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F
unctional nanocomposites, including
magnetic particles (MPs) and/or quan-
tum dots (QDs), have attracted con-

siderable attention due to their potential
applications in nonvolatile memory devices,
biomedical imaging, magnetic cards, and
optical display films.1�15 In particular, ad-
sorption of combinations of these functional
nanoparticles onto large colloidal substrates
can have specific technological merits for
tuning the optical and magnetic properties
of their constituents, and the materials can
be used in emerging technologies, such as
magneto-optical sensing or separation tech-
niques. The successful preparation of such
colloidal composites is achieved by synthe-
sizing the nanoparticles (MPs and QDs) in
nonpolar organic solvents, rather than in
aqueous media, with the help of stabilizers,
such as oleic acid. This ensures a uniform size
and high crystallinity.16�19 After synthesis,
the stabilizers must be exchanged to permit
immobilization of the nanoparticles onto
colloidal substrates and be selected to mini-
mize chemical or physical damage thatmight
destroy the nanoparticles' unique properties.
Nanoparticles should be densely packed
onto colloidal substrates without agglomera-
tion to achieve high performance. For exam-
ple, the solution pH, nature of hydrophilic
ligands, and nanoparticle size can signifi-
cantly affect the quantum yield of QDs20�22

and the magnetic properties of MPs23�27

synthesized in water. These qualities also
affect the nanoparticle dispersion stability
and the quantity of nanoparticles adsorbed
onto the substrates. The use of colloidal
nanocomposites in various organic media
requires that they can be well-dispersed

in nonpolar solvents, such as toluene or
hexane.
Although efforts have been made to pre-

pare hybrid nanocomposites that include
MPs andQDs, previousmethods havemainly
been applicable to aqueous solutions only.
For example, magnetic quantum dot nano-
composites were prepared by the sol�gel
method.28 The use of sol�gel methods in
the design of structurally and composition-
ally complex nanocomposites using organic
solution processes, particularly in nonpolar
solvents such as toluene, chloroform, or hex-
ane, is difficult. As an example, core�shell
colloids prepared by electrostatic layer-by-
layer (LbL) assembly29�35 displayedmagnetic
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ABSTRACT We demonstrate the successful preparation of multifunctional silica colloids by

coating with 2-bromo-2-methylpropionic acid (BMPA)-stabilized quantum dots (BMPA-QDs) and

BMPA-stabilized iron oxide particles (BMPA-Fe3O4), along with amine-functionalized poly-

(amidoamine) (PAMA) dendrimers, using layer-by-layer (LbL) assembly based on a nucleophilic

substitution (NS) reaction between the bromo and amine groups in organic media. The QDs and

Fe3O4 nanoparticles used in this study were directly synthesized in a nonpolar solvent (chloroform or

toluene), and the oleic acid stabilizers were exchanged with BMPA in the same solvent to minimize

chemical and physical damage to the nanoparticles. The direct adsorption of nanoparticles via an NS

reaction in organic solvent significantly increased the packing density of the nanoparticles in the

lateral dimensions because electrostatic repulsion between neighboring nanoparticles was absent.

The multifunctional colloids densely coated with nanoparticles showed excellent characteristics (i.e.,

superparamagnetism, photoluminescence, and magneto-optical tuning properties) with long-term

stability in nonpolar solvents. Furthermore, deposition of the nanocomposite colloids onto flat

substrates, followed by coating with a low-surface-energy fluoroalkylsilane polymer, produced a

densely packed rugged surface morphology in the colloidal films that displayed superhydrophobic

properties with water contact angles greater than 150�.

