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Abstract

We present an account of the optical properties of the Frenkel excitons in
self-assembled porphyrin tubular aggregates that represent an analog to natural
photosynthetic antennae. Using a combination of ultrafast optical spectroscopy and
stochastic exciton modeling, we address both linear and nonlinear exciton absorption,
relaxation pathways, and the role of disorder. The static disorder-dominated absorption
and fluorescence linewidths show little temperature dependence for the lowest excitons
(Q band), which we successfully simulate using a model of exciton scattering on acoustic
phonons in the host matrix. Temperature dependent transient absorption of and
fluorescence from the excitons in the tubular aggregates are marked by non-exponential
decays with time scales ranging from a few picoseconds to a few nanoseconds, reflecting
complex relaxation mechanisms. Combined experimental and theoretical investigations
indicate that nonradiative pathways induced by traps and defects dominate the relaxation
of excitons in the tubular aggregates. We model the pump-probe spectra and ascribe the
excited state absorption to transitions from one-exciton states to a manifold of mixed one-
and two-exciton states. Our results demonstrate that while the delocalized Frenkel
excitons (over 208 (1036) molecules for the optically dominant excitons in the Q (B)
band) resulting from strong intermolecular coupling in these aggregates could potentially
facilitate efficient energy transfer, fast relaxation due to defects and disorder probably

present a major limitation for exciton transport over large distances.
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Introduction

The photosynthetic antenna is a universal component of the photosynthetic apparatus
in bacteria, algae, and higher plants that absorbs light and transfers the excitation energy
by nonradiative processes to the reaction center.' A remarkable feature of all of these
antenna systems is that light energy absorbed by any of the chromophores, within even
the largest arrays that are hundreds of nanometers from the reaction center, is transferred
to the reaction center with an overall internal quantum efficiency in excess of 90%.>
Supramolecular assemblies order large numbers of chromophores into structures that
bridge length scales from nanometers to mesoscale dimensions, mimicking natural

5-10

photosynthetic antennae.” = In the presence of strong intermolecular coupling, as is the

case for J-aggregates, the chromophores can act collectively (coherently) and potentially
support faster energy transport.* """ The Frenkel exciton, a collective excitation shared

by many molecules, serves as the best description of the excited states of these molecular

11,16-17
aggregates.

Tubular aggregates formed by self-assembly of dye molecules represent one of the

most promising constructs for biomimetic photosynthetic antenna systems.” " '#2° A

prominent example of tubular molecular aggregates is derived from

meso-tetra(4-sulfonatophenyl) porphyrin (TPPS4) and provides a biomimetic analogue of

9,21-24

the chlorosomes of green sulfur bacteria. The structure of TPPS4 tubular aggregates

has been characterized by small angle X-ray scattering, atomic force microscopy (AFM),

25-33

and cryo-electron microscopy. TPPS4 tubular aggregates are found to be cylindrical



structures with a diameter of approximately 16-18 nm 333 and a length up to several
microns. As shown in Figure 1, these tubular aggregates can be viewed as a rolled-up 2D
sheet of porphyrin molecules.”’ The optical properties of these tubular aggregates have
been investigated by both experimental and theoretical methods.*" **

To realize the potential of tubular aggregates as biomimetic photosynthetic antennae
for efficient energy transport, it is crucial to probe and understand the level structure and
dynamics of the excitons in these systems. Questions have remained about the degree of
exciton localization, energy relaxation pathways and timescales, energy transport
mechanisms, and the occurrence of superradiant and dark states. Although exciton
dynamics have been investigated using various ultrafast spectroscopic methods,”*' a
systematic temperature-dependent study to elucidate the nature of radiative and
nonradiative pathways has not yet been reported. In this paper, we report a detailed
investigation of the energy level structure an the temperature dependent ultrafast
relaxation processes of the Frenkel excitons in self-assembled TPPS4 tubular aggregates
by employing temperature dependent ultrafast spectroscopy in combination with
stochastic exciton modeling.

This paper is organized as follows. Section II describes the sample preparation and
methods for carrying out the experiments and performing the theoretical modeling. The
results of the temperature dependent steady-state and time-resolved absorption and

fluorescence experiments are presented in section III. A discussion of the

temperature-dependent absorption linewidth and the radiative and nonradiative relaxation



of the excitons is given, along with numerical simulations of the experimental data using

a Frenkel exciton model. Finally, the conclusions are presented in section I'V.
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Figure 1. Chemical structure of the meso-tetra(4-sulfonatophenyl) porphyrin (TPPS4) monomer
(top). The tubular aggregate forms at pH ~ 1. In order to obtain a cylindrical structure, a planar
aggregate is seamlessly rolled onto the surface of the cylinder (bottom). The planar aggregate is

rolled along the chiral vector C of (43,43) (in units of the lattice constants), in such a way that the

chiral vector becomes the circumference of the cylinder. 3

I1. Methods
I1.1 Experimental details

Sample preparation: we followed the established procedure to prepare TPPS4 tubular
aggregates.” A stock solution of 1 mM meso-tetra-4-sulfonatophenylporphine
tetrasodium salt (Frontier Scientific, used without further purification) was obtained by
dissolving in DI water. Ethanol (200 proof pure, KOPTEC) was used to dilute the stock

solution to a final TPPS4 concentration of 20 pM.



