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A belt-shaped hexagonal cyclic porphyrin array2 that comprises of sixmeso-meso,â-â, â-â triply linked
diporphyrins3 bridged by 1,3-phenylene spacers is prepared by oxidation from cyclic dodecameric array1
consisting of sixmeso-mesodirectly linked diporphyrins4 with DDQ and Sc(OTf)3. The absorption spectrum
of 2 is similar to that of the constituent subunit3 but shows a slight red-shift for the Q-bands in near-infrared
(NIR) region, indicating the exciton coupling between the neighboring diporphyrin chromophores. Observed
total exciton coupling energies in the absorption spectra were largely matched with the calculated values
based on point-dipole exciton coupling approximation. It was found that the experimental exciton coupling
strength (292 cm-1) of the Q-band in2 is slightly larger than the calculated one (99 cm-1), indicating that the
electronic communications are enhanced through 1,3-phenylene linkers in hexameric macromolecule. A rate
of the excitation energy hopping (EEH) that occurs in2 at the lowest excited singlet state in the near-infrared
region has been determined to be (1.8 ps)-1 on the basis of the pump-power dependent femtosecond transient
absorption (TA) and the transient absorption anisotropy (TAA) decay measurements. The 2 times faster EEH
rate of2 than that of1 (4.0 ps)-1 mainly comes from involving through-bond energy transfer among diporphyrin
subunits via 1,3-phenylene bridges as well as Fo¨rster-type through-space EEH processes. STM measurement
of 2 in the Cu(100) surface revealed that it takes several discrete conformations with respect to the relative
orientation of neighboring diporphyrins. Collectively, an effective EEH in the NIR region is realized in2 due
largely to the intensified oscillator strength in the S1 state (Q-band) and the close proximity held by 1,3-
phenylene spacers.

Introduction

Inspired by the wheel-like architectures of photosynthetic
pigments (LH1 and LH2),1 covalently or noncovalently linked
cyclic porphyrin arrays have been extensively explored as
artificial light-harvesting antenna models.2-4 Despite these
efforts, the realization of high efficiency in excitation energy
transfer (EET) still remains a challenge, particularly for the
process that can operate in the near-infrared (NIR) region. NIR-
EET is highly promising in light of emerging optoelectronic
materials functioning at long wavelength (1.2-1.5 µm) irradia-
tion, because it enables the communication between different
functional units, the modulation of efficiency, and the sensing
of important species when linked to a reporter chromophore.5

However, such NIR-EET is usually quite difficult because of
intrinsic short lifetimes of such NIR excited states and a lack
of strong absorption in NIR region. Excited states whose
excitation energy is lying in the NIR region are often short-
lived due to accelerated nonradiative decay to the ground state,
which arises from large Franck-Condon factor. To realize such

NIR energy transfer, chromophores with strong NIR absorption
have to be closely held in a well-defined manner.

In the past decade, we have explored various porphyrin arrays
on the basis of the Ag(I)-promotedmeso-meso coupling
reaction of 5,15-diaryl Zn(II) porphyrins,6 which includes 3D-
extending windmill arrays,7a,b extremely long arrays,7c,d and
cyclic arrays.4 The excited-state dynamics of these porphyrin
arrays have been extensively studied by short pulse laser-based
spectroscopies, which revealed efficient excitation energy hop-
ping along the arrays.8 In addition, thesemeso-mesolinked
porphyrin arrays become to display large two-photon absorption
cross sections as intriguing attributes, when the conjugative
electronic interactions along the arrays are increased by the
dihedral angle control.9 As an extension of these studies,meso-
meso, â-â, â-â triply linked diporphyrins were prepared as
fully conjugated chromophores and their excited-state dynamics
and nonlinear optical properties were reported, in which the
elongation ofπ-conjugation lengths provided NIR-extended
absorption and emission up to 3µm for triply fused dodecam-
er.10,11Despite the promising electronic properties of these triply
linked porphyrin arrays, there is only a limited number of
examples that include the triply linked porphyrin arrays as a
part of sophisticated large molecular systems.11,12
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In this paper, we report the synthesis of a hexagonal cyclic
array2 that consists of sixmeso-meso, â-â, â-â triply linked
diporphyrins3 bridged by 1,3-phenylene spacers (Chart 1).
Efficient excitation energy hopping (EEH) dynamics in the
lowest excited state that can operate in the NIR region are
studied by the femtosecond transient absorption (TA) and the
transient absorption anisotropy (TAA) decay measurements.
Furthermore, conformational information can be analyzed by
adsorption behaviors of2 on the metal surface using the STM
measurement.

