Structure—Property Relationship of
Perylene Bisimide Macrocycles Probed
by Atomic Force Microscopy and
Single-Molecule Fluorescence
Spectroscopy

Ji-Eun Lee," Vladimir Stepanenko,* Jaesung Yang,' Hyejin Yoo, Felix Schlosser,* Daniel Bellinger,'
Bernd Engels,"* Ivan G. Scheblykin,5* Frank Wiirthner,** and Dongho Kim™*

*Spectroscopy Laboratory for Functional sz-Electronic Systems and Department of Chemistry, Yonsei University, Seoul, 120-749, Korea, *Institut fiir Organische
Chemie and Center for Nanosystems Chemistry, Universitit Wiirzburg, 97074, Wiirzburg, Germany, *Chemical Physics, Lund University, Box 124, 22100,
Lund, Sweden, and " Institut fiir Physikalische und Theoretische Chemie, Universitat Wiirzburg, 97074 Wiirzburg, Germany

ABSTRACT Properties of a series of acetylene-linked perylene

C3
bisimide (PBI) macrocycles with different ring size composed of three to
six PBI dyes were investigated by atomic force microscopy (AFM) and ° c4
. . 2
single-molecule fluorescence spectroscopy in a condensed phase. It was g
demonstrated that the structures of PBI cydlic arrays ((Ns, N =3, 4, 5, § C&
and 6) become distorted with increasing the ring size through molecular r cé
dynamics (MD) simulations (PM6-DH2 method) and AFM height images
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of CNs on highly ordered pyrolytic graphite (HOPG) surface. The MD
simulations showed that only (5 and (6 rings are highly flexible
molecules whose planarization goes along with a significant energetic penalty. Accordingly, both molecules did not show ordered adlayers on a HOPG surface. In
contrast, (3 and (4 are far more rigid molecules leading to well-ordered hexagonal (C3) and rectangular (C4) 2D lattices. At the single-molecule level, we showed
that the fluorescence properties of single (Ns are affected by the structural changes. The fluorescence lifetimes of (Vs became shorter and their distributions
became broader due to the structural distortions with increasing the ring size. Furthermore, the (Ns of smaller ring size exhibit a higher photostability and an
efficient excitation energy transfer (EET) due to the more well-defined and planar structures compared to the larger CNs. Consequently, these observations provide
evidence that not only PBI macrocycles are promising candidates for artificial light-harvesting systems, but also the photophysical properties of CVs are strongly

related to the structural rigidity of Chs.

KEYWORDS: macrocycles - light-harvesting system - excitation energy transfer - atomic force microscopy -
single-molecule spectroscopy - molecular dynamics simulations

ne of the most fascinating objec-
tives in materials, physical, and
chemical sciences is the invention

of large macrocyclic architectures with well-
defined circular geometry, similar to that
of natural light-harvesting (LH) complexes,
in order to collect light and transfer its
energy in space for the sake of applications
in organic electronics. To mimic the attrac-
tive features of fertile LH and efficient
excitation energy transfer (EET) processes
of the natural LH complexes,'? various
macrocyclic pigment arrays have been en-
visaged and synthesized.>"® Especially, the
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synthesis of acetylene-based macrocycles
has successfully been utilized for preparing
the rigid macrocyclic scaffolds by connect-
ing the constituent chromophores.®~ 2
Perylene bisimide (PBI) molecule has
been well recognized as a versatile chromo-
phore with strong absorption, near unity
fluorescence quantum yield, and high
photostability.”®'* Owing to these appealing
properties, PBI derivatives have been utilized
in various electronic and optical applica-
tions such as field-effect transistors'>'® and
optoelectronic/photonic devices such as
photoconductors, photovoltaic cells, and
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Chart 1. Molecular structures of PBI monomer (M1) and PBI cyclic arrays (CNs)
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light-emitting diodes.””~"® As continuous efforts to
develop new molecular assemblies based on PBI dyes,
a series of acetylene-linked PBI macrocyclic structures
have been synthesized most recently with varied ring
size containing three to six 1,6,7,12-tetraphenoxy-PBI
chromophores (CNs, N = 3, 4, 5, and 6; Chart 1).2° Their
photophysical properties were studied by time-
resolved spectroscopy at the ensemble level,>' provid-
ing valuable information on average properties of the
macrocycles. When applied to a complex system,
however, it has frequently missed the real complexity
of the sample, since different populations within the
sample may contribute to the detected signal, possibly
giving rise to erroneous interpretation of the data. Also,
our understanding of their topologies and how the
photophysical properties arise from the interaction
between chromophores within the cyclic arrays, is
limited. In this regard, it is necessary to perform atomic
force microscopy (AFM) and single-molecule spectros-
copy (SMS) measurements and to link the results by
molecular dynamics (MD) calculations.?* Toward this
goal, PBl dyes are most suitable chromophores for such
studies owing to their high fluorescence quantum
yields (close to unity) and superb photostability.>>~%’

SMS?8732 has proven to be a powerful tool to allow
observation of dynamic processes in individual mol-
ecules via monitoring their fluorescence properties as
a function of time.**~*? SMS can also study hetero-
geneous processes based on distributions of physical
quantities such as fluorescence lifetimes,®*>* since the
detection of individual molecules effectively prevents
ensemble averaging effect at bulk level, and enables us
to detect unprecedented events.

