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Abstract

Mesoporous materials may be considered as the negative image of a collection of
nanoparticles. In both cases, the large surface area induces an increase of the system energy.
Pressure-induced phase transitions are used to study the differences between mesoporous
TiO, and a collection of TiO, nanoparticles. The synthesis and characterization of
mesoporous TiO, with a nanosponge-like structure are presented and the inputs of different
spectroscopic techniques (Terahertz, Brillouin and Raman) are highlighted. The results show
that the phase stability of mesoporous TiO, under pressure is very similar to that observed in

nanoparticles.



Introduction

Mesoporous materials may be an alternative to nanoparticle-based materials for
manufacturing (obtaining ceramics from powders of nanoparticles keeping the interesting
related properties) and health implications (nanotoxicology). The high surface-to-volume ratio
in both cases enhances the properties related to surface effects such as catalysis, Li insertion,
reactivity, batteries and supercapacitors® 2. In addition, as in nanoparticles, interfaces and
point defects at the surface of mesoporous materials induce additional contributions to the
total energy of the system, leading to a new energy landscape that modifies phase stabilities
and promotes emergence of new phases with potentially interesting properties.

Following the same interest of using high pressure on nanoparticles® *, the thermodynamics of
mesoporous materials can be explored by means of pressure-induced transformations.
Understanding phase stabilities in materials with high surface-to-volume ratio is a key to
control the properties associated with the new engineered structures. Thus, the exploration of
the energy landscapes during compression can lead to polymorphic transition, transformation
to metastable state and polyamorphism®. For instance, mesoporous silicon and germanium
undergo pressure-induced amorphization on compression and a poly-amorphic transformation

during subsequent decompression® .

TiO, is a major oxide material because its properties are essential for many applications® but it
is also a typical example of material in which interfaces dictate the phase stability®. The
interplay between the morphology (nanoparticles, nanowire, nanoribbons) and the

crystallographic structure illustrates the influence of the interface on the phase diagram? %
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The stable structure in bulk TiO, is the rutile-type one. Under increasing pressure, the
thermodynamic sequence corresponds to the following set of structures: rutile — a-PbO, —
baddeleyite. The first phase transition was reported at 2.6 GPa™*, 7 GPa'*, 10 GPa'® and the
second one at 15 GPa™. However, often the intermediate o-PbO, phase is bypassed and a
direct rutile-to-baddeleyite transformation can be observed at ~12 GPa'® *’. The variability
observed on the pressure-induced transformations is connected to kinetics that could be
related to crystallographic relationships between the structures*?. During decompression, the
baddeleyite structure transforms into a-PbO, phase at around 7 GPa. This phase is preserved

in a metastable state down to ambient pressure®’.



At the nanoscale, there is a crossing of phase stability because the surface energy favors
the anatase structure usually observed in nanoparticles'®. High-pressure experiments on such
samples have shown that the anatase structure is preserved up to 18 GPa before transforming
to the high-pressure baddeleyite structure® *°. An interesting phenomenon has been evidenced
for nanoparticles smaller than 10 nm. Under pressure, the initial crystalline structure
undergoes transformation to an amorphous state, a transition that is absent in the case of bulk
TiO,. This size-dependent pressure-induced amorphization has been extensively

d20, 21

investigate together with poly-amorphic transformations®®. The amorphization has been

shown to result from the density of defects at the surface which increases the interface
energy” %,

The synthesis of mesoporous materials is a means of creating interfaces and defects, and the
mesoporous materials may be considered as the negative image of a collection of
nanoparticles’. A question that arises is whether the surface energy component of mesoporous
materials is equivalent to that of a collection of nanoparticles and leads to similar metastable
states. If the surface area can be considered equivalent, the curvature of the interface at the

nanoscale is different and may lead to other effects’.

Mesoporous rutile TiO, has been studied under high pressure?®. A transformation to the
baddeleyite phase started at 10.8 GPa and was completed at ~26.1 GPa. The rather low
transition pressure has been attributed to microscopic strains that develop into the porous
structure. This point has been discussed in ref ”. In the case of nanoparticles, the stress can be
distributed continuously and smoothly over the spherical shape. On the contrary,
discontinuities in the mesoporous network with hyperbolic geometry will lead to
inhomogeneities in the stress distribution. During decompression, the baddeleyite phase
transformed into the a-PbO, structure below ~6 GPa?*. Surprisingly, the mesoporous structure
remained intact after a complete pressure cycle. According to the authors, this could be due to

the invasion by the liquid pressure-transmitting medium (mixture of ethanol and methanol).