Experimental Methods

General Procedures.All reagents and solvents were of the
commercial reagent grade and were used without further
purification except where noted. Dry toluene was obtained by
distilling over CaH2. 1H NMR spectra were recorded on a JEOL
delta-600 spectrometer, and chemical shifts were reported as
the δ scale in ppm relative to CH2Cl2 (δ 5.32 ppm). The
spectroscopic grade THF was used as solvents for all spectro-
scopic studies. UV/visible absorption spectra were recorded on
a Shimadzu UV-3150 spectrometer. Mass spectra were recorded
on a Shimadzu/KRATOS KOMPACT MALDI 4 spectrometer,
using positive-MALDI ionization method with dithranol matrix.

Hexagonal Cyclic Array 2. The cyclic dodecameric array1
prepared as light-harvesting antenna model4a was oxidized with
36 equiv of 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ,
4 mg, 16µmol) and Sc(OTf)3 (8 mg, 16µmol) in toluene at
110°C for 1.5 h under dry N2 and subsequent separation through
a short alumina column provided2 as black solids in 75% yield
(3.0 mg). UV/vis: λmax (THF)/nm 424 (ε/dm3 mol-1 cm-1

526000), 482 (267000), 568 (457000), 593 (502000), 1003
(78500), and 1144 nm (120000). Although the1H NMR
spectrum of2 was too broad to record signals in most of the
solvents probably because of extensive aggregation, the mo-
lecular parent ion peak was detected atm/z ) 11146 (calcd for
C708H792N48O24Zn12, 11143) by using MALDI-TOF MS, and
the absorption spectrum of2 is essentially the same as that of
triply linked diporphyrin3 with slight red shift, indicating that
all themeso-mesolinked diporphyrins were converted into the
triply linked diporphyrins.

Meso-meso, â-â, â-â Triply Linked Zn(II) Diporphyrin
3. Meso-mesolinked diporphyrin4 (20 mg, 0.010 mmol) was
oxidized with DDQ (14 mg, 0.060 mmol) and Sc(OTf)3

(31 mg, 0.060 mmol) in toluene at 110°C for 1.5 h under N2.
The mixture was passed directly through an alumina column
and evaporated. The yield of3 was 63% (13 mg). UV/vis:λmax

(THF)/nm 421 (ε/dm3 mol-1 cm-1 144000), 469 (60800), 564
(121000), 580 (118000), 960 (17600), and 1107 nm (35100).
1H NMR (600 MHz; CD2Cl2): δ 7.73-7.71 (4H, m, phenyl-

H), 7.60 (8H, d,J ) 8.2 Hz, Ar-H), 7.53-7.51 (10H, m (6H,
phenyl-H; 4H, por-â)), 7.49 (4H, d,J ) 4.6 Hz, por-â), 7.02
(8H, d, J ) 8.2 Hz, Ar-H), 7.01 (s, 4H, por-â), 4.10 (8H, t,J
) 6.4 Hz, dodecyloxy), 1.88-1.85 (8H, m, dodecyloxy), 1.58-
1.54 (8H, m, dodecyloxy) 1.49-1.45 (8H, m, dodecyloxy),
1.42-1.25 (56H, m, dodecyloxy), and 0.91 (12H, t,J )
6.9 Hz, dodecyloxy). MALDI-TOF MS foundm/z 1929, calcd
for C124H138N8O4Zn2, m/z 1935.

STM Measurements. Clean flat Cu(100) surfaces were
obtained by Ar+ sputtering and annealing (580°C) cycles for a
substrate. The porphyrin ring molecules dissolved into CHCl3

were deposited by spraying a ca. 0.5µL of the solution onto
the substrate in vacuum (10-6 mbar) using a pulse injection
method, which is suited for deposition of large fragile molecules
with escaping decomposition often encountered in sample
deposition from the gas phase. In-situ STM measurements were
performed at room temperature in ultrahigh vacuum (<10-10

mbar) with a homebuilt STM by using an electrochemical etched
Pt/Ir tip. STM image was obtained in constant current mode.

