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Photoinduced processes & EPR 

Photocatalytic processes (consecutive 
redox reactions of e–/h+) and 

photochemical processes are conducted 
with the production of paramagnetic 

species depending  on the reaction 
system and conditions 

L. Li , M. Wang: Advanced Nanomatericals for 

Solar Photocatalysis Intech 2016 
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Photoinduced production of superoxide radical anions (Type I photo-oxidation) or 
singlet oxygen (Type II photooxidation) initiated by light observed for alkaloids, 
natural quinones and other substances. 

Type I  – electron transfer 

A*(T1) + R → A + R+ 

A + 3O2 → A + O2
 

O2
 + R → Rox 

 

A*(T1) + 3O2 → A+ + O2
 

Type II  – energy transfer 

A*(T1) + 3O2 → A(S0) + 1O2  

Reactive Oxygen Species (ROS) – generally small highly reactive and non-persistent 
species – presence of unpaired valence shell electrons  

superoxide radical anion/hydroperoxide radical O2
/HOO 

hydroxyl radical OH  
singlet oxygen 1O2 

hydrogen peroxide H2O2 

Reactive Oxygen Species (ROS) 

O2
   

HO  

1O2 



Photocatalysis – excitation of semiconductor particles 

Conduction band 
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e- 

h+ 

O2 

O2
•– HO• 

e–  +  H2O2 → HO•  + HO– 

H2O/ HO–, R 

HO•, R+ 

Reduction 

Oxidation 

h+  +  H2O    OH  +  H+  

h+  +  HO–    OH 

e–  +  O2    O2
–  

H+  +  O2
–    O2H 

2 O2H    H2O2  +  O2 

e–  +  H2O2   OH + HO-
 HO•  + R → intermediates → CO2 + H2O 



Photoinduced proccesses 

Redox reactions – associated with the production of  

spectroscopy 
 a unique tool in detection and identification of radical intermediates 

formed upon  
UV or visible light  exposure  

in homogeneous and  
heterogeneous  systems 

of non-persistent radical intermediates



What is EPR ?  

Electron Paramagnetic Resonance spectroscopy is the  
only spectroscopic technique that provides direct detection  

of free radicals  
and other samples that contain  

unpaired electrons 



• Free radicals 
 
 
•Odd electron molecules  

(radical cation or radical anion) 

 
 
• Transition-metal complexes 

 
 
• Lanthanide 

ions 
 

• Triplet-state molecules 

EPR – studied systems   

O2
   

  HO  



How does EPR work?   

Bz e S e Sm g m     

No magnetic field Magnetic field with induction B 

Magnetic moment and energy of electron: 

ge – g-factor (2.0023 for free electron) 
μB – Bohr magneton 

mS – electron spin (mS = +½ or mS = –½ ) 

projection of the electron spin on the direction 
of the magnetic field 
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A peak in the absorption occurs when the 
energy difference between two levels (geμBB) 
matches the energy of irradiation (hν) 
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Complexes – characterization 
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How does EPR work?   

In cw-EPR experiments we keep the radiation frequency constant 
and scan the magnetic field  

EPR spectrum is recorded as its 1. derivation and is characterized  
by g-factor and hyperfine splitting constants (hffc) ai 

Absorption 
signal 

1. derivation 

Multiplet structure 
• Hyperfine interactions (hfcc;  with the nuclear spin of the 

"host" atom or metal ion)  

• Zero-field interactions 
• Dipole-dipole interactions (with other electron spins 

existing in the sample) 

Hyperfine interaction splits EPR line into (2nI+1) lines 
I – nuclear spin,  n – number of equivalent nuclei  
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mI = +1/2  

mI = +1/2  

mI = -1/2  

mI = -1/2  

mS = -1/2  

mS = +1/2  

H∙ 



EPR spectra of atoms and molecules 

Nuclear spin I 
Hydrogen 1H I = ½ number of lines for H∙ = 2 
Carbon 12C  I = 0 
Nitrogen 14N I = 1 number of lines for N∙ = 3   
Copper  I = 3/2 number of lines for Cu2+ = 4 

N• Cu2+ 

-CH2
• (n= 2) 

 

.

 

.

