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ABSTRACT

Using a variety of steady state and time-resolved microscopies, this work directly compares the
excited state dynamics of two distinct morphologies of a hierarchical perylene diimide material: a
kinetically-trapped 1D mesoscale aggregate produced with a redox-assisted self-assembly process,

and a thin film produced via conventional solution-processing techniques. Although the



constituent monomer is identical for both materials, linear dichroism studies indicate that the
kinetically-trapped structures possess significantly higher long-range order than the conventional
thin film. A comparison of the two systems with broadband pump-probe microscopy reveals
distinct differences in their excited state dynamics. In the kinetically-trapped structures,
polarization-resolved kinetics, as well as a picosecond redshift of the ground state bleach provide
evidence for rapid excited state delocalization, which is absent in the thin film. A comparison of
transient spectra collected at 1 ps indicates the presence of long-lived charge separated states in
redox treated samples, but not in the thin film. These results provide direct evidence that control
of the supramolecular assembly process can be leveraged to affect the long-range order of derived
PDI materials, thus enabling increased yield and lifetime of charge separated states for light
harvesting applications. Furthermore, these results highlight the need for microscale broadband
probes of organic materials to accurately capture the influence of local morphology on excited

state functionality.

INTRODUCTION

Organic materials comprise a class of semiconductors with significant advantages, including
low-cost solution-based fabrication and synthesis methods, low environmental impact, mechanical
flexibility, and versatile functional tunability.! The potential of tailored organic materials is well
exemplified by m-conjugated molecular aggregates, where the optical and electronic properties
can, in principle, be tuned not only by the intra-molecular structure determined by chemical
design, but also by the inter-molecular structure and long-range ordering of the constituent
monomers.*® Early work by Kasha serves as the foundational guide to understanding how
electronic coupling between paired monomers affects absorption energy, vibronic ratios, and

emission efficiencies through molecular dipole coupling.” Kasha’s early theoretical work has been



expanded by Spano and other,®1°

showing that in addition to the dipole coupling described by
Kasha’s exciton model, the optical properties of m-stacked aromatic aggregates are strongly
influenced by charge-transfer superexchange interactions.!!> '? Strongly interacting frontier
molecular orbitals and consistent long-range order are central to these intermolecular coupling
mechanisms, which can give rise to a host of functionalities applicable to light harvesting
applications, including delocalized charge transfer excitons with an increased propensity to charge
separate.'> 4

The experimental description of intermolecular coupling and how it gives rise to the
optoelectronic properties in nm-stacked systems, derives in large part from extensive spectroscopic
comparisons of monomers to their aggregates in the solution-phase.® '>-2* Perylene diimide (PDI)
derivatives are an especially promising class of organic materials® because of their thermal and
chemical stability, high electron affinity, and strong optical absorption.?* H-aggregated complexes
of PDI derivatives represent a powerful testbed for probing optical and electronic tunability
through modulation of interchromophore 7 orbital overlap, as chemical modification of side groups
can be utilized to change the lowest energy stacking conformation.!>!”> 2> The advent of such
strategies to influence aggregation pathways has enabled exploration of the structure-function
relationship and the emergent optoelectronic properties of supramolecular structures, as well as

provided a means to design novel materials with properties targeted to specific applications.* 225
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While spectroscopic studies of solvated aggregates are critical for establishing a fundamental
understanding of intermolecular coupling, practical devices generally require condensation of the
solvated precursors into a solid-state material. In the solid state, the characteristic low dielectric
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constant, which is in large part responsible for the superb tunability of organic materials, can



be especially disadvantageous, underpinning high exciton binding energies, strongly localized
charge carriers, and sensitivity of excited state transport to vibrational coupling.?® The parasitic
effects of these properties are reflected in slow excited state transport, short lifetimes, and low

29

device efficiencies.?* While enhancing intermolecular orbital overlap'’ ?° and facilitating
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delocalized excited states can mitigate these deficiencies™ ™", structural disorder introduced
upon solid-state deposition begets additional difficulties in the context of both fundamental studies
and in potential applications. Indeed, because the electronic coupling is highly sensitive to small
perturbations in m-stacking geometry, even localized regions of structural variability can give rise
to significant functional heterogeneity.® ?° This localized morphological (and perhaps functional)
heterogeneity is especially concerning given that the crystallization of most organic materials is
driven by relatively weak non-covalent interactions. Thus, if the characterization methods
employed for organic materials average over the intrinsic microscale variations in morphology,
they are likely to provide an incomplete picture of the structure-function relationship."*’