In this study, we have investigated the photophysi-
cal properties of CNs with a focus on the relationships
between the structural rigidity of CNs and the EET
processes in the solid state. The first part discusses
the results of AFM to explore the structural rigidity via
the image of the self-assembled CNs on highly ordered
pyrolytic graphite (HOPG) surface. To make sure of the
structural information of CNs, we compute the opti-
mized geometries of CNs and MD simulations using
the PM6-DH2 method. On the basis of the structural
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information, we deal with the fluorescence dynamics
of single CN molecules in relation to their structural
changes. Photobleaching dynamics, and photostability
via on-times at the first intensity level in the fluores-
cence intensity trajectories (FITs), as well as fluores-
cence lifetimes were measured at the single-molecule
level. To reveal the EET processes in the CNs, the
fluorescence polarization trajectories via fluorescence
polarization technique at the single-molecule level
were measured. Lastly, we show how the structural
information of CNs has influence on the EET efficiency
in CNs by performing a coincidence measurement at
the single-molecule level.

We highlight that our study is the first attempt
not only to examine their topologies by AFM, and
the single-molecule fluorescence dynamics of PBI
macrocyclic arrays through various single-molecule
spectroscopic measurements as top-down and bottom-
up experiments, but also to provide further insight into
the structure/property relationship to fabricate the
artificial LH systems for the practical usage in the solid
state.

RESULTS AND DISCUSSION

Atomic Force Microscopy. AFM measurements were
performed to investigate the molecular structures
and self-assembly behaviors of PBI macrocycles with
an increase of the ring size. The samples were prepared
by spin-coating a 7.5 x 10~® M solution onto HOPG
surfaces. Figures 1—3 and Figures S1—S5 (see Support-
ing Information) show the AFM height images of the
respective CNs that are composed of three up to six PBI
subunits and PBI monomer (M1). The degree of order
of the observed domains as well as the unit cells is very
different for various CNs and clearly dependent on the
ring size. Especially, the self-assembled monolayer with
a highly ordered hexagonal nanopattern consisting of a
donut-like structure was observed for C3 spin-coated
from a methyl-cyclohexane (MCH)/tetrahydrofurane
(THF) (93:7 vol %) solution onto HOPG (Figure 1a,b).?°
The distances determined from the AFM images sup-
port the proposed arrangement of six individual C3
forming a hexagonal structure that resembles a donut.
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Figure 1. AFM height images of C3. (a,b) Monolayer of C3 arranged in a donut-like structure which was obtained by spin-
coating from MCH/THF (93:7 vol %) solution. (c) Schematic presentation of the donut-like pattern; the red hexagons resemble
the C3. (d,e) Monolayer of C3 arranged in a honeycomb-like structure obtained by spin-coating from THF solution. The AFM
images in panels b and e are partly overlaid by the proposed models; insets in panels b and e show the respective 2D FFT
graph. (f) Schematic presentation of the honeycomb-like pattern; the red hexagons resemble the C3.

The modeled structures that overlay the AFM image
are shown in Figure 1b. In Figure 1c a schematic
presentation of the arrangement is shown, where red
hexagons resemble the €3, and the green circles
therein highlight the donut-shaped structures and
visualize their hexagonal assembly next to each other.
The 2-dimensional Fast Fourier Transform (2D FFT)
analysis was performed on images with periodic struc-
ture to calculate the unit cell dimensions. The 2D FFT
analysis depicts two distinct hexagonal symmetries
(3.6 = 0.2 nm and 4.5 &+ 0.2 nm) that are rotated by
about 30° with respect to each other (Figure 1b). Fur-
thermore, this analysis indicates additional reflection
characteristics of a hexagonally packed system with
a frequency of 89 £+ 0.2 nm corresponding to the
distance between donut holes. The width of the donut
wall was measured to be 2.5—2.8 nm, which is related
to the calculated diameter of C3. These findings
support the proposed model of six €3 macrocycles
forming donuts, which are arranged in a hexagonal
array next to each other. Interestingly, a sample of C3
spin-coated from a pure THF solution showed a differ-
ent nanopattern, that is, highly ordered domains,
resembling a honeycomb-like structure (Figure 1d,e;
additional AFM images are shown in the Supporting
Information, Figure S1). The height of this honeycomb
structure was estimated from a cross-section analysis
(see Figure S1) to be 0.3 &+ 0.1 nm and, therefore,
indicating a monolayer. The proposed arrangement
is illustrated in Figure Te in the form of a model that
superimposes the AFM image. Owing to the limited
resolution of the AFM imaging technique, it was not
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possible to determine the orientation of the molecules
in honeycomb pattern.** %> The center-to-center
distance between the holes in the proposed model
is 4.8 nm, which is in a good accordance with the
distance (4.6 + 0.2 nm) determined from the AFM
image. Thus six C3s constitute a hexagon (marked by
a green hexagon in Figure Tef; in the latter also
a schematic presentation of the arrangement is shown,
where red hexagons resemble the C3). The hexagons
are situated right next to each other and lead to the
honeycomb-like pattern on the surface. Shown in the
inset in Figure 1e is the FFT of the AFM image showing
reflections characteristic of a hexagonally packed
system (with a frequency of 4.6 + 0.2 nm), which is in
accordance with the proposed model of a honeycomb
arrangement.

The three bulky tetraphenoxy-PBl cores of the
macrocycle may be regarded as pillars that determine
the interaction with the surface of the HOPG. Both
types of monolayers appear to have the same coverage
(density has been estimated to be 9—10 molecules per
100 nm?). We assume that in the case of the honey-
comb-like pattern no significant interactions occur
between the molecules, which could be oriented either
with PBI cores or diacetylene units or even PBI and
diacetylene units next to each other. Therefore, this
arrangement is defined by the template effect of HOPG
and we can even imagine that the three possible
intermolecular arrangements form in a random way
owing to the nearly hexagonal shape of the mole-
cules. In contrast, the donut-like pattern was probably
formed as a result of interactions between the
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Figure 2. AFM height images of C4. (a,b) Monolayer of C4
obtained by spin-coating from CHCl; solution onto HOPG;
(b) a magnified area in panel a indicated by the yellow
dashed square. (c) Cross-section analysis along the yellow
line 1—1"in panel b. (d) lllustration of the proposed model of
the self-assembled arrangement. The AFM image in panel b
is partly overlaid by this model; inset in panel b shows the
2D FFT graph.

molecules, which are very strong in aliphatic MCH solu-
tion, even between PBIs bearing bulky phenoxy
substituents.**~*® Therefore, we suppose that next
to the interaction between molecule and HOPG,
the strong molecule—molecule interaction plays an
important role in the arrangement of the donut-like
structure.

