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ABSTRACT: Tuning the self-assembly of dendritic amphiphiles represents a major challenge
for the design of advanced nanomaterials for biomimetic applications. The morphology of the
final aggregates, in fact, critically depends on the primary structure of the dendritic building
blocks as well as the environmental conditions. Here we report a new family of fluorinated
Janus-type dendrimers (FJDs), based on a short-chain and branched fluorinated synthon with
27 magnetically equivalent fluorine atoms, linked to bis-MPA polyester dendrons of different
generations. Increasing size, flexibility, and number of peripheral hydroxyl groups, we observed
a peculiar self-assembly behavior in bulk and in aqueous media as a consequence of the subtle
balance between their fluorinated and hydrophilic portions. The lowest generation FJDs
formed spherical nanoparticles in water, e.g., micelles, showing a single 19F NMR peak with
good signal-to-noise ratio and over time stability, making them promising as 19F-MRI traceable
probes. The highest generation FJD, instead, presented an interesting morphological transition
from multilamellar dendrimersomes to tubules as a consequence of a subtle balance of intra-
and intermolecular forces that compete at the interface. Interestingly, a reduction of the local mobility of CF3 groups passing from
dendrimersomes to tubules switches off the 19F NMR signal. The transition mechanism has been rationalized by coarse-grain
simulations as well as demonstrated by using cosolvents of different nature (e.g., fluorinated) that promote conformational changes,
ultimately reflected in the self-assembly behavior. Short and branched fluorinated chains have here been demonstrated as new
moieties for the design of FJDs with tunable self-assembly behavior for potential applications as biocompatible 19F MRI probes in
the construction of theranostic platforms.

■ INTRODUCTION

Dendrimers are a class of highly structured three-dimensional
macromolecules characterized by well-defined periodically
branched structure, high monodispersity, and tunable size
and shape.1,2 Particularly interesting are Janus-type dendrimers
(JDs), i.e., synthetic amphiphilic dendritic macromolecules
bearing two domains of different polarity, which can also have
different sizes.3,4 These macromolecules self-assemble in water,
giving rise to a wide variety of ordered morphologies such as
micelles, tubular vesicles, cubosomes, disks, helical ribbons,
and dendrimersomes.5−7 A tailored balance between hydro-
philic and hydrophobic portions allows the control of their self-
assembly mode, which ultimately is responsible for the
emergence of specific functions.8−11 A powerful tool for
tuning the self-assembly behavior of JDs and increasing their
colloidal stability, also in biological media, is the introduction
of fluoroalkyl groups in their molecular structure.12−15

Formation of ordered arrangements is expected as a
consequence of combined hydrophobicity and lipophobicity
of fluoroalkyl moieties that induce segregation in both organic

and aqueous environments ( f luorophobic ef fect).15,16 This
phase separation has, for example, promoted generation of
compartmentalized supramolecular structures with larger
interfaces than their non-fluorinated analogues;17,18 that is,
vesicles are preferred over micelles and tubules over vesicles.
Moreover, fluorination can also induce pronounced conforma-
tional changes,19 as is the case of semi-fluorinated
dendrons,20−24 which can self-assemble in the bulk state into
supramolecular columns exhibiting collective liquid crystalline
behavior.13,25−27

JDs bearing linear fluorinated chains at their periphery have
been extensively studied by Percec et al.,5,7,28−32 who reported
the formation of unilamellar and multilamellar dendrimer-
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somes with bilayered structures arising from the interdigitation
of the fluorinated chains.7,29 Their bilayer thickness,
comparable to that of biological membranes, together with
their imaging capability via 19F magnetic resonance imaging
(MRI), renders them promising candidates for the develop-
ment of theranostic systems and personalized drug thera-
pies.33−37 Indeed, permeability across fluorinated membranes
is lower than their non-fluorinated analogues since the former
are less dynamic than the latter, and exchange of components
among micelles or vesicles is considerably slower.17,38 In this
regard, JDs containing perfluoropolyether chains were also
used as nanocarriers for encapsulating polar guest molecules
and generate stable water-in-fluorinated oil emulsions with
possible application as polar nanoreactors in non-polar
reaction media such as fluorous phases or supercritical
CO2.

38−40 However, to fully exploit the unique features
offered by fluorinated JDs, there is a pressing need to design
more sustainable fluorinated synthons.41−43 In fact, perfluor-
oalkanes (PFAs) with chain lengths ≥6 carbon atoms are to be
avoided for their bioaccumulative potential. On the other
hand, PFAs with shorter chains do not lead to satisfactory
results in terms of self-assembling performance.44