In this work, we utilize broadband pump-probe microscopy with micron scale spatial resolution
and femtosecond time resolution to compare the optoelectronic properties of two chemically
identical PDI-derived materials with differing morphology (Fig. 1). The first sample, used as a
baseline for comparison, is a thin film formed by drop-casting solvated molecular assemblies onto
a substrate and allowing the solvent to slowly evaporate under near-equilibrium conditions (EQ-
PDI). In the second sample, referred to as kinetically-trapped PDI (KT-PDI), the solid-state
material is formed from a solution of precursor assemblies whose stacking geometry is perturbed

via a redox-assisted self-assembly approach.* While the modified structure of the KT-PDI

assemblies has been shown to form hierarchical microscale structures and enhance exciton



coupling relative to the EQ-PDI assembly in solution, it is unclear how these traits translate to the

character and dynamical evolution of the excited electronic states in solid-state materials.
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Figure 1: Depiction of the two divergent aggregation pathways of the amphiphilic PDI monomer
units leading to the morphologically distinct equilibrium (EQ-PDI) and kinetically trapped (KT-

PDI) solid state materials.

The direct comparison of the two materials presents a unique opportunity to study the excited
state behavior of materials that feature identical molecular building blocks but evolve into
morphologically distinct molecular aggregates in the solid state. In addition, this strategy allows
us to determine the extent to which nanoscale assembly ordering, controlled via redox-assisted
assembly in the solvated state, regulates the optoelectronic properties of solid-state hierarchical
materials. We find distinct differences in both ground and excited state spectroscopies of the two
materials. Relative to EQ-PDI, KT-PDI exhibits significantly enhanced linear dichroism and a
distinctly red-shifted absorption spectrum, consistent with increased long-range packing order. In
contrast to EQ-PDI, broadband time-resolved measurements of KT-PDI reveal a rapid redshift of
the excited state spectra and anisotropy in polarization-resolved kinetics. At long times,

spectroscopic signatures in KT-PDI are consistent with charge separated states persisting up to the



us timescale. In sum, this comparative study unambiguously demonstrates that tuning
intermolecular interactions of solution phase precursors can be leveraged to enhance long-range
order and intermolecular coupling in the derived solid-state materials, giving rise to greater
delocalization of the initially formed excited state and influencing the branching ratio of
photogenerated species. These distinctions and their sources would be exceptionally difficult to
disentangle using more conventional single wavelength approaches, highlighting the importance
of broadband spectroscopic microscopies for the characterization of organic optoelectronic
materials.

MATERIALS AND METHODS

Synthesis. Synthetic methods and characterization details of the perylene assemblies used as
precursors for the solid-state samples studied here have been described in detail elsewhere.*
Briefly, EQ-PDI assemblies were prepared by allowing 1-(2-hydroxyethyl)-3-propyl-1H-
imidizolium bromide functionalized Perylene-3,4:9,10-bisdicarboximide (PDI-C3Im-C>OH)
monomers (Fig. 2A) to aggregate in D>O under ambient environmental conditions. KT-PDI
assemblies were produced through a reductive treatment of the D>O suspended PDI-C3ImC,OH
assemblies in which NaSH was incrementally added up to 2 molar equivalents (relative to initial
PDI monomer concentration), followed by a single addition of NaSH solution resulting in a 5-
molar equivalence of NaSH. The reduced assemblies are then oxygen-neutralized and allowed to
age for 18hrs. Solid-state samples were prepared by drop casting precursor suspensions of the KT-
PDI and the EQ-PDI assemblies onto fused quartz substrates. No solvent is present on the samples
for any of the reported measurements.

