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Abstract
The precise integration of functional materials, such as organic–inorganic hybrid building blocks or π-conjugated units, is a
key issue in the development of bio- and nanoelectronic devices. This focus review highlights the author’s recent study of
the nanoscale assembly of polymer materials based on the Langmuir–Blodgett (LB) technique, which allows high-density
integration of functional units. (1) The nanoassembly of silsesquioxane-containing polymers can be used to produce uniform
monolayers, which are precursors of ultrathin SiO2 films with controlled porosity. The SiO2 films were used as resistive
switching devices with low set/reset voltages. (2) The nanoassembly of inorganic nanoparticles and metal-organic
framework films on polymer films demonstrates the importance of the spatial alignment of anchoring units in the polymer
films depending on adsorption mechanisms. (3) The nanoassembly of π-conjugated units can be used for high-density and
low-dimensional assembly, using newly proposed amphiphilic homopolymers with π-conjugated units in the side chains.
These examples demonstrate the potential of LB-based fabrication as a candidate strategy for functional device fabrication.

Introduction

The nanoscale assembly of functional materials on solid
substrates is a key technology in the nanometer-scale fab-
rication of optoelectronic and bioelectronic device applica-
tions [1, 2]. Studies of the versatile, precise, and single-
molecule-level assembly of functional materials constitute a
developing field in nanoelectronics applications. For
example, single-molecule electronics have been widely
investigated using precise techniques such as the break
junction method and scanning tunneling spectroscopy
[3–8]. Although these methods produce well-defined
molecular bridges beneficial to detailed evaluations in the
nanoelectronics science fields, it is difficult to extend these
techniques to the large-scale production of functional
devices based on nanoelectronics. In contrast, single-
molecule-level fabrication related to organic materials
through approaches such as the Langmuir–Blodgett (LB)

and self-assembled methods has been conducted for
many years [9]. The LB technique can be used to introduce
noble amphiphilic materials including amphiphilic poly-
mers [10–18]. Studies of self-assembled films were con-
ducted using self-assembled monolayers based on reactive
molecules such as thiol or silane derivatives, as well as by
the layer-by-layer deposition of polymeric materials based
on electrostatic, charge transfer, or other attractive interac-
tions [19–24]. In this focus review, nanoassembly based on
the LB technique is described and shown to be a versatile
and facile approach for producing functional materials
(Fig. 1).

Preparation of oxide nanofilms from
amphiphilic polymer nanosheets

The nanoassembly of hybrid polymers is an approach used
for the precise assembly of hybrid materials in a direct
manner. The nanoassembly of cage-type silsesquioxane
(SQ) units, which have a well-defined structure compared to
random- and ladder-type SQ units [25–27] and are good
precursors to SiO2–based materials obtained through oxi-
dation processes [28, 29], based on the LB technique with
copolymerization to N-dodecylacrylamide (DDA) was
reported to show excellent LB film formation properties
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[30]. The SQ-containing copolymer p(DDA/SQ) formed a
stable monolayer at the air–water interface, and the SQ units
were closely packed in the monolayer upon compression,
which were confirmed by surface pressure(π)–area (A) iso-
therm measurements. The monolayer was successively
transferred onto hydrophobic substrates by a vertical dip-
ping method, with a high transfer ratio of near unity. Fur-
thermore, atomic force microscopy (AFM) measurements
demonstrated that the film thickness increased linearly as
the number of layers increased. These highly ordered p
(DDA/SQ) nanosheets are a good template for ultrathin
SiO2 films [31]. We reported photooxidation by UV-ozone
treatment, with the UV fluence as low as several milliwatts
per square centimeter through the aid of reactive species
such as ozone or atomic oxygen [32]. This method largely
reduced the UV fluence through a direct UV irradiation
process (~100 mW cm−2) in the previous study. This fab-
rication technique enables the preparation of ultrathin SiO2

films on polymer substrates such as poly(ethylene ter-
ephthalate) (PET) films, with precisely controlled thick-
nesses. The formation of ultrathin SiO2 films was traced by
Fourier-transform infrared (FT-IR) spectroscopy measure-
ments, which revealed that the conversion from silses-
quioxane to SiO2 began after the decomposition of organic
moieties and that the time constant of this conversion was
dependent upon the initial film thickness. This stepwise and
thickness-dependent conversion indicates that the conver-
sion from SQ to SiO2 is controlled by the diffusion of

oxidizing species such as ozone and atomic oxygen into the
film. The thicknesses of the SiO2 films were tuned by 0.4
nm per monolayer by simply changing the deposition
number of the p(DDA/SQ) nanosheets. Furthermore, the
SiO2 film showed good optical transparency and high
electric resistance in a dry state. The resistance on flexible
PET substrates also showed a low value (10−11 S cm−1) and
was unchanged after a repeated bending test. As described
above, we successfully prepared ultrathin SiO2 films on
polymer substrates from SQ-containing polymer
nanosheets.

