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ABSTRACT: In contrast to regular J- and H-aggregates, thin film nBSQ

squaraine aggregates usually have broad absorption spectra containing Disordered Ag;regatés ; ' '
both J-and H-like features, which are favorable for organic photovoltaics.

Despite being successfully applied in organic photovoltaics for years, a
clear interpretation of these optical properties by relating them to
specific excited states and an underlying aggregate structure has not
been made. In this work, by static and transient absorption spectroscopy
on aggregated n-butyl anilino squaraines, we provide evidence that both
the red- and blue-shifted peaks can be explained by assuming an
ensemble of aggregates with intermolecular dipole—dipole resonance

interactions and structural disorder deriving from the four different 1f 2 1T6 1:8 é 2?2 27 2 2?6 58
nearest neighbor alignments—in sharp contrast to previous association Energy (eV)

of the peaks with intermolecular charge-transfer interactions. In our

model, the next-nearest neighbor dipole—dipole interactions may be negative or positive, which leads to the occurrence of J- and H-
like features in the absorption spectrum. Upon femtosecond pulse excitation of the aggregated sample, a transient absorption
spectrum deviating from the absorbance spectrum emerges. The deviation finds its origin in the excitation of two-exciton states by
the probe pulse. The lifetime of the exciton is confirmed by the band integral dynamics, featuring a single-exponential decay with a
lifetime of 205 ps. Our results disclose the aggregated structure and the origin of red- and blue-shifted peaks and explain the absence
of photoluminescence in squaraine thin films. Our findings underline the important role of structural disorder of molecular
aggregates for photovoltaic applications.
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B INTRODUCTION understanding the spectroscopic properties of molecular
aggregates with parallel transition dipoles. Depending on the
slip angle, they may either exhibit a bright state at the high-
energy side of the exciton band and a dark state at its low-
energy side, as is the case for H-aggregates, or vice versa for J-
aggregates.

Although the simple model of J- and H-type aggregates
explains the basic spectral properties of many molecular
aggregates, there are also many aggregates for which the simple
J- and H-picture does not hold and that require a more
complicated model."> Even for a simple dimer structure, the
resonance interaction between chromophores with non-parallel

. . 16,17 )
- transition dipole moments and charge-transfer interac-
enhance or quench fluorescent emission. Based on these

18,19 . .
dipolar interactions of transition dipole moments, two tions may split the exciton band. Also, the aggregate

archetypes of aggregates named J- and H-aggregates'' ™' can morphology is important: for aggregates with a tubular

be formed depending on the relative alignment of the
transition dipole moments. In the special case of parallelly Received: July §, 2022
aligned transition dipole moments, the slip angle 6 between Published: October 14, 2022
them and the relative position vector connecting two

molecules dictates the interaction between them. Importantly,

this interaction may either be positive, for 6 > 54.7°, or

negative, for 6 < 54.7°.'>"* This provides a general picture for

Aggregated molecular assemblies have attracted considerable
interest in many fields of scientific research and technological
development, ™ especially for organic optoelectronic devi-
ces’ ' such as light emitting diodes and solar cells. Their
optoelectronic properties depend strongly on the aggregates’
structure and morphology, making an understanding of these
properties essential to understanding and tuning device
performance. In aggregates of molecules with strong optical
transitions, the resonance Coulomb interactions between the
associated transition dipole moments can yield large spectral
shifts, cause changes in absorption linewidths, as well as
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symmetry, multiple J-bands may occur or even multiple J- and
H-bands.””*" Similarly, structural disorder and inhomogeneity
of the environment can significantly broaden the spectroscopic
response of molecular aggregates. Molecular vibrations further
enrich the optical properties. Models includinzg vibrations have
been developed based on either dimer->*~** or crystal-like
aggregation””>® and have been successfully applied to
aggregated systems such as TDBC—a cyanine dye—and
pseudoisocyanine dyes.””® In short, there are abundant effects
that may complicate aggregate spectra beyond the simple J-
and H-band picture. Thus, detailed knowledge of packing,
morphology, and additional interactions may be needed for
modeling aggregate spectra and optical dynamics.

