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Abstract: Covalently linked cyclic porphyrin arrays have been synthesized to mimic natural light-harvesting
apparatuses and to investigate the highly efficient energy migration processes occurring in these systems
for future applications in molecular photonics. To avoid an ensemble-averaged picture, we performed a
single-molecule spectroscopic study on the energy migration processes of cyclic porphyrin arrays and a
linear model compound embedded in a rigid polymer matrix by recording fluorescence intensity trajectories,
by performing coincidence measurements, and by doing wide-field defocused imaging. Our study
demonstrates efficient energy migration within the cyclic porphyrin arrays at the single-molecule level. By
comparison with the data of the linear model compound, we could pinpoint the role of the dipole-dipole
coupling between diporphyrin subunits and the rigidity of the cyclic structures on the energy transfer
processes.

Introduction

A variety of covalently linked and self-assembled cyclic
porphyrin arrays have been envisaged as artificial light-
harvesting apparatuses for applications in molecular photonics1,2

because of their similarities in architecture and subunit structures
to the natural photosynthetic LH1 and LH2 complexes, in which
energy migration occurs very efficiently.3-5 One of the con-

tributing factors for the extremely rapid energy migration within
cyclic assemblies in natural light-harvesting complexes has been
suggested to be the highly symmetric ring structure adopted by
the dimer subunits.5-7 Therefore, the challenge has been to
develop synthetic cyclic molecular architectures with an energy
migration efficiency similar to that of the natural systems.

Various synthetic strategies have been followed to devise such
artificial light-harvesting systems with well-defined and rigid
molecular structures, including porphyrin arrays coupled by
various linkers. While self-assembly is advantageous for the
expansion into larger arrays, the overall structures lack rigidity.
The covalent linkage between porphyrin units in a cyclic form
can provide an increased rigidity as well as a precise control in
overall structure. In this regard, we have prepared a wheel-like
structure, the dodecameric porphyrin wheelC12Z, and a linear
model structure, namely, the dodecameric porphyrin linear array
L12Z. Both compounds are composed ofmeso-meso-linked
diporphyrinZ2 subunits. We also synthesized a tetracosameric
porphyrin wheel C24Z compound with tetraporphyrinZ4
subunits, bridged by 1,3-phenylene linkers (Chart 1).8,9
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In this study, the energy migration processes inC12Z and
C24Z are comparatively investigated by single-molecule spec-
troscopy (SMS) with a particular focus on the influences of (1)
the coupling strength between porphyrin subunits and (2) the
rigidity of the structure on the energy migration efficiency using
fluorescence intensity trajectories (FITs), coincidence measure-
ments,10-14 and wide-field defocused imaging.15,16Since spec-
troscopic investigations at the single-molecule level (SMS)
eliminate the averaging effect inherent in ensemble spectroscopic
measurements, SMS can provide information on individual
molecular behavior hidden in ensemble measurements.

Experimental Section

Sample Preparation and Steady-State Spectroscopic Measure-
ments. The details on the synthesis of linear and cyclic porphyrin arrays
studied here were documented in several previous papers.8,9 Steady-
state absorption spectra were recorded by using a UV-vis spectrometer
(Varian, model Cary5000). Samples for single-molecule measurements
were prepared by spin-coating (2000 rpm) of a solution of a zinc(II)
porphyrin array (∼10-10 M) in chloroform (Aldrich, spectrophotometric
grade) containing 2-5 mg/mL poly(methyl methacrylate) (PMMA) on
rigorously cleaned cover glasses. The optical density of the sample
solution was measured to determine the concentration.

Instrumentation . Fluorescence at the single-molecule level was
measured by using laser scanning confocal and wide-field microscope
systems based on an inverted type optical geometry. For coincidence
measurements, a classical Hanbury-Brown and Twiss type coincidence
setup10 was used in combination with pulse laser excitation. As an
excitation light source (568 nm, repetition rate 8.18 MHz, 1.2 ps full
width at half-maximum), the output of a frequency-doubled OPO,
pumped by a Ti:sapphire oscillator (800 nm, Tsunami, Spectra Physics),

