View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by University of East Anglia digital repository
JOURNAL OF CHEMICAL PHYSICS VOLUME 121, NUMBER 5 1 AUGUST 2004

Optically nonlinear energy transfer in light-harvesting dendrimers
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Dendrimeric polymers are the subject of intense research activity geared towards their
implementation in nanodevice applications such as energy harvesting systems, organic
light-emitting diodes, photosensitizers, low-threshold lasers, and quantum logic elements, etc. A
recent development in this area has been the construction of dendrimers specifically designed to
exhibit novel forms of optical nonlinearity, exploiting the unique properties of these materials at
high levels of photon flux. Starting from a thorough treatment of the underlying theory based on the
principles of molecular quantum electrodynamics, it is possible to identify and characterize several
optically nonlinear mechanisms for directed energy transfer and energy pooling in
multichromophore dendrimers. Such mechanisms fall into two classes: first, those where
two-photon absorption by individual donors is followed by transfer of the net energy to an acceptor;
second, those where the excitation of two electronically distinct but neighboring donor groups is
followed by a collective migration of their energy to a suitable acceptor. Each transfer process is
subject to minor dissipative losses. In this paper we describe in detail the balance of factors and the
constraints that determines the favored mechanism, which include the excitation statistics, structure
of the energy levels, laser coherence factors, chromophore selection rules and architecture,
possibilities for the formation of delocalized excitons, spectral overlap, and the overall distribution
of donors and acceptors. Furthermore, it transpires that quantum interference between different
mechanisms can play an important role. Thus, as the relative importance of each mechanism
determines the relevant nanophotonic characteristics, the results reported here afford the means for
optimizing highly efficient light-harvesting dendrimer devices. 2004 American Institute of
Physics. [DOI: 10.1063/1.1769354

I. INTRODUCTION two-photon optical excitation of either a single donor, or a
pair of donor chromophores, located close to the acceptor. In
In a wide range of materials, resonance energy transfethe former case the mechanisit* is a two-photon reso-
(RET) is the principle mechanism for intermolecular and in- nance energy transfgTPRET) process, initiated by two-
tramolecular(interchromophoreredistribution of electronic  photon absorption at a donor, and followed by RET directly
energy following the absorption of ultraviolet/visible to the acceptor. Here the energy transfer can be expressed by
radiation’~® The detailed elucidation of the principles for the following equation, also schematically illustrated by the
energy flow in complex systems has led to the devising oknergy scheme of Fig. 1:
new energy-harvesting materials specifically tailored for a
host of nhanophotonic applications. Chief amongst these new
materials are dendrimeric polymers—multiply branched
structures of essentially fractal geometry—and other relategyhere the two-star superscript denotes a two-photon excited
multichromophore assembliés! Such materials are highly state of the donor. The probability for fulfilling the initial
efficient in the capture of optical radiation, as a result of theirconditions for this mechanistti.e., for the donors to exhibit
multiplicity of antenna chromophores and efficient mecha-yo-photon absorptionis enhanced at high levels of optical
nisms for channeling energy to an acceptor core. The applinput. In the second case the mechanism iswa-donor
cations already range from photodynamic cancer therapy tgroces® which, following initial one-photon excitations of
organic light-emitting diodes. two electronically distinct donoréA and A’), results in an
Recently, attention has begun to focus on dendrimergnergy poolingi.e., a collective migration of donor energies

which exhibit optical nonlinearit§-*? In this connection it  to an acceptor chromophor®, Here the more complex RET
has emerged that, in the relevant high intensity regime, suitprocess is expressible as

ably designed materials can exhibit two quite different types
of mechanism for channeling the excitation energy to an ac- . . Pooling . ,
ceptor which is optically transparent at the ingaind second A*+B+A"™ —— A+BT+A"

harmonig frequency. Both mechanisms are associated Withris mechanism also becomes effective under high intensity

laser light due to the enhanced probability of simultaneously
dElectronic mail: david.andrews@physics.org exciting two donor chromophores within close proximity of

TPRET
A** +B —— A+B*,
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focal volume,N, (assuming normal conditions, i.e., below
A Se Sy A the saturation limit, where ground-state population is very
similar to N,). By defining the number of suitably excited
donors within the focal volume a¥,,, the probability of
two-photon excitation of a donor species under steady-state

