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Abstract

The quantum master equation approach involving weak exciton—phonon coupling has been applied to the investigation of the exciton recurrenc
motion in molecular aggregate models with dendritic structures. Each monomer in the models is assumed to be a dipole unit (a two-state monome
coupled with each other by the dipole—dipole interaction. Two types of the dendritic molecular aggregates, which have mutually differemgteracti
through the branching points, are examined. A generation of one-exciton states by an electric field and its subsequent exciton dynamics with ar
without relaxation terms have been investigated. It is found that the configuration of each dipole unit significantly affects the coherent motions of
the exciton population. We also suggest the possibility of controlling the coherent exciton motions by tuning the frequency of an external electric
field.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Hochstrasser and co-workef8,10] have investigated the
coherent excitation energy transfer between two-identical chro-
Energy transfer is one of the most fundamental processesophores (2,2binaphthyl, BN) in solution, and have found a
in chemistry. Dendrimers with fractal dimensions are known todamped oscillation corresponding to exciton recurrence associ-
show the efficient excitation energy transfer from the external tated with the interaction energy\ 41 cntt) and the dephas-
the central regiongl—3]. Such molecules have ordered geome-ing time (73) of 0.2 ps. Wynne and Hochstras§gt] have pre-
tries and well-directed energy gradients between the peripheraknted a theoretical framework for the coherent energy transfer
and the core regions. It has also revealed that the relaxatidn solution and have applied it to the analysis of their experi-
effectis important for the directional energy migration, i.e. pop-ments.
ulation relaxatiori4,5]. Because the population relaxation also  Yamazaki et al. have investigated the intramolecular energy
contributes to the phase relaxation, such energy migration is anansfer of various anthracene dimers, e.g. dianthrylbenzene
incoherent process. Recently, coherent processes have attrac(Bd\B) and dithiaanthracenophane (DTA) groupsg( 1), in
much attention in relation to developments of quantum molecsolution[12-14]} The fluorescence anisotropy decay of these
ular deviceg6-8] by the use of spin and pseudo spins, suchmolecules displays the oscillatory behavior originated from the
as exciton. For example, coherent superposition of the excitegtcurrence motion of an excitation between two anthracenes.
states generated by optical method causes a recurrence motibhis suggests that the intramolecular energy transfer proceeds
of the excitation between constituent units in molecular systems.oherently in these systems. Generally, it is very difficult to
observe such oscillatory signals because of the rapid dephasing
by solvent molecules and of the difficulty in detecting the fluo-
rescence signals from a mate of the dimer selectively. Yamazaki
* Corresponding author. Tel.: +81 6 6850 5405; fax: +81 6 68505550, et al. have concluded that the relatively rigid molecular struc-
E-mail address: hnitta@chem.sci.osaka-u.ac.jp (H. Nitta). tures of DAB and DTA are key factors in detecting the quantum
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Fig. 1. Molecular structures of (a) DTA and (b) DAB.

beat of fluorescence anisotropy decay. They have pointed out
that the longer dephasing time in DTA (1.0 ps) can be explained
by the less flexible and more rigid conformation than that in BN
(0.2 ps).
Previously, we have performed theoretical investigations of
energy migration in dendrimers on the basis of the quantum
master equatiofl5,16] As a continuation of previous work, we
here focus on the coherent process, such as recurrence motion (©
of excitons in dendritic sys_tems using two types of rn()k-:‘cl'”arFi 2. Structures and labeling of the models used in this paper: (a) dimer model,
aggregate structures. One is an aggregate modeled after the IF&)%'dendritic model | and (c) dendritic model Il. Each two-state monomer dipole

extended phgnylat_:etylene dendrimirs3] (SegFig-.Zb)_:.Wh”? unit is represented by an arrow. For the dendritic models | and Il, the angle
the other one is a different aggregate model with significant intersetween neighboring linear legs at all branching points is assumed to be 120

actions between neighboring monomers through the branching
points (sed-ig. 2c). Such difference in modeling is expected to Hamiltonian for the aggregate system is expressed by
cause variations in the energetics and also the coherent dynamics v N
of exciton population. A possibility of controlling the coherent R | "
Pop P 4 9 Hs = Y Eili)lil + 5> Iyl . (1)
i

exciton motions by tuning the frequency of an external field is

also examined. Implications of the computational results are dis- i
cussed in relation to importance of aggregate structures for lesghere
decoherence rule. 1
J,'j = 7#,’/1./{0056” - jS) - 3C0591j COS@ji}. (2)

