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Abstract: A commercial TiO, sample, used as received or hydrothermally treated to increase surface hydroxylation, has
been functionalized by surface modification with hexadecyltrimethoxysilane. The anchoring of the silane has been
characterized by means of FTIR and solid-state NMR spectroscopies, and the grafting density was determined by
thermogravimetric and N, physisorption analyses. The silane moieties induce a partial decrease of the shielding of the
valence electrons of the Ti ions at the surface, and a local modification of their crystal field, as demonstrated by XPS and
UV/Vis spectroscopy, respectively. The changes in coordination and the produced oxygen vacancies result in the
formation of Ti’" defects localized in the sub-surface region, as revealed by EPR spectroscopy. These paramagnetic
centers are stabilized in the silanized samples, as the electron transfer to O, is efficiently inhibited even under UV
irradiation. However, the amount of Ti** centers appears to be correlated with the singlet oxygen (‘O,) formation rate.
Accordingly, epoxidation of limonene under UV light, chosen as a model photocatalytic reaction triggered by 'O,,
occurred with higher selectivity when TiO, was silanized and upon simultaneous NIR irradiation. These evidences
suggest that in the silanized sample 'O, may be generated through Forster-type energy transfer from excited sub-surface

Ti®* centers.

-

)

Introduction

The current industrial use of TiO, mainly relies upon its
high refractive index and its UV-light absorbing capability.
In fact, TiO, is mainly used as white pigment for rubber and
thermoplastic compounds, and as UV-light blocker for a
wide range of cosmetic and personal care products. Ensuring
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TiO,-matrix compatibility and filler dispersibility is essential
for many of these applications, and surface silanization is
one of the most used methods to achieve the above-
described targets.”!

Silanization is also carried out to suppress the photo-
production of harmful reactive oxygen species (ROS) in
sunscreen and cosmetic formulations. In fact, these products
often contain nanostructured TiO, in its less photoactive
rutile phase and in the “coated” form, in order to suppress
in vitro cytotoxicity.’! For these reasons, and because of the
outstanding stability of the silyl moiety compared to other
anchoring agents, silanization is essentially the most used
TiO, surface modification technique. It is therefore surpris-
ing that still fundamental questions remain open on the
photo-induced behaviour of this material, in particular as far
as the photo-generation of singlet oxygen, an elusive but
rather powerful ROS, is concerned.

Photocatalytic degradation studies in literature could be
a good starting point, even if the results are often difficult to
be compared due to the variety of preparation techniques,
grafting agents, reaction conditions and specific surface-
substrates interactions. Moreover, most of the studies
provide controversial interpretations of results because the
activity of silanized TiO, samples is often evaluated through
degradation of dyes, thus making it difficult to exclude
indirect photocatalytic mechanisms or parallel photochem-
ical processes.”!

On the other hand, the performances of silanized TiO,
nanoparticles (NPs) in photocatalytic partial oxidations or
selective syntheses are often highly informative.[®
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Generally, TiO, silanization is applied in photocatalysis
to tune the affinity of selected reactants or products with the
surface of the photocatalyst.”! In this regard, the surface
tuning effect offered by silanization has been particularly
beneficial for the selectivity of some partial oxidation
reactions, such as the synthesis of phenol from benzene!®
and of cyclohexanone from cyclohexane."”

Recently, albeit indirectly, it has been proposed that
TiO, silanization affects the selectivity of photocatalytic
degradative or synthetic reactions also by influencing the
primary events of the reactions.!"”

For instance, cyanuric acid could be degraded in the
presence of silanized TiO,, while it was stable in the
presence of bare TiO,.'"! Authors attributed this evidence to
the fact that silanization promotes the formation of singlet
oxygen, which unlike other ROS, is able to degrade the
recalcitrant substrate.

Similar effect has also been invoked for the photo-
catalytic epoxidation of limonene to 1,2 limonene epoxide,
which occurs under simulated solar irradiation with higher
selectivity in the presence of silanized TiO, or mixed TiO,/
Si0, photocatalysts compared to the naked TiO, sample.!'**?!
Analogously, it was demonstrated that the high oxygen
scavenging ability displayed by hybrid organic/inorganic
nanocomposites containing silanized TiO, relies mainly on
the favoured formation of 'O, compared to the bare
oxide.'

