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ABSTRACT

Reactions of the methylidyne (CH) radical with ammonia (NH3), methylamine (CH3NH2), 

dimethylamine ((CH3)2NH), and trimethylamine ((CH3)3N), have been investigated under 

multiple collision conditions at 373 K and 4 Torr. The reaction products are detected using soft 

photoionization coupled to orthogonal acceleration time-of-flight mass spectrometry at the 

Advanced Light Source (ALS) synchrotron. Kinetic traces are employed to discriminate 

between CH reaction products and products from secondary or slower reactions. Branching 

ratios for isomers produced at a given mass and formed by a single reaction are obtained by 

fitting the observed photoionization spectra to linear combinations of pure compound spectra. 

The reaction of the CH radical with ammonia is found to form mainly imine, HN=CH2, in line 

with an addition–elimination mechanism. The singly methyl substituted imine is detected for 

the CH reactions with methylamine, dimethylamine, and trimethylamine. Dimethylimine 

isomers are formed by the reaction of CH with dimethylamine, while trimethylimine is formed 

by the CH reaction with trimethylamine. Overall, the temporal profiles of the products are not 

consistent with the formation of amino carbene products in the reaction flow tube. In the case 

of the reactions with methylamine and dimethylamine, product formation is assigned to an 

addition-elimination mechanism similar to that proposed for the CH reaction with ammonia. 

However, this mechanism cannot explain the products detected by the reaction with 

trimethylamine. A C–H insertion pathway may become more probable as the number of methyl 

group increases.
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1. INTRODUCTION

Ammonia and its amine derivatives are emitted as gases in the atmosphere from a variety of 

sources such as biomass burning, vegetation, combustion, as well as industry.1,2 These 

nitrogen-containing molecules are of special interest in combustion environments where they 

impact the oxidation and ignition of hydrocarbon fuels.3,4 In addition, their chemistry in 

reactive carbon-rich environments may play a significant role in the formation of NOx.5-10 An 

improved utilization of biomass-derived nitrogen-containing compounds as fuels and a better 

understanding of the role of amines in combustion both require a systematic study of the 

chemistry of ammonia and substituted amines with combustion relevant radicals. 

A large number of experiments have been performed to investigate the reaction of 

ammonia with radicals such as OH, CN, C2H, and CH.11-15 Although its reaction with the OH 

radical is found to be slow (<510-13 cm3 s-1 from 230 K to 450 K),11 ammonia reacts at a 

significant fraction of the collision rate with the CN,12 C2H,13 and CH radicals.14 In the case of 

the reactions with OH and CN, the products are predicted to mostly be NH2 + H2O and NH2 + 

HCN.13,16,17 The reaction with OH proceeds directly through a HO–HNH2 abstraction saddle 

point,16 while the reaction with CN initially forms a NC–NH3 adduct that may rearrange and 

dissociate to form the final products.13,17 The most exhaustive experimental and theoretical 

studies have been performed for the CH + NH3 reaction.15 The mechanism has been assigned 

as addition–elimination, as further described in this introduction. Kinetic investigations with 

methyl-substituted amines are scarcer and data are available only for reactions with OH and 

CH radicals.14,18-22 Reactions with the OH radical proceed with a rate coefficient on the order 

of 110-11 cm3 s-1 and are predicted to occur through interaction of the OH radical with an H-

atom of both the amine and methyl groups to give the abstraction products.18 Reactions of the 

CH radical with methyl substituted amines are fast (>110-10 cm3 s-1)14 although no mechanistic 

information is available. 
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The methylidyne (CH) radical is an important reactive intermediate detected in 

hydrocarbon flames (e.g., methane, acetylene, ethene, ethane, propene, propane).13,16,23,24 Its 

barrier-less addition toward a large number of organic and inorganic functional groups is due 

to the carbon atom having both one singly occupied and one empty non-bonding molecular 

orbital. Its formation in flames, along with other fuel-derived C1-radicals (e.g., CH3, CH2 and 

C), occurs primarily from oxidation of small hydrocarbon compounds (e.g., methane, 

acetylene).17,25 Once formed, the CH radical is likely to play a role in the formation of soot 

precursors through generation of small cyclic hydrocarbons.23-28 A major interest of the CH 

radical in combustion is its ability to react with molecular nitrogen to form NCN, which is the 

dominant source of prompt NO formation in turbulent diffusion flames.17,25-38 Its reaction with 

ammonia is also included in a recent combustion model.25 As fuel complexity is increased, 

there is a need for additional data about the reaction of the CH radical with nitrogen containing 

hydrocarbons. 

Zabarnick et al.14 performed the first kinetic measurements of CH radical reactions with 

ammonia and methyl substituted amines. They employed pulsed laser photolysis (PLP) and 

laser-induced fluorescence (LIF) to measure rate constants for CH with NH3, CH3NH2, 

(CH3)2NH and (CH3)3N at temperatures ranging from room temperature up to 677 K. Based on 

the observed large rate coefficients they suggested an insertion–elimination mechanism of CH 

into one of the N-H bonds followed by rapid dissociation of the energized complex. Bocherel 

et al.39 measured the CH + NH3 reaction also using a PLP–LIF technique in a supersonic flow 

reactor between 23 and 295 K. The reaction rate coefficient is 1.3710-10 cm3 s-1 at 295 K and 

displays no significant temperature (2.2110-10 cm3 s-1 at 23 K) or pressure dependences in 

agreement with the study of Zabarnick et al.14 More recently Blitz et al.15 investigated the 

products of the CH + NH3 reaction by measuring the H-atom branching ratio using LIF. The 

close to unity H-atom branching ratio combined with high-level (MCSCF/CASSCF) 
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calculations15 support an insertion–elimination mechanism similar to that proposed for the 

reactions of CH with saturated hydrocarbons.40 In the case of ammonia the insertion is found 

to proceed first through the formation of a dative bond15 between the carbon and the nitrogen 

atoms.15

The aim of the present study is to obtain a general mechanism for the reaction of CH 

with amines. For this purpose we present a systematic investigation of the products formed by 

reactions of ground state methylidyne CH(X2) radicals with NH3 and three methyl 

derivatives: methylamine (MA) CH3NH2, dimethylamine (DA) (CH3)2NH, and trimethylamine 

(TA) (CH3)3N. To probe the reaction products, experiments are performed in a flow reactor 

under thermal conditions (373 K and 4 Torr) at the Advanced Light Source (ALS) synchrotron 

of Lawrence Berkeley National Laboratory (LBNL). Products sampled from the flow are 

detected using tunable vacuum ultraviolet (VUV) photoionization and time-of-flight mass 

spectrometry. Kinetic traces and photoionization spectra supported by thermodynamic and 

Franck−Condon factor calculations of the species have been used to infer the primary products 

of the reactions.

