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Photonic crystals incorporating metal nanoparticles have recently attracted increasing interest because
they may open a way to generate novel optical properties. Although they provide an opportunity to
manipulate combined optical signals, to date, optical properties of these composite materials have been
scarcely investigated. Here, we present the first example of gold-nanoparticle-infiltrated polystyrene
(GNIPS) inverse opals, which not only preserve localized surface plasmon resonance (LSPR) properties
of gold nanoparticles (GNPs), but also replicate photonic features from templates. By varying the refractive
index (RI) and the incident angle, the relative shifts between resonance peaks and diffraction peaks are
observed. On the basis of the volatilization kinetics of ethanol within the GNIPS films, we investigate
the external interactions of LSPR and photonic band gap (PBG). It is found that the LSPR peak of GNPs
in GNIPS is unexpectedly red-shifted with the decrease of effective RI. Additionally, due to the reversible
change of the two characteristic peaks, these GNIPS films exhibit an opticabfbswitching” capability,
which is useful in monitoring the changes of the microenvironment by the permeation and release of
surrounding media.

Introduction of these two kinds of materials have emerged due to the

Photonic crystals (PCsand noble metal nanoparticles unique optic_al properties of new composite materials_. On_e
(NMNs)? have been extensively studied in the past decademc the_m_ost Important fqrms among these new materials is
because of their attractive properties involving photonic band NMN-infilirated composite PCs, which have atiracted con-

gap (PBG) and localized surface plasmon resonance (LSPR) siderable attention because of their potential applications in
respectively. With a few exceptioAsPCs and NMNs "photonics, catalysis, and sensing. To date, various types of

generally are explored in two separated research areas.compOSite PCs incorporating NMNs have been fabricated,

Recently, however, growing interestsin the incorporation such as me tal-coated three-di_mensionally ordered Macroporous
(3DOM) film, metal-dielectric opals, and metal-dielectric
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dielectric inverse opals are rather fragile and easily disrupted.
Therefore, the optical properties of such metal-infiltrated PCs
have been scarcely investigated.

To overcome these obstacles, considerable efforts includ-
ing electrochemical metal deposition and infiltration of metal-

dielectric nanoparticles have been made to prepare robusf'

inverse opals containing metal nanoparticles. Here, we
present a simple method to fabricate GNP-infiltrated poly-
styrene (GNIPS) inverse opal films, where individual GNPs
are three-dimensionally embedded in polystyrene (PS)
inverse opals. Apart from its large-scale and low-cost, the
main advantages of our method are (1) stability of the
immobilization of GNPs in PCs, (2) homogeneity of the
distribution of individual GNPs in PCs, (3) flexibility of
GNIPS films in a free-standing format, and (4) potential of
GNIPS films in biological applications for immobilization
of biomolecules?

In this paper, we mainly investigated the optical properties
of the inverse opal films with two characteristic peaks (LSPR
and PBG). By varying the refractive index (RI) of the
surrounding medium and the incident angle of the light, the
two characteristic peaks of the GNIPS films could be freely
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gold, we calculated that the concentration of the obtained GNP
aqueous solutions was2 x 10* particles mLC2.

Infiltration of GNPs into the Interstitial Regions of a Colloidal
Crystal Multiplayer. Silica colloidal crystal templates were fixed
into a test tube with 10 mL of &2 x 10" particles mL* GNP
queous solution. Next, the test tube was immobilized in an
oscillator and kept shaking for 5 h. Thus, GNPs were adsorbed to
the amine groups on silica sphere surfaces, resulting in a silica
sphere covered with islands of GNPs. After that, GNP-infiltrated
silica templates were rinsed with water and dried in air.

Preparation of GNIPS Inverse Opal Films.A toluene solution
of PS of 0.12 g mL?! (average molecular weight of 312 000) was
infiltrated into the vacant spaces between the spheres. Aft8r 2
days, the GNIPS film together with the template was spontaneously
separated from the microslide, and then the template was removed
by treatment with 4% hydrofluoric acid, producing a large-area
GNIPS film in a free-standing form.