The AFM images of C4 are shown in Figure 2a,b.
Highly ordered domains resembling the rectangular
structure of C4 have been observed after spin-coating
from CHCl3 solution (for additional AFM images, see
Supporting Information, Figure S2). The height was
determined from a cross-section analysis (Figure 2b,c)
to be 0.3 £ 0.1 nm, and thus indicating a monolayer.
A proposed model of this monolayer is shown in
Figure 2d where the side length of each molecule
(indicated by red arrows) was estimated to be 3.9 nm,
which is in excellent agreement with the lengths of
C4 molecules estimated from the AFM image (3.9 +
0.1 nm). This rectangular pattern is greatly supported by
the 2D FFT analysis (inset in Figure 2b) which shows
repeating square units with a periodicity of 3.9 + 0.1 nm
in two directions, a distance that convincingly resem-
bles the side lengths of the square structure of C4.

For the C5, no self-assembled domains could be
observed by AFM investigation after spin-coating
of a THF solution of this macrocycle onto HOPG. In
the AFM images only agglomerates of the molecules
were observed (Figure 3a). These clusters are formed
probably due to a structural distortion of this cyclic
molecule which impedes a planar conformation and
thus a defined 2D-self-organization on HOPG surface
in accordance with quantum chemical calculations
(see below). On a closer look, however, few small
domains could be observed in which a considerable
number of single molecules are aligned next to each
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Figure 3. (a, b) AFM height images of C5 obtained by spin-
coating from THF solution onto HOPG. Inset in panel
a highlights one molecule of C5 (yellow line with 5 nm
distance in red box).

other (highlighted with yellow dashed circles in
Figure 3b). The height of these small assemblies was
determined to be 0.4 & 0.1 nm, indicating a monolayer
(for a cross-section analysis, see Supporting Informa-
tion, Figure S3). The diameter of one pentamer mole-
cule was estimated to be 4.8 £+ 0.6 nm and is therefore
in a good agreement with the diameter of the planar
model (47 £ 0.3 nm). But the interaction of the
molecules with the HOPG surface seems to be in most
cases too weak to flatten the molecule as corroborated
by our quantum chemical calculations (see below).

A self-assembly of C6 on HOPG was not observed
by AFM investigation. After spin-coating from a CHCl3
solution, only randomly distributed agglomerates
with a height of about 1.8 £ 0.1 nm were revealed by
AFM images (see Supporting Information, Figure S4).
A structural distortion of this CN seems quite obvious
for such a molecular size and will be shown in the
following section by quantum chemical calculations.
This increasing trend for distortion in going from C3 to
C6 is greatly supported by the MD simulations as well
as the photophysical properties at the single-molecule
level which are described subsequently.

Molecular Dynamics Simulations. The results of the AFM
measurements can be explained by an increasing flexi-
bility of the cycles which is also in line with chemical
intuition. To substantiate our view, we simulated varia-
tions in the geometrical structure and the intrinsic
flexibilities of the cycles with increasing size. For
this purpose we computed geometries and relative
energies for some selected typical conformers and, to
include all degrees of freedom, performed MD simula-
tion. The CNs have various hinges which allow the
reduction of ring strain. Model calculations for one
unit (noncyclic acetylene-phenyl-PBI unit) predict that
the torsional motion around (phenyl)C—N(PBI) bond
possesses a quite flat potential with a barrier height of
about 25 kJ/mol. This indicates that this motion will
take place if it is not hindered by strain effects arising
from the cyclization. This means that the conformers
will be in the thermodynamical equilibrium. In con-
trast, the bending potential of the acetylene units is
quite stiff. For a first rough overview, we investigated
how the energy of CNs is influenced by the orientation
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TABLE 1. Relative energies of the optimized structures;
the starting structures are indicated

a (<] (&) (]

a b a b a b a b
cc 0 tete 0 tttec 0 tetece 0
tec 36 ttec 6 ttecc 2 ttttcc 3
ttc 59 (4 8 fetec 2 tttecc 4
ttt 53 tttc 12 ccecc 5 teccee 5

teec 13 ttttc 6 tectee 7
tttt 18 tecee 8 tteece 8
ttctc 9 ceeece n

ettt 14 ttctec 1

tetcte n

ttcttc 1

tttttc 13

ettt 13

tttctc 15

“ Starting structures by their sequences of cis (c) and trans (t) oriented acetylene
linker. ® Energy (kJ/mol).

of the acetylene linker with respect to the enclosed PBI
moieties. All cis conformations give the formal rings
but from chemical intuition trans orientation should
become favorable for the larger rings. To get more
solid information, we built up corresponding starting
structures and performed geometry optimizations
to the next local minimum. We used the PM6-DH2
approach?® because model computations (see Sup-
porting Information, Figure S6) indicate its reliability.
To make these computations feasible, we omitted the
phenoxy substituents because they should not pos-
sess too much influence. Table 1 gives the relative
energies of the optimized structures while Figure 4
gives those optimized structures, which differ from
the structure with the lowest energy by 10 kJ/mol or
less. Table 1 characterizes the starting structures by
their sequences of cis (c) and trans (t) oriented acet-
ylene linker.