2. EXPERIMETAL PROCEDURE 

The experiments are performed in a slow flow reactor coupled to a tunable VUV 

photoionization orthogonal acceleration time-of-flight mass spectrometer. A detailed 

description of the apparatus has been given in the literature41-43 and only a brief description is 

given here. The reactions take place in a flow tube at 373 K and at a pressure of 4 Torr (total 

density 1017 cm-3). The 100 sccm gas flow consists of a large excess of He with 10% nitrogen 

and small amounts of CH-radical precursor (bromoform) and reagent gases (ammonia, MA, 

DMA, or TMA) with typical densities of 1013 cm-3 and 1014 cm-3 respectively. The 

bromoform (CHBr3) is placed in a glass vessel and its vapor carried into the main carrier gas 

flow by bubbling a controlled flow of He through the liquid. The purities of gases are: 
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bromoform (99%), CDBr3 (99%, 99.5 atom % D), NH3 (99.9%), CH3NH2 (99%), 

(CH3)2NH (99%), (CH3)3N (99%). 

CH radicals are generated by excimer laser photolysis at 248 nm with a 4 Hz repetition 

rate. The laser power output is typically 266 mJ per pulse for a 20 ns pulse duration, with a 

photolysis fluence inside the flow tube of ∼20−50 mJ cm−2. Photodissociation occurs via 

successive absorption of photons eliminating multiple halogen atoms leading to CH number 

density of about 2.51010 cm-3 in the reaction flow.44,45 

The gas mixture is sampled through a pinhole halfway down the flow tube into a high-

vacuum chamber. A skimmer generates a molecular beam into the ionization chamber where 

species are ionized by the quasi-continuous tunable VUV synchrotron radiation of the ALS. 

The formed ions are detected through time-of-flight mass spectrometry by recording their 

arrival time with respect to the extraction pulse and laser pulse. The setup leads to complete 

time- and energy-resolved mass spectra by averaging 200-500 laser pulses for each ionizing 

photon energy. The photoionization spectra are obtained from three independent data sets, 

averaged and integrated, over the mass-to-charge ratio and time window of interest. In the 

following sections a time window up to 80 ms was interrogated after the laser pulse. Mass 

spectra, kinetic time traces, and photoionization spectra are corrected for pre-photolysis signals 

by subtracting the average ion counts in a 20 ms time window before the laser pulse. Having 

subtracted this time-independent signal, the data in the figures represents the change of signals 

as a result of the reactive species created by the laser pulse. Positive signals represent species 

created because of the laser pulse, whereas negative signals correspond to species that are 

depleted following irradiation. Finally, all signals are normalized to variations in VUV photon 

flux that is monitored using a calibrated photodiode. 
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3. COMPUTATIONAL METHODS

Electronic structure calculations of neutral species and their cations leading to their optimized 

geometries have been performed using the Gaussian09 package with the B3LYP/CBSB7 

method. Details about the calculations have been discussed elsewhere.41,42,46,47 Heats of 

reaction, and adiabatic and vertical ionization energies, are calculated using the CBS-QB3 

composite method.48,49 Simulated Franck−Condon factors of isomer species are calculated at 

room temperature with the G09 package within the Franck−Condon approximation.44,50 

Although the experiments are performed at 373 K, the higher temperature does not result in 

significantly different vibrational populations. The calculated Franck−Condon factors are 

convolved with a Gaussian response function (FWHM of 0.025 eV) and integrated in order to 

simulate the photoionization spectra of the species assuming that direct ionization dominates 

the ionization process. 

Saddle points for H- and CH3-transfer on the CH + CH3NH2 potential energy surface 

(PES) are calculated using the CBS-QB3 composite method.48,49 The saddle points are verified 

with intrinsic reaction coordinate (IRC) calculations at the B3LYP/6-31G(d) level of theory.  

4. RESULTS

Under the present experimental conditions (4 Torr, 373 K, high dilution with inert gases), 

collisional quenching with the He (90%) and N2 (10%) buffer gases will rapidly thermalize all 

the photolysis and reaction products to the temperature of the flow. Stabilization will not 

compete with dissociation of the reaction intermediates as long as the unimolecular dissociation 

occurs with a rate higher than the collision rate (<20 106 s-1). All the initial reaction adducts 

formed by addition of the CH radicals with unsaturated hydrocarbons are expected to have 

lifetimes shorter or on the order of their rotational period.40 Assuming equally fast adduct 

isomerization and dissociation for reactions with amines under the above experimental 

conditions, stabilization of these intermediates through collisional quenching is not expected 
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to be a significant process. For these reasons, performing the experiments under thermal 

conditions provides information about the unimolecular isomerization and dissociation scheme 

of the reaction intermediates. 

The kinetic traces and photoionization spectra are recorded by irradiating a mixture of 

CHBr3 and the chosen amine in a He/N2 mixture at 248 nm. Along with CH(2 v=0), 

bromoform photodissociation produces CH(A2), CH(2 v=1), Br, HBr, CBr, CHBr, Br2 

and CHBr2. The CH(A2) population decays radiatively within few microseconds after the 

laser pulse.51 The vibrationally excited CH(2 v=1) radicals are efficiently quenched by 

adding nitrogen to the main flow.28,52 The three body reaction of the CH (2, v=0) radical 

with molecular nitrogen is slow53 at the pressure of the flow and is unlikely to affect the 

observed product distributions. Reactions of CBr with small unsaturated hydrocarbons are 

several orders of magnitude slower at the present temperature46,47,50,54-56 than those for reactions 

of the CH radical.54,55,57,58 Similarly slow kinetics between CBr and amines would allow 

discriminating between CBr and CH reaction products. At 248 nm the singlet CHBr carbene is 

expected to be formed in very low concentrations compared to the CH radical.59 Its reaction 

with ammonia or the methyl-substituted amine reactants may form products through HBr-loss 

at the same m/z as the CH reaction products. There are no kinetic data available for the 

reactions of halocarbenes with amines. In the case of reactions with DMA and TMA, signals 

are observed at m/z values corresponding to dimethyl and trimethyl substituted amines plus 