(2nI+1) lines 

CH2C•OH (n = 3) 

hfcc values ai depend on the position of the interacting nuclei 
and the unpaired electron position 

Number of lines depends on the nuclear spin 
and number of equivalent nuclei 

H• 

Number of atoms n 

-CH3
• (n= 3) 

aH(2H, CH2) > aH(OH) 



EPR spectra of atoms and molecules 

g-value/factor – a “fingerprint” of the radical; characteristic of the local environment around the paramagnet 
and generally depends on the orientation of the molecule with respect to the vector of B  
(information about a paramagnetic center's electronic structure, electronic structure and symmetry) 

gY 

gZ 

Spheric Rhombic  Axial 

giso gII g  

gx 



EPR spectra of atoms and molecules 

Quantity in EPR spectroscopy 
(concentration) 
The concentration of photogenerated paramagnetic 
species – evaluation from the double-integrated EPR 
spectra based on the calibration curve obtained 
from the EPR spectra of semi-stable free radicals 
with known concentration.  
All spectra must be measured under the strictly 
identical experimental conditions. 
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Equation y = a + b*x

-- --

Residual Sum of 
Squares

4,58202E15 5,74292E1
5

Adj. R-Square 0,99259 0,99066

Value Standard Erro

gain1x105 Intercept 1,45578E8 2,54778E7

gain1x105 Slope 3,81887E7 1,64781E6

gain5x104 Intercept 9,13091E7 2,12422E7

gain5x104 Slope 1,73219E7 751390,6764
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The g-factor is a constant but the field for resonance changes with microwave frequency  

Microwave  
Band 

Microwave Frequency 
(GHz) 

B (for g = 2) 
Gauss (= 1∙10-4 Tesla) 

L 1.1 392 

S 3.0 1070 

X 9.5 3389 

K 24.0 8560 

Q 35.0 12485 

W 94.0 33600 

In cw-EPR experiments we keep the radiation 
frequency constant and scan the magnetic field  

EPR spectrometer   



EPR spectrometers and irradiation sources   



EPR spectrometers and irradiation sources   

400 500 600 700 800

0

10000

20000

30000

40000

50000
 FULL VIS

 YELLOW 580, 620

 GREEN 530, 714

 RED 645

 BLUEcomplet 454, 517

 BLUE 453, 516

 CYAN 454, 525

In
te

n
s
it
y
, 

a
.u

.

Wavelength, nm



EPR spin trapping technique 

Photoinduced processes are conducted with the production of free radicals 

Problem 
!!! 

Majority of free radicals are short-lived species – direct detection via cw-EPR is not possible 

EPR spin trapping technique  – method of indirect detection  and 

identification of non-persistent free radicals  

Trapping of reactive short-lived free radicals (R)  by a diamagnetic spin trap (ST) 
compound via addition reaction producing more stable paramagnetic free radical 

product – spin adduct 



EPR spin trapping technique 

indirect information on the trapped radical 

Genuine spin trapping  
ST + •R  →  •ST-R    

 
Inverted spin trapping  

ST  –  e–  →  ST•+  +  R–  →  •ST-R  
 
Forrester-Hepburn mechanism 

ST + R– → ST-R(H) – e– → •ST-R  

Leinisch, F., Ranguelova, K., Derose, E.F., Jiang, J., Mason, R.P. 
 (2011) Chemical Research in Toxicology , 24 (12), 2217.  

Spin-adduct formation 



EPR spin trapping technique 

An ideal spin trapping agent: 
should be stable under reaction conditions 

should not participate in any side reactions leading to paramagnetic species 

should undergo radical reaction very quickly 

should lead to spin-adducts characterized with relatively simple EPR spectra 

should provide the largest set of structural information 



Spin trapping agents 

ND – nitrosodurene 
2,3,5,6-tetramethylnitrosobenzene 

DMPO 
5,5-dimethyl-1-pyrroline N-oxide 

DBNBS 
3,5-dibromo-4-nitroso-

benzenesulfonate 

N

O

+

N O

N-oxides 
Advantages: sufficient photostability,  
ability of addition oxygen-centered and 
carbon-centered radicals 
DMPO – large potential window,  
EMPO, DIPPMPO – stabilization of 
superoxide radical anion spin-adduct 
 
Disadvantages:  less information about 
added radical 
DMPO – decomposition by transition metal 
ions  
EMPO, DIPPMPO – diastereoisomers(*) 

