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Au Nanoparticle-based Multilayer Ultrathin Films with Covalently
Linked Nanostructures: Spraying Layer-by-layer Assembly and
Mechanical Property Characterization
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We have studied electrostatic layer-by-layer spraying assembly of inorganic/organic nanocomposite
multilayered films consisting of Au nanoparticle (Au NP) and photosensitive polycation nitrodiazoresin
(NDR). A uniform growth of the Au NP-based assembly film is revealed by-Wi$ spectroscopy and
AFM-film thickness measurements. We demonstrate that cross-linked films can be produced by UV
irradiation which induces the conversion of originally ionic bonds into covalent ones. The nanostructure
of the film such as the thickness and the fraction of Au NP can be tailored by the adsorption conditions.
Thus, we find that the mechanical properties, which were measured using a buckling test method, can be
tailored to a certain degree.

Introduction inorganic/organic hierarchical composites with the repre-
sentative example of abalone nagreshich has inspired
materials scientists to exploit the basic principle to biomi-
metically synthesize advanced materiafs? So far, mag-
netite nanoparticle¥, montmorillonite clay nanoplateleta

Integration of functional inorganic nanopatrticles (NPs) into
organic matrixes to form organized inorganic/organic hier-
archical ultrathin films with well-defined nanostructures has

attracted extensive interest due to their broad applications, 3 10 )
for example, Au NP-based ultrathin films have potential in Au NPs? and carbon nanotutiés-*®have been incorporated

the areas of advanced microelectronic devices, nonlinearNt® composite films, resulting in extraordinary mechanical

optics, electrochemical sensor and bioanalysis, and so?forth. properties, as well as superior sensitivity and autorecovery

Recently, increasing attention has been paid to the reinforce-?apab'“ty' However, systematic research on the effect of

ment of inorganic NPs on the mechanical properties of the inorganic NPs on the mechanical properties still lacks, and

resulting nanocomposite filn¥s® which are well related with th? :ew(;for;:_eme? meche}nlilmp 'St n?t fully ((j:lea:jyet. i/
their potential application®? It is reminiscent of natural ntroduction ot inorganic s to Torm ordered inorganic
organic hybrid ultrathin films (or membranes) can be realized
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assembly is based on alternating adsorption of oppositelytransport selectivity and well-tuned release rate of encapsu-
charged polyions on charged substrates to build up multi- lated drugs or moleculed?

layered composite films with controlled nanostructufes. Recently, DR (or NDR)-based multilayer composite films
So far, a variety of functional inorganic building blocks have including functional Au NP as one component have been
been integrated, exploiting driving forces such as electrostaticconstructed with the familiar dipping assembly and their
interaction, hydrogen bonding, and charge transfet>18 chemical stabilities and photocross-linking reaction except
Whereas, construction of monolayer and multilayer films the mechanical properties have been well investig#tet.
using classical dipping procedures is rather time-consuming In this paper, covalently cross-linked NDR/Au NP multilayer
(typically 30 min per dipping cycle). Recently, other two films with controlled nanostructures have been further
efficient, alternative assembly techniques have been devel-efficiently fabricated by spraying LbL assembly. The effect
oped, that is, spinning-assisted asserffbnd spraying of assembled film structures on the mechanical properties
assembly®21 Thus, spraying buildup of PEs multilayers with have been quantitatively investigated with a recently devel-
conveniently tailorable nanostructures can be accelerated byoped method based on buckling instabilities of supported
1-2 orders of magnitude in comparison with the familiar films.?”

dipping assembly while the quality of the films is equal or

superior?® To our knowledge, however, there are few reports Experimental Section

ebout fabrication of inorganic NP-reIaFe.d spraying film and 1. Materials. Poly(sodium 4-styrene sulfonate) (PS8, ~

I m"."y be mere advantageous _to efficiently construct NP 100 000), poly(diallyldimethyl ammonium chloride) (PDDAR,,
mulilayers via the above spraying assembly. ~ 100 000-200 000), and poly(ethylenimine) (PEll, ~ 25 000)