__._> conditions is
Noa K™
NA k2<—2 ’

(€Y

v So So wherek,zfO is the two-photon absorption rate constant of the

donor chromophoré\ (dependent on the input intensity at

: 02 :
FIG. 1. Energy scheme for TPRES, represents the donor ground elec- the appropriate frequengpndk,™ “ is the two-photon deex-

tronic state and its vibrational manifol8;, denotes a higher electronic state. citation rate constant. The latter is composed of spontaneous
Vertical arrows represent transitions; horizontal arrows denote channels <{fspor) radiative emission, intramoleculdintra) relaxation

excitation. and nonradiative RET rate constants, to give
0+—2__ 1,02 0«2 0«2
I(A - kspon + I(intra + I(RET ' (2)

each other and the acceptor. For both mechanisms it can be

assumed experiments are conducted in an ultrafast pumm greater detailkd;,; includes long-range energy transfer to

probe fashion, so that the system is first subjected to pulseghe “bath” mediated by “real” photonsk%ﬁaz includes inter-
radiation, and features that exhibit the nonlinear energyial conversion and intersystem crossing, i.e., repopulation to
transfer are detected subsequently. Further mechanisms thae ground state by nonradiative or lower energy emission,
could otherwise lead to the same final state, through the inandk%c?2 can be further decomposed to arrive at the expres-
terplay of concurrent energy transfer and pump radiation, argjon,
precluded by these experimental conditigase Sec. V.

To expedite future progress in the development of opti- 0—2_ 0—2 / 02
cally nonlinear light-harvesting systems, it is clearly neces- KRef _zn: Ret (A= An) Tkeer (A—B), @

sary to ascertain the means of differentiating, optimizing, and 02

exploiting the mechanisms available for energy captéirét  Wherekger (A—A’") defines random walk RET to one of

Since the mechanisms that are available to mediate ener(%lpemlcally identical neighboring chromoporgrétbe prime

harvesting under conditions of high photon flux differ mark- d€noting exclusion of self-interactiprand kger (A—B) is
edly from those available at lower intensities, it is our aim tothe rate constant for RET from the donor to acceptor species

secure a thorough understanding of the principles that appl{? the near zone. Note that any other *bath” molecules in the

to systems specifically designed for operation at high level&§€2&" ZONn€ fare assumed tr? ha\ée sufficiently dh;ferent foptical
of laser intensity. In this paper we describe in detail the balProperties fromA and B that they can be excluded from

ance of factors and the constraints that determines the f£onsideration; also stlmggged emission is assumed to be

vored mechanism for these forms of optical nonlinearity,nedligible. From Eq(1), ky™ " is derived by the application
which include: the excitation statistics, structure of the en0f molécular QED leading to the following rotationally av-
ergy levels, laser coherence factors, chromophore selectidifged result, cast in terms of chromophore propefties,
rules and architecture, possibilities for the formation of de- m(12)
localized excitons, spectral overlap, and the overall distribu- (ki %)= 120
tion of donors and acceptors. We begin by eliciting key com-

ponents of the energy kinetics involved in each mechanism X af® M (wg, wo) — (|ee*~3) a "™ (wg, wy)
for nonlinear light harvesting.

1 2
(5) {(2]e-e]2—1) a®™(wg, wo)

X &t (wg,wo)1pf . @)

II. TWO-PHOTON RESONANCE ENERGY . . . . Lo
TRANSFER PROCESSES Equation(4), cast in Cartesian components using the implied

_ . summation convention for repeated indices, incluldas the
Atheoretlc_:al representation based on r_nolecular q“antur]?radiance,wo as the optical input circular frequencg’,***
glectrodynamlciQED) can be used tp _O!e”"e a representa-,q yhq density of states for the excited state, reflecting vibra-
tion of a complete TPRET process, initiated by two-photonyi, o 1yroadening, ang-e as the self-product of the laser

exmt%uon hOf 3 S|r_1|gléa donor. -I];OheStab“Sh this, \éve need t olarization unit vector, which equates to 0 and 1 for circular
consider the detailed nature of the RET step and accommag,y hane polarizations, respectively. Alsg; is the gener-

date statistical fg_atures assogia}ted with the initial excitatior%llized two-photon response tensor of the general f3rm,
and donor conditions. Determining factors are the number o

donors contained within the laser focal volume, the probabil-

ity of a donor being two-photon excited, and the rate of“}'k(é)(lwlalwz)ZE
energy transfer to the acceptor, i.e., the RET step that com- ¢
pletes the mechanism. For the ensuing analysis the relevaht Eq. (5), i, { andf are the initial, virtual and final states,
population factor is simply the number of donors within therespectively, through which chromophogeprogresses and

f i f i
] é(é),ulil(é) ) Mké(é)ﬂj{l(é)

Eigiﬁwl Elgiﬁwz '

©)
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FIG. 2. Nonequivalence of the photon emissiaf, and two-photon absorp- >
tion, 2wy, frequencies due to IVR. Large arrows denote electronic transi-
tions and small arrows IVR transitions. N So So 7