C79Br/C81Br isotopes. This indicates that the methyl substituted amines reacts with CBr to give 

the stabilized adduct, or with CHBr followed by a H-loss. The detection of brominated products 

suggests that the branching ratio for Br and/or HBr elimination is less than unity. Combined 

with the non-detection of signal at the m/z values of the brominated radicals, this suggests that 

the direct contribution of the CBr and CHBr reactions to signals at m/z corresponding CH 

reaction products is therefore expected to be small. 
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Successive reactions of the primary products with remaining radicals in the flow may 

lead to the formation of secondary products over the experimental reaction time. Because the 

reactions of CH with ammonia and amines are very fast,14 it is possible to discriminate between 

primary and secondary reactions by inspecting the product temporal profiles. Figure S1 

displays typical kinetic traces obtained when irradiating a mixture of bromoform and MA in 

helium and nitrogen. The fast rise of the signals at m/z 42, 43, and 57 indicates that these 

products are likely to be formed by a fast reaction while the slower rise observed at m/z 58 

suggests that the corresponding product is from a slower or secondary reaction. In this section 

photoinzation spectra are integrated over the 0–40 ms time range, whereas mass spectra 

integrations are restricted to 0–5 ms in order to minimize contribution from secondary  or 

slower reactions. Products showing initial formation rates of less than 500 s-1 are assigned to 

secondary reactions and are not discussed further. 

Time- and energy-resolved mass spectra are recorded by averaging at least 500 laser shots 

at each VUV photon energy, scanned over at least 1.5 eV with an energy step of 25 meV. Ar 

is used in a gas filter in order to absorb harmonics of the undulator radiation. All the amines 

used in this work have low absorption cross-sections at 248 nm (<1×10-19 cm2 for MA and 

DMA, ~1×10-18 cm2 for TMA)60-62 leading to negligible dissociation of MA and DMA and less 

6% dissociation for TMA. Nonetheless, mass spectra of the NH3, MA, DMA where 

systematically recorded with and without bromoform in order to confirm that no time-

dependent signal was observed at the masses of the expected CH + amine reaction products. 

Although no background was recorded in the case of TMA, time resolved signal observed at 

m/z 58 is attributed to TMA photodissociation.  

In the following sections, isomer products are identified based on their ionization 

energy and photoionization spectra. When experimental values are not available, the isomers 

are identified using the CBS–QB3 calculated ionization energies displayed in Table 1. The 
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10

difference of ionization energies between the C2H5N cis and trans stereoisomers is found to be 

less than 0.02 eV and the isomer identification is performed using the trans isomer. The 

photoion spectra are also fit with integrated experimental or integrated calculated (Franck–

Condon factors) photoelectron spectra. The predicted spectra for individual isomers are 

displayed in Figure S1 (supplementary information). The integrated photoelectron spectra63 do 

not distinguish between the cis and trans stereoisomers. The photoelectron spectra for the 

methyl substituted imines are integrated over the first two vibronic bands of the cation63 and 

normalized to their maximum. Because of the large uncertainties in absolute photoionization 

cross sections between the different mass channel products, the data are not used to provide 

reaction product branching fractions. Nonetheless, isomeric branching ratios for a given mass 

channel are estimated on the assumption that isomers have equal ionization cross sections.64 In 

the following paragraphs the displayed photoionization spectra for the individual isomers are 

weighted by their branching ratios.

Table 1. Ioniczation energies of imines and amino carbene isomers calculated using the CBS–

QB3 method

Imines RN=CR’R” Amino carbene RR’N–CR”
Formula m/z Isomer IE (eV) Isomer IE (eV) Isomer IE (eV) Isomer IE (eV)

CH3N 29 9.94 8.39

7.88
C2H5N 43 9.54(1) 9.13 7.65

7.84

8.83 7.38
C3H7N 57

8.67
9.19

7.18
7.53

C4H9N 71 8.42 6.91

(1)Cis and trans isomers
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4.1 CH + NH3

Two H-loss exit channels of the CH + NH3 reaction (R1) are possible, producing the imine 

HN=CH2 and the amino carbene H2N–CH through channels R1a and R1b, respectively. The 

only other exothermic reaction exit channel predicted by Blitz et al.15 is the formation of CH3 

+ NH. 

CH + NH3  HN=CH2 + H -244.44 kJ.mol-1 R1a

H2N–CH + H -94.96 kJ.mol-1 R1b

CH3 + NH -29.4 kJ.mol-1 R1c15
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Figure 1. Mass spectrum obtained by photolysis of a CHBr3 and NH3 mixture in helium and 

nitrogen integrated over the 9.8-10.6 eV photon energy and the 0–5 ms time range.

Figure 1 displays the mass spectrum obtained by photolysis of a CHBr3 and NH3 mixture in 

helium integrated over the 9.8-10.6 eV photon energy and the 0–5 ms time range. The large 

signal at m/z 17 is likely due to fluctuations in the ammonia signal leading to a remaining 

positive signal after background subtraction. The main signals are observed at m/z 29, 35, and 

52. The signal at m/z 29 displays a fast rise immediately after the laser pulse, as expected for a 
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12

CH + NH3 reaction product. The temporal profiles of m/z 35 and 52 show a sharp signal rise 

starting about 4 ms after the laser pulse and displaying a rapid decay over the following 5 ms. 