On the other hand, the processing and the applications ofyere purchased from Sigma-Aldrich and used without purification.
multilayer ultrathin films are well related to the mechanical Nitrodiazoresin (NDR,M, ~ 2100 g/mol) presented by Prof.
properties and chemical stability. Thereby, understanding weixiao Cao (Peking University, Beijing, China) was synthesized
how to improve the stability of the assembled films is from 2-nitroN-methyldiphenylamine-4-diazonium salt with paraform-
essential because the assembled films are linked mainly byaldehyde in concentrated sulfuric aéfdA\pproximately 5-nm-sized
ionic bonds and other noncovalent interactions. Naturally, Au hanoparticles (Au NPs) were prepared by borohydride reduction
introduction of stable covalent cross-linkages into the as- in the presence of trisodium citra@®Briefly, at room temperature,
sembled layers is a feasible method to address it, such ad-8 ML of ice-cold freshly prepared 0.1 M Na@ldolution was
thermal treatmen® addition of coupling reagent§,or UV added to 20 mL mlxed_solu_tlons _composed of equ_al molar2.5
. e o . ; . . 104 M HAuUCI, and trisodium citrate, accompanied by strong
irradiation of photosensitive diazoresin (DR) or nitrodiaz-

. 117G 26 . stirring. After 10 min of continuous stirring, the obtained Au NP
oresin (NDR)-based assembly filffs=> The formation of solution was adjusted to pH 7.5 with 1 M HCI and then kept at

covalent cross-links not only enhances the chemical stability 4 o for |ater spraying assembly. PSS, PDDAC, and NDR were
and mechanical p!'OPertieS of the nenocomposite f”ms_bUt dissolved in Milli-Q water (the resistivity was higher than 1&m)
also imparts the films other properties such as good ion- with a concentration of 0.5 mg/mL, respectively. A mixed solution
composed of 0.5 mg/mL of PSS and 255610* M Au NPs or
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Figure 1. UV—vis absorption spectra (a) and the thickness (b) of as-prepared NDR/Au NP multilayer film with different deposition cycles on a quartz slide.
The absorption of the substrate has been subtracted. The inset in plate a shows a linear relationship between the absorbances at 379 and 577 nm with the
number of deposited bilayers, respectively.

assembly solutions on a perpendicular substrate with spray bottlesthe citrate ion as the surface capping and stabilizing agent.
“air-boy” (Carl Roth GmbH, Germany) as described in ref 21b. In  Therefore, self-assembly of Au NP-based multilayer films
our case, some modifications have been made for the inorganiccan be readily driven via electrostatic interactions. Here, we
NP composite films. Here NDR/Au NP assembly film was taken jjized the spraying-assisted assembly to construct the
as one sample. Initially, NDR aqueous solution was sprayed for composite film. In contrast to previous studi@&! where

two sequential times (3 s duration each) with 10 s waiting time mainly PEs were assembled, the embedding of nanoparticles

after each time’s spraying, followedytb s water washing and . timizing th . bl i Th
subsequent 10 s waiting; then, the Au NP solution was sprayed for requires optimizing the spraying assembly parameters. 1he

another sequential 4 times (3 s duration each) while also inserting Preparation of the NDR monolayer was carried out just as
10 s of waiting time after each time’s spraying assembly, ac- Shown in the experimental section; for subsequent Au NP
companied by the same time’s water rinsing and waiting in air. layer, we mainly investigated the effect of spraying manners
So, the total time to deposit one NDR/Au NP bilayer is about such as the spraying time (i.e., spraying cycles) and the
2 min. (NDR/Au NP) multilayers with a desirable numbem)(of waiting time on the buildup of Au NP layer, while the rinsing
bilayers are obtained after simply repeating the above spraying step has not been studied in detail in view of the excessive
assembly cycles fon times. It should be noted that illumination components continuously removed by the drairfagé. is
of the photosensitive film during the whole assembly process should 5,1 that the deposited amount of Au NPs increases with
be avoided because of the photosensitive polycation of NDR. simply repeated spraying of Au NP solution, which is
3. Characterization. UV —vis spectroscopy was carried out on  jifferent from the reported results of PE films that PE

