
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

ChemComm

www.rsc.org/chemcomm

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Journal Name 

Cite this: DOI: 10.1039/c0xx00000x 

www.rsc.org/xxxxxx 

Dynamic Article Links ► 

ARTICLE TYPE 
 

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00–00  |  1 

Ultrasound-induced Transformation of Fluorescent Organic 
Nanoparticles from a Molecular Rotor into Rhomboidal Nanocrystals 
with Enhanced Emission† 
Matthias Koenig,b Tomás Torres,a Vincenzo Barone,c Giuseppe Brancato,c,* Dirk M. Guldi,b,* and 
Giovanni Bottaria,* 5 

Received (in XXX, XXX) Xth XXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX 
DOI: 10.1039/b000000x 

Fluorescent organic nanoparticles (FONs) based on aggregation-induced emission (AIE) are receiving increasing attention owing to their 
simple preparation, enhanced optical properties, and wide range of applications. Therefore, finding simple methods to tune the FON’s 
structural and emissive properties is highly desirable. In this context, we discuss the preparation of highly emissive, amorphous AIE 10 

spherical nanoparticles based on a structurally-simple molecular rotor and their sonochemical transformation into rhomboidal 
nanocrystals. Interestingly, the ultrasound-induced modification of the morphology is accompanied by a remarkable enhancement in the 
stability and emission of the resulting nanocrystals. A detailed characterization of both spherical and rhomboidal nanoparticles was 
carried out by means of several microscopic, crystallographic, and spectroscopic techniques as well as quantum mechanical calculations. 
In a nutshell, this work provides a unique example of the ultrasound-induced switching of morphology, stability, and emission in FONs. 15 

In recent years, the interest in fluorescent organic nanoparticles 
(FONs)1 has been triggered by important advances in their 
preparation, characterization, and applications in the area of 
photonic materials,2 optoelectronics,3 (bio)chemical sensing1a,4 or 
in vitro/in vivo bio-imaging,1a,5 just to mention a few. Among the 20 

plethora of molecular building blocks used for the preparation of 
FONs, those showing “aggregation-induced emission” (AIE) are 
particularly interesting and promising.6 In contrast to planar 
organic molecules, which present “aggregation-caused 
quenching”, AIE systems are flexible and non-planar. They are 25 

usually poorly emissive in solution, but strongly fluorescent upon 
aggregation due to restricted intramolecular rotation.7 One of the 
simplest and most successful strategies for the preparation of AIE 
nanoparticles encompasses on the reprecipitation method.8 
Implicit is a solvent-exchange process, which mostly produces 30 

amorphous nanoparticles. Notably, their size and morphology is 
tunable by varying experimental conditions including 
temperature, concentration, aging time, nature and ratio of the 
solvents, etc. However, crystalline FONs are often preferred, 
owing to their higher rigidity and stability especially in view of 35 

biological and optoelectronical applications.9 

 In this context, we focused in the current work on the 
aggregation of an easy-to-prepare molecular rotor, namely 4-
(diphenylamino)-phthalonitrile (DPAP), into fluorescent, 
amorphous spherical nanoparticles and, subsequently, into even 40 

stronger fluorescent rhomboidal nanocrystals. More precisely, a 
reprecipitation method was employed for the synthesis of AIE 
DPAP nanoparticles. The latter were subsequently transformed 
into flat rhomboidal nanocrystals of high aspect ratio via short 
ultrasonication. Remarkably, such an unprecedented, ultrasound-45 

induced modification of the nanoparticle morphology increased 
the stability – from few hours to months – and the emission – 3-
fold – of the resulting nanocrystals. While sonochemical 
transformations of molecular aggregates have been reported for 
other systems,10 this is the first case, to the best of our 50 

knowledge, of such a morphology change in the context of 
fluorescent organic probes leading to AIE nanocrystals. 
Therefore, we reckon that such an example is a convenient and 
promising synthetic strategy for the preparation of FONs. We 
employed steady-state and time-resolved spectroscopic 55 

techniques to gather insights into the photophysical processes. 
Additionally, we turned to a number of microscopic methods, 
namely Cryo-transmission electron microscopy (Cryo-TEM), 
atomic force microscopy (AFM) and fluorescence imaging, along 
with quantum mechanical (QM) calculations. Such a 60 

comprehensive approach allowed for a detailed analysis of the 
structural and emissive features of the fluorescent nanostructures. 