KEYWORDS: layer-by-layer assembly . nucleophilic substitution reaction . magnetic
nanoparticles . quantum dot nanoparticles . colloidal substrate
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luminescent properties upon introduction of electro-
statically charged Fe3O4 and CdTe nanoparticles.36,37

However, the electrostatic adsorption of functional na-
noparticles onto colloids usually results in a low packing
density for each component layer due to electrostatic
repulsion between the same charged species. To their
advantage, such approaches can be used in aqueous
media.
In this study, we report the preparation of multi-

functional colloidal particles coated with Fe3O4 and
CdSe@ZnS using a nucleophilic substitution (NS) reac-
tion-based LbL assembly method in organic solvents.
Hybrid nanocomposite colloids were prepared by al-
ternate deposition of (i) superparamagnetic Fe3O4 (i.e.,
BMPA-Fe3O4) andphotoluminescent CdSe@ZnSnanopar-
ticles (i.e., BMPA-QDs), stabilizedby2-bromo-2-methylpro-
pionic acid (BMPA) with bromo groups, in toluene; and (ii)
the amine-functionalized poly(amidoamine) dendrimer
(i.e., PAMA) in alcohol, on silica colloidal particles via an
NS reaction between the bromo groups of BMPA
nanoparticles and the amine groups of PAMA. These
colloidal composites could bewell-dispersed in various
organicmedia, such as alcohol and toluene, depending
on the outermost layer deposited. We emphasize that
the colloids displayed much stronger superparamag-
netic and photoluminescent (PL) properties than those
prepared from electrostatic LbL assembly, and these
colloids displayed reversible optical tuning memory
undermagnetic control. Furthermore,wedemonstrated
that the densely packed rugged surface morphology
formed from nanoparticle layers easily induced super-
hydrophobicity, with water contact angles exceeding
150�.
To our knowledge, this is the first report describing

the preparation of the NS reaction-induced formation

of multilayers on colloidal substrates in organic media
(particularly nonpolar solvents). Considering that me-
tallic nanoparticles (i.e., Au, Pt, or Pd nanoparticles),
which may be used as catalysts for organic synthesis or
other chemical reactions in nonpolar solvent, can also be
encapsulated by bromo-functionalized stabilizers,38�41

we believe that our approach based on NS reaction-
induced LbL assembly provides a method for prepar-
ing a variety of colloidal nanocomposites that function
in organic solvents, and furthermore, these colloids can
be used for potential applications such as magneto-
optical sensing, magnetically controllable QD display,
or magnetically retrievable catalytic colloids.

RESULTS AND DISCUSSION

Optical Properties. Oleic-acid-stabilized CdSe@ZnS
QD nanoparticles displaying blue (PL λmax = 445 nm),
green (PL λmax = 523 nm), and red (PL λmax = 638 nm)
emission bands were prepared in toluene (see the
Methods section and Supporting Information, Figure
S1). The initial oleic acid stabilizers were replaced with
BMPA via ligand exchange to produce BMPA-QDs. The
relative quantum yields of the blue, green, and red
BMPA-QDs were measured to be 45% (relative to 9,10-
diphenylanthracene), 45% (relative to coumarin 545),
and 42% (relative to Rhodamine 101), respectively.

The bromo groups of BMPA stabilizers can undergo
NS reaction with amino groups to covalently bond the
BMPA-QDs to the amine-functionalized material, such
as PAMA or aminopropyltrimethoxysilane (i.e., APS).
Covalent bonding was confirmed by Fourier transform
infrared (FTIR) spectroscopy of the PAMA/BMPA-QD
multilayer films prepared on the Si wafer substrates
(see Supporting Information, Figure S2). The C�H
symmetric deformation (1380 cm�1) of CH3 groups as

Scheme 1. Schematic for the preparation of multifunctional colloids coated with (BMPA-QD/PAMA/BMPA-Fe3O4)n multi-
layers using nucleophilic substitution reaction in organic media.
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well as CdO vibration modes (1710 and 1410 cm�1)
were observed in BMPA-QDs. This observation implies
the presence of BMPA stabilizers onto the QD because
BMPA has�CH3 and�COOH. The PAMAdendrimer has
absorbance peaks caused by the characteristic CdO
stretching (1629 cm�1) of amide groups and N�H bend
(1550 cm�1) of primary amines,�NH2 (see Supporting
Information, Figure S2). On the other hand, the FTIR
spectrum of PAMA/BMPA-QD multilayers displayed the
peak broadening in the range of 1589�1500 cm�1, and
furthermore, the strong peaks at 1450, 1190, and
1100 cm�1 are caused by secondary aliphatic amines
occurring from a nucleophilic substitution reaction
between primary amine and bromo groups.11

