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Abstract
A facile one-step strategy is explored for the achievement of uniform luminescent AuNPs in two-
dimensional ultrathin silica matrix based on simultaneous reaction and assembly at the liquid-
liquid interface. Meanwhile, the as-prepared AuNPs/silica nanocomposites can be further
employed to fabricate micrometer-thick film with bifunctional luminescent and superhydrophobic
properties. Such versatile concept is an ideal candidate for the development of multifunctional
devices.
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The assembly of zero dimensional nanoparticles (NPs) into two-dimensional (2D) or 3D
architectural materials is a critical step in the development of novel optoelectronic, magnetic
and biological devices with NPs as functional components.[1] To date, various types of NPs
such as quantum dots (QDs), plasmonic metal NPs, and magnetic NPs have served as
building blocks for this purpose.[2] In addition, a variety of elegant techniques have been
developed for assembling NPs into a targeted 2D membrane, including Langmuir-Blodgett
technique,[3] layer-by-layer process,[4] molecular-directed templates,[5] field-induced
interaction[6], etc. In particular, liquid-liquid interface, as a versatile platform, plays an
important role in the synthesis of NPs with uniform size distribution and the control of their
assembly behaviors.[7] While successful creation of diverse functional 2D nanomaterials has
been made by minimizing interfacial energy,[8] most of the as-prepared 2D membranes
composed of densely packed NPs are vulnerable due to the weak interactions among NPs. In
order to fabricate mechanically robust and elastic membranes with NPs, chemical
crosslinking through functional ligands on the particle surface are needed.[9] Russell’s group
designed a series of cross-linking routes to prepare stable membranes of QDs and gold NPs
(AuNPs) at fluid interfaces.[10] As an alternative, a cross-linking approach based on
coordination chemistry has also been employed to create robust membrane of FePt NPs at
the liquid-liquid interface.[11] Moreover, a nonchemical strategy for constructing durable
magnetic colloidosomes at the toluene/water interface was also reported.[12] Despite these
great progresses, it is still a great challenge to simultaneously realize the interfacial synthesis
of NPs and the assembly of them into robust 2D membrane at the liquid-liquid interface.
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Herein, we demonstrate a one-step procedure to fabricate stable, luminescent and ultrathin
(average thickness of ~3.3 nm) AuNPs membrane in silica matrix (AuNPs/silica membrane)
at the toluene/water interface. Luminescent AuNPs with triplet-state emission are a type of
intermediate gold nanostructures that bridge a link between the few-atom gold nanoclusters
and traditional surface plasmonic AuNPs.[13] These AuNPs exhibited bright emissions with
lifetimes on the microsecond time scale due to the ligand-metal charge transfer between
gold(I) and the surface ligands.[14] The tunable emission with large stokes shift and easily
modified surface chemistry enable these luminescent AuNPs to serve as a new platform for
chemical sensing.[15] For example, luminescent AuNPs have demonstrated great promise as
optical indicators for sensing metal ions (e.g., Cu2+, Hg2+),[16] small biomolecules,[17] and
protein.[18] While these luminescent AuNPs are particularly interesting, very limited efforts
have been devoted to integrating individual luminescent AuNPs into 2D membranes, where
they can serve as key components in the potential portable sensing devices in the future. In
this work, we report a facile interfacial assembly method for the fabrication of ultrathin
luminescent AuNPs/silica membrane. Different from most of the classical procedures, where
NPs were prepared first and then followed by an additional assembly step, in this work, the
fabrication and organization processes of NPs were accomplished in one-step, which could
offer a new route for the assembly techniques.

