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Abstract: Excited-state dynamic planarization processes play
a crucial role in determining exciton size in cyclic systems, as
reported for p-conjugated linear oligomers. Herein, we report
time-resolved fluorescence spectra and molecular dynamics
simulations of p-conjugated cyclic oligothiophenes in which
the number of subunits was chosen to show the size-dependent
dynamic planarization in the vicinity of a ring-to-linear
behavioral turning point. Analyses on the evolution of the
total fluorescence intensity and the ratio between 0–1 to 0–0
vibronic bands suggest that excitons formed in a cyclic
oligothiophene composed of six subunits fully delocalize
over the cyclic carbon backbone, whereas those formed in
larger systems fail to achieve complete delocalization. With the
aid of molecular dynamics simulations, it is shown that
distorted structures unfavorable for efficient exciton delocal-
ization are more easily populated as the size of the cyclic
system increases.

A wide range of p-conjugated oligomers and polymers have
been developed as a result of their promising applicability in
various optoelectronic devices.[1–5] In such systems, the extent
of exciton delocalization plays a crucial role in determining
the device performance.[5–7] A number of experimental and
theoretical works have revealed the two key processes
governing exciton size: exciton self-trapping induced by the
C=C stretching motion and exciton delocalization induced by
dynamic planarization.[8–15] Exciton self-trapping occurs on
a timescale of less than 100 fs and causes the exciton to
localize in the conjugative segments defined primarily by
torsions and kinks within the Franck–Condon state geome-
try.[8–11] On the other hand, exciton delocalization occurs on
a picosecond timescale and has a contrasting effect on exciton
size as it decreases inter-ring torsional angles and thereby

enhances p-orbital overlap between chromophoric units. As
a consequence of dynamic planarization, the quinoidal
character of the system becomes manifest and as a result
confined excitons delocalize over the carbon backbone.[12–15]

Many researchers have examined the effect of excited-
state structural rearrangement on the extent of exciton
delocalization. By varying lengths of linear oligomers, they
found that the exciton wavefunction vanishes on the periph-
ery of a carbon chain, which is often referred as the chain-end
effect.[8,16, 17] Furthermore, it was shown that the linear
geometry is prone to conformational disorder, which disrupts
p conjugation and hampers exciton delocalization.[18–21] In
contrast, cyclic oligomers, such as cycloparaphenylenes
(CPPs),[22–25] cyclothiophenes,[26–28] and porphyrin nanor-
ings,[29–31] have drawn considerable attention in recent years
as they were predicted to exhibit less, or no, chain-end
effect.[23,27, 29, 32] However, continued studies have collectively
demonstrated that the common characteristics of a cyclic
system can be lost depending on the size of the system. For
example, Aggarwal et al. have recently shown that the
excitons formed in large p-conjugated macrocycles composed
of six phenylcarbazole-based units localize to dimer-length
segments of random orientation.[33] In CPPs, Adamska et al.
have shown that excitons localized to form distorted struc-
tures in large CPPs, whereas uniform cyclic structures are
maintained in small CPPs as a result of complete delocaliza-
tion of excitons.[34] Parkinson et al. studied the difference in
the size of the absorbing and emitting states of porphyrin
nanorings and demonstrated that exciton localization in large
porphyrin nanorings results in a loss of ring-like behaviors.[35]

In line with previous studies, our group recently published
a comparative study on the exciton delocalization process of
linear and cyclic oligothiophenes.[36] By analyzing the evolu-
tion of transient fluorescence spectra, we suggested that the
conformational disorder is significantly decreased by forming
a cyclic geometry. In a cyclic oligothiophene composed of ten
thiophene units (C-10T2V), a dynamic planarization process
allows complete delocalization of the exciton over the cyclic
framework (herein termed formation of a cyclic exciton),
whereas in larger rings (from C-15 T3V to C-30T6V), the same
process fails to produce circular excitons. A consecutive study
on C-10T2V by single-molecule spectroscopy has differenti-
ated the spectral features originating from torsional defects
and small torsional disorder, which led to the conclusion that
the ensemble of C-10T2V contains an appreciable portion of
excitons which cannot completely delocalize over the cyclic
framework (herein termed acyclic excitons).[37]

According to previous studies, excitons that form in p-
conjugated cyclic oligomers undergo complex evolution
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depending on the size of the system. The ring-size dependence
of the primary process, that is, exciton self-trapping, has been
systematically studied in a number of systems. However, the
effect of dynamic planarization on the exciton size in cyclic
systems has not been thoroughly investigated. In this regard,
we prepared a set of macrocyclic oligothiophenes (Figure 1)
in which the number of thiophene units was selected to
examine the dynamic planarization process near the turning
point of ring-to-linear exciton behavior.