3
2. Methods 47T80Rij

Here, |i) is the aggregate basis, which means that itle
2.1. Model Hamiltonians monomer is excited, an®;; is the intermolecular distance
) between- and;-th monomersy;,(¢;,) is the angle between the
We consider molecular aggregate systems composed of Wetipole moment of(j)-th monomer and the vector drawn from
state monomergi} with the excitation energ{E;} and the  ;th monomer tg-th monomer.
dipole moment{x;} (i=1, 2,..., N; N is the number of In the one-exciton approximation, aggregate system is
monomers). Interactions betweénand j-th monomers are described in the eigenstatésy)} with energies{w;}. We

assumed to be represented by the dipole—dipole interagfion obtain|v) andwy by solving the following eigenvalue equation
This approximation is considered to be valid when the inter-

molecular distance® is larger than the size of a monomer. The Hs|¥k) = wi|Vi), 3)
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where and

~ X 2y
Vi) = DI Glvi) = D _Cuili) @ o) = T Ty (12)

which is determined from the thermal equilibrium condition

Here,{|¥), k=2, 3,..., N+ 1} denote the one-exciton states, 0 g . o
and [y1) represents the ground state. An exciton on ittie [18]. In Eq. (12), ;" indicates the high temperature limit of

monomer interacts with nuclear vibrations, which are approxi- i), andkg is th_e Boltzmann constant. We numerically solye
mately described by the phonon Hamiltonis: Eq. (10) by the sixth-order Runge—Kutta method. The density

matrix elements in the aggregate basiat timer are calculated

Hr = Zzgqici%'civqi’ (5) by
i qi

_ _ o pi() = anipaﬁ(t)c?}i (13)
whereg2,, is the frequency of the phonon in the statessoci- B

ated withi-th monomer, ana)‘;r u andc; 4, are the creation and
annihilation operators of phonon in the statgespectively. The 3. Results and discussion
interaction Hamiltonian between exciton and phonon is given by

Hsg = ZZ'I) <i|(K§f¢]icz_ﬂh + Ki,q,'ci,q,')’ ©)

i g

3.1. Exciton states of the aggregate models

We consider three aggregate models: a dimer mdiigl 2a),
wherex; 4 is a coupling constant between the excitjrand a  dendritic models | ig. 2b) and Il (Fig. 2c). Each arrow

phonon statey;). represents a dipole unit (a two-state monomer). The dimer
model is the simplest case to observe the recurrence motion

2.2. Master equation of exciton population between two monomers. For the dimer
model, the transition energf and the transition moment

Total Hamiltonian is given by of the monomers are assumed to be 38,000%crand 8D

[15], respectively. By diagonalizing of Hamiltoniaks, we

H = Ho + Hsr, (") obtain two one-exciton states with energies=37957.3cm?t

whereHy is the static Hamiltonian: and w3 =38042.7cm?. These states are nearly degenerate
(Aw=85.4cm1), so that they can be excited coherently by

Ho = Hs + Hr. (8) light.

e For both dendritic systemsF{g. 20) and 1l Fig. ), all the
dipole units are identical: their transition energy and transition
moment are assumed to be 38,000¢mand 5D, respectively.

d. ro ~ ~ Model | possesses slight interactions between adjacent legs
Ep(t) = _/o dr’ tre[ Hsr(r). [Hsr(r'). (1) Roll. ©) 4t the branching points because their intermolecular distance
5/3a.u.) is larger than that in the same leg region (15a.u.).