Mesoporous TiO, with anatase-type structure was been studied by the same group by Raman
spectroscopy”. They reported a phase transition from anatase to baddeleyite in the range 15-
18 GPa followed by a reversible pressure-induced amorphization (PI1A) above 20.5 GPa. On
decompression, the a-PbO, phase is obtained. Despite this interesting result, the role of
porosity is not yet clearly defined because the nature of the porous material was ill-defined.
Their sample consisted of an agglomeration of 30 nm-diameter particles “constructing a

nanoporous structure”, according to the authors®. However, neither pore size distribution nor
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the porosity were clearly mentioned. This information is mandatory, as the impact of the
morphology is still not clear. For instance, in 1D nanostructures, it appears that the initial
phase at ambient pressure is the main factor influencing the pressure-induced transitions

sequence rather than morphology*2.

In the present work, we want to clarify the possible role played by the mesostructure on the
pressure-induced polymorphism. Therefore, the first part of this article is devoted to
characterizing the texture of the mesoporous material with highlights on the key information
provided by a given set of spectroscopic techniques (Terahertz, Brillouin and Raman). The
second part deals with the pressure-induced evolution monitored using Brillouin and Raman
spectroscopies. A comparison with the results obtained on 7-nm nanoparticles is done and it is

shown that the interface effects are very similar in both cases.

Experimental

Mesoporous titania samples were prepared by a sol-gel process with the evaporation
induced self-assembly method proposed by Brinker et al.?. The poly(ethylene oxide)-
poly(propylene oxide)-poly(ethylene oxide) triblock copolymer (P-123, (EQO)20-(PO)70-
(EO),0)) Was used as the template and Ti(OBu"), as the inorganic precursor®” %,

A solution of P-123 (1 g) in ethanol (12 g) is added to a solution of Ti(OBu")4 (3.4 g) in
concentrated HCI (3.2 g). The solution is heated at 50 °C for 2 days, and the obtained solid is
calcinated at 350°C for 2 h, with a heating ramp of 1 °C min*. The detailed synthesis has
been reported elsewhere? .

Characterization of the texture was realized using nitrogen adsorption/desorption
isotherms on a BelsorpMini (Bel Instruments, Japan). Prior analysis, samples were outgassed
under vacuum (100°C for 4 h). The pore size distribution (max radius) and the mesoporous
volume were calculated from the adsorption branch of the isotherms using the Barrett-Joyner-
Halenda (BJH) method. The total porous volume was measured at P/Py =0.98.

TEM pictures were acquired on a Topcon instrument operating at 200 kV in the “Institut
Lumiére Matiére”. Prior to the observations, the sample was ground and deposited directly on
a copper grid coated with a holey carbon film.

Raman spectra were obtained using a LabRAM HR Evolution Raman Spectrometer
(Horiba Scientific) using an excitation wavelength of 532 nm. This spectrometer is equipped
with a commercial ultralow frequency module allowing to reach frequency as low as 7 cm™.

The laser excitation power was limited to 5 mW at the entrance of the diamond anvil cell
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(DAC) to avoid heating. The beam was focused on the sample using a long working distance
(21 mm) 50x objective, with beam diameter ~2 um at the surface of the sample. The scattered
light was collected using the same objective (back-scattering geometry).

Micro-Brillouin experiments were carried out with a homemade setup that combines a
tandem Fabry-Perot interferometer equipped with a photomultiplier tube with an inverted
confocal microscope. The Brillouin spectrometer is coupled to a solid-state laser source
emitting at 532 nm. The laser power was limited at 10 mW to avoid damaging the sample.
Measurements were done in the backscattering geometry using a 50X long working distance
microscope objective.

