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1 SCOPE OF SERVICES 

The overall objective of the study is to improve the understanding of the dark chemistry of 
amines in the gas phase and provide data for air quality model implementation. The sub goals 
are stated as: 

1. To evaluate the overall status and approach taken to atmospheric chemistry as 
described in “Basis for the TQP4 call-off 2 Studies on Atmospheric Chemistry, CO2 
Capture Mongstad memo, 2010”. 

2. To identify any significant topics that are either erroneous or missing 
3. To specify the dark atmospheric conditions at Mongstad including 

a. The atmospheric processes at night time that can affect the fate of amines 
b. The concentrations of reactive species, including, but not limited to NO3, NO, 

NO2, H2O 
Typical concentrations of NO3 and other important species during summer and winter 
time shall be specified. 

4. To propose a plan for experimental investigation of the most significant topics within 
dark chemistry 

5. To assess dark kinetics and yields for nitrosamine and nitramine formation for selected 
amines 

6. To compare the kinetics of daytime and night time conditions 
7. To recommend conservative and generic figures for dark chemistry representing upper 

bound nitrosamine and nitramine formation kinetics in the dark 
 
 
2 HSE 

The project involved handling of hazardous chemicals and was carried out as required by 
statutes and regulations.  

The University of Castilla-la Mancha is a Governmental institution that follows HSE rules 
and regulations according to Spanish Law. All compounds under study, including possible 
degradation products, are treated as toxic compounds. All of them have been handled on 
vacuum lines. A Safe Job Analysis has also been carried out. The compounds have been 
studied in a closed reactor where they were completely oxidized through reaction with NO3 
radicals. No accidents have occurred during the project lifetime.  

The Standard Operational Procedure (SOP) in the UiO laboratory is that all compounds under 
study, including possible degradation products, are treated as potentially carcinogenic unless 
other information is available. The SOP also includes that all toxic/carcinogenic compounds 
are handled on vacuum lines. A Safe Job Analysis has been conducted and documented.  

The University of Oslo is a Governmental institution that follows HSE rules and regulations 
according to Norwegian Law. UiO is not required to produce HSE data sheets for compounds 
synthesized for research purpose. The HSE-manual can be found here:  

http://www.kjemi.uio.no/intern/organisasjonsutvikling/hms/hse-manual/ 
 
No accidents or near accidents have occurred during the project lifetime. 
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3 ACTIVITIES 

The Atmospheric Chemistry – Dark Chemistry project comprised 6 activities of which activity 
3 was setting up an experiment plan. This activity will not be commented further. The results 
from the other 5 activities are summarized in the following sections. 
 

3.1 Activity 1: Evaluation of the overall status and approach taken to 
atmospheric chemistry 

The overall status and approach taken to atmospheric chemistry as described in “Basis for the 
TQP4 call-off 2 Studies on Atmospheric Chemistry, CO2 Capture Mongstad memo, 2010” 
has been evaluated (Scope of services, items 1 and 2). The evaluation is presented in the Tel-
Tek report no. 2211030-NP01, Atmospheric Chemistry - Review of atmospheric amine 
chemistry relevant to Mongstad.1 

The report pointed out a number of important topics for which data were missing. The 
following have special relevance to the Atmospheric Chemistry – Dark Chemistry project: 

1. Amine + NO3 kinetics: There are no experimental data available. Kinetic data and 
information from estimates of the gas phase NO3 radical concentration in the 
Mongstad area are needed to quantify the importance of NO3 radical chemistry. It is 
emphasized that the amine + NO3 reactions may be very important. 

There is sparse data concerning the amount of nitrosamines/nitramines that can be 
formed in the gas phase photo-oxidation of secondary amines. The branching in the 
initial H-abstraction reaction will differ for OH, Cl and NO3, but the subsequent 
reactions of the formed amino radical and the amount of nitramine formed will be 
the same independent of the initial oxidant. There is no simple and sound way to 
predict the CH:NH branching ratio in the initial hydrogen abstraction reaction in 
secondary amines. 

