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Max Bodenstein (1871-1942) 

Physical chemist

Made contributions to kinetics 
(steady-state assumption) and 
reaction mechanisms 
(H2 + Cl2 → 2 HCl)

Successor to Walther Nernst in 
1924 in Berlin

Hermann von Helmholtz-Zentrum für 
Kulturtechnik der Humboldt Universität 
(Berlin)
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Why are we interested?

NO• formed in vivo

Given a: μM O2 and nM NO•, 
b: ternary reaction, 

NO2
• formation takes days!

Yet, nitrosation of thiols is seen

Are there reactive intermediates?

NO-overview
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Possible reaction pathways:

Experimental approach: 
1. Determine NO3

− / NO2
− ratio after hydrolysis

2. Find novel paramagnetic species by gas-phase EPR
3. Observe intermediates during low temperature mixing of O2 and NO●
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NO•

C

A

B

E

D



66

O2

NO•

to reaction tube

• O2 in excess

• Products collected in a cold trap

• Condensates evaporated

• Gas mixture hydrolyzed with NaOH

• NO3
− and NO2

− determined by ion 
chromatography 

50 – 300 cm, inner ∅ 6 mm

1. NO3
− / NO2

− Ratio after hydrolysis

Gas-flow reactor

Galliker et al., Chem. – Eur. J. 15: 6161-6168; 2009
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1. NO3
− / NO2

− Ratio after hydrolysis

Result: NO3
− / NO2

− > 1

However, apparent excess NO3
− may actually be attributable to loss of HNO2:

N2O4 +  2HO− → NO3
− +  NO2

− +  H2O  (local acidification)

NO2
− +  H+ → HNO2

HNO2 → NO● +  NO2
● +  H2O

⇒ NO3
− / NO2

− product ratio not a reliable predictor of mechanism



88

O2
NO

Zone in

cavity center

60 mm

6 mm

Bruker EMX X-Band EPR 
spectrometer.  

Quartz flat-cell with two inlets

2. Gas-phase EPR of novel paramagnetic species

ESR spectra
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Gas-flow EPR spectra of O2 + NO•

qV(NO•) = 6 ml/min

Galliker et al., Chem. – Eur. J. 15: 6161-6168; 2009.

2. Gas-phase EPR of novel paramagnetic species

12 ml/min 

30 ml/min 

qV(O2)

60 ml/min 

O2 (60 ml/min) + 
NO2

• (0.7 ml/min) 

Spectra a–c scaled to equivalent 
amplitudes (high-field side)

Deviation from 
symmetry

Deviation from symmetry indicates presence of paramagnetic species 
(giso = 2.014, peroxyl radical signature) in addition to NO2

• (giso = 2.000)

NO2
•

mole fractions
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⇒ Proportion of ONOO● relative to that of NO2
● increases with flow rate

2. Gas-phase EPR of novel paramagnetic species: ONOO●

Mole fractions of components in the gas-phase EPR spectra

kinetic model
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Lindemann, F. A. Trans. Faraday Soc. 17: 598–599; 1922
Jachimowski, C. J.; Russell, M. E. Z. Physik. Chemie Neue Folge 48: 102–108; 1966

2. Gas-phase EPR of novel paramagnetic species: ONOO●

Overall kinetics: 0
[ ] [ ]d C k A
dt

= 0

1

1 2

1 2

k kk
k k k−

=
+ +

Solution eigenvalue:

k1

k−1

⇄ →
k2

A B C

NO● +  O2 ONOO● + NO● N2O4

Modification for NO• + O2 :

Original:

tri

22 4
2

[ ] [ ] [ ]d N O k NO O
dt

=Overall kinetics:

→
k2

k1

k−1

⇄
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1
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NO  + O    ONOO
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k
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2ONOO  + NO     2 NOk• • •⎯⎯→

2
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Otri NO–   =  
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k x x

dt •

2

1 2

1
tri

O –1 2 NO

  =  
+  + 

k kk
k x k k x •

Kinetics model

2. Gas-phase EPR of novel paramagnetic species: ONOO●

k1 = (80 ± 50) s-1

k-1 = (6.5 ± 5.5) • 103 s-1

k2 = (1.9 ± 1.0) • 106 s-1

red intermediate
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3. Low temperature mixing of O2 and NO●

Upon injection of NO• into O2-saturated 
2-methylbutane at 113 K, a

red compound is formed

spectrum
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M. H. Harwood, R. L. Jones, J. Geophys. Res. 99, 22955-22964; 1994 

3. Low temperature mixing of O2 and NO●

Optical spectrum of the red compound

Spectra:

a: at 113 K

b: warmed to 133 K

c: N2O4

d: NO2
•

literature, reconstructed

IR
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a: NO•

3. Low temperature mixing of O2 and NO●

550 800 1050 1300 1550 1800 2050 2300

Wavenumber / cm‐1

a

b

c

N2O impurity

NO-stretchas. NO-stretch

as. ONO-stretch

s. ONO-stretch

Infrared spectra in viscous 2-methylbutane at 110 K

b: NO• + O2: ,red compound

N2O3blue

c: NO• + O2: red compound

Spectra:

⇒ IR data inconclusive

yellow intermediate
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3. Even lower temperature mixing of O2 and NO●

yellow compound

NO• injected into O2-saturated 
“rigisolve” (8:3 2,2-dimethylbutane/n-
pentane v/v), 80–90 K →

yellow compound

N2O3

UV-vis
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(– light scattering background)

3. Even lower temperature mixing of O2 and NO●

UV/VIS spectrum of the   yellow compound

0.00
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analysis
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3. Low temperature mixing of O2 and NO●

0.00

0.04

0.08

250 300 350 400 450 500 550

λ / nm

A
bs

a b c

d

f
e

ONOOH

N2O4
NO2

•
275 nm:
•Excitation of 
nonbonding electrons 
on O next to ONO 
into the π* orbital of 
the ONO group 
•Between the strong 
bands of HOONO 
(250 nm) and 
ONOO– (302 nm)
•Consistent with 
•OONO

350 nm:
•Consistent with ONO moiety

425 nm:
•Charge transfer? 

summary
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• Not paramagnetic

• UV/VIS bands at 275 and 350 nm consistent with •OONO

• Band at 425 nm suggests charge transfer:

ONOO••NO  → ONOO− +NO

What is the ?yellow compound

scheme
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Possible reaction pathways:

NO• + O2 ONOO• NO•
ONOONO

N2O4ONOO•
NO•

NO• + O2

N2O4

NO3
•

2NO2
•2NO• N2O2

O2

H2O NO2
− + NO3

− + 2H+ D

N2O3
H2O 2NO2

− + 2H+

NO•

C

A

B

E

D

A → D, so far
Can we exclude C → D?
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ONOO• → NO3
•?

ΔfG° (ONOO–
aq) = 68 ± 1 kJ mol–1 (1)

E° (ONOO•/ONOO−), +0.51 V (2)  ⇒ ΔfG°(ONOO•
aq) = +117 kJ mol−1

ΔfG° (NO3
–

aq) of −111.3 kJ mol–1 (NIST)

E° (NO3
•/NO3

−) = +2.48 V ⇒ ΔfG°(NO3
•
aq) = +128 kJ mol–1

ONOO•
aq → NO3

•
aq ΔrxnG°= +9 kJ mol–1

Furthermore, ONOO− does not isomerize to NO3
− (very favourable)

⇒ ONOO• is unlikely to isomerize to NO3
•

(1) Sturzbecher, M.; Kissner, R.; Nauser, T.; Koppenol, W. H., Inorg. Chem. 46: 10655-
10658; 2007.
(2) Amatore, C.; Arbault, S.; Bruce, D.; de Oliveira, P.; Erard, M.; Vuillaume, M., Chem. -
Eur. J. 7: 4171-4179; 2001.
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“rigisolve”

NO• + O2

NO•

ONOO••NO

Summary

O2NNO2

ONOONO

N2O3 2 NO2
•

NO•

ONOO• 80 K

110 K

ab initio
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Gadzhiev, O. B.; Ignatov, S. K.; Gangopadhyay, S.; Masunov, A. E.; Petrov, A. I., 
J. Chem.Theory Comp. 2011, in press, dx.doi.org./10.1021/ct100754m.

group
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Under the conditions: [O2] >> [NO●], [NO●] >> [ONOO●], [O2] ≈ constant,  
and  [NO●] ≈ constant

substitute: k1’ = k1[O2] ; k2’ = k2[NO●] ; ktri’ = ktri[NO●][O2]

the pseudo-first-order approach for NO● works only with k2!

We define:

which can be treated with the original solution formalism to yield

Division by [O2][NO●] yields the expression

which is the equation shown on the previous slide.

2 4[ ] '[ ]tri

d N O k NO
dt

=

1 2

1 2

1 2 2
2

1 1 2 1 2

[ ] [ ]' '' [ ][ ]
' ' [ ] [ ]tri tri

k O k NOk kk k O NO
k k k k O k k NO− −

= = =
+ + + +

1 2

1 2 1 2[ ] [ ]tri

k kk
k O k k NO−

=
+ +

2. Gas-phase EPR, novel paramagnetic species?
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NO• in solid 2-

methylbutane 

Red product with 

N2O3 

Red product Assignment 

2243 2243 2243 N2O impurity 

1865 1868 1864 N=O stretch 

1771 1750 1775 antisym N=O stretch 

 1596, 1581 1601 antisym ONO stretch 

 1303 1299 sym ONO stretch 

 1256 1256 N2O impurity? 

3. Low temperature mixing of O2 and NO●