A So A

Ei;=Ei,+il;, with T'; the damping factéf** associated B

with state{. Note for conciseness the frequency dependence

of the aﬁb factors is now implicit and follows from the su- FI'G. 3. Energy schgme for coopgrative energy pooling: as.in Fig. 1_, and
perscripts. The dissipative effect of internal vibrational redis—‘a’lvt'(te:I ifai«iefr(\)?élng;:\lilp]zr;Izcr:czglzrsct:;;;;&eeacce;Bomnd Its associ-
tribution (IVR) does not itself feature in the electronic inter- ' '

state kinetics, though the associated redshift in the emitted

rad|at|on is ne_cessarlly apparent .and emerges in the follow- gg_zl)Eg(z)(RAaRA;RAvRA)

ing. For the single-step RET which delivers energy to the

acceptor we have the familiar result from second-order time- (@R TR (R (RA))
dependent perturbation thedry, - <dL(7)(RA)dL(+)(RA)><dL(7)(RA)dL(+)(RA)>'
A 2T " , 9
PEef =" 10V (o R 28 ®) ©

where the subscript 11 denotes a single-site function and
Herew' corresponds to the donor emission frequency, wherd' (Ra) is the transverse electric displacement field given by

w'<2wq as illustrated by Fig. 2V;, defines the electric fickes\ 12 ,
. . . ;e L ; 0 (N ) i(k-Rp)
dipole-electric dipole coupling tensor, given generallyby d (RA)=|% oy | &V kat (ke A
exp(""(jR) . —@V(k)al (ke RN
w1 A A
Vij(01,R)= = [( B )(5ij—3RiRj) =d' Ry +d-T(Ry). (10)
0
) Heree™ (k) is the polarization unit vectde™ (k) being its
_(“)lR) 5.__&&_)} (7 complex conjugateand a™(k), a'™ (k) are respectively
c R the photon annihilation and creation operators for a photon

mode (k,\) (wave vectork and polarization\). It is worth

and the donor-acceptor displacement vector is defineld as noting that the second-order coherence fa ﬁ? is equal to
=Rg—R,. As is usual in the study of the systems of interest, . 9 . . _g 1S equal
1 in a fully coherent light field, whereas in a unidirectional

here, the electric dipole approximation is used in the deriva-. . . N
P PP light beam of Lorentzian or Gaussian frequency distribution,

tion of Eg. (7)—its legitimacy justified by the focus on (25 Equation(8) will serve as a basis for judging the

strongly allowed transitions in electronically distinct and 911 = . .
structurally separated chromophores. Thus the total rat%elat've efficiency of two-photon and energy pooling energy

equation for a two-photon resonance energy transfer procegs‘.”meer mechanisms; the latter is the subject of the following

emerges as section.
(2 2 .
(PTPRET NaGi7 (<|>w> ((2]e6— 1) afOAZe0A l1l. TWIN-DONOR ENERGY POOLING PROCESSES
11 . . . . .
60 | eoCti . In contrast to optically linear light harvestirtd,twin-
_ 2_ a0(A)—a0(A) donor energy pooling comprises two submechani¥ms.
These are defined da) the cooperativemechanism, where
X |M?“(A)Vij(w',R),uf;O(B)Fp? p?, (8  theinitial one-photon excitations are followed by RET from

both donors directly to the acceptor, afig) the accretive
in which the frequency dependence of the molecular tensonsiechanism, where the initial excitation energy of one donor
is implicit and g‘lzl) is the single-site degree of second-orderis passed to its partner and the sum of the two excitations is
optical coherencé® reflecting the effect of fluctuations in transferred to the acceptor. These two submechanisms are
photon count in the laser beam. In de@ﬁ) is defined as illustrated by the energy schemes of Figs. 3 and 4. To con-
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FIG. 5. Nonequivalence of the photon emission frequaen@nd absorption
frequencyw, due to IVR.
So
\ 4
S, B
A’ B—AA'_ 2m 0a(A) BO(B)
I'Rer _7|/-Li Vij(o,R)aji 7 (— 0, ~ )
FIG. 4. Energy scheme for accretive energy pooligrepresents a virtual
state. X Vig(w,R") w2 )+,ui0a(A)Vij(w,R”)

X aft™ (0, 0)Vig(w’ R ufO®

struct the quatlon for the overall_ rate of a p_oolmg process, +M?Q(A/)Vij(w,R”)ana(A)(w’,—w)
accommodating both submechanisms, a similar development !
to that used in the last section is employed, i.e., determining ><Vk|(cu’,R),u|ﬁO(B)|2p'f3. (14)

factors include the number of donors contained within the

laser focal volume, the probability of two such donors beingHere the first term corresponds to the cooperative submecha-

simultaneously excited, and the rate of twin-donor energyiism, while the further two terms relate to accretive transfer.

transfer to the acceptor. Also w corresponds to the donor emission frequency, where
First consider the probability of satisfying the initial con- o< w due to excited state IVRas illustrated by Fig. band

ditions for excitation of a donor pair. The number of pairs atthe displacement vectors are definedRis=Rg— R/, R”

the laser focus, under standard conditions, is taken to beRa —R,.