Our data underline the expected rigidity of C3. The
geometry optimizations starting from structures which
contain one trans-orientation lead to local minima
which is 36 kJ/mol higher in energy than the minimum
obtained from the ccc starting structure (Figure 4a).
Please note that for this conformer one PBI unit is
not perpendicular to the phenyl linker in the energy
minimum. This might result because the conformer
with three perpendicular PBI units is more strained.
However, the potential for this torsional motion is
rather flat (see Supporting Information, Figure S6)
and accordingly it is likely that on the HOPG substrate
all three PBI subunits lay flat and establish 7—s-interactions
with the substrate. Because the S, — S; transition of
PBI is polarized along the long molecular axis
of the molecules, the optical properties and energy
transfer processes among PBIs (see below) should be
invariant to this rotational motion.

LEE ET AL.

Figure 4. Sketch of optimized structures of (a) C3, (b) C4,
(c) top view, and (d) side view of C5, (e) top view and (f) side
view of C6. All shown conformations differ by less than
5 kJ/mol from the most stable structure.

The C4 is slightly more flexible. The lowest lying
conformer is obtained from the tctc starting structure
(Figure 4b). The second lowest conformer (obtained
ttcc) is already 6 kJ/mol higher in energy, that is, its
population in the thermodynamic equilibrium is below
10%. Notably, the conformer that was obtained from
the all cis starting structure is 8 kJ/mol higher in energy
and thus even less populated. In the optimized struc-
tures of the tetramer, cis- and trans-oriented orienta-
tion can still be distinguished. As expected from the
corresponding flat potential of the PBI-phenyl bond
also in the tetramer, phenyl, and PBI units are not
orthogonal to each other. While the €3 ring is flat, the
C4 ring is already slightly nonplanar but might be
flattened upon interaction of the PBI subunits with
the HOPG substrate surface. The highly ordered large-
size domains with square lattice suggest that this is
indeed the case.

Starting from the possible orientations of the acet-
ylene linker for the C5, we obtain four minima which
differ by 5 kJ/mol or less from the lowest energy
conformer. However, these minima strongly resemble
each other, for example the acetylene linkers generally
show cis-like orientations (Figure 4c) although the
geometry optimization started from different orienta-
tions. For the €6, we also obtain three conformers,
which are very similar (Figure 4e). In contrast, however,
these structures contain both cis- and trans-oriented
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structures. Like the C5, the €6 forms a zigzag crown-
like structure.

To explain the computational results, we have to
take into account that an increased flexibility does
not only diminish the energy differences between
two conformers but also the barrier between them.
For the €3, the high strain leads to large differences in
the energy of the conformers. However, the barriers
between two conformers are sufficiently high so that
different starting structures lead to different local
minima. This is also the case for the C4 but due to
the increasing flexibility the energy differences be-
tween the conformers decrease. The situation changes
for C5. Because of the increased flexibility the barriers
between possible conformers largely vanishes so that
geometry optimizations starting from quite different
orientations lead to very similar structures, which do
not differ in the relative orientations of the acetylene
linker. That for the C5 cis-orientations are more favor-
able, while, for the €6, a mixture of cis- and trans-
oriented units is preferred. In both cases, however,
nonminimum structures are easily accessible by ther-
mal energy at room temperature because of the flat
potential energy surface.

Up to now the calculations only reflect parts of the
flexibility because the number of starting structures
is very small. They, furthermore, do not take into
account possible influences of the phenoxy substitu-
ents. For further information we performed MD simu-
lations for the complete systems using the PM6-DH2
approach and monitored the variation of geometrical
parameters in the course of the MD simulations.
Figure 5 which depicts the probability distribution for
the occurrence of a dihedral angle between two
PBI units obviously shows the increasing flexibility of
the ring systems with increasing size. The C3 rings only
fluctuate around the planar all-cis conformation be-
cause strong strain effects prevent absolute values
larger than 130° and keep the C3 rings essentially flat.
Already C4 is considerably more flexible which is seen
in the strong increase of the probability to take values
of 180°. Nevertheless planar orientations with either
cis- or trans-orientation belong still to the most favored
geometries. The situation changes for C5 and C6.
Orientations with dihedral angles of 180° are now
predominantly taken and the most abundant struc-
tures during the course of MD simulation resemble the
nonplanar conformations as shown in Figure 4. Thus,
our computations predict that C5 and €6 are consider-
ably distorted during the course of the MD simulation.

The absence of well-ordered domains of C5 and C6
is easily explained by these computational results.
On one hand, these two molecules show much more
structural flexibility compared to their smaller counter-
parts. To form ordered domains on a surface this
flexibility has to be reduced to a single conforma-
tion which is associated with a large entropic penalty.

LEE ET AL.
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Figure 5. Distributions of the depicted dihedral angles
during the course of the MD simulations performed with
PM6-DH2. The ring size increases from (a) C3 to (d) C6.

