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Fabrication of Free-Standing Hybrid Nanosheets polymer nanosheet8. Recently, we robustly immobilized
Organized with Polymer Langmuir —Blodgett Films multilayered polymer nanosheets onto the substrate by using
and Gold Nanoparticles photopolymerization of methacryloyl group incorporated into

the polymer nanosheets by deep UV irradiatibrthe im-
mobilized nanosheets have great mechanical and chemical
stability because of a 3-D photocrosslinking network in polymer
nanosheets. Moreover, the fabrication of unique 3-D nano-
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Aoba-ku, Sendai 980-8577, Japan film thickness. Accordingly, it will be expected that using this

Receied Nasember 11, 2005 photoreactive nanosheet will produce a smooth, robust, and

highly organized free-standing nanosheet.

This paper presents a description of the fabrication of free-
standing ultrathin polymer films with reactive polymer nanosheets.
The photocrosslinkable polymer nanosheets were hybridized

A robustly and beautiful patterned textile is made from a two- ith gold nanoparticles, thereby enabling visualization of the
dimensional surface through the crossing of the warp and weft, yitrathin film more easily because of its strong extinction
creating various textures such as stripes, plaids, wood, leavespefficient. The materials were strengthened mechanically
and brick. etc. Moreover, yarn is a fiber assembly consisting of through a photocrosslinking reaction. The ultrathin free-standing

many polymers. These assemblies, which consist of sophisticat-fiims thus obtained are flexible and stable, with nanometer
edly organized components, can be imitated at the nanometefhickness.

scale for development of novel microdevices or nanodevices.
Such robustly strengthened textiles with the thickness in Experimental Section
nanoscale can function as free-standing ultrathin films that can . . .
. . : Materials. N-Dodecylacrylamide (DDA) was synthesized ac-
t_)e usle_féjl as next-generatlon Sensing membranes for Var.louscording to a previous repott. DDA copolymers containing terminal
f!elds. In fact, various approaphes to fabncat_e free-standing 4 ino groups (2/2(ethylenedioxy)bis(ethylamine) (DADOO)) in
films have been reported. Hashizume and Kunitake prepared &gjge chains (pDDA DADOO) or a methacryloyl group in the side
free-standing film of titania by spin-coatifgMallwitz and chains (pDDA-M) were also synthesized according to previous
Goedel prepared a physically cross-linked elastomeric free- reports?*23 Figure 1 shows chemical structures of the polymer
standing film using the LangmuiBlodgett (LB) method. nanosheet. Monodispersed gold nanoparticles were prepared through
Moreover, Mamedov and Kotov prepared a free-standing film reduction of HAuCJ with sodium citrate in water at 100C.24 The
containing magnetic nanoparticfésr carbon nanotub&sby average gold nanoparticle diameter was estimated as approximately
electrostatic layer-by-layer assembly. They claim the importance 30 N by using transmission electron microscopy (TEM).
of hybridization between these inorganic materials and polymer Monolayer Formation. All polymers were spread onto the water
to enhance the film strengfh Furthermore, it is necessary to  Surface from a chloroform solution. Surface pressuje-@rea &)
improve not only mechanical strength in three-dimensions, but isotherms and LB film deposition were carried out using an

also smoothness in a two-dimensional surface for fabrication automatically controlled Langmuir trough (FSD-220 & 21; U.S.I.
ina two-di : u for tabrication gy 1o my The pDDA, pDDADADOO, and pDDA-M monolayers
of smoothly and robustly nanotextured free-standing films. Such

) - > A ~ ' can be transferred respectively onto solid substrates as Y-type LB
free-standing films with smooth surfaces in a large area will fims at a surface pressure of 30 mN/m at°I5, 35 mN/m at 15
provide a plane, as a canvas, upon which other functional °C, and 35 mN/m at 26C.

molecules can be applied and organized.
Previously, we reported thad-alkylacrylamide homopoly-
y P yiacty poy CH,~CH— gzt CHa—CH 5y, CH,~CH—}g=at CH—CH g,
c=0 c=0 (I;=o c=0
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Introduction

mers and its copolymers with various functional groups form a
|

highly oriented polymer monolayer on a water surface through NH NH NH NH
a two-dimensional hydrogen-bonding network between amide (clzuz) } ((I:Hz) 2

. . | 1 ] 11
groups. The self-assembled hydrogen-bonding network provides CH; o CH,3 o
densely packed and stable polymer monolayer formation and g g
multilayer deposition using the LB methédThe LB technique pr d
enables fine control at nanoscale thickness and homogeneity 2 )
of monolayers along with ease of multilayer deposifidf, NH pDDA-DADOO NH,
compared to other techniques such as spin-cast, vapor deposi- é=o
tion, or self-assembled monolayers. By using polymer LB films HN
with excellent properties, we developed ultrathin functional {a —-CH-CH—
devices for biosensofd, pH sensor3? photodevices and im0 ¢=0
electrodevice$317 and optical logic gate¥1° From insights Cech, NH
gained through their construction, we have called these func- &H (CHa),,
tional ultrathin polymer LB films “polymer nanosheets”. : CHs
Moreover, we have controlled gold nanoparticle adsorption onto

pDDA-M pDDA
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60 - illustration of the preparation of free-standing hybrid ultrathin
nanosheets. For construction of a free-standing hybrid nanosheet,
the chloroform-soluble pDDA nanosheets with 10 layers were

