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  1.     Introduction 

 Intensively studied recently is the applica-
tion of patterned gold or silver nanopar-
ticles (NP) for surface-enhanced Raman 
scattering (SERS) towards single molec-
ular sensing. [ 1 ]  Both experimental [ 2 ]  and 
theoretical [ 3 ]  works have demonstrated 
drastic SERS effects when the gaps of the 
2D-patterned metallic NPs are reduced to 
≈1 nm for extreme SERS hot-spot effects. 
These studies stimulate keen interests in 
fabricating 3D mesomorphically ordered 
arrays of closely packed metallic NPs, 
aiming for an ultrahigh number density 
of NPs at small gaps ≈1 nm. Previously, 
2D-patterned metallic NP arrays were 
demonstrated from elaborate point-by-
point NP printing in a limited zone. [ 4–6 ]  
Alternatively, self-assembly of copolymer-
NP composites might indeed facilitate 
large-area ordering of NPs; however, [ 7–11 ]  
the resulted NP spacing was often signif-
icantly larger than a few nanometers 
whereas the required surface modifi cation 
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mesopores are known to be extremely diffi cult via the com-
monly used reduction by hydrogen, NBH 4 , or electrodeposi-
tion. [ 20–23 ]  The key hindrance lies in that continuous reduction 
of metallic ions, especially Au(III), and pore-fi lling of NPs could 
not be sustained due to self pore-blocking by tempo-incoherent 
formation of NPs inside the channel pores (a consequence of 
kinetically controlled reactions for NP formation). In contrast to 
all previous attempts using silica-based templates of calcinated 
pores in bulk solution, [ 12–17,20–23 ]  we have developed a polyoxo-
metalate (POM)-silicate-surfactant (PSS) template self-assem-
bled at the air-water interface, allowing diffusion-controlled 
formation of metallic NPs inside photocatalytic silica chan-
nels. [ 23,24 ]  The proposed free-fl oating PSS template can provide 
a platform for uniform and continuous uptake of metallic pre-
cursors from the solution subphase (metal ion reservoir). With 
photocatalytic POM embedded along the silicate-surfactant 
channels, ongoing cycles of adsorption and POM site-directed 
reduction of the metallic precursors upon UV irradiation 
result in nearly monodisperse NPs homogeneously arrayed 
in the mesostructured silica channels for a fi nal product of 

(to prevent NP aggregation) substantially hampered the NP 
surface activity. As a third approach, hard templates based on 
mesostructured silica [ 12–17 ]  or metal-organic frameworks [ 18,19 ]  
have been adopted to synthesize arrayed metallic NPs of well-
controlled size and high number density. In this type of tem-
plating, metallic NPs were either diffused into silicate channels 
or directly formed inside the pores of silica templates. Never-
theless, metallic NPs hence incorporated into the templates 
were often frustrated with irregularly distributed or bunched 
NPs inside the template pores with uncontrollable pore-
blocking. [ 12–17 ]  Although there are abundant reports for forma-
tion of mesostructured materials, [ 12–19 ]  great challenges remain 
in incorporating metallic NPs into these well-documented mes-
ostructured templates for 3D densely organized metallic NPs of 
small gaps for SERS hot spots. 

 In this study, we adopt the hard template approach and dem-
onstrate a novel one-trough synthesis scheme that can provide 
closely packed, mesostructurally arrayed metallic NPs with 
1−2 nm gaps  for high SERS performance. Note that prepara-
tion of densely and uniformly populated metallic NPs inside 

   Figure 1.    Air-water synthesis scheme for Au-NP@PSS fi lms: from the self-assembled cylinder micelles of POM (PTA 3− ), silica (I + ; TEOS), and sur-
factant (S + X − ; CTAB) phase-separating to the air-water interface for formation of a mesostructured PSS fi lm of 2D hexagonal packing (left), followed 
by adsorption of metallic precursors (X H  − ; AuCl 4  − ) into the PSS fi lm via anion exchange (middle), then POM-site-directed reduction and NP formation 
inside the silicate-surfactant channels upon UV irradiation (right). Given at bottom is a schematic illustration of the anion exchange cycle activated by 
UV irradiation for a continuous supply of Au atoms for uniform NP formation inside the silica channels. 
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self-sustained anion exchange cycles upon UV irradiation (cf. 
Figure  1 ) play a pivotal role in self-sustained pumping metal 
ions from the subphase reservoir for continuous metal atom 
reduction and uniform NP formation inside the silica channels 
of the free-fl oating fi lm at the air-water interface.  