a CARY 50 Conc (Varian) spectrophotometer after completion of ., 5ver thickness is not influenced by the spraying cycles
each assembly cycle on a quartz slide, and an air blank was taken

for all the measurements. The photoreaction occurring in the film of the same polylons without .|ntermed.|ate rinsfiy Fur-
upon UV irradiation was also determined spectroscopically. Atomic thermorg’ four times sequential spraying assemt?'y seems
force microscopy (AFM) images were obtained using a Nanowizard Detter with good coverage of Au NPs on an underlying NDR
AFM (JPK Instrument, Berlin) operating in tapping mode with layer and no obvious aggregation. Higher spraying times such
silicon cantilevers (NEW, the typical frequency of 285 kHz).  as 8 and 24 times result in multilayer absorption of Au NPs
Transmission electron microscopy (TEM) was performed on a Zeiss with some aggregation. Additionally, a minimal delay time
EM 912 Omega microscope with an accelerating voltage of of 10 s between spraying cycles needs to be used to obtain
120 kV. For the buckling test, the multilayered film was directly a good quality Au NP layer. Therefore, in the following
deposited on a plasma-treated PDMS sheet with the above Sprayi”%xperiment, we sprayed Au NP solution successively 4 times
assembly metho#f2 Then the PDMS sheet with UV-irradiated film with 10 s waiting after each time’s spraying to deposit the
coated on its surface was subjected to strain with small deformationAu NP monolayer.
and then fixed by two clamps with a relative humidity ©#0— - .

UV —vis spectroscopy was used to monitor the assembly

50%. The resultant regular ridges during the buckling test were . .
observed and recorded by a charge coupled device (CCD) camerd?r0C€SS 0f NDR/Au NP multilayer film on a quartz glass

equipped on an optical microscope (Axiovert 200, Zeiss). The (Figure 1a). The appearance of th_e Charac'[_erm*
buckling wavelength was calculated and averaged without Fourier fransition of N* absorption at 379 nm in the UWis spectra
transform. The Young’s modulus of the PDMS sheet was deter- indicates the successive incorporation of NDR into the

mined on a homemade microtensile testing de¥ice. composite film?>26 Here, there exists a red shift 665 nm
for the typical SPR absorption peak of Au NP from 512 nm
Results and Discussion of an Au NP solution (Figure S1) to the final 577 nm of the

] ) composite film (Figure 1a). This may be attributed to the

The as-prepared Au NPs withS nm diameter and the  gqyction in distance between neighboring Au NPs in the
typical surface plasmon resonance (SPR) absorption atassembly film as compared with Au NP in aqueous
512 nm (Figure S1) have negative surface charges due t050lution34ac the change of the refractive index of the

(32) (a) Nolte, A. J.; Rubner, M. F.; Cohen, R. Macromolecule2005 (34) (a) Mirkin, C. A.; Letsinger, R. L.; Mucic, R. C.; Storhoff, J.Nlature
38,5367. (b) Nolte, A. J.; Cohen, R. E.; Rubner, MMacromolecules 1996 382 607. (b) Brust, M.; Bethell, D.; Kiely, C. J.; Schiffrin, D.
2006 39, 4841. J. Langmuir 1998 14, 5425. (c) Schmitt, J.; Mzhtle, P.; Eck, D.;

(33) Burgert, I.; Fihmann, K.; Keckes, J.; Fratzl, P.; Stanzl-Tschegg, S. Mohwald, H.; Helm, C. ALangmuir1999 15, 3256. (d) Schneider,

