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A combination of EPR, ENDOR and HYSCORE experiments has been used to investigate the reactivity 5 
of hydrogen peroxide with TiAlPO-5 materials under both hydrated and anhydrous conditions. 

Superoxide radical anions, generated upon reaction, are used as paramagnetic probes to investigate the 

nature and reactivity of framework incorporated Ti ions. Super hyperfine interactions with 27Al, 31P and 
1H are resolved, which allow a detailed mapping of the local environment of the adsorbed O2

- ions. 

Evidence is provided for the first time of a specific redox activity associated to Ti ions incorporated at 10 
framework Al sites of TiAlPO materials. 

Introduction 

 The incorporation of transition metal ions (TMIs) into the framework of microporous and mesoporous materials is a key strategy in 

the quest for new and efficient heterogeneous catalysts. As an example, isomorphous substitution of Ti in the lattice of zeotype materials, 

e.g., TS-1 zeolites, results in active catalysts for the liquid-phase catalytic oxidation of a variety of organic compounds with H2O2.
1 15 

Analogously, Ti(IV) ions can also be incorporated through isomorphous substitution of tetrahedrally-coordinated elements (T-sites) in 

the strictly alternating [PO4]
3- and [AlO4]

5- tetrahedra of the so-called crystalline, microporous AlPO4 materials. A large body of work 

has been done concerning the spectroscopic characterization of oxygen intermediates in the case of H2O2-treated TS-1.2-6 Comparatively, 

much less data are available for the same process occurring on Ti-AlPO materials, which have proved to be effective catalysts in the 

oxidation of olefins using H2O2.
7 20 

 Most studies concerning oxidation reactions with Ti-containing materials are dealing with aqueous H2O2 (HP) as oxidant. It is known 

that the presence of protic solvents such as water affects the catalytic pathway of reaction leading to equilibria between different 

intermediates.8,9 

 This problem can be circumvent using an anhydrous source of hydrogen peroxide such as KH2PO4-H2O2 adducts 8 or anhydrous 

crystalline urea adducts of hydrogen peroxide (UHP) 9 which slowly release anhydrous H2O2 by thermal decomposition. UHP has been 25 
successfully employed for the epoxidation of substituted allylic alcohols 9 and styrene, 10,11 in the presence of TS-1 as redox catalyst, 

producing excellent epoxide yields. Since UHP releases anhydrous H2O2, it has provided interesting information on the nature of the 

active sites in TS-1 and TS-2. 12 

In all cases the interaction of H2O2 (both hydrated and anhydrous) with Ti containing catalysts leads to the formation of O2
- species. Ti–

superoxo species have been identified as active centers in styrene 10,11 and propane 13 oxidations over TS-1. Moreover, the superoxide 30 
ion, besides having an intrinsic interest as a potentially active catalytic species, constitutes a particularly useful paramagnetic probe for 

monitoring the local environment of the active Ti site when EPR spectroscopy is used.14 

 Spectroscopic techniques capable of selectively probing the active sites, even though they constitute only a minor fraction of the total 

amount of TMI sites, are of fundamental importance in providing detailed mechanistic insights and assist in the design and development 

of novel selective oxidation catalysts.15 Advanced EPR methods, in particular hyperfine techniques (HYSCORE and ENDOR) provide 35 
invaluable information about both structural and chemical aspects of the catalytically active paramagnetic centers, such as their 

geometry, localization and electronic structure, which ultimately governs their chemical reactivity and their catalytic potential. 

 We recently reported a series of papers 16-18 devoted to the detailed spectroscopic characterization of the active sites of TiAlPO-5 

systems using a combination of advanced EPR methods and DRUV-Vis spectroscopy to monitor the nature of reduced titanium species. 

In particular we focused on reduced Ti3+ species and their coordinating chemistry, providing firm evidence for Ti incorporation into the 40 
AlPO4 frame-work at Al3+ sites and demonstrating the existence of Ti-O-Ti pairs whereby two titanium ions substitute a Al3+/P5+ pair. 

