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ABSTRACT We describe the use of hydrophobic poly(aryl ether) dendrons to peripherally functionalize hydrophilic amine-containing
superparamagnetic iron oxide microspheres (SPIO-NH2) in one step via imine formation. The reversible formation of imine bonds in
the absence/presence of water renders dynamic control of the hydrophilicity and hydrophobicity of the microspheres (SPIO-Gn). The
dynamic nature of the imine-containing dendronized microspheres (SPIO-Gn) can be “fixed” by locking the reversible 2,6-
diiminopyridyl moieties with metal cations (Zn2+, Co2+, and Ni2+) to afford kinetically stable dendronized microspheres (SPIO-Gn-
M). Isolation of these microspheres is facilitated by convenient magnetic separation by an externally applied magnetic field.
Characterization of these novel organic-inorganic hybrid microspheres has been performed by various techniques using UV/visible
absorption and Fourier transform infrared spectroscopies, transmission electron microscopy, thermogravimetric analysis, and a
vibrating sample magnetometer. We have demonstrated the stability and reversible switching of hydrophilicity/hydrophobicity by
contact-angle measurements. In particular, the hydrophilic SPIO-NH2 microspheres demonstrated a contact angle of 42 ( 2° when
a drop of water was added to a SPIO-NH2-coated mica surface. On the other hand, the hydrophobic SPIO-Gn-M dendronized
microspheres demonstrated a contact angle of 85 ( 2°, an observation that involves an increase of the contact angle of over 40°.
Furthermore, when a drop of water was placed on a dynamic SPIO-Gn-coated mica surface, the contact angle of the water droplet
decreased in time. Comparatively, the rate of decrease of the contact angle is H2O > 1% Co(OAc)2/H2O > N,N′-dimethylformamide/
H2O (1:1).
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INTRODUCTION

Recently, the preparation of organic-inorganic hybrid
materials that utilizes various supramolecular driving
forces has been progressing rapidly (1). In particular,

organic molecular or nanoscale materials that are tethered
on solid supports such as spherical particles, thin solid films,
or metal surfaces form self-assembling monolayers with
specific functions. Moreover, stimuli-responsive supramo-
lecular recognition motifs could be utilized and easily ma-
nipulated for reversible control of the molecular motions,
size, and subsequent intrinsic properties (2). Reversible
control between hydrophilic and hydrophobic surfaces offers
considerable applications in surface science and microfluidic
systems (3). Nature uses specific molecular motors and
machines to create rational controlled movements and
functions. The research on mimicking these molecular
machines has recently gained a lot of attention. In particular,
Leigh et al. (3a) reported that a surface that was coated with
bistable rotaxane molecules possesses remarkable macro-

scopic transport of liquids. Furthermore, Meijer et al. (3b)
reported the controlled directional movement of amine-rich
dendrimers on aldehyde-functionalized gradient surfaces by
virtue of reversible imine formation.

The research of superparamagnetic iron oxide (SPIO)-
based composite nanomaterials is getting mature because
it offers the possibility to create new generations of nano-
structured materials with diverse applications for unique
magnetic responsivity, low cytotoxicity, and chemically
functionable surface. Areas of application of iron oxide
particles that are coated with silica, dextran, etc., include
magnetic resonance imaging (MRI) contrast agents, separa-
tion and purification of biomolecules, magnetic-targeted
drug delivery, and catalyst supports (4).

On the other hand, supramolecular complexation be-
tween Schiff bases (imines) (5) and metal cations represents
a versatile way to construct sophisticated molecular struc-
tures such as Borromean rings (6), Solomon knots (7),
molecular capsules (8), etc. The formation of imine bonds
requires a reversible condensation between amines and
carbonyl/aldehyde groups. The imine bond is regarded as
one of the dynamic covalent bonds (9) based on the fact that
they are susceptible in hydrolysis and imine exchange.
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However, template-bound imines may possess remarkable
stabilities in water (10) and require relatively large amounts
of water (11) or demetallization in order to be dissociated
into their corresponding amine and carbonyl components.
Control over the substrate/product ratios in the equilibrium
by the amount of water may give fine-tuned configurations
of the system with a desired ratio of materials, instead of
the all-or-nothing (substrate or product) situation.