The tubular aggregates were subsequently formed by adding HCI solution (Fisher
Scientific) at room temperature and letting the solution stand for at least 45 minutes
allowing self-assembly. We verified that these are tubular structures by performing
atomic force microscopy measurements after depositing them on a glass substrate, as
shown in Figure S1 of the supporting information (SI). The optimized HCI concentration
for aggregate formation was 0.035 M, corresponding to a pH value of ~ 1. The final ratio
of ethanol: water was 97:3, which functions as a cryoprotectant for the low temperature
measurements described below. For comparison, the monomer solution at the same
concentration of 20 uM was prepared in an ethylene glycol: water (7:3) mixture at pH ~ 4.
In the monomer case, the 7:3 ethylene glycol: water mixture serves as the cryoprotectant.
Steady-state fluorescence and absorption spectroscopy: room temperature UV-vis
absorption and fluorescence spectra were measured with a UV-vis spectrophotometer
(Cary 50 Bio, Varian) and a fluorescence spectrophotometer (Fluorolog, JobinYvon Inc.),
respectively. The sample for low temperature steady-state absorption and fluorescence
spectroscopy measurements was kept in a liquid helium optical cryostat (Microstat He,
Oxford Instruments). The sample was irradiated by the output of a Ti:Sapphire laser
(Mira 900, Coherent) generating 150 fs pulses at a repetition rate of 80 MHz that
synchronously pumped an optical parametric oscillator (Mira-OPO, Coherent). The
fluorescence was recorded with a CCD camera (Newton, Andor Technology) coupled to
an imaging spectrograph (Shamrock, Andor Technology).

Temperature-dependent fluorescence lifetime measurements: the laser system employed



was a 1 kHz repetition rate Ti:sapphire amplifier (Spectra Physics spitfire) which
produced ~ 50 fs pulses. The pulses from the amplifier were parametrically converted
with an optical parametric amplifier (TOPAS, Light Conversion). A streak camera
coupled to a spectrometer was used to record spectrally resolved fluorescence lifetimes
with a time resolution of ~ 7 ps.

Temperature-dependent  transient absorption spectroscopy: transient absorption
experiments were performed with a Spectra Physics amplified Ti:Sapphire laser system
coupled to a TOPAS optical parametric amplifier (Light Conversion). The samples were
housed in a liquid helium optical cryostat. The TOPAS provided 130 fs pump pulses that
were tunable from 450 nm-2000 nm at 1.6 KHz. The probe pulse was a coherent white
light continuum generated by focusing a small fraction (< 1%) of the Ti: Sapphire
amplifier output at 800 nm onto a 3 mm thick sapphire window. A femtosecond transient
absorption spectrometer (Ultrafast System Helios) was employed for the data acquisition.
The polarizations of the pump and probe beams were controlled independently by two
half-wave plates. The time resolution for the transient absorption measurements was
~150fs. The low-temperature transient absorption and fluorescence lifetime
measurements were carried out at the Center for Nanoscale Materials at the Argonne
National Laboratory. The transient absorption and fluorescence spectra were analyzed
with a global analysis program Glotaran developed at the Vrije Universiteit Amsterdam.*?
I1.2 Theoretical Modeling

We described the aggregate structure using a model geometry which was proposed in



previous work”" and was shown to reproduce the structure of the experimental absorption
and linear dichroism spectra®. We refer the reader to the original papers for details, and
only give a brief summary here. In order to obtain a cylindrical structure, a planar
aggregate was seamlessly rolled onto the surface of the cylinder as shown in Figure 1.
This planar aggregate was built on a square lattice, with lattice constant of 0.93 nm, and
contained one TPPS4 molecule per unit cell. The molecules were tilted out of plane, so
that the positively charged core of each molecule was sandwiched between the negatively
charged sulfonate groups of neighboring molecules. We obtained this tilting of molecules
by two rotations: initially the molecules were oriented so that their long axes were
parallel to the lattice directions, first they were rotated by 24° around their first long axis
(X + 9), and subsequently they were rotated by -24° around their second long axis (X —
¥). Finally, this planar aggregate was rolled along the chiral vector of (43,43) (in units of
the lattice constants) in such a way that the chiral vector became the circumference of the
cylinder (Figure 1).

One-exciton states: we modeled the excited states of TPPS4 aggregates using a
Holstein-type Hamiltonian, which takes into account four electronic excited states per
monomer (the Q., Oy, By, and B, states) linearly coupled to one effective harmonic
vibration of frequency w,, as described in section II of the SI. We explicitly took into
account static disorder by adding uncorrelated random shifts, taken from a Gaussian
distribution, to the molecular excitation energies. We numerically diagonalized this

Hamiltonian within the one-particle approximation® to obtain the collective excited



states. Two of us have shown previously3 4 using a simplified model that disregarded the
effects of the static disorder, that this approximation reproduces well the optically active
one-exciton states of TPPS4 tubes.