On the basis of these results, BMPA-QDsgreen were
first deposited onto an APS-coated silica colloid (APS-
SiO2) surface, using 600 nm diameter colloidal parti-
cles, and PAMA was subsequently adsorbed onto the
BMPA-QDgreen-coated colloids. Scheme 1 schemati-
cally depicts the colloidal nanocomposite coated with
(BMPA nanoparticle/PAMA)n multilayers bonded via

nucleophilic substitution in organic media. As shown
in Figure 1, a densely coated nanoparticle layer was
obtained from adsorption of a single BMPA-QDgreen

layer. Increasing the bilayer number (n) from 1 to 9
produced a (BMPA-QDgreen/PAMA)n multilayer-coated
colloid layer with a more rugged and densely coated
structure and without aggregation of the colloids.
Although the number density of BMPA-QDsgreen on
the colloidal substrate could not be determined pre-
cisely, the frequency change of a quartz crystal micro-
balance (QCM) contactedwith a flat substrate permitted
approximation of the quantity of BMPA-QDgreen ad-
sorbed onto 600 nm sized colloids with the surface
area of about 1.13� 10�8 cm2. The average frequency
change of the QCM, in going from the PAMA layer to
the BMPA-QDgreen layer, was 221 Hz (3904 ng 3 cm

�2)
(see Methods). The densities of the 4 nm diameter
CdSe QD core and the 1 nm diameter ZnS QD shell
were 5.81 and 3.89 g/cm3, respectively. Therefore, the
mass of one nanoparticle was measured to be about
5.04 � 10�10 ng, and furthermore, the number of

Figure 1. SEM images of APS-SiO2 colloids coated with (BMPA-QDgreen/PAMA)nmultilayers for (A) n = 1, (B) 3, (C) 5, (D) 7, and
(E) 9. (F) Size change of (BMPA-QDgreen/PAMA)nmultilayer-coated silica colloidsmeasuredwith increasing bilayer number (n).

A
RTIC

LE



YOON ET AL. VOL. 5 ’ NO. 7 ’ 5417–5426 ’ 2011

www.acsnano.org

5420

adsorbed QDs per unit area (cm�2) measured from
QCM was about 7.74 � 1012 cm�2. As a result, the
number of BMPA-QDsgreen adsorbed onto the colloids
with the surface area of about 1.13 � 10�8 cm2 was
calculated to be about 87 500 per silica colloid. Addi-
tionally, the diameter of the functionalized colloids
increased from 609 to 813 nm as the bilayer number
(n) increased from 1 to 9 (Figure 1F). The nanocompo-
site colloids in chloroform displayed strong PL beha-
vior with a negligible red shift in the optical spectra
relative to the spectra of the oleic-acid-stabilized QDs
in the same solvent (Figure 2).

For comparison, we prepared negatively charged
CdSe@ZnS QDs stabilized by mercaptoacetic acid
(MAA), abbreviated MAA-QD, via ligand exchange. Mul-
tilayered films were then prepared by LbL growth of the
MAA-QDgreen/cationic poly(allylamine hydrochloride)
(PAH) on the anionic SiO2 colloids via electrostatic
deposition (see Methods). The relative quantum yield
of MAA-QDgreen was measured to be 9%. Although the
solution concentration and deposition layer number
(9 layers) of the MAA-QD films were identical to those of
the BMPA-QD films, the surface coverage ofMAA-QDs on
the colloids was extremely low due to long-range elec-
trostatic repulsion between similarly charged MAA-
QDsgreen (see the Supporting Information, Figure S3).
These observations were in stark contrast to the trends
observed for the (BMPA-QDgreen/PAMA)n-coated SiO2.
The PL intensity of (BMPA-QDgreen/PAMA)9-coated col-
loids, therefore, was much higher than that of the
(PAH/MAA-QDgreen)9-coated colloids mainly due to
the relatively high quantum yield of BMPA-QDgreen

and their dense surface coverage per layer (Figure 3A).
Remarkably, the PL intensity of (BMPA-QDgreen/PAMA)n