Herein, we describe the use of hydrophobic poly(aryl
ether) dendrons (12) to peripherally functionalize hydrophilic
amine-containing SPIO microspheres (SPIO-NH2) in one step
via imine formation (Scheme 1). The reversible formation
of imine bonds in the absence/presence of water renders
dynamic control of the hydrophilicity and hydrophobicity of
the microspheres. However, the dynamic nature of the
imine-containing dendronized SPIOs (SPIO-Gn) can be “fixed”
by locking the reversible 2,6-diiminopyridyl moieties with
metal cations (Zn2+, Co2+, and Ni2+) to afford kinetically
stable microspheres (SPIO-Gn-M). The functionalized mi-
crospheres are easily separable by an externally applied
magnetic field. Because the SPIO-Gn structures are subjected
to hydrolysis, the dynamic wettabilities using different
solvent systems as well as the contact-angle hystereses were
explored.

RESULTS AND DISCUSSION
To begin with, the amine-functional, silica-coated Fe3O4

microspheres with an average diameter of 300 ( 30 nm
(SPIO-NH2) and the AB2-type poly(aryl ether) dendron from
the first generation (G1) to the third generation (G3) (12)
were synthesized. The SPIO-NH2 microspheres were char-

acterized by transmission electron microscopy (TEM) and
X-ray diffraction (XRD) spectroscopy (Figure S1 in the Sup-
porting Information). TEM images reveal that the Fe3O4

microspheres that were synthesized (Figure 1a) using a
solvothermal method possess a mean diameter of 220 ( 50
nm. Furthermore, a continuous layer, which exhibits (Figure
1b) a fine enhancement in brightness in comparison to the
dark inner core, is clearly observed on the outer shell of
the Fe3O4 cores. A typical single core/single shell nanostru-
cture is observed, demonstrating the uniform morphology
of the SPIO-NH2 microspheres bearing a silica layer with a
thickness of ∼80 nm. Moreover, there is no obvious change
in the mean particle diameter of the Fe3O4 core after coating
with silica, and the resulting SPIO-NH2 microspheres also
possess a well-dispersed nature and spherical shape with an
average diameter of 300 nm. The dendronized microspheres
SPIO-Gn also possess surface morphology similar to that of
SPIO-NH2 under TEM. The organic dendron layers that are
attached to the microspheres are relatively thin (<8 nm) (13),
which cannot be clearly visualized and also cannot be
differentiated from the silica layer under TEM.

The key step of the dendronization is the condensation
reaction between the dendritic dialdehyde (Gn-CHO) and the
SPIO-NH2 microspheres. The multiple condensation reac-
tions on the particles’ surface are feasible via imine forma-
tion. Poly(aryl ether) dendrons (14) serve important roles in
our structures; for example, they can (1) increase the solubil-
ity of the inorganic structures toward organic solvents, (2)
reduce the self-aggregation between magnetic microspheres,
and (3) expel any water molecules present in their hydro-
phobic dendritic microenvironments to give relatively stable

Scheme 1. Graphical Representation of the Reversible Control between Hydrophilic SPIO-NH2 Microspheres
and Hydrophobic Dendronized SPIO-Gn Microspheres in the Absence/Presence of Watera

a The dynamic dendronized SPIO-Gn microspheres can be locked by metal templation to give kinetically stable, hydrophobic dendronized SPIO-
Gn-M microspheres.
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dendronized structures. The overall process simply requires
the mixing and matching of microspheres and dendrons by
equilibrating for at least 30 min. It has been found that the
SPIO-NH2 microspheres are well-dispersed in MeOH or
water, while the SPIO-Gn (n ) 1-3) dendronized micro-
spheres are well-dispersed in pure, less polar organic sol-
vents such as CHCl3, CH2Cl2, MeCN, PhMe, and tetrahy-
drofuran.