Dynamics: to account for dynamical effects we included the interaction with a thermal
bath of environmental degrees of freedom. We treated this dynamic environment using

h44'45, which describes the effects of intraband

the Pauli Master Equation (PME) approac
scattering between the aggregate’s excited states induced by phonons in the environment
(see also section II of the SI for details). We used the Debye spectral density (with an
exponential cut-off), which corresponds to scattering on acoustic phonons in the
environment and previously has been used successfully to model optical and energy
transport properties of other molecular dye aggregates.*®*’ The sum of the scattering rates
Wy, from state k to all possible final states / yields the dephasing rate of the k™ state:
V:eph = %Zlik Wi.

Linear absorption: the positions and oscillator strengths of the collective excited states
followed from the numerical diagonalization of the Hamiltonian. The linewidths were
obtained by accounting for radiative and nonradiative relaxation to the ground state,
dephasing deriving from the intraband scattering, as well as the static disorder. To deal
with the former three processes, each excited state k contributes to the absorption
spectrum a Lorentzian peak with half width at half maximum of I’ K = %y,:ad +

rad

non-rad 4 y,? P The radiative rate yi*¢ of each excited state is estimated based on

1
> Yk

its oscillator strength (see section II of SI for details). We assume that the nonradiative

10



decay in the aggregate is dictated by the nonradiative rate of the individual molecules and
not changed by aggregation; hence the nonradiative rate y°" " equals the monomer
nonradiative rate of 0.12 ns"'. Finally, the disorder is taken into account by averaging
over 200 disorder realizations.

Pump-probe spectrum: we modeled this using the hard-core boson approach, which does
not require calculating the two-exciton states; the latter would make it impossible to
model systems as large as these porphyrin nanotubes*** Previously, the method has been
applied to tubular aggregates with one transition per molecule.”® We generalized the
method of ref.* in order to treat the case with several electronic excited states per
molecule. To make the calculations feasible, we neglected (only in these calculations) the
coupling to vibrations as well as the effects of static disorder, the details are given in
section II of the SI.

Quantum yield: in the simplest case of the homogeneous aggregate at low temperature we
estimated the fluorescence quantum yield as the ratio between the radiative relaxation
rate of the lowest optically active excited state and the sum of its radiative relaxation rate,
nonradiative relaxation rate, and downward scattering rates to dark (non-emissive) states;

we neglected upward scattering processes as they do not play a significant role at low

temperature. For the more realistic case of disordered aggregates, we calculated the

rad

quantum yield as QY = (Zkyrad:?:mplgs)’ where yp4, ypon T and PSS are
k k

the radiative rate, the nonradiative rate, and the steady-state population of the state k

created by a c.w. pump laser, respectively; the latter were obtained using the PME
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approach. The brackets denote averaging over disorder realizations.

III1. Results and discussion

II1.1 Temperature dependence of absorption and fluorescence linewidths: the role of
disorder

Figure 2a shows the absorption and fluorescence spectra of TPPS4 aggregates and
monomers in solutions at room temperature, which are consistent with previous

313 The monomer has two prominent absorption bands: the B

spectroscopic studies.
band at 436 nm (2.85 eV), and the Q band at 647 nm (1.92 eV). The B band originates
from the degenerate B, and B, transitions; the Q band consist of two peaks, which

originate from Q,,(0-1) and Q,,(0-0) transitions, respectively.’"**

Upon aggregation, the
B band is split into a very narrow red-shifted peak at 490 nm (2.53 eV) and a wider peak
at 423 nm (2.93 eV); these two peaks originate from different B-band excitons and, as
typical for the cylindrical aggregates®', they have different polarizations: the low-energy
component is polarized parallel to the cylinder axis, while the high-energy component is
polarized perpendicular to the aggregate axis.?"?*

The Q band is also red-shifted upon aggregation by about 0.17 eV to 707 nm and
675 nm (also see energy diagram in Figure 4 below). Contrary to the case of the TPPS4
monomer, the second peak in the aggregate’s Q-band absorption, at 675 nm, is not a
vibronic replica of the main peak at 707 nm, but a different excitonic state.’® As in the
case of the B-band, these two excitons have different polarizations: the transition dipole

of the lowest-energy one is parallel, while the higher energy one is perpendicular to the

cylinder axis.”!  The first vibronic replicas of both aforementioned excitonic states give
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rise to the third peak, at around 630 nm with no clear polarization.
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Figure 2 (a) Normalized UV-vis absorption spectra (left) of aggregate and monomer and
normalized fluorescence spectra (right, A, = 488 nm for aggregate and 437 nm for monomer) at
room temperature. (b) Simulated absorption spectrum with and without dephasing in comparison
to experiment. The model parameters used to obtain the simulated spectra are presented in the
text. (c) Measured absorption (black curves) and fluorescence (red curves) spectra in the Q band
region for the aggregate at three temperatures: 3K, 12K, and 48K. (d) Simulated absorption
spectrum in the Q band region for the aggregate at three different temperatures, using the same
model parameters as in Figure 2(b); note that the calculated spectra are almost identical, so the
lines overlap to a large extent.