We have recently demonstrated that a multibranched super-
fluorinated thiol bearing perfluoro-tert-butoxyl groups is a
valuable substitute for long-chain PFA thiols in the
construction of omniphobic self-assembled monolayers45 and
stabilization of gold nanoclusters.46 The unique design of the
above-mentioned molecule allows multiplicity of equivalent
fluorine atoms (27 F) for 19F-MRI purposes, along with a
stable and dense packing, due to the intrinsic tendency to
crystallize of these branched fluorinated chains.46,47 Moreover,
the presence of four ether bonds in the core may hasten
molecule degradation in the environment because of possible
cleavage of these bonds in physiological conditions, thus
overcoming PFA bioaccumulation issues.45 A similar fluori-
nated branched structure was also applied by Yu et al. in the
synthesis of nonassociative and water-soluble fluorinated
amphiphiles.48−51 Conversely, under the hypothesis that

short-chain and multibranched fluorinated synthons may
effectively drive JDs self-assembly in a manner similar to
their linear counterparts, we targeted polyester dendrons of
different generations bearing multiple perfluoro-tert-butoxyl
groups. Interestingly, such macromolecules showed a tunable
self-assembly behavior in aqueous media as a function of a
subtle balance between fluorinated and hydrophilic domains
(Figure 1). Coarse-grain simulations in combination with
dynamic light scattering (DLS) and cryogenic transmission
electron microscopy (cryo-TEM) experiments confirmed the
formation of supramolecular structures of different morphol-
ogies and allowed rationalization of the molecular factors
governing their self-assembly. In particular, the highest
generation JD exhibited an interesting morphological transition
from multilamellar dendrimersomes to tubules driven by a
delicate balance of intra- and intermolecular forces that
compete at the interface. Noticeably, the morphology of the
resulting assemblies strongly impacts the intensity of their 19F
NMR signal, which is switched off on passing from
dendrimersomes to tubules, as a likely consequence of the
reduction of CF3 local mobility. Interactions with cosolvents of
different nature (i.e., fluorinated) have been demonstrated to
promote conformational changes, which are ultimately
reflected in the supramolecular organization. Overall, we
propose here a new family of fluorinated JDs (FJDs), which
show a versatile and tunable self-assembly behavior, paving the
way for the development of functional supramolecular
materials promising as 19F-MRI probes for biological
applications.

■ RESULTS AND DISCUSSION

Design and Synthesis of Fluorinated Janus Den-
drimers (FJDs). The fluorinated JDs of generations from 1 to
3 (FJD1−3) were synthesized by using a click chemistry
approach to connect hydrophilic and hydrophobic moieties. In
particular, we exploited the copper-catalyzed azide−alkyne
cycloaddition (CuAAC) reaction, which requires mild
conditions and guarantees the orthogonal linkage of two

Figure 1. Fluorinated Janus-type dendrimers. The copper-catalyzed azide−alkyne cycloaddition (CuAAC) reaction allowed the orthogonal linkage
of the fluorinated azide-terminating derivative (F27-N3) and alkyne terminating polyester dendrimers of generations I, II, and III (DG1, DG2, and
DG3). The three fluorinated Janus dendrimers (FJDs) obtained showed different magnetic properties at 19F NMR depending on their self-assembly
in aqueous media.
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different molecular building blocks through the formation of a
1,4-disubstituted 1,2,3-triazole ring with good yields.52 The
azide derivative (F27-N3) (Scheme S1) was designed on the
basis of the previously reported multibranched fluorinated
thiol.45 The synthesis occurred through a multistep reaction,
starting from pentaerythritol as reported in the Supporting
Information (Scheme S1). Its structure was confirmed by
ATR-FTIR, 1H, 13C, and 19F NMR measurements, and
elemental analysis (Figures S1−S3).
FJDs1−3 were synthesized following either a convergent or a

divergent pathway (Schemes S2 and S3) according to the
literature.4 Both methodologies were highly efficient with
yields higher than 70% in all cases. FJDs1−3 were fully
characterized by 1H, 13C, and 19F NMR, ATR-FTIR, and
HRESI-MS spectroscopy. Formation of the sought amphiphilic
dendrimers is evident from the presence in 1H NMR spectra of
the peak at about 8 ppm related to the proton of the triazole
ring (Figure S4). Moreover, the presence of one single peak at
around −71.5 ppm in the 19F NMR spectra (Figure S5)
confirms the presence of only one fluorinated compound and
its purity. The successful formation of “clicked” dendrimers is
also confirmed by ATR-FTIR spectra (Figures S6−S8)
showing the disappearance of the bands at 2100 and 3300
cm−1 associated respectively with the NNN stretching of
the azide F27-N3 and the C−H stretching of the alkyne-
terminated dendrimeric precursors. Furthermore, the presence
of CO stretching vibrations at 1730 cm−1 and O−H
stretching vibrations between 3600 and 3100 cm−1, typical of
polyester dendrons, together with C−F stretching and bending
vibrations respectively at 1300 and 650 cm−1, associated with
the fluorinated moiety, confirm the linking between hydro-
phobic and hydrophilic portions.
Noncovalent Interactions Involved in the Formation

of the Bulk Structure. FJD1 was crystallized by slow
evaporation of an acetonitrile/toluene (1:10) solution. Single
crystals suitable for X-ray diffraction analysis were measured at
100 K by means of synchrotron radiation. FJD1 crystallizes in
the triclinic P-1 space group, with the unit cell containing two
dendrimeric molecules related by a crystallographic inversion
center (Figure 2a). Specifically, two facing FJD1 molecules
share the π-surface of their triazole rings, the latter being
stacked in antiparallel fashion. In addition to π···π stacking, the
structure grows along the crystallographic b-axis thanks to a
network of hydrogen bonds involving hydroxyl groups and
triazole rings of neighboring molecules (Figure 2b). The
incompatibility between fluorocarbon and hydrocarbon groups
forces their segregation, producing a lamellar structure with a
regular alternation of fluorinated and non-fluorinated regions
(Figure 2c). Of note, the fluorocarbon layers are tightly
packed, with an entangled network of weak F···F interactions
that confers further stability to this supramolecular architec-
ture. Overall, the high fluorine content of FJD1, combined with
the presence of polar groups, determines the typical self-
assembly that is expected in these amphiphilic materials.
Thermal Behavior and Liquid Crystalline Properties.