The steady-state absorption and fluorescence spectra of
cyclic oligothiophenes in toluene are shown in Figure 2 and
their photophysical parameters are tabulated in Table S1 in
Supporting Information. The absorption spectrum of C-6T
has characteristics similar to other small cyclic systems
previously reported, such as cyclothiophenes composed of
eight units[27] or CPPs composed of less than nine units.[24,25] In
these fully conjugated, flat, cyclic oligomers, energy states are
arranged to produce a forbidden S0–S1 transition and doubly
degenerate S0–S2, S0–S3 transitions.[38, 39] In this sense, the
sharp absorption band of C-6T at l = 412 nm corresponds to
the allowed degenerate transitions and the long tail stretched
down to l = 550 nm corresponds to the forbidden lowest
energy transition, which, presumably, gains oscillator strength
by Herzberg–Teller intensity borrowing.[40] In going from C-
6T to C-12T the lowest energy absorptions become gradually
more intense. This change can be attributed to the lifting of
cyclic symmetry by conformational disorder which redistrib-
utes the oscillator strength from pairwise degenerate tran-
sitions to the forbidden lowest-energy transition. Thus, the
gradual increase in intensity of the lowest-energy transition

reflects the increasing conformational disorder with an
increase in the size of the cyclic oligothiophenes.

As suggested in previous studies, the steady-state fluores-
cence of cyclic oligothiophenes is a consequence of structural
relaxation processes along steep excited-state potential.[36] In
this sense, the lack of mirror-image symmetry in C-12 T, which
is often observed in typical p-conjugated linear oligomers,
signifies large excited-state structural rearrangement along
the torsional coordinate. It is worth noting that the 0–0 to
0–1 vibronic band ratio for the steady-state fluorescence
spectrum of C-12T is also similar to that of P3HT (poly(3-
hexylthiophene)).[41] The theoretical work done by Hestand
and Spano suggests that in an ideal cyclic conjugated polymer,
the fully delocalized exciton (cyclic exciton) can be charac-
terized by a complete suppression of the 0–0 vibronic band.[42]

Structural or thermal disorder disrupting exciton coherence
allows the 0–0 vibronic band to become more intense. This
result is coincident with the Herzberg–Teller intensity bor-
rowing described by Yong et al. , which assigns the 0–0
vibronic transition to a forbidden transition and attributes
the presence of 0–1 or higher-order vibronic bands to dynamic
distortion involving non-totally symmetric modes.[43] In
Figure 2, it is easy to notice that the 0–1 to 0–0 vibronic
band intensity ratio (I0–1/I0–0) decreases with increasing the
size of the molecule. This trend suggests that the cyclic
oligothiophenes in their excited states are conformationally
disordered, where the disorder increases with increasing the
size of the system. This speculation is further supported by the
trends in fluorescence quantum yields and radiative rate
constants (Table S1).[43] As the radiative rate constant kr is
proportional to the oscillator strength of an emissive state,[44]

an increase in kr value with increasing the size of the molecule
can be related to the size-dependent conformational disorder,
which leads to a lowering of the symmetry and an increase of
the oscillator strength in the emissive state.

To investigate the development of excited-state confor-
mational disorder as a function of time, we employed
femtosecond fluorescence upconversion technique. Fig-
ure 3a–d shows the time-resolved fluorescence spectra
(TRFS) for compounds C-6 T, C-8T, C-10T, and C-12T. The
spectra were reconstructed from the fluorescence decay
profiles analyzed by global fitting using two time variables
(t1 and t2) and one constant (tfl) fixed to the fluorescence
lifetimes obtained from time-correlated single photon count-
ing (TCSPC) measurements (Table S4).[12] The two time
variables were used to fit the complex spectral evolution
induced by the dynamic planarization process.[15] Notice that
the spectral shift, indicative of exciton delocalization, is clear
in C-10T and C-12T, whereas in C-6T and C-8T such
behavior is less appreciable, implying a stagnant exciton size
for the two planar systems. Instead, a fast decrease in intensity
with changes in the vibronic band ratio is recognized. To
perform detailed analyses on the dynamic planarization
reflected in the spectral evolution, the TRFS were fitted
with a sum of two to three Gaussian functions.[45]

Figure 3e shows the plot of the normalized total fluores-
cence intensity as a function of time. The rapid suppression of
fluorescence intensity does not seem to originate from the
population decay of a singlet excited state, but is due to

Figure 1. Molecular structures of cyclic oligothiophenes.