and a pulse picker were used. The excitation light was focused by an
objective lens (Olympus, 1.4 NA, 100×) on the sample. For coincidence
measurements and FITs, we have used the same picosecond pulse laser
(568 nm) as an excitation light source. For both measurements, the
fluorescence from a single molecule was collected by the same objective
and split by a 50/50 nonpolarizing beam splitter and the emitted photons
were detected by two avalanche photodiodes (APD, SPCM-AQR-15,
Perkin-Elmer Optoelectronics, Norwalk, CT); one was connected to
the router directly and the other to the router after a delay generator to
compensate for the dead time of the SPC board (SPC630, Becker and
Hickl). The signal was acquired using the first-in-first-out mode in
which the arrival time after the beginning of acquisition, the time delay
between the start and stop pulses, and the detection channels (APD1
or APD2) are registered for each detected fluorescence photon. The
central peak at a delay time of 0 ns in the distribution of interphoton
arrival times corresponds to photon pairs generated from the same laser
pulse. In all other cases, interphoton arrival times are distributed around
a multiple of the laser repetition period (every 123 ns, lateral peaks).
For wide-field defocused imaging, the 488 nm cw beam from an Ar
ion laser was focused onto the back focal plane of the objective lens
to achieve a maximum homogeneous wide-field illumination of the
sample. Imaging was performed with slight defocusing of the optics,
and the circular polarization of the excitation light was achieved by
using a polychromatic Fresnel rhomb (FR600QM, Thorlab). The
fluorescence was collected by the same objective, passed through a
dichroic mirror and long-pass filters, and then imaged onto an EMCCD
camera (Cascade 1, Roper Scientific). The orientation of the emission
dipole was obtained by fitting the experimental defocused images with
patterns, calculated via wave-optical expressions. Note that different
excitation wavelengths were used for defocused wide-field defocused
imaging (488 nm) and coincidence measurements and FITs (568 nm).
Excitation at 488 nm results in excitation in the S2 band, which is
followed in these compounds by fast internal conversion to the S1 band.
As a result, the same excited state is probed in both excitation conditions
(see the Supporting Information, p 1).

Results and Discussion

Ensemble Spectroscopy. In ensemble measurements, a
comparison of the absorption spectra ofC12Z8 andC24Z9 with
those of their respective building blocks,Z2 and Z4, reveals
that the dipole-dipole coupling is stronger inC12Z due to the
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Chart 1. Molecular Structures of Linear Array L12Z (a), meso-meso Directly Linked Zn(II) Diporphyrin Z2 and Dodecameric Porphyrin
Wheel C12Z (b), and Tetraporphyrin Z4 and Tetracosameric Porphyrin Wheel C24Z (c)a

a In an ensemble study,∼4 and∼36 ps forC12Z andC24Z, respectively, have been assigned to the excitation energy migration time betweenmeso-
mesodirectly linked diporphyrins and tetraporphyrins.
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shorter interchromophoric distance betweenZ2 subunits despite
the weaker transition dipole strength inZ2 than that inZ4.17,18

The absorption spectrum ofC12Z clearly shows the signature
of relatively strong coupling between diporphyrin subunitsZ2
as compared with that of its constituent unit,Z2. Indeed, a
spectral red shift can be observed when the spectra ofC12Z
and Z2 are compared. On the other hand, the absorption
spectrum ofC24Z is very similar to that of the tetraporphyrin
subunitZ4, indicating a rather weak coupling between tetrapor-
phyrins due to the longer interchromophoric distance. More
quantitatively, we calculated the dipole-dipole coupling strength
to investigate the interactions amongZ2s in C12Z andZ4s in
C24Z, which corresponds to the optical red shift in the steady-
state absorption spectra (Figure 1). In this calculation, we
assumed that the array-axis transition dipole inZ2 would be
the origin of the low-energy B-band, and its magnitude was
estimated to be 19 D from the absorption spectrum. Parameters
for the calculation include information on the relative orientation
of the transition dipoles, the distance between the transition
dipoles, and the dielectric constant of the solvent. As a result,
the interaction matrix can be obtained, and each element in the
square matrix is the coupling energy between the two adjacent
transition dipoles inC12Z and C24Z. The dipole coupling
energies between the neighboring subunits,Z2s in C12Z and
Z4s in C24Z, respectively, were calculated to be 943 and 38
cm-1 in the B-band and 140 and 11 cm-1 in the Q-band by
diagonalization of the matrix with coupling energies.18 Thus,
according to the Fo¨rster-type incoherent energy transfer theory

