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Abstract

A selective heterogeneous catalyst with the superoxide anion O,°” stable at room
temperature, generated by treating Ti(OR), (R=iPr, nBu) with H,0,, was previ-
ously reported and used for the oxidation of organic compounds. It was proposed
that exceptional stability of the O,°" is resulted from its stabilization near Ti** cat-
ion on the TiO, surface with the participation of water molecules and/or OH groups.
In this article, we performed high-resolution pulsed EPR study on the O,*” in this
catalyst with the aim to obtain quantitative information about its interactions with
the surrounding molecules. Our data has shown that the O,°~ is involved in weak
hyperfine interactions with protons in the nearest environment, which do not exceed
a value of 2 MHz. It corresponds to an O,...H distance of >3 A that excludes the
formation of hydrogen bonds. The analysis of possible structures of O,*~ adsorption
on TiO, surface taking into account our results and lack of radical mobility at room
temperature previously observed in EPR spectra led us to suggest that the O,°” is
stabilized in the form of superoxo bridge coordinated with two titanium atoms.

1 Introduction

Superoxide anion (O,*7) is a radical species formed as a result of the one-electron
reduction of dioxygen (O,), which occurs in different chemical and biological sys-
tems [1]. Studies of the superoxide radical reactions with organic compounds have
shown that it can behave as a base, a nucleophile, and an oxidizing or reducing agent
[2, 3]. The generation of O,*~ was achieved by electrolytic reduction, enzymes, or
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using a photoinduced electron-transfer process. Since superoxide anion is paramag-
netic, the broad application of multifrequency, continuous-wave EPR spectroscopy
can be applied for its detection and characterization in chemical and biological sys-
tems [4-8]. Particularly, the formation of superoxide ion on the surfaces of oxides
(MgO/CaO, ZnO, ZrO,, and TiO,) was observed in electron transfer processes initi-
ated by photoexcitation or radiation [4]. These photocatalytic reactions are success-
fully used for the synthesis and purification of water effluents from toxic organic
substances. The treatment of an oxide with a solution of hydrogen peroxide (H,0,)
followed by drying the solid under vacuum has also been proposed to generate
superoxide radicals [9].

A catalyst with matrix-bound superoxide anion, generated by treating Ti(OR),
(R=iPr, nBu) with H,0,, was reported and used as a selective heterogeneous cata-
lyst for the oxidation of organic compounds [10]. The catalyst is effective even at
room temperatures and with various solvents including water. Its detailed study
using different spectroscopic techniques (FTIR, EPR and Raman) as well as X-ray
diffraction (XRD), thermogravimetric/differential and elemental analysis has led
to the conclusion that the particle responsible for the reaction was superoxide radi-
cal. These studies also suggest that the exceptional stability of the radical is resulted
from its location near Ti** cation on the TiO, surface with the participation of
water molecules and/or OH groups [10-14]. Despite this conclusion, the nature and
strength of O,°” interactions with the surrounding molecules remain unknown and
the quantitative characterization of the environment for the trapped superoxide was
not described.

In this work, the stabilization of paramagnetic intermediates during decomposi-
tion of hydrogen peroxide on the TiO, surface has been studied using pulsed X and
Q-band EPR spectroscopy. We used high-resolution pulsed EPR techniques, i.e. 1D
and 2D ESEEM and ENDOR, to resolve weak interactions of the unpaired electron
of the superoxide with the surrounding magnetic nuclei and to discuss the model of
the superoxide environment using quantitative data about these interactions.

2 Experimental Section

TiO,/superoxide catalyst was prepared according to the method described in [10],
i.e. 30% H,0, (5.98 g, 0.175 mol) was added slowly to a solution of Ti(OiPr), [tita-
nium (IV) isopropoxide Ti(OCH(CHj;),),, m, w. 284.22] (5.0 g, 0.0175 mol) in
anhydrous CH;0H (50 mL) over 40 min under N, with stirring at room temperature.
The yellow precipitate that formed was collected by filtration on a sintered funnel,
washed with anhydrous methanol, and dried under reduced pressure (3 mmHg) at
25° C for 1 h for complete removal of the solvent from TiO, dispersion (sample I).
Obtained powder was transferred into quartz X and Q-band EPR tubes, degassed
and sealed. There is only one difference with [10] in the preparation of the catalyst.
We used commercially available 30% H,0, instead of 50% in [10]. Similar samples
were analogously prepared using D,0,. Deuterated hydrogen peroxide was obtained
by repeating twice the evaporation procedure to 1/3 volume of the mixture 0.311 g
D,0 and 0.316 g 30% H,O0,.
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The pulsed EPR experiments were carried out using an X and Q-band Bruker
ELEXSYS E580 spectrometer equipped with Oxford CF 935 cryostats. Several
types of experiments with different pulse sequences were employed with appropriate
phase-cycling schemes to eliminate unwanted features from the experimental echo
envelopes. Among them are two-pulse and four-pulse sequences. In the two-pulse
experiment (#/2 — t — # — 7 — echo), the intensity of the echo signal is measured as
a function of the time interval 7 between two microwave pulses with turning angles
/2 and 7z to generate an echo envelope that maps the time course of relaxation of the
spin system (in ESEEM) or as a function of the magnetic field at fixed 7 (in field-
sweep ESE). In the two-dimensional (2D) four-pulse ESEEM experiment (#/2 — t
— n/2—t,—n—t,— n/2—echo), also called HYSCORE [15], the intensity of the stimu-
lated echo after the fourth pulse is measured with #, and ¢, varied while 7 is constant.
Such a 2D set of echo envelopes gives, after complex Fourier transformation, a 2D
spectrum with equal resolution in each direction. Spectral processing of ESEEM
patterns was performed using Bruker WIN-EPR software, including subtraction of
the relaxation decay (fitting by 3-6 degree polynomials), apodization (Hamming
window), zero filling, and fast Fourier transformation.