DPAP is a fluorescent molecular rotor, whose emission 
responds sensitively to both solvent polarity and viscosity (Figure 
1a).11 On one hand, in apolar or poorly-polar solvents DPAP is 65 

highly emissive with quantum yields as high as 0.42. On the other 
hand, in polar and protic solvents its fluorescence is strongly 
reduced, with quantum yields as low as 0.0021 in, for example, 
methanol (Figure 1b). The modus operandi of DPAP implies a 
significant stabilization of an intramolecular charge transfer 70 

(ICT) state and its fast deactivation via non-radiative processes in 
polar and protic solvents. 

Finding methods to guarantee the strong emissive character of 
DPAP in protic environments would significantly broaden the 
applicability of this molecular sensor. To this end, the emission 75 
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properties of DPAP in mixtures of polar and protic solvents, such 
as water and methanol, in which DPAP presents significant 
solubility differences have been carefully investigated. DPAP is 
extremely soluble in methanol, but highly insoluble in water. 

 5 

Fig. 1 a) Molecular structure of DPAP. b) Fluorescence spectra (λexc 
= 324 nm) of DPAP (4.5 x 10−5 M) in methanol (black) and in 
water/methanol mixtures – 60/40 (v/v) (red), 77/23 (v/v) (blue) and 
87/13 (v/v) (green). Inset in b): Relative emission intensities (right) 
and emission maxima (left) of DPAP in the water/methanol mixtures 10 

as a function of water content. 

Upon adding up to 70% of water to a methanol solution of 
DPAP, the rotor fluorescence is quenched with respect to the 
emission of DPAP in pure methanol. In turn, such an increase in 
polarity favors the deactivation via non-radiative pathways. 15 

However, when the 70% water content is surpassed, the emission 
gradually intensifies reaching a maximum at about 87% of water 
(Figure 1b, inset). Interestingly, a 20-fold DPAP emission 
increase with a quantum yield of 0.06, when going from methanol 
to a 87/13 (v/v) water/methanol mixture is accompanied by a blue 20 

shift of the emission maximum of ca. 60 nm, that is, from 560 nm 
to 500 nm. On the contrary, a red shift of the absorption 
maximum emerges for DPAP from 324 nm in methanol to 332 
nm in water/methanol mixture. Along with this, a broad tail 
reaching to almost 600 nm points to the formation of DPAP 25 

aggregates (Figure S1). Examining dispersions with different 
DPAP concentrations inferred that AIE sets in above 2 x 10−5 M 
(Figure S2). 

However, a major drawback, which these DPAP aggregates 
feature, is their low stability as revealed by a significant decrease 30 

in emission of the rotor dispersion over time (Figure S3), 
accompanied by the formation of a precipitate. In order to 
stabilize DPAP aggregates, a slightly different procedure for the 
preparation of the AIE dispersions was employed. In detail, 
DPAP dispersions were ultrasonicated for 1 minute. Surprisingly, 35 

the ultrasound treatment afforded DPAP dispersions which were 
stable for months – a conclusion that stems from reproducible 
absorption and emission spectra (Figures S4 and S5). Moreover, 
the observed sonication-induced stabilization of the DPAP 
aggregates was accompanied by a 3-fold emission increase and a 40 

quantum yield of 0.13. At the same time, a blue-shift of the 
emission maximum from 500 to 470 nm was noted (Figure 2). 
Similarly, emission lifetimes determined for sonicated and 
unsonicated DPAP dispersions showed a drastic increase of the 
main component to 8.6 ns and 12.5 ns, respectively, compared to 45 

0.56 ns for a methanol solution (Table S1 and Figure S6). 

 These findings suggest that the sonochemical treatment gives 
rise to changes in the rotor organization within the AIE 
aggregates (vide infra).  