2. Amine + HONO kinetics: More data is clearly needed to elucidate the general 
nitrosamine homogeneous and surface assisted formation kinetics. 

3. Nitrosamine + NO3 kinetics: The nitrosamine reaction with NO3 radicals essentially 
takes place at night when there is no photolysis. The additional loss process may or 
may not be important, but experimental data are needed to establish this.  

4. Nitramine + NO3 kinetics: Any additional nitramine loss process may be important 
to the overall budget. Experimental kinetic data for nitramine + NO3 reactions are 
clearly needed to establish the validity of the OH-NO3 reactivity correlation for 
nitramines. 

All of the abovementioned knowledge gaps have been effectively and successfully 
addressed in the “Atmospheric Chemistry – Dark Chemistry”-project. 
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3.2 Activity 2: Specification of the dark atmospheric conditions at 
Mongstad 

A comprehensive study to characterize the dark atmospheric conditions at Mongstad is 
presented in the Tel-Tek report no. 2211030-DC01, Atmospheric Chemistry – Dark 
Chemistry. Nighttime Chemistry in the Mongstad Area: Literature Study and Model 
Simulations.2 

The work includes a literature study on coastal NO3 radical measurements. Model calculations 
on the European scale were carried out employing the chemistry transport model COSMO-
MUSCAT,3 which previously have been validated by simulations on the European and 
regional scales. The gas phase chemistry is described by the RACM-MIM2 mechanism,4,5 
which contains relatively detailed NO3 and organic chemistry. COSMO-MUSCAT has 
produced hourly time-series for the whole year 2006 for jNO2, NO, NO2, OH, NO3 and other 
relevant species. The simulation results cannot reproduce the Mongstad measurements exactly 
due to the coarse horizontal grid resolution of 28×28 km2.6 However, the data sets are ideal 
for process evaluation and assessing the importance of photolysis, and of OH and NO3 
reactions in the Mongstad area. The time series are available in various formats. 

 

3.3 Activity 4: Kinetic studies of NO3 radical reactions with selected 
amines, nitrosamines and nitramines 

The “Atmospheric Chemistry – Dark Chemistry”-project involved 4 experimental activities: 

• Kinetic studies of NO3 radical reactions with methylamine, dimethylamine and 
trimethylamine. 

• Kinetic studies of the NO3 radical reactions with 2 simple nitrosamines ((CH3)2NNO 
and (CH3CH2)2NNO). 

• Kinetic studies of the NO3 radical reactions with 4 simple nitramines (CH3NHNO2, 
CH3CH2NHNO2, (CH3)2NNO2 and (CH3CH2)2NNO2). 

• “Dark experiments” employing the EUPHORE reactor, in which the time-evolution of 
dimethylamine-NO-NO2-HONO mixtures were studied. 

The results from these experiments are documented in the Tel-Tek report no. 2211030-DC03, 
Atmospheric Chemistry – Dark Chemistry. EUPHORE, UCLM and UiO experiments.7  

The obtained rate coefficients for NO3 reactions with amines, nitrosamines and nitramines are 
included in Annex 1 (page 13), and only a short presentation of the main results will be given 
here. For more detailed information on the experiments the reader should consult Tel-Tek 
report no. 2211030-DC03.7 

The NO3 radical reactions with amines are fast (see Table A1 in Annex 1, page 13). However, 
in a clean coastal/rural environment like the Mongstad area, the concentration of NO3 is 
relatively low and on an annual basis, the NO3 radical will only account for around 5 % of the 
total amine gas phase photo-oxidation. During the dark winter months, the relative importance 
of NO3 radical reactions increase, but in the winter period the atmospheric oxidative capacity 
is generally low.  

