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Abstract Supramolecular interactions between nitrogen-
ated groups in hybrid ormosils bearing phosphotungstate
nanocatalyst were used to tune the photocatalytical activity
of these class-II hybrid materials obtained through sol-gel
chemistry. Surface chemistry and morphology of the
materials was studied by scanning electron microscopy,
atomic force microscopy, X-ray photoelectron spectros-
copy and water contact angle measurements. The photo-
catalytic efficiency of these hybrid films, measured by the
degradation of crystal violet over-layer deposited on or-
mosils films, is higher for ormosils bearing neutral, more
polar and less H-bonding nitrile groups than those bearing
alkylamine/alkylammonium functionalities, despite the
lower W/Si atomic ratio on the surface and lower tungsten
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percentage of the pure nitrile bearing ormosils. Such higher
surface reactivity of the nitrile bearing ormosils is due to
weaker interaction with the phosphotungstate and the lower
activity of amine bearing ormosils is attributed to the
competition among reversible photochromism and photo-
catalysis pathways in these materials.

Keywords Ormosil - Hybrid materials - Phosphotungstic
acid - XPS - Photocatalysis - Supramolecular chemistry

1 Introduction

Hybrid materials are used as appropriate matrices in many
applications because they offer the possibility to exploit the
advantages of both organics and ceramics. Among the
nanohybrid materials, class II ormosils (organically modi-
fied silicates) find wide-spread application in photonics [1],
gaseous sensors [2], anti-corrosion coating [3] and proton-
conducting hybrid membranes [4, 5]. Among the filmo-
genic hybrid materials, those bearing glycidyloxypropyl
trimethoxysilane (Glymo) have attracted special attention
[6] because of their superior mechanical and optical
properties. These mechanical and optical properties can be
improved further by addition of nitrogenated silanes, such
as 3-aminoproyltrimethoxysilane (APTS). When incorpo-
rated into the Glymo-based ormosils, these nitrogenated
silanes can act as curing agents by opening the oxyrane
ring as well as catalyzing the alkoxy group hydrolysis in
the Glymo molecule [7]. The cross-linking resulting from
this kind of curing process results in good mechanical
stability and better transparency.

Phosphotungstates (PWs), the representative polyoxo-
metalates (POMs), are heteropolyanions with Ty symmetry
displaying interesting photocatalytical and photochromic
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activity [8, 9]. PWs are usually incorporated by sol-gel
method [10] into different matrices to prepare photocata-
Iytic and photochromic devices [11-13]. Among hybrid
materials, ormosils are the natural choice to develop
devices based on POMs because they can be easily incor-
porated by bottom—up procedures. Furthermore, the prop-
erties of such polyoxometalates—ormosil hybrid materials
can be tuned by exploiting polyoxometalates’ intermolec-
ular interactions with different organic functionalities [14,
15].

This study focuses on the surface characterization of the
Glymo-nitrogenated silanes—phosphotungstate hybrid or-
mosils by SEM, AFM, XPS and water contact angle
measurements. These new ormosils with Glymo form
transparent photoactive films and monoliths, in contrast to
the N-(3-(trimethoxysilyl)-propyl)-ethylenediamine/APTS
(TSPEN/APTS) ormosils previously described [16]. The
Photoactivity of the films, which is a surface-related phe-
nomenon, was tested against crystal violet (CV), a water-
soluble cationic triphenylmethane dye with wide-spread
industrial applications, and which is known to cause acute
oral toxicity carcinogenicity, DNA damage and mutage-
nicity [17, 18].

2 Experimental
2.1 Chemicals

Phosphotungstic acid hydrate (HPW), tetraethylorthosili-
cate (TEOS, 98 %), 3-aminopropyltriethoxysilane (APTS,
98 %), (3-glycidyloxypropyl)trimethoxysilane, (glymo,
98 %), and 4-(triethoxysilyl)butyronitrile (BuTs, 98 %)
were purchased from Sigma-Aldrich (MA, USA) and used
without further purification. Acetone, 99.5 %, was supplied
by QHEMIS (SP, Brazil).