The preferential formation of singlet oxygen in silanized
TiO,, hypothesized indirectly to justify those activity results,
suggests that silanization could influence not only the
surface features, but also the primary charge or energy
transfer taking place soon after the light absorption step.!'”!
In fact, unlike hydroxyl and superoxide radicals, singlet
oxygen photogeneration does not involve a net charge
transfer from molecular oxygen, and mainly relies on energy
transfer driven mechanisms. Even though other mechanisms,
such as the direct optical excitation of adsorbed molecular
oxygen!'® or the photo-detachment of an electron from an
excited superoxide radical anion!'”! have been also proposed,
three main energy transfer driven mechanisms can be
hypothesized: (i) trivial, (ii) Dexter-like, and (iii) Forster-
like."s! As pointed out by Daimon and Nosaka,' trivial
mechanisms triggered by radiative emission from the excited
semiconductor are less probable, due to the mismatch
between the emitted energy and that required to excite the
triplet state. On the other hand, according to the Dexter-like
mechanism, molecular oxygen could undergo a double
electron transfer in opposite directions, without net charge
transfer. In other words, sequentially or in a concerted way,
oxygen is first reduced to superoxide, which in turn is
oxidized to singlet oxygen.” Instead, the Forster-like
mechanism does not require orbital overlapping between
energy donor and acceptor, and results from long-range
interactions triggered by the oscillating electric field pro-
duced locally by separated charges. This behaves as a virtual
photon, exciting oxygen through a dipole—dipole
interaction.””! In this respect, Macyk et al.’! proposed that
Ti’" sites, deriving from electrons populating the conduction
band, could be further excited to energy states (Ti*™*)
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localized close and within the conduction band. The
excitation energy of this transition (A, ~780nm) is
compatible with that required to excite molecular oxygen to
its singlet state. While several hypotheses are reported in
bare TiO,, to the best of our knowledge detailed studies on
singlet oxygen generation onto silanized TiO, nanoparticles
have not been reported so far. This fundamental topic is
worth of being investigated in order to shine a light also on
possible safety problems related to the wide use of silanized
TiO, for cosmetic and personal care products.

Results and Discussion
TiO, functionalization and characterization

Scheme 1 briefly shows the functionalization with
hexadecyltrimethoxy silane (HDTMS) of a commercial TiO,
sample used as received (P25) and after a hydrothermal
treatment (P25_HT) carried out to enhance the hydroxyla-
tion degree.™ Experimental details are reported in Section
S1, Supporting Information. The modified samples are
labelled as P25@HD and P25_HT@HD.

The chemico-physical characterization of pristine and
modified TiO, nanoparticles is presented in details in
Section S2, Supporting Information.

ATR-FTIR analyses (Figure S1) performed on P25 and
P25_HT showed that the hydrothermal treatment increased
the amount of surface hydroxyl groups. The appearance in
both P25@HD and P25_HT@HD spectra of vibrations due
to alkyl groups of the aliphatic chain and to siloxane bonds
of the condensed silaneconfirmed the effective functionali-
zation of TiO, samples with HDTMS. !

Further information on the surface functionalization
with HDTMS was provided by multinuclear solid-state
NMR.

The “C CPMAS NMR spectrum of P25@HD (Figure S2,
Panel a) points out complete hydrolysis of the alkoxysilane,
due to the absence of —OCHj; signals, and good degree of
HDTMS condensation, based on the chemical shift of
Si—~CH,—(C1) resonance.™! In addition, different aliphatic
chain conformations™ can be deduced from the asymmetric
lineshape of the resonances of methylene groups C3—C14
(see profile fitting in Figure S3, Supporting Information).
¥Si CPMAS NMR spectrum (Figure S2, Panel b) is charac-
terized by an asymmetric band due to the overlapping of T°,
T? and T' resonances (T" represents SiCO; units, where n is

9
o-si
OH IS

P25 . o8 n-hexane P25@HD
o °  HDTMS 90°C, .
o reflux, 24h o:
P25_HT P25_HT@HD

Scheme 1. Functionalization with hexadecyltrimethoxy silane (HDTMS)
of TiO, used as received (P25) and hydrothermally treated (P25_HT).
The functionalized samples are labelled as P25@HD and P25_
HT@HD, respectively.
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the number of bridging oxygens), centered at 65, 56 and
47 ppm, respectively,™ thus confirming the silane partial
condensation. The 'H spectrum of P25@HD (Figure S4),
supports the presence of uncondensed silanols, while the
—OH resonance observed in P25 spectrum is only weakly
present in the silanized sample.