Because it could be a difficult task to measure the
amounts of both microspheres and dendrons in exact sto-
ichiometric ratios for the dendronization reactions, there-
fore, it is necessary to perform several titration experiments
by mixing the two materials in different ratios. In these
titration processes, the SPIO-NH2 microsphere is used as the
limiting reagent, whereas a slight excess of dendrons is used.

After dendronization, excess dendrons can be washed away,
whereas the resulting magnetic particles are attracted by an
externally applied magnetic field.

Through a comparison of the consumptions of dendron
and the efficiencies in forming the dendronized micro-
spheres SPIO-Gn with imine bonds, a set of titration experi-
ments was performed and then subsequently characterized
by UV/visible absorption spectroscopy. First, solutions of Gn-
CHO with a fixed concentration (1.15 mM) were incubated
(Figure 2, left) with various amounts of SPIO-NH2 micro-
spheres (0.5, 1.0, 3.0, and 5.0 mg) in MeCN/CH2Cl2 (3:1) to
give SPIO-Gn. The color of the solution becomes darker and
more turbid with increased concentrations of the SPIO-NH2

microspheres. After equilibration for 1 h, several neodym
ium-iron-boron magnets were placed at the bottom to

FIGURE 1. TEM images of (a-c) the Fe3O4 microspheres (average diameter ) 220 ( 50 nm) and (d-f) the silica-coated Fe3O4 microspheres
(SPIO-NH2; average diameter ) 300 ( 30 nm).

FIGURE 2. Left: Pictures showing that the solutions of Gn-CHO dendron (1.15 mmol) were incubated with increasing amounts (mg) of the
SPIO-NH2 microspheres (A, 0; B, 0.5; C, 1.0; D, 3.0; E, 5.0) in MeCN/CH2Cl2 (3:1) to form the dispersed SPIO-Gn. Right: Incubated solutions
were placed with four magnets at the bottom, leading to magnetic separation of SPIO-Gn at the bottom of the vials. The clear solutions were
subsequently taken out for the UV/visible absorption spectroscopic measurements.
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attract magnetic particles (Figure 2, right) to the bottom of
the vials. This operation leads to the magnetic separation of
the particles within a minute. Subsequently, the resulting
clear supernatant solutions were taken out such that the
amount of remaining dendron in the solutions was analyzed
by UV/visible absorption spectroscopy.

For the UV/visible spectroscopic traces of G1-CHO and
G3-CHO dendrons, the absorption maxima (λmax) for G1-
CHO and G3-CHO dendrons are 224 and 227 nm, respec-
tively. Generally, the stacked absorption spectra of the
magnetically separated solutions show a decreasing signal
intensity of the G1-CHO and G3-CHO dendrons after treat-
ment of increasing amounts of the SPIO-NH2 microspheres
(Figure S2 in the Supporting Information). For mixing be-
tween G1-CHO dendrons and SPIO-NH2 microspheres (1.15
mM), the consumption of G1-CHO dendrons almost reaches
a platau (78%) when 3-5 mg of the SPIO-NH2 microspheres
was used (Figure 3). For the mixing of G2-CHO and G3-CHO
separately with SPIO-NH2 microspheres (5 mg), the dendron
consumptions are 59% and 41% (Figure 3), respectively. In
the formation of SPIO-Gn dendronized microspheres, as a
result, the dendron comsumptions decrease with an increase
in the size of the dendrons from G1 to G3.

