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ABSTRACT: A series of t-extended cyclic thiophene oligomers of 12, 18, 24, and 30 repeat units have
been studied using methods of ultrafast time-resolved absorption, fluorescence upconversion, and three-
pulse photon echo. These measurements were conducted in order to examine the structure—function
relationships that may affect the coherence between chromophores within the organic macrocycles. Our
results indicate that an initial delocalized state can be seen upon excitation of the cyclic thiophenes.
Anisotropy measurements show that this delocalized state decays on an ultrafast time scale and is
followed by the presence of incoherent hopping. From the use of a phenomenological model, we

IPEPS (Normalized Intensity)

conclude that our ultrafast anisotropy decay measurements suggest that the system does not reside in the

Forster regime and coherence within the system must be considered. Three-pulse photon echo peak shift experiments reveal a clear
dependence of initial peak shift with ring size, indicating a weaker coupling to the bath (and stronger intramolecular interactions) as
the ring size is increased. Our results suggest that the initial delocalized state increases with ring size to distances (and number of

chromophores) comparable to the natural light-harvesting system.

B INTRODUCTION

Recent discoveries have indicated that quantum coherence effects
may play an important role in achieving remarkably high energy
conversion efficiency in natural photosynthetic organisms.l_6 By
effectively linking the chromophores together, quantum coherence
allows the molecules to exploit the energy of the sun with nearly
100% efﬁciency.2’4’6’7 What remains unclear, however, is an under-
standing of how specific structural or environmental parameters can
contribute to quantum coherence and how these parameters could
be synthetically manipulated to increase efliciencies in future optical
and electronic devices.

Many oligo- and polythiophene compounds have attracted
recent interest for use in optical and electronic devices due to
their reported fluorescence and conducting properties.” "' The
properties of shorter oligomers are known to be greatly influenced
by “end-effects”.'>'>'* Dendritic structures have also been studied
to determine their potential for use in artificial light-harvesting
systems.'*" "7 These structures have the advantage of controlled
synthesis that results in regular and well-defined architectures, and
their photophysical processes are strongly affected by their geo-
metrical confinement.'”2° However, issues related to end effects
and very high flexibility are known to limit the possibilities of these
structures.”! Cyclic molecular aggregates, however, are well-
known to play a crucial role in very efficient natural photosynthetic
systems.”** Previous studies have shown that long conjugation
associated with relatively rigid and ordered cyclic morphology in
synthetic structures leads to strongly enhanced nonlinear optical
responses.”*”>” Recently developed thiophene-based macrocycles
offer new materials that combine potentially endless 77-conjuga-
tion paths with structurally well-defined oligomers.”* ' The
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outstanding electrical properties of oligothiophene systems have
already shown success in organic photovoltaic cells.”*> By com-
bining these materials with a cyclic topology shown to be efficient
in light-harvesting antenna,”* we are able to gain a novel perspec-
tive in the development of efficient light conversion devices that
utilize quantum coherence.

In this contribution, we provide a systematic study of 77-extended
cyclic thiophene oligomers, which include 12, 18, 24, and 30 repeat
units (Figure 1). These are 7-conjugated systems with nanometer-
sized cavities.”****” The ring diameters vary from ~21 to
~60 A.>***% These materials experience no “end-effects” and are
expected to be more rigid as compared to linear oligomers. To
better understand the role of synthetic parameters, like ring size, in
electronic coherences, we have preformed a detailed investigation
of the structure of optical excitation in the artificial ring systems
using ultrafast polarization- and time-resolved absorption, fluores-
cence, and three-pulse photon echo. The electronic delocalization
length is an important measure of the balance between the
electronic intrachain coupling and the bath coupling (two funda-
mental interaction mechanisms that determine the efficiency of
energy transferin a li§ht—harvesting system)' ™ 7*>*¥373%in 4 given
oligomeric system®*” and therefore is a main focus in this work.
Higher delocalization lengths indicate that more sites are contri-
buting to quantum coherence effects in the energy transfer process.
States delocalized over a larger number of repeat units can possess
larger transition moments, which facilitate greater absorption in a
light-harvesting system and high energy transfer rates (hopping)
between spectroscopic units. This can lead to a larger excitation
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Figure 1. Structures of giant thiophene macrocycles.

migration distance, a parameter critical for efficient photovoltaics.
With synthetic control of the ring size in the artificial structures, we
will gain insight into the electronic delocalization length, as well as
the role of planarity and the optimal number of building blocks in a
ring, to maximize the optical response at lower cost. A more
detailed understanding of these parameters is central to gaining
deeper insight into quantum coherence-assisted energy transfer
and how it can be incorporated into the design of artificial light-
harvesting materials to direct energy flow with high efficiency.

