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ABSTRACT: We observe the formation of highly controllable and
responsive onion-like vesicles by using rigid sphere—rod amphiphilic
hybrid macromolecules, composed of charged, hydrophilic Keggin-
type clusters (spheres) and hydrophobic rod-like oligofluorenes
(OFs). Unlike the commonly used approach, which mainly relies on
chain bending of flexible molecules to satisfy different curvatures in
onion-like vesicles, the rigid hybrids form flexible interdigitations by
tuning the angles between OFs, leading to the formation of bilayers
with different sizes. The self-assembled vesicles possess complete
onion-like structures from most inner to outer layers, and their size
(layer number) can be accurately manipulated by different solution
conditions including solvent polarity, ionic strength, temperature,
and hybrid concentration, with fixed interbilayer distance under all
conditions. Moreover, the vesicle size (layer number) shows excellent
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reversibility to the change of temperature. The charged feature of spheres, rod length, and overall hybrid architecture shows
significant effects on the formation of such onion-like vesicles.
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ormed by amphiphilic molecules such as phospholipids
F and block copolymers, vesicles are one of the most

fundamental nanostructures in natural and artificial
processes.' > Over the past decades, the vesicular structures
have shown attractive properties and drawn much attention in
various fields such as supramolecular chemistry,*”” chemical
reaction,®’ imaging,lO and simulation.'"'™" In addition to
common hollow vesicles (with one bilayer membrane),
amphiphiles are also found to form interesting onion-like
vesicles (multilayered vesicles) which consist of concentric
alternating bilayers, and the observations of onion-like vesicles
have been extensively reported in various systems including
small-molecule surfactants,"*™"” block copolymers,lg_21 den-
drimers,”*~* surfactant-encapsulated complexes,”® and cluster-
based hybrids >’ and also elucidated by simulations.”**’
Although the formation of onion-like vesicles can enrich
supramolecular structures in amphiphilic systems, a micro-
scopic mechanism to reveal their self-assembly process is still
not fully understood, especially, why some amphiphiles can
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form onion-like vesicles while others cannot. Additionally, the
size of onion-like vesicles and their layer number are usually
difficult to control and exhibit significant polydispersity in
solution. Therefore, a well-defined system with controllable
molecular composition/architecture could provide a better
fundamental understanding about the scope and limitation of
amphiphilic molecules during their self-assembly process.
Two basic requirements are preferred to achieve onion-like
vesicles: (1) Flexible amphiphilic molecules. The molecules
need to tolerate a broad range of curvature changes from inner
to outer layers, which requires them to undergo various and
continuous degrees of chain bending or conformational change
to satisfy different curvatures. Therefore, onion-like vesicles are
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Figure 1. Chemical structures and simplified molecular models of sphere—rod shaped hybrids. The blue spheres represent hydrophilic

Keggin clusters, and the red rods represent hydrophobic OFs.

often observed in flexible amphiphilic molecules such as
dendrimers and polymers. If molecules are not flexible enough,
they cannot be significantly bent to form inner layers (large
curvature). Accordingly, the self-assembled vesicles might have
only a few outer layers rather than the complete onion-like
structures. (2) Strong interbilayer attraction. The onion-like
vesicles are formed by layer-by-layer self-assembly of differently
sized bilayers. If the attraction between bilayers (hydrophilic
domains if in polar solvents) is too weak in solution, the
bilayers cannot stay closely within a certain distance to each
other, leading to the formation of regular hollow vesicles.