It is known for dendritic molecules that properties observed in
bulk are often related to their self-assembling behavior in
solution.9,53 Therefore, small- and wide-angle X-ray scattering
(SWAXS), polarized optical microscopy (POM), thermogravi-
metric analysis (TGA), and differential scanning calorimetry
(DSC) were performed to study the molecular organization of
FJDs1−3 in bulk. TGA performed in a nitrogen atmosphere
showed the good thermal stability of all FJDs, as reported in

Figure S9. For FJD1 and FJD2, the onset decomposition
temperature is at 206 and 248 °C, respectively, where a 5%
weight loss occurs (T5%), and then degradation extends
gradually up to 300 °C. FJD3 instead shows a two-step
degradation at 170 °C (T5%) and 330 °C, suggesting that for
the highest generation dendrimer thermal degradation starts
from the outermost layer and then extends to inner layers.54

DSC and SWAXS analyses confirmed the crystallinity of
FJD1 in the pristine state with a sharp melting peak at 91 °C,
while on cooling from isotropic liquid, it froze into a glassy
state (Figure S10). Loss of crystallinity was expected on
increasing the dendritic generation according to the
literature.55 In fact, FJD2 is only partly crystalline in the
pristine state. It melts at 72 °C to a quite fluid and non-
birefringent mesophase with a low-energy (0.29 kJ/mol) and
reversible transition around 104 °C to an isotropic liquid phase
(Figure S11). The presence of only one single peak at low
angles in SWAXS pattern precluded phase identification.
However, the total absence of birefringence at POM suggested
the formation of a cubic mesophase,56,57 which is frozen in a
glassy solid state on cooling to room temperature, as suggested
from SWAXS (Figure S11a).
This liquid crystalline behavior can be explained considering

the high tendency of fluorinated moieties to microsegregate.25

Likely, the hydroxyl terminating segments tend to form
compact double layers to compensate for the space require-
ment discrepancy with fluorinated segments, thus resulting
ultimately in the fusion of strata into cubic network.
Interestingly, SWAXS spectra show one halo at ca. 16° (i.e.,
5.5 Å) that could be associated with molten CF3 groups, while
the second more extended halo of lesser intensity (ca. 10°)
probably is related to average molecular distances (Figure
S11a). FJD3 exhibits coexistence of several phases in the
pristine state. DSC and POM revealed a broad transition at 86
°C, where a liquid suspension is formed, suggesting that only a
partial melting has occurred, followed by a second broad
transition at 100−110 °C, probably related to conformational
rearrangements (Figure S12a). This is also confirmed by POM

Figure 2. Single-crystal X-ray structure of FJD1. (a) Dimers formed by
antiparallel stacking. (b) Network of hydrogen bonds stabilizing the
hydrocarbon regions formed by the packing of FJD1 molecules. (c)
Fluorine−fluorine interactions next to π···π stacking generate a
layered structure. Color code: C, dark gray or light blue; H, light gray;
F, yellowish-green; O, red; N, violet. Short contacts are depicted as
black dotted lines.
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and SWAXS pattern observed at 90 °C (Figure S12b,c) and
hints at coexistence of different polymorphs with a different
thermal behavior.58,59 A similar behavior is reported in the
literature for polyester dendritic amphiphiles of the same
generation,60 thus suggesting that increased mobility of the
polyester chains can induce different molecular conformations,
which are eventually responsible for the formation of different
polymorphs.
Tuning the Self-Assembly of FJDs in Water. All

synthesized FJDs can easily be dispersed in water by injection
of their diluted solutions in ethanol (typically 10 mg/mL).
This method has been reported to be extremely efficient for
the formation of monodisperse dendrimersomes starting from
amphiphilic JDs.3 The resulting assemblies were analyzed over
time by dynamic light scattering (DLS), cryogenic trans-
mission electron microscopy (cryo-TEM), and 19F NMR.
Cryo-TEM images of aged FJD1 and FJD2 dispersions

showed the coexistence of two families of nanoparticles
(Figure 3a, Figure S13 and Figure 3e, Figure S14, respectively).
A statistical analysis of the analyzed images indicated that for
FJD1 about 57% of the nanoparticles have an average diameter
of 14 nm, while the remaining 43% show an average diameter
of 105 nm (Figures 3b,c). In the case of FJD2, about 87% of
the nanoparticles show an average diameter of 14 nm and only
the 13% show a diameter of 52 nm (Figures 3f,g). These
results were also coherent with DLS experiments as no
significant changes were observed during sample aging in terms
of size and polydispersity (Figure S15). 19F NMR spectra of
such formulations show a single resonance peak at around −72
ppm, and no significant changes were observed over time, thus
confirming the colloidal stability of FJD1 and FJD2 (Figures 3d
and 3h, respectively). A peculiar self-assembly behavior was
instead observed for FJD3, which shows substantial changes in
its aggregation mode upon aging. As schematically shown in

