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1 OBJECTIVES AND SCOPE OF WORK 

The objective is to assess the importance of bromine atom reactions with amines in the 
Mongstad area. 

 

The motivation for studying amine + bromine reactions is found in the Tel-Tek report no. 
2211030-CC02, Halogen Chemistry in the Mongstad Region: Literature Study and Model 
Simulations.1 In the summary of this report is stated: 

Model simulations to specify halogen chemistry at Mongstad were conducted using 
the box model SPACCIM. Three scenarios were created representing air above an 
ocean (far from major pollutants) and mixtures of this clean marine air with remote 
continental and urban air, respectively. Halogen chemistry can only be described 
adequately, when aqueous phase processes are taken into account. Between gas-
phase-only and full chemistry runs, Cl- and Br-concentrations differ by a factor of 
10-100. Halogen atom concentrations are at the lower end (Cl) or below (Br) the 
range of measured values, which is due to a lack of emitted halogen species 
contained in sea-salt. The Br-concentration is expected to be about 1 or 2 orders of 
magnitude higher than simulated. 

A relationship between reactive halogen species and halogen-nitrogen species was 
observed. Beneath X2 halogen-nitrates and -nitrites are reservoir species, which are 
photolysed rapidly and release reactive halogens. 

Because of the importance of NOx for halogen chemistry (via build up of halogen-
nitrates and nitrites), the marine-urban scenario, where NOx-levels are in the range 
of measurements at Mongstad, should give the best estimate for Mongstad halogen 
conditions. In that run Cl reaches concentrations up to 8 × 103 molecules/cm3. The 
Br peak-concentration is about 2 × 104 molec/cm3, but is expected to be higher in 
reality (see above). 

In winter photolysis occurs with less intensity and only for a short period during the 
day. Therefore reactive halogen species do not reach the levels of the summer 
cases. Increasing the intensity of photolysis on a summer day leads to slightly 
higher peak-concentrations of reactive halogens. 

 

 

1.1 Scope of work 

UiO will undertake a comparative quantum chemistry study of the Br and Cl atom reactions 
with simple amines, using already obtained kinetic data for the reaction of Cl with methyl-, 
dimethyl- and trimethylamine as fix points for the calculations. 

The importance of Cl and Br atom reactions with amines in the Mongstad area will be 
illustrated by box-model calculations and compared the corresponding OH radical reactions. 
A recommendation on if and how Br atom reactions should be included in future dispersion 
model simulations will be given. 
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2 QUANTUM CHEMISTRY CALCULATIONS 

Various types of Quantum Chemistry Calculations (QCC) in combination with different basis 
sets were used in an initial characterisation of the CH3NH2+Cl and CH3NH2+Br reactions to 
establish a common method for the study. All calculations were carried out with the Gaussian 
032 and 093 program suites.  

The following conclusions were drawn from the exploratory calculations: 

− Density functional theory (DFT) methods are generally computational cost-effective 
and give approximate structures of stationary points on the potential energy surface of 
a reaction system. However, DFT methods were unable to locate all transition states 
for the amine+Cl and amine+Br reaction systems. In short, DFT methods could not be 
used in a general study of Cl and Br reactions with amines. 

− MP24-8 (second order Møller-Plesset perturbation) calculations are considered one step 
up the QCC hierarchy. MP2 calculations are more costly in terms of CPU-time, but 
can in principle be carried out in a matter of days for the present systems. However, 
the MP2 method fails for some of the steps in the amine+Br reactions. Consequently, 
MP2 calculations could not be used in a general study of Cl and Br reactions with 
amines. 

− The more robust, but also more CPU-expensive CCD,9 CCSD,10-13 and QCISD14 
methods perform well in locating the stationary points on the potential energy surfaces 
of the amine+Cl and amine+Br reactions. It was decided to use a medium-sized basis 
set of double zeta quality (aug-cc-pVDZ15-18) to locate and optimize structures of 
stationary points on the reaction hyper surfaces. After comparing results obtained for 
the CH3NH2+Cl system by the three methods, it was decided to use CCSD as the 
common method for all reaction systems. 

− Higher level electron correlation methods, CCSD(T)14 and QCISD(T),14 were 
employed to improve the calculated energies in single point calculations using the 
aug-cc-pVTZ triple zeta quality basis set.15-18 After comparing results obtained for the 
CH3NH2+Cl system by the two methods, it was decided to use CCSD(T) as the 
common method for all systems. 

 
 
The stationary points on the potential energy hyper-surfaces were unambiguously identified as 
minima (number of imaginary vibrational frequencies = 0) or as transition states (number of 
imaginary vibrational frequencies = 1). The minimum energy paths from reactants to products 
on the potential energy hyper-surfaces were mapped employing the intrinsic reaction 
coordinate method (IRC) method of Gonzales and Schlegel.19 The IRC calculations were 
carried out in mass-weighted Cartesian coordinates using a step size of 0.02 u1/2 bohr. 
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2.1 Spin-Orbit Coupling 

Spin-orbit (SO) coupling in the Cl and Br atoms results in a splitting of the atom ground 
configuration into 2P3/2

 and 2P1/2 states separated by 882.36 and 3685.24 cm-1, respectively.20 
This splitting changes during reaction and should therefore be included in the potential energy 
function. Assuming that SO coupling is only relevant in the reactant region as found for the 
Cl + HCl reaction system,21 the SO coupling will lower the asymptotic potential energy of the 
reactants by 1/3 of the SO splitting (294.12 cm-1 = 3.52 kJ mol-1 for the amine + Cl reactions 
and 1228.41 cm-1 = 14.69 kJ mol-1 for the amine + Br reactions). Figure 2.1 illustrates how 
the SO coupling in Cl changes as a function of reaction coordinate.  
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Figure 2.1. SO splitting in Cl as a function of reaction coordinate on the minimum energy 
path from reactants to transition state. 
 