Figure 2. Steady-state UV/Vis absorption (left) and fluorescence spec-
tra (right) of cyclic oligothiophenes in toluene. The samples were
excited at the wavelength of their absorption maxima. The fluorescence
intensities (Ifl) are scaled to reflect their fluorescence quantum yields.
Inset: Steady-state fluorescence spectra of C-6T and C-8T.
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a symmetry-induced decrease of the oscillator strength of an
emitting state. This occurs through the dynamic planarization
of distorted cyclic carbon backbones imposing a cyclic
symmetry constraint on the partially allowed S1 state.[36]

Thus, the two fast lifetimes in the total fluorescence intensity
decays are attributed to a dynamic planarization process. The
sum of two amplitudes (Adp) and the amplitude-weighted
average lifetimes of dynamic planarization (tdp) are tabulated
in Table 1. With increasing the size of the molecule, the time
constants for dynamic planarization increases from 11 to 66 ps
and its contribution to the total fluorescence decay decreases
from 47.3 to 29.5 %. This trend suggests that the dynamics and
the extent of cyclic symmetry recovery are determined by the
interplay of innate structural flexibility and the quinoidal
character in the excited state. Although dynamic planariza-
tion stabilizes the quinoidal bonding character in the excited
state by decreasing inter-ring torsional angles, thermal
perturbation acts as an opposing force which hinders the
system from reaching an ideal cyclic conformation. The
degree of cyclic symmetry recovery is limited to an equilib-

rium in which the two counteracting effects are in balance. As
the decreasing contribution of dynamic planarization implies,
the equilibrium is biased to distorted conformations as the
size of the ring increases.

Figure 3 f shows the evolution of the intensity ratio
between the 0–0 and 0–1 vibronic bands (I0–1/I0–0) as a function
of time. Again, for all cyclic oligothiophenes, the ratios
rapidly increase on the timescale of dynamic planarization. In
conjunction with the rapid fluorescence suppression, the rise
in I0–1/I0–0 values is also a result of exciton delocalization aided
by dynamic planarization. Based on the previous interpreta-
tions by Hestand and Spano[42] and Yong et al,[43] the high
initial I0–1/I0–0 value in the case of C-6T indicates that the
dynamic planarization of this molecule starts from a relatively
planar molecular geometry, which approaches a nearly ideal
cyclic geometry by removal of the marginal disorder present
in the starting molecular configuration. In the case of C-12T,
the low initial I0–1/I0–0 value, which is similar to those of typical
linear p-conjugated oligomers, suggests that the starting
shape of the exciton is linear. Although dynamic planarization
in C-12T extends the exciton size, severe torsional disorder
induced by thermal perturbation impedes full-ring exciton
delocalization.[15] Thus, the final I0–1/I0–0 value of C-12T
implies that excitons cannot fully delocalize within the
structure (acyclic exciton). Similarly, we can conclude that
exciton formed in C-10T starts from and ends with an
acyclic geometry but its curvature is indicated by a larger
I0–1/I0–0 value than that of C-12 T.[42] A further increase is
detected in C-8Twhich can be interpreted by the formation of
a near-cyclic exciton and, finally, the large I0–1/I0–0 value in the
case of C-6T is assigned to the realization of a fully cyclic
exciton, that is, excitons can fully delocalize over the cyclic
molecular backbone.

Size-dependent conformational disorder is further sup-
ported by the existence of various conformers obtained from
molecular dynamics (MD) simulations performed with the
NAMD program.[46] We obtained 10000 different molecular
conformations from 5 ns of simulation, from which mean
planes of backbone atoms and inter-thiophene torsional angles
were calculated (see the Supporting Information for details).

To evaluate the planarity of the cyclic backbone, we
introduce a model parameter D which is the sum of the
squares of the distances from a mean plane normalized by the
number of constituent thiophene units. Figure 4a shows the
distribution of parameter D for the simulated conformers.
C-6T shows surprisingly sharp distribution near 0 è2 whereas
C-12T shows a broad dragging distribution to 50 è2 (distri-
bution over 30 è2 is truncated as a result of low counts). The
narrow distribution of C-6T and C-8T approaching 0 è2 is
a result of large ring strain, whereas broad distribution of C-
10T and C-12T is a result of structures without strain. It is
easy to expect that chain bending and folding cost a large
amount of energy for systems with large strain, whereas
thermal energy at room temperature is enough to form
nonplanar structures for systems with little strain.[47] This
presumption is supported by the shape of the distributions
resembling that of a Maxwell–Boltzmann distribution, which
describes the distribution of the population over quantized
energy states in thermal equilibrium. Thus, in the presence of

Figure 3. Reconstructed TRFS of a) C-6T, b) C-8T, c) C-10T, and d) C-
12T in toluene. e) Total fluorescence intensity (total Ifl) and f) ratio of
the spectrally integrated fluorescence intensity of the 0–1 to 0–0
vibronic bands (I0–1/I0–0) calculated from TRFS. All samples were
excited at l =400 nm.