Importantly, we have found the initial peak shift to increase as
the size of the cyclic oligomer increases. As the initial peak shift
reflects the inverse effective electronic transition—bath inter-
action,® *" the peak shift rise indicates a decrease of the effective
coupling of the electronic transition to the bath for larger rings.
We assign this trend to the larger size of the electronic excitation
coherent domain in larger rings. The delocalized excitation
results in the eigenstate avera§in§ over the fluctuations in local
inhomogeneities of the sites, el leading to the increased
initial peak shift. Combined with all ultrafast methods used in this
study, these results indicate an initial delocalized state upon
excitation of the cyclic oligomers.

B EXPERIMENTAL SECTION

Synthesis and Structural Characterization. In this work, we
have investigated s7-extended cyclic thiophene oligomers of 12, 18, 24,
and 30 repeat units (Figure 1, 1—4). These materials were first
synthesized by Iyoda and co-workers.**?® The synthesis of 1—4 was
carried out by a McMurry coupling reaction with low-valent titanium.**
All macrocycles presented possess key stability and oxidative charac-
teristics®* necessary for use in molecular electronics. They have fairly
low oxidation potentials (E*;/, = 0.31—0.33 V; E*; /, = 0.50—0.52 V vs
Fc/ Fc+).24 All macrocycles are stable in crystalline form in air at room
temperature. The X-ray structure has been measured for a single crystal
of 1 obtained from chloroform—hexane solution.**

Steady-State Measurements. Unless stated otherwise, all the
experiments were performed in THF at ambient temperature. The
absorption spectra of the molecules were recorded using an Agilent
(Model # 8341) spectrophotometer. The emission spectra were ac-
quired using a Shimadzu RF-1501 instrument. The quantum yields of
the molecules were measured using a known procedure.** Coumarin
307 was used as the standard. The absorbance was limited to less than or
equal to 0.03.

Transient Absorption Measurements. Time-resolved degen-
erate transient absorption studies have been carried out utilizing a cavity
dumped Ti:sapphire laser system, which is spectrally centered at 830 nm
with a repetition rate of 38 kHz and a pulse width of ~20 fs.*>*® The
fundamental beam was passed through a nonlinear BBO crystal

generating the second harmonic, which was used as the excitation beam.
This system possessed good noise characteristics, allowing the sensitivity
for relative transient absorption in the 10~ range at very low pump
pulse energy, <0.5 nJ/pulse. A probe beam of the same wavelength was
passed through an optical delay line and a lens before being overlapped
with the pump beam in the sample cell and detected by a photodiode.
The modulated probe signal was measured with the use of a lock-in
amplifier synchronized to an optical chopper in the pump beam path and
was recorded as a function of delay line on a PC. Fitting the Gaussian
peak of the instrument response function (IRF) gave a 0 value of ~33 fs
(fwhm ~82 fs).*>*" Polarization of the probe beam was controlled with
a Berek compensator. For polarization measurements, the setup was
calibrated with the linear molecule 3-carotene.

Femtosecond Time-Resolved Fluorescence Upconver-
sion. Time-resolved polarized fluorescence of the thiophene macro-
cycles was studied using the femtosecond upconversion spectroscopy
technique.*® The upconversion system used in our experiments has been
previously described.*** Specifically, our upconversion system used
frequency-doubled light from a mode-locked Ti:sapphire laser that
produced pulses of 100 fs at a wavelength of 385—430 nm. Polarization
of the excitation beam for the anisotropy measurements was controlled
using a Berek compensator, and the rotating sample cell was 1 mm thick.
Horizontally polarized fluorescence emitted from the sample was
upconverted in a nonlinear crystal of -barium borate using a pump
beam at about 800 nm, which was first passed through a variable delay
line. The instrument response function (IRF) was measured using
Raman scattering from water. Fitting the Gaussian peak from the Raman
scattering yields a 0 value of a Gaussian IRF of ~106 fs, giving a full
width at half-maximum of ~243 fs. Spectral resolution was achieved by
using a monochromator and photomultiplier tube. The excitation
average power varied near 1 mW, corresponding to a pulse energy
around a few tens of picojoules per pulse.

