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During the last decade, the exploration of nanoscale device and circuitry based on molecules has gained
increasing interest. In parallel with this, considerable effort is being devoted to the devel opment of molecular
photonic/electronic materials based on various porphyrin arrays. This involves light as an input/output signal
and excitation energy migration as a mechanism for signal transmission. Absorption of a photon at the light
collector end of the porphyrin array yields the excited state, which migrates among the intervening pigments
until reaching the emitter, whereupon another photon is emitted. Asa consequence, it isrelevant to understand
the excitation energy transfer (EET) processes occurring in various forms of porphyrin arrays for the
applications as artificial light harvesting arrays and molecular photonic/electronic wires. Since the excitonic
(dipole) and electronic (conjugation) couplings between the adjacent porphyrin moieties in porphyrin arrays
govern the EET processes, we have characterized the EET rates of various forms of multiporphyrin arrays
(linear, cyclic, and box) based on various time-resolved spectroscopic measurements. We believe that our
observations provide a platform for further development of molecular photonic/electronic materias based on
porphyrin arrays.
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Introduction

The primary process in photosynthesis is initiated by
absorption of light in the light-harvesting antenna and
subsequent excitation energy transfer (EET) to the reaction
center. Besides the numerous researches on the natural light
harvesting complexes,*? the mimicry of them has been
continuously attempted by designing various artificial multi-
porphyrin systems with an aim of achieving highly efficient
and directiona EET processes® Until now, we have
designed various strongly coupled porphyrin arrays (linear,

cyclic, and box) and investigated their EETs with ultrafast
time-resolved laser spectroscopy.*® A fine control of EET
process, however, would be readlized by adjusting the
excitonic coupling between the adjacent porphyrin units. By
exploring the exciton coupling dynamics, we can gan
further insight into the relationship of EET rate with the
configuration of the porphyrin arrays.

From aviewpoint of operational requirement in molecular
photonic/electronic devices, the porphyrin arrays should
have regular pigment arrangement that allows a fecile
energy or charge flow but do not perturb the property of
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Chart 1. Structures of Zn, Tn, CZn, and Bn. Reproduced with permission from refs 8, 9, 14, and 18.

individual pigment. In this context, the directly-linked
orthogonal and fused zinc(Il) porphyrin arrays (Zn and Tn)
are pertinent for the photonic and electronic devices,
respectively, because the former has strong dipole coupling
without electronic communication, while the latter is a well
organized electron transmission system (Chart 1). Without
the interporphyrin linker, the electronic perturbation by the
linker and the conformational heterogeneity mainly arising
from the dihedral angle distribution between porphyrin units
areminimized in these directly linked porphyrin arrays. Asa
consequence, the orthogonal and fused porphyrin arrays
would be one of the most suitable synthetic modules for the
realization of molecular photonic and electronic wires.

B3

Because the EET processes in natural light harvesting
complexes (LH2 and LH1) are very efficient (>99%) and
ultrafast (sub-picosecond),? the mimicry of the whedl-like
giant architecture of photosynthetic pigments would aso be
highly desirable for the improved signal transmission in the
optoeectronic devices.® To mimic the whed-like architecture,
two-dimensional cyclic porphyrin arrays (CZn) are con-
structed by direct and bidirectional inter-porphyrin connec-
tions at two meso positions of porphyrin monomer (Chart 1).
Because the cyclic porphyrin arrays have well-defined
architectures like LH1 and LH2, they can afford compre-
hensive EET mechanism, especidly, the exciton coupling
effect on the EET rate. According to the ultrafast spectro-
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scopic measurement, the prepared cyclic porphyrin arrays
interestingly show faster EET rates than LH1 and LH2,
which makes them good candidates for artificial light
harvesting devices.

As a supplementary route in the preparation of porphyrin
arrays, asynthetic strategy utilizing supramolecular chemistry
has been envisaged, because it provides versdility in
molecular networking in multi-dimensional space.” In this
regard, three-dimensional porphyrin boxes (Bn) are pre-
pared by intermolecular coordination of four orthogonally-
linked zinc(11) diporphyrin units (Chart 1). The distantly and
directionally controlled porphyrin units along xyz-axes are
ideal to elucidate the relationship between the EET rate and
the coherent exciton coupling. In addition, the pigment
orientation toward three-dimensional space is likely to
increase the light-absorbing capability per unit cell, which is
advantageous in optodl ectronic application.

Overdl, the regularly arranged porphyrin arrays with
ample excitonic/electronic interactions are promising in the
optoelectronic applications such as molecular photonic/
electronic wire, sensor, solar energy battery, optica nonlinear
material, and so on. In thisreview, EET phenomenaoccurring
in various porphyrin arrays (linear, cycle, and box) are
comparatively described, in which the exciton coupling
among constituent porphyrin pigments performs critica
roles.

