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Abstract: Understanding and controlling organic crystalliza-
tion in solution is a long-standing challenge. Herein, we show
that crystallization of an aromatic amphiphile based on
perylene diimide in aqueous media involves initially formed
amorphous spherical aggregates that evolve into the crystalline
phase. The initial appearance of the crystalline order is always
confined to the spherical aggregates that are precursors for
crystalline evolution. The change in the solvation of the
prenucleation phase drives the crystallization process towards
crystals that exhibit very different structure and photofunction.
The initial molecular structure and subsequent crystal evolu-
tion can be regulated by tuning the hydrophobicity at various
stages of crystallization, affording dissimilar crystalline prod-
ucts or hindering crystallization. Thus, the key role of the
precrystalline states in organic crystal evolution enables a new
strategy to control crystallization by precrystalline state
manipulation.

Crystallization of organic molecules in solution is of primary
importance in materials science, the pharmaceutical industry,
and organic synthesis. However, controlling organic crystal-
lization in solution has been a long-standing challenge,[1] and
mechanistic insights into crystal evolution, especially into its
early stages remains elusive.[2] There is emerging evidence
that complex crystallization mechanisms, involving intermedi-
ate noncrystalline aggregates, often operate in inorganic,
organic, and protein crystallization in solution.[3] Thus, a two-
step nucleation mechanism[4] and the existence of prenuclea-
tion aggregates[5] (clusters) have been proposed to explain the
discrepancies between classical nucleation theory and experi-
ments. Direct imaging of prenucleation states is extremely
challenging; it was achieved in inorganic crystallization[6] and
in colloidal systems,[7] and, recently, in organic systems.[8] In
general, the role of the initially formed amorphous phases in

solution crystallization is not well understood, posing key
questions of if and how the structures of these aggregates
influence the crystallization process,[3a,5, 9] and if they can be
used to control crystallization. Herein, we show that the
precrystalline phases play a key role in organic crystallization,
and demonstrate that manipulating their structure and
dynamics can regulate crystallization aptitudes, ultimately
enabling control over organic crystallization.

Perylene diimides are widely uti-
lized organic chromophores and semi-
conductors whose crystallization is of
primary importance in device and pig-
ment applications.[10] Compound
1 (Figure 1), a perylene diimide bearing
an oxybenzoic acid substituent in the
bay area, was chosen for our studies
owing to its relatively slow crystalliza-
tion in THF/aqueous solutions. We
envisaged that such a slow rate may
allow direct observation of precrystal-
line states, thus providing insights into
their nature and evolution.

The crystallization process of compound 1 was induced by
the gradual addition of water to a concentrated solution of
1 in THF (2 × 10¢3m). Water was added dropwise
(160 mL min¢1) at 23–25 88C by a syringe-pump under stirring
to reach a 1 × 10¢4m concentration of compound 1 and 20%
THF content by volume, resulting in a slightly turbid pink
THF/water (1:4, v/v) solution (see the Supporting Informa-
tion for details). The crystallization process was monitored
using UV/Vis spectroscopy and electron microscopy. SEM,
TEM, and cryo-TEM imaging revealed that immediately (1–
2 min) after mixing THF and water, the solution contained
spherical structures 200–600 nm in diameter (Figures 2a, S4a,
S5a, S8). The spheres exhibited no apparent order and did not
give rise to diffraction signals as observed by TEM and XRD
(Figures 2 a,S12). After approximately 15 min of aging, the
smooth spherical boundaries become distorted, displaying
edge-like features owing to the formation of thin sheet-like
assemblies, which appeared within the sphere boundaries
(Figures 2 b, S4b, c, S5b,S6). The sheets exhibit crystalline
order, as revealed by high magnification images (Figure 2b,
inset). After approximately 30 min of aging, clusters of ruler-
like crystals start to emerge from each sphere (Fig-
ures 2c, S5c, S8c,d). After 1 h of aging, the crystals are a few
microns long, and begin to separate from one another
(Figure S5d). The solution appears largely colorless after
24 h, and a red precipitate is observed, containing rectangular
crystals 6–10 mm in length and 0.5–1 mm in width (Figures 2d,

Figure 1. Structure of
compound 1.
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S5e, f), giving rise to sharp peaks in XRD diffractogram
(Figures 2 i,S12). Larger crystals, up to 100 mm in length and
10 mm in width, were also occasionally observed. The same
crystalline evolution process was observed in multiple experi-
ments. Importantly, the initial appearance of the crystalline
order is always confined to the spherical aggregates, indicat-
ing that the latter are precursors for crystalline evolution.