multilayer-coated SiO2 colloids was nearly unchanged
during storage under ambient conditions (in the dark
in ambient air) for more than 1 month, whereas the PL
intensity of (PAH/MAA-QDgreen)n-coated colloids de-
creased notably depending on the storage time
(Figure 3B). These results suggest that the hydrophobic
character of the BMPA-QD layers deposited in non-
polar solvents prevented PL quenching by hydrolysis
and oxidation under ambient conditions and preserved
the original PL behavior of the QDs in the multilayer
films. Recently, Tetsuka et al. reported that nanocom-
posite films composed of QDs and clay exhibited high
luminescence due both to the removal of water from
the film and to the excellent protective environment of
the clay host.42 Furthermore, the dispersion stability of
(BMPA-QDgreen/PAMA)n multilayer-coated silica col-
loids in various solvent strongly depends on the de-
posited top layer (see Supporting Information, Figure
S4). If thePAMA isdepositedasa top layer, these colloids
can be well-dispersed in polar organic solvent such as
ethanol or methanol as well as nonpolar solvent. On
the other hand, if BMPA-QDs are used as a top layer, the
formed colloids can be well-dispersed in toluene,

Figure 3. Intensity and stability of PL. (A) PL data and (B)
change in degree of PL intensity (λmax∼ 523 nm) of (BMPA-
QDgreen/PAMA)9 and (PAH/MAA-QDgreen)9 multilayer-coated
colloids.

Figure 2. PL images of (BMPA-QD/PAMA)n multilayer-
coated colloids. (A) Photographic images, (B) UV�vis and PL
spectra of (size-controlled BMPA-QD/PAMA)9 multilayer-
coated SiO2 colloids in toluene.
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chloroform, 3-dimethylformamide (DMF), or 4-tetrahy-
drofuran (THF) for long storage time. We also observed
that these colloids are highly stablewithout any colloidal
aggregations at relatively high temperature of about
60 �C (below boiling temperature of organic media)
although PL intensity of the QD is slightly decreased at
elevated temperature due to their PL quenching (see
Supporting Information, Figure S5).

Furthermore, in order to quantitatively investigate
the stability of multilayers in aqueous solution at differ-
ent solution pH, time, and temperature, the frequency
change of multilayer-coated gold electrodes was mea-
sured using QCM (see Supporting Information, Figure
S6). In this case, the partial deconstruction of PAMA/
BMPA-QD multilayers was accelerated by decreasing
the solution pH from 12 to acidic condition at 90 �C
because an excess of neutral NH2 groups of PAMA
unbound to BMPA-QDs was converted to positively
charged �NH3

þ groups inducing the electrostatic re-
pulsion between same charged groups with decreas-
ing solution pH. However, in the case of other polar
organic solvents (i.e., isopropyl alcohol) of about 75 �C,
it was observed that the stability of multilayers was
maintained without any frequency change.

Magnetic Properties. The BMPA-Fe3O4 nanoparticles
prepared by ligand exchange of BMPA on oleic-acid-
stabilized 12 nm diameter Fe3O4 nanoparticles (see
the Methods section) were also deposited on the

APS-coated silica colloids to introduce magnetic prop-
erties (Figure 4A). The number of adsorbedBMPA-Fe3O4

particles per bilayer was measured to be approximately
9800 on the colloid, based on the following informa-
tion: the adsorbed mass (Δm) of BMPA-Fe3O4 on the
flat substrate calculated from QCM measurements,
4064 ng 3 cm

�2, the density of Fe3O4, 5.1 g 3 cm
�3, and

the nanoparticle number density, 8.69 � 1011 cm�2.
The quantity of nanoparticles adsorbed onto a curved
surface was assumed to be comparable to that ad-
sorbed onto a flat surface. It should be noted that the
number of adsorbed BMPA-Fe3O4 nanoparticles on the
colloid layer was significantly higher (3328 per bilayer)
than that of water-dispersible pentacyclooctasiloxane
octakis (PSS) hydrate-octakis(tetramethylammonium)-
stabilized Fe3O4 (i.e., octakis-Fe3O4) prepared by stabi-
lizer exchange from oleic acid to the negatively
charged octakis (Figure 4B and the Methods section).
As mentioned, the electrostatically charged nanopar-
ticles imposed limitations on the nanoparticle packing
density in the lateral dimensions due to electrostatic
repulsion between neighboring nanoparticles at a
given solution pH (i.e., pH > 7 for the stable octakis-
Fe3O4 dispersion). Although the packing density of the
octakis-Fe3O4 could be increased by decreasing the
charge density on the nanoparticles (at a solution pH <
7), the low charge density caused aggregation of the
nanoparticles in solution. Aggregation made it difficult
to control the preparation of stable nanocomposite
colloidal coatings.