An unusual aggregation system deviating significantly from
the basic J- and H-picture is found for certain squaraine dyes.
Due to their unique and easily customizable optical proper-
ties””" this large family of z-conjugated quadrupolar
molecules has attracted attention in recent experimen-
tal'”?' 7" and theoretical studies.””** As reported, the
molecules can easily form either J- or H-type aggregates
depending on their molecular structure’**”° and sample
preparation conditions.”**>*>*® Moreover, squaraines with a
symmetric molecular backbone show strong electron-donating
and -accepting properties, and both intra- and inter-molecular
charge transfer could play an important role in the optical
spectra of squaraine aggregates.”” Recently, a family of n-alkyl
aniline squaraines (see Figure 1la) was synthesized and
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Figure 1. Molecular structure and steady-state absorption of nBSQ
samples. (a) Chemical skeleton of the monomer nBSQ in the x—y
plane of molecular coordinates. (b) Steady-state absorbance spectra of
monomeric nBSQ in chloroform solution (gray line) and aggregated
thin films on glass substrates (red line).

engineered***” for organic solar cells which can reach relatively
high power conversion efliciencies. The monomeric squaraines
contain a strong hydrogen bond network forming a very rigid
planar skeleton and can be referred to as a donor—acceptor—
donor system (D—A—D). When forming aggregated solid
films, both “J-” and “H-like” transitions were observed
simultaneously, while the samples lacked any photolumines-
cence (see Figures 1b, S2 and ref 49). Note that the terms “J-/
H-like” are used for simplicity to assign the features in the
absorption spectrum that are red- and blue-shifted relative to
the monomer absorption peak.

Surprisingly, despite many efforts and successes made for
solar cell application, little is known about the nature of the
electronic states in these aggregates and the mechanisms of
their formation and structure. To explain the experimentally
observed broad optical transitions and lack of photo-
luminescence, an intermolecular charge transfer model*’
based on a simple dimer analysis has been proposed. However,
until now, no direct experimental evidence of charge separation
has been observed, and it is not clear how the aggregated
structure is related to the intermolecular charge separation in
longer and disordered aggregates. Recently, a similar dimer
system was modeled,”’ suggesting that strong quadrupolar
interactions can explain a “red-shifted H-aggregate”.

Missing aspects of the quest to understand the optical
properties of n-alkyl anilino squaraines are the effects of
aggregate size and structural disorder. As previous studies’’”*
are based on the sophisticated but computationally costly
essential states model’’ that includes intermolecular charge
transfer, the aggregate size that may be considered in the
numerical analysis is very limited. In this study, we will use a
much simpler exciton model, in which only dipolar resonance
interactions between the molecules are taken into account, a
physically plausible form of structural (packing) disorder is
considered, and intermolecular charge transfer is ignored. This
model is a further simplification with respect to previous
studies using the essential states model without charge-transfer
interactions.””>> This allows us to model long aggregates and
to systematically study the effects of structural disorder,
enabling us to show that this simple model explains the
measured steady state and broadband transient absorption
spectra of thin films of the rigid planar molecule 2,4-bis[4-
(N,N-dibutylamino)-2,6-dihydroxyphenyl]-squaraine (nBSQ).

The aggregate excitons decay single exponentially with a
lifetime of around 200 ps and show photobleaching and two-
exciton absorption in both red- and blue-shifted absorption
regions, suggesting a single aggregate system. Not only the
steady-state absorption but also the transient response is in
good agreement with the proposed model if two-exciton states
are properly included. Our results indicate that nBSQ_ thin
films consist of disordered nanoscale aggregates with excitons
delocalized over approximately 10 molecules, stimulating new
thoughts about the role of structural disorder for engineering
optical properties of molecular aggregates.

Structural Model and Theory. The aggregate model
proposed here has two main ingredients, namely (i) a specific
form of structural disorder and (ii) dipole—dipole resonance
(excitation transfer) interactions between the molecules that
make up the aggregate. The symmetry of nBSQ molecules
(Figure la) acts as a starting point to simulate an aggregate’s
disordered structure. A single molecule contains two n-butyl-
functionalized anilino rings, which behave as electron donors,
and a central squaric acid-derived group, which acts as an
electron acceptor. The whole D—A—D-like molecule has a D,,,
symmetry around the squaric center. The molecule’s
symmetric charge distribution results in the absence of a
permanent electric dipole moment. Furthermore, a strong
hydrogen bond network between the phenol hydroxyl groups
and the carbonyl oxygen atoms confines the molecule’s
skeleton into a rigid plane. Thus, both the z-conjugated
orbitals and the Coulomb interaction between charge sites
steer molecular aggregation. For visualization, the concept is
explained using the x,y,z-coordinate system as in Figure 2a,b.
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Figure 2. Proposed structural model of nBSQ aggregates. (a) For the sequential construction of an aggregate, a new molecule is allowed to occupy
one of four spots relative to the previous molecule. (b) Random sequential construction of aggregates yields a disordered aggregate chain. Every
construction yields a different structure. (c) Two types of trimers—straight (I) and kinked (II)—demonstrate the influence of structure on the

