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ABSTRACT The synthesis of extremely small mesoporous silica nanoparticles via a specific co-condensation

process with phenyl groups is demonstrated. The suspensions are ideally suited for the production of nanoscale

thin films by spin-coating. Thanks to the small particle size and the resulting low surface roughness, the films show

excellent optical qualities and exhibit good diffusion properties and a highly accessible pore system. The

availability of such homogeneous porous thin films made it possible to use ellipsometric porosimetry (EP) as a

convenient method to determine the effective porosity of the films on their original support without destroying

it. It was possible to record sorption isotherms of the thin films with ellipsometry and to correlate the data with

nitrogen sorption data of dried powders of the same material. The thin films showed very low refractive indices of

around 1.2.
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orous materials in the nanometer

range already attract a great deal of

interest in many fields of science and
technology. Especially in terms of colloidal
suspensions, these materials are promising
candidates for applications such as gas
sensing, host—guest chemistry, drug deliv-
ery, and coatings in the semiconductor in-
dustry. The preparation of monodisperse,
stable colloidal suspensions of mesoporous
silica particles has been recently
developed.'? As reported previously, the in-
troduction of functional groups during the
co-condensation reaction can have a great
influence on the particle shape and size.?
We have recently reported that the synthe-
sis with phenyltriethoxysilane led to par-
ticles with a smallest diameter of only 50
nm.* Additionally, the phenyl-modified par-
ticles are thermally more stable, easy to
characterize, and tend to peptize (disperse)
more easily due to their sterically demand-
ing and inert aromatic rings.

By further decreasing the diameter of
these mesoporous silica spheres, their scat-
tering ability for visible light is also drasti-
cally decreased. If the size of the particles
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falls below about 1/10 of the wavelength
of the incoming light (0.1)\), their scatter-
ing ability can be described with the Ray-
leigh scattering theory. The colloidal sus-
pensions thus show optical transparency
when the particle size is small enough. Due
to this optical transparency, such nanoparti-
cles would allow spectroscopic investiga-
tions of physical processes or chemical reac-
tions in a confined space. Furthermore, it is
possible to encapsulate sensitive dyes®® or
to facilitate the dispersion of the particles
in certain media. Modifying the spheres
with appropriate functionalities such as
caps or fluorescence markers would make
them interesting candidates for drug
delivery>® or would permit observing their
way into a cell.’®'" Another very promising
area of application is thin film
technology.'*'® The synthesis of mesopo-
rous thin films is often achieved with the so-
called “evaporation induced self-assembly”
(EISA) process.'* The EISA process for meso-
porous silica thin films starts with a homo-
geneous solution of silica precursor and sur-
factant prepared in ethanol/water with an
initial surfactant concentration much below
the critical micelle concentration.' Upon
dip-coating or spin-coating, the preferen-
tial evaporation of ethanol concentrates the
surfactant and silica species. The progres-
sively increasing surfactant concentration
drives self-assembly of silica-surfactant mi-
celles and their further organization into
liquid-crystalline mesophases. This ap-
proach represents a versatile strategy for
the formation of mesoporous silica and
other oxide thin films with different pore
sizes, pore topologies, and elemental com-
position.'”

However, there are several issues that
suggest the development of complemen-
tary strategies. The precursor is normally
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Figure 1. Initial particle size (DLS) of samples CMS-
P26—CMS-P88.

highly acidic, which can cause problems on sensitive
substrates. Removal of the template by extraction or
calcination might also be critical. If the surfactant is re-
moved thermally, cracks can occur in thicker films, and
it is known that the humidity has a great influence on
the film formation. Thus, if the orientation of the pores
is less important, the alternative preparation of thin
films with mesoporous nanoparticles can address sev-
eral of these issues. It is believed that a porous thin film
made of porous nanoparticles can exhibit improved dif-
fusion properties and a highly accessible pore sys-
tem."® Additionally, one can work with stable suspen-
sions of already extracted nanoparticles, thus ensuring
easy handling and good reproducibility. The coating of
sensitive substrates is facilitated due to the mild condi-
tions. Control over the thickness can be attained by
varying the concentration or by multiple step coating.
Finally, the material can be more easily characterized if
bulk samples are available. The synthesis of completely
transparent suspensions even after template extraction
would therefore be a great improvement for the forma-
tion of homogeneous thin films with a low surface
roughness. Especially for the formation of multilayers,
it is advantageous if the film is very smooth. Otherwise
the defects on the surface are transmitted and ampli-
fied with every following coating step. Furthermore, the
availability of such homogeneous porous thin films
makes it possible to use ellipsometric porosimetry as
an analysis method. This method has a set of advan-
tages compared to conventional sorption methods,
which are specified in a work of Eslava et al."”