1/2NA(Np—1), and ifN;, signifies the number of donors in Putting together the various factors delineated above, the

the relevant electronic excited state, the probability of bothrensemble averaged rate equation for the energy pooling pro-

partners in any one pair being excited is the square otess is as follows:

N1a/Np, assuming the decay lifetime is short compared to

the laser pulse duration. Under such steady-state conditions . 32 2
the latter factor is given b (TP = NANA—D)| 5553
g y 3ﬁ3/2060kA<_
N kl<—0 . . .
o v X (1)2] O |4 28] 05
A A

X Vij(@,R)af®Vig(0,R") uf A"
with kx~° andk%~* representing the one-photon absorption N Ik !

and deexcitation rate constants, respectively. The latter are +M?“(A)Vij(w,R”)a?{‘(A')Vm(w’,R’)MFO(B)
defined similarly to Eq(2) and the former are again derived ,
from molecular QED as follows: + AV (0,R) aff P V(o R) 2.
7l * (15
ki O= o |2t (12
Céo The excitation dynamics of the chemically equivalénand

where u®° is the transition electric dipole moment connect-A" are for simplicity taken to be identical in the initial con-

ing the donor ground state and excited state. Inserting qu_itions, but the decay processes are necessarily differentiated
(12) into Eq. (1), in the RET step to accommodate potentially differing orien-

tations in space. Note that, unlike E8), the above equation
«O(A)[2 A¥ does not exhibit a laser coherence factor since energy pool-
| °p§ - (13 ing does not require simultaneous absorption of pump pho-
tons by the two donors—and averaged over the excited state
Turning to the RET step, we have to consider both energyifetime the coherence of the pump radiation loses relevance.
pooling submechanisms. As shown in earlier wof the  In contrast, the TPRET case does require arrival of both pho-
results emerge from fourth-order time-dependent perturbaons at(essentially the same time and hence a dependence
tion theory in the form of the following rate equation: on photon statistics emergesgt(fl).

NlA_ l

Na  3hcepkd !

Downloaded 27 Oct 2010 to 139.222.112.131. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



J. Chem. Phys., Vol. 121, No. 5, 1 August 2004 Energy transfer in light-harvesting dendrimers 2449

TABLE |. Transition tensors and their corresponding irreducible representations for both donor and acceptor
species in each of the three mechanisms.

IR(s) of
IR(s) of donor acceptor
Mechanism Transition chromophores Transition chromophores
TPRET 0P DN g p@t) uPOE®) D)
MOH(A) D)
Cooperative peOB) gy 0a(A) D) a?0®) DOHg Dt
”(XO(A )’ ”Oa(A )
Accretive ”aO(A), MOa(A)' D(l*) ”’BO(B) D(l*)
MaO(A')
aPe(A) DO gDt gpt)

IV. RELATIVE EFFICIENCIES

The starting point for an exploration of the structural and electronic design factors, and their bearing on the relative
efficiencies of each mechanism, we take the ratio of Egjsand(15), to produce the result

<1‘*P00|in§§ - ZOﬂ(NlA—l)(p?*)z( kg%Z )
(PPRE) - 3agdef  LQT)?

| MaO(A) | 4 )

(2led?~1) Vo - (|ee?~3)af "V af "

|40V (0,R) Vi (@, R uf "M + [PV (0, R aft Vig(' R uf "+ A AT
| 1PV (0" R ufO®|2

X , (16

whereA— A’ specifies a term with andA’ interchanged in  the relevant transition tensors. These transition tensors and
comparison to the previous term. In the following, attentiontheir corresponding irrep components are shown in Table |
focuses on a number of key facets of the above result. Theger each of the three mechanisms. An example is the accre-
are optical selection rules, exciton effects, spectral overlagive submechanism, which is only symmetry-allowed if the

quantum interference, and the nanoscale architecture. donor decay transition has transformation properties repli-
cated by a component @), i.e., the irrep for the initial
A. Optical selection rules photoabsorption. Furthermore, the same transition must have

) ) ) the transformation properties associated with a component of
Each of the mechanisms for optically nonlinear photoac-D(o+)EB DI g D) The excitation transition dipole mo-

tivity entails a different form of interaction for the donor and ment of the acceptor will also need to transform as one or

acceptor units. The selection rules for one-photon and twor-,nore components dd ().