dipolar interaction between the next-nearest neighbors.

The symmetry of nBSQ and the position of its charges allow
us to predict the packing of molecules inside an aggregate.
First, neighboring molecules will align their planes parallel to
each other. Second, they will be shifted in both the x- and y-

direction to optimize their ground-state Coulomb interaction.
The resulting translation vector R;;,, between the nearest

neighbors can be parameterized as (Ax, Ay, Az), with Ax, Ay,

Az > 0. Also, due to rotational symmetry, R; ;. is not unique,
but for every positive value of Ax(Ay), the negative equivalent
—Ax(—Ay) can also be used to construct l_ii,iﬂ. This leads to
four possible positions for the next neighbor, with four
different ﬁi,i +1 (£Ax, £Ay, Az) in a given coordinate system

(see Figure 2a). Note that the slip angle 6 between the
molecular backbone (which also gives the direction of the
transition dipole moment) and l_ii'i +1 is the same for all four
configurations.

We use this consideration to sequentially construct a
disordered aggregate chain. The construction starts with the
first molecule being placed in the origin of the coordinate
system. The second molecule will be placed with respect to the
first in one of the four possible positions described above. This
assignment is random. This procedure extends to all other
molecules: the next molecule will always be randomly placed
with respect to the previously placed adjacent molecule,
choosing one of the four possible relative positions. Generally,
ﬁi,i+1 does not have to coincide with §i+1,i+2, preventing any
long-range order and giving rise to structural disorder. Since
the Az-value is constant throughout the construction, the
aggregate will always “grow” along the z-direction, forming a
disordered aggregate chain. Figure 2b shows several possible
configurations for the case of a hexamer.

Due to the randomized construction, each aggregate has a
different structure. Therefore, a macroscopic object like a thin
film must be simulated by an ensemble of different aggregates,
each constructed independently of the other.

We next turn to the Hamiltonian that describes the optical
properties of the proposed structural model. Each molecule is
considered to be a two-level system, corresponding to a ground
state Ig) and a localized excitation li) = blg), where b](b,) is

the Pauli operator that creates (annihilates) an exciton on
molecule i. The basis considered here is spanned by the one-
exciton states li) and two-exciton states li) & lj) with i # j.
Two-exciton states are optically dark with respect to transitions
from the ground state but become bright for transitions from
the one-exciton states, therefore contributing to photoinduced
absorption. For the steady-state absorption spectrum, only the
one-exciton states are needed, while the transient absorption
also probes two-exciton states. In this basis, the Hamiltonian is
written as

iji

H= ) (E,+ AE + 8)bb, + ) Vb o
i i#j 1

commonly known as a Frenkel exciton Hamiltonian.”*>*
y

The energy difference between the two molecular levels is
denoted as E, and its value is obtained from monomer spectra
in solution. The exact nature of the electronic transition in
nBSQ molecules is associated with the symmetric ground and
antisymmetric zwitterionic states but is not required for the
present simulation. The solution to the crystal energy shift is
denoted by AE. The excitation energy of each molecule will be
slightly different due to the molecule’s local environment. This
variation is modeled by including a static disorder &, which is
sampled from a Gaussian distribution with a standard deviation
o and zero mean. For simplification, vibronic components in
the Hamiltonian are neglected as both its spectral transition
strength (Figure 1b) and the associated couplings are small in
squaraine dyes.*”*’