On the basis of the technique described above, the
structures of ultrathin SiO2 films can be tuned by changing
the structure of the precursor polymer nanosheets. The use
of a block copolymer is a promising approach. We initially
investigated block copolymer synthesis by reversible addi-
tion fragmentation chain transfer (RAFT) polymerization
[33]. The controlled polymerization of pDDA was achieved
by using trithiocarbonate chain transfer agents (CTAs) at
low [CTA]/[initiator] ratios, suggesting competition with
the termination reaction and the importance of suppressing
the noncontrolled free radical polymerization pathway.
Based on this work, the SQ-containing block copolymer
p(DDA/SQ)-b-pDDA was synthesized by RAFT poly-
merization using trithiocarbonate CTAs [34]. p(DDA/SQ)-
b-pDDA forms a stable monolayer with a high collapse
pressure of πc= 45.8 mN m−1. The p(DDA/SQ)-b-pDDA
monolayers were deposited onto various hydrophobic sub-
strates with a controlled monolayer film thickness of
2.3 nm, which was similar to using a random copolymer,
p(DDA/SQ). Photooxidation by UV−ozone treatment of
this block copolymer affords SiO2 nanofilms with a con-
trolled monolayer film thickness of 0.38 nm, which is a
similar value to that obtained using a random copolymer,
and the nanofilms were prepared successfully by the pho-
tooxidation of p(DDA/SQ)-b-pDDA LB films. Notably, the
film density of the obtained SiO2 nanofilms was 1.48 g cm−3,
which is approximately 2/3 of that of ultrathin SiO2 films
formed from p(DDA/SQ) random copolymers (2.24 g cm−3)
and bulk SiO2 [35]. Thus, porous SiO2 nanofilms were
obtained from block copolymers by using a photooxidation
process. For pore characterization, ion permeability tests were
conducted based on cyclic voltammetry measurements, using
these SiO2 films as a blocking layer over the Au working
electrodes and the [Fe(CN)6]

3−/4− redox couple as a probe ion
(Fig. 2). As a result, a redox reaction was observed for the
blocking SiO2 layer from the block copolymer, demonstrating
that the pores in the SiO2 nanofilms obtained from the block
copolymer had continuous and ion-permeable structures.
Very weak redox signals were observed for the blocking SiO2

layer obtained from the random copolymer, indicating that the
SiO2 films from the random copolymer were weakly ion-
conductive. This research provided a unique method for
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Fig. 1 Chemical structures of amphiphilic polymers discussed in this
focus review
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preparing porous oxide nanofilms with the desired ion per-
meability by using block copolymer LB films as a template.

The application of these SiO2 films to electronic devices
was also investigated alongside the preparation and struc-
tural control of the SiO2 films described above. We fabri-
cated resistive switching devices using SiO2 films as a
resistive switching layer [36]. The SiO2 films from the
random copolymer nanosheets satisfy the requirements for
the resistive layer, which are being pinhole-free and having
thickness controllability and a smooth surface. The resistive
switching devices were composed of an Ag (50 nm) | SiO2 |
PEDOT:PSS (150 nm) sandwich architecture. The current
density (J) – voltage (V) characteristics showed hysteresis in
the negative-biased region, although no hysteresis was
found in the positive-biased region. The set voltage Vset of
the device was dependent on the SiO2 layer thickness. We
observed that Vset=−0.3 V for a device with an SiO2 layer
thickness of 3.2 nm, which is among the lowest values
reported in the literature [37–39]. In contrast, no resistive
switching was observed in a vacuum, under dry N2, or
under dry O2. This suggests that the uptake of water
molecules at the PEDOT:PSS/SiO2 interface is necessary
for the resistive switching behavior. Thus, water migration
coupled with ion migration in the SiO2 layer is crucially
important in the resistive switching mechanism. Such ion-
based resistive switching is achieved by combining the ion-
source (PEDOT:PSS) and weakly ion-transmitting layer
(SiO2) with the precise control of the SiO2|PEDOT:PSS
interface structure. This example indicates the possibility of
using the polymer nanosheets-templated process for
optoelectronic applications.