Pulsed ENDOR spectra of the radicals can be obtained using Davies (7— ¢t — 7
/2 —t —r —t — echo) [16] and Mims (#/2— 7 —n/2 — t —n/2 —1— echo) [17] microwave
sequences with different pulse lengths. In addition, radiofrequency z pulse is applied
during the time interval ¢ in both sequences. The individual characteristics of each
ESEEM/ENDOR experiment are provided in figure captions. In this work, we made
Davis ENDOR and compared it with Mims ENDOR data from another laboratory.

3 Results
3.1 EPR Spectra of Dried TiO, + H,0, Sample

A dried sample of TiO, (solution of Ti(OiPr), treated with H,O,, the suspension was
placed under vacuum immediately after preparation) (sample I) shows characteristic
signal with rhombic g-tensor in X and Q-band EPR spectra recorded at tempera-
ture 90 K (Fig. 1). The g-tensor principal components measured from Q-band spec-
trum are g,,=2.0236, g,,=2.0082, and g,,=2.0015. This result strongly suggests
the presence of a stable superoxide radical anion generated by the decomposition of
H,0, on the TiO, surface [10]. The g,, values in the range between 2.019 and 2.026
are usually reported for superoxide on TiO, surfaces (see Table 1), which are con-
sistent with those expected for O,* stabilized at Ti** site (O,*~-Ti*") [5]. The 'H/°D
exchange in the sample influences only slightly a width of the spectral components
(Figure S1).

3.2 Pulsed EPR Characterization of the Superoxide

Interaction of the paramagnetic species with the environment in the sample I
was probed using pulsed ENDOR and 2D ESEEM (HYSCORE). Q-band Davies
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Fig. 1 X (grey) and Q-band Q-band, H mT
(black) EPR spectra of superox- 12056 1210 1216 1220 1226 1230
ide radical in sample I obtained
as a first derivative of field
sweep two-pulse ESE patterns.
Experimental parameters: /2
and z pulse length 100 and
200 ns, time between first and !_:‘ Q-band
second pulses 7=400 ns, micro- =
wave frequency 9.6352 GHz »
(X-band) and 34.1914 GHz = l
(Q-band), and temperature 90 K w X-band
* T L] T ¥ T T L4 T . T Y,
325 330 335 340 345 350 355 360
X-band, H mT
Table 1 g-tensors assigned to O, radical in different TiO, samples
Matrix 8 8yy 8yx Reference
Ti(OiPr),/H,0, 2.0235 2.0093 2.0033 10
TiO, (rutile) 2.025%° 2,009 2.003 18
30 wt% H,0, 2.021°  2.009 2.003
60 wt% H,0,
Ti-anatase (H,O,-treated) 2.025 2.011 2.0034 19
Ti gel prepared from metallic Ti powder and 10 M 2.023 2.009 2.003 20
H,0, 2.025 2.009 2.003
2.021 2.009 2.003
Ti(OiPr),/H,0, 2.0227¢ 2.0074 2.0010 This work
2,024 2008 2.002
TiO, (P25) 2.019 2.011 2.005 21,22
2.020 2.011 2.004
2.023 2.011 2.004
2.026 2.011 2.001
TiO, on porous Vycor glass 2.0268  2.0088 2.0036 4
Dehydrated Pt/TiO, photo catalysts (PT-1 and PT-2) 2.021 2.008 2.000 23
2.022 2.007 2.001
TiO, (millennium PC500, mesoporous) 2.0288  2.009 2.0037 24
Dye-sensitized TiO, 2.0253  2.009 2.0031 25
Reduced TiAIPO-5 2.023 2.010 2.003 26