Figure 4a, cryo-TEM images of the freshly prepared
formulation revealed the presence of well-defined dendrimer-
somes of about 100 nm of diameter, composed of up to six
layers, with an interlayer distance of 5 nm and a total layer
width of 20 nm. Such dendrimersomes evolve over time
forming structures of increasing complexity. Within 24 h at
room temperature, vesicles start to interact and fuse with each
other forming sheet-like structures, which gradually wrap
around themselves giving rise to helical nanostructures, which
eventually after 48 h evolve in tubule-like structures, as shown
in Figure 4b. Simultaneously, a strong quenching of the 19F
NMR signal at −71.6 ppm was clearly observed at 48 h aging
(Figure 4c). Because no precipitation occurred, quenching of
the 19F NMR signal would suggest, according to the
literature,61 a reduced mobility of CF3 groups, probably
related to the change in the morphology of the self-assembled
structures.
The change in the aggregate morphology was also confirmed

by DLS, where both polydispersity and hydrodynamic radius
increased significantly at 48 h aging (Figure 4d). Interestingly,
changing ethanol with trifluoroethanol (TFE), as cosolvent,
the formation of tubular aggregates is prevented, and the
presence of only spherical particles was confirmed by TEM.
DLS and 19F NMR did not change over time (Figure S16),
confirming the stability of such dispersions. This suggests that
FJD3 self-assembly is driven by a complicated pattern of forces
that compete intra- and intermolecularly, in which the
cosolvent plays a critical role, defining the final morphology
of the supramolecular structures.
Considering the molecular structure of the three FJDs, we

can assume that the interactions involved in their self-assembly
are mainly fluorine−fluorine interactions, segregating fluori-
nated moieties from water, hydrogen bonding between polar
headgroups and also with solvent, and stacking interactions

Figure 3. Self-assembly in water media of FJD1 (a−d) and FJD2 (e−h). (a) Cryo-TEM images show the formation of large spherical nanoparticles
(light blue arrow) of around 100 nm of diameter and small nanoparticles, e.g., micelles (orange arrow) of 14 nm of diameter. (b) Size distribution
profile of smaller nanoparticles from cryo-TEM images. (c) Size distribution profile of larger nanoparticles from cryo-TEM images. (d) 19F NMR
spectra over time (solvent: solution + D2O 10% v/v). (e) Cryo-TEM images show the formation of large spherical nanoparticles (light blue arrow)
of around 50 nm of diameter and small micelles (orange arrow) of 14 nm of diameter. (f) Size distribution profile of larger nanoparticles from cryo-
TEM images. (g) Size distribution profile of smaller from cryo-TEM images. (h) 19F NMR spectra over time (solvent: solution + D2O 10% v/v).
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among triazole rings. It is thus reasonable to expect the
formation of assemblies in which fluorine moieties are located
in the inner strata, isolated from water, while hydroxyl groups
are exposed on the external surface in contact with the aqueous
medium. This is supported by the single crystal structure of
FJD1 that shows formation of fluorinated double layers as a
consequence of the microsegregation of fluorinated segments,
as also evident in FJD3 multilayer dendrimersomes. Although
the observed different self-assembly behavior could also be
rationalized considering that while all FJDs contain the same
fluorinated moiety, bis-MPA dendron increases in generation
on going from FJD1 to FJD3. Probably, the morphology of the
final supramolecular aggregate is regulated by a subtle balance
between fluorinated and hydrophilic moieties and changing the
hydrophilic/hydrophobic balance promotes morphological
changes from spherical nanoparticles to tubules.
As suggested by cryo-TEM analyses and also supported by

the literature for similar compounds,62 FJD3 multilamellar
dendrimersomes observed in water/ethanol solutions might be
metastable kinetic aggregates evolving to more thermodynami-
cally stable tubular assemblies. This transition from aggregates
with a higher curvature, i.e., dendrimersomes, to morphologies
characterized by a lower curvature, i.e., tubules, produces an
increased rigidity of the fluorinated chains, working as shut-off
switch of the 19F NMR signal.61,63 This hypothesis is also

supported by the high tendency of 27F group-containing
molecules to crystallize, as reported elsewhere,45,47,64−66 and is
strengthened by the experimental evidence that changing
ethanol with trifluoroethanol (TFE) as cosolvent prevents the
formation of tubules, and only spherical nanoparticles are
observed by TEM, while DLS and 19F NMR do not show any
changes over time (Figure S16). We speculate that TFE might
completely change the interaction pattern at the interface
interacting with the fluorinated moieties within the bilayer and
rendering them more mobile (i.e., 19F NMR signal on).

