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Figure S1. X- and Q-band EPR spectra of superoxide radical in sample I obtained as a first derivative of 

field sweep two-pulse ESE patterns. Experimental parameters: π/2 and π pulse length 100 and 200 ns, 
time between first and second pulses τ = 400 ns, microwave frequency 9.6352 GHz (X-band, red) and 

34.1914 GHz (Q-band, black), and temperature 90 K. Adapted by permission from Copyright Clearance 

Center: Springer Nature, Samoilova et al. [S1]. Copyright 2022.  

 

 

 

 

 
Figure S2. X-band two-pulse ESE field-swept spectrum and 

its first derivative of the TiO2 surface produced from 

Ti(OiPr)4 exposed to H2O2/KOH. Microwave frequency is 9. 

6149 GHz, length of π/2 pulse is 16 ns, time  between first 

and second pulses is 200 ns, and temperature is 15 K. 
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Table S1. g-tensors assigned to O2
•‒ 

 radical  in different TiO2 samples.
 

 

Matrix gzz gyy gxx Reference 

Ti(OiPr)4/H2O2 2.024 2.009 2.003 S2 

TiO2(rutile) 

30 wt% H2O2 

60 wt% H2O2 

2.025
a,b

 

2.021
b
 

2.009 

2.009 

2.003 

2.003 

S3 

Ti-anatase   

(H2O2-treated) 

2.025 2.011 2.0034 S4 

 

Ti gel prepared from 

metallic Ti powder and 

10M H2O2 
 

2.023 

2.025 

2.021 

 

2.009 

2.009                  

2.009 

2.003 

2.003           

2.003 

S5 

Ti(OiPr)4/H2O2 2.0227
c 

2.024
d 

2.0074 

2008 

2.0010 

2.002 

S1 

 

TiO2 (P25) 2.019 

2.020 

2.023 

2.026 

2.011 

2.011 

2.011 

2.011 

2.005 

2.004 

2.004 

2.001 

S6,S7 

TiO2 on porous Vycor glass 2.0268 2.0088 2.0036 S8 

dehydrated Pt/TiO2 

photo-catalysts  

(PT-1 and PT-2) 

2.021 

2.022 

 

2.008 

2.007 

2.000 

2.001 

S9 

TiO2 (Millennium PC500, 

mesoporous) 
2.0288 2.009 2.0037 S10 

dye-sensitized TiO2 2.0253 2.009 2.0031 S11 

reduced TiAlPO-5 2.023 2.010 2.003 S12 

 
               a

30 wt% H2O2, 
 b
60 wt% H2O2, 

c
Q-band, 

d
X-band. Adapted by permission from Copyright 

           Clearance Center: Springer Nature, Samoilova et al. [S1]. Copyright 2022.  
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Figure S3. Contour representation of the HYSCORE spectra of superoxide radical in the sample I (a) and 

in the similar sample prepared using D2O2 (b). The time τ, between the first and the second microwave 

pulses, was 200 ns. The spectrum was obtained by FT of the 2D time domain patterns containing 256 × 

256 points with a 16 ns step in t1 and t2, which are the intervals between the second and the third 

microwave pulses, and the third and the fourth microwave pulses, respectively. The microwave frequency 

was 9.635 GHz (a) and 9.6342 GHz (b), and the magnetic field was set to 342.9 mT (a) and 342.85 mT 

(b), and the temperature was 90 K. Adapted by permission from Copyright Clearance Center: Springer 

Nature, Samoilova et al. [S1]. Copyright 2022.  

Section S1. Square frequency fitting of 
1
H HYSCORE spectra

and comparison with pulsed ENDOR data. 

An estimate of the hyperfine couplings for the 1H cross-features in the samples I and II obtained 

using spectra from Figures S3 and 2. The coordinates (ν1, ν2) of arbitrary points along the proton 

ridges were measured and plotted as sets of values for 1
2
 vs. 2

2
 according to the Equation:

v1 = (Qν2
2
 + G)

1/2
, (1) 

where Q = (T+2a-41H)/(T+2a+41H) and G = [21H(41H
2
 – a

2 
+2T

2
 – aT)]/(T+2a+41H) [S13].