In the literature, the commonly used approach to satisfy the
large range of continuous curvature change is to increase the
flexibility of molecules (eg., long polymer chains'® or
dendrimerszz). However, it is still difficult to achieve uniform,
highly controllable/responsive onion-like vesicles by flexible
amphiphiles in most cases, largely due to the very energy-
consuming bending process of the flexible molecules in
different bilayers (especially for the inner bilayers).**™** In
this work, we report the discovery of uniform, well-controlled
onion-like vesicles in solutions of rigid amphiphilic hybrids
with special sphere—rod geometry: the charged, hydrophilic,
spherical Keggin-type clusters and hydrophobic, rod-like
oligofluorenes (OFs) with different OF lengths and overall
hybrid architectures. The incorporation of OFs renders an
amphiphilic feature of the hybrid molecules in polar solvents,
and the competition between the electrostatic interaction
(from Keggins) and the hydrophobic interaction (from OFs) is
expected to be critical for their self-assembly.’”*" Both
components are very rigid, which distinguishes them from
soft amphiphiles such as block copolymers. The Keggin
clusters are typical macroions whose solution behaviors are
heavily controlled by the counterion-mediated electrostatic
interaction.”' The unique sphere—rod geometry makes these
hybrids nice models to understand the correlation between the
molecular shape and their self-assembly behaviors. While we
might speculate before that the rigid components would limit
the versatility of self-assembled structures formed by such
“block copolymers”, we show here that these special
amphiphiles actually can demonstrate unexpected exciting
phenomena in solution. The study also represents an attempt
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to explore almost uncharted self-assembly behavior of rigid
block copolymers. While the flexible block copolymers have
been extensively studied in the past decades,*” and the rigid—
flexible block copolymers have also drawn considerable
attention,”*~*° studies of fully rigid block copolymers are still
scarce.

RESULTS AND DISCUSSION

Synthesis of Sphere—Rod Amphiphilic Hybrids and
Their Molecular Structures. The Keggin-type polyoxome-
talate clusters and oligofluorenes with different lengths were
chemically linked to form sphere—rod shaped hybrids (Figure
1). The alkyne-functionalized Keggins (4~ charge) balanced by
tetrabutyl ammonium counterions (TBAs) were synthesized
based on the reported method,*” and the azide-containing OFs
were synthesized from step-by-step addition of fluorene
repeating units as in our previous work.***’ Following the
postfunctionalization approach,””>' two components were
successfully coupled by using azide—alkyne Huisgen cyclo-
addition (detailed procedures in the Supporting Information).
Two sets of hybrid molecules were obtained: (1) T-shaped
hybrids with various rod lengths (Keggin—TOF,, n = 2, 4, 6,
8); (2) with the same rod length as Keggin—TOF,, but the
Keggins were connected to the center of OFs to create an I-
shaped hybrid architecture (Keggin—IOF,). All the products
were characterized by 'H NMR, matrix-assisted laser
desorption/ionization-time-of-flight mass spectrometry
(MALDI-TOF MS), Fourier-transform infrared spectroscopy
(FTIR), and UV—vis spectroscopy, shown in Figures $2—S17.

Self-Assembly of Onion-like Vesicles in Solution of
Keggin—TOF,. With the hydrophilic Keggin clusters and
hydrophobic OFs, the hybrid molecules are expected to be
amphiphilic and show self-assembly behaviors in selective
solvents.*”*»**? The Keggin—TOF, hybrids are quite soluble
in acetonitrile (MeCN) but insoluble in water. Water/
acetonitrile mixed solvents are chosen to trigger the self-
assembly. After sample preparation, very high scattered
intensity is recorded by static light scattering (SLS) measure-
ments from 0.2 mg/mL Keggin—TOF, solutions when water
content ranges from 50% to 85%, indicating the formation of
large self-assembled structures. When the water content is
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Figure 2. (a) CONTIN analysis of DLS results from 0.2 mg/mL Keggin—TOF, in 50% water/MeCN solutions. (b) SLS measurements from
0.2 mg/mL Keggin—TOF, in 50% water/MeCN solutions; the R, value is obtained by linear fitting. (c) TEM images of spherical assemblies
obtained from 0.2 mg/mL Keggin—TOF, in 50% water/MeCN. The onion-like structures can be clearly observed in the zoomed-in image.
(d) AFM characterization of spherical assemblies obtained from 0.2 mg/mL Keggin—TOF, in 50% water/MeCN. (e) Height profile

measured from blue dashed line.