The red-shifted narrow absorption band is the optical signature of the formation of J
aggregates, in which the collective excitonic states (Frenkel excitons) are shared by a

17,31, 34
number of TPPS4 monomers. "~

It has been demonstrated previously that a Frenkel
exciton model accounting for four transitions per molecule (B,, By, Q,, and Q,) provides a

good reproduction of the energies and the oscillator strengths of the excited states probed
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in the linear spectroscopy over the entire visible range,’" ** however, this model was
incapable of correctly reproducing the linewidths. Here, we simulated the absorption
linewidths using the Pauli Master Equation approach for inhomogeneous aggregates to
account for both the disorder and dephasing (lifetime) contribution to these widths and,
for the set of model parameters presented below, good agreement was achieved between
theory and experiment, as shown in Figure 2b.

We performed temperature dependent absorption and photoluminescence
measurements, the results of which are presented in Figure 2c. The spectra for the
monomers are given in Figure S2 of the supporting information. Notably, little
temperature dependence was observed in either the absorption or the fluorescence
linewidths for the aggregates. In contrast, the fluorescence linewidth of the monomer
decreases as temperature decreases (Figure S2).

To understand the temperature dependence of the absorption linewidth, we simulated
the temperature dependent absorption spectra as shown in Figure 2d. The simulations
were performed using the methods described in Section I1.2, with the one-particle basis
set truncated at the 2-phonon states for the Q band and the O-phonon states for the B band.
Temperature enters our model via the Bose-Einstein occupation numbers of the bath
modes that govern the values of the scattering rates as shown in Eq. (S3) in SI, and
thereby the dephasing rates.

We used a model parameterization based mostly on the experimental absorption

spectra of the TPPS4 monomer, which is an extension of the one used in the previous
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work on homogeneous TPPS4 aggregates3 ‘ Specifically, the mean vertical excitation
energies of the TPPS4 monomer were taken as 1.87 eV and 2.85 eV for the Q and B-band
states, respectively, with corresponding transition dipole moments of 4.4 Debye and
11.3 Debye. The transition dipoles are the same as in the previous work, *"*** while the
excitation energies were altered slightly to accommodate shifts resulting from the more
detailed treatment of disorder in the current work and the use of a different solvent in the
experiments. As previously, a vibrational quantum of 0.158 eV was used for the
high-frequency mode and the Huang-Rhys factors were taken as Azx = Aéy = 0.21 and
%, = Af;y =0 (see Eq.(S1) in SI). The resonance interactions J,;m (Eq.(S1)) were
treated as Coulomb interactions between transition dipole moments using the extended
dipole approximation, in which the transition dipole moments are represented as pairs of
positive and negative charges: the separation between the charges was taken as 0.5 nm,
which roughly corresponds to the diameter of a porphyrin ring, and values of 0.182 e and
0.470 e were used to reproduce the values of the transition dipoles of the Q and B
transitions, respectively.

The new parameters that needed to be determined for this work were the standard
deviation o of the Gaussian distribution of the random static energy shifts A,;, as well as
the scattering amplitude W, and the spectral density cut-off Aw. used in the Pauli
Master Equation approach (see section II of the SI for definitions of these quantities).
These three parameters were determined by fitting to the experimental linewidths of the

room-temperature absorption spectrum of the TPPS4 nanotubes over the whole visible
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range, thus for both the Q and the B bands at the same time. The best overall fit was
obtained for 6 =0.045 eV, Wy=3.94 eV, and hw, = 0.07 eV. The values of Wy and hw,
are to some extent related to each other: a good fit to the experimental data still can be
obtained by lowering (or increasing) Wy by up to 15% and simultaneous increasing (or
lowering) Awc. On the other hand, a change in o by about 10% makes the fit much
Worse.

The simulated positions and widths of the absorption bands of the aggregates (Figure
2d) show little temperature dependence, which is in excellent agreement with experiment
(Figure 2c). The explanation is as follows: Scattering by both static disorder and
phonons contributes to the exciton linewidth. The former contribution is temperature
independent. Phonon scattering may decrease the exciton coherence size below the
exciton localization size imposed by static disorder and then broadens the linewidth with
growing temperature. As can be seen from Eq. (S3) in the SI, the scattering by phonons
has both a temperature-dependent and a temperature-independent contribution. The latter
one results from the downward relaxation within the exciton band accompanied by the
spontaneous emission of one phonon to the bath. For the states from the middle and top
of the band this temperature-independent contribution can be significant even at low
temperatures, while it is negligible for the excitons close to the band bottom. In effect,
even when the linewidths are dominated by phonon scattering, it is possible that no
temperature dependence is observed if the optically dominant states are not located at the

band bottom and the temperature-independent contribution to the linewidths is more

16



significant than the temperature dependent one. This is exactly the case for the TPPS4
tubes studied here; because of the cylindrical geometry they are neither precisely J- nor
H-aggregates (in the sense that the optically allowed states would occur exactly at the
exciton band edges). In the absence of disorder the lowest-energy optically allowed state
of the TPPS4 tube is located 0.020 eV above the band bottom (see also the density of
states for the homogeneous aggregate in Figure S6 in SI). We note that also for perylene
bisimide aggregates the absorption linewidth was observed to exhibit a very weak
temperature dependence’”, which in that case was attributed to a very large level of static
disorder, so that inhomogeneous broadening dominates over the homogeneous
broadening.’>

Theoretical modeling aids the interpretation here, as it allows us to disentangle the
effects of static disorder and scattering by phonons from each other, by comparing the
results of separate simulations that take into account only static disorder with full
simulations that account for both effects (see Figure 2b). We conclude that for the lowest
exciton transitions (Q band), the absorption linewidth is indeed dominated by static
disorder and lifetime broadening by phonon scattering plays a relatively insignificant role.
For the B band, on the other hand, both effects are important: for its lower component the
linewidth is dominated by the static disorder, while for the higher component it is
dominated by scattering on the phonon bath. Still, we expect no temperature dependence
of linewidths within the whole B band, since for the higher component the

temperature-independent scattering to lower energy states accompanied by phonon
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emission turns out to be the dominant contribution to the linewidths even at room
temperature.