Three-Pulse Photon Echo Measurements. Three-pulse
photon echo experiments were carried out using a cavity-dumped Kerr
lens mode-locked Ti:sapphire laser pumped by a frequency-doubled
YVO laser (Millennia, Spectra Physics).*> The cavity-dumped laser
pulse had a duration of ~20 fs. The pulse spectrum was centered at
~830 nm. The cavity dumped beam was focused onto a 0.5 mm BBO
crystal to convert the fundamental beam into the second harmonic at
~41S nm. Unless mentioned otherwise, the pulse repetition rate after
cavity dumper was fixed at 38 kHz. In our setup, three beams of equal
intensities (~0.5 nJ per pulse in one beam at the sample) were generated
with the aid of thin beam splitters (1 mm-thick quartz substrate, CDP).
One pulse (k;) traveled a fixed delay, whereas the other two pulses (k,
and k) traveled variable delays formed with retro-reflectors mounted on
dc-motor driven delay stages (Newport ILSI00CCHA) controlled via a
Newport ESP7000 motion controller. The three beams were aligned
after the delay stages to form an equilateral triangle beam geometry
(8 mm sides) and were focused into the 440 ym quartz sample cell using
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Figure 2. Normalized absorption (a) and fluorescence (b) spectra of the macrocycles 12mer—30mer.

a thin singlet lens (f = 18 cm). The two third-order nonlinear signals in
the k; — k, + k3 and —k; + k, + k3 phase-matching directions were
spatially filtered using irises and measured simultaneously onto two
photomultipliers (Hamamatsu Photo Sensor Modules H6780). The
electrical signals were measured by two lock-in amplifiers (Stanford
Research, SR830) that were referenced to a chopper (SR540) inserted in
the k;-beam. Reproducibility of the signal was confirmed by repeated
measurements, with special attention paid to the residual peak shift value
at long population periods T. The uncertainties of the peak shift value
were estimated to be approximately £0.5 fs over the entire population
period up to 100 ps. The absorption spectra of the samples were checked
before and after data collection and lack of any observable changes,
suggesting that little or no sample photodegradation or undesired
chemical reactions occurred during the measurement. For our three-
pulse photon echo peak shift experiment, we simultaneously recorded
two echo signals at the phase-matching conditions k; — k, + k3 and —k;
+ ky + k3. The time period 7 between pulses 1 and 2 was scanned from
negative 7 to positive 7 for a fixed population period T. The peak shift
was defined as half the distance between the maximum intensity peaks of
the two echo signals. The peak shift was recorded as a function of
population period to give a peak shift decay. This measure is useful in
that it closely follows the frequency fluctuation correlation function of
the transition.”®~*

B RESULTS AND DISCUSSION

Linear Spectroscopy. The normalized steady-state absorp-
tion and emission spectra of the structures are shown in Figure 2.
Steady-state measurements were performed in dilute THF
solutions (ca. 10 ® M). The position of the main peak in
absorption shows a bathochromic shift with increasing size of
the macrocycle. While the fluorescence spectra of the 12mer
appears to have some small red shift with respect to the other ring
systems, the fluorescence spectra of the 18mer, 24mer, and
30mer do not demonstrate any systematic shift. This small red
shift in the 12mer fluorescence, as well as a blue shift in its
absorption spectrum as compared to other rings, can be asso-
ciated with the specific “ring flip” of the thiophenes adjacent to
flexible double bonds. This is known to relieve strain in the
12mer.”* The strain is less for larger spatial arrangements,”**
which leads to more regular structures.”**® This blue shift in the
12mer absorption could also be due to symmetréy reasons and
relatively large distances between excitonic states.’® Clear vibro-
nic structure can be observed in the fluorescence spectra

(~1300 cm ™ ") and is similar to that reported for variously sized
linear oligo(thienylene-ethylene)s.>>>" However, no vibronic
structure is seen in the absorption spectra. This absence of
mirror symmetry between absorption and emission spectra
may indicate different absorption (Franck—Condon) and fluo-
rescence (relaxed) conﬁgurations.sz’53 The similarity in fluores-
cence spectra for the rings of different sizes (18mer—30mer), as
well as nearly the same fluorescence quantum yield (~10%) for
all sizes, can be due to the localized character of the fluorescent
(relaxed) state in these systems.

Interestingly, the fluorescence peak for the macrocycles
(560 nm) is shifted to the red with respect to that for linear
oligo(thienylene-ethynylene)s (512°° and 513 nm®®). This red
shift may indicate longer conjugation length in the rings as
compared to the linear building block.*® It is also worth noting
that the Stokes shifts for the 18mer (3285 cm '), 24mer
(3032 cm ™ '), and 30mer (2944 cm ™ ') are substantially smaller
than those for the linear oligo(thienylene-ethynylene)s [3565 cm™*
for SATE,* 3617 cm™ ' for 90TE39,” and 3602 cm ™' for
oligo(2,5-thienylene-ethynylene)**]. The corresponding smaller
reorganization energies for the macrocycles, as compared to linear
counterparts, could be an indication of less structural change for
the macrocycles due to the absence of open ends and more rigid
structure.