below 45%, the solutions show very low scattered intensity
close to the solvent level, suggesting that the hybrids stay as
soluble individual molecules. Obvious precipitation is observed
at a water content of >90%. A typical CONTIN analysis™* of
dynamic light scattering (DLS) measurements from 50%
water/MeCN solutions shows that the average hydrodynamic
radius (R,) of assemblies is 65 + S nm and angular
independent (Figure 2a), suggesting spherical morphology of
assemblies in solution. The radius of gyration (R) of the large
assemblies obtained from SLS measurements is 48 + 2 nm
(Figure 2b), leading to an Ry/Ry, ratio of 0.74, close to the
theoretical value for a solid sphere (0.77).°° Atomic force
microscopy (AFM) measurements also show the spherical
feature of the assemblies and the average height of spheres
(Figure 2d,e) is 82 + 6 nm, which again confirms that the self-
assembled structures are likely to be solid rather than hollow
spheres. Moreover, typical transmission electron microscopy
(TEM) images show that the average radius of the spheres is
61 + 7 nm (Figure 2c), nicely matching the R, value from DLS
measurements. The size distribution of spherical assemblies is
quite narrow compared with those from vesicles and liposomes
in the literature.”®>’ Interestingly, a zoom-in TEM image
reveals that these solid spheres have strict onion-like
structures: concentric spheres from the core to outer layers.
The combined results show that narrow distributed onion-like
vesicles have been formed in a solution of Keggin—TOF,.
Mechanism of Bilayer Formation and Layer-by-Layer
Assembly in Onion-like Vesicles. It is intriguing why the
rigid sphere—rod hybrids tend to form onion-like vesicles, as in
such structures the curvatures of different bilayers vary in a
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very broad range. From the molecular structure of Keggin—
TOF,, the dimension of the TOF, rod length (3.4 nm) is
considerably larger than the diameter of the Keggins (1.0 nm).
Accordingly, in order to form onion-like structures, a long
distance between Keggins must exist in the bilayers if the TOF,
rods are not interdigitated with each other (model B in Figure
3a), which makes the bilayer structure unstable, and it is
difficult to achieve continuously variable curvatures. Therefore,
we speculate that the TOF, rods will be significantly
interdigitated with each other to form a more compact packing
(model A in Figure 3a), and the adjustment of interdigitation
angle will satisfy curvature change for vesicles at different
layers. To verify this, the 2D nuclear Overhauser effect
spectroscopy (NOESY) NMR technique was applied to study
spatial arrangements of the TOF, rods in bilayers. Generally,
the NOE signal between two protons depends on their spatial
distance (r), and its strength is proportional to 1/r%>%
Consequently, the NOE signal between two protons can be
observed within a very short distance only (<5 A). From the
molecular structure, the distance between center and end of
the TOF, is ca. 1.5 nm (Figure 3c), which is much longer than
the detection limit for NOESY signal, and this length will not
change significantly during self-assembly due to the rigid
nature of the TOF, rod, ruling out the possibility that the
center-to-end NOE signals are contributed from intra-
molecular correlation within one hybrid molecule. As a result,
the NOESY technique can distinguish whether the inter-
digitation between adjacent TOF, rods has been formed in
bilayers. If no interdigitation is formed (model B), the center-
to-end distance is still out of the detection limit for NOE
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Figure 3. (a) Schematic illustration to show the model of bilayers. (b) 2D NOESY spectra from onion-like vesicle solutions. The negative
correlation peaks are highlighted in the dashed blue rectangle. (c) Chemical structure of TOF, rods and assignments of different protons.
(d) Comparison of UV—vis spectra before (0% water/MeCN) and after (50—85% water/MeCN) the formation of onion-like vesicles.
Snapshots of CG simulation at (e) 10 ns, (f) 40 ns, (g) 70 ns, and (h) 300 ns. Color code: blue (Keggin), red (OF), green (linker), yellow
(charge). The transparence of the blue spheres in (h) has been adjusted for clarity.

signal. On the other hand, significant intermolecular overlap
(model A) between the TOF, rods can lead to a close center-
to-end distance as well as the appearance of NOE signal. Based
on the 1D '"H NMR spectra (Figure S4) of Keggin—TOF,
hybrid in single molecular state, the proton from the center of
the TOF, rods is assigned as H,, and the protons from the end
of the TOF, rods are assigned as H, and H. (Figure 3c),
respectively. After the formation of onion-like vesicles, several
sets of negative NOE cross peaks appear (full spectra in Figure
$18), indicating the strong spatial interaction between hybrid
molecules. Importantly, zoomed-in spectra from the aromatic
region clearly show the NOE peaks from H,—H, and H,—H,
(highlighted in Figure 3b), that is, the correlation between the
center and the end of TOF, rods. This strongly suggests that a
very close spatial distance (<5 A) between H, of one TOF, rod
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and H,/H. of another nearby TOF, rod (intermolecular
correlation) is formed after self-assembly, which consequently
confirms our speculation that the TOF, rods will be
significantly interdigitated in bilayers (model A). Additionally,
UV—vis spectra (Figure 3d) show that the absorbance peaks
from TOF, rods have obvious wavelength shifts after self-
assembly, indicating that the conjugation degree of TOF, rods
has been affected due to the close inter-rod distance.’”®’
Previously, our group reported that the counterion-mediated
electrostatic attraction had very important contributions to the
solution behavior of hydrophilic, charged polyoxometalate
clusters (POMs).*"** The attraction is strong enough to
overcome the electrostatic repulsion between like-charged
clusters and consequently brings them together. Therefore, we
speculate that the charged Keggins have a significant influence
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Figure 4. (a) CONTIN analysis of 0.2 mg/mL Keggin—TOF, prepared in different solvent combinations. TEM images obtained from 0.2
mg/mL Keggin—TOF, solutions with solvent combinations of (b) 60% water/MeCN, (c) 70% water/MeCN, and (d) 85% water/MeCN. (e)
Relationship between the radius of onion-like vesicles and their layer number. (f) Cryo-TEM image of an onion-like vesicle.