Magnetic characterization of the samples APS-
SiO2/(BMPA-Fe3O4/PAMA)9 was performed using a
superconducting quantum interference device (SQUID)
magnetometer in the field range from�6000 toþ6000
Oe. The magnetization curves of the multilayered films
measured at room temperature (T = 300 K) were
reversible without coercivity, remanence, or hysteresis,
suggesting typical superparamagnetic behavior (Figure
5A). These results were confirmed by recording the
magnetization at 1 min intervals at low applied fields,
as shown in the inset of Figure 5A. On the other hand,
at liquid helium temperature (T = 5 K), the thermally
activated magnetization flipping properties of the
BMPA-Fe3O4 revealed frustrated superparamagnetic
properties. That is, the magnetization curves acquired
a loop shape with distinct separation between the two
sweeping directions typically observed for ferromag-
nets. The coercivities (Hc) and remanences (Mr) were
measured to be 225 Oe and 0.0673 emu, respectively
(Figure 5B). Figure 5C shows the temperature depen-
dence of the magnetization of the resulting BMPA-
Fe3O4-coated colloids, from 300 to 5 K, under an
applied magnetic field of 150 Oe. The blocking tem-
perature, which began to deviate between zero-field-
cooling (ZFC) and field-cooling (FC) magnetization
states, was fixed at approximately 150 K. These results
indicate that the nanocomposite colloids coated with

Figure 4. SEM images of (BMPA-Fe3O4/PAMA)5 and (PAH/
octakis-Fe3O4)5 multilayer-coated silica colloids.
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BMPA-Fe3O4 maintained their inherent superparamag-
netic properties. In contrast, the magnetic colloids pre-
pared by electrostatic LbL-assembled cationic (poly-
(allylamine hydrochloride) (PAH)/anionic octakis-
Fe3O4)9 had notably low degrees of saturated magne-
tization compared to the (PAMA/BMPA-Fe3O4)9-coated
colloids (see the Supporting Information, Figure S7).
This low magnetization resulted mainly from the small
quantity of octakis-Fe3O4 nanoparticles adsorbed onto
the colloids.

Magneto-Optical Properties. Because both the highly
photoluminescent QDs and the strongly superpara-
magnetic nanoparticles could be successfully adsorbed
onto colloids via NS reaction without producing colloi-
dal aggregation, the combination of these two nanopar-
ticles may producemagneto-optically separable colloids
that are stable in various organicmedia, including polar
(alcohol) and nonpolar (toluene or chloroform) solvents.
These “smart” colloids were prepared by sequential
deposition of BMPA-QDred and BMPA-Fe3O4 nanopar-
ticles onto APS-coated silica colloids to produce APS-
SiO2/(BMPA-Fe3O4/PAMA/BMPA-QDred/PAMA)3. The re-
sultant magnetic luminescent colloids were mixed with
BMPA-QDgreen-coated colloids without BMPA-Fe3O4 na-
noparticles (APS-SiO2/(BMPA-QDgreen/PAMA)3)) in a

nonpolar solvent (the mass ratio of the magnetic lumi-
nescent colloids to the BMPA-QDgreen-coated colloids
was 1:1). As shown in Figure 6, the PL spectrum of the
initial colloid solution showed two different PL peaks,
λmax = 523 or 638 nm, originating from the BMPA-
QDgreen and BMPA-QDred, respectively, without indica-
tion of Förster energy transfer. When a hand-held
magnetwas placed close to the glass vial, themagnetic
photoluminescent colloids that emitted in the red
were quickly attracted to themagnet and accumulated
near it within a few minutes. The remaining solution
displayed green emission due to the dispersed BMPA-
QDgreen-coated colloids without BMPA-Fe3O4, under
UV light irradiation. The PL spectrum of the solution
remaining after application of an externalmagnetic field
did not display the red emission band in its spectrum.
These results showed that the blending solution of
photoluminescent colloids with and without BMPA-
Fe3O4 can display reversible optically tuned properties
under magnetic control in nonpolar solvent.