  Figure    2   shows the time-dependent UV-vis spectra measured 
for an AuCl 4  − -adsorbed PSS template fi lm during UV irradia-
tion. Adsorption of AuCl 4  −  onto the PSS fi lm was evident by the 
emergence of a sharp absorption band of the AuCl 4  − -CTA +  com-
plex at 320 nm (cf. Figure S1, Supporting Information, SI). [ 42,43 ]  
Upon UV irradiation, this characteristic band decreased and 
diminished quickly within 5 min, implying effi cient reduction 
of gold precursors (Figure S2a, SI). Presumably, the embedded 
photocatalytic POM facilitates reduction of Au 3+  in AuCl 4  −  via 
oxidation of isopropanol. Subsequently, the broad absorption 
around 530 nm gradually became more easily identifi able but 
then saturated within 3 hr (cf. inset of Figure  2 ), signifying 
slow aggregation of gold atoms into NPs. [ 43 ]     

 2.2.     Structure of Au-NP@ PSS 

  Figure    3  a,b shows the TEM image taken for an Au-NP@PSS 
fi lm, exhibiting highly oriented channels of densely populated 
Au NPs. (More TEM images in different length scales are shown 
in Figure S3, SI.) From the high resolution TEM image shown 
in Figure  3 c, a mean size ca. 1.7 nm was estimated for the Au 
NPs. The statistic NP spacing along the silicate nanochannels is 

metallic-NP@PSS composite fi lms. All these processes can 
be accomplished at the air-water interface of one same trough. 
Moreover, such metallic-NP@PSS fi lms hence self-assembled 
at the air-water interface are largely free from contamination 
of residual reactants in the subphase (i.e., the bulk solution), 
and are readily transferable to solid substrates or harvested as 
free-standing fi lms for subsequent uses without need of further 
purifi cation. Film dimensions can be fl exibly controlled by the 
dimensions of the reaction trough used, i.e., up to centimeters 
in fi lm lateral dimensions and sub-millimeter in fi lm thick-
ness. The popular evaporation-induced self-assembly (EISA) 
approach [ 25,26 ]  would be diffi cult to adapt this one-trough syn-
thesis protocol, as matured EISA fi lms are confi ned on solid 
substrates without the solution subphase (which is subse-
quently needed for uniform deposition of NPs). 

 With the proposed synthesis protocol, we have success-
fully fabricated a new Au-NP@PSS composite, having 3D 
densely spaced gold NPs of ≈2 nm. We further show that the 
new composite can exhibit prominent SERS with absorbed 
4-mercaptobenzoic acid (4-MBA). As detailed in this report, 
the high SERS performance can be attributed to the electro-
magnetic (EM) enhancement from the rich SERS hot spots of 
the 3D nanometer-spaced Au NPs of ultrahigh number density 
(≈10 19  NPs cm   −3 ); strong near-fi eld localized surface plasmon 
resonance (LSPR) from collective effects of the densely organ-
ized small NPs in the Au-NP@PSS composite appears to com-
pensate diminished far-fi eld LSPR from individual NPs. [ 27 ]  In 
addition, observed mode-sensitive SERS enhancements reveal 
an adjunctive chemical effect, [ 27,28 ]  which is attributable to 
POM-embedded channel environment according to results of 
density functional theory (DFT) calculations. [ 29–32 ]    