based on the dipole-dipole coupling strength, we can expect
that the energy migration process inC12Z is faster than that in
C24Z. On the basis of the transient absorption anisotropy decay
in ensemble measurements,8,9,17 we have obtained energy
migration times of∼4 and ∼36 ps for C12Z and C24Z,
respectively. In addition, for the large cyclic arrayC24Z, the
energy migration time (∼36 ps) is similar to that of the
bichromophoric model compound2Z4 (∼33 ps; see the Sup-
porting Information, p 2). In contrast, the energy migration time
of C12Z (∼4 ps) is about 2 times faster than that of its
bichromophoric model compound2Z2 (∼9 ps; see the Sup-
porting Information, p 1). The difference in the energy migration
times between the cyclic arraysC12Z and C24Z and their
corresponding model compounds2Z2 and 2Z4 (Supporting
Information, p 2) indicates that conformational heterogeneity
exists inC24Z. Moreover, we observed an intensity-dependent
decay component in the transient absorption temporal profiles
indicative of singlet-singlet (S1-S1) annihilation processes
occurring inC12Z andC24Z.8,17-19

Single-Molecule Fluorescence Intensity Traces. Under
atmospheric conditions, the FITs of single molecules of the
reference linear arrayL12Z and cyclic arraysC12Z andC24Z
exhibit structure-dependent behavior. The fluorescence quantum
yields of the linear and cyclic porphyrin arrays determined in
ensemble measurements were very low (Φf < 0.1). Hence, it
can be easily understood that bin times of at least 50 ms have
to be used to achieve a sufficient signal-to-noise ratio in the
FITs. This also means that it is impossible to obtain information
on processes occurring on time scales faster than 50 ms from
the FITs.20 In FITs, off times can be induced by several
dynamical processes such as the triplet-state population, con-
formational changes, and molecular rotation.22-24 We cannot
observe the off times induced by the triplet-state population
because the triplet-state lifetimes (microseconds to milliseconds)
in immobilized single molecules are shorter than the bin time
(50 ms).21,22 Molecular rotation as a source for long off times
can be ruled out due to the high glass transition temperature of
PMMA used (Tg ) 122 °C) and large size of the porphyrin
wheels, especially taking into account the long side chains in
the porphyrin arrays.

For Z2, the subunit ofL12Z and C12Z, and for Z4, the
subunit of C24Z, the FITs exhibit two or four stepwise
photobleaching behaviors, respectively, without long off times
as shown in the Supporting Information, p 3. The representative
FITs of L12Z exhibit clearly longer off times than those of the
two cyclic arrays (Figure 2, Supporting Information, p 4). Long
off times have been seen in the FITs of many different
immobilized single molecules and have recently been associated
with spurious electron transfer to or from the matrix.25-30 The
FITs of 39L12Z molecules were analyzed, and an average off
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Figure 1. Absorption spectra ofZ2 and dodecameric porphyrin wheel
C12Z (a) and Z4 and tetracosameric porphyrin wheelC24Z (b). The
concentrations are in the range of 5× 10-6 M.
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time of several seconds was obtained in 56% of the investigated
FITs. In contrast, in only 27% and 25% of the investigated FITs
of 63 C12Z molecules and 56C24Z molecules, respectively,
off times of several seconds were seen. SinceC12Z andL12Z
are composed of the same building blocks, a difference in redox
properties cannot account for the different occurrences of long
off times (assuming that spurious electron transfer is also
involved in the long off state here). The frequent occurrences
of long off times inL12Z could eventually be explained in terms
of the existence of nonradiative decay channels, induced by the
more flexible conformation ofL12Z, which leads to more
frequent kink structures.31,32 Such conformational flexibility is

significantly reduced in the cyclic arrays, which exhibit a well-
defined orientation of diporphyrin subunits. In good agreement
with this hypothesis, the FITs ofC12Z andC24Z show a lower
occurrence of off times and a stepwise photobleaching behavior,
indicating more efficient energy migration in these compounds
compared with theL12Z linear array (vide infra) under identical
excitation conditions (Figure 2). Indeed, the stepwise photo-
bleaching detected inC12Z andC24Z is similar to the behavior
seen in FITs of other multichromophoric compounds at the
single-molecule level.31-34 Hence, the model proposed for these
systems, involving one of the chromophores acting as a
fluorescent trapping site and energy migration toward this
trapping site in combination with temporal evolution of the
trapping site due to photobleaching, can be claimed here as well.
This observation fits well with the ensemble data that indicate
more efficient energy migration in the cyclic arrays as compared
to the linear array.17,31 Note that the detailed mechanism that
links the higher conformational flexibility ofL12Z to spurious
electron transfer induced long off states still needs to be
unraveled.