In Silico Modeling of FJD3 Nanostructures. A minimal-
istic model of coarse-grained interaction forces able to
reproduce the experiments could shed light on the complex
FJD3 self-assembling process. Initially, we performed all-atom
molecular dynamics simulations (AA-MD) of a single FJD3
molecule and dimers dissolved in either water/ethanol or
water/TFE solutions at different cosolvent concentrations.
Figures 5a,b show two representative snapshots of the AA-MD
of the monomer.
The AA-MD results of both monomer and dimer

simulations were analyzed by means of three structural
parameters: (i) the central dihedral angle, ϑ (Figure 5c), (ii)
the radius of gyration, Rg (Figure 5d), and (iii) the radial
distribution function (RDF) of the main chemical groups
(Figure S17). The central dihedral angle of the single molecule

Figure 4. FJD3 self-assembly in water media. (a) Cartoon scheme of the aggregates transition. (b) Cryo-TEM images showed the presence of
multilamellar dendrimersomes that after 24 h fuse to form sheet-like structures, which finally form tubules after 48 h from sample preparation.
Dendrimersomes are composed of an interlayer distance of 5 nm, and a total layer width of 20 nm (in red). (c) 19F NMR spectra over time: after 48
h of aging there is the switching off of the signal (solvent: solution + D2O 10% v/v). (d) DLS results: changes in the hydrodynamic radius (RH,
blue) and polydispersity (PDI, black) over time.
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displays a certain amount of mobility, which reaches a limiting
value in about 50 ns. In all the conditions, ϑ reaches an
intermediate value between trans and cis conformations (0° ≤
ϑ ≤ 90° for cis structures, 90° ≤ ϑ ≤ 180° for trans structures).
Interestingly, ϑ and Rg values are on average higher in the
presence of ethanol as cosolvent, indicating an unfolded
transoid conformation for FJD3 in water/ethanol solutions. In
the presence of 5% of TFE, instead, the dendrimer collapses in
a cisoid conformation, probably due to specific F···F
interactions with the cosolvent (Figures 5c,d). In fact, RDF
analysis (Figures S17a−d) shows that TFE molecules are
mainly located around the fluorinated end of FJD3, showing a
plethora of short contacts between carbonyl oxygens of FJD3

and hydroxyl group of TFE. AA-MD dynamics of the dimers
did not show significant differences from those on the single
molecules (details reported in Figures S18a−h and S19).
Importantly, the unfolding of the dendrimer in the presence of
ethanol could explain the lower mobility of the fluorinated
portions, in agreement with 19F NMR switch-off.
We have also run coarse-grained (CG) molecular dynamics

simulations to gain insights into the FJD3 self-assembly
process, with particular interest in its morphological
transitions. Our minimal CG model has three different types
of beads, as reported in Figure S20: (i) three CF beads with
hydrophobic character representing the fluorinated end, (ii)
two OA beads with hydrophilic character representing the
polyester moiety, and (iii) three OC beads without a specific
character, reproducing the linking group between the hydro-
philic and hydrophobic ends. The associated parameters used
in a dissipative particle dynamics (DPD) model are given in
Table S3. Initially, CG simulations were set to reproduce FJD3
self-assembly in aqueous solutions. To rationalize the
solvatophilic effect on self-assembled morphology, the
interaction parameter (aOA,S) between dendrimer hydrophilic
beads (OA) and solvent (S) has been varied from 20 (higher
hydrophilic interaction between dendrimer and solvent) to 35
(lower hydrophilic interaction between dendrimer and
solvent). Cubic simulation boxes of 40rc × 40rc × 40rc and
80rc × 80rc × 80rc with periodic boundary conditions were
applied, and the bead density was set to 3. Following Groot
and Rabone,67 the physical length scale rc corresponds to 10 Å,
resulting in boxes of 40 and 80 nm3, respectively, the latter
representing a reasonable size to accommodate the 60 nm
diameter multilamellar dendrimersomes observed by means of
cryo-TEM images. In this box, to reproduce the experimental
concentration, a total of 1536000 beads were used (see the
Supporting Information for details). As shown in Figure 6,
referring to the largest boxes, at the highest hydrophilicity
(aOA,S = 20), we observed the formation of unilamellar hollow
dendrimersomes and disk-like aggregates, while amphiphilic
oligomers started to associate forming larger and multilamellar
dendrimersomes upon reduction of the hydrophilicity. Finally,

Figure 5. AA-MD simulations of a single FJD3 molecule. Snapshots of
(a) transoid and (b) cisoid conformations; fluorine atoms are green,
carbon atoms gray, oxygen atoms red, hydrogen atoms white, and
nitrogen atoms blue. The dihedral ϑ angle is also shown; the atom
numbering is introduced to identify the dihedral angle. Solvent not
shown to assist the eye. Summary of results in four solvent conditions;
water (black line), 5% of ethanol in water (red line), 25% of ethanol
in water (blue line), 5% of TFE in water (green line). (c) Plot of
central dihedral angle of FJD3 vs time. (d) Plot of Rg vs time.