Femtosecond Transient Absorption Spectroscopy.The
dual-beam femtosecond time-resolved transient absorption
spectrometer consisted of a self-mode-locked femtosecond Ti:
sapphire oscillator (Coherent, MIRA), a Ti:sapphire regenerative
amplifier (Clark MXR model TRA-1000) that was pumped by
a Q-switched Nd:YAG laser (Clark MXR model ORC-1000),
a pulse stretcher/ compressor, an optical parametric amplifier
(Clark MXR model IR-OPA), and an optical detection system.
A femtosecond Ti:sapphire oscillator pumped by a continuous
wave (cw) Nd:YVO4 laser (Coherent, Verdi) produces a train
of ∼80 fs mode-locked pulses with an averaged power of
650 mW at 800 nm. The amplified output beam regenerated by
chirped pulse amplification (CPA) had a pulse width of ca.
150 fs and a power of ca. 1 W at arepetition rate of 1 kHz,
which was divided into two parts by a 1:1 beam splitter. One
part was color-tuned for the pump beam by an optical parametric
generation and amplification (OPG-OPA). The resulting laser
pulse had a temporal width of∼150 fs in the vis/NIR range.
The pump beam was focused to a spot diameter of∼1 mm,
and the laser fluence was adjusted, using a variable neutral-
density filter. The other part was focused onto a flowing water
cell to generate a white-light continuum, which was again split
into two parts. One part of the white-light continuum was
overlapped with the pump beam at the sample to probe the
transient, and the other part of the white-light continuum was
passed through the sample without overlapping the pump beam.
The time delay between pump and probe beams was controlled
by making the pump beam travel along a variable optical delay
line. The white-light continuum beams after the sample were
sent through an appropriate interference filter and then were

CHART 1: Molecular Structures of This Paper (Ar ) p-Dodecyloxyphenyl)
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detected by two photodiodes. The outputs from the two
photodiodes at the selected wavelength were processed by a
combination of a boxcar averager and a lock-in amplifier, to
calculate the absorption difference at the desired time delay
between pump and probe pulses. The angle between pump and
probe was set to the magic angle (54.7°). For time-resolved TAA
measurement, bothI| andI⊥ signals were collected individually
using a thin half-wave plate with a Glan-laser polarizer.

whereI| and I⊥ represent TA signals with the polarizations of
the pump and probe pulses being mutually parallel and
perpendicular, respectively. For all TA and TAA measurements,
a thin absorption cell (1 mm path length) was used.

Results and Discussion

Absorption Spectra and Exciton Coupling Strength.Figure
1 shows the steady-state absorption spectra of1, 2 and 3 in
THF solvent. The overall features in the absorption spectra of
1 are similar to those of4 except for peak positions due to
exciton coupling among neighboring porphyrin dimer units,
which can be well described by the exciton coupling model.4,7,8,13

Interestingly, the absorption spectrum of3 is different from those
of 1 and 4 in which the absorption bands are much broader
than those of orthogonal arrays and widely distributed from UV
to NIR region mainly due to delocalization ofπ-electrons within
the whole molecular framework.10d,11 Three distinct bands
corresponding to S2, S2′, and S1 electronic transitions of3 appear
at around 421, 564, and 1107 nm, which are denoted as band I,
II, and III, respectively and the electronic nature of these bands
is similar to that in directly linked porphyrin dimer4.10d Hence,
the bands I, II, and III are denoted as Soret (or B-band), low-
energy Soret, and Q-band, respectively, for compounds2 and
3 (Table 1). Hexameric wheel-like molecule1 shows exciton
coupling interaction among constituent units4 over 1,3-
phenylene linkage giving rise to (1) increased splitting of the
Soret band, (2) increased intensity of the Q-bands, and (3) red
shift of the Q-bands.13 On the other hand, additional exciton

coupling of B-band in2 is not so significant as compared with
its constituent unit3. Thus, a slight red shift in Q-bands of2
indicates that electronic coupling induced by enhancedπ-con-
jugation through 1,3-phenylene linkage occurs in2 due to
elongation ofπ-conjugation pathway within constituent unit3.

