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Introduction

In 1937, methylidyne (CH) radical became the first molecule ever detected in the interstellar medium (ISM). 1 Since then, with the development of the radioastronomy, more than 270 species have been detected in the ISM or circumstellar shells, where a wide temperature range is found (~10-1000 K). About one-third of these molecules are carbon-bearing species containing six atoms or more, defined as Complex Organic Molecules (hereafter COMs). 2 Among these observed COMs, the simplest amine (methylamine, CH3NH2) is considered a precursor of prebiotic molecules, such as amino acids like glycine (NH2CH2COOH). Although glycine has not yet been detected in the ISM, [3][4][5] it has been detected in several comets. 6,7 The depletion processes of CH3NH2 in the gas-phase must be known to be included in astrochemical models that simulates the chemistry of ISM. In particular, the gas-phase reaction with hydroxyl (OH) radicals, very abundant in the ISM and considered a key intermediate in many reactive interstellar processes, [8][9][10][11] is highly interesting, since their rate coefficient, k(T), has been observed to increase at the low temperatures of IS clouds with respect to k(298K). [12][13][14][15][16] Indeed, we have recently reported for the first time that k(22K) for the titled reaction increased about 20 times with respect to k(298K). OH radicals can be responsible of forming CH2NH2 (R1) or CH3NH (R2) radicals from the Habstraction from CH3NH2.

OH + CH3NH2 ® H2O + CH2NH2 (R1) ® H2O + CH3NH (R2)

Potential energy surfaces (PESs) calculations on the OH+CH3NH2 reaction found low energy barrier transition states for both Habstraction channels (R1 and R2). [17][18][19][20] These findings are in agreement with a fast reaction, for which a k(298 K) of ~2×10 -11 cm 3 molecule -1 s -1 has been reported. Experimental and theoretical branching ratios for this reaction have been also reported between 200-3000 K. 17,18,21 For example, the computed branching ratios at 298 K for channel R1 are 0.80, 17 0.74 18 and 0.47, 21 respectively. Whereas, experimental studies show a yield of about 0.75 at 298 K for channel R1, demonstrating that the formation of CH2NH2 is the dominant product at room temperature. 19,22,23 To the best of our knowledge, branching ratios at T<200 K are not available until now.

Concerning the gas-phase reactivity of CH3NH2 towards OH radicals, it has already been studied up to 600 K (experimental) 21,22,24,25 and 3000 K (theoretical calculations). 18,21 Although a recent work investigated the kinetics of this reaction at 22 K, there are no experimental kinetic data between 22 K 26 and 295 K. 21,22,24,25 Between 22 and 3000 K, a smoking pipe-shape in the Arrhenius plot can be inferred, indicating a change in the reaction mechanism. The minimum k(T) is presently observed at around 550 K. 18 To have a better insight about the temperature evolution of the rate coefficient, we present in this work a combined experimental and theoretical study on the temperature dependence of k(T) in the 11.7-177.5 K and 10-1000 K ranges, respectively. The potential pressure dependence of k(T) was also experimentally investigated at several temperatures (50, 64, 77, 89 and 106 K), whereas calculations were carried out to obtain the temperature evolution of the low-pressure limit (LPL) and high-pressure limit (HPL) regimes.

All previous theoretical works [17][18][19][20][21] employed the electronic structure calculations to obtain thermal rate coefficients at room temperature and above, except for the work of Onel et al. 21 that starts at 200 K. Therefore, this is the first study reporting theoretical thermal rate coefficients at lower temperatures than 200 K.

Experimental Section

The low temperatures in the 11.7-177.5 K range are accessible using the pulsed CRESU (French acronym for Reaction Kinetics in a Uniform Supersonic Flow) system available in Ciudad Real (Spain). The pulsed laser photolysis (PLP) coupled to laser induced fluorescence (LIF) technique was employed to perform the kinetic study.