On the other hand, both €5 and C6 adopt predomi-
nantly nonplanar geometries which will diminish
the attractive interaction with the HOPG surface or, in
other words, require a significant energetic penalty for
the structural deformation into a planar structure.
Fluorescence Intensity Trajectories. To investigate the
fluorescence dynamics of single CNs depending on
the structural flexibility with increasing the ring size,
SMS measurements were performed on immobilized
CNs in polymeric matrix with a confocal microscope
(TE2000-U, Nikon) by photoexcitation at 450 nm at
room temperature under ambient conditions. Typical
excitation power density was ~0.2 kW/cm? The sample
films of CNs were prepared by spin-coating a toluene
solution containing 10" M CN and 20 mg/mL PMMA.
As shown in Figure 6, CNs usually showed stepwise
photobleaching. We have implemented the statistical
analysis by collecting about 160 single-molecule FITs
for each compound. Approximately, 53, 38, 29, and 19 %
of the FITs of €3, C4, C5, and C6, respectively, exhibit
stepwise photobleaching with the same number
of intensity levels as the number of PBI chromophores
in the corresponding compound. The remnants of the
FITs present fewer intensity levels than the number of
PBI units (Table 2) which may indicate either collective
quenching (discussed below) or the presence of
some chromophores in dark states already at the
beginning of the FIT. The stepwise photobleaching
indicates that CNs exhibit weak interactions between
the PBI chromophores, as evidenced by other weakly
coupled macrocycles.*® In the previous ensemble
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Figure 6. Stepwise photobleaching behaviors in the FITs
of CNs in the polymer matrix at room temperature under
ambient conditions: (a) 3-step photobleaching of C3,
(b) 4-step photobleaching of C4, (c) 5-step photobleaching
of C5, and (d) 6-step photobleaching of C6. The number
of the blue lines in the FITs signifies the number of the
intensity levels in the FITs.

study of CNs,?" it was revealed that the absorption and
fluorescence spectra of CNs are similar, and that the
absorption coefficients monotonously increase in
going from M1 to C6. These results demonstrate that
interactions between the PBI chromophores are weak,
which is well matched with the stepwise photobleach-
ing dynamics of CNs at the single-molecule level.

The important point to note is that we need to
consider so-called collective blinking (or on/off) beha-
vior which was observed in almost all FITs, that is, a
temporal drop of fluorescence intensity to the back-
ground level (e.g., at 31.7,89.5,93.1, 115.1,and 131.5 s
with off-times of 0.04, 0.18, 21.96, 2.10, and 0.04 s,
respectively, in Figure 6a). This blinking behavior is
one of the characteristic features in single-molecule
dynamics reflecting efficient EET to fluorescence
quenching sites photogenerated in the system.* The
collective quenching event can be due to direct Forster
EET from an excited PBI to the quencher site formed

TABLE 2. The statistical analysis of the FITs of CNs

the number of the intensity levels

1 2 3 4 5 6 ratio” (%)

83/156 = 53%
59/154 = 38%
48/168 = 29%
31/160 = 19%

G 21 52 83

(I 39 29 59

G 19 36 38 27 48

@6 26 32 21 33 17 31

“The ratio between the number of the FIT with the same number of the intensity
levels as the number of the PBI units, and the number of the total FITs.

at one of PBIs,*"*? or preceded by energy transfer

between PBIs. The molecular size of CNs and the typical
exciton quenching radius (3—5 nm)*' are similar. As
shown in Table 2, more than 50% of the FITs exhibit
fewer intensity levels during photobleaching than
the number of PBI units in the CNs. This is a clear
indication of collective quenching. The table shows
that the collective quenching is more pronounced for
larger rings, which reflects considerable conformational
heterogeneities by significant structural distortions. It
is noteworthy that the fluorescence intensity trajec-
tories of CNs at the single-molecule level provide the
information on intramolecular interaction between the
adjacent chromophores, that is, how the molecular
system of CNs is photobleached, and the EET of CNs via
collective blinking behaviors.

Fluorescence Lifetime and Photostability Measurements.
We measured the fluorescence lifetimes of single
CN molecules using TCSPC under excitation power of
~0.2 kW/cm?. For every single-molecule, the fluores-
cence decay profile was constructed by fluorescence
photons at the first emissive level in the FITs and fitted
by a single exponential function. Figure 7 shows
the histograms of the fluorescence lifetimes of CNs at
the single-molecule level, and the solid lines in the
histograms correspond to the fitted Gaussian distribu-
tion functions with the average fluorescence lifetimes
of 7.0, 6.6, 6.4, and 6.5 ns for C3, C4, C5, and C6,
respectively. The full width at half-maximum (fwhm)
values of the solid lines are 1.48 + 0.06, 1.53 £ 0.08,
1.62 + 0.07, and 2.92 + 0.19 ns for C3, C4, C5, and C6,
respectively. The trend of the decreasing fluorescence
lifetimes with an increase of the size of CNs was also
observed at the ensemble level; 6.6, 6.1, 6.0, and 5.8 ns for
C3, C4, C5, and C6, respectively.?’ As the size of CNs
increases, it is likely that the structural flexibility in the
cyclic molecular structures increases. Thus, the structures
of large CNs become distorted, leading to an increase of
the conformational heterogeneity, as illustrated above
by the AFM heightimages and the MD simulations. As a
result, the structural distortion opens up new radiation-
less deactivation channels shortening of the fluores-
cence lifetime. The fluorescence lifetimes in toluene
are slightly shorter than those at the single-molecule
level in PMMA. This discrepancy originates from an
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Figure 7. Fluorescence lifetime distributions of CNs in
20 mg/mL PMMA matrix. The histograms were fitted by a
Gaussian function. (a) 7= 7.0 ns, fwhm =1.48 - 0.06 ns of C3,
(b) 7 = 6.6 ns, fwhm =1.53 + 0.08 ns of C4, (c) T = 6.4 ns,
fwhm =1.62 + 0.07 ns of C5, and (d) 7 = 6.5 ns, fwhm =2.92 +
0.19 ns of C6.

environmental difference between the solution and
the condensed state.

