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Aggregation pathway complexity
Iin a simple perylene diimide

Hyung Jun Kim%3* Changhwan Lee?>, P. James Schuck? & Laura J. Kaufman!**

This study characterizes the influence of self-assembly conditions on the aggregation pathway and
resulting photophysical properties of one-dimensional aggregates of the simple imide-substituted
perylene diimide, N, N’-didodecyl-3,4,9,10-perylenedicarboximide (ddPDI). We show that ddPDI,
which has symmetric alkyl chains at the imide positions, assembles into fibers with distinct
morphology, emission spectra, and temperature-dependent behavior as a function of preparation
conditions. In all conditions explored, aggregates are one-dimensional; however, assembly conditions
can bias formation to either J-like or H-like aggregates. Specifically, a solvent phase interfacial (SPI)
method yields two types of aggregates with distinct morphology and photophysical properties

while a surface and solvent vapor assisted method (SSVA) generates more uniform aggregates with
H-dominant behavior. A combined SPI and SSVA approach facilitates the simultaneous generation
and in situ characterization of distinct ddPDI assemblies, some of which assemble via seeded growth.
Microscopic and spectroscopic imaging unveil the heterogeneity among ddPDI aggregates, each

with unique photophysical properties including H-dominant aggregates with a very high degree of
molecular alignment and uniformity in intermolecular organization. Overall, this study highlights the
pathway complexity in self-assembly of even the simplest PDI molecules, paving the way for utilization
of simple PDI aggregates in applications that demand diverse photophysical behavior.

Perylene diimides (PDIs) are a versatile class of organic compounds with unique optical, electronic, and structural
properties that make them promising materials for various optoelectronic applications, including solar cells and
light emitting diodes'~>. As polycyclic aromatic molecules, they exhibit high thermal and chemical stability
alongside strong absorption, near unity quantum yield, and high photostability, making them an excellent choice
as single molecule emitters®. As molecules with polycyclic aromatic cores, self-assembly into one-dimensional
structures via pi-pi stacking occurs readily. One-dimensional nanostructures, including nanowires, nanoribbons,
and nanorods, are desirable for devices due to their small size, high surface area, and large aspect ratio that
can induce directional behavior such as exciton diffusion, wave guiding, and charge transport’~'°. Assemblies
of PDIs have been used in diverse applications including biomolecule detection!!?, pH change detection in
cellular organelles'®, and energy conversion'*. Given the PDI molecular core structure, pi-pi stacking dominates
in simple PDIs, leading to one-dimensional aggregates dominated by H-aggregate character, showing a blue shift
in absorption, weak emission, and high exciton diffusion efficiency!>!¢.

To elicit particular photophysical behaviors in one-dimensional PDI aggregates, molecular complexity is
often pursued, with substitutions (including asymmetric substitutions) at the bay and ortho positions alongside
substitutions at the highly accessible imide positions!”!%. Installing substituents at these positions can introduce
additional competitive and/or cooperative non-covalent interactions alongside the dominant pi-pi stacking,
producing aggregates with a diversity of photophysical properties, including those consistent with J-aggregation,
such as strong emission and high charge mobility!>!¢1-21,

Here, we show that such diversity of photophysical behavior is available not only through molecular
design but also through tuning assembly conditions. In particular, we demonstrate that several types of one-
dimensional aggregates can be prepared from a simple imide-substituted PDI molecule. Typically, aggregates
of PDIs are prepared through solution-based assembly, in which monomers dispersed in a good solvent are
rapidly introduced to poor solvent, inducing aggregation’. In this approach, the concentration of the PDI, the
solvents used, and their relative proportions can be altered, which can lead to differences in aggregation kinetics,
molecular packing, and final aggregate morphology and photophysics?>~2>. Despite allowing for some tuning
of aggregate assembly, such solution based aggregation induction is relatively poorly controlled, often leading
to heterogeneity in aggregate properties and limited reproducibility between experiments. More controlled,
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bottom-up approaches have also been demonstrated for the preparation of 1D nanofibers on substrates, with
final aggregate structures and properties dependent on factors including molecular structure, solvent, substrate
properties, and post-assembly treatment’. Here, we demonstrate that a bottom-up approach via controlled
solvent vapor delivery to surface adsorbed monomers leads to highly organized, homogeneous assemblies of
N, N’-didodecyl-3,4,9,10-perylenedicarboximide (ddPDI) while also facilitating in situ characterization of the
self-assembly. We also show that this approach can be used to direct aggregate growth from pre-prepared seeds.
Such seeded assembly can provide access to a variety of structures not accessible using other approaches, as has
been shown in other types of molecules and with differing approaches to preparing seeds?®~*. In particular, we
show that controlled delivery of chloroform to monomeric ddPDI and/or small oligomeric ddPDI seeds can be
used to produce 3 types of one-dimensional assemblies, two of which are dominated by H-like character and one
of which is dominated by J-like character, behavior not previously demonstrated with simple imide-substituted
PDIs.