Photophysical Measurements. Polarization-resolved brightfield microscope images are

collected using an Olympus BX51 microscope equipped with a plate polarizer. Ground state



extinction spectra are collected on a custom-built microspectrometer, with the broadband light
source generated by focusing 300 fs 1035 nm laser pulses into a yttrium aluminum garnet (YAG)
crystal. The spot size of the continuum at the sample plane is 1.7 um. Note that we are unable to

quantify scattering or reflection signal contributions, so extinction is defined simply as A =1 —

Tl. Extinction of the sample is determined by dividing the spectrum transmitted through the sample
0

(T) by a background spectrum obtained in a region of the substrate with no sample (To).
Time-resolved measurements of the solid-state PDI samples were collected with a broadband
pump-probe instrument previously described.*® Briefly, the instrument is pumped by a 1035nm
fiber laser with a 1 MHz repetition rate and a standard pulse width of 300 fs. The fundamental
beam is split to form pump and probe beams, which are independently modulated with acousto-
optic modulators. The pump is modulated at 31.25 kHz signal with a 50% duty cycle. The probe
beam is focused into a YAG crystal to generate the supercontinuum, and the pump beam is focused
into a Beta-Barium Borate crystal to produce the second harmonic 517.5 nm excitation pulse
(power density limited to 58 pJ/cm?). At the fluence levels used, decay kinetics are independent
of excitation density and the materials showed no sign of photodamage from the excitation or
probe beams. Note also that because the probe is tightly focused, excited state diffusion out of the
probe spot can contribute to the kinetic trace decay. However, calculations using standard methods
show that for the measurements reported below, this effect is negligible, even under conditions of
an exceptionally large excited state diffusion coefficient (Dest= 1.0 cm?/s).3? A translation stage in
the pump line provides the pump-probe delay and a set of galvanometer mirrors are used to
spatially scan the pump relative to the probe. Spatially overlapped (pump and probe) scans of the
sample are collected using a closed loop piezo stage (Mad City Labs, Nano-H100). Spatial

resolution is limited by the focused beam convolution to approximately 1.7 um. The beams are



combined with an 80/20 beam splitter before being focused onto the sample with an Olympus
MPlanFL N 100X 0.9 NA objective. The transmitted light is collected with a Nikon 100x TU Plan
Apo 0.9 NA objective, dispersed in a grating spectrometer, and focused onto a Teledyne Octoplus
line-camera with 2048 pixels operating at 125 kHz.

RESULTS AND DISCUSSION

Morphology. Figures 2B and 2C show brightfield microscopy images of EQ-PDI thin films and
KT-PDI microstructures, respectively. The EQ-PDI precursor forms thin films with variations in
optical density and complex structure determined by the evaporating solvent front. Spectroscopic
measurements are performed near the edge of the “coffee ring” region of the dropcast sample,
which can be seen on the top right corner of Fig. 2B. The KT-PDI precursor forms long
microstructures with large aspect ratios. The morphology of the KT-PDI microstructures varies
between isolated long rods to crossed or bundled rods, which have been shown with transmission
electron microscopy to be hierarchical superstructures of the nanoscale assemblies initially formed
in solution.* These mesoscale materials, which spontaneously assemble on a substrate, enable us
to carefully isolate and interrogate rod-like structures like those shown in Fig. 2C to compare with
the EQ-PDI film. We were unable to measure X-ray diffraction patterns from either sample while
maintaining the morphologies shown in Fig. 2, however materials derived from structurally similar

monomeric precursors show 7t-m stacking distances of 3.45 A in drop cast films.*
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Figure 2: Steady state characterization of solid-state samples. (A) Both EQ-PDI and KT-PDI are
composed of PDI-C3Im-CoOH monomer units. (B) Brightfield image of a dropcast film of EQ-
PDI. (C) Brightfield image of the microstructures formed from KT-PDI precursors. In (B) and (C),
the blue arrow indicates the polarization of the brightfield illumination. (D) Steady state extinction
spectra of KT-PDI (red) and EQ-PDI (blue). Panels (E) and (F) show polarization-resolved
extinction (measured in white boxes indicated in panels (B) and (C)) isolating the red, green, and

blue camera channels of EQ-PDI, and KT-PDI, respectively. Solid lines are fits from Malus’ law.

