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Abstract

Exciton energies and transfer matrix-elements for the nanostar (a perylene chromophore attached to a poly-
phenylacetylene dendrimer) are obtained by computing the linear absorption of several segments using the collective
electronic oscillator (CEO) approach. Our results allow a first-principles calculation of an effective Frenkel exciton
Hamiltonian which can describe the optical properties as well as energy transfer and funneling in this artificial antenna

complex. © 2000 Elsevier Science B.V. All rights reserved.
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A new class of macromolecules with dendrimeric (tree-
like) geometry has been suggested as possible candidates
for artificial antenna systems [1-4]. The combination of
the large number of absorbing units at the molecular
periphery and the downbhill energy gradient of the elec-
tronic states towards the center makes it possible to
harvest the light effectively and transfer energy to a reac-
tion center or a chemical sensor attached to the center
[4-7]. Shortreed et al. [8] had measured the absorption
and the fluorescence spectra of the nanostar dendrimer
shown in Fig. 1 and found efficient exciton funneling
from the periphery to the chemical sensor (perylene)
located at the core of the antenna.

Recent experimental [7] and theoretical [9] investiga-
tions clearly show that the optical excitations of poly-
phenylacetylene (PPA) dendrimers are localized within
the linear segments and involve no charge-transfer-type
excitations. This suggests that the Frenkel exciton model
[10] should be applicable for computing the opti-
cal response. Using this model, Poliakov et al. [11]
had investigated various optical and electronic
features of compact dendrimers, composed of identical
diphenylacetylene linear segments connected by meta
substitutions of the benzene rings. Meta branching
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disrupts the charge transfer (electron-hole separation)
between segments and the compact dendrimers can be
modeled as an assembly of two-level (ground and excited
state) chromophores with Coulomb interaction respon-
sible for excitation transfer. The excitation energy of
linear segments and exciton hopping matrix elements
were computed using the collective electronic oscillator
(CEO) procedure [9,12]. To simulate the funneling effect
reported in Ref. [8], in this article, we extend the exciton
model of Ref. [11] to the nanostar dendrimer shown in
Fig. 1.
The Frenkel exciton Hamiltonian reads [10]

m#n

H=) Q.B.B, + ), JuB,B, — P &), @)
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Here the indices m and n label linear PPA segments of the
dendrimer tree. B}, (B,,) are creation (annihilation) oper-
ators of an electron-hole pair (exciton) on the mth seg-
ment. Q,, and u,, are the corresponding excitation energy
and transition dipole moment, respectively. &(t) is the
external optical field and J,,, represent the exciton trans-
fer matrix elements, i.e. the electrostatic interaction be-
tween nth and mth segments. Since J,,, decreases rapidly
with the n to m distance, we only retain nearest-neighbor
couplings (i.e. between linear segments connected by
a benzene ring at the meta position).
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Fig. 2. (a) and (b) Trimers used for geometry optimization; (a)
and (b;) monomer segments used for determining Q,, u;, and
Q,, uy; (a,) and (b,) dimer segments used for determining
Joor and J -5 (a3) and (bs) dimer segments used for determining
Jo1 and Jq,.

The nanostar has four different types of linear seg-
ments. We label the segments as follows: The first, second
and third generation segments will be labeled 3, 2, and 1,
respectively (denoting the number of triple bonds in each
segment). The central segment with the perylene will be
labeled 4. Finally, the fourth (one triple bond) generation
will be labeled O [see (a,) and (b, ) in Fig. 2, as well as (c;)
and (d,) in Fig. 3]. Two segments belonging to the same
generation and sharing a common benzene ring will be
distinguished by a prime (1 and 1’, etc). Using this nota-
tion the nanostar has four exciton energies Q; ... Q,, four
“intra-generation” Joo, J11/, J220 and Ji3., and four
“inter-generation” Jo;, J15, Jo3 and J3, exciton

(dp

(Czw
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Fig. 3. (c) and (d) Trimers used for geometry optimization; (c;)
and (d;) monomer segments used for determining Q3, uz, and
Qu, Ug; (cy) and (d,) dimer segments used for determining
J,, and J33.;(c3) and (d3) dimer segments used for determining
Jo3 and Jsy.

transfer parameters [see (a) and (b) in Fig. 2, and (c) and
(d) in Fig. 3]. In addition there are four transition dipole
moments ... 4y [note that Qy = Q; and py = uq]. As
shown in Ref. [11], we can assume that the transition
dipole moment on each segment is directed along the
triple bond and points from the center to the periphery
[see (a;) and (b,) in Fig. 2, as well as (c,) in Fig. 3]. The
direction of the transition dipole moment on the perylene
chromophore at the center is also shown in (d;) of Fig. 3.
The Frenkel-Hamiltonian parameters [Eq. (1)] of the
nanostar [Fig. 1] Q,,, J,.. and p,, were obtained using the
semi-empirical CEO quantum chemistry algorithms
[9,12,13]. We follow the procedure of Ref. [11] as out-
lined below. We first consider trimers (a) and (b) in Fig. 2
as well as (c) and (d) in Fig. 3. Geometries of these trimers
were optimized at the AM1 level using Gaussian 98.
Q,, and p,, are the excitation energy and transition
dipole moment of the lowest absorption peak of the
molecule representing the corresponding linear segment.
To obtain these parameters we picked out the monomer
segments (a;) and (b, ) in Fig. 2 as well as (¢;) and (d;) in
Fig. 3, retaining the trimer geometry. We then calculated
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the linear absorption for these monomers by the CEO
approach and obtained Q, ... Q4 as the peak position of
the absorption, and u; ... us as the transition dipole
moment of these states.