(a) first deposited as a sacrificial soluble layer onto the hydropho-
bized substrate (quartz plate or silicon wafer). Subsequently,

40 - two-layer pDDA-DADOO nanosheets containing terminal

amino groups were deposited onto the pDDA layers (Figure

a0 J ~— 3a). The substrate was immersed in gold nanoparticles (ap-

(c) proximately 30 nm in an average diameter) aqueous solution

overnight (Figure 3b). After adsorption of gold nanoparticles,

20 ~ the substrate was rinsed with pure water and then dried with

nitrogen gas. Next, 14-layer pDDAM nanosheets containing

photocrosslinkable methacryloyl terminal groups were trans-
ferred onto the gold nanoparticles monolayer (Figure 3c). Then
the film was photoirradiated using a deep UV lamp (UXM-
0 T T p— iy | 501MA; USHIO Inc., 70 mW/cr) in air atmosphere for 10
0 0.1 0.2 0.3 0.4 0.5 0.6 min (Figure 3d). Previously, we observed the change in
Surface area (nm?/monomer unit) absorbance at 197 nm under deep UV irradiation, which is

Figure 2. w—Aisotherms of (a) pDDA, (b) pDDADADOO, and (c) .aSSIQne.d to. amide bondllng in the pDBM nanosheet after

pDDA—M at 20°C. immersion in chlorofornt! Results revealed that the photo-

polymerization of methacryloyl groups, both internanosheets and

Measurements. Atomic force microscopy images were taken intrananosheets, was completed within 10 min. Finally, the
with the DFM mode (SPA400; Seiko Instruments Inc.). The XPS substrate was slowly dipped into a chloroform solution (Figure
spectra were obtained using an X-ray photoelectron spectrometer3e) to dissolve the sacrificial pDDA layers. Finally, we were

(ESCA 5300; Perkin Elmer Inc.). The UV absorption measurements aple to peel off an ultrathin pDDAM/gold nanoparticle-

were carried out with a UVvis spectrophotometer (U-3000;  composite nanosheet (over 50 Br{Figure 3j. A transmission

Hitachi Ltd.). All measurements were carried out at room temper- qjactron microscope (TEM) grid (8&m diameter) was used to

ature. hold the free-standing hybrid nanosheet (Figure 3g). Most of

the circular holes of the TEM grid were covered with the free-
standing hybrid nanosheet, which is brighter than other areas
Ultrathin Film Formation. Figure 2 showst—A isotherms because of the light reflection from the free-standing film. Free-
of copolymers at 20°C. They give a steep rise in surface standing hybrid nanosheets on the TEM grid were stable for at
pressure and high collapse pressure, indicating that all polymerdeast one month without corruption. Moreover, the free-standing
form densely packed monolayers at the water surface. Respechybrid nanosheet on a TEM grid with larger rectangular hole
tive polymer monolayers were transferred on solid substratesdimensions of 28@m x 280um showed no important damage
with a good transfer ratio. In Figure 3 is shown schematic for several months. These results indicate that the free-standing

50

Surface pressure (mN/m)

10

Results and Discussion

Two-dimensional hydrogen bonding network Photo-crosslinked polymer nanosheet

Figure 3. Schematic outline of the preparation of free-standing hybrid nanosheet: (a) the pDDA (10 layers) ane-PBDAO (2 layers)
nanosheets were transferred onto a hydrophobized substrate, (b) immobilization of gold nanoparticles, (c) deposition of tié pai»&heets

(14 layers), (d) UV irradiation, (e) immersion into chloroform solution, (f) photograph of free-standing hybrid nanosheet on a chloroform surface,
and (g) optical micrograph of free-standing hybrid nanosheet on a copper TEM grid witm8®les. cDV
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Figure 4. AFM image of the released nanosheet edge on a silicon wafer surface: (a) top view, (b) 3-D image, and (c) cross section of image (a).