2.2 Enthalpies and Gibbs energies of reaction 

The model chemistries CBS-QB3,22 G3,23 and G424 were used to obtain thermochemistry 
information. The CBS-QB3 method uses B3LYP25-28 hybrid density functional geometries 
and frequencies, the  G3 method uses HF frequencies and MP2 geometries. The G4 method is 
a composite method that includes higher-level corrections to account for deficiencies in the 
G3 energy calculations. The G4 method is assessed on the 454 experimental energies in the 
G3/05 test set,29 and the average absolute deviation from experiment is only 3.5 kJ mol-1 (G3 
theory: 4.7 kJ mol-1). Both the G3 and G4 methods include a spin-orbit term taken from 
experiment; the G4 method is currently considered one of the most accurate tools for 
calculation of thermochemistry. 

The enthalpy of a chemical bond R—X is defined by the reaction: 

R—X → R + X    (I) 

Bond enthalpies are therefore a special case of the general reaction enthalpy. There are only 
few experimental bond enthalpies available for amines, and in most cases they have large 
uncertainties.# However, the available relevant bond enthalpies validate the theoretical 
methods employed; Table 2.1 compares C-H and N-H bond enthalpies in amines to results 
from QCC. In general, the agreement between experimental and theoretical bond enthalpies is 

                                                           
# Relevant experimental enthalpies of formation are found in ANNEX 1, page 49. 
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very good. There are, however, significant discrepancies (25 – 35 kJ mol-1) between 
experimental and theoretical values for the C-H bond enthalpies in dimethylamine and 
trimethylamine. There is only a single experimental study of enthalpy of formation of the 
CH3NHCH2 and (CH3)2NCH2 radicals, and all QCC studies carried out indicate that the 
experimental values for these species are subject to large, systematic errors. 

 

Table 2.1. Experimental bond enthalpies and results from quantum chemistry calculations. 
Amine  ΔbondH /kJ mol-1 
  Experimental CBS-QB3 G3 G4 CCSD(T) a 
HCl  431.6 30 436 431 430 421 
HBr  372.4 30 385 366 364 365 
CH3NH2  416.7 31 ; 418 ± 10 32 419 417 414 411 
CH3NH2  390.6 31 ; 390 ± 8 32 391 389 388 386 
       
(CH3)2NH  383 ± 8 32 395 394 390 385 
(CH3)2NH  364 ± 8 32 389 387 385 384 
       
(CH3)3N  351 ± 8 32 389 388 384 385 
       
CH3CH2NH2  414.2 31 428    
CH3CH2NH2  376.8 31 386    
CH3CH2NH2  413.0 31 419    
       
(CH3)3CNH2  406.6 31 424    
a Results from CCSD(T)/aug-cc-pVTZ//CCSD/aug-cc-pVDZ calculations. 

 

Experimental and theoretical reaction enthalpies at 298.15 K for the methyl- dimethyl- and 
trimethylamine reactions with Cl and Br atoms are compared in Table 2.2. It can be seen that 
all amine + Cl atoms reactions are exothermic at 298.15 K, while all amine + Br atom 
reactions are all endothermic. It is noted that the enthalpies of reaction obtained in 
CCSD(T)/aug-cc-pVTZ//CCSD/aug-cc-pVDZ calculations, which are used in the study of the 
amine + Cl/Br potential energy reaction surfaces (see later), appear systematically smaller 
than the more accurate G3 and G4 values. This is essentially caused by a too small basis set 
used in the CC-calculations; it is not feasible with the present technology to carry out CC-
calculations on the amine+Br reactions with larger basis sets (a single point CCSD(T)/aug-cc-
pVTZ calculation on a stationary point on the trimethylamine+Br reaction hyper surface 
requires around 1 month CPU-time).# 

Table 2.3 summarizes the QCC results for Gibbs energies of the amine + Cl/Br reactions; the 
amine + Cl reactions are all exergonic while the amine + Br reactions are all endergonic.  

The previously mentioned discrepancies between experimental and theoretical C-H bond 
enthalpies in dimethylamine and trimethylamine are also seen as discrepancies between 
experimental and theoretical reaction enthalpies involving the CH3NHCH2 and (CH3)2NCH2 
radicals. 

                                                           
# DFT and MP2 methods fail in locating the transition states of the amine + Br reactions. The  CBS-
QB3, G3 and G4 model chemistries therefore cannot be used to calculate the energies of the transition 
states in the amine + Br reactions. 
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Table 2.2. Experimental enthalpies of reaction at 298.15 K and results from quantum 
chemistry calculations. 
  
Reaction Exp. CBS-QB3 G3 G4 CCSD(T) a 
CH3NH2 + Cl → CH2NH2 + HCl -41.2 -45.4 -41.5 -41.9 -34.8 
CH3NH2 + Cl → CH3NH + HCl -13.2 -17.5 -14.1 -15.3 -9.9 
(CH3)2NH + Cl → CH3NHCH2 + HCl -69.5 -47.6 -43.4 -44.9 -36.1 
(CH3)2NH + Cl → (CH3)2N + HCl -49.8 -41.5 -36.7 -39.4 -35.1 
(CH3)3NH + Cl → (CH3)2NCH2 + HCl -80.3 -47.7 -42.9 -45.8 -45.8 
      
CH3NH2 + Br → CH2NH2 + HBr 24.1 - b 23.1 23.8 21.3 
CH3NH2 + Br → CH3NH + HBr 52.1 - b 50.5 50.4 46.2 
(CH3)2NH + Br → CH3NHCH2 + HBr -4.2 - b 21.2 20.8 19.7 
(CH3)2NH + Br → (CH3)2N + HBr 15.5 - b 28.0 26.3 20.7 
(CH3)3NH + Br → (CH3)2NCH2 + HBr -15.0 - b 21.8 20.0 20.4 

ΔH298
θ / kJ ⋅mol −1

a Results from CCSD(T)/aug-cc-pVTZ//CCSD/aug-cc-pVDZ calculations including spin-orbit 
corrections. b Br atoms not included in the CBS-QB3 model chemistry. 