We next turn to the calculation of intra-generation
transfer. To that end we consider the dimer segments (a,),
(bs), (c2) and (d,) obtained from our four trimers, again
retaining the trimer geometry. CEO calculation of the
linear absorption of each dimer yields A¢ as the energy
splitting of the two peaks. The transition dipoles of the
various absorption peaks are obtained as well, and used
to determine the sign of the various J coupling matrix
elements. We then considered the solution of the Frenkel
exciton Hamiltonian for these dimers. Let us discuss (a,)
of Fig. 2 as an example. Its eigenvalue problem reads

Q Jir (1 (1
< 1 11 ><(P ( )> _ 8a<(/) ( )>’ (o0 =12). 3)
Ji ©.(2) ¢.(2)
From the solution of this equation, we obtain the ex-
citonic energies &1, &y and coupling

[Ji1/| = Ae/2 = |ey — &,]/2, where Ae¢ is the energy split-
ting between two electronic states. The excitonic energies
are computed by the CEO procedure: the linear absorp-
tion calculation of the dimer results in two low-frequency
absorption peaks with energies ¢; and ¢,.

To determine the sign of Jy;., we consider the oscil-
lator strength of these two excited states labeled by o in
Eq. (3). The transition dipole moments for each linear
segment are

—sinn/3 sin /3
u(1) = u1< ) u2) = uz< ) (4)

cos /3 cos 1t/3

and the corresponding oscillator strengths are

fo = M (1) + n2)e. )% )

The oscillator strengths depend on the sign of J;.. We
thus fix the sign to make f, consistent with the CEO
linear absorption spectrum.

To compute the inter-generation transfer parameters,
we examined the dimers (a3), (bs), (c3) and (d3) obtained
from the trimers without changing the geometry. We
then consider the solution of the Frenkel exciton Hamil-
tonian for these dimers. For example (bz) in Fig. 2,
eigenvalue problem reads

<Ql J12><(Pa(1)> _ 8a<€01(1)>’ (o0 =12). ©)
Ja1 Q5 \@a(2) ©.(2)

By solving the equation, we obtain
[J12] = 3 /Ae? — AQ? where AQ =1|Q; — Q,|. A¢ is
obtained from the linear absorption of the dimer cal-
culated by the CEO approach, whereas Q; and Q, are

monomeric excitation energies. To determine the sign of
J1,, we again considered the oscillator strengths for the

Table 1

Excitation energies €, exciton transfer J parameters and
transition dipole moments u of the Frenkel Hamiltonian. Q and
J are in cm ™!, u are normalized relative to u,

Q Q, Qs Q,
29044 26347 25058 21011
Joor Jir Jaar J33

— 69 -T2 347 326
Jo1 Jia Jas J34

69 — 158 — 325 — 302
13t Ha H3 Ha
1.00 1.67 2.06 1.47

two excited states. The transition dipole moment for each
linear segment reads

e —sinn/3 5 — 0 ;
( )—u1< cos /3 ) I )—H2<1>- (7

As in the previous case, we choose the sign of J;, to make
the oscillator strength agree with the CEO calculation of
the spectrum.

The complete set of Q, J and p parameters which
define the Frenkel exciton Hamiltonian [Eq. (1)] ob-
tained by this procedure are given in Table 1.

Using these exciton parameters, we have computed the
linear absorption spectrum [11]

2|1
=) ——————. 8
=L T ®
Here ¢, denote the eigenvalues of the Frenkel exciton
Hamiltonian [Eq. (1)] without the external field, with the
corresponding eigenfunctions

l9.> =Y. @.(m)B}|0). ©)

U, is the transition dipole moment of the ath exciton,

Hy = ) i @o(m). (10)

I’ is the exciton dephasing rate. The calculation displayed
in Fig. 4 properly represents all the experimental features
[7]. In this figure the calculated spectrum was shifted by
33 nm to the blue region. The present results make it
possible to carry out a first-principles numerical simula-
tion of the time- and frequency-gated fluorescence [14]
which should provide a direct probe for exciton trans-
port. The relative efficiency of various antennae could
then be systematically compared.



118 T. Minami et al. | Journal of Luminescence 87-89 (2000) 115-118

Intensity

300 400 500
Wave length (nm)

Fig. 4. Solid line calculated absorption spectrum of the nanos-
tar with the parameters of Table 1 and I' = 806 cm ~!; dashed
line experimental spectrum [7]. The arrows indicate the zero-
phonon absorption peaks. The calculated spectrum was shifted
to the blue by 33 nm to make the highest peak coincide with
experiment.
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