Ultrafast Transient Absorption. We have investigated the
polarized degenerate transient absorption dynamics at 415 nm as
a function of macrocycle size. In Figure 3, multiexponential
anisotropy decays can be seen for both the 12mer and the 30mer.
We have preformed a best fit of the data with multiexponential
decays after assuming the convolution of the IRF with the parallel
and perpendicular absorption intensity profiles (see the Support-
ing Information). The 12mer macrocycle was best modeled by a
biexponential decay with an ultrafast component and a long-lived
residual component. The 18mer, 24mer, and 30mer macrocycles
were best modeled by three exponential decays, which included
an ultrafast component, an additional picosecond component
not seen in the 12mer decay, and a long-lived residual value.

The ultrafast decay component in each macrocycle was found
to be in the range between 40 and 50 fs. This ultrafast
depolarization can be associated with strong interchromophore
interaction and formation of a delocalized state (spectroscogic
unit) over a substantial portion of the macrocycle.'”>>3*#>46
The second decay component found in the larger (18mer,
24mer, and 30mer) macrocycles was near ~1 ps. The appearance
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Figure 3. Degenerate time-resolved transient absorption anisotropy for
thiophene 12mer and 30mer macrocycles.

of an additional picosecond component in the anisotropy decay
profile for the larger rings indicates a hopping between spectro-
scopic units that is smaller than the full size of the ring.*>* In the
case of the 12mer, the size of the spectroscopic unit is comparable
to the size of the ring, thus making hopping not possible. This
observation, as well as the ultrafast decay of the 12mer anisotropy
to aresidual value of ~0.1, supports the idea of a strong coupling
regime with the excitation delocalized over the entire ring in the
absorption configuration.”*>¢

The longest decay component was >100 ps and contributed a
near flat residual value on a short time scale (Figure 3). Considering
the size of the macrocycles and the viscosity of THF (~0.46 cP at
25 °C), this component can be associated with the rotational
diffusion of the system. It is also important to note that the residual
anisotropy before rotational diffusion occurs is 0.1 for both the
12mer and 30mer macrocycles (Figure 3). This is an indication of a
planar arrangement of the transition moments in both molecules.™
Though the 12mer displays a slightly bent chairlike structure in a
single crystal,”* this can simply be the result of the packing force in
the crystalline sample, which could not be present in solution. While
in solution, however, the structure remains planar in terms of its
transition dipoles” arrangement.

In order to analyze the nature of optical excitations and the
electronic coupling within the macrocycles, we utilized a simple
phenomenological model developed by Leegwater for multi-
chromophoric ring systems.>* In this model, the discussion of the
coherence of excitations is led by using an expression in which the
limiting cases of Forster transfer (weak interaction) and com-
pletely delocalized excitonic states (strong interaction) are
continuously connected to one another. The analysis uses the
high-temperature approximation for the extremely small phonon
correlation time.** This model has been developed for the optical
excitations in aggregates of chromophores where electron—hole
pairs after excitation are localized on individual chromophores
(Frenkel excitons). The thiophene macrocyclic systems investi-
gated in this work have a substantial degree of conjugation that
suggests strong electronic correlations over the oligomer.
Though Leegwater’s model is a simplified model for the thio-
phene macrocycles, it uses the exciton approach, which is known
to describe some basic features of the electronic structure of
conjugated oligomers and polymers (such as energy depen-
dence) quite well.*>*® For this reason, using Leegwater’s model
allows for a crude initial estimation of the intracycle coupling
strength (transfer integral) and the excitation energy migration
regime.'” An interesting conclusion of this simple approach is
that it is possible to relate the depolarization time to the ratio J/T’
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Figure 4. Theoretical dependenceof the anisotropy decay time 7, on
the interchromophore interaction J for a macrocyclic 12-chromophore
molecular system. The arrow shows the depolarization time obtained
from experiment for the 12mer.

of the interaction strength (J) and the homogeneous line width
(T).** For the case of N-fold symmetry (planar) they are related
by34

1

tdep = m (1)

where

N

1 r:
A=—
Ni=1T? + 16)2 sin?(27/N) sin?(27k/N)