o

For an accurate determination of sorption isotherms
of porous coatings via gravimetric or volumetric meth-
ods, an extremely sensitive device is needed. The tiny
amount of porous material and the weight increase due
to adsorption in the thin film can be detected with a
surface acoustic wave (SAW) device or a quartz crystal
microbalance (QCM). In both cases, the coating has to
be applied to the measuring device itself, which might
have an influence on properties such as the orientation
of the crystals, the presence of grain boundaries, and
the film thickness. Scraping films off from their supports
and collecting a sufficient quantity of powdery sample
for a conventional determination is a drastic interven-
tion. The determination of sorption isotherms of a thin
film via ellipsometric porosimetry (EP) is therefore a
convenient method to determine the effective poros-
ity and pore size distribution of a thin film on its origi-
nal support without destroying it.

Thus, the aim of this work was the synthesis of
monodisperse colloidal suspensions of porous nanopar-
ticles with a particle size small enough for the prepara-
tion of homogeneous thin films. Additionally, the poros-
ity of the final thin films was determined with different
methods.

RESULTS AND DISCUSSION

The synthesis results are in good accordance with the
expectations based on the work of Stéber'® and LaM-
er."® A first important variable is the amount of precursor
added to the synthesis. In a certain range, decreasing the
amount of precursor can reduce the size of the final par-
ticles. According to Stober, the particle size distribution
passes a maximum when the concentration is varied be-
cause the concentration of precursor influences not only
the growth of the seeds but also the nucleation rate and
thus the number of initial seeds. Since high yield is a pri-
ority, it is more interesting to choose other options for a
successful downsizing. The experiments show that the fi-
nal particle size in the resultant suspensions (CMS-
P26 —CMS-P88) is dependent on the amount of added
TEAH and the reaction temperature. In Figure 1, the hy-
drodynamic diameter of all samples is shown (CMS-P86
stands for synthesis with 0.08 g of TEAH at 60 °C).

With increasing temperature and amount of cata-
lyst (TEAH), the hydrolysis of the precursor and conden-

Figure 2. Electron micrographs (TEM) of samples (a) CMS-P86, (b) CMS-P87, and (c) CMS-P88.
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Figure 3. Electron micrographs (TEM) of samples (a) CMS-P28, (b) CMS-P48, and (c) CMS-P88.

sation of the nanoparticles is supported and the reac-
tion is faster. In this specific range, these changes
apparently promote the growth rate more than the
nucleation rate, resulting in bigger particles. Figure 2
shows micrographs (TEM) of samples synthesized at dif-
ferent temperatures with the same amount of TEAH
(CMS-P8y). The difference in size can be clearly seen;
the particles that formed at 60 °C (CMS-P86) show the
smallest diameter of only 15 nm. At 70 and 80 °C, the di-
ameter reaches 25 and 30 nm, respectively.

In agreement with DLS data, TEM also shows that
the variation of the amount of catalyst TEAH at a con-
stant reaction temperature (80 °C, CMS-x8) has an influ-
ence on the particle size (Figure 3). The difference is
less pronounced, but the general tendency can be con-
firmed. The diameter varies between 22 (CMS-P28), 25
(CMS-P48), and 30 nm (CMS-P88) if the quantity of TEAH
is increased.

Table 1 shows a comparison of DLS and TEM data
for selected particle sizes. The divergence in hydrody-
namic diameter in DLS (36—130 nm) and discrete par-
ticle size in TEM (15—30 nm) could be explained with a
higher degree of agglomeration at higher
temperatures.

The above findings made it possible to synthesize
colloidal suspensions of functionalized, mesoporous
silica nanoparticles with a very small particle size be-
tween 15 and 30 nm. As the scattering intensity (/) of
light strongly decreases with smaller particles size (I ~
radius®), the suspensions with the smallest diameter
(~15 nm) are completely clear (Figure 4).