2.2 Film preparation

The sol formulations used in the film preparation are
reported in Table 1. All solutions were prepared in Teflon
or polypropylene reactors. The general procedure for all
preparations was to add the silanes to the reactor with a
micropipette followed by addition of 25 mL of acetone and
then 25 mL of freshly prepared HPW solution in acetone
under magnetic stirring. Finally 825 pL of deionized water
was added and the mixture was left under magnetic stirring
for 15 min before being used for film formation. Alumi-
nosilicate glass slides (3 cmz, Bioslide Technologies,
Walnut, CA, USA) were treated following the adapted
RCA procedure described by Donley et al. [19]. Films were
prepared by dip-coating using an automatic disc elevator
MA-765 Marconi (Piracicaba, SP, Brazil) and dried in
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ambient atmosphere (298 &+ 2 K; relative humidity
60 £ 10 %). Ormosil powders were obtained by leaving
the reaction mixture to dry under ambient conditions after
covering the reactors with poly (vinyl chloride) film with
small pores, as reported by De Oliveira Jr. et al. [16].

2.3 Characterization techniques
2.3.1 Elemental analysis

The carbon, hydrogen and nitrogen content of the ormosils
was determined by an EA1110 CHNS-O Elemental Ana-
lyzer (Carlo Erba Instruments, Italy). The tungsten and
silicon content was measured by X-ray fluorescence (XRF)
analysis of the samples using an X Axios Advanced X-ray
fluorimeter (PanAnalytical, The Netherlands). The samples
were ground and pressed over a lithium borate powder
using a hydraulic press to obtain double layered disks of
ormosil/Li,B4O;.

2.3.2 Atomic force microscopy

Contact mode AFM images were collected under nitrogen
atmosphere with a PicoSPM (Molecular Imaging Corpo-
ration, USA) with a 6 pm tube scanner. The images were
acquired in contact-mode using oxide sharpened 196 pm
long SiN cantilevers with a force constant k = 0.58 N m™"
(model NP-S, Veeco, USA) and pyramidal tips with
nominal curvature of 10 nm. The applied force was set
between 3 and 10 nN. The scan line speed was optimized
between 1 and 3 Hz over 512 x 512 pixels. Image treat-
ment and analysis was done by Scanning Probe Imaging
Processor (SPIP version 4.7, Image Metrology, Denmark).
Definitions and formulas for root mean square roughness
(R,;ms) and surface area ratio (Sdr) are given in section S.1
of supplementary information.

2.3.3 Scanning electron microscopy

Ormosil films were examined by Zeiss-Leica/LEO 440
(LEO, UK) scanning electron microscope. Electron
microprobe analysis was performed using an Energy Dis-
persive Spectrophotometer (Oxford Instruments, UK). All
films were covered with an approximately 20 nm thick
gold overlayer by sputtering using a MED 020 argon ion
sputtering setup (Baltech, Germany).

2.3.4 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) data were col-
lected using an SSX (Surface Science, USA) spectrometer
equipped with a monochromatic Al Ko X-ray source
(hv = 1486.6 eV); the photoelectron take-off angle was
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Table 1 Sol-formulations used in the preparation of ormosil-HPW films

Ormosil code [TEOS] mmol [Glymo] mmol [HPW] mmol [APTS] mmol [BuTS] mmol
A 9 6.8 0.75 2.25 -

B 9 6.8 0.75 - 1.50

AB 9 6.8 0.75 1.50 0.75

37°. An electron flood gun was used to compensate for
sample charging and the base pressure during the mea-
surement was 5 x 107'° mbar. Samples were prepared by
dip-coating on aluminosilicate glass. Binding energies
were referenced to the Si2p core level at 103.2 eV.
Deconvolution of spectra included Shirley baseline fitting
using the least-squares curve fitting program Winspec
developed at the Facultés Universitaires Notre Dame de la
Paix, Namur, Belgium; the profile of the peaks was taken
as a mixture of Gaussian and Lorentzian functions. Quan-
titative analysis was performed taking into account the
sensitivity factors for each element, specific to the spec-
trometer used.