 

 

Table 2.3. Gibbs free energies of reaction at 298.15 K from quantum chemistry calculations. 
 

 
Reaction CBS-QB3 G3 G4 CCSD(T) a 
CH3NH2 + Cl → CH2NH2 + HCl -54.3 -50.4 -50.9 -43.8 
CH3NH2 + Cl → CH3NH + HCl -27.2 -23.7 -25.0 -19.5 
(CH3)2NH + Cl → CH3NHCH2 + HCl -57.5 -53.1 -54.9 -45.6 
(CH3)2NH + Cl → (CH3)2N + HCl -55.4 -49.1 -52.9 -41.6 
(CH3)3NH + Cl → (CH3)2NCH2 + HCl -61.1 -53.3 -59.2 -58.9 
     
CH3NH2 + Br → CH2NH2 + HBr - b 13.7 14.4 11.9 
CH3NH2 + Br → CH3NH + HBr - b 40.4 40.3 36.2 
(CH3)2NH + Br → CH3NHCH2 + HBr - b 11.0 10.4 9.7 
(CH3)2NH + Br → (CH3)2N + HBr - b 15.0 12.3 13.8 
(CH3)3NH + Br → (CH3)2NCH2 + HBr - b 10.8 6.1 6.8 

ΔG298
θ / kJ ⋅mol −1

a Results from CCSD(T)/aug-cc-pVTZ//CCSD/aug-cc-pVDZ calculations including spin-orbit 
corrections. b Br atoms not included in the CBS-QB3 model chemistry. 
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2.3 Potential energy surfaces of amine + Cl reactions 

Rudic et al.33 presented theoretical calculations (G2-level chemistry model34) on the methyl-
amine + Cl reaction revealing transition states lower in energy than the reactants. Figure 2.2 
shows a schematic diagram of the stationary points on the potential energy hyper-surface of 
the CH3NH2+Cl reaction; the relative energies from CCSD(T)/aug-cc-pVTZ// CCSD/aug-cc-
pVDZ  calculations have been corrected for spin-orbit coupling in the Cl atom. The transition 
states to hydrogen abstractions from both the methyl- and amino-groups have lower energies 
than the reactants. The transition states to hydrogen abstraction from the methyl group and the 
amino group connect to the same pre-reaction adduct (PreRA) on the minimum energy paths 
(MEPs). On the product side, HCl forms post-reaction adducts (PostRA) before separation 
into products.  

 
Figure 2.2. Energies of stationary points on the potential energy hyper surface and minimum 
energy paths of the CH3NH2+Cl reaction. Results from CCSD(T)/aug-cc-pVTZ//CCSD/aug-
cc-pVDZ calculations. 
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Figure 2.3 shows a schematic diagram of the stationary points on the potential energy hyper-
surface of the (CH3)2NH+Cl reaction. The transition states to hydrogen abstractions from the 
methyl- and amino-groups have lower energies than the reactants and the MEPs to hydrogen 
abstraction occur via the same pre-reaction adduct (PreRA). 
 

 
Figure 2.3. Energies of stationary points on the potential energy hyper surface and minimum 
energy paths of the (CH3)2NH+Cl reaction. Results from CCSD(T)/aug-cc-pVTZ//CCSD/aug-
cc-pVDZ calculations. 
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It is noteworthy that the transition state to H-abstraction from the amino group in 
dimethylamine is much lower in energy than the TS to H-abstraction from the methyl group. 
On the product side, HCl forms post-reaction adducts (PostRA1 and PostRA2) before 
separation into reactants. 

 

A schematic diagram of the stationary points on the potential energy hyper-surface of the 
(CH3)2NH+Cl reaction is shown in Figure 2.4. The transition state to hydrogen abstractions 
from the methyl-group has a barely lower energy than the reactants. Again, the minimum 
energy path to hydrogen abstraction occur via a pre-reaction adduct (PreRA). On the product 
side, HCl forms a weakly bound post-reaction adduct (PostRA) before separation into 
reactants.  
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Figure 2.4. Energies of stationary points on the potential energy hyper surface and minimum 
energy paths of the (CH3)3N+Cl reaction. Results from CCSD(T)/aug-cc-pVTZ//CCSD/aug-
cc-pVDZ calculations. 
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2.4 Summary of QCC study of amine + Cl reactions 

The potential energy hypersurfaces of the three amine + Cl reactions all have pre-reaction 
adducts with energies around 60 kJ mol-1 below that of the reactants on the MEPs to the 
transition states. For comparison, the typical “strong” hydrogen bond between water and 
trimethylamine is only around 25 kJ mol-1.35 The structures of the pre-reaction adducts, shown 
in Figure 2.6, all have N-Cl distances of around 2.37 Å. 

 

 
Figure 2.5. Structures of the pre-reaction complexes in the methyl-, dimethyl- and 
trimethylamine reactions with  Cl atoms. 
 