When reaching a certain size, separating particles
with centrifuges becomes difficult, as the effective
gravitational force is dependent on the mass of the par-

|
TABLE 1. Particle Size (DLS, TEM) and Maximum in

Interparticle Porosity (N, Sorption)

sample h}ldrodynamic diameter maximum int‘erparticle
diameter (DLS) (TEM) porosity

(MS-P88 130 30 16

(MS-P48 95 25 14

(MS-P28 80 22 12

(Ms-P87 80 25 14

(MS-P86 60 15 9
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ticles. An elegant
method to overcome
this problem is the floc-
culation of the particles.
Therefore, acidified etha-
nol was added to the
aqueous colloidal sus-
pension leading to a
cloudy suspension of ag-
glomerated particles.
The particles then could
be separated from the
solution by centrifuga-
tion and were purified in the following steps. The final
gelatinous sediment can be completely redispersed in
ethanol, leading to transparent colloidal suspensions
with almost exactly the initial particle size distribution
in DLS. Figure 5 shows the mean hydrodynamic diam-
eter of CMS-P86 before and after template extraction.
The polydispersity index (PDI) of all suspensions was be-
low 0.2. The suspensions with a diameter below 40 nm
are completely transparent to the visible part of the
light and show nearly no scattering.

In transmission electron microscopy (TEM), the di-
ameter of the individual particles can be specified as
significantly smaller (by a factor of 3) than that in dy-
namic light scattering. Figure 6 shows micrographs of
CMS-P86 with an average particle diameter of about
20 nm. The size distribution of the discrete particles is

Figure 4. Scattering of the initial colloidal suspensions con-
taining particles with different diameters (DLS) in the range
between about 40 to 130 nm (left to right: CMS-P27, -P86,
-P28, -P87, -P48, -P88, see Table 1 and Figure 1).
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Figure 5. Hydrodynamic diameter of CMS-P86 before and
after template extraction.
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Figure 6. TEM micrographs of CMS-P86 (right: HAADF-STEM).
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Figure 7. N, sorption data of dried, extracted CMS-P86.

very narrow. High-resolution images clearly show the
porous nature of the functionalized particles.

In order to investigate the sorption properties of
the porous nanoparticles, the ethanolic suspensions
were dried at 60 °C. The resulting solids were colorless
and transparent, consisting of small platelets with
about 1 mm diameter. Despite its dense appearance,
the material has a high specific surface area of 640 m?
g~ ' as well as a high pore volume (0.95 cm® g™ ") in the
case of CMS-P86. DFT calculations resulted in a bimo-
dal pore size distribution (Figure 7).

The first peak at 2.7 nm due to templated mesopo-
res is in the expected range for functionalized mesopo-
rous silica templated by hexadecyltrimethylammo-
nium ions. The second peak around 10 nm reflects the
textural porosity of the material. It is a widely accepted
concept that an inscribed sphere between adjacent
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Figure 8. Pore size distribution from N, sorption of differ-
ently sized mesoporous particles with maximum for inter-
particle porosity.
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spheres is an approximate shape for the access open-
ing to the interstitial void space between randomly
packed spheres.?° 22 Depending on the packing of
the individual particles, the pore opening varies ap-
proximately between 0.2 and 0.6 times the radius of
the equally sized particles. In the case of CMS-P86, this
interparticle porosity is in the range between 5 and 15
nm (compare Figure 7). Thus, the expected particle size
based on sorption is about 25 nm, which coincides
well with the observed diameter in the TEM. With de-
creasing particle size, this second peak is shifted to
smaller pore sizes as shown in Figure 8. The maximum
of the interparticle porosity is in the expected range for
all samples (see Table 1).

Homogeneous Thin Films. The ethanolic suspensions of
the template-free material are ideal candidates for the
preparation of homogeneous spin-on thin films. The dry
bulk material exhibits a high surface area even though
it appears to be a dense solid. Thus, one can expect a

-
.

»

-

Figure 9. Thin film of CMS-P86 on a silicon wafer.
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Figure 10. Ellipsometry data of a thin film of CMS-P86 in nitrogen atmosphere.

high porosity for the corresponding thin film. Figure 9
shows an image of a silicon wafer with a thin film of me-
soporous functionalized silica with a thickness of 650
nm. The film was prepared by spin-coating three times
with an ethanolic suspension containing 5 wt % of CMS-
P86.