on the formation of onion-like vesicles because they provide
strong attraction between bilayers. To confirm this, another
similar hybrid has been studied: DC4—TOF, (Figure S19,
synthesis reported in previous work™). DCg—TOF, has
identical rod length and T-shaped architecture to Keggin—
TOEF,, with the only difference being the uncharged DCg,
clusters (with —OH groups on the surface). In selective
solvents, only hollow vesicles are observed in DC4—TOF,
solutions (Figures $20—S22), suggesting the important roles of
counterion-mediated attraction for layer-by-layer assembly of
onion-like vesicles.

Coarse-grained (CG) simulation was further applied to
further understand the self-assembly behavior at the molecular
level.”*™% In CG simulation, several critical steps during the
self-assembly process are observed. Initially, the OF rods
strongly interact with each other and attract several hybrids to
form the basic building blocks of bilayers (Figure 3e), which
aims to minimize the contact areas between hydrophobic OFs
and polar solvents. These building blocks further merge
together driven by the hydrophobic interaction from OFs
(Figure 3f). Due to size disparity between Keggins and OFs,
the hybrids tend to form interdigitation to achieve compact
packing and meanwhile create curved bilayers (Figure 3g). At
this stage, the size of the bilayers is too small to form layer-by-
layer attraction with others. With the growth of bilayers, the
larger bilayer surface area can enhance counterion-mediated
attraction as a glue for layer-by-layer assembly (Figure 3h).

Control of Vesicle Size and Layer Number by
Multiple Solution Conditions. The observation of complete
onion-like vesicles suggests that the Keggin—TOF, hybrids can
tolerate a broad range of curvatures, which should not be
attributed to their molecular flexibility, as the hybrids are quite
rigid. Based on the interdigitation model, the curvature change
of bilayers can be achieved by tuning the angle (6) between
adjacent TOF, rods (Figure 5d). This process depends on the
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supramolecular arrangements of hybrid molecules and thus is
controlled by different physical interactions. By adjusting
solution conditions to change the strength of physical
interactions,”® we could control the supramolecular arrange-
ments between hybrids as well as the curvatures/sizes of
bilayers.

Solutions of Keggin—TOF, were first prepared in various
water/MeCN mixed solvents to study the effects of solvent
polarity. As observed from the DLS results, the Ry, values of
assemblies decrease from 65 + S nm to 35 + 2, 26 + 4, and 19
+ 4 nm when the water content (solvent polarity) increases
from 50% to 60%, 70%, and 85%, respectively (Figure 4a). All
CONTIN curves show a narrow size distribution, suggesting
that the vesicle size (i.e., the number of layers) can be well
controlled by solvent polarity, and interestingly vesicles tend to
grow bigger with more layers in better solvents. This is quite
different from the common behavior of typical amphiphiles
such as block copolymers. In a solution of typical amphiphiles,
the size of assemblies is expected to become larger in a poorer
solvent. Meanwhile, the change of solvent polarity will also
induce phase transition to various morphologies.”” The
Keggin—TOF,, on the other hand, exhibits the same self-
assembled morphology throughout different solvent polarities.
The detailed reason is unclear, but we speculate that it might
be related to the rigid structure of TOF, and their strong
interdigitations; that is, the rigid rods tend to interpenetrate
with each other more strongly in a poor solvent, preventing the
growth of the outer layer in vesicles. The scattered intensities
(extrapolated to zero scattered angle) from 50%, 70%, and 85%
water/MeCN solutions are 43000, 4900, and 3350 Kcps,
respectively (for benzene: 20 Kcps). Based on the simplified
Rayleigh—Gans—Debye equation for solid spheres,” I o« CM,,
= CR}, where I is the total scattered intensity and C and M,, are
the weight concentration and the mass of the assemblies,
respectively. It can be estimated that the weight concentration
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light green and orange circles show the detailed packing of Keggin—TOF, at the outermost layer.