The exciton coupling energy∆Vcal(B) and ∆Vcal(Q) based
on point dipole coupling approximation can be calculated to
analyze the absorption maximum positions of constituent unit
3 and cyclic wheel2 (see Supporting Information).14,15The total
exciton coupling energy∆Vcal(B) for the B-band in 2 is
calculated to be 795 cm-1. According to the absorption spectra,
the experimental exciton coupling energy∆Vexp(B) in 2 is
determined to be 125 cm-1. There is a large discrepancy in
exciton coupling energy especially for the B-band, which is
mainly caused by a difficulty in evaluating the exact experi-
mental value due to the spectral congestion with many charge-
transfer bands in Soret band region.10dFurthermore, as compared
to 3, broad absorption peaks in Soret region of2 are observed
presumably through H- and J-type couplings among the six
subunits3, which gives rise to complicated exciton coupling
phenomena. In a similar manner, the total exciton coupling
energy ∆Vcal(Q) for the Q-band in the NIR region can be
estimated to be 99 cm-1, which is somewhat smaller than the
experimental value of 292 cm-1. This discrepancy can be
described by a red shift in the Q-band of2 contributed by the
enhancement ofπ-delocalization within hexameric cyclic mac-
romolecule. Overall, it is inferred that B-bands corresponding
to the electronically allowed transition have larger transition
dipole moments leading to Fo¨rster-type through-space excitonic
coupling. In Q-bands of2, on the other hand, the elongation of
theπ-conjugation pathway is more sensitive to the Dexter-type
through-bond effect because the Q-band is originated from out-
of-phase configuration interactions between HOMO-LUMO
transitions of porphyrin macrocycle.

Figure 1. UV/vis absorption spectra of1-3 in THF. That of 3 is
normalized to2 at the Soret band.

TABLE 1: Band Maxima and Molar Extinction Coefficients
in the Steady-State Absorption Spectra of 2 and 3

absorption/nm (molar extinction coefficient/M-1 cm-1)

sample Soret (high) Soret (low) Q(1,0) Q(0,0)

2 424 (526000) 568 (457000) 1003 (78500) 1144 (120000)
3 421 (144000) 564 (121000) 960 (17600) 1107 (35100)

r(t) ) (I| - I⊥)/(I| + 2I⊥)

Figure 2. Pump-power dependent TA decay profiles of3 (top) and2
(bottom). The pump powers used are inserted. The pump and probe
wavelengths were 1144 and 570 nm, respectively. The decay time
constants ofτ2 andτ3 were fixed to be 2.5 and 6 ps, respectively, in
the fitting procedure of compound2.
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Transient Absorption and Excitation Energy Hopping. To reveal the fast EEH processes occurring in2, femtosecond transient
absorption measurement was employed where ground-state bleaching recovery signals in the low-energy B state
(570 nm) were recorded with Q-band excitation (1144 nm) to eliminate the involvement of S2-S1 internal conversion for all molecular
systems (Figure 2). With the pump power dependence on the TA signal, we were able to clarify the EEH process in2. Although
3 reveals no power dependence on the TA decay with only slow decay component in agreement with the S1-state lifetime observed
in our previous work (6.0 ps for3), 10d the TA decay of2 is sensitive to the pump power, indicating S1-S1 exciton-exciton
annihilation processes because the intense irradiation may generate two or more excitons in one cyclic array system, and then, the
recombination between excitons gives rise to a fast deactivation channel. Hence, the initial fast decay component (2.5 ps) in2 can
be assigned as exciton-exciton annihilation times in the S1 state because the exciton-exciton annihilation is the migration-limited
process. In addition, high order exciton-exciton annihilation processes with a time constant of∼560 fs were observed at photoexcitation
intensity of 1 mW in the case of compound2. It is generally accepted that as the number of chromophores increases, there would
be an increasing chance for the presence of high order multiple exciton-exciton annihilation processes in multichromophoric system,
which provides multicomponents in the TA signal as seen in the previous study for compound1.13,14

Figure 3 shows the femtosecond TA anisotropy decays of hexameric wheel2 along with its corresponding subunit3 in THF with
the same pump-probe wavelengths used in TA measurement. Only single TAA decay component withτ ) ∼400 ps was detected,
which has been assigned to rotational diffusion time in3. In 2, on the other hand, another fast decay component withτ ) 0.63 ps
was observed in addition to slow rotational diffusion time (>5 ns). In2, because rotational diffusion times are much longer than
these time constants due to their large molecular volumes, the observed depolarization times should be associated with the excitation
energy hopping processes. Because there is no fast decay component within 8 ps range in3, triply linked 3 cannot be regarded as
dichromophoric system composed of two Zn(II) porphyrin moieties. Thus, a single-exponential decay time constant of 630 fs in2
can be adequately assigned to its EEH time along the ring.