Experimental details

Materials

N, N’-didodecyl-3,4,9,10-perylenedicarboximide (ddPDI) (Fig. 1a) was synthesized following the procedure
reported in the literature®. The starting materials and all solvents were obtained from Sigma-Aldrich and
Thermo Fisher Scientific and used without further purification.

Aggregate preparation

Solvent phase interfacial (SPI) (self-)assembly is described in detail elsewhere’. Briefly, concentrated PDI
solutions were prepared in chloroform at high (1 mM) or low (100 uM) concentration. A small volume of PDI
solution was injected into a large volume of methanol in a vial resulting in methanol-chloroform mixtures with
aliquid volume ratio of 90:10%. This resulted in a 10-fold dilution of the initial PDI solution. Aggregates became
visible to the naked eye via turbidity in the solution within several minutes. Over several days, precipitate

(d)
s G2

——21°C 12
——30°C
L] 40°C 11
7 50°C
60°C

f £
~4 70°C ol
= / 80°C
§  |——90°C ;
i % |—100°C
07
: 20 40 60 80 100
; T(°C)
0.0

(c)

().,

10

107

Intensity (photons)

1

Q)

18

_
N
L

-
.
-
o
5

o
[od]
L

0-0/0-1 ratio
o
w

0-0/0-1 ratio
o
(o]

-
o

o
N
L

Normalized intensity
o
(o)

o
N
L

0.0
500

600

700 800 900 500 600 700 800 900

Wavelength (nm) Wavelength (nm)

Fig. 1. (a) Molecular structure of N, N-didodecyl-3,4,9,10-perylenedicarboximide (ddPDI). (b-d) ddPDI
aggregates prepared via solvent phase interfacial self-assembly in a mixture of chloroform and methanol

and spin-cast onto a glass coverslip. Scale bar is 5 um in each image. (b) Bright-field image reveals two types
of aggregates, one of which is thick and invariably straight (type 1) and one of which is thin and displays
curvature (type 2). (c,d) Fluorescence images of (c) type 1 and (d) type 1 and 2 ddPDI aggregates. In (d), the
intensity range displayed is set to show emission from type 2 aggregates, leading to saturation in emission
from type 1 aggregates. (e) Intensity per pixel averaged over 50 frames of diffraction limited spots on different
aggregates for type 1 and type 2 aggregates. Box plots show median (line), mean (symbol) and + 1 standard
deviation. (f,g) Temperature dependent-fluorescence spectra of (f) type 1 and (g) type 2 ddPDI aggregates.
Spectra are normalized to the dominant vibronic peak position at room temperature (the 0-0 peak in type 1
and the 0-1 peak in type 2 aggregates). Insets in (f) and (g) show the 0-0/0-1 peak height ratio as a function of
temperature with best fit line to the data. Legend in (g) also applies to (f).
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settled to the bottom of the vials. A schematic depiction of the process is shown in Fig. Sla. For microscopic
characterization of such aggregates, the aggregates were drop-cast onto a glass substrate and subjected to
spinning at 1500 rpm for several seconds to remove residual solvent.