Linear Porphyrin Array

Exciton Coherence Coupling. Recently, we have prepared
long meso-meso linked linear porphyrin arrays (Zn, n=2,
3..., Chart 1), in which the porphyrin units are orthogonally
connected together up to 1024 units without any linkers.®
According to our study, Zn reveded fast EET rate e.g. (~200
f9 via strong exciton coupling between the adjacent
porphryin units, which can redize molecular photonic
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Figure 1. Absorption spectra of (a) porphyrin monomer and Zn

from Z2 to 2128 and (b) Tn from T2 to T6 in CHCls. The

background absorptions at ~6000, ~4000, and ~3500 cm™, in part

b, result from the overtones of C-H vibration of the solvent.

Reproduced with permission from refs 8c and 9a.
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wire.® On the other hand, the connection of porphyrin units
with triple linkages, i.e., meso-meso, 44, and 4, makes a
completely flat architecture that has strong 7zconjugation
over the entire array, thus realizes molecular eectronic wire
(Tn,n=2, 3...12, Chart 1).°

Figure 1 shows the UV/visible/IR absorption spectra of
Zn and Tn that are normalized at 23,700 to 24,000 cm™* and
23,800 to 24,600 cm* regions, respectively. The Soret bands
of Zn are largely split but the Q-bands remain nearly at the
same positions with an increase of the array length. These
spectral features have been ascribed mainly to the per-
pendicular conformation that can induce exciton coupling
but cannot alow selectron conjugation. Although two
amost degenerate transition dipoles B and By create one
Soret band in Z1, the excitonic dipole couplings between
adjacent porphyrin units, such as B+B; at opposite, B«+By at
orthogonal, and BB, a parallel, generate three non-
degenerate transition dipoles and concomitantly two sepa
rate Soret bands of Z2 (Scheme 1).8°¢ On the contrary, the
fully conjugated porphyrin tapes, Tn, display drastically red-
shifted Q-bands that reach into far infrared region.® With an
increase of porphyrin units, the B,y bands remain nearly at
the same positions as that of Z1, while the B, and Q bands
are continuoudly red-shifted along with an increase in their
relative intensities (Figure 1b).

The systematic spectral change in the Soret bands of Zn is
explained in a qudlitative manner by smple point-dipole
exciton coupling mode!,™° for which eq. 1 predicts the exci-
ton splitting energy AE, between the neighboring porphyrin
units,

2
AE, = —H— (D)
2rgyR

where 4 is the transition dipole moment of porphyrin unit
and R is the center-to-center distance between the neigh-
boring porphyrins (8.35 A). The splitting energy AE of the
longer arrays can aso be given by eq. 2,

AE = AE,cos[ /(N +1)] )

where N is the number of porphyrin units and 4E is
doubling of the observed energy difference between the red-
shifted B, and unperturbed By, bands (Scheme 1).8°¢ When
AE values were plotted according to eq 2, astraight line with
aslope of AEo= 4300 cm* was obtained for the Soret bands
of Zn, indicating strong exciton coupling between the
neighboring porphyrin units and well aigned porphyrin
units as a linear form.2¢ However, the deviation from the
linearity in the longer arrays (n > 16) proposed some confor-
mational heterogeneity. In a similar manner, the exciton
coupling strength in the S;-state of Zn was evaluated. The
energy differences between the Q(1,0) bands of Z1 and the
porphyrin arrays (Z2-Z16) were plotted again according to
€g. 2. As aresult, we obtained a best fit line with a dope of
1140 cm* (V = 570 cm™Y), which was larger than V = 280
cm that assumed only point dipole-dipole coupling between
the porphyrin units. This, thus, indicates additiona inter-
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Scheme 1. Exciton couplings in zinc(l1) porphyrin monomer (Z1), meso-meso linked zinc(I1) diporphyrin (Z2), and three-dimensional
zinc(I1) porphyrin box (Bn). Reproduced with permission from refs 18b,c.

action besides point dipole-dipole coupling in the S;-state of
Zn. The short distance between porphyrin units is believed
not only to enhance through-space dipole-dipole coupling
but also to increase through-bond interaction.®

In contrast to Zn, the extensive z-conjugation of Tn
resulted in very different characteristics in terms of exciton
coupling scheme. The observed linear plot for the energy
difference between the By and B, bands as a function of the
number of porphyrin units indicated that the absorption
spectra were actualy influenced by the exciton coupling
scheme and the constituent porphyrin pigments were aligned
linearly. The plot for the Q bands, however, was strongly
deviated from the exciton coupling scheme. Instead, the plot
based on free electron model (particle in a box model)
resulted in a well-correlated straight line, indicating that the
Si-state of Tn could be characterized by the extensive 7
conjugation throughout the array.® The band shift as a
function of the number of porphyrin units indicated that the
B, band exhibited a clear saturation behavior with the
effective conjugation length (ECL) number of ca. 8, while
the Q band did not show such saturation up to T12, i.e,, the
ECL number of n> 12 in the S;-state of Tn.°

Radiative Coherence Length. The exciton coherence
length has been a centra issue in the EET processes of
molecular arrays, because the excitation energy hops among
exciton coupled units that have intrinsic exciton coherence
length. According to the empirical formula for one-dimen-
siona linear array developed by Kakitani et al.,"* the exciton
coherence length N has been described by eqg. 3,

N = 138+ 1.33\—; ©)

where V is the exciton coupling energy and y is the
homogeneous broadening in the absorption band. Using V =
570 cm™ and y= 250 cm that were respectively obtained
from Zn and the spectral bandwidth in the Q-band of Z1 at
103 K, we could observe the exciton coherence length of 4.5
porphyrin units in the Zn array without inhomogeniety.'c
With the inhomogeniety of 100-50 cm™, the coherence
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Figure 2. Plot of the ratio between the radiative or nonradiative
decay rates of Zn and Z1 as afunction of the number of porphyrin
units.
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length was estimated as N = ~4.

