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Abstract

A novel method for fabrication of precisely functionalized nanomaterials was
developed. Presented here multi-step functionalization procedure can be
applied for vertically-aligned mesoporous silica thin films. As an example,
we presented the syntheses of films, precisely functionalized by the propyl-
copper-phosphonate and the propyl-silver-carbonate groups located exclu-
sively at the pores bottom. Obtained functional materials were characterized
by a few physical and chemical techniques: transmission electron microscopy,
X-ray scattering, differential pulse voltammetry and infrared spectroscopy
supported by the numerical simulations. On this base, we prove the efficiency
of the synthesis method. We expect that presented multi-step functionaliza-
tion procedure can be easily generalized and applied for fabrication of the
novel porous silica-based functional materials.
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1. Introduction

Functional materials based on the porous silica matrix and the transition
metal-containing active groups have become very attractive architectures due
to their unique properties [1]. They can be considered as the compounds
possessing particular properties, precisely tailored to the specific functions
[2]. These properties are usually a result of a purposely designed molecular
structure and carefully elaborated synthesis route. The materials possessing
such unique properties have found various applications in electronics [3, 4],
energy storage [5], sensing[6], catalysis [7, 8], or even bioactive systems [9].
Especially, the thin films formed by the functional materials are crucial for
the implementation in the nanoelectronic [10, 11] or optoelectronic systems
[12, 13] as well as in solar cells [14, 15].

The bottom-up approach to nanotechnology [1] has opened a promising
way for the fabrication of materials having extremely ordered structure on the
molecular level with means of self-assembly method. The properties of such
materials are very sensitive to the supramolecular arrangement of the func-
tional units, that determines the molecular polarity and hence all molecular
properties [16]. The intermolecular interactions are responsible for coopera-
tive phenomena and for the appearance of new features at the space charge
transfer. Thus, the same molecule behaves substantially differently in a dif-
ferent environment or being distributed in a various way in the matrix. This
feature can be applied for designing of materials for the use in optoelectron-
ics. The most applicable form of such materials is a thin film. Nevertheless,
designing and fabrication of functional thin films with desired features is still
a challenging task. Moreover, the synthetic routes are often complicated and
the structural characterization can be ambiguous. However, a possibility of
the physical properties arrangement to achieve desired functionalities is still
worth the effort. Having a proper matrix one can obtain the material tailored
for a particular application. However, the condicio sine qua non in this case
is fully controllable functional units distribution inside matrix volume. it is
difficult but possible to achieve. As we shown in our previous works it is pos-
sible to fabricate a precisely functionalized silica-based strongly antimicrobial
system, that is safer for the environment than commonly used disinfectant
agents [17], or novel materials for optoelectronic: silica thin films possessing



tunable nonlinear optical response [18]. In both cases, the key was extremely
precise matrices functionalization and control of functional units distribu-
tion. All these results prompted us for searching for an even more accurate
way for functionalization of nanostructured materials.

In the paper, we propose an innovative approach to a synthesis of com-
pletely novel thin film composite material based on the vertically aligned
mesoporous silica matrix: the multi-step functionalization procedure.
This synthesis route is designed in such a way that each of silica channel
contains the metal ions anchored exclusively at the pores bottom.

Unfortunately, considered materials are not easy to investigate because of
their very low thickness. So, determination of their molecular structure can
be still demanding. Therefore, we propose the investigations set (structural,
spectroscopic and electrochemistry methods), that can be applied for very
precise determination of the thin film samples molecular structure and also
individual functional units configuration.

2. Materials and methods

2.1. Synthesis of vertically aligned mesoporous silica thin films functionalized
at the pores bottom

The multi-step functionalization procedure was designed according to the
BOTTOM-UP approach to the nano-engineering. In this method the atoms,
during synthesis, create desired structure by themselves, forming vertically
aligned thin mesoporous silica layers containing the metal ions exclusively at
the bottom of the channels. We prepared thin films containing two type of
functional units placed at the pores bottom:
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Figure 1: Schematic representation of the ordered porous silica thin layers with vertically
aligned pores, containing copper and silver ions bounded at the pores bottom. Prospective
view (a) and zoom-in of the species containg copper (b) and silver (c).

e copper ions bounded via propyl phosphonate units (samples hereafter
called SIL-POO,Cu-B)

e silver ions anchored via propyl carbonate units(samples denoted as
SIL-COOAg-B)

