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L
ayer-by-layer (LbL) assembly based on
complementary interactions between
constituent materials is potentially the

most versatile process for depositing organic/
inorganic nanocomposite films with a con-
trolled thickness, composition, and function-
ality onto various substrates, irrespective of
the substrate size or shape.1�26 LbL nano-
composite films have been applied to a wide
rangeof electronic,magnetic, and optical film
devices. Precise control over the relative
and absolute quantities of materials during
the adsorption process is central to the suc-
cess of an application. The properties of the
dispersed inorganic NPs themselves are also
important. Functional inorganic NPs should,
for most applications, be uniform in size and
have a high crystallinity,27�29 and they should
adsorb densely onto a substrate.30,31

From a processing perspective, there is a
critical need to develop a general and facile

strategy for preparing LbL multilayer films
using well-defined functional NPs (metal
and metal oxide NPs) in organic media.
LbL assembly in aqueous media is generally
not directly applicable to data storage de-
vices, such as nonvolatile memory devices,
due to the evolution of undesirable leakage
current arising from residual moisture.
Aqueous-based LbL approaches are also
not appropriate for modifying the surfaces
of catalytic colloids that are used in organic
dispersions in the petrochemical industry.32

A desirable and general method for the LbL
assembly of adsorption layers on substrates
(large colloidal substrates, in particular) should
be chemistry-independent and tolerant
to a range of hydrophobic and hydrophilic
moieties.
LbL-assembled polymeric/inorganic films

generally rely on electrostatic attraction,
hydrogen bonding, or covalent bonding
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ABSTRACT A robust method for preparing nanocomposite multi-

layers was developed to facilitate the assembly of well-defined

hydrophobic nanoparticles (i.e., metal and transition metal oxide

NPs) with a wide range of functionalities. The resulting multilayers

were stable in both organic and aqueous media and were char-

acterized by a high NP packing density. For example, inorganic NPs

(including Ag, Au, Pd, Fe3O4, MnO2, BaTiO3) dispersed in organic

media were shown to undergo layer-by-layer assembly with amine-

functionalized polymers to form nanocomposite multilayers while

incurring minimal physical and chemical degradation of the inorganic NPs. In addition, the nanocomposite multilayer films formed onto flat and colloidal

substrates could directly induce the adsorption of the electrostatically charged layers without the need for additional surface treatments. This approach is

applicable to the preparation of electronic film devices, such as nonvolatile memory devices requiring a high memory performance (ON/OFF current

ratio >103 and good memory stability).
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between successively deposited polymer and inorgan-
ic material layers in the context of an aqueous
media.1�8,11�20 NPs synthesized in aqueous media
display the relatively broad size distribution in compar-
ison with NPs synthesized in organic media. Addition-
ally, electrostatic repulsion among aqueous NPs with
the same charge tends to limit the packing density
of a NP layer to <30%.33�35 The highest quality NPs
(i.e., with uniform size and high crystallinity) are syn-
thesized using conventional hydrophobic stabilizers
that have carboxylic acid or ammonium moieties
(e.g., oleic acid (OA), palmitic acid (PA), or tetraoctyl-
ammonium (TOA)) in organic media. The LbL assembly
of hydrophobic NPs in conjunction with other materials,
such as polymers, requires a phase transfer step from
the nonpolar solvent to the aqueous media using
selective and limited ligands that facilitate electrostatic
and/or hydrogen bonding interactions.5,8,30 Lee et al.

reported the LbL assembly of electrostatically charged
particles in a nonpolar solvent.36 More recently, Huang
and Zacharia reported that ethylene-co-methacrylic
acid ionomers could be incorporated into polyelectro-
lyte complexes and thin films prepared using the LbL
technique in a mixed solvent system of THF and
water.37 On the other hand, it was reported by a few
research groups that amine-functionalized polymers
in organic media could be LbL-assembled with dode-
cylamine or citrate-acid-stabilized AuNPs using high
affinity between amine moieties and metal NPs (i.e.,
LbL assembly based on ligand exchange).21�23 Their
study has focused on the preparation of polymer/
metal NP nanocomposite multilayers onto flat sub-
strates. Our research group also reported that CdSe@
ZnS and Fe3O4 NPsmodified by 2-bromo-2-methylpro-
pionic acid (BMPA) via a nucleophilic substitution (NS)
reaction in organic media could be LbL-assembled
with a dendrimer.9,10,32 This method proved to be
non-optimal for several reasons: the BMPA ligand
exchange process was difficult to apply to conven-
tional hydrophobic metal NPs or ammonium moiety-
stabilized metal oxide NPs; the resulting films were
unstable in aqueous media; and hydrophilic species,
such as those used in electrostatic multilayers, could
not be incorporated into the hydrophobic multilayers
prepared from NS-reaction-induced LbL assembly.
Therefore, we hoped to design and exploit a more
general, facile, and versatile strategy for incorporating
a wide variety of well-defined hydrophobic NPs into
functional LbL nanocomposite films in organic media,
while simultaneously permitting hydrophobic and
hydrophilic moieties for a wide variety of potential
applications.
Here, we demonstrate that ligand-exchange-induced