TGA analysis and nitrogen physisorption experiments
were performed to quantitatively assess the titania silaniza-
tion and to determine the functionalization degree. The
thermograms of naked P25 and P25_HT and of the
corresponding P25@HD and P25_HT@HD functionalized
NPs are reported in Figure S5. From the TGA curves and by
considering the values of the specific surface area of the
samples estimated by the BET method (see Figure S6 and
Eqgs. S1-S2, Section S3, Supporting Information) the grafting
density of HDTMS for each modified sample and the
hydroxylation degree for the P25 and P25_HT samples were
calculated. The obtained figures are reported in Table 1,
along with the values of the specific surface area.

According to these results, we can confirm that the
hydrothermal treatment of P25 increases the surface hydrox-
ylation, thus enhancing to some extent the grafting of
HDTMS moieties onto the TiO, surface.!

HDTMS functionalization leads to the decrease of NPs
SSAggr values (Table 1). Therefore, contact angles were
measured by means of the sessile drop method with
deionized water to evaluate the surface wetting properties of
titania nanoparticles before and after HDTMS grafting
(Figure S7, Section S4, Supporting Information). As ex-
pected, the highly hydrophilic P25 surface (advancing
contact angle: 24+7°) turns to superhydrophobic after
functionalization with HDTMS. As a matter of facts, P25_
HT@HD displays advancing and receding contact angles
higher than 150° and contact angle hysteresis of 1°.

Table 1: Specific surface area (SSAgg) estimated by nitrogen phys-
isorption, hydroxylation and functionalization degree calculated from
TGA for naked and functionalized TiO, samples.

Samples SSAger (m’g™) 6 (moleculesnm™)
P25 57.4+0.3 7.99 (—OH)
P25_HT 52.09+0.24 11.92 (-OH)
P25@HD 41.02+0.28 2.50 (HDTMS)
P25_HT@HD 33.43+£0.21 2.71 (HDTMS)

Research Article

2|
2
=]

O1s Tizp
—P25 —P25
— P25@HD — P25@HD

Intensity (arb. units)
Intensity (arb. units)

L L L 1 | | 1
538 536 534 532 530 528 526

470 468 486 464 462 460 458 456 454

Binding Energy (eV) Binding Energy (eV)

Figure 1. a) O Ts and b) Ti 2p XPS spectra of bare P25 (black line) and
P25@HD (blue line) samples.
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XPS survey was carried out to further study the surface
features of both naked and silanized TiO, nanoparticles. In
particular, O Is and Ti 2p core levels recorded from P25 and
P25@HD samples are shown in Figure 1.

The intense peaks at 529.5eV and at ~532¢eV in the
O Is spectrum of P25 (Figure 1a) are due to O-Ti and
Ti-O—H species, respectively.” A third component cen-
tered at 533.5 eV (Figure 1a), can be ascribed to adsorbed
H,0 molecules.” The Ti 2p;, and Ti 2p,, components at
around 458.2¢V and 464 eV (Figure 1b) in Ti2p region
stand for the fingerprints of Ti—O bonds in Ti0,.*** In the
P25@HD sample the appearance of the Si 2p peak at 102 eV
(Figure S8, Supporting Information) in conjunction with the
O Is component at 530.4 eV (Figure la), designated as
Ti—O-Si, reveal the presence of the grafted silane
moieties.”**”! In P2S@HD the increased broadness of signal
at ~532 eV can be attributed to the presence of Si—~O—H, in
agreement with FTIR and NMR results (Figures S1 and
S2b), as well as to residual Ti-O—H groups.’**! In addition,
the decrease in intensity of adsorbed water peak at 533.5 eV
(Figure 1a) is in agreement with the hydrophobicity of alkyl-
modified TiO,.*”)

