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We investigate the intermolecular-interaction and damping (among exciton states) effects on the polarizabilities
(o) for molecular aggregates with different sizes of planar dendritic, i.e., Bethe-lattice (or Cayley-tree), structures
by elucidating the spatial contribution of one-exciton generatiom.tdhe molecular aggregate is treated in

the one-exciton model, including the dipeldipole interaction. The off-resonaaitof the molecular aggregate

is calculated by the numerical Liouville approach, including the damping effects. The signs of the contribution
of intermolecular-interaction (positive) and damping (negative) effects éme found to be opposite with

each other. The magnitude of these effectaiamdicates a nonlinear enhancement as the number of monomers
increases. These effects arfor the fractal-structured dendritic aggregates are also found to provide distinct
spatial contributions for different generations of the dendritic structure in contrast to the case of a non-fractal-
structured dendritic aggregate.

1. Introduction the intermolecular-interaction effects in dendritic aggregates and
Recently, dendrimeric supramolecules with fractal antenna their spatial contribution to. is expected to more clearly reflect

structures have attracted a great deal of attention because ofhe effect; of t.he fractal structure. .Cc.msidering the intensity of
their remarkable light-harvesting ability’2 These molecular the st conjugation in dendrimers, s_|m|Iar featu_res are expected
systems have a large number of terminal groups originating in t0 bé observed more remarkably dnfor dendrimers.

a focal point (core) with at least one branch at each repeat unit. We use a conventional one-exciton molecular aggregate
Itis predicted that there is an efficient directional energy transfer model constructed from chromophore dipole units, which are
from the periphery to the core. Such excitation energy cascadescoupled with each other by the dipeldipole interaction. The

to the core are known to be caused by the exciton migration in energy states and transition moments for the model aggregate
the fractal antenna structure, which provides ordered energy are calculated by diagonalizing the model Hamiltonian matrix.
states. On the other hand, molecular aggregate systems with jsing this aggregate-state model, the time evolution of the
dendritic structures are also known to exhibit similar ordered density matrix is calculated in a numerically exact manner, i.e.,

energy states and directional energy tranteklthough the numerical Liouville approach (NLAY* Because it is recently

first-order optical processes, i.e., absorption and emission of ointed out that the damping effects in exciton states are
light, for these systems have been investigated actively, the P ping

optical response processes, e.g., (hyper)polarization, have no{mportzfan:] for tge pr!ton migration :]rom the pgrlphery o the
been elucidated well. In this study, therefore, we focus on the cOre of these dendritic systerifswe here examine two cases

features of polarizabilitiest for several sizes of dendritic ~ ©f models with and without damping terms. Thevalues in
molecular aggregates (with planar structures), in which mono- the off-resonant region are calculated using our definition of
mers (chromophores) are assumed to be dipole units (two-statlonperturbativen. The nonperturbative approach has an ad-
molecular models coupled with each other by dipadépole vantage of easily treating such damping effects originating in
interaction) arranged as modeled after the Bethe-lattice (or €xciton—phonon coupling. Furthermore, under the (near)
Cayley-tree) type structuré®:12 These dendritic aggregate resonant condition, the nonperturbative approach is essential for
models are modeled after phenylacetylene dendrimers, and thereating response properties. As mentioned above, the exciton
decoupling otz-conjugation at branching points (benzene rings) migration dynamics under the (near)resonant condition are a
are realized by increasing intermolecular distance betweenrecent topical subject, so that we present our nonperturbative
neighboring units through branching points. As mentioned approach, which is applicable to the calculationooboth in
above, these aggregate models can reproduce some primargff. and on-resonant regions, though this approach is not
fea}tures (multllstep exciton states a.nd decoupling at branCh'ngnecessary for the present case with weak off-resonant fields.
points) of exciton states for dendrimers. On the other hand, 14 g|ycidate the feature of we develop a visualization method
because the effects of the_ dlpek_élpolt_a Interaction are weaker of the spatial contribution of virtual one-exciton generation to
than those of thar-electronic conjugation, the size dependences o.. Using this plot, we investigate the intermolecular-interaction

of o for dendritic aggregates are predicted to be fairly smaller . . N .
. . and damping effects on the spatial contribution of one-exciton
than those for dendrimers. However, the size dependency of . - . o
generation toa for different-size dendritic aggregates and

*To whom correspondence should be addressed. E-mail: mnaka@ elucidate t_he structurepropert_y relation ina. of dendritic
chem.sci.osaka-u.ac.jp. systems with a fractal-dimensional structure.
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Figure 1. Structures of dendritic molecular aggregates (D4, D10, D25, D58, and D127) which mimic skeletons of phenylacetylene déhdtimers.

