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The facile fabrication of free-floating organic nanocrystals (ONCs) was achieved via the kinetically controlled self-assembly of

simple perylene diimide building blocks in aqueous medium. The ONCs have a thin rectangular shape, with an aspect ratio that is

controlled by the content of the organic cosolvent (THF). The nanocrystals were characterized in solution by cryogenic transmis-

sion electron microscopy (cryo-TEM) and small-angle X-ray scattering. The ONCs retain their structure upon drying, as was evi-

denced by TEM and atom force microscopy. Photophysical studies, including femtosecond transient absorption spectroscopy,

revealed a distinct influence of the ONC morphology on their photonic properties (excitation energy transfer was observed only in

the high-aspect ONCs). Convenient control over the structure and function of organic nanocrystals can enhance their utility in new

and developed technologies.

Introduction
Semiconductor and metal nanoparticles exhibit size- and mor-
phology-dependent properties arising from confinement effects

and strong interactions between neighboring atoms [1-3]. The

correlation between nanoparticle size and the related electronic

and optical properties has extensively been studied, leading to

applications in novel technologies and devices [4-6]. The devel-
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opment of the reprecipitation method [7] allowed the facile fab-
rication of (often crystalline) organic nano- and microparticles
based on polydiacetylene [8], pyrazoline [9], perylene [10], and
other molecules. In several cases, size-dependent absorption
was reported [11-13]. These crystals found use in optoelec-
tronic materials [14-16], as markers for imaging applications
[12,13], and demonstrated anticancer properties [17]. However,
control over the size and shape in such systems is challenging
[8-19].

Surface chemistry methodologies allow improved control over
crystalline product formation; however, these methods are indi-
rect and limited by the nature of the interface involved in the
process. For example, well-defined two-dimensional nanocrys-
tals were obtained by the vapor transport method, resulting in
improved charge mobility [20], but no control over the crystal
size and morphology was demonstrated. Using self-assembled
monolayers as templates for the seeding and growth of molecu-
lar crystals may offer control over structure and polymorphism
[21]. However, in this method, the crystal formation is limited
by the monolayer surface so that it does not allow facile bulk
fabrication and restricts control over the crystal morphology
[22,23]. Crystalline nanobelts assembled from perylene and
perylene diimide (PDI) derivatives were reported, but their size
and shape could not be controlled [24,25]. Modification of the
building blocks in such systems results in a certain degree of
control [26,27], yet the PDI nanobelts do not remain free-
floating in solution and normally are characterized as solid-state
materials [28], limiting the processability of the nanocrystals,
the control over the morphology, and insights into the assembly.

In general, gaining control over the crystal formation represents
a long-standing challenge [29-32]. In this respect, under-
standing and controlling the crystallization process is key to
fabricating organic nanocrystals with a predesigned morpholo-
gy and properties [33-35]. We have reported on 2D crystalline
self-assembled systems based on a hierarchical assembly mode
promoted by hydrophobic and m—m interactions [36]. Yet, the
size and shape of these systems could not be controlled beyond

the 2D morphology.

We report herein on the aqueous self-assembly of organic nano-
crystals with a tunable aspect ratio. These systems are quite
uniform and exhibit morphology-dependent photonics: strik-
ingly, divergent exciton diffusion properties as a function of the

shape.

Results and Discussion
Following our interest in the self-assembly of PDI derivatives,
we employed compound 1, a PDI system with a hydrophilic

group (phenoxybenzoic acid) attached to the aromatic core of
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PDI at the “bay area” [35]. Compound 1 is an asymmetric
amphiphile that was designed to result in arrays that differ from
fibrous and monolayer structures assembled from symmetri-
cally substituted PDI systems [36-38]. Additionally, the
aqueous self-assembly incorporating carboxylic acid groups in
the covalent unit design has been shown to result in complex
and tunable self-assembly modes [39-42].