Figure 6. Snapshots of morphologies (upper row) and corresponding cross sections of the inner core (bottom row) of aggregates obtained with
different aOA,S parameters: (a, d) aOA,S = 20; (b, e) aOA,S = 30; (c, f) aOA,S = 35. Simulation box of dimensions 80rc × 80rc × 80rc. Color code:
hydrophilic groups in red and hydrophobic groups in green. Water and OC beads are not represented here for the sake of clarity.
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at aOA,S = 35, the inner cavity closes with formation of
dendrimersomes characterized by the presence of up to four
layers (Figures 6e,f). These results demonstrate that the
hydrophilic parameter governs the formation of dendrimer-
somes, in agreement with what observed in similar systems by
Arai et al.68 The results of the smaller box are similar; the
major difference is the number of layers and the size of the
dendrimersomes (Figures S21a−f).
A time evolution study of the transformation of the

aggregates into dendrimersomes obtained with the largest
box for aOA,S = 30 was also performed by calculating the mean
aggregation number (Nagg) (Figure S22). Figure S22 shows
snapshots taken at different times of the dendrimersomes
formation process, starting from an initial random distribution.
The mean aggregation number abruptly increases with time
(vertical lines of Figure S22). At short simulation time (200
ns) (Figure S23b), FJD3 molecules start aggregating into disk-
like structures, which fold into dendrimersomes with a
mechanism that resembles the movement of a hand palm
forming a fist. After 300 ns, single dendrimersomes start
coalescing into larger spherical particles, gradually embedding
nearby smaller structures (represented by Figures S23c−f). At
longer simulation times (>1400 ns), spherical particles form
dendrimersomes merging into large multiporous structures,
which ultimately form multilayered systems (Figures S23g−j)
with a mechanism already described by Chang et al.69

Additionally, we performed a new set of simulations that
explicitly included the cosolvents (EtOH or TFE) to unravel
their role in the time-dependent morphological changes
experimentally observed for FJD3.

70−72 The cosolvents were
represented as two beads, where one is hydrophobic and the
other hydrophilic. The cosolvent beads were labeled EO and
EC for ethanol and TO and TC for TFE; coarse-grained
interaction parameters are reported in Table S3. We performed
three new CG simulations: two at a high concentration of
cosolvent and an additional one at a lower EtOH
concentration. Cubic simulation boxes of 40rc × 40rc × 40rc
dimensions with periodic boundary conditions were applied
with bead density set to 3 with a total number of 192000 beads
(as described in detail in the Supporting Information). Figure

7 reports the final morphologies of the aggregates obtained for
the three simulations, which are in good agreement with cryo-
TEM results. In particular, at the lowest ethanol concentration,
unilamellar dendrimersomes were observed, characterized by a
large central hollow core, with a diameter of about 22 nm and a
double-layer thickness of about 6 nm. As ethanol concentration
increases, elongated tubular aggregates are formed, with a
central cavity of about 12 nm. In particular, it is evident that
ethanol molecules fully cover the external and internal walls of
the tubule, forming inner and outer coatings. Contrarily, the
presence of TFE as cosolvent promotes the formation of
dendrimersomes, characterized by a very large cavity of about
32 nm. A deeper inspection of the dendrimersome double layer
showed the presence of interdigitated TFE molecules in the
hydrophobic stratum, contrary to what observed in ethanol
(Figure S24).

■ CONCLUSIONS

Here we reported the synthesis and structural characterization
of a new family of fluorinated Janus-type dendrimers, FJDs,
bearing a short-chain multibranched fluorinated moiety with
27 magnetically equivalent fluorine atoms linked to bis-MPA
polyester dendrons of different generations. All synthesized
FJDs are easily dispersed in aqueous solutions by injection of
their diluted solution in ethanol, forming self-assembled
nanostructures with a morphology dependent on a subtle
balance between hydrophilic and hydrophobic portions in the
molecule.
For the lowest generation dendrimers (FJD1 and FJD2),

spherical nanoparticles identified by cryo-TEM and charac-
terized by a high colloidal stability (DLS) are observed.
Associated 19F NMR spectra to these nanostructures show a
single peak with a good signal-to-noise ratio making them
traceable by 19F MRI. On the contrary, the highest generation
derivative, FJD3, self-assembles into multilamellar dendrimer-
somes displaying a morphological transition into tubular
structures after 48 h of aging. Simultaneously, the switching-
off of the 19F NMR signal is observed, indicating lower
mobility of the fluorine atoms as a consequence of a higher
rigidity of the fluorinated portions. Interestingly, substituting