To reveal the relationship between anisotropy decay and excitation energy hopping rate, a simple theoretical model can be introduced
(Scheme 1). In this model, the main assumptions are that the intermolecular interactions are very weak and the EEH processes occur
only between the adjacent porphyrin subunits3. When porphyrin unit is photoexcited, the time evolution of excitation energy population
in each chromophore in cyclic hexamer can be described by master eq 1 composed of a series of differential rate equations.16

whereP is the excitation energy population vector andK is the rate coefficient. For the hexameric wheel,K is expressed by a
6 × 6 matrix.

wherekF and khop represent the fluorescence decay and hopping rates, respectively. Because our porphyrin array systems have
well-ordered transition dipole moments, the anisotropy decayr(t) can be described by following equations from the diagonalization
of matrix K (see Supporting Information),17

Figure 3. Temporal profiles of transient absorption anisotropy decays
(black lines) of3 and2. The pump and probe wavelengths were 1144
and 570 nm, respectively.

SCHEME 1: Schematic Diagram of Excitation Energy
Migration and Relaxation Pathways in 2

dP
dt

) KP (1)

K ) [-(kF + 2khop) khop 0 0 0 khop

khop -(kF + 2khop) khop 0 0 0
0 khop -(kF + 2khop) khop 0 0
0 0 khop -(kF + 2khop) khop 0
0 0 0 khop -(kF + 2khop) khop

khop 0 0 0 khop -(kF + 2khop)
] (2)

r(t) ) 0.1+ 0.3 exp(-3khopt) (3)
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According to eq 3, the anisotropy decay ratekdep for all cyclic
hexamers is 3 times larger than excitation energy hopping rate
khop:

for the hexameric wheel system. The identical relationship
between depolarization and hopping rates can be also obtained
in different ways (Vide infra).

The observed anisotropy decay and exciton-exciton annihila-
tion phenomena of the cyclic hexamer can be fully described
by the Förster-type incoherent energy hopping model.18 The
EEH time for cyclic arrays is strongly correlated with the
depolarization timeτdep as well as the exciton-exciton an-
nihilation timeτannihil as follows (eqs 5 and 6).

where N is the number of hopping sites andR is the angle
between the neighboring transition dipole moments. Because it
is relevant to assume that subunit3 acts as a single chromophore
for cyclic hexamers2, N equals 6 (R ) 60°). Consequently, for
compound2, eqs 5 and 6 can be simplified asτhop ) 3τdep and
τhop ) 0.686τannihil, in which the former equation is exactly the
same as the consequence by matrix diagonalization ofK
(eq 4). The excitation energy hopping time can be obtained to
be 1.89 ps by eqs 4 and 5, and also, calculated to be 1.72 ps by
eq 6; hence, the EEH time from the arithmetically averaged
value from two methods is 1.8 ps for2. Although1 and2 have
similar structural parameters such as interchromophoric distances
and angles, etc., the EEH time of2 is 2 times faster than that
of 1 (4.0 ps) indicating that Dexter-type through-bond EET
processes via 1,3-phenylene linkage are involved in the case of
2.13 This result is in good accordance with a slight but distinct
red shift of Q-band mainly due to the enhancement of
π-conjugation via 1,3-phenylene linkage as seen in the absorp-
tion spectra of2 (Figure 1). On the contrary, the EEH time of
a cyclic hexameric system (36 ps) consisting of sixmeso-meso
directly linked Zn(II) porphyrin tetramer becomes 9 times slower
than that of1, which is mainly due to weak exciton coupling
caused by increasing interchromophoric distance between their
constituent Zn(II) porphyrin tetramer units.4c

Structure and STM Detection. According to quantum
mechanical calculation at the PM3 level, the optimized structure
of 2 is highly symmetric hexagonal from a top view and

trapezoidal shape from a side view (Figure 4). Average dihedral
angle between neighboring phenylene linker and monomeric
unit 3 lies in the range 67-75°, which enables electronic
interaction between them. Hence, moderately decreased dihedral
angle could delocalizeπ-electrons more efficiently to entire
cyclic macromolecule, which can lead to Dexter-type through-
bond energy transfer processes in2. Moreover, well-defined
structure and enhanced rigidity by triply linking of3 can
accelerate energy migration processes in2.