E. Holzforschung2003 57, 661. G.; Decher, GNano Lett.2004 4, 1833.
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Scheme 1. Schematic lllustration of the Bond Conversion in
the NDR/Au NP Multilayer Film under UV Irradiation.
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Figure 2. AFM (a) and TEM (b) images of a NDR/Au NP film transferred
lonic bonds Covalent bonds onto a copper grid after acetone dissolution of the cellulose acetate sacrificial
layer.

surrounding PE matrif34cdor interparticle bridging and

aggregation of Au NP%d.34cdThe |atter aggregation behavior as SDS solution, covalently linked films with well-defined
of NPs occurs commonly in the NP-containing composite Micropatterns including inorganic NPs incorporated have
assembly film$4d |t is pointed out that the red shift appears been generated when the unirradiated part linked by ionic
quickly on the first four bilayers and later almost remains bonds or hydrogen bonding is dissolved by the developer
constant with the increase in the film thickness, implying a While the stable covalently linked part produced by selective
uniform separation and distribution of Au NPs during the UV irradiation is reserved on the substrate2s"e

later buildup proces¥:3 The linear increase in the absor- ~ When the composite film was deposited on a cellulose
bance at 379 and 577 nm with the number of assembledacetate (CA)-coated substrate, the UV-irradiated film can be
bilayers is indicative of the regular growth of NDR and Au transferred onto other substrates (e.g., a copper grid) after
NP in the composite film, respectively. Additionally, AFM  dissolution of the sacrificial CA layer in acetoffex" 5ac
cross-section analysis of scratched films shows a linear From the AFM image shown in Figure 23, it is easy to see
dependence of the film thickness on the number of bilayers the transferred film with a root-mean-square (rms) roughness
(Figure 1b). The thickness for the contribution of each NDR/ 0f 4.8 nm is composed of NPs with a diameter of-50
Au NP bilayer is approximately 2 nm, smaller than the total 70 nm, obviously bigger than that of the Au NRg nm,
value of monolayer polyelectrolyte (the increment is typically Figure S1). It is known that the AFM tip dilation usually
~2 nm per bilayer) and Au NP~5 nm in diameter). This adds 36-40% to the diameter of the N®34In our case,
results from some interpenetration between adjacent assembljlOwever, it is not very critical as compared with the TEM
layerd5-17:36 and low coverage<30%) of inorganic NP on  data. Indeed, each NP with a comparable size consists of
the PE layer after each deposition cy&le. tens of ~5-nm-sized Au NPs with a darker contrast,

When the photosensitive multilayer film was exposed to surrounded by distinctive organic counterparts with a lighter
UV light, the photodecomposition of NDR results in the contrast in the bright field of the TEM image (Figure 2b).
decrease of absorption at 379 nm (part a of Figure S2).Au NPs are aggregated through the linkage of organic
Meanwhile, the ionic bonds between NDR and citrate-capped cOmponents into bigger clusters, also further supporting the
Au NP layers were converted into covalent ones, just as above explanation on the red shift of the SPR absorption
schematically shown in Scheme 1. This kind of bond change for the deposited Au NP in the assembly films.
from the original ionic bonds<Ph—N,*/—C0,") into the In the following, we have investigated how composition
final covalent carboxylate ester-Ph—OCO-) has been and structure of the film can be tailored. As expected for a
supported and well characterized by the correspondinglayer-by-layer assembly, the thickness of the film can be
recorded FTIRSP26aAs g result, a covalently cross-linked — controlled by simply changing spraying assembly cycles (i.e.,
composite film is formed with improved chemical stabifity2® number of bilayers) (Figure 1b). Interestingly, the composi-
Namely, an electrostatic-interaction-bonded film is easily tion of the organic and inorganic phases can be adjusted by
damaged or dissolved in the testing media such as polarusing mixed solutions of the same charged poly®h%:For
solvents (e.gN,N-dimethylformamide (DMF)), concentrated ~€xample, a blend solution composed of 0.5 mg/mL PDDAC
salty solutions, and the typical ternary mixture GfMDMF/ and 0.25 mg/mL NDR results in the as-prepared (NBR
LiCl. While under the same testing conditions, the Uv- PDDAC)/Au NP film with an organic matrix of-90 wt %
exposed film is stable and can keep intact. Furthermore, NDR and 10 wt % PDDAC (parts a and b of Figure 3). This

utilizing the distinct stability in an appropriate developer such can be roughly estimated from traced UV spectroscopy
(Figure 3a), when it is assumed that the contribution to the