Recording the fluorescence features of a frozen, ultrasonicated 50 

dispersion of DPAP revealed a further emission increase of ca. 
1.6-fold with respect to the fluorescence of the ultrasonicated 
dispersion at room temperature. Note that the emission features at 
both temperatures are virtually superimposable (Figure 2).12 

 55 

Fig. 2 Fluorescence spectra (λexc = 324 nm) of DPAP (4.5 x 10−5 M) 
in methanol (black) and in 87/13 (v/v)) water/methanol mixtures 
without (red) and with ultrasonication treatment at room temperature 
(blue) and at 258 K (green). Inset: Photographs of the four samples 
with a colored box corresponding to the respective emission spectra. 60 

Further information about the structural and morphological 
features of DPAP aggregates were borrowed from dynamic light 
scattering (DLS), Cryo-TEM and AFM measurements. Firstly, 
DLS measurements with unsonicated and sonicated DPAP 
dispersions at 4.5 x 10−5 M showed the presence of particles with 65 

hydrodynamic radii of about 80 and 100 nm, respectively (Figure 
S7).13 Secondly, Cryo-TEM studies with unsonicated DPAP 
dispersions at 4.5 x 10−5 and 2.5 x 10−4 M revealed spherical 
nanoparticles in the size range of 100-200 nm (Figures 3a and S8) 
which is in line with the DLS results. 70 

An intriguing and unexpected change in the AIE aggregate 
morphology was observed upon ultrasonication. While 
ultrasonicated dispersions of DPAP at 4.5 x 10−5 M mainly 
exhibited irregularly-shaped objects (Figure 3b), at DPAP 
concentrations of 2.5 x 10−4 M the formation of large, flat 75 

rhomboidal nanostructures on the micro- and sub-micrometer 
scale prevailed (Figure 3c).14 Analyses carried out on some 
laterally-positioned nanoparticles revealed that they have an 
average thickness of ca. 30-35 nm and that they are composed of 
several stacked layers (Figures 3c inset and S9b).15,16 80 

To better characterize these nanostructures, selected-area 
electron diffraction (SAED) experiments were performed on both 
face-on and laterally-positioned rhomboidal nanoparticles. The 
obtained highly symmetrical electron diffraction patterns 
supported the crystalline nature of the sonochemically-85 

synthesized nanoparticles. A detailed analysis of the face-on 
diffraction pattern afforded 7.4 and 7.6 Å as the two unit cell 
dimensions (Figure 3d). In addition, a lattice distance of 13.0 Å 
was obtained from a laterally-positioned nanocrystal (Figure S9b, 
inset). As such, these values are in sound agreement with the unit 90 

cell dimensions of DPAP found in X-ray diffraction studies on a 
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single crystal (a = 8.1851, b = 8.5344 and c = 13.5521 Å) (Figure 
S10).11 At this point we hypothesize that the arrangement of 
DPAPs within the nanocrystals must be similar to that seen in the 
single crystal. In line with this hypothesis is the finding that the 
two internal angles in most rhomboidal nanocrystals are 5 

comprised between 114º-118º and 62º-65º (Figure S11, S12). 
These are in close agreement with the internal angles formed by 
the a and b axes in the single-crystal DPAP unit cell (γ = 
114.976º and φ = 65.024º) (Figure S10). To the best of our 
knowledge, this is a rare example of an organic (nano)crystal 10 

which grows maintaining some of its unit cell crystal lattice 
parameters.17 On a further note, despite of the different 
morphologies in the ultrasonicated DPAP nanoparticle 
dispersions, that is, at low and high concentrations, the emission 
was very similar (Figure S13). This suggests that the molecular 15 

arrangement in the crystalline nanostructures is also present in the 
irregularly-shaped materials. 

 
Fig. 3 Cryo-TEM images of a 87/13 (v/v) water/methanol dispersion 
of DPAP without a) and with b,c) ultrasonication treatment. In a,b) 20 

the DPAP concentration is 4.5 x 10−5 M, whereas in c) it is 2.5 x 10−4 
M. Inset in c): Side-view of a nanocrystal. d) SAED pattern recorded 
on one of the nanocrystals. The five-point, red star in c) indicates the 
center of the radiation beam in the SAED experiment. 