. . 1
wherepis the reduced density operator, for the aggregate SVSte'{h contrast, model Il possesses significant interactions between

and the tilde denotes the interaction p'CtLRG".S the dens_lty adjacent legs at the branching points because the intermolec-
operator for the phonon system. From E), the time evolution ular distances among monomers in such legs(a.u.) are

of the density matrix elements in the Sétimger picture is given comparable to those in the same leg regions (15a.u.). After

by the diagonalization of the aggregate Hamiltonias) the transi-
dp . tion energies and the magnitudes of transition moments between
g Pep = Wal g 1Wp) = —i(wa — @p)pap — > TupmnPmn the ground and the one-exciton states are obtained as shown in
m Fig. 3. Multi-step one-exciton states are found for both aggre-
— F(I)Z(Hanpnﬁ — Pantng), (10)  gates though some differences in the energy gaps are observed
7 for these multi-states with significant transition moments. It
is also found that the exciton states with significant transition
moments tend to lie below the transition energy of the constituent
monomers (38,000 crt), and the energies of one-exciton states
with significant large transition moments in model Il are lower

The time evolution of the aggregate system under th
Born—Markov approximatiofiL 7] is represented by

where the contribution from electric field is added in the third
term; F(¢) is a time dependent external electric field, ang is
a transition moment from stateto n. The relaxation ternd” is

iven b : .
g y than those in model I. These features have already been eluci-
Tapimn = ZZ[5ﬁnC;i|Cki|2CmiVi(wm — o) dated by/- _andH_-aggre_gate_ type intergctio[ﬂ. _

P The exciton distributions in one-exciton states with large tran-
. ) . . sition moments for models | and Il are shownHiy. 4. States
+ 8am Cpi | Cri|“C i vi(wn — wi)] — Z[Caicmicni 2 and 3, states 6 and 7, and states 9 and 10 for model | are

! degenerate in transition energy, respectively, while states 2 and
x Cgilyi(wm — wa) + vilwn — wp)}] (11) 3, states 5 and 6, states 9 and 10, and states 11 and 12 for model



H. Nitta et al. / Journal of Photochemistry and Photobiology A: Chemistry 178 (2006) 264-270

Energy/cm'1 E—

38000 F @ o —— —_———TTTTT

Moment/D —

L 1 H :) Lm [ N P ™ o T O T O O |
5 10 15 20 25
() State

rrrrrrrrrrrrrrrrrrrrrrr L Ll

Energy/cm'1 _— —_

38000 -

11 1 1 1 1 |

11 1 1

H Moment/D —
3

'-|:| |:|6 910:|12
T N O |0 O TPy O I o ™ o P oy |

5 10 15 20 25
(b) State

Fig. 3. Calculated transition energies (chh and the magnitude of transition
moments P] for the dendritic model | (a) and model Il (b) shownfig. 2
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state (2, 3) for model | is well localized in the internal region,
while that for model Il is distributed not only in the internal
region but also in some parts of intermediate region. Also, for
model |, the significant energy gaps have been observed between
states (2, 3) and (6, 7), while for model I, they are observed
between states (5, 6) and (9, 10). These differences are predicted
to originate in the difference between interactions at the branch-
ing points of two models. Nearly degenerate states are found in
both modelsAw = 66.2 cnT! between states (6, 7) and (9, 10)
for model |, andAw = 80.6 cnt! between states (2, 3) and (5,

6) andAw=42.8cnt! between states (9, 10) and (11, 12) for
model Il. Hence, these states can be excited coherently by laser
light.