Crystalline self-assembly

We have found that the nonclassical crystallization of 1 in
neutral aqueous solutions can be manipulated to result in differ-
ent polymorphs [35], 3D crystals with dissimilar structures and
morphologies. We envisaged that the crystallization of 1 in a
basic aqueous medium can lead to 2D arrays (bilayers) due to
the higher solubility of the assemblies as a result of the charged
carboxylate groups that are expected to favor the solvation by
water. We induced the self-assembly process by injecting a
concentrated solution of 1 in THF (2 x 1073 M) into basic water
(pH 10) or a water/THF mixture to reach a 1 X 1074 M concen-
tration. We studied the following three assembly conditions:
“10% THF”, i.e., injection of the stock solution to a basic-
water/THF mixture to obtain a 10% THF content by volume;
“5% THF”, i.e., injection of the stock solution to basic water to
give a 5% THF content; “5%—0% THF”, i.e., injection of the
stock solution to basic water to result in a 5% THF content, fol-
lowed by the immediate evaporation of THF in a high-vacuum

and adding water to reach a 1 x 107 M concentration.

The self-assembly is instantaneous, as indicated by a color
change from bright orange to pink in all systems. UV—-vis spec-
tra of compound 1 in aqueous medium exhibit a 0-0/0-1
vibronic band inversion, red shift, and significant broadening in
comparison to the molecularly dissolved system (Figure 1B).
This is a typical spectral signature of ordered PDI systems and
crystals [38,43-47] having a face-to-face orientation of the
TI-systems.

Cryogenic transmission electron microscopy (cryo-TEM) and
TEM studies revealed that the 10% THF assemblies were long
rectangular-shaped crystals, #3 um in length (Figure 2A). The
crystals had an aspect ratio of 2.6 + 1.3, and their crystalline
order was evident from FFT analysis, exhibiting well-defined
spots corresponding to a periodicity of 1.6 nm. The 5% THF
assembly gave rise to crystals that were ~1 pm in length, with
an aspect ratio of 5.0 + 1.9. FFT analysis revealed the spacing
value to be 1.6 nm, identical to the 10% THF system
(Figure 2B). For the system 5% — 0% THF, the crystals were
over 5 um long and under 0.5 pm in width, and thus having the
largest aspect ratio amongst the studied systems, 10 = 3.5. The
crystalline order gave rise to a 1.6 nm spacing, as indicated by

FFT (Figure 2C). The aspect ratio values and the calculated
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Figure 1: Chemical structure of compound 1 and UV-vis spectra in an aggregating aqueous medium and in the disaggregating solvent THF.

10% THF

Figure 2: Transmission electron microscopy (TEM) images (left, zoomed-out and zoomed-in; 1 x 10~ M solutions of 1 deposited on TEM grids) and
crystal morphology sketches (right). A) 10% THF. B) 5% THF. C) 5%—0%THF. Insets: fast Fourier transform (FFT) analysis of the crystalline materi-

al (in the marked areas), demonstrating an identical spacing of 1.6 nm in all systems.
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standard deviations are based on two different assembly solu-

tions including 50 crystals for each system.

All obtained crystalline assemblies demonstrated structural
stability toward drying, and presented an identical fine struc-
ture composed of an ordered array of alternating dark and light-
contrast stripes, as observed by TEM and cryo-TEM (Figure 2
and Figure 3, respectively). FFT indicates crystallinity (well-
defined spots) and identical spacings in all systems. Image anal-
ysis revealed 0.96 = 0.10 nm dark-contrast stripes separated by
0.69 £ 0.12 nm light-contrast stripes in all cases. The molecular
model that best fits the cryo-TEM and TEM data is a bilayer,
where pairs of PDI cores are coupled together, and the
carboxylic groups of both PDIs turn outwards to the surround-
ing aqueous medium. The resulting 1D m-stacked bilayer struc-
tures interact via the ethylpropyl residues to form an extended
bilayered crystalline sheet (Figure 3C,D,E). According to the
model (Figure 3C,D,E), dark-contrast stripes correspond to the
overlapping aromatic cores (1.1 nm), and the light-contrast
stripes correspond to the ethylpropyl residues (0.6 nm), as ob-
served in the cryo-TEM images (Figure 3A and Figure 3B).