Ground State Extinction. Figure 2D shows a comparison of the normalized extinction spectra
collected from a region ~1.7 um in diameter on each sample. The EQ-PDI spectrum shows good
agreement with previously reported absorption spectra of PDI derivatives in the solid-state.!> 4!
The solid-state EQ-PDI spectrum is similar to that of the EQ-PDI precursor suspension (Fig. S1),

although the solid-state spectrum exhibits broadened vibronic peaks and a shoulder feature near



650 nm that is absent in the suspension. The similarity of the spectra suggests that condensation
has a mild effect on the electronic coupling between chromophores, with the 650 nm band perhaps
indicating regions of structural disorder that lead to lower energy sites. In contrast, the KT-PDI
sample shows a prominent redshifted absorption peak at 550 nm, which extends beyond 600 nm.
While these lower energy transitions could be seen as evidence of low energy states arising from
structural defects, linear dichroism measurements, described below, indicate that the KT-PDI
sample is structurally more ordered than the EQ-PDI sample. We therefore attribute the redshifted
absorption to delocalized electronic states perhaps made accessible by the altered packing
geometry and stronger electron coupling in the KT-PDI microstructures. Also present in the KT-
PDI spectrum are two peaks at 735 nm and 820 nm, which are also observed in solution-phase
measurements (Fig. S2) of the aggregate upon electrochemical reduction. These two peaks are
assigned to vibronic transitions of the electron polaron*? and indicate the presence of persistent
reduced species from the redox-assisted self-assembly or alternatively self n-doping behavior that
has been previously shown in solid-state PDI with similar imide functionalizations.*>**
Polarization Dichroism. To provide insight into the microscale order of the two samples, we
next turned to polarization-resolved brightfield microscopy. Examination of Fig. 2B shows large
variations in the optical density with ~10 — 20 um long channels aligned approximately
orthogonally to the edge of the film. These variations in extinction are a result of linear dichroism
and show inverted contrast if the polarization of light is rotated by 90° (Fig. S3). Such polarization
dichroism has been previously correlated to the long-range alignment of PDI cores, achieved, for
example, through a layer-by-layer electrostatic assembly method.* *® Given their shape and
orientation relative to the film edge, we suspect the channels are local regions where alignment of

the precursor assemblies was perturbed during deposition, presumably due to local differences in
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the solvent evaporation rate. Qualitatively, this polarization-resolved brightfield image
demonstrates the need for spatially resolved spectroscopic probes, as the local structure is clearly
sensitive to microscale variations in the environment during crystallization.

Malus’ law can be used to evaluate long-range chromophore ordering by quantifying extinction
as a function of the angle between the polarization of the light and the electronic transition dipole
moment.*”- ¥ For PDI, the largest electronic transition dipole moment is oriented along the long
axis of the aromatic core of the molecule.*’ Figure 2E shows polarization-dependent extinction (1-
T/T,) collected from a 8 um? (2x4 um, drawn as a white box on Fig. 2B) region of the EQ-PDI
film with homogeneous polarization response. The blue channel of the image sensor shows the

I.SO

strongest polarization anisotropy and is resonant with the primary excitation band in PDI.>" For

the data shown in Fig. 2E, the dichroism* (D = 2mex=fmin \here A . and A, are the

AmaxtAmin
minimum and maximum extinction values) is found to be D = 0.29 (£0.01) for the blue channel.
We note that despite using a simple drop casting procedure for the EQ-PDI film, this dichroism
value is comparable to that observed in previously reported PDI films intentionally oriented with
an electric field.* The high dichroism we observe here likely reflects a combination of the local
alignment achieved by the coffee ring effect’!, as well as the fact that the precursor solution is
comprised of molecular assemblies rather than solvated monomers.*® We find that for the EQ-PDI
film, A, 18 oriented parallel to the edge of the film, and A,,;,, is oriented perpendicular to the
film edge. However, as can be seen in Fig. 2B, there is significant microscopic heterogeneity,
where nearby regions form features with differing anisotropy from each other and the spatially

averaged behavior.
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Whereas the EQ-PDI film has microscale regions in which the assembly orientation is altered
relative to the bulk, the KT-PDI microstructures show consistent linear dichroism throughout (Fig.
2C). In Fig. 2F we show the polarization-resolved extinction from the region highlighted in Fig.
2C. In comparison to the EQ-PDI film, the KT-PDI microstructure shows even greater polarization
anisotropy, with a dichroism value of 0.48 (+£0.01) on the blue channel. For KT-PDI, A,,;, is
oriented parallel to the long axis of the microstructure, and A,,4, 1s perpendicular. Without a
detailed crystal structure, it is difficult to evaluate the extent to which the dichroism value we
measure in KT-PDI microstructures reflects the intrinsic packing geometry vs. conformational
disorder. In the simplest case in which the plane of the PDI aromatic core is orthogonal to the long
axis of the microstructure, and there are no electronic states with a transition dipole moment with
a finite projection parallel to the structure’s long axis, we would expect to measure a dichroism
value of 1. However, more complicated stacking geometries (i.e. a slip-stack arrangement) and/or
new electronic states with transition dipoles along the long axis (due perhaps to interchromophore
coupling) would reduce this value from its ideal limit. Nevertheless, as a relative measure of long-
range order, the greater polarization anisotropy clearly indicates that the ordering in the KT-PDI
sample is significantly higher than even the locally homogeneous regions of the EQ-PDI film.

