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ABSTRACT: Two triarmed organic−inorganic hybrid mate-
rials based on carboxylic acid-functionalized polyhedral
oligomeric silsesquioxane (APOSS) with/without PS linkers
are designed and synthesized (tri-PS-APOSS and tri-APOSS).
They can both self-assemble into hollow spherical nanostruc-
tures in water/organic mixed solvents, as confirmed by light
scattering and TEM techniques, yet they possess completely
different mechanisms and driving forces. With the PS linkers,
the hybrid forms bilayer vesicles similar to surfactants; while
without the PS linkers, the hybrid behaves like hydrophilic
macroions and assembles into single-layered, vesicle-like
“blackberry”-type structure. Consequently, the trend of the
assembly size in response to the change of the solvent polarity
is different for the two scenarios. This work shows a simple, universal approach of controlling the mechanism and product of the
self-assembly process via minor adjustment of the organic−inorganic hybrid structures.

■ INTRODUCTION

Self-assembly of macromolecules has attracted many research-
ers due to both fundamental interests and broad applications.
These processes are results of the spontaneous inter- and
intramolecular interactions of the molecules. The driving forces
of the processes are mainly noncovalent interactions, such as
hydrogen bonding,1 electrostatic interactions,2−4 hydrophobic
effect,5 metal−ligand coordinations,6,7 π−π interaction,8 and
other enthalpic interactions in addition to their entropic
changes. Tuning and combining different interactions could
generate various of interesting morphologies in functional
materials.9−15 On the other hand, tailing macromolecular
architecture could also result in polymeric materials with
different properties.16−18 For instance, materials with unique
topologies such as dendrimers,19,20 star polymers,21,22 mik-
toarm block copolymers,23 and many others23−28 also possess
their own unique physical properties.
Giant surfactants are a kind of macromolecule consisting of

hydrophilic molecular nanoparticle (MNP) heads and hydro-
phobic polymeric tails.29 The MNPs include polyhedral
oligomeric silsesquioxane (POSS),30−33 polyoxometalates
(POMs),34 functionalized fullerenes,31,35 globular protein,36

etc., and the tails could be alkyl chains, polystyrene (PS),

polycaprolactone, etc.30,32,35,37,38 The giant molecules fill the
gap between small molecular surfactants and amphiphilic
diblock copolymers with the ability to form nanosized ordered
structures. They have attracted great research interests in the
past ten years. Compared to small molecular surfactants, giant
surfactants are convenient to be modified and usually contain
denser functional groups for multiple interactions and external
stimuli.39−42 On the other hand, they have more precise control
on shape-persistent molecular structures compared with
diblock copolymers, and therefore their self-assembly structures
are relatively uniform to be characterized and formation
mechanisms are better to be recognized. For example, we
have recently systematically illustrated the effect of number and
topology of polar heads on the self-assembled structures of a
series of POSS−PS giant surfactants in the bulk and
solution.32,37 Giant surfactants with various architectures have
recently been designed and synthesized, such as one head with
one tail,31 multiple heads with one tail,32,43 and one head with
multiple tails,44 to name a few. However, multiarmed or starlike
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inorganic−organic hybrid giant surfactants are less dis-
cussed.22,33 Studies on the solution and bulk self-assembly
behaviors of giant molecules have shown motivating results that
can be related to molecular topological variations. In these
systems, the main driving forces for self-assembly are usually
hydrogen bonding or hydrophobic interactions.
Macroions refer to a kind of hybrid MNP with certain

amount of charges on their surfaces. The most representative
macroions are POMs,45 POSS, metal−organic nanocages, and
dendrimers, while other charged MNPs or nanoclusters are also
good examples.42,46,47 The size of macroions (1−10 nm) is in
between small molecular ions (at subnanometers) and charged
large colloidal particles (at submicrometers to several micro-
meters). Therefore, they cannot be simply treated as point
charges like Na+ or Cl− by the Debye−Hückel theory, while
they are also quite different from charged colloidal particles,
which could be described by the Derjaguin−Landau−Verwey−
Overbeek (DLVO theory).45,48 Previous researches have shown
that macroions could self-assembled into a special kind of single
layered hollow spherical assemblies known as “blackberry-type”
structure in solutions via counterion-mediated interac-
tion.2,42,49−51