Pulsed CRESU apparatus

The CRESU apparatus and the experimental set-up have been described in detail in numerous previous works. [14][15][16][26][27][28][29][30][31][32][33] A set of seven Laval nozzles, after an appropriate aerodynamic characterization previously reported, [14][15][16]28,29,[32][33][START_REF] Rowe | Uniform Supersonic Flows in Chemical Physics[END_REF] have been used to cover the 11.7-177.5 K temperature range. As shown in the Table S1 of the SI, all experiments, except for (64.2 ± 1.7) K, were performed using the pulsed mode, where the gas is pulsed at 10 Hz for T>11.7 K by means of a rotary disk with two symmetrical apertures. For experiments at 11.7 K, a rotary specific disk with only one aperture worked at 5 Hz. In this work, the He23K-HP Laval nozzle, providing a jet temperature of (51.6 ± 0.6) K, 30 in continuous mode, has been characterized using pulsed conditions to reduce the gas consumption. From impact pressure measurements, the resulting jet temperature was (49.9 ± 1.8) K with a reduction in the consumption 
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Determination of kinetic parameters

Under pseudo-first order conditions ([CH3NH2]0>>[OH]0), the temporal profile of ILIF follows an exponential behaviour, as shown in the examples depicted in Figure 1. OH radicals are mainly lost by reaction with CH3NH2, but other loss processes such as reaction with H2O2 or diffusion out the detection zone, contribute to the observed decay of ILIF. From the analysis of these decays after rotational relaxation previously explained, 14,28 the pseudo-first order rate coefficient, k', at a given [CH3NH2] was obtained. k' is always measured in the absence of CH3NH2, i.e., k'0. As shown in Fig. 2, k'-k'0 values are linearly dependent on [CH3NH2] in a certain range of concentrations. Hence, varying [CH3NH2] allows to obtain individual k(T) from the slope of k'-k'0 versus [CH3NH2] plots as described elsewhere. 14,15,33,16,[26][27][28][29][30][31][32] However, at high [CH3NH2], these plots exhibit a downward curvature (see Fig. S4 of the Supplementary Information), which could be attributed to the formation of methylamine dimers, (CH3NH2)2, especially at very low temperatures.

For that reason, the concentration range where the linearity is maintained is drastically reduced at 11.7 with respect to 177.5 K (see Fig. 2). This curvature is mostly usual in the CRESU experiments; hence, it is of great importance to keep the [CH3NH2] low enough in order to not underestimate k(T) at each temperature.

To obtain reliable values of k(T), it is also essential to accurately know [CH3NH2] in the jet. It was calculated from the total gas density in the jet (njet), considering the mass flow rate (FCH 3 NH 2/buffer ) introduced in the nozzle reservoir of a diluted CH3NH2 mixture stored in a 20-L or 50-L bulb (dilution factor, fCH 3 NH 2 =PCH 3 NH 2 /PTotal in the bulb), and the total mass flow rate (Ftotal) through the reservoir.

[

CH ! NH " ] = # !" # $" % /'())*+ # ,-,./ 𝑛 $%& 𝑓 '( # )( % (1) 
Buffer gases are mainly He, N2, Ar or binary mixtures of Ar-N2 or He-N2 (see Table S1 of the Supplementary Information). Ftotal is the sum of the main mass flow of buffer gas (Fbuffer), the mass flow of the buffer gas through the bubbler with H2O2 (FH 2 O 2 ) and FCH 3 NH 2/buffer. The ranges of these experimental parameters for all investigated temperatures are listed in Table S1. All gas flows were controlled by mass flow controllers which were periodically calibrated for the buffer gas used (Sierra Instruments Inc., models Smart-Trak 2 and 100 and MicroTrak 101). fCH 3 NH 2 was regularly checked offline by UV absorption spectroscopy between 189 and 260 nm, as explained in the SI and in Ref. 16,27 . UV spectra of several samples of the diluted CH3NH2 mixture from the storage bulb were recorded at room temperature A maximum difference of 7% was found between the UV and partial pressure measurements of fCH 3 NH 2 , but typically this difference was lesser than 2%.

Chemicals

Gases: He, N2 and Ar (99.999%, Nippon Gases Europe) and CH3NH2 (>99.0%, Merck and 99.5%, Nippon Gases Spain) were used as supplied. An aqueous solution of hydrogen peroxide (Sharlab, initially at 50% w/w) was preconcentrated as described earlier. [START_REF] Albaladejo | [END_REF] After use, the H2O2 bubbler was stored in a refrigerator at 4°C to prevent from thermal decomposition.