Another spectroscopic observable directly related to the
exciton coherence length is superradiance (radiative coher-
ence length).® The radiative coherence length is defined as
the ratio between the radiative decay rate of the array and
that of the monomer, i.e., Karay = NKmonomer. TO estimate the
radiative coherence length, the ratios between the radiative
decay rates of Zn and Z1 were plotted as a function of the
number of porphyrin units (Figure 2). The deviation point
(4-5 porphyrin units) from the linearity seemed to be a
reasonable estimation of the radiative coherence length of
Zn, which is aso in a good agreement with the calculated
exciton coherent length. Consequently, the EET process
occurs among the hopping sites consisting of 4.5 porphyrin
units in the S;-state of Zn. It is noteworthy that the
nonradiative decay rates of Zn remain nearly the same with
an increase of the number of porphyrin unitsin Zn (Figure
2). This feature suggests that the nonradiative deactivation
processes of Zn are mainly contributed by the intramo-
lecular in- and out-of-plane vibrational relaxation processes
within the constituent porphyrin monomer unit. In other
words, the deformation or tilting between the porphyrin
unitsin Zn does not play a significant role in enhancing the
nonradiative decay ratesin Zn.

Conformational Heterogeneity. In view of practical use,
it is important to know the morphology of the array. We,
thus, analyzed the conformationa heterogeneity of Zn in
terms of fluorescence spectra. The plot of the molar
extinction coefficients of Zn as a function of the number of
porphyrin units exhibits a linear summation behavior up to
Z512, indicating an independent light absorbing property of
each porphyrin unit in the array. The fluorescence quantum
yield, however, shows a maximum vaue a Z16, which
reveals a gradua increase in going from Z1 to Z16 but
decreases in the array longer than Z16, giving rise to a fast
(~100 ps) fluorescence decay. In addition, the steady-state
fluorescence excitation anisotropy monitored at 450-600 nm

Figure 3. Scanning tunneling microscope image of Z48. Reproduced
with permission from ref 12.
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e.g. low energy Soret and Q absorption bands shows the
maximum value a Z16 and starts to decrease as the array
length further increases.® These features consistently indicate
that the overall geometry of Zn remainsaslinear formin the
arrays shorter than Z 16 but start to deviate from the linearity
in the array longer than Z16. As the array becomes bent,
nonradiative quenching sites accelerate the fluorescence
relaxation process and concomitantly reduce the fluorescence
quantum yield. In addition, the fluorescence excitation
anisotropy value decreases in the curved array, resulting
from the nonlinearity in overal molecular dipole arrange-
ments. Concerning the morphology, the STM measurement
of Z48 showed a crooked image athough it gave even more
curved structure intrinsically due to multiple interactions of
Z48 with the gold surface (Figure 3). Consequently, the
conformational heterogeneity inevitably reduces the exciton
coupling strength between the pigments in longer Zn
(n> 16), which is not advantageous in optoe ectronic appli-
cation. Further work, thus, will be focused on preparing the
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Figure 4. (a) Atommic force microscope image of Z48 trapped
between two metal electrodes. (b) Field emission scanning electron
microscope image of nanoelectrodes of T8 fabricated by the
electromigration induced break-junction technique. Reproduced
with permission from ref 12.
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longer and rigid Zn array with good linearity, which can be
redlized by physica or chemicd stretching and rigidi-
fication.

Electrical Conductance. To explore the electrical property,
we have performed electrical transport measurements of two
extreme types of porphyrin arrays (248 and T8), where two
kinds of Au/Ti nanoelectrodes were used for molecular level
measurements.’> For Z48 with the length of about 40 nm,
nanoelectrodes with a spacing of about 20-30 nm were
fabricated by dectron-beam lithography and a double-angle
evaporation technique onto degenerately doped silicon
substrate with atop SiO; layer of 0.5 um (Figure 43). On the
other hand, for T8 with about 7 nm in its length, AwTi
nanoelectrodes with a spacing of less than 7 nm were
prepared by utilizing the dectromigration induced break-
junction technique (Figure 4b). Electrica contact between
porphyrin arrays and metal electrodes was made using the
electrogtatic trapping method. A drop of porphyrin solution
(3 nmal) was positioned on the top of the electrode gap.
Then, a voltage of up to 5 V was applied to the electrodes.
After trapping the porphyrin array between electrodes, the
sample was dried under nitrogen purging and characterized
using a semiconductor characterization system (Keithley
4200). All éectricd trangport measurements were performed
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Figure 5. (a) I-V curves measured a room temperature on Z438
(inset is |-V curve under illumination with a red LED). (b) I-V
curves measured at various temperatures on T8. Reproduced with
permission from ref 12.
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in vacuum to eliminate the effect of water on the
conductance.