Rudic et al.33 studied the dynamics of the Cl atom reaction with CH3NH2, CD3NH2, CH3ND2 
and CD3ND2 and reported branching ratios for C-H:N-H and C-D:N-D abstraction to be 
0.48:0.52 and 0.58:0.42, respectively. There are no data available for the branching in the 
initial step of Cl atom reaction with secondary amines. The present theoretical study suggests 
that hydrogen abstraction from the amino group should be the dominat route, and that Cl atom 
reaction with dimethylamine therefore could lead to more nitrosamine and nitramine 
formation than the corresponding OH reaction. 
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2.5 Potential energy surfaces of amine + Br reactions 

Figure 2.6 shows a schematic diagram of the stationary points on the potential energy hyper-
surface of the CH3NH2+Br reaction; the relative energies from CCSD(T)/aug-cc-pVTZ// 
CCSD/aug-cc-pVDZ  calculations have been corrected for spin-orbit coupling in the Br atom. 
The transition state to hydrogen abstraction from the methyl group is around 9 kJ mol-1 lower 
in energy than the reactants, whereas the TS to H-abstraction from the amino group is around 
18 kJ mol-1 higher in energy than the reactants. Both transition states connect to the same pre-
reaction adduct (PreRA) on the minimum energy paths (MEPs). On the product side, HBr 
forms weakly bound post-reaction adducts (PostRA) before separation into products. It should 
be noted that the potential surface is rather flat in the regions around the transition states. 
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Figure 2.6. Energies of stationary points on the potential energy hyper surface and minimum 
energy paths of the CH3NH2+Br reaction. Results from CCSD(T)/aug-cc-pVTZ//CCSD/aug-
cc-pVDZ calculations. 
 
Figure 2.7 shows a schematic diagram of the stationary points on the potential energy hyper-
surface of the (CH3)2NH+Br reaction. The transition states to hydrogen abstractions from the 
methyl- and amino-groups both have lower energies than the reactants and the MEPs to 
hydrogen abstraction occur via the same pre-reaction adduct (PreRA). Again, it should be 
noted that the potential surface is rather flat in the region around the TSC transition state. 
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Figure 2.7. Energies of stationary points on the potential energy hyper surface and minimum 
energy paths of the (CH3)2NH+Br reaction. Results from CCSD(T)/aug-cc-
pVTZ//CCSD/aug-cc-pVDZ calculations. 
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Figure 2.8 shows a schematic diagram of the stationary points on the potential energy hyper-
surface of the (CH3)3N+Br reaction. The transition state to hydrogen abstractions from the 
methyl groups could not be located on the flat potential energy surface in CCD and CCSD 
calculations. It is known that energy must be around that of the post reaction adduct, PostRA, 
but the TSC-structure could, as mentioned, not be accurately located. Although not proven by 
IRC calculations, the MEPs to hydrogen abstraction is believed to occur via a pre-reaction 
adduct (PreRA). 
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Figure 2.8. (CH3)3N+Br: structures of stationary points on the potential energy hyper surface. 
The transition state to H-abstraction could not be located. However, the energy of TSC must 
be in the range indicated. 
 

Figure 2.9 shows a predicted energy diagram of the stationary points on the potential energy 
hyper-surface of the NH2CH2CH2OH+Br as reaction resulting from G4 calculations. 
Approximate ranges to the energies of the pre-reaction adduct, the transition states and post 
reaction adducts are indicated. Note that hydrogen abstraction from the amino group in MEA 
by Br atoms is highly endothermic. 
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Figure 2.9. Energies of stationary points on the potential energy hyper surface and minimum 
energy paths of the NH2CH2CH2OH+Br reaction. Results from G4 calculations. 
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2.6 Summary of QCC study of amine + Br reactions 

The potential energy hypersurfaces of the methyl-, dimethyl- and trimethylamine + Br 
reactions all have strongly bonded pre-reaction adducts with energies 40 - 60 kJ mol-1 below 
that of the reactants on the MEPs to the transition states. The structures of the pre-reaction 
adducts, shown in Figure 2.10, have N-Br distances of around 2.50 Å (2.53 Å in 
CH3NH2*Br). 

 
Figure 2.10. Structures of the pre-reaction complexes in the methyl-, dimethyl- and 
trimethylamine reactions with  Br atoms. 
 

2.7 Conclusions from QCC studies of amine + halogen 

The present QCC study shows that the potential energy hypersurfaces of amine reactions with 
Cl and Br atoms have one feature in common: they all involve a pre-reaction complex in 
which the halogen is strongly bonded to the lone-pair of the amino group. From then on the 
potential energy reaction hyper-surfaces of Cl and Br reactions with amines differ.  

It has already been mentioned that all routes in the amine+Cl reactions are exotherminc and 
exogenic, while the amine+Br reactions all are endothermic and endergenic. Further, all 
routes in the methyl-, dimethyl- and trimethylamine + Cl reactions occur without potential 
energy barriers above the entrance energies. The transition states to hydrogen abstraction from 
the methyl groups are lower by a few kJ mol-1 in the Br reactions than in the corresponding Cl 
reactions, while the transition states to hydrogen abstraction from the amino groups are almost 
40 kJ mol-1 higher in the Br reactions than in the corresponding Cl reactions. This makes it 
futile to use results from amine+Cl kinetics modelling as anchor points for and amine+Br 
kinetics modelling. 
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3 KINETICS OF BR ATOM REACTIONS WITH AMINES 

The potential energy hyper surfaces of the methyl-, dimethyl- and trimethylamine reactions 
with Br atoms are such that it is not valid to use any form of Transition State Theory to 
calculate the reaction rate coefficients. The reactions are all endergonic and the rate 
coefficients can then be determined from the reverse reaction rate coefficient making use of 
the relation between the thermodynamic equilibrium constant and the forward and reverse 
reaction rate coefficients: 

 CH3NH2 + Br  CH3NH + HBr (1a) 

   CH2NH2 + HBr (1b) 

 
(CH3)2NH + Br 

 
(CH3)2N + HBr (2a) 

 
 

 
CH3NHCH2 + HBr (2b) 

 
(CH3)3N + Br 

 
(CH3)2NCH2 + HBr (3) 

K1a =
k1a

k−1a

k1a

⎯ →⎯
k−1a

← ⎯⎯

K1b =
k1a

k−1a

k1b

⎯ →⎯
k−1b

← ⎯⎯

K2a =
k2a

k−2a

k2 a

⎯ →⎯
k−2 a

← ⎯⎯

K2b =
k2b

k−2b

k2 b

⎯ →⎯
k−2 b

← ⎯⎯

K3 =
k3

k−3

k3

⎯ →⎯
k−3

← ⎯⎯

The reverse reactions (k-1a, k-2a and k-3) are all without potential energy barriers (see Figure 
2.7, 2.9 and 2.11). Attempts to obtain reliable rate coefficients for the reverse reactions by 
solving the Master Equation for a multi energy-well system failed. It was therefore decided to 
settle for upper limits to the rate coefficients for the reverse reactions. In turn, these will then 
give upper limits to the forward reaction rate coefficients.  