The film appears very homogeneous and transparent
and thus has a definite interference color. Due to pro-
nounced capillary forces occurring during the solvent
evaporation, the nanoparticles are very closely packed—a
phenomenon that also assists in the assembly of colloi-
dal crystals.>® Because of the smooth surface, no scatter-
ing is observed, which makes the films perfect candidates
for ellipsometry investigations. Modeling and fitting of
the data was based on the assumption that the film con-
sists of porous nanoparticles; the model layer was de-
signed as follows: (1) the silicon substrate is infinitely thick
(1 mm); (2) a typical layer of 2 nm thermal oxide (SiO,) is
presumed; (3) the material (organically functionalized
silica) is described with a Cauchy layer. Starting with a
guessed film thickness of 500 nm, the subsequent fitting
of the thickness and the Cauchy parameters resulted in a
650 nm thick film. As shown in Figure 10, this model layer
fits exactly the experimental data.

The measurement was performed in a flow cell in a
flow of nitrogen. It was repeated at different relative pres-
sures of gaseous toluene. The adsorption affinity of the
thin film can be also observed when the interference
color changes due to the pore filling. The relative pres-
sure of toluene was controlled between 0 and 0.943 (p
po ). Plotting the refractive index of the thin film versus the
relative pressure of toluene resulted in the isotherm shown
in Figure 11.

After the templated mesopores are filled, a second
step due to the filling of the interparticle porosity can
be identified at a relative pressure of 0.6—0.8. The ellip-
sometric data are in very good accordance with pow-
der nitrogen sorption data (Figure 12). The overlay
shows the same sorption behavior for the two differ-
ent adsorbates.

Applying the Lorentz—Lorenz equation for ellipso-
metric porosimetry (EP), a porosity of 53% is obtained
for the film CMS-P86. If the total pore volume of 0.95
cm?® g~ obtained from N, sorption is correlated to the
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53% porosity in ellipsometric data, an overall film den-
sity of 0.56 g cm ™3 can be calculated.

CONCLUSION

In this study, we have demonstrated the synthesis of
extremely small mesoporous silica nanoparticles via a
specific co-condensation process with phenyl groups.
The size of the suspended mesoporous silica spheres can
be controlled in a wide range. The suspensions with a
mean hydrodynamic particle diameter of about 40 nm
or less were optically transparent. After extraction of the
surfactant, dispersion in ethanol led to transparent colloi-
dal suspensions. The existence of very small individual po-
rous particles was confirmed by transmission electron mi-
croscopy (TEM) and sorption measurements. The
suspensions were used for the preparation of homoge-
neous porous thin films by spin-coating. The films
showed excellent optical qualities and could thus be char-
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Figure 11. Ellipsometry data of a thin film of CMS-P86 in
toluene vapor in a nitrogen atmosphere.
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Figure 12. Overlay of a powder N, sorption isotherm (de-
sorption) and a toluene isotherm (equilibrium) of a thin film
recorded with ellipsometry (CMS-P86).
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acterized with ellipsometry. It was possible to record sorp-
tion isotherms of the thin films with ellipsometry and to
correlate the data with nitrogen sorption data of dried
powders of the same material. In the future, exchange of

EXPERIMENTAL SECTION

All chemicals were purchased from Sigma-Aldrich with re-
agent grade (98% or higher) and used without further purifica-
tion. The water was deionized. In order to ensure the same con-
ditions for all samples, the syntheses were carried out in a
heatable high-throughput magnetic stirrer system (1000 rpm)
in 100 mL glass test tubes (diameter = 2.5 cm). Although it is
necessary that the synthesis mixture be well stirred, building of
foam should be avoided in order to prevent the formation of in-
homogeneities. The following solutions were prepared and used
for all syntheses: S1 (surfactant): 30.0 g aqueous solution of cetyl-
trimethylammonium chloride (25 wt %) and 270.0 g of deionized
water. C1 (catalyst): 1.0 g of triethanolamine (TEAH) and 9.0 g
of deionized water. P1 (precursor): 20.8 g (0.1 mol) of tetraethy-
lorthosilicate (TEOS) and 2.4 g (0.01 mol) of phenyltriethoxysilane
(PTES). E1 (extraction): 50 g of concentrated hydrochloric acid
(37% HCI) in 500 mL of ethanol. E2 (extraction): 10 g of ammo-
nium nitrate in 500 mL of ethanol.