30 wt% H,0,
60 wt% H,0,
€Q-band
4X-band
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Fig.2 Q-band field-sweep 2-pulse ESE spectrum (a) and Q-band Davies ENDOR spectra (b) of the
superoxide radical in sample I. The microwave frequency was 34.2198 GHz, #/2 pulse =100 ns, the mag-
netic field was set to 1208.0 mT (I), 1217.4 mT (II), 1221.5 mT (III), and the temperature was 90 K

ENDOR spectra collected at magnetic fields of the EPR spectrum corresponding
to principal values of the g-tensor of the superoxide in sample I (points I — III,
Fig. 2a) show the narrow matrix peak at the proton Zeeman frequency with two
broad symmetrically located shoulders (Fig. 2b). The splitting between the max-
ima of the shoulders in all three spectra varies within 2.1 +0.1 MHz.

X-band HYSCORE spectra obtained for this sample show 'H signal located
around diagonal point (v,y, ;) and changing its shape with the variation of
time = between first and second pulses. At =120 ns the signal possesses an
intensive peak located around the diagonal point (v,y, v,) With extended shoul-
ders (Figure S2). On the other hand, at =200 ns the intensity at the diago-
nal point is completely suppressed and two well-separated cross-features 1y
oriented along (v, v;y) antidiagonal are observed (Fig. 3a and S3). In addi-
tion, both spectra show diagonal low frequency peaks at 1.56 and 2.25 MHz. In
the sample similarly prepared using D,0,, very intensive signal appears at the
frequency ~2.25 MHz, which corresponds to the ’D Zeeman frequency in the
applied magnetic field. Accordingly, the intensity of 'H signal was suppressed,
indicating the replacement of a significant part of the exchangeable protons from
H,O and OH groups in the superoxide radical environment by deuterium nuclei
2D (Fig. 3b and S3).

Low and high intensive peaks located at the frequency 2.25 MHz of the diag-
onal line in the spectra shown in Fig. 3a, b and S3 exhibit similar lineshape. The
intensive 2D peak (Fig. 3b) consists of two halves splitted on ~0.2 MHz along
the diagonal by the quadrupole interaction of the deuterium. The weak signal in
Fig. 3a possesses exactly the same lineshape with similar splitting and can only
be produced by the 2D nuclei contained with the natural abundance (0.0115%) in
the sample I prepared using H,0,. The clear observation of this peak was prob-
ably made possible due to very high signal-to-noise ratio in these spectra.
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Fig.3 Contour representation of the HYSCORE spectra of superoxide radical in the sample I (a) and
in the similar sample prepared using D,0, (b). The time 7, between the first and the second micro-
wave pulses, was 200 ns. The spectrum was obtained by FT of the 2D time-domain patterns containing
256 X256 points with a 16 ns step in #, and #,, which are the intervals between the second and the third
microwave pulses, and the third and the fourth microwave pulses, respectively. 3D-type stacked presenta-
tions of these spectra are shown in Figure S3. The microwave frequency was 9.635 GHz (a) and 9.6342
(b), and the magnetic field was set to 342.9 mT (a) and 342.85 mT (b), and the temperature was 90 K

4 Discussion
4.1 Analysis of the "TH HYSCORE and pulsed ENDOR spectra

Quantitative analysis of the 'H cross-ridges from HYSCORE spectra of O,™ in
samples I, based on a linear regression of contour lineshapes in v,% vs v, coor-
dinates [27] (see Figure S4 and Table S1), provides the isotropic and anisotropic
components of the hyperfine tensors under an axial approximation for the proton(s)
interacting with superoxide’s electron spin. Detailed explanations of the analysis
are described in the Supporting Info and the complete results of the analysis are
shown in Table S1. Particularly the analysis of cross-ridges 1, from the spectra
of sample I prepared with H,O, and D,0O, gives anisotropic hyperfine coupling
T=2.0+0.2 MHz for the contributing proton(s) and also points at a possible pres-
ence of a small isotropic coupling of ~1 MHz. In the HYSCORE spectrum, two
characteristics can provide quantitative information about anisotropic coupling 7.
One is the total length of the cross-ridge equal to 37/2 if entire ridge is observed.
The other is a maximum deviation of the cross-ridge from antidiagonal crossing the
diagonal at (v, V1) point. The deviation of the cross-ridges from the diagonal in
the experimental spectra is negligible, supporting the estimated value of 7~2 MHz
and the corresponding O-H distance >3 A (see next section). The presence of an
isotropic coupling for such distances without a stable atomic bridge enabling a spin
delocalization through chemical bonds would be very unusual. This HYSCORE
analysis was based on a single proton interaction. In addition, there is a strong and
wide matrix line in the spectra recorded at 7=120 ns (Figures S2b). As a result,
the cross-ridges observed in the spectra with the suppressed 'H diagonal intensity
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(Fig. 3a,d) may still contain contributions from the matrix peak, which can influence
the results of the HYSCORE analysis.