The self-assembly approach we term surface and solvent vapor assisted (self-)assembly (SSVA) is shown
schematically in Fig. S1b. Here, 10 uM PDI in chloroform solution was spin-coat three times, utilizing one drop
for each coating, onto a glass coverslip at 1500 rpm. The substrates were then exposed to nitrogen gas flow for
approximately 60 min to remove residual solvent. Next, chloroform solvent vapor was directed to the sample and
the surface was exposed to this vapor for 20 min with 150-250 sccm flow rate. The solvent-exposed sample was
then again exposed to nitrogen gas flow for 60 min to arrest the process and remove any residual solvent. This
experimental setup, described in detail in Ref.?, allows in situ monitoring of the self-assembly process.

In the seeded growth assembly process, the two processes described above were combined. First, the
chloroform-based PDI solution was injected into methanol as described in the high concentration SPI approach.
Within one minute, in the early stages of the self-assembly process, this solution was spin-cast onto a glass
coverslip three times. The small aggregates presumed to be present were intended to serve as seeds for aggregate
growth. Following deposition of the putative seeds, 10 uM PDI stock solution was spin-coat onto the glass
coverslip containing the seed aggregates two times, intended to provide a pool of monomers as in the SSVA
process. The resulting sample contained both seed aggregates and individual PDI molecules dispersed on the
glass surface (vide infra). The same procedure described in the SSVA approach - in which nitrogen, chloroform,
and nitrogen were delivered to the sample in series - was then carried out.

All samples were prepared at room temperature (=21 °C) and all experiments were performed at room
temperature unless otherwise specified.

Ensemble absorption and fluorescence measurements

Ensemble absorption and emission spectra in solution were obtained on a UV-vis spectrophotometer (Agilent
8453) and fluorometer (Horiba QM-800) at room temperature. For absorption, the excitation source was a
tungsten lamp, which covers the range of 370-1100 nm. For fluorescence measurements, 488 nm excitation was
used. In both absorption and fluorescence, spectral resolution is below 4 nm.

Microscopic analysis

Imaging was performed using a home-built microscope with a 488 nm continuous-wave diode laser (Thorlabs,
L488P60) as the excitation source. To ensure uniform illumination of the field of view, the laser beam was
coupled into a multimode fiber and mechanically shaken. Circularly polarized light was generated with a
combination of a half-wave plate and a quarter-wave plate, and then directed onto the back-focal plane of an
oil immersion objective (Olympus, UAPON100XOTIRE, NA =1.49) to achieve wide-field illumination. The
fluorescence emitted was collected by the same objective filtered using a 496 nm long pass filter (Semrock,
BrightLine Fluorescence Edge 496/LP FF01-496/LP-25) and detected using an EMCCD camera (Andor, iXon
Ultra 888 DU-888U3-CS0-#BV). All movies were captured as 16-bit images over 401 X 401 pixels, corresponding
to a 36.5%36.5 um field of view.

For comparison of fluorescence intensity across samples, series of 50-frame movies were recorded with an
exposure time of 100 ms per frame. Excitation intensity was set to ~30 mW/cm? at the sample and the same
EM gain was used for all samples. Intensity was converted from counts to photons using Solis software (Andor
version 4.29). All frames in each movie were then averaged to generate fluorescence images, and intensity
distributions were obtained. Briefly, representative areas of 7Xx 7 pixels on PDI aggregates were selected and
intensity was determined by averaging the 5 pixels with maximum intensity from each selected area. For the
intensity measurements associated with polarization modulation measurements, 10 frame movies with an
exposure time of 200 ms per frame and higher EM gain were used.

To measure polarization modulation, which reports on alignment of transition dipoles in a system, a rotating
linear polarizer was added to the excitation beam path, and fluorescence intensity measurements were taken
as a function of polarization angle. The polarizer was rotated at a rate of 10°/s. The illumination intensity was
~100 mW/cm?, with excitation intensity variation of + 5% as a function of polarization angle due to imperfect
optical alignment. The polarization modulation was expressed as I(¢p) =1 [1+M cos[2(¢ - ¢,)]], where 1(¢)
is the fluorescence intensity as a function of ¢, the polarization angle of the excitation light. I, is the average
fluorescence intensity, and ¢, is a reference polarization angle corresponding to the maximum intensity. M
values, which may vary from 0 to 1, were extracted by fitting the angle-dependent intensity with data analysis
performed as described in Reference 37.