The difference in the percentage of dendron consumption
in the condensation reactions accounts for the “dendritic
effect” (15) from steric crowding; that is, less sterically
hindered G1 dendrons can be incorporated onto the SPIO
surface with a larger amount. This is because the SPIO
particle’s periphery is rough and contains nanofold, whereas
a small perturbation in terms of the size of the dendron has
a significant effect on the percentage of dendron attachment.
Additionally, mixing between the G3-CHO dendron with
various amounts of the SPIO-NH2 microspheres was per-
formed at a concentration (57.7 mM) that was 20 times
lower than that of the former experiments (1.15 mM). The
percentage of G3 dendron consumption at low concentration
is only slightly less effective (35% with 5 mg of SPIO-NH2

used), only a 6% decrease of dendron consumption in the
solution. These observations clearly demonstrate the ef-

fectiveness of the imine-forming dendronization in the SPIO-
Gn microsphere structures with maximum dendron occu-
pancies. On the other hand, the SPIO-Gn microspheres are
readily hydrolyzed in water-containing, wet organic solvents
to give separate dendron and SPIO-NH2 components. UV/
visible absorption spectroscopic analysis reveals that, in the
presence of water, the dendrons on the SPIO-Gn micro-
spheres could be released with the same amount that they
had been previously attached onto the microspheres. Sub-
sequently, the released dendrons could be reattached to the
SPIO-NH2 microspheres once again by drying of the solvent
system with anhydrous MgSO4, Na2SO4, or molecules sieves
(11).

In order to further confirm the successful attachment of
dendrons onto the SPIO-NH2 microspheres, FTIR spectros-
copy was employed. For instance, Figure 4a reveals the FTIR
spectrum of the as-prepared SPIO-NH2 microspheres. The
SPIO-NH2 microspheres have characteristic signals at ∼3450
(N-H stretching), 1650 (N-H bending), and 1100 (Si-O)
cm-1. On the other hand, Figure 4b reveals the FTIR
spectrum of the SPIO-G3 microspheres. The FTIR spectrum
of the SPIO-G3 microspheres possesses similar characteristic
signals at ∼3450 (weak, N-H stretching), 1650 (N-H bend-
ing), and 1100 (Si-O) cm-1 but with new distinct signals at
1600 (CdN stretching) and 810 (trisubstituted aromatic ring)
cm-1. These observations reveal that the G3 dendrons were
incorporated successfully onto the SPIO-NH2 microspheres
via dynamic imine formation.

X-ray photoelectron spectroscopy (XPS) has been used
for the surface characterization of various materials, and
unambiguous results are readily obtained when each of the
various surface components contains unique elemental
markers. Here, XPS spectra were acquired (Figure S2 in the
Supporting Information) for SPIO-NH2, SPIO-G3, and SPIO-
G3-Zn. All three structures give the signals of 532 eV (O 1s),
399 eV (N 1s), 284 eV (C 1s), and 102 eV (Si 2p). An
additional peak at 1021 eV was also observed for the SPIO-
G3-Zn structure, which corresponds to Zn 2p3/2. The binding
energy of 710 eV for Fe 2p was not observed in the spectra
of the three structures, which further supports that all Fe3O4

cores in the microspheres are confined within a shell of
silica, in agreement with the TEM results. The thermal

FIGURE 3. Plot of dendron consumption (%) versus the amounts of
SPIO-NH2 (mg) obtained from the UV/visible absorption spectro-
scopic results in MeCN/CH2Cl2 (3:1) with dendron concentrations of
1.15 or 57.5 mM.

FIGURE 4. FTIR spectra of (a) the as-prepared SPIO-NH2 microspheres
and (b) the SPIO-G3 microspheres.
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stability of SPIO-G3-Co was characterized (Figure S3 in the
Supporting Information) by thermogravimetric analysis (TGA).
The result reveals a sharp mass loss of 22% at ∼160 °C,
which corresponds to a loss of the dendron. In the SPIO-
G3-Co structure, therefore, there is 0.3 mg of dendron per
mg of SPIO or 0.14 mmol of dendron per mg of SPIO.