The intriguing fact, emerging from these studies and unique to the AlPO4 system, is that Ti ions substituting Al3+ cations are active redox 

centers (Ti4+/Ti3+) while Ti ions at P sites (where P has a formal +5 charge) are much harder to reduce, but can act as coordinating 

centers because of its unsaturated nature. With this in mind in the present work we investigate the interaction of a TiAlPO-5 catalyst with 

both aqueous and anhydrous H2O2 monitoring the formed Ti-superoxo species by means of continuous wave (CW) EPR and hyperfine 45 
techniques. The results are compared to Ti-superoxide species formed by direct oxidation of the reduced sample with molecular oxygen, 

leading to detailed understanding of structure-property correlations and mechanistic implications at the basis of the catalytic potential of 

these materials. 

Experimental Section 

Sample preparation 50 



 

 Experiments were performed on TiAlPO-5 materials obtained by hydrothermal synthesis following the procedure described in the 

literature. 19,20 

 A proper amount of aluminum oxide hydroxide (Catapal B Alumina, Sasol) was added to distilled water and stirred vigorously before 

adding titanium isopropoxide (Aldrich), phosphoric acid (Sigma-Aldrich) and triethylamine (TEA, Sigma-Aldrich), resulting in a gel 

composition 0.1 TiO2: 1 TEA: 1 Al2O3: 1 P2O5: 40 H2O. The gel was transferred to a Teflon lined stainless steel autoclave and kept at 5 
autogeneous pressure at 175º C for 24 hours. After this, the autoclave was cooled to room temperature and the solid product was washed 

several times with distilled water, filtered and dried in an air oven at 110º C for 12 hours. Finally the product was calcined by heating 

until 550º C in a flow of nitrogen and kept at the same temperature in oxygen for 12 hours. The calcined sample is white in color and 

EPR silent.  

 Prior to further treatments, calcined samples were dehydrated under vacuum by gradually raising the temperature to 423 K over a 10 
period of 1 hour in order to remove the physisorbed water.  

Reaction with H2O2 and UHP 

 The reactions of TiAlPO-5 with aqueous H2O2 (30%, Fluka TraceSELECT) and anhydrous H2O2 developed by the thermal 

decomposition of crystalline H2O2 – Urea adduct (UHP, Fluka) were performed at room temperature directly in the cell used for the 

spectroscopic characterization.  15 
 The calcined TiAlPO-5 has been impregnated with H2O2 for 2 hours and subsequently dried in air at room temperature, resulting in a 

yellow powder. The sample was then gradually evacuated at room temperature for 24 hours. A white powder was obtained at the end of 

this treatment. 

 To compel its thermal decomposition, the UHP powder (previously outgassed in a glass ampoule) was warmed up to 328 K and the 

developed H2O2 sent through the vacuum line to the cell containing the calcined TiAlPO-5 sample, previously oxidized and outgassed. 20 
The required reaction time was 2 hours. 

Spectroscopic measurements 

 For the spectroscopic characterization of all the samples a quartz tubular cell allowing in situ EPR measurements has been employed. 

 X-band CW EPR spectra were detected at 77 K on a Bruker EMX spectrometer (microwave frequency 9.75 GHz) equipped with a 

cylindrical cavity. A microwave power of 1 mW, modulation amplitude of 0.1 mT and a modulation frequency of 100 kHz were used. 25 
Pulse EPR experiments were performed on an ELEXYS 580 Bruker spectrometer (at the microwave frequency of 9.76 GHz) equipped 

with a liquid-helium cryostat from Oxford Inc. All experiments were performed at 10 K unless elsewhere stated. The magnetic field was 

measured by means of a Bruker ER035M NMR gaussmeter. 

 Electron-spin-echo (ESE) detected EPR experiments were carried out with the pulse sequence: π/2− τ− π− τ−echo, with microwave 

pulse lengths tπ/2 = 16 ns and tπ = 32 ns and a τ value of 200 ns.  30 
 Mims ENDOR spectra were measured with the mw pulse sequence π/2–τ–π/2–T–π/2–τ-echo with tπ/2 = 16 ns. In order to remove 

blind spots effects time τ was increased in steps of 16 ns from 96 ns to 576 ns and the spectra were added together. During the time T a 

radio frequency pulse was applied, the length of which has been optimized for the two different nuclei (31P and 1H) by a nutation 

experiment. Optimal lengths were found to be 10.5 µs and 12 µs for 31P and 1H respectively.  