Photoluminescence spectral measurements were performed as described in detail previously®®. Briefly, these
measurements were performed using an inverted confocal microscope: the excitation source was a 488 nm fs-
pulsed laser with a line filter and waveplates to create circularly polarized light. The excitation light was directed
into an oil immersion objective (Olympus, UAPON100XOTIRF, NA =1.49) and focused onto the sample, which
was on a three-dimensional nano-scanning piezo stage. Emitted signal was collected through the same objective,
filtered by long pass filters (Thorlabs, FELH0500 and Semrock, BrightLine Fluorescence Edge 496/LP FF01-496/
LP-25), and directed towards a spectrometer equipped with an EM-CCD. The temperature of the glass substrates
was controlled using a micro heating system (Interherence GmbH, VAHEAT standard range version)®.
Temperature calibration was performed according to the manufacturer’s directions for each substrate used, and
the PL measurements were conducted at constant temperatures between 21 and 100 °C. For measurements taken
above room temperature, to mitigate thermal effects, an air objective lens (Nikon, MUT10101, 100X, NA =0.95)
was used instead of an oil immersion objective.

Brightfield imaging was conducted on the confocal microscope also used for PL spectral measurements. The
excitation was achieved with a while light LED (Thorlabs, MNWHLA4) and the reflected photons were filtered by
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long pass filters (Thorlabs, FELH0500 and Semrock, BrightLine Fluorescence Edge 496/LP FF01-496/LP-25) and
detected on a CMOS camera (AmScope, MU503).

Results

Aggregates prepared via solvent phase interfacial self-assembly

Samples prepared via SPI typically revealed two types of aggregates with distinct morphology (Fig. 1b), an
observation that suggested even this simple ddPDI molecule may show multiple aggregation pathways. While
both types of aggregates are one-dimensional structures with large aspect ratio, one type (referred to as type 1)
is thick and rigid, being invariably straight, while the other type (referred to as type 2) appears thinner and more
flexible, given curvature that is apparent over several microns. These aggregates also exhibit significant difference
in photophysical behaviors, particularly in fluorescence intensity. Average brightness per pixel of these two types
of aggregates differ by nearly a factor of 10, with type 1 aggregates much brighter than type 2 (Fig. 1d,e). The
difference in emission intensity per pixel between the two types of aggregates may suggest more quenching and
H-aggregate character in type 2 aggregates relative to type 1 aggregates.

Absorption and emission spectra reinforce this suggestion. The spectra of ddPDI molecules dispersed in
solution (Fig. S2a) show symmetric absorption and emission typical of the core of the PDI molecule, with
dominant absorption at ~525 nm and emission at ~535 nm, as expected given that alkyl substitutions at the
imide position have negligible effect on electronic properties of PDI molecules®. PDI assemblies, in contrast,
show more complex spectra. While scattering in the solution and sedimentation of the aggregates make it
challenging to collect ensemble absorption and fluorescence spectra during the entirety of the aggregation
process, absorption and fluorescence spectra collected early in the assembly process show interesting features
(Fig. S2b). In particular, the absorption spectrum shows split asymmetric bands, consistent with PDI systems
with hybrid H- and J-like contributions!®, while the fluorescence spectrum shows emergence of a broad red-
shifted peak. Further insight emerges from fluorescence measurements collected locally from the different types
of aggregates (Figs. 1f,g; S2c). Here, at room temperature, type 1 aggregates display a dominant 0-0 peak at
~ 635 nm while type 2 aggregates display an enhanced 0-1 vibronic peak at ~690 nm. This is consistent with
more J-like character (associated with short-range coupling) in the type 1 aggregates and more H-like character
(associated with longer range coupling) in the type 2 aggregates?®4..

