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Radical reactions in water radiolysis 
Radiolysis of aerated water mainly generates hydrated electrons (eaq

−) and HO•. Secondary RS are 
superoxide anion (O2

-•) and hydrogen radicals (H•). Water radiolysis also produces H2O2, H2 and H+. 
Overall, the products of aerated water radiation are given below with their G values in brackets [1, 2]. 

  
eaq

-
 (0.28) ,   H• (0.06),  HO• (0.28),  O2

•- /HO2
• (0.0027), Η2 (0.05) and Η+ (0.27)  

 
The effect of HO• on the target compounds was studied in aquatic solutions of MIB and GSM  pre-

saturated with nitrous oxide (N2O), which quantitatively converts the eaq
− to HO•  [2], as shown in Eq. (1).  

 
eaq

- +  Ν2Ο  →  Ν2Ο-  
𝐻𝐻2𝑂𝑂�⎯�  N2 + HO- + HO•   (1) 

 
 
Under these conditions, the overall G value of HO• is expected to be 0.56 μmol J-1, since all the eaq

−  
are converted to OH• (Table 1). 

 
Moreover,  eaq

- is predominantly formed by irradiation of degassed aqueous solutions, in the presence 
of TBA, which acts as a HO• scavenger, as shown in Eq. (2).  

 
HO•  + (CH3)3C-OH  →  H2O + (CH2

•)(CH3)2C-OH  (2) 
 
In this system the overall G value of eaq

-  is equal to 0.28 (Table 1) since all the HO• have been 
scavenged. 

. 
H•, is produced by irradiation of degassed solution, in the presence of TBA with adjustment to acidic 

pH, as shown in Eq. (3).  
 
eaq

−  +  Η+
aq  →  H•                                                               (3) 

 
In this case, all eaq

−  is converted to H• with an overall G value of H•  equal to G value of eaq
−  converted 

to H• + initial G value of H•=0.28+0.06=0.34 (Table 1).    
 
The O2

-• / HO2
• radicals will be generated by irradiation in saturated with oxygen solution in the 

presence of formic acid, as shown in Eq. (4-8) [1, 3].  
eaq

−  + O2   →  O2
-•      (4) 

H•  + O2   →  HO2
•     (5) 

HO2
•   ⇄ O2

-• + H+    (6) 
HO•  + HCOO- → H2O + COO•-    (7) 
COO•-  +  O2 → CO2 + O2

-•    (8) 
 
Therefore in this manipulated system, the overall G value of O2

-• / HO2
•   is expected to be equal to 

(G value of eaq
− converted to O2

-•) + (initial G value of H• converted to HO2
•) + (G value of HO• converted 

to O2
-•) =0.28+0.06+0.34=0.62 (Table 1) since all the eaq

−, H• and HO• have been converted to O2
-•. 

Further reactions include Eq (9-11) 
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HO2
• +  O2

-•   → H2O2 + O2 (at pH<7) (9) 
HO2

• +  HO2
•  → H2O2 + O2  (10) 

H•   +  OH−  → eaq
− + H2O  (11) 

 
Finally, at increased adsorbed radiation doses, further reactions (radical-radical or recombination) take 
place as shown in Eq. (12-15  )  

eaq
− +  HO•  →  OH-    (12) 

HO• +  HO•  →  H2O2
    (13) 

HO• +  H•  →  H2O    (14) 
H2O + H• + eaq

− →  H2  +  OH-  (15) 
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FIGURES 
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Figure S2. Fit of first order kinetic model to the degradation of GSM, under regulated experimental 
conditions, which produce specific RS
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HO• (solution saturated with N2O) 

 
O2

-• / HO2
• (oxygenated with formic acid) 

 
H• (deaerated / TBA /pH 1) 

 
eaq

− (deaerated / TBA) 

 
Figure S3. TIC chromatograms of TPs produced from degradation of MIB under the influence of selected RS, overlayed on a chromatogram of a non-
irradiated MIB aquatic solution (10 mg L-1). 
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HO• (solution saturated with N2O) 