3.2. Exciton dynamics

The exciton dynamics is performed using E@E0){(12).
The power of the applied electric field and the temperafiae
fixed to be 100 MW/crh and 300K, respectively, throughout
this paper. The frequencies of the field are resonant with spe-
cific exciton states, which have large transition moments. The
polarization axis of the field is fixed to be parallel with thaxis
as shown irFig. 2

Fig. 5shows the exciton population dynamics for the dimer
model after the irradiation of 300 optical cycles (ca. 263fs). In
Eq.(12), y° values, which are the high temperature lirfit{co)
of y(w), for both monomers are assumed to be 10&nThe
oscillation of the exciton population between two monomers
(quantum beat) is confirmed, the feature of which implies that
states (2) and (3) are excited coherently. Oscillation period is

Il are degenerate in transition energy, respectively. The exciestimated to be about 400 fs, which corresponds to the energy
ton distribution of the degenerate state (11, 12) for model Idifference between states (2) and (3) (85.4 ¢jnAlthough our

is similar to that of the state (9, 10) though their phase relacalculation does not take into account the effect of the damping
tion is different from each other. It is noted that the exciton infrom the excited to the ground state, the relaxation effect between
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Fig. 4. Spatial distributions of one-exciton in degenerate; (a) states 2 and 3, states 6 and 7, and states 9 and 10 for model I; (b) states 2 andd3¢ statds 5 a
states 9 and 10 for model Il. The size of circle indicates the magnitude of the exciton distribution.
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Fig. 5. Time-evolution of the exciton population in dimer mod&b( 2a) after
the irradiation of the external field. The variation of exciton population is shown
in monomer unit. Labels 1 and 2 correspond to thodeign 2a. 05 . . . . : : : :

. . . . a—+— ete' —-=m-— i+ —a—
exciton states described by the teffp in Eq. (10) appears in 04l b -x- P S
the damped oscillation of the exciton populations. h e ﬁ:ﬁ: s k+k' = —v-—

In order to reveal the effect of the differences in structure and S osl |
energetics of the dendritic models | and Il, we first performthe 5§ AR AR
exciton d i i i 3 O A A B N o KA K

ynamics without relaxation terms. Thév) value at 2 VOO PO B K VA
. .. . - NNy PrINGY _
the high temperature limjt® for all monomers is assumed to be c 02 PRy $ NTARAYN eSS
1 i i i Eald ) Ny~
0 cm™* (non-relaxation), and the applied electric field is resonant Fiad ‘e,
with the exciton state (10, 9) for modelsd € 37908.5 cm?) 0.1 X
and state (10, 9) for model Iks(= 37301.7 cm?). These fields

generate the superposition state composed of states (10, 9) and 0
(7, 6) for model |, and the superposition state composed of states b
(10,9)and (11, 12) for model Irig. 6a and b show the calculated ®)
results for models | and I, respectively. The electric fields areFig. 6. Time-evolution of the exciton population at each monomer without relax-
turned off after the irradiation of 300 optical cycles; ca. 264 fsation terms for the dendritic models | (&ig. 2b) and Il (b) Fig. ) after the
for model | and ca. 268 fs for model 11, respectively. irradiation of the external field. Monomer labess H(b'), . . ., k(k’)) correspond

. . . to those irFig. 2o and c. The frequency of the external field is resonant with the
ThoughFig. 6a and b show that the exciton populathns Of gtate (10, 9) of each model.
these models are almost localized in the external region, the
recurrence motions of the exciton populations among monomers . ) .
are significantly different between models | and Il. Primary,Cf non-relaxation caséig. 7a and b show the obtained results
recurrence motions occur between monomeed) and f(f') for models | and Il, respectively. The exciton coherent motions
between monomeigj’) andk(k’), and between monomar(ic/), similar to those in the non-relaxation case are found for both
andd(d’) for model | as shown illPFig. 6a. In contrast. for model Models. The relaxation causes the suppression of the oscillation

Il, recurrence motions occur between monomer peird—h(h) amplit_ude pf the exciton recurrence .motions, as well as_the exci-
andj(j')Jk(k') as shown inFig. 6. These differences can be ton mlgrauon fr_om the external region to the intermediate and
understood from the exction distributions of the states whictih€ internal regions.

compose the superposition state: states (6, 7) and (9, 10) for

model I, and states (9, 10) and (11, 12) for model Il. For modeB.3. Control of the exciton coherent motion