In order to validate the bilayer width of the nanocrystals, atomic
force microscopy (AFM) and SAXS measurements of the
assembled compound 1 were employed. An air-dried sample of
compound 1 deposited on a Si substrate (see Supporting Infor-
mation File 1) gave rise to rectangular structures with well-
defined edges (Figure S3, Supporting Information File 1),
3.2 £ 0.4 nm in height. This is in good agreement with the bi-
layer width in the molecular model, corresponding to the
oxygen—oxygen distance between the carboxylic groups of two
adjacent PDIs (Figures S2B and S2C, Supporting Information
File 1). SAXS (of a 6 x 1074 M aqueous solution of 1, 5% THF,
Figure S4, Supporting Information File 1) demonstrated a
power law dependence of q~2 in the low q region, indicative of
flat particles [48]. The background subtracted curve could be fit
to a dilute lamellar form factor (Equation S3, Supporting Infor-
mation File 1) to give an overall thickness of 35 A + 3 A, which
is in excellent agreement with the molecular modeling and the
AFM results.

The presented crystalline structures are kinetically trapped
products since they do not equilibrate upon changing the
assembly conditions after they are fully formed. Thus, the addi-
tion of THF to preassembled 5% — 0% THF crystals up to a 5%
THF content did not result in any observable morphological
change (Figure S6B, Supporting Information File 1). Similarly,
when THF was added to the assembled 5% THF material to
result in a 10% THF content, no change was observed (Figure
S6A, Supporting Information File 1). Evidently, the structure of
the crystals is defined by the assembly pathway rather than the

Beilstein J. Org. Chem. 2021, 17, 42-51.

equilibration at a given solvent composition. Apparently, hydro-
phobic interactions dominate the self-assembly, mitigating the
repulsion of the charged carboxylate groups (partial proton-
ation of the carboxylate moieties can also not be ruled out as a
result of the hydrophobic self-assembly). We noted that at a
lower pH (Figure S8, Supporting Information File 1), the self-
assembly leads to different structures, probably due to the lower
solubility and interactions between the protonated carboxylic
groups. Crystals assembled under different pH conditions
(Figure S8, Supporting Information File 1) are less homoge-
neous and demonstrate a larger size distribution than the crys-
tals obtained by exerting control through the THF content.

In order to gain insight into the crystallization mechanism and
the effect of the THF concentration on the crystallization
process, we performed cryo-TEM imaging of the early
assembly stages. For the 5% THF assembly, monomolecular 1D
stacks 1.5 = 0.3 nm in width were observed after 1 min of aging
(Figure 4A). The assembled material appeared as short fibers
(10-80 nm length), some of which interact and align. For the
10% THF system, crystalline arrays ~100 nm in length and
~10 nm in width were observed after 1 min (Figure 4B). The
structural differences between the 5% THF and 10% THF
systems at early assembly times reveal the distinct dynamics of
the nucleation and growth process. Thus, the 10% THF system
shows a faster ordering process (THF renders the system more
dynamic, lowering the activation barrier for a molecular reorga-
nization [38,49]), resulting in long rigid fibers that interact
(Figure 3E), leading to larger ordered arrays and templating the
further assembly process. This, together with the better stabi-
lization of the aromatic cores at a higher THF content, leads to
large, low-aspect-ratio crystals in the 10% THF system. Thus,
kinetically controlled pathway-dependent nucleation and
growth defines the outcome of the crystalline self-assembly
process. In both the 5% THF and 10% THF systems, the crys-
tallization is largely completed after 5 min (Figure S7, Support-
ing Information File 1). The observed crystallization pathways
are consistent with a gradual order evolution mechanism

recently observed by us [34].