In the present study, ultrathin luminescent AuNPs/silica composite membrane was achieved
in one-step at the toluene/water interface using 3-mercaptopropyltrimethoxysilane (MPTS)
as a bifunctional ligand (Figure 1). Initially, MPTS immediately reacted with gold(III) ions
to form Au(I)-MPTS polymers at the toluene/water interface due to the reduction of thiol
group by forming the strong Au(I)-S bond. At the same time, similar to the Stöber method of
hydrolyzing tetraethylorthosilicate (TEOS),[19] the rapid acid-catalyzed hydrolysis of MPTS
also took place immediately to form silica matrix because of the presence of H+ from
HAuCl4. Subsequently, the Au(I)-MPTS polymers gradually dissociated into luminescent
AuNPs,[13a, 20] which were naturally and homogeneously in-situ embedded in the silica
matrix. The FT-IR spectrum indicated the characteristic asymmetrical stretching peaks of
the siloxane bond (Si-O-Si) at 1100 and 1025 cm−1 (Figure S2), which confirmed the
formation of cross-linked silica matrix. It should be noted that a typical weak peak of the
free thiol group at ~2560 cm−1 still existed because of the excess MPTS in the reaction
system. The luminescence properties of the AuNPs/silica composites were examined in the
powder form using solid-state fluorescence spectroscopy (Figure S3). The maximum
excitation and emission of AuNPs/silica composites were located at 360 nm and 635 nm,
respectively (Figure 2A). The large Stokes shift (275 nm) and full-width at half-maximum
(fwhm, ~150 nm) indicated that the photoluminescence mainly originated from donor-
acceptor (MPTS→Au(I)) charge transfer.[14] Figure 2B shows the time-resolved
photoluminescence of AuNPs/silica. The corresponding fitting curve was calculated with an
exponential decay based on nonlinear least-square (equal S1), and the average lifetime τ̄ was
calculated to be ~16.64 µs, this long excited-state lifetime suggested that the red emission of
AuNPs/silica at ~635 nm could be assigned to triplet excited states,[13, 14, 22] which is
consistent with the observed charge transfer behavior between MPTS and Au(I).

The high interfacial tension at the liquid-liquid interface allows both molecular reactions and
particle assembly to be rapidly accomplished. Hence, unlike previous reactions carried out
in homogenous system,[21] where the hydrolysis of MPTS produced spherical structures, the
AuNPs/silica composites showed an ultrathin 2D structure, in virtue of the confinement
effect of the liquid-liquid interface. The membrane of luminescent AuNPs/silica obtained at
the toluene/water interface can be transferred onto a microscope cover glass by drop casting
membrane on water surface, which can be directly imaged using fluorescence microscopy.
As shown in the bright-field image (Figure 2C), the AuNPs/silica film displayed a uniform
2D membrane structure in a relatively large scale (tens of micrometer). The corresponding
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luminescence image also revealed an evenly distributed luminescent signal (Figure 2D),
suggesting the luminescent AuNPs were homogenously embedded in the continuous
amorphous silica matrix.

To further validate the formation of AuNPs and map their distribution in the silica matrix,
transmission electron microscopy (TEM) was used to directly observe the morphologies of
the AuNPs/silica membrane. As shown in the TEM image (Figure 3A), the AuNPs/silica
membrane appeared to be flat and foldable. It should be noted that some agglomerates were
adsorbed on the AuNPs/silica membrane. This is due to the formation of small AuNPs/silica
capsules during the sample preparation, and the reasons for the appearance of capsules will
be explained in the following section. The high-resolution TEM (HRTEM) image revealed
that monodisperse AuNPs with the diameter of 2.34±0.32 nm were uniformly incorporated
in the silica matrix (Figure 3B and S4). The lattice space of the AuNPs measured from the
HRTEM images (Figure 3C) is 0.235 nm, corresponding to the d spacing of the (111) crystal
plane of face centered cubic (FCC) Au.[24] The structural features of AuNPs/silica
membrane were further analyzed using atom force microscopy (AFM). The tapping mode
AFM data demonstrated protuberances on the film after AuNPs/silica assemblies were
transferred from toluene/water interface to the silicon wafer (Figures 3D and E). The
formation of protuberances can be partially ascribed to the flexibility of AuNPs/silica
composite membrane, but primarily because of its hydrophobic trait, which facilitated the
formation of water droplets encapsulated in the AuNPs/silica membrane. Similar phenomena
was found in the formation of ultrathin capsules of quantum dots at oil/water
interface.[7c, 10b] To further verify whether the AuNPs/silica membrane has a trend to
engender 3D capsule structure, the membrane at the toluene/water interface was vigorously
shaken in a vial and then transferred into a glass dish for microscope observation. The
AuNPs/silica membrane coated water droplets with a diameter of ~10 µm were clearly seen
in the bright-field and luminescence images (Figure S5A, B). In fact, large capsules (even
macroscopic capsules at millimeter scale, data are not shown here) can be obtained by soft
shaking, and these large capsules could be divided into many smaller capsules via strong
shaking, although it is hard to control the size and polydispersity of the capsules at the
current stage.[7c]