 

This lineshape transforms into a straight line segment in 1
2
 vs. 2

2
 coordinates. It should be

noted, however, that HYSCORE intensity at points (ν1, ν2) and (ν1||, ν2||), corresponding to 

orientations of the magnetic field along the A and A|| principal directions of the hyperfine tensor, 

is equal to zero and is significantly suppressed at orientations around the principal directions 

[S14]. Therefore, in HYSCORE spectra, only the central part of the cross-ridge, which 

corresponds to orientations of the magnetic field substantially different from the principal 

directions, will possess observable intensity.  The larger frequency of each point was arbitrarily 

selected as 1, and the smaller was selected as 2. The points have been fitted by linear 

regression (Figure S4) to give the slopes Q and intercepts G are shown in Table S2. Two sets of 

isotropic a and anisotropic T coupling defined by these Q and G are also included in this table.
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 Figure S4. Plots of cross-ridges 1H from  HYSCORE spectra of superoxide radical in the 

sample I (Figure S4a, black circles) and in the similar sample prepared using D2O2 (Figure S4b, 

white circles) in the (ν1)
2
 vs. (ν2)

2
 coordinate system (see text for detailed explanations). The 

straight lines show the linear fit of plotted data points. Slope Q and intercept G for each fit are 

shown in Table S2. These values can then be used to obtain two possible solutions of isotropic 

(a) and anisotropic (T) couplings with the same value of |2a+T| and interchanged A= | a ‒ T| 

and A|| = |a+2T|. Adapted by permission from Copyright Clearance Center: Springer Nature, 

Samoilova et al. [S1]. Copyright 2022.  

 

Table S2. 
1
H hyperfine tensor parameters determined from linear 

regressions of the cross-ridges.
a 

 
Sample           Q    G, MHz

2 
a1, MHz a2, MHz T, MHz     Ref. 

 I (H2O2)    1H -1.20 (0.014)  471.1 (2.4)    1.6   -3.8    2.2      S2 

 I (D2O2)    1H -1.15 (0.013)  461.2 (2.4)    1.1   -3.0    1.9      S2 

    II 1H, 1H’  -1.23 (0.02)  532.3 (2.3)    0.5   -6.5    7.0 This work 
             a

Provided data define only the relative signs of a and T.  

         The positive sign of T is selected arbitrarily.   

 

The HYSCORE analysis yields the presence of isotropic hyperfine coupling preferably of 

~1 MHz. Its appearance likely arises from the incomplete suppression of the shoulders from 
1
H 

intensive diagonal peak (Figure S3) and the heterogeneity of hyperfine interaction [S1]. 

Sample II. 
1
H spectrum in Figure 2 clearly shows an additional feature 1H’. During the 

analysis described above, we have found the slopes of the linear regression for the 1H and 1H’ 

lines possess an inverse relationship, i.e. Q(1) ~ 1/Q(1’). This means that the 1H’ peak is 

produced by the same proton(s) but belongs to the cross-feature with opposite assignment of the 

nuclear frequencies, i.e. (2>1) instead of (1 >2) [S14]. In other words, 1H and 1H’ are parts of 

the same cross-feature located on different sides relative to the diagonal of (++)-quadrant. 

Figure S5 presents the plot where, the smaller coordinates for cross-peaks 1H’ were 

assigned to and larger ones to , in contrast to peaks 1H. In such a presentation, the points 

from 1H and 1H’ fit the linear regression well, thus confirming their assignment to the same 
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proton(s). The slope and intercept for the linear regression shown in Figure S5 are also presented 

in Table S2, together with two possible sets of (a,T) satisfying Eq.(1).  

 

 
 

Figure S5. Plots of cross-ridges 1H and 1H’ from HYSCORE spectrum of superoxide radical in the sample 

II in the (ν1)
2
 vs. (ν2)

2
 coordinate system (see text for detailed explanations). The straight line shows the 

linear fit of plotted data points. Slope Q and intercept G for the fit are shown in Table S2. These values 

can then be used to obtain two possible solutions of isotropic (a) and anisotropic (T) couplings with the 

same value of |2a+T| and interchanged A= | a ‒ T| and A|| = |a+2T|. 