Temperature dependent measurements of emission spectra, conducted over a previously unexplored range
of 20-100 °C, provide additional insights into the photophysical behavior of PDI aggregates. To the best of
our knowledge, this is the first such measurement on aggregates in this temperature range, bridging the gap
between studies conducted at cryogenic temperatures and room temperature. These measurements reveal
behavior consistent with that described for H- and J-dominant aggregate behavior in other PDI systems at lower
temperatures!®. Specifically, spectra from type 1 aggregates consistently display a dominant 0-0 vibronic peak
and show little variation with temperature (Fig. 1f), a characteristic pointed out previously in aggregates that
have characteristics of both H- and J-behavior but are dominated by J-character, thus termed hJ aggregates.
In contrast, the 0-0/0-1 ratio in type 2 aggregates shows notable increase as temperature increases (Fig. 1g),
behavior previously shown for Hj aggregates (aggregates with H and ] character showing dominant H-like
behavior). Notably, neither type of aggregate shows signs of disassembly (via increase in fluorescence signatures
associated with monomers) in these experiments. The spectral trend differences as a function of temperature
were previously attributed to differences in slip stacking arrangement in aggregates composed of different PDIs'®.
Specifically, increased 0-0/0-1 ratio with increasing temperature was attributed to positive Coulomb coupling in
H-dominant aggregates while the persistence of a dominant 0-0 peak was ascribed to enhanced counteracting
charge transfer-mediated coupling as occurs in J-dominant aggregates, with the details of Coulomb coupling
and charge transfer-mediated coupling determined by the pi-stacking orientation and the distance between PDI
backbones.

Performing the same SPI self-assembly at an initial PDI concentration one tenth of that used in the
experiments described above resulted in a single type of aggregate. Figure S3 shows a representative fluorescence
image and emission spectra of these aggregates as a function of temperature. Morphologically, the aggregates
resemble type 2 aggregates shown in Fig. 1, as they display uniform width and show curvature, though they are
longer than those seen in the higher concentration preparation. Their emission spectra at room temperature
show relatively strong 0-0 and 0-1 peaks, and there is a positive linear correlation between temperature and
0-0/0-1 peak ratio, similar to that seen in the H-dominant type 2 aggregates as shown in Fig. 1g. At this lower
concentration, PDI assembly occurs more slowly and this may allow sufficient time for the formation of parallel
aligned molecular organization of the long alkyl substituents that may otherwise create steric hindrance that
inhibits organization into a more thermodynamically favorable structure in which the pi-pi interaction of PDI
cores is maximized?.

Aggregates prepared via surface and solvent vapor assisted assembly
Spin-cast ddPDI monomers on a glass substrate were exposed to solvent vapor flow to facilitate self-assembly
as described in Experimental Details and shown schematically in Fig. S1b. We hypothesize the delivery of
chloroform conveys mobility to the monomers, rapidly depleting free monomer from the surface causing
spontaneous phase separation into solute-rich microdroplets (Fig. S4). While chloroform is generally considered
a good solvent for PDIs, some aggregation is known to occur in chloroform for PDIs with linear alkyl chains at
the imide positions*?, and the high concentration of ddPDI in the microdroplets may facilitate assembly.
Fluorescence images and spectra of the resulting aggregates are shown in Fig. 2. As in aggregates prepared via
SPI, aggregates prepared via SSVA display anisotropic one-dimensional structure. These aggregates show limited
curvature and appear quite homogeneous in width, length, and brightness relative to aggregates prepared via
SPI. Aggregates prepared via SSVA exhibit similar vibronic bands to the 0-0 and 0-1 transitions of SPI-prepared
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Fig. 2. ddPDI aggregates prepared via SSVA. (a) Fluorescence image of aggregates and (b) fluorescence spectra
of aggregates (red) as well as an area of the coverslip with no obvious aggregates (black).
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Fig. 3. Characterization of ddPDI aggregates prepared via combined SPI and SSVA. (a) Fluorescence intensity
heatmap image and (b) modulation depth (M) heatmap image of ddPDI aggregates. (c) Representative
intensity modulation traces with fits of ddPDI aggregates for putative H-dominant aggregates originating from
SSVA alone (red), H-dominant aggregates originating from seeded growth (green), and J-dominant aggregates
originating from seeded growth (blue). (d) M values vs. fluorescence intensities for each assessed aggregate.
Ellipses are drawn by eye and suggest 3 groupings distinguished by final intensity as well as M value, with
colors corresponding to those in (c). Arrows correspond to the aggregates identified with arrows of the same
color in (a) and (b). (e,f) Representative emission spectra of H-dominant aggregates originating from the SSVA
process (red), H-dominant aggregates originating from seeded growth (green), and J-dominant aggregates
originating from seeded growth (blue). Each pair presented in (e) and (f) were collected in the same field of
view.