 2.     Results and Discussion  

 2.1.     Synthesis Scheme 

  Figure    1   illustrates the concept of one-trough synthesis for 
the PSS and the subsequent metallic NP@PSS fi lms at the 
air-water interface. In the acidic solution, cationic surfactants, 
polyoxometalate (e.g., PTA), and silicate source, self-assemble 
into surfactant-POM-silicate micelles, with S + X − I +  counterion 
bridging where S +  stands for the surfactant cation (e.g., CTA + ), 
X −  the anion of the surfactant (or POM), and I +  the protonated 
silanols (e.g., TEOS). [ 33–36 ]  After formation, the relatively hydro-
phobic POM-silicate-surfactant micelles migrate (phase-sep-
arated) from the bulk solution to the air-water interface, and 
condense into a fi lm of oriented silicatropic mesophase, as that 
reported previously for similar silica-surfactant systems without 
POM. [ 37–40 ]  Further circulation of halide metallic anions (X H  − ) 
of a higher salting-in strength [ 41 ]  into the solution beneath this 
free-standing fi lm enables uniform adsorption of the metallic 
precursors to the cationic micelle surfaces via anion exchange, 
i.e., replacing the anion X −  in the S + X − I +  coupling by X H  −  for 
S + X H  − I +  coupling, as illustrated in Figure  1 . [ 41 ]  Upon UV irra-
diation, localized metallic anions can be reduced into atoms for 
NP formation inside the channels of the POM-silicatropic mes-
ophase via the POM-site-directed photoreduction. Note that the 

   Figure 2.    Time-resolved UV-Vis spectra measured for a fi lm of HAuCl 4 @
PSS during UV irradiation. The arrows indicate the quickly decayed 
320 nm band owing to reduction of Au 3+  and slowly enhanced 530 nm 
band (inset) due to NP formation. 
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a high level (73 wt%) of Au NPs in the 
Au-NP@PSS fi lm. Nevertheless, TGA for an 
AuCl 4  − @PSS fi lm fully saturated with AuCl 4  −  
adsorption (before UV irradiation) indicates 
only 44 wt% of Au within the fi lm. Appar-
ently, multiple-adsorption of free AuCl 4  −  (after 
reduction of the fi rst adsorption batch) is 
needed to provide suffi cient gold atoms in sat-
urating the silicate-surfactant channels of the 
PSS fi lm with 73 wt% Au NPs. The multiple-
adsorption process was indeed evidenced from 
the decay-and-growth cycles of the 320 nm 
band of the UV-vis spectra (Figure S2b, SI). 
Also revealed from TGA is the non-trivial 
(8 wt%) presence of PTA (Figure S5, SI). From 
the weight ratio of PTA to Au NP and the Au 
NP size (1.7 nm), we further deduce a sub-
stantially high number ratio 1:1 of PTA to Au 
NP in the Au-NP@PSS fi lm. 

 Prolonged UV irradiation to 24 h for the 
Au-NP@PSS fi lm led to a marginal increase 
in size and number density of the NPs, as 
revealed from TEM images. Nevertheless, 
packing of Au atoms inside the NP particles 
was substantially improved (Figure S3b, SI). 
This is consistent with broad humps (due to 
limited size) of the face-centered-cubic struc-
ture of Au NPs [ 17,22 ]  in the X-ray diffraction 
(XRD) profi le ( Figure    4  a) of the Au-NP@PSS 
composite. From the XRD peak widths, a 
crystalline domain size of 1.7 nm for the Au 
NPs could be estimated using the Scherrer 
equation. The mean NP size determined via 
transmission small-angle X-ray scattering 
(SAXS) is 1.7 (±0.2) nm with 5% polydisper-
stiy (Figure S6, SI), in excellent agreement 
with TEM and XRD results.  

 Shown in Figure  4 b are in-situ grazing-
incidence SAXS (GISAXS) profi les of a 
PSS template fi lm at the air-water interface 
before and after formation/incorporation 
of Au NPs (Figure S7, SI). The prominent 
GISAXS refl ections indicate an ordered 
POM-silicatropic mesophase from self-
assembled POM-silica-surfactant micelles at 
the air-water interface. The relative peak posi-
tions of 1 : 3 1/2  : 2 suggest 2D hexagonal (H) 
packing with lattice parameter  a  = 4.24 nm 
(as deduced from the fi rst peak position 
at  q  = 1.482 nm −1 ). [ 37 ]  The ordered domain 
size estimated from the peak width is ca. 
0.5 µm. [ 37 ]  During adsorption and reduction 

of Au precursors for the Au-NP@PSS composite, the GISAXS 
peak positions remained largely unaltered (Figure  4 b). How-
ever, gradually enhanced peak intensities at the same peak 
positions (attributable to enhanced scattering contrast upon Au 
NP formation) indicate that formation and distribution of Au 
NPs were well-directed by the photocatalytic channels of the 
PSS template. All results from UV-vis adsorption, TGA, TEM, 