Subsequently, to acquire scanning electron microscope (SEM) image, a capsule sample
obtained by intensively shaking was transferred onto a solid substrate. As shown in Figure
3G, the hollow spherical feature was maintained in the capsules with a diameter less than ~2
µm. However, the large capsules collapsed because the mechanical strength of AuNPs/silica
composites is not strong enough to maintain their capsular structures during the dry process.
Based on these results, we can conclude that the formation of protuberances on the AuNPs/
silica membrane is ascribed to its flexibility and hydrophobicity, and inevitable fluctuation
in the transfer process. Consequently, in order to detect the real thickness of the membrane,
the protuberances were avoided in the statistic analysis. The step height analysis illustrated
that the average thickness of the AuNPs/silica membrane is ~3.3 nm (Figure 3F), which is a
little larger than the diameter of the AuNPs (~2.3 nm), suggesting that the AuNPs were
nearly incorporated into the silica matrix as monolayer. The average height of the entire
AuNPs/silica membrane is ~6 nm, which is slightly higher than the thickness of the
membrane due to the existence of protuberances (Figure S6). Furthermore, the fluorescence
of this assembled 2D AuNPs/silica membrane was remarkably stable at the toluene/water
interface as well as in the dried powder form for at least six months under R.T., allowing for
potential sensor application. Different from most of the previous reports,[2b, 7b, 23] where the
pre-fabricated AuNPs were closely packed in the thin films via weak interaction, the
assembly strategy of AuNPs by covalent cross-linking of functional ligands is undoubtedly
efficient to achieve robust membrane. On one hand, the silica matrix in this system via
cross-linking of MPTS has flexibility similar to polymers, implying a straightforward

Dr. Yang et al. Page 3

Adv Mater. Author manuscript; available in PMC 2013 June 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



approach to prepare stable, large scale and multilayered membranes. On the other hand, the
silica matrix also offers other great advantages over polymers, such as high thermal stability
and good phase compatibility. Therefore, this facile interfacial strategy provides a promising
route to fabricate diverse new functional composite membranes for practical application.
Meanwhile, we believe that the procedure described here is not only limited to the AuNPs,
but also can be explored as a general strategy for the accomplishment of diverse 2D
nanomaterials.

The as-prepared ultrathin luminescent AuNPs/silica membrane exhibited hydrophobic
property due to its ability to float at the toluene/water interface. To investigate whether these
AuNPs/silica nanocomposites could construct superhydrophobic film, we performed further
assembly process using the interface effect. In general, a surface with a water contact angle
(CA) higher than 150° is termed as superhydrophobic surface, which has attracted great
interests owing to its importance in fundamental research, inspired mimetic attempts and
industrial applications.[25] Initially, the water in the sample was removed and the AuNPs/
silica nanocomposites was dispersed in toluene by sonication, and then the toluene solution
containing AuNPs/silica nanocomposites was added onto the water surface in a glass dish.
The thickness and scale of the formed multilayered AuNPs/silica film can be easily tuned by
varying the volume of toluene solution containing AuNPs nanocomposites (Figure 4A).
Figure 4B, C showed typical images of as-prepared superhydrophobic AuNPs/silica film
under daylight and ultraviolet light (365 nm), respectively. As indicated in these images, the
film represented smooth trait and stable red fluorescence in macroscale. Upon dropping
water (8 µL) on the luminescent AuNPs/silica film (Figure 4F), the water displayed a
spherical droplet on the surface. The CA calculated by Young-Laplace equation was about
153° as demonstrated in Figure S8. In this case, the superhydrophobic properties of the film
of luminescent AuNPs/silica nanocomposites could be assigned to the micro/nanoscales
binary microsturctures (Figure 4D, E), allowing air to be trapped and expressing unique
superhydrophobicity.[26] The thickness of AuNPs/silica film in this typical procedure is ~35
µm according to the SEM image of the cross-section of the film (Figure S9). The effects of
the film thickness on the hydrophobicity were also investigated. Typically, the AuNPs/silica
nanocomposite film with the thickness of ~30 µm had superhydrophobicity (Figure S10). As
the film thickness increased, the water repellency slowly decreased (Figure S10). Such
phenomenon can be attributed to the reduced surface roughness of the thicker film. During
the film formation process, toluene was gradually volatilized to leave AuNPs/silica
nanocomposites to form the film and thus the thicker film required relatively long time,
which allowed the AuNPs/silica nanocomposites to build a compact structure with low
roughness surface. This process was confirmed by the SEM images of the ~165 µm-thick
AuNPs/silica nanocomposite film, displaying lower roughness microstructures compared to
the ~35 µm-thick film (Figure S11). Moreover, the luminescent AuNPs/silica
nanocomposites could be employed to tune the wettability of other materials. To be specific,
a piece of hygroscopic paper was immersed in the toluene solution of AuNPs/silica
nanocomposites (~1 wt%) and dried in room atmosphere. The photographs of the
hygroscopic paper without and with the modification of AuNPs/silica nanocomposites,
respectively, implied obvious switch of the superhydrophilicity to superhydrophobicity of
the paper surface (Figure 4G, H). SEM images showed the microstructure difference of the
paper with and without the treatment using AuNPs/silica nanocomposites (Figure S12).
Without the modification of AuNPs/silica, the hygroscopic paper had the knitted fibrous
microstructure (Figure S12A, B). After the modification with AuNPs/silica nanocomposites,
many flow-like AuNPs/silica microclusters were deposited on the paper, as shown in Figure
S12C, D. These microclusters not only enhanced the surface roughness but also reduced the
surface energy, leading to the formation of superhydrophobic surface on the paper. In
comparison with the previously reported works,[27] the bifunctional film with luminescence
and superhydrophibicity fabricated at the interface offers many advantages, such as
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simplified process, good stability, and easy scale-up. These results suggested that the
interfacial assembly strategy has profound prospects in the achievement of multifunctional
nanomaterials.