N represents the number of monomers. Each two-state monomer dipole unit (with transitionEaerg38 000 cnT! and transition momenty;

= 10D) is represented by an arrow. The intermolecular distance in linear legs and the angle between neighboring linear legs at all branching-points
are assumed to be 15 au and 12@spectively.

2. Methodology isN + 1 in the present study because we consider a one-exciton
model. The transition dipole matrix elementit¥ in the
direction of applied field for this new state model is also
calculated? It is noted that the transition moments between
the ground and one-exciton states, and those between one- and
two-exciton states, only exist in the present model.

2.2. Density Matrix Formalism for Molecular Aggregate
under Time-Dependent Electric Field.We here briefly explain
our nonperturbative calculation approach, i.e., Ni¥!Ahe time
evolution of a molecular aggregate model is described by the
following density matrix formalisni#

2.1. Model Hamiltonian of Molecular Aggregates. We
consider dendritic molecular aggregates (Figure 1) composed
of two-state monomers (chromophores). Tkt monomer
possesses a transition energf,(= E5 — E¥), and a transi-
tion moment, g%, The monomer is approximated to be a
dipole. This approximation is considered to be acceptable if the
intermolecular distanceRY{) is larger than the size of a
monomer. For two dipolek andl, the angle between a dipole
k(l) and a line drawn from the dipole siketo | is 6y(6,). The
Hamiltonian for the aggregate model is written by

N 2 1
= Zz Ikal al 4ot ; le’tlklkluhq [(COS(@K - 9) -
'k €o k= 'IT:IK wherep(t) indicates the total molecular density matrix and the
bt second term on the right-hand side of eq 2 represents the
3 coseh Coselk)/ Rzl]aik &3, & @) damping processes in %he Markoff approx(i]matior?. The total
Hamiltonian H(t) is expressed by the sum of the aggregate
where the first and the second terms represent a noninteractingHamiltonian,Hagg and aggregate-field interactio¥(t)
Hamiltonian and a dipoledipole interactionN represents the
number of dipole unltsEk is an energy of the stati for agg .+
monomerk, and ,u” is a magmtude of a transition matrix ~ H(® = Hagg+ V(1) = ZEI b by -
element between statea,sandlk for monomerk. TheaI and N
a, represent respectively the creation and annihilation operators Z WENYF COSa)t)b+ b (3)

ih % p(t) = [H(®).p(0)] — ilp(?) )

M

for the iy state of monomek. The matrlx elements dflaggin

the basis for the aggrega{t(arp,1 golz @i N3 (N is the number of

monomers), which is constructed from a direct product of a whereF is an external field amplitude in the direction ®f
state vector for each monomerqo, [}, are presented in our  because the incident field is assumed to be a plane wave with
previous papel By diagonalizing the Hamiltonian matribd frequencyw and wave vectok travelling perpendicular to the
(eq 1), we can obtain eigenenergi&’®% and eigenstates = molecular plane and the polarization vector is parallel toxthe
{19993 (1 = 1,...,M), whereM is the size of the basis used. axis. bf and by represent respectively the creation and an-
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nihilation operators for théstate of the aggregate state model direction of polarization vector of applied field) betweigand
obtained in section 2.1. The matrix representation of eq 2 is i; of monomerl.
expressed as 2.3. Calculation Method of Polarizability and Its Partition
into the Exciton Generation. We briefly explain our calculation
_ o a0 i method ofa in the NLA.1* The polarizatiorp(t) is transformed
i (t) = —i(1 — O )BTy (1) — IZ(VIm(t)pml’(t) - to p(w) in the frequency domain by using the discrete Fourier
m transformation. Using the external field amplitude) (= F/2)
POV () — (Tp(1))y (4) and the polarizationp(w), the nonperturbativeo(—w;w)
(= ax(—w;w)) for a molecular aggregate is calculated by
whereVj(t) = —uj?{F coswt).