Nitroso derivatives 

Advantages: more information about added 
radical 

Disadvantages:  ability of addition only 
carbon-centered radicals,  ND – low solubility 
in polar solvents  

EMPO 
5-ethoxycarbonyl-5-methyl-1-pyrroline  

N-oxide 

DIPPMPO 
5-diisopropoxyphosphoryl-5-methyl-1-

pyrroline N-oxide 

N

O

EtO(O)C
+*

N

O

(iPrO)
2
(O)P

+*

Br

Br

N O-O
3
S



DMPO 

N-OXIDES 
N-oxide spin trapping agents react with free radical species via carbon 

located in β-position relative to free electron 

N HCH
3

O

CH
3 R

.

CH
3

N HCH
3

O

.

. .

NCH
3

O

CH
3

.

.

O
+

–

+ R

DMPO DMPO-R+ R DMPO-X

oxidation

oxidation

NITROSO  
derivatives 

Nitroso spin trapping agents react with free radical species via 
nitrogen located in  -position relative to free electron  
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Spin traps and schemes of formation of spin adducts 



Anatase/rutile 70 : 30 

Titanium dioxide TiO2 

P25 

O. Ola, M. M. Maroto-Valer, J. Photochem. Photobiol C  
Rev. 24 (2015) 16–42. 



TiO2 applications 

Rubber industry 
fillers, activators of rubber 

compounds 

Pharmacology & Cosmetics 
sunscreens, powders, pastes 

adsorber of UV radiation  

Textile industry 
absorber of UV radiation 

Miscellaneous 
biosensors, inks, feed, 

ceramics 

Photocatalysis 
photocatalysts 

Optoelectronics 
light-emitting diodes,  

solar cells 

TiO2 nanostructures – increasing popularity due to their attractive electrical, mechanical and optical properties 
which makes them low cost, non-toxic and durable alternative for large number of applications 

Two main approaches to expand the photocatalytic activity 
 

1. modification of the electronic and optical properties of the photocatalyst by metal or non-metal doping 
or by combination with another semiconductor (composite  semiconductors) 
 

2. control of the microstructure and morphology of TiO2  
(photoinduced processes are significantly influenced by the crystal structure of the photocatalyst, particle size, their morphology and porosity) 



Radical intermediates formed upon UV and visible exposure 

TiO2 

Aeroxide® P25 

aqueous and  
non-aqueous suspensions 

in the presence  
of molecular oxygen 



Spin trapping in aqueous suspension 

0 20 40 60 80 100 120 140 160 180

irradiation time, s

TiO2 / DMPO / H2O / air 

reconstruction diagrams 
indicating the 

corresponding hyperfine 
coupling constants 

??? Formation of DMPO-OH ??? 
? genuine spin trapping (reaction of the hydroxyl radicals with DMPO) 
? inverted spin trapping via DMPO+ with subsequent nucleophilic attack of water molecules  
? decomposition of unstable DMPO-O2H from the photogenerated O2

–/O2H 

??? Source of reactive species (adsorbed H2O/OH- or lattice oxygen) ??? 

DMPO-OH 
aN = 1.501 mT, aH = 1.481 mT 

g = 2.0058 

a H 

a N 

365 nm 
15 mW cm–2 



Spin trapping in aqueous suspension 

TiO2 / DMPO / H2O / air 

??? Formation of DMPO-OH ??? 
? genuine spin trapping (reaction of the hydroxyl radicals with DMPO) 
? inverted spin trapping via DMPO+ with subsequent nucleophilic attack of water molecules  
? decomposition of unstable DMPO-O2H from the photogenerated O2

–/O2H 

??? Source of reactive species (adsorbed H2O/OH- or lattice oxygen) ??? 