To conclude this section, it is useful to present data on the exciton delocalization
sizes imposed by the static disorder. Using the participation number’™ as measure of the
delocalization size of the states simulated by us, we found over the whole Q-band an
average delocalization area of 49 molecules (with a standard deviation of 105), while in
the whole B-band we found 1150 molecules (standard deviation 262). For the optically
dominant states in the Q-band (those lying within an energy o away from the absorption
maximum), the average delocalization area equals 208 molecules (standard deviation
152), while at the absorption maximum of the lowest B band we found 1036 (standard
deviation 224). However, as manifested by the large values of the standard deviations,
many states, especially those close to the band bottom, are delocalized over only a few
molecules.

The degree of delocalization of the optically dominant excitons is strikingly large as
compared to values generally reported and expected for linear J-aggregates. In the model
TPPS4 nanotubes the width of the excitonic Q band in the absence of disorder is about
0.07 eV, while the static disorder strength is 0.045 eV. In a linear J aggregate such ratio of
disorder and bandwidth would lead to optically active excitons delocalized over only a

53-54 . . .
One of the reasons for the increased exciton delocalization is the

few molecules.
tubular geometry of the aggregate: in the two-dimensional arrangement of the molecules

on the surface of the cylinder, the excitation can delocalize in more directions and thereby
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circumvent relatively large disorder fluctuations that may occur at particular molecules.
Moreover, we found that, in spite of the considerable energy difference between the
molecular Q and B states, the delocalization in the Q band is strongly enhanced by the
mixing with the B band>. If the dipole-dipole coupling between the Q and B states of
different molecules is switched off in our model calculation, the average Q band
delocalization area at the absorption maximum reduces from 208 to 88 molecules.
I11.2. Excited state absorption: transitions from one-exciton to two-exciton states
Figure 3 shows experimental and simulated polarization-dependent transient
absorption spectra at O ps delay at room temperature. The experimental spectra were
obtained with a pump wavelength fixed at 488 nm and varying the probe wavelength,
using a probe polarization parallel or perpendicular to the polarization of the pump pulse.
The simulated spectra were obtained using the hard-core boson approach as mentioned in
section IL.2, restricting to homogeneous aggregates without coupling to vibrations to
reduce the computational cost.”® This approach accounts for all one-exciton and
two-exciton states originating from the Q and B bands. The initial state, created by the
pump pulse, was taken as the excitation of the lower B band transition, to which the
pump pulse was tuned. For the simulated spectra shown in Figure 3, we did not allow
any evolution of this initially created state before the probe pulse arrives. Figure S7
shows that the spectra obtained using this assumption do not differ dramatically from
those calculated assuming that the exciton populations in the Q and B bands have reached

overall thermal equilibrium before the probe pulse arrives. Because the pulse width of
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the pump is ~ 150 fs, on the same order as intraband relaxation time,”” the actual
experimental condition is in between these two extreme cases.

In the visible-near IR spectral region the experimental spectra seem to be dominated
by ground state bleaching of the Q band transitions and a broad excited state absorption

band at lower wavelengths, consistent with previous reports’ *°

on these aggregates.
Changing from parallel to perpendicular probe polarization, the ratio of the 675 nm and
the 707 nm bleaching peaks grows. Though the calculated spectra have a more
pronounced structure in the Q band region than the experimental ones, they do reproduce
the bleaching peaks with similar polarization dependence. The simulations fail to
reproduce the broad excited state absorption band below 650 nm. We will discuss these
various observations in the following.

The polarization dependence is simply understood from the excitation conditions.
The lower B band transition excited by the pump pulse at 488 nm is polarized mainly
parallel to the tube’s axis.”" ** This implies that tubes have a higher probability to be
excited the closer their axes are oriented to the pump’s polarization direction. In other
words, the pump selects an anisotropic distribution of tube orientations. Therefore, when
the probe polarization is parallel to that of the pump, it also is parallel to the majority of
tubes that have been excited by the pump and hence it will preferentially be sensitive to

1.33% On the other

the 707 nm peak, as this is polarized parallel to the tube’s axis as wel
hand, when the probe has polarization perpendicular to the pump, it will preferentially be

sensitive to the 675 nm peak, as this transition is polarized perpendicular to the tube’s
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axis. In fact, our measurements confirm the polarization directions of the two main
transitions underlying the Q band in the aggregate, which have been assigned to the 0—0
vibronic transition of the lower and upper Bethe components, respectively.34