Although the origin of these two signals is undetermined, NH3•H2O and 2NH3•H2O are the 

only species that match the observed m/z values. The formation of these clusters at 373 K is 

not favorable and the observed ions are more likely to come from dissociative ionization of 

higher mass neutral species. Additional signals (not shown here) are observed at m/z 79, 81, 

104, and 106 corresponding to Br atoms and brominated compounds. The photoion signal at 

m/z 104 and 106 has a fast kinetic rise and shows an ion onset at about 10.3 eV corresponding 

to the photoionization energy of bromoacetylene.65 Although there is no clear pathway leading 

to BrCCH formation in the reaction flow, its formation does not interfere with the detection of 

CH + NH3 products. From this analysis, it is concluded that only the signal at m/z 29 originates 

from the CH + NH3 reaction. 
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Figure 2. Photoionization spectrum of m/z 29 (open circles) obtained by photolysis of a CHBr3 

and NH3 mixture in helium and nitrogen integrated over  the 0–40 ms time range and displayed 

from 9.8 to 10.6 eV photon energy. The vertical line denotes the experimental ionization energy 
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of HN=CH2.63 The thick red line is the integrated experimental photoelectron spectrum of 

HN=CH2 from Bock et al.63

Figure 2 displays the photoionization spectrum of m/z 29 integrated over the 0−40 ms 

time range. The good match between the experimental data (open circles) and the integrated 

experimental photoelectron spectrum of HN=CH2 (red thick line) from Bock et al.63 confirms 

the formation of HN=CH2 in the reaction flow. As displayed in Table 1 the calculated H2N–

CH amino carbene ionization energy is 8.39 eV, well below that of the HN=CH2 isomer. The 

absence of signal below 9.9 eV confirms that the amino carbene isomer H2N–CH is not formed 

in the reaction flow and that only R1a contributes to the reaction mechanism. Additional 

experiments were performed with deuterated bromoform as the radical precursor in order to 

provide information on isomerization pathways. The main CD + NH3 product signal is 

observed at m/z 30 with no significant signal at m/z 29, indicating an absence of D loss from 

the initial adduct. The photoionization spectrum of m/z 30 is identical to that of m/z 29 from 

the CH + NH3 reaction.  

4.2 CH + CH3NH2 

The reaction of the CH radical with MA (R2) may proceed both by H- (R2a, b, c, and d) or 

CH3-loss (R2e and f) to form imines (R2a, b, and e) or amino carbenes (R2c, d, and f) at m/z 

43 and 29. The enthalpy of reaction for producing trans- vs. cis-HN=CHCH3 or trans- vs. cis-

CH3HN–CH stereoisomers differs by less than 3 kJ mol-1; the enthalpies of reaction given in 

R2a and R2c are for the trans isomers.  All the exit pathways are exothermic with formation of 

the imines being at least 100 kJ.mol-1 more exothermic than the amino carbenes.  

CH + CH3NH2  HN=CHCH3 (m/z 43) + H -313.17 kJ.mol-1 R2a

CH3N=CH2 (m/z 43) + H -277.36 kJ.mol-1 R2b

CH3HN–CH (m/z 43) + H -128.99 kJ.mol-1 R2c

H2N–CCH3 (m/z 43) + H -168.82 kJ.mol-1 R2d
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HN=CH2 (m/z 29) + CH3 -251.30 kJ.mol-1 R2e

H2N–CH (m/z 29) + CH3 -101.82 kJ.mol-1 R2f

Figure 3 displays the photoionization spectrum of m/z 29 (open circles) obtained by photolysis 

of a CHBr3 and CH3NH2 mixture in helium and nitrogen integrated over the 0−40 ms time 

range. The thick red line is the integrated photoelectron spectrum of HN=CH2 from Bock et 

al.63 The good match between the experimental data and the integrated photoelectron spectrum 

as well as the absence of signal below 9.9 eV suggest that only the imine isomer is formed in 

the reaction flow.

Figure 3. Photoionization spectrum of m/z 29 (open circles) obtained by photolysis of a CHBr3 

and CH3NH2 mixture in helium and nitrogen integrated over the 0−40 ms time range and 

displayed from 9.0 to 10.3 eV photon energy. The thick red line is the integrated photoelectron 

spectrum of HN=CH2 from Bock et al.63

Figure 4 displays the photoion signal at m/z 15 (open circles) integrated over the 0–40 ms time 

range obtained by photolysis of a CHBr3 and CH3NH2 mixture. The data is superposed to the 
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experimental spectrum of the methyl radical (red line).66 The good match confirms the 

formation of CH3 radical in the reaction flow. 

Figure 4. Photoion signal at m/z 15 (open circles) integrated over the 0–40 ms time range 

obtained by photolysis of a CHBr3 and CH3NH2 mixture in helium and nitrogen displayed from 

8.5 to 10.3 eV photon energy. The thick red line is the absolute spectrum (solid red line) of the 

methyl radical (CH3) obtained by Savee et al.66

Figure 5 displays the photoionization spectra obtained at m/z 43 recorded under the 

same experimental conditions as those of Figures 3 and 4. The purple solid line is a fit to the 

data using normalized integrated photoelectron spectra of two methylimine isomers:  

CH3N=CH2 (blue dashed line) and HN=CHCH3 (red dotted line),63 assuming equal 

photoionization cross sections after the first two vibronic bands. The fit to the data returns a 

CH3N=CH2:HN=CHCH3 branching ratio of 0.9:1. The absence of onset at the ionization 

energy of the CH3N=CH2 is likely due to the poor Franck–Condon overlap between the neutral 

and cation vibronic ground states. 
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Figure 5. Photoionization spectrum at m/z 43 (open circles) obtained by photolysis of a CHBr3 

and CH3NH2 mixture in helium and nitrogen integrated over the 0−40 ms time range. The 

purple solid line is a fit to the data using the integrated photoelectron spectra of CH3N=CH2 

(blue dashed line), HN=CHCH3 (red dotted line) from Bock et al.63 The best fit to the data is 

obtained for a CH3N=CH2:HN=CHCH3 branching ratio of 0.9:1.

In Figure 5, a small ion signal is observed from 9.0 – 9.1 eV, below the energy of both 

imine isomers. Inspection of the kinetic traces reveals that the corresponding ions are detected 

only after irradiation of the flow by the laser pulse. This signal below 9.1 eV remains constant 

after the laser pulse, which is uncharacteristic of reactive carbene molecules. No signals are 

detected at the m/z corresponding to the brominated adducts, and the offset is therefore unlikely 

to be due to dissociative ionization of higher mass products. The constant signal offset below 

the energy of the methylimine isomers does not enable us to unequivocally rule out the 
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formation of the amino carbene isomers, but should not affect the methylimine branching 

ratios. 

4.3 CH + (CH3)2NH

The reaction of the CH radical with dimethyl amine may lead to a total of 8 exothermic exit 

channels, through H-loss (R3a, a’ b, c, and d) and CH3-loss (R3e, f, g, and h). The enthalpy in 

R3e is for the trans isomer. As for the reaction with MA, formation of the methyl amino 

carbenes (R3c, d, g, and h) is found to be less thermodynamically favorable by at least 100 

kJ.mol-1. 