The magnetic properties of the as-prepared dendronized
microspheres SPIO-Gn were characterized by a vibrating
sample magnetometer (VSM). Figure 5 reveals the hysteresis
loops of the SPIO-G1 (Figure 5a) and the SPIO-G3 (Figure
5b) dendronized microspheres. The saturated magnetization
(Ms) values were determined to be 13.35 emu/g for SPIO-
G1 and 12.65 emu/g for SPIO-G3 microspheres at 298 K.
No remanence was detected for the as-prepared product.
The zero coercivity and the reversible hysteresis behavior
indicate the superparamagnetic nature of the microspheres.
Several factors, such as (1) the surface coverage of dendrons
on SPIO particles, (2) the molecular weights of dendron and
(3) the sizes of dendron, govern the Ms values. From the

evident that the SPIO-Gn microspheres have maximum
dendron occupancies on the particles’ surface, the effect of
the resulting thickness of the dendritic layer on SPIO is
dominant. In comparison to the SPIO-G3 dendronized mi-
crospheres, therefore, the observation of a higher Ms value
obtained for the SPIO-G1 microspheres attributes to the
thinner outer G1 dendritic layer (13).

Because of the multiple and readily hydrolyzable imine
bonds, the three kinetically labile G1-G3 SPIO-Gn micro-
spheres were treated in each case with a slight excess of
metal salt [Zn(OAc)2, Co(OAc)2, or Ni(OAc)2], to give the sta-
ble SPIO-Gn-M (M ) Zn, Co, Ni) dendronized microspheres.
Similarly, the metal-locked SPIO-Gn-M microspheres can
also be well dispersed in common organic solvents. UV/
visible absorption spectroscopy was employed for charac-
terization of the as-prepared microspheres. After the SPIO-
Gn-M microspheres were incubated with wet organic solvents
and magnetically separated, the supernatant solutions were
monitored by UV spectroscopy. The results reveal that there
was approximately <5% detachment of dendrons. However,
there was no detachment of dendrons when the SPIO-Gn-M
microspheres were treated with pure water.

Figure 6 reveals the UV/visible absorption spectra of G2-
CHO, SPIO-NH2, SPIO-G2, and SPIO-G2-Zn microspheres in
MeCN/MeOH (5:1). The absorption spectrum of the SPIO-
NH2 microspheres shows a broad peak maximum plateau
at 200-300 nm, then a gradual decrease in absorption at
300-350 nm, and then a decrease to 800 nm. The metal
acetates show their UV absorptions from 200 to 260 nm
(Figure S3A in the Supporting Information). By way of
example, a set of the UV/visible absorption spectra involving
G2 dendrons is compared (Figure 6) in MeCN/MeOH (5:1).
The G2-CHO dendron demonstrates the maximum absorp-
tion (λmax) at 213 nm, while the λmax of the SPIO-G2 micro-

FIGURE 7. Contact-angle measurement images of (left) SPIO-NH2- and (right) SPIO-G2-Zn-coated mica surfaces.

FIGURE 8. Plot of the contact angle (degree) versus time (min),
showing the wettability of SPIO-G3 using a drop of H2O, DMF/H2O
(1:1), or 1% Co(OAc)2/H2O.

FIGURE 5. Hysteresis loops of (a) the as-prepared SPIO-G1 and (b)
the SPIO-G3 microspheres.

FIGURE 6. UV/visible absorption spectra of G2-CHO, SPIO-NH2, SPIO-
G2, and SPIO-G2-Zn microspheres in MeCN/MeOH (5:1; concentra-
tion ∼0.5 mg/mL).
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spheres is 215 nm. The absorption spectrum of SPIO-G2
contains the characteristics of both G2-CHO and SPIO-NH2.
On the other hand, the UV/visible spectra of SPIO-G2-Zn,
SPIO-G2-Co, and SPIO-G2-Ni are approximately identical,
having a λmax value of 230 nm (Figure S3B in the Supporting
Information). Thus, it reveals a red shift (∆λ ) 15 nm) in
λmax from the absorption spectrum of SPIO-G2 (215 nm),
leading to the conclusion that the metal complexes tem-
plated the formation of dendronized microspheres SPIO-
G2-M most likely at the 2,6-diiminopyridyl moiety (6, 16).