Here N is the number of chromophores contributing to the
energy migration process. We have calculated the profile of eq 1
against realistic values of the homogeneous line width for the case
of the 12mer (N = 12) macrocycle. Shown in Figure 4 are the
calculated curves for eq 1 vs the interaction strength J. As we
mention above, a depolarization time of approximately 40 fs was
found. To estimate the interaction strength ] and energy transfer
regime, we need to know the homogeneous line width I'. Using
the full line width instead of the homogeneous line width would
be an overestimation of I', so we tried several values to find the
approximate value. A set of curves describing eq 1 for different
values of homogeneous broadening I', taken to be similar to the
full low-energy absorption peak line width, is shown in Figure 4.
Several important inferences can be drawn from Figure 4 without
the exact knowledge of I'. First, it is clearly seen that within the
frame of this model it is impossible to have an anisotropy decay
time of 40 fs and reside in the Forster regime (small interaction)
for any homogeneous broadening smaller than the full line width.
This supports the idea that coherence must be taken into
account. Extrapolation of the I’ = 2000—3000 cm™ ' curves to
estimate the interaction strength results in a magnitude of J close to
1400 cm ™" (Figure 4). This estimated intracycle electronic coupling
strength is much higher than that for interchromophore coupling for
the natural photosynthetic ring LH2 (~300 cm ™ "),***” which is not
surprising taking into account the 77-conjugation in the 12mer.
Ultrafast Time-Resolved Fluorescence. An isotropic (magic
angle) fluorescence decay profile for the 30mer at a detection
wavelength of 570 nm is shown in Figure 5. The biexponential
decay fit shows along decay component near 361 &= 50 ps. This is
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Figure S. Fluorescence decay profiles for 12mer and 30mer. Excitation
wavelength is 400 nm. Detection wavelengths are 570 nm.

very close to the fluorescence decay times obtained for linear
oligo(thienylene-ethynlene)s (300—330 ps).50 Similar to other
oligo- and polythiophene systems, the fluorescence lifetime of
the macrocycle is determined by the fluorescence quenching due
to the intersystem crossing process.' 29305859 Additionally,
from our fluorescence decay measurements, the short decay
component was found to be dependent on detection wavelength.
For example, at 550 nm, we saw an initial decay component of
~8 ps, while at 570 nm the initial component is closer to 14 ps
(not shown). This behavior is typically associated with the
dynamic Stokes shift. This can be caused by excitation energy
migration along the chain, torsional relaxtion,'"**®~% or
solvation effects.”® However, the transient absorption anisotropy
measurement for the 12mer, as described above, indicates
negligible energy migration along the thiophene ring chain on
the picosecond time scale (Figure 3). Also, the hopping compo-
nent for the 30mer has a time scale of ~1 ps, which is
substantially smaller than the short decay component of the
fluorescence decay (Figure 3). It has also been shown that
solvation effects are only a minor contributor to the dynamics
of large conjugated oligomers and polymers.>> For these reasons,
we can conclude that the fast component in the isotropic decay
(Figure 4) is most likely associated with a torsional relaxation in
the excited state.°*~ %> This process is caused by the difference in
the torsional gotential energy profile between the ground and
excited states.*>%*

Time-resolved fluorescence anisotropy measurements for the
four macrocycles were also preformed. Figure 6 shows a compar-
ison of the 12mer and 30mer anisotropy decay. Fast initial
anisotropy decay within the instrument response profile, fol-
lowed by a residual, relatively long-lived anisotropy, can be seen.
This is qualitatively similar to what is observed in the transient
absorption signal (Figure 3). However, in the case of fluores-
cence, most of the initial anisotropy at time zero that is seen in the
transient absorption profile is lost in the higher lying states before
relaxation to the fluorescent state. The residual anisotropy value,
prior to rotational diffusion, for fluorescence (~0.05) is lower
than that for absorption (~0.1). This difference likely arises due
to the final arrangement of transition dipoles, which can be
different for a relaxed fluorescence state as compared to a
Franck—Condon absorption configuration. The transient ab-
sorption anisotropy measurement probes the excitation while it
is delocalized across a large portion of the ring. In this delocalized
configuration, the transition dipoles are arranged within the
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—e+—30mer
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Figure 6. Time-resolved fluorescence anisotropy for 12mer and 30mer.
Instrument response function (IRF) is also shown by dashed—dotted line.

plane of the molecule, and the resulting long time anisotropy
value is 0.1. In the time-resolved fluorescence anisotropy mea-
surements, the lower value of 0.05 can be a signature of either an
incline in the angle of the transition moment of the localized
fluorescent state from the molecular plane'”* or a distortion of
the molecule’s shape in the relaxed fluorescent excited state from
a planar configuration.

When discussing the fluorescence of these materials, it is worth
noting that the fluorescence decay time in linear oligomers is very
close to that for the rings,”® while the fluorescence quantum yield
for the rings was found to be almost 3 times smaller (~10% in the
rings, while ~30% in the linear structures).”***° This suggests a
smaller radiative decay rate for the rings as compared to their
linear counterparts. In circular aggregates, the superradiance
factor (the radiative rate enhancement factor with respect to
that for the monomer) behaves differently as a function of size
and disorder than in linear oligomers due to specific cyclic
geometry.””% The lowest transition is forbidden by symmetry
considerations in ideal cyclic aggregates.”””*® This specifically
leads to the reduction of the radiative decay rate in circular
aggregates as compared to linear oligomers.>’