LbL assembly using amine-functionalized polymers can
be a general approach for preparing functional nano-
composite multilayers via the consecutive adsorption
of hydrophobic metal or metal oxide NPs onto flat or

colloidal substrates (Scheme 1). The strategy is based
on an in situ ligand exchange (ISLE) between the
hydrophobic NP stabilizers and the polymer amine
groups in an organic medium. This approach is advan-
tageous in that hydrophobic NPs synthesized and/or
dispersed in a nonpolar solvent can be directly used for
LbL assembly without additional surface modification
steps or thermal treatments. Particularly, our findings
highlight that a variety of hydrophobic NPs ranging
from metal to metal oxide can be LbL-assembled with
amine-functionalized polymers onto flat and colloidal
substrates in organic media. The adsorbed NPs exhib-
ited a high layer density of approximately 60% per
layer. Electrostatic multilayers could be adsorbed
onto hydrophobic NP multilayer-coated flat or colloidal
substrates via successive deposition processes.
It was also demonstrated that the ISLE-induced

LbL assembly method for preparing nanocomposite
films could be applied to the preparation of a non-
volatile resistive switching memory device for mobile
electronics. The hydrophobic multilayer device yielded
an ON/OFF current ratio of >103, a good retention
stability, and an overall performance that was superior
to a similar hydrophilic multilayer device and compar-
able to a conventional transition metal oxide device
fabricated using a vacuum deposition process with
high temperature annealing (>200 �C). This strategy
may be useful for preparing high-performance catalytic
films, energy harvesting devices, functional colloids, and
electronic devices.

Scheme 1. Schematic diagram showing the preparation
of (dendrimer/hydrophobic NP)n multilayers using ISLE-
induced LbL assembly approach in organic media.
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RESULTS AND DISCUSSION

Adsorption Behavior for the Formation of ISLE-LbL Multi-
layers. Ag nanoparticles stabilized by PA (PA-AgNP)
with a diameter of approximately 5 nm were prepared
in toluene.38 As previously mentioned, these hydro-
phobic stabilizers (OA, PA, or TOA) in a nonpolar sol-
vent produce large quantities of a variety of metal
(i.e., Ag, Au, or Pd) andmetal oxide (i.e., Fe3O4, MnO2, or
BaTiO3) NPs with uniform sizes and in high concentra-
tions. PA-AgNP was deposited directly onto planar
substrates coated with poly(amidoamine) dendrimer
or poly(ethylene imine) (PEI). Although the PA ligands
onto an AgNP surface have no affinity for the dendri-
mer, the carboxylic acid groups of PA, loosely bound
to the AgNP surface, can easily be replaced by the
amine moieties of the dendrimer via ligand exchange
during deposition. As an electron donor, the �NH2

group preferentially bound tometal or transitionmetal
oxide NPs via a coordination bond.39 More specifically,
when PA-AgNPs were deposited onto the dendrimer-
coated surface, the PA stabilizers bound to the bottom
surface of AgNPs were replaced by amine groups of
dendrimer. In this case, the top surface of PA-AgNPs
unbound to the dendrimer layer was still stabilized
with the remaining PA ligands. However, the succes-
sive deposition of a new dendrimer layer onto the top
surfaces of PA-AgNPs completed the replacement of
the remaining PA stabilizers with amine-functionalized
dendrimers. Alternate deposition of the PA-AgNPs and
dendrimers thereby yielded a coordinatively cross-
linked multilayer (Scheme 1).

The presence of residual PA ligand in the ISLE-
induced LbL-grown dendrimer/PA-AgNP multilayers
was examined using Fourier transform infrared (FTIR)
spectroscopy in attenuated total reflection (ATR) mode
(Figure 1). The ATR-FTIR spectra of the PA-AgNP and
the dendrimer displayed absorption peaks originat-
ing from the carbonyl (CdO) stretching vibration of a