 
O2

-• / HO2
• (oxygenated with formic acid) 

 
H• (deaerated / TBA /pH 1) 

 
eaq

− (deaerated / TBA) 

 
Figure S4. TIC chromatograms of TPs produced from degradation of GSM under the influence of selected RS, overlayed on a chromatogram of a non-
irradiated GSM aquatic solution (10 mg L-1).
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Table S1. Tentative structures of the TPs generated from MIB radiolysis 

HO• (solution saturated with N2O) 
TP Name Formula M+ 

m/z 
charact
eristic  
fragme
nt ions 

Relati
ve 

Score 
 

Structure tR (min) 
theoret

ical 
expect

ed 

tR (min) 
experi
mental 

 2-methyl-
isoborneol 
(MIB) 

C11H20O 168  893 

 

 12.7 

A1 Camphor C10H16O 152 108, 
95, 81, 
69, 55, 
41 

900 

 

11.7 11.9 

A2 (1S,4S,5S)-
1,7,7-
trimethylb
icyclo[2.2.
1]heptane
-2,5-diol 

C10H18O2 170 108, 
95, 43 

705 

 

14.5 14.3 

A3 hexane-
1,2,6-triol 

C6H14O3 134 85, 57, 
43 

700 

 

14.1 14.6 

A4 2-methyl-
5-(3-
oxoprop-
1-en-2-
yl)cyclope
ntanecarb
aldehyde 

C10H14O2 166 123, 
95, 43 

723 

 

14.5 14.7 

A5 Exo-
ketoborne
ol 

C10H16O2 168 109, 
70, 43 

679 

 

14.3 14.8 

A6 4,4,7a-
trimethylh
exahydrob
enzofuran
-2(3H)-one 

C11H18O2 182 167, 
109, 
81, 69 

644 

 

15.2 14.9 
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A7 1-(1,2,2,3-
tetrameth
ylcyclopen
tyl)ethano
ne 

C11H20O 168 124, 
109, 
69, 55 

688 

 

13.1 15.1 

A8 (3E,5E)-7-
hydroxy-2-
methyloct
a-3,5-
dienoic 
acid 

C9H14O3 170 124. 
109, 
55, 43 

610 

 

14.8 15.2 

A9 (1R,4S)-1-
(hydroxym
ethyl)-7,7-
dimethylbi
cyclo[2.2.1
]heptan-2-
ol 

C10H18O2 170 152, 
108, 
95, 79, 
67 

825 

 

15.2 15.3 

A10 (1R,2R,4S)
-1,7,7-
trimethylb
icyclo[2.2.
1]hept-5-
en-2-ol 

C10H16O 152 108, 
93, 
91,77,6
7 

721 

 

12.4 16.5 

O2-• / HO2• (oxygenated with formic acid) 
TP Name Formula M+ 

m/z 
charact
eristic  
fragme
nt ions 

Relati
ve 

Score 

Structure tR (min) 
theoret

ical 
expect

ed 

tR (min) 
experi
mental 

B1 (E)-4,8-
dimethyln
ona-3,7-
dien-2-ol 

C11H20O 168 135, 
107, 69 

691 

 

13.4 13.2 

B2 (1S,4S,5S)-
1,7,7-
trimethylb
icyclo[2.2.
1]heptane
-2,5-diol 

C10H18O2 170 124, 
108, 
95, 67 

715 

 

14.5 14.3 

H• (deaerated / TBA /pH 1) 
TP Name Formula M+ 

m/z 
charact
eristic  

Rela
tive 

Structure tR (min) 
theoretical 
expected 

tR (min) 
experi
mental 
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fragme
nt ions 

Scor
e 

C1 (1R,4R)-
1,3,3-
trimethylb
icyclo[2.2.
1]heptane 

C10H18 138 123, 
109, 
95, 81 

844 

 

9.6 9.5 

C2 p-Menth-
8-ene, 3-
methylene
- 

C11H18 150 135, 
121, 
107, 79 

804 

 