The excitations on different sites are coupled through the
resonant coupling V. We assume that this interaction is
dominated by dipole—dipole interactions and employ the
point—dipole approximation

il
Vv, = 7]3(1 -3 cosz(Gij))
4mepe R (2)

where y; denotes the transition dipole moment (oriented along
the molecular backbone) on site i, R;; = |7 — 7] is the distance
between the two molecules, and 6; is the slip angle between

the transition dipole moments and the relative position of both
molecules, 13,]
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This simple interaction scheme shows the influence of
structural disorder, unperturbed by other effects, on the
aggregate’s optical features. Even in a simple system like a
trimer, the structural disorder has a profound influence on the
interaction, as portrayed in Figure 2c. The two trimers shown
in Figure 2¢ distinguish two possible alignment cases: straight
(left) and kinked (right). Although both structures feature the
same slip angle 6 between the nearest neighbors, the next-
nearest neighbors™ alignment (6, ;) deviates a lot. While the
straight structure always reproduces the same next-nearest
angle (6, ; = 6), the kinked alignment always changes the angle
(0,; # 0). This altered angle significantly changes the
interaction Vi, potentially even switching it from negative
(“J-like”) to positive (“H-like”). Moreover, if € is sufficiently
close to the magic angle of 54.7°, the magnitude of the next-
nearest neighbor interaction even becomes comparable to the
nearest neighbor interaction and influences the optical
properties significantly. As “kinks” are more likely, the longer
the aggregate gets, the more the non-nearest neighbor
interactions become significant. This leads to competing
interactions of “J-like” and “H-like” characters, creating a
much more complex system than regular J- or H-aggregates.

The absorption spectrum is most easily calculated in the
eigenbasis of the Hamiltonian _%iven in eq 1 which is obtained
by numerical diagonalization.”” The absorption spectrum is
then calculated as follows

Ae) x Z plef(e — e, o)
k (3)

where y;, and €, are the transition dipole moment and
eigenenergy associated with eigenstate k of the Hamiltonian,
respectively. The brackets ( ) denote the ensemble average
over many randomly generated disorder realizations, and f(¢,0)
is a Gaussian line shape function centered at € = 0 and with a
standard deviation of 6. More information on this calculation
can be found in Supporting Information, Part 2.

The transient absorption spectra were calculated considering
a sequence of a pump pulse and a probe pulse. The pump pulse
can bring an aggregate from its ground state into a one-exciton
state. The probe pulse may result in a transition from this one-
exciton state into a two-exciton state (excited-state absorption)
or in stimulated emission from the one-exciton state back to
the ground state. The transient absorption spectrum, being the
difference between the probe absorption spectrum and the
steady-state absorption spectrum, thus has three contributions:
bleaching of the transitions between the ground state and the
one-exciton states (negative), stimulated emission of the one-
exciton state excited by the pump pulse (negative), and
excited-state absorption (positive). A full explanation of the
used framework can be found in ref 54 as well as in Supporting
Information, Part 2.

To account for dynamical processes, we consider two
different exciton occupation populations after photoexcitation
by the pump pulse. For short time delays, we estimate the
exciton population to reside in the bright state which gets
excited by the pump pulse. For longer time delays, we consider
a relaxed exciton population which resides in the lowest energy
exciton state following a Boltzmann distribution. As the latter
exciton occupation does not yield a good fit (see Figure S3),
we will from now on only address the exciton population at
short time delays unless mentioned differently. Similar to the

absorption spectrum, the resulting transient spectra are
averaged over a large ensemble of disorder realizations.

B COMPUTATIONAL METHODS

The transition dipole moment u used to evaluate the interaction
strength was calculated from the measured attenuation spectrum of
monomeric nBSQ, yielding a high value of 15.6 Debye—a reasonable
value given the equally high values for gas-phase time-dependent
density functional theory calculations (12.6 Debye, see Part 3 of the
Supporting Information) as well as essential state model calculations
>
4re.€q
of roughly 150 eV A*. The transition dipole moment of nBSQ is large
in contrast to other molecular dyes, for example, porphyrin (~6
Debye)*>*° and perylene (~8 Debye),"” which is consistent with the
higher extinction coefficient.*’

The peak of the absorption spectrum of nBSQ in chloroform at
1.91 eV was chosen as the on-site energy E,. Best fitting spectra were
obtained when the static-energy disorder was sampled from a
Gaussian distribution with a standard deviation ¢ of 0.05 eV and a
zero mean to account for differences in the monomeric environment
inside an aggregate. The stick spectrum was convolved with a narrow
Lorentzian line shape with a full width at half maximum (fwhm) of
0.0S eV.