As shown in Figure 7, the fluorescence lifetime
distributions of CNs become broader with an increase
in the number of PBI units. We assume that the larger
the size of the CN is, the more the conformational
heterogeneity increases due to the structural distor-
tions. As seen in the cross-section analysis (Supporting
Information, Figure S4c) and the optimized structures
showing the mixture of cis- and trans-orientations
(Figure 4e,f) of C6, it is likely that the structures of C6
are the most distorted among the studied PBI macro-
cycles. In contrast, the structures of C3 are nearly flat
in agreement with the height of M1 (for the AFM image
in Supporting Information, Figure S5) and the MD
simulations (Figure 4a and 5a). Therefore, the broader
distribution of the fluorescence lifetimes of C6 clearly
corroborates that there are significant structural
heterogeneities.

Next, we have examined the photostability of CNs
in the PMMA polymer matrix under continuous photo-
excitation at the excitation power of ~0.2 kW/cm?. The
on-time of the first fluorescence intensity level in the
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Figure 8. Histograms of the on-times at the first intensity
levels in the FITs of CNs in 20 mg/mL PMMA matrix. The on-
times 0f 19.3 +1.1,13.0 £ 1.0, 11.2 £ 0.6, and 9.4 + 0.6 s for
C3, C4, C5, and C6 were fitted by a single exponential
function.

FITs can be strongly associated with the photostability
of single molecules under photoexcitation since this
level reflects the intrinsic status of the molecules prior
to any photoinduced damage. Figure 8 shows the
histograms of the on-times at the first intensity level
of CNs. The histograms were fitted by single exponen-
tial decay function with the time constants of 19.3 &+
1.1,13.0+1.0,11.2 £ 0.6,and 9.4 £+ 0.6 s for €3, C4, C5,
and C6, respectively. The on-times at the first intensity
levels become shorter with increasing the ring size,
which indicates that the photostability weakens. This
feature may be connected to the increased structural
flexibility of the larger rings which makes photoche-
mical reactions more efficient than in the rigid and
well-defined structure of €3. This phenomenon is also
observed in other chlorophyll multichromophoric sys-
tems with relatively short and long linkers.>® Even the
number of the chromophores in the molecular systems
is the same, the on-times at the first intensity levels
decrease with an increase of the structural flexibility
in the molecular system with long linker. Thus, it is
thought that the photostability of CNs can be affected
by the distorted geometries which show photochemi-
cal reactions.

Additionally, since the larger ring systems absorb
more light at the given excitation power, the probability
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to create photochemical processes increases. Then,
combined with the collective bleaching, the larger
systems can be photobleached faster. It actually fits
with the experimental results (Figure 8). C6 has two
times more chromophores than €3, and it survives two
times less in its first emitting level.

Fluorescence Polarization Measurements. Fluorescence
polarization measurements at the single-molecule
level*°~>* are very useful for understanding quenching
processes and energy transfer in multichromophoric
systems.>>® CNs were excited by circularly polarized
light with an excitation power of ~0.2 kW/cm? We
used a polarized beam splitter to separate parallel-
polarized (s) and perpendicular-polarized (p) com-
ponents of the emitted light, and each of these com-
ponents was detected with two independent APD
detectors. The change in the relative intensity of the
two channels is illustrated by the change in the steady-
state polarization P, which is defined as

_ A-GB
 A+GB

Where A and B are intensities of s- and p-components
of the fluorescence light and G is the correction factor
to account for differences in the detection efficiencies
of the two channels.

Figure 9 displays the representative polarization
trajectories of €3 and C4 along with their FITs. The
polarization trajectories can be roughly classified into
two types. In the trajectories of the first type, the value
of P is changing when the stepwise photobleaching
occur (Figure 9a,b), whereas the trajectories of the
second type show a constant polarization level irre-
spective of photobleaching (Figure 9¢,d). We assume
that the fluorescence of CNs always comes from a low-
energy subset of PBIs. In the first case bleaching of one
or more PBIs obviously changes this subset and, due
to different orientations of the PBIs in the rings, leads
to changes in the polarization degree. For example,
if such situation would be realized due to efficient EET,
the emission was coming just from a single emitting
trap and this trapping PBI was bleached. The bleached
trap was then replaced by another PBI possessing
different orientation resulting in a different P value.
The trajectories of the second type (Figure 9c,d)
can occur if the observed emission is coming from a
single emitting trap>' while the other PBls work as a LH
antenna and do not emit light by themselves.”® This is
another evidence of EET processes between PBls in CNs
at the single-molecule level. The statistical analysis
shows that the probability for the CN to possess stable
fluorescence polarization (case two) decreases with the
increase of CN's size and is equal to 51, 45, 28, and 26%
for €3, C4, €5, and C6, respectively. It is more difficult
for €5 and €6 to possess a stable single emitting site
probably because of the more distorted (and possibly
flexible) structures and larger number of PBI units.
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Figure 9. Representative polarization trajectories (green
lines) of C3 and C4 with the stepwise photobleaching
behavior in the FITs (gray line is s-polarization component
and blue is p-polarization component). / represents the
number of photon counts per 20 ms. (a) A changing level
in polarization trajectory with 3-step photobleaching beha-
vior of C3, (b) a changing level in polarization trajectory with
4-step photobleaching behavior of C4, (c) a constant level in
polarization trajectory with 3-step photobleaching beha-
vior of C3, (d) a constant level in polarization trajectory with
4-step photobleaching behavior of C4.

Indeed, the types of the polarization trajectories of
C5 and €6 were considerably complicated. It is thought
that various types of the polarization trajectories in
larger systems are significantly affected by their struc-
tural distortions.