(35) Cho, J. H.; Caruso, FEhem. Mater2005 17, 4547. absorption at 379 and 578 nm in the BVis spectra comes
(36) (a) Correa-Duarte, M. A.; Giersig, M.; Kotov, N. A; Liz-Mdrzal.. from NDR and Au NP, respectively. Meanwhile, the covalent
M. Langmuir1998 14, 6430. (b) Baur, J. W.; Rubner, M. F.; Reynolds,
J. R.; Kim, S.Langmuir1999 15, 6460. (c) Mamedov, A.; Ostrander,
J.; Aliev, F.; Kotov, N. A.Langmuir200Q 16, 3941. (38) (a) Debreczeny, M.; Ball, V.; Boulmedais, F.; Szalontai, B.; Voegel,
(37) (a) Schmitt, J.; Decher, G.; Dressick, W. J.; Brandow, S. L.; Geer, R. J.-C.; Schaaf, PJ. Phys. Chem. R003 107, 12734. (b) Sui, Z,;
E.; Shashidhar, R.; Calvert, J. Mdv. Mater.1997, 9, 61. (b) Musick, Schlenoff, J. BLangmuir2003 19, 7829. (c) Cho, J. H.; Quinn, J.
M. D.; Keating, C. D.; Lyon, L. A,; Botsko, S. L.; Pena, D. J; F.; Caruso, FJ. Am. Chem. So@004 126, 2270. (d) Johal, M. S ;
Holliway, W. D.; McEvoy, T. M.; Richardson, J. N.; Natan, M. J. Ozer, B. H.; Casson, J. L.; John, A. S.; Robinson, J. M.; Wang, H.-
Chem. Mater.200Q 12, 2869. (c) Ung, T.; Liz-Marzan, L. M.; L. Langmuir2004 20, 2792. (e) Yap, H. P.; Quinn, J. F.; Ng, S. M,;

Mulvaney, P.J. Phys. Chem. B001 105 3441. Cho, J. H.; Caruso, H.angmuir2005 21, 4328.
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Figure 3. The evolution of UV-vis spectra (parts a and c) with the assembly process and AFM images (parts b and d) of hybrid films with controlled
compositions: (a, b) [[NDR- PDDAC)/Au NPLg; (c, d) [NDR/(PSSt+ Au NP)Lie. In the UV—vis absorption spectra, the absorbance of the quartz substrate
has been subtracted.

cross-linkage density can also be adjusted because of thelust as shown in the ref 32a, spraying assembly of the Au
coexistence of the ionic bonds between PDDAC and Au NP NP/organic multilayer film was directly performed on a
with the covalent bonds after UV irradiation (Figure S2b). relatively soft and thick plasma-treated PDMS sheet (nm
While the coexistence of 0.5 mg/mL PSS in the Au NP thick) with a hydrophilic surface. When the multilayer film-
solution leads to~20% coverage of Au NP and-80% coated PDMS sheet was strained, an iridescent color of the
coverage replaced by PSS in the anionic assembled layerassembly film appears because of the diffraction from the
(parts ¢ and d of Figure 3). It is maybe originated from the micrometer-scale periodic ridges produced (Figure S3). The
competitive interaction between the same negatively chargedfilm’s elastic modulus is calculated via the a well-established
Au NP and PSS with cationic NDR. More importantly, just buckling mechanics according to the following equatién

as the reported ligand of 4-(dimethylamino)pyridine for

citrated-coated Au NF593° PSS as a good capping agent BE(1-VH [ 1 \s
replaces the weak capping agent of cittasand adsorbs on = 12 (Zﬂdf)
the surface of Au NP to electrostatically interact with NDR. s
Consequently, the resulting film has a small rms roughness . . i
of 1.43 nm (Figure 3d). This explanation is confirmed by where d is the thickness of -the upper gssembly ,f|lm
monitored UV-vis spectroscopy that the SPR absorption of détermined by AFM cross-section analysisis Poisson’s

