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Dynamic control of the location of nanoparticles
in hybrid co-assemblies†

Zhilong Su,a Xiaokang Li,b Xuesong Jiang,*a Shaoliang Lin*b and Jie Yina

We herein demonstrated an approach to control the spatial distribution of components in hybrid micro-

spheres. Hybrid core–shell structured microspheres (CSMs) prepared through co-assembly were used as

starting materials, which are comprised of anthracene-ended hyperbranched poly(ether amine) (AN-

hPEA) in the shell and crystallized anthracene containing polyhedral oligomer silsesquioxane (AN-POSS).

Upon thermal annealing at a temperature higher than the melting point of AN-POSS, the diffusion of

AN-POSS from the core to the shell of CSM leads to a transition of morphology from the core–shell

structure to core–transition–shell to the more stable homogeneous morphology, which has been

revealed by experimental results of TEM and DSC. The mechanism for the morphology transition of CSM

induced by the diffusion of AN-POSS was disclosed by a dissipative particle dynamics (DPD) simulation.

A mathematical model for the diffusion of POSS in the hybrid microsphere is established according to

Fick’s law of diffusion and can be used to quantify its distribution in CSM. Thus, the spatial distribution of

POSS in the microsphere can be controlled dynamically by tuning the temperature and time of thermal

annealing.

1. Introduction

Co-assembly of polymers and inorganic components provides
a powerful bottom-up approach to construct multi-functional
hybrid materials with fancy properties.1–6 Various hybrid
co-assemblies were developed with controllable morpho-
logies including spheres,7,8 cylinders,9,10 vesicles,11,12 and
other complex structures ranging from zero to three
dimensions.13–15 These assemblies have great potential appli-
cation in many fields such as medical imaging, drug delivery,
and catalysis as a result of the combination of the useful
chemical and mechanical properties of the polymer and the
unique chemical, electronic, magnetic, and optical properties
of the inorganic component. Since the spatial distribution of
the nanoparticles in hybrid materials is one of the critical
factors determining the properties of the obtained hybrid
structure,16–18 many efforts have been made towards the prepa-
ration of hybrid co-assemblies with controllable location of the
inorganic component in the polymer matrix.19–23

By varying precursor composition24–27 or environmental
parameters28,29 in co-assembly, various inorganic components
such as nanoparticles (NPs) and nanorods have been located
selectively in different portions of the hybrid co-assem-
blies.30,31 Taton and co-workers32 incorporated oleic acid-
coated magnetic NPs into the hydrophobic core of spherical
micelles of poly(styrene)-block-poly(acrylic acid) (PS-b-PAA).
Eisenberg and co-worker33 demonstrated a general approach
for controlled incorporation of metal NPs into the central
portion of a vesicle wall, based on NPs coated with the same
block-polymer as the vesicles. Through a similar approach,
they also achieved the controlled location of NPs in the hydro-
phobic core of PS-b-PAA cylindrical micelles.34 Park’s group9,35

achieved the dense packing of magnetic NPs in the walls of
polymer vesicles and demonstrated that the spatial arrange-
ment of NPs in the polymer matrix can affect the magnetic
relaxation rate of the surrounding water. In these studies, the
hydrophobic interaction, hydrogen bonding or electrostatic
interactions, usually act as driving forces for co-assembly of in-
organic NPs and polymers, and the distribution of NPs in the
resulting hybrid co-assemblies is controlled by the thermo-
dynamic equilibrium.23,36–38 The arrangement of NPs in these
researches is fixed during the process of co-assembly, and
unchangeable after the formation of the hybrid co-assemblies,
which means static control of the location of NPs. Another
possible and feasible way to control the location of NPs is to
change the morphology of the resulting hybrid co-assemblies
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through post-treatment such as thermal or solvent annealing,
which allows for tuning of the location of NPs.20,36 To the best
of our knowledge, however, the dynamic control of NPs’
location in hybrid co-assemblies is rarely reported.