carboxylic acid group at 1740 cm�1 and N�H bend-
ing vibration of amine groups (�NH2) at 1651 and
1550 cm�1, respectively (Figure 1A).40,41 Therefore, two
noticeable absorption peaks deriving from the CdO
stretching and �N�H bending were observed in the
dendrimer/PA-AgNP film. As the dendrimer layer was
further adsorbed onto the PA-AgNP-coated film as
a function of deposition time, the absorption peak
intensity of the CdO stretching at 1740 cm�1 signifi-
cantly decreased at 5 min and almost completely
disappeared after 30 min (Figure 1A and Figure S1).
In contrast, the intensity of the �NH2 group peak
increased over the same period. The alternating de-
position of the dendrimer and the PA-AgNP produced
inversely correlated changes in the peak intensities of
the N�H bending and CdO stretching frequencies
(Figure 1B). As mentioned earlier, the AgNP layers
(e.g., 1.5 and 2.5 bilayered films) buried between
adjacent dendrimer layers did not contain the PA
ligands. In the case of 1, 2, and 3 bilayered films, PA
ligands were present on the top surface of the outer-
most AgNP layer. As the bilayer number increased, the
peak intensity corresponding to the carbonyl groups
present on the top surface of the outermost PA-AgNP
layer decreased significantly compared to the peak
intensity corresponding to the NH2 groups of the
dendrimer layers. The carbonyl group peak intensity
was barely detectable after two bilayer deposition
steps due to concentration effects.

These results evidently indicate that the PA ligands
bound to AgNP were exchanged with dendrimer
chains. The adsorption kinetics of the PA-AgNP onto
the dendrimer layer and the dendrimer onto the
PA-AgNP layer were examined using quartz crystal
microgravimetry (QCM). The quantities of dendrimers
adsorbed onto the AgNP layer and AgNP adsorbed
onto the dendrimer layer reached a plateau after 30
and 60min, respectively (Figure 2). The deposition time
required to reach saturating amounts of PA-AgNPs

Figure 1. ATR-FTIR spectra of LbL film as a function of (A) deposition time of the dendrimer layer onto PA-AgNP-coated films,
and (B) the number (n) of (dendrimer/PA-AgNP)n multilayers.
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decreased with increasing solution concentration (see
the Supporting Information, Figure S2). This adsorp-
tion behavior suggested that the dendrimer and the
PA-AgNP remained stable during the LbL assembly,
effectively eliminating the nonspecific adsorption of
additional dendrimer and PA-AgNP. Otherwise, AgNP
aggregation would cause a continuous increase in
mass with increasing adsorption time.

On the basis of these results, the growth of multi-
layers was quantitatively monitored using QCM. Figure
3A shows the frequency changes, �ΔF, and the mass
changes in the adsorbed dendrimer and PA-AgNP that
resulted from an increasing layer number. The mass
changes were calculated from the frequency changes
of the dendrimer and the PA-AgNP layers adsorbed
on the crystal surface, assuming that the layers were
rigid, evenly distributed, and sufficiently thin to satisfy
Sauerbrey equation (see Methods). Alternating the
deposition of the dendrimer and the PA-AgNP resulted
in �ΔF of 22 ( 6 (Δm of ∼388 ng 3 cm

�2) and 180 (
9 Hz (Δm of∼3180 ng 3 cm

�2) per layer, respectively. The
QCMmeasurements agreed with the thermogravimetric
analysis (TGA) within experimental error range (see the
Supporting Information, Figure S3). That is, themass ratio
of the dendrimer to the PA-AgNP calculated from QCM
analysis was 0.112:0.888. On the other hand, the mass
ratio of the organic components (dendrimer and PA
ligands) to the AgNPs obtained from TGA measurement
was measured to be 0.132:0.868 by TGA measurement.

Considering that the diameter and the density
of the AgNP used were approximately 5 nm and 10.5
g 3 cm

�3, respectively, the number density of the AgNP
in each AgNP layer was calculated to be approximately
4.62 � 1012 cm�2 (by QCM analysis), corresponding
to a packing density of about 60% in single NP layered
volume or 54% in a cubic volume. This value was close
to the maximum packing density, corresponding to
a random close packing density of ∼64% in a cubic
volume,42�44 for identical solid spheres. If there is no
nanopore within multilayers and the packing density

of AgNPs is about 54% in cubic form, the volume
packing density of dendrimers in cubic form is calcu-
lated to be about 46%. However, if the density
of dendrimer is assumed to be the bulk dendrimer
density of 1.3 g 3 cm

�3, and the packing density of
dendrimers is further calculated using QCM or TGA
measurement, their packing density is increased up
to about 49.6 or 54% in cubic form, respectively. The
discrepancy of these experimental values is mainly
caused by a number of assumptions (i.e., the respective
size and density of AgNP and dendrimer, the shape of
adsorbed dendrimer, the amount of residual solvent
within dendrimer layers, etc.). Although poly(amido-
amine) dendrimers employed for our study display the
globular shape in solution, they are highly compressed
along the surface normal, and flattened along the
surface planewithin self-assembled films (see Support-
ing Information, Figure S5).45 Therefore, in our system,
we focused on the packing density of a single AgNP
layer excluding a dendrimer layer. Additionally, the
packing density of a single AgNP layer is directly
related to the adsorbed amount of inorganic NPs.