Transient microscopy. To probe how the morphological differences of the two PDI samples
affect their excited state functional properties, we next turned to broadband pump-probe
microscopy. The spectral resolution of broadband transient transmission measurements are
useful in interpreting excited state behavior of solid organic materials where spectral resonances
are 100s of nanometers broad, with strongly overlapping signals from singlet exciton

21,22,53

absorption,*? charge-transfer excimer absorption, and triplet absorption.* 2% 3436 Figure 3

summarizes the transient response of the EQ-PDI thin film up to a pump-probe delay (At) of 400
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ps. The At = 0 ps pump-probe image shown in panel A is representative of the film, with spatial
variation in signal intensity reflecting the microscale domains noted in the polarization-resolved
brightfield images (Fig. 2B), as well as local variation in sample thickness. Although the pump
polarization does not affect the shape of the transient spectra, the amplitudes of the spectral
features are reduced by a factor of approximately two when the pump is polarized along the
direction of minimum extinction (Amin). For all the pump-probe data presented here (for both

EQ-PDI and KT-PDI), the pump is polarized along the direction of maximum extinction (Amax).
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Figure 3: Excited state microscopy of EQ-PDI. (A) Spatially resolved pump-probe images of EQ-
PDI (540-567nm) collected at At =0.1 ps. (B) Broadband AT/T spectra for delay times At =0, 0.6,
1.01, 5.42, 82, 186, and 1622ps) collected from the location indicated by the green star in panel A.
(C) Detailed view of the ground state bleach region. (D) Comparison of normalized decay kinetics
of the GSB (A = 567 nm in blue) and the PIA (A = 719 nm in red). (E) comparison of early time

kinetics at A = 542 nm for Amax and Amin probe polarizations. The solid traces show biexponential
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fits to the data. (F) Early time zero-point crossing of the transient spectra (red) and time dependent

linear dichroism (black).

Figures 3B and 3C show chirp-corrected transient transmission spectra (AT/T), collected from
the location on the EQ-PDI sample indicated by the green star in panel A. The spectra are collected
with both the pump and the broadband probe polarized along Amax and are generally characterized
by a ground state bleach (GSB) on the blue edge of the spectrum and a broad, nearly featureless
photoinduced absorption (PIA) that spans 590-900 nm. The GSB closely matches the ground state
absorption shown in Fig. 2D and is consistent with bleach features previously reported for other
solid-state PDI films.*! The PIA maximum undergoes a slight redshift from 706 nm to 727nm in
the first few picoseconds, which we attribute to structural reorganization associated with the
excited state electron configuration. The PIA and the GSB relax with similar kinetics, resulting in
a nearly ideal isosbestic point at 590nm, as can be seen in the magnified view of the bleach region
shown in Fig. 3C. Normalized kinetic traces of the GSB (A = 567 nm) and PIA (A =719 nm) are
shown in Fig. 3D, and while the kinetics at 719 nm decay slightly slower at early times due to the
PIA spectral redshift, the PIA and GSB kinetics are identical after 10 ps (Fig. S4), consistent with
a two level model in which the excited state population (described by the PIA) decays directly
back to the ground state.