The size of the simulated aggregate ensemble was determined
empirically by increasing it to 10° aggregates. The resulting density of
states and absorbance converged for all aggregate lengths between 3
and 20 molecules if one ensemble contained at least 5 x 10*
independently generated aggregates. Hence, 5 X 10* was chosen as
the most effective ensemble size. A comprehensive list of all model
parameters used in the simulation can be found in Table S1 in
Supporting Information, Part 2.

(19.9 Debye). This yields an interaction strength prefactor 7 =

B EXPERIMENTAL METHODS

Samples. The nBSQ_dye was synthesized and processed to thin
films following the previously published procedure,” where spin-
casted and thermally annealed thin film samples were extensively
characterized by spectroscopic ellipsometry and X-ray diffraction. For
spectroscopy measurements in solution, nBSQ was dissolved in
chloroform, and the solutions were sonicated to ensure complete
dissolution. The aggregated thin film was obtained by spin coating
onto float glass substrates with a film thickness of ca. 15 nm and
thermally annealed at 90 °C under an inert atmosphere to obtain the
most stable, fully aggregated sample. Further characterization is
provided in the Supporting Information, Part 1.

Steady-State Absorption and Fluorescence Measurements.
The static absorption spectra were measured using a Lambda 1050
absorption spectrometer (Perkin & Elmer) at ambient conditions
(~22 °C). For solution sample measurements, an nBSQ stock
solution in chloroform was diluted to a concentration of around 1.5 X
107 mol ™! and measured in a cuvette with a 5 mm optical path
length. Thin film absorption spectra have been corrected for the
substrate response.

An LS-55 fluorescence spectrometer (Perkin & Elmer) was used
for fluorescence measurements using 620 nm excitation for the
monomeric solution and 650 nm for the thin films.

Ultrafast Transient Absorption Spectroscopy. Femtosecond
white light spectroscopy was conducted using a spectrometer based
on a 125 kHz, Yb:KGW rq%enerative amplifier laser system
(PHAROS, Light Conversion).”” Band-pass filtered pulses from a
non-collinear optical parametric amplifier (NOPA, Light Conversion)
were used for pumping the sample with a temporal width of 100—150
fs at 1.72 eV (720 nm). To prevent laser degradation of the
aggregated films, the excitation pulse energy was attenuated to around
2 nJ per pulse and slightly focused onto the sample with a spot size of
around 200 ym in diameter. For the probe, a 1450 nm laser beam is
tightly focused into a 2 mm thick sapphire plate to generate a white
light supercontinuum. The white light beam was spectrally filtered,
limiting the range to 500—800 nm. The transient spectra were
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Figure 3. Dispersion-corrected transient absorption spectra at selected delay times and dynamics. The red bar indicates the pump energy. (a)
Transient spectra in a short delay time range. (b) Transient spectra in a long delay time range. The gray area indicates the negative absorption
profile as a rescaled reference. (c—f) Relaxation dynamics observed at different energies. (c) Short time range at 2.0 eV. (d) Short time range at 1.8
and 2.2 eV. (e) Long time range at 1.78, 2.0 eV (flipped for comparison), and 2.2 eV, renormalized. (f) Band integral dynamics as obtained from eq
3. Dots are experimental data, and red lines are fitted with exponential functions.

detected using a silicon-based diode array mounted in a
polychromatic spectrometer (HARPIA, Light Conversion). To
minimize pump scattering into the detector, the polarization of the
pump beam was set perpendicular to that of the probe, and a polarizer
was placed in front of the detector.

B RESULTS AND DISCUSSION

Steady-State Absorption. The absorbance of monomeric
nBSQ in chloroform solution (gray line in Figure 1b) shows a
maximum absorption peak at around 650 nm (1.91 eV),
corresponding to the optical HOMO to LUMO transition (SO
— 81).°**” The maximum absorption peak has a molar
extinction coefficient of around 4 x 10° M™' cm ™% A
relatively weak shoulder peak at around 590 nm (2.1 eV) is
assigned to the vibronic progression (0—1). The main
absorption peak carries a fwhm of around 0.1 eV. In contrast
to the monomer, the aggregated thin film exhibits two broad
absorption peaks (red line in Figure 1b), one centered at
around 1.84 eV (fwhm = 0.25 eV) and another centered at
around 2.26 eV (fwhm = 0.4 eV). In contrast to the
monomer’s absorption spectrum, the higher-energy peak is
blue-shifted by around 0.36 eV, while the lower-energy peak is
red-shifted by around 0.06 eV. Such a large energy separation
between the two peaks must be beyond vibronic coupling.
Another intricate aspect is the total quenching of photo-
luminescence in the aggregated thin film (see Supporting
Information Part 4, Figure S1), indicating that the red-shifted
peak cannot be ascribed to a regular J-band coinciding with the
bottom of the exciton band. Other explanations such as H-
aggregation mixing with red-shifted monomers or Davydov-
splitting can be safely ruled out as well due to the absence of
observable photoluminescence. Our observations are in line
with previous reports.*”*’