Table 1: Summary of the parameters for the total intensity decay and the
ratio between 0–1 and 0–0 vibronic bands.

Sample tdp
[a]

[ps]
tfl

[ps]
Adp

[b]

[%]
Afl

[%]
(I0–1/I0–0)i

[c] (I0–1/I0–0)f
[d]

C-6T 11 970 47.3 52.7 1.96 7.31
C-8T 26 640 48.8 51.2 0.98 2.38
C-10T 49 620 33.4 66.6 1.04 1.39
C-12T 66 480 29.5 70.5 0.60 0.81

[a] Amplitude-weighted average lifetime. [b] Amplitude sum of dynamic
planarization. [c] Initial and [d] final 0–1 to 0–0 vibronic band ratio.
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identical thermal perturbation, C-6T and C-8T retain rela-
tively planar geometries favorable for p-electron delocaliza-
tion, whereas C-10T and C-12T fail to preserve planar
geometry and, thus, acyclic excitons are likely to form.

As torsional potentials of p-conjugated systems are often
modelled with sinusoidal functions,[48,49] we introduce another
model parameter T for torsional angle distribution. T is the
sum of all absolute cosine values of dihedral angles between
two neighboring thiophene units which is normalized by the
number of thiophene units in a system. T= 1 represents
a planar disorder-free conformation and T= 0 represents
a complete loss of p-electron delocalization. Figure 4b shows
the distribution of T values for all cyclic oligothiophenes. The
narrow distribution near the value of 1 for C-6T indicates that
C-6T has stable p-electron delocalization that stretches over
the whole carbon backbone. As reflected in the shift of the
maxima in going from C-6T to C-12T, increasing the number
of thiophene units increases the torsional disorder and
heterogeneity of the system. Introducing a conjugation cut-
off angle of 7088, which has been suggested by De Leener
et al. ,[19] allows us to estimate the proportion of conforma-
tions which have torsional defects. Conformers with T values
smaller than the boundary values, indicated as colored dashed
lines in Figure 4b, can be considered to exhibit incomplete p-
electron delocalization. In C-6T and C-8 T, the major
proportions (97% for C-6T and 69 % for C-8T) of the
distribution are positioned on the side of the T value larger
than their boundary values, whereas in C-10Tand C-12T, only
small portions (8.3% for C-10T and 0.18% for C-12 T) reside
on the side of T larger than the boundary values. Although the
force-field parameters we employed cannot accurately reflect
the excited-state torsional potential, when combined with the
size-dependent symmetry recovery and exciton delocalization
demonstrated in the TRFS the simulation suggests that
excitons can delocalize fully, that is, a fully cyclic exciton is
formed, only in C-6T. Above a certain size boundary, in this
case the size of C-8T, excitons in cyclic systems tend to
localize as a result of conformational disorder which disrupts
efficient p-electron delocalization.

Exciton delocalization processes by
dynamic planarization are schematically
presented in Figure 5 for the two extreme
cases, C-6T and C-12T. The exciton size in
C-6T does not significantly increase because
of its low initial disorder and dynamic
planarization aids the formation of an ideal
planar cyclic geometry. On the other hand,
the dynamic planarization process in C-12T
extends the exciton size but the exciton
cannot completely delocalize because of
a large distortion in the carbon chain.

In summary, we have investigated the
size-dependent excited-state dynamic pla-
narization processes in cyclic oligothio-
phenes using a femtosecond fluorescence
upconversion technique. From the abrupt
total intensity decay and concurrent rise in
I0–1/I0–0 values, we found that complete
cyclic delocalization of the exciton occurs

for C-6T, whereas C-8 T attains excitons of nearly cyclic
geometry and only acyclic excitons are formed for C-10 T and
C-12T. MD simulations support this observation by generat-
ing conformers with stable p-electron delocalization in the
case of C-6 T and C-8T, whereas conformers with torsional
defects are generated in the case of C-10Tand C-12 T. Herein,
we suggest that the exciton delocalization length obtained
through excited-state dynamic planarization is no longer than
the size of eight thiophene units. We believe that our findings
on the size-dependent exciton delocalization in p-conjugated
cyclic oligothiophenes will provide essential information for
designing functional materials that have cyclic geometry and
in which superior delocalization of excitons is possible.
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