The THz-TDS setup was coupled to a Ti:sapphire oscillator which delivers 70 fs laser
pulses centered at 790 nm at a 82-MHz repetition rate. The laser beam was split into two
distinct parts, an excitation beam used to generate the broadband THz radiation and a probing
beam used to detect THz pulses transmitted through the sample. A home-made GaAs
photoconductive antenna has been used as the THz source. This antenna has been illuminated
with a laser beam power of about 50 mW. Hemispherical silicon lenses, with a 4-mm
diameter, were used to collect and refocus the THz radiation. The THz-probe beam was
confined in a moisture-free environment (pressure <1 mbar) and a four off-axis parabolic
mirrors configuration was used. The THz radiation was focused on the sample surface on a
spot diameter of about 2 mm. The transmitted THz pulses were detected using electro-optic
sampling in a 0.5-mm-thick ZnTe crystal. The THz-probe beam was chopped at 1350 Hz and
the THz signal was measured by means of a lock-in amplifier. All measurements were made
at room temperature™'.

High pressure was generated using a membrane DAC with low-fluorescence diamonds.
Mesoporous TiO, samples were placed into a 125 pum chamber drilled in an indented
stainless-steel gasket. Paraffin oil was used as the pressure-transmitting medium (PTM). With
this PTM hydrostaticity is ensured up to 4-5 GPa*?. The pressure was probed by the shift of
the R1 fluorescence line of a small ruby chip.

Results and discussion
Sample characterization at ambient conditions

X-ray diffraction pattern is shown in figure 1. It can be indexed using the anatase-type
structure (space group No 141 - 14,/amd) with a ~ 3.78 A and ¢ ~ 9.51 A. No preferred

orientation can be deduced from the intensity analysis.



(101) 1

Intensity (arbitr. units)

(112§004)

20 30 40 50 60 70 80 90
2Theta@1.54A

Figure 1 — X-ray diffraction of mesoporous TiO,. The data is indexed using the anatase-type
structure with a = 3.78 A and ¢ = 9.51A.

Transmission electron microscopy images are shown in figure 2. The images show the
morphology of the mesostructured anatase TiO, material with a distinct mesoporous texture
that can be described as nanosponge-like. The structure is not an agglomeration of

nanoparticles. TEM image at high magnification shows obvious 4-6 nm pores.

T200nm

Figure 2 — Transmission Electron Microscopy images of mesoporous titania films with (a)

low and (b) high magnification
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Figure 3 - N, adsorption-desorption isotherms and BJH analysis from the adsorption branch

(inset)

The N, adsorption/desorption isotherms and BJH plots are shown in figure 3. The
physisorption isotherms correspond to type 1V and the hysteresis to type H2 according to the
IUPAC classification®. This behavior is characteristic of a mesoporous material. The pore
size distribution (BJH) is centered at 5 nm in agreement with the TEM images (Figure 2). The
mesoporous volume is estimated at 0.26 cm®/g. By using the density of anatase (d = 4.23
g/lcm?®), this gives a porosity € ~52%. This corresponds to the open porosity, which is a lower

limit of the total porosity of the sample.

Total porosity is estimated using two distinct spectroscopic methods. Brillouin spectroscopy
probes the sound velocity in a material through its light scattering spectrum, and terahertz

spectroscopy probes dielectric properties of the material using a transmission configuration.



TeraHertz-Time Domain Spectroscopy (THz-TDS) measurements

Figure 4 compares the waveform of the THz pulses propagating in the vacuum (reference
trace, black line) to that of the pulses transmitted through a 2 mm-thick porous TiO, sample.
The knowledge of the sample thickness and the delay 47 = 11.528 ps between the maxima of
these THz traces makes it possible to extract the group refractive index of the mesoporous
film. The estimated value, n = 2.73, lies somewhere between the refractive index of air
(nair=1) and the one of bulk TiO, (N - 5.84) at THz frequencies®. These spectroscopic data can
be analyzed using an effective medium approximation. The Maxwell-Garnett and the
Bruggeman models® are commonly used to treat such systems. In our case, as the estimated
porous fraction being comparable to that of the host material, the Bruggeman approximation
is well adapted. The effective refractive index n is related to the porosity € through the

following equation®®:

e (1—n?)(N? +2n?)

1-—
3n°(1-N?)

: 1)

where N is the refractive index of the bulk material. Using this equation, the porosity is

estimated at e~ 57%.
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Figure 4 - THz pulse for both reference and 2-mm-thick porous TiO, sample.