We herein demonstrate the first example of the dynamic
control of the distribution of NPs in hybrid core–shell micro-
spheres (CSM). The hybrid core–shell microspheres were pre-
pared through co-assembly of amphiphilic hyperbranched
poly(ether amine) (AN-hPEA) and polyhedral oligomeric silses-
quioxanes (AN-POSS) NPs (Fig. 1h).39 This core–shell struc-
tured morphology is thermodynamically metastable, and was
captured by the crystallized aggregation of POSS in the core
during the co-assembly of AN-POSS and AN-hPEA. Upon
thermal annealing, diffusion of POSS from the core to the
shell of AN-hPEA was observed, with this core–shell structure
undergoing a transition to a thermodynamically more stable
morphology with gradient distribution of POSS in the matrix
of hPEA. During this process, the transitional state can be
fixed by the cross-linking induced by photo-dimerization of
anthracene,40 and the spatial distribution of POSS can be con-
trolled dynamically by the temperature and time of thermal
annealing. Particular attention was paid to the effect of
diffusion in the confined geometry on the spatial distribution
of POSS in the hybrid microsphere.

2. Results and discussion
2.1 Morphology transition upon thermal annealing

A hybrid core–shell microsphere (CSM) was prepared through
co-assembly of amphiphilic AN-hPEA and hydrophobic
AN-POSS NPs. Previous work by our group39 revealed that the
resulting hybrid CSMs prefers a well-defined core–shell struc-
ture with low PdI of about 0.1, in which the core of the crystal-
ized aggregation of AN-POSS is ∼550 nm in diameter, and the
hydrophilic shell of AN-hPEA is ∼160 nm in thickness. In fact,
the core–shell morphology of CSM is thermo-dynamically
metastable, which is supported by differential scanning calori-
metry (DSC) results (Fig. S1†). The DSC thermogram of the

obtained CSMs shows a microphase-separated structure.
However, the composites of AN-hPEA/AN-POSS with various
ratios prepared by mixing in solution exhibit only one glass
transition in DSC thermograms and no phase separation was
observed after several heat–cool loops, indicating that these
composites of AN-hPEA/AN-POSS are homogenous, and that
AN-hPEA & AN-POSS are completely compatible. In other
words, AN-POSS can be dispersed in the polymer matrix of AN-
hPEA on the molecular scale. The outstanding compatibility
between AN-hPEA and AN-POSS might be ascribed to the
strong π–π interaction of anthracene moieties in AN-hPEA and
AN-POSS. The DSC results revealed that the CSM is thermody-
namically unstable and can transfer to a homogenous struc-
ture under certain conditions. Thus we make the assumption
that, upon thermal annealing at a temperature higher than the
melting point of AN-POSS, the microphase-separated core–
shell structure may undergo spontaneously a transition to a
more-stable homogeneous structure with a change of distri-
bution of POSS NPs.

The uniform-sized and well-defined core–shell structure
makes the hybrid microsphere an idea model to study the
migration of NPs in confined geometry on the micro-scale.
The morphology evolution of CSM on thermal annealing at
85 °C in water was recorded by TEM images and the migration
of POSS from the core to the shell of AN-hPEA was observed.
As shown in Fig. 1, the boundary between the core of AN-POSS
(dark) and the shell of AN-hPEA can be observed before
thermal annealing (0 h). During thermal annealing, the
boundary shifts to the outside and the thickness of the shell
becomes obviously thinner, indicating the migration of
AN-POSS from the core to the shell of AN-hPEA.

At 85 °C, a temperature higher than the melting point of
AN-POSS (∼65 °C, Fig. 2a), the crystallization of AN-POSS in
the core is destroyed and migration starts. During thermal
annealing, AN-POSS in the core gradually migrates into the
shell of AN-hPEA to form the transition layer, and the core of
AN-POSS becomes smaller. The dark area in the CSM in TEM
images (Fig. 1b–e) is comprised of the core of the crystallized
AN-POSS and the transition layer composed of both AN-POSS