2.3.5 Contact angle measurements

The water static contact angles were determined by the
sessile drop method with a home-made goniometer
equipped with a CCD camera coupled to an optical
microscope (MM Optics, Brazil). A 1.2 pL. droplet of
Milli-Q water was deposited on the films supported on
aluminosilicate glass placed in a home-made acrylic
chamber at (298 £ 1) K and 65 % of air relative humidity.
Contact angle measurements were made after 30 s.

2.4 Photocatalytical tests

The photoactivity of the hybrid ormosils films supported on
glass substrates was tested by measurement of the area
under the absorbance peak of the CV over-layer deposited
on the ormosils films before and after 10 min of UV-irra-
diation with a 16S SolarLight Xe arc lamp of 150 W(Solar
Light Co., USA). The lamp-to-film distance was 8 cm and
the UVA and UVB dose was 59.8 and 4.60 J cm_z,
respectively, for 10 min of irradiation. The Xe arc lamp
operate with an automatic shutter and internal near infrared
filter in conjunction with a PMA2100 radiometer equipped
with PMA 2110 UVA and PMA 2106 UVB detectors. A
control experiment was also run by directly irradiating the
CV layer on a bare glass plate (without ormosil film) to
estimate the direct photolysis. All measurements were
taken in a transmission mode.

3 Results and discussion
3.1 Surface characterization
3.1.1 Scanning electron microscopy

Scanning electron microscopy micrographs of the samples are
very similar and show quite smooth surfaces with few protru-
sions. Electron microprobe analysis showed a homogeneous
distribution of Si and W (Fig. 1). Such uniform dispersion of
phosphotungstate in the ormosil matrix is due to the complete
solubilization of the HPW in the silane—acetone mixture during
the synthesis step. Therefore, once added to the silane solution,
HPW interacts as individual molecule randomly distributed in
the solution. It is important to remark that all synthesis with
APTS form dispersions instead of real solutions which indi-
cates the formation of an ion pair upon mixing HPW and APTS,
as explained later. Such strong interaction must affect the sur-
face morphology of the APTS-bearing ormosils. Therefore,
AFM, XPS and water static contact angle measurements were
performed to address this aspect.

3.1.2 Atomic force microscopy

The 2 x 2 um> AFM surface topography images along
with the corresponding line-scanes of ormosil-A and or-
mosil-B are shown in Figs. 2 and 3 respectively. The
samples exhibit quite similar value of Root mean square
roughness (R,,s) which is (0.83 & 0.20) nm for ormosil-A
and (1.30 & 0.13) nm for ormosils-B; sample AB display
values in-between. These results agree with data reported
previously for other sol-gel films [20].

All ormosils with BuTS display a slightly higher roughness
as can be noted from a comparison of the line scans in Figs. 2
and 3 as well as from the higher surface area ratio of ormosils-
B. The surface area ratios were found to be (0.12 4+ 0.10) %
and (0.23 £ 0.06) % for ormosil-A and ormosil-B, respec-
tively. The R,,,,s values and surface area ratio deduced from the
6.5 x 6.5 pm? images (not shown) are (6.4 + 0.8) nm and
(0.079 £ 0.020) % for ormosil-A and (5.60 4 1.1) nm and
(0.14 £ 0.09) % for ormosil-B. These values allow us to
classify the surfaces as flat. The slightly higher roughness of
ormosils-A at larger scales is probably related to the formation
of a colloidal dispersion instead of a solution during synthesis.

@ Springer



J Sol-Gel Sci Technol

Fig. 1 SEM image of the
sample A with Si and W X-ray
emission mapping

Fig. 2 Contact mode atomic
force micrograph (2 x 2 pm?)
of ormosil-A: topographic
image (above) and line scans
(below) along the three tracks
marked in the image above
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3.1.3 X-ray photoelectron spectroscopy
The presence of HPW on the surface of the films was

confirmed by XPS measurements. Figure 4a presents the
survey spectrum for ormosil-A, which is representative for
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all ormosils. The spectrum shows the core level lines for Si,
C, O, N and W.

The bulk elemental analysis of various elements in the
films was carried out for a better understanding and com-
parison with the surface elemental composition of the films
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Fig. 3 Contact mode atomic
force micrograph (2 x 2 pm?)
of ormosils-B: topographic
image (above) and line scans
(below) along the three tracks
marked in the image above

Fig. 4 Overview X-ray
photoemission spectrum (a) and
detail of the N1 s core level
region for ormosil-A (b),
ormosil-B (¢), ormosil-AB (d)
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obtained with XPS. The C, H, N and W content of the
ormosils coded as A, B and AB as well the atomic ratios
determined by XPS and elemental analysis are listed in
Table 2.