UV/Vis spectra of 1 in THF/water (1:4, v/v) exhibited
a red shift and broadening in comparison with the molecularly
dissolved system (Figure 2 h), and no significant spectral
changes were observed throughout the crystal evolution
process. Interestingly, 0-0/0-1 vibronic band inversion (indi-
cative of face-to-face PDI stacking[10a]) did not occur, and no
new red-shifted bands (characteristic of PDI slipped-stack
formation in aqueous solutions[11]) were observed, suggesting

that no significant interaction exists between PDI aromatic
cores. Fluorescence emission spectra of the crystallization
solution revealed an emission band peaking at 575 nm
(Figure S2a). Notably, the fully assembled crystals are
highly emissive (Figure S2c), having a quantum yield of
� 10%. To determine the crystal structure, we performed
single-crystal X-ray diffraction studies. The molecules in the
crystal (space group P21/n) are arranged in a herringbone
motif where the phenyl substituent of the oxybenzoic acid
group is involved in p-p interactions of 3.3 to 3.4 è with the
PDI cores of the neighboring molecules above and below it
(Figure 3). The crystal structure is in agreement with the

optical spectroscopy data, confirming no direct interaction
between the PDI aromatic cores. Such a structure is not
typical of PDI-based crystals, which usually feature interact-
ing PDI cores.[10c]

Our observations reveal that the formation of an amor-
phous phase precedes crystallization, and that crystallization
is always initiated within this phase. This amorphous phase is
relatively dense, as revealed from TEM images, yet it is
dynamic and rearranges into a crystalline phase. In principle,
the prenucleation phase, which lacks an inherent crystalliza-
tion propensity, may be prone to changes regarding order
evolution aptitudes. To address this notion, we evaporated
THF at different stages of the crystallization process, occur-
ring in a 1 × 10¢4m water/THF (4:1, v/v) solution of 1 (evap-
oration of THF under partial vacuum, followed by water
addition to reach the original concentration conditions, see
the Supporting Information). No significant change in the
crystallization process was observed if THF was evaporated
after the crystallization commenced (more than 30 min after
the initial formation of spherical aggregates), yielding crystals
with a structure and morphology identical to the 20% THF
case, as evidenced by SEM and XRD (Figure S9). However, if
THF is evaporated immediately after the formation of the
aggregates, a strikingly different crystallization path occurs
(Figure 2 j). Here, the initially observed amorphous spheres
become less dense at their center (Figure 2e), as indicated by
TEM imaging. Crystalline order appears in the interior and at
the exterior of these round structures after 3 h of aging
(Figure 2 f and Figure 4). The growth of short fiber-like
crystals, originating at the circumference of the round-
shaped structures (Figure 2 f and Figure 4 b) was also

Figure 2. Crystal evolution in 20% THF solution (a–d) and in neat
water after evaporating THF (a, e–g): a) TEM image of the initial
amorphous aggregates; b) sheet-like crystalline structures, 15 min
evolution (TEM); c) distorted spheres containing sheet-like crystals
and crystalline clusters, 30 min evolution (TEM); d) final crystals, 24 h
evolution (SEM); e) round structures following THF evaporation,
30 min evolution (TEM); f) intermediate stage: round barrel-like struc-
tures with crystals growing from them, 3 h evolution (TEM); g) final
crystalline phase after 24 h (SEM); UV/Vis spectra (h) and XRD
diffractograms (i) of the crystalline systems; j) illustration of the
crystallization processes in 20% THF solution (blue arrows) and in
neat water after evaporating THF (red arrows).

Figure 3. Single-crystal structure of 1 crystallized from a water/THF
solution (4:1, v/v): a) top view of the unit cell containing 4 molecules;
b) side view of the unit cell demonstrating p-stacking interactions
between the phenyl substituent of one molecule and the perylene core
of the adjacent molecule.
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observed. In the final crystalline phase the
fiber-like crystals (several micrometers in
length and 20–60 nm wide) precipitate
after 24 h of aging (Figures 2g,S10, S11).
Similar to the 20 % THF system, the early
formation of the crystalline phase is always
localized within the boundaries of the
initially formed amorphous aggregates,
indicating their precursor role. Further-
more, the final crystalline phase is charac-
terized by residual round-shaped spring-
like and barrel-like crystalline structures
(Figures 2g,4c,S11a). These observations
confirm that a direct structural connection
exists between the aggregates and the
crystals. The UV/Vis spectra of the crystalline phase exhibited
substantial 0-0/0-1 vibronic band inversion (Figure 2 h),
typical of face-to-face PDI stacking.[10a] Consequently, the
emission quantum yield of the crystals is significantly lower
(� 1 %) than the one observed for 20 % THF crystals. XRD
analysis of the crystalline product revealed a diffraction
spectrum that was distinctly different from the 20 % THF case
(Figure 2 i). Thus, the change in the solvation of the prenu-
cleation phase drives the crystallization process towards
producing crystals that exhibit very different short-range
molecular interactions, packings, morphologies, and photo-
functions. The observed change in the crystallization outcome
is a result of stronger hydrophobic forces in neat water that
drive the system to minimize the hydrophobic surface area
(leading to PDI stacking) and, overall, resulting in a more
compact structure.