The wettability of the as-prepared microspheres was
analyzed using a contact-angle meter. In particular, the
SPIO-NH2 microspheres demonstrate (Figure 7, left) a
contact angle of 42 ( 2° when a drop of water was added
to the SPIO-NH2-coated mica surface. Thus, this reveals that
the SPIO-NH2 microspheres are relatively hydrophilic. On
the other hand, the SPIO-G2-Zn dendronized microspheres
demonstrate (Figure 7, right) a contact angle of 85 ( 2°
when a drop of water was added to the SPIO-G2-Zn-coated
mica surface. This observation shows that the SPIO-G2-Zn
dendronized microspheres are relatively hydrophobic and
possess an increase of the contact angle over 40°. The SPIO-
G1-Zn and SPIO-G3-Zn dendronized microspheres possess
contact angles similar to that of SPIO-G2-Zn but with a slight
increase of their contact angles with increasing dendron size
(generation). Clearly, the dendronization of the particles
results in a significant change of their hydrophobicities.

Furthermore, the slow dissociation of the dynamic SPIO-
Gn dendronized micropsheres can be witnessed by contact-
angle measurements. When a drop of water was placed on
a SPIO-Gn-coated mica surface, the contact angle of the
water droplet decreased in time (Figure S7 in the Supporting
Information). This dynamic wettability of the SPIO-Gn struc-
ture was further exploited by using a relatively less polar
solvent system, N,N′-dimethylformamide (DMF)/H2O (1:1),
as well as a Co2+ transition-metal-cation-containing aqueous
solution, 1% Co(OAc)2/H2O. Comparatively, the rate of
decrease of the contact angle for SPIO-G3 is H2O > 1%
Co(OAc)2/H2O > DMF/H2O (1:1) (Figure 8 and Table 2), with
rates of 4.0, 2.9, and 1.0°/min, respectively. In particular,
the use of a drop of 1% Co(OAc)2/H2O in the contact-angle
measurement for SPIO-G3 gives a lower rate of decrease in
the contact angle. This observation could be due to the

temporary templating process between the imine groups of
SPIO-G3 and the Co2+ cations, which slows down the
dissociation/hydrolysis process. A small amount of SPIO-G3-
Co may exist as a product in the equilibrium, revealing a
larger final contact-angle value (48°) compared to the value
using H2O (44°). On the other hand, the use of relatively less
polar solvent system, DMF/H2O (1:1), successfully reduces
the dissociation rate of SPIO-G3 toward hydrolysis, with a
1.0°/min decrease of the contact angle.

CONCLUSION
In conclusion, hydrophilic microspheres SPIO-NH2 have

been converted into hydrophobic microspheres SPIO-Gn by
one-step dendronization. Such a conversion is reversible and
depends on the amount of water presented in the systems.
However, the dynamic nature of the SPIO-Gn dendronized
micropsheres can be “fixed” by a supramolecular metal ion
templation to give the kinetically stable SPIO-Gn-M den-
dronized microspheres. Isolation of these microspheres is
facilitated by convenient magnetic separation by an exter-
nally applied magnetic field. Characterization of these novel
organic-inorganic hybrid microspheres was performed by
using various techniques using UV/visible absorption and
FTIR spectroscopies, TEM, and a VSM. We have demon-
strated the stability, reversible switching of hydrophilicity/
hydrophobicity, and magnetic separability of these materi-
als. The dynamic wettabilty of the SPIO-Gn structures has
been explored using three different solvent systems. Eventu-
ally, the catalytic properties of these materials, which are
able to be operated in various common organic solvent
systems and show recyclability, could be explored. By slight
modifications of the different reactive metal species, the
dendronized microspheres or nanoparticles can be poten-
tially used as magnetic-separable, reusable catalysts for
olefin polymerization and for other reactions using different
supported noble metal cations (17). By combination of the
advantageous abilities such as magnetic separation, dynamic
reversibility, and increased solubility of dendritic (18) frag-
ments toward organic solvents, it is feasible to reversibly
modify the hydrophilic amine flat surface or other surfaces
to a hydrophobic surface by versatile dynamic dendro-
nization.