Figure 4a shows how the simulated spectrum using the
proposed model with structural disorder and dipolar resonant
interactions is in agreement with the measured spectrum. The
simulation reproduces both the position and the width of both
spectral features, where the width is found to be dominated by
the structural disorder.

The optimized structural parameters are N = 10 molecules,
with Ax =3 A, Ay = 1 A, and Az = 3.9 A. The latter values
deviate from the single-crystal XRD*’-derived lattice parame-
ters (Ax =3.52 A, Ay =1.93 A, and Az = 3.34 A), suggesting a
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different structure in thin films and single crystals. The
resulting slip angle 6 between the molecular axis and the
translation vector is 53.3°, which yields a nearest-neighbor
interaction energy of —0.08414 eV. Note that the Madelung
energy includes both the nearest and non-nearest neighbor
interactions and thus will be much bigger. Additionally, the
much smaller value for Ay compared to the single crystal
results in a slightly bigger slip angle, favoring H-like
interactions and increasing the impact of structural disorder.

An important finding of our simulations is that the density of
states (gray area) extends below the absorption edge, resulting
in low-energy dark states. This is consistent with the observed
lack of photoluminescence, as the low-energy dark states are of
exciton-band character, providing a fast relaxation channel and
therefore following Kasha’s rule. While disorder, in general, is
predicted to increase the photoluminescence efficiency of H-
aggregates,”’ this effect seems not pronounced enough to be
visible in our simulation due to the ensemble character of the
model, in which most aggregates do have a purely dark lowest
energy state. While our model provides an intuitive under-
standing of the lack of photoluminescence in the thin film
sample, other effects might increase the quenching further. The
ensemble character of the model provides an eflicient platform
for reabsorption of emitted photons, which further increases
concentration quenching. Forming of other quasiparticles like
polarons or excimers as well as adiabatic processes like spin-
flips might further enhance this effect, but are outside the
scope of this study.

Transient Absorption. To further investigate the origin of
the excitonic transitions and their dynamics, we performed
transient absorption spectroscopy. In these experiments, the
aggregated nBSQ thin film was excited on the low-energy side
of the lowest absorption band (1.722 eV/720 nm) and probed
by broadband white light (1.5-2.6 eV/500—800 nm). The
measured white light dispersion-corrected transient absorption
spectra are presented in Figure 3a,b for selected delay times. At
earlier delay times, there are four main observations: (1)
bleaching of both the lower- and higher-energy peaks appears
simultaneously upon excitation, indicating that they stem from
the same species and share a common ground state; (2) the
amplitude ratio between both peaks differs from the steady-
state absorption data; (3) a positive peak appears in the middle
of the spectral range at around 2 eV, with a narrower linewidth
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Figure 4. Comparison of the measured and simulated steady-state (a) and transient (b) absorption spectrums of thin film nBSQ. Panel (a) shows
the density of states in addition to the absorbance spectrum. Both broad absorption humps are replicated by the simulation, while the density of
states below the absorption edge shows the presence of dark states. Panel (b) shows the transient absorption signal at 100 fs after photoexcitation.
The decomposition of the transient absorption in terms of ground-state bleach, two-exciton absorption, and stimulated emission is found in the

Supporting Information, Part 6, Figure S3.

than the bleach signals; (4) dynamics of the two bleaching
signals are different. Similar results were obtained when we
exited the aggregated film with a higher energy of 2.43 eV (510
nm) (see Supporting Information Part S, Figure S2).