Z. Barbieriková et al. / Journal of Catalysis 331 (2015) 39–48 



Spin trapping in aqueous suspension 

DMPO-OH (100 %) 

TiO2 / DMPO / H2O / air 
(a) (b) 

 

 

 

 

 

 

 

 

 

 

TiO2 / DMPO / H2
17O / air 

DMPO-OH (82 %) 
DMPO-17OH (18 %) 

Presence of  DMPO-17OH (18 %) –  
confirmation of main source of hydroxyl radicals  
adsorbed and close-to-surface water molecules 

13- 17 atom. %  of H2
17O 

365 nm 
15 mW cm–2 

experiment 

simulation 

 Dvoranová, D. , et al.  Molecules 
2014, J19, 17279-17304 



Spin trapping in aqueous suspension 

generation of the surface hydroxyl radicals - addition of DMSO to the TiO2/H2O system: rapid reaction 

of HO•  with DMSO - production of methyl radicals 

(CH3)2SO + •OH → CH3(OH)SO + •CH3 
•CH3 + ST → •ST-CH3 

DMPO-CH3 (94 %) DMPO-OH (6 %) 

TiO2/DMPO /H2O:DMSO (5:1 vol.)/ air 

TiO2/DBNBS/H2O:DMSO (5:1 vol.)/ air TiO2/DBNBS/H2O:DMSO-d6 (5:1 vol.)/ air 

DBNBS-CH3 (100 %) 
DBNBS-CD3 (100 %) 

Favorable:  genuine spin 
trapping  

365 nm 
15 mW cm–2 

experiment 

simulation 

experiment 

simulation 

SW = 10 mT 



Problems with superoxide 
detection in water 

 

1. Superoxide is stable in aprotic solvents; rapid 
dismutation in water 

 
2. Low value of rate constants for the addition of 

O2
–/O2H  to the N-oxide spin traps  

(e. g. for DMPO k = 6.6103  M–1 s–1 pH  5;  
k = 1.010  M–1 s–1 pH  7.8) 

 
3. Low stability of DMPO-O2

–/O2H spin-adduct  
(0.5 = 59 s);  
interconversion of DMPO-O2

–/O2H to DMPO-
OH!!! 

2O

–

2O

–+e

+H (p 4.8)aK 

–+e 2–

2O

2HO

+H

–

2HO

+H (p 11.7)aK 

2 2H O

h

++h

HO

2H O

Spin trapping in aqueous suspension 

Selected ROS pathways in aqueous 
titania photocatalytic systems  



Spin trapping in aqueous suspension 

new generation N-oxide spin traps (DIPPMPO, EMPO) – especially designed for detection of 

superoxide radical anion in aqueous media and biological systems - improved stability of  •ST-O2
-/O2H 

trans-EMPO-OH (68 %) 
cis-EMPO-OH (28 %) 
EMPOdegr (4 %) 

TiO2/EMPO /H2O/ air TiO2/DIPPMPO/H2O/ air 

no •ST-O2
-/O2H  formation 

O2
∙- is preferably transformed to H2O2 

(disproportionation with protons) 

ST+ •OH →  •ST-OH or  

ST + O2
•–/O2H  → •ST- O2

–/O2H 

trans-DIPPMPO-OH (77 %) 
cis-DIPPMPO-OH (10 %) 
DIPPMPOdegr (13 %) 

365 nm 
15 mW cm–2 

experiment 

simulation 

SW = 8 mT SW = 16 mT 

 Dvoranová, D. , et al.  Molecules 
2014, J19, 17279-17304 



Spin trapping in aqueous suspension 

a
H

a
N a

P

a
H

a
N

a
H

a
N

TiO2/DIPPMPO/H2O/ air TiO2/DMPO/H2O/ air TiO2/POBN/H2O/ air 

SW = 14 mT SW = 7 mT SW = 5 mT  

cTiO2 = 0.17 mg mL–1 c0,spin trap = 0.035 M; UVA 

365 nm 5 mW cm–2 

DMPO-OH 
aN = 1.501 mT, aH

β = 1.481 mT 
g = 2.0058 

trans-DIPPMPO-OH 
aN = 1.403 mT, aH

β = 1.316 mT 
aP = 4.672 mT 

g = 2.0057 

POBN-OH 
aN = 1.497 mT, aH

β = 0.161 mT 
a13C (413C) = 0.440 mT 

g = 2.0057 

+

-

N CHO N C(CH
3
)

3

O
+-



Spin trapping in non-aqueous suspensions 

Dimethylsulfoxide 
DMSO 

Methanol 
MeOH 

Ethanol 
EtOH 

Acetonitrile 
ACN 

Solvent properties – influence on the generation of electron-hole pairs upon exposure and their consecutive reactions 

DMSO (polar aprotic): 
superoxide radical anion stabilization 

MeOH (polar protic): 
efficient scavenger of photogenerated holes  

Solvent cO2, mM τ (1O2), µs k•
OH,M−1 s−1 

Water 1.0 4.2 – 

DMSO 2.1 19 7.0 × 109 

ACN 8.1 71 2.2 × 107 

MeOH 9.4–10.3 9 8.3 × 108 

EtOH 7.5–11.6 13 2.2 × 109 

EtOH (polar protic): 
efficient scavenger of photogenerated holes 

ACN (polar aprotic): 
O2

•–  stabilization, longer lifetime of 1O2   

determined in aqueous solutions. 