Brillouin spectroscopy measurements

The Brillouin spectrum of the mesoporous film is presented in figure 5. The observed peak is

centered at vg =18 GHz. The Brillouin frequency is given by

2n(e)V (e
GG @
A

Where n(e) is the effective refractive index and V (¢) is the sound velocity in the material.
The function V (&) is unknown for TiO; but in the case of porous silicon, it has been shown
that V(g) =V,(1—&)™ with m = 1.083 where V is the sound velocity in the bulk material (Vo

= 8367 m.s™ for anatase TiO,)®. Using this relation and the Bruggeman equation (N = 2.6 at A
= 532 nm) giving n(e) as in the case of the terahertz spectroscopy, one finds n = 1.58 and a

porosity € ~ 60% in very good agreement with the THz spectroscopy results.

normalized intensity (arb.units)

-40 -20 0 20 40
Frequency GHz

Figure 5 - Brillouin spectrum of mesoporous TiO,.

Raman Spectroscopy measurements

Raman spectrum of as-made mesoporous TiO, sample is shown in figure 6. Five Raman
peaks are measured in the range 60-800 cm™ and are assigned to the anatase structure®’. In
bulk TiO, anatase, the vibrational representation of the normal modes at the center of the
Brillouin zone is given by

T,, = A, ®A, ®28B, ®B, ®3E, ®2E,

Only the modes Aqq, B1g and Ey are Raman active. The peak positions were measured at 144
cm™ (Ey), 197 cm™ (Ey), 400 cm™ (Byg), 507 cm™ (Ayg), 519 cm™ (By,) and 640 cm™ (Ey).



It is interesting to note that the Eq mode at 197 cm™ is clearly visible. This indicates that there
is no optical phonon confinement effect for the optical phonons, contrary to what is observed
in the case of nanoparticles (see Supp info®"). However, additional low-frequency features are
observed similarly to what is observed in TiO, nanoparticles®. These peaks are associated
with the anatase structure as they are sensitive to phase transitions as shown in the following
section dedicated to high-pressure transformations. In the case of TiO, nanoparticles, a single
low-frequency peak attributed to confined acoustic phonons is generally observed and is

assigned to the fundamental quadrupolar mode (spheroidal vibration with angular momentum

| =2 noted S)*.

In our spectrum, two low-frequency peaks are observed at ~12.6 cm™ and ~22.7 cm™. In a
simple approach, these peaks would correspond to anatase nanospheres with radius 4.8 and
8.7 nm, respectively. However, our mesoporous samples are not made of stacked
nanoparticles but correspond to a nanosponge-like structure according to the TEM images
(Figure 2). Therefore, we compared these frequencies with those of quadrupolar-like
vibrations calculated® for other nanostructure shapes that can match the TEM images. The
diameters for isotropic anatase TiO, spheres, shells, cylinders and tubes having a quadrupolar-
like vibration at 12.6 and 22.7 cm™ are given in Table S1*!. For simplicity, the inner diameter
for the empty spheres and tubes was fixed at 5.3 nm according to the TEM images (Figure 2).
In this approach, we neglect the mechanical coupling between adjacent sub-structures of the
porous material. Using this simple picture, the 22.7 cm™ low-frequency peak can be assigned
to vibrations of any of these structures. The calculated diameters match at least approximately
the sizes observed in the TEM images. On the contrary, the diameters required to reproduce
the 12.6 cm™ peak are about twice as large and do not match with features observed in the
TEM images. Therefore, this low-frequency peak is difficult to assign in this simple approach.
Raman features at frequencies lower than those of quadrupolar-like vibrations appear when a
mechanical coupling between neighbor nanostructures exists. This has already been observed
for coupled nanospheres*. Therefore, the 12.6 cm™ peak may be assigned to such coupled
vibrations. However, a precise description of the porous nanostructure is required to
reproduce this frequency numerically. This goes beyond the scope of this work. Still, the
previous assignment will be used in the following: modifications (or the lack thereof) of the
low-frequency spectra will be related to changes (or the lack thereof) of the mesoporous

structure.
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Figure 6 — Raman spectrum of porous TiO,. The inset shows the low-frequency range where
confined acoustic phonons give rise to additional features.