Considering the distinct driving forces to direct the self-
assembly of giant surfactants and macroions, it is intriguing for
us to explore the interplay of hydrophobic and electrostatic
interactions in these hybrid materials with similar architectures.
For this purpose, we here reported the design and synthesis of
two triarmed macromolecules tri-PS-APOSS and tri-APOSS
with or without hydrophobic PS spacer between the core and
hydrophilic functionalized POSS. Their self-assembly behaviors
in solution clearly demonstrate that tuning the overall
hydrophobicity of hybrid molecules can alter the mechanisms
of nanostructure formation from giant surfactants to macroions,
which are controlled by different driving forces.

■ EXPERIMENTAL SECTION
Materials. Octavinyl POSS was used as received from Hybrid

Plastics. Inhibitor was removed from styrene before polymerization by
filtering through a silica gel column. All the other chemicals and
solvents were used as received from Sigma-Aldrich, Acros Organic, or
Fisher Scientific.
Characterization. 1H and 13C NMR experiments were measured

on a Varian Mercury 500 NMR spectrometer with reference to the
residual solvent peaks of CDCl3 at δ 7.27 and 77.00 ppm or DMSO at
2.50 and 39.52 ppm, respectively. Infrared spectra were measured on
an Excalibur Series FT-IR spectrometer (DIGILAB, Randolph, MA)
by drop-casting sample films on a KBr disk from THF solution (∼10
mg/mL). Gel permeation chromatography (GPC) were measured in
THF at 35 °C on Tosoh EcoSEC instrument with three columns
[TSKgel SuperH3000 × 2, TSKgel SuperH5000] with a GuardCol-
umn (TSKgel SuperH1000-4000) and a UV detector. The flow rate
was 0.35 mL/min. Matrix-assisted laser desorption/ionization time-of-
flight (MALDI-TOF) mass spectra were measured on a Bruker Ultra
flex III TOF/TOF mass spectrometer under linear mode using salt
and DCTB matrix.
Transmission electron microscopic (TEM) images were collected

on a JEOL-1230 TEM with an accelerating voltage of 120 kV and a
CCD camera.
Sample Preparation for Light Scattering. For a typical sample

preparation of tri-PS-APOSS with the concentration of 0.20 mg/mL,
1.0 mg sample was dissolved in 5.0 mL of THF and sonicated for 30
min. A certain amount of ultrapure water (0.05 μs/cm from a
Millipore filtration system, pH 6−7) was titrated drop by drop into the
solution at the rate of 50 μL/h. Water was stopped to be added until
the water content reached 10% v/v.

For tri-APOSS with the concentration of 0.2 mg/mL, each of 1.0
mg sample was dissolved in 1.5, 2.0, 2.5, and 3.0 mL of acetone and
sonicated for 30 min. After completely dissolving in acetone, 4.5, 3.0,
2.5, and 2.0 mL of water were added one shot into each solution. After
mixing with vibration for 1 min, 70, 60, 50, and 40% v/v water/
acetone tri-APOSS sample solutions were prepared.

Light scattering experiments were performed on a commercial
Brookhaven laser scattering spectrometer that was equipped with a
637 nm laser. For static light scattering, the angle from 30° to 120°
with an interval of 3° was applied. The radius of gyration (Rg) was
directly calculated by the Rayleigh−Gans−Debye equation from the
software. For dynamic light scattering, an intensity−intensity BI-
9000AT correlator was used to get the correlation function based on
the particle movement. Three repeating measurements for each
sample, and each measurement takes 3 min to get an average scattering
intensity and time correction function. All of the measurements are
done in 90°, 75°, 60°, and 45° scattering angles to extrapolate the Rh at
0°.