10.1 9.6 

C3 2,2-
Dimethyl-
3-vinyl-
bicyclo[2.2
.1]heptan
e 

C11H18 150 135, 
107, 
79, 67 

688 

 

10.0 9.7 

C4 (1S,3S,4R)-
2,2,3-
trimethylb
icyclo[2.2.
1]heptane 

C10H18 138 123, 
109, 
95, 82 

828 

 

10.0 9.9 

C5 1,7,7-
Trimethyl
bicyclo[2.2
.1]hept-5-
en-2-ol 

C10H16O 152 108, 
93, 77 

791 

 

12.4 12.7 

C6 2-
isopropen
yl-5-
methyl-6-
hepten-1-
ol 

C11H20O 168 107, 
81, 69 

701 

 

12.5 12.8 

C7 Octanal, 
7-hydroxy-
3,7-
dimethyl- 

C10H20O2 172 113, 
97, 71 

630 

 

13.5 14.7 
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C8 Cyclopent
ane, 1-
methyl-2-
acetyl-3-
(1-
methyleth
enyl)- 

C11H18O 166 151. 
123, 81 

711 

 

12.6 14.95 

C9 4-(2,2,6-
Trimethyl-
bicyclo[4.1
.0]hept-1-
yl)-butan-
2-one 
 

C14H24O 208 150, 
135, 
107 

813 

 

16.4 17.0 

eaq
− (deaerated / TBA) 

TP Name Formula M+ 

m/z 
charact
eristic  
fragme
nt ions 

Rela
tive 
Scor

e 

Structure tR (min) 
theoretical 
expected 

tR (min) 
experi
mental 

D1 (2S,4R)-
1,7,7-
trimethylb
icyclo[2.2.
1]heptan-
2-ol 

C10H18O 154 108, 
93, 77 

797 

 

11.3 11.6 

D2 2-(2,2,3-
trimethylc
yclopent-
3-en-1-
yl)acetald
ehyde 

C10H16O 152 108, 
93, 55 

746 

 

11.35 11.65 

D3 (E)-5-
isopropyl-
6-
methylhep
ta-3,5-
dien-2-ol 

C11H20O 168 111, 
95, 69 

704 

 

12.6 13.0 

D4 1,1,3-
trimethyl-
3-(2-
methylally
l)cyclopen
tane 

C12H22 166 111, 
95, 69 

736 

 

12.7 13.1 
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D5 Trans-Z-α-
bisabolen
e epoxide 

C15H24O 220 149, 
121, 
109, 93 

730 

 

18.6 18.5 

D6 Cyclohexa
nemethan
ol, 4-
ethenyl-
α,α,4-
trimethyl-
3-(1-
methyleth
enyl)-, 

C15H26O 222 189, 
161, 
133, 
121, 
108, 93 

748 

 

17.4 18.7 

 

  



15 
 

Table S2. Tentative structures of the TPs generated from GSM radiolysis 

HO• (solution saturated with N2O) 
TP Name Formula M+ 

m/z 
charact
eristic  
fragme
nt ions 

Relati
ve 

Score 

Structure tR (min) 
theoretical 
expected 

tR (min) 
experi
mental 

 Gεosmin C12H22O 182 835 839 

 

  

A’1 1,5-
dimethyl-
7-
oxabicyclo
[4.1.0]hep
tane 

C8H14O 126 770 703 

 

  

A’2 (Z)-2-
ethylhex-
2-enal 

C8H14O 126 744 769 

 

  

A’3 1-(2,6-
dimethyl-
7-
oxabicyclo
[4.1.0]hep
tan-1-
yl)ethanon
e 

C10H16O2 168 707 632 

 

  

A’4 1-(2-(1-
hydroxyet
hyl)cycloh
ex-1-en-1-
yl)ethanon
e 

C10H16O2 168 626 671 

 

15.3 17.2 

A’5 4a,8-
dimethyl-
4,4a,5,6,7,
8-
hexahydro
naphthale
n-2(3H)-
one 

C12H18O 
 

178 732 809 

 