Preparation of Experimental Cells. The experimental cell was
assembled from two microslides, one silicone rubber spacer, and a
GNIPS film. A “O" type silicone rubber spacer was mounted on
the macroporous side of a GNIPS film, and then the film together
with the spacer was sandwiched between two microslides. After
the fabrication, the experimental cell was precisely mounted on
the holder supplied by the producer. A schematic for the experi-

separated and approached. This was further demonstratedental cell is illustrated in Figure 1.

by the volatilization kinetics of ethanol filling in the
interstitial regions of GNIPS films. Thus, GNIPS inverse opal
films may offer a new three-dimensional platform to reveal
the external interactions between LSPR and PBG of those
composite materials.

Experimental Section

Functionalization of Silica Sphere Surfaces with APTES.
Silica spheres 0/~290 nm in diameter were first purified via
centrifugation and redispersion in ethanol. Next, 0.5 mL of a 98%
APTES solution was added to 30 mL of a silica colloid solution of
7.2 x 1072 g mL~1. After the mixture was vigorously stirred for 6
h, APTES groups covalently bonded to the surface of silica spheres,
extending their amine groupsoutward as a new termination of
silica surfaces. To remove excess reactants from the reaction
mixture, the APTES-functionalized silica spheres were purified by
centrifugation and redispersion in ethanol at least five times.

Preparation of Silica Colloidal Crystal Templates. Colloidal
crystal templates of silica sphetésvere fabricated on microslides
by vertical deposition of APTES-functionalized silica spheres of
~290 nm in ethanol. Typically, 10 mL of an APTES-coated silica
colloid solution of 2.4x 1072 g mL~* was added to a small glass
trough. Next, the microslides were mounted vertically in a silicone
rubber spacer and lightly immersed into the glass trough. After
alcoholic solvents volatilized spontaneously, high-quality colloidal
crystal templates were obtained.

Synthesis of GNPs.By reduction of chloroauric acid with
sodium borohydride, aqueous suspensions of small GN\Rat
were ~5 nm in diameter were prepared according to literature
procedures with some modificatiofsAssuming that all chloroauric
acid was reduced te-5 nm GNPs and using the bulk density of
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63, 929.

SEM and Optical Characterization. SEM characterization was
carried out on a LEO 1530 VP SEM to image the morphology of
the samples obtained during the entire fabrication process. All
samples for SEM observation were sputtered with thin gold films.
UV —vis spectra were employed to investigate the optical properties
of these samples by using a Shimadzu UV3150-isé spectro-
photometer in a transmission mode. All transmission measurements
were performed at constant regions.

Results and Discussion

A schematic outline of the procedures for producing a
GNIPS inverse opal film is shown in Figure 1. First, silica
spheres in ethanol were coated with 3-aminopropyltriethoxy-
silane (APTES) to produce a surface terminated with amine
groups. These APTES-functionalized silica spheres were
subsequently crystallized onto a glass slide by the vertical
deposition method to form a colloidal crystal template.
Next, the template was immersed in an aqueous solution of
GNPs. Negatively charged GNPs were infiltrated into the
interstitial regions and uniformly attached on silica sphere
surfaces by complexation between GNPs and amine groups.
Finally, a toluene solution of PS was infiltrated into the
vacant spaces between the silica spheres, and then the
template was removed by treatment with hydrofluoric acid.
As a result, robust GNIPS inverse opal films were formed
in a free-standing form.

