
B112 . B2 the orientation of the fluorescence dipole moment of the ac-
t{s4(122—380+22) [ |*| w71, (24) ceptor molecule with respect to its absorption moment. Uti-
and the anisotropy is similarly defined as lizing the results for both the single- and the two-center fluo-
, , b2 N2 L2 rescence anisotropy, key indicators of molecular symmetry
ry) = h(y) (3p1—2p3) {3(pp- pg)”— | wal™ mal} are thereby obtainable.
1y 4 1754 e ' Interestingly the two-photon residual anisotropy results

(25 mirror two features of their single-photon absorption
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counterpart:® Firstly the same factor of 7 appears as theenergy transfer. Despite the need for a degree of overlap
difference between the radiative andr&er-type energy between the relevant emission and the absorption bands of
transfer results; secondly a similar relationship is observethe pair, the emission spectra of the two species must be well
with the corresponding single center results, enabling the arseparated in order to determine the signal without any ambi-
isotropy of two-photon energy transfer to be expressed imuity. These conditions are as illustrated schematically in

terms of its single centre result Fig. 1.
r It is noted that the increasing tunability of laser light,
ri(y)=h(y) 2_05 (3cogp—1), (29) through both the advent of vibronic solid state lasers and the

refining of nonlinear optical materials, ensures that obtaining

which can legitimately be applied to all the results obtainedhe necessary range of frequencies should not present a prob-

from either linearly or circularly polarized input. lem. A comprehensive listing of donor—acceptor pairs with
relevant spectral overlap data, suitable for detailed validation

of the theory, is tabulated in referent®ur theory is in-
Il. DISCUSSION creasingly applicable now that high-order multiphoton ab-

General expressions for two-photon fluorescence anisots-orpt'or.' processes are becommg more cqmmonplace. Most
interestingly a number of studies on excited state fluoro-

ropy have been derived for a system comprising two chemi- g7 = ) .
cal speciesA and B. Experimentally verifiable ratios have phores within biological complexes have been observed via

been determined explicitly fofi) two-photon excited fluo- multiphoton fluorescence_ imagiﬁéj:‘"”Moreover, Fhe use of
rescence by a donak, (ii) resonance energy transfer and FRET as a spectro.scop|c U in the deter-mmatlon of .
fluorescence from an acceptr Results have been derived fluorophore separations suggests that recording the polariza-

without necessary assumption of any physical restrictions Ogon chgractenstlcs_of the fluorescence signal may not only
the participant molecules, enabling the fluorescence aniso letermine the excited-state mplecular symmetry bUt. also
ropy to be expressed in terms of a comprehensive set dyrove a simpler way of measuring fluorophore separation.
molecular parameters amenable to experimental or computa-
tional determination. In anticipation of cases where these pzﬁ‘CKNOWLEDGMENTS
rameters are not readily obtained, we have also given sim- We are pleased to acknowledge most helpful communi-
plified results, applicable under specified conditions withcations with Dr. A. A. Demidov on this manuscript during its
proven utility in the analysis of fluorescence experiments. formative preparation. One of U®.A) would also like to

It has been shown that the relationships between thacknowledge funding from the EPSRC for a studentship dur-
single-center and the short- and long-range residual twoing which much of this work was undertaken.
photon fluorescence anisotropies mirror the counterpart rela-
tionships for one-photon fluorescence migratidnin gen-  APPENDIX A: THEORETICAL FRAMEWORK FOR
eral, the limiting FRET residual anisotropy ratios for BIMOLECULAR EXCITATION
n-photon excitation processes can be calculated from the
corresponding single-center-photon fluorescence anisot-
ropy ro, using Eq.(28) andry(n)=(n/2n+ 3)(3 cogd—1),

The intermolecular coupling is accommodated within the
probability amplitudes by a retarded dipole—dipole interac-
tion expressible through the following index-symmetric ten-

always subject to stringent conditions on the relative direc—sorv_ 35
tions of the transition dipoles involvéd.Nonetheless our Ik
work has also led to general results of more universal appli- _ expikR) ) A A
cation, not necessarily subject to those conditions. Vik(k,R) = 47-,60R3 [(1=TkR) ()= 3RjRw)
To simply illustrate a conceivable experimental imple- ) na
mentation of our results we consider again the special case —(kR)“(6j—RjR) I. (AL1.1)