High-pressure experiments on mesoporous TiO,
Brillouin spectroscopy measurements

Brillouin spectroscopy is compatible with the high-pressure environment and it is possible to
follow the Brillouin peak of mesoporous TiO, in situ as a function of pressure (Figure 7a).
Peak position was monitored up to 12 GPa. In this pressure range, the structure remains the
anatase-type one according to Raman spectroscopy experiments reported in the next section.
The Brillouin peak position is plotted as a function of the pressure in figure 7b, along with the
corresponding porosity obtained from equation 2. The value of the porosity decreases rapidly
with the increasing pressure and reaches 20-25% at high-pressure. During decompression, the
porosity shows some reversibility. This is in agreement with the results obtained on pressure-
cycled mesoporous rutile TiO,** for which TEM analysis before and after the pressure cycle
showed that the porosity is preserved even after a treatment at 38.8 GPa. This effect has been
attributed to the penetration of the pressure-transmitting medium (PTM) into the mesopores.
The PTM used in ref %* was an alcohol mixture and in our case, it was a paraffin oil, a more
viscous liquid. However, a parameter that determined the penetration of the liquid is the

wettability and titania has shown little resistance to complete wetting of paraffin oil*. In
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addition, moderate pressures (compared to those applied in the present study) increase
wettability*!. In conclusion, as in ref 2%, it can be assumed that the preservation of the porosity
during pressure cycling may be due to the invasion of the mesopores by the liquid pressure

transmitting medium.
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Figure 7 — (a) Brillouin spectra as a function of pressure during compression (up to 12
GPa)/decompression cycle; (b) peak position along with the corresponding porosity as a
function of pressure on compression (full symbols) and decompression (open symbols).

Raman spectroscopy measurements

The evolution of the Raman spectra of mesoporous TiO, as the pressure increases up to 28.3
GPa are shown in figure 8. Up to ~13 GPa, no change is observed except for the usual blue
shift of the Raman peaks. Pressure-induced evolutions of the Raman frequencies are reported
in Figure S3* along with those obtained for nanoparticles (7 nm diameter) and ab initio
simulations*?. At ~17-18 GPa, new peaks appear and develop with increasing pressure. Phase
transformation is only complete above ~25 GPa. The Raman bands of the high-pressure phase
are weak and broad, indicating the appearance of a significant degree of disorder. However,
contrary to previous report on mesoporous anatase TiO,”, a total amorphization of the film is
not observed in our experiments, above 20.5 GPa. Comparison of the spectrum obtained at the
highest pressure in this run to that obtained on TiO, nanoparticles (7 nm diameter) at similar
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pressure is shown in figure 9. The high-pressure phase in nanoparticles has been identified as
the baddeleyite structure by synchrotron X-ray diffraction®. In the case of the mesoporous
sample, the spectrum is similar but shows a higher degree of disorder, maybe a coexistence of
amorphous and crystalline regions. This apparent disordering may be due to internal stresses
and inhomogeneous stress field because of the mesoporous morphology, as discussed in ref .
The impact of a non-homogeneous stress field on the phase transition and the genesis of
complex nanostructure results from a competition between polymorphic transition and
amorphization. The balance between the amorphous and crystalline domains depends on the

surface and the associated defects?®.

The low-frequency Raman spectra of mesoporous TiO, under pressure are shown in figure 8.
The low-frequency peak shows very little change (linear variation of ~0.06 cm™.GPa™) up to
~25 GPa, which corresponds to the end of the transformation from the anatase to the
disordered baddeleyite phase. This low pressure-dependency of the peak position was also
observed for confined acoustic waves in TiO, nanoparticles in agreement with ab initio
calculations*. The peak initially located at 22.7 cm™ has a larger variation under pressure
(~0.5 cm™.GPa™) up to 10 GPa. Above this pressure, the pressure-induced change has a
plateau (Figure 10). This behavior seems to be correlated with the behavior of the Brillouin
peak under pressure (figure 7), an observation that supports the possibility that this low-
frequency Raman peak is related to the porous nature of the sample. The disappearance of
these two peaks across the transition indicates that they are related to the initial anatase

structure.

13



L L L B e B e e ——

(a) P (GPa) (b)
M 283 M MWMM 28.3
e s

P (GPa)

*2 e g \/\\L_ﬂ

c

= 19.6 > 20.9
:: 17.8 =

o 152 2 19.6
@ &

N 12.7 g

> £ 17.8
= 11.0 7

2 o 15.2
2 7.7 c

c 11.0

N

0.1 0.1
NI FEETE FEETE PR FETT FETTE FEETE FETTE SrET R T T T T T T T
0 100 200 300 400 500 600 700 800 900 T BT B BT T
: - : -1
Raman shift (cm™) Raman shift (cm™)

Figure 8 — Selection of Raman spectra of mesoporous TiO, with increasing pressure for (a)
the extended 0-950 cm™ range (b) the low-frequency range -70;+70 cm™