The high packing densities of hydrophobic NPs
shown in our system have not been easily achieved
using electrostatic LbL assembly approaches (see the
Supporting Information, Figure S4). The dense packing
of the PA-AgNP was confirmed using high-resolution
transmission electron microscopy (HR-TEM) (Figure 3B).
Figure 3C demonstrates that the thickness of the den-
drimer/PA-AgNP multilayer thin films varied linearly
with the number of layers. The measured film thickness
almost coincided with the ideal film thickness (i.e.,
a 5 nm sized PA-AgNP and dendrimer layer thickness
of approximately 1 nm per bilayer). The surface rough-
ness of the (dendrimer/PA-AgNP)n films was measured
to be approximately 1.1 nm (Figure 3D).

We next investigated the applicability of the ISLE ap-
proach to the LbL assemblywith an amine-functionalized
dendrimer of OA-Fe3O4 NPs (7 nm in diameter)46 and
TOA-AuNP (6 nm)47,48 synthesized in toluene. ATR-FTIR

Figure 2. Adsorption isotherm behavior of (A) a PA-AgNP layer onto a dendrimer layer, and (B) a dendrimer layer onto a
(dendrimer/PA-AgNP)1-coatedQCMelectrode. Saturatedquantities of PA-AgNPanddendrimerwereobserved for adsorption
times of 60 and 30 min, respectively. The solid lines were drawn as a guide for the eye.
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spectra revealed the successful formation of multilayer
films via the mechanism described above (Figure 4). In
the case of the dendrimer/OA-Fe3O4 multilayers, the
CdO stretching vibration at 1740 cm�1 correspond-
ing to the OA ligands disappeared in the dendrimer/
OA-Fe3O4 multilayers as the dendrimer was adsorbed
onto the OA-Fe3O4 layer-coated films, similar to the
trend observed for the dendrimer/PA-AgNP multi-
layers. Although the �COO� group in the OA acted
either as a chelated ligand, binding to Fe via two
O atoms, or as a monodentate molecule, linking to
an Fe atom via only one O atom,39 the OA ligands were
almost completely replaced by dendrimer. Deposition
of the dendrimer onto the TOA-AuNP layer could be
monitored by the development of a strong C�H
stretch at 1651 and 1550 cm�1. The TOA ammonium
ions bound to the AuNPs were easily replaced by the
primary amine group from the dendrimer, which bound
to the Au centers in the AuNPs with a high binding

energy.49,50 This approach is advantageous relative to
LbL films that rely on thiol-containing organics because
the chemistry of the metal NP surfaces, including any
catalytic properties, may be preserved by avoiding
strong covalent bonds.51 It should be also noted that
other amine-functionalized polymers such as PEI
could be directly LbL-assembledwith a variety ofmetal
oxide NPs as well as metal NPs via ligand exchange
between amine moieties and hydrophobic stabilizers
(i.e., OA, PA, or TOA) of NPs (see Supporting Informa-
tion, Figure S6).

Solution Stability of ISLE Multilayers. The versatility of
our approach was tested in a qualitative investigation
of the vertical growth of LbL nanocomposite multi-
layers prepared with a variety of well-defined metal
NPs (5 nm PA-AgNPs, 6 nm TOA-AuNPs, and 6 nm TOA-
PdNP48) or transition metal oxides (7 nm OA-Fe3O4,
6 nm TOA-MnO2,

52 and 7 nmBaTiO3
53). A linear increase

in the UV�vis absorption intensity of the (dendrimer/

Figure 3. (A) QCM data of (dendrimer/PA-AgNP)n as a function of layer number. (B) HR-TEM image of a 5 nm sized PA-AgNP
single layer adsorbed onto dendrimer-coated TEMgrids. The PA-AgNP layer showed a packing density of approximately 60%.
(C) Film thickness of (dendrimer/PA-AgNP)n as a function of the layer number and bilayer number. The inset shows the cross-
sectional scanning electron microscopy (SEM) images of the films. (D) AFM image of (dendrimer/PA-AgNP)n multilayers.
The root-mean-square (rms) surface roughness of the filmwasmeasured to be about 1.1 nmof (dendrimer/PA-AgNP)n, where
n = 5 and 9.
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hydrophobic NP)n multilayers with increasing bilayer
number (n) confirmed the LbL growth via in situ ligand
exchange from the PA, OA, or TOA ligands to the
dendrimer (see Supporting Information, Figure S7).
Furthermore, we observed that ISLE-based LbL films
generally exhibited a high stability in a variety of organic
media (Figure 5A) and in aqueous solutions. These films
did showa10% loss inmass in apH2.5 aqueous solution
(Figure 5B), possibly due to an increase in the electro-
static repulsion among the dendrimer chains.