Fig. 1 TEM tracing of CSM along thermal annealing at 85 °C for 0 (a), 1 (b), 2 (c), 3 (d), 4 (e), 6 (f ), 12 (g) hour(s). Scale bar 200 nm. (h) Chemical
structure of AN-hPEA and AN-POSS.
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and AN-hPEA. There is no obvious boundary between the core
of POSS and the transition layer in the TEM images, which
might be explained by the electron density of POSS being
much higher than AN-hPEA. After annealing at 85 °C for 6 h,
the shell of AN-hPEA almost disappeared, indicating that
AN-POSS diffuses to the edge of CSM (Fig. 1f). Further thermal
annealing leads the CSM to the more homogenous mor-
phology (Fig. 1g). Although the interior morphology changes
dramatically during thermal annealing, the shape and size of
the hybrid co-assembly keeps almost unchanged, which is sup-
ported by SEM images and DLS results (Fig. S2†). This may be
ascribed to the fact that the hydration shells of CSMs prevent
them from fusing with each other. Moreover, cross-sectional
TEM images of microspheres (Fig. S3†) were captured and the
morphology transition from the microphase-separated core–
shell to the homogeneous structure was further confirmed.

The morphology transition of the hybrid CSM during
thermal annealing was also investigated by DSC. Fig. 2(a)
shows DSC thermograms of CSM annealed for different
lengths of time. Before thermal annealing, the CSM exhibits
an obvious glass transition at −24.1 °C (the shell of AN-hPEA)

and a melting peak at around 65 °C (crystallized AN-POSS in
the core). In comparison with the pure AN-POSS (Fig. S1†), the
melting enthalpy (Hm) of CSM (2.02 mJ mg−1) is around 1/3 of
pure AN-POSS (6.20 mJ mg−1), which is almost the same as the
feed ratio of AN-POSS in CSM. This result reveals that almost
all AN-POSS in the feed prefers crystallized aggregation in the
core of CSM. During thermal annealing at 85 °C, the glass
transition temperature (Tg) of the CSM increases, while the
melting point (Tm) and Hm shift slightly to the lower tempera-
ture and decreases obviously, respectively. The increased Tg of
CSM might be ascribed to the migration of AN-POSS from the
core to the shell of AN-hPEA. Generally, the incorporation of
inorganic nanoparticles of POSS can enhance Tg of the soft
polymer matrix.6 Simultaneously, the size of the crystallized
core of AN-POSS becomes smaller due to the diffusion of
AN-POSS from the core to the shell of AN-hPEA, resulting in
the decrease of Hm. This also means that the POSS core
remains during thermal annealing. In other words, the
extended dark core in the TEM images (Fig. 1b–d) should be
comprised of the smaller core of the crystallized AN-POSS and
the transition layer composed of AN-POSS and AN-hPEA.

After 6 hours of thermal annealing, the melting enthalpy
(Hm) of the CSM decreases to 0.54 mJ mg−1 according to DSC
(Fig. 2a), indicating that the crystallized core still exists
although AN-POSS has diffused to the surface and the pure
AN-hPEA shell disappears (Fig. 1e). After 6 hours of further
thermal annealing (total 12 h), the melting peak disappears
completely and only the glass transition at −12 °C can be
observed in the DSC thermograms. The Tg of CSM after 12 h
thermal annealing is close to that of AN-POSS–AN-hPEA = 1 : 2
composite (−9 °C, Fig. S1†), indicating that POSS NPs tend to
disperse homogeneously in the hybrid CSMs after thermal
annealing. The combination of TEM and DLS results can
support the mechanism proposed in Fig. 2c, which illustrates
the morphology transition of CSMs during thermal annealing:
core–shell to core–transition–shell to homogeneous.

After revealing the interior morphology of CSMs during
thermal annealing, it is necessary to determine quantitatively
the size of the crystallized AN-POSS core (Rc, radius), the thick-
ness of the transitional layer (Tt) comprised of both AN-POSS
and AN-hPEA, and the thickness of the AN-hPEA shell (Ts).
Since an obvious boundary between the transition layer and
the shell can be observed in TEM images (Fig. 1), Ts was deter-
mined directly by TEM. The size of the crystallized AN-POSS
core can be estimated from the Hm data shown in Fig. 2(a).
Generally, the melting enthalpy can be used to estimate the
amount of crystallized component, with the assumption that
the materials keep a similar degree of crystallization after treat-
ment. As Hm is proportional to the volume of the crystallized
AN-POSS, Rc(t ) can be given as follows:

RcðtÞ ¼ Rcð0Þ �
HmðtÞ
Hmð0Þ

� �1=3

ð1Þ

where Rc(0) and Hm(0) are the radius and melting enthalpy of
the crystallized AN-POSS core before thermal annealing,

Fig. 2 (a) DSC thermograms of CSM during thermal annealing at 85 °C
for different times. (b) The dependence of the radius of the core (Rc) and
thickness of the transition layer (Tt) and shell (Ts) of CSM on thermal
annealing at 85 °C. (c) The proposed scheme for the morphology tran-
sition of CSM during thermal-annealing.
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respectively. The thickness of the shell (Ts) and the radius of
the crystallized core (Rc) dependent on thermal annealing time
are presented in Fig. 2b. Based on the known Ts and Rc, and
the almost unchanged size of the spheres of co-assembly
(radius ∼ 435 nm, Fig. S2†), the thickness of the transitional
layer (Tt) can be calculated according to the formula: Tt =
435 nm − Rc − Ts. Fig. 2(b) summarizes the obtained data
regarding to Rc, Tt, and Ts vs. time during thermal annealing.
Upon thermal annealing, a transition layer is generated and its
thickness (Tt) increases with the time due to the diffusion of
AN-POSS from core into the shell.

To understand fully the diffusion behaviour of AN-POSS in
confined geometry, the thermal annealing of CSM at various
temperatures was carried out. As the core–shell morphology is
kinetically trapped by the crystallized aggregation of AN-POSS,
this thermodynamically metastable state is expected to keep
stable when the temperature is below the melting point of
AN-POSS (65 °C). It is indeed true that CSM can retain the
microphase-separated core–shell morphology for at least one
month at room temperature. Even after heating at 55 °C for
48 h, no obvious change was found in the size of the crystal-
lized core and the shell of CSM (Fig. 3c), which is in contrast
to the obvious morphology transition at 85 °C. This can be
explained by the fact that crystallization restricts the mobility
of AN-POSS, resulting in no diffusion of AN-POSS from the
core to the shell of AN-hPEA. When the annealing temperature
is higher than Tm (65 °C and 75 °C), CSM takes a similar mor-
phology transition to that annealed at 85 °C, and the dark area
of CSM in the TEM images expands with the increase of
annealing time (Fig. 3a and b). The speed of the dark core
increase is obviously slower at lower temperature. The shell of
AN-hPEA disappeared after being heated at 75 °C for 48 h,
while the shell with a thickness of 75 nm can still be seen in
the TEM images even after thermal annealing at 65 °C for
48 h. The temperature dependence of the CSM morphologic
transition confirms that the migration of AN-POSS into the
shell of AN-hPEA is controlled by diffusion. A higher tempera-

ture can provide higher molecular mobility, resulting in faster
diffusion of AN-POSS into the shell of AN-hPEA, and conse-
quently quicker morphology transition.

2.2 Dissipative particle dynamics (DPD) simulations

The above results reveal that the morphologies of the hybrid
microspheres change with the diffusion of AN-POSS in a con-
fined geometry during the annealing process. To give a clear
view of the motion of the nanoparticles, dissipative particle
dynamics (DPD) simulations41,42 were performed to investigate
the structural evolution of CSM during thermal annealing. A
core–shell structured model before thermal-annealing (0 time-
steps) was constructed (Fig. 4, Scheme S1g†), where AN-hPEA
and AN-POSS were represented by green and red beads,
respectively. The simulation details can be found in the ESI.†

Fig. 4 presents clearly the sectional views of five typical
stages of simulated CSM morphologies during the thermal
annealing process. During thermal annealing, AN-POSS nano-
particles (red beads) in the core diffuse gradually into the shell
of AN-hPEA (green beads), leading to the appearance of a tran-
sitional layer containing both AN-hPEA and AN-POSS. The
thickness of the transitional layer is about 1/4 of the radius of
CSM at 2.4 × 104 timesteps (corresponding to 2 h annealing).
The shell thickness decreases further as the annealing time
increases while the thickness of the transitional layer
increases. The shell of AN-hPEA almost disappears at 7.2 × 104

timesteps (corresponding for 6 h annealing). When the anneal-
ing time is 2.88 × 105 timesteps (corresponding to 24 h anneal-
ing), the CSM exhibits a near homogenous structure with AN-
hPEA and AN-POSS mixed freely. The simulation results repro-
duce the general features of the morphological transition of
CSM upon thermal annealing. In addition, the simulations
provide information on the spatial distribution of AN-POSS in
CSM, capturing more microscopic details of the CSM struc-
ture. Fig. 4b shows the normalized density profiles of AN-POSS
along the radius direction at various annealing times. The
DPD results reflect some characteristics of diffusion-controlled