Synthetic Procedures. VPOSS-S-OH (1). VPOSS (30 g, 47.3
mmol) was dissolved in tetrahydrofuran (THF, 300 mL). 2-
Mercaptoethanol (3.35 g, 43.0 mmol) and photoinitiator 2-hydroxy-
4′-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959, 0.193
g, 0.86 mmol) were added. The solution was irradiated by the 365 nm
UV light for 15 min. The crude product was purified by silica gel
chromatography (CH2Cl2:hexane 1:2) to afford the product as a white
powder (7.13 g, 10.0 mmol) in 23% yield. 1H NMR (CDCl3, 500
MHz, ppm, δ): 6.18−5.87 (m, 21H), 3.72 (t, 2H), 2.75 (t, 2H), 2.70−
2.61 (m, 2H), 2.00 (br, 1H), 1.11−1.05 (m, 2H). 13C NMR (CDCl3,
125 MHz, ppm, δ): 137.00, 128.58, 60.03, 35.04, 25.56, 13.23.

VPOSS-S-Alkyne (2). VPOSS-S-OH (985 mg, 1.39 mmol, 1 equiv),
4-pentynoic acid (207 mg, 2.11 mmol), and catalyst 4-(dimethyl-
amino)pyridine (DMAP, 17 mg, 0.14 mmol) were dissolved in
anhydride CH2Cl2 (50 mL). N,N′-Diisopropylcarbodiimide (DIPC,
350 mg, 2.78 mmol) was added slowly at 0 °C. The mixture was
stirred overnight. The insoluble part was removed by filtration. The
solution was concentrated and purified by chromatography on silica
gel (CH2Cl2:hexane 1:1) to afford VPOSS-alkyne (641 mg, 0.81
mmol) in 58% yield as a white powder. 1H NMR (CDCl3, 500 MHz,
ppm, δ): 6.19−5.87 (m, 21H), 4.26 (t, 2H), 2.77 (t, 2H), 2.71−2.68
(m, 2H), 2.59−2.49 (m, 4H), 1.98 (t, 1H), 1.11−1.03 (m, 2H). 13C
NMR (CDCl3, 125 MHz, ppm, δ): 171.44, 137.02, 128.64, 128.61,
128.59, 82.32, 69.07, 63.66, 33.25, 30.17, 26.36, 14.33, 13.17.

Tri-Br (3). 1,1,1-Tris(hydroxymethyl)ethane (1.0 g, 8.33 mmol) and
Et3N (5.0 g, 50 mmol) were added in anhydrous THF (50 mL) in a
250 mL flask. Then 2-bromoisobutyryl bromide (11.5 g, 50 mmol) in
20 mL of anhydrous THF was added dropwise into the flask at 0 °C.
The reaction mixture was stirred overnight before the insoluble part
was filtered. The filtration was concentrated by rotary evaporation, and
the residue was purified by a silica gel column (EA:hexane 1:20). The
product was obtained as a light yellow sticky solid (3.5 g, 6.17 mmol)
in 74% yield. 1H NMR (CDCl3, 500 MHz, ppm, δ): 4.16 (s, 6H), 1.93
(s, 18H), 1.16 (s, 3H). 13C NMR (CDCl3, 125 MHz, ppm, δ): 171.13,
66.62, 55.37, 39.68, 30.70, 17.05.