CH + (CH3)2NH  trans-CH3N=CHCH3 (m/z 57) + H -325.18 kJ.mol-1 R3a

cis-CH3N=CHCH3 (m/z 57) + H -309.193 kJ.mol-1R3a’

HN=C(CH3)2 (m/z 57) + H -358.53 kJ.mol-1 R3b

trans-CH3HN–CCH3 (m/z 57) + H -181.70 kJ.mol-1 R3c

cis-CH3HN–CCH3 (m/z 57) + H -161.38 kJ.mol-1 R3c’

(CH3)2N–CH (m/z 57) + H -142.55 kJ.mol-1 R3d

HN=CHCH3 (m/z 43) + CH3 -300.33 kJ.mol-1 R3e

CH3N=CH2 (m/z 43) + CH3 -264.53 kJ.mol-1 R3f

trans-CH3HN–CH (m/z 43) + CH3 -116.16 kJ.mol-1 R3g

cis-CH3HN–CH (m/z 43) + CH3 -112.52 kJ.mol-1 R3g’

H2N–CCH3 (m/z 43) + CH3 -155.99 kJ.mol-1 R3h

Figure 6 displays the mass spectrum obtained by photolysis of a CHBr3 and (CH3)2NH mixture 

in helium and nitrogen integrated over the 8.5-10.6 eV photon energy and the 0–5 ms time 

range. The main signals are detected at m/z 15, 42, 43, 57 and 58. The signal at m/z 58 increases 

more slowly (400 s-1) than the other signals and is likely not a direct product of the CH + DMA 

reaction. The photoion spectrum of m/z 42 shows an ionization onset at ~9.7 eV with a 

photoionization spectrum characteristic of propene (C3H6). 
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Figure 6. Mass spectrum obtained by photolysis of a CHBr3 and (CH3)2NH mixture in helium 

and nitrogen integrated over the 8.5-10.6 eV photon energy and the 0–5 ms time range.

Figure 7 displays the photoion signal at m/z 43 (open circles) integrated over the 0–40 ms time 

range from the same experiment. The purple solid line is a fit to the data using the integrated 

photoelectron spectra of CH3N=CH2 (blue dashed line) and HN=CHCH3 (red dotted line) from 

Bock et al.63 The best fit to the data is obtained for a CH3N=CH2:HN=CHCH3 ratio of 0.7:1. 

No ion signal is detected at low energy, suggesting that no methyl amino carbene isomers are 

formed. The excepted mass 43 co-product, the methyl radical, is detected at m/z 15 with a 

photoionization spectrum identical to that displayed in Figure 4.
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Figure 7. Photoionization spectrum at m/z 43 (open circles) obtained by photolysis of a CHBr3 

and (CH3)2NH mixture in helium and nitrogen integrated over the 0−40 ms time. The purple 

solid line is a fit to the data using the integrated photoelectron spectra of CH3N=CH2 (blue 

dashed line) and HN=CHCH3 (red dotted line) from Bock et al.63  The best fit to the data is 

obtained for a CH3N=CH2:HN=CHCH3 branching ratio of 0.7:1.

Figure 8 displays the photoionization spectrum at m/z 57 (open circles) recorded under 

the same experimental conditions as those of Figure 6 and 7. The purple solid line is a fit to the 

data using the integrated photoelectron spectra of HN=C(CH3)2 (red dashed line) from Bock et 

al.63 as well as integrated Franck-Condon factors for the trans- (blue dotted line) and cis- (blue 

dotted and dashed line) CH3N=CHCH3 isomers. There is a constant signal offset below the 

ionization energies of the cis and trans dimethylimine stereoisomers. Although the observed 

signal could be attributed to the dimethyl amino-carbenes CH3HN–CCH3 and (CH3)2N–CH, 

the m/z 57 temporal profile below the energy of the CH3N=CHCH3 dimethylimine isomers 

displays a constant signal after its formation by the laser pulse. Such time-trace is unlikely for 

reactive carbene compounds. Signals are also detected at m/z 121/123, 122/124 and 135/137, 
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likely corresponding to brominated compounds. No signals are observed at m/z 136/138 or 

137/139 values corresponding to the CHBr/CBr + DMA reaction adducts. Dissociative 

ionization of singly brominated products through HBr or H loss is therefore not likely to 

explain the observed signal offset. Alternatively, the offset could be due to dissociative 

ionization of CBr2 reaction adducts through Br2 loss. The best fit to the data using a constant 

offset before the ionization energy of the CH3N=CHCH3 dimethylimine isomers returns a 

trans-CH3N=CHCH3:cis-CH3N=CHCH3:HN=C(CH3)2 of 1:0.2:0.8. 

Figure 8. Photoion signal at m/z 57 (open circles) obtained by photolysis of a CHBr3 and 

(CH3)2NH mixture in helium and nitrogen integrated over the 0−40 ms time range and 

displayed from 7.8 to 10.2 eV photon energy. The purple solid line is a fit to the data using the 

integrated photoelectron spectra of HN=C(CH3)2 (red dashed line) as well as the trans- (blue 

dotted line) and cis- (blue dotted and dashed line) CH3N=CHCH3. The best fit to the data is 

obtained for a branching ratio trans-CH3N=CHCH3:cis-CH3N=CHCH3:HN=C(CH3)2 of 

1:0.2:0.8.
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4.4 CH + (CH3)3N

The 6 most likely exit channels for the CH reaction with TMA are formation of the fully methyl 

substituted imine and amino carbene, detected at m/z 71 (R4a, and b), as well as the 

dimethylimines (R4c, c’ and d) and dimethyl amino carbenes (R4e and f) at m/z 57. The 

enthalpies in R4g and R4i are for the trans isomers. Formation of the methyl substituted imines 

or amino carbene, detected at m/z 43, by loss of a C2H5 radical are also exothermic.