Coincidence Measurements. We carried out coinci-
dence measurements to evaluate the EET efficiency
of €3, C4, C5, and C6 via observation of singlet—singlet
(S;—S;) exciton annihilation.>” This process occurs
when two or more singlet excitons are generated by
a short laser pulse making possible the following reac-
tion:S; +S;—S¢+S,—Sp + S; + heat. Asaresult, one
exciton disappears (the excited molecule returns to So)
while the other remains after fast internal conversion
from S, to S;. Because it requires the excitons to collide
or at least be close to each other, exciton migration is
needed for the annihilation to occur. Thus we can use
annihilation as a measure of the EET efficiency among
PBI units in the cyclic PBI arrays.

We have chosen the molecules which keep all chromo-
phores active at the first emissive level. Photons
arrived during this first intensity level were then used
for analysis. An example of such a molecule is the C3
molecule shown in Figure 10a. It possessed three
intensity levels during photobleaching and all three
chromophores were active in the beginning of the FIT
(the first 0.6 s in Figure 10a). In Figure 10b, the distances
between the peaks are 100 ns corresponding to the
inverse laser pulse repetition rate. The peak at t = 1000 ns
(the time scale is relative) gives the number of the
coincident photon pairs (N¢). All other peaks give the
number of photon pairs when individual photons are
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Figure 10. (a) The 3-step photobleaching FIT of C3. (b) The
corresponding interphoton arrival time distribution of C3.
(Nc and N, signify central (coincidence events) and lateral
peaks, respectively, see the text for details).

originated from different excitation pulses (N,) that is
proportional to the fluorescence intensity of the mol-
ecules. The Nc/N, ratio can be used to estimate the
number of independently emitting chromophores.
Neglecting background signals, the N¢/Ni values of
0.0,0.5,0.67, and 0.75 are expected for one, two, three,
and four emitters, respectively.®® The smaller is the
value of N¢/N,, the more efficient S;—S; annihilation
and EET processes are.>®°

For all CNs, we have evaluated the N¢/N, values for
the single molecules; 50 single-molecule data sets
were employed for each array. As shown in Figure 11,
the average N¢/N, values are 0.06, 0.08, 0.10, and 0.11
for €3, C4, C5, and C6, respectively. With an increase
in the size of CNs, their average Nc/N, values become
gradually larger, and the Nc/N_ distributions be-
come broader. In our experimental conditions (signal/
background &~ 70), the single emitting chromo-
phore situation should give Nc/N, = 0.06.39°8 This
value is very close to that observed for C3. This
implies that C3 exhibits a very high energy transfer
efficiency supported by its well-defined and rigid
planar structure.

Generally, the EET highly depends on the spectral
overlap of the molecular system, the relative orienta-
tion of the transient dipoles, and the distance between
the interacting chromophores.®' Since the absorption
and fluorescence spectra of CNs are similar regardless
of the ring size (absorption A, = around 583 nm, and
fluorescence Amax = 614 nm in Supporting Information,
Figure S7), the EET efficiency is not affected by the
spectral overlap of CNs. However, considering the ring
sizes of 2.5, 3.2, 3.9, and 4.7 nm averaged from MD
simulations (the maximal distance between two car-
bon atoms of the imide-bonding) for €3, C4, C5, and
C6, respectively, the distances between the interacting
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Figure 11. Histograms of the N¢/N| values of CNs collected
from 50 single-molecule data sets for each array. All
histograms were fitted with a Gaussian distribution
function.

chromophores and the angles of their transition di-
poles are varied with increasing ring size. Even the
structural distortion becomes larger in larger cyclic
systems. Consequently, we assume that the distinct
differences in the structures of CNs with increasing the
ring size have influence on the EET efficiency. The
smaller Nc/N_ value for €3 than those for C4, C5, and
C6 indicates that C3 can be considered as a well-
defined and planar cyclic structure for efficient EET
processes. On the other hand, the more structural
distortion in a larger C6 system might reduce the EET
efficiency by introducing competitive nonradiative
decay channels. As shown in the histograms of the
fluorescence lifetimes of CNs in Figure 7, the fluores-
cence lifetime distributions become broader with the
reduction of fluorescence lifetimes in larger systems.
These results are induced by the conformational flex-
ibility in larger systems leading to more structural
distortions with radiationless deactivation channels.
In accordance with this feature, N¢/N, distributions
become broader with the increase of the ring size by
the conformational heterogeneities. It is demonstrated
that the EET efficiency in CNs is determined from their
structural distortions.

Although the Nc/N_ value clearly increases with
increasing the ring size, it is still much less than that
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for two emitting sites (0.5). So, we conclude that PBI
arrays from €3 to C6 behave, to a large extent, as single
photon emitters. The reason for a slight decrease of
the exciton annihilation in large rings is not very
clear because even the largest PBI array (C6) is still a
very compact system where efficient annihilation is
expected. However, as our AFM studies and calcula-
tions showed, large rings (C5 and C6) can possess
distorted structures. Because of distortions and, con-
sequently, increased energetic disorder, the formation
of two distinct exciton traps (emitting sites) well sepa-
rated in space by several nanometers seems possible.
In such cases, interaction between the two S; excitons
populating the traps may not be strong enough to
completely exclude photon coincidence events.

Itis also interesting that Nc/N, distributions become
broader with the increase of the ring size. It means that
for the large rings the exciton annihilation efficiency
(and EET) varies from molecule to molecule (due to, for
example, differences in their geometries) and also
probably fluctuates during the data acquisition time
which was of the order of 0.6 s (Figure 10a).