Tri-PS-Br (4). Styrene (12.0 g, 115 mmol), initiator (tri-Br) (109
mg, 0.19 mmol), and CuBr (83 mg, 0.58 mmol) in toluene (12 g) was
added into a 100 mL Schlenk flask. After degassed by three freeze−
pump−thaw cycles, N,N,N′,N″,N″-pentamethyldiethylenetriamine
(PMDETA, 111 mg, 0.58 mmol) was added quickly under a nitrogen
atmosphere. The reaction mixture was put in 110 °C oil bath under
vigorous stir for 50 min before being quenched in ice−water bath.
Then, a short silica gel was used to remove the copper complex. The
collected solution was concentrated and precipitated into methanol.
The polymer was collected by filtration as a white solid (730 mg, 6%
yield). 1H NMR (CDCl3, 500 MHz, ppm, δ): 7.40−6.30 (m, 255H),
4.60−4.38 (m, 6H), 3.30−3.15 (m, 6H), 2.60−1.20 (m, 153H), 1.02−
0.80 (m, 18H), 0.51 (m, 3H). GPC: Mn = 4.5 kg mol−1, PDI = 1.10.

Tri-PS-N3 (5). Tri-PS-Br (680 mg, 0.15 mmol) and NaN3 (285 mg,
4.38 mmol) were added in a 50 mL flask. Dimethylformamide (DMF,
30 mL) was added as solvent. After stirred for 24 h, the mixture was
poured into 300 mL of CH2Cl2 and then was washed by water (200

Macromolecules Article

DOI: 10.1021/acs.macromol.7b00963
Macromolecules XXXX, XXX, XXX−XXX

B

http://dx.doi.org/10.1021/acs.macromol.7b00963


mL × 3). After being dried by anhydrous Na2SO4, the organic layer
was concentrated followed by precipitation into methanol. The
product was collect by filtration as a white solid (583 mg, 88%). 1H
NMR (CDCl3, 500 MHz, ppm, δ): 7.40−6.30 (m, 255H), 4.05−3.85
(m, 6H), 3.27−3.15 (m, 6H), 2.40−1.20 (m, 153H), 1.01−0.80 (m,
18H), 0.51 (m, 3H). GPC: Mn = 4.5 kg mol−1, PDI = 1.10.
Tri-PS-VPOSS (6). VPOSS-alkyne (150 mg, 0.19 mmol), tri-PS-N3

(Mn = 4.5 kg mol−1, 263 mg, 0.058 mmol), and CuBr (1 mg, 0.006
mmol) in 20 mL of toluene was added into a 100 mL Schlenk flask.
After three times freeze−pump−thaw, 3 drops of PMDETA was added
under a nitrogen atmosphere. The reaction was then conducted under
ambient temperature for 24 h. A flash silica gel column was used
(CH2Cl2 to THF) to give the crude product, which was precipitated
into methanol and collected by filtration to afford the product as a
white powder (390 mg, 90% yield). 1H NMR (CDCl3, 500 MHz, ppm,
δ): 7.40−6.35 (m, 255H), 6.20−5.87 (m, 63H), 5.16−4.92 (m, 6H),

4.24−4.14 (m, 6H), 3.30−3.15 (m, 6H), 3.10−2.56 (m, 24H), 2.40−
1.20 (153H), 1.09 (m, 6H), 1.03−0.79 (m, 18H), 0.51 (m, 3H). GPC:
Mn = 6.6 kg mol−1, PDI = 1.10.

Tri-PS-APOSS (7). Tri-PS-VPOSS (100 mg, 0.016 mmol),
thioglycolic acid (180 mg, 1.68 mmol), and a small amount of
Irgacure 2959 were added in 3 mL THF. The mixture was illuminated
under 365 nm UV for 10 min, followed by precipitation into water.
The product was collected by filtration as a white solid (120 mg, 88%).
1H NMR (CDCl3, 500 MHz, ppm, δ): 10.95 (br, 21H), 7.40−6.35 (m,
155H), 5.14−4.90 (m, 6H), 4.17 (m, 6H), 3.75−3.50 (m, 6H), 3.35−
3.15 (m, 42H), 3.07−2.53 (m, 66H), 2.40−1.20 (m, 153H), 1.15−
0.80 (m, 66H), 0.50 (m, 3H). GPC: Mn = 7.2 kg mol−1, PDI = 1.10.