The fabrication and multi-functionalization of the silica thin films is di-
vided into four main steps which are summarized in fig. 2. In the first step,
the substrate - glass covered by the fluoride doped tin oxide layer - is func-
tionalized by the precursors of the anchoring groups. They are the propyl
dietyl phosphonate in the case of SIL-POO,Cu-B and the cyanopropyl for
SIL-COOAg-B. Next, the pre-functionalized substrates are covered by the
layers of highly ordered mesoporous silica thin films with vertically oriented
channels. It is done with the help of the electro-assisted self-assembly (EASA)
method [19, 20]. This procedure yields porous silica films with thickness of 80
nm &£ 5 nm. After ageing and surfactant removal, the samples are silanated
in order to prevent undesirable side-reactions between the surface hydroxyl
units and the acidic groups of the anchoring units. Then the samples are
hydrolyzed to create destination anchoring units at the pores bottom. Fi-
nally, the samples can be activated by metal ions in solution of the metal
salts. Thanks to presence of the anchoring units at the pores bottom, the
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metal ions are bonded exclusively in this place, while thorough washing by
the solvents removes any salts excesses.

The detailed description of each step can be found in Supporting Infor-
mations, section 1.

2.2. Characterization methods

The silica thin films, functionalized at the pores bottom, were character-
ized by several methods to confirm assumed molecular structure.

The cyclic voltammetry (CV) and the differential pulse anodic strip-
ping voltammetry (DPASV) were carried out by means of the potentio-
stat/galvanostat SP150 (Biologic) at room temperature in the three-electrode
cell where the working electrode was the silica-based composite films on the
FTO layer, a platinum wire as the counter electrode, and Ag/AgCl was used
as the reference electrode.

The TEM imaging was carried out using the FEI Tecnai G2 20 X-TWIN
electron microscope, equipped with the emission source LaB6 and the CCD
camera FEI Eagle 2K. The TEM images were processed using the Gwyddion
software [21].

The XRR patterns of the composite silica-based thin films were collected
by means of the X-PERT PRO Panalytical diffractometer operated at 40 kV
and 30 mA, in the in-plane geometry (open Eulerian cradle — OEC) with 80
degrees 1) angle. The CuKo radiation of the wavelength 1.541 A and fixed
slits were used. The scattering at the low-angle range of 0.3 < 260 < 8 was
recorded applying 0.03 step size and 240 s exposure time.

The Fourier transform infrared (FTIR) measurements were performed
using the Thermo Scientific Nicolet iS50 FT-IR spectrometer equipped with
a standard source and the DTGS Peltier-cooled detector. The spectra of
the silica thin films were collected in the 4000 - 650 cm™~! range using the
VeeMAX III with the ATR accessory at the 65 degrees of an incidence angle
and the Ge flat plate crystal. All spectra were accumulated with the 16
cm ! spectral resolution and saved in 200 scans. The water vapor and carbon
dioxide were subtracted from each spectrum as well as the baseline correction
and the peak fitting was done using the GRAMS Software package.

2.3. Numerical Stmulations

We carried out numerical simulations in order to identify the vibrational
modes correctly (supporting the infrared spectroscopy).



In the first stage, we designed the numerical model of the investigated
materials. The clue of the vibrational analysis was to examine the modes
connected with the vibrations of the functional units attached to the FTO
layer. Thus, we assumed individual functional units as a model of our ma-
terial: propyl-copper-phosphonate and propyl-silver-carboxyl attached to a
part of FTO. In the light of the fact that the fluoride doped tin oxide vibra-
tional spectra are well known [22] and can be easily measured and subtracted
from experimental spectra, we treated the FTO part only as a ballast mod-
ifying the functional groups’ vibrational modes. For this reason, we use the
simplified model of the FTO part: flat SnO, structure containing only 3 Sn
atoms. Fluoride atoms were omitted. The functional groups were designed
with no simplification, as elements with unknown vibrational spectra.

Theoretical calculations were carried out in the gas phase using the den-
sity functional theory (DFT) calculations [23, 24| available in the Gaussian
09 software package [25]. The geometry of the model molecules was first opti-
mized using the Becke’s hybrid exchange and correlated three-parameter [26]
with the Lee-Yang-Parr correlation functional (B3LYP) [26-29] as well as the
split-valence basis sets 3-21G. Next, the optimized structures were used as
input files for further optimization and the vibrational harmonic calculations
using the MOLPRO Basis Query def2-TZVP [30, 31], as a fairly accurate
basis set, giving reasonable computational time. As a result of the geometry
optimization, we had obtained a few conformers for each molecule. The final
configurations of the models were selected on the base of the conformational
analysis — conformers with the lowest energy had been selected for further
considerations. It is worth mentioning, that for the silver-containing model
molecule we obtained two probable conformers. As it was shown during fur-
ther analysis, both conformations of the propyl-silver-carbonate are present
in the resulting sample.