photon processes differ and, for a given system, one or more . . .
. : . The detailed form of the irrep components is governed
of the mechanisms or submechanisms may be forbidden ) :
y the local point group symmetmds,, Dy, andC,, in

local symmetry—noting, however, that the local electronicman dendrimeric materials. According to the chromophore
environment and the quasicontinuum form of vibrational y ' 9 P

sublevels are factors that can to some extent modify the Seqrchltegtur(el, specm? gonglgsmr.ls Far? 26 drav.“” for eaghl of
lection rules. The transition dipole momenié® for single- two main classes of dendrimeric light-harvesting materials,

photon processes are associated with the irreducible repré"—S follows:
sentation(irrep) D) of an odd-parity rank 1 tensor, while D3y systemsExamples of systems @3y, symmetry for

for the two-photon interactions the representations of th@0th acceptor and doggor chromophores are materials based
even-parity rank 2 tensora®® comprise the irrepD©*+) on _polyphenylet_hyﬁf" dendrimers, which hr_:tve b_een the
®DH e D) 28 The (1+) irrep components of the two- subject of considerable development following pioneering
photon tensors vanistnly if the latter relate to two energeti- WOrk by Xu and Moore’! Here the detailed form of the irrep
cally equivalent photon eventg.g., the absorptions of two components for th®3y, case, illustrated by Table I, reveals
photons having identical frequeney-otherwise they remain, that when the direct product of the donor ground and excited
as, for example, in any resonance Raman scattering procesgate representations includes the irefy all of the dis-

The nature of the associated donor and acceptor transitiogissed mechanisms are permitted—whereas only coopera-
imposes conditions on the validity of each mechanism. Gentive pooling is allowed when the same product spafs
erally, the direct product of the initial and final state repre-(Note the assumption of equivalence between the absorption
sentations must span at least one of the irrep components ahd emission transition symmetries of the donor species.
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TABLE II. Irrep and components for both donor and acceptor species for the three mechanisms, where both
species are oD, symmetry. SE denotes symmetry element.

Point group Mechanism
TPRET Cooperative Accretive
Irrep(s) SE Irregs) SE Irrefds) SE
Donor
chromophore
Dan AL
E’ E’
DO g p@+) E’ D) D)
A A
EH
Aq
E’ A
D) DO gDt gpt)
A E’
EN
Acceptor
chromophore
Aq
E’ E’
D D) DO g pH) E’ D)
A A)
E”

C,, /D, systemsExamples of systems based @3,  tor, D, at the center. Both in TPRET and energy pooling a
and D4, symmetry for the donor and acceptor species redonor exciton intermediate can form, as is illustrated by the
spectively are light-harvesting assemblies of por-equation,
phyrin®¢32-38and multiporphyrin arrays’®*%—energy trans- Eciton formation
fer in the latter is especially efﬂuept from Zn-containing A+B+C+D+ 2k (A+B+C)** +D
porphyrin to free-base porphyrfi The irrep components for
C,, and Dy, symmetry are given by Table Il and show, in
the donor species case, that all three mechanisms are sym-
metry allowed through transitions &f;, B;, andB, sym-  Although associated in each case with the energy of two
metry; in addition, both TPRET and accretive processes argput photons, the exciton is recognized to have a different
allowed throughA, transitions. For the acceptor, transitions structure for the two processes. SpecificallHB+ C)**
with A,, andE,, symmetry permit the TPRET and accretive is one of two forms—eitherA** + B+ C) and its permuta-
mechanisms, whilé\,y, B4, Byg, andEy allow coopera-  tions for TPRET, or A* +B* +C) and permutations for en-

RET
— A+B+C+D*.

tive transfer. ergy pooling—each form shown explicitly in terms of wave
functions below>**For TPRET, in general, the exciton state
B. Exciton effects |W{) is given by

In general, the initiation of TPRET requires only one
excited donor and the initial energy deposition is localized to  |V{)= \/—(|Au 'B°C°D%) +c*|A%B*' COD?)
that species. Often, dendrimeric materials are designed with
spacer ur?its.sejparating thg dpnorg and acceptors, so as to +cI|A°B°C”'D°>). (17)
retain their distinct electronic integrity and preclude charge
transfer. However, if two or more identical donor speciesHere the superscripti’ indicates the two-photon excited
within the proximity of each other are electronically coupledstate of the pertinent donor species and the coefficients
to any significant extent, an exciton may form. Excitons inandc™ are introduced as a means to generate each exciton
this context? are associated with an uncertainty in the loca-state, written explicitly these are
tion of the photon energy deposition and are generated when J3
the number of excitations within a chromophore array isless ¢c*=1+c¢’| — — +j _) ,
than the number of donors it comprises. Hence energy pool- 2 2
ing processes, which require two excited donor species, mayutting ¢’ =0 gives the|¥;) state; withc’=1 the upper
engage three or more donors in excitonic states. Consider, f@ign in Eq.(18) yield |'¥,) and the lowe¥3). The corre-

example, a threefold symmetric, nodal component of a densponding two-photon exciton state energ, is taken to be
drimer comprising chemically identical donafs B, andC

each at one corner of an equilateral triangle, with an accep- E1=E'+2v', E;=E3=E'—v' (19

(18
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TABLE llI. Irrep and components for both donor and acceptor species for the three mechanisms, where the
donor is ofC,, symmetry and the acceptor ¥,,. SE denotes symmetry element.