As was mentioned above, the fast component of the isotropic
decay is likely due to a torsional relaxation in the excited state that
results from a difference in the torsional potential energy profile
between the ground and excited states. For linear oligo- and
polythiophenes, a thiophene rotational potential energy profile
in the excited state is steep, having its minimum at an inter-
thiophene angle of 0°, while it is relatively shallow in the ground
state with minima at ~30° and ~150°, corresponding to syn (s-
cisoid) and anti (s-transoid) configurations, respectively.®*” %>
This leads to a planarization of the structure after optical
excitation, which produces the dynamic Stokes shift.®> This
situation looks more complex in oligo(thienylene-ethynylene)s.
Calculations and X-ray analysis showed that linear oligo-
(thienylene-ethynylene)s are near glanar and mostly in anti
configuration in the ground state.’® In cyclic oligothiophene
structures, geometrical and strain considerations predicted
mostly syn configurations for smaller rin§s and anti configura-
tions for larger (>14 thiophenes) rings.”” In oligo(thienylene-
ethynylene) cyclic systems containing 10 thiophenes, the X-ray
analysis showed that all sulfur atoms in the thiophene rings were
directed toward the cycle’s center (syn configuration).”® For the
12mer, similar analysis revealed that two thiophene rings from
the total 12 are in s-transoid form with the sulfur atom directed
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outside the macrocycle.”* Both experiments indicated a near
planar (not twisted) thiophene ring arrangement in the ground
state for the macrocycles. For the larger rings, the molecular
structure has not been yet determined by X-ray analysis. All of the
larger rings have HOMO—LUMO gaps (from the absorption
maxima, Figure 2) quite similar to each other but smaller than
that of the 12mer. This can indicate a different conformational
(torsional) arrangement for the larger macrocycles (18mer,
24mer, and 30mer) as compared to the 12mer. Calculations
have shown that the difference in the HOMO—LUMO energy
gap between syn and anti arrangements for large macrocyclic
cyclo[n]thiophenes (n > 20) is relatively small; however, in
terms of total strain energy, the anti configuration is more
stable.*” For large macrocyclic cyclo[n]thiophenes, the pla-
narization of the thiophene rings system in the LUMO state
for the anti configuration, similar to that for linear oligothio-
phenes, has also been predicted.*” Rotational barriers and
energy difference between the s-transoid and s-cisoid confor-
mers are relatively small'>*’ and a mixed s-transoid and
s-cisoid structure can be suggested for larger macrocycles.
Moreover, taking into account low rotation barriers, torsional
relaxation between conformers can occur after the excitation
and contribute to the dynamic Stokes shift.

Three-Pulse Photon Echo Peak Shift. A comparison of the
normalized three-pulse photon echo peak shift (3PEPS)
decays of the macrocycles of different sizes is shown in
Figure 7. Results of the direct fit of these raw data sets, along
with a sum of exponentials, were used as initial parameters in
determining our model for the transition frequency correla-
tion function M(t) given below. From Figure 7, it can be seen
that the 3PEPS profile decays demonstrate clear ring-size
dependence.

In order to better understand the dynamics of optical excita-
tions, in regard to the nature of interaction between individual
chromophores and between chromophores and solvent, we have
preformed 3PEPS experiments®*’ using an excitation wave-
length of 415 nm. It should be noted that using an excitation
wavelength that lies on the blue side of the molecules maximum
absorption will have an excess of excitation energy that can have
effects on the peak shift.”” Additional vibrational modes can be
excited and increase the number of dynamic processes occurring,
resulting in smaller initial peak shift and reduced time
constants.”® However, because the absorption maxima of our
systems are all quite similar (excluding the 12mer), by exciting
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Figure 8. Three-pulse photon echo signal for 30mer at zero population
period T = 0.

each system at 415 nm, we are providing approximately the same
amount of excess energy for each system. Because our study is
comparative in nature, we believe this excess of energy is not
detrimental to our experiment or the context of our observed
trends.

The 3PEPS method is capable of providing time scales and
coupling strengths of dephasing processes that are coupled to
electronic transitions by providing a line shape function and
separating the static contribution to the line broadening.>**® A
representative integrated three-pulse photon echo signal for the
30mer at T = 0 fs is shown in Figure 8. The 3PEPSs as functions
of population period T for the 12mer and the 30mer are shown in
parts a and b of Figure 9, respectively (data points). Numerical
modeling of the echo peak shift was also performed using a direct
fit of the raw peak shift data as initial parameters. We started from
a model for the transition frequency correlation function M(t)
for a two-level chromophore coupled to the environment and to
its own fluctuating nuclei:

_ (0w(0)on(t))
MO e

where 0w (t) is the fluctuating part of the electronic transition
frequency for each chromophore relative to its central frequency
(). Beyond the pulse overlap time interval, an initial guess of the
energy gap correlation function M(t) can be obtained that closely
follows the experimental 3PEPS profile.”® *° The quantity M(t)
is important because it can be used for the description of the
memory of the electronic transition frequency and system
dynamics when the characteristic frequencies of the transition
frequency fluctuations are small compared to kT.** This high-
temperature approach can be applied to describe the coupling of
the electronic transition to many intermolecular (solvation)
modes at room temperature. The main spectroscopic signals
can be most conveniently derived from the complex line shape
function g(t‘):43

g(t) = P(t) +iQ(t)

— (Aw?) /0 an /0 "t M(t) + i /0 wmn) ()

In eq 2, P(t) and Q(t) are the real and imaginary parts of g(t),
(Aw?) is the coupling strength (fluctuation amplitude), and 4 is
the reorganization energy. The absorption spectrum of the
system can be calculated by taking the real part of the Fourier
transform of exp[—g(#)], while the third-order photon echo
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Figure 9. Three-pulse photon echo peak shift profiles for 12mer and 30mer. Numerical modeling results are also shown (solid lines).

signal in the impulsive limit can be expressed by*® *0#546

Spe(T, T) o< ‘/Owdt exp| — 0y (t — r)z] exp{ —2[P(t) — P(T)

+P(t)+P(t+T)+P(T+t)—P(t+T+1)]} cos’[Q(T)
+ Q) — QUT +1)] (3)

where 0, represents the width of the static inhomogeneous
distribution.

Using the model described above, the peak shift values
(position of the maximum, 7,,) were calculated from the photon
echo signal Spg(7,T) for the 12mer and 30mer as a function of
population period T and are shown in Figure 9 (solid lines). Most
of the modeling was performed using the impulsive limit, but the
effect of the finite pulse width was considered and estimated by
convoluting the pulse electric field envelope (which was taken to
be of Gaussian shape with 0 = 35 fs) with the proper time-
ordered®® ™ * response functions (for positive 7, the rephasing
response functions contribute, while for negative 7, the non-
rephasing response functions contribute) at several population
periods (T-points). These response functions were then used to
determine the third-order polarization, which was used to
calculate the time-integrated photon echo signal with a finite
pulse width.*” These convoluted values were then compared to
the 3PEPS values obtained in the impulsive limit and the ratio
3PEPS, .,/ 3PEPS; ;.1 was found. This ratio was determined to
be weakly dependent on the population period T, and we
corrected the impulsive limit results by this factor.***>**® Using
too many parameters in the model correlation function can result
in different contributions canceling one another out. To mini-
mize such issues, we have attempted to limit the various
contributions to M(t) to three exponentials and one constant
(static disorder):

3
t
Z <Awei2> exp <_t> + Uinh2
i=1 i

el

M(t) =

; (4)
[ X (Awe?) + 0w
i=

In some cases, a Brownian oscillator was added to the model.
In effect, the Brownian oscillator contribution qualitatively
represents a sum of several intramolecular vibrational modes
that are not exactly known for these macrocycles.”” From
Figure 9, it is clear that there is good agreement between
the experimental data points and the modeled fit. The time

Table 1
Awh Awl; A(U3, Oinhy
macrocycle  cm™ T,fs  am’ T, fs  cm’ 75,fs  om’
12mer 503 4 476 130 0 - 291
30mer 450 4.8 370 140 212 800 238
- 1w R
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Figure 10. Comparison of experimental and calculated absorption
spectrum for the 30mer.

constants and coupling strengths of the model M(¢) are shown in
Table 1.

Once a set of parameters was obtained that reproduced a
satisfactory peak shift, the absorption spectrum was calculated for
the 30mer and compared with the experimental spectrum. It can
be seen in Figure 10 that the calculated absorption spectrum is
noticeably narrower than the full experimental absorption spec-
trum. In order to better understand the structure of the experi-
mental absorption spectrum, we performed a simple decom-
position of the spectra using three Gaussian components. By
comparing the absorption spectrum calculated from the correla-
tion function obtained from the 3PEPS experiments, we see
some similarity in the calculated spectrum and the first Gaussian
component, though a vibronic progression is not clearly seen.