Tri-N3 (8). The procedure was similar to that of preparation of tri-
PS-N3. Pure product was obtained by silica gel chromatography
(CH2Cl2) as a colorless viscous liquid in 85% yield. 1H NMR (CDCl3,
500 MHz, ppm, δ): 4.14 (s, 6H), 1.47 (s, 18H), 1.14 (s, 3H). 13C

Scheme 1. Synthesis of Tri-PS-APOSSa

aReaction conditions: (i) 2-mercaptoethanol, Irgacure 2959, THF, 365 nm UV; (ii) 4-pentynoic acid, DIPC, DMAP, CH2Cl2; (iii) 2-
bromoisobutyryl bromide, Et3N, THF; (iv) styrene, CuBr, PMDETA, toluene; (v) NaN3, DMF; (vi) CuBr, PMDETA, toluene; (v) NaN3, DMF;
(vii) thioglycolic acid, Irgacure 2959, THF, 365 nm UV.
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NMR (CDCl3, 125 MHz, ppm, δ): 172.26, 66.38, 63.19, 39.05, 24.35,
17.14.
Tri-VPOSS (9). The procedure was similar to that of preparation of

tri-PS-VPOSS using Cu-catalyzed “click” reaction. The product was
obtained as a white solid in 91% yield. 1H NMR (CDCl3, 500 MHz,
ppm, δ): 7.53 (s, 3H), 6.12−5.87 (m, 63H), 4.21 (t, 6H), 3.60 (s, 6H),
3.03 (t, 6H), 2.76−2.72 (m, 12 H), 2.69−2.64 (m, 6H), 1.89 (s, 18
H), 1.08−1.05 (m, 6H), 0.63 (s, 3H). 13C NMR (CDCl3, 125 MHz,

ppm, δ): 172.39, 170.64, 145.94, 137.02, 136.98, 128.57, 128.62,
128.59, 128.57, 119.82, 65.85, 64.05, 63.27, 38.71, 33.38, 30.18, 26.27,
25.50, 24.35, 20.89, 16.54, 13.16.

Tri-APOSS (10). The procedure was similar as that of preparation of
tri-PS-APOSS. The product was obtained as a white solid in 60% yield.
1H NMR (DMSO, 500 MHz, ppm, δ): 8.03 (s, 3H), 4.15 (t, 6H), 3.63
(m, 6H), 3.24−3.18 (m, 42H), 2.88 (t, 6H), 2.74 (t, 6H), 2.68−2.60
(m, 54H), 1.89−1.80 (m, 21H), 1.04−0.95 (m, 48H), 0.58 (s, 3H).

Figure 1. (a) 1H NMR spectra of tri-PS-VPOSS and tri-PS-APOSS. (b) FT-IR spectra of tri-PS-Br, tri-PS-N3, and tri-PS-VPOSS. (c) GPC traces of
tri-PS-N3, tri-PS-VPOSS, and tri-PS-APOSS. (d) MALDI-TOF spectrum of tri-PS-VPOSS, in which the inset is zoomed.

Scheme 2. Synthesis of Tri-APOSSa

aReaction conditions: (viii) NaN3, DMF; (xi) VPOSS-S-alkyne, CuBr, PMDETA, toluene; (x) thioglycolic acid, Irgacure 2959, THF, 365 nm UV.
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13C NMR (DMSO, 125 MHz, ppm, δ): 172.41, 172.32, 172.18,
172.11, 171.02, 145.57, 121.33, 66.13, 64.13, 63.26, 49.05, 33.88,
33.78, 33.31, 29.89, 26.18, 26.14, 25.67, 25.34, 21.49, 21.01, 16.25,
12.90, 12.45.