Precise deposition of hybrid materials on
polymer films

Another approach for the nanoassembly of hybrid materials
is based on adhesion and absorption techniques. We
reported polymer nanosheets with catechol as an adhesive
functional group [40]. Catechol groups are used as func-
tional groups in adhesive biofunctional materials including
in adhesive proteins of marine mussels [41–49]. The mul-
timodal adsorption behavior of catechol units was demon-
strated by examining the adsorption of different oxide
nanoparticles onto polymer nanosheets with catechol
groups. Catechol-based polymers p(DDA/DMA) were
synthesized, and stable monolayer formation and deposition
on solid substrates was confirmed, with nearly unity transfer
ratios for both the upstroke and downstroke of nanosheets
with a DMA content below 32 mol%. The orientations of
DMA units in the nanosheets were investigated by π–A
isotherm measurements and IR reflection absorption spec-
troscopy (IR-RAS), which showed that the DMA units in
the p(DDA/DMA) nanosheets had a face-on alignment
because of their hydrophilic nature. Thus, the catechol units
in the nanosheets were not exposed to the film surface.
Furthermore, mid-IR spectroscopy [50, 51] of p(DDA/
DMA) nanosheets showed that the nanosheets trapped
molecular water, which was tightly bound via hydrogen
bonding among neighboring water molecules and the
hydroxyl groups of catechol units. Such tightly bound water
molecules serve as anchoring points for nanoparticle
adsorption through a hydrogen-bonding network, even
when the catechol units are buried in the film. The surface
potentials of the polymer nanosheets were measured by
electrophoresis light scattering (ELS). The p(DDA/
DMA32) nanosheets showed drastic changes at approxi-
mately pH 6 (from −50 mV at pH 8 to −30 mV at pH 4),
although no remarkable change was observed in the pDDA
nanosheets. The surface potential transition was ascribed to
the chemical change of the catechol form into the
o-benzoquinone form, which agrees with previous reports
[52, 53]. The adsorption properties of the nanosheets were
tested by immersion into an aqueous dispersion of nano-
particles. Scanning electron microscopy (SEM) images of
immersed nanosheets showed that SiO2 nanoparticles were
adsorbed onto the p(DDA/DMA) nanosheets and that the
surface coverage was dependent on the DMA content.
These results demonstrate that p(DDA/DMA) nanosheets
behave as an adhesive layer for inorganic oxide nano-
particles. The pH dependency of SiO2 nanoparticle
adsorption was monitored by a quartz crystal microbalance,
demonstrating that SiO2 nanoparticle adsorption occurred
only in the region of pH values lower than 6 (Fig. 3). This
pH region corresponds to the catechol–quinone transition in
p(DDA/DMA) nanosheets, as monitored by ELS

Fig. 2 Cyclic voltammograms of [Fe(CN)6]
3–/[Fe(CN)6]

4– for bare Au
(black), SiO2 nanofilms obtained from 20-layer p(DDA/SQ26)-b-
pDDA (red) and p(DDA/SQ14) (blue) LB films on a Au electrode. The
ion source is a K4[Fe(CN)6] aqueous solution (1.25 mM), with KCl
(0.1 M) as the supporting electrolyte. The scan rate is 10 mV s–1.
(Reprinted with permission from Ishizaki, Y. et al. Langmuir 34,
8007–8014 (2018). Copyright (2018) American Chemical Society)
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measurements. These results indicate that the catechol form
in the p(DDA/DMA) nanosheets strongly affected adsorp-
tion, although the DMA units were not exposed directly on
the surface of the p(DDA/DMA) nanosheets. In the detailed
analysis of the adsorption mechanism, Al2O3, which is
positively charged at pH values of 2–9, and WO3, which
can form coordination bonds to catechol units, were used to
examine the electrostatic and coordination mechanisms.
Al2O3 nanoparticles were adsorbed onto p(DDA/DMA)
nanosheets when the pH value was less than 9, indicating
that Al2O3 nanoparticles adsorbed onto the negatively
charged p(DDA/DMA) nanosheets through electrostatic
interactions. Similar absorption behavior was obtained for
pDDA nanosheets without DMA units. Therefore, posi-
tively charged Al2O3 nanoparticles were adsorbed by long-
range electrostatic interactions with the negatively charged
nanosheets, irrespective of the DMA unit chemical struc-
ture, rather than through hydrogen bonding to DMA units in
the p(DDA/DMA) nanosheets. In contrast, no WO3 nano-
particle adsorption was observed on the p(DDA/DMA)
nanosheets when HCl was used to control the pH. Com-
plexation between the DMA units and WO3 nanoparticles
did not occur because of the spatial restriction of DMA
units, as the catechol units were buried in the DDA side
chains. In contrast, the adsorption of WO3 nanoparticles
was observed when citric acid was used to control the pH.
Citric acid forms coordination bonds to WO3 nanoparticles
and hydrogen bonds to surrounding water molecules. In this
situation, water molecules trapped in the nanosheets bridge
the gap between citric acid on the WO3 nanoparticles and
catechol units in the nanosheet through hydrogen bonding.
Therefore, we concluded that WO3 nanoparticles can be