Figure 5a displays the I-V curve measured at room
temperature for Z48 trapped between two nanoelectrodes. It
exhibits the hysteresis depending on the voltage sweep
direction. From the dope of |-V curves, the room
temperature resistance was estimated to be 125-670 MQ,
where the conductance was enhanced under illumination
with a red LED, exhibiting a diode-like behavior of Zn
(Figure 5a, inset). In the temperature dependence on the |-V
curve, the conductance was decreased very rapidly with
lowering the temperature and no current was observed in the
voltage range from -5 to +5 V at 180 K, indicating that the
conductance was due to the conformational heterogeneity
arisng from the dihedra angle distribution between
porphyrin units. Figure 5b shows the |-V curves measured at
several temperatures for T8. In contrast to Z48, it is nearly
symmetric without any hysteresis, implying that the rotation
about meso-meso C-C bond does not occur in T8. Moreover,
compared with Z48 the higher conductance and the smaller
voltage gap were found in T8. The room temperature
resistance estimated from the dope of the I-V curve was
about 50 MQ that is smaller than 125-670 MQ of Z48. This
result indicates that the strong 7€l ectron conjugation results
in better eectrical conduction in T8. In the temperature
dependence on the I-V curve, the conductance of T8 was
dowly decreased and the voltage gap was widened with
lowering the temperature, indicating that the conductance is
not due to the dihedral angle distribution between porphyrin
units, likewise Z48, but due to the strong 7conjugation over
the entire array.

Two-Dimensional Cyclic Porphyrin Array

Excitonic and Electronic Coupling of CZn. To mimic
two-dimensional EET process of natural LH1 and LH2,%1
we have constructed the directly-linked cyclic porphyrin
arrays CZn of different whedl sizes (Chart 1).}* The EET
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Figure 6. Steady-state absorption (left) and fluorescence (right)
spectra of CZ4, CZ6, and CZ8. The fluorescence spectra were
obtained with the excitation wavelength 420 nm. Reproduced with
permission from ref 14.
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process of CZn has been examined by femtosecond tran-
sient absorption (TA) and transient absorption anisotropy
(TAA).

While Zn arrays show split Soret (S5 — S;) bands due to
the exciton coupling between porphyrin units (Scheme 1),%>¢
CZn exhibit characteristic broad non-split Soret bands that
are centered around 460 nm (Figure 6). This observation is
explained in terms of symmetric cyclic structure, in which
both the Bx and By dipole moments are involved in the
exciton coupling.** On the other hand, the Q absorption (So
— S1) and fluorescence (S1 — S) spectrarevea red shiftsin
going from CZ6 to CZ8 and CZ4, indicating different
electronic/excitonic couplings between porphyrin units
(Figure 6). The electronic coupling can be well related to the
dihedral angle between the adjacent porphyrin units. The
strapped diporphyrin, where the strapping carbon chain
controls a dihedral angle between two porphyrin units,
shows that the smaller dihedral angle between porphyrin
units gives rise to the stronger electronic coupling and
concomitantly red shifts in the Q absorption and fluores-
cence spectra.’® Consequently, the Q absorption and fluores-
cence spectra indicate that the electronic coupling strength
increases in order of CZ6 < CZ8 < CZ4 in accordance with
the dihedral angle estimated from the *H NMR data and
geometry optimization.** Because CZn have strong excitonic
and electronic couplings between porphyrin units, the
coherent and/or incoherent EET process can easily be
expected. In addition, the relatively long S;-state lifetimes
(~1.8 ns) of CZn reveded by the time-correlated single
photon counting (TCSPC) measurements are also advan-
tageousin EET process.*

EET Process in CZn. To explore the EETs of CZn,
femtosecond time-resolved transient absorption (TA) and
transient absorption anisotropy (TAA) decays were smul-
taneously measured, where the Q band excitation (Apump =

Table 1. Transient absorption decay parameters for CZn depending
on pump power?

Pump power Fitted Decay Times (ps)®
(mW) 4 (3
Cz4
20 0.073 (14%) 1840 (86%)
10 0.073 (9%) 1840 (91%)
05 0.073 (8%) 1840 (92%)
CZ6
20 0.56 (17%) 1760 (83%)
10 0.56 (13%) 1760 (87%)
05 0.56 (11%) 1760 (89%)
Ccz8
20 0.66 (44%) 1800 (56%)
10 0.70 (35%) 1800 (65%)
05 0.68 (19%) 1800 (81%)

aThe pump and probe wavelengths are 583 and 460 nm, respectively.
Using the relation —AOD(t) = A; exp(-t/m) + Az exp(-t/z), where
AOD(t) is the transient absorption intensity, A the amplitude (noted in
parentheses as the normalized percentagei.e. [A/(AL + Az)] x 100), and 7
thefitted decay time. The solvent used was consistently THF.
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Figure 7. Transient absorption decay profiles of CzZ4, CZ6, and
CZ8 that include pump power dependences, where the pump and
probe wavelengths are 583 and 460 nm, i.e., Q band pump and
bleaching recovery probe. The decays were measured with magic
angle polarization between pump and probe beams in THF
Reproduced with permission from ref 14.