ultrathin film is strengthened robustly by hybridization with gold at 284.6, 399.6, and 532.5 eV were observed from the released
nanoparticles on a nanoscale. film surface on the silicon wafer by X-ray photoelectron
Surface Morphology of Free-Standing Film. Figure 4 spectroscopy (XPS) measurements (Figure 6). These peaks are
shows atomic force microscopy (AFM) images of the released attributable to the polymer chains of pDBM nanosheets.
nanosheet edge on a silicon wafer surface. A free-standing Therefore, the detachment experiment proved that the pPIDA
photocrosslinked polymer nanosheet was obtained; gold nano-nanosheets with 14 layers (ca. 28 nm) were necessary to
particles were embedded in polymer nanosheets over a largeconstruct free-standing nanosheets. The film thickness corre-
area. Root-mean-square (rms) roughness of the film surfacesponds to the gold nanoparticles’ diameter. Surface coverage
showed a marvelously smooth surface (under 5 nm) comparedof the gold nanoparticles is approximately 42%, as calculated
with the free-standing film surface containing gold nanoparticles from the scanning electron microscopy (SEM) image. Some
(12.7 nm diameter) produced by layer-by-layer asseffilelyen pDDA—M nanosheets were removed from the surface under
though the gold nanoparticle’s diameter is larger. This result deep UV irradiation in the air atmosphere and immersion in a
suggests that densely packed polymer nanosheets provide &hloroform solution. The remaining pDDAM nanosheets
smooth surface at the nanometer level. The film thickness wasundergo the photocrosslinking reaction and structural relaxation
estimated as approximately 30 nm, corresponding to the go|dthI’OUgh thermal relaxation. These findings indicate that the
nanoparticle diameter. pDDA—M nanosheets act not only as a coated film, but also as
Two different systems were examined using AFM observation @ binder to hold gold nanoparticles firmly. It was difficult to
to confirm the difference of surface morphology before and after Peel off a free-standing nanosheet from the substrate precoated
UV irradiation (Figure 5). Parts a and b of Figure 5 show with I_ess _than 10-layer pDDA nan(_)sheets as asacr_|f|C|aI layer.
pDDA—M nanosheets with four layers deposited onto a gold Considering that t_he mono_layer thickness of pDDA_ls_ 1.72 nm,
nanoparticle monolayer. After UV irradiation, an increase in at least 17 nm thickness is necessary as a sacrificial layer to
rms from 3.3 to 5.2 nm was observed along with morphological Peel off a free-standing nanosheet safely.
changes of the film, which might be attributable to changes in UV —Vis Absorption Spectra of Free-Standing Film.Figure
packing of pDDA-M nanosheets before and after the UV 7 shows U\+vis absorption spectra of a free-standing nanosheet
irradiation. The free-standing nanosheet, however, was notduring respective preparation processes. Two broad peaks were
detachable from the substrate after immersion into a chloroform visible in the region of 506700 nm after immersion into the
solution in this condition. Mechanical strength of pDBM gold nanoparticle solutioff. These peaks indicate individual and
nanosheets with four layers might be too little to maintain it in collective surface plasmon resonance by gold nanoparticles
a chloroform solution. In the case of pDBM nanosheets with adsorbed onto pDDADADOO nanosheet. After UV irradia-
14 layers deposited onto a gold nanoparticle monolayer (Figuretion, absorbance of the broad peak around 670 nm was increased
5c and d), it was observed that gold nanoparticle monolayers slightly. That increase implies that no substantial fusion among
became smoother after a photocrosslinking reaction of gold nanoparticles was observed during UV irradiation. In fact,
pDDA—M nanosheets. Furthermore, C 1s, N 1s, and O 1s peaksSEM images of the gold nanoparticles show no changes irag{e/
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Figure 5. AFM image of pDDA-M nanosheets with a gold nanopatrticle layer: (pDBM four layers) (a) before and (b) after irradiation;
(pDDA—M 14 layers) (c) before and (d) after irradiation. Inset: root-mean-square (RMS) roughness value.
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Blndlng energy (eV) Figure 7. UV—Vis absorption spectra for each stage in the preparation
Figure 6. XPS wide scan spectra of free-standing film surface. procedure of a free-standing nanosheet: (a) the pDDA (10 layers) and
pDDA—DADOO (two layers) nanosheets were transferred onto a quartz

plate, (b) immobilization of gold nanoparticles, (c) deposition of the

gold nanopatrticle array before and after UV irradiation (Figure pDDA—M nanosheets (14 layers), (d) UV irradiation, and (e) immersion

8). After immersion into chloroform solution, the absorbance into a chloroform solution.

disappeared dramatically. This result also indicates that the free-

standing nanosheet was peeled off from the substrate. minimum film thickness was estimated as 30 nm. Moreover,
In conclusion, we demonstrated the fabrication of a giant and the hybrid nanosheet shows a smooth surface with 5 nm

well-organized free-standing hybrid nanosheet consisting of gold roughness. Gold nanoparticles enable visualization of the

nanoparticles and photocrosslinkable polymer LB films. The nanosheet and strengthen the film mechanically (filler effeéBV
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Figure 8. SEM images of gold nanoparticle monolayer before (a) and
after (b) UV irradiation.

We anticipate fabrication of hybrid free-standing ultrathin films,
but we also look forward to the future addition of various
functions that can be achieved through control of particle size
and utilization of other particles such as metallic, magnetic, and
semiconducting nanoparticles.
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