 
 

 

 

 

 

 

 

 

 
Figure S6. 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 

magnetic field was set to 1208.0 mT (I), 1217.4 mT (II), 1221.5 mT (III), and the temperature was 90 K. 

Adapted by permission from Copyright Clearance Center: Springer Nature, Samoilova et al. [S1]. 

Copyright 2022.  

 

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 superoxide in the sample I 

(points I – III, Figure 6a) show the narrow matrix peak at the proton Zeeman frequency with two 

broad symmetrically located shoulders (Figure S6b). The splitting between the maxima of the 

shoulders in all three spectra is stable at 2.1 ± 0.1 MHz that is consistent with the value of 
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anisotropic coupling determined from the HYSCRE spectra. The maxima of the shoulders are 

defined by the frequencies of ± = |1H ± T/2|. ENDOR spectra (Figure S6b) of the sample I show 

two broad smooth lines without any additional features which could be assigned to parallel and 

perpendicular singularities of the hyperfine tensor from any individual proton. We suggested that 

these spectra are resulted from the bulk protons in the surrounding of the O2
•‒ 

not involved in the 

direct interaction with the formation of the molecular bridge suitable for the electron spin density 

delocalization on s-orbital of proton.  It is likely that the parameters determined from the analysis 

of the HYSCORE cross-ridges do not belong to specific interaction with the any selected 

proton(s), and nonzero isotropic coupling is resulted from the overlap of cross-ridges from 

protons with different anisotropic coupling. Similar conclusion could be made about the 

parameters obtained for the sample I in D2O and for lines with the splitting ~1.5 MHz in 

ENDOR spectra of sample II (Figure S7). 

 

                         

 

 

 

 

 

Figure S7. Q-band Davies ENDOR spectrum of the superoxide radical in sample II. The magnetic field 

was set to 12106 T (g), /2 pulse =100 ns, RF pulse 12 µsec, temperature 15 K. 

Analysis of the cross-ridges with the large deviation from the antidiagonal in square-

frequency coordinates gives T=7.0 MHz a=-6.5 MHz or T=7.0 and a=0.5 MHz (Figure S5). 

These parameters define two values of A = |a - T|, i.e. |-6.5 - 7|=13 MHz and |0.5 - 7|=6.5 MHz. 

Last value is in a good agreement with the splitting ~ 6 MHz, observed in X and Q band spectra 

of the radical in sample II. The value of T=7.0 MHz is less than previously reported value of 

T~10 MHz for the superoxide in DMSO/H2O solution [S15]. This result indicates probably the 

formation of a hydrogen bond with the paramagnetic center but the geometry of the H-bond and 

O…H distance supposed to be different in comparison with the cases of T~10 MHz.     

        

 

                                    

 

   

    

Figure S8. Definition of the distances and angles describing the location of the proton relative to 

O1 and O2 of the superoxide radical. 
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Figure S9. The UB3LYP/6-31 + G(d) structural model of [O2(H2O)4]
−
 is taken as an example from ref. 

S16. Several possible configurations are also discussed in refs. S17 and S18, which all predict the O−O 

bond length within the limit of 1.336 (±0.005) Å, and possibly contribute towards the site effect. Adapted 

by permission from Copyright Clearance Center: AIP Publishing, Janik et al. [S16]. Copyright 2013.  

              

 

                    
 

Figure S10. Experimental (top) and simulated (bottom) HYSCORE spectra of O2
•‒

 species on Na/MgO. 

The spectra were recorded at 10 K. Adapted by permission from Copyright Clearance Center: John Wiley 

and Sons, Napoli et al. [S19]. Copyright 2010.               
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Figure S11. Stacked presentation of experimental 

39
K HYSCORE spectrum of O2

•‒
 (top) and 

simulated (bottom) spectrum show qualitatively that an increased anisotropic coupling extends 

total length of the cross-ridge from 
39

K and produces lineshape without well pronounced maxima 

around the diagonal. 
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