The pKa (i.e., the pH value at which 50% of a polymer's
functional groups are ionized) of the amine-functionalized
dendrimers was 9.0, and the amino groups are expected
tobe fullyprotonatedat lowpH.54Despite thepartialmass
loss, the films remained otherwise stable. In light of these
results, the ISLE approach may potentially be useful for
the preparation of electrostatic LbLmultilayers composed
of positively charged poly(allylamine hydrochloride) and
negatively charged enzymes (i.e., catalase) by deposition
at pH 9 (see Supporting Information, Figure S8).

ISLE-LbL Multilayers onto Colloidal Substrates. Given these
results, we prepared functional colloids based on ISLE-
induced LbL assembly. Hydrophobic NPs (PA-AgNPs
andOA-Fe3O4) were deposited onto a dendrimer-coated
silica colloid with a diameter of approximately 580 nm.
A dendrimer was subsequently adsorbed onto the
hydrophobic NP-coated colloids. As shown in Figure 6,
densely and uniformly coated AgNP or Fe3O4 layers
were successfully deposited onto colloids in an organic
solventwithout inducing colloidal aggregation. The func-
tional colloids coated with the (dendrimer/PA-AgNP)5 or
(dendrimer/7 nm sized OA-Fe3O4)5 multilayers were 635
or 667nm indiameter, respectively. The ISLE-inducedLbL
multilayer-coated colloids were well-dispersed in a vari-
ety of organic solvent media, including toluene, hexane,
chloroform, tetrahydrofuran, or ethanol.

Fabrication of Nonvolatile Memory Devices Using ISLE-LbL
Multilayers. On the basis of these results, we fabri-
cated nonvolatile memory devices55�61 using about
25 nm thick dendrimer/OA-Fe3O4 multilayers with

Figure 4. (A) ATR-FTIR spectra of dendrimer, OA-Fe3O4, and dendrimer/OA-Fe3O4 films. (B) ATR-FTIR spectra of dendrimer,
TOA-AuNP, and dendrimer/TOA-AuNP films.

Figure 5. Values of �ΔF (%) measured for the dendrimer/PA-AgNP multilayers as a function of (A) immersion time in
toluene, THF, chloroform, hexane, and isopropyl alcohol solvents and (B) immersion time in aqueous solutions of pH 2.5, 5.6,
and 9.2.
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superparamagnetic properties (see Supporting Infor-
mation, Figure S9). Thesemultilayers were sandwiched
between platinum bottom and tungsten top elec-
trodes with about 50 μmdiameter (Figure 7A). As shown
in Figure 7B, these nanocomposite devices exhibited
bipolar resistive switching properties, depending on
the voltage polarity when the voltage was swept
from 0 to�1.5 V and then back toþ1.5 V with a limited
current compliance up to 100 mA. The high-current
state (the “ON” state) that formed after the initial electro-
forming stage (for a conductive path within multilayers)

was suddenly converted to a low-current state (RESET
process for the “OFF” state) atþ1.5 Vwhen the reverse
voltage polarity was applied to the (dendrimer/OA-
Fe3O4)3 multilayered devices. This low-current state
(the OFF state) was maintained from þ1.5 to �1.4 V
and converted to the high-current state at�1.4 V (SET
process for the ON state). As a result, these devices
exhibited a relatively high ON/OFF current ratio of
∼103. The memory performance of these devices was
obtained without thermal treatment to improve the
electrical performance of transition metal oxide films.

Figure 6. SEM images of SiO2 colloids coatedwith (A) (dendrimer/PA-AgNP)5 and (B) (dendrimer/OA-Fe3O4)5 multilayers. The
insets indicate the HR-TEM images of PA-AgNP and OA-Fe3O4 NP.

Figure 7. (A) Schematic diagramof a nonvolatilememory device based on ISLE-induced LbL-assembled dendrimer/OA-Fe3O4

multilayers. (B) I�V curves of the (dendrimer/OA-Fe3O4)3 film device obtained from the repeated operation cycles in the same
top electrode. (C) Cycling and (D) retention time tests of a 3 bilayered device measured at a switching speed of 100 ns at a
reading voltage of 0.1 V.
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In contrast, the film devices based on aqueous anionic
Fe3O4 NPs

62 (see Supporting Information, Figure S10)
and a cationic polyelectrolyte displayed a lowON/OFF
current ratio below 10 due to the formation of a
relatively high OFF current state (i.e., leakage current)
and low packing density of aqueous Fe3O4 NPs (see
Supporting Information, Figure S11).