of assemblies in 70% and 85% water/MeCN is 1.8 and 3.1
times that in 50% water/MeCN (same sample concentration,
0.2 mg/mL). This suggests that more hybrid molecules will
self-assemble into onion-like vesicles at higher solvent polarity,
consistent with the fact that Keggin—TOF, is less soluble in
solutions with higher water contents.

TEM studies further confirm our conclusions. By increasing
the water content from 50% to 60%, 70%, and 85%, TEM
images show that the average radius of vesicles changes from
61 + 7 nm (Figure 2c) to 32 + S nm (Figure 4b), 23 + 2 nm
(Figure 4c), and 15 + 3 nm (Figure 4d), respectively, fully
consistent with the DLS measurements. All vesicles observed
from TEM possess well-defined onion-like structures. Surpris-
ingly, the average number of layers calculated from TEM
exhibits a very good linear relationship with the vesicle size
(Figure 4e, detailed analysis in Figures $28—S33). This feature
highlights the advantages of the current system because it
enables us to precisely manipulate the layer number of onion-
like vesicles through controlling physical interactions in
solutions. The slope (radius/layer number) from linear fitting
is 4.8 nm/layer, in good agreement with the calculated value
for the thickness of one bilayer (4.6 nm). Small-angle X-ray
scattering (SAXS) measurements of onion-like solutions show
an inter-bilayer distance of 5.2 nm (Figure $34), which is close
to the slope calculated in Figure 4e. Meanwhile, the inter-
bilayer distance from cryo-TEM is S.1 + 0.2 nm (Figure 4f),
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very close to the one obtained from regular TEM images; the
slight difference in the inter-bilayer distance between cryo-
TEM and regular TEM is likely due to the shrinkage during the
drying process.

The onion-like vesicles are formed through layer-by-layer
self-assembly from inner to outer layers; therefore, the size of
vesicles/layer number is determined by growth of the most
outside layer. In a given solution condition, the onion-like
vesicles will stop growing when different forces are balanced in
the outermost layer. From the molecular structure of Keggin—
TOEF,, the self-assembly process is expected to be driven by
both counterion-mediated electrostatic attraction (from
charged Keggins) and hydrophobic interaction (from TOF,
rods). With increasing solvent polarity, the hydrophobic
interaction becomes much stronger, while the strength of
counterion-mediated attraction decreases because the Keggins
carry more charges.*”*”%® Overall, the forces between TOF,
rods become more attractive, while the forces between Keggins
become more repulsive, which consequently prefer the
interdigitation to smaller angle (f) and larger curvature
(shown in Figure Sd). Therefore, in a more polar solvent,
the growth of onion-like vesicles will be limited to the bilayers
with larger curvature, that is, onion-like vesicles with smaller
size.

Solvent polarity will simultaneously affect the hydrophobic
interaction and counterion-mediated attraction, leading to
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Figure 6. (a) Time-resolved SLS results monitored from 0.2 mg/mL Keggin—TOF, (50% water/MeCN) solutions with the change of
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the sample solutions. (c¢) TEM images from 0.2 mg/mL Keggin—KOF, (50% water/MeCN) solutions at 60 °C. (d) Model showing the
reversible transformation of onion-like vesicles responsive to temperature changes.

complicated competition between two physical interactions.
To simplify the current system as well as re-examine the roles
of different interactions, temperature, counterion concentra-
tion, and hybrid concentration are applied as extra solution
stimuli, aiming for changing the hydrophobic interaction and
counterion-mediated attraction, respectively. It is noted that
increasing temperature or solvent polarity can both signifi-
cantly strengthen the hydrophobic interaction,”® while the
response of counterion-mediated attraction to temperature is
negligible. Indeed, DLS results of sample solutions prepared
under different temperatures (Figure Sa) also show a trend of
decreasing assembly size (R,) responsive to the increase of
temperature, which are like the effects of increasing solvent
polarity. Compared with the TEM image taken from the
solutions at room temperature (Figure 2c), the image from
higher temperature solutions (Figure 6c) shows that the onion-
like vesicles are smaller with fewer layers.