The optimized structures were used as the input files for the vibrational
harmonic calculations. All structures had positive harmonic vibrations that
proves a true energy minimum [25]. Theoretical vibrational frequencies were
recalculated using the scale factors of 0.9654 [32] to avoid their inaccurate es-
timation caused by neglecting the anharmonicity, incomplete incorporation
of the electron correlation and the use of the finite basis sets in the theo-
retical treatment. Due to the perfect correlation between theoretical and
experimental spectra and coherence of further interpretation, the choice of
the method and the basis set seems to be fully justified.

The assignment of the calculated Raman bands was done on the basis
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of the PED analysis [33, 34] and supported by the animation option of the
GaussView 5.0 graphical interface for the Gaussian programs [35], useful
for a visual presentation of the vibrational modes shape. As far as the PED
analysis is concerned, the calculations were carried out in the VEDA software
[36]. By combining the results of the visualization with the potential energy
distribution (PED) we obtained a very accurate description of the molecular
vibrations.

3. Results and discussion

3.1. Structural investigation

The silica matrices structures are verified in terms of their quality with the
help of X-Ray Reflectivity (XRR) and the transmission electron microscopy
(TEM).

The XRR patterns, shown in fig. 3, confirm regular 2D hexagonal pores
distribution for both samples. It is clearly seen that the XRR spectra, ob-
tained for both samples, are similar, what indirectly confirms repeatability
of the EASA method. First broad Bragg reflections, observed at 20, equals
about 2.05° while the second ones, much sharper, are visible at 20 of about
3.30° for both samples. Their position is typical for the reflections from (100)
and (110) planes in the hexagonal structure. For both SIL-POO,Cu-B and
SIL-COOAg-B samples, the inter-planar spacings can be calculated as about
4.30 and 2.67 nm for the diop and dj;9 planes respectively. It provides an
opportunity to calculate distances between pores centers as a value close to
5.1 nm (peak (100)) or 5.3 nm (calculated from the sharper peak of (110),
what is more reliable). Detailed values can be seen in fig. 3.

The TEM microscopy gives the direct visualization of the matrices struc-
tures. Obtained samples images along with the results of the 2D autocor-
relation function (ACF) [21] can be seen in fig. 4. The TEM observations
confirm that investigated samples are well ordered within a framework of
the domains. The pores are distributed regularly with the 2D hexagonal ar-
rangement. The ACF results explicitly confirm that the pores are distributed
hexagonally 2D and the average distance between the pores centers is close
to 5.1 nm for both cases, so very similiar as in the case of X-Ray research.

3.2. Electrochemistry

The first evidence of successful functionalization and information about
the amount of immobilized metal complexes is delivered by differential pulse
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Figure 3: Small angle X-ray reflectivity curve obtained for samples containing copper and
silver ions at the pores bottom

anodic stripping voltammetry (DPASV). Such a technique is indeed likely to
detect extremely small amounts of metal species via their accumulation by
electroreduction and subsequent detection of the metal deposits by anodic
stripping in a differential pulse mode [37, 38]. This method has been ap-
plied here to the relative quantification of copper and silver species attached
to phosphonate and carboxylate ligands grafted onto either bare FTO cov-
ered glass substrates activated by copper and silver ions (denoted as FTO-
POO,Cu and FTO-COOAg respectively) and the same electrode substrates
covered with a mesoporous silica film activated in the same way (proper sam-
ples: SIL-POO,Cu-B and SIL-COOAg-B) for which metal ions are expected
to be localized exclusively at the pores bottom.