To further investigate the stability of the resistive
switching properties in OA-Fe3O4 NP-based multi-
layer devices, cycling and retention time tests were
performed on 3 bilayered dendrimer/OA-Fe3O4 film
devices to determine their electrical stability in the ON
and OFF states using a reading voltage of þ0.1 V
(Figure 7C,D). Additionally, stable ON and OFF states
were maintained during repeated tests of approxi-
mately 150 cycles and a test period of 105 s in air.
These results imply that resistive switching nonvolatile
memory devices composed of ISLE-induced LbL multi-
layer devices exhibit good electrical stability. To com-
prehend the conducting behavior of the dendrimer/
OA-Fe3O4 film devices, the I�V characteristics during
negative voltage sweep were plotted on a log�log
scale (see Supporting Information, Figure S12). The I�V

relationship in the ON state exhibited ohmic conduc-
tion behaviorwith a slope of∼1.01, which indicates the
formation of conductive paths in the device during the
SET process. In contrast, the conduction behavior in the
OFF state followed the trap-controlled space-charge-
limited conduction (SCLC) consisting of an ohmic
region (I � V) at a low negative voltage, a transition
region (I � V2) from ohmic to SCLC transport, and a
region of the sharp current increase.

The switchingmechanism based on theMemristive
model56,57 can be proposed for the resistive switching
behavior in ILSE-induced (dendrimer/OA-Fe3O4)n films.
The positively charged carriers (i.e., the Fe ions) in the
Fe3O4 lattices are repelled or attracted from the top
electrode according to the electric field and can drift
as a result of tunneling through a thin residual region
(i.e., undoped charge carrier region within 7 nm sized
Fe3O4 and dendrimer layers of about 1 nm thickness
per bilayer). This result has a significant effect on the
electronic barrier to the electron transport at the inter-
face between the electrode andmultilayers. Therefore,
a negative voltage applied to the top electrode attracts
positively charged carriers in the Fe3O4 lattices.
These charges drift in the electric field through the
most favorable diffusion paths to form channels of

high electrical conductivity. Once more conductance
channels penetrate the electronic barrier, the device is
switched ON, producing a symmetric I�V curve that is
the result of tunneling through a thin insulating barrier.
However, when a voltage with a reverse polarity is
applied to the top electrode, the positively charged
carriers in the conducting channel are repelled from
the top interface, and the original electronic barrier is
recovered. Recently, Kim et al. suggested that both the
time-dependent capacitance and the time-dependent
resistance in theMemristivemodel arose from Fe2þ and
Fe3þ having different mobilities in the nanoparticle
lattices.63 When a voltage with a reverse polarity was
applied to the top electrode, the charged carriers were
repelled from the top interface (low-current state).
Considering that a range of transition metal oxide
suchas TiO2,

57 Fe3O4,
63 or ZnO64 canexhibit the resistive

switching behavior according to externally applied
voltage and the ISLE-induced LbL-assembly can provide
an insight into the preparation of metal oxide NP-based
multilayer films in organic media, we believe that our
approach is effective for designing the nanocomposite
memory devices with desiredmaterial components and
functionalities.

CONCLUSION

In conclusion, we successfully prepared LbL multi-
layer films based on a variety of hydrophobic metal
or transition metal oxide NPs using an ISLE reac-
tion between hydrophobic ligands loosely bound to
NPs and amine-functionalized dendrimers in organic
solvent. This strategy allowed the formation of nano-
composite multilayer films with a maximal NP pack-
ing density of approximately 60% and excellent sol-
vent stability due to the formation of relatively strong
specific bonding between metal (or transition metal
oxide) NPs and the dendrimer. Additionally, our ap-
proach could directly induce the deposition of elec-
trostatic LbL-assembled enzymes onto hydrophobic NP-
basedmultilayerswithout the need for additional surface
modification steps. Furthermore, we demonstrated that
the polymer/inorganic NP multilayers prepared from an
ILSE-induced LbL assembly could be effectively used for
electronic devices such as nonvolatile memory devices.
In a future publication, we will show that high-perfor-
mance energy harvesting film devices using BaTiO3 and
catalytic colloids usingnoblemetal NPs andenzymes can
be readily prepared using our approach.

METHODS

Synthesis of PA- and OA-AgNPs. PA or OA (2.8 g, Aldrich, St. Louis,
MO, USA) was dissolved in triethylamine (40 mL, Aldrich)
followed by adding AgNO3 (1.8 g, Aldrich). After 10 min of
stirring, the solution turned into a white slurry which was
refluxed at 80 �C for 2 h. The synthesized AgNPs were purified
twice by adding acetone (40 mL) followed by centrifugation at

3500 rpm for 5min. These AgNPs were dried under vacuum and
then dispersed in toluene.

Synthesis of TOA-AuNPs and PdNPs. TOA-stabilized AuNPs and
PdNPs of about 6 nmwere synthesized in toluene and added to
a 25mM solution of TOA bromide in toluene (80 mL, Fluka). The
transfer of the metal salt to the toluene phase could be clearly
seen within a few seconds. A 0.4 M solution of freshly prepared
NaBH4 (25 mL, Aldrich) was added to the stirred mixture, which
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caused an immediate reduction. After 30 min, the two phases
were separated, and the toluene phase was subsequently
washed with 0.1 M H2SO4, 0.1 M NaOH, and H2O (three times).