Unlike the temperature effect, the counterion concentration
will mostly change the strength of counterion-mediated
attraction rather than the hydrophobic interaction.*"**”°
Meanwhile, higher hybrid concentration will increase the
overall ionic strength (TBA') in solution. From DLS results
(Figure Sb and c), the vesicle size becomes larger by increasing
the concentration of TBA counterions and Keggin—TOF,
hybrids. TEM images show that the onion-like vesicles become
bigger with more added TBAs or higher hybrid concentration
(Figures S23—S26). However, polydispersity starts to appear
when the onion-like vesicles further grow larger (R, > 100
nm). In solutions with higher ionic strength, the counterion-
mediated attraction will be significantly enhanced, the same as
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the situation in which the hydrophobic interaction is weakened
by considering the competition between two interactions.
Consequently, the interdigitation shifts to a higher angle (),
shown in Figure 5d, leading to the growth of onion-like vesicles
with a smaller curvature (a larger size).

Reversible Transformation of Onion-like Vesicles.
Compared with the chain-bending approach by using soft
ampbhiphiles, the rigid sphere—rod shaped hybrids can undergo
curvature change by only tuning the degree of interdigitation.
The change of interdigitation is controlled by physical
interactions and therefore requires less energy than the
distortion of chemical bonds in the chain-bending process.
This leads to the consequence that the onion-like vesicles
might be reversibly transformed due to the low energy barrier
of interdigitation. For 0.2 mg/mL Keggin—TOF, in 50%
water/MeCN solutions prepared at room temperature, they
are heated and monitored by time-resolved SLS. The scattered
intensity exhibits an obvious drop when raising the temper-
ature from room temperature (RT) to 40 °C, and a more
significant drop of intensity is recorded at 60 °C (Figure 6a).
Based on the simplified Rayleigh—Gans—Debye equation, the
scattered intensity of assemblies is mainly determined by their
size (R,). DLS measurements show that the R, of vesicles
decreases from 65 nm at RT to 51 nm at 40 °C (Figure Sa)
and 12 nm (2.6 layers in Figure 6¢c) at 60 °C, which
consequently leads to a continuous drop of scattered intensity.
Combining DLS and SLS results, the weight concentration of
assemblies at 60 °C is ca. 5.5 times that at RT, indicating that
more hybrids will self-assemble into onion-like vesicles due to
the considerable enhancement of hydrophobic interactions at
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conditions of 0.2 mg/mL, 50% water/MeCN.

higher temperatures. Interestingly, the scattered intensity of
the solution can return to the original level when cooling the
solutions (Figure 6a), suggesting a highly reversible trans-
formation of onion-like vesicles. Indeed, DLS measurements
show that the size (Ry,) of vesicles can reversibly respond to the
temperature change during heating and cooling processes
(Figure 6b).

Effect of Rod Length and Hybrid Architecture. The
freedom to change the interdigitation between OF rods comes
from their special geometry. In other words, compared with
other molecular shapes such as spheres and random coils, the
OF rods have a much larger aspect ratio of length/width.
Therefore, the rod length should play an important role in the
solution behavior of sphere—rod hybrids. A shorter length
might make the OF rods behave like spheres and random coils,
which accordingly reduce the possibility of forming flexible
interdigitation. Three hybrids with the same T-shaped
molecular architecture but different rod lengths, Keggin—
TOF,, Keggin—TOF,, and Keggin—TOFy, are studied under
the same conditions (0.2 mg/mL, S0% water/MeCN). DLS
results from Keggin—TOF, solution (Figure S35) show that
the Ry, of the assemblies is 25 nm with a polydispersity, which
is consistent with the TEM observations (Figure 7d). A
zoomed-in TEM image reveals that the assemblies have no
onion-like structures. From AFM measurements (Figure 7g),
the average height of the spheres is 6.8 nm, close to the
theoretical thickness for collapsed hollow vesicles (9.2 nm). In
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UV—vis studies (Figure S36), the absorbance peaks from the
OF, rods have no obvious shift after self-assembly. This
indicates that the OF, rods are not significantly interdigitated
during self-assembly, likely due to their short rod length.
Accordingly, Keggin—TOF, cannot achieve different curva-
tures in bilayers and can only form regular hollow vesicles.
Meanwhile, self-assembly can also be observed in the solutions
of Keggin—TOF by forming 60-nm-radius spherical structures
(Figure S37), and TEM images (Figure 7e) show spherical
assemblies with similar size. Longer rod length is expected to
enhance the possibility of flexible interdigitation, which in turn
favors the formation of onion-like vesicles. However, a
zoomed-in TEM image shows that the vesicles have only a
few outer layers rather than complete onions. From AFM
measurements (Figure 7h), the height of vesicles ranges from
16 to 26 nm, which is roughly the thickness of 2 or 3 bilayers
based on the molecular structure of Keggin—TOF,. Due to
their longer rod length, it might be difficult to fit long OF rods
into the hydrophobic domains of bilayers due to space
restriction (especially for the inner layers). Accordingly, the
Keggin—TOF, cannot form complete onion-like vesicles. By
further increasing the rod length to Keggin—TOF;, the
hydrophobic parts become so dominant that only irregular
precipitates are observed (Figure S38).