■ RESULTS AND DISCUSSION

Synthesis. A divergent strategy is utilized to prepare the
triarmed giant surfactants (Scheme 1). A small molecular
initiator core with three initiation sites was applied to
polymerize styrene using atom-transfer radical polymerization
(ATRP). The resulting triarmed star PS showed a narrow
molecular weight distribution with an apparent number-average
molecular weight of 4.5 kg mol−1 (Table S1). Then, azide
groups were installed to the chain ends to afford tri-PS-N3,
which is ready for in the copper(I)-catalyzed alkyne−azide
cycloaddition (CuAAC) “click” reaction. After this substitution,
the signal of chain end protons shifted from ∼4.5 ppm (−CH−
Br) to ∼3.9 ppm (−CH−N3) in

1H NMR spectra (Figures S7
and S8). A slightly excess amount of VPOSS-alkyne (1.1 equiv
per −N3) was reacted with tri-PS-N3 under a typical condition
for CuAAC “click” reactions to attach the precursor VPOSS
moieties. After the “click” reaction, complete disappearance of
the azide group at 2100 cm−1 in FT-IR spectra was observed, as
shown in Figure 1b. The narrow-dispersed peak of GPC curve
(Figure 1c) shifted to smaller retention volumes with an
apparent molecular weight of 6.6 kg mol−1 (Table S1),
suggesting no side reaction. Representative peaks of vinyl
groups on VPOSS cages (6.2−5.9 ppm) were clearly observed
in 1H NMR spectrum as well (Figure 1a). The molecular
weight of tri-PS-VPOSS is estimated to be 7.8 kg mol−1 by
calculation based on the integration of VPOSS (6.2−5.9 ppm,
63H) and PS parts (7.4−6.3 ppm), indicating roughly 16
styrene repeat units (n) in each arm. This result matched well
with the single distributed MALDI-TOF (matrix-assisted laser
desorption/ionization time-of-flight) mass spectrum as shown
in Figure 1d. The strongest peak of [M + Ag]+ in Figure 1d
located at m/z = 7829.9 is well consistent with the theoretical
molecular weight 7830.2 (n = 16). The slightly small molecular
weights for the polymers measured by GPC (7.2 kg mol−1,
Table S1) is probably due to the smaller hydrodynamic radius
of the polymers with star-shaped geometry compared with their
linear counterparts. Lastly, the hydrophilic carboxylic acid
groups were introduced to the POSS cages by photoinitiated
thiol−ene reaction of tri-PS-VPOSS and thioglycolic acid under
the illumination of 365 nm UV light.32,52 After the reaction, the
peaks of vinyl (6.2−5.9 ppm) completely disappeared, and
correspondingly, signals from −CH2COOH (∼3.2 ppm) and
−CH2S− (∼2.7 ppm) emerged in the 1H NMR spectrum of tri-
PS-APOSS.

The triarmed tri-APOSS without hydrophobic PS moieties
was also synthesized using the same method for comparison in
the self-assemble process (Scheme 2). The detailed chemical
structure characterizations are listed in the Supporting
Information.

Self-Assembly of Tri-PS-APOSS into Bilayer Vesicle
Structures. Tri-PS-APOSS is soluble in most organic solvents
(e.g., THF, acetone, 1,4-dioxane, DMF) but insoluble in water.
The solution of tri-PS-APOSS in THF (0.2 mg/mL) shows
very weak scattering intensity increase in static light scattering
(SLS) measurements within several weeks, indicating that no
supramolecular structures are formed. To induce the self-
assembly, water is slowly added to the solution (50 μL/h).
Scattering intensity starts to increase at the water content of
roughly 4% v/v, suggesting that the giant surfactants start to
self-assemble. The intensity keeps increasing with further
addition of water until the water content reaches ∼7% v/v,
after which the intensity remains constant even more water is
added (Figure 2a). It is suggested that the assemblies are
stabilized at this stage. Based on the COUTIN analysis of DLS
measurements, the change of the average Rh of the assemblies
at different water contents is shown in Figure 2b. Rh at 90°
scattering angle is stabilized around 115 nm even more water is
added. It can also be seen by the right shift of the Rh
distribution peak in Figure S16. The narrowly distributed
peaks indicate close to monodispersed assemblies. The Rh value
does not show obvious angular dependence (Figure 2c),
suggesting that the self-assemblies are structurally anisotropic,
which is further confirmed by the transmission electron
microscopic (TEM) images (Figure 2d, spherical structures).
By extrapolating the Rh values to 0° scattering angle, the Rh at
0° can be obtained as 119 nm (Table S2). Comparing it to the
radius of gyration (Rg = 119 nm, Table S2), the ratio of Rg/Rh =
1, indicating that the mass of such spherical assemblies is
distributed on the surface as hollow spheres.
A bilayer vesicle structure is inferred for this hollow, spherical