adsorbed onto p(DDA/DMA) nanosheets when assisted by
the hydrogen-bonding interactions of water molecules. This
study highlights the importance of the spatial arrangements
of functional groups of materials in the monolayer in
developing functional materials based on nanoparticle
adsorption.

Molecular-level bottom-up processes are another
approach for the nanoassembly of hybrid materials by
adsorption-based approaches. We reported a bottom-up
preparation method using a surface-attached metal-organic
framework (SURMOF) by alternating immersion of
polymer-coated substrates into solutions of a metal complex
and an organic linker molecule for the facile preparation of
SURMOF films on various substrates (Fig. 4) [54]. Previous
studies of SURMOF fabrication using liquid-phase epitaxy
employed substrates modified by self-assembled mono-
layers with polar groups such as hydroxyl and carboxyl
groups as anchoring groups [55–61]. We used pDDA
nanosheets as templates for the SURMOF layer because it is
easy to control the surface polarity of Y-type films. Amide
groups, which can serve as anchoring groups, were exposed
to odd-numbered layers of LB films. The 9-layered LB
films were alternately immersed in solutions of copper(II)
acetate (Cu(OAc)2) and 1,3,5-benzenetricarboxylic acid
(H3btc) to form an MOF consisting of Cu3(btc)2(H2O)3,
named HKUST-1. The FT-IR spectra showed a character-
istic peak at 1374 cm−1, which increased upon alternate
immersion into the solutions, indicating the formation of the
HKUST-1 film on the pDDA nanosheets as a two-

Fig. 3 Weights of adsorbed amounts of (top) SiO2 (blue), (middle)
Al2O3 (red), and (bottom) WO3 (green) NPs on two-layer p(DDA/
DMA32) (circles) and pDDA (triangles) nanosheets detected using the
QCM technique. The pH was controlled by HCl (closed symbols) and
citric acid (open symbols). (Yamamoto, S. et al. [40]. Reproduced by
permission of The Royal Society of Chemistry)
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Fig. 4 Schematic illustration of fabrication of HKUST-1 nanofilms on
the amide groups of pDDA polymer nanosheets (blue dots) through
alternating immersion into solutions of a metal complex ([{Cu(OAc)2}2],
green dots) and an organic linker molecule (H3btc, gray wires)
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dimensional scaffold. The deposition process was traced by
FT-IR spectroscopy, which revealed a linear increase in
absorbance at 1374 cm−1, indicating that HKUST-1 growth
proceeded homogeneously during the step-by-step immer-
sion processes. The structure of the HKUST-1 film was
confirmed by X-ray diffraction measurements, demonstrat-
ing that the growth proceeded in the (111) direction. These
crystallographic directions indicate that film growth starts
from the [{Cu(OAc)2}2] paddlewheel complex, which is
anchored by hydrogen bonding to the amide groups in the
pDDA nanosheet. The morphology of the HKUST-1 films
was observed by SEM and AFM, which revealed a homo-
geneous and smooth film structure composed of domains of
30–40 nm in diameter. These results indicate that the
HKUST-1 thin film on pDDA was polycrystalline and had a
highly uniform morphology free from defects, achieved by
using densely packed amide groups on the surface of the
pDDA nanosheets. Notably, self-standing MOF nanofilms
(pDDA | HKUST-1) were prepared by using the sacrificial
layer (cellulose acetate) underneath the pDDA nanosheets.
This method provides a facile preparation process for MOF-
based nanofilms on various substrates.