Recent solution-phase transient absorption measurements of similar PDI aggregates assign a
PIA peak at A = 600 nm to the singlet exciton and, based on spectroelectrochemical comparisons,
a second PIA band with a peak at A, = 720 nm to the radical anion absorption.’”->® The broadband
spectra shown in Fig. 3 show no evidence of a PIA near 600 nm immediately after
photoexcitation, suggesting that the initially formed singlet excitons rapidly convert® (within the

instrument response time of ~300 fs) into an charge transfer excimer or charge separated state
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with strong anionic character.®®®' We note that independently probing the evolution of PBI
radical cation is hindered by its low extinction coefficient and strongly overlapping spectrum
with both the radical anion and excitonic transient spectra.®*%* Early time kinetics (Fig. 3E) of
the bleach region (A = 542 nm) with the probe polarized parallel (Amax, green) and perpendicular
(Amin, red) to the pump show nearly identical decay kinetics, with initial lifetimes that are the
same within error (Amax: T= 1.6 (£0.2) ps and Amin: T= 1.8 (£0.2) ps). In analogy to the ground
state linear dichroism discussed above, we can also calculate the transient linear dichroism,
defined by D*(At) = [(AT/T) amax — (AT /T) aminl/[(AT/T) amax + (AT /T) amin], which
provides a measure of the linear dichroism of the excited state. As can be seen in Fig. 3F,
D*(At) is delay independent and is closely comparable to the ground state dichroism (of the
RGB green channel), D = 0.27. This static behavior indicates that the excited state of the EQ-
PDI sample is localized with little or no evolution of the dipole along the PDI stacking axis.%
Instead, the anisotropy observed in both the ground and excited state spectra likely reflects
structural disorder (i.e. differently oriented PDI monomers) introduced during film fabrication.
Together, the excited state polarization anisotropy, the well-defined isosbestic point, and the
similar relaxation profiles of the GSB and PIA strongly suggest that excitation of the EQ-PDI
film rapidly results in a localized charge transfer excimer that directly relaxes back to the ground

state 3! 66

Figure 4 summarizes the time-resolved microscopy results for the KT-PDI sample. The pump-
probe image in Fig. 4A shows a region of the sample with two larger crossed microstructures and
a small, isolated microrod. The kinetics and spectra shown in the other panels of Fig. 4 were

collected on the isolated rod at the location indicated by the green star. The polarization of the
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pump was adjusted to be parallel to Amax or perpendicular to the long axis of the crystal, and unless
otherwise indicated (Fig. 4E), the probe polarization is along Amax for the data shown in Fig. 4.

Broadband pump-probe spectra of the KT-PDI sample, collected from At =0 ps to At = 1600 ps,
are shown in Fig. 4B and Fig. 4C. Qualitatively, the transient spectra are similar to EQ-PDI, with
a GSB on the blue edge of the spectrum and broad photoinduced absorption from A ~ 600 nm to A
= 900 nm. Closer inspection, however, reveals distinct differences between the excited state
dynamics of the two samples. First, while the GSB initially looks similar to that of EQ-PDI, the
bleach in KT-PDI rapidly broadens and redshifts (Fig. 4C), with a peak that moves from 570 nm
to 600 nm in the first 6 ps after photoexcitation. The bleach then continues to slowly grow for ~
200 ps before decaying on the nanosecond timescale. As a result of this spectral evolution, there
is no clear isosbestic point in the transient spectra, with the zero-crossing point shifting from 590
nm at At =0 ps to 660 nm at At = 1600 ps (Fig. 4F). The growth of the redshifted bleach feature is
clearly visible in Fig. 4D, which shows a comparison between the GSB kinetics at A = 567 nm and
the PIA kinetics at A = 719 nm. While the kinetics traces decay at comparable rates for the initial
10-20 ps, the superimposed growth and redshift of the bleach as well as overlapping PIA relaxation
results in a clear rise over the next 200 ps.

A second important difference is revealed in the polarization-resolved kinetics. Whereas in EQ-
PDI the early time kinetics collected at A = 542 nm measured with the two orthogonal probe
polarizations were highly similar (Fig. 3E), in KT-PDI they differ substantially. For the kinetics
collected with probe polarization along Amax (Fig. 4E, green), fits to the data recover an early decay
lifetime of T = 0.8 (£0.1) ps, slightly shorter than the lifetimes observed in EQ-PDI for both Amax
and Amin polarizations. However, as shown by the red trace in panel E, the kinetics measured along