Simple collision theory gives upper limits to the reverse reactions: 

 (II)
 

k(T) = Z ⋅exp −Ea

RT
⎛
⎝
⎜

⎞
⎠
⎟ ; Z = NA ⋅σ AB ⋅

8kBT
πμAB

where Z is the collision frequency, Ea is the activation energy of the reaction (here: Ea = 0), T 
is the temperature, R is gas constant, NA is the Avogadro constant, �AB = π·(rHBr+rRadical)

2 is the 
reaction cross section, kB is the Boltzmann constant, and �AB = (MA+MB)/MAMB is the 
reduced mass of the reactants. An upper limit to k1 is then given by: 

 (III)
 

k1(T) k1a(T)+ k1b(T) K1a(T) k−1a(T) K1b(T)

The equilibrium constants are related to Gibbs energy of reaction at STP: 

 (IV)
 

 
 
Table 3.1 summarizes the molecular parameters employed in calculating the rate coefficients 
for the reverse reactions, and the calculated individual reverse and forward rate coefficients. 
For comparison, Table 3.2 shows the similarly derived results for the reaction of Br atoms 
with 2-aminoethanol (MEA). Finally, Table 3.3 compares the theoretical rate coefficients for 
Br atom reaction with methyl-, dimethyl- and trimethylamine, and 2-aminoethanol (MEA) 
with the rate coefficients for the corresponding OH radical and Cl atom reactions.  For 

= = ⋅ + ⋅k−1b(T)

ΔGT
θ = −R⋅T ⋅ ln Kθ (T)( )

Report no. 2211030-CC08 v2  Page 16 of 40 

http://en.wikipedia.org/wiki/Collision_frequency
http://en.wikipedia.org/wiki/Activation_energy
http://en.wikipedia.org/wiki/Temperature
http://en.wikipedia.org/wiki/Gas_constant
http://en.wikipedia.org/wiki/Avogadro_constant
http://en.wikipedia.org/wiki/Cross_section_(physics)
http://en.wikipedia.org/wiki/Reduced_mass


Tel-Tek 
Classification: Internal 

 

methylamine the Br atom reaction is more than 2 orders of magnitude slower than the 
corresponding Cl atom reaction; for dimethylamine. 
 
 
Table 3.1. Molecular parameters employed in calculating reaction rate coefficients from 
simple collision theory, and upper limits for rate coefficients at 298 K (cm3 molecule-1 s-1) for 
reaction of HBr with aminoalkyl- and alkylamino radicals. 

Parameter  HBr CH3NH CH2NH2 (CH3)2N CH3NHCH2 (CH3)2NCH2 

rx 
a /10-10 m 2.85 3.92 3.97 5.17 5.20 5.20 

m /10-25 kg 1.344 4.990 4.990 7.319 7.319 9.648 

k– (298 K)  7.72×10-10 7.84×10-10 9.50×10-10 9.57×10-10 8.79×10-10 

 /kJ mol-1  40.3 b 14.4 b 12.3 b 10.4 b 6.1 b 

�298  8.63×10-08 2.99×10-03 6.98×10-03 1.50×10-02 8.53×10-02 

k+(298 K)  6.66×10-17 2.34×10-12 6.63×10-12 1.44×10-11 7.49×10-11 

ΔG298
θ

a Structure results from CCSD/aug-cc-pVDZ calculations. b Based on Gibbs energies from G4 
calculations. 

 

 

Table 3.2. Upper limits for rate coefficients at 298 K (cm3 molecule-1 s-1) for reaction of HBr 
with NH2CH2CH2O, NH2CH2CHOH, NH2CHCH2OH and NHCH2CH2OH radicals, and upper 
limits for rate coefficients at 298 K (cm3 molecule-1 s-1) for reaction of HBr with aminoalkyl- 
and alkylamino radicals 

Parameter  HBr NH2CH2CH2O NH2CH2CHOH NH2CHCH2OH NHCH2CH2OH 

rx 
a /10-10 m 2.85 5.15 5.20 5.10 5.10 

m /10-25 kg 1.344 9.976 9.976 9.976 9.976 

k– (298 K)  7.72×10-10 7.84×10-10 9.50×10-10 9.57×10-10 

 /kJ mol-

1  
67.5 b 16.0 b 11.1 b 40.7 b 

�298  1.47×10-12 1.57×10-03 1.13×10-02 7.34×10-08 

k+(298 K)  1.25×10-21 1.33×10-12 9.86×10-12 6.31×10-17 

ΔG298
θ

a Structure results from CCSD/aug-cc-pVDZ calculations. b Based on Gibbs energies from G4 
calculations. 
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Table 3.3. Experimental rate coefficients (/cm3 molecule-1 s-1) at 295-300 K for the reactions 
of amines with OH radicals and Cl atoms, and theoretically derived upper limit rate 
coefficients for amine reactions with Br atoms at 298 K. 