2.8 nm (Figure  3 d) whereas the mean inter-channel (center-to-
center) spacing of the Au NP arrays is 3.2 nm (Figure  3 e). After 
subtracting the NP size, the deduced NP gaps are 1.1 nm along 
the NP arrays and 1.5 nm between adjacent arrays.  

 X-ray energy-dispersive spectroscopic (EDS) result (Figure S4, 
SI) exhibits Au signals throughout the Au-NP@PSS fi lm. Ther-
mogravimetric analysis (TGA) (Figure S5, SI) reveals consistently 

   Figure 3.    a) Representative TEM images of an Au-NP@PSS fi lm, showing highly oriented 
nanochannels (dark stripes) of densely populated Au NPs, as further detailed in (b). c) A 
high-resolution TEM image illustrating the closely packed Au NPs of 1.7 nm size (dark spots 
representatively circled), aligned along the channels with a mean NP gap of 1.1 nm. d,e) 
Respectively, the Au-NP probability profi les extracted along (Y-line) and perpendicular (X-line) 
to the channels in (b), illustrating respectively a mean NP spacing of 2.8 nm (averaged peak-
to-peak distance) along the channel and a mean inter-channel spacing of 3.2 nm. 
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 We note that the silica inter-channel spacing deduced from 
the lattice constant of a fully hydrated Au-NP@PSS fi lm 
at the air-water interface is 4.84 nm, which is signifi cantly 
greater than that (3.2 nm) observed from the TEM image (cf. 
Figure  3 ) for the dried Au-NP@PSS fi lm (without calcination). 
The shrinkage by 1.6 nm in the mean channel spacing for the 
TEM sample may be attributed to the collapse of the lyotropic 
phase (due to depletion of water in the channels) upon fi lm 
drying. This observation suggests available channel space of 
the Au-NP@PSS composite to accommodate small guest mol-
ecules in solution, as evidenced by SERS results below.   

 2.3.     SERS of Au-NP@PSS 

 To demonstrate SERS effects of the densely packed Au NPs (ca. 
2 nm in diameter) with small gaps (1–2 nm) in the Au-NP@PSS 
composite, we have conducted SERS measurements with the 
composite after soaking in a solution of 1 m M  4-MBA. Shown in 
 Figure    5   is the prominent SERS spectrum of 4-MBA, exhibiting 
two especially sharp bands at 1077 and 1600 cm −1 . In contrast, a 
much dimmer SERS spectrum (inset of Figure  5 ) was observed 
with randomly distributed 2-nm Au NPs (of the same total Au 
content/NP surface area) after soaking in a similar 4-MBA solu-
tion. This clearly illustrates the NP packing effect on SERS. 
Specifi cally, with mean NP gaps of 1–2 nm along and across the 
NP arrays, the Au-NP@PSS composite has an ultrahigh number 
density of hot spots from the 3D nanometer-spaced Au NPs 
amounting to ≈10 19  NP cm −3  (deduced based on the structural 
parameters obtained from the X-ray and TEM results). Advan-
tages of 2D hexagonally arrayed metallic NPs for hot-spot EM 
fi eld enhancements within the arrays were previously shown via 
calculations [ 2,3 ]  but this is the fi rst experimental demonstration 
with NPs of such limited size of ≈2 nm.  

 The strong electron acceptor PTA (embedded in the silica 
channels of the PSS template for photocatalytic reduction of 
Au precursors) may have a second role of promoting SERS per-
formance after NP formation. [ 44,45 ]  Respective SERS measure-
ments on Au NPs with and without PTA-attachment showed 
enhancement of SERS response for 4-MBA by a factor of 5 to 
10 (cf. Figure S9, SI). PTA-facilitated charge transfer between 
metallic NPs and surrounding matrix was employed in cata-
lytic reactions with metallic NPs, [ 24,46,47 ]  where the “chemical” 
enhancement in SERS was attributed to. 