Amin grow in with a time constant of 265 (+15) fs and decay on much slower timescales. This
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difference in polarization response leads to distinct transient dichroism behavior, as plotted in Fig.
4F. Immediately after photoexcitation, D* (At = 0) = 0.65 is slightly larger than the ground state
green-channel dichroism (D = 0.56), before decaying to nearly 0.0 within 10 ps. The rapid decay
of D*(At) implies that, in contrast to EQ-PDI where the transient dichroism simply reflected the
film morphology and was therefore time independent, in KT-PDI the excited state evolves from a
state whose transition dipole projects in the same orientation as the ground state absorption to one
in which the transition dipole is more strongly polarized along the m-stacking direction (long axis

of the microrod).
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Figure 4: Excited state microscopy of EQ-PDI. (A) Spatially resolved pump-probe images of KT-
PDI (670-711nm) collected at At = 0.1 ps. (B) Broadband AT/T spectra for delay times At =0, 0.6,
1.01, 5.42, 82, 186, and 1622ps) collected from the location indicated by the green star in panel A,
with (C) a detailed view of the ground state bleach region. (D) Comparison of normalized decay

kinetics of the GSB (A = 567 nm in blue) and the PIA (A =719 nm in red). (E) comparison of early

time kinetics at A = 542 nm for Amaxx and Amin probe polarizations. The solid traces show
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biexponential fits of the data. (F) Comparison between the transient spectral zero-point crossing

(red) and time dependent linear dichroism (black).

When compared with EQ-PDI, the distinct excited state spectral evolution of KT-PDI strongly
suggests that its increased long-range ordering enables access to a manifold of lower energy
excited states with substantial oscillator strength along the n-stacking direction. While the PIAs of
both samples have anionic features which are characteristic of an excited state with charge transfer
character, the redshifting GSB and the time-dependent excited state polarization dichroism show
that the excited state in KT-PDI is not immediately trapped like in EQ-PDI, but evolves for 10s —
100s of ps. A comparative plot of the spectral redshift of the GSB and the transient linear dichroism
(Fig. 4F) shows that the time evolution of the two spectroscopic signatures is nearly identical,
indicating that the two processes are reporting on the same excited state relaxation process.
Together, these spectroscopic observables suggest that after photoexcitation of KT-PDI, the
initially photogenerated state relaxes on the picosecond timescale to form a delocalized charge-
transfer exciton.*!*> Although the susceptibility to photodamage and the broad spectral resonances
of these solid state materials make it difficult to estimate a delocalization length®’°, similar
delocalization behavior has been observed in analogous non-covalent organic solids, where
increased molecular ordering has been correlated with delocalization of charge-transfer excitons
over multiple molecular pairs.?® 7 It is especially noteworthy that because the two films are
assembled from the same monomer subunit, this distinct difference in photophysical behavior can
only be a result of the different assembly conditions and morphologies of the two samples.

Delocalized charge transfer excitons are known to help facilitate higher rates of charge

14, 29, 36

separation and lead to better efficiencies in light-harvesting devices.”! To test whether the

enhanced delocalization observed on the ps-ns timescale in KT-PDI resulted in any difference in
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excited state evolution and charge carrier formation, we next measured transient spectra from both
samples at a delay time of At = 1 us. To achieve this long pump-probe delay we adjusted the
acousto-optic modulator timing values to select pump and probe pulses with a 1 ps separation.
Figure 5A shows a comparison of these long-lived spectral signatures for both EQ-PDI (blue) and
KT-PDI (black). For EQ-PDI (blue) the transient spectra are characterized by a low amplitude
signal (~one hundredth of At = 0 ps signal) that closely resembles the early time transient
transmission spectra (Fig. 3). This similarity of the early and late time spectra suggests that a small
subpopulation of long-lived excimers persist even to ps timescales. Given the spectral similarity
of the early and late time populations, it is difficult to precisely explain the origin of this long-lived
portion of the population. However, it may be that microscopic structural heterogeneities facilitate
the formation of the long-lived states that are decoupled from the dominant relaxation pathways.
In contrast to EQ-PDI, the 1 pus KT-PDI transient spectra has significant amplitude (~one tenth
of At = 0 ps signal) and is distinct from the early time transient transmission spectra, with sharp
positive peaks at 818 nm and at 726 nm overlaying a broad PIA. The distinctive peaks closely
align with the monoanionic vibronic absorption features observed in ground state extinction
spectra of KT-PDI.* %472 Comparison of the transient spectra with the ground state extinction
spectra shows the transient features do not arise from a simple bleaching of the ground state
spectrum. Whereas the band near 720 nm is stronger than that near 820 nm in the ground state
extinction spectrum (Fig. 2D), the relative intensities are reversed in the transient spectrum, with
the band at 818 nm nearly a factor of three more intense than that at 726 nm. Instead, we assign
the long-lived transient spectrum to an electron polaron, resulting from charge separation of the
delocalized charge-transfer exciton. Comparison of the 1 ps KT-PDI transient transmission