Nanoassembly of π-conjugated units by
polymer nanosheets

In addition to hybrid materials, π-conjugated units are key
functional moieties for optoelectronic device applications
[62–64]. Previous attempts at LB-based nanoassembly of π-
conjugated units involved amphiphilic copolymers [65–67],
conjugated polymers with amphiphilic sidechains [68, 69],
and stabilizer-assisted film formation from conjugated

polymers [70, 71]. These approaches were used to suc-
cessfully transfer the monolayer onto the solid substrates;
however, it remains challenging to assemble a wide range of
π-conjugated units in monolayers to cover the crossover
regime from one-dimensional to three-dimensional systems.
We propose a versatile and facile low-dimensional inte-
gration approach for π-conjugated units using newly
designed acrylamide-based polymers and π-conjugated
units in side chains. Poly(9-ethyl-3-carbazolyl acrylamide)
(pCzAA) was designed based on the structure of pDDA,
which has excellent LB film-forming properties. Multi-
stacking, including hetero junction formation at the single-
molecule level, is easily achieved by tuning the monolayer
sequence for LB film deposition. The monolayer behavior
of the amphiphilic polymer pCzAA was investigated by
comparison with the hydrophobic polymer poly(N-vinyl-
carbazole). The π–A isotherms and Brewster angle micro-
scope images indicated that pCzAA can form a monolayer
at the air–water interface and that the hydrophilic amide
group plays a key role in monolayer formation, in contrast
to the random aggregation of poly(N-vinylcarbazole) on the
water surface. Although pCzAA forms a stable monolayer,
it is difficult to transfer onto substrates without the blending
of a stabilizing agent. For the uniform transfer of mono-
layers, pCzAA:pDDA blend monolayers were formed by
spreading each solution separately (co-spreading method),
which showed that even a small amount of pDDA stabilizes
the pCzAA monolayer (Fig. 5). Namely, the π* value at
which the compressibility modulus Cs

−1= –A(dπ/dA)
reached a local maximum drastically increased upon the
addition of 10 mol% pDDA and reached a value compar-
able to that of neat pDDA LB films. This behavior depends
on the blending method. A 40 mol% addition of pDDA is

Fig. 5 (a–e) π–A isotherms of
pDDA:pCzAA monolayers
measured at 20 °C: co-spreading
(red) and mixed solution
spreading (blue). The pCzAA
contents are (a) 20, (b) 50, (c)
80, (d) 90, and (e) 95 mol %. (f)
Plots of π* and (g) SCz as a
function of pCzAA contents: co-
spreading (red) and mixed
solution spreading (blue). Black
symbols correspond to single-
component spreading.
(Reprinted with permission from
Yamamoto, S. et al. Langmuir
34, 10491–10497 (2018).
Copyright (2018) American
Chemical Society)
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required to stabilize pCzAA:pDDA monolayers by the
mixed solution spreading method. This indicates that the
phase-separated structure of the Langmuir film is a key
factor in monolayer stabilization by pDDA. Remarkably,
the high pCzAA content exceeded that of the percolation
threshold in the two-dimensional plane (45 mol%) [72, 73],
indicating the involvement of the charge transport pathway
in the in-plane direction. The area per monomer unit for
pCzAA SCz is independent on the pCzAA content from 50
to 90 mol % pCzAA, at ~0.28 nm2 per unit, which corre-
sponds to the projected area of carbazole groups in edge-on
orientation. The pCzAA:pDDA co-spread monolayers were
transferred onto hydrophobic substrates for both the
upstroke and downstroke, indicating Y-type film deposition.
AFM images of the nanosheets showed a phase-separated
structure with disk-like domains of 100–500 nm in diameter
achieved by the co-spreading method, indicating that the
pCzAA:pDDA monolayers undergo phase separation. The
structures of the pCzAA:pDDA nanosheets were investi-
gated by FT-IR spectroscopy, which demonstrated that the
amide group packing was slightly disturbed by the addition
of pCzAA. Nevertheless, the transferred nanosheets formed
a highly ordered layered structure in the out-of-plane
direction, as confirmed by X-ray reflectivity measurements.
The co-spreading of an amphiphilic carbazole homo-
polymer is effective for hydrogen bond formation with
large-scale phase-separated structures to enhance monolayer
stability and transferability. This example shows the pos-
sibility to control the dimensionality of π-conjugated
nanoassemblies by the LB technique using acrylamide-
based polymers with π-conjugated units.

Closing remarks

This focus review describes the author’s recent study of
nanoscale fabrication techniques associated with
organic–inorganic hybrid nanomaterials and organic func-
tional nanomaterials based on the LB technique. The LB
technique does not require large-scale facilities and is a
process that can be carried out under ambient conditions at
room temperature. The author’s approaches show potential
for applications in electronic devices in wet environments
based on both electron- and ion-transporting properties.
Such wet electronic devices combined with nanostructure
control can be developed for bio-oriented applications in
healthcare monitoring or neuromorphic devices. Further
studies of nanofabrication using classical LB techniques
will provide cutting-edge approaches for developing func-
tional electronic devices.
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