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of great interest in recent years due to their potential application p"i ,
for novel electronic, optical, and magnetic deviéekhe size of V™ - Metallic ions

the nanoparticles is one of the key parameters that determine the lsnmminuz
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properties of the nanocomposites. Additionally, physical interactions 3 6 f } } (zmoc,
among nanopatrticles, such as electric and magnetic dipole interac- AN
tions, are recognized to be important in the next generation nano- @ : Metal nanaparticies ‘o (2:!:,1,0)

devices, including plasmon waveguiddsipsensors,and ultrahigh 1 1 L
density data storage medi&ince the physical interactions depend o= AR LAl o R a0
on both the partlcle size gnd Inter.partl(.:le spacing, precise control Figyre 1. (A) Schematic for controlling the interparticle spacing in the
over the spacing under a fixed particle size is an important challenge nanocomposites. (B) Cross-sectional TEM images of nanocomposite films
for understanding the physical interactions in the nanocomposite containing Pt, Ni, and Cu nanoparticles prepared by annealing in a hydrogen
systems. However, previous attempts at control over microstructuresatmosphere at 27 (Pt), 290°C (Ni), and 400°C (Cu) for 30 min. Scale

. . - ar: 50 nm. (C) Changes in nanoparticle size as a function of annealing
of the nanocomposites did not enable one to independently control

. . A . . time. Lines serve as guides to the eyes.
the interparticle spacing and the nanoparticle 3ize.
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Herein, we report a novel method to control the average a B c D™ -(‘wg
interparticle spacing among metal nanoparticles embedded ina 'i".'f'
polyimide matrix based on an in situ approach using ion-doped : ‘iw e
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precursor$:” This is achieved by the metal-catalyzed decomposition E ¥ e
of the surrounding matrix, which induces a decrease in thickness m"““’ % 1
(i.e., volume) of the composite layer, while the nanoparticle size j | P
remains intact (Figure 1A). This holds great promise not only > -
toward the fundamental understanding of the physical interactions FZFFFFFE ; .
among metal nanoparticles but also toward the development of FEii & —
novel nanocomposites with tailored microstructures. Figure 2. Cross-sectional TEM images of nanocomposite thin films

The approach works by the hydrolysis of polyimide resin using ggntginingé\lgganqpagclzs. T|hebﬁ|ms5vc\)l8re anngalgd ?}t@ﬂ”,:f"_o (;f“)v
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an alkali solution, subsequent |ncorp9ratlon of metal_ ions through ima(ge)s of the compo(sit)e layers Corresponding_(to)ime?ges (A%, (B), and (C),
ion exchange, followed by hydrogen-induced reduction of ions to regpectively. Scale bar: 20 nm.
form metal nanoparticles. In a typical procedure, the PMDA-ODA-
type polyimide films were treated with aqueous KOH solution (5 respectively?. The nanoparticle size remains intact upon longer
M at 50 °C) for 5 min to form layers of potassium salts of poly- annealing (Figure 1C). Longer annealing at the fixed temperature,
(amic acid§® with a thickness of 3im. The formed carboxylic ~ however, causes a decrease in composite layer thickness. Typical
acid groups can be used as ion exchange sites for subsequent dopingxamples are shown in Figure 2&. The thickness of the

of metal ions using aqueous 10 mM Pi@tontainirg 1 M NHj), composite layer containing Ni nanoparticles decreases from 1.4 to
50 mM NiCl, or 50 mM CuS@solutions, thus generating the ion- 0.7 um as the annealing time increases from 30 to 90 min. It is
doped precursor layers (ion loading: 3:8.2 mmol cn13). Forma- important to note that only the concentration of Ni nanoparticles
tion of metal nanoparticles was achieved by annealing the precursorsincreases, as can be seen in the TEM images (FigureF}DWe

at 270-400°C in a hydrogen atmosphere in a quartz tube. confirmed by tilting experiments during TEM observation that

Metal nanoparticles (410 nm in diameter) are generated upon anisotropic distribution, concentration gradient of the nanoparticles,
hydrogen reduction, during which the modified layers are again and interparticle contact were not observed in the present experi-
transformed to polyimide through a thermally induced dehydration mental conditions.
reaction (re-imidizationy® The reduction temperature depends on The decrease in layer thickness with fixed nanoparticle size was
the metal ions doped into the precursors. For example, 5.4 nmalso observed for Pt and Cu samples, although the rate of decrease
diameter Pt nanoparticles are formed upon 2Z0annealing for in thickness was highly dependent on the species of metals and
30 min (Figure 1B). Similarly, 7.3 nm Ni and 9.1 nm Cu the temperatures (Figure 3A). In addition, a decrease in film weight
nanoparticles are formed upon annealing at 290 and 400 upon annealing was observed. The time dependence of the decrease
in the layer thickness is quite similar to that of the decrease in film