17.2 17.6 
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A’6 8a-
hydroxy-
4a-
methyloct
ahydronap
hthalen-
2(1H)-one 

C11H18O2 182 672 680 

 

16.9 17.7 

A’7 3-(4-
hydroxybu
tyl)-2-
methylcycl
ohexanon
e 

C11H20O2 184 709 737 

 

17.5 18.7 

A’8 4a-
hydroxy-
8a-
methyloct
ahydronap
hthalen-
2(1H)-one 

C11H18O2 182 774 782 

 

16.9 18.9 

O2-• / HO2• (oxygenated with formic acid) 
TP Name Formula M+ 

m/z 
charact
eristic  
fragme
nt ions 

Relati
ve 

Score 

Structure tR (min) 
theoretical 
expected 

tR (min) 
experi
mental 

B’1 4a,8-
dimethyl-
1,2,3,4,4a,
5,6,8a-
octahydro
naphthale
ne 

C12H20 164 149, 
109, 57 

821 

 

  

B’2 8,8a-
dimethyld
ecahydron
apthalen-
1-ol 

C12H22O 182 149, 
107, 93 

854 

 

  

B’3 6,7-
dimethyl-
1,2,3,5,8,8
a-
hexahydro
naphthale
ne 

C12H18 162 147, 
119, 
105 

864 

 

  

H• (deaerated / TBA /pH 1) 
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TP Name Formula M+ 

m/z 
charact
eristic  
fragme
nt ions 

Relati
ve 

Score 

Structure tR (min) 
theoretical 
expected 

tR (min) 
experi
mental 

C’1 2-
Pentene, 
2,4-
dimethyl- 

C7H14 112 98, 83, 
55 

736 

 

7.4 8.3 

C’2 2,2,4-
trimethylp
entan-1-ol 

C8H18O 130 99, 83, 
57 

745 

 

9.1 8.9 

C’3 2,5-
dimethylh
exane-2,5-
diol 

C8H18O2 146 113, 
95, 70, 
59 

863 

 

10.1 10.3 

C’4 1,5-
dimethyld
ecahydron
aphthalen
e 

C12H22 166 151, 
123, 
109, 
95, 81 

750 

 

12.9 13.1 

C’5 1H-
Indene, 1-
ethylidene
octahydro
-7a-
methyl 

C12H20 164 149, 
124, 
108, 93 

776 

 

13.1 13.3 

C’6 2Naphthal
enone, 
octahydro
-8a-
hydroxy-
4a-methyl 

C11H18O2 182 126, 
112, 
97, 55 

744 

 

16.5 18.7 

C’7 2Naphthal
enone, 
octahydro
-4a-5-
dimethyl 

C12H20O2 180 95, 81, 
69 

694 

 

15.5 18.8 

C’8 Crymbolo
ne or 4a-
hydroxy-
4,8a-
dimethyl-
6-(prop-1-
en-2-
yl)octahyd
ronaphtha

C15H24O2 236 218, 
203, 
109, 
95, 69 

729 

 

18.9 18.8 
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len-1(2H)-
one 

eaq
− (deaerated / TBA) 

TP Name Formula M+ 

m/z 
charact
eristic  
fragme
nt ions 

Relati
ve 

Score 

Structure tR (min) 
theoretical 
expected 

tR (min) 
experi
mental 

D’1 3-(2,6,6-
trimethylc
yclohex-1-
en-1-
yl)prop-2-
en-1-ol 

C12H20O 180 147, 
119, 
105, 93 

706 

 

15.5 15.3 

D’2 3-(2,2-
dimethyl-
6-
methylene
cyclohexyl
)propanal 

C12H20O 180 147, 
119, 
106, 91 

636 

 

15.1 15.4 

D’3 3-(2,2-
dimethyl-
6-
methylene
cyclohexyl
)propan-1-
ol 

C12H22O 182 167, 
149, 
121 

670 

 