 According to results of DFT calculations  [ 29–32,48,49 ]  for 4-MBA 
monomers anchored on Au atoms (Figure  5 ), the two most 
prominent 1077 and 1600 cm −1  bands are assigned respec-
tively to the modifi ed breathing and C–C stretching modes of 
phenyl ring upon attachment to an Au NP. The 1187 cm −1  band 
is assigned to coupled CH- and OH-bending (near the S atom 
of 4-MBA) and the broader 1294 cm −1  band to coupled C–C 
stretching of the ring, C–O stretching of the carboxylic group, 
and -OH bending. The weaker 991 cm −1  band may corre-
spond to in-plane vibrations of the ring. Assignments of these 
bands (cf. movies of normal modes, SI) are consistent with 
previous reports. [ 30,50 ]  The appearance of twin 800/810 cm −1  
bands in Figure  5 , however, reveals unusual symmetric and 
anti-symmetric modes of CC(S)C- and CC(O)-bending coupled 
through hydrogen bonding of the carboxylic groups of two 

XRD, SAXS, and GISAXS measurements suggest consistently 
that nearly monodisperse and largely crystalline Au NPs were 
homogeneously formed and arrayed into the mesostructured 
Au-NP@PSS fi lm, as illustrated in the cartoon in the inset of 
Figure  4 b. Moreover, after harvested from the air-water inter-
face, the composite fi lm (centimeters in lateral dimensions and 
micrometers in fi lm thickness) maintained its integrity with 
moisture. Upon drying, the fi lms cracked into fl akes of smaller 
sizes; nevertheless, H-domain structure in the smaller fl akes 
was well-retained, as revealed by H-refl ections in the GISAXS 
profi le of a fi lm transferred onto a Si wafer (cf. Figure S8e, SI). 

   Figure 4.    a) Broad peaks of the XRD profi le for the Au-NP@PSS com-
posite are fi tted (solid curves) and indexed according to the characteristic 
FCC refl ections of Au crystallites. b) GISAXS profi les of the PSS template 
and the subsequently formed Au-NP@PSS fi lm at the air-water interface. 
These two sets of GISAXS profi les, of identical peak positions, are indexed 
with 2D hexagonal packing of a same lattice. The stronger GISAXS peaks 
for the Au-NP@PSS case are attributed to enhanced scattering contrast 
upon formation of Au NPs of a higher electron density. The cartoon in 
the inset illustrates the H domain comprising 2D hexagonally packed 
silica channels stuffed with Au NPs (purple spheres) and PTA (squares). 
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into the PTA-silica channels of the Au-NP@
PSS composite and form preferred S–Au 
bonding with Au NPs. As the silica channels 
of the Au-NP@PSS composite have limited 
channel space, the linearly coupled 4-MBA 
dimers suggested by the DFT calculations 
should orient along the channels as illus-
trated in  Figure    6  . With a long axis of ≈1 nm, 
4-MBA molecules must be oriented along the 
channel direction to enter the channel space.  

 We have systematically measured SERS 
spectra with 633 nm laser excitation for the 
Au-NP@PSS composite after soaking in 
1 m M , and 100, 10, and 1 µ M  4-MBA solu-
tions, respectively (Figure S10a, SI). The two 
characteristic bands of 4-MBA centered at 
1074 and 1588 cm −1  could be clearly observed 
even in the case with 1 µ M  4-MBA solution. 
In accord with previous SERS studies, [ 7,51 ]  
we have estimated the SERS enhancement 
factor EF of the Au-NP@PSS fi lm for the 
SERS bands using

 EF Au Au ref refI / C / I / C) )( (=   
(1)