Notably, a shift towards higher binding energy (A ~ +
0.4 eV) of the Ti2p peaks can be detected for the P25@HD
sample (Figure 1b), confirming the generation of Si—O-Ti
covalent bond.®>*! In fact, the higher Si electronegativity
(~1.9eV) compared to that of Ti (~1.5eV) may induce a
partial decrease of the shielding effect of the valence
electrons in Ti ions and, consequently, an increase of the BE
of both the Ti2p components.*!! Similar XPS spectra have
been retrieved for the P25_HT@HD sample. It is worth
noting here that XPS analyses did not reveal the presence of
T’* in the investigated samples. By considering the extent
of the surface modification and the long alkyl chains of the
grafting moieties, it is reasonable to assume that the XPS
results can be considered representative of outer surface, i.e.
the first 1-2 atomic layers.

Adsorption/desorption experiments using both carbon
monoxide and 2,6-dimethylpiridine (2,6-DMP) were carried
out in order to evaluate changes in surface acidity after NPs
functionalization. As a matter of facts, CO adsorption
reveals the presence of Lewis acidic sites while 2,6-DMP is
known to interact with both Lewis and Brgnsted acidic sites.
The details of the experiments are reported in Section S4,
Supporting Information, and the FTIR spectra recorded on
samples after exposure to different CO and 2,6-DMP
pressure are shown in Figures S9 and S10, respectively. The
comparison of the FTIR spectra recorded at the maximum
CO pressure (100torr) on P25 and P25@HD samples
(Figure 2) clearly points out that surface functionalization
prevents CO adsorption, contrarily to what observed in bare
P25 that shows a signal at 2182cm™ due to the CO
interaction with coordinatively unsaturated Ti‘* centers
acting as Lewis acidic sites.*’ Adsorption/desorption tests
performed on P25@HD sample with 2,6-DMP (Figure S10)
confirm negligible Lewis acidity and reveal the presence of a
very weak Brgnsted acidity, which is not reported for
Tioz.[43,44]
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Figure 2. Comparison of the FTIR spectra recorded on P25 and
P25@HD samples exposed to 100 Torr CO pressure.

EPR is a very sensitive tool for detecting paramagnetic
defectivity induced upon processing or surface/bulk modifi-
cation of metal oxides.* In detail, spectra were acquired at
130K before and after UV irradiation in vacuo (p<
10~ mbar) (Figure 3a and b, respectively), and under UV
irradiation in the presence of 20 mbar oxygen partial
pressure (see Figure S11, Section S5, Supporting Informa-
tion). Before UV irradiation, the spectra of naked titania
samples showed the typical signal attributed by Gray et al.[*!
to tetrahedrally distorted Ti** center in the interfacial region
between rutile and anatase in P25 (Figure 3a), along with
very weak signals at lower field probably connected to
oxygen-related species (i.e. O and O, centers). Interest-
ingly, the surface silanization remarkably increases the
intensity of these resonances, especially for the P25_
HT@HD sample (shaded yellow area in Figure 3a). In
accordance with the literature,*”’ UV photoexcitation in
vacuo (Figure 3b) of naked P25 and P25_HT leads to a
broad and moderately intense signal related to different
superimposed electron trap species (Ti’" centers) and to
weak features related to trapped holes (O~ species). The
same experiment carried out on the functionalized samples
gives rise to much more intense and defined Ti*" resonan-
ces, along with overlapped signals at low magnetic field
ascribable to different O~ and O, species,*"! and, possibly,
to E(=Si’) defects.”®! This suggests that the surface
functionalization of TiO, prevents the recombination of
photogenerated electrons and holes by fostering their
trapping into Ti’* centers and in other lattice/surface defect
centers, respectively. For naked titania, improved charge
separation has been traditionally connected to enhanced
interfacial charge transfer and, in turn, to remarkable
photocatalytic properties.””) However, in the present case,
surface silanization suppresses the electron transfer to oxy-
gen, as demonstrated recently by our studies and as reported
in Figure S11, Supporting Information."*"! In fact, super-
oxide species could be detected for irradiated P25 in the
presence of O, (spectrum 3 in Figure S11), in agreement
with the literature,”™ but they were virtually absent in the
silanized sample (spectrum 4 in Figure S11).
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Figure 3. EPR spectra at 130 K in vacuo (p <107 mbar) of P25, P25_HT,
P25@HD and P25_HT@HD samples a) before and b) after UV
irradiation. Shaded areas are guides to discriminate the different
paramagnetic species.