Theoretical Section

Electronic structure calculations

All electronic structure calculations were performed at the M08-HX 36 Density Functional Theory (DFT) level with the MG3S basis set. 37 This DFT method was previously applied to the methyl hydrogen abstraction reaction from methanol by the hydroxyl radical with good results. 38 To check the adequacy of the method for reactions R1 and R2, we have benchmarked the DFT results against single-point calculations performed at the RI-CCSD(T)-F12 level with the cc-pVTZ-F12 basis set over the M08-HX optimized geometries. The relative energies obtained by the two methods are listed in Table 1. The results show that the M08-HX method provides similar barrier heights when compared to the CCSD(T) single-point calculations. 
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Unfortunately, even though most of the previous works used single point CCSD(T) calculations as benchmark, the comparison shows mixed results. Probably the reason for this disparity is the difference in the optimized geometries, which were obtained using diverse electronic structure levels. For instance, Tian et al. 18 reported CCSD/6-31G(d) geometry optimizations obtaining very tight transition states with imaginary frequencies of 1388i and 1926i cm -1 for TS1 and TS2, respectively, in which the former transition state is clearly favored. Onel et al. 21 at the MP2/aTZ level, obtained three transition states for the hydrogen abstraction from the methyl group and only one for the abstraction of the amine group, being the lowest energy transition state of R1 isoenergetic with TS2. Borduas et al. 20 employing M06-2X/6-31G(2df,p) reported an energy profile like ours (see our Figure 3 and Scheme 1 of Ref. 20) but with a destabilized C1 pre-reactive complex. In this work, we obtained two prereactive complexes when following the minimum energy path (MEP) from TS1 (leading to C1) and TS2a and TS2b (leading to C2). The main difference between TS2a and TS2b is in the CN…OH dihedral angles which are 117 (TS2a) and 22 degrees (TS2b), respectively. For the three transition states, the MEP was obtained by employing the Page-McIver algorithm 39 with a stepsize of 0.005 Bohr (in massscaled coordinates) and Hessian calculations every 10 steps. All frequencies were scaled by the recommended factor of 0.973. 40 The DFT and CCSD(T) electronic structure calculations were performed with Gaussian16 41 and Orca, [START_REF] Neese | [END_REF] respectively. All dynamics calculations were carried out with Pilgrim. 43

Thermal rate coefficients

As shown in Figure 3, the hydrogen abstraction reaction from methylamine by the hydroxyl radical takes place in two steps. The first step is an association reaction that may lead to different prereactive hydrogen bonded complexes, whereas the second step is the hydrogen abstraction reaction. There are also post-reaction complexes, but they do not have any effect on the rate coefficients so were not further pursued in this study. For the evaluation of the rate coefficients at the low-pressure limit (LPL) and the high-pressure limit (HPL), we applied the competitive canonical unified theory (CCUS). In this methodology, the rate coefficient for each channel, 𝑘 ! ""#$ , is given by: 38

𝑘 ! ""#$ = % ! % ! &% ",$ &% ",% 𝑘 ',! (2) 
where 𝑘 ) and 𝑘 ',! are the association and hydrogen abstraction (j =1, 2) rate coefficients, respectively. The association rate coefficient was calculated by applying the expression proposed by Georgievskii and Klippenstein for dipole-dipole interactions. 44 It is given by:

𝑘 ) = 𝐶𝜇 *+/-(𝑑 "' & .' % 𝑑 /' ) -/0 𝑇 *+/1 ( 3 
)
where 𝜇 is the reduced mass of the two fragments (in amu), T is the temperature (in K) and 𝑑 "' & .' % = 1.31 D and 𝑑 /' = 1.66 D are the dipole moments of methylamine and the OH radical, respectively, obtained at the M08-HX level. The parameter C = 1.83´10 -9 has the units that convert Eq. ( 3) to cm 3 molecule -1 s -1 .

Canonical variational transition state theory with the small-curvature tunneling approximation (CVT/SCT) 45 was employed to evaluate the hydrogen abstraction rate coefficients. For reaction R1, the rate coefficient expression can be written as:

𝑘 ',+ "23/$"3 = 𝜎 + Γ + "23 𝜅 4 ',$ "23/$"3 𝑘 + 3$3 (4) 
where 𝜎 + is the symmetry number and accounts for the degeneracy of the reaction path, 46 which in this case is two because there are two equivalent TS1 structures with C1 symmetry, Γ + "23 is the variational coefficient that corrects the conventional transition state theory rate coefficients 𝑘 + 3$3 (for the passage of reactants through TS1). 
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The variational coefficient is the ratio between conventional TST and CVT rate coefficients; therefore, it accounts for recrossing along the minimum energy path (MEP). Specifically, the bottleneck for the reaction along this path is placed at the highest value of the Gibbs free energy (i.e., the location with minimum recrossing). Therefore, 0 < Γ + "23 ≤ 1, being the unity when the maximum of the free energy is located at the transition state. Additionally, CVT/SCT incorporates quantum effects through the tunneling transmission coefficient 𝜅 4 ',$ "23/$"3 , which depends on the pressure limit because 𝐸 5 represents the lowest energy at which the system can tunnel.