Raman spectra were recorded during decompression (Figure 11). The disordered baddeleyite
structure is observed down to ~15 GPa. New features are observed at P = 7.6 GPa. It is worth
noting that the spectrum at 7.6 GPa differs from the one at 3.7 GPa, indicating the appearance
of an intermediate structure. Such an observation is similar to the report of an intermediate
phase during decompression of anatase nanoparticles or rutile nanorods after a pressure
cycle® 2. Comparison of spectra of nanoparticles and mesoporous TiO, after a pressure cycle
is shown in figure 9. The similarity of the Raman spectra indicates that the low-pressure phase
corresponds to the a-PbO, structure. Interestingly, the peaks of the mesoporous sample are
narrower than those of the nanoparticles despite an apparent higher degree of disorder of the
high-pressure phase. This reinforces our interpretation that the internal stress distribution is
highly inhomogeneous because of the hyperbolic geometry of a mesoporous structure’. On
decompression, these stresses are relaxed and there is no broadening effect as it is the case for

nanoparticles.
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Figure 9 — Comparison of Raman spectra of a powder of TiO, nanoparticles (7-nm diameter)
(from Ref °) and mesoporous TiO; at (a) high pressure (b) after pressure cycle.
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The low-frequency Raman spectra during decompression show a re-emergence of the signal
below 20.8 GPa. The signal gains intensity and shifts towards low frequencies. This signature
indicates that the porosity is partially preserved during the pressure cycle, even after the phase
transformation. This effect has also been discussed in the section dealing with the in-situ
Brillouin measurements and is in agreement with the literature as well as the results obtained
on porous rutile TiO,*. Since the peak position depends on the sound velocity, the observed
shifts may be due to phase transitions that affect the mechanical properties of the materials,

&
-

especially those of the a-PbO, phase.
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Figure 11 - Raman spectra of mesoporous TiO, with decreasing pressure for (a) the extended
0-950 cm™ range (b) the low-frequency range -70;+70 cm™

Phase transitions during compression and decompression are very similar to what happens in
nanoparticles. First, as in the case of pressure-induced phase transitions in nanoparticles, the
intermediate a-PbO, phase is not observed on the compression path, whereas bulk anatase can
transform to this phase prior to the baddeleyite structure. Secondly, the shift to a higher
pressure of the anatase-to-baddeleyite transition for mesoporous anatase is similar to the case
of 7-nm diameter particles, as well as the sequence of phase transitions on the decompression
path. In the case of nanoparticles, the interface increases the total energy of the system and the
pressurization of the nanoparticles leads to the observation of several metastable states as
previously reported®®. Porosification also creates these interfaces that affect phase
transformations. Consequently, our experimental observations can be described using a

classical thermodynamics approach that includes additional interface energy®. In the case of
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mesoporous samples, by analogy with the nanoparticles, the Gibbs energy is upshifted

because of the contribution of this interface energy as was discussed for porous Ge’.

Conclusions

Anatase TiO, mesoporous material was studied under high-pressure. First, an extensive study
of the mesoporous texture, especially, the porosity was carried out using different techniques,
TEM, Terahertz, Brillouin and Raman spectroscopies. They indicate that the pores have an

average size of 5 nm. The porosity at ambient conditions is about 60%.

Upon compression, Brillouin spectroscopy indicates that porosity changes rapidly with
increasing pressure and shows a high degree of reversibility during the pressure cycle, mainly
in absence of phase transitions (when pressurized up to 12 GPa and decompressed). A phase
transition is observed to a disordered baddeleyite structure. The transition starts at ~15 GPa
and is completed at ~25 GPa. The high-pressure evolution of the mesoporous TiO, is very
similar to the nanoparticles of TiO, with size of 7 nm. This similarity indicates that the
interface energy controlling the phase stability has the same magnitude in both nanostructures.
Therefore, mesoporous samples are a good alternative to nanoparticles in applications

requiring a large area.

Supporting Information.

Schematic view of the TeraHertz-Time Domain Spectroscopy set-up; Comparison of Raman
spectra of mesoporous and nanoparticles of anatase TiO,; Calculation of the quadrupolar-like
vibration frequency for various shapes; Comparison of the pressure-induced variations of the

Raman-active modes for nanoparticles, mesoporous TiO, and ab initio simulations.
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