The damping term—(Ip(t))r in eq 4 can be considered as p(w)
the following two types of mechanisns$: a(-ww) = (@) (13)
M
_ - _ For weak fields, this quantity coincides with the conventional
(Tp®) = ~Tupy(®) + Zym'pmm(t) ©) perturbative a(—w;w). Although in the present case the
intensity-dependent phenométeescribed by eq 13 seem not
and to be observed, we apply this nonperturbative approach to the
calculation and analysis oft because of its advantages
—(Lp®)y = —Lypp(t) (6) mentioned in section 1. From eqs 11 and 13, dife w;w) is

also expressed as
Equations 5 and 6 describe the population and coherent-damping

mechanisms, respectivelyy(=yy) represents a feeding pa- M 2u, bpfea'
rameter. The off-diagonal damping parameter is expressed as a(—ww) = Z} b Z} (14)
1 .
Ly = E(rn + ) + I (7)

wherea and b indicate the aggregate baﬂrp, i, Ny and
eal(w) is a Fourier component of the real part ‘of density
matrix element £<%(t)) in the aggregate basis. Equation 14
r, =T, (8) indicates that the totalt can be partitioned into the virtual
excitation contribution ¢,-p) between basea andb. In the

whereT} is the pure dephasing factor. In this study, because one-exciton case, eitharor bis [11...1J(1. the ground state of

we assume a closed system, the fagiois related to the decay =~ Monomer), so that we can elucidate the spatial contribution of
rate as one-exciton generation ta by showing the one-exciton

distribution, e.g.,|121...11(2. the excited state of monomer).

and

I; = Zy” 9) 3. Results and Discussion

3.1. One-Exciton States and Their Spatial Contribution
to o of Dendritic Aggregate Models.The dendritic molecular
aggregate models (D4, D10, D25, D58, and D127) shown in
Figure 1 involve all of the same dipole units. The transition
energy and transition moment of the dipole unit (monomer) are
assumed to be 38 000 ctand 10 D, respectively. It is noted
that the magnitude of these parameters does not affect the
Pisiy it JN() = Z Ejgh ¢JN|¢;"‘9%]p" (t) @y 9!1(,;] q)jN,D qualitati_ve resu_lts for the rela_tive size dependency_ of int(_armo-
N lecular-interaction and damping effects arand their spatial
(10) contributions too. These aggregate models possess slight
intermolecular interactions between adjacent legs at the branch-
ing points because their intermolecular distance\/(i&.u.) is
larger than that (15 au) in the same leg regions. It is noted that

We perform a numerically exact calculation to solve eq 4 by
the fourth-order RungeKutta method. The density matrix
representation in the aggregate ba{sap (p, gai’:[} at timet
is calculated by

where py(t) is calculated by eq 4. Using this density matrix,
the polarizatiorp(t) is calculated by

M such considerable decreases in the intermolecular interactions

p(t) = z /‘i1,i2v---iN:iivié,---iﬁ,pii,iz’v---wi1wizv---iN(t) (11) at the branching points are similar to the situation in real
i1 %mdne phenylacetylene dendrimers, in which the meta-branching points

L destroy then-electronic conjugation between adjacent linear

legsi? The one-exciton statégl = 2,...,M) and the magnitude

Here, the transition matrix elemeat,.. iniig i 1S represented of transition moments between the ground and the one-exciton

by states for these aggregate models are shown in Figure 2. There
N are found to be explicit multistep energy states (with significant
g @il"@MZ#'IWil'“‘Q@wD: transition mom_ents) for these de_ndritic aggregates (except for
vzl By 1 N 1 N a small dendritic aggregate (D4)) in contrast to the case of linear

aggregates which possess almost only a one-exciton energy state
ZM A ‘5. W) (12 with a significant transition mome#t:13 It is also found that _
" the number of such multistep energy states and the energy width
of their distribution increase with the increase in the dendritic-
whereﬂ,l,‘ represents a transition dipole matrix element (in the aggregate size, corresponding to the number of generations
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Figure 2. Calculated one-exciton state energig’ [cm~1] and the
magnitude of transition momen$™ [D] between the ground (1) and
one-exciton I) states of the dendritic molecular aggregates shown in
Figure 1.