Spin trapping in DMSO suspension 

365 nm 
15 mW cm–2 TiO2/DMPO/DMSO/ air TiO2/DBNBS/DMSO/air 

DMPO-O2
– (46 %) DMPO-OCH3 (46 %) 

DMPO-OR (6 %) DMPO-CH3 (2 %) 
DBNBS-CH3 (90 %) DBNBS-SO3

– (10 %) 

TiO2/DBNBS/DMSO-d6 (86 % vol.)/air 

DBNBS-CH3 (14 %) DBNBS-CD3 (86 %) 

Formation of DMPO-OCH3 
Initiation by oxidation of adsorbed HO–/H2O on the TiO2 surface 
producing HO• - consecutive reaction with DMSO forming •CH3  

experiment 

simulation 

experiment 

simulation 

SW = 10 mT 

 Dvoranová, D. , et al.  Molecules 
2014, J19, 17279-17304 

ROS

e– + O2 → O2
•–

O2
•– + DMPO → •DMPO-O2

–

+

DMPOCH3–OO•

•DMPO-OOCH3

O2 + 2 •OCH3

•DMPO-OCH3
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Spin trapping in alcohol suspensions 

TiO2/DMPO/MeOH/ air TiO2/DMPO/EtOH/air 365 nm 
15 mW cm–2 

aerated TiO2 
suspension 

post-radiation 
saturation by Ar 

simulation 

Formation of O2−  via reaction of O2 with photogenerated e−  

 
Formation of primary alkoxy radicals via reaction of alcohols with h+ 

 CH3OH + h+ → CH3O• + H+    
 CH3CH2OH + h+ → CH3CH2O• + H+  
 
Formation of other species via consecutive reactions 

METANOL : CH3O• + CH3OH → CH3OH + •CH2OH  
 CH3OH + •OH → •CH2OH + H2O 
 
ETHANOL: CH3CH2O• + CH3CH2OH → CH3CH2OH + CH3

•CHOH 
 CH3

•CHOH + CH3CH2OH → •CH2CH2OH + CH3CH2OH  

 CH2
•CH2OH → •CH3 + CH2O 

DMPO-O2
– (33 %) 

DMPO-OCH3 (35 %) 
DMPO-OCH2OH (21 %) 
DMPO-CH2OH (7 %) 
DMPOdegr (4 %) 

DMPO-O2
– (17 %) 

DMPO-OCH2CH3 (59 %) 
DMPO-OR (10 %) 
DMPO-CR1 (9 %) 
DMPO-CR2(5 %) 

SW = 8 mT 

 Dvoranová, D. , et al.  Molecules 
2014, J19, 17279-17304 



Spin trapping in alcohol suspensions 

TiO2/DMPO/MeOH/ air 365 nm 
15 mW cm–2 

DMPO-O2
– (33 %) 

DMPO-OCH3 (35 %) 
DMPO-OCH2OH (21 %) 
DMPO-CH2OH (7 %) 
DMPOdegr (4 %) 

DMPO-CH2OH 

DMPOdegr 

DMPO-OCH2OH  

DMPO-OCH3  

DMPO-O2
–  



Spin trapping in ACN suspension 

365 nm 
15 mW cm–2 

TiO2/DMPO/ACN/air 

DMPO-O2
– (60 %) DMPO-OCH3 (23 %) 

DMPO-OH (9 %) DMPOdegr (8 %) 

Formation of DMPO-OH 

HO• generated by the oxidation of OH−/H2O adsorbed on 
the TiO2 surface via the photogenerated h+ ;  

lower reactivity of the HO•  towards ACN –  HO• trapped 
by DMPO 

 
 