CONCLUSIONS

The macrocycles of acetylene linked PBI cyclic arrays
(CNs) have been investigated by atomic force micro-
scopy (AFM) and single-molecule fluorescence spec-
troscopy with a focus on the influences of the overall
structural rigidity on the efficiency of excitation energy
transfer (EET) processes with increasing size of CNs.
It is clearly shown by the AFM height images on highly
ordered pyrolytic graphite surface and molecular

METHODS

Ensemble Spectroscopy. Steady-state absorption and fluores-
cence (580 nm excitation wavelength) of CNs in toluene
(Aldrich, spectrophotometric grade) were measured using a
Cary5000 (Varian) UV/vis spectrometer and F-2500 (Hitachi)
fluorometer.

Sample Preparation. The synthesis of CNs has been described
previously.?’ Samples for SMS measurements were prepared by
spin-coating solutions of CNs (~107"° M) in toluene containing
20 mg/mL PMMA (Aldrich, average M.W. = 96 700) on rigorously
cleaned quartz coverslips at 2000 rpm for 50 s. Thickness of the
obtained PMMA films doped by CNs was ~100 nm as measured
by AFM.

Atomic Force Microscopy. AFM investigations were performed
under ambient conditions using a MultiMode Nanoscope IV
system (Bruker AXS, Santa Barbara, CA), operating in a tapping
mode in air. Silicon cantilevers (Olympus, Japan) with a reso-
nance frequency of ~300 kHz and spring constant of ~42 N/m
were used. Samples were prepared by spin-coating of a 7.5 x
107® M solution of each of these macrocycles onto HOPG.

Single-Molecule Fluorescence Spectroscopy. Detection of single-
molecule fluorescence was performed with a confocal micro-
scope (TE2000-U, Nikon) equipped with a sample scanning
stage (XE-120, Park Systems) at room temperature under am-
bient conditions. The sample was excited by a circularly polar-
ized light from a picosecond pulsed diode laser (LDH-D-C-450,
Picoquant, 450 nm, 10 MHz repetition rate, 70 ps pulse width)
prepared by a Berek compensator (5540, New Focus). The laser
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dynamics (MD) simulations that the structures of CNs
become more distorted in going from C3 to C6. All
together our computational results explain AFM and
the single-molecule spectroscopy data. At ambient
temperatures €3 and C4 form essentially one confor-
mer because all other conformers are considerably
higher in energy. Because of this rigidity the formation
of highly ordered domains became possible, whereas
the high flexibility and the prevalence of nonplanar
conformations precluded the formation of such do-
mains for C5 and C6. The increasing flexibility indicated
by our computations rationalizes the single molecule
data which show that the distributions of photophysi-
cal parameters considerably broaden if one goes to the
larger ring systems. At the single-molecule level, the
smaller rings (C3 and C4) show higher photostability
and EET efficiency than the larger molecules due to
relatively rigid and well-defined structures of the C3
and C4 in comparisons to €5 and C6. These results
demonstrate that the small rigid macrocycles without
structural distortion are optimal to show effective light-
harvesting (LH) and stability at the same time. Even
though more pigments incorporated in the larger
cyclic arrays enable to increase the light absorption
capability, it does not necessarily lead to higher LH
efficiency. Larger rings are more susceptible to photo-
chemical degradation and, structural distortions fol-
lowed by overall structural flexibility deteriorating the
EET resulting in inefficient LH. The overall rigidity in
the molecular structures is a primary factor to obtain
efficient and robust artificial LH systems in the solid
state.

beam was focused onto the sample via an oil immersion
objective lens (Plan Fluor, 1.3 NA, 100x%, Nikon) giving irradia-
tion power of ~0.2 kW/cm? at the sample. Fluorescence was
collected using the same objective, passed through a dichroic
mirror (z457rdc, Chroma Technology), filtered with a notch filter
(HNPF-450.0—1.0, Kaiser Optical Systems Inc.) as well as long
pass filters (HQ488lp and HQ500lp, Chroma Technology), and
focused on an avalanche photodiode (APD) (SPCM-AQR-16-FC,
EG&G). After an individual molecule was positioned in the laser
focus, the fluorescence signal detected by the APD was regis-
tered by a time-correlated single photon counting (TCSPC) PC
card (SPC 830, Becker & Hickl) operated in first-in-first-out
regime, in which the arrival time after the beginning of the
acquisition and the time lag with respect to the excitation
pulse were stored for each detected photon. The fwhm of the
overall instrumental response function was about 500—600 ps.
These data were processed using BIFL data analyzer software
(Scientific Software Technologies Center) to obtain the FITs with
a user-defined binning time, and the time-resolved fluores-
cence decays using photons belonging to a user-defined region
in the trajectories.

For the fluorescence polarization measurement, we used a
polarization beam splitter (PBS101, Thorlabs) to separate paral-
lel- and perpendicular-polarized components of the emitted
light which were detected by two independent APDs.

Coincidence Measurements. For the coincidence measure-
ments, a classical Hanbury-Twiss and Brown type of setup (the
coincidence setup)*>*® in combination with pulsed excitation
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(the excitation power was ~ 2 kW/cm?) was used. For this
purpose a 50:50 nonpolarizing beam splitter was added in the
detection part such that the fluorescence was focused on two
APD detectors. The signals from both APDs were fed into a router
of TCSPC PC card (SPC 830, Becker & Hickl), and one of the two
signals was delayed by applying electronic delay (915.5 ns). This
procedure allows detection of multiple fluorescence photons
generated by the same laser pulse. A time-to-amplitude converter
measured the time intervals between photons (one detector
channel was the start, and the other was the stop). Because we
used pulsed excitation light, the histogram of the interphoton
arrival times is determined by the laser repetition rate (10 MHz).

Molecular Dynamics Simulations. The MD simulations contained
60 000 time steps of 1 fs from which 600 frames were used in the
analyses. The simulations were performed for 300 K using a
Nose—Hoover thermostat. All calculations were conducted with
the in-house CAST program package.
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