583 nm) was employed to avoid an involvement of S-S
relaxation in the porphyrin (Figures 7 and 8). As displayed,
CZn reveal pump power dependent TA-decays aong with
TAA-rises in the time scale of hundreds of femtoseconds.
The TA-decays are deconvoluted with two decay compo-
nents (7 and ), where the dow 7> components are fixed as
the S;-dtate lifetimes found in the TCSPC measurements
(Table 1). The TAA-rises are also deconvoluted with one
rise component, of which the fitted parameters are inserted
in Figure 8.

The TA-decay depends on the pump power as well as the
size of CZn (Figure 7 and Table 1). As the pump power is
increased, the relative contribution of fast 7 component is
enhanced as compared with the long-lived one. In addition,
the 7 value systematically increases from 73 fsto 560 fs and
680 fsin going from CZ4 to CZ6 and CZ8, i.e, asthe size
of CZn increases. The pump-power dependence on the TA-
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Figure 8. Transient absorption anisotropy decay profiles of CZ4,
CZ6, and CZ8, where the polarized transient absorption decays for
parallel and perpendicular orientations between pump and probe
beams are included. Insets show the deconvolution fitted decay
parameters with atrain of 150-fs pump pulse. The pump and probe
wavelengths are 583 and 460 nm, which are Q band pump and
bleaching recovery probe. The solvent used was THF. Reproduced
with permission from ref 14.

decay is indicative of S-S exciton-exciton annihilation,
because intense excitation or high density of photons
generates two or more excitons in one cyclic array, and then
the recombination between excitons creates fast deactivation
channel 1% Figure 7 and Table 1 indicate that the exciton-
exciton annihilation is due to the migration limited exciton-
exciton recombination process aong CZn, because this

In-Wook Hwang et al.

process becomes dower as the size of traveling ring
increases. It is interesting to note that the exciton migration
time of 680 fsin CZ8 is even faster than ~1 ps'® in natural
LH2.

The TAA measurement was employed to characterize the
EET rate, because the EET process even between the same
molecular units aligned in different direction creates a
depolarization channd. Figure 8 shows the TAA-rises
arising from the fast energy migration processes of CZn.
The TAA rise-time systematically increases from 30 fs to
100 fs and 107 fs in going from CZ4 to CZ6 and CZ8,
indicating the dependence on the traveling ring size.

In multi-chromophoric system, neither exciton-exciton
annihilation nor anisotropy depolarization time does directly
represent the EET time, because they do not occur in single
donor-acceptor pair. The EET time between the constituent
pigments can be theoreticaly evaluated by modeling the
hopping process and simultaneous observation of these two
observables. ' The exciton-exciton annihilation and aniso-
tropy depolarization have been well developed for the
natural light-harvesting cyclic LH1 and LH2 systems by G
R. Fleming et al.’® When Forster-type incoherent EET
model was employed by assuming a migration-limited
character of exciton-exciton annihilation, and arandom walk
formalism of the anisotropy decay, the analytical depolari-
zation and exciton-exciton annihilation times were connect-
ed with the excitation energy transfer or hopping (EET or
EEH) time by eqs 4 and 5,

_ Thoppinq Thoppinq
z'depolarization - 2 - 2
4(1—-cos"(2n/N)) 4(l-cos o)
(4)
2
N™ -1
Tannihilation — 24 Thopping (5)

where N isthe number of hopping sites, o the angle between
the adjacent transition dipoles, Zminilaion the Slowest exciton-
exciton annihilation time, and Zopping the inverse of the
nearest neighbor EET rate® Eq. 4 is understood by
considering that the depolarization is complete when the
transition dipole migrates through 90° and by considering
how many hops are required for this rotation to be accom-
plished. On the other hand, eg. 5 assumes that the exciton-
exciton annihilation reflects the migration limited exciton-
exciton recombination process aong the cyclic array and
how many hops are required for this recombination to be
accomplished.

Now, we model the EET process within CZn, and
simultaneoudly use the two different observables, exciton-
exciton annihilation and anisotropy decay times, to estimate
the EET times. Concerning the number of hopping sites, itis
conceived as N =4, N = 6, and N = 8 for CZ4, CZ6 and
CZ8, respectively. Although the exciton coherence via two
porphyrin units rather than one porphyrin unit is rationalized
in CZn, in view of cyclic geometry and exciton coherence
length of 4.5 porphyrin units of Zn, the number of hopping
siteswould be N = 4, N = 6, and N = 8, resulting from the
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Thop= 342 £ 59 fs

Thop= 119 £ 2fs

(o l
e

N =4, o=90°
Thopping = Tdepolarization X 4 = 120 fs
Thopping = Tannihilation X 1.6 = 117 fs