 

 where  I  Au  and  I  ref  are the corresponding 
band intensities of Au-NP@PSS and PSS 
fi lms (of a same PSS weight) after soaking in 
4-MBA solutions of concentrations  C  Au  and 
 C  ref , respectively. Compared to the Raman 
spectrum for 4-MBA adsorbed to a PSS 
fi lm without Au NPs, the SERS spectrum 
of the 4-MBA-Au-NP@PSS fi lm soaked in 
1-µ M  4-MBA solution displays reasonably 

good  EF  values 8 × 10 4  and 4 × 10 4  respectively for the 1074 
and 1588 cm −1  bands. Furthermore, these  EF  values tend to 
increase with decreasing 4-MBA concentration for soaking of 
the Au-NP@PSS composite (Figure S10b, SI), implying that 
the EF value may be limited by saturation of 4-MBA in the 
channels. In other words, not all 4-MBA molecules in the solu-
tion could enter the channel space; the EF value corresponds to 
an average over all 4-MBA molecules, with or without Au-NP 
adsorption. 

4-MBA in a dimer form. Similarly, the broader shoulder near 
1600 cm −1  may correspond to the calculated 1633/1653 cm −1  
bands (Figure  5 ) from coupling of CO stretching and OH 
bending of 4-MBA hetero-dimers with one 4-MBA bound to 
an Au NP) and homo-dimers with both 4-MBA anchored to Au 
NPs (cf. cartoons at the bottom of Figure  5 ). These character-
istic SERS modes, successfully depicted via modeled Raman 
tensors in DFT calculations in terms of 4-MBA monomers 
and dimers attached to Au NPs, reveal that 4-MBA could enter 

   Figure 6.    Cartoons for the side and top views of the 4-MBA-adsorded PTA-silica channels of Au-NP@PSS, illustrating SERS hot channels formed with 
densely packed arrays of nanometer-spaced Au NPs. The characteristic dimensions,  a ,  b ,  c , and  d , are respectively ca. 1, 2, 3, and 1−2 nm. Symbol S 
denotes the region (yellow zones) of surfactant micelles in the channel centers. 

   Figure 5.    SERS spectra obtained with 532 nm laser excitation for 1.7-nm Au-NP@PSS com-
posite and dispersed 2-nm Au NPs of a same total Au weight (inset), respectively soaking in 
solutions of 1 m M  4-MBA. Also shown are DFT-calculated spectra for monomer, hetero-dimer, 
and homo-dimer of 4-MBA, bound on Au NPs. The arrows mark the characteristic bands (near 
800 and 1633 cm −1 ) contributed mainly by the two types of 4-MBA dimers (cartoons at the 
bottom). 
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further increase the channel space, we depleted surfactants 
in the Au-NP@PSS-18 composite using ultraviolet radiation/
ozone treatment. Note that the structure of arrayed Au NPs is 
largely preserved in the O 3 -treated sample (cf. TEM images in 
Figure S12, SI). As shown in Figure  7 b, the 4-MBA detection 
limit of the O  3 -treated composite reached 5 n M ; improvement of 
EF to 10 8  for the two characteristic SERS modes was obtained 
with the surfactant-depleted Au-NP@PSS-18 (cf. Figure  7 c). We 
note that the in-plane vibration mode of the 4-MBA phenyl ring 
at 991 cm −1  is increasingly better enhanced (as compared to the 
characteristic modes at 1074 and 1588 cm −1  for the breathing 
and C–C stretching modes of the ring) when the 4-MBA con-
centration is below 1 µ M  (cf. Figure  7 b), implying changes of 
4-MBA morphological features (tethered vs bridging) in the 
composite channels on the basis of the assigned molecular 
adsorption confi gurations.  

 Average SERS  EF  values measured can be corrected with an 
assumed molecular adsorption effi ciency toward NPs for the 
“extrapolated” EF value according to that shown in previous 
reports. [ 7,51 ]  Instead, we chose to improve the molecular adsorp-
tion effi ciency to the Au NPs by enlarging the silica channel 
space. This was achieved by replacing C 16 TAB with C 18 TAB for 
the synthesis of Au-NP@PSS-18, also of H-phase structure. 
The greater channel cross-section formed with C 18 TAB provides 
an enlarged channel space (by ≈20%), an increased silica inter-
channel distance (by 0.6 nm), and a slightly larger Au NP size 
of 2.1 nm, as revealed by TEM and GISAXS (Figure S11, SI). 
As shown in  Figure    7  a, Au-NP@PSS-18 extends the sensitivity 
with 4-MBA in solution to 50 n M , compared to the 1 µ M  limit 
of Au-NP@PSS-16 (Figure S10a, SI). Correspondingly, the 
measurable  EF  values for the characteristic 1074 and 1588 cm −1  
bands are signifi cantly improved to 10 6  (cf. Figure S8c). To 