Synthesis of OA-Fe3O4. OA-stabilized Fe3O4 of about 7 nm was
synthesized in toluene as reported previously by Sun et al.46

Fe(acac)3 (2 mmol), 1,2-hexadecanediol (10 mmol), OA (5 mmol),
oleylamine (6 mmol), and benzyl ether (20 mL) were mixed
and stirred under a flow of nitrogen. The mixture was heated
to 200 �C for 2 h and heated to reflux (about 300 �C) for 1 h under
a blanket of nitrogen. The black-colored mixture was cooled to
room temperature by removing the heat source. Ethanol (40mL)
was added to themixture under ambient conditions, and a black
material was precipitated and separated via centrifugation.
The black product was dissolved in hexane in the presence of
OA (0.05mL) and oleyamine (0.05mL). Centrifugation (6000 rpm,
10 min) was applied to remove any undispersed residue.
A black-brown hexane dispersion of 7 nm Fe3O4 nanoparticles
was produced.

Synthesis of TOA-MnO2. TOA-MnO2 solution was synthesized
using a two-phase extraction process shown in TOA-AuNP and
TOA-PdNP. First, an aqueous solution of KMnO4 (5 mL, 10 mM,
Aldrich) and 50 mL of toluene were mixed together in a 100 mL
separating funnel. Then, 25 mg of TOA (Fluka), a phase transfer
reagent, was introduced and shaken vigorously. As a conse-
quence, MnO4

� was transferred from the aqueous phase the
organic layer, leaving behind a colorless aqueous solution. After
adding 5 mg of tetrabutylammonium borohydride (TBABH4)
to this organic phase and shaking vigorously, the purple color of
the solution became brown, which indicated evolution of MnO2

NPs in toluene. After 30 min, the water phase was removed and
then purified twice by pH 5.8 aqueous media.

Synthesis of OA-BaTiO3. Barium titanium glycolate was first
prepared for OA-BaTiO3 NPs. In a 250 mL round-bottom flask,
78mmol of barium oxide fine powder (97%, Aldrich) was added
to 60 mL of ethylene glycol. The reaction mixture was stirred
vigorously until the added fine powder was dissolved and
then diluted with 80 mL of 2-propanol. Titanium isopropoxide
(18 mL, 97%, Aldrich) was then added to the reaction mixture
with vigorous stirring for 1 h. The product precipitated from
solution was collected by centrifugation, washed with 2-propanol,
and dried in a vacuum.

After synthesized barium titanium glycolate, OA-BaTiO3 NPs
were prepared as follows in a 250 mL three-neck flask, a mix-
ture of 50mL of diphenyl ether, and 5�45mmolOAwas dried at
120 �C for 1 h under an argon atmospherewith vigorous stirring.
After the mixture was cooled to 100 �C, 5 mmol barium titanate
glycolate was added under vigorous stirring until the added
precursors dissolved. A 1.8 g aqueous solution containing 30%
hydrogen peroxide was then injected into the mixture slowly.
The mixture was maintained in a closed system at 100 �C and
stirred under mild reflux with water for 48 h under an inverse
micelle condition. After the reactionmixture was cooled to room
temperature, the product was readily precipitated by adding
excess ethanol to the reaction mixture. The resulting precipitate
was isolated by centrifugation and repeatedly washed with
ethanol to remove the surfactant residuals.

Buildup of Multilayers. A toluene or hexane dispersion of
hydrophobic NPs and an ethanol solution of the dendrimer
were prepared at concentrations of 5 and 1 mg 3mL�1, respec-
tively. Prior to LbL assembly, the quartz or silicon substrates
were cleaned with an RCA solution (H2O/NH3/H2O2 5:1:1 v/v/v).
The substrates were dipped into the dendrimer solution for
10 min, washed twice with ethanol, and dried under a gentle
nitrogen stream. The dendrimer-coated substrates were dipped
into a hydrophobic NP solution for 60min, followed by washing
with toluene and drying with nitrogen. The substrates were
then dipped into the dendrimer solution for another 30 min.
The dipping cycles were repeated until the desired number of
layers had been obtained.

For the successive deposition of electrostatic multilayers
onto ISLE-induced LbL multilayers, positively charged poly-
(allylamine hydrochloride) (PAH) (Mw = 70 000, Aldrich) and
negatively charged catalase (CAT) (from bovine liver, Aldrich)
were alternately deposited onto (dendrimer/PA-AgNP)n multi-
layers. The PAH (pH 9) and CAT solutions (pH 9) used for all

experimentswere adjusted to 1mg 3mL�1. Deionizedwater was
used as washing solution, and all deposition processes were
identical to those mentioned above.