The pre-reactive complex is unreachable in the LPL because the reactants cannot be stabilized by collisions, and the lowest energy at which tunneling can occur is the sum of the ground-state energies of the two reactants, 𝐸 5,+ = 𝐸 5 (R), where R means reactants. In the HPL, the collisions with a third body can fully stabilize the prereactive complexes and tunneling can occur from the ground-state energies of these complexes, i.e., 𝐸 5,+ = 𝐸 5 (C1), where 𝐸 5 (C1) is the ground-state energy of C1. 47 Reaction R2 presents two transition states, TS2a and TS2b and the MEPs lead to the same pre-reactive complex, C2. In this case:

𝑘 ',- "23/$"3 = 𝜎 -9Γ -6 "23 𝜅 4 ',%( "23/$"3 𝑘 -6 3$3 + Γ -7 "23 𝜅 4 ',%) "23/$"3 𝑘 -7 3$3 ; (5)

where 𝜎 -= 2 and 𝑘 -6 3$3 and 𝑘 -7 3$3 are the TST rate coefficients for the passage of reactants through TS2a and TS2b, respectively. Notice that 𝐸 5,-6 = 𝐸 5,-7 = 𝐸 5 (R) in the LPL and that 𝐸 5,-6 = 𝐸 5,-7 = 𝐸 5 (C2) in the HPL. For the latter, the difference in energy between CCSD(T) and M08-HX at C2 is of 1.28 kcal/mol, so the lowest tunneling energy calculated at the DFT level incorporated this difference in the evaluation of the tunneling transmission coefficient.

We have also incorporated torsional anharmonicity on the motion of the OH about the methyl and amine groups in the transition state structures. The one-dimensional partition function associated with each of the torsions was calculated as a direct sum of the energy levels, which were obtained by fitting the potential to a Fourier series and solving the resulting Schrödinger equation (see Figure 4). 48,49 The torsional anharmonic partition function replaces the torsional harmonic-oscillator partition function in the TST rate coefficient of Eq. ( 5). Specifically, the normal mode identified with the torsion, wt, with a quantum harmonic-oscillator partition function given by

𝑞 8 = 9 *+ℏ-./% +*9 *+ℏ-. ( 6 
)
is replaced by the torsional anharmonic partition function

𝑞 8 = ∑ 𝑒 *:4 .,0 ; (7) 
where 𝐸 8,; is the energy of the i th level, ℏ is Planck's constant divided by 2p, 𝛽 = (𝑘 < 𝑇) *+ where 𝑘 < is Boltzmann's constant. The torsional frequency, wt, is 371 cm -1 for TS1 and 99 and 145 cm -1 for TS2a and TS2b, respectively.

Results and discussion

Experimental pressure and temperature dependence of k(T)

The possible pressure (or gas density) dependence of k(T) was experimentally investigated at around 50, 64, 76, 89, and 106 K.

Figure 5 shows two examples of k(T) at 50 and 106 K as a function of total pressures, corresponding to total gas densities between 1.50×10 16 and 19.5×10 16 cm -3 . As shown, there is no pressure dependence of k(T) within the gas density range investigated and accessible with the present experimental set-up. These results are in excellent agreement with those from González et al. 26 who did not observe any pressure dependence of k(22 K). Thus, in Table 2 we report k(T) obtained by combining all measured k'-k'0, as presented in Figure 2. These k(T) are plotted in Figure 6 (black circles) along with the k(22 K) previously reported (red circle). 26 The total uncertainties in k(T) shown in the Figure 6 and in the Table 2 include the statistical errors (±2σ) derived from the slope of the k'-k'0 versus [CH3NH2] and the systematic errors, which has been previously estimated to be no more than 10% of the measured k(T). 14,15,32,33 The total uncertainty in k(T) has been calculated as the square root of the sum of the ±2σ statistical error and the systematic error squared. As it can be seen, 
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Please do not adjust margins k(T) is continuously increasing while lowering the gas temperature from 177.5 K to 11.7 K. The published k(T) at 22 K 26 agrees with the observed trend in k(T). However, although the observed increase of k(T) is remarkable (more than one order of magnitude from k(177.5 K) to k(11.7 K)), it seems to slow down at T<22 K. This levelling out of k(T) has been already observed more clearly in some other OHreactions studied in our research group. 15,16 This effect may occur because the rate coefficient approaches the capture limit (see next section). The calculated HPL and LPL of k(T) are also presented in Figure 7. In this figure, the plot shows a complete picture of k(T) versus T between 0 and 1000 K that compares the results presented here with those of previous studies (available at T>295 K). The k(T) of the title reaction was studied previously over the whole 295-3000 K temperature range, including experiment and theory. Regarding the experimental temperature dependence of k(T), a non-Arrhenius behavior in the temperature range studied (295-600 K) was observed, increasing the k(T) at the lowest temperatures. This change in the trend on the temperature dependence of k(T) has been already observed at low temperatures for other OH-reactions, see e.g., OH+CH3OH or OH+CH3CHO. 15,16 Computed pressure and temperature dependence of k(T)