   Figure 7.    a) SERS spectra with 633-nm laser excitation for the Au-NP@PSS-18 composite, 18 h after soaking in 4-MBA solutions of the concentrations 
indicated. Also shown is the spectrum for a neat PSS-18 fi lm (without Au-NP loading) after soaking in a solution of 10 m M  4-MBA. b) SERS spectra 
measured for the surfactant-depleted Au-NP@PSS-18 and PSS-18, after soaking respectively in solutions with the 4-MBA concentrations indicated. 
c) Best enhancement factor (EF) for the representative SERS modes deduced respectively from (a,b), as indicated. 
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 The SERS results indicate that the new material Au-NP@
PSS composite with densely spaced Au NPs can exhibit impres-
sive SERS, which is likely attributable to the high number den-
sity of SERS hot spots for near-fi led LSPR. [ 27 ]  The PTA-embedded 
channels further provides an environment for adjunctive chem-
ical enhancement. [ 27,28 ]  With the high SERS performance and 
the special channel environment, Au-NP@PSS composite may 
fi nd applications in molecular sensing with sieving, with size-
exclusion characteristics.  [ 1,52,53 ]  For instances, a trace amount of 
targeted small molecules (of a similar 4-MBA size ≈1 nm) in a 
solution mixture, can enter into the PTA-silica channels of the 
Au-NP@PSS composite and be sensed and identifi ed via selected 
SERS, without interferences from large molecules in the mixture.    

 3.     Conclusions 

 We have developed a synthesis scheme via an air-water inter-
face, allowing homogeneous and continuous reduction of 
metallic ions inside photocatalytic silica channels for sustained 
fi lling of NPs until saturation. The hence fabricated new mate-
rial of Au-NP@PSS has 2D hexagonal arrays of densely spaced 
(1–2 nm) Au NPs of ≈2 nm. Beyond a general low SERS 
expectation with small metallic NPs, the Au-NP@PSS com-
posite can exhibit impressive SERS performance attributable 
to the rich SERS hot spots from the very high number den-
sity of Au NPs (≈10 19  NPs cm −3 ), together with an adjunctive 
chemical enhancement from the PTA-embedded channel envi-
ronment. The corresponding 4-MBA detecting concentration 
limit is down to 5 n M , with a prominent SERS EF ≈10 8 . With 
the brilliant SERS performance and the special PTA-channel 
environment, the Au-NP@PSS composite may have potential 
applications in molecular sensing with sieving. With the ultra-
high number density of Au NPs surrounded by abundant PTA 
in the vicinity for effi cient charge transfer, the Au-NP@PSS 
composite may also be useful in other applications, including 
channel-confi ned catalytic reactions. Easy synthesis and large 
fi lm dimensions are additional advantages of the new mate-
rial in practical applications. Moreover, the proposed synthesis 
based on the POM-silicatropic template at the air-water inter-
face may be extended for similar noble metallic-NP@PSS fi lms 
(Pt or Ru) for diversifi ed applications.   

 4.     Experimental Section 
  Synthesis of PSS Template and Au-NP@PSS Films : Polyoxometalate-

silica-surfactant fi lms were self-assembled at the air-water interface from 
an acidic (pH < 2) solution comprising H 2 O : HCl : cetyltrimethylammoium 
bromide (C 16 TAB) : tetraethyl orthosilicate (TEOS) : PW 12 O 40  3−  (PTA 3− ) = 
100 : 2.0 : 0.11 : 0.36 : 0.00015 in molar ratio, which corresponded to 
80 µ M  in PTA 3−  concentration. The composition was used to form free-
fl oating fi lms of thermodynamically favored silicatropic phase of 2D 
hexagonal (H) packing, as shown in previous reports. [ 37,54 ]  Addition of 
PTA up to 1 m M  did not alter the preferred H phase of the fi lms; the fi lms 
processed with higher PTA concentrations approaching 1 m M , however, 
became relatively brittle upon fi lm drying. The sample solution trough 
for fi lm formation was sealed in an air-tight box for a saturated solution 
vapor pressure at 298 K. Formation of a self-assembled PSS fi lm free-
fl oating at the air-water interface could be observed after several minutes 
of induction time; the fi lm then gradually thickened and matured within 