The N/C ratios obtained by XPS are similar for all samples
as expected since the nitrogenated species used in the ormosil
synthesis have propyl and ethyl chains, and the bulk nitrogen
atomic percentages, N %, are about the same. More signifi-
cant is the N/Si ratio, since the N 1 s signal is related only to
nitrogenated silanes, while the Si 2p intensity accounts for all
alkoxysilicon species used in the synthesis. It can be noted
from a comparison of the N/Si atomic ratios at the surface
(XPS) and bulk (elemental analysis) that nitrogenated species
tend to occupy the surface. However, this tendency is less
pronounced in ormosil-A compared to ormosil-B and ormosil-
AB. Ormosil-B, obtained by using the BuTS silane instead of
the APTS silane, displays the highest N/Si ratio in agreement
with the highest bulk nitrogen percentage of the ormosils
(Table 2). Similarly, ormosil-AB displays the second highest
N/Si atomic ratio as is its bulk nitrogen percentage. Ormosil-
A, which is richer in the -NH, groups, showed lower N/Si
atomic ratios. Therefore, compared to nitriles-bearing silanes,
the nitrogenated silanes with -NH, groups are preferentially
buried in the bulk of the material.

These nitrogenated silanes with -NH, groups probably
have faster hydrolysis-condensation kinetics, forming par-
ticles richer in amino/ammonium groups. We suggest that
this is due to -NH, group of APTS, which acts as catalyst
in alkoxy group hydrolysis by H-bonding to oxygen of the
Si—O-R groups, thus inducing a higher susceptibility of Si
for hydrolyses by nucleophilic species, resulting in a faster

hydrolysis rate [21, 22]. The N/W atomic ratio is higher for
ormosil-B, reflecting the higher surface concentration of N
and lower concentration of W for this ormosil (Table 2).
Generally, higher content of APTS results in a lower N/W
ratio at the surface, pointing to -NH;" formation during
the synthesis described by the following reactions:

H3;PW 7,040 - nH,O + Solvent

—3 [(HSOZ)] E::))lvated)+[PW12O40]?3:)1valed) (1)
[(Hs02)] sotvatea)*H2N — (CHy); —Si — Ormosil

— [H3N* — (CH,);—Si — Ormosil
x 2H,O+Solvent (2)

The NH;" formation is supported by the analysis of the
binding energies of the N1 s XPS spectra in Fig. 4. The
profile of the N1 s peak for the ormosils-A (Fig. 4b) was
fitted as a single nitrogenated species on the surface. The
asymmetric N1 s lines of the other ormosils were fitted
with two singlet pseudo-Voigt functions with similar
Gaussian/Lorentzian ratio as the ormosil-A N1 s line.
The symmetric N1 s component of ormosil-A appears at a
binding energy of 402.3 eV, while the high binding energy
N1 s components of ormosils AB occur at 402 eV which
we tentatively assign to —NH;" groups formed by the
reaction of solvated protons and —NH, groups. It is
remarkable that the N1 s spectrum of ormosil-A displays
only one component, thus indicating full conversion of
—NH, to —NH;" on the surface.

The component at a binding energy of 401.9 eV in the
asymmetric N1 s line of ormosil-B can be tentatively

Table 2 Elemental content in

. . Analysis
percent (w/w) and atomic ratios Y

Ormosil samples

of the elements in .ormosils Chemical analysis (w/w %)
powders as determined by bulk
elemental analysis (C, H, N) and %C
XRF (W, Si) and atomic ratios %H
of the elements in the ormosil %N
films as deduced from the XPS
. .. %W
intensities
%Si