In summary, the NO3 radical reaction with amines will not be very important to the fate of 
amines emitted from a CCS plant in the Mongstad area. Consequently, the open issue of C-H / 
N-H branching in the initial hydrogen abstraction reaction is of no real importance. 
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The NO3 radical reactions with nitrosamines and nitramines are slow (see Tables A2 and A3 
in Annex 1, page 13). In short, the reactions are so slow that they can be ignored. 

The “dark experiments” at EUPHORE were designed to elucidate the postulated homogene-
ous and heterogeneous reactions between amines and NO/NO2/HONO. The experiments 
showed, unambiguously, that amines do not react with NO/NO2/HONO in the gas phase 
forming nitrosamines, but that heterogeneous (or surface assisted) reactions do take place, and 
that these reactions lead to formation of nitrosamines. The rate with which these surface 
reactions take place is so low that they can be neglected under any relevant atmospheric 
condition. 

 

3.4 Activity 5: Box modelling - Comparison of amine+OH and 
amine+NO3 chemistry 

The activity is described in the Tel-Tek Report no. 2211030-DC05, Atmospheric Chemistry – 
Dark Chemistry. Comparison of amine+OH and amine+NO3 chemistry.8 

Box-model simulations were used to evaluate the atmospheric removal of amines by reaction 
with NO3 radicals vs. OH radicals. Amine reaction with OH radicals is clearly the major 
atmospheric gas phase loss process. In absolute numbers only around 5 % of the total amine 
emitted is removed by reaction with NO3 radicals in the Mongstad area. However, the NO3 
radicals are responsible for a large fraction of amine removal during the winter season at 
Mongstad.  

Box-model simulations confirm that the dominant gas phase loss process for nitrosamines is 
direct photolysis, and that only a few per cent of nitrosamines will be removed by reaction 
with OH radicals. On a yearly basis, the amount nitrosamine removed by reaction with OH 
radicals is around 3 %. 

Reaction with OH radicals is the dominant atmospheric gas phase loss process for nitramines. 
The lifetime of dimethylnitramine with respect to reaction with OH will be around 3 days in 
the Mongstad area; larger aliphatic nitramines will typically have lifetimes of around 1 day. 

 

3.5 Activity 6: Formation rate data 
The obtained experimental data were evaluated and analysed in relation to extending a 
recently developed structure activity relationship (SAR) for NO3 radical reaction with 
organics.9 This is described in the Tel-Tek Report no. 2211030-DC04, Atmospheric 
Chemistry – Dark Chemistry. Nitroso- and nitramine formation data.10 

SAR parameters were derived for NO3 reactions with nitrosamines and nitramines, and it is 
now possible to estimate the reactivity of these compound classes towards NO3. The relevant 
part of the updated NO3-SAR9 is included in Annex 2, page 15. 

Amines are not included in the NO3-SAR. An alternative method is proposed for estimating 
the rate coefficient for NO3 reaction with amines in general. The method is based on an 
established correlation between the rate coefficients of OH and NO3 reactions with the same 
substrates: 

1. Calculate the rate coefficient for OH reaction with the amine using the Kwok-
Atkinson SAR11 

2. Use the NO3-OH correlation of Wayne et al.: log kNO3 = 21.6 + 3.32·log kOH.12 
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4 CONCLUSIONS AND RECOMMENDATIONS 

The Atmospheric Chemistry – Dark Chemistry project has supplied scientifically sound data 
as the basis for addressing severe knowledge gaps relating to dark chemistry in the Mongstad 
region. 
 
1. Amine + NO3 kinetics:  
There are now experimental kinetic data available for the NO3 reaction with amines. There is 
also simulation data for the NO3 radical concentration in the Mongstad area. Although the 
amine+NO3 reactions are fast, the NO3 radical concentration is too low in the Mongstad area 
for NO3-chemistry to be very important, it is estimated that around 5 % of the total amine 
emitted will be removed by reaction with NO3 radicals in the Mongstad area. Consequently, 
there is no urgent need to determine the branching ratio in the initial H-abstraction reaction 
will by NO3. Such a study will be both lengthy and costly. It is suggested to use a worst-case 
scenario branching, such that all amine+NO3 reactions will lead to formation of the amino 
radical. The subsequent reactions are well known from previous studies, see e.g. ADA.13,14  
 
Recommendation:   No need for further studies. Simplified NO3 chemistry should be 

included in dispersion modelling. 
 