In addition to the rod length, hybrids with different
architectures (Keggin—IOF, in Figure 7c) are also studied.
R, = 53 nm (Figure S39) spherical assemblies are observed
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which do not show onion-like structures (Figure 7f).
Moreover, the shape of one sphere can be clearly observed
with the presence of another sphere on the top, indicating that
the spheres possess the feature of a thin layer after collapse
(hollow spheres). This is also confirmed by AFM measure-
ments, with an average height of collapsed spheres being 14.3
nm (Figure 7i), in agreement with the value for hollow vesicle
(204 nm). In the T-shaped hybrid architecture (Keggin—
TOE,), the TOF, rods pack perpendicular to Keggins in
bilayers, and the change of interdigitation will not significantly
affect the distance between Keggin clusters (Figure Sd).
However, the IOF, rods are expected to pack parallel to
Keggins in the case of Keggin—IOF,. Consequently, the
distance between Keggins will be dramatically changed when
the angle between IOF, rods is tuned (Figure S41), leading to
unstable packing of the bilayer structure because the
counterion-mediated attraction is sensitive to intermolecular
distance. Therefore, the Keggin—IOF, prefers to form regular
hollow vesicles rather than onion-like vesicles.

CONCLUSION

We report a mechanism for the formation of onion-like
vesicles. The onion-like vesicles are highly controllable,
uniform, and responsive and are observed in polar solvents
of the sphere—rod shaped hybrid (Keggin—TOF,) via the
flexible interdigitation of TOF, rods. The interdigitation
degree can be regulated by solution conditions including
solvent polarity, temperature, counterion concentration, and
hybrid concentration. The change of interdigitation affects the
bilayer curvature and leads to the formation of onion-like
vesicles, which can be manipulated by multiple solution
conditions. The size and the layer number of onion-like
vesicles exhibit a good linear relationship with a fixed interlayer
distance. The vesicle size/layer number can reversibly respond
to the change of temperature. The charged Keggin clusters
show an important role by providing strong counterion-
mediated attraction between bilayers. Moreover, the rod length
and hybrid architecture have significant effects on the
formation of onion-like vesicles. This study provides a
fundamental understanding for the self-assembly of onion-
like vesicles by amphiphilic molecules and might lead to
possible opportunity for programmable self-assembly of
amphiphiles into onion-like vesicles due to their highly
controllable and responsive properties. The onion-like vesicle
formation suggests potentially rich, uncharted self-assembly
behaviors of rigid amphiphilic materials in dilute solution.

METHODS

Dynamic Light Scattering and Static Light Scattering. Both
DLS and SLS measurements were performed on a Brookhaven
Instruments light scattering spectrometer equipped with a diode-
pumped solid-state laser operating at 532 nm and a BI-9000AT
multichannel digital correlator. The SLS was performed over a broad
range of scattered angles from 30° to 90°, with 2° intervals. The
radius of gyration (Rg) was calculated by using a partial Zimm plot
derived from the Rayleigh—Gans—Debye equation. The partial Zimm
plot was obtained from the following approximate formula: 1/I = C(1
+ Rgzqz/ 3). The R, was determined from the slope and intercept of a
plot of 1/I vs g* For DLS measurements, the intensity—intensity time
correlation functions were analyzed by the constrained regularized
(CONTIN) method. The average apparent translational diffusion
coefficient, D pp was determined from the normalized distribution
function of the characteristic line width, I'(G). The hydrodynamic
radius (R,) was converted from D through the Stokes—Einstein
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equation: Ry = KT/6anD, where K is the Boltzmann constant and 7 is
the viscosity of the solvent at temperature T. The temperature of the
chamber in the light scattering equipment was controlled by a
circulating bath with an accuracy of 0.1 °C.