This indicates that, besides promoting charge trapping,
surface functionalization effectively hampers the successive
interfacial electron transfer to oxygen, significantly suppress-
ing the generation of superoxide species.

From these results, the role played by Ti*' centers
emerges as essential, and it appears relevant to advance
some hypotheses on the structural changes involving the
titanium species upon TiO, silanization. In this perspective,
and considering that the surface groups of functionalized
titania can be assimilated to the Ti—O-Si= units at the
interface of TiO,/SiO, NPs, a survey of recent literature
studies on similar TiO,/SiO, systems can help to shed some
light. Gao et al.P" reported the existence of Ti’* species in
TiO,/SiO, mixed oxides, attributed to the formation of
oxygen vacancies at the interface between the oxides, with
the two electrons remaining in the vacancy, moving toward
the neighboring Ti atoms. Notably, in comparable materials,
a change in the coordination field from octahedral to
tetrahedral of titanium atoms at the interface with the silica
counterpart has been additionally reported.”>*! First princi-
ple calculations performed by Yin efall* attributed the
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generation of oxygen vacancies in TiO, to crystal field
changes from octahedral to distorted tetrahedral coordina-
tion. Moreover, the authors showed that these oxygen
vacancies are stabilized in the sub-surface region, where
they can also cluster together.

According to these considerations, we may infer that P25
silanization induces changes in the crystal field of surface
titanium atoms from octahedral to distorted tetrahedral
coordination, which, in turn, stabilizes oxygen vacancies
promoting the transfer of electrons to the Ti cation band
structure, thus giving rise to Ti’" centers in the sub-surface
region. The increase of defective oxygen species upon
silanization is witnessed by the increase of the corresponding
EPR signals in Figure 3a (shaded yellow area). The location
of Ti** species in the sub-surface region is in line with the
missing evidence of these species in the first layers of the
silanized samples revealed by XPS results and explains the
inhibited interfacial electron transfer to oxygen in P25@HD
sample (see EPR spectra in Section S5, Supporting Informa-
tion).

The hypothesized higher amount of distorted titanium
centers at the surface of the silanized samples compared to
the naked ones could be corroborated by comparing the
components of the diffuse reflectance spectra (DRS) of bare
and silanized P25 samples in the UV region, as shown in
Figure 4.

In detail, the UV absorption band of the samples has
been deconvoluted into four gaussian components, which
are the same as those proposed by Maheu eral®' for