2. Amine + HONO kinetics:  
There is now irrevocable data showing that the rate coefficient for homogeneous gas phase 
reaction between amines and HONO, proposed by Rolle and Gnauk,15 is orders of magnitude 
too high; the reaction has no relevance for atmospheric conditions. Also the proposed 
heterogeneous or surface assisted reactions between amines and NO/NO2/HONO have been 
demonstrated to be of no importance under atmospheric conditions. 
 
Recommendation:   No need for further studies. No need to include amine + 

NO/NO2/HONO reactions in dispersion modelling. 
 
3. Nitrosamine + NO3 kinetics:  
There are now experimental kinetic data available for the NO3 reaction with nitrosamines. The 
reactions are very slow and of no importance to the situation in the Mongstad region. 
 
Recommendation:   No need for further studies. No need to include nitrosamine + NO3 

reactions in dispersion modelling. 
 
4. Nitramine + NO3 kinetics:  
There are now experimental kinetic data available for the NO3 reaction with nitramines. The 
reactions are slow and of no importance to the situation in the Mongstad region. 
 
Recommendation:   No need for further studies. No need to include nitramine + NO3 

reactions in dispersion modelling. 
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5. Nitrosamine + OH kinetics:  
Box-model simulations show that the reaction is of minor importance. 
 
Recommendation:   No need for further studies. No need to include nitrosamine + OH 

reactions in dispersion modelling. 
  

Report no. 2211030-DC06 v2  Page 10 of 16 



Tel-Tek 
Classification: Internal 

 

5 LITERATURE 

1. Nielsen, C. J. Atmospheric Chemistry - Review of atmospheric amine chemistry relevant 
to Mongstad; Report no. 2211030-NP01; Tel-Tek: 2011. 

2. Wolke, R.; Schrödner, R. Atmospheric Chemistry – Dark Chemistry. Nighttime 
Chemistry in the Mongstad Area: Literature Study and Model Simulations; Report no. 
2211030-DC01; Tel-Tek: 2011. 

3. Wolke, R.; Knoth, O.; Hellmuth, O.; Schroder, W.; Renner, E., The parallel model 
system LM-MUSCAT for chemistry-transport simulations: Coupling scheme, 
parallelization and applications. 2004; Vol. 13, p 363-369. 

4. Karl, M.; Dorn, H. P.; Holland, F.; Koppmann, R.; Poppe, D.; Rupp, L.; Schaub, A.; 
Wahner, A., Product study of the reaction of OH radicals with isoprene in the 
atmosphere simulation chamber SAPHIR. Journal of Atmospheric Chemistry 2006, 55 
(2), 167-187. 

5. Stockwell, W. R.; Kirchner, F.; Kuhn, M.; Seefeld, S., A new mechanism for regional 
atmospheric chemistry modeling. Journal of Geophysical Research-Atmospheres 1997, 
102 (D22), 25847-25879. 

6. Wolke, R.; Schroeder, W.; Schroedner, R.; Renner, E., Influence of grid resolution and 
biomass burning emissions on simulated European air quality: A sensitivity study with 
the modelling system COSMO-MUSCAT. Atmos. Environ. 2011, submitted. 

7. Nielsen, C. J.; D’Anna, B.; Galan, G. B.; Wisthaler, A. Atmospheric Chemistry – Dark 
Chemistry. EUPHORE, UCLM and UiO experiments.; Report no. 2211030-DC03; Tel-
Tek 2011. 

8. Nielsen, C. J. Atmospheric Chemistry – Dark Chemistry. Comparison of amine+OH 
and amine+NO3 chemistry; Report no. 2211030-DC05; Tel-Tek: 2011. 