assembled structure due to the amphiphilic nature of the
molecules, which makes tri-PS-APOSS a giant surfactant. As
more and more water is added into THF, the size of the self-
assemblies starts to increase. The increment of the water
amount in THF leads to an increase of solvent polarity, and it
makes the hydrophobic PS linkers stay closer to each other to
avoid contacting with the solvent. The closer packing of PS
linkers results in the increase of the energy cost for bending,
thus the decrease of the vesicular curvature and consequently
the increase of the assembled size.
The bilayer vesicle structures are further confirmed by atomic

force microscopy (AFM). The thickness measured by AFM is
∼25 nm (Figure 3b). The total length of an APOSS group, a PS

Figure 2. (a) Scattering intensity and (b) Rh values of tri-PS-APOSS in H2O/THF mixed solvent at 90° scattering angle with different water content.
(c) Rh distributions of tri-PS-APOSS in 10% v/v H2O/THF mixed solvent at different scattering angles and (d) the corresponding TEM image.
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linker with 16 repeating units (R0 = (NPS/6.92)
1/2b,35 where

NPS is the degree of polymerization (16 here) and b is the Kuhn
length of PS (1.8 nm)), and a short organic linker is estimated
to be 5.5 nm. Therefore, the measured thickness of 25 nm is
about the stacking of four layers of PS and APOSS. The
collapsed four layers measured by AFM indicates a bilayer
vesicle structure in solution, as shown in Figure 3c. Based on all
the evidence above, a packing model of tri-PS-APOSS is
proposed in Figure 3d. The three PS linkers in one molecule
can randomly fold to one side or two sides (not distinguish-
able) and stay between APOSS head groups. Therefore, the
main driving force of the self-assembled bilayer vesicle
structures is the hydrophobic interaction of the long PS linkers.
Self-Assembly of Tri-APOSS into Single-Layer Black-

berry-Type Structures. Tri-APOSS is very soluble in acetone
but insoluble in water. No obvious intensity increase in SLS is
observed within several weeks in the acetone solution of tri-
APOSS. Different amounts of water are added to acetone to
tune the solvent polarity. The scattering intensities of the
samples with water contents ranging from 40 to 70% v/v start
to increase after 1 day (Figure 4a), indicating a lag phase before
the self-assembly, which is similar to the situation of
“blackberry” structure formation of macroions.50 The intensity
becomes stabilized after 2 days, suggesting that the equilibrium
of the system is reached. The sizes of the assemblies of tri-