Namely, all of the virtual excitation contributions are positive
and are more enhanced in the case of smaller transition energies
and larger magnitudes of the transition dipgle|.
involved in the dendritic structure. These multistep energy In the present case (off-resonamtof systems with weak
structures can be explained by tlie and H-aggregate-type  intermolecular interactions), the totalvalue is found to almost
interaction$®1” involved in the dendritic (fractal antenna) linearly enhance with the increase in the number of monomers.
structure and are known to be important for the exciton This feature indicates that the magnitude of off-resomafur
migration from the periphery to the cote. the present systems is primarily determined by the number of
Because the damping effects in one-exciton states are foundmonomers and their relative configurations with respect to the
to be essential for the exciton migration from the periphery to applied field. Therefore, we confine our attention to the
the core of dendrimée we consider the damping terms in eq intermolecular-interaction and damping effects @nThe a
2. The factory; in eq 5 is determined by an energy-dependent value including only intermolecular-interaction effects is referred
relation: yy = f(E?%9 — E}99 (f = 0.1,i (>1) is a one-exciton  t0 asainy; the o value including both intermolecular interaction
state). This indicates that the population of higher energy statesand damping effects is referred to @gt+damp The a value
decreases faster and damps into the lower energy states. Thécluding neither effects is referred to ason The monomer
external single-mode laser with 100 MW/éimas a frequency  value ofanon is 89.97 au. Figure 3 parts a and b show the size
(3000 cn1Y), which is sufficiently off-resonant with respectto  dependences of intermolecular-interactiann( — onon) and
one-exciton states. It is noted from the perturbational formula damping Qnt+damp— Qint) €ffects onoc per unit dipole for these
(eq 15) that the off-resonant can be qualitatively well aggregate models, respectively. It is found that the intermolecular-
described in the one-exciton model. The division number of interaction and damping effects provide positive and negative
the one optical cycle of the external field used in the numerical contributions too, respectively (see the legend of Figure 3). In
calculation is 80, and the is calculated by using 100 optical ~accordance with the fitting procedure in previous stuéfes,
cycles after an initial nonstationary time evolution (2000 cycles). Aa. (= Gint — Ginon OF Qlint-+damp — Gint) PET UNIt dipole is fitted
In general, the feature of off-resonamtcan be explained by by the least squares to
the following perturbational formula:

Aoy _ o a,
i E, Iog( N ) p+ N + N (16)
a(-wi0) =25 () ———  (19)
= (BE1 — (w)?) where the extrapolated values for infinkeare (Aa|/N)N—w =
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O O O O Figure 5. Differences shown iby D10-a and D58-&ijn — Othon (SEE
section 3.1 for the notation of) of D10 and D58 (Figure 1),

. S el e s P L L . respectively. Damping effects in one-exciton states are omitted in these
(spatial contribution) for the dendritic aggregates D10 and D58 (Figure cases. Differences shown by D10-b and D586 camp— Gint Of D10

1) involving intermolecular interactions and damping effects. The size and D58, respectively (Figure 1). Total effects shown by D10-c and

e L D58-C: Qint+damp — Onon Of D10 and D58, respectively. It is noted that
Thet;sclilt_e La}ct(?[rs of these S)_/tstems are dtlﬁ%ren_t from eacr 40tq§]r. TheDlO takes a nonfractal structure, whereas D58 does a fractal structure.
symbolb indicates a one-exciton aggregate basis (see eq 14). ®hese 15 \yhite and black circles represent positive and negative contribu-

values are the same as those @@#+ampin section 3.1. tions, respectively, and the size of the circle indicates the magnitude
of the contribution. The scale factors of circles for these systems are

TABLE 1: Fitting Parameters p, g, and r in Equation 16 for different from each other.

the Intermolecular-Interaction (oipt — 0hon) @and Damping
(Gint+damp — @int) Effects in Dendritic Aggregates from D10 ) ) o
to D127 Shown in Figure 1 the damping effects (negative contribution) are found to

overcome the intermolecular-interaction effects (positive con-

r . . . ..
= e cularnteraction offect ;)7056 8q412 2195 tribution), so that the totatt values for large-size dendritic
Intermolecular-interaction efrfec . —O. . H
damping effect 1988 —5192 205.0 aggregates tend to slightly decrease.

The spatial one-exciton contributions to the off-resonant
for D10 (nonfractal structure) and D58 (fractal structure) are
shown in Figure 4. All of the contributions are found to be
ositive in sign, as is expected from eq 15. In agreement with
ur prediction, the dominant contributions for both systems are
shown to be distributed in linear leg regions parallel to the

1. The fitting parameterp, g, andr are listed in Table 1. In

this plot, we use the data from D10 to D127, whereas the data
for D4 are not used because D4 possesses only one generatioE
and exhibits a distinct feature of structure compared with other
dendritic aggregates composed of multigenerations. It is noted