EXPERIMENTAL SECTION
Materials and Methods. The G1-G3 dendritic dialdehydes

were synthesized according to a literature procedure (11).
Ferric chloride hexahydrate (FeCl3·6H2O), sodium acrylate
(CH2dCHCOONa), ethylene glycol (C2H6O2), tetraethyl ortho-
silicate (TEOS; 98%), (3-aminopropyl)triethoxysilane (APTES),
absolute ethanol (EtOH; 95 wt %), and an aqueous ammonia
solution (28%) were purchased from Sigma-Aldrich. All chemi-
cals were of analytical grade and used without further purifica-
tion. Doubly deionized water was used throughout all of the
processes. Powder XRD patterns of the products were obtained
on a Japan Rigaku DMax-γA rotation-anode X-ray diffractometer
equipped with graphite-monochromatized Cu KR radiation (λ
) 1.541 78 Å). TEM analysis was performed by using a FEI
TecnaiF20 field-emission transmission electron microscope. IR
spectra were recorded in the wavenumber range from 4000 to
500 cm-1 with a Nicolet model 759 FTIR spectrometer using a

Table 1. Contact-Angle Measurement Data (Solvent,
Water; Measured 60 s after Deposition;
Experimental Error (2°)

structure contact angle (deg) structure contact angle (deg)

SPIO-NH2 42 SPIO-G2-Zn 85
SPIO-G1-Zn 83 SPIO-G3-Zn 86

Table 2. Contact-Angle Measurement Data of
SPIO-G3 (Experimental Error (2°)

initial
(deg)

final
(deg)

hysteresis
(deg)

rate
(°/min)

H2O 86 44 42 4.0
DMF/H2O (1:1) 76 50 26 1.0
1% Co(OAc)2/H2O 90 48 42 2.9
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KBr wafer. UV/visible absorption spectra were obtained using
a Cary 5G UV/visible/NIR spectrophotometer with a scan rate
of 600 nm/min. Measurements were performed twice. TGA was
performed on a TA Instruments Hi-Res TGA 2950 thermogravi-
metric analyzer from 30 to 800 °C (heating rate ) 50 °C/min).
The magnetic properties (M-H curve) were measured at room
temperature on a Lakeshore 7300 magnetometer. Contact
angles were measured using a Tantec CAM-MICRO contact-
angle meter at ambient temperature with mica surfaces. The
samples were drop-cast on a freshly cleaved mica surface at a
concentration of ∼0.5 mg/mL in MeCN/CH2Cl2 (3:1).

Synthesis of Fe3O4 Microspheres. The magnetic Fe3O4

particles were prepared through a solvothermal reaction.
Briefly, FeCl3·6H2O (0.54 g) and sodium acrylate (1.5 g) were
dissolved in ethylene glycol (20 mL) under magnetic stirring.
The obtained homogeneous yellow solution was transferred
to a Teflon-lined stainless-steel autoclave and sealed to heat
at 200 °C. After reaction for 8 h, the autoclave was cooled
to room temperature. The obtained magnetite particles were
washed with EtOH and water several times and then dried
in a vacuum for 12 h.