We also observed that the molecular interactions in the
precrystalline aggregates depend on the solvent mixing
pathway, providing further insight into the connection
between the initial amorphous phase and crystallization.
The pathway described above, that is, the dropwise addition
of water to the THF solution of 1, leads to a UV/Vis spectrum
without vibronic band inversion (Figure 5a, inset) and the
initial formation of spherical aggregates (Figure 2a). Differ-
ent mixing sequences, namely, the fast addition of either water
to the THF solution of 1 or a THF solution of 1 to water (to
reach 20% THF volume content; Figure S3c) results in the
initial formation of amorphous structures, as revealed by

TEM (Figure S16a), with the UV/Vis spectra displaying
vibronic band inversion, indicative of PDI face-to-face
stacking (Figure 5a). Apparently, these mixing pathways
immediately impose a highly hydrophobic environment that
induces a significant overlap of PDI aromatic cores, unlike in
the case of dropwise water addition where hydrophobicity is
increased gradually. Despite the different molecular inter-
actions in the initial amorphous phase, we observed that the
final crystalline products are almost identical in all pathways,
differing slightly in morphology (Figures S13,S14). The
crystallization process appeared to be faster in the dropwise
addition path (1 day for the dropwise addition versus 5 days
for the fast addition pathway). Evidently, kinetic barriers for
crystal nucleation are higher in the fast addition pathways,

owing to a significant molecular rearrangement that must
occur: stacked PDI cores reorganize into a non-stacked
crystal pattern. Thus, the structure of the precrystalline
aggregates influences the crystallization rate; however, the
systems are dynamic enough to evolve into identical crystals.
To probe the effect of solvation on the fate of the initial phase
obtained by different pathways, we evaporated THF (fol-
lowed by re-addition of water to reach the original volume),
immediately after the formation of precrystalline aggregates.
As previously described, in neat water, the dropwise addition
system develops into high aspect ratio crystals (Figure 2a,e–
g). Remarkably, in the case of the fast addition pathways,
crystallization was completely shut down by THF evapora-
tion, and the initially formed spherical aggregates were stable
for days (Figures 5b,S15a,b, S16b). Furthermore, seeding with
preformed crystals did not influence the dynamics of the
processes (no crystallization was observed), attesting to the
stability of the aggregates. The difference in the behavior of
the three precrystalline aggregate states in neat water can be
explained by the difference in their molecular organization.
Thus, only in the case of an aggregate where PDI aromatic
surfaces do not interact (the dropwise addition path) did we
observe crystallization, most probably owing to the highly
energetically unfavorable structure in terms of hydrophobic
hydration (Figure 5c). In two other cases, the aggregates
featuring significant PDI stacking are more stable, since the
kinetic barriers to their reorganization are higher because of
strong hydrophobic interactions between the PDI cores.

Figure 4. TEM images of the initial crystalline evolution, 15 min aging
following THF evaporation (a,b): a) arrows point at distorted round
structures that develop crystalline order; b) a magnified image of the
intermediate crystallization stage. Inset= FFT of the marked area. c) A
more developed round hollow structure with crystalline fibers growing
from its circumference, 3 h after THF evaporation. Inset =FFT of the
marked area.

Figure 5. a) Normalized UV/Vis spectra of the assemblies formed in different mixing
pathways. Red = fast water addition to THF; black= THF addition to water (inset= dropwise
addition pathway). b) TEM image of the assembly formed by fast addition of THF to water,
following THF evaporation and aging for 2 days. c) Schematic energy diagram depicting
a high kinetic barrier for the crystallization of stacked PDI aggregates, and a lower kinetic
barrier for non-stacked PDI structures.
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Importantly, in neat water, unlike in the case of the THF/
water mixture, the structure of the precrystallization aggre-
gates defined the crystallization outcome. This is a conse-
quence of the different dynamic ranges (reorganization
propensities) of the system, which is influenced by solvation
and is critical for controlling the initial molecular structure of
the precrystalline phase and its subsequent evolution. The
pathway-dependent formation of different precrystalline
phases and their critical role in controlling crystallization
are in agreement with the two-step crystallization mecha-
nism.[3a, 4b] Further insights into early stages of crystallization
will be needed to elucidate how precrystalline states form,
which may include a variety of precrystalline self-assembly
and phase separation scenarios.[3a]

In summary, we observe that crystallization originates
within the initially formed amorphous phase. We show that
the propensity of this phase to crystallize critically depends on
its structure and solvation, which can drive the crystallization
process to different outcomes. Consequently, the initial
molecular structure and subsequent crystal evolution can be
regulated by hydrophobicity tuning at various stages of
crystallization, affording dissimilar crystalline products, or
even hindering crystallization. Manipulating the structure and
dynamics of precrystalline phases represents a new strategy
for understanding and controlling crystallization aptitudes,
which may have broad implications for the area of organic
crystalline materials.

CCDC 1416468 1 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre.
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