1.0 E o P25
Fit Peak 1
~~~~~~~ Fit Peak 2
0.8 [S— - Fit Peak 3
---- Fit Peak 4
® —— Cumulative Fit Peak
206
©
2
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Fit Peak 1
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—— Cumulative Fit Peak

Absorbance
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Figure 4. Normalized and deconvoluted UV/Vis absorbance spectra of
a) P25 and b) P25@HD samples.
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anatase and rutile phases. The components 1 (220-230 nm)
and 3 (270-280 nm) are attributed to ligand-to-metal charge
transfer from O®" to Ti'' in tetrahedral and octahedral
coordination, respectively.">” The ratio between these
components indicates that the number of Ti atoms tetrahe-
drally coordinated increases upon silanization. Similar
results have been obtained for the P25_HT and P25_
HT@HD samples (Figure S12, Section S6 Supporting In-
formation).

Singlet Oxygen Generation and Photocatalytic Activity

Singlet Oxygen Sensor Green (SOSG) is a selective sensor
used for 'O, detection. This molecule combines a chromo-
phore part and an electron donor fragment, quenching the
fluorescence of the chromophore as a result of intra-
molecular electron transfer. The electron donor can be
oxidized by 'O, to the corresponding endoperoxide product,
which is unable to quench the fluorescence of the chromo-
phore. Therefore, the emission of SOSG is evident upon its
oxidation with singlet oxygen (Figure 5, bottom).""

Results show that the 'O, generation is remarkably
dependent on the surface functionalization. In fact, while
pure P25 and P25_HT NPs display just a trivial increase in
the singlet oxygen generation, a marked sensitization effect
can be noticed for both functionalized samples (Figure 5,

top).
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Figure 5. Top: 'O, evolution calculated from the increment in emission
intensity measured after 20-800 sec of simultaneous excitation with
soft X-rays and optical light at 473 nm, and directly after the addition to
the solutions of SOGS (i.e. t=0 sec) in the presence of bare P25 and
P25_HT (black hollow and full circles, respectively) and of P25@HD
(blue circles) and P25_HT@HD (red circles). Bottom: Scheme of
SOGS oxidation by 'O, to produce the corresponding endoperoxide
product (SOSG-EP).
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It is worth noting that the observed weak Brgnsted
acidity and hydrophobicity of the silanized sample did not
significantly affect the dark adsorption of molecular oxygen
(see Figure S13, Section S7, Supporting Information, for
experimental details).”” Therefore, the increased production
of singlet oxygen cannot be attributed to trivial surface
excess effects, as previously proposed for similar systems.™

In order to further highlight the enhanced formation of
singlet oxygen upon TiO, silanization, we performed the
photocatalytic epoxidation of limonene to 1,2 limonene
epoxide (Scheme 2), as a model reaction triggered by singlet
oxygen through a Schenck-ene mechanism.'"” Reactions
have been performed under air atmosphere. Results of tests
in the presence of nitrogen or oxygen atmosphere are
reported in Figure S14, Section S8, Supporting Information.
Conversion and selectivity values have been calculated
according to Eqgs. S3 and S4, respectively.

Figure 6 shows the values of limonene conversion and
selectivity towards the epoxide during a representative run
under UV irradiation in the presence of P25_HT and P25_
HT@HD samples.

Titania silanization significantly suppresses the conver-
sion of limonene, while the selectivity towards the epoxide
experiences a twofold increase. The lower limonene con-
version can be justified by considering the lower efficiency

0}
1
0O,
_
Y ACN, TiO,, hv, RT v
A AL
R-Limonene 1,2-Limonene epoxide

Scheme 2. Photocatalytic R-limonene epoxidation to 1,2-limonene epox-
ide.

—s— Conversion P25_HT
- 0- Selectivity P25_HT

—e— Conversion P25_HT@HD
801 o- Selectivity P25_HT@HD

T T T T T
0 20 40 60 80 100 120 140 160 180
Time (min)

Figure 6. Limonene conversion (%, full symbols) and selectivity
towards the corresponding epoxide (%, empty symbols) during a
representative run under UV irradiation in the presence of P25_HT
(green symbols) and P25_HT@HD (blue symbols) samples. Selected
runs have been performed in triplicate with a deviation of +3 %.
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of the interfacial electron transfer revealed by EPR analysis.
On the other hand, selectivity results can be correlated with
both the higher amount of singlet oxygen detected in the
presence of the silanized sample and the stabilization of Ti**
centers, whose concentration increases upon silanization.
The suppressed electron transfer observed by EPR spectro-
scopy makes unlikely Dexter-type energy transfer mecha-
nisms, i.e. based on sequential or concerted double electron
transfer in opposite directions. However, long range dipole-
dipole interactions, such as Forster-type energy transfer
involving the excited Ti*" species as the energy donor and
the molecular oxygen as the energy acceptor, seem more
plausible. In fact, orbital overlapping is not required for this
type of energy transfer mechanism, and the distance
between the Ti’" centers in the sub-surface region and the