The (dendrimer/hydrophobic NP)n multilayer-coated silica
colloids were prepared as follows: 100 μL of a concentrated
dispersion (6.4 wt %) of anionic 600 nm SiO2 colloids was
diluted to 0.5 mL with deionized water. After centrifugation of
the colloidal solution (8000 rpm, 5 min), the supernatant water
was removed, the 1 mg 3mL�1 dendrimer ethanol solution was
added to the colloids, and the solution was subject to ultra-
sonication. Excess dendrimer was removed by three centri-
fugation (8000 rpm, 5 min)/wash cycles. A 0.5 mL volume of
PA-AgNP (or OA-Fe3O4) (5 mg 3mL�1) in toluene was added to
prepare multilayers on the dendrimer-coated SiO2 colloids. The
excess NP was removed after deposition for 10 min by three
centrifugation steps, as described above. A 0.5mL aliquot of the
1mg 3mL�1 dendrimer solution in toluene (or ethanol) was then
deposited onto the hydrophobic NP-coated colloids under the
same conditions. The above process was repeated until the
desired number of layers was deposited on the colloidal silica.

UV�Vis Spectroscopy. UV�vis spectra of dendrimer/hydro-
phobic NP multilayers on quartz glass were collected with a
Perkin-Elmer Lambda 35 UV�vis spectrometer.

Quartz Crystal Microgravimetry (QCM) Measurements. A QCM de-
vice (QCM200, SRS) was used to examine the mass of the
material deposited after each adsorption step. The resonance
frequency of the QCM electrodes was approximately 5 MHz.
The adsorbed mass of dendrimer and hydrophobic NPs, Δm,
was calculated from the change in QCM frequency, ΔF, using
the Sauerbrey equation:

ΔF(Hz) ¼ � 2F20
A

ffiffiffiffiffiffiffiffiffiffiFqμq
p 3Δm

Here, F0 (∼5 MHz) is the fundamental resonance frequency
of the crystal, A is the electrode area, and Fq (∼2.65 g 3 cm

�2) and
μq (∼2.95 � 1011 g 3 cm

�2
3 s
�2) are the shear modulus and

density of quartz, respectively. This equation can be simplified
as follows:

ΔF(Hz) ¼ �56:6� ΔmA

where ΔmA is the mass change per quartz crystal unit area
in μg 3 cm

�2.
Measurement of Film Stability. To investigate the film stability

in water at various pH values, as well as organic media, nine
identical samples composed of (dendrimer/PA-AgNP)5 multi-
layers were prepared under each solvent test condition. The
total QCM frequency change for a (dendrimer/PA-AgNP)5multi-
layer sample was measured after drying to calibrate the fre-
quency (or mass) loss of the nine samples for a given bilayer
number as a percent loss change in organic or aqueous media.
The samples were subsequently immersed in an organic solvent
or water bath for different dipping time periods (1, 5, 15, 35, 60,
90, 120, 180, and 240 min). The frequency changes of the dried
samples were then plotted as a function of time.

Fourier Transform Infrared Spectroscopy (FTIR). Vibrational spectra
weremeasured by FTIR spectroscopy (iS10 FT-IR, Thermo Fisher)
in the transmission and attenuated total reflection (ATR)modes.
The sample chamber was purged with N2 gas for 2 h to
eliminate water and CO2 prior to conducting the FTIR measure-
ment. An ATR-FTIR spectrum for the (dendrimer/hydrophobic
NP)n film deposited onto a Au-coated substrate was obtained
from 300 scans with an incident angle of 80�. The acquired
raw data were plotted after baseline correction, and the
spectrum was smoothed using spectrum analyzing software
(OMNIC, Nicolet).

Fabrication of Resistive Switching Memory Devices. All of the
samples were prepared on Si substrates (2 cm � 2 cm) with a
SiO2 layer of about 100 nm thickness. A Ti layer of 20 nm
thickness was then deposited on the substrates, and 100 nm
thick bottom electrode (Pt) was subsequently deposited using
the DC-magnetron sputtering system. The (dendrimer/Fe3O4)3
multilayer films were then formed on the Pt-coated Si sub-
strates. The resistive switching memory properties of resultant
multilayer films weremeasured using a tungsten electrode with
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50 μm diameter without any additional thermal treatment. To
investigate the resistive switching behavior of LbL multilayered
devices, the current�voltage (I�V) curves were measured by a
semiconductor parametric analyzer (SPA, Agilent 4155B) in air
environment. The pulsed voltage duration dependence of high-
and low-current states was investigated using a semiconductor
parametric analyzer (HP 4155A) and pulse generator (Agilent
81104A). The electrical switching properties of about 50 sam-
ples were measured, and reasonable switching results were
obtained in 60% of the samples in the laboratory environment.
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