CH + (CH3)3N  CH3N=C(CH3)2 + H -339.62 kJ.mol-1 R4a

(CH3)2N–CCH3 + H -158.76 kJ.mol-1 R4b

trans-CH3N=CHCH3 + CH3 -295.73 kJ.mol-1 R4c

cis-CH3N=CHCH3 + CH3 -279.73 kJ.mol-1 R4c’

HN=C(CH3)2 + CH3 -329.73 kJ.mol-1 R4d

trans-CH3HN–CCH3 + CH3 -152.25 kJ.mol-1 R4e

cis-CH3HN–CCH3 + CH3 -131.93 kJ.mol-1 R4e’

(CH3)2N–CH + CH3 -113.11 kJ.mol-1 R4f

HN=CHCH3 + C2H5 -398.17 kJ.mol-1 R4g

CH3N=CH2 + C2H5 - 362.35 kJ.mol-1 R4h

CH3HN–CH + C2H5 - 213.99 kJ.mol-1 R4i

H2N–CCH3 + C2H5 - 253.82 kJ.mol-1 R4j
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Figure 9. Mass spectrum obtained by photolysis of a CHBr3 and (CH3)3NH mixture in helium 

and nitrogen integrated over the 8.2–10.3 eV photon energy and the 0–5 ms time range.

Figure 9 displays the mass spectrum obtained by photolysis of a CHBr3 and (CH3)3N mixture 

integrated over the 8.2–10.3 eV photon energy and the 0-5 ms time range. The main signals 

are detected at m/z 15, 43, 58, 59, and 71. Signal at m/z 59 is likely to come from the incomplete 

baseline subtraction of the large TMA signal. As for the reaction with DMA, signal at m/z 15 

is identified as coming from ionization of the methyl radical formed in the reaction flow. 

Although not as prominent as for reaction R3, signal at m/z 42 is identified as propene (~9.7 

eV). Signal at m/z 58 displays a fast kinetics and a photoionization spectrum with a lower 

ionization energy onset (~8.9 eV) than that discussed in Section 4.3 for the bromofrom/DMA 

mixture at the same m/z value. After a fast rise, the signal is found to decay rapidly, within 4 

ms after the laser pulse, which is not consistent with the formation of a closed shell molecule 
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from the CH + TMA reaction. In this case the signal observed at m/z 58 could come from the 

dissociative ionization of a higher-mass radical species or direct photodissociation of TMA. 

The photoionization spectrum recorded at m/z 43 for TMA and bromoform is similar to 

those recorded at the same m/z for DMA and bromoform and suggests the formation of 

CH3N=CH2. No signal is detected at m/z 29 for the expected C2H5 coproduct. In the case of 

the bromoform/TMA mixture, there is a very small signal at m/z 57 (Figure 9), representing 

less than 10% of the sum of all the signals at m/z 43, 57 and 71. Its photoionization spectrum 

is similar to that displayed in in Figure 8 (open circles). The good match between the two 

experimental photoion spectra confirms formation of the dimethylimine isomers in the flow, 

although with a much lower fraction than for the CH + DMA reaction. 

Figure 10 displays photoionization spectrum of m/z 71 (open circles) recorded under 

the same experimental conditions as Figures 9. A large signal offset is observed below 8.5 eV. 

As for the reaction with MA and DMA, the temporal profile of the ions detected at low energy 

is constant after their formation upon irradiation by the laser pulse. In the case of reaction with 

TMA, signals are detected at m/z 150/152 as well as 151/153 possibly corresponding to the 

CHBr/CBr reaction adducts or products. Dissociative ionization of these larger mass molecule 

may contribute to the observed large signal. The lack of time dependence of the low energy 

m/z 71 suggests that the reactive trimethyl amino carbene isomers are not contributing 

significantly to the CH + TMA reaction products. Including a constant offset, the 

photoionization spectrum in Figure 10 is consistent with the formation of the CH3N=C(CH3)2 

isomer. 
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Figure 10. Photoionization spectrum of m/z 71 (open circles) obtained by photolysis of a 

CHBr3 and (CH3)3NH mixture in helium and nitrogen integrated over the 0−40 ms time range. 

The red solid line is the integrated photoelectron spectra CH3N=C(CH3)2 (red dotted line) from 

Bock et al.63.

5. DISCUSSION

5.1 Reaction mechanisms 

The reaction of the CH radical with NH3 has been studied both experimentally and 

theoretically.15 The MCSCF/CASSCF PES reveals that the initial H3N–CH complex is formed 

by a Lewis acid/base-type reaction for which the nitrogen donates electrons to the CH Lewis 

acid. This donor–acceptor interaction results in positive and negative charges on the nitrogen 

and carbon atoms, respectively. A similar mechanism has been proposed for reactions of singlet 

carbene compounds (CH2, CHCl, CHF) with amines.67 According to the CH + NH3 PES,15 the 

dative H3N–CH complex is formed with no energy barrier leading to kinetics mainly controlled 

by long-range interactions. Scheme 1 displays the mechanism proposed by Blitz et al.15 The 
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initial H3N–CH adduct may directly dissociate to H2N–CH + H or isomerize through H-atom 

transfer to form a more stable H2N–CH2 reaction intermediate. The most likely fate of the H2N–

CH2 intermediate is dissociation to HN=CH2 + H, either directly or through a second H-atom 

transfer followed by H-atom loss. The detection of only HN=CH2 isomer as a product of the 

CH + NH3 reaction in the present study agrees with the RRKM–ME branching ratios calculated 

on the PES by Blitz et al.15 in which the H-loss from the initial H3N–CH complex is predicted 

not to be a competitive channel. 

  

Scheme 1

The only channel leading to the imine HN=CH2 through elimination of the hydrogen 

atom initially on the carbon atom involves two successive H-transfers from the nitrogen atom 

to the carbon atom to form the HN–CH3 intermediate. In the case of the CD + NH3 reaction, 

assuming that the deuteration has no effect on the unimolecular dissociation rate, dissociation 

of the HN–CH2D intermediate would lead to a 2:1 ratio for HN=CHD:HN=CH2. The detection 

of mainly m/z 30 from the CD + NH3 reaction suggests that the second H transfer does not 

compete with the direct dissociation of the H2N–CHD intermediate. The good agreement 

between the present work and the RRKM–ME performed on the high-level PES supports the 

dative-bond mechanism proposed by Blitz et al. for the CH + NH3 reaction. 
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Although there is no theoretical information about the CH + NH2CH3 PES, Zabarnick 

et al.14 suggest that the reaction proceeds through insertion of the CH radical into N–H or C–

H bonds followed by a rapid decomposition of the reaction intermediates. Zabarnick et al. 