For comparison, Q-band Davies ENDOR spectra collected at magnetic fields of
the EPR spectrum corresponding to principal values of the g-tensor of the super-
oxide in sample I (points I — III, Fig. 2a) show the narrow matrix peak at the pro-
ton Zeeman frequency with two broad symmetrically located shoulders (Fig. 2b).
The splitting between the maxima of the shoulders in all three spectra varies within
2.1+0.1 MHz that is consistent with the value of anisotropic coupling deter-
mined from the HYSCORE spectra. Unfortunately, the excessive broadening of the
ENDOR lines does not allow one to obtain a direct estimate of a and 7 components
of the hyperfine tensor. However, the proton hyperfine interaction in our case cannot
be purely isotropic, because then ESEEM would not be observed at all.

The same value of T~2 MHz was determined from the 'H X-band Mims ENDOR
spectra of the superoxide anion at Ti*" site in TIAIPO-5 [26] and assigned to a pro-
ton located at the distance 3.4 A from 0,°” estimated using point dipoles approxima-
tion. Similarly to our case, spectra recorded at field settings corresponding to the
principal values of the g-tensor lack features typical for well-pronounced orientation
selection but the splitting of ~2 MHz is only observed in the spectrum recorded
at g,, field position (Figure S5). A significant individual line-width (0.75 MHz)
explained by a conformational heterogeneity in the polycrystalline sample was used
in simulations of the ENDOR spectra in [26].

Our preliminary ENDOR simulations show that the experimental spectra can be
reproduced by the interaction of superoxide with a proton possessing an anisotropic
hyperfine tensor with 7=2 MHz, which can acquire different orientations with
respect to the g-frame. For simplicity, we have modeled this distribution with two
orientations implemented with relative statistical weights.

This result allows us to suggest that even the nearest protons surrounding the
superoxide radical in these samples fail to form any regular structure and are ran-
domly distributed at distances that satisfy the condition where T ~ 2 MHz. There-
fore, the development of the model describing the lineshape of the orientation-selec-
tive ENDOR spectra with the similar splitting of the resolved components for more
complex distributions of the proton environment, needs more deep computational
analysis.

4.2 Evaluation of the proton anisotropic hyperfine couplings

The value of T~2 MHz for superoxide-proton coupling discussed above is signifi-
cantly smaller than previously reported 'H hyperfine couplings of 7~ 10 MHz deter-
mined from HYSCORE spectra of the superoxide species generated on sodium pre-
covered MgO surface [28] and produced in reaction of KO, with water in DMSO/
H,O solution in the presence of ubiquinone-10 [29]. The anisotropic hyperfine inter-
action with the proton located near the superoxide ion results from the dipole—dipole
interaction with unpaired spin density delocalized approximately equally over two
oxygens separated by just one bond length. The local magnetic field induced at the
proton by the spin density distributed over two oxygens would depend on its location
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relative to the O—O bond and generally represented by the rhombic hyperfine tensor
[30]. The magnitude of anisotropic dipole —dipole interaction 7 between the spin of
the unpaired electron and the spin of the coupled proton is defined by the distance
r between them as 1/7°. In the point dipole approximation, = %ﬁgﬂ’, where g,, g,
B.. and j, are the respective electronic and proton nuclear g—factolrrs and magnetons,
and T:Z—3(MHZ) for proton. The dipole—dipole interaction depends on the magnetic
field direction and is described by axially symmetric tensor with diagonal principal
values

T=T, T, -T.|=T-[-1,-12] (n

in the principal axes coordinate system with z axis directed along 7 direction.

The proton located near a superoxide with the oxygens O, and O, carrying
unpaired spin densities p, and p, experiences a dipolar interaction that depends on
the O,—H distance (r,) and the O,—H distance (r,) (Figure S6). The spin densities
p; and p, produce local magnetic field on the proton, which is a vector sum of these
two contributions. Generally, hyperfine tensor in this case is rhombic as followed
from the formula defining hyperfine tensor for proton interacting with separated
arbitrary electron spins [30]. The principal values of the resulting hyperfine tensor
adapted to our case are

T =|Vo(Ty + 7, = 36),~(T, + To), V(T + Ty + 35) | @

where §=[T,>+T,?+2T,TycosQRa+2)1"% T,=79 p,/r, T,=79 p,/r,°. For the
angle p=180°, when the proton lies on the O,-O, line, 6=T,+T, and (Eq. 2) for
tensor 7 transforms to traditional axial form.