3 h. Subsequently, a small amount of HAuCl 4  solution in isopropanol/
water was injected into the solution subphase under the free fl oating PSS 
fi lm. Uniform adsorption of HAuCl 4  to the pale PSS fi lm was evident from 
uniform fi lm color transition to orange-yellow within 30 min. The HAuCl 4  
adsorbed PSS fi lm at the air-water was then subject to UV irradiation for 
a few hours (with a xenon arc lamp) for the fi nal product of Au-NP@
PSS fi lm of a thickness ranging from a few to hundreds micrometers 
and lateral dimensions from tens to hundreds millimeters, depending 
on the trough size and reaction time (Figure S13, SI). The adsorption 
and reduction of Au precursors and the formation of Au NPs were 
monitored with UV-vis absorption using a J&M TIDAS S diode array 
spectrophotometer. 

  Grazing-Incidence Small-Angle X-Ray Scattering (GISAXS) : Formations 
of the PSS and subsequent Au-NP@PSS fi lms at the air-water interface 
were observed in situ using the GISAXS setup of the 23A SWAXS 
endstation at the National Synchrotron Radiation Research Center 
(NSRRC), Hsinchu. [ 55 ]  A similar sample solution as described previously 
for fi lm formation was fi lled into a Tefl on trough, giving 80 mm × 80 mm 
in air-water interface area and 0.7 mm in depth. The trough was then 
enclosed in an air-tight Al box (for saturated water vapor pressure) with 
Kapton windows for X-ray incidence. With a 10 keV beam (0.15 mm in 
size) and an incident angle of 0.15°, GISAXS patterns from the air-water 
interface were collected at 298 K using a MAR165CCD area detector. 
Following the sample preparation procedure detailed previously, GISAXS 
patterns were collected for the subsequent adsorption of HAuCl 4  to the 
PSS fi lm and the formation of Au-NP@PSS fi lm during UV irradiation. 
The scattering wavevector  q  ( = 4π λ  −1 sin θ ) defi ned by the scattering 
angle 2 θ  and X-ray wavelength λ was calibrated using the scattering 
from silver behenate. [ 55 ]  

  SERS Measurements : SERS samples were prepared by submerging 
Au-NP@PSS composites in methanol solutions containing different 
concentrations (1 m M  to 5 n M ) of 4-MBA for 18 h. After centrifugation, the 
samples were dispensed on Al substrates for SERS measurements. SERS 
spectra were collected using an in-house system (cf. SI) or a Uni-Ram 
system equipped with a TE-cooled CCD (1024 × 128 pixels) and a 532-nm 
or 633-nm diode laser (Protrustech), with a laser spot size 1.2 mm and a 
beam power density of 20 mW cm −2 . The laser exposure time was 10 s for 
each spectrum. Data were averaged from 10 to 100 spectra (depending 
on sample scattering intensity) for improved statistics. 

  Density Functional Theory (DFT) Simulation : All DFT calculations 
were performed using Gaussian09 package [ 29,30 ]  with I/O format being 
locally modifi ed. All system geometries were optimized and the Raman 
frequencies for the optimized structures were computed. The DFT 
calculations were carried out at B3LYP [ 31 ]  level with 6-311++G(p,d) 
basis sets [ 32 ]  for hydrogen, carbon, oxygen and sulfur and SDD basis 
sets [ 48 ]  and the corresponding effective core potential for gold. Raman 
intensities were simulated using coupled-perturbed Kohn-Sham theory [ 49 ]  
under several assumptions, including pre-resonance conditions. [ 56–58 ]   
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