As shown in Figure 7, the theoretical calculations show that the LPL and HPL rate coefficients converge at temperatures below 40 K and at temperatures above 500 K. The largest difference between the two limits occurs at about 100 K that reaches a factor of five. However, at 200 K the difference between the two regimes is just about a factor of two. 
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This difference is not as substantial as in the methanol+OH reaction, because the barrier heights for the hydrogen abstractions from the CH3 and OH groups from methanol are above the ground-state energy of reactants, and at very low temperatures tunneling cannot significantly accelerate the reaction process in the LP regime. By contrast, in the present work, for the H-abstraction from the NH2 group, whose transition state is below reactants, the rate coefficient increases with decreasing temperature.

Notice that reactions R1 and R2 present two reaction bottlenecks, the first involves a barrierless reaction and corresponds to the association of the two molecules. The association rate coefficient is larger at the lowest temperature, 𝑘 ) (10 K) = 6.19 × 10 *+5 cm 3 molecule -1 s -1 , and it slightly decreases when increasing temperature as a function of 𝑇 *+/1 . The second reaction bottleneck is associated with the transition states resulting from the hydrogen abstraction reactions. In the LPL at very low temperatures, if the two barriers were slightly above the ground-state energy of reactants, 𝑘 ) ≫ 𝑘 ' and therefore,

𝑘 ! ""#$ ≈ 𝑘 ',! (8) 
This situation occurs in the CH3OH + OH reaction, as mentioned above. However, if there are transition states lying below reactants (TS2a and TS2b), 𝑘 ',-≫ 𝑘 ) ≫ 𝑘 ',+ , and the total rate coefficient is limited by the association reaction, i.e.,

𝑘 ""#$ ≈ 𝑘 - ""#$ ≈ 𝑘 ) (9) 
In the HPL, at very low temperatures 𝑘 ',+ ≫ 𝑘 ) ≫ 𝑘 ',-because the contribution from tunneling to the hydrogen abstraction reaction from the methyl group is large

𝑘 ""#$ ≈ 𝑘 + ""#$ ≈ 𝑘 ) (10) 
With increasing temperature, the association reaction becomes larger than the abstraction (above 50 K in the LPL and above 100 K in the HPL) and the only difference between both pressure regimes is the tunneling contribution, which is more relevant in the highpressure limit. Above 500 K the tunneling contribution becomes negligible, and both pressure limits converge with a monotonic increase of the rate coefficients.

Additionally, torsional anharmonicity also plays a relevant role and increases the rate coefficients with respect to the harmonic oscillator ones in the whole temperature range between 10 and 1000 K. Its influence is greater at low temperatures and more important for R1 than for R2. Specifically, at T = 100 K, it contributes to channels R1 and R2 with factors of 5.1 and 1.5, respectively. These factors decrease to 2.9 (R1) and 1.4 (R2) at T = 300 K. At higher temperatures, the factors remain close to the ones at room temperature, being 3.1 (R1) and 1.2 (R2) at T = 1000 K.

The calculated rate coefficients reach a minimum at about 300 K in the LPL and at about 400 K in the HPL. This feature is typical of hydrogen abstraction bimolecular reactions with very stable pre-reactive complexes and low-lying transition states due to the influence of two opposing factors. On the one hand, quantum effects (penetration through the potential barrier) decrease with increasing temperature, but on the other hand the classical passage over the barrier is favored by high temperatures. The valley is attained when the cancellation of these two factors is maximum, and it is well reproduced by the calculated CCUS rate coefficients.

