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Abstract

We report the preparation and optical characterization of
Langmuir and Langmuir-Blodgett (LB) films of mesoporous sil-
ica coated gold nanorods with three different shell thicknesses.
When measured in solution, the extinction of the particles in the
short wavelength region becomes dominated by light scattering
with increasing shell thickness. Due to the silica shell, however,
it is possible to prepare continuous Langmuir and Langmuir-
Blodgett monolayers of the particles over macroscopic areas.
To investigate the role of the gold core and the silica coating
in the optical properties of the monolayers, reflection meas-
urements in combination with thin-film optical modeling were
carried out. Interestingly, the optical behavior of the Si depos-
ited LB monolayers is mainly governed by the silica shell:
the reflection spectrum is dominated by thin-film interference
instead of the localized surface plasmon resonance peaks. This
is in agreement with our earlier results obtained for core-free
plain silica nanoparticle LB monolayers.
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1 Introduction

The importance of wet chemical synthesis of inorganic
structures owning at least one dimension at the nanoscale has
been a continuously emerging topic in the last two decades.
A high variety of methods have been developed synthesizing
various types of nanoparticles [1-4] and thin films [5-9] for dif-
ferent purposes.

Plasmonic gold nanoparticles gained immense attention
in recent past due to their special optical properties. These
small noble metal nanoparticles can support certain localized
surface plasmon resonance modes that results in a very large
extinction (absorption plus scattering) cross-sections and near-
field enhancements at certain wavelength [10]. There are many
literature reports about how to control the optical properties of
these particles through adjusting their size and shape during
wet-chemical nanoparticle growth. Based on the specific inter-
action of the nanoparticles with light, applications in the field
of cancer therapy [11], sensor applications [12] and energy
conversion [13] are envisaged. Besides of the optical proper-
ties, however, the physico-chemical behavior of the particles
is crucial. Due to their size the particles belong to the colloidal
domain, and their interaction with other substances is gov-
erned by colloidal interactions. These often determine or limit
the range of possible applications (e.g. due to aggregation or
unwanted surface adsorption).

In this paper we focus on the connection between the physico-
chemical and optical properties of gold/mesoporous silica core/
shell nanoparticles as well as their assembled structures. We
investigate how an increasing thickness of silica shell affects the
extinction spectrum of the nanoparticles in solution and when
deposited in the form of a monolayer on a solid support.

2 Materials and methods
2.1 Materials

Sodium borohydride, ReagentPlus® 99 % (NaBH,); tetra-
chloroauric (III) acid trihydrate, ACS reagent (HAuCl,*3H,0);
cetyltrimethyl ammonium bromide, SigmaUltra 99 % (CTAB);
tetraethyl ortosilicate, puriss, 99 % (TEOS); L-ascorbic acid,
ACS reagent 99 %,; silver nitrate, 99.9999 % metal basis
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(AgNO,) and methanol, puriss. p.a. (max. 0.005 % H,0) were
purchased from Sigma-Aldrich. Ammonium hydroxide, 32 %
from Scharlau, Sodium hydroxide, a.r. (NaOH) from Reanal and
chloroform, ultra-resi analyzed, 99.8 %, from J. T. Baker were
used. All chemicals were used as received. For all experiments
ultrapure water with a resistivity of 18.2 M{/cm was used.