Fig. 3 TEM images of CSM along thermal annealing at different temperatures (a) 55 °C; (b) 65 °C; (c) 75 °C. Scale bar 200 nm.
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behaviour, and supported the proposed mechanism of struc-
tural evolution of CSM (Fig. 2c).

2.3 Dynamical control of NPs’ location in hybrid CSM

Spatial distribution in composition is of considerable interest
in the design of new materials: programmable materials,
optical materials, and damping materials etc.43–45 For
example, because the continuously changing composition can
minimize reflection at the interface of two materials, this can
increase optical transmittance and enhancing the resolution
of optical materials.

Thus, the control of the spatial distribution of nanoparti-
cles in hybrid assemblies is necessary. As the spatial distri-
bution of POSS in CSM on thermal annealing shows some
characteristics of diffusion, Fick’s second law of diffusion46,47

(eqn (2)) is used to predict the migration of AN-POSS from the
core to shell of CSM.

@C
@t

¼ D
@2C
@r2

ð2Þ

where D, C, t and r are the diffusion constant, concentration,
time and radial axis, respectively. Eqn (2) can be expressed as
follows:46

CðrÞ ¼ C0

2
erf

ðr0 � rÞ
2

ffiffiffiffiffi
Dt

p
� �

þ erf
ðr0 þ rÞ
2

ffiffiffiffiffi
Dt

p
� �� �

�

ffiffiffiffiffi
Dt
π

r
exp

�ðr0 � rÞ2
4Dt

� �
� exp

�ðr0 þ rÞ2
4Dt

� �� �

r
ð3Þ

Eqn (3) gives the concentration of AN-POSS along the radial
axis at different times of thermal annealing. C0 is the concen-
tration in the core of the crystallized AN-POSS aggregate and
can be regarded as 1.0 (100%). r0 is the radius of the core,
275 nm. Based on the shell thickness of a hybrid microsphere
at different times of thermal annealing, determined by TEM,
the diffusion constant (D) of AN-POSS in the shell of AN-hPEA

at different temperatures can be calculated according to
eqn (3). The diffusion constant (D) of AN-POSS at 85, 75, and
65 °C is 0.120, 0.038, and 0.009 nm2 S−1, respectively. The
diffusion constant is very low, and increases almost 13 times
when the temperature is increased from 65 to 85 °C. This low
diffusion constant might be ascribed to the hydrodynamic
volume of AN-POSS, which is much bigger than the low-mole-
cular-weight molecules, resulting in lesser mobility and slower
diffusion in the polymer matrix.

Fig. S5† shows the linear Arrhenius plot, from which the
diffusion activation energy (Q) is calculated to be 130.4 kJ
mol−1. The high diffusion activation energy might be also
ascribed to the nature of AN-POSS as NPs. The spatial distri-
bution of AN-POSS along the thermal annealing at 85 °C is
further calculated according to eqn (3) and shown in Fig. 5,
which reveals the detailed changes in AN-POSS concentration

Fig. 4 Simulated snapshots of CSM (section of the center) at various annealing times according DPD simulations, which show the morphology
transition from a core–shell structure to a core–transition–shell structure and to a homogeneous structure. The green and red beads refer to AN-
hPEA and AN-POSS, respectively. Corresponding spatial distribution of AN-POSS in CSM along the radius direction at different annealing timesteps
are shown in Fig. S4.† Note: 1.2 × 105 timesteps correspond to 1 hour of thermal annealing.