T=[-(T\+T,),—(T\+T,), 2(T, + T,)] )

The geometric relations between the sides and angles of the triangle HO, O, (Fig-
ure S6)

r% = [r% + ’%—0 —2r79_o cos f1'/?and @ = arcsin [:—lsinﬂ] 4)
2

allow for the definition of the tensor components based on one distance (r;) and
one angle ().

In the case of superoxide radical, the added electron is almost equally distributed
on the two O atoms in solution [31]. Similarly, the unpaired spin density on 2p* of
each oxygen is ~0.495 in O, adsorbed on MgO surface as shown in experiments
using magnetic isotope 7O [32]. Magnetically equivalent 7O oxygens have also
been reported for O,*~ generated in TiAIPO-5 [26]. The reported distance between
the oxygens in superoxide varies within 1.32-1.35 A [31,33-35] and increases in the
presence of hydrogen bonds [31, 33].

For direct comparison with the experimental values 7=2 (this work) and 10 MHz
[28, 29] determined form the HYSCORE analysis in the axial approximation, we
selected term T;+ T, from Eq. 2, which lacks the rhombic term 39, and is equal
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Fig.4 Polar graphs (r,, ) with representative contours 7=39.5 [+ = ] equal to 2.0, 7.0, and 10 MHz

calculated for a model with one superoxide oxygen located in the (O 0) point of coordinates and second
oxygen in the point (1.33 A 0° ). 0,—0, distance equals to 1.33 A along the line with f=0°. Line normal
to r; axis corresponds to the middle of the O,—O, distance (see also Table 2)

Table 2 Distances of a proton location relative to a superoxide radical at different values of the aniso-
tropic hyperfine coupling

T, MHz r (H-0)), A B, degree ry at f=180°, A ry at f=120°, A
297-3.4 180-75 2.97 3.08

7 1.89-2.24 180-73 1.89 1.95

10 1.67-1.99 180-70 1.67 1.71

T=39.5 [ ] for p; = p, = 0.5. It was calculated in the form of contours, where

each point deﬁnes r; and B with selected T (2, 7, or 10 MHz) (Fig. 4), i.e. as a func-
tion of the O,-H distance between the proton and nearest oxygen of O,°" at the angle
p between H-O, and O,-0, directions. The coupling with 7~7 MHz is included in
our analysis as an example demonstrating variation of distances at an intermediate
value of T. Calculated graphs show that T=2 MHz corresponds to the distance 2.97
— 3.4 A between H and nearest O, for the angles < 180° between O,-H and O,-O,
(Table 2). In contrast, this distance is ~1.0-1.2 A shorter for T=7 or 10 MHz
(Table 2).

Existing models of a hydration shell for the aqueous O,”* include four water
molecules with two waters forming hydrogen bonds with each oxygen atom (Figure
S7). The hydrogen bond lengths reported for the structures predicting the O—O bond
length within the limit 1.336 (+0.005) A and positive the vibrational frequency shift
on solvation of the radical varies within 1.72—1.94 A [31, 36, 37]. Lower limit of
H-O, distance estimated for 7=7 MHz is still within the indicated interval.

In the limiting case of unpaired electron localization on one oxygen, the O-H
distances corresponding to 7=2, 7, and 10 MHz are equal 3.4, 2.24, and 1.99 A,
respectively, that corresponds to estimates using a point dipoles approximation. One
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rhoy" 9587 vsas”
,(/t \O/'F\o,)/ ,(1\ /1 o7 {/ \O/T\O%
H, 0  H,0 H,0 H;O H,0

Fig.5 The proposed structure of titanium superoxide in Ti(OiPr), catalyst exposed to H,0,. (left, a)
from ref.10. Adapted by permission from Copyright Clearance Center: John Wiley and Sons, Dewkar
et al. [10]. Copyright 2001. (center, b) from ref.12. Adapted by permission from Copyright Clearance
Center: Springer Nature, Reddy et al. [12]. Copyright 2010. (right, ¢) this work

can note that for the spin density equally distributed between two atoms in O,~* rad-
ical, the distances between H and each oxygen are equal to a point dipole estimate
when the proton is located on the line of the symmetry normal to the central point of
the O-O bond.

4.3 Models of 0, " radical interaction with the catalyst environment

The discussed catalyst with superoxide species on the hydrated titanium matrix has
been thoroughly examined by various spectroscopic techniques [10]. Its IR spectrum
showed characteristic absorption bands assigned to vibrational modes of coordinated
water molecules at Ti** site (3720 and 3665 cm™!) and of surface Ti—-OH groups
(3450 cm™"). Additional IR bands in the range of 900-538 cm™! and an intense line
at 900 cm™! in the Raman spectrum confirmed the presence of Ti—O-Ti linkages in
the catalyst. The IR absorption bands 1027 and 1157 cm™' and weak Raman lines
observed in the range of 1025-1119 cm™~! were assigned to O," ~ in the solid matrix.
The X-ray diffraction pattern did not show any sharp peaks, thus indicating its amor-
phous nature of Ti/O,°® ~ catalyst. The formation of the superoxide radical was also
confirmed by the EPR spectrum with the characteristic principal values of the g-ten-
sor (Table 1).