Figure 7. Snapshots of morphologies obtained in different conditions (upper row) and corresponding cross sections (bottom row) showing the
hollow cores of the aggregates: (a, d) lowest ethanol concentration; (b, e) highest ethanol concentration; (c, f) TFE as a cosolvent. Color code:
hydrophilic groups in red and hydrophobic groups in green. OC water and cosolvent beads are not represented to assist the eye.
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ethanol with trifluoroethanol as cosolvent, the transition to
tubules is prevented and 19F NMR spectra do not change over
time.
Computational studies allowed rationalization of the

molecular factors governing the self-assembly of the highest
generation dendrimer showing that depending on the nature of
the cosolvent, FJD3 assumes different conformations. In fact,
with TFE as cosolvent, FJD3 mostly visits bent structures with
the fluorinated moiety and hydrophilic groups arranged in a
sort of cisoid conformation, probably driven by specific F···F
interactions with the cosolvent. On the contrary, with ethanol
as cosolvent, FJD3 adopts an unfolded transoid conformation.
These conformational changes are at the basis of the complex
self-assembly behavior seen for FJD3 in aqueous media. In
particular, in the presence of ethanol as cosolvent, the
fluorinated moieties of FJD3, confined in the inner strata of
the nanostructures, are more strongly interdigitated by F···F
noncovalent interactions, while polyester chains are involved in
hydrogen bonds with the cosolvent, driving the formation of
longitudinal stable aggregates. In the presence of a fluorinated
cosolvent(TFE), instead, F···F interactions between dendrimer
and TFE provide a higher solvation of FJD3, stabilizing a cisoid
conformation and preventing the formation of tubular
structures. A stronger interdigitation among FJD3 fluorinated
moieties in the tubular structures also justifies a lower mobility
of the CF3 groups with a significant reduction of their 19F
NMR signal.
In conclusion, short and branched fluorinated chains are

here demonstrated as novel moieties for the design of JDs with
tunable self-assembly behavior and functional properties. This
novel design paves the way toward a plethora of applications
from transport of gases to 19F MRI tracking. The ability of
similar fluorinated JDs to deliver genetic material is currently
under patenting73 and will be reported elsewhere.
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■ ABBREVIATIONS

AA-MD, all-atom molecular dynamics; ATR-FTIR, attenuated
total reflectance Fourier-transform infrared spectroscopy; bis-
MPA, 2,2-bis(hydroxymethyl)propionic acid; CG, coarse
grained; cryo-TEM, cryogenic transmission electron micros-
copy; CuAAC, copper-catalyzed azide−alkyne cycloaddition;
DLS, dynamic light scattering, DPD, dissipative particle
dynamics; DSC, differential scanning calorimetry; EtOH,
ethanol; FJD1, fluorinated Janus dendrimer of generation 1;
FJD2, fluorinated Janus dendrimer of generation 2; FJD3,
fluorinated Janus dendrimer of generation 3; HRESI-MS, high-
resolution electrospray ionization mass spectrometry; JDs,
Janus dendrimers; MRI, magnetic resonance imaging; NMR,
nuclear magnetic resonance spectroscopy; PFCs, perfluor-
ocarbons; POM, polarized optical microscopy; RDF, radial
distribution function; SWAXS, small- and wide-angle X-ray
scattering; TEM, transmission electron microscopy, TFE,
2,2,2-trifluoroethanol; TGA, thermal gravimetric analysis.
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(55) Nuñ́ez, E.; Ferrando, C.; Malmström, E.; Claesson, H.; Werner,
P. E.; Gedde, U. W. Crystal Structure, Melting Behaviour and
Equilibrium Melting Point of Star Polyesters with Crystallisable
Poly(ε-Caprolactone) Arms. Polymer (Guildf). 2004, 45 (15), 5251−
5263.
(56) Zeng, X.; Poppe, S.; Lehmann, A.; Prehm, M.; Chen, C.; Liu,
F.; Lu, H.; Ungar, G.; Tschierske, C. Liquid Crystals A Self-
Assembled Bicontinuous Cubic Phase with a Single-Diamond
Network. Angew. Chem. Int. Ed 2019, 58, 7375−7379.
(57) Poppe, S.; Chen, C.; Liu, F.; Tschierske, C. A Skeletal Double
Gyroid Formed by Single Coaxial Bundles of Catechol Based
Bolapolyphiles. Chem. Commun. 2018, 54, 11196−11199.
(58) Corvis, Y.; Négrier, P.; Soulestin, J.; Espeau, P. New Melting
Data of the Two Polymorphs of Prednisolone. J. Phys. Chem. B 2016,
120 (41), 10839−10843.
(59) Zhao, J.; Sun, Y.; Men, Y. Melt Temperature and Initial
Polymorphs Dependencies of Polymorphs Selection during Subse-
quent Crystallization in Propylene-Ethylene Random Copolymer. Ind.
Eng. Chem. Res. 2017, 56 (1), 198−205.
(60) Tuuttila, T.; Lahtinen, M.; Kuuloja, N.; Huuskonen, J.;
Rissanen, K. Synthesis and Thermal Behavior of Janus Dendrimers,
Part 1. Thermochim. Acta 2010, 497 (1−2), 101−108.
(61) Preslar, A. T.; Tantakitti, F.; Park, K.; Zhang, S.; Stupp, S. I.;
Meade, T. J. 19F Magnetic Resonance Imaging Signals from Peptide
Amphiphile Nanostructures Are Strongly Affected by Their Shape.
ACS Nano 2016, 10 (8), 7376−7384.
(62) Yu, J.; Sun, D.; Ai, H.; Wang, X.; Zhai, L. Novel Mechanism for
Nanotube Formation from Vesicle: A Transition Induced by the
Rearrangement of Molecular Pairs. Colloids Surfaces A Physicochem.
Eng. Asp. 2013, 422, 148−154.
(63) Ramanathan, M.; Shrestha, L. K.; Mori, T.; Ji, Q.; Hill, J. P.;
Ariga, K. Amphiphile Nanoarchitectonics: From Basic Physical