Wide-Field Defocused Imaging. To explain the stepwise
photobleaching pattern observed in the FITs of the cyclic
compounds, we have proposed a model involving one fluores-
cent trapping site that is dynamic as a function of time. If this
is true, we should be able to determine the orientation of this
trapping site. It has been demonstrated that the orientation of
the emitting trapping site of a single molecule embedded in a
polymer film can be determined by wide-field defocused
imaging.15,16 The characteristic intensity distribution of the
defocused images allows for the determination of the 3-dimen-
sional emission dipole orientation. There are six emitting dipoles
in C12Z as shown in Figure 3b.
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Figure 2. Fluorescence intensity trajectories of 1,3-phenylene-bridged Zn-
(II) porphyrin linear arrayL12Z (a) and cyclic arraysC12Z (b) andC24Z
(c) embedded in a PMMA polymer matrix.

Figure 3. Definition of angles:φ indicates the in-plane (in thexy plane)
angle, andθ indicates the out-of-plane angle (inclination angle between
the optical dipole (bold arrow in gray) and excitation optical axis (z axis))
(a). Model with observed dipole moments (colored arrows) inC12Z (b).
Snapshots of experimentally observed emission patterns ofC12Z
(sequence I) and corresponding calculated patterns (sequence II) as a
function of time (c).
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The two emission dipoles facing each other have the same
emission pattern due to the symmetry of the molecular system
(identical angleφ), so a maximum of three differently oriented
emitters can be expected. If emission dipoles of the single cyclic
array are not in-plane (thexyplane), in other words, if the angle
θ between thez axis and the emission dipole is close to zero,
the change in emission patterns cannot be observed clearly.15,16

In Figure 3c, the porphyrin wheelC12Z is tilted by∼30° from
the laboratoryxy plane (i.e., the tilting angleθ from thez axis
was calculated to be∼60°). The emission patterns of the cyclic
arrayC12Z as a function of time are depicted in Figure 3c. As
shown in Figure 3c, the experimental emission patterns change
as a function of time. As argued before, the molecular rotational
motion ofC12Z is prohibited in the PMMA polymer matrix at
room temperature due to the large size ofC12Z with long side
chains and the highTg of the PMMA used. Thus, the different
patterns represent the different porphyrin units in the cyclic array
that serve as emissive trapping sites in the time course of the
experiment. In this series, we observed only two different
patterns, probably because the porphyrin units with different
orientations in the cyclic porphyrin array were bleached during
alignment or because of the low count rate when the majority
of the absorbing/emitting units are bleached. On the basis of
fitted patterns, the relative angle between the different emission
dipoles was calculated to be∼60°, in excellent agreement with
the value expected from the molecular structure. This experiment
clearly proves the validity of the model that evokes emissive
trapping sites and efficient energy migration toward these
trapping sites.

Coincidence Measurements. Coincidence measurements
were carried out on single molecules ofL12Z, C12Z, andC24Z
to identify whether the molecule acts as a single emitter (one
photon is emitted per pulse) or not (two or more photons are
emitted per pulse) when excited with relatively intense laser
pulses.11-14 This measurement would demonstrate that the S1-
S1 annihilation process can be observed at the single-molecule
level. For coincidence measurements, a classical Hanbury-
Brown and Twiss type coincidence setup10 was used in
combination with pulse laser excitation. The excitation laser
power of 1.8µW at the back focal plane of the microscope
was employed to increase the probability that two excitons are
generated in the porphyrin wheel at the same time. When one
fluorescence photon per laser pulse is detected at most, the
histogram of interphoton arrival times shows a low occurrence
of detected photons at the central peak around 0 ns. In all other
cases, interphoton arrival times are distributed around a multiple
of the laser repetition period, i.e., one peak every∼123 ns. For
two emission photons generated per laser pulse, the central peak
has a ratio of 0.5 with respect to multiple lateral peaks.12,13The
interphoton arrival time distribution of a singleC12Z molecule
shows a typical time pattern with a very small central peak as
compared to the two lateral peaks (Figure 4a). The central peak
can also be related to a few accidental coincidences, which are
attributed to background-background, background-signal, and
signal-background photon pairs. The histograms ofNC/NL ratios
(the ratio between the number of events at the central position
(NC) and those at lateral positions (NL)) for 70 single molecules
of L12Z, C12Z, andC24Z are compared in Figure 4b.