Superhydrophobicity. Silica colloids densely coated
with nanoparticles were deposited onto flat substrates,
followed by introduction of fluoroalkylsilane, to pre-
pare superhydrophobic surfaces with hierarchical dual
roughness (micrometer-scale as well as nanometer-

Figure 5. Magnetic curves of (PAMA/BMPA-Fe3O4)9multilayer-coated colloidsmeasured at (A) 300 K and (B) 5 K. (C) Temperature
dependence of zero-field-cooling (ZFC) and field-cooling (FC) magnetization measured at 150 Oe.
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scale roughness).43�49 These superhydrophobic films
also displayed optical and magnetic properties via the
hydrophobic quantum dots and magnetic nanoparti-
cles. Several reports have described the preparation of
multifunctional superhydrophobic films that permit
modulationof thewater contact angle orUV light-driven
optical properties. However, smart superhydrophobic
films with nanometer-scale roughness, formed by the
adsorption of inherentlymultifunctional nanoparticles,
have not been described to date. Figure 7A shows the

water contact angles of silica colloidal films with and
without adsorbed BMPA-stabilized nanoparticles. The
fluoroalkylsilane-coated colloidal films without nano-
particles yielded a water contact angle of 118�. On the
other hand, colloidal films with BMPA-QD and Fe3O4

displayed a water contact angle exceeding 150�, in
addition to its strong PL and magnetic properties. The
hierarchical surface of a colloidal film prepared from
BMPA-stabilized nanoparticles lies in the Cassie state44

in thatΔθad-re is smaller than 10�. These results indicate

Figure 6. Photographic and SEM images of magnetically separable colloids displaying photoluminescent properties. In this
case, the solutionwas blendedwith twodifferent kinds of colloids coatedwith (BMPA-Fe3O4/PAMA/BMPA-QDred/PAMA)3 and
(BMPA-QDgreen/PAMA)3 multilayers, respectively.

Figure 7. Superhydrophobicity of PAMA/BMPA nanoparticle multilayer-coated colloidal films. Water droplet on (A) silica
colloidal films without nanoparticles and (B) (BMPA-Fe3O4/PAMA/BMPA-QDgreen/PAMA)3 multilayer-coated silica colloidal
films. In this case, the water contact angles obtained from bare and multilayer-coated colloidal films were measured to be
about (A) 118� and (B) 153�, respectively. (C) Photographic image of superhydrophobic surface prepared from magnetic
luminescent colloidal films. Note that for samples in (A�C), the outermost surface of colloidal films was coated with
fluoroalkylsilane polymer.
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that BMPA-stabilized nanoparticles could be used
to form structural features that displayed superhydro-
phobicity in addition to the integrated functionalities
of PL and superparamagnetism. It should be noted that
the functional colloids were easily prepared by an NS
reaction-based LbL assembly that facilitated adsorp-
tion of densely packed nanoparticles with retention of
the inherent properties. We emphasize that the pre-
sent approach of incorporating 600 nm silica colloids
and BMPA-stabilized nanoparticles is not limited to the
system mentioned here. It may be extended to other
general areas by incorporating a variety of functional
particles, such as metal nanoparticles or nanowires.

CONCLUSIONS

We demonstrated that multifunctional colloids
coated with (PAMA/BMPA-Fe3O4)n or/and (PAMA/

BMPA-CdSe@ZnS)n multilayers could be successfully
prepared using a NS reaction-based LbL assemblymeth-
od in organicmedia. Coating of BMPA-Fe3O4 or PAMA as
an outermost layer produced well-dispersed colloids in
nonpolar solvents (toluene or chloroform) or in polar
organic solvents (alcohol). These colloids revealed
strong magnetic and photoluminescent properties due
to the presence of densely coated nanoparticles (BMPA-
Fe3O4 and BMPA-CdSe@ZnS). The colloids additionally
revealed high efficiency as a result of the crystal quality,
functional stability, and dense coating of BMPA nano-
particles. We showed that the magnetic photolumines-
cent colloids provided reversible optical tuningmemory
under anexternalmagneticfield. Thehighlyprotuberant
and rugged surface morphology produced by the na-
noparticle-coated colloids generated superhydrophobi-
city with a water contact angle exceeding 150�.