 Matched HYSCORE experiments 21 have been performed with the sequence π/2− τ − (ΗΤΑ) − t1 − π− t2 − (ΗΤΑ) − τ − echo with mw 35 
pulse length tπ/2 = 16 ns and tπ = 16 ns. The amplitude of the microwave field of the matching pulses was 15.6 MHz. The optimal length 

of the high turning angle (HTA) pulse was experimentally determined with a 2D three-pulse experiment where the pulse length of the 

second and third pulses were increased in steps of 8 ns starting from 16 ns. The optimal value was found to be 80 ns.  

 The time traces of the HYSCORE spectra were baseline corrected with a third-order polynomial, apodized with a Hamming window 

and zero filled. After two-dimensional Fourier transformation, the absolute value spectra were calculated. The spectra were added for the 40 
different τ values, that are detailed in the figure captions, in order to eliminate blind-spot effects.  

 The Mims-ENDOR and HYSCORE spectra were simulated using the Easyspin Matlab package.22 

Results and Discussion 

 Conventional characterization of the TiAlPO-5 materials by means of powder X-ray diffraction and scanning electron microscopy, 

either before or after calcination, indicated that the samples are exclusively formed by a crystalline AFI-structured phase. 45 
When TiAlPO-5 was stirred with aqueous H2O2 (30 wt% H2O2) for about 2 hours at room temperature, and subsequently gently dried in 

air at the same temperature, the sample became yellow. Associated to this color, weak and poorly resolved EPR spectra (not shown), 

characterized by a rhombic powder pattern with a broad and ill-defined gzz peak at ≈2.02 were observed, in agreement with previous 

reports.23 DR UV-Vis spectra (Supporting Information) show characteristic absorption bands at 260 and 380 nm. The latter is very 

similar to that reported for TS-1 measured under similar conditions, and can be assigned to side-on η2-peroxo complexes.24 The yellow 50 
sample was subsequently evacuated to a residual pressure of about 10-4 mbar. Upon this dehydrating treatment a decrease in intensity of 

the absorption band at 380 nm is observed. The same behavior has been reported in the case of TS-1 and explained in terms of the 

conversion of η2-side on peroxo complexes into end-on η1-hydroperoxo species.24 Accompanied to the fading of the yellow color, a large 

increase in the EPR spectral intensity is observed. A typical EPR spectrum for this evacuated sample is shown in Figure 1a. The 

spectrum is dominated by a well defined orthorhombic signal, typical of an O2
- type species, with g values of gzz = 2.0212, gyy = 2.0098 55 



 

and gxx = 2.0033. A second less abundant species characterized by a lower gzz value of 2.019 is also present.  

 A similar spectrum to the one previously described is obtained upon reaction of the TiAlPO-5 sample with anhydrous H2O2 generated 

by thermal decomposition of UHP. The EPR spectrum recorded at 77 K is shown in Figure 1b. Inspection of the spectrum reveals small 

differences with respect to the one obtained by reaction with aqueous H2O2. In particular the gzz component of the dominant species is 

slightly shifted towards lower field (gzz = 2.0215) and displays a slightly broader line width. We remark that this case is different from 5 
what reported by Kumar and co-workers 12 in the case of the same reaction carried out using titanium silicalite (TS-1 and TS-2). In that 

case the use of anhydrous H2O2 led to an EPR spectrum characterized by a high level of heterogeneity, indicating a number of different 

Ti sites. Such a speciation is not observed in the case of the TiAlPO-5 sample. 

 
Figure 1. Experimental (solid lines) and simulated (dotted lines) CW-EPR spectra of O2

- radical ions on TiAlPO-5 obtained by reaction with a) hydrated 10 
H2O2, b) anhydrous H2O2 (from UHP) and c) oxidation of the reduced TiAlPO-5 with molecular O2. All spectra are recorded at 77 K. The spin 

Hamiltonian parameters extracted from the simulations are listed in Table 1. 

 For the sake of comparison, in Figure 1c we also report the EPR spectrum of the superoxide radical anion obtained by reaction of 

molecular oxygen with a reduced TiAlPO-5 sample. In this case Ti3+ centers were generated upon reduction of the sample with molecular 

hydrogen as detailed elsewhere.16 The so formed Ti3+ species react with oxygen via a one-electron transfer mechanism leading to side-on 15 
superoxide radical anions adsorbed on the surface.17 The resulting O2

- displays a significantly higher intensity and correspondingly 

broader line widths, with respect to the previous cases. Interestingly the gzz component of this signal (gzz = 2.0212) is the same as that of 

the O2
- obtained by reaction with aqueous hydrogen peroxide. The spin Hamiltonian parameters for the three different superoxides, as 

obtained by computer simulation of the EPR spectra, are listed in Table 1. 