2.2 Nanoparticle synthesis

Gold/silica core/shell nanorods were synthesized similarly
as reported by us earlier [14] according to the procedure in [15].
First, 5 ml 0.5 mM HAuCl, was mixed with 5 ml 0.2 M CTAB,
then 600 pl 0.01 M ice-cold NaBH, was added. The resulting
brownish seed solution was vigorously stirred for 30 s, which
was followed by a slow stirring for 15 minutes at 50 °C. To
get the nanorods, 3 ml of the seed solution was added under
stirring to a growth solution containing 50 ml 1 mM HAuCI,,
50 ml 0.2 M CTAB, 100 pl 0.04 M AgNO, and 700 ul 0.1 M
ascorbic acid and then left undisturbed for a night at 30 °C.
These CTAB-capped nanorods were in a single step coated
with a mesoporous silica shell according to literature, resulting
in disordered pores in the silica coating with ca. 4 nm diameter
and ca. 2 nm wall thickness [15]. To coat the nanorods, 15 ml
of the as-synthesized nanorod sol was centrifuged at 7500 rpm
for 30 min and redispersed in 10 ml of water. The pH was
adjusted to ~10-11 using 100 pl 0.1 M NaOH. Under magnetic
stirring, 3x30 pl 20 % TEOS in MeOH was injected into the
reaction vessel at 30 minute intervals to coat the gold nanorods
with a 15 nm thick silica shell. The samples were subjected to
repeated centrifugation and redispersion in methanol (6 times)
to remove the positively charged surfactant molecules until
a zeta-potential value about -30 mV was reached, and small
residual core-free silica particles were also removed. To obtain
thicker silica shells, the resulting, purified sols are concentrated
from 15 ml to 8 ml and to this solution, 2 ml 15 % NH, in
H,O was added. Then, to get 50 nm thick shell, 3x15 pul TEOS
was added in 3 hour intervals. After this step, the solution was
centrifuged again to remove small silica particles and residual
NH,, then the resulting solution can be used to increase silica
shell thickness to 80 nm with 4x15 pl TEOS again with 3 hour
intervals. The resulting sol can be purified again by repeated
centrifugation. For the film preparation the particles were used
without any further surface-modification.

2.3 Langmuir-Blodgett film preparation

Silicon substrates were washed with acetone, water, 2 %
hydrofluoric acid solution and finally with water. Glass slides
(Menzel Gldser microscope slides, AA00000102E) were
washed with ethanol and water. To spread the nanoparticles
at the air/water interface in a Langmuir-trough (KSV2000),
the particles dispersed in methanol were diluted with chlo-
roform (1:2 volume ratio) and sonicated for 5 minutes right
before spreading. The nanoparticles were spread at the water/

air interface using a Hamilton syringe. After 10 minutes, when
chloroform evaporated, the particles were compressed with a bar-
rier speed of 0.4 cm?/s. As the surface pressure reached the value
of ca. I mN/m, the compression speed was lowered to 0.2 cm?/s.
The Langmuir-Blodgett (LB) films were prepared by vertical
deposition (4 mm/min), at ca. 80 % of the collapse pressure.

2.4 Characterization techniques

The zeta-potential of the particles was estimated using
electrophoretic light scattering technique (Malvern Zetasizer
Nano ZS). The particle size and the shell thickness were meas-
ured using a Philips CM20 transmission electron microscope
(TEM). LB-film morphology deposited on Si substrates was
investigated using a LEO 1540 XB field emission scanning
electron microscope (SEM) with an acceleration voltage of
5.00 kV. The optical properties of the sols were studied using
UV-Vis spectroscopy (Agilent 8453). LB-films transferred onto
Si substrates were measured optically in reflection geometry
using an Avantes AvaSpec-2048 fiber coupled spectrometer in
the 450-950 nm wavelength range. For determining the film’s
structure detailed optical modelling was performed using the
wvase32 software [16].

3 Results and discussion
3.1 Properties of the synthesized nanoparticles

Figure 1 shows representative TEM images of the synthe-
sized nanoparticles. The size of the gold nanorod cores meas-
ures 23 nm X 40 nm, and 21 nm x 35 nm, respectively. The
silica coating on all nanoparticles is continuous, the shell
thickness varies between 15 nm and 80 nm depending on the
amount of TEOS added during the growth of the shell. Increas-
ing TEOS addition results in a thicker silica shell. Although
not visible on these images, the deposited shell is mesoporous,
as was confirmed by us and other groups earlier [14,15,17].
The silica deposition on the CTAB bilayer at the gold nanorod
surface results in a mesoporous shell, where the characteristic
pore diameter is around 4 nm with a wall thickness of 2 nm
[15]. The channels span over the whole shell thickness and are
oriented perpendicular to the surface of the nanorod [18,19].
Due to the optimized centrifuging procedure performed after
the shell growth, there are no core-free small mesoporous silica
nanoparticles present in the samples.