These results were illustrated by the proposed model of the O,® ~ stabilization on
titanium superoxide catalyst shown in Fig. 5a [10]. This model does not provide any
geometrical characteristics and suggest the location of one oxygen near Ti** and the
second oxygen interacts with the proton of —OH group coordinating the neighboring
Ti. Slightly different image of this structure was shown in the review article [12]
from the same group accompanied by the similar text as in [10] (Fig. 5b).

There are a number of publications describing an EPR characterization of
the superoxide in different H,O, treated titanium samples (4 rows from the top in
Table 1). All of them report the species with very similar g-tensors, which can be
assigned to the O," ~ stabilized near Ti** although reported spectra were recorded at
different temperatures, i.e. at room temperature [10, 12] and [20], at 77 K [19], and
at various temperatures [18] and at 90 K in this work.
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o
4 0—o0 0—o0:
7 /7 O\
TN O Ti Ti O Ti Ti O Ti
a b c

Fig.6 Suggested models of superoxide — Ti coordination on TiO, surface. The interaction with a metal
is classified as “end-on” or “side-on” to indicate the connection as ' (one atom bound to the metal) or 7>
(two atoms bound to the metal), respectively. These models correspond to “end-on” (a), side-on (b), and
“end-on/end-on” or “bridging superoxo” coordination (c¢). Adapted from Ref. 18 with permission from
the PCCP Owner Societies

The hydrogen peroxide treated polycrystalline titanium oxide systems (TiO,,
TS-1, [Ti]-APO-5 and ion-exchanged Ti-ZSM-5) have been investigated using
X-band EPR [18]. Two orthorhombic EPR signals with g,, values of 2.025 and
2.0215, assigned to adsorbed O,° ~ anions, were found in the TiO, (rutil phase)/
(30 or 60 wt%) H,0, system [18]. The superoxide with g,,=2.025 was observed for
either H,O, concentration. Species with smaller g,, components were only resolved
in 60 wt% H,0,/TiO, (Table 1), which suggests the presence of two different envi-
ronments for O," ~ radical stabilization at a Ti** site [5]. The changes in the g,,
values were interpreted as the existence of variously coordinated Ti(O), centers and
three different models of superoxide coordination with Ti (Fig. 6).

The EPR spectra of the 60 wt% H,0,-treated samples, after evacuation at room
temperature, were measured at temperatures between 10 and 230 K. They revealed
that the spectral lines do not undergo any shifts as a function of temperature, while
only limited line broadenings occur at temperatures above 50 K. The component
with g,,=2.025 possesses stronger broadening compared to the g,,=2.0215 one
and, thus, supports the hypothesis that there are heterogeneity between the two
O,* ™ species.

The article [18] cited the work by Dewkar et al. [10] as an example of an excep-
tionally stable titanium superoxide radical ion formed in the homogeneous phase
that excluded any possibility for a heterogeneous environment for the titanium
ions. It was also proposed that a low-coordinated Ti(O);00" species produce a
superoxide-like EPR spectrum with g,,=2.0235 [18]. The EPR spectrum of dried
TiO,+H,0, sample in [10, 12] was collected at room temperature (298 K). The
spectrum possesses pure powder-type lineshape without any effects indicating radi-
cal mobility. One can note, however, that the g,, component of this spectrum has an
asymmetric shape with the shoulder at high-field side, which can be interpreted as
a formation of two different species with g,, equals to 2.0235 and 2.0217 (Figure
S8). Those are close to g,, values reported for two superoxide species observed in
H,0, treated TiO,(rutile) [18]. Nevertheless, this spectral feature was ignored by the
authors of refs. 10,12 and 18.

In contrast, our X and Q-band spectra of the similarly prepared sample show sym-
metrical g,, line (Fig. 1) and assumes the formation of just one type of O,* ~ species.
Our only difference with [10] is the use of 30 wt% H,O, instead of 50% wt H,0,,
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i.e. one can suggest a larger amount of adsorbed water in our sample after its evacu-
ation at room temperature. Qualitatively, our finding is consistent with the difference
observed between 30 wt% and 60 wt% H,0,/Ti(rutil) samples in [18] (Table 1). The
existence of exchangeable protons from H,O or OH weakly coupled with superoxide
is verified by the intensive line appeared around the diagonal point (v,p, V,p) in the
HYSCORE spectrum of the sample I prepared with 2D202 that is also accompanied
by the intensity loss of 'H lines (Figs. 3, S3). However, our pulsed EPR data does
not indicate any specific O,° ~...H interactions consistent with H-bond formation
requiring typical O—H distances <2 A Analysis of the cross-peak lineshape assum-
ing interaction with a single nucleus gives effective value of anisotropic coupling
T~2 MHz corresponding to distances 2.97-3.4 A (Table 2).