Exciton dynamics

In order to investigate whether the morphology affects the
photonic properties, we studied the excited state dynamics of
the nanocrystals. Femtosecond transient absorption spectra of
all assemblies displayed typical PDI excited state absorption
peaks in the range of 600—770 nm [50], matching PDI bleaching
represented by negative features at 550-600 nm. In the disag-
gregated state, almost no power dependence was observed. The
decay kinetics of the 5% THF and 5%—0% THF systems
demonstrated power dependence (Figure 5A and Figure SOA,

Supporting Information File 1, respectively). In contrast, 10%
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Figure 3: Cryo-TEM images of a 1 x 10~* M solution of 1 (5% THF) and the corresponding molecular model as well as a cartoon illustrating of the
self-assembly process. A) Cryo-TEM image, the crystal is highlighted with a yellow contour. B) Zoom-in showing the fine-structure composed of alter-
nating dark- and light-contrast stripes. Insets: FFT analysis of the crystalline material, giving rise to a spacing value of 1.6 nm. C) and D) Molecular
model: the interacting stacks and their dimensions corresponding to the observed fine-structure (C) and a cross-section demonstrating the bilayer
structure composed of two adjacent PDI cores (D). The measured distance of 3 nm corresponds to the oxygen—oxygen distance between the
carboxylic groups of two PDIs. E) Schematic representation of the assembly structuring.
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Figure 4: Cryo-TEM images of 1 x 104 M compound 1 in THF/water solutions after one minute of aging. A) 5% THF: monomolecular 1D mi-stack

fibers and B) 10% THF: crystalline platelets.

A
02w
1.04 —04u
06w
1y —08u
= |
3 g6/l
E 067
= )
3 \
= 041 \ )
£ ~__ B
02- —
0.0 T T T T T T T T T
0 100 200 300 400
1 (ps)

—1.0u

normalized intensity

0.0 T T .
0 100 200 300

1(ps)

Figure 5: Transient kinetics at different laser powers probed at 755 nm (1 x 10~ M solution at pH 10): A) 5% THF solution and B) 10% THF solution.

THF nanocrystals exhibit essentially power-independent
kinetics (Figure 5B). Power dependence is indicative of the
exciton—exciton annihilation process, occurring when a high
photon flux results in multiple excitons, which can efficiently
diffuse through the aggregated material, resulting in exciton
annihilation [51].

In order to validate the observed behavior and prove that the
measured differences between the 5% THF and 10% THF
assemblies stem from the different crystal morphologies and not
from the differences in the THF concentration, a control experi-
ment was performed. A sample of 1 prepared in 5% THF was

aged for two days, after which the THF concentration was
adjusted to 10%. The control sample was measured, showing
exciton dynamics very similar to the original 5% THF sample
(Table 1 and Figure S9B, Supporting Information File 1).

In order to estimate the exciton diffusion coefficient and the
diffusion length, we used an analysis method employed in our
previous work [36] and based on a 1D diffusion model for the
annihilation rate [52-55]. The model fits our data, revealing that
exciton diffusion occurs primarily within 1D aromatic stacks, in
agreement with the reported annihilation studies [54,55]. The
fitted data is presented in Figures S10-S12, Supporting Infor-
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mation File 1, and the exciton diffusion parameters are given in
Table 1.

The 5% THF and 5%— 0% THF systems gave rise to similar
diffusion coefficients: 5 x 1072 cm?/s and 7 x 1072 cm?/s, re-
spectively. These values are comparable to the reported exciton
diffusion coefficients of 2D PDI crystalline arrays reported by
us [36] and those of perylenetetracarboxylic dianhydride
(PTCDA) solid crystalline films (4 x 1072 cm?/s) [41]. The
exciton diffusion lengths in the assembled material are also
comparable or higher than the reported values for 2D PDI crys-
tals (120 nm) [36], PTCDA films (61 nm) [52], and PDI
J-aggregates (96 nm) [56,57], indicating efficient exciton
hopping. The 10% THF assembly showed almost no power de-
pendence, in striking difference to other systems. This can be
attributed to the exciton trapping [24], probably at the large aro-
matic “edges” in the 10% THF crystals.