Au NP solution in the presence of PSS occurs at 542 nm fatio, 4 is the buckling wavelength, ané& is Young's

with ~30 nm red shift, compared with Au NP solution modulu_s (subscripts f and s represent the film and supstrate,
without PSS added. Additionally, the SPR absorption peak "'€SPECtively). The substrate of PDMS sheet used in the
(542 nm) almost agrees with that (540 nm) of the Au NP in €XPeriment has a Young's modulus-et..3 MPa estimated
the assembly film, suggesting Au NP in the PSS-coexisting with a_m|crotest|ng method and a Poisson’s ratio of 0.5
solution and NDR/(PSS- Au NP) assembly film with the ~ 2ccording to the reference valéfé. For a PE/Au NP
similar states (e.g., the refractive index of surrounding COMPOsite ultrathin film, the Poisson’s ratio is assumed to
media). Naturally, compared with the red shift of the Au D€ ~0-4 because of PEs ultrathin film with a typicdlof

NPs’ SPR absorption in the NDR/Au NP (Figure 1a) and 0133 in the dry stafé* and Au film with V of ~0.425%
(NDR + PDDAC)/Au NP multilayer films (Figure 3a), itis ~ F19ure 4 demonsrates the buckling wavelengthand the
smaller ¢ 28 nm) in NDR/(PSS+ Au NP) film (Figure corresponding estimated Young's modulus of the composite
30). films with different numbers of deposited bilayers. As

In the following section, the mechanical properties of the €xPected from the above equation, the buckling wavelength

ultrathin inorganic/organic composite film were investigated IS @imost linearly related to the number of NDR/Au NP
mainly with the sensitive technique named strain-induced bilayers, also in agreement with the result of PEs multilayer

elastic buckling instability for mechanical measurem@hts.  flms with no inorganic NP embeddéd The increment in
the wrinkles’ periodicity for each bilayer is0.074um. The

(39) Dong, W.; Sukhorukov, G. B.; Mwvald, H.Phys. Chem. Chem. Phys.
2003 5, 3003. (40) Perrin, GJ. Phys. Chem. Solid2001, 62, 2091.
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4 2500 ideal gas constant, and the absolute temperature, respectively.
'é:: o0 5 In our case, we expect a maximum cross-link density of
= 3 = ~3450 motm=2 (crudely estimated) based on the mass
? 1500 2 density of the complex and the molecular weight of the NDR
Q2 § monomer. It is noted that the cross-linking density in LbL
g 1000 E film is not so high because of the formation of a small degree
2, } { { o of loops in the PE layer¥.This estimated value d is ~25
X 500 3 MPa, well below the observed ones. Thus, under the
a . X ” conditions of the measurement, the covalent cross-linking
0 20 30 40 50 60 has little effect on the mechanics. We observe the Young’s
Number of bilayer modulus is in the following orderEpppaau NPy0 < Ejpopinprya