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.2c00129
Macromolecules 2022, 55, 2486−2496

2495

https://doi.org/10.1073/pnas.1708380114
https://doi.org/10.1002/anie.200501254
https://doi.org/10.1002/anie.200501254
https://doi.org/10.1021/ja2118267?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja2118267?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja2118267?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja2118267?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.1904868116
https://doi.org/10.1073/pnas.1904868116
https://doi.org/10.1073/pnas.1904868116
https://doi.org/10.1039/D0CS00258E
https://doi.org/10.1039/D0CS00258E
https://doi.org/10.1021/acsami.6b01102?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.6b01102?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-018-03779-8
https://doi.org/10.1038/s41467-018-03779-8
https://doi.org/10.1038/s41467-018-03779-8
https://doi.org/10.1038/s41467-018-03779-8?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-018-03779-8?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.9b02349?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.9b02349?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0PY00393J
https://doi.org/10.1039/D0PY00393J
https://doi.org/10.1038/s41467-019-12462-5
https://doi.org/10.1038/s41467-019-12462-5
https://doi.org/10.1038/s41467-019-12462-5
https://doi.org/10.1038/s41467-019-12462-5?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.200305305
https://doi.org/10.1002/chem.200305305
https://doi.org/10.1002/chem.200305305
https://doi.org/10.3390/ijms160920183
https://doi.org/10.3390/ijms160920183
https://doi.org/10.3390/ijms160920183
https://doi.org/10.1016/j.cocis.2015.07.004
https://doi.org/10.1016/j.cocis.2015.07.004
https://doi.org/10.1289/ehp.1509910
https://doi.org/10.1289/ehp.1509910
https://doi.org/10.1039/C7GC03081A
https://doi.org/10.1039/C7GC03081A
https://doi.org/10.1016/j.jcis.2014.04.051
https://doi.org/10.1016/j.jcis.2014.04.051
https://doi.org/10.1016/j.jcis.2014.04.051
https://doi.org/10.1021/acssuschemeng.8b00777?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.8b00777?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C6CC09324H
https://doi.org/10.1016/j.carbpol.2021.118031
https://doi.org/10.1016/j.carbpol.2021.118031
https://doi.org/10.1002/mrc.4849
https://doi.org/10.1002/mrc.4849
https://doi.org/10.1002/ejoc.201700566
https://doi.org/10.1002/ejoc.201700566
https://doi.org/10.1039/C4RA09752A
https://doi.org/10.1039/C4RA09752A
https://doi.org/10.1002/anie.200901005
https://doi.org/10.1002/anie.200901005
https://doi.org/10.1002/anie.200901005
https://doi.org/10.1021/cr900174j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr900174j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja208762u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja208762u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja208762u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C4NJ02071E
https://doi.org/10.1039/C4NJ02071E
https://doi.org/10.1039/C4NJ02071E
https://doi.org/10.1016/j.polymer.2004.05.047
https://doi.org/10.1016/j.polymer.2004.05.047
https://doi.org/10.1016/j.polymer.2004.05.047
https://doi.org/10.1002/anie.201902677
https://doi.org/10.1002/anie.201902677
https://doi.org/10.1002/anie.201902677
https://doi.org/10.1039/C8CC06956E
https://doi.org/10.1039/C8CC06956E
https://doi.org/10.1039/C8CC06956E
https://doi.org/10.1021/acs.jpcb.6b07349?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.6b07349?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.6b04087?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.6b04087?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.6b04087?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.tca.2009.08.018
https://doi.org/10.1016/j.tca.2009.08.018
https://doi.org/10.1021/acsnano.6b00267?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.6b00267?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.colsurfa.2012.11.042
https://doi.org/10.1016/j.colsurfa.2012.11.042
https://doi.org/10.1016/j.colsurfa.2012.11.042
https://doi.org/10.1039/c3cp50620g
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.2c00129?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Chemistry to Advanced Applications. Phys. Chem. Chem. Phys. 2013,
15, 10580−10611.
(64) Tirotta, I.; Mastropietro, A.; Cordiglieri, C.; Gazzera, L.; Baggi,
F.; Baselli, G.; Bruzzone, M. G.; Zucca, I.; Cavallo, G.; Terraneo, G.;
Bombelli, F. B.; Metrangolo, P.; Resnati, G. A Superfluorinated
Molecular Probe for Highly Sensitive in Vivo 19 F - MRI. J. Am.
Chem. Soc. 2014, 136, 8524−8527.
(65) Huynh, A. M.; Müller, A.; Kessler, S. M.; Henrikus, S.;
Hoffmann, C.; Kiemer, A. K.; Bücker, A.; Jung, G. Small BODIPY
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