When investigating the optical properties of the nanopar-
ticles using visible spectroscopy (Fig. 2), both the plasmonic
properties of the gold nanorod cores and the effect of the dif-
ferent shell thickness on the extinction spectra can be observed.
The spectra feature two main extinction peaks independently
from the thickness of the shell and can be attributed to the two
characteristic localized surface plasmon resonance modes that
are supported by the gold cores. The peak at longer wavelengths
(615-625 nm) featuring higher intensity can be assigned to the
longitudinal mode, whereas the small peak around 525 nm
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shell thickness: 15 nm

a)

Fig. 1 TEM images of the gold-silica core-shell nanorods with different shell
thicknesses (15 nm 50 nm and 80 nm, respectively). Note, that the (a), (b), (c)
images correspond to the spectra in Fig. 2.a, 2.b, and 2.c, respectively. Scale
bar: 300 nm for all images.

belongs to the transversal mode. In the spectra of the nanorods
with the thinnest (15 nm) silica shell (Fig. 2.a) no significant
deviation from the extinction spectrum of the starting nanorod
can be observed. For the thicker silica shells (50 and 80 nm),
however, there is a striking difference between the spectra
before and after the silica coating. This difference refers to an
increased extinction at shorter wavelengths compared to the
original spectrum of the as-prepared nanorods. For the nano-
particle sample with the thickest shell, the extinction around

400 nm already exceeds the intensity of the longitudinal plas-
mon peak. The shell and wavelength dependent extinction
increase can be attributed to the increasing scattering of the
particles with increasing overall particle size. The scattering
causes an increasing extinction with decreasing wavelength
that is superimposed on the original particle spectrum. It is
important to point out, however, that this superposition does
not result in a simple addition of the optical damping caused
by the scattering due to size and extinction due to plasmon
resonance. Especially for the largest shell thickness (Fig. 2.c)
it is clear that the transversal plasmon resonance peak almost
“disappears” in the short wavelength tail of the spectrum; this
part of the spectrum is dominated by Rayleigh scattering.
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Fig. 2 Normalized extinction spectra of the three different sols of silica-
coated gold nanorods with different shell thicknesses (in water): a) 15 nm,
b) 50 nm and c¢) 80 nm. The insets show the measured spectrum of the gold

nanorod sols before the silica-coating procedure.
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3.2 Properties of Langmuir- and
Langmuir-Blodgett films

Independently of the silica shell thickness, all particle types
could be spread at the air/water interface as demonstrated earlier
by us for another particle type [14]. After the evaporation of
the spreading solvent the particles were trapped at the interface.
This enabled to record their surface pressure — area isotherm
(Fig. 3). The surface pressure is zero over a large area decrease
at the beginning of the compression, indicating a contamina-
tion-free interface. After decreasing the area below the contact
area, a sudden increase of the surface pressure can be observed.
At this point the presence of the Langmuir film can be observed
even by naked eye with a weak color corresponding to the color
of the nanoparticle solutions. The collapse pressure values are
around 25 mN/m. This value is similar to that of Stober silica
particles of comparable diameter [20].
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Fig. 3 Surface pressure vs. area isotherms of the three different core-shell
nanoparticle systems, with a) 15 nm, b) 50 nm and c¢) 80 nm silica shell thick-
nesses.

After the transfer of the Langmuir-film onto silicon sub-
strates the LB-films seem also continuous and defect-free on
the macroscopic scale. The SEM investigations showed that the
resulting LB-films are compact monolayers (Fig. 4). Hexago-
nally closed packed ordering can be found only in case of the
largest shell thickness on some areas of the sample. This is due
to the fact that with increasing silica shell thickness the shape
of the core-shell structure approaches more and more that of
a sphere. For smaller shell thicknesses the film is disordered,
side-by-side ordering cannot be seen as typical for high aspect
ratio, shell-free nanorods [21,22,23]. It is also worth to note
that for particles with shell thickness of 15 nm and 50 nm the
secondary electron flux provided by the gold cores can escape
through the silica shell and reach the detector. This is the reason
why the gold nanorod cores are clearly visible in Fig. 4.a and
can be perceived in Fig. 4.b.

The optical spectroscopic characterization of the LB-films
was carried out in reflection geometry at normal incidence in
the wavelength range of 450-950 nm (Fig. 5). An uncoated Si
wafer was used as reference. The characteristic longitudinal
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Fig. 4 SEM images of Langmuir-Blodgett films composed from gold-silica
core-shell nanorods with the shell thickness of 15 nm, 50 nm, and 80 nm,

respectively.
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plasmon resonance peaks of the nanorods (Fig. 5.a-5.c) are
clearly observable in the reflection spectrum of the LB mon-
olayers, resulting in a small local reflection minimum between
615 nm and 625 nm depending on the shell thickness of the
nanoparticles. Nevertheless all of the monolayers show inten-
sive colors when observed by naked eye. In order to shed light
on the details of the optical behavior of the core/shell monolay-
ers, we performed additional optical modeling.
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Fig. 5 Measured and calculated reflectance spectra of the LB monolayers on
Si substrates composed from gold/silica core/shell nanorods with different
shell thicknesses (a) 15 nm, b) 50 nm, c¢) 80 nm). In order to demonstrate the
optical role of the gold cores, the reflection spectra plotted with dashed lines
were calculated by substituting gold with silica in the optical model of the

corresponding sample (w/0 Au).