Atomic ratios by elemental analysis

N/C
N/Si
N/W
wi/C
W/Si
Atomic ratios by XPS
N/C
N/Si
N/W
wi/C
W/Si

A B AB

17.0 £ 0.6 140 £4.5 13.0 £3.8
3.7+ 0.13 3.0 £ 0.56 29 £ 0.61
1.1 £0.12 1.8 £0.20 1.5 £ 0.39
42 £+ 3.00 34 £ 3.50 49 £ 3.80
10.0 £ 0.31 12.0 £ 0.35 7.20 £ 042
0.05 0.11 0.10

0.22 0.30 0.41

0.34 0.69 0.40

0.15 0.15 0.24

0.63 0.43 1.03

0.41 0.49 0.55

0.88 1.37 1.04

0.57 1.57 0.63

0.72 0.31 0.87

1.54 0.87 1.66
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assigned to the formation of the -CH,=NH," species on
the surface [23] or to protonated nitrile groups, [ormosil—
Si—(CH,);—C =N-H]"(solvated) [24]. Protonation of the
nitrile group would affect the binding energy similarly as
the coordination of pure c-bonding Lewis acids, such as
for instance BF;. Coordination of BF; to nitrile groups
forming a Lewis adduct with B-N bonding results in a
2.3-2.8 eV shift towards higher binding energy [25].

Figure S2 shows the W4f doublet and 5p core level
region of the XP-spectrum of ormosil-A, representative for
all samples. The occurrence of the W4f ;, and W4fs,
doublet and W5p peaks at such high binding energy con-
firms the presence of HPW on the surface.

The W4f,, peak for the ormosils A, B and AB was
found to occur at binding energies of 36.2, 35.8 and
35.1 eV, respectively. For hydrated HPW polycrystalline
samples the W4f,,, peak is situated at 36.0 eV [26]. It can
be observed that higher N % (Table 2) and lower [APTS]/
[BuTS] ratios result in lower W4f;,, binding energies. For
ormosils-AB, ormosil with mixed nitrogenated silanes,
only one W4f doublet is observed, indicating that, at least
on the surface, APTS and BuTS silanes are not forming
different domains. Hence the formation of mixed domains
with —NH;3" and —CN groups is most likely. These mixed
domains generate and average the environmental potential,
resulting in different chemical shifts observed for the W4f,,
> peak of the different ormosils. The C1 s and Si2p lines
are related to the silica—glymo network of the hybrid
material. Table 2 shows that the W/C and W/Si atomic
ratios are lower for ormosil-B in agreement with the lower
tungsten atomic percentage, W %, in the bulk.

3.1.4 Water contact angle measurement

Static water contact angle measurements gave angles
around (60.0 £ 1.8)°, testifying a more hydrophobic
character of the ormosils as compared to the clean alumi-
nosilicate glass used as support or to a silica xerogel film
(obtained by acid catalysis of the TEOS hydrolysis) on
aluminosilicate glass, which yielded a contact angle of
(24.0 &+ 3.1)°. The ormosil film obtained by the HPW
catalyzed co-hydrolysis of APTS and TEOS (without
Glymo) shows a static water contact angle of
(47.0 £ 1.7)°. Hence, the use of glymo results in a more
hydrophobic material. One can deduce that glymo and other
oxygenated groups less polar than the -NH, and -NH;"
groups of APTS preferentially occupy the surface, proba-
bly due to the lower polarity of Glymo as compared to
BuTS and APTS.

Summarizing the results, water static contact angle,
AFM and EDX have not been able to see the differences
among the samples, despite XPS shows difference in the
N/W and N/Si surface atomic ratios among the APTS

ormosils (A and AB) and the BuTS ormosil (B). It turns out
that the surface energy of these materials is dominated by
glymo-derived functionalities, phosphotungstate and
silicate.

Probably, the relative nitrogenated silane bulk segregation
for A and AB ormosils is related to the formation of nano-
domains rich in nitrogenated silanes in a similar way as
observed by Atanacio et al. [27] for other hybrid ormosils.

3.2 Surface reactivity (photocatalytic activity)

The prepared hybrid ormosils showed good photoactivity
as measured by the degradation of an over-layer of CV
deposited on the surface of hybrid ormosil films. Figure 5
shows the electronic absorption spectra of CV over-layer
on the surface of ormosil-AB film. The decrease in
absorbance of CV peaks after 10 min of irradiation with
UV shows the degradation of CV by the hybrid ormosil
film. A similar change is observed in presence of ormosils-
A and ormosils-B but to different degree. Figure 6 gives a
comparison of the photoactivity of the three types of hybrid
films. The direct photolysis of CV by the UV in absence of
photoactive hybrid films (only CV layer on bare glass) is
also shown for comparison.