I, each segmented region(¢’) and f(f'), j(j') andk(k’), and

c(c’) andd(d)) is isolated from other region because of the weak The dendritic model Il has two groups of nearly degenerate
interaction through the branching points. Hence, the oscillationstates: states (2, 3)—(5, 6) and states (9, 10)—(11, 12), which are
of the exciton population are well localized in each segmenteavell separated from each other in transition energy. This sug-
region. It is found for model Il that the exciton populations gests that model Il can be used to generate a superposition state
on the monomer paire(e’)£(f') are slightly oscillating. This that is different from those in Figéb and7b by the external
behavior implies the recurrence motion of excitation betweerfield. The frequency of the electric field is set to be resonant
monomer pairg(g')-h(h’) andj(j')—k(k’) through the monomer with the state (5, 6)¢=36732.9cm?) in order to examine

38 £ - = ) o LBE T
04 06 08 10 12 14 16 138
Time/ps

pairse(e’)-f(f"). the coherent motion of the exciton population generated by this
Next, we consider the exciton dynamics with the relaxatiorfield. The time evolution of the exciton population is shown in
terms. They(w) values at the high temperature ling for all Fig. 8a and b, which represent the non-relaxatiph= 0 cn1)

monomers are assumed to be 10¢tand the frequencies of and the relaxationC = 10 cnm 1) cases, respectively. The exter-
the applied fields and the irradiation period are identical to thoseal field is turned off after the irradiation of 300 optical cycles
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Fig. 7. Time-evolution of exciton population at each monomer with relaxationrig g Time-evolution of exciton population at each monomer for the dendritic
terms for the dendritic models | (affig. 20) and Il (b) Fig. ) after the ira-  model 11 (Fig. 2) after the irradiation of the external field: non-relaxation case
diation of the external field. Monomer labels b(b’), . . ., k(k’)) correspond to (a) and relaxation case (b). Monomer labelsk(b'), . . ., k(k')) correspond to
those inFig. 2b and c. The frequency of the external field is resonant with theihose inFig. 2c. The field is resonant with state (5, 6) showrfig. 4b.

state (10, 9) of each model.

(ca. 2721s).Fig. 8a shows the oscillatory behavior of exciton desired distribution regions for exciton recurrence motion. The

population, which differs from that shown Fig. 6b. The exci-  present result suggests the possibility of controlling the coherent

ton recurrence motions are mainly found between the regionsotions of the exciton in molecular aggregates with dendritic

¢(¢’) andi(i’)—a-b(b")—d(d’). This is predicted to be related to architecture. Therefore, derivation of less decoherence rule for

the exciton distributions of states (2, 3) and (5, 6). Under thigjuantum phase control is an interesting future problem.

condition, the exciton oscillation is shown to occur through the

branching points. Namely, in the relaxation case, exciton migra4. Conclusion

tion with oscillatory behavior is predicted to occur from the

intermediate to the internal regiorsig. ). We have applied the master equation approach involving
From the above results, it is concluded for model Il that theweak exciton—phonon couplifd5,16] to the investigation of

exciton population shows two types of the oscillatory behavthe exciton coherent motion. It is found that the configuration of

iors, which correspond to the superposition states composed tiie aggregate structure significantly affects the coherent dynam-

states (2, 3) and (5, 6) and those of states (9, 10) and (11, 132ys of the exciton population as well as the energetics of the

respectively. The former one shows the exciton motions alongggregate system. Also, we have revealed a possibility of con-

the branches of the dendritic linear-legs, originating in the supettrolling the exciton recurrence motion in dendritic molecular

position states composed of states (2, 3) and (5, 6), the exciton afjgregates by changing the configuration of each dipole unit

which is distributed in the internal and the intermediate regionsand/or adjusting the external field frequency.

In contrast, the latter one shows the half-circular motion of the

exciton population originated from the superposition of statesAcknowledgments

(9, 10) and (11, 12), the exciton of which is distributed in the

outermost regions. Such behaviors of exciton motion can be One ofthe authors (K.Y.) thanks Professor lwao Yamazaki for
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