Compound kOH  /10-11 Ref.     kCl  /10-10 Ref. kBr  /10-11 

CH3NH2 
2.20 ± 0.22 

1.73 ± 0.11 

36 

37 
 3.5 ± 0.6 38 <0.23 

(CH3)2NH 
6.54 ± 0.66 
6.49 ± 0.64 

39 
37 

 3.9 –0.5
+0.7 38 <2.1 

(CH3)3N 

6.09 ± 0.61 
3.58 ± 0.22 
5.1 ± 0.5 
3.24 ± 0.14 

39 
37 
40 
41 

 4.2 ± 0.5 38 <7.5 

NH2CH2CH2OH 
9.2 ± 1.1 
7.61 ± 0.76 

40 
41 

   <1.1 
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4 OH, CL AND BR CONCENTRATIONS IN THE MONGSTAD AREA 

The Tel-Tek report no. 2211030-DC02, Atmospheric Chemistry – Dark Chemistry. Nighttime 
Chemistry in the Mongstad Area: Literature Study and Model Simulations, included a 
regional scale simulation of NO, NO2, NO3, O3, OH and several other species for the year 
2006.42 Figure 4.1 shows the simulated OH concentration in the Mongstad area during 2006; 
the average OH concentration is 9.6×105 cm-3. 

 

 
Figure 4.1. Model simulation of the OH concentration in the Mongstad area 2006. Data from 
Ref. 42. 

 

Figure 4.2 shows the results from a marine-urban scenario simulation of the Cl concentration 
in the Mongstad area at Winter Solstice, Spring Equinox and Summer Solstice.1 According to 
the marine-urban scenario model results, the average Cl concentration through the year should 
be around 2×103 cm-3 in the Mongstad area.  

The modelled time-profile for Br atom concentration in a mixed marine-urban scenario 
(Figure 3 in the Tel-Tek report no. 2211030-CC02, Halogen Chemistry in the Mongstad 
Region: Literature Study and Model Simulations1) is reproduced in Figure 4.3 (no data for the 
Spring Equinox were given). It was stated that the expected Br atom concentration could be 1-
2 orders of magnitude larger than those in the figure. 

The Br atom time profiles for the Winter and Summer Solstice resemble those of the Cl atom, 
and, assuming that the seasonal variation of the Br atoms concentration follow that of the Cl 
atom, the Spring Equinox Br atom concentration was obtained by scaling the model results 
fro the Cl atoms concentration. It is believed that any error arising from this approximation 
will be small compared to the general model uncertainty. The upscaled Br atom concentration 
time-profiles for Winter Solstice, Spring Equinox and Summer Solstice are presented in 
Figure 4.4. Taking the yearly average Br gas phase concentration to be the same as that of the 
Spring Equinox results in an annual average Br atom concentration of 3.6×105 cm-3 in the 
Mongstad area. 
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Figure 4.2. Simulated concentration (cm-3) of gas phase Cl atoms in the Mongstad area 2006. 
Results from mixed marine-urban scenario. Data from Ref. 1. 

 

 
Figure 4.3. Simulated concentration (cm-3) of gas phase Br atoms in the Mongstad area 2006. 
Results from mixed marine-urban scenario. Data from Ref. 1. 
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Figure 4.4. Simulated concentration (cm-3) of gas phase Br atoms in the Mongstad area 2006. 
Results from scaling of mixed marine-urban scenario by 100. Data based on results presented 
in Ref. 1. 
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5 BOX MODEL CALCULATIONS OF AMINE + OH, CL AND BR 
REACTIONS 

The objective is to evaluate the relative importance of gas phase removal by Cl, Br and OH 
radicals in the Mongstad area. Experimental rate coefficients for Cl atom and OH radical 
reaction with methyl-, dimethyl- and trimethylamine have been reported, while only upper 
limits to the Br atom reactions with the same amines are available from the present theoretical 
study, Table 3.3. 

Although the seasonal variations may differ from year to year there is no reason to expect 
average values of OH, Cl and Br to be different in 2006 from other years. Consequently, the 
average lifetimes of an amine with respect to reaction with OH, Cl and Br in the Mongstad 
area may be estimated to be τOH = (kOH⋅<[OH]>year)

-1, τCl = (kCl⋅<[Cl]>year)
-1 and τBr = 

(kBr⋅<[Br]>year)
-1. Table 5.1 shows the estimated atmospheric gas phase lifetimes of methyl-, 

dimethyl, trimethylamine and MEA with respect to reaction with OH, Cl and Br.  

 

Table 5.1. Rate coefficients (cm3 molecule-1 s-1) and estimated atmospheric lifetimes of 
amines with respect to reaction with OH, Cl and Br in the Mongstad area. 
Amine kOH τOH 

a kCl τCl
 b kBr τBr

 c 

CH3NH2 2×10-11 14 h 3.5×10-10 16 d <0.23×10-11 > 14 d 

(CH3)2NH 6.5×10-11 4 ½ h 3.9×10-10 15 d <2.1×10-11 > 1½ d 

(CH3)3N 5×10-11 6 h 4.2×10-10 14 d <7.5×10-11 > 10 h 

NH2CH2CH2OH 7.6×10-11 3 h  No data <1.1×10-11 > 3 d 
a [OH]a = 9.6×105 cm-3; b [Cl]a = 2×103 cm-3; c [Br]a = 3.6×105 cm-3. 

 

It can be seen from Table 5.1 that the atmospheric amine loss due to reaction with Br atoms 
may actually be larger than that due to reaction with Cl atoms. With the exception of 
trimethylamine (and likely also other tertiary amines) the dominant atmospheric amine loss is 
due to reaction with OH radicals. Seasonal variations are illustrated in sections 5.1 through 
5.3 without comments. The results are based on the modelled time-profile for Br atom 
concentration in a mixed marine-urban scenario.1 Results for three Br atom concentration 
scenarios are presented: 

1. The simulated seasonal Br atom concentration; [Br]a = 3.6×103 cm-3. 

2. The simulated seasonal Br atom concentration increased by one order of magnitude; [Br]a 
= 3.6×104 cm-3. 

3. The simulated seasonal Br atom concentration increased by two orders of magnitude (see 
Figure 4.4); [Br]a = 3.6×105 cm-3. 
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5.1 Model results for the period around Winter Solstice 

 
Figure 5.1. Box model results for methylamine gas phase loss due to reaction with OH 
radicals, and Cl and Br atoms in the Mongstad area around Winter Solstice.  