Point group Mechanism
TPRET Cooperative Accretive
Irrep(s) SE Irregs) SE Irrefds) SE
Donor
chromophore
Cy, Ay
A A
A,
DO g p2+) D) B, D) B;
By
B, B,
B,
A
A
A
D) B, DO gDt gp*H)
By
B,
B,
Acceptor
chromophore
Ay
Az Big Az
Dun D) DN g p@+) D)
E, Bog Ey
Eq

which incorporates  E’ :<§U’|H§| &y and o/  rate equation connected tonster theory for TPRET mecha-
=<gu’|v /|§ru'> whereH . denotes the Hamiltonian for do- NiSMSs requires the consideration of spectral overlap between
nor ¢ anifvgg, is the intergaction between specigsand ¢'. the donor fluorescence spectrum and the dispersive absorp-

For energy pooling, in the general form, the single-photoﬁion cross section of the acceptor—the detailed form depend-
exciton statd¥!) is given by ing on distance, and in the short range leading to the familiar
' Forster result. The QED formulation of this rate equation is
1 iven by*®
— (|A'BYC’D%) +c~|AUB°CUDY) g Y

\/§ B—A 9 * 2
_I_Ci'AOBuCuDO)). (20) 1—‘RET :mfo FA(w )O-B(w )(,U g(w :R)dw .

The superscripti indicates a one-photon excited species and (22)

we have one ground-state and two excited-state donor sp&quation(22) includes the radiative lifetime of the donor,
cies instead of vice versa. ThuE=(£|H &"), v 7, the cross section of the acceptor absorption and donor
=(&'Vp| €'Y, and| W), [ V), [V3) are generated from emission spectra, these are defined generally as

Eq. (20) using Eq.(18) with the exciton state energEj’ as

follows: (J'B(w)—3 C|u°ﬁ3>|22 e N
=2E+2v, E,=E}=2E-wv. (21)

W)=

Equation(21) exhibits a Davydov splitting betwees; and X 5(eB§_eBm_hw)’ (23

the degeneratE, andE; as seen previously in Eq19). As

the number of donors surrounding an acceptor on a given
dendrimer node increases, the significance of excitonic trans-

fer also grows, and increasingly favors the accretive FA(w)—
mechanism—a point we return to in Sec. IV E below.

aO(A)|22 p(n)|<¢)(r) (n)>|2

X 8(epr—ep ~fiw), (24

O’7Tﬁ 3

C. Spectral overlap respectively. Herep is the population distribution function

The detailed form of spectral overlap associated withof the initial vibrational states of the specified species, each
each mechanism is a matter of considerable interest. As iaf the indicesn, r, m, p specifies the set of vibrational, etc.
conventional single-donor energy transfer, to determine aublevels of the transfer species, the energies of the initial
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and final state of each species are included in the energy- 7hnn o(e’ — o)

conservingd function. In detailF ,(w) is determined by the [1pa= > 2 | (w,0' — w)|?
exit state ofA, which is a consequence of initial excitation 26V
and subsequent IVR. Also included in E@2) is g(w’,R)
which emerges from Eq7) and is generally given by mep pgm)|(<péﬂ|<pgm)>|25(e83—eBm—ﬁw’)
c® c* c? ~ , , 2
g(w,R)Zﬂgﬁﬂng—zmﬂﬁmJﬂﬁﬁ, _os(0,0 2“’)”” c (30
(25 v

Heren and n’ are photon numbers derived from number

where 7, are the orientational factors and written, in general,states and is the quantization volume. Equati¢80) can be

as rearranged to give

ﬂq:(i‘A'iLB)_Q(R'ﬁA)(R’iLB) (9=1,3. (26) - Tho(w' — ) )

. . ' . O'B(w,w’—w)=T|afB(w,w'—w)|

The leading term of Eq(25) carries an orientational depen- 2€e5C
dence for whichq=3, as befits the usual form of dipole-
dipole coupling, whereas in the long range the form wgjth X2 piM (el oMy 2
=1 dominates—as has been shown in previous Voik. m.p
the_ shprt—r_ange Eq22) takes the form of the Feter rate, X S(egs —eg —fiw'). (31)
which is given as follows: P m

For the case where selection rules dictate that only accretive
9cns (= , b —ay transfer occurs, three terms pergstcl, acc2, and their in-
f Fa(o')og(w) o’ "do’. 27 terference and the appropriate result can again be directly
recovered from Eq(28).
The form of spectral overlap associated with the energy
pooling processes, i.e., twin-donor transfer, is more comple®. Quantum interference

due to the energy transferal &t from two donor species to The processes of energy pooling and TPRET lead from
an acceptor. The rate observable accommodates both sUpi same initial state to a final state in which the acceptor is
mechanisms and also their quantum interfere(@@®® Sec. gjecironically excited. However the dissipation of energy
IVD) and is given by the following’ through IVR in the donor ensemble is different in the two