Furthermore, the observed blue-shift of the DPAP emission, 25 

when going from solution (560 nm) to the nanocrystals (470 nm), 
with Δλexp = 90 nm has been reproduced by QM calculations with 
Δλcalc = 80-100 nm. These are based on an optimized geometry of 
the rotor in solution and in the X-ray crystal structure. In general, 
the DPAP emission is very sensitive to the dihedral angle (θ) 30 

between the phthalonitrile unit and the amino moiety (Figure 
S14a).11 While in solution, the dihedral angle is, on average, 
around 25°, the resolved crystal structure is more planar with an 
angle of about 12° (Figures S14b). Consequently, and along with 
the possible formation of excitonic species in the nanocrystals, a 35 

blue shift of the computed emission is expected. It is worth noting 
that in the resolved X-ray crystal structure, DPAP molecules are 
tightly packed along the [001] crystallographic plane, 
corresponding to the two short unit-cell dimensions (a ≈ b < c). 
This is due to π-π stacking (Figure S10b) and dipole-dipole 40 

interactions (Figure S10a). The intermolecular interactions along 

the c axis, which are mediated by crystallographic solvent 
molecules, do appear weaker due to van der Waals interactions. 
This provides a possible interpretation for the quasi 2-
dimensional growth of DPAP rhomboidal nanocrystals. Indeed, 45 

ultrasonication provides the necessary activation energy to trigger 
the transformation of the amorphous DPAP particles, which are 
likely the kinetically more favourable assemblies, into the 
thermodynamically more stable nanocrystals. 

Thirdly, AFM studies were carried out with the nanocrystals by 50 

drop-casting few µl of a DPAP dispersion at 2.5 x 10−4 M on a 
silicon surface (Figure 4a). These studies showed the presence of 
rhomboidal nanostructures, which strongly resemble in size and 
shape those observed in the Cryo-TEM experiments. The height 
of these nanoparticles, as determined by AFM, falls between 30 55 

and 40 nm, which is in close agreement with the values from the 
Cryo-TEM experiments (Figure 4a, inset). 

 
Fig. 4 a) AFM topographic image of a 87/13 (v/v) water/methanol 
dispersion of DPAP (2.5 x 10−4 M) drop-casted onto a silicon 60 

surface. Inset: AFM topographic profile of the green line in a). b) 
Emission spectra of an 87/13 (v/v) water/methanol dispersion of 
DPAP (4.5 x 10−5 M) (red line, λexc = 324 nm) and of a single DPAP 
nanocrystal (black dots, λexc = 405 nm). Inset: Fluorescence 
microscopic image of an 87/13 (v/v) water/methanol dispersion of 65 

DPAP (2.5 x 10−4 M) between two glass slides. The dashed red circle 
indicates the nanocrystal selected for the emission experiment. 

Fluorescence imaging studies (λexc = 405 nm) have also been 
performed with DPAP dispersions at 2.5 x 10−4 M by casting few 
µl of the rotor dispersion between two glass slides. Here, the 70 

presence of highly-fluorescent nanoparticles with an emission 
maximizing at 470 nm (Figure 4b) was corroborated. This 
fluorescence matches reasonably well with the steady-state 
emission recorded for the same DPAP dispersion. Both AFM and 
fluorescence imaging show that such crystalline nanostructures, 75 

formed by sonochemical treatment in a water-rich environment, 
are shape-persistent and mechanically robust. Moreover, they are 
easily transferable onto different surfaces, keeping their structural 
integrity and emissive features. 

 In conclusion, we have presented here the facile synthesis of 80 

highly-fluorescent, amorphous spherical nanoparticles from a 
structurally-simple molecular rotor and their sonochemical-
induced transformation into high aspect ratio, rhomboidal 
nanocrystals. Interestingly, such a morphological change is 
accompanied by a significant modification in the stability and 85 

emission of the AIE nanoparticles. Whereas the use of 
ultrasonication as a means to produce crystalline organic particles 
has only been rarely reported in the past,18 this is the first 
example, in which such a stimulus serves as a convenient tool to 
switch morphology, stability, and emission of FONs. This opens 90 
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the way for the development of novel fluorescent materials with 
tuneable properties. 
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