proposed these mechanisms based on the comparison of the measured reaction rate coefficients 

with those of the CH + NH3 and CH + C2H6 reactions. In view of the PES calculated for the 

CH + NH3,15 as well as the proposed mechanism for CH2, CHF, and CHCl singlet carbene with 

MA,67 it is likely that the reaction may also proceed through the formation of a dative 

intermediate. Direct insertion into a C–H bond of the methyl group is likely to be a minor 

entrance channel as observed for unsaturated hydrocarbons.40 

  

Scheme 2

Scheme 2 displays a proposed mechanism for the CH + CH3NH2 reaction starting from the 

formation of the dative CH3H2N–CH intermediate. Bold arrows correspond to observed 

channels. The detection of m/z 15, 29, and 43 supports the fact that the reaction proceeds 
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through both H- and CH3-loss. We have no evidence to support direct dissociation of the 

CH3NH2–CH dative adduct by H-loss to form the CH3HN–CH methyl amino carbene at m/z 

43 or CH3–loss to form the H2N–CH isomer at m/z 29. The dative intermediate is therefore 

more likely to isomerize through either H- or CH3-transfer to give CH3HN–CH2 and/or H2N–

CHCH3 intermediates. The so-formed CH3HN–CH2 isomer can lose either a H atom or a CH3 

group to give the detected CH3N=CH2 and HN=CH2 final imine products. The H2N–CHCH3 

intermediate resulting from the CH3 transfer can lose one of the two H-atoms on the nitrogen 

to form the cis or trans HN=CHCH3 imines or the H-atom initially on the carbon atom of the 

CH radical to form the H2N–CCH3 amino carbene. Loss of the methyl group on the carbon 

atom leads to the H2N–CH amino carbene. We have no evidence of the H2N–CH and H2N–

CHCH3 amino carbene in the reaction flow. 

The 0.9:1 branching ratio for CH3N=CH2:HN=CHCH3 at m/z 43 (Figure 5) suggests 

that the CH3-tranfer may compete with the H-transfer following the formation of the initial 

dative adduct. In recent literature, methyl-group transfers have not been necessary to explain 

the observed reaction products from a CH reaction with saturated or unsaturated 

hydrocarbons.40 In order to gain additional knowledge about the likelihood of the methyl-group 

transfer, the saddle points for the H- and CH3-transfers from the CH3H2N–CH intermediate 

have been calculated at the CBS–QB3 level of theory. Figure 11 displays the energetics for the 

initial reaction adduct, the two isomers resulting from the H- and CH3-transfer, as well as the 

corresponding saddle points. All the energies are calculated relatively to that of the reactants. 

At this level of theory the saddle point for the H-transfer is found to be below that of the 

reactants while that for the CH3-tranfer is 17.1 kJ.mol-1 above that of CH + CH3NH2.
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Figure 11. C2H6N stationary points calculated using the CBS–QB3 method. 

Estimates for absolute uncertainty of the CBS–QB3 method68 make it unlikely that the CBS–

QB3 saddle point energy for methyl transfer lies below the reactant energy. Although the CBS–

QB3 method has been shown not to be appropriate to calculate the energy of a dative 

interaction,68,69 the relative energies of the two saddle points displayed in Figure 11 show that 

the CH3 transfer is energetically less favorable than the H-transfer. As suggested for B–N 

dative bonds, the MP2 method and higher level methods may be more appropriate for such 

studies.69  The detection of HN=CHCH3 from the CH + CH3NH2 reaction may be explained by 

a lowering of the CH3-transfer transition state below that of the reactants due to the dative 

interaction. Alternatively, direct insertion of the CH radical into the N–C or a methyl C–H bond 

could become a competitive entrance channel. Scheme 3 displays a possible mechanism for 

radical insertion into a C–H bond requiring only one H-atom transfer (and no CH3 transfer) to 

form the H2N–CHCH3 intermediate. Loss of a H-atom from the nitrogen forms the cis- or trans-
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methylimine isomers. It is possible that such a mechanism become more favorable as the 

number of methyl groups on the reactant amine increases. Further calculations at a higher level 

of theory are required in order to discriminate between the direct insertion and dative 

intermediate mechanisms for this reaction. 

Scheme 3

The CH + (CH3)2NH reaction may be discussed using a similar dative mechanism as 

those described for the CH + NH3 and CH + CH3NH2 reactions. As for the reaction of CH with 

MA, the product detection study does not allow differentiating between a direct N–H/N–C 

insertion and an addition/isomerization entrance channel. The non-detection of the reactive 

(CH3)2N–CH and CH3HN–CH amino carbenes suggests that direct decomposition of the 

(CH3)2HN–CH dative adduct through H- or CH3-loss is not a competitive channel. Scheme 4 

shows the proposed mechanism based on the isomerization of a datively bond intermediate to 

form imine products. Bold arrows correspond to observed channels. Pathways to amino 

carbene compounds are not shown. 
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Scheme 4

The initial (CH3)2HN–CH dative intermediate may isomerize to (CH3)2N–CH2 or 

CH3HN–CHCH3 through H- or CH3-transfers, respectively. The detection of CH3N=CH2 and 

HN=CHCH3 may be explained by loss of a methyl group on the nitrogen atom from the H-

transfer and the CH3-transfer isomers. Loss of a H atom from the CH3HN–CHCH3 isomer leads 

to the observed CH3N=CHCH3 product at m/z 57. The CH3HN–CHCH3 intermediate may also 

be formed through a more direct C–H insertion mechanism as proposed in scheme 3 for the 

methyl substituted amine. The fit to the photoionization spectrum in Figure 8 suggests the 

detection of the HN=C(CH3)2 isomer. Its formation through the formation of the dative 

intermediate would require the transfer of two methyl groups from the nitrogen atom to the 

carbon atom to give the HN–CH(CH3)2 intermediate or one methyl group through a C–H or 

N–C insertion mechanism. 