Once rate coefficients were obtained for each exit channel using eq. 4 and 5, the branching ratios leading to the formation of CH2NH2 (R1) or CH3NH (R2) could be determined for every temperature investigated theoretically. Results are shown in Table S10 of the supplementary information and the temperature evolution of these branching ratios has been plotted in Figure 8 for the two pressure regimes. Interestingly, there is a significant temperature dependence of these branching ratios which is of major importance when importing this class of data in a chemical network such as those used to evaluate de chemical evolution of interstellar clouds. In the LPL conditions, the channel leading to CH3NH becomes largely dominant below room temperature and is unique below ca. 100 K.

Conversely, in the HPL regime, CH2NH2 is the only available channel below 100 K whereas CH3NH becomes dominant at room temperature with a branching ratio close to the one found in the LPL regime. At the highest temperatures, both possible channels are of the same importance independently of the pressure regime. Then at the lowest temperatures, the reaction switches from a 100% CH3NH formation in the LPL regime to a 100% CH2NH2 production in the HPL conditions. At room temperature, our results are in qualitative agreement with the theoretical results of Onel et al. that slightly favor the CH3NH formation. The experimental results favor the R1 channel by approximately a factor of three. It should be noticed that the branching ratios are very sensitive to the calculated barrier heights. Thus, an increment of the R2 barrier by 0.5 kcal/mol and a Please do not adjust margins diminishment of the R1 barrier by the same factor reproduces the experimental branching ratio at room temperature, whereas the total rate coefficient continued to be very similar. However, even after these changes the branching ratios at the lowest temperatures remained unaltered, which give us some confidence about the products distribution in the interstellar media.

Conclusions

In this work, the rate coefficients for the OH+CH3NH2 reaction have been experimentally and theoretically determined in a wide temperature range (10-1000 K). The observed increase of k(T) with decreasing temperature below room temperature is concluded to be a consequence of the quantum mechanical tunneling. Conversely, at T>500 K the tunneling effect is negligible, observing an increase of k(T) with increasing temperature. The computed k(T) around 300-500 K are in excellent agreement with those reported experimentally, while Tian et al. 18 and Onel et al. 21 overestimate k(T) in that T-range. Above 600 K, our computational study perfectly agrees with the previous study from Tian et al. 18 According to the calculations, the experimental k(T) fall very close to the low pressure limit. This implies that the experimental results obtained here are applicable to the temperatures and pressures of the interstellar medium. In this environment, LPL prevails since the gas densities are extremely low. Our calculations also suggest that the OH+CH3NH2 reaction only forms CH3NH radicals in the interstellar conditions of molecular clouds and pre-stellar cores.

Fig. 1

 1 Fig. 1 Examples of the temporal profile of the LIF signal of OH radicals recorded in the absence and presence of CH3NH2 at 107.0 K.

Fig. 2 .

 2 Fig. 2. Examples of k'-k'0 vs [CH3NH2] plots at different temperatures. Uncertainties in [CH3NH2] are conservatively considered as ±10% and in k'-k'0 are the standard deviation obtained from the fit of the LIF OH decays.

Fig. 3 .

 3 Fig. 3. Reaction profile for the H-abstraction reaction of CH3NH2 by the OH radical through channels R1 (red) and R2 (green). The relative energies refer to the M08-HX/MG3S values of Table 1 plus the difference in zero-point energies (ZPEs) with respect to reactants. Transition state TS2b (not plotted) differs slightly in energy from TS2a.

Fig. 4 .

 4 Fig. 4. The calculated potential at the M08-HX/MG3S level (dots) and the fitted Fourier series potential (blue line) are plotted to represent the torsional potential about the C…O (left) and N…O (right) atoms. The horizontal lines correspond to the energy levels.

Fig. 5 .

 5 Fig. 5. Dependence of k(T) at ca. 50 and 106 K as a function of the gas density. The bath gas is indicated next to each point. Error bars in k(T) and n represent ±σ uncertainty.

Fig. 6 .

 6 Fig. 6. Temperature dependence of k(T) obtained in this work from experimental measurements and theoretical calculations and comparison with the previous data from González et al.26 

Fig. 7 .