 The fact that in all cases we only observe nearly a single site for the O2
- adsorption, seems to indicate that on TiAlPO-5 the site 20 

heterogeneity is limited and/or that the chemical reactivity is driven by isolated specific sites with well defined characteristics. Also, the 

small differences in the g values between the superoxide radicals generated by reaction with aqueous and anhydrous H2O2 suggest small 

differences in the local environments of the O2
- in the two cases. In order to clarify the origin of these differences and to further 

investigate the details of the active sites and their chemical activity, ENDOR and HYSCORE experiments have been performed on the 

different systems. 25 
 ENDOR spectra were recorded at three different magnetic field settings, corresponding to the O2

- principal g values of the EPR spectra 

previously described. The spectra recorded at a field position corresponding to the O2
- gxx component are shown in Figure 2 (spectra 

recorded at other magnetic field settings are shown as Supporting Information). 
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Figure 2. Mims ENDOR spectra of O2

- radical anions adsorbed on TiAlPO-5 generated by a) reaction of the oxidized sample with hydrated H2O2; b) 

reaction with anhydrous H2O2 (from UHP); c) oxidation with molecular O2 of the reduced sample. All spectra were recorded at 10K at field position 

corresponding to the O2
- gxx component. 

 For all spectra, the ENDOR powder pattern consists of a series of symmetric transitions with respect to the 27Al, 31P and 1H nuclear 5 
Larmor frequencies (νAl ≈ 3.88 MHz, νP ≈ 5.97 MHz, νH ≈ 14.9 MHz) having the characteristic shape of a powder pattern due to an 

axially symmetric tensor. The feature centered at about 4 MHz is due to the contribution of remote Al3+ ions and overlaps with the lowest 
31P parallel component. 

Sample gx gy gz (1H) aiso (1H) T β (31P) aiso (31P) T β Ref. 

 ± 0.0003 ± 0.0003 ± 0.0003 ±0.1 ±0.5 ±20 ±0.1 ±0.5 ±10  

Aqueous H2O2 2.0033 2.0098 2.0212 -0.13 2.0 70 0.23 1.88 80 This work 

UHP 2.0032 2.0100 2.0215 +2.0 5.5 70 0.23 1.88 80 This work 

TiAlPO-5 + O2 2.0034 2.0099 2.0212 -0.13 2.0 70 0.23 1.88 80 17 

Table 1. Spin-Hamiltonian parameters for O2
- radical anions generated on TiAlPO-5 upon different treatments. The parameters are derived from the 

computer simulations of the experimental spectra reported in Figure 1, Figure 3 and Supporting Information. Hyperfine couplings are given in MHz, while 10 
Euler angles in degrees. Only the β angle is determined from the experiments. 

 The relatively large 31P hyperfine coupling and the negligible 27Al coupling unambiguously indicate that the superoxide radical anion 

(consistently with the observed gz factor) is stabilized on Ti4+ ions substituting the framework Al3+. This situation holds for the three 

different cases, thus regardless to the chemical pathway followed in the generation of the superoxide anion, this is stabilized on the same 

site, showing that the reactivity of the system is intimately linked to the Ti4+/Ti3+ redox activity of Ti ions at Al3+ sites, in good agreement 15 
with previous evidences.16,17 

 While the 31P hyperfine interactions do not change for the three different systems, the 1H hyperfine interaction depends on the 

generation method. In particular a distinct difference is observed in the maximum proton coupling for the O2
- generated via reaction of 

the sample with anhydrous H2O2 (≈10 MHz) and 30% aqueous solution H2O2 (≈3.5 MHz). Interestingly, this latter value is analogous to 

that observed upon oxidation of the reduced sample with molecular O2. 20 
 The 1H ENDOR spectra were relatively weak and poorly resolved. A better resolution was obtained by means of 1H matched 

HYSCORE experiments. The 1H matched HYSCORE spectra recorded at a magnetic field setting corresponding to the gxx component for 

the three different superoxide are shown in Figure 3(A). 