Figure 4. The buckling wavelength observed with optical microscopy and neis < Eqpriau npyso With respect to the ionic bond-linked
the estimated Young’s modulus of (NDR/Au NRjltrathin film as a (PDDAC/Au NP), film, partially cross-linking [(PDDAC
function of the number of assembled bilayen ( + NDR)/Au NPLs, and assumed fully cross-linked (NDR/
[NDR/(PSS+Au NP)],, Au NP), films. Instead, the multilayers are mainly in a glassy
state, and coadsorption allows for the change of organic
matrix materials. On the other hand, the dissolution of the
Au NP leads to the decrease of the Young’s modulus of
(NDR/Au NP),, suggesting the reinforcement of inorganic
NPs on the mechanics. In our case, however, the Young’s
moduli of the as-prepared films are smaller than the reported
value of PE films with only one Au NP interlayer embedded
_ (5—10 GPa) The reasons, we think, are related to the
i different mechanical characterization techniques and condi-
tions (i.e., air humidit§??, film preparation method, and film
compositions such as low average molecular weight of NDR
used here NI, —2100 g/mol). More importantly, the as-
prepared films consist of 5070 nm-sized nanoparticles with
each one composed of 5-nm-sized Au NP and NDR (or
corresponding Young's moduli of the NDR/Au NP com- PDDAC) (Figure 2 and 3a). Obviously, a continuous organic
posite films are estimated to be 56800 MPa. support is lacking in the as-prepared inorgaricganic
Due to the influence of the PDMS substrate with a brittle composite films. This implies that introduction of an ap-
SiOx-containing surface layer induced by plasma treat- propriate fraction of inorganic NP with uniform distribution
ment32*41the thinner (NDR/Au NP} film has a relatively in organic matrixes is more advantageous for the reinforce-
higher Young’s modulus. ment of NP on the mechanical properties, such as the system
To understand the effect of the composite’s structure on of NDR/(PSS+ Au NP) with a high elastic modulus of 2.3
the mechanical properties, we studied the Young’'s moduli GPa.
of the films with adjustable compositions (Figure 5). These
results clearly show that not only the structure and composi- Conclusion

tion but al_so the elastic properties of thg films can be tailored Photosensitive NDR/Au NP multilayer films with conve-
over a wide range by the coadsorption strategy. For the

purpose of comparison, the Young's moduli of (PDDAC/ gljecrl:ttleysgic:/r:etlrolcl:i?]snt?l?cc:)tsggu\?\/tiltjr:ehsi aﬁzf?icc):?edngu?ﬂtr)cl)gaxeaﬁ:?n
Au NP) and Au NP-dissolved (NDR/Au NP) films have been ! ye gn €l Y gn é
. . . . natively spraying the assembly solutions onto the vertically
given. Obviously, pure NDR/A4NP films show an inter- . - o
. ; . standing substrate, indicated by the characterization results
mediate Young's modulus 0£800 MPa. Coadsorption of . Lo
. of UV —vis spectroscopy and AFM. Subsequent UV irradia-
NDR and PDDAC can reduce this valuet@10 MPa. On . . .
) tion leads to the formation of the covalently cross-linked
the contrary, coadsorption of AtNP and PSS leads to a e : : . o
S . composite film with an improved chemical stability, greatly
dramatic increase to 2.3 GPa. Still, all the values are well . : . NP
. . broadening the flexible processing and the application field
above the range which could be explained by a pure

: . . . . of the resultant functional films. On the other hand, the
rubberlike material. For this case, according to the ideal and ; .
X ) buckling test shows that the nanostructures of the composite
simplest case of vulcanized rubber

films such as the organic matrix and the fraction of Au NPs
PpRT are essential to adjust the mechanical properties. The obtained
M results allow us to design and synthesize advanced functional
composite films with well-tuned mechanical properties and
chemical stabilities.

3000
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(NDR/Au NP),,
1000
[(NDR+PDDACYAu NP],
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0-

Nanocomposition of the assembly film

Figure 5. Effect of nanocomposition on the Young's modulus of the
assembly films determined with the buckling test.

E=3

a modulus of would be expected from the above equdfion.
Here, p/M, R, and T denote the density of cross-links, the

(42) Treloar, L. R. GThe Physics of Rubber Elasticit2nd ed.; Oxford
(41) (a) Hillborg, H.; Tomczak, N.; Olah, A.; Schonherr, H.; Vancso, G. Clarendon Press: Oxford, U.K., 1958; pp 1806.
J. Langmuir2004 20, 785. (b) Hillborg, H.; Gedde, U. WPolymer (43) Plunkett, M. A.; Claesson, P. M.; Ernstsson, M.; Rutland, M. W.
199§ 39, 1991. Langmuir2003 19, 4673.
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