9. Kerdouci, J.; Picquet-Varrault, B.; Doussin, J. F., Prediction of Rate Constants for Gas-
Phase Reactions of Nitrate Radical with Organic Compounds: A New Structure-
Activity Relationship. ChemPhysChem 2010, 11 (18), 3909-3920. 

10. Nielsen, C. J. Atmospheric Chemistry – Dark Chemistry. Nitroso- and nitramine 
formation data.; Report no. 2211030-DC04; Tel-Tek: 2011. 

11. Kwok, E. S. C.; Atkinson, R., Estimation of Hydroxyl Radical Reaction-Rate Constants 
for Gas-Phase Organic-Compounds Using a Structure-Reactivity Relationship - an 
Update. Atmos. Environ. 1995, 29 (14), 1685-1695. 

12. Wayne, R. P.; Barnes, I.; Biggs, P.; Burrows, J. P.; Canosamas, C. E.; Hjorth, J.; Lebras, 
G.; Moortgat, G. K.; Perner, D.; Poulet, G.; Restelli, G.; Sidebottom, H., The nitrate 
radical - physics, chemistry, and the atmosphere. Atmospheric Environment Part a-
General Topics 1991, 25 (1), 1-203. 

13. Nielsen, C. J.; D’Anna, B.; Dye, C.; George, C.; Graus, M.; Hansel, A.; Karl, M.; King, 
S.; Musabila, M.; Müller, M.; Schmiedbauer, N.; Stenstrøm, Y.; Wisthaler, A. 
Atmospheric Degradation of Amines (ADA). Summary Report: Gas phase photo-
oxidation of 2-aminoethanol (MEA); NILU OR 8/2010; NILU: 2010. 

14. Nielsen, C. J.; D’Anna, B.; Karl, M.; Aursnes, M.; Boreave, A.; Bossi, R.; Bunkan, A. J. 
C.; Glasius, M.; Hansen, A.-M. K.; Hallquist, M.; Kristensen, K.; Mikoviny, T.; 
Maguta, M. M.; Müller, M.; Nguyen, Q.; Westerlund, J.; Salo, K.; Skov, H.; Stenstrøm, 
Y.; Wisthaler, A. Summary Report: Photo-oxidation of  Methylamine, Dimethylamine 
and Trimetahylamine.  Climit project no. 201604; NILU OR 2/2011; NILU: 2011. 

15. Rolle, W.; Gnauk, T., Nitrosamines in the atmosphere - chemical-kinetic aspects. Z. 
Gesamte Hyg. Ihre Grenzgeb. 1982, 28 (Copyright (C) 2011 American Chemical 
Society (ACS). All Rights Reserved.), 851-3. 

Report no. 2211030-DC06 v2  Page 11 of 16 



Tel-Tek 
Classification: Internal 

 

16. Atkinson, R.; Perry, R. A.; Pitts, J. N., Jr., Rate constants for the reaction of the 
hydroxyl radical with methanethiol and methylamine over the temperature range 299-
426 Deg K. Journal of Chemical Physics 1977, 66 (4), 1578-81. 

17. Carl, S. A.; Crowley, J. N., Sequential two (blue) photon absorption by NO2 in the 
presence of H2 as a source of OH in pulsed photolysis kinetic studies: Rate constants for 
reaction of OH with CH3NH2, (CH3)2NH, (CH3)3N, and C2H5NH2 at 295 K. J. Phys. 
Chem. A 1998, 102 (42), 8131-8141. 

18. Atkinson, R.; Perry, R. A.; Pitts, J. N., Jr., Rate constants for the reactions of the 
hydroxyl radical with dimethylamine, trimethylamine, and ethylamine over the 
temperature range 298-426 K. Journal of Chemical Physics 1978, 68 (4), 1850-3. 

19. Tuazon, E. C.; Carter, W. P. L.; Atkinson, R.; Winer, A. M.; Pitts, J. N., Atmospheric 
Reactions of N-Nitrosodimethylamine and Dimethylnitramine. Environmental Science 
& Technology 1984, 18 (1), 49-54. 