Superresolution fluorescence microscopy measurements were
carried out in order to further study the photonic behavior of the
systems. Interestingly, the 5% THF system displayed an emis-
sion that was localized at regions that appeared to be matching
the shape and dimensions of the crystal edges (Figure S13, Sup-
porting Information File 1), with a clear preference for emis-
sion at the crystal corners (the microscopy of the 10% THF
system did not provide reliable superresolution images). This
further underscores the influence of the crystal morphology on
the photonic properties [58] and will be a subject of future
studies.

Conclusion

We have demonstrated that a simple building block assembles
into well-defined free-floating crystals in an aqueous medium.
The crystalline assemblies are stable and their morphology can
be fine-tuned as a function of the initial THF concentration or
the pH in the assembly solution. The nanocrystals demonstrate
morphologically-dependent photonic properties, showing
uniquely dissimilar exciton diffusion behavior. Facile fabrica-
tion of well-defined nanocrystals combined with the ability to

control their morphology and photonic properties represents a

Table 1: Diffusion coefficient and exciton diffusion length.
measured crystal system

5%—0% THF

5% THF

pre-aged 5% THF adjusted to 10% THF
10% THF

Beilstein J. Org. Chem. 2021, 17, 42-51.

convenient structure/function tool advancing the applicability of

organic nanocrystals.

Experimental

General information

The 'H and '3C NMR spectra were recorded at 20 °C on a
300 MHz NMR spectrometer (Bruker). Electrospray ionization
(ESI) mass spectrometry was performed using a Micromass
Platform instrument. UV—vis absorption and fluorescence mea-
surements were carried out on a Cary-5000 spectrometer
(Varian) and a Cary Eclipse fluorimeter (Varian), respectively.

Preparation of the assemblies

Samples of compound 1 were prepared by dissolving the dry
material in THF, followed by the injection of the THF solution
into double-distilled water (Barnstead NANOpure Diamond
water system, used for all sample preparations) at the desired
pH (adjusted by adding a NaOH solution). The 5% — 0% THF
samples were prepared by an immediate evaporation of the THF
cosolvent, followed by dilution with water to the desired final
concentration. Clear homogeneous pink solutions were ob-

tained.

TEM

TEM imaging was performed using a Tecnai T12 transmission

electron microscope operated at 120 kV.

Sample preparation: 8§ uL of each sample was applied to a 400
mesh copper grid coated with carbon (on nitrocellulose support)
and blotted 2 min later from the back side of the grid.

Cryo-TEM

Cryo-TEM imaging was performed by a methodology analo-
gous as described previously [36], using a Tecnai F20 transmis-
sion electron microscope operating at 200 kV and using a Gatan
626 cooling holder and a transfer station with a Gatan US4000
CCD digital camera or a Tecnai T12 transmission electron
microscope operated at 120 kV, using a Gatan 626 cooling
holder and transfer station, with a TVIPS F244HD CCD digital

camera.

D, cm?%s Lp, nm2
0.07 £ 0.01 198 + 4

0.05 £ 0.01 170 £ 13
0.04 £ 0.01 114+ 14

no power dependence

aThe exciton diffusion length is calculated using Lp = D-T, where T is the exciton lifetime (estimated as a longer decay component of the decay fit,

representing a lower limit for the exciton lifetime).

48



Sample preparation: 8 uL of each sample was applied to a
300 mesh copper grid coated with holey carbon (Pacific Grid-
Tech supplies). The samples were blotted at 25 °C and 95%
relative humidity and plunged into liquid ethane using a Leica
EM-GP Automatic Grid Plunger. The specimens were equili-
brated at —178 °C in the microscope prior to the imaging
process. Time-dependent cryo-TEM samples were prepared just
before the plunging, using a stopwatch. The same assembly
solution that was plunged at + = 1 min was used again at
t =5 min and ¢ = 30 min in order to elucidate the structural
evolution of the self-assembled crystals.