 Inspection of the figure shows that in the cases of O2
- ions generated by reaction with hydrated H2O2 and oxidation with O2, the 

maximum 1H coupling is of the order of approximately 3.5 MHz (Figure 3 (a) and (c)). A much larger coupling of the order of 10 MHz is 25 
observed in the case of reaction with UHP (Figure 3 (b)). The full hyperfine tensor can be estimated by simulation of the HYSCORE 

spectra taken at different field positions (Figure 3(B)). The results of the simulation analysis are reported in Table 1. Assuming the sign 

of T as positive (gn for H is positive) and representing the principal values of the dipolar tensor as [-T -T 2T], with T defined as: 
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the values of aiso = 2.0 MHz and T = 5.5 MHz were obtained. 

Assuming that the anisotropic part of the hyperfine interaction is described as a purely point-dipolar interaction, the distance between the 

proton and the O2
- radical anion can be estimated from Equation 1, to be of the order of 0.24 nm, clearly calling for a proton localized on 5 

a first neighbor framework oxygen. The presence of this proton may well justify the slight difference between the gzz factors of the 

corresponding CW-EPR spectra (Figure 1a and 1b). This distance may be compared to the one associated to the weakly coupled proton 

observed in the case of reaction with aqueous H2O2 of the order of 0.34 nm (T = 2.0 MHz), which is only compatible with a proton 

stabilized on a non nearest neighbor oxygen. This is in total analogy with the case of O2
- generated by reaction of molecular oxygen and 

discussed in ref 17. In all cases the hyperfine tensor structure and it’s orientation point to a T shaped structure of isoceles symmetry, 10 
which is consistent with the tetrahedral symmetry of the binding site. 

 
Figure 3. (A) Experimental 1H Matched HYSCORE spectra of O2

- on TiAlPO-5, generated by a) reaction of the oxidized sample with hydrated H2O2; b) 

reaction with anhydrous H2O2 (from UHP); c) oxidation with molecular O2 of the reduced sample. All spectra are recorded at a magnetic field setting 

corresponding to the gxx component of the EPR spectrum (B0=348.3 mT). (B) Experimental (black lines) and computer simulations (red lines) of 1H 15 
Matched HYSCORE spectra of TiAlPO-5 reacted with anhydrous H2O2 (UHP) recorded at different magnetic field settings corresponding to a’) gzz 

component (B0= 345.2 mT); b’) gyy component (B0=347.2 mT) and c’) gxx component (B0=348.3 mT). Experimental and simulated HYSCORE spectra 

taken at two τ values, (96 ns and 240 ns), were added together after Fourier transform. 

 The scenario emerging from the ENDOR and HYSCORE experiments can thus be summarized as follows. Upon contact with H2O2 

superoxide anions are formed and stabilized at framework Ti ions replacing Al3+ cations. Moreover, when UHP is used instead of 20 
hydrated H2O2, the presence of a residual H+ on an oxygen framework in the first coordination shell is observed.  

 These observations together with previous findings reported by some of us 16,17 allow proposing a mechanistic pathway for this 

reaction, casting the role of Ti ions localized at Al3+ sites as prominent actors in the redox activity of TiAlPO materials. It seems natural 

to associate the redox activity of this specific Ti ion with the fact that the Ti3+ reduced state has the natural formal charge for this specific 

site. On the contrary Ti ions substituting a formally P5+ ion remain in the Ti4+ oxidation state (EPR silent) due to the large charge 25 
imbalance that would require two extra protons to compensate the extra charge. This picture is clearly the result emerging from the 

oxidation of the reduced TiAlPO-5 system. As already reported by some of us17, the observation of the 1H hyperfine interaction of about 

3 MHz clearly proves that Ti-O-Ti pairs are formed as the corresponding O2
-
-H distance of about 0.34 nm is only compatible with a 

second Ti ion, substituting a P5+ ion at a next neighbor position forming a Ti-O-Ti oligomer. 

 When the sample reacts with H2O2 the following equation may be written: 30 



 

3H2O2 → 2O2
- + 2H+ +2H2O                                (2) 

The conversion of peroxide to superoxide is a one-electron redox reaction and requires the presence of transition metals having 

accessible multiple oxidation states. Therefore, this reaction can help in elucidating the nature of redox active sites in the TiAlPO-5 

system. 