spectrum to a calculated difference spectrum obtained from chemical reduction supports this
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assignment (Fig. 5b). Shown in red in Fig. 5b is the differential spectrum determined by subtracting
the solution-phase transmission spectrum of KT-PDI assemblies at 0.3 equivalents sacrificial
electron donor (NaSH) concentration from that obtained at 0.5 equivalents. The difference
spectrum shows that as the electron concentration in the assemblies increases, the features
associated with monoanion absorption bleach and transmission near 650 nm decreases. Although
not a perfect match, the simulated spectral evolution is consistent with the spectral features
observed in pump-probe data. Differences between the two spectra likely arise from radical cation
contributions, including ground state bleaching (particularly around 600 nm) and the broad PIA
evident in the At ~ 1 ns transient spectra (Fig. 4D). While further study is necessary, we also note

that aromatic dianion stabilization or the formation of negative trions may help stabilize these long-

lived states with anionic spectral signatures.** 7
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Figure 5: Long lived transient transmission signal At =1 us after photoexcitation (Panel A). The
blue trace corresponds to EQ-PDI (Amax) and black to KT-PDI (Amax). Panel B compares the long-
lived KT-PDI spectra (black) to the differential spectrum (red) calculated from steady state spectra

collected for different levels of PDI-C3Im-C>OH chemical reduction (To seq.nvasn — To.3eq.NasH)-

The spectroscopic evidence of long-lived electron polarons in KT-PDI and its absence in EQ-
PDI can be understood by considering the differences in early time excited state evolution for the
two samples. For EQ-PDI, we observe no evidence of excited state delocalization (Fig. 3) in the
early time dynamics. It appears that in EQ-PDI, the reduced crystalline order (Fig. 2E) results in
localized excited states, which directly relax to the ground state. In contrast, for KT-PDI we
observe spectral redshifting and evolution of the polarization dichroism (Fig. 4), both of which
indicate that initially photogenerated states undergo rapid relaxation to form delocalized charge-
transfer states. Because delocalization will reduce the Coulomb coupling between charges, these
states are more likely to charge separate to form polarons.'??*71: ™ Delocalization will also reduce
phonon coupling, which may make the nascent polarons more mobile. Thus, the formation and
perhaps greater mobility of delocalized polarons leads to a long-lived population that persists on
timescales greater than 1 ps.

CONCLUSION

This work highlights the importance of non-covalent assembly processes in determining the
solid-state morphology of derived molecular aggregate materials. Using both steady state and time-
resolved microscopies, fundamental differences in the nature and evolution of excited state species
are identified in morphologically distinct PDI-C3ImC,OH aggregates. Brightfield microscopy and
linear dichroism indicate that relative to EQ-PDI, the long-range ordering of KT-PDI is

significantly enhanced. Broadband transient spectra, collected using a pump-probe microscope to
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ensure that the probed regions of both samples are structurally homogeneous, are consistent with
formation of an initial excited state population with significant charge transfer character. However,
in KT-PDI, increased electronic coupling and greater long-range order result in excited state
evolution on the 1s — 100s of ps timescale to a delocalized charge-transfer state poised for charge
separation. At long times (At = 1 ps), only KT-PDI exhibits transient spectral features that are
characteristic of electron polaron formation, highlighting the importance of delocalization in
charge-separated excited state formation. These results confirm the potential of controlling
solution-phase aggregation pathways to affect the nature and trajectory of photoexcited species in
solid-state organic materials derived from molecular aggregate precursors. These approaches may
provide a reliable approach for the formation of solid state materials that facilitate charge
separation, with substantive implications for both photovoltaic and photocatalytic applications.'*
35 71 Finally, we note that the combination of structural heterogeneity and broad spectral
resonances that are characteristic of solid-state molecular solids pose a significant barrier to
photophysical understanding of these challenging systems. Ensemble spectroscopies necessarily
integrate over structural variation, and single wavelength microscopies can miss important spectral
dynamics. In this respect, broadband time-resolved microscopy offers enormous potential as a tool

to elucidate the particularly sensitive structure-function relationship in molecular solids.
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