B—A__
FRET -

8’7TTAR6 0

27mp? cases so that, whereas these mechanisms may compete if
FEETA’A,: f {|M$}°01(R’,R”)|2+|M$}C°2(R,R”)|2 both are allowed, they cannot display quantum interference.
h That is not the case, however, when we consider the two
+|MERR,R")[2 submechanisms for energy pooling, because the two elec-
o tronic couplings that each of these involves amncerted
+2 REMIYR’ R")MEqR,R") and not step-wise processes, as the QED calculations show.
AL e o0 ) In other words the quantum pathways from the initial to the
+M{HR’,R)MEPRR,R) final state traverse only virtual states, in which energy losses
T Mﬁccz(R,Rn)Mﬁoop(R,R,)]}’ (28) are not sustained into or beyond the femtosecond timescale.

In the numerator of the last factor in Ed.6) the cooperative

WhereMﬁ is the quantum amp"tude of Cooperati@mop or submechanism is represented by the first term and accretive
accretive(accl,accp transfer corresponding to the relevant transfer by the subsequent terms. In multiplying the result by
terms within the modulus in Eq14)—accl, acc? differenti- its complex conjugate it emerges that there is a cross-term
ate contributions which differ only through the interchangerepresenting the quantum interference of the two submecha-
of AandA’. For examp|e, the Cooperati\/e component of Eq_nisms, which is of clear physical significance and entails
(28) (which also signifies the rate expression for a system idnterdependent chromophore separation vectors. The coop-
which selection rules prec|ude accretive tran)s[egiven by erative and accretive pathways from the initial to final state
of the system, along with the quantum interference of these
9 pathways are schematically illustrated by Fig. 6. In the un-
—f f 0w —w)?

IMERR,R") 2= folding technology of dendrimeric and other related nanoma-

2.4
Bam C TATA terials, the significance of such quantum interferences should
XFa(@)Fpa(o' —o)og(w,0’ — o) not be underestimated.
Xg(w,R)g(0’~w,R"dwdw’, (29 E. Nanoscale architecture

whereF, and F,, are both given by Eq(24), g(w,R) by For a given overall geometry, the detailed nanoscale ar-

Eqg. (25 and the cross section of the acceptor two-photorchitecture also has a considerable effect on the dominance of
absorptiongg(w,w’ — ), is determined by writing the rate one energy pooling submechanism over the ¢th@p pur-
of two-photon absorption as follows: sue a readily comprehensible physical interpretation we can
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V. DISCUSSION

In this paper we have begun to address the principles
associated with a multitude of factors whose interplay deter-
mines the favored mechanism for optically nonlinear photo-
activity. In general, nanomaterials of this kind are designed
to expedite one specific mechanism. Examples of energy
pooling materials are given in Refs. 4—7, 29-40, and 48-51;
recent examples of TPRET dendrimers are given in Refs.
8-—12. Previously, it has not been generally recognized that

FIG. 6. Energy pooling pathways: accretive and cooperative pathways arfhe two mechanisms can operate in paraIIeI. This work has
left and right, respectively, center depicts the quantum interference of thes

two pathways. White, blank, and shaded circles denote excited, ground arﬁ_em.onsu‘_ated th? need to properly accommodate such a pos-
virtual states species, respectively, asterisks represent the locale of excitgibility, given suitably placed chromophore energy levels,
tion(s), and thick connecting lines signify single channel contributions; thinand subject to the geometric and symmetry-based criteria
lines denote interfering channels. Noteand A" are interchangeable and  yatailed above.
time,t, flows down the diagram. It is interesting to note that TPRET is found in other
quite different areas of application. One example is where
RET is involved in two-photon three-dimensional
first entertain the gross assumption that all transition dipolemaging'iz—%_a technique which is especially advantageous
moments and separation vectors are equivalent, and thedr biological specimens due to the enhanced depth profiling
components of each of thetensors have similar magnitude and reduced photolytic damage. Also, energy harvesting den-
to the corresponding polarizability components. Then, it isgrimers are increasingly being developed for use in organic
pOSSible to write the |nt|m|dat|ng eXpression within the final ||ght_em|tt|ng diode materialé?_sl Furthermore, energy
bracket of Eq.(16) in the greatly simplified form that fol-  pooling porphyrin dendrimers have begun to find an applica-
lows: tion in  photodynamic therapy as  photosens-
[Pooling 54,12 itizers**®2-%4_energy harvesting here leading to the photo-
e ——, (32 chemical destruction of cancer cells via generation of singlet
I R oxygen. As results emerge in each of these and other new

wherea' is a volume polarizability. Equatiof82) shows that ~ a"€as, the relative importance of TPRET and energy pooling

light-harvesting systems based on small, essentially nonp&S Competing processes can also now be examined in the
larizable chromophores with tightly bound electrdssall appropriate detailed context, using the results we have re-
«') are generally dominated by TPRET, while energy pool-Ported. . o .