A

2

N =6, a=60°
Thopping = Tdepolarization X 3 = 300 fs
Thopping = Tannihilation X 0.685 = 384 fs
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Thop= 236 + 31 fs

TR
TN X
g

Thopping = Tdepolarization X 2 = 214 fs
Thopping = Tanninilation X 0.38 = 258 fs

Scheme 2. Excitation energy hopping ratein CZn. Reproduced with permission from ref 14.

bidirectiona coupling between the neighboring porphyrins
in two-dimensional space of CZn.'* In order to describe the
random walk of the anisotropy decay, the orientations of the
molecular transition dipole moments should be considered.
As shown in Scheme 2, the transition dipoles that are
attributable to the change in anisotropy are arranged in two-
dimensiona xy-plane, where the anisotropy decay profile
reflects the EET process among the transition dipoles. This
modeling indicates that the EET process of CZn can be well
described by egs. 4 and 5, which are applicable to a well-
defined cyclic molecular array. Introducing N = 4 and o =
90° to egs 4 and 5, the relations hopping = 4 X Tdepolarization and
Thopping = 1.6 X Tanninitaiion @€ obtained for CZ4. Similarly,
introducing N = 6 and o = 60°, the relations hopping = 3 X
Tgepolarization ANA Zhopping = 0.685 X Zanninilaion are obtained for
CZ6. Findly, introducing N = 8 and « = 45°, the relations
Thopping = 2% Tdepolarization and Thopping = 0.38 X Zanninilation &re
obtained for CZ8. Consequently, the EET time constants are
caculated to be 120, 300, and 214 fs in CZ4, CZ6, and
CZ8, respectively, using the anisotropy rise times of % = 30,
100, and 107 fs, given in Figure 8. In a different approach,
the EET time constants are estimated to be 117, 384, 258 fs
using the exciton-exciton annihilation times of 71 = 73, 560,
and 680 fs, given in Table 1. It is noteworthy that the two
different experimental observables, exciton-exciton annihi-
lation and anisotropy depolarization, result in the same EET
times within error ranges, which are 119 + 2 fsin CZ4, 342
+ 59 fsin CZ6, and 236 + 31 fsin CZ8 (Scheme 2). This
coincidence implies that the EET process are well described
by Forster-type incoherent energy hopping model, because
of their well-defined dipole orientations. Finally, the observ-
ed EET times (119 + 2 fsin CZ4, 342 £ 59 fsin CZ6, and
236 = 31 fsin CZ8) can be well associated with the red-
shifts in the Q absorption and fluorescence spectra, demon-
strating that the increased electronic interaction accelerates
the EET process between porphyrin units. We attribute this
trend primarily to the decreased dihedral angle between the
neighboring porphyrins in order of CZ6 > CZ8 > CZ4.

Findly, it isinteresting to note that the EET times, i.e., 119 +
2fsin CZ4 and 236 + 31 fsin CZ8 are faster than ~270 fs'™@
in natural LH2, because of the proximity and stronger
electronic couplingsin CZn. Consequently, the EET dynamics
of CZn, as investigated by femtosecond TA and TAA
measurements, have proposed cyclic molecular systems as
suitable artificial photosynthetic antenna or optoelectronic
medium in terms of alack of energy sink and highly efficient
EETs.

Three-Dimensional Porphyrin Box

Supramolecular Sdf-Assembly. As shown in Chart 1,
three-dimensiona zinc(ll) porphyrin boxes Bn were prepared
by sdf-assembly of meso-meso-pyridine-appended zinc(Il)
diporphyrins Dn, where the size of Bn was controlled by
inserting one and two phenyl groups between the porphyrin
and pyridyl substituents, i.e., Dn = Py(Ph),.1Z 2.1 The self-
assembly is driven by intermolecular coordination between
zinc(l1) central meta ion of Dn and peripheral pyridine-
appended group of neighboring Dn. Because the inter-
molecular coordination among Dn molecules competes with
solvent coordination as an axial ligand of zinc(l1) porphyrin,
the box formation inevitably depends upon the solvent
coordination.*® Specifically, CH.Cl, does not have a capa-
bility to coordinate with zinc(l1) pophyrin due to its absence
of non-paired eectrons, while pyridine can coordinate with
zinc(l1) porphyrin due to its non-paired electrons. As a
conseguence, the box formation only occurs in CHxCly, in
which the intermolecular coordination predominantly occurs
over the solvent coordination. In the present study, Dn
molecules dissolved in strongly coordinating pyridine have
been taken as references of five coordinated free meso-meso
linked zinc(ll) diporphyrins and those dissolved in non-
coordinating CH.Cl, have been used for the measure-
ments of Bn.

Exciton Coupling of Bn. Figure 9 shows the absorption
and fluorescence spectra of (a) Dn in pyridine and (b) Bn in
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Figure 9. Steady-state absorption (left) and fluorescence (right)
spectra of (@) Dn in pyridine and (b) Bn in CHxCl,. The
fluorescence spectra were obtained with the excitation wavelength
430 nm, and the excitation wavelength dependence on the
fluorescence spectra was negligible. Reproduced with permission
from ref 18c.