Formation of DMPO-OCH3 

to the interaction of hydroxyl radicals with ACN producing 
CH3OO• radicals trapped as the •DMPO-OCH3  

aerated TiO2 
suspension 

post-radiation 
saturation by Ar 

simulation 

SW = 8 mT 

 Dvoranová, D. , et al.  Molecules 
2014, J19, 17279-17304 



EPR methods used for testing on photoactivity : 

o Spin trapping using 5,5-dimethyl-1-pyrroline N-oxide (DMPO) spin trapping agent in 
aqueous/DMSO suspensions in the presence of molecular oxygen 

o Spin scavenging (stable radical (TEMPO derivatives) reacts with the reactive free 
radical to form a diamagnetic product (Tempo-adduct) 

o Elimination of semi-stable free radicals (termination of radical cation ABTS+ in 
aqueous suspensions in the presence of molecular oxygen 

o Oxidation of sterically hindered amines (SHA) to nitroxide radicals in dry 
acetonitrile suspensions under inert atmosphere (oxidation of diamagnetic TMPO 
to paramagnetic Tempone) 

DMPO-OH    Tempone 

ABTS+ 

Testing on photoactivity 



no nhy dr o ly t ic  so l vo t he rm al  
synt he si s  

Co m p o sit e  p ho t o c ataly st s  T iO2 /  g- C 3N 4 ( gr ap hit ic  
c ar b o n nit r ide )  p r e p ar e d b y  anne aling o f m e lam ine  
and dr y  m ix t ur e s  o f  m e lam ine  and T iO 2  P 2 5 at  550 °C 
( m e lam ine /T iO2  w t .  r at io  M1  ( 3: 1 ) ,  M2  ( 1 : 1 ) ,  M3  ( 2 : 3) ,  
M4  ( 1 : 3) ,  M5  ( 1 : 4) ,  M6  ( 1 : 7) )  

ZnO 
undo p e d i - Z nO and do p e d ( 1  w t  % )  w it h m e t al io ns :  C o 2+,  N i 2+,  Al 3 + 

he x ago nal  wurt zi t e  t yp e  ( zi nci t e  st ruct ure )  

Tested samples 

TiO2 
M.-V. Sofianou et al. 
Appl. Catal. B. 142–

143 (2013),761– 

T. Giannakopoulou et al. Chem. Eng. J. (2016) in press 

E. Pližingrová et al. Catal .Today (2016) in press 

c lass ic al  
so l - ge l   synt he si s  



organic polymer-like material with 2D structure 
similar to graphene 

insoluble in water 

excellent thermal (up to 600 °C in air) and 
chemical (stable in highly acidic and alkaline 
media) stability due to strong covalent bond 
between carbon and nitrogen atoms 

visible-light active semiconducting material with 
band-gap ~ 2.7 eV/460 nm 
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structure model of g-C3N4 
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Graphitic carbon nitride 
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Elements on Chemistry, Thomas Graham, 1843 

19th century 20th century 21st century 

1834 
J. Berzelius & J. Liebig 

(ignition of KSCN) 

1st synthetic polymer 

1922 
E. C. Franklin 
Melon = C3N4 

1937 
L. Pauling & H. Sturdivant 

tri-s-triazine structure 

2009 
M. Antonietti  et al. 

photocatalyst 

(Hi)Story of g-C3N4    μέλλον = future (Greek) 
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Stability of spin-adducts in aqueous media 

DMPO  
irradiation 

DMPO  
post irradiation 

BMPO  
post irradiation 

SW = 7 mT 
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Generation of superoxide 
radical anions 



Stable radical (TEMPO derivatives) reacts with the reactive free radical to form a diamagnetic 
product (Tempo-adduct) 
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Elimination of semi-stable free radicals 

termination of radical cation ABTS+ (2,2'-azino-bis(3-ethylbenzo-thia-zoline-6-sulphonate) 

via oxidation to diamagnetic azodication ABTS2+ (absorption maxima at 260 and 294 nm) 

via reduction to diamagnetic parent molecule ABTS (absorption maxima at 225 and 343 nm) 
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Time-course of the EPR spectra (SW = 7 mT) monitored 
upon continuous monochromatic UVA irradiation (λmax = 
365 nm) for ZnO solvo 



Elimination of ABTS•+ 

0 36 72 108 144 180 216 252 288 324 360
0.0

0.2

0.4

0.6

0.8

1.0
 CN450

 CN550

 CN650

 reference

c re
l(A

B
T

S
•
+ )