 
Figure 5.2. Box model results for methylamine gas phase loss due to reaction with OH 
radicals, and Cl and Br atoms in the Mongstad area around Winter Solstice. Br concentration 
enhanced by a factor of 10. 

 
Figure 5.3. Box model results for methylamine gas phase loss due to reaction with OH 
radicals, and Cl and Br atoms in the Mongstad area around Winter Solstice. Br concentration 
enhanced by a factor of 100. 
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Figure 5.4. Box model results for dimethylamine gas phase loss due to reaction with OH 
radicals, and Cl and Br atoms in the Mongstad area around Winter Solstice.  

 
Figure 5.5. Box model results for dimethylamine gas phase loss due to reaction with OH 
radicals, and Cl and Br atoms in the Mongstad area around Winter Solstice. Br concentration 
enhanced by a factor of 10. 

 
Figure 5.6. Box model results for dimethylamine gas phase loss due to reaction with OH 
radicals, and Cl and Br atoms in the Mongstad area around Winter Solstice. Br concentration 
enhanced by a factor of 100. 
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Figure 5.7. Box model results for trimethylamine gas phase loss due to reaction with OH 
radicals, and Cl and Br atoms in the Mongstad area around Winter Solstice.  

 
Figure 5.8. Box model results for trimethylamine gas phase loss due to reaction with OH 
radicals, and Cl and Br atoms in the Mongstad area around Winter Solstice. Br concentration 
enhanced by a factor of 10. 

 
Figure 5.9. Box model results for trimethylamine gas phase loss due to reaction with OH 
radicals, and Cl and Br atoms in the Mongstad area around Winter Solstice. Br concentration 
enhanced by a factor of 100. 

Report no. 2211030-CC08 v2  Page 25 of 40 



Tel-Tek 
Classification: Internal 

 

 
Figure 5.10. Box model results for 2-aminoethanol (MEA) gas phase loss due to reaction with 
OH radicals, and Cl and Br atoms in the Mongstad area around Winter Solstice.  

 
Figure 5.11. Box model results for 2-aminoethanol (MEA) gas phase loss due to reaction with 
OH radicals, and Cl and Br atoms in the Mongstad area around Winter Solstice. Br 
concentration enhanced by a factor of 10. 

 
Figure 5.12. Box model results for 2-aminoethanol (MEA) gas phase loss due to reaction with 
OH radicals, and Cl and Br atoms in the Mongstad area around Winter Solstice. Br 
concentration enhanced by a factor of 100. 
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5.2 Model results for the period around Spring Equinox 

 
Figure 5.13. Box model results for methylamine gas phase loss due to reaction with OH 
radicals, and Cl and Br atoms in the Mongstad area around Spring Equinox.  

 
Figure 5.14. Box model results for methylamine gas phase loss due to reaction with OH 
radicals, and Cl and Br atoms in the Mongstad area around Spring Equinox. Br concentration 
enhanced by a factor of 10. 

 
Figure 5.15. Box model results for methylamine gas phase loss due to reaction with OH 
radicals, and Cl and Br atoms in the Mongstad area around Spring Equinox. Br concentration 
enhanced by a factor of 100. 
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Figure 5.16. Box model results for dimethylamine gas phase loss due to reaction with OH 
radicals, and Cl and Br atoms in the Mongstad area around Spring Equinox.  

 
Figure 5.17. Box model results for dimethylamine gas phase loss due to reaction with OH 
radicals, and Cl and Br atoms in the Mongstad area around Spring Equinox. Br concentration 
enhanced by a factor of 10. 

 
Figure 5.18. Box model results for dimethylamine gas phase loss due to reaction with OH 
radicals, and Cl and Br atoms in the Mongstad area around Spring Equinox. Br concentration 
enhanced by a factor of 100. 
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Figure 5.19. Box model results for trimethylamine gas phase loss due to reaction with OH 
radicals, and Cl and Br atoms in the Mongstad area around Spring Equinox.  

 
Figure 5.20. Box model results for trimethylamine gas phase loss due to reaction with OH 
radicals, and Cl and Br atoms in the Mongstad area around Spring Equinox. Br concentration 
enhanced by a factor of 10. 

 
Figure 5.21. Box model results for trimethylamine gas phase loss due to reaction with OH 
radicals, and Cl and Br atoms in the Mongstad area around Spring Equinox. Br concentration 
enhanced by a factor of 100. 
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Figure 5.22. Box model results for 2-aminoethanol (MEA) gas phase loss due to reaction with 
OH radicals, and Cl and Br atoms in the Mongstad area around Spring Equinox.  

 
Figure 5.23. Box model results for 2-aminoethanol (MEA) gas phase loss due to reaction with 
OH radicals, and Cl and Br atoms in the Mongstad area around Spring Equinox. Br 
concentration enhanced by a factor of 10. 

 
Figure 5.24. Box model results for 2-aminoethanol (MEA) gas phase loss due to reaction with 
OH radicals, and Cl and Br atoms in the Mongstad area around Spring Equinox. Br 
concentration enhanced by a factor of 100. 
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5.3 Model results for the period around Summer Solstice 

 
Figure 5.25. Box model results for methylamine gas phase loss due to reaction with OH 
radicals, and Cl and Br atoms in the Mongstad area around Summer Solstice.  

 
Figure 5.26. Box model results for methylamine gas phase loss due to reaction with OH 
radicals, and Cl and Br atoms in the Mongstad area around Summer Solstice. Br concentration 
enhanced by a factor of 10. 