As noted above, the simulated spectra show a more pronounced excited state
absorption structure in the Q band region than the experimental ones: in the simulations
both negative bleaching (and simulated emission) peaks are accompanied by a narrow
lower-wavelength excited state absorption contribution. This results from the dominant
(superradiant) transitions from the B-band’s one-exciton states occupied after pumping
the system to two-exciton states associated with the mixed Q/B two—exciton band (this is
a band that contains superpositions of states in which two molecules are electronically
excited; these molecules may (independently) be in either a Q or a B state; also see
Figure 4 below); the blue shift relative to the associated bleaching peak originates from
the Pauli exclusion: each molecule only can carry one excitation’’. (For the case of
equilibration before probing, the similar narrow excited state absorption peaks in Fig. S7
originate from transitions from both the B and the Q band to the mixed Q/B two-exciton
states.) The fact that these excited state transitions cannot be discerned in the
experimental spectra probably is due to the larger linewidths that smoothen the structure

as well as vibronic effects.
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Figure 3. Measured and simulated polarization-dependent transient absorption spectra of TPPS4
aggregates at O ps delay at 298 K. The polarization of the probe was parallel or perpendicular to
the pump polarization.

As noted above, the simulated spectra do not reproduce the strong excited state
absorption signal at wavelengths ranging from 550 nm to 650 nm. It turns out hard to
unambiguously explain this experimental signal. As demonstrated in Figure S7, the
failure to describe it within our model is not an artifact of our assumption that the pump
B band state does not relax before the probe pulse arrives. We also note that degradation
of the samples as cause for the strong excited state absorption contributions, changing the
exciton level structure, can be ruled out. We made sure that the samples did not degrade
during the pump-probe measurements by checking the absorption spectra before and after
the measurements. We did not observe measurable differences in the spectra before and
after the pump-probe measurements.

It should be noted, however, that a strong and broad excited state absorption signal
also is present in the transient absorption of the TPPS4 monomer (Figure S3 in SI). Based
on the wavelength range over which this signal prevails, we ascribe it to transitions from

the Q band states in the TPPS4 monomer to higher excited states “X” lying above the B
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band (see Figure 4 for the proposed energy level diagram). In the aggregate this will also
lead to additional excited state absorption contributions from the Q or the B band states to
the manifold of X states (or rather, since we estimate the single-exciton band originating
from the molecular X states to lie in an energetic range that is similar to that of the mixed
Q/B two-exciton band (Figure 4), to the manifold of mixed states formed from the Q/B
two-exciton states and the X one-exciton band). Whether or not this is the explanation to
the observed discrepancy between theory and experiment is uncertain, because the
transition from the Q or B one-exciton band to the one-exciton X states cannot be
superradiantly enhanced, which makes its contribution to the spectrum much weaker than
superradiant transitions dominating the spectrum. Only a complete calculation of the
pump-probe spectrum, including the Q, B, and X states as well as disorder and vibronic
effects, may reveal to what extent cancellation of close lying positive and negative peaks
in the low-energy region of the pump-probe spectrum may effectively lower the intensity
there, so that the X state indeed may explain the observed high-energy excited state
absorption. Such a complete calculation computationally is too demanding to be carried

out.
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Figure 4. Energy level diagram of the TPPS4 monomer (left) and aggregate (right). ESA:
excited state absorption, the gradient arrows indicate that their end points in principle
may be anywhere in the receiving band.

I11.3 Temperature dependent fluorescence lifetime and dynamic Stokes shift

The spectrally integrated fluorescence decays at different temperatures for the
monomers and the aggregates are shown in Figure 5. Excitation wavelengths for the
monomer and the aggregate were 437 nm and 488 nm, corresponding to their respective
B band resonances. In these experiments the pump intensity was kept below 4 pJ/sz
corresponding to an excitation density of around one exciton per 1000 TPPS4 molecules.
The monomer exhibits single exponential fluorescence decay at all temperatures with a
life time that increases from 4.1 ns at room temperature to 7.8 ns at 3K (Figure 5).

In contrast, the fluorescence decay of the aggregate is highly nonexponential. A
tri-exponential decay function convoluted with a Gaussian response function is utilized to
fit this fluorescence decay. The decay constants along with the corresponding weights as
a function of temperature are plotted in Figure 5S¢ and summarized in Table S1. The three

decay constants are on the order of tens of picoseconds, hundreds of picoseconds, and a
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few nanoseconds, respectively. All three lifetimes increase as temperature decreases
(Figure 5c). We also measured the fluorescence quantum yield (QY) at various
temperatures and the results are summarized in Figure S4 in the SI. At 3 K the monomer
has a QY of 0.04, whereas that of the aggregates is 20 fold lower at ~ 0.002. Such low
QYs indicate that nonradiative pathways dominate energy relaxation in both monomers
and aggregates. The much faster and nonexponential nature of the fluorescence decay of
the aggregate suggests that an inhomogeneous distribution of states, most likely due to
disorder, is involved®®. Nonexponential decays were also observed in tubular cyanine
aggrega‘[es.58 Further discussion about the radiative and nonradiative pathways is
provided in section II1.4.