Exposure, s

crel evaluated 

from double integrated 

EPR spectra

max

2 2

 = 365 nm
3 4 3 4O , H O/DMSO

g-C N /ABTS g-C N /ABTS 

Reduction of ABTS•+ radical cation by 
photogenerated electrons and O2

•–  
 

(standard reduction potential in aqueous media for 
ABTS•+/ABTS: +0.68 V vs. NHE) 

ABTS•+ + e– → ABTS 

O2  + e– → O2
•– 

ABTS•+ + O2
•– → ABTS + O2 

0 60 120 180 240 300 360

0.0

0.2

0.4

0.6

0.8

1.0

 Exposure, s

 c
re

l(A
B

T
S
•
+ )

 CN450

 CN550

 CN650

 reference

crel evaluated from 

absorbance at 730 nm

water/DMSO (4:1, vol.)  
aerated suspensions 

continuous irradiation 
λmax = 365 nm 

c(photo) = 0.333 g L–1; c0(ABTS•+) = 58 μM 
UVA irradiance ~15 mW  

300 400 500 600 700 800 900

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

A
b

so
rb

an
ce

wavelength, nm

CN650/ABTS
•+

/water:DMSO(4:1, vol.)

UVA max = 365 nm

(10 minutes)

EPR 

UV/VIS 

c(photo) = 0.033 g L–1; c0(ABTS•+) = 16 μM 
UVA irradiance > 20 mW  

 

UV/VIS spectra monitored in situ upon continuous UVA 
exposure (diode array UV/VIS/NIR spectrophotometer 

connected with KEVA photoreactor) 



oxidation of sterically hindered amines to nitroxide radicals in dry acetonitrile 
suspensions under inert atmosphere  
e.g. oxidation of diamagnetic TMPO (4-oxo-2,2,6,6-tetramethylpiperidine) to 
paramagnetic Tempone (4-oxo-2,2,6,6-tetramethylpiperidine N-oxyl) 
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•
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•
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365 nm
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Ag+ Ag
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reduction

Reaction 
conditions: 
dry acetonitrile  
inert atmosphere 

aN = 1.485 mT, a13C(413C)= 0.557 mT 
 g = 2.0058 

365 nm 
12 mW cm–2 

Oxidation of sterically hindered amines 



Oxidation of sterically hindered amines 

Schematic overview of reactive species generation upon photoexcitation of titanium dioxide 
nanoparticles in the oxygenated and deoxygenated acetonitrile suspensions. 

A. Di Paola et al. J. Photochem. Photobiol. A.  Chem. 273 (2014) 59 
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Influence on rate of SHA oxidation: 

concentration of adsorbed HO–/H2O on the surface  

TMPO adsorption on the surface  

adsorption of Ag(I) ions (reaction with electrons – silver 
metal deposition on titania surface 
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Oxidation of sterically hindered amines 



Topoisomerase poisons 

•  the first described inhibitor of Topo I 

•  quinoline pentacyclic plant alkaloid from tree 
Camptotheca acuminata („xi-shu“ – happy tree) 

•  presence of carboxylate and lactone form  

•  lactone – biological active, carboxylate – toxic 

•  Camptothecin (CPT)– low solubility in water 

• Irinotecan (CPT-11) and Topotecan are the only 
Topo I inhibitors used in the clinic. 

•  CPT-11 – pro-drug converted by decarboxylation to 
active and more cytotoxic metabolite SN-38 
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Topoisomerase – enzymes involved in the 
replication of DNA 

•  Topo I makes single-strand breaks 
•  Topo II makes double-strand breaks 

Role of anticancer drugs – 
destructions of cancer cells  

Mechanism of cytotoxicity by 
topoisomerase poisons.  