20. Zabarnick, S. S.; Fleming, J. W.; Baronavski, A. P.; Lin, M. C., Reaction kinetics of 
hydroxyl with nitromethane, dimethylnitrosamine, and 1,3,5-trioxane; photolytic 
production of hydroxyl from nitromethane at 266 nm. NBS Special Publication (United 
States) 1986, 716, 731-56. 

21. Sabljic, A.; Gusten, H., Predicting the nighttime NO3 radical reactivity in the 
troposphere. Atmospheric Environment Part a-General Topics 1990, 24 (1), 73-78. 

22. Atkinson, R., Kinetics and Mechanisms of the Gas-Phase Reactions of the Hydroxyl 
Radical with Organic-Compounds under Atmospheric Conditions. Chemical Reviews 
1986, 86 (1), 69-201. 

23. Atkinson, R., A Structure-Activity Relationship for the Estimation of Rate Constants for 
the Gas-Phase Reactions of OH Radicals with Organic-Compounds. International 
Journal of Chemical Kinetics 1987, 19 (9), 799-828. 

24. Grosjean, D.; Williams, E. L., Environmental percictence of organic-compounds 
estimated from structure reactivity and linear free-energy relationships. Unsaturated 
aliphatics. Atmospheric Environment Part a-General Topics 1992, 26 (8), 1395-1405. 

25. Atkinson, R., Atmospheric oxidation. In Handbook of property estimation methods for 
environmentalchemicals: environmental and health sciences, Lewis Publishers: Boca 
Raton, 2000; pp 335-354. 

26. Atkinson, R., Kinetics and mechanisms of the gas-phase reactions of the NO3 radical 
with organic-compounds. Journal of Physical and Chemical Reference Data 1991, 20 
(3), 459-507. 

 
 

  

Report no. 2211030-DC06 v2  Page 12 of 16 



Tel-Tek 
Classification: Internal 

 

ANNEX 1. EXPERIMENTAL RESULTS 

The Atmospheric chemistry – dark chemistry project has generated kinetic data for NO3 
radical reaction with 3 amines. The experimental rate constants are compared to the 
corresponding amine + OH data in Table A1. The experimental results are documented in the 
Tel-Tek report no. 2211030-DC03, Atmospheric Chemistry – Dark Chemistry. EUPHORE, 
UCLM and UiO experiments.7 There are no other kinetic data for amine + NO3 reactions in 
the literature. 

 

 

Table A1. Comparison of experimental rate constants at 295-300 K for the reactions of OH 
and NO3 radicals with amines. 
Compound kOH  /cm3 molecule-1 s-1 Ref. kNO3  /cm3 molecule-1 s-1 Ref. 

CH3NH2 
(2.20 ± 0.22) × 10-11 
(1.73 ± 0.11) × 10-11 

16 
17 

(0.7 ± 0.5) × 10-13 7 

(CH3)2NH (6.54 ± 0.66) × 10-11 
(6.49 ± 0.64) × 10-11 

18 
17 

(2.0 ± 1.0) × 10-13 7 

(CH3)3N (6.09 ± 0.61) × 10-11 
(3.58 ± 0.22) × 10-11 

18 
17 

(5.0 ± 1.0) × 10-13 7 

 
 
 
 
The Atmospheric Chemistry – Dark Chemistry project has generated kinetic data for NO3 
radical reaction with 2 nitrosamines. Table A2 compares the new data with existing data for 
the OH radical reaction with nitrosamines. The experimental results are documented in the 
Tel-Tek report no. 2211030-DC03, Atmospheric Chemistry – Dark Chemistry. EUPHORE, 
UCLM and UiO experiments.7 There are no other data on nitrosamine + NO3 kinetics in the 
literature. 
 