 It is generally accepted that the first step in the oxidation by the TS-1/H2O2 system is the formation of the TiOOH species, the species 5 
responsible for the epoxidation.25 TiOOH can in turn be regarded as the precursor of the Ti–superoxo species via reaction with OH 

radicals generated by decomposition of H2O2 
[26] according to the following scheme: 

 
Scheme 1. Reaction pattern leading to O2

- species. The Ti ion at the Al position is evidenced in green. The EPR active O2
- species is in red. 

 Interestingly, both reactions (direct oxidation of the reduced sample and reaction with H2O2 of the oxidized sample) lead to the 10 
stabilization of the superoxide radical anion on the same site (namely the Ti4+ ion occupying Al3+ position). Moreover a clear difference 

in the localization of the 1H moiety depending on the presence of the solvent is evidenced via hyperfine techniques. The presence of the 

solvent is clearly important in determining the reaction pathway. We recall that for TiAlPO-5 previously reacted with hydrated H2O2, 

out-gassing of the sample (which implies the practical water removal due to its lower vapor pressure) leads to a drastic increase of the O2
- 

signal intensity. In the same context equilibria controlled by the degree of hydration between end-on hydroperoxo and side-on peroxo 15 
species have been reported by Bordiga et al.3 

 What seems clear is that in TiAlPO-5 Ti ions substituting Al3+ ions possess a higher redox reactivity (higher catalytic potential) with 

respect to Ti ions at P(V) sites. The observation of the large 1H hyperfine interaction upon reaction with anhydrous H2O2 reveals that the 

reaction takes place over this Ti center resulting in the stabilization of the O2
- and of a proton in a first neighboring oxygen as represented 

in Scheme 1. Simple electrostatic arguments suggest however that this situation is relatively unstable due to the overall charge imbalance 20 
at the Ti ion replacing an Al3+ cation. We already demonstrated that the incorporation mechanism of Ti in the AlPO-5 structure involves 

the substitution of a Al3+/P5+ couple by two Ti4+ ions (Scheme 2b’). The key point to be stressed is that these two Ti ions are not 

equivalent from the point of view of reactivity. In fact the Ti ion replacing for the Al3+ has redox capability and can be reduced to Ti3+ 

(Scheme 2c) or undergo a one electron transfer reaction to form the O2
- radical (Scheme 2c’). Notice that in both cases the overall charge 

at this site is +3 (corresponding to that of the original Al3+) and a compensating positive charge is now needed close to the Ti ion 25 
substituting for the P5+ to keep the charge balance. The proton charge in c’ will be actually “shared” between the two Ti ions creating a 

charge imbalance at the Ti ion replacing for Al3+. We therefore argue that a more energetically stable situation is reached if the proton 

migrates away from the oxygen atom contiguous to the Ti at the Al site to an oxygen linked to the Ti4+ at the P5+ site. This is actually the 

situation monitored upon reaction with aqueous H2O2. It may be argued that the presence of the water molecules favors the migration of 

the H+ species via hydrogen bond network. Also it should be considered that the spectra are recorded upon out-gassing of the sample at 30 
room temperature so that during this process the metastable situation where the H+ is stabilized at the reaction site evolves towards a 

more deep energy minimum. This minimum is represented by an O2
- adsorbed on a Ti(IV) at a pristine Al(III) site and a proton stabilized 

nearby a Ti(IV) at a P(V) site. This situation is also detected by the reaction of molecular oxygen with the reduced TiAlPO-5 sample and 

provides compelling evidence for the existence of Ti-O-Ti units in the system, emphasizing the role of Ti ions at Al sites as a species 

with the highest redox potential. This situation is summarized in Scheme 2 where the reaction pathway for the formation of side-on O2
- 35 

species under the different conditions considered is shown.  



 

 
Scheme 2. O2

- formation mechanisms. See text for explanation. 

 

Conclusions 

We have investigated by means of advanced EPR techniques the reactivity of hydrogen peroxide under both hydrated and anhydrous 5 
conditions with TiAlPO-5 materials. The formed superoxide radical anions have been used as paramagnetic probes to monitor the 

characteristics of the reactive site under the different reaction conditions. The peculiar reactivity of Ti ions substituted at framework Al 

sites is evidenced providing the first relevant indication of a specific redox activity associated to this particular site. These results bring 

into prominence the importance of the chemical nature of the framework in driving the chemical reactivity and catalytic potential of 

substituted TMIs. We expect that these results will be of importance in the context of designing efficient catalysts with specific 10 
functionalities tailored upon specific and selective reactions. 
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