It can be noted from Fig. 6 that all the three type of
ormosil films depict good photoactivity, to variable extents,
towards the degradation of CV as compared to direct
photolysis. The lowest photodegradation of CV (about
20 %) is observed in case of ormosils-A, while the pho-
todegradation in case of other two ormosils (B and AB),
both of which bear nitrile groups, is twice that of A.
Apparently, higher concentration of APTS in the sol

—— Before UV irradiation
------ After UV irradiation

0,20

0,15

0,10

Absorbance

0,05 1.

0,00 T T T T T
400 600 800
nm

Fig. 5 Electronic absorption spectra of the CV over-layer deposited
on surface of ormosils-AB film formed on glass plate before (full line)
and after UV irradiation (dotted line) for 10 min
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Fig. 6 A comparison of Photodegradation of CV over-layer by the
three type of ormosil films and in the absence of any photoactive film
(direct photolysis by UV radiation) after 10 min of irradiation with
UV-light from a Xe arc lamp

composition (ormosil-A) diminishes the photocatalysis by
phosphotungstate heteropolyanions. As discussed previ-
ously, the surface of the all these films is quite similar, so
the different photocatalytic behavior is not explained by
differences in surface characteristics such as R, area
ratio or photocatalyst distribution. For example, the per-
centage of dye degradation promoted by ormosil-B is
remarkable, though this material presents the lowest W/Si
and W/C ratios (lowest concentration of photocatalyst on
surface). This difference can be readily understood by
considering the electronic properties of the phosphotung-
state and the interactions of this specie with different
functional groups in each material. Photocatalysis pro-
moted by phosphotungstates is based on the generation of
holes in the HOMO by photo-excitation of O — W ligand
to metal charge transfer (LMCT) transition [8, 9]. It is
commonly accepted that the excited state of polyoxo-
metalates can form charge transfer complexes with
ammonium groups, and this interaction stabilizes the gen-
erated blue species (heteropolyblues) by proton donation,
stabilizing the electron promoted to the LUMO, and a
simultaneous interaction of the hole in HOMO with non-
bonding electrons on nitrogen atom of ammonium group.
This kind of interaction was first proposed by Yamase [9]
in his studies of alkylammonium polyoxometalates, and
has been exploited for the enhancement of photochromic
properties of POM-based materials [16]. While stabiliza-
tion of the photo-reduced phosphotungstate enhances the
photochromic response, it can diminish the photocatalysis
by reducing the photo-generated holes or reactive species
like hydroxyl radicals which are responsible for photo-
degradation of organic compounds. It is thus inferred that
the presence of excess amine functionalities in ormosil-A is
responsible for its lower photocatalytic activity. On the
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other hand, nitrile groups present in ormosil B and AB
seem to have no such deactivating interaction with the
excited phosphotungstate, and thus B and AB show higher
photoactivity compared to A. The ongoing research in our
group (results not published yet) also indicated that ormosil
B has lower photochromic response compared to ormosil A
and AB, thus further confirming our conclusion.

4 Conclusion

The solid-state photocatalytical activity toward crystal violet
films deposited on hybrid inorganic—organic ormosils doped
with phosphotungstic acid can be tuned by the ratio of amine
and nitrile organosilanes used in the ormosil synthesis. Higher
photoactivity is achieved by using BuTS nitrile bearing silanes
exclusively or mixed with the aminosilane, APTS. XPS
revealed a surface depleted in nitrogen in the ormosil with
aminosilane APTS which can explain the contact angle, since
nitrogen depletion results on surface layer richer on silicate
groups or even silica nanodomains. Thus, fine tuning of
photochemical activity of these materials can be obtained by
controlling phosphotungstate-matrix supramolecular interac-
tion by varying the amine/nitrile ratio in the ormosils.

5 Supporting information

Data for root mean-square roughness and surface area ratio
equations is available in the Supplementary Section.
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