Figure 3c—e shows three representative decay curves taken
at 1.8, 2.0, and 2.2 eV, respectively, for both short and long
delay times. The sub-ps dynamics for the high-energy region is
considerably different from the other regions, as the signal is
even slowly increasing for the first 800 fs. The non-exponential
shape and duration of the growth suggest a more complex
mechanism, possibly due to the relaxation of the exciton
population into lower-energy states.

Fitted exponential functions (see Figure 3e) indicate that
long-time dynamics at 2.2 eV roughly follows a mono-
exponential decay with a lifetime of 205 ps, while the other
two require at least bi-exponential decay functions. The sub-
picosecond rise of the dynamics as well as the nature of the
second relaxation channel seen only at long delay times and for
a selected energy range cannot intuitively be explained in the
context of the exciton-band model of non-interacting aggregate
chains and suggests more complex interactions like energy
transfer between aggregates, Coulomb screening effects, or
charge-transfer interactions.

To gain further insights into the exciton recombination
processes, the band integral (BI)®"%* over the whole observed
spectral region at different delay times was calculated from the
raw data by using the formula

238¢V. AOD t
BI(t) = / Mde
1.55 eV €

(4)

Figure 3f shows the resulting dynamics. The BI dynamics
can be fitted by a single-exponential decay with a time constant
of 201 ps, similar to the high-energy dynamics. Therefore, the
lifetime of excitons in the aggregated nBSQ film is close to 200
ps, which is much longer than in other molecular
aggregates®>®® (usually 10~100 ps) formed by squaraines
with relatively flexible molecular structures (with a less
pronounced or even no hydrogen bond network); the more
rigid molecular backbone of nBSQ may prevent deformation-
assisted relaxation pathways.

As the transient response is more complex than just long-
lived bleaching of the steady-state absorption at the lower- and
higher-energy sides, our simulations must also consider the
two-exciton absorption and stimulated emission contributions,
as described in the Structural Model and Theory section.
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Figure 4b shows the measured and simulated transient
absorption spectrum at 100 fs after photoexcitation. A
decomposition of the simulated spectrum can be found in
Supporting Information, Part 7. The simulated spectrum
qualitatively reproduces the main features of the experimental
spectrum: (1) simultaneous bleaching of both lower- and
higher-energy regions, (2) a higher negative contribution of
the low-energy side compared to the higher-energy side, and
(3) a positive signal in between.

Deviations between the simulation and experiment can be
seen: (i) on the low-energy shoulder of the low-energy hump.
Apparently, the measured stimulated emission is much more
suppressed than the simulated one. This could be due to
reabsorption inside the thin film. (ii) The high-energy signal
seems to be too low in the simulation. (iii) The measured data
shows a substructure in the transient signal at higher energies,
which is also present to an even higher extent in the simulated
spectrum. The substructure may be smoothened by including
vibrational modes or explicit modeling of a bath, but this is
beyond the scope of this paper.

We have not been able to fit longer time transients by a
changed occupation distribution as described above. This
indicates a more important role of additional, weaker
interactions. Examples might be charge-transfer interactions
as well as Forster energy transfer between aggregates, which
could explain the multitude of relaxation channels seen in the
experimental data.

The two-level approximation employed here is mostly valid
for disordered one-dimensional chains. It is known, however,
that monomer squaraine dyes have a dark second-excited state,
which is optically forbidden from the ground state while having
a large transition dipole moment from the first excited state.”’
This dark state has much lower energy than the probe pulse
(~1.17 eV). Furthermore, the relative contribution to the
transient absorption spectrum resulting from transitions from
the superradiant exciton state to the third level of various
molecules scales inversely proportional to the aggregate size
NS Hence, the effect of these dark states on the results
presented here is expected to be small.

Although many different configurations of the slip angle 6
and the number of monomers in an aggregate N were
simulated here, only the best-fit parameters for 6 and N yield a
satisfying fit to the steady-state absorption spectra. While 8
influences the spectrum by changing the relative strength of
the nearest- and non-nearest neighbor interactions, N affects
the spectrum in many ways. The aggregate size influences the
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width of the signals as well as the relative contribution of high-
energy bright states (see Supporting Information, Part 7 and
Figure S4a). A possible reason lies in the “edge effect” of a
decreasing amount of non-nearest neighbor interactions when
approaching the edge of an aggregate chain. Since “H-like”
interactions can only occur between the non-nearest neighbors,
near the edge, “H-like” interactions become scarce, resulting in
more low-energy states. Further understanding of this effect
requires a statistical analysis, which is outside the scope of this
work.