METHODS
Materials. Poly(amidoamine) (i.e., PAMA) dendrimer (core

type: ethylene diamine), pentacyclooctasiloxane octakis (PSS)
hydrate-octakis(tetramethylammonium) (i.e., octakis), oleic
acid, 2-bromo-2-methylpropionic acid (BMPA), CdO, zinc acet-
ate, 1-octadecene, selenium, sulfur powder, and trioctylpho-
sphine poly(allylamine hydrochloride) (i.e., PAH) were pur-
chased from Sigma Aldrich. Oleic-acid-stabilized CdSe@ZnS
with blue, green, and red-pink emissive colors were synthesized
as previously reported by Bae et al.50 For blue emissiveQDs, 38.5
mg of CdO, 700 mg of zinc acetate, 17.6 mL of oleic acid, and
15 mL of 1-octadecene were put into a 250 mL round flask. The
mixture was heated to 150 �C with N2 gas blowing and further
heated to 300 �C to form a clear solution of Cd(OA)2 and
Zn(OA)2. At this temperature, 31 mg of Se powder and 128.2
mg of S powder both dissolved in 2 mL of trioctylphosphine
were quickly injected into the reaction flask. After the injection,
the temperature of the reaction flask was set to 300 �C for
promoting the growth of QDs, and it was then cooled to room
temperature to stop the growth. QDs were purified by adding
20mL of chloroform and an excess amount of acetone (3 times).
After this purification, 3.34 wt % of BMPA was added to 40 mL
QD solution for the stabilizer exchange from oleic acid to BMPA
and then was heated at 40 �C for 2 h.

In the case of mercaptoacetic acid (MAA)-QDs, 15mg 3mL�1

of oleic-acid-stabilized QDs in 5 mL of toluene was mixed with
10 mL of aqueous solution containing 100 mg 3mL�1 of MAA at
45 �C. The MAA-QD obtained from phase transfer was precipi-
tated by the addition of excess ethanol solvent and centrifuga-
tion at 6000 rpm for 6 min. The precipitated MAA-QDs were
redispersed in aqueous solution at pH 9. The concentration of
MAA-QD was adjusted to 1 mg 3mL�1.

Oleic-acid-stabilized Fe3O4 of about 12 nm size was synthe-
sized in toluene as previously reported by the Hyeon group.16

BMPA (1.336 g, 8 mmol) was added to 40 mL of Fe3O4 solution
for the stabilizer exchange from oleic acid to BMPA and then
was heated at 40 �C for 2 h. Octakis-Fe3O4 was prepared by the
stabilizer exchange from oleic acid to octakis. In this case, a total
of 100mgof oleic acid-Fe3O4was dissolved in 7.5mL of toluene,
and 750 mg of excess octakis was dissolved in 7.5 mL of pH 9
water.

Buildup of Multilayers on Colloidal Substrate. The concentration of
PAMA, BMPA-QD, and BMPA-Fe3O4 solutions used for all the
experiments was fixed to 1mg 3mL�1 in organic media (ethanol
for PAMA and toluene for BMPA-Fe3O4). The (PAMA/BMPA-QD
or BMPA-Fe3O4)n multilayer-coated silica colloids were pre-
pared as follows: 100 μL of a concentrated dispersion (6.4 wt
%) of negatively charged 600 nm silica colloids was diluted to

0.5 mL with deionized water. After fast centrifugation (8000 rpm,
5min) of colloidal solution, supernatant water was removed, and
then 1mg 3mL�1 of aminopropyltrimethoxysilane (APS) ethanol
solution was added to silica colloidal sediment followed by
ultrasonication and sufficient adsorption time. Excess APS was
removed by three centrifugations (8000 rpm, 5min)/wash cycles.
For the preparation of multilayers onto APS silica colloids, 0.5 mL
of BMPA-QD (or Fe3O4) (1 mg 3mL�1) in toluene was added, and
after deposition during 10 min, the excess BMPA-QD was
removed by three centrifugations as mentioned above. Then,
0.5 mL of PAMA (1 mg 3mL�1) in ethanol was then deposited
onto the BMPA-QD-coated colloids using the same conditions.
The above process was repeated until the desired layer number
was deposited on the colloidal silica.