Previous work™** has shown that residual 3PEPS at very large
population periods results from static inhomogeneous broad-
ening. From Figure 9, it can be seen that the residual 3PEPS is
very small for all investigated macrocycles. This indicates minor
inhomogeneous broadening (conformational diversity) for all
studied systems.>®® It is also known that the initial peak
shift reflects the inverse effective electronic transition—bath
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. . 38—40 . I
interaction. Our results clearly show an increase in initial

peak shift as ring size is increased (Figure 11). This rise in peak
shift indicates a decrease of the effective electron—bath coupling
for larger rings. This is a counterintuitive trend, as the complexity
of the system is rising with increased ring size, leading one to
expect increased disorder and increased coupling pathways to the
bath. We propose that this weaker coupling is the result of
exchange narrowing effects, which are caused by the eigenstate
averaging over the fluctuations and local inhomogeneities of the
sites by delocalized excitation.***' ~* Exchange narrowing oc-
curs and the fluctuations of the system average out such that
interaction with the bath decreases with an increase in ring
size.>**%¢ Also, the 3PEPS decays very quickly as a function of
population period. The decay profile shows only minor con-
tribution from the subpicosecond and picosecond components.
From this, it is clear that most of the dephasing in these large
macrocycles can be associated with intramolecular processes
rather than solvation, similar to what was reported for poly-
mers,>* dendrimers,** and ]—aggregates.69

After considering what has been learned from the transient
absorption and fluorescence upconversion experiments, we can
use our 3PEPS experimental results and numerical modeling to
gain a detailed perspective of the excited-state dynamics occur-
ring in the thiophene macrocycles. Three distinct time constants
were seen in the numerical modeling of the 3PEPS signal.
Though these time constants do not align exactly with those
provided by our transient absorption and fluorescence upconver-
sion experiments, we believe the first two exponential time
components of our numerical model may be revealing some
combination of high-frequency vibrational modes and self-trap-
ping of excitation along the macrocycle. Previous results have
shown self-trapping to occur in <45 fs.>*’%”" In our numerical
model, we cannot clearly distinguish between the two processes,
but it is likely that the faster time constant is representative of a
self-trapping process. The 3PEPS numerical modeling also
indicated the presence of a picosecond component in the
correlation function for the larger macrocycles (18mer, 24mer,
and 30mer), which is absent for the smaller 12mer macrocycle.
This correlates well with the ultrafast fluorescence anisotropy
data. These findings support the suggestion of an initially
delocalized excitation over a major fraction of the ring, followed
by incoherent hopping taking place on a picosecond time scale.

Comparison to Natural Light-Harvesting Systems. When
considering their potential for application in the future, it is
beneficial to compare these systems with natural light-harvesting
antenna, like LH2 of purple photosynthetic bacteria. In comparison

Table 2

light-harvesting pigments

LH2 of purple photosynthetic synthetic
bacteria 30mer
transfer time” 700 fs™ 40 fs
initial peak shift 24 fs7> 12 fs

interaction strength 320 cm™ " (intra), 255 cm™ ' (inter)*® 1500 cm ™'

TPA cross section 1116 GM (calculated)” 107800 GM**

line width ~450 cm™ 7 ~2000 cm ™!
excited state lifetime 1 ns”* ~300 ps
delocalization length 5—13 units®’ 18 units

“ From depolarization measurements.

to the natural system, our synthetic system has dramatically
increased interaction strength between chromophores. As a result,
our synthetic system demonstrates enhancement of several optical
properties over the natural system. The excitation transfer time of
our synthetic system is 40 fs, as compared to 700 fs’* in the natural
system. The TPA cross section of our synthetic system is 2 orders of
magnitude higher than that of the natural system.**”* The excitation
delocalization length for our synthetic system is 18 units, which is
dramatically larger than that of the natural system.”” Though these
materials are still quite far from mimicking the high efficiency of a
natural system, their optical properties, as seen in Table 2, clearly
demonstrate they are a material of interest for future work.

Bl CONCLUSION

In this work, we have presented a detailed study of the excited-
state structure and dynamics in a series of large oligo(thienylene-
ethynylene) macrocycles. We have brought together a variety of
recent synthetic and spectroscopic techniques, combined with
theoretical modeling, to closely describe the delocalized excita-
tions in a series of macrocyclic thiophene systems. The three-
pulse photon echo peak shift experiments showed a clear
dependence of the initial peak shift on ring size. The rise of the
peak shift with the ring size suggests the tendency to decrease
effective electron—bath coupling for larger delocalization lengths
in large macrocycles. From depolarization experiments, we see a
planar arrangement of the transition dipoles (in the absorption
configuration) even in large rings. We also show from photon
echo experiments that there is low inhomogeneous broadening
for all systems. Combined, these results indicate relatively
ordered structures. Collectively, our experimental results indicate
that a delocalized state can be seen upon excitation of the cyclic
thiophene rings, which we estimate has a length of about 18
(theienylene-ethynylene) units for the thiophene system. This
conclusion is in accord with a strong cooperative enhancement of
two-photon absorption cross-section in the 18mer reported
previously.”* Also, by comparing the optical properties of our
synthetic pigment to a natural light-harvesting system, we have
demonstrated the utility of these materials for future applications.
It is our hope that the results offered here will lend themselves to
the future development of the next generation of solar conver-
sion devices.
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