During our simulation study, we found that the static-energy
disorder parametrized by ¢ and the width of the Lorentzian
lineshape I" only slightly improved the fit. The main
broadening of the two humps in the absorption spectrum
must therefore be due to the structural disorder in the
aggregates (see also Figure S4b). Based on the sensitivity of the
simulation to @ and N, which is comparable to aggregate
lengths of other molecules,'”*>° the best fit results are very
robust.

Opverall, both the steady-state and initial transient absorption
of nBSQ thin films can be explained using the proposed model
with only dipolar excitation transfer interactions and structural
stacking disorder with reasonable translation distances, not too
far away from the lattice parameters found for single crystals.
Our data show that structural disorder alone can account for all
features of the steady-state absorption spectrum, the lack of
photoluminescence of the red-shifted aggregate peak, as well as
the large linewidths of both absorption bands. To achieve this,
the lattice parameters have been refitted to enhance H-like
couplings in the excitonic model. A continuous transient
response to photoexcitation over the whole region of
absorption underlines that, while there is a multitude of
aggregates, both humps originate from the same set of
aggregates.

The intrinsic simplicity of the model provides a solid tool for
fast simulations of the absorption spectrum and facilitates
reverse engineering of structure—property relations. As the
computational cost is small compared to more sophisticated
techniques, finding fitting parameters for the disordered
structure model can be done even on personal computers
without the need of clusters or other sources of high
computational output. Moreover, we do not need to impose
the single-crystal structure onto the thin film, allowing us to
find structures which might describe non-crystalline structures
better.

The limitations of the proposed model arise from the greatly
simplified molecular interaction. The excitonic model consid-
ered here can be extended with vibronic coupling, which leads
to asymmetric line shapes of the two peaks. Also, intra- and
inter-molecular charge-transfer interactions are not included in
this study as they were not needed to model the experimental
spectra. This is in contrast to the essential states model used in
a previous study’’ where charge transfer was included to
explain the two-peak absorption spectrum. In this previous
study"” however, a dimer was considered which is not able to
generate the competing J- and H-like couplings found in this
paper. Including structural disorder in the essential states
model may significantly lower the intermolecular charge-
transfer coupling required to obtain a two-peak absorption
spectrum.

Adding a modest amount of charge transfer could improve
the accuracy of our model at long delay times. Considering the
long intrinsic lifetime of charges as well as charge-induced

spectral distortions could result in a more satisfying agreement
between the simulation and experiment.

The degeneracy of the four different alignments considered
in our model might also need further tuning considering the
alkyl arms of nBSQ. If a C,, symmetry is chosen instead of a
D,;, symmetry, the alkyl arm would influence the probability of
the four possible alignments and potentially even the alignment
vector itself. This consideration could broaden the applicability
of the structural disorder model to molecules of lower
symmetry. In any case, these more advanced aspects of
spectral modeling are not necessary to describe the molecular
system at hand.

The importance of discussing nBSQ a§gregates as
disordered is underlined by previous studies,”” which have
shown that nBSQ_thin films are isotropic in-plane. Addition-
ally, the intermolecular distances used in this model are similar
to single-crystal data,"” strengthening our claim of a reliable
model. A yet pending question is the strong out-of-plane order
observed by XRD, as our experimental setup does not allow
probing in this direction.

B CONCLUSIONS

In conclusion, we have systematically investigated the optical
properties of an aggregated thin film of the squaraine derivative
nBSQ_with a rigid planar molecular structure by using both
steady-state and time-resolved spectroscopy methods. The
aggregated film showed a complex steady-state absorption
spectrum as well as intricate excited-state dynamics. We
observed a transient response across the whole absorption
spectrum. Through band integration of the transient spectra,
we were able to show that the exciton decays with a lifetime of
around 200 ps. Using a model with only dipolar excitation
transfer interaction and plausible structural (stacking) disorder,
we successfully interpreted all observed phenomena in both
steady-state and short-time transient absorption spectra,
including their exceptionally large linewidth. Our data suggests
that disorder alone can qualitatively reproduce all measured
optical features. The results and the model analysis presented
here can have significant guidance on further control and
manipulation of squaraine aggregates for optoelectronic
applications.
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