Buildup of Multilayers on Planar Substrate. The toluene or hexane
dispersion of BMPA-QDs (or BMPA-Fe3O4) and the ethanol
solution of PAMA were prepared at the concentration of 1
mg 3mL�1. Prior to LbL assembly, quartz, silicon, or quartz crystal
microbalance (QCM) gold substrates were cleaned by RCA
solution (H2O/NH3/H2O2 5:1:1 v/v/v). These substrates were first
dipped in the PAMA solution for 10 min, followed by washing
twice with ethanol and drying with a gentle stream of nitrogen.
The PAMA-coated substrates were dipped into the dispersions
of BMPA-QDs (or BMPA-Fe3O4) for 20 min, followed by washing
with toluene and drying with nitrogen. The resulting substrates
were dipped in the PAMA solution for 10 min. The above
dipping cycles were repeated until the desired layer numbers
were obtained.

Measurements. Fourier transform infrared (FTIR) spectra were
taken with a FTIR-200 spectrometer (JASCO Corporation). For
this measurement, BMPA-Fe3O4, PAMA dendrimer, and (PAMA/
BMPA-Fe3O4)nmultilayers were deposited onto NaCl substrates.

UV�vis and PL spectra were measured with a Perkin-Elmer
Lambda 35 UV�vis spectrometer and a fluorescence spectro-
scope (Perkin-Elmer LS 55), respectively. The PL spectra of
(PAMA/BMPA-QD)n multilayers were measured at an excitation
wavelength of λex ≈ 300 nm.

A QCM device (QCM200, SRS) was used to investigate the
mass of material deposited into flat gold electrodes. The reso-
nance frequency of the QCM electrodes was ca. 5 MHz. The
adsorbed mass of PAMA, BMPA-QDs, and BMPA-Fe3O4, octakis-
Fe3O4, Δm, can be calculated from the change in QCM fre-
quency, ΔF, according to the Sauerbrey equation:51 ΔF (Hz) =
�56.6�ΔmA, whereΔmA is the mass change per quartz crystal
unit area, in μg 3 cm

�2. Although it was reported by Kasemo and
co-workers that the Sauerbrey equation between adsorbed
mass and frequency change has much difficulty being applied
to the viscoelastic, thicker or hydrogel layers containing water
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molecules at the solid�liquid interface,52�55 the QCMmeasure-
ments in our study were made after sufficiently drying the
adsorbed layer using nitrogen gas. Additionally, the frequency
changes contributed by PAMA were measured to be below 5%
compared to those of inorganic nanoparticles (i.e., BMPA-QD
and BMPA-Fe3O4), and furthermore, the thickness of PAMA is
below 2 nm per layer. Therefore, PAMA/BMPA nanoparticle
multilayers adsorbed on the crystal surface can be regarded as
rigid, evenly distributed, and sufficiently thin films satisfying the
Sauerbrey equation.

The magnetism of (PAMA/BMPA-Fe3O4)n multilayers was
measured by a superconducting quantum interference device
(SQUID, MPMS5) magnetometer.

Preparation of Superhydrophobic Films. Quartz substrate was
dipped into 0.1 wt % PAMA/BMPA-QD/PAMA/Fe3O4 multilayer-
coated silica colloidal toluene solution for 30 s and then dried
without any gas stream. The hydrophobization of the convec-
tively assembled multilayer-coated silica colloidal films onto
quartz substrates was performed by dipping the films in n-
hexane solution containing the 1H,1H,2H,2H-perfluorotrichlor-
osilane (Aldrich) (6 mg 3mL�1) for 20 min and then followed by
mild baking at 70 �C for 30 min under vacuum.
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