The X-ray diffraction pattern indicates amorphous nature of Ti/O,° ~ catalyst [10,
12]. Due to existing uncertainties with bulk modules in the H,O,-treated TiO, cata-
lyst, one can consider possible geometry of the superoxide interaction with TiO,
surface using the models of local interaction with surface Ti ions [18] as shown in
Fig. 6. For these purposes, one can briefly describe characteristic geometry of TiO,
structures examined in the literature. Computational works have found that the low-
est-energy geometry of a TiO, molecule is a bent structure with a Ti—O distance of
1.63-1.65 A and a bond angle near 111°. A symmetric linear conformer was also
found on the ground state potential surface but was attributed to a saddle point
rather than a true minimum [38, 39]. Ti—O distance in a linear structure is 1.699 A
[39]. Anatase and rutile surfaces are the two major TiO, polymorphs [40]. Param-
eters optimized crystal structures of rutile (110) and anatase (101) reported in [39]
(Ti— O distances 1.96 A in rutile and 1.95 and 2.01 A in anatase) are in good agree-
ment with available experimental data [41]. O —Ti— O angles in rutile are either 90
or 180° and in anatase they are around 77, 102, and 180° [39]. DFT studies of Ti**
hydroxides and their clusters with expanded titanium coordination reported Ti—O
and O-H distances of 1.80+0.02 A and 0.96+0.01 A, respectively, and Ti-O-H
angle of 100-180° for Ti—OH fragment [42]. Calculations of Ti(OH), complex gives
the Ti—O distance of 1.88 A and Ti—O-H angle of 119.0°[43].

DFT calculations were also performed for side-on adsorption (structure b) on
anatase (101) and rutile (110) surfaces of TiO,. The results showed slight differ-
ences in both bond lengths and adsorption energies between the two surfaces (Fig-
ure S9). Particularly, Ti—O distances with two superoxide oxygens and the length
of O-O bond in O, ™ were 2.036, 2.029 and 1.331 Ain anatase, and 1.955, 1,881
and 1.48 A in rutile [44]. However, the calculations in this work were performed for
ideal surfaces without any adsorbed molecules.

The model proposed in [10, 12] (Fig. 5) suggests that the superoxide is located
near two surface Ti atoms coordinated with OH groups. Using the structural char-
acteristics provided above, one can estimate the distances between the superoxide
oxygen O, and nearest proton of the OH group for structures a-c (Fig. 6) assuming
that O, ™ and —OH are coordinated to two neighboring titanium atoms.

For a Ti—O bond of 1.95-2.0 /&, the largest distance between Ti atoms in the frag-
ment Ti—O-Ti is equal ~3.9-4.0 A at the bent angle 180°. This distance decreases
at smaller angles. For instance, it is ~3.38-3.46 A for the angle 120°. This estimate
indicates that the O,...H distance ~3.0 — 3.5 A in the structure a is only possible
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at the bent angles of Ti-O—O, and Ti-O-H groups >160-170°. In structure b the
smallest distance O,...H~3 A could be obtained for the bent angle of Ti-O-H >
150°. These estimates were obtained with an assumption that O, and H are located
in the same plane with coordinated Ti atoms. Any deviation of Oy or H from this
plane would increase the estimated distance between them.

Structure c of bridging superoxide coordination to two titaniums is more complex
where Ti—-O-Ti and Ti — O—~O,-Ti bridges are not located on the same plane (Figure
S10) [45]. Our estimates show that O,...H distance >3 A that satisfies the experi-
mental finding 7=2 MHz is only possible when the proton of the O—H group, bound
to one of the bridged Ti, is oriented in the direction opposite to OO, (Figure S10)
and is not suitable for the formation of any bond shown in Fig. 5. Thus, this sim-
ple analysis suggests that structures (b) and (c) are more appropriate for the expla-
nation of the small 'H hyperfine couplings between the superoxide and the nearest
protons. These estimates correlate with the conclusion that the O,° ™ ...H distance
3.4 A derived from the coupling T=2 MHz in TiAIPO-5 is only consistent with the
presence of an OH™ group in the second oxygen coordination sphere of the side-on
adsorbed 0,° ~ — Ti** center [26].