Synthesis of SPIO-NH2 Microspheres. This process was
performed via a sol-gel approach (19). In a typical proce-
dure, the as-prepared magnetic sphere (25 mg) was mixed
with water (3 mL) and EtOH (20 mL). The mixture was
homogenized by ultrasonication for 30 min prior to the
addition of an ammonia solution (1 mL). After that, a mixture
of TEOS/EtOH (0.2 mL/5 mL) was injected into the solution
over 30 min. After 1 h, APTES in EtOH (1.5 mL, 30 µL/5 mL,
v/v) was added into the reaction solution over 20 min.
Subsequently, the products were collected with the help of a
magnet and washed with EtOH and water several times.
Finally, the product was dried in a vacuum for 12 h to obtain
the SPIO-NH2 core/shell microspheres.

Synthesis of SPIO-Gn Microspheres (n ) 1-3). A mixture
was prepared by mixing the Gn-CHO dendrons (1.15 mM) and
SPIO-NH2 (1 mg/mL) in MeCN/CH2Cl2 (3:1). The mixture was
shaken at room temperature for 24 h. The products were
collected with the help of a magnet and washed with the solvent
system MeCN/CH2Cl2 (3:1, 2 mL) twice. Finally, the product was
dried in a vacuum for 12 h to obtain SPIO-Gn microspheres.
For a typical example, G3-CHO (25 mg), SPIO-NH2 (10 mg), and
MeCN/CH2Cl2 (3:1, 10 mL) were mixed to give the resulting
SPIO-G3 dendronized microspheres.

Synthesis of SPIO-Gn-M Microspheres (n ) 1-3; M ) Zn,
Co, Ni). Method A. A mixture of the as-prepared SPIO-Gn
dendronized microspheres (1 mg) was mixed with M(OAc)2 (1.1
mM) in MeCN/MeOH (5:1). The mixture was shaken at room
temperature for 24 h. The products were collected with the help
of a magnet and washed with the solvent system MeCN/MeOH
(5:1, 2 mL) twice. Finally, the product was dried in a vacuum
for 12 h to obtain the SPIO-Gn-M microspheres. For a typical
example, SPIO-G2 (1 mg) and Zn(OAc)2 (550 mg) were mixed
in MeCN/MeOH (5:1, 3 mL) to give the resulting SPIO-G2-Zn
microspheres.

Method B. A mixture was prepared by mixing the Gn-CHO
dendrons (1 equiv), M(OAc)2 (1 equiv), and SPIO-NH2 (1.2 mg/
mmol) in MeCN/MeOH (5:1). The mixture was shaken at room
temperature for 24 h. The products were collected with the help
of a magnet and washed with the solvent system MeCN/MeOH
(5:1, 2 mL) twice. Finally, the product was dried in a vacuum
for 12 h to obtain the SPIO-Gn-M microspheres. For a typical
example, G2-CHO (9.2 mg), Zn(OAc)2 (1.5 mg), SPIO-NH2 (10
mg), and MeCN/MeOH (5:1, 3 mL) were mixed to give the
resulting SPIO-G2-Zn microspheres.
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(10) Saggiomo, V.; Lüning, U. Eur. J. Org. Chem. 2008, 4329–
4333.

(11) Dissociation of an ammonium-templated, imine-containing
dynamic [2]rotaxane in H2O/MeCN was investigated (unpub-
lished results). Large amounts of H2O (>100 equiv) are required
for the dissociation of 52% of [2]rotaxanes. The dissociated
components are relatively stable in the presence of large
amounts of water and can also be reassembled to afford the
dynamic [2]rotaxanes once again by eliminating water from
the aqueous solutions in the presence of various drying agents
(unpublished results). For the structural formula of ammonium-
templated, imine-containing dynamic [2]rotaxane, see: Glink,
P. T.; Oliva, A. I.; Stoddart, J. F.; White, A. J. P.; Williams, D. J.
Angew. Chem., Int. Ed. 2001, 40, 1870 –1875.
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