15.3 15.4 

D’4 4a,5-
dimethylo
ctahydron
aphthalen
-2(1H)-one 

C12H20O 180 165, 
109, 
81, 55 

633 

 

15.6 15.6 

D’5 2,3-
dimethyl-
2-(3-
oxobutyl)c
yclohexan
one 

C12H20O2 196 139, 
126, 55 

591 

 

17.1 18.0 

D’6 2,3,3-
trimethyl-
2-(3-
methylbut
a-1,3-
dien-1-yl)-
6-
methylene
c 

C15H22O 218 203, 
163, 
147, 
119 

687 

 

17.5 19.6 
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D’7 
(artifact) 

2-(4a-
methyl-8-
methylene
decahydro
naphthale
n-2-
yl)propan-
2-ol 

C15H26O 222 164, 
149, 
135, 
109 

639 

 

18.0 19.9 

D’8 
(artifact) 

2-(4a,8-
dimethyl-
1,2,3,4,4a,
5,6,7-
octahydro
naphthale
n-2-
yl)propan-
2-ol 

C15H26O 222 204, 
189, 
161, 
147, 
133 

671 

 

18.2 20.6 

D’9 
(artifact) 

2-(4a,8-
dimethyl-
1,2,3,4,4a,
5,6,8a-
octahydro
naphthale
n-2-
yl)propan-
2-ol 

C15H26O 222 204, 
189, 
161, 
149, 81 

742 

 

17.8 20.7 
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Table S3. MS spectrums of TPs produced from degradation of MIB under the influence of various RS and their match with NIST 
library (top (red): spectrum from NIST library, bottom (blue): experimentally obtained spectrum) 

HO• (solution saturated with N2O) 
MIB 

  
A1 

  
A2 
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A3 

 
 

A4 

 
 

A5 

 
 



22 
 

A6 

 

 

A7 unidentified  
A8 unidentified  
A9 

 

 

A10 

 

 



23 
 

A11 

 

 

A12 unidentified  
A13 

 
 



24 
 

STD 
cont
ami
nant 
1 

 
 

STD 
cont
ami
nant 
2 

  
O2-• / HO2• (oxygenated) 



25 
 

C1 

  
C2 

 

 

STD 
con
tam
inat
ion 

 

 

   



26 
 

H• (deaerated / TBA /pH 1) 
 
C1 

 

 

C2 

 

 



27 
 

C3 

 
 

C4 

  



28 
 

C5 

 
 

C6 

  



29 
 

C7 

 
 

C8 

 
 

C9 

  



30 
 

C10 

  
C11 

 

 



31 
 

C12 

 

 

C13 

  



32 
 

C14 

 

 
C15 

  
C16 Isomer of C15  

eaq
− (deaerated / TBA) 



33 
 

D1 

  
D2 

   
D3 

  



34 
 

D4 

  
D5 

  
D6 

  
 



35 
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Table S4. MS spectrums of TPs produced from degradation of GSM under the influence of various RS  and their match with 
NIST library (top (red): spectrum from NIST library, bottom (blue): experimentally obtained spectrum) 

HO• (solution saturated with N2O) 
GSM 

 
 

A’1 

 
 



37 
 

A’2 

 

 
A’3 

 
 



38 
 

A’4 

 
 

A’5 

 

 



39 
 

A’6 

 
 

A’7 

 

 

A’8 
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STD 
CON
TAM
INAT
ION 
1 

 
 

O2-• / HO2• (oxygenated) 
B’1 

 
 



41 
 

B’2 

 

 

B’3 

 

 



42 
 

 

 

 

H• (deaerated / TBA /pH 1) 
 
C’1 

  
C’2 

 
 



43 
 

C’3 

  
C’4 

 
 



44 
 

C’5 

 
 

C’6 

 

 
eaq

− (deaerated / TBA) 



45 
 

D’1 

 
 

D’2 

 
 

D’3 

  



46 
 

D’4 

 
 

D’5 

 
 

D’6 

 
 



47 
 

D’7 

 

 
D’8 

  
D’9 
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