 
Figure 5.27. Box model results for methylamine gas phase loss due to reaction with OH 
radicals, and Cl and Br atoms in the Mongstad area around Summer Solstice. Br concentration 
enhanced by a factor of 100. 
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Figure 5.28. Box model results for dimethylamine gas phase loss due to reaction with OH 
radicals, and Cl and Br atoms in the Mongstad area around Summer Solstice.  

 
Figure 5.29. Box model results for dimethylamine gas phase loss due to reaction with OH 
radicals, and Cl and Br atoms in the Mongstad area around Summer Solstice. Br concentration 
enhanced by a factor of 10. 

 
Figure 5.30. Box model results for dimethylamine gas phase loss due to reaction with OH 
radicals, and Cl and Br atoms in the Mongstad area around Summer Solstice. Br concentration 
enhanced by a factor of 100. 
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Figure 5.31. Box model results for trimethylamine gas phase loss due to reaction with OH 
radicals, and Cl and Br atoms in the Mongstad area around Summer Solstice.  

 
Figure 5.32. Box model results for trimethylamine gas phase loss due to reaction with OH 
radicals, and Cl and Br atoms in the Mongstad area around Summer Solstice. Br concentration 
enhanced by a factor of 10. 

 
Figure 5.33. Box model results for trimethylamine gas phase loss due to reaction with OH 
radicals, and Cl and Br atoms in the Mongstad area around Summer Solstice. Br concentration 
enhanced by a factor of 100. 
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Figure 5.34. Box model results for 2-aminoethanol (MEA) gas phase loss due to reaction with 
OH radicals, and Cl and Br atoms in the Mongstad area around Summer Solstice.  

 
Figure 5.35. Box model results for 2-aminoethanol (MEA) gas phase loss due to reaction with 
OH radicals, and Cl and Br atoms in the Mongstad area around Summer Solstice. Br 
concentration enhanced by a factor of 10. 

 
Figure 5.36. Box model results for 2-aminoethanol (MEA) gas phase loss due to reaction with 
OH radicals, and Cl and Br atoms in the Mongstad area around Summer Solstice. Br 
concentration enhanced by a factor of 100. 
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6 CONCLUSIONS AND RECOMMENDATIONS 

The Atmospheric Chemistry – Chlorine Chemistry project concluded: Br atom reactions with 
amines could be more important than the corresponding Cl atom reactions in the Mongstad 
area. Model calculations indicate that Br atom concentrations in the Mongstad area could be 
at least an order of magnitude larger than the Cl atom concentrations. Since the Br and Cl 
atom reactions are expected to proceed in a similar fashion, i.e. via an R3N*X adduct, the rate 
coefficients may be of the same magnitude.  

The present theoretical study has conclusively determined that the Cl and Br atom reactions 
with amines indeed both do proceed via adduct formation, but that the reactions otherwise 
differ such that it is not possible to extract any obvious correlation from the limited data 
available. 

The Br atom reactions with amines are endothermic and endergonic, and only upper limits to 
the rate coefficients for Br atom reaction with amines can be obtained from the theoretical 
calculations.  

Even with very conservative upper limits to the Br atom rate coefficients for reaction with 
methyl-, dimethyl-, trimethylamine and MEA, and an order of 2 higher Br atom concentration 
in the Mongstad area than suggested in the Tel-Tek report no. 2211030-CC02, Halogen 
Chemistry in the Mongstad Region: Literature Study and Model Simulations,1 the only amine 
that may react to any significant degree with Br atoms will be trimethylamine (and most like 
also other tertiary amines). 

As illustrated in sections 5.1 through 5.3 there are large diurnal variations in the atmospheric 
amine removal by Br atoms. Since the Br atom concentration essentially is correlated to the 
daytime OH radical concentration, an extra loss can be accounted for by a small increase of 
the OH rate coefficient in dispersion models. 

Considering that upper estimates for the Br rate coefficients for reactions with amines, and 
that upper estimates for the Br atom concentration in the Mongstad region have been used in 
the modelling it is concluded that Br atom reactions will not constitute an important 
atmospheric loss process in the Mongstad area. 

 

Recommendation:   No need for further studies on amine + Br reactions. No need to 
include amine+Br reactions in dispersion modelling. 
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ANNEX 1. EXPERIMENTAL ENTHALPIES OF FORMATION 

The experimental enthalpies of formation for methyl- dimethyl-, trimethylamine, and the 
various radicals of these at 298.15 K are summarised in  

Table A.1. The enthalpies of formation of Cl, Br, HCl and HBr are summarised in Table A.2. 

 

Table A.1. Enthalpies of formation of amines, alkyl amine radicals, and amino radicals. 

Species  Reference 

CH3NH2 -23.0 44 
CH2NH2 149.4 32 (Review) 
CH3NH 177.4 32 (Review) 
(CH3)2NH -18.6 45 
CH3NHCH2 125.5 46 
(CH3)2N 145.2 32 (Review) 
(CH3)3NH -23.7 47 
(CH3)2NCH2 109.6 46 
 

 

Table A.2. Enthalpies of formation of amines, alkyl amine radicals, and amino radicals. 

Species  Ground state term and Spin-Orbit splitting /cm-1 Reference 

H 218.00 ± 0.01 2S1/2 30 (Review) 

Cl 121.302 ± 0.008  30 (Review) 

HCl -92.31 ± 0.21  30 (Review) 

Br 117.920 ± 0.006  30 (Review) 

HBr -36.44 ± 0.17  30 (Review) 

Δ f H298
θ / kJ ⋅mol −1

Δ f H298
θ / kJ ⋅mol −1

2P3/2 0 g= 4; 2P1/2 882.36 g= 2

2P 0 g= 4; 2P 3685.24 g= 23/2 1/2
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