Figure 6 shows the spectrally resolved fluorescence lifetime spectra of aggregate and
monomer measured at 3 K. The data at room temperature are shown in Figure SS5.
Spectra at different delay times were obtained by integrating the streak camera results
over an interval of 0.2 ns and decay curves at different wavelengths were obtained by
integrating over a spectral window of 10 nm. At room temperature, the fluorescence
lifetime has no spectral dependence for either the aggregate or the monomer (Figure S5),
implying that for both systems thermal equilibrium is reached in the excited state
manifold within this lifetime. But at very low temperature, such as 3 K, the aggregate
fluorescence spectra exhibit a distinctive dynamic Stokes shift (Figure 6). They red-shift
with increasing time delay, indicating that the exciton populations at the higher energy

side decay faster than those at the lower energy side. Such a dynamic Stokes shift is
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absent for the monomer at all temperatures.
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Figure 5. Fluorescence dynamics of monomer (a) and aggregate (b) measured at different
temperatures; (c¢) Fluorescence decay constants (left axis) of aggregates and their contribution

(right axis) at different temperatures.

Similar dynamic Stokes shifts have been observed in tubular aggregates formed from
cyanine dyes and were attributed to the relaxation within the inhomogeneously broadened
density of states while fluorescence decay occurs.”® We ascribe the dynamical Stokes
shift observed here to the same origin, and this provides yet another indication of
significant static disorder in the TPPS4 aggregates. For high temperature, the intraband
scattering rates Wy (Eq. (S3)) are large and the exciton system equilibrates prior to
fluorescence decay; no dynamic Stokes shift is observed then. At low temperature, the

intraband relaxation slows down, which may result in down-ward relaxation occurring on
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the same time scale as fluorescence emission, thus giving rise to a dynamic Stokes shift.
Not reaching thermal equilibrium at very low temperatures even may result in a
nonmonotonous temperature dependence of the Stokes shift of the steady state

58-60
fluorescence spectrum.
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Figure 6. Transient fluorescence spectra and spectrally resolved fluorescence decay traces of
aggregate (a, b) and monomer (c, d) measured at 3K.

II1.4. Radiative and nonradiative processes
In this section we discuss the role of disorder and the nature of the radiative and

nonradiative relaxation pathways of the Frenkel excitons in the TPPS4 tubular aggregates.
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In order to elucidate the lifetimes of the excited states, global analysis has been used to
resolve the corresponding excited state spectral features and to determine their
lifetimes.®' Note that the time window of the transient absorption measurements is ~ 1 ns,
so that the slowest decay component of a few nanoseconds is not fully resolved and can
be considered to be non-decaying. The spectral surfaces are fitted using two exponentials
plus a non-decaying (> 1 ns) component.

The resulting decay-associated spectra (DAS) are shown in Figure 7 (details in the
SI). Both the recovery of the ground state bleach and the relaxation of the excited state
absorption are highly nonexponential at all temperatures with decay time constants
ranging from a few picoseconds to a few nanoseconds. The fastest decaying DAS, which
can be associated with a lifetime of 1.2 ps at 4 K and 4.2 ps at room temperature (293 K),
reveal spectral features of both the bleaching of the two lowest exciton states and a broad
excited state absorption, reminiscent of the excited state absorption discussed in section
II.2. At 3 K, the DAS at 1.2 ps is red-shifted compared to the slower decaying DAS
components, most likely due to the contribution of stimulated emission. The
slowest-decay (i.e., non-decaying) DAS consists of mostly ground state bleach as is

suggested by the fact that it has almost no excited state absorption features.
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Figure 7. Temperature dependent transient absorption spectroscopy of aggregates at RT (a) and
3K (b). The excitation wavelength was 488 nm and the polarization of the probe beam was
parallel to the pump beam. The decay-associated spectra (DAS) of aggregates at RT (c) and 3 K
(d) obtained by global analysis.

The low QY (0.002 at 4 K) indicates that nonradiative pathways dominate energy
relaxation in the aggregates. Figure 8 compares the relaxation of the excited state
absorption and the recovery of the ground state bleach with the fluorescence decay at 4 K.
The excited state absorption decay lacks the nanosecond decay component compared to
the ground state recovery, consistent with the DAS results, which can be explained by the
fact that the state where the excited state absorption initiates from relaxes into a different
excited state (for instance, a dark state due to defects or disorder, or an excimer state)
before the ground state fully recovers on the nanosecond timescale. The ground state
recovery has an additional fast component on the order of 1ps compared to the

fluorescence decay. One possible explanation for this 1 ps decay is exciton-exciton
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annihilation, because the pump intensity for the transient absorption measurements
creates about one exciton /100 molecules, compared to one exciton /1000 molecules for
the fluorescence lifetime measurements. As shown in Figure S8 of the SI, the amplitude
of the 1 ps decay component in the pump probe measurements increases as the pump
intensity increases, indicating that, indeed, exciton-exciton annihilation plays a role. We
do not observe a significant exciton-exciton annihilation effect in the intensity-dependent
PL measurements, not even for intensities that result in one exciton per 250 molecules
(Figure S8).  Considering that the Q band exciton is delocalized over ~ 200 molecules,
the last observation suggests that exciton localization probably occurs prior to exciton
motion, although our experiments do not directly provide evidence for such ultrafast
localization. Another possible explanation for the 1 ps component is that dark states
with fast nonradiative relaxation are involved in the ground state recovery process. This
is because fluorescence decay reflects only the population of the emitting states while
ground state recovery tracks the population of all excited states (bright and dark).