Additional arguments for the selection of the preferred coordination structure of
superoxide in the studied catalyst can be obtained considering the lack of superoxide
mobility even at room temperature. In the case of end-on unidentate coordination
of a superoxide (a) to the Ti**, a rotation about the Ti—O bond would be expected
to occur at temperatures even below room temperature. It would lead to characteris-
tic averaging of the g-tensor components and spectral transformation from rhombic
to axial lineshape [18, 46]. However, the lineshape and g-tensor of EPR spectrum
reported for the superoxide in [10, 12] are similar to these characteristics observed
at low temperatures in other H,O, treated TiO, samples (Table 1) that excludes any
rotational mobility. In addition, this geometry allows minimum distances of <2 A
between the noncoordinated oxygen of O,® ~ and protons of O-H group from neigh-
boring Ti, thus it enables the formation of H-bonds with 'H hyperfine coupling
stronger than 2 MHz. The motional averaging in the EPR spectra of side-on biden-
tate adsorbed superoxide (structure b) have also been observed at low temperatures
and studied in detail [18, 47, 48]. This argument does not allow us to consider this
structure as preferable despite the observation of similar proton coupling 7=2 MHz
for side-on adsorbed superoxide in TiAIPO-5 [26].

The IR absorption bands 1027 and 1157 cm™! and weak Raman lines observed in
the range of 1025-1119 cm™" were assigned to O," ~ in the solid matrix of Ti/O," ~
catalyst [10, 12]. Lever et al. [49] have previously suggested that O-O stretching
frequencies in the range 1075-1195 cm™! are indicative of superoxo-like dioxygen
adducts (Fig. 6¢). One can expect that the rigidity of the #*> bound complex would
prevent easy rotation of the anion and exclude significant g tensor averaging of g,
and g,, components observed in the EPR spectra of side-on coordination b.

In addition to magnetic 'H nuclei, the catalyst contains magnetic isotopes of tita-
nium, 4'Ti (I1=5/2, 7.44%, g,= —0.31484) and “Ti (I=7/2, 5.41%, g,= —0.31491).
Our HYSCORE spectra do not show any features that could be assigned to these
nuclei. The cross-lines assigned to *’**Ti were observed in HYSCORE of open-
shell Ti** ions generated in hybrid SiO,~TiO, mesoporous monoliths [50]. The
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spectrum recorded at the g, position contains cross-peaks from 4799Tj correspond-
ing to the hyperfine coupling of ~6 MHz. Signals from *’**Ti were not detected
in spectra collected at other field orientations in the g-tensor frame due to the
significant increase in hyperfine coupling. This result is in line with experimen-
tal [S1-53] and theoretical [54] studies of *’**Ti hyperfine couplings in beryl sin-
gle crystals. Results of [51-54] are consistent with each other and report A;~0-2
G (0-6 MHz) and A ~18-20 G (50-56 MHz) for both ***Ti isotopes. It defines
the substantial isotropic constant of the order 12-13 G (33-37 MHz). The values
of A, =52.6+0.2 MHz have been reported for *’**Ti in the mixed sandwich com-
pounds of Ti** [55]. The DFT calculations of the valence electron density of neutral
and cationic Ti species show a very low population at the nucleus in Ti** in contrast
with Ti%-Ti?* states [39]. These values of couplings allow one to suggest that the
transfer of spin density from superoxide electrostatically adsorbed in either “end-on”
or “side-on” position on Ti** would not be sufficient for creation of hyperfine cou-
plings of ~5-10 MHz, leading to the appearance of the observable cross-peaks from
47497} in HYSCORE spectra.

5 Conclusion

The superoxide anion stable at room temperature, generated by treating Ti(OR),
(R=1iPr, nBu) with H,0,, was reported and used as a selective heterogeneous cata-
lyst for the oxidation of organic compounds [10]. It was proposed that exceptional
stability of the radical is resulted from its stabilization near Ti** cation on the TiO,
surface with the participation of water molecules and/or OH groups. In this arti-
cle, we performed pulsed EPR study on the superoxide radical in this catalyst with
the aim to obtain quantitative information about O,°” interactions with the sur-
rounding molecules. Our HYSCORE and pulsed ENDOR data have shown that the
O,"” is involved in weak hyperfine interactions with protons in the nearest environ-
ment. Anisotropic coupling of the radical with proton(s) does not exceed a value
of 2 MHz, corresponding to O,...H distances >3 A that exclude the formation of
H bonds. The analysis of possible structures of O,*” adsorption on TiO, surface,
taking into account our results and lack of radical mobility at room temperature
observed in EPR spectra [10], led us to suggest that O,* is stabilized in the form of
superoxo bridge coordinated with two titanium atoms (Fig. 5c). Further support for
this model can be obtained from the EPR experiments with 1’0 labeled superoxide,
which can provide information about the distribution of unpaired spin density over
two oxygen atoms and accompanying calculations of electronic structure for differ-
ent coordination models.
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org/10.1007/s00723-021-01424-0.
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