Typical DPASV results are depicted in fig. 5 where one can see stripping
peaks characteristic of copper and silver, respectively located at 4+0.13 V
and 0.30 V. This confirms the presence of bounded copper or silver ions
onto the electrode surface and that the amounts of them are larger on bare
electrodes than for the same substrates coated with a mesoporous silica film.
Actually, one can estimate the relative amounts of metal species by measuring
the surface area under the DPASV peaks (see values given in fig. 5). For
both copper and silver, the amount of immobilized complexes in the case of
the film modified electrodes (SIL-POO,;Cu-B and SIL-COOAg-B) was equal
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Figure 4: TEM images in various scales of porous silica thin films containing functional
units at the pores bottom (a — d) along with with the results of 2D autocorrelation function
and lattice parameters (e, f). Samples contain propyl-copper-phosphonate units (a, c, e)
and propyl-silver-carbonatee (b, d, f).
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to ca. 56% of the values measured for bare FTO substrates activated by
the metal ions (FTO-POO,Cu and FTO-COOAg). This is consistent with
the fact that vertically aligned silica films occupy about 50% of electrode’s
surface (on the basis of 75,000 pores um~2 and 3 nm pore diameter [19],
confirming that metal ions are anchored exclusively at the pores bottom. It
is also worth to note that peak areas for silver-containing samples are about
two times lower than for copper-functionalized samples, suggesting similar
surface coverage for both complexes (on the basis of 2 electrons exchanged for
copper detection and only 1 for silver). Finally, the presence of ligands and
complexes at the bottom of pore channels does not affect the permeability
of the mesoporous silica film, as pointed out by cyclic voltammetry using a
redox probe in the solution (see part 2.1. in Supporting Information).

3.3. Vibrational spectroscopy

Finally, as a last point of our investigation, the molecular structure and
configuration of the functional units were determined by the infrared spec-
troscopy supported by numerical simulations. We prepared three theoretical
models reflecting arrangement of the functional units. They contain a frag-
ment of the substrate that was prepared to illustrate its impact on vibrational
modes. The structures for optimized molecules model shows fig. 6.

For copper-containing samples, we expect only one conformation while for
the silver-containing ones two conformations of the functional units should
be possible (fig. 6). The numerical simulations enabled position determina-
tion of the characteristic bands (vibrational modes caused by functional units
enabled molecular structure’s identification).To better illustrate the depen-
dences between therotical and experimental infrared data, the experimental
spectra were deconvoluted using peak fitting analysis to find the position as
well as the full width at half maximum (FWHM) of the main band. The
juxtaposition of experimental and simulated spectra shows fig. 7.

In both samples, we can observe vibrational modes connected with stretch-
ing and bending of functional units. For the SIL-POO;Cu-B material the
bands are centered at about 1250 and 850 cm™1 what corresponds to the
methylene bridges and phosphonate group as stretching of P=0 and (POO2)Cu
bonds, respectively. The bands below 1200 cm™1 are ascribed to the Si-O
silica network vibration and are less affected by the implementation of the
active units. In turn, the SIL-COOAg-B sample shows characteristic bands
at the region of 1400 - 1800 cm™1. These vibrations can be assigned to the
vibrational modes of the carboxyl moieties. Additionally, the number and

12
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Figure 6: Numerical models of functional groups attached to tin dioxide fragment. Propyl-
copper-phosphonate group (a), propyl-silver-carbonate unit in first, strongly ionic confor-
mation (b) and propyl-silver-carbonate unit in a second, more covalent conformation (c).
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position of the bands are strongly affected by the vicinity of the silver ion co-
ordinating a carbonyl oxygen in a different way. The lower wavenumber band
is ascribed to the ionic silver (see: fig. 6b) while the higher wavenumber-band
is of covalent silver configuration in which the silver atom is bonded to one
of the carbonyl oxygen (see: fig. 6¢). On this base, we can conclude about
the presence of two different configurations of the silver-containing functional
units in this sample. Detailed analysis of the infrared spectroscopy supported
by the numerical simulations is included in the Supporting Information, sec-
tion 2.2.

4. Conclusion

Concluding, we presented a novel method allowing for fabrication of pre-
cisely functionalized vertically aligned porous silica thin films that possess
functional units anchored exclusively at the pores bottom. The effective-
ness of method was proved on examples of the porous silica layers containing
propyl copper phosphonate and propyl silver carbonate groups. We are con-
fident that the described method can be easily generalized and applied for
various functional units to create a novel functional nanomaterials family. We
obtained silica films with high level or ordering, thus the ligand grafting and
metal ions attachment do not disturb the growth of vertically aligned meso-
porous films nor damage their structure. The presence of functional units at
the pores bottom was confirmed directly via differential pulse voltammetry,
while the functional units configuration was confirmed by means of the in-
frared spectroscopy supported by the numerical simulations. Thus we have
unambiguously proven that the multistep functionalization method is an ef-
ficient way for precisely functionalized materials preparation. We are certain
that described method can be easily generalized and applied to various func-
tional units to create a novel functional nanomaterials family.
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