Figure 2A shows a typical scanning electron microscopy
(SEM) image of the GNP-infiltrated silica colloidal crystal
film. This indicates that the ordered structure of the silica
template was maintained after the infiltration of th& nm
GNPs, although the GNPs adsorbed on the silica surfaces
could not be detected in the field emission SEM as a result
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Figure 1. A schematic outline of the procedures for producing a GNIPS film and an experimental cell.
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Figure 2. SEM images of (A) the GNP-infiltrated colloidal crystal template composed280 nm silica spheres and (B) the cross section of the cracked
GNIPS inverse opal film with~290 nm pores.
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Figure 3. Absorption spectra of (A) the GNP-infiltrated silica template composed 280 nm silica spheres and (B) the GNIPS inverse opal film with
~290 nm pores in water.

of the resolution limit of our SEM systefFigure 2B shows  spectra provides an effective method for evaluating the
a SEM image of the cross section of the cracked GNIPS distribution of the GNPs in GNIPS film'$.

inverse opal film, which exhibits an ordered void structure  The quality of the samples was also assessed through
arising from the silica spheres. It is noted that those large UV —vis absorption spectra. Figure 3A shows a typical
cavities in the film are not isolated, but rather are intercon- Uv—vis spectrum of the GNP-infiltrated silica template,
nected. Similar to Figure 2A, although the excellent ordered where the two characteristic peaks can be easily observed.
structure also can be observed in Figure 2B, the individual The absorption peak at521 nm originates from the LSPR
GNPs with~5 nm cannot be found in the GNIPS film for  of individual GNPs. The homogeneous distribution of GNPs
the same reason. However, the analysis by optical absorption

(18) Huang, S. J.; Minami, K.; Sakaue, H.; Shingubara, S.; Takahagi, T.
(17) Miyama, T.; Yonezawa, YLangmuir2004 20, 5918. J. Appl. Phys2002 92, 7486.
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Figure 4. Absorption spectra of the GNIPS inverse opal films witB90 Figure 5. Absorption spectra of the GNIPS film with290 nm pores in
nm pores in ethanol at different incident angles. The corresponding incident media of varying RI. The media used to fill the pores are (B) water (
angles are indicated. 1.333), (C) 50% ethanol (V/V, ethanolvater,n = 1.346), (D) ethanolr(

= 1.360), (E) 2-propanohn(= 1.377), and (Fp-butyl alcohol 6 = 1.399).

in the template could be ascribed to the complexation
between GNPs and amine groups, the interparticle Coulomb
repulsion between adsorbed GNPand the smaller size of
the~5 nm GNPs, allowing them to penetrate into the larger
interstitial regions of the templates. The other absorption peak
at ~686 nm originates from the PBG of the template
consisting of the silica spheres in a face-centered-cubic
lattice, which is supported by the SEM image in Figure 2A.
Similar to the silica colloidal crystal template, in Figure 3B,
the GNIPS inverse opal film also consists of the resonance
peak and the diffraction peak, indicating that the GNIPS film
replicates the photonic features of the template.

To test the stability of the immobilization of GNPs in _ . N

. h Figure 6. Evolution of the absorption spectra of the GNIPS film wit290

GNIPS inverse opal films, we employed a completely closed nm pores during a typical volatilization of ethanol used to fill the interstitial
customized flow cell (see Figure 1) to fix the GNIPS film, regions. Each spectrum is labeled by the corresponding time.

and then continuously rinsed the fixed film with ethanol for _ _ _
Information) shows no discernible difference between pre- the increase of the RI from 1.333 to 1.399, the diffraction