The optical models were built up according to the schemat-
ics in Fig. 6 and makes use of the Bruggeman effective medium

approximation (EMA) [24], that allows to treat complex mul-
ticomponent layers as a single, optically homogeneous layer.
The LB-films were divided into three stratified layers in the
z-axis perpendicular to the substrate (light propagation direc-
tion): the first layer was composed from silica and void apply-
ing EMA. The second layer corresponds to the gold core parti-
cle region containing also gold, silica and void. Obviously, the
optical properties of gold nanoparticles differ from bulk gold
and this difference has to be taken into account. An appropri-
ate and widely used solution is to treat the optical response
of the particles as combination of oscillator models: typically
one Drude- and three Lorentz-oscillators are used [25,26,27].
The third layer in the stack is similar to the first but not the
same: the non-uniformity and the polydispersity of the par-
ticulate system result here a bit higher effective layer thickness
and void ratio. Fitting the layer thickness values, the ratios of
materials, and the oscillator parameters the reflection spectra
can be calculated.

The fitted reflection curves are shown in Fig. 5 with empty
symbols. The good agreement between the experimental and
simulated spectra allows us to retrieve the shell thickness of the
particles, which corresponds to the thickness of the lowest lay-
ing EMA layer in our optical model. The obtained shell thick-
ness values are 15.1 nm, 47.5 nm, and 84.4 nm, respectively.
These values are in very good agreement with that resulted

from the TEM analysis.

silica + void
silica + gold + void

silica + void

Si substrate '

Fig. 6 Schematics of the optical model: the LB-films were divided into three
slices and in every slice the Bruggeman effective medium approximation was
applied.

Compared to the rather flat reflection spectrum in Fig. 5.a,
for particle samples with ca. 50 nm (Fig. 5.b) and 80 nm (Fig.
5.c) shell thickness a strong overall wavelength modulation of
the spectrum can be observed. This we attribute to the thin film
interference arising from the LB monolayers that get more pro-
nounced as the overall size of the core/shell particles increases.
This behavior has been previously shown to apply to the LB
mono- and multilayers of Stober-silica nanoparticles [28,29].
In order to verify this assumption, we performed additional
reflection spectra calculation. After obtaining the optical model
parameters from the reflection spectra fitting described above,
we replaced the gold in the optical model with silica. Reflection
spectra calculations were hence carried out assuming plain sil-
ica particles without gold cores (w/o Au) but with identical size
compared to the core/shell particles (Fig. 5.a-c, dashed lines).
The result of the simulation is plotted in Fig. 5.a-5.c using
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dashed lines. It is clear, that as the shell thickness increases,
the overall wavelength dependent reflection of the monolayer
becomes dominated by thin film interference. The fairly good
agreement between the experimental spectra (solid lines) and
the calculated trends (dashed line) agree very well with previ-
ous result obtained for core-free plain silica particles [28,29],
i.e., in the compact LB layer no significant scattering arises
from the individual nanoparticles.

4 Conclusion

We have shown that increasing the shell thickness of gold
nanorod/mesoporous silica core/shell nanoparticles signifi-
cantly alters the optical properties of the system, whereas not
affecting its physico-chemical behavior. In solution the increas-
ing shell thickness results in an enhanced Rayleigh scattering
from the particles, suppressing the plasmon resonance of the
particles gradually. The Langmuir-Blodgett monolayers of the
particles, however do not suffer from the increased scattering
due to the close packed nature of the films. Although plasmon
resonance in the monolayer can be still observed up to a silica
shell thickness of 80 nm, the reflection spectra are being domi-
nated by the thin film interference corresponding to the optical
response of closely packed dielectric nanospheres. Shell thick-
ness values above 15 nm significantly alter the optical response
of the nanoparticle systems in solution and on substrate and
hence might limit the applicability of core/shell particles with
a thick mesoporous silica shell, e.g., in high temperature appli-
cations, where thick shell can effectively stabilize anisometric
plasmonic nanoparticles [17].
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