CHCl,. As displayed, Bn show much smaller split Soret
bands than those of Dn, for which the extent of split aso
exhibits systematic change depending on the size of box.
While the high energy Soret band remains at the same
position, the low energy Soret band shifts to blue in order of
B3<B2<BLl. In fluorescence, Bn show narrower bands
than those of Dn.

The fluorescence spectora of Bn are explained in terms of
small electronic interaction between the two porphyrin units
in meso-meso linked zinc(I1) diporphyrin component, which
is brought about as rigidification of its perpendicular
conformation upon the box formation.’® On the other hand,
the absorption spectra of Bn are qualitatively explained by
the exciton coupling theory.° The Soret band splitting in the
meso-meso linked zinc(ll) diporphyrin is explained by
simple excitonic dipole coupling between zinc(l1) porphyrin
monomers (Scheme 1).8°¢ In the case of Bn, however, much
complicated Soret band splits occur because of various
dipole-dipole excitonic interactions among eight mutually
perpendicular porphyrin units.®®¢ Among sixteen possible
exciton coupling states, only two states are transition-
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Figure 10. Transent absorption decay profiles of Bn that include
pump power dependence. The transient absorption decay profiles
of Dn are inserted in the rights of the Figures. In the experiments,
the pump and probe wavelengths were 570 and 490 nm, which are
the Q band pump and induced absorption probe. Reproduced with
permission from ref 18c.

alowed for Bn. Thelow energy Soret Stateindicates excitonic
dipole-dipole interaction among eight parallel transition
dipole moments along the z-axis of Scheme 1, whereas the
high energy Soret state implies excitonic dipole-dipole
interaction among four parallel transition dipole moments
aong the x- or y-axis of Scheme 1 (Scheme 1, right).18¢
Using the reported transition dipole strength (9.5 + 0.5 D)*°
of the Soret band of the pyridyl-substituted zinc(I1) porphyrin
monomer (5-(4-pyridyl)-triphenylporphyrin), the porphyrin
center-to-center distances (8x8x 10 A%), and the dipole
orientations, the excitonic Soret band splitting energy AEsore
of B1 was calculated to be ~1112 cm™, in good agreement
with the experimental splitting value of 1129 cm . 18¢

The blue shift in the low-energy Soret band of B1 isdueto
the H-type dipole coupling among four parallel transition
dipoles dong the z-axis of Scheme 1. The H-type dipole
coupling, thus, is expected to decrease in going from B1 to



Excitation Energy Migration in Multiporphyrin Arrays

Bull. Korean Chem. Soc. 2005, Vol. 26, No.1 29

Table 2. Transient absorption decay parameters for Bn depending

on pump power?

(mwW) A (%3 73
B1
10 3 (44%) 30 (40%) 1610 (16%)
05 4 (46%) 30 (24%) 1610 (30%)
02 4 (48%) 30 (14%) 1610 (38%)
B2
10 9 (42%) 57 (39%) 1670 (19%)
05 9 (42%) 60 (29%) 1670 (29%)
02 10 (31%) 59 (22%) 1670 (47%)
B3
10 24 (48%) 230 (47%) 1750 (5%)
05 25 (37%) 208(19%) 1750 (44%)
02 26 (30%) 208(16%) 1750 (54%)
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Figure 11. Transient absorption anisotropy decay profiles of Bn;
the transient absorption decays for paralel and perpendicular
orientations between pump and probe polarizations are included,
and the fitted decay parameters are inserted. The transient
absorption anisotropy decay profiles of Dn are presented in the
rights of the Figures. The pump and probe wavelengths were 570
and 490 nm, respectively. Reproduced with permission from ref
18c.

B2 and B3, resulting in the small blue shift of the low-
energy Soret band. The excitonic Soret band splitting
energies AEsye Of B2 and B3 were calculated by the similar
procedures to that of B1, in which the different geometrical
parameters (8 x 14 x 14 A3 for B2 and 8 x 18 x 18 A3 for B3)
gave rise to the AEsye values of ~1635 and ~1741 cm* for
B2 and B3, respectively, which were larger than ~1112 cm™
of B1.%¥ Consequently, the exciton coupling strength can be
tuned by changing the size of Bn, because the interchromo-
phoric distance concomitantly changes.

EET Processin Bn. The EETs of Bn were comparatively
investigated by femtosecond TA and TAA measurements,
where the Q band excitation, i.e., Apump = 570 nm was
employed to avoid an involvement of S-S relaxation
(Figures 10 and 11). The TA and TAA decays of Dn were
also measured as references. As displayed, Dn reveal sow
TA decays, in agreement with the S;-state lifetimes (~1.6-1.8
ns) reveaed by the TCSPC measurements, and concomitantly
do not show any anisotropy decay profilesin the time region

#The pump and probe wavelengths are 570 and 490 nm, respectively.
bUsing the relation AOD(t) = Ay exp(—t/z) + Az exp(—t/ ) + As exp(—t/ ),
where AOD(t) is the transient absorption intensity, A the amplitude
(noted in parentheses as the normalized percentage i.e. [A/(AL + A +
As)] x 100), and zthe fitted decay time. The solvent used was CH.Cl>.