- ) polarization vector of the applied field. This feature can be
that the present planar dendritic aggregates with Cayley'trefeunderstood by the fact that these linear leg regions possess a

structures over D127 hardly seem to exist because of the stericyominant interaction with the applied field because their dipole
hindrance of dendron parts in the periphery region. Actually, ypjts are parallel to the polarization vector of applied field.
the Cayley-tree-type planar dendrimers over D127 have notbeen 3 5 Effects of Intermolecular Interaction and Damping
synthesized.Even though such extended systems exist, they on the Spatial Contribution of One-Exciton Generation to

will take nonplanar structures, which do not conform to the o First, we only focus on the effects of intermolecular
models considered in this study. The nonlinear size-dependencyinteraction orw, so that the damping terms are omitted. Figure
of (aint — anon)/N suggests that the intermolecular-interaction 5. parts D10-a and D58-a show the effects of the intermolecular
effects on transition energies and moments nonlinearly dependinteraction on the one-exciton generation contributions.to

on the number of monomers in linear leg regions parallel to For both systems, the total values are found to be slightly
the polarization vector of the applied field. Because it is well- enhanced by the intermolecular interaction compared to that of
known that thel-aggregate-type interaction decreases the dipole- o, respectively. The dominantly enhanced contributions of
allowed excitation energies, the size dependence of the inter-one-exciton generation are shown to be located in the linear
molecular-interaction effect om is predicted to be determined leg regions parallel to the polarization vector of the applied field.
by the number ofl-aggregate-type interaction pairs involved Although the contributions in these linear leg regions of both
in linear leg regions in each model. For large-size aggregates,systems are found to be different among generations, D10 shows
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much smaller variation than D58 (for example, compare regions phase damping effects. In the present cases, the reductwon of
a ande(€) in D10 with regionsa, &(€), andf(f') in D58). This was more significantly observed in larger-size aggregates than
feature relates to the fact that D10 possesses a smaller numbein smaller-size aggregates.
of monomers in its linear legs (only one monomer per each  On the analogy of the present results, the fractal supramo-
liner leg) compared to D58. For D58, the contributions in inner lecular systems with electronically well decoupled generations
leg regions are distinctly larger than those in outer leg regions: are predicted to possess an attracting feature: the contribution
a > eg€) > f(f) and h(h') > g(g) > i(i"), j(j"), andk(k"). of one-exciton generation t varies for each generation from
Namely, the inner linear leg regions for D58 primarily contribute the periphery to the core. This feature is expected to be observed
to lower one-exciton energy states because of their larger numberas a more remarkable and more complicated phenomena in the
of J-aggregate-type pairs as compared to outer leg regions. Such{near)resonant high-order response processes, e.g., hyperpolar-
differences in the spatial contributions ¢cobetween D10 and  ization under intense laser field. The efficiency of the calculation
D58 reflect their architectures, i.e., fractal and nonfractal and analysis approach presented in this study will be displayed
structures, because the number of monomers in leg regions forbetter in the case of treating such phenomena.
the fractal architecture increases as going from the periphery Finally, we make some suggestions on the experimental
to the core. realization of these attracting features. The measuremeits of
Next, we consider the damping effects in one-exciton states for the several aggregates (with different intermolecular interac-
on a. In contrast to the intermolecular-interaction effects, the tions) arranged artificially on the surface may be possible. Also,
contributions (negative in sign) occur significantly both in inner as mentioned above, the size dependences ahd hyper-
and in outer linear leg regions. It is also found that the damping polarizabilities for several sizes of supramolecular systems
effects in a large-size aggregate (D58) remarkably reduce the(dendrimers) are expected to more remarkably reflect the effects
Oint+damp COMpared to those in a small-size aggregate (D10). of the fractal structure. For example, the size dependenaes of
From our introducing way of damping terms, these reductions and hyperpolarizabilities for three types of phenylacetylene
are presumed to originate in the decoherence process, i.e., th@ligomers, para-connencted, nonfractal-structureaktacon-
decrease in the off-diagonal density matrixes, because of thenected, and fractal-structuretetaconnected (which is actually
phase damping effects (see egs 7 and 9). involved in phenylacetylene dendrimers) oligomers) are ex-
Although the total effects (intermolecular-interaction and pected to be remarkably different from each other. The
damping effects) for D10 are found to slightly enhangé¢hose theoretical investigations of these species are now in progress
for D58 are found to reduce (see Figure 5 parts D10-c and in our laboratory.
D58-c). This feature implies that the damping effects (negative .
contribution) are more significant for larger-size dendritic  Acknowledgment. This work was supported by a Grant-
aggregates because larger-size aggregates possess larger mifi-Aid for Scientific Research on Priority Argas (No. 120422_48,
tistep energy widths which lead to larger damping factors. ~ 12740320, and 10149105) from the Ministry of Education,
Culture, Sports, Science and Technology, Japan.
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