TheNC/NL ratio in the coincidence measurements can be used
to estimate the number of emitting porphyrin units in the

multichromophoric arrays. TheNC/NL ratio of the linear array
L12Z is centered around 0.43 and has a much wider distribution
compared with those of the cyclic arraysC12Z andC24Z. The
NC/NL value of 0.43 is close to the expected value of 0.5 for a
two-photon emitter. This relatively highNC/NL value suggests
less efficient S1-S1 annihilation in the linear arrayL12Z. The
larger spread can be explained presumably by the larger
conformational heterogeneity. As shown in Figure 2a, the FITs
of the linear arrayL12Z show large intensity variations and
multiple intensity levels. This might be related to variations in
the number of emitters (excited states) simultaneously present
in these molecules. At the same time, it indicates that energy
hopping as well as S1-S1 annihilation is less efficient in the
linear arrayL12Z than in the cyclic arrays. Indeed,C12Z and
C24Z exhibit reduced meanNC/NL ratios of 0.24 and 0.35,
respectively, indicating a more efficient S1-S1 annihilation
process inC12Z than that inC24Z. The smaller value ofNC/
NL for C12Z than for C24Z illustrates thatC12Z can be
considered as a well-defined cyclic structure for Fo¨rster
resonance energy transfer (FRET) processes due to stronger
dipole-dipole coupling betweenZ2 subunits. In the case of
the larger porphyrin wheelC24Z, the longer interchromophoric
distance betweenZ4 subunits leads to less efficient FRET
processes (both hopping or energy migration and singlet-singlet
annihilation) than those inC12Z. However, the meanNC/NL

ratio of C24Z is lower than that ofL12Z, althoughC24Z has
2 times the number of porphyrin units asL12Z. This can be
explained by the fact that excitation energy migration in the
cyclic porphyrin arrayC24Z is more efficient than that in the
linear porphyrin arrayL12Z. In addition, the overall structure
of C24Z seems to be less rigid compared with the small and

Figure 4. Interphoton arrival time distribution in the coincidence measure-
ments obtained forC12Z (a) and the histogram ofNC/NL values of single
L12Z, C12Z, andC24Z molecules (b). The mean values of theNC/NL ratios
for L12Z, C24Z, andC12Z are 0.43, 0.35, and 0.24, respectively.
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rigid cyclic structure ofC12Z because the wheel structure with
Z4 subunits is slightly distorted as shown in the STM images
(Supporting Information, p 5). This geometrical distortion might
also reduce the energy migration efficiency by introducing
competitive nonradiative decay channels.

Conclusions

We have comparatively investigated the single-molecule
fluorescent properties occurring in a linear porphyrin array,
L12Z, and two cyclic porphyrin arrays,C12Z and C24Z, to
gain further insight into the energy migration processes occurring
in these systems. Recording of FITs by means of single-
molecule spectroscopy revealed a difference in the efficiency
of energy migration processes inC12Z and C24Z compared
with the linear analogue. The relative change in the angle of
the orientation of the emissive trapping sites inC12Z after
photobleaching was observed to be∼60° by wide-field defo-
cused imaging, in excellent agreement with the value expected
from the molecular structure. Both measurements confirm that
an earlier model describing energy migration in single multi-
chromophoric compounds also holds for the cyclic porphyrin
arrays. In addition, the efficiency of the singlet-singlet an-
nihilation process was observed to be different in the linear array
and two cyclic arrays as demonstrated by coincidence measure-
ments. The highly efficient energy migration inC12Z can be

linked to its well-defined rigid structure and relatively strong
dipole-dipole interactions between the neighboring subunits.
These results will provide useful information for future integra-
tion of artificial molecular light-harvesting devices based on
cyclic porphyrin arrays in the solid state.
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