As discussed in section IIlL.1, static disorder dominates the absorption linewidth for
the lowest exciton energy level. The nonexponential exciton relaxation and the dynamic
Stokes shift observed in the aggregates are both manifestations of an inhomogeneously
broadened exciton density of states. The next step is to understand the lowering of the QY
in the aggregate as compared to the monomer, as that should provide us with deeper
insight into the exciton dynamics. In a first attempt to model the aggregate’s QY, we used

methods described in Section IL.2. Here, we used the low-temperature (3K) radiative rate
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of the monomer y§ ad £ (.0051 ns"l, based on its QY of 0.04 and the 7.8 ns fluorescence
lifetime. Furthermore, we assumed that the nonradiative relaxation rate to the ground
state is the same for all the aggregate’s excited states and equal to the monomer’s
nonradiative relaxation rate y2°" "% of 0.12ns'. For the perfectly homogeneous
aggregate our model predicts a QY of 0.0013, which is of the same order of magnitude as
the experimental value 0.002. For the more realistic case of an inhomogeneous aggregate,
however, using Eq. (3) we obtain a QY of 0.08, which is almost twice that of the

monomer. This observation suggests that the agreement between theory and experiment

obtained for the homogeneous aggregate is a mere coincidence.
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as well as at the ground state bleach (700 nm) compared with fluorescence (PL) decay at 4K. The
excitation wavelengths were all at the B band resonance at 488 nm.

The strongly reduced QY for a homogenous aggregate can be understood from its
density of states (Figure S6 in the SI): in the absence of disorder, the lowest optically

allowed (emissive) exciton state is not at the bottom of the Q band and phonon-induced
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intraband relaxation from this state to the lower-energy symmetry-forbidden dark exciton
states is more effective than its radiative relaxation. This explains the strong reduction of
the predicted quantum yield. However, once disorder is introduced, the cylindrical
symmetry is broken and the low-energy dark states become optically allowed; the
aggregate’s predicted QY then essentially becomes twice that of the monomer. This
doubling of the QY in our simulations results from the fact, that at 3 K the fluorescence
originates from the strongly localized states close to the band bottom, which carry about
twice the oscillator strength of the monomer (at such low temperature the population of
the strongly delocalized states at 0.02 eV above the band bottom is negligible).

We conclude that phonon-induced scattering within an inhomogeneous exciton band
resulting from Gaussian diagonal disorder does not explain the lowering of the QY upon
aggregation. Thus, another mechanism is responsible, not included in our model. So far
we disregarded off-diagonal disorder as well as structural defects. Off-diagonal disorder
refers to variations in the dipolar coupling between adjacent molecules and can be
induced by fluctuations in the local configuration™. Structural defects can lead to traps or
dark states that contribute to nonradiative processes. Rapid relaxation into dark states (~ a
few ps) can explain the transient absorption and fluorescence dynamics observed (section
II1.3) and is most likely responsible for the observed low QY in the aggregates. The exact
nature of the off-diagonal disorder and dark states is beyond the scope of this paper and
will be the topic of future investigations.

IV. Conclusions
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In conclusion, we reported a comprehensive account of the optical properties of the
Frenkel excitons in self-assembled porphyrin tubular aggregates. Such an aggregate can
serve as a model system to understand energy transport in natural photosynthetic
antennae. We investigated both linear and nonlinear exciton absorption, relaxation
pathways, and the role of disorder using combined ultrafast spectroscopy and stochastic
exciton modeling methods. In spite of the occurrence of site disorder of 0.045 eV, strong
intermolecular interactions lead to exciton delocalization across, on average, about 208
molecules in the lower —optically dominant- part of the aggregate’s Q band, while at the
lowest absorption peak of the B band an average size of even 1036 molecules is found.
The delocalization in the Q band is enhanced by mixing with the B band.

The absorption and fluorescence linewidths show little temperature dependence and
in the low energy range were found to be dominated by static disorder. The temperature
dependence of the linear absorption spectra have been simulated using the Pauli Master
Equation approach assuming scattering on acoustic phonons in the host matrix; this
provided excellent agreement with the observed data. We attributed excited state
absorption to transitions from one-exciton states to Q/B two-exciton states, possibly
mixed with one-exciton states originating from an even higher lying molecular excited
state X. Both the transient absorption of and the fluorescence from the exciton of the
tubular aggregates are marked by non-exponential decays ranging from a few
picoseconds to a few nanoseconds and were ascribed to complex relaxation mechanisms

dominated by disorder and dark states. Theoretical modeling of the fluorescence QY
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suggests that nonradiative pathways induced by disorder and structural defects (dark
states) dominate the nonradiative relaxation of excitons in the tubular aggregates. We
conclude that although the delocalized Frenkel excitons in these aggregates could
potentially facilitate energy transfer, fast relaxation induced by defects and disorder

presents a major limitation for exciton transport over large distances.
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