Fig. 5 The spatial distribution of AN-POSS in hybrid microsphere along
the radius at different annealing times, which is calculated from the
Fick’s second law (annealing temperature is 85 °C).
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along the axis with the time of thermal annealing. To simplify
eqn (3), the concentration of AN-POSS in the core and the shell
is defined as 1.0 and 0, respectively. Due to the difference of
concentration between the core and shell, AN-POSS diffuses
into the hPEA shell along the axis during thermal annealing.
The spatial distribution of AN-POSS changes quickly at the
beginning of thermal annealing, and becomes slower in the
later stages. This is typical diffusion behaviour driven by con-
centration difference. Before thermal annealing, the concen-
tration of AN-POSS at the interface between the core and shell
shows a sharp change from 1 to 0. During thermal annealing,
the transition layer is generated and expands into the whole
CSM, in which the concentration of AN-POSS decreases gradu-
ally along the axis. Further thermal annealing makes the con-
centration difference along the axis smaller, leading to a more
homogeneous morphology. Fig. 5 predicts the concentration
gradient of AN-POSS along the axis in the transitional layer at
different times of thermal annealing, which cannot be deter-
mined by TEM images of the hybrid microsphere. The concen-
tration gradient along the axis decreases with the increase of
thermal time. As shown in Fig. 5, the core of the crystallized
AN-POSS disappears after thermal annealing for 10 h, which is
in agreement with the DSC results.

To verify the feasibility of this strategy for the dynamical
control of NPs’ location, another core–shell hybrid co-assembly
of AN-POSS/AN-hPEA = 1/1 was also annealed thermally at
85 °C (Fig. 6). They undergo the same morphology transition
from the core–shell to core–transition–shell to homogeneous
structure (Fig. 6). Eqn (3) was utilized to predict the distri-
bution of AN-POSS NPs in CSM-2. Substituting the variables
(D = 0.120 nm2 s−1; r0 = 351 nm; r = 1,2… 466) into the eqn (3),
gives the distribution AN-POSS NPs in CSM-2. Both predicted
shell thickness and experimental data were summarized in
Table 1. The predicted data meet with experimental data well,

indicating the feasibility of controlling the distribution of NPs
in CSMs.

Furthermore, the transition state of CSM can be fixed by
the cross-linking-induced by photo-dimerization of anthra-
cene.40 After exposure to 365 nm UV-light for 15 min the
dimerization degree of AN groups is around 75% (Fig. S5a, b†).
The morphology is retained well in tetrahydrofuran (THF) solu-
tion, suggesting that the whole microsphere is tightly cross-
linked (Fig. S6c†). Even under further thermal annealing at
85 °C, the cross-linked temporary morphology does not exhibit
any obvious change (Fig. S5d and e†). This can be explained by
that the cross-linking via dimerization of AN moieties freezes
the mobility of AN-POSS and AN-hPEA, leading to no diffusion
of AN-POSS from the core to the shell. Therefore, combination
of thermal annealing and photo-cross-linking provides an
approach to dynamic control of the spatial distribution of
AN-POSS in these hybrid co-assemblies.

2.4 Mechanical performance of hybrid gradient microsphere

AFM is powerful to detect the mechanical properties of
materials with nano-scale, and provide some insights into the
fine details of polymer surfaces and interfaces.48–50 Force
curve measurements are carried out by AFM to assess the
mechanical properties of the annealed hybrid microsphere:
the sample is compressed by the indenting AFM tip and the
elastic response of the sample under this loading force is ana-
lyzed. Young’s modulus (E) is calculated from the force curves
using the Hertz model. To enhance the stability, the annealed
hybrid microsphere is cross-linked by irradiation of 365 nm
UV-light before AFM measurement.