ing is favored by systems with tightly packed donors and In_ th_e prv_aser_1t analysis our work h_as identified consider-
acceptorssmall separations In the latter case specifically, aPlé intricacies in the theory of nonlinear energy transfer,
cooperative transfer is favored for systems with a highly po21ising from the multiplicity of time-orderings. Whilst we

larizable acceptor, accretive transfer for those with highly"@ve restricted consideration to features that arise in the
polarizable donors. pump-probe configuration, the situation becomes substan-

The chromophore architecture also plays a role in deterti@lly more complex if one allows the possibility of energy

mining the preferred energy transfer mechanism. Thus, fofransfer occurring Whilst. pump radiation is_stiI.I .present in the
energy pooling processes in dendrimeric systems with system. Although this will not usually be significant over the

threefold symmetric nodal motif, the cooperative submechaltimescales associated with ultrashort pulsed laser input, un-
nism is promoted by the closer proximity of the donor angder suitable conditions one can envisage the operation of two

acceptor species in comparison to the donor-donor separﬁirthe{3 mechanisms, as previously identified by Stock-
tion. This follows from the form of the coupling tensors in Mann-> One such mechanism is two-photon absorption by
the two cases,V;(w,R)Viq(w,R’) for the cooperative the accgptor thrqugh acquisition of one quantum of energy
mechanism ant;; (w,R")V,q(w,R’) for the accretive, bear- from a singly excited donor and another from the throughput

ing in mind that in the short range, eati(w,R) has an radiation. The other mechanism is where a singly excited
overall dependence oR~3 [see Eq.(7)], whereR is the donor is excited to a virtual state by the additional absorption

magnitude of the displacement vector in the argument. As th&f @ photon from the pump radiation field, coupled with reso-
number of donor chromophores around the acceptor inP@nceé energy transfer to the acceptor. In each of these
creases the accretive submechanism becomes of increasiﬁt?Cha”ismS a real state is realized after the absorption of one

importance as shown by the ratios of Table IV. pump photon, rather than two. Although they do not arise
under the pump-probe conditions we have assumed, these

mechanisms and the complex photodynamics with which

TABLE IV. Relative importance of the accretive submechanism for energy.they must be assaciated will undoubtedly prove 1o be of

pooling from a ring ofn donors. Interest. . .
Clearly there is considerable scope for the further explo-
n 3 4 5 6 7 8 9 ration and exploitation of this diversity of mechanisms. In

acccoop  0.037 0125 0379 1000 234 497 976 future vyork we plan to accommodate and .quanti.fy local field
corrections to properly reflect the electronic environments of
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the donor and acceptor chromophores. Further, to carry thisJ. S. Moore, and R. Kopelman, J. Phys. Cheni.(8, 6318(1997).
area of research forward for application to real dendrimeric’S. F. Swallen, Z.-Y. Shi, W. Tan, Z. Xu, J. S. Moore, and R. Kopelman, J.

. . : : Lumin. 76&77, 193(1998.
and. a}l_lled polymer matena]s, attention _must be paid to the,lz. Xu and J. 5. Moore, Acta Polys, 83 (1994,
flexibility of each system with regard to its secondary struc-szp; Kimura, T. Shiba, T. Muto, K. Hanabusa, and H. Shirai, Macromol-

ture and packin§®=® In fact, many high-generation den- ecules32, 8237(1999.
drimers are more closely biomimetic precisely because of’M. S. Matos, J. Hofkens, W. Verheijeet al, Macromolecules3, 2967

. : o : _ (2000.
their essen.tla”y gl(_)b_ular hablt a facet hldder.] by the. com 34H. R. Stapert, N. Nishiyama, D.-L. Jiang, T. Aida, and K. Kataoka, Lang-
mon graphical depictiorf€ It is our hope that as increasingly i 16, 8182(2000.

detailed principles emerge, these will inform and steer futuré®H.-F. Chow, C.-F. Leung, G.-X. Wang, and Y.-Y. Yang, C. R. Chiréje

efforts in the creation of light-harvesting nanomaterials. 735 (2003.

%D, K. P. Ng, C. R. Chimies, 903 (2003.

70. Finikova, A. Galkin, V. Rozhkov, M. Cordero, C. Herhdl, and S.
Vinogradov, J. Am. Chem. Sod25, 4882(2003.
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