Nuclear Magnetic Resonance. Both 1D and 2D NMR spectra
were measured on a Varian NMRS 500 spectrometer equipped with a
S mm dual broadband probe. 2D NOESY measurements were
recorded with 256 t1 increments and 32 scans, with a relaxation time
of 2 s. The mixing time changed from 0.2 s to 0.5 s. Baseline and
phase correction were performed when appropriate.

Transmission Electron Microscopy. Regular TEM images were
taken on a JEOL JEM-1230 electron microscope operated at 120 kV.
Samples for regular TEM analysis were prepared by dropping a small
volume of solution on a copper grid and fast drying under an oil
pump. To improve the visibility of onion-like vesicles, the contrast
and brightness of TEM images were enhanced. Cryogenic trans-
mission electron microscopy (cryo-TEM) specimens were prepared
by using a FEI Vitrobot (Mark IV) plunge freezer to prepare vitrified
cryo-TEM specimens. A 3 yL amount of the solution was applied to a
TEM grid coated with a lacey carbon film. After blotting using two
filter papers, the grid was plunge-frozen in liquid ethane. The vitrified
specimen was mounted onto a Gatan 626.DH cryo-TEM holder and
transferred into a FEI Tecnai F20 TEM equipped with a Gatan twin
blade retractable anticontaminator. The cryo-TEM observation was
carried out at ~—174 °C. The basic experimental setup and procedure
can be found in ref 71.

Atomic Force Microscopy. AFM measurements were conducted
a Dimension Icon AFM (Bruker AXS). Samples were prepared by
drop-casting a 20 uL solution onto the silica substrates. After
evaporation of the solvent, images were taken in the soft tapping
mode at a resolution of 512 X 512 pixel per image. Data analyses were
performed using NanoScope Analysis 1.5 software.

Matrix-Assisted Laser Desorption/lonization Time-of-Flight
Mass Spectroscopy. MALDI-TOF mass spectra were measured on
a Bruker Ultraflex III TOF/TOF mass spectrometer (Bruker
Daltonics). trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenyli-
dene] malononitrile (DCTB) was used as matrix compound.
Tetrabutylammonium bromide (TBABr) was used as ionizing agent.
The sample was prepared by depositing 0.5 yL of matrix solution on
the wells of a 384-well ground-steel plate and depositing 0.5 uL of
sample solution on a spot of dried matrix, then adding another 0.5 uL
of matrix solution on top of the dried sample. Mass spectra were
measured in the reflection mode, and the mass scale was calibrated
externally with PS standards with similar molecular weights to those
of the samples under consideration. Data analyses were conducted
with Bruker’s Flex Analysis software.

Small-Angle X-ray Scattering. In order to carry out SAXS
measurement, a Keggin—TOF, solution containing onion-like vesicles
was loaded in quartz capillary tubes of 1.5 mm diameter. SAXS
measurement was carried at the SAXS instrument of NSF’s
ChemMatCARS (15-ID-D station) at the Advanced Photon Source.
The measurement was done with X-rays of energy 13.474 keV with a
sample to detector distance of 0.58 m. A direct photon counting pixel
area detector, Pilatus3 X 300K, from DECTRIS was used for
obtaining the SAXS pattern from the sample.

Wide-Angle X-ray Scattering (WAXS). WAXS experiments were
carried out on a Rigaku 18 kW rotating anode generator equipped
with an image plate as the detector. The instrument was calibrated
using silicon powders with 26 being 28.4° under Cu Ko radiation.

Fourier-Transform Infrared Spectroscopy. Infrared spectra
were measured on a PerkinElmer FTIR spectrometer.

Sample Preparation. Typically, the solid samples were dissolved
in acetonitrile. The solutions were passed through a PTFE syringe
filter with 200 nm pore size. The acetonitrile sample solutions were
loaded into a 20 mL vial; then additional acetonitrile and water were
slowly added with stirring to adjust the solution parameters.
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