To confirm the structure of2, the scanning tunneling
microscopy (STM) detection has been attempted. A dilute
solution of 2 in CHCl3 was sprayed in vacuum (10-6 mbar)
using a pulse injection method onto a clean flat Cu(100) surface
that was obtained by repeated cycles of annealing and Ar-ion
sputtering.19,20 In situ STM measurements were performed at
room temperature with a home-built STM using an electro-
chemical etched Pt/Ir tip under ultrahigh vacuum (<10-10 mbar)
in a constant current mode. Under these conditions,1 exhibits
ring spots with an average diameter of 3.5( 0.67 nm and an

Figure 4. Three-dimensional geometries of2 optimized at semiempirical PM3 level.

kdep) 3khop and 3τdep) τhop (4)

τdep)
τhop

4[1 - cos2(2π/N)]
)

τhop

4(1 - cos2 R)
(5)

τannihil )
N2 - 1

24
τhop (6)

Figure 5. STM images of2 on Cu(100). (A)-(D) are representative
conformations.
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average height of 0.29( 0.12 nm, most of which are regular
in shape and size,4a suggesting its relatively homogeneous
adsorption and conformation on the surface. The homogeneous
STM images are probably arising from the relatively weak
interactions due to the orthogonal conformation ofmeso-meso
linked diporphyrin moieties4. On the other hand, the STM
images of2 taken with a sample bias (V’s) of 1.5 V and a
tunneling current (I) of 15 pA display several discrete shapes
with similar diameters of 3.6-3.8 nm, which are roughly in
agreement with the hexagonal prismatic shape (Figure 5). This
observation stems from the stronger interaction of the planar
triply linked diporphyrin units with the metal surface.21 In the
array2, the planar diporphyrin segments3 are nearly perpen-
dicular to the whole macrocyclic plane, and thus when one
diporphyrin segment is adsorbed on the surface, the conforma-
tion of 2 may become distorted, varying upon the way of
subsequent adsorption of diporphyrin segments, which gives rise
to several conformations only with rotating diporphyrin plane
with respect to macrocyclic plane. A model study indicates that
the alternate conformation, where the constituent diporphyrins
are bent alternately to different direction, is sterically most stable
and expected to have the lowest height on the surface. Thus,
spot B may correspond to this conformation, because its height
is the lowest (0.24 nm) among the observed ones. Spots A, C,
and D can be tentatively assigned to respective conformations
shown in Figure 5 on the basis of their patterns of the imaging
contrast and the heights (ca. 0.46 nm).

These STM data show the possibility for the coexistence of
a few conformational isomers on metal surfaces in ultrahigh
vacuum environment, strictly speaking, in which surrounding
medium is not the same as in transient absorption measurement.
Although conformational isomers can still exist in solution, our
theoretical calculation for EEH model based on the assumption
of symmetric hexagonal structures might be applicable to real
nature due to the maintenance of overall hexagonal shapes in
spite of inhomogeneous structures as shown in STM images.

Conclusions

We have investigated the excitation energy migration process
in the S1 state of cyclic porphyrin arrays2 synthesized via
oxidation of1 with DDQ and Sc(OTf)3. The excitation energy
hopping time of2 was estimated to be 1.8 ps using both
femtosecond TA anisotropy measurements and exciton-exciton
annihilation processes in S1 state. Despite the low excitation
energy (ca. 1.08 eV) in the NIR region, as compared to1,
efficient and fast excitation energy migration processes occur
in 2 through a contribution of through-bond EEH processes over
1,3-phenylene linkage between the constituent subunit3.
Furthermore, from the result of quantum mechanical calculation,
structural rigidity and well-oriented hexagonal structure in2
are illustrated, which is an important factor in the enhancement
of the rate and efficiency of EEH processes. We suggest that
two-dimensional cyclic arrays2 are good candidates in view
of efficient EEH processes for artificial biomimic light harvest-
ing apparatus especially in NIR region due to their stronger
electronic and excitonic coupling with a rigid circular geometry.
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