aggregates. The SSVA aggregates exhibit a relatively enhanced 0-1 peak at room temperature, and their spectral
shape closely resembles that of SPI aggregates generated under lower concentration conditions, consistent with
H-dominant aggregate photophysics. Emission spectra collected from regions without aggregates reveal low
intensity emission consistent with that of monomers (Figs. 3b, S5). This suggests the SSVA aggregates are formed
through the assembly of such single molecules, rather than small aggregates that may be present in the stock
solution or after spin-casting the stock solution.
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Aggregates prepared via seeded growth

To potentially generate and characterize multiple types of ddPDI assemblies simultaneously as well as to explore
the outcome of seeded growth, we combined the SPT and SSVA approaches. In essence, we arrested solvent phase
interfacial (SPI) aggregation at an early time point and deposited aggregates present at that time to serve as
potential seeds for monomeric ddPDI that was deposited on the substrate via the SSVA procedure, with solvent
vapor delivered as described in Experimental Methods. In situ optical imaging during the aggregate growth
process was performed. In particular, we assessed aggregate size at multiple time points in videos recorded
over 20 min during solvent vapor delivery to characterize aggregate growth in length over time. While some
aggregates grew from initially apparent bright features, presumed to be small seed aggregates from the SPI
assembly, some grew from areas that initially appeared dark, i.e. presumably from monomers that did not emit
sufficiently strongly to be obvious at the same settings used to image the seeds. We categorized aggregates into
two groups, seeded growth and SSVA-only (monomer initiated) growth, based on the brightness of each feature
in the initial 10 frames of the movie. The mean growth rate in length of SSVA-only aggregates was greater than
that of seeded aggregates (Fig. S6). This may occur because the seeded aggregates are wider and require more
monomers to be added in cross-section to gain length.

Following assembly, microscopic and spectroscopic imaging were employed to characterize the ddPDI
aggregates that result from the combined preparation approach. Differences between the two types of
aggregates (seeded growth vs. monomer-initiated growth) in shape and intensity are observed, suggesting
different degrees of quenching in each type of aggregate?>*4. To assess possible origins of these differences, we
performed polarization modulation measurements under the rotation of linear polarization excitation, as such
measurements report the alignment of transition dipoles in the probed region®”. We assessed the correlation
between fluorescence intensity and polarization modulation depth (M) for ddPDI aggregates, and representative
results are shown in Fig. 3a—c. M values may vary between 0 and 1, where a value close to 1 indicates highly aligned
and unidirectional arrangement of transition dipoles in the interrogated region while a value close to 0 suggests
a random transition dipole arrangement in the interrogated region of the aggregate. Figure 3a,b reveal that the
aggregates with high intensity tend to have low M values and vice versa. Moreover, aggregates with high M values
tend to be of uniform size and (low) intensity. Based on the robust correlation between intensity and modulation
depth observed and previous findings in this study, we categorize the assembled aggregates into three groups:
two groups originating from seeds prepared in the solvent phase interfacial (SPI) process and one from the
surface and solvent vapor assisted (SSVA) process alone. Aggregates exhibiting the highest fluorescence intensity
displayed a dominant 0-0 peak and the lowest M values, consistent with J-dominant aggregates that are expected
to have increased distance between and/or relatively poor organization among the ddPDI molecules. Conversely,
aggregates with relatively lower intensity showed an enhanced 0-1 peak, suggesting H-dominant properties. We
note that both H and J-aggregates result from seeded growth, suggesting that both types of aggregates seen in
high concentration SPI approaches (Fig. 1) can result from seeds assembled in early stages of the self-assembly
process. Interrogating aggregate assembly directly in SPI is not possible given the bulk, uncontrolled approach;
however, here capturing seeds from the early self-assembly process allows direct interrogation of the growth and
photophysical properties of such aggregates during their assembly.