oxygen adsorbed at the surface is comparable with the
Forster distance.™

Notably, the maximum absorbance wavelength of Ti** is
reported to be 780 nm. Therefore, NIR irradiation should
be capable of boosting the energy transfer from these sub-
surface defects to oxygen, thus increasing the production of
singlet oxygen. To check this hypothesis, we performed the
photocatalytic limonene epoxidation in the presence of bare
and silanized P25 samples, under UV light and simultaneous
UV and NIR irradiation, as shown in Figure 7. Notably, no
reactivity was observed under visible or sole NIR irradi-
ation, both in the presence or in the absence of the
photocatalyst, suggesting that trivial excitation can be
probably excluded and that an effective population of the
sub-surface Ti’" states is required. Results in the presence
of bare and silanized P25_HT are comparable.

The limonene conversion is not affected by the use of
NIR irradiation in the presence of bare P25 (Figure 7, top
Panel, full symbols). Instead, it is higher if NIR radiation is
additionally used in the presence of the silanized sample
(Figure 7, bottom Panel, full symbols). This suggests that the
influence of NIR irradiation is negligible when electron
transfer is the prevailing primary event, as in the case of
bare TiO,, but becomes relevant when energy transfer
mechanisms are preferentially taking place. In fact, the
formation of OH radicals is very low using acetonitrile as
the solvent,”” and the formation of superoxide is quenched
by the surface silanization, as demonstrated by EPR
spectroscopy. Conversely, the selectivity values towards the
epoxide are always higher under simultaneous NIR irradi-
ation for both bare and silanized samples. This further
confirms the role of sub-surface Ti*" centers acting as NIR
excitable photosensitizers for singlet oxygen formation.

The photocatalytic results obtained in the presence of
limonene could be qualitatively reproduced also for other
olefins of different nature such as styrene, l-octene, 4-
octene, and cyclohexene. In fact, in all of the cases the
selectivity values towards the corresponding epoxide almost
doubled when using the silanized sample instead of the bare
one. Moreover, simultaneous NIR irradiation triggered
further selectivity increment (up to 10 %), similarly to what
reported for the case of limonene. Results are shown in
Figure S15 and summarized in Table S2, Section S9, Sup-
porting Information.

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 7. Limonene conversion (%, full symbols) and selectivity
towards the epoxide (%, empty symbols) during representative runs
under UV (squares) and simultaneous UV and NIR irradiation (circles)
in the presence of P25 (top Panel) and P25@HD (bottom Panel)
samples. Selected runs have been performed in triplicate with a
deviation of £3%.
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Figure 8. Semi-quantitative correlation among Ti** relative amount
(green bars) detected by EPR, rate of singlet oxygen generation from
SOSG experiments (blue bars), and highest selectivity values towards
1,2 limonene epoxide (red circles) obtained in the photocatalytic partial
oxidation of limonene for P25, P25_HT, P25@HD, and P25_HT@HD
samples.
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Finally, Figure 8 summarizes semi-quantitatively the
discussed correlations among the Ti’'relative amount
detected by EPR spectroscopy (derived from double inte-
gration of Ti*" resonance lines intensity), the singlet oxygen
generation rate (i.e. the initial slope in the curve of 'O,
increment vs. time), and the highest selectivity values
towards 1,2 limonene epoxide obtained in the presence of
the selected TiO, samples. All of the three parameters,
measured through independent tests, increase consistently
by increasing the silanization degree of the surface, indicat-
ing the role of sub-surface Ti’* centers, stabilized upon
silanization, in the photocatalytic generation of singlet
oxygen.

Conclusions

Modification of the surface of TiO, NPs with a long-chain
alkyl silane induces structural and opto-electronic changes,
which eventually affect the nature and distribution of the
photocatalytically generated reactive oxygen species. In
particular, silanization induces a decrease of the electronic
density around the surface Ti centers directly linked to the
grafting moiety, and a local change of their coordination
environment, which results in the stabilization of Ti’*
centers in the sub-surface region. The electron transfer from
these sub-surface Ti** centers to molecular oxygen adsorbed
at the surface is hindered, as revealed by the suppressed
formation of superoxide radical species. On the other hand,
the rate of formation of singlet oxygen increases by
increasing the relative amount of Ti*" centers, which could
act as NIR-absorbing oxygen photosensitizers. Accordingly,
the partial oxidation of several olefins to the corresponding
epoxides occurs with improved selectivity in the presence of
higher amount of Ti** centers and under simultaneous UV
and NIR irradiation. Results indicate that the generation of
singlet oxygen in silanized TiO, samples occurs mainly
through Forster-type energy transfer mechanism.
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