S. J. Froelich-Ammon, N. Osheroff J. Biol. Chem. 270 (1995) 21429. 
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Photoexcitation of CPT-11/DMSO/air or CPT-11/DMSO/water/air 
solutions in the presence of DMPO spin trapping agent 

Formation of oxygen- and carbon-centered radicals 
Presence of SOD – decrease of •DMPO-O2

– 

SW 7.5 mT 

SW 7.5 mT 

DMPO-O2
–/OOH (72 %)  

DMPO-OCH3 (28 %) 

DMPO-O2
–/OOH  (50 %) 

DMPO-OH (45 %) 
DMPO-CR (5 %) 

DMSO:H2O 
1:1 

Irradiation 
10 minutes 

Series of EPR spectra (SW 10 mT) measured upon continuous 
irradiation  in the presenece of molecular oxygen: 
CPT-11/DMSO/buffer (pH ~ 7.5)/DMPO 
CPT-11/DMSO/SOD/tbuffer (pH ~ 7,5)/DMPO 
c0,DMPO = 0,030 M; c0(CPT-11) = 8,57∙10–4 mol dm–3, 
SOD: 3,2 mg/1 ml buffer; DMSO/buffer– 6:1 
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Irradiation time, s

DMSO 



Photoexcitation of SN-38/DMSO/air or SN-38:Cu2+/DMSO/air 
solutions in the presence of DMPO spin trapping agent 

SN-38 

SN-38:Cu2+ 

before hν continuous hν 10 min without  hν (10 min) continuous hν 10 min 

•DMPO-O2
-   65.5 %    77 %  47 %  

•DMPO-OCH3  28 %   17%  26 % 
•DMPO-OR   6 %   4 %  24 % 
•DMPO-CH3    0.5 %   2 %  3 % 

•DMPO-O2
- 43 %   82 %    35 %  57 %  

•DMPO-OR -  4 %   6 %  34 % 
•DMPO-X  45 %  8 %   22 %  7% 
•DMPOdegr 12 %  6 %   37 %  3 % 

Irradiation of SN-38: domination of ROS 
Irradiation of SN-38:Cu2+: formation of •OCH3 suppressed  

Magnetic sweep width was 10 mT, initial concentration of 
SN-38 and Cu2+ was 0.8 mM and initial concentration of 
DMPO was 42.4 mM. 



Photoexcitation of SN-38 and SN-38:Cu2+ in DMSO and DMSO-d6 under argon in the 
presence of ND 

365 nm 

SW 
10 mT 

SN-38 SN-38:Cu2+ 

SW 7 mT 

DMSO 

DMSO-d6 

•ND-CH3 73 % 
•ND-CHR 27 % 

•ND-CD3 100 % 

•ND-CH3 21 % 
•ND-CHR 55 % 

  ND•– 24 % 

•ND-CD3 13 % 
•ND-CHR 79 % 

  ND•– 7 % 

Irradiation of SN-38:  
domination of radicals from solvent 
 
Irradiation of SN-38:Cu2+: 

domination of radicals from SN-38 or ND 

Systems were irradiated 10 minutes 
Accumulation of EPR spectra started at 5th minute of irradiation  



Photoexcitation of CPT-11 and CPT-11:Cu2+ in aqueous solutions in the 
presence of POBN 
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CPT-11 

gain 5 x 105 
SW 7.5 mT 

gain 1 x 104 
SW 7.5 mT 

Dependence of relative concentration of 
POBN radical adducts on irradiation time in 
system CPT-11:Cu2+/H2O/POBN.  
Initial concentration of Cu2+ ions  
(in mol dm–3):  
 0;  2,86∙10–4;  
 5,71∙10–4;  8,57∙10–4.  
Initial concentration: 
c0(CPT-11) = 8,57∙10–4 mol dm–3 
c0(POBN) = 0,014 mol dm–3).  



Photoexcitation of CPT-11 and CPT-11:Cu2+ in aqueous solutions in the 
presence of POBN 
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Photoexcitaion of CPT-11 a CPT-11:metal ion (Cu2+, Co2+, Fe3+) in the presence of TMP 
selective reagent for detection of singlet oxygen in ACN 
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Generation of 1O2 

Series of EPR spectra (SW 6 mT) measured upon continuous 
irradiation of CPT-11 and equimolar CPT-11:metal ion in ACN 
int he presenece of TMP.. 
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Conclusions 

The EPR spectroscopy techniques represent valuable tools for the 
characterization of radical intermediates generated  

in irradiated homogeneous and heterogeneous systems.  
 

Careful selection of the experimental conditions and  
a precise analysis of the experimental EPR spectra  

considering alternative reaction pathways is  
an important aspect of any successful application of the indirect 

techniques in the characterization of photoactivity of photocatalysts. 