In sum, with the combined SPI/SSVA approach, three types of aggregates are produced, two of which
show primarily H-dominant characteristics and one showing J-dominant character. Within the category of
H-dominant aggregates, those that result solely from the bottom-up growth process initiated from a single
molecule through solvent vapor delivery exhibit uniform morphology and exceptionally high M values along
with an enhanced 0-1 vibronic peak. These characteristics indicate a high degree of alignment of the transition
dipoles and molecular organization.

Discussion

In this study, we explored and directed the self-assembly of ddPDI molecules into one-dimensional structures
with distinct morphology and photophysical characteristics, as summarized in Fig. 4. At high concentrations,
solvent phase interfacial assembly resulted in two types of aggregates, one with J-dominant and one with
H-dominant behavior, with notable differences in morphology, brightness, and spectral characteristics. These
differences in behavior are consistent with variations in slip stacking arrangements within the aggregates,
and to the best of our knowledge this is the first demonstration of J-dominant one-dimensional PDI-based
aggregates prepared from simple linear hydrocarbon imide-substituted PDIs. We hypothesize that under these
conditions, in which self-assembly occurs rapidly, the ddPDI molecules sometimes assemble into well-organized
thermodynamically stable structures but also can form kinetically controlled structures with poorer stacking
and J-dominant photophysical behavior. In contrast, SPI conducted at a lower concentration resulted solely
in aggregates displaying a set of characteristics consistent with H-dominant aggregates, including a positive
correlation between the 0-0/0-1 peak ratio and temperature. Under such lower concentration conditions, self-
assembly is slowed and the molecules apparently form parallel-aligned structure with the linear alkyl chain
substituents providing minimal steric hindrance and potentially facilitating cooperative interchain interactions
beyond the pi-pi stacking between PDI core backbones>*°.

Surface-assisted solvent vapor annealing of ddPDI molecules on a glass substrate generated aggregates
with similar spectral characteristics, and similar H-dominant behavior, to those produced by SPI under lower
concentration conditions. A combined approach, in which SPI seed aggregates are deposited and SSVA is then
applied, allowed preparation and characterization of all three types of assemblies observed in isolated approaches
simultaneously. Microscopic and spectroscopic imaging of ddPDI aggregates prepared with this combined
approach revealed heterogeneity in terms of fluorescence intensity and modulation depth (M) distribution,
which reports on molecular alignment. Both aggregates grown solely via SSVA and aggregates resulting from
seeded growth were present in this mixture. From seeded growth, some aggregates showed J-dominant behavior,
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Fig. 4. Aggregation pathways of ddPDI. Solvent phase interfacial (SPI) assembly yields two types of aggregates
with distinct morphology and photophysical properties while a surface and solvent vapor assisted method
(SSVA) generates uniform aggregates with H-dominant behavior. A combined SPI and SSVA approach
facilitates the simultaneous generation and in situ characterization of three distinct types of assemblies.

with high fluorescence intensity and a dominant 0-0 peak as well as low M values indicating limited molecular
alignment, while others show lower intensity, an enhanced 0-1 peak, and higher M values. Notably, H-dominant
aggregates resulting from the bottom-up growth process from SSVA without evidence of seeded growth exhibited
exceptional alignment, suggesting uniformity in intermolecular arrangement.

Conclusion

In summary, this study provides insight into the diverse pathways and factors that influence the formation of
assemblies of even the simplest PDI molecules, demonstrating methods with which to direct their morphological
and photophysical characteristics as well as showing that both J- and H-dominant aggregates can be prepared
from a simple symmetric imide-substituted PDI molecule.

Data availability
The data supporting the findings of this study are available within the paper and its Supplementary Information
files. Raw data is available from the corresponding author upon reasonable request.
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