of tens of picosecond (Insets of Figures 10 and 11). On the
other hand, Bn show relatively fast TA decays dong with
anisotropy rises, indicating fast depolarization channels due
to the EET process. The exponential fittings for the TA
decays of Bn were performed with three decay components
(@, , and 1), where the slowest decay ones were fixed as
the S;-state lifetimes found in the TCSPC measurements
(Table 2). The TA decays of Bn are dependent upon both the
pump-power and the molecule. When the pump power was
increased, the relative contributions of fast n and =»
components were enhanced as compared to that of 13 one. In
addition, both 7 and 7 values systematicaly increases in
order of B1 < B2 < B3 (Table 2). The pump-power
dependence on the decay is indicative of $-S; exciton-
exciton annihilation, similarly to CZn. In addition, Figure
10 indicates that the exciton-exciton annihilation is due to
the exciton-exciton recombination between meso-meso
linked zinc(ll) diporphyrins rather than zinc(l1) porphyrin
monomers, because this process does not occur in Dn and it
becomes dower, as the distance between meso-meso linked
zinc(l1) diporphyrins increases.

The TAA decays of Bn were fitted with one rise
component, i.e,, 12 psin B1, 25 psin B2, and 89 psin B3
(Figure 11). Increasing TAA rise-time constant in order of
B1<B2<B3 indicates that instead of energy hopping
within a meso-meso linked zinc(I1) diporphyrin, energy
transfer between neighboring meso-meso linked zinc(l1)
diporphyrinsis responsible for this anisotropic rise. Here we
note that the TAA of Bn shows a single exponentia rise
component 7, even though the TA of Bn reveals the two
exciton-exciton annihilation components z and ©. The
discrepancy between the exciton-exciton annihilation and
the anisotropy depolarization, however, has been often
found in other multi-chromophoric systems such as natural
LH1 and LH2.2617
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Scheme 3. Energy hopping model of Bn. Reproduced with
permission from ref 18c.

The EET times of Bn were estimated by modeling the
energy migration and simultaneous use of two different
observables e.g. exciton-exciton annihilation and anisotropy
depolarization times, which is similar to CZn. Bn are
regarded as a cyclic multi-porphyrin array that consists of
four mutualy perpendicular meso-meso linked zinc(ll)
diporphyrins. They have eight mutually perpendicular por-
phyrin units, however, the number of hopping sitesisN = 4,
because the hopping sites are four meso-meso linked zinc(I1)
diporphyrins that have the exciton coherence lengths of L =
2 (Scheme 3). Although the exciton coherence length of Zn
isL = 4.52¢Bn has the exciton coherence length of L = 2,
because of the noncovaent linkages. In order to describe the
random wak of the anisotropy, the orientation of the
molecular transition dipoles was considered. As shown in
Scheme 3, the transition dipoles that are attributable to the
change of anisotropy are arranged in a rectangular cycle on
xy-plane; the energy hopping process among the transition
dipoles aong z-axis does not change the anisotropy (Scheme
1, right). Consequently, the anisotropy decay profile of Bn
reflects the EET process in forward (black) or backward
(gray) rectangular cycle that consists of mutually perpendic-
ular four transition dipole moments. This modeling indicates
that the EET process of Bn can also be well described by egs
4 and 5. Introducing N = 4 and o = 90°, the relations hopping
= 4 X Tgepolarization N Thopping = 1.6 X Zannititaion &€ Obtained
for Bn. As consequence, the energy hopping times are
caculated to be 48, 100, and 356 ps in B1, B2, and B3
using the anisotropy rise-times (z = 12, 25, and 89 ps),
given in Figure 11. In a different approach, the energy
hopping times are estimated to be 48, 96, 365 ps using the
sowest exciton-exciton annihilation components (7 = 30,
60, and 228 ps), listed in Table 2, where the dowest
annihilation component?®!” describes the migration limited
exciton-exciton recombination process dong Bn. Con-
sequently, the two different observables resulted in the
consistent EET times within very small error ranges (48 ps
inBl1, 98 £ 3 psin B2, and 361 £ 6 psin BJ3). Thisimplies
that the excitation energy migration process within Bn is
excellently described by the Forster-type incoherent energy
hopping model, because of their well-defined and rigid
perpendicular orientations. In addition, the EET rate is well
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controlled by adjusting the exciton coupling strength be-
tween the constituent pigments.

Conclusions

The time-resolved optical measurements were conducted
to characterize the rate and yield of the EET process
occurring in various forms of porphyrin arrays (linear, cycle,
and box). The obtained results demonstrate that the
competition in EET process can be modulated by the choice
of the array and also, by inference, the exciton coupling in
the array. This provides an avenue for achieving different
properties and functions of optoel ectronic materials based on
porphyrin arrays. The fundamental information about the
excited-state dynamics and decay pathways was aso
essential for the proper interpretation of the EET processes
in the more complex arrays, such as two- and three-
dimensiond porphyrin arrays. The novel porphyrin arrays
envisaged will make use of tuned photophysical properties
to devel op specific molecular devices.
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