and post-rinsing, suggesting that GNPs are stably embedded€ak is red-shifted from 659 to 696 nm, which can be
in the GNIPS film. explained by the variation of the effective RI of the GNIPS
Initially, we investigated the evolution of the absorption film. In contrast, the resonance peaks remain at approxi-
spectra at different incident angles for the GNIPS inverse Mately the same wavelength, because the GNPs may be
opal films (Figure 4). With the decrease of the incident angle Mostly embedded in the GNIPS film so that they are not
from 90° to 62, the diffraction peak is blue-shifted gradually sufficiently sensitive to the change of the RI of the filling
with the increase of its intensity. The observed shifts can be Media. Thus, it is demonstrated that the GNIPS film can be
attributed to the changes of the diffraction, which is related Used to control the shifts of the PBG by filling the
to an incident angle on the basis of Bragg diffraction Macroporous samples with various media, and to *fix” the
equatior?® Regarding the resonance peaks, we can see an-SPR by sufﬁmgntly embedding the GNPS.II’] GNIPS fllms..
invariance in their positions for all of the incident angles e @lso obtained a sequence of absorption spectra during
because the position of the resonance peak of GNPs doed typical volatilization of ethanol in the interstitial regions
not depend on an incident angle according to Mie’s thébry. ©f the GNIPS film. The spectra recorded from 360 to 850
Thus, with the decrease of the incident angle, the diffraction "M every few minutes are illustrated in Figure 6. At titne
peak gradually approaches the resonance peak and shifts to= O mMin, there are two obvious characteristic peaks in the
shorter wavelength. Hence, we can expect to effectively SPectrum of the GNIPS film. As the evolution proceeds, the
control the approach and separation of LSPR and PBG inésonance peak is gently red-shifted, while the diffraction
composite PCs by varying the incident angle. peak is gradually blue-shifted with the increase of its
Because of the dependences of both LSPR and PBG onintensity. Moreover, the diffraction peak gets closer and
the refractive index (RI) of the surrounding media, we closer to the resonance peak, so as to induce a significant

investigated the influences of the media of varying RI upon interaction between the two peaks. At tife: 46 min, the
diffraction peak almost disappears. As a result, the two

(19) Pham, T.; Jackson, J. B.; Halas, N. J.; Lee, TL&gmuir2002 18, characteristic peaks gradually change into one.
4915. As compared to the resonance peak, the diffraction peak

(20) P?gyFﬁjiSZH;ir:]-':yZTIéit-(;) KS??A%.; gﬁ:r?{ %6260?”1&29;'1\%.Tryk' D- undergoes an obvious shift from 679 to 547 nm during the

(21) Averitt, R. D.; Sarkar, D.; Halas, N. Bhys. Re. Lett.1997, 78, 4217. volatilization of ethanol. Within 14 min from 35 to 49 min,
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on—off” in response to the changes of embedded solvents.
:g This suggests that the feature of the GNIPS films may be
T o] On on On useful for monitoring the environmental changes by the
£ ol permeation and release of surrounding media. In addition,
-'En 630 the GNIPS films could be also used to quantitatively analyze
2 o the volatile solvents at different concentrations according to
g 5701 or of the differences of the periodicity of volatilizing and fillig.
540
5107 Conclusion
480 —e—LSPR . .
450 —e—PBG In conclusion, we have demonstrated a simple route for
T m e w20 20 preparing high-quality GNIPS inverse opal films, which
Time (min) combine the LSPR properties of individual GNPs and the
Figure 7. Effect of the volatilization and permeation of ethanol on the PBG features of silica colloidal crystal templates. These
positions of the resonance pea)(and the diffraction peaks). GNIPS films are attractive because, by altering the incident

angle and the RI of the permeated media, we can effectively
control the separation and approach of LSPR and PBG over
) 7 a wide wavelength range. In addition, we have illustrated
time. The result suggests that the volatilization of ethanol y,e | atilization kinetics of ethanol filling in the interstitial
has an opposite effect on the shifts of the dlffrac_tlon_peak regions of the GNIPS films to reveal the possible interactions
and the resonance peak. The resonance peak in Figure gy een | SPR and PBG in composite PCs. The incorpora-
undergoes an obvious red-shift during the volatilization of tion of GNPs and PCs may provide a new opportunity to
ethanol. This phenomenon could be attributed to a gradua”ymanipulate the combined optical signals, which may have

§tronger scattermgz beca'\use. the contrast between the F)ﬁotential applications such as in environmental monitoring,
inverse opal and its voids is gradually larger than the vapor-sensing, and bio-catalyzing

precursor$.In the final stage of the ethanol volatilization,
only one characteristic peak can be observed in the absorption Acknowledgment. This research is supported by the Na-
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the diffraction peak is blue-shifted bby9.2 nm per unit time,
while the resonance peak is red-shiftedby.4 nm per unit
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