 

Table A2. Comparison of experimental rate coefficients at 296-300 K for the reactions of 
nitrosamines with OH and NO3 radicals.  
Compound kOH 

/cm3 molecule-1 s-1 
Ref.    kNO3 

/cm3 molecule-1 s-1 
Ref. 

(CH3)2NNO (NDMA) (2.4 ± 0.4) × 10-12

(3.6 ± 0.1) × 10-12 
19 
20 

 (1.4 ± 0.6) × 10-16 7 

(CH3CH2)2NNO (NDEA) 1.77 × 10-11 a   (5.1 ± 2.1) × 10-16 7 
a Estimated using the OH-SAR of Kwok and Atkinson.11 
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The Atmospheric chemistry – Dark Chemistry project has generated kinetic data for NO3 
radical reaction with 4 nitramines. Table A3 compares the new data with existing data for the 
OH radical reaction with nitramines. The experimental results are documented in the Tel-Tek 
report no. 2211030-DC03, Atmospheric Chemistry – Dark Chemistry. EUPHORE, UCLM 
and UiO experiments.7 There are no other data on nitramine + NO3 kinetics in the literature. 

 
Table A3. Comparison of experimental rate coefficients at 296-300 K for the reactions of 
nitrosamines with NO3 radicals.  
Compound kOH 

/cm3 molecule-1 s-1 
Ref.      kNO3 

/cm3 molecule-1 s-1 
Ref. 

CH3NHNO2 (MNA) (7.7 ± 0.7) × 10-13 14  (1.5 ± 0.5) × 10-15 7 

(CH3)2NNO2 (DMNA) (3.6 ± 0.5) × 10-12 

(3.5 ± 0.5) × 10-12 
19 
14 

 (2.3 ± 1.5) × 10-15 7 

CH3CH2NHNO2 (ENA) 1.0 × 10-11 a   (2.5 ± 1.1) × 10-15 7 

(CH3CH2)2NNO2 (DENA) 1.9 × 10-11 a   (4.0 ± 1.8 ) × 10-15 7 
a Estimated using the OH-SAR of Kwok and Atkinson, Ref. 11. 
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ANNEX 2. UPDATED NO3 STRUCTURE ACTIVITY 
RELATIONSHIP 

The initial step in NO3 radical reaction mechanisms generally parallel the corresponding OH 
radical reaction mechanisms, suggesting a possible correlation between NO3 and OH radical 
reaction rates. Sabljic and Güsten21 examined the correlation of NO3 and OH radical rate 
coefficients for reaction with 57 various aliphatic compounds and derived the following 
equation: log kNO3 = 18.86 + 3.05·log kOH, where the rate constants are in units of cm3 
molecule-1 s-1. This equation is appropriate only for aliphatic compounds.  
Atkinson established a general Structure-Activity Relationship (SAR) for OH radical reaction 
with organics22 that later was extended to nitrosamines and nitramines.23 In this SAR the total 
OH radical reaction rate constant is given by: 

 ktotal = k(H-atom abstraction from C-H and O-H bonds) 
 + k(OH radical addition to >C=C< and –C≡C- bonds) 
 + k(OH radical addition to aromatic rings) 
 + k(OH radical interaction with –NH2, >NH, >N-, >NNO, -SH and –S- groups) 

The calculation of overall H-atom abstraction rate constants is based upon the estimation of 
-CH3, -CH2-, >CH-, and –OH group rate constants. The –CH3, -CH2-, and >CH- group rate 
constants depend on the identity of the substituents around those groups, with 

    k(CH3-X) = kprim·F(X) 
    k(X-CH2-Y) = ksec·F(X)·F(Y) 
    k(X-CH(Y)-Z) = ktert·F(X)·F(Y)·F(Z) 

where kprim, ksec, and ktert are the rate constants per –CH3, -CH2-, and >CH- group for a 
“standard” substituent, X, Y, Z are the substituent groups; and F(X), F(Y), and F(Z) are the 
corresponding substituent factors. The standard substituent group is chosen to be X = Y = Z = 
-CH3, F(-CH3) = 1.00 by definition.22 It was assumed that the majority of the initial OH 
radical reaction proceeds via OH radical addition to the N-atom, followed by a number of 
decomposition reactions of the adduct leading to products. In the latest update of the SAR11 
the following parameters relevant to the present work are presented in Table 3.1. 