Samples (MS-Pxy. The amount of 20.0 g of S1 and 0.20 (CMS-
P2y), 0.40 (CMS-P4y), or 0.80 g (CMS-P8y) of C1 was heated un-
der stirring to 60 (CMS-Px6), 70 (CMS-Px7), or 80 °C (CMS-Px8).
The amount of 1.60 mL of P1 was added, and stirring was con-
tinued in the test tube for 1 h. The vessel was kept open in or-
der to evaporate parts of the ethanol that were formed during
the condensation. For a better overview, all samples are listed in
Table 2.

Extraction. The resulting colloidal suspension was flocculated
with 20 mL of E1, and the cloudy precipitate was centrifuged
for 5 min at 40 000g (RCF). After decanting, the sediment was re-
dispersed through vigorous stirring in 20 mL of E2. The clear sus-
pension was treated for 10 min in an ultrasonic bath. After floc-
culating with 20 mL of deionized water, the precipitate was again
centrifuged, the sediment was redispersed in 20 mL of E1, and
again sonicated. After flocculation with 20 mL of deionized wa-
ter and centrifugation, the sediment can be redispersed in etha-
nol, leading to a suspension of colloidal mesoporous silica (CMS)
with approximately 5 wt % solid content.

Film Preparation. Thin film preparation was performed by spin-
coating with an ethanolic suspension containing about 5 wt %
of solid material. The substrate (silicon or glass) was coated three
times at 3000 rpm (acceleration = 5000 rpm s~ "). In order to re-
move potential inhomogeneities, the transparent ethanolic sus-
pension was filtered through a 0.2 wm syringe filter prior to spin-
coating.

Characterization. Dynamic light scattering (DLS) data were col-
lected with a Malvern Nano ZS in PMMA cuvettes at 25 °C. Trans-
mission electron microscopy (TEM) was carried out on a FEI Ti-
tan 80-300 at an accelerating voltage of 300 kV. Samples were
prepared on a Plano holey carbon coated copper grid by evapo-
rating one droplet of diluted ethanolic suspension of the ex-

TABLE 2. Prepared Samples and Synthesis Conditions

sample synthesis temperature amount TEAH (g)
(MS-P26 60°C 0.02
(MS-P46 60°C 0.04
(MS-P86 60°C 0.08
(MS-P27 70°C 0.02
(MS-P47 70°C 0.04
(MS-P87 70°C 0.08
(MS-P28 80°C 0.02
(CMS-P48 80°C 0.04
(MS-P88 80°C 0.08

the template is anticipated to allow control over the pore
size, and molecular modification of the internal surface
of the mesopores will offer numerous new functionalities
of the nanoparticles and the resulting thin films.

tracted material. The nitrogen sorption isotherms (77 K) were ob-
tained using a Quantachrome NOVA 4000e surface area and
pore size analyzer. Surface area calculations were made using
the Brunauer—Emmett—Teller (BET) equation in the range of p
po ' = 0.05 to 0.25. Pore size distributions were determined us-
ing the DFT-method (NLDFT equilibrium model, cylindrical pores,
N, on carbon). Ellipsometry measurements were performed
with a Woollam M2000D at different angles (65, 70, and 75°) in
the spectral range of 190—1000 nm. The data were fitted in the
range between 250 and 1000 nm using a Cauchy-type material
as model layer. Ellipsometric porosimetry measurements were
carried out in a closed cell at different partial pressures at a mea-
surement angle of 75° (see Supporting Information for further
details). The recording of isotherms was performed using a
homemade Labview-controlled gas mixer. Digital mass flow con-
trollers (W-101A-110-P, F-201C, Bronkhorst High-Tech) ensured
the accurate dosing of the carrier gas nitrogen and the liquid an-
alyte, which was vaporized in a controlled evaporation and mix-
ing element (W-101A, Bronkhorst High-Tech). Partial pressures
were calculated using the van der Waals equation.
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