Femtosecond transient absorption

Femtosecond transient absorption spectroscopy was performed
by a methodology analogous as described previously [36], using
a system based on a mode-locked Ti:sapphire oscillator (Spec-
tra Physics MaiTai). The oscillator produces a train of <120 fs
pulses (bandwidth ~ 10 nm FWHM), with a peak wavelength
centered at 800 nm. The weak oscillator pulses are amplified by
a chirped pulse regenerative amplifier (Spectra Physics Spitfire
ACE). The pulses are first stretched, then regeneratively ampli-
fied in a Ti:sapphire cavity, pumped by a pulsed Nd:YLF laser
(Spectra Physics Empower 45) operating at 1 kHz. After the
pulse has been amplified and recompressed, the energy is about
5.0 mJ in a train of 1 kHz pulses and about 1 mJ is used in the
transient absorption setup. An independent pump pulse is ob-
tained by pumping an optical parametric amplifier (Spectra
Physics OPA-800CF) that produces 120 fs pulses tunable from
300 nm to 3 um. The output power of the OPA is a few micro-
joule (depending on the chosen wavelength) at 1 kHz. The
pump beam is mechanically chopped at half the amplifier repe-
tition rate. The chopper (C-995 TTI) is synchronized with the
Spitfire pulses. Normally, a few thousand pulse pairs (pump on/
pump off) are averaged to produce a transient absorption spec-
trum with a noise level below 0.3 mOD. A small portion of the
remaining amplified pulse is used to generate a white-light con-
tinuum as a probe pulse. To this end, the Ti:sapphire beam is
focused onto a 3 mm thick sapphire disk by a 10 cm focal
length lens, and the numerical aperture of the beam is con-
trolled by an iris placed in front of the lens to obtain a stable
and smooth white-light continuum. The resulting beam is
passed through a Raman notch filter in order to remove the
remains of the 800 nm fundamental beam from the probe white-
light continuum. The pump and probe pulses are crossed in the
sample at a small angle while maintaining a magic angle be-
tween the pump and probe polarizations. The remains of the
pump pulse are removed by passing the probe through an iris,
and it is then imaged onto an optical fiber that brings it into a
fiber optic interface, which focuses the light onto the entrance
slit of a Jobin Yivon Triax 180 spectrograph. The light is
normally dispersed by a 300 gr/mm grating onto a fast CCD
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camera (Andor Newton DU-970N-UV, operating at 1,000 spec-
tra per second using "crop mode"). The whole setup is con-
trolled by the National Instruments LabView software. A vari-
able neutral-density filter was employed to adjust the pump
power for studying the power dependence. The pump power in-
tensities were measured using an Ophir powermeter with a
photodiode sensor in proximity to the sample. The excitation
densities were calculated for a laser spot of 300 pm diameter on
the sample. This diameter was measured by placing a beampro-
filer (Ophir Beamstar FX33) at the sample position and deter-
mination the 4-sigma (95% of the power) parameter. In the re-
ported experiments, the pump was tuned to 525 or to 590 nm,
and the optical densities of the samples (in 4 mm and 2 mm
optical path length cuvettes) were kept between 0.2 and 0.5 at
the excitation wavelength. The instrument response function
(300 fs) was recorded by repetition of the experiments, with the
sample replaced by the pure solvent and keeping all other pa-
rameters unchanged. Spectral corrections and analysis were per-
formed using the Surface Xplorer Pro (Ultrafast Systems) and
Origin 7.5 (OriginLab) softwares.

Supporting Information

Supporting Information File 1

General information, synthesis, molecular modeling, and
further experimental details.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-17-5-S1.pdf]
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