In summary, we have developed a one-step interfacial strategy for the synthesis and
assembly of luminescent AuNPs into silica matrix. To the best of our knowledge, this work
is the first example on the MPTS-directed synthesis of luminescent AuNPs at interface. The
integration of fabrication and assembly process in one-step may provide a pervasive concept
in the achievement of 2D nanoparticle arrays. Moreover, the as-prepared AuNPs/silica
nanocomposites can be further employed to fabricate luminescent and superhydrophobic
films with multifunctional applications. Further efforts paid on the development of various
composite membranes at interface will hold promise for the integration of desirable
properties in versatile devices.

Experimental Section
Experimental materials and methods as well as additional results can be found in the
Supporting Information.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic illustration of the synthesis and assembly of ultrathin luminescent AuNPs/silica
membrane at the toluene/water interface. See Figure S1 in the Supporting Information for
the same figure with color.
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Figure 2.
Luminescence properties and microscopy images of the luminescent AuNPs/silica
membrane. (A) Solid state excitation (λem

max = 640 nm, dash line) and emission (λex
max =

360 nm, solid line) spectra. (B) Time-resolved luminescence decay curve measured at
emission peak maxima of 640 nm. The sample was excited at 360 nm. Exponential decay
function was used for satisfactory fitting (χ2 < 1.15). (C, D) Brightfield (C) and
luminescence (D) microscopy images.
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Figure 3.
(A-C) Low magnification (A) and high resolution TEM images of luminescent AuNPs/silica
membrane formed at toluene/water interface, showing well-dispersed individual AuNPs in
silica matrix. (D, E) AFM images of luminescent AuNPs/silica membrane in taping mode.
(F) Line profile along the line in (D). (G) SEM image of luminescent AuNPs/silica capsules
achieved via vigorously shaking of the corresponding membrane.
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Figure 4.
(A) Schematic representation of the procedure for fabricating the luminescent and
superhydrophobic film composed of AuNPs/silicananocomposites. (B, C) Photographs of
the assembled superhydrophobic AuNPs/silica film taken under daylight (B) and UV light
(365 nm, C), respectively. (D, E) Low and high magnification SEM images of
superhydrophobic AuNPs/silica film. (F) Profile of a water droplet (8 µL) on the AuNPs/
silica film. (G, H) Photographs of water drops (dyed by trypan blue) on the hygroscopic
paper before (G) and after (H) the modification with AuNPs/silica nanocomposites. See
Figure S7 in the Supporting Information for the same figure with color.
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