APOSS in different solvents do not have a significant change
within a week (Figure 4b), and the Rh distributions are angular
independent (in Figure 4c and Figure S18). The ratios of Rg/Rh

are all close to 1, suggesting that the spherical assemblies are
also hollow. TEM images further confirm the hollow, spherical
structure of the assemblies (Figure 4d).
Because of the lack of hydrophobic interaction in the

molecule as well as the partially deprotonation of carboxylic
acid groups on the POSS, tri-APOSS is rather a macroion than
a giant surfactant. The hollow spherical structure is thus
expected to be the charge regulated single layer “blackberry”-
type structure as reported before.2,42,50 This hypothesis is
supported by the experimental observations. First, an increase
of water amount increases the solvent polarity rises the
deportation of APOSS head groups. More negative charges on
APOSS cages result in increment of electrostatic repulsion
between the neighbor APOSS groups. This increment of
charges cause less molecules to associate with each other and
weaken the bending modulus of the assembled structure.
Therefore, the curvature of the self-assembled spheres
increases, and the assembly size decreases.53 Furthermore, a
linear relationship is observed when the Rh of tri-APOSS
assemblies in different solvents is plotted versus the reverse
dielectric constant of the solvent (1/ε) (Figure 5e), which is a
major characteristics of charge-regulated self-assembly.54 The

Figure 3. (a) AFM images and (b) height profile of collapsed assemblies after solvent evaporation of tri-PS-APOSS assemblies solution. (c)
Schematic illustration of collapsed double-layer assembly model. (d) The model of vesicle structure formed by tri-PS-APOSS.

Figure 4. (a) Light scattering intensity and (b) Rh values of tri-APOSS in 40, 50, 60, and 70% v/v H2O/acetone mixed solvents at 90° scattering
angle, (c) Rh distributions of tri-APOSS in 40% v/v H2O/acetone mixed solvents at different angles, and (d) the corresponding TEM image.
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height profile for the AFM image of the self-assemblies from
70% v/v H2O/acetone mixed solvent (Figure 5a,b) shows that
the thickness the assemblies are ∼5 nm, significantly smaller
than the assemblies of tri-PS-APOSS. Considering the thickness
of one single tri-APOSS is around 2.3 nm, the total thickness of
5 nm contains two layers of tri-APOSS in the self-assembled
structures (Figure 5c), indicating the self-assembled structure in
solution is a single layer hollow spherical structure. Based on all
the evidence, the hollow spherical structure is the “blackberry”-
type structure (Figure 5e),2,42,50 driven by the counterion-
mediated electrostatic interaction. The hydrophobic interaction
is negligible in this sample because the hydrophobic organic
linker is very short.
Comparing the Self-Assembly Behavior of Tri-PS-

APOSS and Tri-APOSS. Both tri-PS-APOSS and tri-APOSS
can form hollow spherical structures in the water/organic
mixed solvents. However, for tri-PS-APOSS, the hydrophobic
PS linkers are long and flexible so that hydrophobic interaction
is important, leading to the bilayer vesicle structures. The size
of the vesicle slightly increases as more solvent polarity
increases. While for tri-APOSS, the hydrophobic interaction is
no longer a dominating driving force due to the lack of PS
linkers. The short organic linkers can be effectively covered by
the three large APOSS heads in each molecule. The protons in
the carboxylic acid groups are easily released in the water/
acetone mixed solvents, which makes the APOSS heads
negatively charged and become strongly hydrophilic. In this
case, the electrostatic interaction becomes the main driving
force for the self-assembly. The trend of the solvent-responsive
size change is completely opposite to the case of tri-PS-APOSS,
demonstrating two completely different self-assembly mecha-
nisms.

■ CONCLUSION

Two specially designed triarmed organic−inorganic hybrids are
synthesized in this work. Both can self-assemble into hollow

spherical structures in the mixture of organic solvent and water
but demonstrate different assembly structures and mechanisms.
The tri-PS-APOSS molecules behave like giant surfactants by
forming double-layered vesicles driven by hydrophobic
interaction, while tri-APOSS molecules form single-layered
“blackberry”-type structures mediated by electrostatic inter-
action, showing the property of macroions. Consequently, a
small, accurately controllable design on the molecular structure
leads to completely different self-assembled structures, achieved
by tuning the relative strengths of different intermolecular
forces. This might enlighten us to find various pathways for
rationally designing complex self-assembled structures in the
future.
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