where the two-photon molecular tensor is dominated by s expedient to write Eq(AL.1) as a product of two sepa-
terms with parallel absorption dipoles. Here, to gain maXi-ate functions

mum information it may be envisaged that the single centre R

anisotropyr, should first be obtained from the donor in di-  Vjx=f(k,R)gjx(KR,R). (AL.2
lute form. This yields the necessary information on the anglgyne of these functiongg;, , is dimensionless and embodies
between absorption and fluorescence transition dipole MGye tensorial behavior J

ments to carry into the residuénergy transferanisotropy . o

expressions. Introducing the acceptor molecule and measur- gjk(KR,.R)={6jx+Y(KR)R|Ry}, (A1.3)

ing its fluorescence anisotropy will determine the mechanisny i, the real and imaginary parts gfgiven by
of excitation.

In designing an experiment to observe the two-photo &y) = —3+ KR~ k*R* Im(y) = - 2k°R?
fluorescence residual anisotropy the molecular pair must be Y~ 1-k?RZ+ kK°R* Y= 1o R KR
chosen with care. The donor molecule must be selected such (A1.9

that no single-photon absorption at the fundamental pPUMRq, the other function featuring in EGAL.2) we have

frequency takes place. Likewise a suitable acceptor molecule )
must remain transparent to both the input and its harmonic, f(K.R)= z(kR)exp(ikR) (ALS)
to ensure that the emergent signal is solely due to resonance ' 4me RS '
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likewise with the real and imaginary parts nfgiven by where the subscripts represent the polarization of the pump
1 L2p2 _ and the signal radiation respectively Wltﬂmp sig'epresent-
Re(2)=(1-KR), Im(2) kR (AL6) ing the measured intensity” is a beam parametet/
These results hold over an unrestricted range of intermolecu= (7rk’?13g(®))/(1283%¢3#2) wherek’ is the wave vector of
lar distancegbeyond the extent of wave function overlaim  the emerging signal radiatiom is the mean irradiance of
the short- and long-range limitg|R|<1 andk|R[>1 we  the pump and)® its second-order degree of coherence. The

have, respectively, fourth signal above, EqB2.4), requires the fluorescence to
Short-range; be collected collinearly with the input, with reversed helicity.
f(KR)=1/4me,R3, Rely)=—3 Egs. (B2.1)—(B2.4) represent the intensity in terms of the
L o molecular parameters. Thus these four experiments allow the
Im(y)=0, gj(KRR)={8;x—3R;Ry}. four molecular parameters to be deduced; using Cramer’s
rule we obtain
Long-range;
f(kR)=K? exp(ikR)/4me,R, Re(y)=—1, (s,+ ss)— (3| = 12 4315, = 215000 gee)
Im(y)=0, g;(kRR)={3)—RiRy}. (B2.5
In the rotationally averaged rate equatidics. Eq. (16)], 15 @
: S,+Sg) = =13 +10 ), B2.6
each term proves to contain a product of components of the (S2%+86)= 57 (~lairi T eirt) ) (B2.6
coupling tensor with components of its complex conjugate,
of the general fornV Vo= ffgjxGn, . For the tensorial part 33:5 (-1 +212 a3 + Ig‘rZL) R (B2.7)
of the coupling function we can write the result as ~
9ikIno= 19kt YRRkH Sno+ YRiRo}, (AL7) se=— ity 208180 R (B2.8)
and three forms emerge according to the different kinds of
index pairing that arise giving the magnitudes of the molecular parameters in terms

. .. A of the measured intensities.
GikGno™ 5jk5no+ 5jkanRo+ OnoY Rj Ry

+|Y|2R1RkRnROa (A1.8) 1Th. Faster, in Modern Quantum Chemistryedited by O. Sinandg,
_ A a o~ (Academic, New York, 1965 p. 93.
OikOnk= Sjn T 2ReY)R|R, + |y|2R]- R, (A1.9) 2V. M. Agranovich and M. D. Galanin, ifElectronic Excitation Energy
o Transfer in Condensed MattéNorth-Holland, Amsterdam, 1982
0jk0jk=3+2Rey) +|y|2 (A1.10 °D. L. Andrews, Chem. Phy<.35 195(1989.

4G. Juzelimas and D. L. Andrews, Phys. Rev.4®, 8751(1994.
5B. Wieb Van Der Meer, G. Coker, and S.-Y. ChdResonance Energy
APPENDIX B Transfer, Theory and Dat&/CH, Cambridge, 1994
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