Fig. 7a shows the representative force curves during
thermal annealing at 85 °C. Since the diameter of the hybrid
microsphere in this study is over 800 nm, the fitting analysis
range is z = 0–60 nm (i.e., less than 10% of the CSM height) of
the force curves to determine E values. Fig. 7b presents E
values at various annealing times which are calculated by aver-
aging multiple probing points. The Young’s modulus is 12
MPa before thermal annealing and remains almost unchanged
during thermal annealing for the first 3 h, which is compar-
able to the 13 MPa of the pure AN-hPEA matrix (Fig. S7†). This
confirms that the hybrid microsphere is covered by a thick
shell of AN-hPEA even after thermal annealing for 3 h, which
is in good agreement with the results of TEM. After annealing
for 4 h, the Young’s modulus increases to 75 MPa although
the hybrid microsphere at this stage still keeps the core–tran-
sition layer–shell structure. This might be explained by that
the transitional layer can act as a substrate to influence the E
value.51 In other words, the E value of 75 MPa is determined
by AFM results from both the shell and transitional layer. Gen-
erally, the incorporation of POSS nanoparticles can enhance
the mechanical properties of the polymer matrix such as
modulus and hardness. The enhanced E value of CSM should
be ascribed to the increasing concentration of AN-POSS near
to the surface of the hybrid microsphere, resulting from the
diffusion of AN-POSS from the center to the surface. After
annealing for 12 h, the Young’s modulus increases to 310

Fig. 6 TEM images of CSM-2 (AN-hPEA/AN-POSS = 1/1) upon different
annealing times (85 °C). Scale bar 200 nm.

Table 1 Shell thickness (Ts) of CSM-2 upon different annealing time
(85 °C)

Annealing time/h 0 1 2 3 4 5

Predicted/nm 69 51 38 27 18
Experimental/nm 115 78 50 38 17 10
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MPa, on the same order of magnitude to that of the AN-POSS/
AN-hPEA composite (Fig. S6,† POSS content 0.33, 410 MPa).
This indicates that the concentration of AN-POSS near the
surface of CSM increases and the distribution of AN-POSS in
the hybrid microsphere becomes more homogeneous during
thermal annealing. These results of the measurement of AFM
force curves can be well explained by the morphology tran-
sition, which were revealed by both experimental results of
TEM and theoretical study.

3. Experimental
3.1 Preparation of core–shell microspheres (CSM) and their
thermal annealing

The preparation of core–shell microspheres was discussed in
detail in our previous work.39 Typically, 6.6 mg of AN-hPEA
and 3.3 mg of AN-POSS were first dissolved into 1 mL of
dioxane, which is a good solvent for both AN-hPEA and
AN-POSS. The solution was equilibrated at 25 °C for 1 hour
before 9 mL of mili-Q water was added slowly to the solution
(5 mL of water per hour). The polymer solution was gently
stirred during the water addition process. Then, the samples
were dialyzed against water for 24 h and collected for further
treatment. The CSM described in this paper is not cross-linked
unless specifically noted.

In a typical annealing process, 10 ml of CSM aqueous solu-
tion (1 mg ml−1) was added to a 25 ml bottle. Then the CSM

aqueous solution was placed in a precisely controlled heater
(IKA RET Basic equipped with ETS-D5, Germany) under gentle
stirring.

4. Conclusion

In summary, the spatial distribution of POSS in the hybrid
microsphere can be predicted and controlled dynamically
through a diffusion approach. The hybrid core–shell micro-
sphere (CSM) prepared by co-assembly of AN-POSS and AN-
hPEA was taken as a model, in which the shell is comprised of
AN-hPEA and the core is comprised of the crystallized aggrega-
tion of AN-POSS. Upon thermal annealing at a temperature
higher than the melting point of AN-POSS, the diffusion of
AN-POSS from the core to shell of CSM leads to a transition of
morphology from the core–shell structure to core–transition–
shell to the thermodynamically more stable homogeneous
morphology, which was confirmed by the experimental results
of TEM and DSC, theory calculations of Fick’s second law of
diffusion and DPD simulation. During this process, the
location of POSS in CSM can be controlled dynamically by the
temperature and time of thermal annealing. AFM force curves
revealed that the spatial distribution of POSS nanoparticles
generates a significant influence on the mechanical properties
of CSM. Generally, for a phase-separated system with two com-
patible components, this process can be used to fabricate
hybrid materials with controlled location of nanoparticles in
micro-assemblies including core–shell spheres and other het-
erogeneous structures trapped by kinetics. We believe that this
concept for the dynamical control of nanoparticle location by
diffusion can provide new guidelines for the design and prepa-
ration of hybrid co-assemblies with desired functions and
properties.
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