 
Table 3.1. SAR-parameters for OH radical reaction with organics.  
Group k298 /10-12 cm3 molecule-1 s-1    Substituent Group X F(X)
-CH3 (kprim) 0.136  -NH2, >NH, >N-, >NNO, >NNO2 

a 9.3 
>CH2 (ksec) 0.934  -CH3 1.0 
>CH- (ktert) 1.94  -CH2-, >CH-, >C< 1.23 
-OH 0.14  -OH 3.5 
RNH2 21    
R2NH 63    
R3N 66    
R2NNO 0    
R2NNO2 1.3    
a It should be noted that the OH-SAR for nitrosamines and nitramines is based on kinetic data for only one 
nitrosamine, (CH3)2NNO, and one nitramine, (CH3)2NNO2, and that it therefore should be used with caution for 
these compound classes. 
In connection with a review of NO3 radical reactions with organics Atkinson reported a 
correlation of the H-atom abstraction rate coefficients per equivalent C-H bond for the room 
temperature reactions of NO3 and OH radicals with a series of alkanes and aldehydes; a least-
squares analysis lead to (in cm3 molecule-1 s-1 units): ln kNO3 = 6.498 + 1.611·ln kOH. This 
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equation was then used to extrapolate a Structure-Activity Relationship (SAR) for NO3 
radical reactions from the existing general SAR for OH radical reaction with organics,22,23 to 
give the group rate constants NO3 = 7.0×10-19, O3= 1.5×10-17 and k = 8.2×10-17 cm3 
molecule-1 s-1, and substituent factors FNO3(X) = [FOH(X)]1.611. 

k prim kN
sec

NO3
tert

Grosjean and Williams24 derived a correlation for NO3 and OH radical reactions with 
unsaturated aliphatics (in cm3 molecule-1 s-1 units):  log kOH = 0.204 - 7.69· log kNO3. Atkinson 
later implemented the same methodology for estimating NO3 radical rate constants for olefins 
as for estimating OH radical addition to olefins.25  

Very recently, Kerdouci et al.9 published a structure-activity relationship, based on 
paramerization of the molecular structure according to the group-additivity method of 
Atkinson.22,23 The proposed SAR includes alkanes, alkenes, dienes, terpenes and saturated 
and unsaturated oxygenated compounds including alcohols, ketones, ethers and esters. The 
following parameters relevant to the present work are presented in Table 3.2. 

 

Table 3.2. SAR-parameters for OH radical reaction with organics.  
Group k298 /cm3 molecule-1 s-1      Substituent Group X F(X) 
-CH3 (kprim) 1.00 × 10-18  -CH3 1 
>CH2 (ksec) 2.56 × 10-17  -CH2- 1.02 
>CH- (ktert) 1.94 × 10-16  >CH- 1.61 
OH 2.00 × 10-17  >C< 2.03 
RNH2 ?  -OH 18 
R2NH ?  -NH2, >NH, >N-, >NNO, >NNO2 

a,b 36 
R3N ?    
R2NNO 0 b    
RNHNO2 1.5 × 10-15 b    
R2NNO2 2.2 × 10-15 b    
a Assuming FNO3(X) = [FOH(X)]1.611 (Atkinson, Ref. 26). b This work. 

Wayne et al.12 carried out a systematic analysis of NO3 radical reactivity and reported 
correlations between NO3 and OH radical reactivity for both abstraction and addition 
reactions and reported a correlation of log kNO3 = -5.13 + 0.947·log kOH for H-abstraction 
reactions and log kNO3 = 21.6 + 3.32·log kOH for addition reactions. 
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