 7 Fig. 7. Temperature dependence of k(T) for the title reaction between 10 and 1000 K.

Fig. 8 .

 8 Fig. 8. Temperature dependence of the branching ratio for CH2NH2 radical between 10 and 1000 K.

Table 1 .

 1 Relative energies, (in kcal/mol) of the stationary points at the optimized M08-HX/MG3S level, DEDFT, and single-point RI-CCSD(T)-F12 /cc-pVTZ-F12 calculations over the M08-HX geometries (DECC). For comparison, relative energies including the zero-point energies are also listed.

	Energy /	DEDFT	DECC		D(E+ZPE)	
	species						
	CH3NH2 + OH	0.00	0.00	0.00 a	0.00 b	0.00 c	0.00 d
	C1	-8.86	-8.70	-6.69	-8.46	-6.4	-5.4
	C2	-3.57	-2.29	-2.35	-0.61	---	-0.2
	TS1	0.85	1.08	0.17	-0.52	-2.0	1.2
	TS2a	-0.50	-0.57	-0.84	1.02	-2.0	0.2
	TS2b	-0.41	-0.53	-0.77	---	---	---
	CH2NH2 + H2O	-26.22	-25.15	-26.82	-23.19	-26.5	-26.0
	CH3NH + H2O	-16.93	-17.87	-18.27	-17.09	-19.6	-19.0

a This work, M08-HX/MG3S level. b Tian et al.

18 

, CCSD(T)/6-311+G(2d,2p)//CCSD/6-31G(d). c Onel et al.

21 

, CCSD(T*)-F12a/aTZ//MP2/aTZ level. d Borduas et al.

20 

, G3X-K//M06-2X/6-31G(2df, p) level.

  Table 1 plus the difference in zero-point energies (ZPEs) with respect to reactants. Transition state TS2b (not plotted) differs slightly in energy from TS2a.

Table 1

 1 Experimental

	12	11.7 ± 0.7	6.88 ± 0.62	0.3 -1.7	45.5 ± 5.0
	30	29.2 ± 1.1	8.68 ± 0.53	0.6 -2.6	28.1 ± 3.5
		36.2 ± 1.2	17.7 ± 0.9	0.3 -2.5	27.4 ± 3.2
		45.3 ± 1.3	4.23 ± 0.28	0.4 -2.7	19.6 ± 2.7
	50	49.9 ± 1.4	8.33 ± 0.41	0.5 -5.8	14.8 ± 1.8
		49.9 ± 1.8	3.67 ± 0.32	0.5 -3.0	13.7 ± 1.7
		50.5 ± 1.6	1.50 ± 0.12	0.8 -5.2	13.4 ± 1.9
		52.1 ± 0.5	19.5 ± 0.3	0.4 -1.9	14.3 ± 1.8
	64	64.1 ± 1.6	4.63 ± 0.27	0.5 -2.7	13.1 ± 1.9
		64.2 ± 1.7	2.24 ± 0.15	0.9 -5.2	13.7 ± 1.6
		64.4 ± 0.6	17.36 ± 0.29	0.9 -2.3	13.0 ± 3.1
		69.5 ± 1.6	3.26 ± 0.19	2.4 -5.2	9.56 ± 1.23
		76.0 ± 0.8	15.0 ± 0.3	0.3 -2.4	8.37 ± 0.97
		77.4 ± 1.0	2.38 ± 0.08	1.0 -5.8	10.1 ± 1.3
	89	89.1 ± 0.7	43.3 ± 0.5	0.9 -3.5	8.89 ± 1.47
		89.5 ± 0.6	18.2 ± 0.3	1.1 -8.5	7.91 ± 0.91
	106	106.0 ± 0.6	14.0 ± 0.1	0.7 -5.0	7.79 ± 1.06
		107.0 ± 0.5	4.90 ± 0.06	0.7 -6.1	7.28 ± 0.86
		135.0 ± 0.8	29.4 ± 0.5	2.6 -16	5.36 ± 0.61
		158.8 ± 0.6	7.40 ± 0.07	3.3 -23	3.44 ± 0.44
		177.5 ± 1.2	6.71 ± 0.11	4.3 -31	2.89 ± 0.35

rate coefficients k(T) (±2σ statistical and 10% systematic errors) as a function of temperature.

~T/K

T/K n / 10 16 cm -3

[CH3NH2] / 10 13 cm -3 k(T) / 10 -11 cm 3 molec -1 s -1
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