;Faculty of Science and Enginering, Sg{slz’r‘sw"vers'ty- weight (Figure 3B). We also found solid decomposition products
§PRESTO, JST. ' on the inner wall of the quartz tube after annealing. It should be
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Figure 3. Changes in thickness (A) and weight (B) of the composite layer
as a function of annealing time. The weight was normalized to that of film
before annealing. The data obtained from the films acidified with HCI (1
vol %) after KOH treatment are also shown. The films were annealed at
270°C (Pt), 290°C (Ni), 300°C (HCl-acidified film), and 400°C (Cu).
Lines serve as guides to the eyes.

noted here that no decrease in layer thickness and weight wa
observed for acidified films (without metallic ions, Figure 3). These

results allow one to conclude that the decrease in film thickness is
caused by metal-catalyzed decomposition of polyimide surrounding

the metal nanoparticles.

Similar trends have been observed for cellulose fibers containing
Pt nanoparticlé8 and polyimide films containing Fe nanoparticlés,
both of which resulted in the formation of a carbon matrix through
carbonization (pyrolysis) of the matrix at high temperatures.
Oxidative degradation of thick polyimide films containing Ag
nanoparticles was also observed, but resulted in a broad size
distribution and inhomogeneous distribution of the nanoparticles
in the film.”? In the current process, however, a different mechanism
for metal-catalyzed decomposition is operative. First, the molecular

S

average interparticle spacings (surface-to-surface distance)-of 6.5
2.4 (Pt), 9.8-4.0 (Ni), and 13.46.0 (Cu) nm (longer to shorter
limits, obtained by lower to higher volume fractions). The estimated
distances become comparable and shorter than the corresponding
nanoparticle size, a regime where particle-to-particle interactions
are thought to play an important role in determining the physical
properties of the resulting nanocomposites. Efforts to explore optical
and magnetic properties are currently underway.

This communication describes the systematic control of inter-
particle spacing among metal nanoparticles embedded in a high-
performance polyimide matrix via metal-catalyzed in situ decom-
position of the polyimide matrix. The strategy is quite general and
extendable to other noble metals and transition metal alttyhe
ability to control interparticle spacing with a fixed amount of metal
and nanoparticle size enables the elucidation of the effect of particle-
to-particle interactions in studies of optical, electrical, and magnetic
properties of the nanocomposites. An understanding of these
physical properties and their relationship to the material micro-
structures is essential for initiating new technological applications
of metal/polymer nanocomposite materials, especially in the area
of optoelectronic and electromagnetic devices.
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structure after longer annealing was identified using infrared
spectroscopy as the fully cured polyimide (Figure S1), indicating
that carbonization of the matrix did not occur. Second, annealing
in inert atmosphere did not induce decomposition of the matrix
(results not shown). Third, an FTIR spectrum of the decomposition
products shows the weak vibrational bands characteristic of NH
and CHO splits in addition to strong vibrational bands for polyimide

and an amide bond (Figure S2). From these results, although further

experiments are necessary to fully elucidate the decomposition
mechanism, the current process involves decomposition of the
matrix by partial hydrogenation of the imide ring to form the
aldehyde and amide bond (imide ring cleavage) and finally the
dialdehyde and amine (amide bond cleavage), generating oligomeric
(low molecular weight) molecules that are vaporized during
annealing. Since the imidized PMDA-ODA matrix is in a glassy
state at the present temperature rangge=€ 420 °C)!? and the
catalytic reaction would occur only at the particle/matrix interface,
the nanoparticles do not have mobility to come in contact with
others so that the nanoparticles are effectively isolated without
coalescence.

The gradual decrease in the composite layer thickness, under a

fixed nanoparticle size and total number of metal atoms in the film,
indicates a gradual increase in the volume factingnd thus a
gradual decrease in the average interparticle spacindf iSlggven
by following equation:

f=CLM,p "L @
whereC, Lo, My, p, andL are initial ion loading, initial composite
layer thickness, atomic weight of metals, density of the metal, and
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