The main observed H- and CH3-loss products from the CH + (CH3)3N reaction are 

CH3N=CH2 and HN=CHCH3 at m/z 43 and CH3N=C(CH3)2 at m/z 71. Isomers at m/z 57 are 

also detected but are a minor pathway with an overall ion signal representing only 10% of the 

identified reaction products. Scheme 5 displays the possible reaction pathways following 

isomerization of the (CH3)3N–CH dative adduct by methyl transfer or isomerization of the C–

H insertion adduct by H-transfer. Bold arrows correspond to observed channels. The minor 

dimethylimine channel detected at m/z 57 may be formed by methyl loss from the (CH3)2N–

CHCH3 intermediate to give CH3N–CHCH3. Formation of HN=C(CH3)2 would require a 

methyl group transfer and a H-transfer, which is unlikely. 
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Scheme 5

In scheme 5, formation of the CH3N=C(CH3)2 isomer at m/z 71 requires the transfer of a CH3 

group from the (CH3)2N–CHCH3 intermediate to form a CH3N–CH(CH3)2 intermediate 

followed by H-loss. This mechanism is similar to the successive two-H-atom transfers 

predicted by Blitz et al.15 for the CH + NH3 reaction. High-level quantum calculations and 

RRKM-based master equation calculations would be useful to explore these mechanisms in 

more detail. Formation of methylimine products by the CH + TMA reaction requires the loss 

of an ethyl group. Although we do detect methylimines at m/z = 43 in this reaction, the absence 

of signal from the expected co-product C2H5 radical (IE=8.12 eV)65 in Figure 9 is puzzling. 

5.2 Relevance for combustion chemistry

Prediction of NOx formation from combustion processes is a very active subject of research, 

especially due to the increasing use of fuels derived from biogenic sources (e.g., biomass, 

agricultural wastes).70-74 Biomass combustion could contribute to nitrogen conversion through 

the formation of nitrogenized intermediates such as HCN. Their formation may depend on the 

fuel structure. Accordingly, several studies have focused on flames burning nitrogenized 

compounds (e.g., ammonia, pyrrole, pyridine).75-80 The spatial detection of nitrogen containing 

radicals in laminar flames of DMA, ethylamine,81 and morpholine82 suggests that the NH2 

radical is formed very early in the combustion process and further reacts to form HCN, CN, 

and NO. The mole fraction of ammonia is also found to be relatively large (610-2) and is likely 
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to play a role in the formation of nitrogen reactive species and nitrogen containing 

hydrocarbons. The reactions of ammonia with other abundant combustion radicals is therefore 

likely to affect the formation of NH2 radicals and ultimately NO. In the present study, the 

abstraction channel NH2 + CH2 from the CH + NH3 reaction is not detected at the temperature 

of the flow (373 K). This product channel is calculated to be endothermic by 20.9 kJ mol-1 

(CCSD(T))15 and could become accessible at flame temperatures (>2000 K). The formation of 

the thermodynamically favorable HN=CH2 may still remain a dominant pathway. Further 

reaction of the detected imine may lead to larger nitrogen containing molecules and contribute 

to incorporating nitrogen in large hydrocarbons such as polycyclic nitrogen containing 

aromatic hydrocarbons. 

Imine and methyl substituted imines have been detected during the combustion of 

biomass model fuels.82 As for ammonia, the reaction of methyl substituted amines with the CH 

radical may contribute to their formation and to the overall molecular growth scheme in 

combustion. Abstraction of a H-atom from the carbon group substituent may become more 

likely as the number of C–H bonds increase. The product detection preformed in the present 

study together with the temperature independent rate coefficient reported by Zabarnick et al.14 

suggest that the addition–elimination mechanism will still play a role even at combustion-

relevant temperatures. The isomer resolved detection of the methyl substituted imines and their 

proposed formation mechanisms is likely to improve the quality of the chemical models used 

to reproduce their spatial molar fraction in flames.82  

VI. CONCLUSION

The systematic study of the reaction of the methylidyne radical with ammonia, methyl, 

dimethyl, and trimethyl amine provides empirical evidence supporting a general reaction 

mechanism for CH reacting with amines. The detection of mainly the imine isomer upon 

reaction of CH with ammonia is in agreement with the mechanism proposed by Blitz et al.15 
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based on high-level calculations and RRKM-based master equation calculations. According to 

this mechanism, the insertion of the CH radical onto a N–H bond proceeds by the initial 

formation of a dative C–N bond. The donor–acceptor type mechanism is barrierless and is 

likely to occur over a wide range of temperatures, including under combustion conditions. 

Although no theoretical data are available for the CH reaction with methyl substituted 

amines, a similar mechanism as that proposed for the reaction with ammonia may be employed 

to interpret the products detected for the CH + MA, DMA, and TMA. For each reaction, the 

detection of H- and CH3-loss products may be explained in part through isomerization of an 

initial dative adduct formed by the sharing of the nitrogen lone pair with the carbon atom of 

the CH radical. Kinetic traces of the reaction products show no evidence of the formation of 

the reactive methyl-substituted amino carbene isomers. The detection of the methylimine with 

the methyl group on the carbon atom in the case of the CH + MA reaction suggests that the 

transfer of a methyl group could be a competitive pathway, but our calculations show a barrier 

well above reactant energy for this process. However, a direct insertion pathway of the CH 

radical into a methyl C–H bond may become competitive as the number of methyl group 

increases. Our data do not allow differentiating between a dative mechanism and direct 

insertion, but provide evidence that the latter should be considered. In the case of the CH + 

TMA reaction, direct insertion of the CH radical into a C–H bond would lead to a pathway 

involving only one CH3-transfer followed by H-loss to explain the formation of the detected 

CH3N=C(CH3)2 isomer. Methylimine isomers are detected from both the CH + DMA and CH 

+ TMA reactions. The lack of imine absolute ionization cross section does not allow to quantify 

their branching fractions. In the case of the CH + TMA reaction formation of methylimines 

should also produce a C2H5 radical, which we do not observe. 

Overall the dative reaction mechanism proposed by Blitz et al.15 for the CH + NH3 

reaction as well as Ramasami et al.67 for the CH2/CHCl/CHF + CH3NH2 is not sufficient to 

Page 33 of 47

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



34

explain all the detected products and a C–H insertion mechanism is likely to become favorable 

for alklyl substituted amines. Although the present studies provide valuable data for the 

understanding of the reactivity of amines with the CH radical, further theoretical studies 

including RRKM-based master equations on  the potential energy surface and experimental 

studies of photoionization cross sections are paramount toward the full understanding of the 

reaction mechanism, especially about the competition between direct N–C insertion and 

formation of an initial dative intermediate. 
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